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Ágrip 

Vanþroski ónæmiskerfis nýbura er ástæða daufra ónæmissvara og aukins næmis þeirra fyrir 

sýkingum. Mótefnasvör eru lág og lækka hratt vegna takmarkaðrar lifunar mótefnaseytandi frumna (e. 

antibody-secreting cells, AbSCs) í beinmerg. Ef ónæmisglæðirinn LT-K63 er gefinn með próteintengdu 

fjölsykrubóluefni gegn pneumókokkum (Pnc1-TT) eykur hann lifun AbSCs, sértækra fyrir bóluefnið. 

Ferlarnir sem miðla þessari auknu lifun AbSCs í beinmerg nýburamúsa eru enn óþekktir.     

Markmið rannsóknarinnar var að kanna hvaða frumur og þættir væru mikilvægir fyrir lifun AbSCs í 

beinmerg nýburamúsa eftir bólusetningu með Pnc1-TT og áhrif ónæmisglæðisins LT-K63. Sérstök 

áhersla var lögð á að kanna áhrif LT-K63 á frumur meðfædda ónæmiskerfisins sem þekktar eru fyrir 

að seyta lifunarboðefnunum APRIL og interleukin (IL)-6. 

Sjö daga gamlar nýburamýs voru bólusettar með Pnc1-TT með eða án ónæmisglæðisins LT-K63. 

Tíðni neutrófíla, eósínófíla, mónócýta, makrófaga, megakarýócýta, auk APRIL- og IL-6-seytandi 

frumna,  var könnuð í beinmerg á mismunandi tímapunktum eftir bólusetningu. 

Nýburamýs sem voru bólusettar með bóluefninu og ónæmisglæðinum höfðu aukna tíðni af 

eósínófílum og megakarýócýtum í beinmerg eftir bólusetningu í samanburði við mýs sem voru 

bólusettar með bóluefninu eingöngu. Þær höfðu einnig aukna tíðni APRIL-seytandi frumna í beinmerg, 

en mýs bólusettar einungis með bóluefninu höfðu aukna tíðni IL-6-seytandi frumna í beinmerg. Aukin 

tíðni APRIL-seytandi eósínófíla og megakarýócýta, sem og IL-6-seytandi eósínófíla og megakarýócýta 

var greinanleg í nýburamúsum sem bólusettar voru með bóluefninu og ónæmisglæðinum. Einnig var 

hlutfall eósínófíla sem seyttu APRIL og IL-6 og hlutfall megakarýócýta sem seyttu APRIL hærra hjá 

nýburamúsum sem bólusettar voru með bóluefni og ónæmisglæði en hjá músum sem bólusettar voru 

eingöngu með bóluefni. 

Samkvæmt þessum niðurstöðum eykur ónæmisglæðirinn LT-K63 bæði fjölda eósínófíla og 

megakarýócýta í beinmerg nýburamúsa eftir bólusetningu með Pnc1-TT. Einnig virkjar hann hærra 

hlutfall eósínófíla til að seyta lifunarboðefnunum APRIL og IL-6 og hærra hlutfall megakarýócýta til að 

seyta boðefninu APRIL. Líklegt er að þessir þættir stuðli að aukinni lifun AbSCs í beinmerg 

nýburamúsa sem sýnt hefur verið fram á þegar ónæmisglæðirinn LT-K63 er gefinn með bóluefninu 

Pnc1-TT. 
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Abstract 

Immaturity of the immune system contributes to high susceptibility to infectious diseases and poor 

vaccine responses during the first years of life. Antibody (Ab) responses are slow and transient due to 

reduced survival of Ab-secreting cells (AbSCs) in the bone marrow (BM). The adjuvant LT-K63 has 

been reported to enhance long-term persistence of vaccine-specific AbSCs in BM of neonatal mice 

when administered with the pneumococcal conjugate vaccine Pnc1-TT. However, the mechanisms 

that mediate the prolonged survival still remain unknown.  

This study was aimed at understanding which cells and molecules contribute to increased AbSC 

survival; primarily focusing on the effects the adjuvant LT-K63 has on different innate cell types in the 

BM, known for their ability to secrete AbSC survival factors, and their secretion of the cytokines a 

proliferation-inducing ligand (APRIL) and interleukin (IL)-6, which are critical survival factors for AbSCs 

in BM. 

Neonatal (7 days old) mice were immunized with the vaccine Pnc1-TT with or without the adjuvant 

LT-K63 and the frequency of neutrophils, eosinophils, monocytes, macrophages and megakaryocytes 

in BM was assessed at different time points after immunization. Frequency of APRIL- and IL-6-

secreting cells in BM was also assessed. 

Increased frequency of eosinophils and megakaryocytes was detected in BM of neonatal mice 

immunized with vaccine and adjuvant compared with mice immunized with vaccine alone. Increased 

frequency of APRIL
+
 cells was detected in BM of neonatal mice immunized with vaccine and adjuvant, 

whereas mice immunized with only vaccine had higher frequency of IL-6
+
 cells. Increased numbers of 

APRIL
+
 eosinophils and APRIL

+
 megakaryocytes as well IL-6

+
 eosinophils and IL-6

+
 megakaryocytes 

were observed in BM of neonatal mice immunized with vaccine and adjuvant compared with mice 

immunized with vaccine only. Furthermore, the fraction of eosinophils that were APRIL
+
 and IL-6

+
 was 

larger in neonatal mice immunized with vaccine and adjuvant. The fraction of megakaryocytes that 

were APRIL
+
 was also larger in neonatal mice immunized with vaccine and adjuvant.  

Thus, according to the results of this study, it is likely that the adjuvant LT-K63 not only increases 

the number of eosinophils and megakaryocytes in BM of neonatal mice, but also activates a higher 

percentage of eosinophils to secrete the AbSC survival factors APRIL and IL-6 and a higher 

percentage of megakaryocytes to secrete APRIL. This might contribute to increased survival of AbSCs 

observed in BM at early age when the adjuvant LT-K63 is administered together with the vaccine 

Pnc1-TT. 
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Introduction 

1 Immune system 

The immune system consists of a wide variety of cells, molecules, tissues and organs. Its main role is 

to protect the body against infectious agents. It can be divided into two main branches; the innate 

immune system, inducing rapid and unspecific responses, and the adaptive immune system, 

generating delayed but antigen (Ag)-specific responses. 

1.1 Innate immune system 

The innate immune system, also known as the non-specific immune system, constitutes as the body‘s 

first line of defense against infections. Antimicrobial peptides (AMPs) and proteins, the complement 

system and innate effector cells work together in initiating and forming the early immune response. 

The innate immune system recognizes pathogens from host cells by discriminating between molecular 

patterns of non-infectious self molecules and infectious non-self molecules. These molecular patterns 

are known as pathogen associated molecular patterns (PAMPs) and are highly conserved and 

expressed by all pathogens. Pattern recognition receptors (PRRs) of the innate immune system 

recognize PAMPs.  Four different classes of PRRs have been identified; Toll-like receptors (TLRs), C-

type lectin receptors (CLRs), retinoic acid-inducible gene (RIG)-1-like receptors (RLRs) and NOD-like 

receptors (NLRs) (1). PRRs are expressed on macrophages, neutrophils, dendritic cells (DCs), mast 

cells, eosinophils and natural killer (NK) cells. They can be expressed on the surface of these cells, in 

the cytoplasm or endolysosomes but they can also be secreted (2). The TLRs have been extensively 

studied over the last decades. They recognize different microbial products and trigger intracellular 

signaling cascades activating nuclear factor (NF)-κB and consequent expression of inflammatory 

genes (3). 

The complement system consists of a number of plasma proteins that act together in generating an 

enzymatic cascade which results in opsonization or lysis of microbes, recruitment of phagocytic cells 

to the site of infection and initiation of inflammatory responses (4). 

The effector cells of the innate immune system are monocytes, macrophages, DCs,  mast cells and 

the granulocytes; neutrophils, eosinophils and basophils. They are all derived from a common myeloid 

progenitor. NK cells are also a part of the innate effector cells even though they are derived from the 

same lymphoid progenitor as B and T cells of the adaptive immune system (2, 5).  

1.1.1 Neutrophils 

Neutrophils are the most abundant of granulocytes, in fact they are the predominant circulating 

leukocytes in humans, counting up to 75%, while they account for less than 25% of circulating 

leukocytes in mice (6, 7). Neutrophils are short-lived cells, the first immune cells that migrate to sites of 

infection playing a vital role in acute inflammation and resistance against extracellular bacteria (8). 

They can act as phagocytes and produce degradative enzymes and reactive oxygen species (9). They 

have three types of granules; primary granules storing AMPs and secondary and tertiary granules 

containing lactoferrin and gelatinase (6). Neutrophils express a variety of PRRs, complement 
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receptors and Fc receptors (FcRs) enabling them to recognize pathogens and engulf complement- or 

antibody (Ab)-opsonized bacteria and particles. They also secrete soluble PRRs that enhance 

phagocytosis and activate the complement cascade (9).  Recent evidence suggests that neutrophils 

are more than just inflammatory cells. For example they have been shown to be able to survive longer 

than previously thought, secrete a broad array of molecules; both inflammatory mediators and 

surprisingly also anti-inflammatory mediators promoting resolution of inflammation (9).  

1.1.2 Monocytes and macrophages 

Monocytes are mononuclear cells that circulate in blood between bone marrow (BM) and spleen. They 

are non-proliferating cells at steady state. During infection, high levels of monocytes are released from 

the BM into the circulation where they migrate to the site of infection and can differentiate into either 

macrophages or DCs (5, 7).  

Macrophages are plastic cells resident in tissues at steady state and contribute to tissue 

homeostasis by producing growth factors and clearing apoptotic cells and debris (5). They are 

relatively long-lived and express high amounts of PRRs such as TLRs, RLRs and NLRs and therefore 

play a vital role in innate immune recognition. They also express various complement receptors and 

FcRs which are crucial for phagocytosis of complement or Ab-opsonized cells, pathogens and 

particles (7, 10).  Macrophages have Ag-presenting cell (APC) capacity, but do not express the co-

stimulatory molecules necessary to prime naïve T cells like DCs do (11).  

Macrophages have been classified as either classically activated (M1) in response to interferon 

(IFN)-γ and TLR stimuli or alternatively activated (M2) in response to interleukin (IL)-4 or IL-13 stimuli. 

M1 macrophages express high levels of pro-inflammatory cytokines and promote T helper (Th) 1 

response while M2 macrophages are considered to have anti-parasitic and immune-regulatory 

functions. This polarization of macrophages is reversible and orchestrated by different subsets of 

CD4
+
 T cells (12). Most data of M1 and M2 polarization of macrophages are based on treatment of 

monocytes in vitro but recent studies show it might have a counterpart in vivo, however mainly in 

extreme states. For example a strong Th1 response would yield M1 macrophages while a strong Th2 

response would yield M2 macrophages (12, 13). 

1.1.3 Eosinophils 

Eosinophils are recruited to sites of infection and contribute to anti-parasitic defense (14). They 

express a broad spectrum of PRRs and participate in innate recognition (15). Eosinophils store a 

variety of anti-parasitic molecules in their granules including cationic proteins, various cytokines, 

chemokines and proinflammatory molecules (16). Eosinophils can be distinguished from many other 

leukocytes by their availability of immediate release of pre-made cytokines stored in granules (14). 

Historically, eosinophils have often been thought to do more harm than good. They have been 

characterized as terminal effector cells known for their cytotoxic effector functions causing tissue 

damage related to allergic responses, in fact they are one of the main effector cells in allergic asthma 

causing severe tissue destruction (17-19). However, recent studies have revealed that eosinophils can 

also be involved in tissue homeostasis, modulation of adaptive immune responses and anti-tumor 
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activity (14, 18, 20). They have APC potential and have been shown to present antigenic peptides in 

their major histocompatibility complex (MHC) class II molecules as well as MHC class I molecules. 

Their release of the granule protein eosinophil-neurotoxin can also activate DCs and enhance Th2 

responses (18). Recent findings suggest eosinophils play a vital role in the long-term maintenance of 

plasma cells (PCs) (21-23). 

1.1.4 Dendritic cells 

DCs are key players in bridging the innate and adaptive immune response. They are the primary 

professional APCs and are therefore important for initiation of an adaptive immune response (24). 

Immature DCs express a wide variety of PRRs including TLRs and CLRs enabling innate recognition 

and Ag uptake (25, 26). They capture Ag in the periphery and migrate to lymphoid organs in response 

to pro-inflammatory signals often triggered by infectious agents. The DCs take up the Ag, process it 

and present it in surface-bound MHC molecules to naïve T cells in secondary lymphoid organs. This 

induces differentiation of naïve Ag-specific CD4
+
 and CD8

+
 T cells into Th cells or cytotoxic T cells. 

Activation of T cells requires two steps; the first one is binding of the T cell receptor (TCR) to the Ag–

MHC complex on DCs. This step is referred to as signal one. The second step includes binding of 

appropriate co-stimulatory ligands and their receptors, known as signal 2. Mature DCs have a 

decreased Ag-processing capacity and increased expression of MHC and co-stimulatory molecules 

(27). DCs can be classified into at least two different subtypes; classical/conventional DCs (cDCs), 

previously called myeloid DCs (mDC), and plasmacytoid DCs (pDCs) (5). While cDCs are short-lived 

cells specialized in processing Ags, presenting them and stimulating T lymphocytes, the pDCs are 

relatively long-lived and specialize in anti-viral responses with secretion of type I IFNs (5).  

Recent evidence suggests that DCs participate in the regulation of the immune response, directing 

the response down a particular path, inducing either immunity or tolerance under different 

microenvironmental conditions (24, 27, 28).  

1.2 Adaptive immune system 

When cells and pathways of the innate immune system are unable to eliminate infection the adaptive 

immune system is activated. Unlike the innate immune system that mediates rapid but non-specific 

responses, cells of the adaptive immune system express Ag-specific receptors on their surface. These 

Ag-specific receptors are made by randomly assembling and rearranging germline coded sets of gene 

segments (29). Only those lymphocytes that encounter an Ag which binds to their receptor are 

activated and differentiate into effector cells. The adaptive immune system includes two main types of 

lymphocytes, the T and B cells. Even though both cell types originate from a common lymphoid 

progenitor they are fundamentally different (29, 30).  

1.2.1 T cells 

T cells develop in the thymus and mediate cell mediated immunity. They can be classified into two 

subtypes; CD4
+
 T cells also known as helper T cells (Th), and CD8

+
 T cells known as cytotoxic T cells. 

CD4
+
 T cells are activated when their T cell receptor (TCR) recognizes a peptide presented in MHC 

class II molecules while CD8
+
 T cells recognize a peptide presented in MHC class I molecules. MHC 
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class I molecules are expressed on the surface of all nucleated cells of the body, while MHC class II 

molecules are expressed on APCs; mainly DCs, macrophages and B cells. Engagement of CD3 and 

CD4/CD8 with the MHC-peptide complex together with binding of appropriate co-stimulatory ligands 

and their receptors is also required for T cell activation.  

1.2.1.1 Different subsets of T cells 

CD4
+
 T cells can be further classified based on their cytokine expression profiles. Th1 cells are 

characterized by their secretion of IFN-γ and IL-2. They differentiate from naïve CD4
+
 T cells under the 

influence of IL-12 and their master regulator is the T box expressed in T cells (T-bet) transcription 

factor. Th1 cells participate in immunity against intracellular pathogens, activating mononuclear 

phagocytes, NK cells and cytotoxic T cells (29, 31-33). 

Th2 cells secrete IL-4, IL-5 and IL-13. Their differentiation is driven by IL-4 and their master 

regulator is the transcription factor GATA binding protein (GATA)-3. Th2 cells enhance Ab production 

and defenses against helminths and other extracellular pathogens. They are also drivers of 

pathological allergic responses.Th2 cells can also secrete the anti-inflammatory cytokine IL-10 (29, 

31-33). 

Th17 cells secrete the cytokines IL-17A, IL-17F, IL-22, and some secrete tumor necrosis factor 

(TNF)-α. Their major regulator is retinoic acid receptor (RAR)-related orphan receptor (ROR)γt which 

expression is induced by the cytokines TGF-β/IL-1β (mouse/human), IL-6 and IL-23. Th17 cells 

participate in the clearance of extracellular bacteria and fungi, inflammation and the recruitment and 

activation of granulocytes. They are also thought to play a vital role in autoimmunity; IL-17 is present 

in inflamed tissues of patients with rheumatoid arthritis, multiple sclerosis and systemic lupus 

erythematosus (29, 31-33). 

T follicular helper (Tfh) cells are a special subset of CD4
+
 T cells localized in the follicles of 

secondary lymphoid organs. They express high levels of chemokine receptor CXCR5 which is crucial 

for their positioning in B cell follicles. Tfh cells trigger B cell activation and germinal centre (GC) 

reaction. They also express programmed cell death protein 1 (PD-1) and the activation marker GL7. 

Differentiation of Tfh cells is dependent on the cytokines IL-6 and IL-21 and their master regulator is 

the transcription factor B cell lymphoma 6 (Bcl-6) (32-35). 

Regulatory T cells (Tregs) secrete IL-10 and are vital for the maintenance of tolerance and 

prevention of autoimmunity. The master regulator of Tregs is the transcription factor forkhead box 

protein 3 (Foxp3) induced by the cytokine TGF-β (29, 32, 33).   

CD8
+
 T cells represent a large portion of circulating T cells. They primarily recognize antigenic 

peptides derived from cytosolic proteins and therefore play a role in immunity against intracellular 

pathogens. They induce apoptotic cell death in infected host cells by a contact-dependent mechanism. 

Cytotoxic T cells contain granules loaded with perforin and granzymes. When released they activate 

apoptosis of the infected host cell (29). 
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1.2.2 B cells 

PCs are terminally differentiated B cells that mediate adaptive humoral immunity by secreting Abs. 

Abs are protein molecules of the immunoglobulin (Ig) superfamily composed of two heavy chains and 

two light chains joined by disulfide bonds. Each of the chains contains both a variable (V) and a 

constant (C) region. There are two types of light chains; λ and κ, but five types of heavy chains that 

determine the class and effector function of an Ab. The µ heavy chain represents IgM Abs, the δ chain 

represents IgD Abs, the γ chain represents IgG Abs, the ε represents IgE Abs and the α chain 

represents IgA Abs (29, 36, 37).  

B cells develop in the BM. Their B cell receptor (BCR) is a membrane-bound Ig. As they reach a 

specific immature stage, expressing both IgM
 
and IgD,

 
they leave the BM. When naïve B cells 

encounter their specific Ag, their BCRs bind to it and they take up the BCR:Ag complex. At this point 

they can either differentiate into memory cells or Ab-secreting PCs depending on different contacts 

and cytokine stimuli (29).  

1.2.2.1 T-independent activation 

B cells can be activated by different pathways dependent on the Ag. T-independent (TI) Ags evoke B 

cell activation and Ab formation in the absence of T cells. This type of B cell activation induces poor or 

absent immunological memory. TI Ags of type 1 are alone capable of inducing proliferation of B cells 

and Ab production. These Ags can for example be plant lectins and lipopolysaccharides (LPS) (38). 

Some macromolecules that possess repeated molecular patterns, such as polysaccharides (PS), can 

bind to many BCRs on the B cell surface and crosslink them, providing a partially activating signal. 

These types of Ags are called type 2 TI (TI-2) Ags. Together with additional cytokine stimuli and other 

ligand signals provided by DCs or co-activation through TLRs, TI-2 Ags can activate B cells to 

differentiate into memory cells or PCs (29). Normally TI Ags do not induce Ig isotype switching. 

However signaling through the receptor transmembrane activator and CamL interactor (TACI) 

expressed on B cells in combination with previously described signals can induce class switching 

independent of T cells. B cell activating factor (BAFF), expressed by DCs, and a proliferation-inducing 

ligand (APRIL), by various leukocytes, are both ligands of the TACI receptor (29, 39). Figure 1 

displays different pathways of B cell activation.  
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Figure 1. B cell activation. a) Following antigen (Ag) stimulus activated mature dendritic cells (DC) 
migrate to T cell zones of draining lymph nodes (LN) or spleen and activate naïve Ag specific 
CD4

+
 T cells. In the B cell zone Ag specific follicular B cells encounter their Ag, take it up, 

process it and load Ag-peptides to major histocompatibility complex (MHC) class II 
molecules. They migrate to the B cell-T cell borders and present the Ag-peptides to pre-T 
follicular helper (Tfh) cells and form cognate contact necessary for initiating a B cell memory 
response. b) Clonal expansion of non-germinal centre (GC) B cells and their differentiation 
into non-GC plasma cells (PC) takes place in extrafollicular regions. Secondary follicle 
formation lays the ground for initiation of GC reaction. c) The polarization of secondary 
follicle into dark zone and light zone symbolizes GC reaction initiation. GC centroblasts 
undergo clonal expansion, somatic hypermutation (SHM) and class switch recombination 
(CSR) in the dark zone while non-cycling GC centrocytes scan follicular dendritic cell (FDC) 
networks. GC centrocytes that have lost their affinity to the Ag presented by FDCs undergo 
apoptosis while the others compete for cognate contact to Tfh cells promoting their re-entry 
into the dark zone or differentiation into memory B cells or antibody-secreting plasmablasts. 
d) Upon secondary Ag challenge, memory B cells generated in the first GC reaction present 
Ag to memory Tfh cells inducing formation of a secondary GC reaction with accelerated 
clonal expansion and rapid generation of high-affinity plasmablasts (40). Figure published 
with permission from Nature Publishing Group. Licence number 3695880910476. 

 

1.2.2.2 T-dependent activation and germinal centre reaction 

Most proteins and glycoproteins are T-dependent (TD) Ags, meaning that they need the help of a 

CD4
+
 T cell to fully activate a B cell to differentiate into an Ab-secreting PC or memory B cell. When 

follicular B cells have encountered their Ag it binds to the BCR and the BCR:Ag complex is taken into 

the cell. The Ag is processed and broken down to peptide fragments which are loaded onto MHC 

class II molecules. When the MHC class II molecules have been loaded with peptides they move to 

the B cell’s surface, enabling communication with a previously activated T cell, specific for the same 

Ag. A subset of activated B cells moves to the medullary cords of the lymph nodes (LN) or 

extrafollicular foci of the spleen and differentiates into short-lived plasmablasts that secrete low affinity 

Abs. The other subset of the activated B cells enters the GC reaction (29, 35). It has been reported 

that B cells expressing BCRs with high affinity for the Ag rather differentiate into short-lived 

plasmablasts and contribute to the initial Ab response while lower-affinity B cells enter the GC reaction 

where they undergo clonal expansion, somatic hypermutation (SHM), class switch recombination 

(CSR) and affinity maturation (AM) (41, 42).  
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CSR is a mechanism which involves replacement of µ (IgM) or δ (IgD) heavy chains of the constant 

region with γ (IgG), ε (IgE) or α (IgA). This changes the isotype of the BCR and the effector function of 

the secreted Ab (43). The enzyme activation-induced deaminase (AID) is essential for CSR (37, 43). 

Isotype class switching is induced by CD40-CD40 ligand (CD40L) interaction and different cytokines 

determine to which isotype the B cells switch (44). 

SHM is a process in which AID generates point mutations in rearranged genes encoding the Ag-

binding variable region of the BCR of proliferating centroblasts. These single nucleotide mutations can 

either increase or decrease the BCR’s affinity to the Ag (6, 35, 37).  

Immature GCs in the follicles can first be identified 4 days after immunization. The GC is fully 

established 7 days after immunization and is polarized into two microenvironments; the dark zone and 

the light zone. In the dark zone centroblasts proliferate and undergo CSR and BCR diversification 

through SHM. The light zone is packed with Tfh cells and follicular dendritic cells (FDCs), specialized 

non-hematopoietic stromal cells with long dendrites that carry Ags and secrete necessary cytokines. 

Non-proliferating centrocytes migrate to the light zone and scan FDC networks. If they have lost their 

ability to bind the presented Ag they undergo apoptosis. The centrocytes that still have the ability to 

bind to the presented Ag compete for cognate help from Tfh cells. The Tfh cells provide the 

centrocytes survival signals and can either deliver signals promoting their re-entry into the dark zone 

or differentiation into memory B cell or Ab-secreting plasmablasts that exit the GC reaction. At this 

stage high affinity B cells are rather recruited to the PC pool whereas lower affinity B cells differentiate 

into memory B cells (29, 35, 40). 

Following secondary Ag challenge, memory B cells generated in the first GC reaction present the 

Ag to memory Tfh cells. This induces the formation of a secondary GC reaction with accelerated clonal 

expansion and rapid generation of high-affinity PCs (40). Figure 1 displays different stages of GC 

reaction. 

1.2.2.3 Bone marrow survival niche 

Most of the plasmablasts emerging from the GC reaction home to the BM where a part of them 

differentiates into long-lived PCs that can persist in a special BM survival niche and secrete Abs for 

decades (45). This survival niche supplies the PCs with necessary survival signals needed for PC 

longevity. APRIL and IL-6 have been reported to prolong the survival of PCs in vivo (46, 47). In 

addition, the cytokines APRIL, IL-6, TNF-α, IL-10, IL-4 and IL-5 are known to prolong the survival of 

PCs in vitro (48). 

Upon leaving the GC reaction, plasmablasts upregulate CXCR4 receptor and are drawn to its 

ligand, CXCL12, produced by stromal cells in the BM. Plasmablasts lacking CXCR4 have been 

reported to fail homing to the BM (49). The PC BM survival niche is formed by both static and dynamic 

components. Non-proliferating reticular stromal cells form direct contacts with sessile PCs while other 

accessory cells of the niche are proliferating and accumulate in close proximity of the PCs (50).  

Several hematopoietic cell types have been reported to induce PC longevity. In mice, eosinophils, 

megakaryocytes and monocytes have all been reported to support PC survival by secretion of the 

survival factors APRIL and IL-6 (23, 51, 52). Furthermore, immunization of adult mice has been shown 
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to activate eosinophils and trigger secretion of these survival factors (53). Basophils have been shown 

to promote PC longevity by secreting IL-4 and IL-6 (54). DCs have been shown to play a role in PC 

survival by secretion of IL-6 and stimulation via CD80 and CD86 interaction with CD28 expressed on 

the surface of PCs (55). Another group demonstrated that myeloid precursor cells are the main 

producer of APRIL in human and murine BM survival niche (56). 

Most of the PC survival factors are soluble molecules, thus direct contact between a PC and a cell 

providing the survival factor is considered unnecessary. Heparan sulphate proteoglycans on stromal 

cells have been shown to bind neutrophil-produced APRIL in the human lamina propria, thus creating 

an APRIL-rich microenvironment for PCs (57). It is therefore possible that the same thing happens in 

BM where accessory cells of the PC survival niche secrete high levels of PC survival factors that bind 

to stromal cells and persist there. 

Co-localization assays in mice have reported that PCs co-localize with stromal cells and 

eosinophils in the BM survival niche (50, 58). 

1.2.2.4 Different subsets of B cells 

A few subtypes of B cells have been reported. Conventional B cells (B2 cells) are the main subset of B 

cells in adaptive immune responses generating immunological memory. 

In mice, an innate-like subset of B cells has been identified as B1 cells. They are dominant in the 

peritoneal and pleural cavities and secrete natural Abs with low affinity and broad specificity and 

participate in rapid Ag-specific humoral immune responses. B1 cells are self-renewing but their 

precursors develop in the fetal liver (29, 45, 59, 60).  

Marginal zone (MZ) B cells are another subtype of innate-like B cells. They express poorly 

diversified, polyreactive BCRs that recognize highly conserved microbial molecular patterns. They also 

express high levels of PRRs. In mice, MZ B cells localize in the marginal zone of the spleen, at the 

edge of the circulation and the immune system. In humans they are also located in LNs, tonsils and 

Peyer’s patches. B cells identical to splenic MZ B cells are also present in human peripheral blood. 

Upon activation MZ B cells rapidly differentiate into PCs secreting mostly IgM even though they have 

been shown to be capable of undergoing CSR and secrete IgG and IgA. Human MZ B cells can also 

undergo SHM (29, 59, 61). 

A specific regulatory B cell subset has recently been identified. B10 cells secrete the inhibitory 

cytokine IL-10 and have been shown to down-regulate adaptive and innate immunity, inflammation 

and autoimmunity. This regulatory B cell population is quite rare but has been reported both in mice 

and human subjects (30, 62, 63). 

1.3 Limitations of neonatal immunity 

Immaturity of the immune system contributes to high susceptibility to infectious diseases during the 

first years of life. Incomplete lymphoid structure of BM, spleen and LNs, low number of B, T and DCs 

and absence of memory B and T cells add to increased susceptibility of newborns to infections (64). 

The transition from sterile intra-uterine environment of the fetus to the microbe-rich outside world of 

the newborn is great. This transition requires rapid induction of appropriate responses to control these 
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microbes. After birth there is an age-dependent maturation of the immune response (65). Maternal 

Abs provide the newborn with protection during the first weeks and months but they decline after birth 

at the half-life of 21-30 days (39). IgG maternal Abs are transferred from mother to fetus through the 

placenta whereas neonates and infants receive IgA Abs through breast milk (66).  

1.3.1 Innate neonatal immunity 

Early exposure to microbes triggering innate immune responses is an important factor in the 

maturation of the neonatal immune system. After birth the neonatal skin and gastrointestinal tract are 

quickly colonized by microbial flora. Upon delivery, the skin and mucosa of the newborn are covered 

by an AMP shield that plays an important role in regulating microbial colonization and limit infections. 

The newborn skin is coated by vernix caseosa which contains APPs protecting it from harmful bacteria 

(65). Moreover, epithelial cells in the skin of mice and foreskin of human newborns show much higher 

expression of the AMPs cathelicidin and β-defensins than adult skin (65). High concentrations of 

lactoferrin in breast milk might also contribute to innate immune protection in the gastrointestinal tract 

of breast-fed children (4).  

Neonates have a deficiency of most individual complement proteins that might contribute to both 

decreased responses to many bacterial strains found in blood and limited activation of the adaptive 

immune system (4, 65).  

Although neonates seem to have normal basal expression of TLRs their responses to TLR agonists 

are characterized by impaired and biased cytokine production (67). Newborn monocytes have 

diminished myeloid differentiation primary-response gene 88 (MyD88) expression (65). MyD88 is a 

key adaptor molecule for TLR signaling. Monocytes and monocyte-derived DCs (moDC) have been 

shown to produce less TNF-α and more IL-6 following activation through TLR-1/2, TLR-3 and TLR-4 

(4).  

Both MoDCs and mDCs from human neonates show impairment in the production of the p35 chain 

of the Th1 cytokine IL-12p70. IL-12p70 is a heterodimer formed by a 35 kDa light chain (p35) and a 40 

kDa heavy chain (p40) (68). Furthermore, ex vivo isolated splenic cDCs from neonatal mice express 

lower levels of MHC class II, CD86 and IL12p70 (64). Interestingly, both monocytes and MoDCs are 

able to produce adult-like amounts of TNF-α and IL-12p70 in response to TLR7/8 agonists such as 

ssRNA or the purine analog R848 (4). 

A recent study using human neonatal whole blood assays reported that surface expression of 

CD80 and HLA-DR molecules reaches adult levels within the first 3 months of life on monocytes and 

mDCs and 6-9 months of life on pDCs. The same study reported that that LPS-induced peripheral 

blood mononuclear cells (PBMCs) production of TNF-α and IL-12p70 reaches adult levels within 6-9 

months (69). 

Newborns have reduced numbers of common myeloid progenitor cells which results in a 

quantitative defect in neutrophil numbers under stress conditions. Moreover, neonatal neutrophils 

show reduced expression of complement receptor 3 (CR3), also known as CD11b, and L-selectin 

resulting in impaired function in chemotaxis, rolling adhesion and transmigration (65). Increased 

production of IL-6 by neonatal monocytes and APCs might also play a role in impaired recruitment of 
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neutrophils to sites of inflammation since IL-6 inhibits neutrophil migration to inflammatory sites (70). 

Neonatal neutrophils also exhibit impairments in microbicidal mechanisms. They have reduced 

amounts of various AMPs and proteins compared with adult neutrophils. For example neonatal 

neutrophils only contain around 50% of lactoferrin and 30% of bactericidal/permeability-increasing 

protein (BPI) compared with adult levels. BPI binds to LPS and is important in defense against gram-

negative bacteria (71). 

1.3.2 Adaptive neonatal immunity 

Neonates have low numbers of T and B lymphocytes compared with adults but during the first 5-6 

weeks their number increases by 10
3
-10

4
 fold (64). Neonatal adaptive immunity is characterized by 

preferential development of Th2 and tolerance rather than Th1 polarization, poor GC reaction yielding 

lower affinity PCs than in adults and reduced and short-lived Ab responses (39, 72).  

1.3.2.1 T cell responses 

Neonates show immature DC-T cell interactions as previously mentioned. Neonatal DCs have reduced 

capacity of MHC class II Ag presentation and subsequent stimulation of Ag-specific T cell memory. 

Furthermore, they usually induce T cell polarization to a tolerogenic state rather than protective 

inflammatory state (68, 73). TLR-mediated up-regulation of DC co-stimulatory molecules CD80 and 

HLA-DR, needed for T cell activation, reaches adult levels within the first 3 months of life for LPS-

activated (TLR4) mDCs from human neonatal blood whereas the expression of these molecules 

reaches adult levels in CpG-stimulated (TLR9) pDCs within 6-9 months (69). 

CD4
+
 T cell responses show a preferential skewing towards Th2 polarization. Although anti-

inflammatory Th2 responses might be useful in preventing alloimmune reaction between mother and 

fetus, impaired Th1 responses are connected to increased susceptibility to various microbial infections 

and higher risk of newborns developing allergic diseases in developed countries (3, 72).  

Evidence suggests that infection-induced production of pro-inflammatory Th1 cytokines, mainly 

TNF-α and IL-1β, is associated with pre-term delivery and spontaneous abortion. This might be an 

important factor in the impaired ability of newborns to produce Th1 polarizing cytokines such as IL-

12p70, IFN-γ and TNF-α, compared with adults (65). In response to TLR agonists poly dI:dC (TLR3), 

LPS (TLR4), flagellin (TLR5) and CpG DNA (TLR9), TNF-α expression in cord blood of neonates is 

lower than in adult peripheral blood. Furthermore, upon TLR stimuli, expression of cytokine IL-6 is 

higher in cord blood than adult peripheral blood. Serum collected from human newborns during the 

first week of life shows even higher IL-6/TNF-α ratio than reported in cord blood (3). Hypermethylation 

of the promoter of the Th1 cytokine gene IFN-γ in human cord blood is also associated with impaired 

production of this cytokine whereas the Th2 cytokine IL-13 gene is heavily demethylated enabling 

increased IL-13 secretion (72). 

A mechanism contributing to the neonatal Th2 skewing at a molecular level has been described. 

Mouse neonates were shown to be able to mount both Ag-specific Th1 and Th2 primary responses 

upon Ag stimulation. However, following secondary Ag challenge Th1 cells died by apoptosis, 

whereas Th2 cells were not affected and induced a secondary response. The apoptosis of Th1 cells 

was driven by the Th2 cytokine IL-4. Th2 derived IL-4 is signaled through a heteroreceptor composed 
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of IL-13Rα1 and IL-4Rα, expressed on neonatal IFN-γ-secreting Th1 cells. Gene expression analysis 

showed up-regulation of IL-13Rα1 chain in neonatal Th1 cells that correlated with the inability of those 

cells to balance pro- and anti-apoptotic factors leading to their apoptosis. Blockade of IL-13Rα1 or IL-

4Rα as well as neutralization of Th2 cytokines during priming or Ag re-challenge prevented apoptosis 

and restored Th1 responses (74).  

Interestingly, human neonatal plasma contains elevated levels extracellular adenosine, a purine 

molecule known to inhibit macrophage production of the Th1-polarizing cytokines IL-12p70 and TNF-

α, neutrophil-endothelial adhesion and T cell proliferation and effector functions (4). 

Several other mouse studies have established that Th1 responses can be induced in neonates and 

the Th2/Th1 bias can be overcome with Th1-promoting treatments, which have shed light on factors 

underlying the polarization of neonatal CD4
+
 cells. They include administration of IFN-γ, APC-derived 

IL-12, DCs, live virus, DNA vaccines, CpG nucleotides or CD40 triggering (72). 

Dominating Th2 responses of neonates have been shown to impair not only Th1 but also Th17 

responses. Various studies have shown that neonates have the ability to mount a Th17 response 

under the right stimuli. However, the Th2 cytokine IL-4 negatively regulates Th17 differentiation 

yielding an even stronger anti-inflammatory profile of the neonatal immune system (72). Nonetheless, 

high levels of IL-6 in neonates can not only promote Th2 polarization but also Th17 polarization, when 

combined with IL-23 and TGF-β/IL-1β (75). Interestingly, whole blood cells from South African infants 

have been reported to produce higher levels of Th17 polarizing cytokines IL-6 and IL-23 following in 

vitro stimulation through TLR-2/1, TLR-3 and TLR-8/9 than adult cells (76). PBMCs from Swedish 

children were shown to produce lower levels of the Th17 cytokine IL-17A in response to 

pneumococcal whole cell antigen (WCA) compared with adults. No such difference was noted in 

PBMCs from children from Bangladesh. However, samples from both Bangladeshi children and adults 

yielded significantly increased IL-17A responses than observed in Swedish samples. It is likely that 

different Th17 responses to pneumococci reported in children and adults in developed and developing 

countries is at least partly due to differences in pneumococcal exposure between these countries (77). 

Tregs play a critical role for the early life induction of immune tolerance to self-Ags. Their 

development seems to occur early in life where they are important regulators of tolerance to maternal 

alloantigens. On the other hand, Treg presence can impair neonatal effector responses and protective 

responses to vaccines and pathogens (72). Indeed, Tregs have been shown to down-regulate 

protective immune responses during herpes simplex virus infection of neonatal mice (78). Furthermore 

CD4
+
CD25

+
Foxp3

+
 T cells have been reported to down-regulate IFN-γ production of human cord 

blood monocytes in response to Plasmodium falciparum infection through the secretion of IL-10 (79). 

Recent studies have shown that CD4
+
CXCR5

+
PD-1

+
 Tfh cells can be induced in neonatal mice but 

their full development is impaired. Neonatal Tfh cells express decreased levels of both Tfh cell master 

regulator Bcl-6 and Tfh cell signature cytokine IL-21 and localize poorly in B cell follicles (80). This 

correlates with delayed GC reaction and reduced humoral immune response in neonates (72). 

Furthermore, neonatal Tfh cells have been shown to express IL-4 and it has been reported that this 

cytokine promotes the development of Tfh cells in early life (80).  
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1.3.2.2 B cell responses 

The majority of circulating Abs in newborns during the first months of life is of maternal origin. The 

persistence of maternal Abs can influence how newborns and infants respond to infection or 

vaccination (4). Maternal Abs bind to free Ags decreasing the Ag-load of the newborn which may 

result in reduced priming of immune responses (66). Table 1 summarizes limitations of B cell 

responses in infants. 

Children younger than 18-24 months old are unable to generate immune responses to TI-2 Ags 

such as PSs of encapsulated bacteria strains Streptococcus pneumoniae, Haemophilus influenzae 

and Neisseria meningitidis (81). Responses to these Ags are mediated through MZ B cells which are 

present in low numbers at birth and show impaired development in neonates (38). Furthermore, 

neonatal MZ B cells express low levels of complement receptor 2 (CD21) necessary for binding C3d-

PS complexes and initiate the immune response. Increased expression of CD21 with age corresponds 

to enhanced responses to PS Ags (38). Decreased levels of TACI expression on both neonatal mouse 

B cells (82) and neonatal human B cells, particularly those born prematurely (83), also contributes to 

decreased PC differentiation. TACI is an important co-stimulatory receptor expressed on B cells. It 

binds TNF family cytokines BAFF and APRIL and induces up-regulation of CD138, an important PC 

differentiation marker (82). Figure 2 A displays impairments of PS-induced neonatal immunity. 

Human neonatal spleen contains decreased number of marginal zone macrophages (MZM) and 

their ability to produce various cytokines differs from adults (39). MZMs and marginal metallophilic 

macrophages (MMM) play a crucial role in the initiation of the immune response by trapping particular 

blood-borne Ags in the marginal zone (84). 

Human neonatal B cells express lower levels of the co-stimulatory molecules CD40, CD80 and 

CD86 resulting in decreased responses to CD40L, CD28 and IL-10 expressed on T cells. This 

decreases the neonatal B cell ability to obtain T cell help necessary for initiating immune responses to 

TD Ags (83). Furthermore, both human infant and neonatal mouse studies have reported that initiation 

of the GC reaction is delayed and its magnitude limited compared with adults (39, 85).  This delay in 

GC reaction induction is mainly due to poorly developed FDC networks in mice but it has proven 

difficult to study human FDC maturation (86). Studies suggest that neonates have limited SHM and 

reduced AM (39) but adult levels of SHM have been reported in unselected peripheral blood B cells of 

human infants at 8 months of age (87). Impaired SHM and AM in neonates could be an important 

factor in preferential differentiation of memory B cells and impaired development of PCs in neonates. 

Higher affinity centrocytes in GC are recruited to the PC pools while lower affinity centrocytes rather 

differentiate into memory B cells. Limited CD21 expression by infant B cells also supports preferential 

differentiation of memory B cells and impairs development of PCs (88).  

The few plasmablasts generated in the GC reaction have to home to the BM and differentiate into 

long-lived PCs that are able to secrete Abs and provide protection for years. It has been noted that 

most of the plasmablasts emerging from the GC reaction in neonates migrate efficiently to the early life 

BM compartment but lack the ability to persist and differentiate there. Instead they undergo a 

significantly higher rate of apoptosis than in adult mice (46). The reason for this high rate of apoptosis 

is that the plasmablasts lack survival signals, mainly APRIL and IL-6, coming from the BM niches, 
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enabling them to differentiate into PCs and persist in the BM niche (23, 46, 51). Figure 2 B displays 

early live limitations of immune responses to TD Ags.  

Neonates have been shown to contain increased numbers of the regulatory B cell subset B10 cells 

(89). Neonatal B10 cells have been shown to control DC responses upon TLR activation through IL-10 

secretion (90, 91). IL-10 has been reported to inhibit the expression of co-stimulatory molecules on 

DCs and inhibit T cell activation through CD28 (4). 

 

Table 1: Limitations of B cell responses in infants. Responses compared with healthy adults. 
*Shown in mice. Adapted from (39) with additions from (85). 

Cell type or site Characteristics in infants 

Naïve B cells Decreased expression of cell surface receptors  CD21, CD40, CD80, CD86 

Plasma cells 

Limited IgG responses to protein antigen under 12 months of age 

Limited IgG responses to most polysaccharide antigens under 18-24 months of age 

Limited persistence of IgG antibodies under 12 months of age 

Memory B cells 

Effective priming of memory B cells at and before birth 

Progressive diversified IgG repertoire 

Limited affinity maturation under 4-6 months of age 

Germinal centres 

Impaired germinal centre responses 

Limited functional follicular dendritic cell network* 

Bone marrow Limited access to plasma cell niches* 
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Figure 2. Early life limitations of B cell responses. A: Neonates show decreased/no responses to 
polysaccharide antigens (Ags), type II T cell independent Ags, due to decreased number of 
marginal zone B cell and decreased expression of CD21 and transmembrane activator and 
CamL interactor (TACI). These types of Ags normally induce IgM Ab responses without 
generating memory. B: Neonatal dendritic cells, B and T cells have decreased expression of 
co-stimulatory molecules resulting in immature interactions between them. Furthermore, 
neonates have an immature follicular dendritic cell (FDC) network that contributes to delayed 
induction and limited magnitude of germinal centre reaction. Impaired somatic hypermutation 
and affinity maturation as well as decreased CD21 expression lead to preferential 
differentiation of memory B cells resulting in fewer plasma cells (PCs). The few PCs 
generated home to the bone marrow (BM) and compete for limited access to survival niches. 
Decreased secretion of survival signals APRIL and IL-6 limits the number of long-lived PCs 
in BM (39). Published with permission from Nature Publishing Group. Licence number 
3695881437670. 

1.4 Vaccination of neonates 

Every year more than 6 million deaths occur in children under the age of 5 years, mostly in developing 

countries (92). Around half of these deaths are due to infectious diseases, such as acute respiratory 

diseases and diarrhea, many of which are vaccine-preventable (92-94). In 2013 neonatal mortality, 

meaning deaths occurring during the first four weeks after birth, was recorded over 2.7 million deaths 

(92). The leading causes of neonatal mortality in 2013 were preterm birth complications and 

pneumonia (92). This high mortality rate of infants and neonates emphasizes the need for effective 
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approaches to limit infections and preventable deaths in early life. Vaccination has proven to be one of 

the most efficacious ways to fight infection and eliminate pathogens. The ideal vaccine would be a 

single dose given at birth, showing a good safety profile, at low-cost, inducing few side effects but 

long-lasting protection against multiple diseases (95). 

Immaturity of the neonatal immune system discussed in previous chapters plays a vital role in 

reduced responses to vaccination. Preferred Th2 polarization, tolerance induced by Tregs and B10 

cells, limited activation of GC reaction with preferential differentiation of memory B cells rather than 

long-lived PCs all pay its toll. Maternal Abs may also interfere with infant vaccine responses (66) and 

breast milk Abs may reduce efficacy of oral vaccines (96). 

Despite immaturity of the neonatal immune system certain pathogens, adjuvants and self-

adjuvanted vaccines have been reported to overcome the Th2 polarization bias and induce 

inflammatory Th1-polarizing responses in early life by stimulating innate immune receptors and 

pathways in a synergistic manner (68). 

1.4.1 Different types of vaccines 

Several different types of vaccines have been used with a good safety profile. Live attenuated 

vaccines (LAVs) contain a version of the living pathogen that has been weakened in the lab and lost 

its replication ability in human hosts and is therefore unable to cause disease (97, 98). LAVs are easy 

to make for certain viruses that contain a small number of genes but have proven more difficult to 

create for bacteria. Disadvantages of LAVs are that they can mutate and gain previously lost ability to 

cause disease. Furthermore, they need to be stored refrigerated which can be difficult in developing 

countries. Examples of LAVs are the measles, mumps and rubella (MMR) combined trivalent vaccine, 

varicella vaccine against chickenpox, influenza nasal spray vaccine against seasonal flu and oral polio 

vaccine (97, 98). 

Inactivated or killed vaccines are produced by inactivating pathogens using heat, radiation or 

chemicals. They are safer and more stable than LAVs but usually induce a weaker immune response, 

often requiring several doses or booster shots for long-term immunity. They do not need refrigeration. 

Examples of inactivated/killed vaccines are the polio IPV vaccine and Hepatitis A vaccine (97, 98). 

Toxiod vaccines are used when a toxin secreted by a pathogen is the main cause of illness, not the 

pathogen itself. Toxiods are detoxified toxins made by formalin, genetic modification or other methods. 

A vaccine against the neurotoxin tetanospasmin secreted by the bacteria Clostridium tetani is an 

example of a toxoid vaccine (97, 98).  

Subunit vaccines contain parts of the pathogens they provide protection against, only the most 

stimulating Ags or epitopes. Once the most immune stimulating Ags have been identified it is possible 

to grow the pathogen in the lab, break it down with chemicals and collect the important Ags. Another 

possibility is using recombinant DNA technology to manufacture Ags from the pathogen. Vaccines 

against Hepatitis B virus and human papilloma virus (HPV) are examples of subunit recombinants 

vaccines (97, 98). 

Conjugate vaccines are made by chemically conjugating pieces from bacterial coating like PS to a 

carrier protein. This has proven highly successful for generating vaccines that are efficacious in 

children who are unable to respond to PS Ags under the age of 2 years (81). By conjugating bacterial 
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PS to a protein carrier they are transformed from TI-2 Ags to TD Ags and can induce immune 

responses and immunological memory in neonates, although not to the same level as in adults (38). 

Thus, induction of protective immunity by conjugate vaccines in early life requires 2 or 3 doses and a 

booster in the second year of life to maintain protective Ab levels (99, 100). 

1.4.2 Adjuvants can overcome limitations of neonatal immunity 

Central components of vaccine formulations are immune stimulating agents called adjuvants. They 

can enhance both the magnitude and the duration of immune responses and may also modulate the 

nature of responses. Therefore, adjuvants can polarize Th1/Th2 responses, enhance memory 

formation and Ab production and even reduce number of required immunizations (101).  

Evidence suggest that adjuvants induce one or more of the following mechanisms to evoke 

immune responses; 1) sustained release of Ag at site of injection, 2) up-regulation of chemokines and 

cytokines, 3) cellular recruitment at site of injection, 4) increased Ag uptake and presentation by 

APCs, 5) activation, maturation and increased migration of APCs to draining LNs, 6) inflammasome 

activation (reviewed in (102)). 

Alum is the only adjuvant currently licensed for human infant vaccine formulations with the 

exception of MF-59 which was included in H1N1 influenza vaccine licensed in Europe for vaccination 

of subjects from 6 months of age (102). Alum is relatively poor at inducing protective adult-like immune 

responses and overcoming the Th2 polarization bias in neonates. The search for a safe and optimal 

adjuvant that overcomes the limitations of early life immunity is ongoing. 

CpG oligodeoxynucleotides (CPG-ODN), signaling through TLR-9, have been shown to induce 

adult-like DC-T-cell interaction but fail to induce adult-like Ab responses (39). Furthermore, the Th1-

promoting adjuvant IC31 has been shown to induce protective immunity against pneumococcal 

disease in neonatal mice (103). IC31 is a two-component adjuvant consisting of an AMP and a 

synthetic oligodeoxynucleotide. It signals through TLR-9 dependent on MyD-88 (104). 

Cholera toxins (CT) from Vibrio cholera and Escherichia coli heat-labile toxins (LT) are widely used 

as mucosal adjuvants in animals, especially rodents (105). LT has been reported to enhance both Th1 

and Th2 responses (106). Both CT and LT consist of two subunits; a single A unit which is covalently 

linked to a pentameric B unit (107). The A subunit has an ADP-ribosylating activity whereas the B 

subunit binds to the GM1 ganglioside expressed on most mammalian cells (108). Both LT and CT are 

too toxic for use in human mucosa. The adjuvant LT-K63, a detoxified mutant of LT, was generated by 

introducing a serine to lysine substitution at position 63 in the A subunit (105). LT-K63 has passed a 

phase I clinical trial where it was mucosally applicated with inactivated influenza vaccine 

demonstrating protective Ab response and a good safety profile (109). In a second study, two 

individuals experienced transient facial nerve paralysis, causing reconsideration of intranasal 

application of this family of molecules (110). It has been demonstrated that increased primary Ab 

response to pneumococcal conjugate vaccine (Pnc1-TT) by LT-K63 (111) directly parallels with its 

ability to enhance formation of mature FDC network in neonatal mice and to overcome limited 

induction of GC reaction (112). The increase in PPS-1- and TT-specific Ab-secreting cells (AbSCs) in 

spleen and their long-term survival in BM leads to persistence of protective Abs in neonatal mice 

(113). 
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2 Aims 

2.1 General aims 

The general aim of this project was to determine which cells are important in providing the 

survival signals that are needed for maintenance of plasma cells in bone marrow of neonatal 

mice after immunization with pneumococcal conjugate vaccine, Pnc1-TT, and the effects of the 

adjuvant LT-K63. 

2.2 Specific aims 

1) To assess the effect of immunization on vaccine specific serum antibodies and 

antibody- secreting cells in spleen and bone marrow. 

2) To assess the age dependent maturation of different innate cell subsets in bone 

marrow. 

3) To assess the effects of immunization on frequency of innate immune cells in bone 

marrow and spleen. 

4) To assess the effects of immunization on cytokine-secreting cells in bone marrow. 
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3 Materials and methods 

3.1 Mice 

Adult NMRI mice were obtained from M&B AS (Ry, Denmark). The mice were adapted for at least one 

week after arrival before an initiation of an experiment. They were kept in micro-isolator cages with 

free access to commercial pelleted food and water, and housed under standardized conditions at the 

vivarium facility Arctic Las (Reykjavík, Iceland) with regulated daylight, humidity and temperature. 

For breeding of mice to produce neonatal and infant mice for the experiments, adult female mice 

were put in the cage of adult male mice for two weeks. After the two week period, the female mice 

were separated from the male and kept in separate breeding cages. Breeding cages were checked 

daily for births that were recorded and the pups were kept with the mother until weaning at the age of 

4 weeks. The Experimental Animal Committee of Iceland authorized the animal experiments, which 

complied with animal welfare act 15/95. 

3.2 Vaccine and adjuvants 

Pneumococcal polysaccharide (PPS) of serotype 1 was conjugated to tetanus toxoid (TT; Pnc1-TT) by 

Sanofi Pasteur (Marcy l‘Etoile, France) as previously described (114). Plain PPS-1 was provided by 

Sanofi Pasteur or purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). The 

mutant of Escherichia coli heat-labile enterotoxin LT-K63 was produced and purified by Novartis 

Vaccines & Diagnostics (former Chiron Srl, Siena, Italy) as described in (115). 

3.3 Immunization 

Immunization of mice was carried out as described (116). The dose of pneumococcal conjugate, 

Pnc1-TT, used in the study was 0.5 µg/mouse whereas the dose of native PPS-1 was 5.0 µg/mouse. 

The dose of the adjuvant LT-K63 was 5.0 µg/mouse. For subcutaneous (s.c.) immunization of 

neonatal mice 50 µl of the vaccine solution was injected in the scapular girdle. Sterile saline was 

administered to unimmunized controls. Vaccine solutions and adjuvants were mixed 1 hour prior to 

immunization. 

3.4 Blood sampling 

Mice were bled from the tail-vein and serum isolated by centrifugation at 2500 rpm for 10 minutes, 

aliquoted and stored at –20°C until use (113).  

3.5 Enzyme-linked immunosorbent assay (ELISA) 

3.5.1 Measurements of PPS-specific antibody in mouse sera 

Total IgG PPS-specific antibodies were measured by ELISA using the following protocol as described 

(117). Microtiter plates (MaxiSorp; Nunc AS, Roskilde, Denmark) were coated with 100 µl per well of 

5.0 µg/ml PPS-1 in phosphate buffered saline (PBS) and incubated for 5 hours (h) at 37°C. After 

incubation the plates were kept at 4°C until use (storage was maximal one month). The plates were 

washed three times with PBS containing 0.05% (v/v) Tween 20 (PBS-Tween20; Sigma) before 
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blocking with PBS-Tween20 containing 1% bovine serum albumin (BSA; PBS-Tween20-BSA) (Sigma) 

at room temperature (RT) for one h. Meanwhile, Abs to cell wall polysaccharide (CWPS; Statens 

Serum Institute, Copenhagen, Denmark) in serum and standard were neutralized with 500 µg 

CWPS/ml, in dilution of 1:50 for 30 min. After blocking, plates were washed as before and the 

neutralized samples were serially diluted (three-fold dilutions) and incubated in duplicates on the PPS-

1 coated plates at RT for 2 h. After two hours the plates were washed as before and specific Abs were 

detected with horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody (Southern 

Biotechnology Associates Inc., Birmingham, AL, USA) diluted in PBS-Tween20-BSA for 2 h in RT. As 

before the plates were washed and development of the enzyme reaction was performed by adding 

100 µl of 3,3´,5,5´-tetramethylbenzidine peroxidase (TMB) substrate (Kirkegaard & Perry Laboratories, 

Gaithersburg, MD, USA) into each well for approximately 15 min and the reaction was stopped with 

100 µl of 0.18 M H2SO4. The absorbance was read at 450 nm in a Titertek Multiscan Plus MK II 

spectrophotometer (ICN Flow Laboratories, Irvine, UK).   

3.5.2 Measurements of TT-specific antibody in mouse sera 

Measurement of TT-specific IgG antibodies was done using the following protocol as described (117). 

Microtiter plates (MaxiSorp) were coated with 5.0 µg/ml purified TT (Sanofi Pasteur) in 0.10 M 

carbonate buffer (pH 9.6) and incubated overnight at 4°C. After blocking with PBS-Tween20-BSA at 

RT for 1 h, samples and standard diluted 1:50 in PBS-Tween20-BSA, were serially diluted (three-fold 

dilutions) and incubated in duplicates on TT-coated plates for 2 h at RT. The detection of TT-specific 

Abs and the development of the reaction were performed as described for PPS-specific ELISA.  

Results obtained from measurements of PPS-1- and TT-specific antibodies in mouse sera were 

calculated from standard curves constructed by serial dilutions of a serum pool from hyperimmunized 

adult mice (1st immunization with Pnc1-TT + Freund´s complete adjuvant and 2nd immunization with 

Pnc1-TT+ Freund´s incomplete adjuvant). The titers of the reference serum pool corresponded to the 

inverse serum dilution giving an optical density of 1.0, which has been assigned 100 ELISA units per 

ml (EU/ml). Results were expressed as mean log EU/ml ± standard deviation (SD). 

3.6 Isolation of mononuclear cells from spleen and bone marrow 

Isolation of mononuclear cells was done using the following protocol as described (118). Spleen, 

femur and tibias were removed from mice at different time points after immunization. Single cell 

suspensions from femur and tibia were obtained by injection of 1.0 ml of complete tissue culture media 

which consisted of RPMI-1640 (Gibco, Life Sciences, Paisly, UK) containing 25 mM Hepes buffer 

(Gibco), 100 U/ml penicillin / 100 µg/ml streptomycin (Gibco), 2 mM L-glutamine (Gibco), and 10% 

fetal calf serum (FCS; Gibco) through femur/tibia and flushing the bone marrow out. Single cell 

suspensions from spleen were prepared by cutting the organs in several pieces, and pressing the 

pieces through a sterile 100 µm nylon cell strainer (BD Biosciences, San Jose, CA, USA). The cells 

were then dissolved in sterile Hanks Balanced Salt Solution (HBSS; Gibco) containing 2% (v/v) FCS, 

and centrifuged at 1000 rpm for 10 minutes at 4°C. After washing of all single cell suspensions, red 

blood cells were lysed by incubation in sterile ammonium chloride buffer (pH 7.2) for 5 minutes. After 
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washing, the cells were re-suspended in 10 ml of complete tissue culture media and tissue fragments 

allowed to settle for 10 min. The top 9.0 ml were gently transferred to a new culture tube and 

centrifuged at 1000 rpm for 10 minutes at 4°C. The number of cells in the samples was estimated by 

counting cells stained with tryphan blue using a hematocytometer and microscope. After counting, the 

number of cells in the suspension was adjusted to 10
8
 cells per ml and were used in subsequent 

studies. The cells were kept on ice or stored at 4°C during all isolation steps. 

3.7 MACS cell separation 

Bone marrow cells were depleted of T cells using anti-CD3ε-biotin and anti-biotin microbeads (Miltenyi 

Biotec, Lund, Sweden), mast cells and basophils using anti-FcεRI-biotin and anti-biotin microbeads 

(Miltenyi Biotec), B cells using CD45R (B220) microbeads (Miltenyi Biotec) and dendritic cells using 

CD11c (N418) microbeads (Miltenyi Biotec). 

One hundred µl (1*10
7
 cells) from 1*10

8
 cells/ml bone marrow stock solution were added into a 

tube with 500 µl of MACS buffer containing PBS with 0.5% BSA and 2 mM EDTA. Cells were 

centrifuged for 10 minutes at 300g at 4°C and supernatant discarded completely. The cells were 

resuspended in 80 µl MACS buffer and then 10 µl of anti-CD3ε-biotin (Miltenyi Biotec) and 10 µl of 

anti-FcεRI-biotin (Miltenyi Biotec) were added to the cell solution, mixed well and incubated for 10 

minutes in the refrigerator (2-8°C). Cells were washed by adding 1 ml MACS buffer and centrifuged for 

10 minutes at 300g at 4°C. Supernatant was discarded and the cells resuspended in 40 µl of MACS 

buffer. 40 µl of anti-biotin Microbeads (20 µl per biotin-labeled Ab), 10 µl of CD45R (B220) microbeads 

(Miltenyi Biotec) and 10 µl of CD11c (N418) microbeads were added to the cell solution and incubated 

for 15 minutes in the refrigerator (2-8°C). Cells were then washed by adding 1 ml of MACS buffer and 

centrifuged for 10 minutes at 300g at 4°C. Supernatant was discarded and cells resuspended in 500 µl 

of MACS buffer. LS columns were placed into a MACS Seperator (Miltenyi Biotec) and rinsed with 3 

ml of MACS buffer before separation. 500 µl microbead-labeled cell suspensions were added to the 

LS column and collected into a new tube. The LS column was then washed twice with 3 ml MACS 

buffer. The cell suspensions from the LS column were centrifuged for 10 minutes at 300g at 4°C and 

supernatant discarded completely and cells resuspended in 500 µl MACS buffer for further analysis.  

3.8 Staining and flow cytometry 

Staining and flow cytometry analysis was performed using the following protocol as described (119). 

Ten µl of 10
8
 stock solution (10

6
 cells) were added into a tube containing 490 µl of washing buffer 

containing PBS with 0.5% BSA and 4 mM EDTA. The cells were centrifuged at 300g for 5 minutes and 

supernatant was discarded. Meanwhile appropriate labeled antibodies were mixed in 100 µl of 

washing buffer in a separate tube and then added to the cells and incubated on ice for 30 minutes. 

After incubation cells were washed with 500 µl washing buffer and centrifuged at 300g for 5 minutes, 

supernatant discarded and cells resuspended in 500 ml washing buffer. 

For intracellular staining cells were washed with PBS instead of washing buffer after the incubation 

and centrifuged at 300g for 5 minutes. Supernatant was discarded and cells fixed in 500 µl of 4% 

paraformaldehyde in PBS for 20 minutes at room temperature and then centrifuged at 300g for 5 
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minutes. Supernatant was discarded and 500 µl of saponin buffer (0.5% saponin, 0.5% BSA in PBS) 

added to the cells and centrifuged at 300g for 5 minutes. Meanwhile appropriate labeled antibodies 

were mixed in 100 µl of saponin buffer in a separate tube and then added to the cells and incubated 

on ice for 30 minutes. After incubation cells were washed with 500 µl saponin buffer and centrifuged at 

300g for 5 minutes, supernatant discarded and cells resuspended in 500 ml washing buffer.  

Flow cytometry was performed using FACSCalibur and analysis done by Kaluza® analysis 

software. 

3.9 Enumeration of Ab-secreting cells by ELISPOT 
PPS-1- and TT-specific AbSC were enumerated by ex vivo ELISPOT as described (112). MultiScreen 

High protein binding immobilon-P membranes (Millipore Corporation, Bedford, MA, USA) were coated 

with 20 μg/ml of PPS-1 or 10 μg/ml of TT overnight at 37°C. After washing with PBS-0.1% Tween20 

and blocking with complete tissue culture medium containing 10% FCS, three-fold serial dilutions of 

the single cell suspensions prepared in section 3.6 were added to the plates and incubated for 5 h at 

37°C. After washing, the plates were incubated with alkaline phosphatase (AP)-conjugated goat-anti-

mouse IgG (Southern Biotechnology Associates Inc.) overnight at 4°C, washed and developed by 

enzyme substrate solution the 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium in AP 

color development butter (BioRad Labs, Hercules, CA, USA). Spots were counted and analyzed with 

an ELISPOT reader (KS ELISPOT, Zeiss, Germany). 

3.10 Statistical analysis 

For comparison between groups and time points Mann-Whitney test was used using GraphPad Prism 

(GraphPad Software, Inc., La Jolla, CA, USA). P values <0.05 were considered statistically significant. 
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4 Results 

4.1 Effect of immunization on vaccine-specific serum antibodies and 
antibody-secreting cells in spleen and bone marrow 

Neonatal mice (7 days old) were immunized once s.c. in the scapular girdle with Pnc1-TT (0.5 

µg/mouse) with or without the adjuvant LT-K63 (5 µg/mouse), 8 mice per group per time point. As a 

control neonatal mice were injected once s.c. with saline. The mice were bled from the tail vein and 

their spleens and BM collected 4, 8, 14, 21 and 56 days after immunization. Both PPS-1- and TT-

specific serum IgG Abs were measured at all time points by ELISA and PPS-1- and TT-specific AbSCs 

in spleen and BM were measured 14, 21 and 56 days after immunization using ELISPOT assay 

except for the saline group where the 56 day time point was omitted.  

The number of PPS-1-specific AbSCs in spleen was significantly higher at day 14 (p=0.0023) in 

mice immunized with the adjuvant LT-K63 together with the Pnc1-TT vaccine than in mice immunized 

only with the vaccine. No significant difference was observed between the vaccine groups in the 

frequency of PPS-1 specific AbSCs in spleen on day 21 or day 56 after immunization (Figure 3A). The 

frequency of PPS-1 specific AbSCs in BM was significantly increased at day 14 (p=0.0238) and day 

21 (p=0.0104) in mice immunized with Pnc1-TT + LT-K63 compared with mice immunized with only 

Pnc1-TT. Surprisingly, the frequency of PPS-1 specific AbSCs in BM was significantly higher at day 56 

(p=0.0207) in mice immunized with only the vaccine than in mice immunized with the adjuvant 

together with the vaccine (Figure 3B). PPS-1 specific serum Ab levels were measured at day 4, 8, 14, 

21 and 56 after immunization. No significant difference was observed between the mice immunized 

with Pnc1-TT+LT-K63 or only Pnc1-TT, except at day 8 after immunization where PPS-1 specific Abs 

were significantly higher in mice immunized with the vaccine and adjuvant (p=0.0001) (Figure 3C). 

Saline-injected mice had significantly lower PPS-1 specific serum Abs than both vaccine groups at all 

time points except at day 14 after immunization where no difference was observed (Figure 3C). 

TT-specific AbSCs in spleen were significantly increased in mice immunized with the vaccine 

together with the adjuvant compared with mice immunized only with the vaccine at day 14 (p=0.0047), 

day 21 (p=0.0006) and day 56 (0.0047) after immunization (Figure 3D). TT-specific AbSCs in BM were 

also significantly increased in mice immunized with the vaccine and adjuvant compared with mice 

immunized with vaccine only at day 21 (p=0.0002) and day 56 (p=0.0009) after immunization (Figure 

3E). Furthermore, TT-specific serum Abs were significantly higher in mice immunized with vaccine and 

adjuvant compared with mice immunized with only the vaccine at day 4 (p=0.0281), day 8 (p=0.0016), 

day 14 (p=0.0002) and day 21 (p=0.0006) after immunization. Saline-injected mice had significantly 

lower TT-specific serum IgG than both vaccine groups at all time points assessed (Figure 3F). A 

smaller experiment with more frequent time points yielded similar results (Figure A1). 
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Figure 3. Vaccine-specific serum antibodies and antibody-secreting cells in spleen and bone 
marrow. PPS-1-specific (top) and TT-specific (bottom) IgG

+
 antibody-secreting cells in 

spleen (left), bone marrow (middle) enumerated by ELISPOT at days 14, 21 and 56 and 
serum IgG antibodies (right) measured by ELISA at days 4, 8, 14, 21 and 56 after 
immunization of neonatal mice with Pnc1-TT with/without the adjuvant LT-K63 or saline. 
Results are from one experiment, expressed as number of spots/10

6
 cells (mean ± SD) and 

IgG levels (mean EU/ml ± SD), in 8 mice per group for each time point.  

4.2 Age dependent maturation of different innate cell subsets in bone 
marrow 

 Age dependent maturation of neutrophils, eosinophils, macrophages and monocytes was assessed in 

11, 15 and 21 days old mice. For each time point BM cell suspensions were depleted of B cells, T 

cells, DCs, mast cells and basophils. The cells depleted accounted for around 70-90% of total BM 

cells (Figure A2). After depletion cells were phenotyped by their expression of CD11b, Gr-1, F4/80 and 

Siglec-F using flow cytometry (Figure A3). Neutrophils were identified as Gr-1
+
F4/80

-
, eosinophils as 

Gr-1
int

F4/80
+
CD11b

+
Siglec-F

+
SSC

high
, macrophages as Gr-1

int
F4/80

+
CD11b

+
Siglec-F

-/int
SSC

int
 and Gr-

1
+
F4/80

+
CD11b

+
Siglec-F

-
SSC

low
 as monocytes.  

The results demonstrated that neutrophil frequency in BM increases with age. Neutrophil frequency 

in BM of 11 days old mice was around 16%, which is significantly lower than in 15 days old mice 

(p=0.0028) and 21 days old mice (p=0.0004) where neutrophil frequency was around 23% for both 

time points (Figure 4, upper left). Eosinophil frequency was stable around 1% throughout the period 

assessed (Figure 4, upper right). Like neutrophils, macrophage percentage in BM increased with age 

although the increase was modest. Macrophage BM percentage in 11 days old mice was just under 

7%, which is significantly lower than in 15 days old mice (p<0.0001) and 21 days old mice (p=0.0019) 

where macrophage BM percentage reached over 8% (Figure 4, lower left). In 11 days old mice 

monocyte frequency in BM was around 4%, which is significantly lower than in 15 days old mice where 

monocyte frequency peaked at 9% (p<0.0001) and in 21 days old mice where it had dropped to 

around 7%  (p<0.0001). Furthermore, monocyte frequency in 15 days old mice was significantly higher 

than in 21 days old mice (p=0.0171) (Figure 4, lower right). 
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Figure 4. Maturation of neutrophils, eosinophils, macrophages and monocytes in bone marrow. 
Single cell suspensions from bone marrow (BM) were prepared from 11, 15 and 21 days old 
mice. Cell suspensions were depleted of B cells, T cells, dendritic cells, mast cells and 
basophils. After depletion cells were stained with anti-CD11b, anti-Gr-1, anti-F4/80 and anti-
Siglec-F. Analysis was performed by flow cytometry (Figure A3) to determine the percentage 
of neutrophils as Gr-1

+
F4/80

-
 (upper left), eosinophils as Gr-1

int
F4/80

+
CD11b

+
Siglec-

F
+
SSC

high
 (upper right), macrophages (lower left) as Gr-1

int
F4/80

+
CD11b

+
Siglec-F

-/int
SSC

int
 

and monocytes as Gr-1
+
F4/80

+
CD11b

+
Siglec-F

-
SSC

low
 (lower right). Each open circle 

represents the percentage of specific cell type in BM (after depletion) from 15 mice (mean ± 
SD) obtained from two independent experiments.  

 

4.3 Effects of immunization on frequency of innate immune cells 

The effect of immunization with or without the adjuvant LT-K63 on the frequency of various innate 

immune cells that have been reported to have the ability to secrete the PC survival factors APRIL and 

IL-6 was assessed. To determine optimal time points for comparison of immunization and adjuvant 

effects on frequency of those cells in BM a pilot experiment was conducted (Figure A4). Since the 

variation between immunization groups was greatest at the first time points after immunization it was 

decided to focus on day 4, 8 and 14 after immunization for further experiments.  

Neonatal mice were immunized once s.c. in the scapular girdle with Pnc1-TT (0.5 µg/mouse) with 

or without the adjuvant LT-K63 (5 µg/mouse). As a control neonatal mice were injected once s.c. with 

saline. Single cell suspensions from BM were prepared 4, 8 and 14 days after immunization. B cells, T 

cells, DCs, mast cells and basophils were depleted using MACS cell sorting. After depletion around 

10-30% of BM cells were remaining, depending on the time point and immunization group (Figure A2). 
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Remaining cells were phenotyped by their expression of CD11b, Gr-1, F4/80 and Siglec-F using flow 

cytometry as described above (Figure A3).   

The frequency of neutrophils in BM was significantly increased in mice immunized with Pnc1-TT 

compared with mice immunized with Pnc1-TT+LT-K63 at day 8 after immunization (p=0.0128) (Figure 

5, upper left).  

Eosinophil frequency in BM was quite stable in both mice immunized with Pnc1-TT and saline-

injected mice at all time points assessed. However, the frequency of eosinophils was significantly 

increased in mice immunized with the vaccine and adjuvant compared with mice immunized with only 

the vaccine at all time points assessed; day 4 (p=0.00017), day 8 (p=0.0007) and day 14 (p=0.0191) 

after immunization (Figure 5, upper right). 

Macrophage percentage in BM was significantly lower in mice immunized with Pnc1-TT 14 days 

(p=0.00019) after immunization than in mice immunized with Pnc1-TT+LT-K63. Interestingly, the 

percentage of macrophages in BM was also significantly lower in mice immunized with only the 

vaccine than in control mice injected with saline 8 and 14 days after immunization (Figure 5, lower 

left).  

The frequency of monocytes was quite unstable over the period assessed. No significant difference 

between the three groups was observed at day 4 after immunization. However, at day 8 both mice 

immunized with Pnc1-TT+LT-K63 (p=0.0001) and saline-injected mice had significantly elevated 

frequencies of monocytes compared with mice immunized with Pnc1-TT. Furthermore, at day 14 the 

monocyte percentage in BM of mice immunized with Pnc1-TT+LT-K63 had dropped while monocyte 

percentage in mice immunized with Pnc1-TT had increased, resulting in a significant difference 

between the two vaccinated groups (p=0.0465) (Figure 5, lower right). 
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Figure 5. Frequency of neutrophils, eosinophils, macrophages and monocytes in bone marrow 
after immunization. Single cell suspension from bone marrow (BM) was prepared and 
depleted of B cells, T cells, dendritic cells, mast cells and basophils at day 4, 8 and 14 after 
immunization of neonatal mice with Pnc1-TT with/without the adjuvant LT-K63 or saline. 
Analysis was performed by flow cytometry (Figure A3) to determine the percentage of 
neutrophils as Gr-1

+
F4/80

-
 (upper left), eosinophils as Gr-1

int
F4/80

+
CD11b

+
Siglec-F

+
SSC

high
 

(upper right), macrophages as Gr-1
int

F4/80
+
CD11b

+
Siglec-F

-/int
SSC

int
 (lower left) and 

monocytes as Gr-1
+
F4/80

+
CD11b

+
Siglec-F

-
SSC

low
 (lower right). Results are combined from 

two independent experiments (n=15) and shown for each mouse and the line indicates the 
mean for each group and time point. 

 

The frequency of neutrophils, eosinophils, macrophages and monocytes was also assessed in 

spleen at the same time points after immunization. Single cell suspension from spleen was prepared 

at day 4, 8 and 14 after immunization and cells were phenotyped by their expression of CD11b, Gr-1, 

F4/80 and Siglec-F using flow cytometry as described above (Figure A3). The frequency of these cell 

types in spleen was also assessed in the pilot experiment mentioned above (Figure A5). 

Similar to the results from BM, neutrophil percentage in spleen was increased 8 days (p=0.0400) 

after immunization of mice with Pnc1-TT compared with mice immunized with Pnc1-TT+LT-K63 

(Figure 6, upper left). Neutrophil frequency was highest at day 4 after immunization reaching over 5% 

of total spleen cells. It decreased with time and dropped to around 3% of total spleen cells for all 

immunized groups 14 days   after immunization. The frequency of eosinophils was also increased in 

mice immunized with the vaccine and adjuvant compared with mice immunized only with the vaccine 

on day 8 (p=0.0002) and day 14 (p=0.0234) after immunization (Figure 6, upper right). However, the 

frequency of eosinophils stayed low throughout the period, not reaching 1% of total spleen cells. 
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No significant difference in macrophage frequency was observed between any of the 3 groups at 

day 4 after immunization, when it was around 3% of total spleen cells. Macrophage frequency lowered 

with time from immunization in all immunization groups but the decrease was more moderate in mice 

immunized with Pnc1-TT+LT-K63 than the other groups. Therefore, mice immunized with Pnc1-

TT+LT-K63 had higher frequencies of macrophages in spleen at day 14 after immunization than mice 

immunized with Pnc1-TT (p=0.0008) or saline (Figure 6, lower left). The frequency of monocytes in 

spleen stayed around 4% in mice immunized with Pnc1-TT+LT-K63 throughout the period assessed, 

while the frequency decreased with time after immunization with only Pnc1-TT or saline. Mice 

immunized with Pnc1-TT+LT-K63 had significantly higher frequency than mice immunized with Pnc1-

TT at day 8 (p=0.0421) and day 14 (p=0.0002) after immunization (Figure 6, lower right). 
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Figure 6. Frequency of neutrophils, eosinophils, macrophages and monocytes in spleen after 
immunization. Single cell suspension from spleen was prepared at day 4, 8 and 14 after 
immunization of neonatal mice with Pnc1-TT with/without the adjuvant LT-K63 or saline. Analysis was 
performed by flow cytometry (Figure A3) to determine the percentage of neutrophils as Gr-1

+
F4/80

-
 

(upper left), eosinophils as Gr-1
int

F4/80
+
CD11b

+
Siglec-F

+
SSC

high
 (upper right), macrophages as Gr-

1
int

F4/80
+
CD11b

+
Siglec-F

-/int
SSC

int
 (lower left) and monocytes as Gr-1

+
F4/80

+
CD11b

+
Siglec-F

-
SSC

low
 

(lower right). Results are combined from two independent experiments (n=15) and expressed for each 
mouse, the line indicates the mean for each group and time point. 

 

The frequency of megakaryocytes in BM was assessed at day 4, 8, 14, 21 and 56 after 

immunization. Single cell suspensions from BM were depleted of B cells, T cells, DCs, mast cells and 

basophils. After depletion around 10-30% of cells were remaining, depending on the time point and 

immunization group (Figure A2). Cells were stained with anti-CD41 and analyzed using flow cytometry 

where CD41
+
 cells were identified as megakaryocytes (Figure A6). 
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The frequency of megakaryocytes in BM was significantly increased in mice immunized with Pnc1-

TT+LT-K63 compared with mice immunized with Pnc1-TT at day 4 (p=0.0011), day 8 (p=0.0002) and 

day 14 (p=0.0379) after immunization. Megakaryocyte frequency peaked in mice immunized with the 

vaccine together with the adjuvant 8 days after immunization reaching almost 6% of BM cells after 

depletion. No significant difference was observed between mice immunized with Pnc1-TT and mice 

immunized with Pnc1-TT+LT-K63 at day 21 and 56 after immunization. However, at day 56 after 

immunization, both vaccine groups had significantly higher frequencies of megakaryocytes than 

saline-injected mice (Figure 7). 
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Figure 7. Frequency of megakaryocytes in bone marrow after immunization. Single cell 
suspension from bone marrow was prepared and depleted of B cells, T cells, dendritic cells, 
mast cells and basophils at day 4, 8, 14, 21 and 56 after immunization of neonatal mice with 
Pnc1-TT with/without the adjuvant LT-K63 or saline (8 mice per group per time point). 
Analysis was performed by flow cytometry (Figure A6) to determine the percentage of CD41

+
 

megakaryocytes. Results are shown as average of duplicate measurements of each mouse, 
the line indicates the mean for each group and time point. 

 

4.4 Effects of immunization on cytokine-secreting cells in bone marrow 

To determine if immunization with Pnc1-TT with or without the adjuvant LT-K63 had any effect on 

APRIL- and IL-6-secreting cells in BM, single cell suspension from BM was prepared at day 4, 8, 14 

and 21 after immunization. B cells, T cells, DCs, mast cells and basophils were depleted before 

intracellular staining of cells with anti-APRIL and anti-IL-6 to identify APRIL- and IL-6-secreting cells 

using flow cytometry (Figure A7). 

The frequency of APRIL
+
 cells was highest 4 days after immunization reaching more than 20% of 

BM cells after depletion in both vaccine groups. Mice immunized with Pnc1-TT+LT-K63 had 

significantly higher frequency of APRIL-secreting cells in BM than mice immunized with Pnc1-TT at 

day 4 (p=0.0009) and day 8 (p=0.0011) after immunization. No significant difference was observed 

between the vaccine groups 14 days after immunization, but mice immunized with Pnc1-TT+LT-K63 

had significantly higher frequency of APRIL-secreting cells than saline-injected mice at that time point. 

Furthermore, both vaccine groups had significantly higher frequencies of APRIL
+
 cells than saline-

injected mice 21 days after immunization even though no difference was observed between the 

vaccine groups at that time point (Figure 8, left). 
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The frequency of IL-6-secreting cells in BM was quite stable around 5-6% throughout the time 

period assessed even though a modest increase was detectable until day 14 after immunization where 

both vaccine groups peaked at around 7% before modestly dropping to around 6% at day 21 after 

immunization. Furthermore, the frequency of IL-6-secreting cells was significantly higher in mice 

immunized with Pnc1-TT than mice immunized with Pnc1-TT+LT-K63 at day 4 (p=0.0027) and day 8 

(p=0.0148) after immunization (Figure 8, right). 

0

10

20

30

40

%
 A

P
R

IL
+
 c

e
lls

4D 8D 14D 21D

APRIL-secreting cells in bone marrow

** *** *** ** *** ***

0

5

10

15

%
 I

L
-6

+
 c

e
lls

4D 8D 14D 21D

IL-6-secreting cells in bone marrow

*** *** *** *** Pnc1-TT

Pnc1-TT +  LT-K63

Saline

 ** p<0.01
*** p<0.001
Pnc1-TT or
Pnc1-TT+LT-K63
compared to Saline

 

Figure 8. Frequency of cytokine-secreting cells in bone marrow. Single cell suspension from bone 
marrow (BM) was prepared and depleted of B cells, T cells, dendritic cells, mast cells and 
basophils at day 4, 8, 14 and 21 after immunization of neonatal mice with Pnc1-TT 
with/without the adjuvant LT-K63 or saline (8 mice per group per time point). Analysis was 
performed by flow cytometry (Figure A7) to determine the percentage of APRIL

+
 (left) and IL-

6
+
 (right) cells in BM. Results are shown for each mouse, the line indicates the mean for 

each group and time point. 

Including intracellular staining of APRIL or IL-6 in the staining panel caused the problem of having 

to leave out one of the extracellular markers, F4/80, used to discriminate between neutrophils, 

eosinophils, macrophages and monocytes as the FACSCalibur used for flow cytometry analysis only 

allows 4 different fluorochromes at a time. Without F4/80 it was difficult to discriminate between 

neutrophils, macrophages and monocytes. However, it was still possible to identify the eosinophil 

population although it was not as pure as when the marker F4/80 was included (Figure A8).  

To determine the frequency of APRIL
+
 and IL-6

+
 eosinophils, single cell suspension from BM was 

stained with anti-CD11b, anti-Gr-1, anti-Siglec-F and intracellular anti-APRIL/anti-IL-6 after depletion 

of B cells, T cells, DCs, mast cells and basophils. APRIL
+
 eosinophils were identified as 

APRIL
+
SSC

high
Siglec-F

+
CD11b

+ 
and IL-6

+ 
eosinophils were identified as IL-6

+
SSC

high
Siglec-F

+
CD11b

+
 

(Figure A7).  

The frequency of APRIL-secreting eosinophils was significantly higher in mice immunized with 

Pnc1-TT+LT-K63 than mice immunized with Pnc1-TT at day 4 (p=0.0009), day 8 (p=0.0403) and day 

14 (p=0.0354) after immunization. The frequency of APRIL
+ 

eosinophils was rather stable at 2% of BM 

cells after depletion in mice immunized with the vaccine and adjuvant at all time points assessed 

except day 14 after immunization where it dropped to under 1% (Figure 9, left).  

Similar to APRIL-secreting eosinophils, the frequency of IL-6-secreting eosinophils was significantly 

higher in mice immunized with the vaccine and adjuvant than in mice immunized with only the vaccine 
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at day 4 (p=0.00134) and day 21 (p=0.0091) after immunization. At day 8 and 14 after immunization 

the frequency of IL-6
+
 eosinophils was similar in both vaccine groups but both groups had significantly 

higher frequency of IL-6
+ 

eosinophils than saline-injected mice. The frequency of IL-6-secreting 

eosinophils peaked at day 8 in mice immunized with Pnc1-TT+LT-K63 reaching just over 1.5% of BM 

cells after depletion (Figure 9, right). 
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Figure 9. Frequency of cytokine-secreting eosinophils in bone marrow. Single cell suspension 
from bone marrow (BM) was prepared and depleted of B cells, T cells, dendritic cells, mast 
cells and basophils at day 4, 8, 14 and 21 after immunization of neonatal mice with Pnc1-TT 
with/without the adjuvant LT-K63 or saline (8 mice per group per time point). Cells were 
stained with anti-CD11b, anti-Gr-1, anti-Siglec-F and intracellular anti-APRIL/anti-IL-6. 
Analysis was performed by flow cytometry (Figure A7) to determine the percentage of 
APRIL

+
 (left) and IL-6

+
 (right) eosinophils (SSC

high
Siglec-F

+
CD11b

+
) in BM. Results are 

shown for each mouse, the line indicates the mean for each group and time point. 

 

Since eosinophil frequency was significantly higher in mice immunized with Pnc1-TT+LT-K63 than  

mice immunized with Pnc1-TT at all time points conducted except for day 4 after immunization (Figure 

A8) it is likely that the increased frequency of APRIL
+
 eosinophils and IL-6

+
 eosinophils was simply 

because the frequency of eosinophils was increased. Therefore the percentage of APRIL- and IL-6-

secreting eosinophils of total eosinophils was also assessed.  

The percentage of APRIL-secreting eosinophils in BM of total BM eosinophils peaked at day 21 

after immunization in all three groups. A significantly higher percentage of eosinophils was APRIL
+
 in 

mice immunized with Pnc1-TT+LT-K63 than mice immunized with Pnc1-TT at day 4 (p=0.0006) and 

day 21 (p=0.0207) after immunization. No significant difference was observed between any of the 

three groups at day 8 and 14 after immunization (Figure 10, left).  

The percentage of IL-6-secreting eosinophils of total BM eosinophils peaked at day 8 after 

immunization of mice with both vaccine and adjuvant, where over 30% of total eosinophils were IL-6
+
. 

A significantly higher percentage of eosinophils was IL-6
+ 

in mice immunized with Pnc1-TT+LT-K63 

compared with mice immunized with Pnc1-TT at day 4 (p=0.0002), day 8 (p=0.0019) and day 21 

(p=0.0003) after immunization. No significant difference was observed between all three groups at day 

14 after immunization (Figure 10, right). 
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Figure 10. Percentage of cytokine-secreting eosinophils of total bone marrow eosinophils. 
Single cell suspension from bone marrow (BM) was prepared and depleted of B cells, T 
cells, dendritic cells, mast cells and basophils at day 4, 8, 14 and 21 after immunization of 
neonatal mice with Pnc1-TT with/without the adjuvant LT-K63 or saline (8 mice per group per 
time point). Cells were stained with anti-CD11b, anti-Gr-1, anti-Siglec-F and intracellular anti-
APRIL/anti-IL-6. Analysis was performed by flow cytometry (Figure A7) to determine the 
percentage of APRIL

+
 and IL-6

+
 eosinophils (SSC

high
Siglec-F

+
CD11b

+
) in BM. Percentage of 

APRIL
+
 eosinophils (APRIL

+
SSC

high
Siglec-F

+
CD11b

+
)
 
of total BM eosinophils (SSC

high
Siglec-

F
+
CD11b

+
)
 
(left) and percentage of IL-6

+
 eosinophils (IL-6

+
SSC

high
Siglec-F

+
CD11b

+
) of total 

BM eosinophils (APRIL
+
SSC

high
Siglec-F

+
CD11b

+
). Results are shown for each mouse, the 

line indicates the mean for each group and time point. 

 

To determine the frequency of APRIL- and IL-6-secreting megakaryocytes, single cell suspension 

from BM was stained with anti-CD41 and for intracellular staining with anti-APRIL or anti-IL-6 after 

depletion of B cells, T cells, DCs, mast cells and basophils. Flow cytometry was used for analysis and 

APRIL
+ 

megakaryocytes were identified as APRIL
+
CD41

+
 and IL-6

+
 megakaryocytes were identified as 

IL-6
+
CD41

+
 (Figure A7). 

The frequency of APRIL
+
 megakaryocytes remained rather stable around 2.5% of BM cells after 

depletion at day 4, 8 and 14 after immunization for mice immunized with Pnc1-TT+LT-K63. Mice 

immunized with the vaccine together with the adjuvant had significantly higher frequency of APRIL-

secreting megakaryocytes than mice immunized with only the vaccine at day 4 (p=0.00117), day 8 

(p=0.0002) and at day 14 (p=0.0499) after immunization. No significant difference was observed 

between the three groups at day 21 after immunization (Figure 11, left). 

The frequency of IL-6-secreting megakaryocytes peaked at day 8 after immunization in mice 

immunized with Pnc1-TT+LT-K63 reaching around 1.5% of BM cells after depletion. IL-6-secreting 

megakarycote frequency was significantly higher in mice immunized with Pnc1-TT+LT-K63 than mice 

immunized with Pnc1-TT at day 4 (p=0.0235), day 8 (p=0.0074) and day 14 (p=0.0400) after 

immunization. No significant difference was observed between the vaccine groups at day 21 after 

immunization but both vaccine groups had significantly higher frequency of  IL-6
+
 megakaryocytes 

than saline-injected mice at this time point (Figure 11, right). 
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Figure 11. Frequency of cytokine-secreting megakaryocytes in bone marrow. Single cell 
suspension from bone marrow (BM) was depleted of B cells, T cells, dendritic cells, mast 
cells and basophils and prepared at day 4, 8, 14 and 21 after immunization of neonatal mice 
with Pnc1-TT with/without the adjuvant LT-K63 or saline (8 mice per group per time point). 
Cells were stained with anti-CD41 and intracellular anti-APRIL/anti-IL-6. Analysis was 
performed by flow cytometry (Figure A7) to determine the percentage of APRIL

+
 (left) and IL-

6
+
 (right) megakaryocytes (CD41

+
) in BM. Results are shown for each mouse, the line 

indicates the mean for each group and time point. 

 

Similar to eosinophil frequency, megakaryocyte frequency was significantly higher in mice 

immunized with both vaccine and adjuvant than in mice immunized with only the vaccine at most time 

points assessed (Figure 7). Therefore it is likely that increase observed in cytokine-secreting 

megakaryocytes occurred naturally because of total increase in megakaryocytes. Thus, the 

percentage of APRIL- and IL-6-secreting megakaryocytes of total megakaryocytes was also assessed. 

The results showed that more than 60% of megakaryocytes in mice immunized with Pnc1-TT+LT-

K63 were APRIL
+
. The percentage gradually decreased with time after immunization and at day 21 

after immunization around 40% of megakaryocytes in mice immunized with Pnc1-TT+LT-K63 are 

ARPIL
+
. The proportion of APRIL

+
 megakaryocytes was significantly higher in mice immunized with 

Pnc1-TT+LT-K63 than in mice immunized with Pnc1-TT at day 4 (p=0.0019) and day 8 (p=0.0002) 

after immunization. Furthermore, the percentage of megakaryocytes secreting APRIL was significantly 

higher in both vaccine groups than in saline-injected mice at day 14 after immunization but no 

significant difference was observed between any of the three groups at day 21 after immunization 

(Figure 12, left).  

Around 10-20% of megakaryocytes were IL-6
+
, peaking around 20% at day 8 after immunization. 

No significant difference was observed in relative IL-6 secretion between the vaccine groups at any 

time point assessed (Figure 12, left). 



  

46 

0

20

40

60

80

%
 A

P
R

IL
+
 m

e
g
a
k
a
ry

o
c
y
te

s

4D 8D 14D 21D

APRIL
+
 megakaryocytes of total BM megakaryocytes

* ** ***

0

10

20

30

40

%
 I

L
-6

+
 m

e
g
a
k
a
ry

o
c
y
te

s

4D 8D 14D 21D

IL-6
+
 megakaryocytes of total BM megakaryocytes

** ** *

  * p<0,05
 ** p<0,01
*** p<0,001
Pnc1-TT or Pnc1-TT+LT-K63
compared to Saline

Pnc1-TT

Pnc1-TT +  LT-K63

Saline

 

Figure 12. Percentage of cytokine-secreting megakaryocytes of total bone marrow 
megakaryocytes. Single cell suspension from bone marrow (BM) was prepared and 
depleted of B cells, T cells, dendritic cells, mast cells and basophils at day 4, 8, 14 and 21 
after immunization of neonatal mice with Pnc1-TT with/without the adjuvant LT-K63 or saline 
(8 mice per group per time point). Cells were stained with anti-CD41+ and intracellular anti-
APRIL/anti-IL-6. Analysis was performed by flow cytometry (Figure A6) to determine the 
percentage of APRIL

+
 and IL-6

+
 megakaryocytes (CD41

+
) in BM. Percentage of APRIL

+
 

megakaryocytes (APRIL
+
 CD41

+
)
 
of total BM megakaryocytes (CD41

+
)
 
(left) and percentage 

of IL-6
+
 megakaryocytes (IL-6

+
 CD41

+
) of total BM megakaryocytes (CD41

+
). Results are 

shown for each mouse, the line indicates the mean for each group and time point. 

 

At the first time points after immunization up to 25% of BM cells after depletion were APRIL
+ 

(Figure 8). However, APRIL
+
 eosinophils and APRIL

+
 megakaryocytes only account for about 4.5% of 

total BM cells (Figure 9, Figure 11) so it is clear that other cell types were also secreting this cytokine. 

To estimate the fraction of APRIL
+
 and IL-6

+
 cells accounted for by eosinophils and megakaryocytes 

the percentage of  APRIL
+
/IL-6

+
 eosinophils and APRIL

+
/IL-6

+
 megakaryocytes of total APRIL

+
/IL-6

+
 

cells in BM was assessed.  

Eosinophils only accounted for about 5-20% of total APRIL
+
 cells in BM depending on time points 

assessed. Eosinophils accounted for significantly higher percentage of APRIL-secreting cells in BM at 

day 4 (p=0.0006) and day 21 (p=0.0207) after immunization of mice with Pnc1-TT+LT-K63 compared 

with mice immunized with only Pnc1-TT. The fraction of eosinophils of total APRIL-secreting cells 

increased with time from immunization (Figure 13A).  

Eosinophils were around 30% of total IL-6-secreting cells in BM in mice immunized with the 

vaccine and adjuvant at day 4 and day 8 after immunization. The fraction of eosinophils of total IL-6-

secreting cells in BM was significantly larger in mice immunized with vaccine and adjuvant than mice 

immunized with only the vaccine at day 4 (p=0.0002), day 8 (p=0.00019) and day 21 (p=0.0003) after 

immunization. The portion of eosinophils of total IL-6-secreting cells decreased with time from 

immunization (Figure 13B).  

Megakaryocytes accounted for about 10-20% of total APRIL-secreting cells in BM depending on 

vaccination groups and time points assessed. The portion of megakaryocytes of total APRIL-secreting 

cells in BM was significantly larger in mice immunized with Pnc1-TT+LT-K63 than mice immunized 

with Pnc1-TT at day 8 after immunization (p=0.0002). No significant difference was observed between 

the vaccine groups at other time points assessed (Figure 13C). 
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The fraction of megakaryocytes of total IL-6
+
 cells in BM fluctuated between time points assessed 

peaking at day 8 after immunization where it accounted for over 20% of total IL-6
+
 cells in BM in mice 

immunized with vaccine and adjuvant. The fraction of megakaryocytes of total IL-6-secreting cells in 

BM was significantly larger in mice immunized with Pnc1-TT+LT-K63 than in mice immunized with 

Pnc1-TT at day 4 (p=0.0002), day 8 (p=0.0002) and day 14 (p=0.0011) after immunization (Figure 

13D). 

Fractions of eosinophils and megakaryocytes combined out of total APRIL-secreting BM cells 

accounted for about 15-35% of APRIL-secreting cells in the BM (Figure 13E).  

Similarly, the fractions of eosinophils and megakaryocytes combined out of total IL-6
+
 cells 

accounted for 45-55% of total IL-6
+
 cells in BM at day 4 and 8 after immunization with both vaccine 

and adjuvant, before shrinking to around 20% at day 14 and 21 after immunization (Figure 13F).   
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Figure 13. Percentage of APRIL
+
 and IL-6

+
 eosinophils and megakaryocytes of total APRIL

+
 and 

IL-6
+
 cells in bone marrow. Single cell suspension from bone marrow (BM), was depleted 

of B cells, T cells, dendritic cells, mast cells and basophils and prepared at day 4, 8, 14 and 
21 after immunization of neonatal mice with Pnc1-TT with/without the adjuvant LT-K63 or 
saline. After depletion cells were stained with anti-CD11b, anti-Gr-1, anti-Siglec-F and 
intracellular anti-APRIL/anti-IL-6 for detection of APRIL

+
/IL-6

+
 eosinophils (SSC

high
Siglec-

F
+
CD11b

+
) (Figure A7) or anti-CD41 and intracellular anti-APRIL/anti-IL-6 for detection of 

APRIL
+
/IL-6

+
 megakaryocytes (CD41

+
) (Figure A6) using flow cytometry. A) Percentage of 

APRIL
+
 eosinophils of total APRIL

+
 cells in BM. B) Percentage of IL-6

+
 eosinophil of total IL-

6
+
 cells in BM. C) Percentage of APRIL

+
 megakaryocytes of total APRIL

+
 cells in BM. D) 

Percentage of IL-6
+
 megakaryocytes of total IL-6

+
 cells in BM. E) Percentage of APRIL

+
 

eosinophils and APRIL
+
 megakaryocytes combined out of total APRIL

+
 cells in BM. F) 

Percentage of IL-6
+
 eosinophils and IL-6

+
 megakaryocytes combined out of total IL-6

+
 cells in 

BM. Results from one experiment for 8 mice per group per time point. Results are expressed 
as percentage of cells (mean ± SD). 
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5 Discussions 

In the study presented in this thesis cells and cytokines that might enhance long-term PC survival in 

BM were studied. The adjuvant LT-K63 has been reported to enhance long-term persistence of 

vaccine-specific AbSCs in BM when administered with the pneumococcal conjugate vaccine Pnc1-TT 

(112). Even though it has been established that this adjuvant prolongs the survival of AbSCs in BM it 

still remains unknown through which mechanisms this prolonged survival is mediated. This study was 

aimed at answering these questions, primarily focusing on the effect the adjuvant LT-K63 on different 

cell types in BM, known for their ability to secret PC survival factors, and their secretion of those 

factors. 

5.1 Effect of immunization on vaccine-specific serum antibodies and 
antibody-secreting cells in spleen and bone marrow 

Long-term persistence of Abs is maintained by long-lived PCs (terminally differentiated AbSCs) 

located in special survival niches in the BM (120). The long-term survival of these cells is almost 

exclusively dependent on environment-derived signals. It has been reported that most plasmablasts 

emerging from the GC reaction upon infant immunization home to the early life BM compartments but 

fail to persist there because of lack of survival signals (121, 46). In previous studies it has been 

demonstrated that the adjuvant LT-K63 enhanced the induction of vaccine-specific Abs and AbSCs in 

spleen as well as enhancing the long-term persistence of vaccine specific AbSCs in BM (111, 112). 

Therefore, it is possible that the adjuvant LT-K63 has some effect on the BM survival niche that 

enables AbSCs to survive and persist for long period of time as long-lived PCs. 

The results for TT-specific Abs and AbSCs in spleen and BM were consistent with previous 

research, showing increase of TT-specific AbSCs in both spleen and BM when mice were immunized 

with a vaccine and the adjuvant LT-K63. A significant increase of TT-specific serum Abs was also 

detected in mice immunized with the adjuvant at all time points studied except for day 56 after 

immunization. The mice immunized with only Pnc1-TT had unusually high TT-specific Ab titers at day 

56 after immunization compared with previous experiments while mice immunized with Pnc1-TT plus 

LT-K63 had similar TT-specific Ab titers as before (111-113, 118, 119, 122 and unpublished data).  

A high background was detected in the measurements of PPS-1 specific AbSCs. An unusually high 

background was also detected in ELISA measurements of PPS-1 specific IgG serum Abs. It is likely 

that some unspecific binding affected the measurements so the enhancing effects of LT-K63 were not 

as clear as in previous experiments.   
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5.2 Age dependent maturation of different innate cell subsets in bone 
marrow 

Before immunization experiments were conducted, age dependent frequency of the innate cells 

neutrophils, eosinophils, macrophages and monocytes in BM was assessed. B cells, T cells, DCs, 

mast cells and basophils were depleted before staining and flow cytometry analysis. The main reason 

for depleting these cell types is the low frequency of cells of interest. Depletion and staining were 

carried out as previously described by Chu et al (23, 53). 

The results indicated that all cell subsets assessed except eosinophils increased with age. Not 

much has been published about the maturation status of these cell types in murine BM at steady state. 

However, human cord blood contains more mature eosinophils and eosinophil progenitor cells than 

adult peripheral blood suggesting that human neonates are able to produce high number of 

eosinophils (123). Furthermore, human newborns have been reported to have reduced numbers of 

common myeloid progenitors that can result in decreased numbers of all myeloid derived cells (65).  

In the study presented in this thesis the frequency of neutrophils, eosinophils, macrophages and 

monocytes was only assessed in 11, 15 and 21 days old mice. It would be interesting to additionally 

assess the frequency of these cell types in both neonatal (7 days old) and adult (6 weeks old) mice for 

comparison. 

5.3 Effects of immunization on frequency of innate immune cells 

The effects of immunization with pneumococcal conjugate vaccine (Pnc1-TT) with or without the 

adjuvant LT-K63 on frequency of neutrophils, eosinophils, macrophages, monocytes and 

megakaryocytes in BM was assessed. It must be kept in mind that BM cells were as before depleted 

of B cells, T cells, DCs, mast cells and basophils. The cells depleted accounted for 70-90% of all BM 

cells so the population of cells studied in this project was only 10-30% of total BM cells, depending on 

the immunization group and time point assessed (Figure A2). In mice immunized with vaccine and 

adjuvant the population of cells remaining after depletion was significantly larger at day 4 and 14 after 

immunization than in mice immunized with only the vaccine. The population of cells after depletion 

was also significantly larger at day 4, 8 and 14 after immunization in mice immunized with vaccine and 

adjuvant than in saline-injected mice. Finally, mice immunized with the vaccine had a significantly 

higher percentage of cells remaining after depletion than saline-injected mice only at day 8 after 

immunization. No statistical difference was observed between the three groups at day 21 after 

immunization (Figure A2). Therefore, the cell population analyzed accounted for a higher percentage 

of BM cells in mice immunized with vaccine and adjuvant compared with vaccine-immunized or saline-

injected mice at day 4 and 14 after immunization. 

The results demonstrated a slight increase of BM neutrophils at day 4 and 8 after immunization in 

mice immunized with only the vaccine compared with mice immunized with vaccine and adjuvant. A 

slight decrease of macrophages was also detected in mice immunized with the vaccine compared with 

mice immunized with vaccine and adjuvant. Monocyte frequency was fluctuating over the time points 

assessed so it is difficult to pinpoint the effects of immunization on monocytes in BM. 
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Interestingly, increased frequency of eosinophils was observed in mice immunized with the vaccine 

and adjuvant at all time points assessed. That is consistent with results from studies performed in 

adult mice where it was reported that immunization with TD Ag induces activation of BM eosinophils 

required for PC survival (53). 

Immunization with vaccine and adjuvant also increased the frequency of megakaryocytes in BM at 

day 4, 8 and 14 after immunization. Megakaryocytes have been reported to constitute a necessary 

component of the BM PC survival niche. Adult mice deficient in megakaryocytes allegedly have 

reduced numbers of PCs in BM (52). 

After further consideration it would have been preferable not to deplete basophils from BM cell 

suspensions since they have recently also been reported to enhance PC survival in mice both in vivo 

and in vitro by secretion of IL-4 and IL-6 (54). At the start of the study it was decided to follow the 

same protocol used in immunization experiments conducted by Claudia Berek’s group (53). An older 

study from Berek’s group had reported that eosinophils were required for maintenance of PCs in BM 

(23). They used ΔdblGATA-1 mice, which have a deletion in the GATA-binding site of the promoter of 

the gene encoding the transcription factor GATA-1. GATA-1 is necessary for hematopoiesis (124). 

This deletion blocks the development of mature eosinophils but allows normal hematopoiesis. They 

found, that ΔdblGATA-1 adult mice had dramatically reduced numbers of PCs, both at steady state 

and after immunization (23). A recent study reported that the GATA-1 transcription factor also plays a 

crucial role in basophil generation and function. The ΔdblGATA-1 mouse strain therefore has 

impairment in function and numbers of both eosinophils and basophils, thus making it possible that 

basophils also played a role in increased survival of PCs observed in Berek’s studies (23, 125). 

The biggest difference in frequency of eosinophils and megakaryocytes between the mouse groups 

immunized with vaccine alone and vaccine with LT-K63 was observed at day 8 after immunization. 

Interestingly, at that same time point, no significant difference was observed in the percentage of BM 

cells depleted between the two groups. However, the cells remaining after depletion accounted for a 

significantly higher portion of BM cells in mice immunized with vaccine and adjuvant than mice 

immunized with only the vaccine at day 4 and 14 after immunization. Therefore, with regard to total 

BM cells, one can argue that the difference in percentages of cell types assessed in this project is 

even bigger than observed, at day 4 and day 14 after immunization. 

The effect of immunization with or without adjuvant on the frequency of neutrophils, eosinophils, 

macrophages and monocytes in spleen was also assessed. The frequencies of these cell types were 

quite similar to results obtained from BM. Like in BM, neutrophil frequency was elevated in mice 

immunized with Pnc1-TT compared with mice immunized with Pnc1-TT together with LT-K63. On the 

other hand, the frequency of eosinophils, macrophages and monocytes was increased in mice 

immunized with vaccine and adjuvant compared with mice immunized with only the vaccine. Since 

macrophages have APC capacity their increased frequency in spleen might be associated with 

enhanced establishment of GC reaction consistent with higher numbers of vaccine-specific AbSCs 

detected in spleen of mice immunized with vaccine and adjuvant (112, 126). Furthermore, monocytes 

and macrophages are potent producers of the cytokine BAFF which plays an important role in the 

proliferation and differentiation of B cells (127). 
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5.4 Effects of immunization on cytokine-secreting cells in bone marrow 

The main reason for reduced survival of PCs in BM of infants is lack of survival signals coming from 

the BM survival niche (46, 51). The primary signals necessary for PC survival are APRIL and IL-6 (23, 

46, 126). Assessment of APRIL- and IL-6-secreting cells in BM revealed increased secretion of APRIL 

in BM of mice immunized with vaccine and adjuvant compared with mice immunized only with the 

vaccine at day 4 and 8 after immunization. However, mice immunized with only the vaccine had higher 

secretion of IL-6 in BM at same time points. APRIL secretion is highest at day 4 after immunization 

where over 25% of BM cells (after depletion of B cells, T cells, DCs, mast cells and basophils) are 

APRIL
+
 in mice immunized with vaccine and adjuvant. Before the experiment was performed it was 

expected that more difference would be observed in APRIL-secretion between vaccine groups at later 

time points, namely, at the time points when plasmablasts start homing to the BM compartments. An 

increase in AbSCs in BM is detected at day 21 after immunization in both vaccine groups, even 

though the increase is more modest for mice immunized with only the vaccine. Human studies have 

claimed that heperan sulphate proteoglycans expressed on stromal cells can bind APRIL, creating an 

APRIL-rich environment (57). Therefore, it is possible that stromal cells, which are a vital component 

of the BM survival niche (50, 58), bind APRIL that is secreted in large amounts shortly after 

immunization. This would maintain an APRIL-rich environment in the PC niche although the secretion 

decreases with time from immunization. 

Assuming that the cells remaining after depletion of B cells, T cells, DCs, mast cells and basophils 

are the main producers of APRIL in BM it is likely that the difference in APRIL secretion between 

vaccine groups is even greater at day 4 after immunization since cells remaining after depletion of 

mice immunized with vaccine and adjuvant account for a bigger portion of total BM cells at that time 

point. The same applies for day 14 after immunization (Figure A2). 

When intracellular staining of APRIL and IL-6 was included in the flow cytometry analysis one 

extracellular marker used to discriminate between neutrophils, eosinophils, monocytes and 

macrophages had to be omitted, since it is only possible to use 4 different fluorochromes at the time in 

FACSCalibur used in this project. Therefore, it was decided to remove the marker F4/80 from the 

staining set. Loosing F4/80 made it very difficult to discriminate between monocytes and neutrophils 

as well as macrophages. Nonetheless, it was possible to detect eosinophils using SSC and 

expression of CD11b and Siglec-F. The eosinophil population might however not have been as pure 

as when expression of F4/80 was assessed along with the other markers (Figure A8). Therefore, the 

frequency of eosinophils was slightly higher when analysed without F4/80 although the same pattern 

was observed between immunization groups and time points. 

APRIL-secreting eosinophils were significantly increased in mice immunized with vaccine and 

adjuvant compared with mice immunized with only the vaccine at day 4, 8 and 14 after immunization. 

The proportion of APRIL
+ 

eosinophils out of total eosinophils increased with time from immunization in 

all three groups. Thus, a higher percentage of BM eosinophils secreted APRIL at day 21 after 

immunization than at earlier time points. At day 21 after immunization 15-20% of eosinophils were 

APRIL
+
. Furthermore, a bigger portion of eosinophils was APRIL

+
 in mice immunized with vaccine and 

adjuvant than mice immunized with vaccine only at day 4 and 21 after immunization. The increase of 
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eosinophils after immunization and their APRIL-secretion is consistent with published data from adult 

mice (22, 23, 53, 128).  

IL-6-secreting eosinophils were also significantly increased in BM of mice immunized with vaccine 

and adjuvant compared with mice immunized with vaccine only at day 4 and 21 after immunization. 

Interestingly, a higher portion of eosinophils was IL-6
+
 in mice immunized with the vaccine and 

adjuvant than mice immunized with vaccine only. Previously published data have reported eosinophils 

to be essential for long-term PC survival by secretion of both APRIL and IL-6 (23).  

According to our results the adjuvant LT-K63 both increases the number of eosinophils in BM and 

activates a higher percentage of BM eosinophils to secret the survival factors APRIL and IL-6. 

The frequency of both APRIL- and IL-6-secreting megakaryocytes was increased in mice 

immunized with vaccine and adjuvant compared with mice immunized with vaccine only at day 4, 8 

and 14 after immunization. Over 60% of megakaryocytes in mice immunized with vaccine and 

adjuvant were APRIL
+
 at day 4 after immunization but the fraction of APRIL

+
 megakaryocytes 

decreased with time from  immunization, opposite to what happened with eosinophils, dropping down 

to around 40% at day 21 after immunization. A significantly higher portion of megakaryocytes was 

APRIL
+
 in mice immunized with vaccine and adjuvant than in mice immunized with vaccine only at day 

4 and 8 after immunization. No difference in the fraction of IL-6
+
 megakaryocytes of BM 

megakaryocytes was observed between the vaccine groups. Around 5-20% of megakaryocytes were 

IL-6
+
 at time points assessed.  

Megakaryocytes have been shown to secrete both APRIL and IL-6 in vitro (129, 130). APRIL has 

even been suggested to serve as an autocrine growth factor in megakaryocytopoiesis (131). 

Furthermore, megakaryocytes have been reported to be a vital component of the PC survival niche in 

adult mice supplying PCs with survival factors APRIL and IL-6 (52). 

Our results suggest that administering the adjuvant LT-K63 with the vaccine Pnc1-TT not only 

increases the frequency of megakaryocytes in BM but also activates a higher percentage of them to 

secrete the survival factor APRIL. 

Together, eosinophils and megakaryocytes only accounted for about 40% of APRIL
+
 cells and 20-

50% of IL-6
+
 cells detected in BM. Therefore, over 60% of APRIL

+
 cells and 50-70% of IL-6

+
 cells still 

remain unknown. Stromal cells have been reported to secrete high amounts of APRIL even though 

their APRIL-production is impaired in early life (46). Monocytes, macrophages, neutrophils and 

myeloid progenitor cells are also capable of secreting both APRIL and IL-6 (51, 56, 57). For further 

research it is necessary to perform flow cytometry analysis in a flow cytometer enabling more than 4 

fluorochromes in each staining set. That would make it possible to discriminate between monocytes, 

macrophages and neutrophils together with intracellular staining of APRIL or IL-6.  
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6 Conclucion 

In this study the effects of neonatal immunization with pneumococcal conjugate vaccine, Pnc1-TT, 

with or without the adjuvant LT-K63, on cells providing signals needed for long-term survival of PCs in 

BM were assessed. The cytokines APRIL and IL-6 are among the survival signals needed for PC 

maintenance in BM in adult mice. Previous research demonstrates that the adjuvant LT-K63 enhances 

the long-term persistence of vaccine-specific AbSCs in BM at early age when administered with Pnc1-

TT. Increased frequency of eosinophils and megakaryocytes was detected in BM of neonatal mice 

immunized with vaccine and adjuvant compared with mice immunized with the vaccine alone. 

Increased frequency of APRIL
+
 cells was detected in neonatal mice immunized with vaccine and 

adjuvant, whereas mice immunized with only vaccine had higher frequency of IL-6
+
 cells. Increased 

numbers of APRIL
+
 eosinophils and APRIL

+
 megakaryocytes as well IL-6

+
 eosinophils and IL-6

+
 

megakaryocytes were observed in neonatal mice immunized with vaccine and adjuvant compared with 

mice immunized with vaccine only. Furthermore, the fraction of eosinophils that were APRIL
+
 and IL-6

+
 

was larger in neonatal mice immunized with vaccine and adjuvant. The fraction of megakaryocytes 

that were APRIL
+
 was also larger in neonatal mice immunized with vaccine and adjuvant. Thus, 

according to the results obtained in this study, it is likely that the adjuvant LT-K63 not only increases 

the number of eosinophils and megakaryocytes in BM of neonatal mice, but also activates a higher 

percentage of eosinophils to secrete the PC survival factors APRIL and IL-6 and a higher percentage 

of megakaryocytes to secrete APRIL. This might contribute to increased survival of PCs observed in 

BM at early age when the adjuvant LT-K63 is administered together with the vaccine Pnc1-TT. 
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Figure A1. Vaccine-specific serum antibodies and antibody-secreting cells in spleen and bone 
marrow. PPS-1-specific (top) and TT-specific (bottom) IgG

+
 antibody-secreting cells in 

spleen (left), bone marrow  (middle) enumerated by ELISPOT at days 14, 21, 35 and 78 and 
serum IgG antibodies (right) measured by ELISA at days 4, 6, 8, 14, 21, 35 and 84 after 
priming of neonatal mice with Pnc1-TT (open circle), Pnc1-TT+LT-K63 (filled square) or 
saline (open triangle). The results are from one experiment, expressed as number of 
spots/10

6
 cells (mean ± SD) and IgG levels (mean EU/ml ± SD), in 3 mice per group for each 

time point. 
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Figure A2. Percentage of bone marrow cells remaining after MACS cell sorting. Single cell 
suspensions from bone marrow were depleted of B cells, T cells, dendritic cells, mast cells 
and basophils at day 4, 8, 14, 21 and 56 after immunization with Pnc1-TT with/without the 
adjuvant LT-K63 or with saline as a control. Percentage of cells remaining after depletion 
was calculated from cell count before and after depletion. The results are from one 
experiment expressed as mean ± SD in 8 mice per group for each time point. Mice 
immunized with Pnc1-TT+LT-K63 had significantly higher percentage of cells remaining after 
depletion compared with mice immunized with Pnc1-TT at day 4 (p=0.0098) and day 14 
(p=0.0098). They also had significantly higher percentage of cells remaining than the control 
group injected with saline at day 4 (p=0.0235), day 8 (p=0.0099) and day 14 (p=0.0032). 
Furthermore, mice immunized with Pnc1-TT had significantly higher percentage of cells 
remaining after depletion than mice immunized with saline at day 8 (p=0.0121) after 
immunization. No statistical difference was observed between the 3 groups at day 21 and 56 
after immunization.  
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Figure A3. Kaluza flow cytometry analysis protocol for macrophages, eosinophils, monocytes 
and neutrophils. Cells from bone marrow and spleen were phenotyped by their expression 
of CD11b, Gr-1, F4/80 and Siglec-F. Macrophages were identified as Gr-
1

int
F4/80

+
CD11b

+
Siglec-F

-/int
SSC

int
, eosinophils as Gr-1

int
F4/80

+
CD11b

+
Siglec-F

+
SSC

high
, 

monocytes as Gr-1
+
F4/80

+
CD11b

+
Siglec-F

-
SSC

low
 and neutrophils as Gr-1

+
F4/80

-
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Figure A4. Frequency of neutrophils, eosinophils, macrophages and monocytes in bone 
marrow after immunization of neonatal mice. Single cell suspension from bone marrow 
was depleted of B cells, T cells, dendritic cells, mast cells and basophils and prepared at day 
4, 6, 8, 14, 21 and 84 after immunization with Pnc1-TT with/without the adjuvant LT-K63 or 
saline of neonatal mice (3 mice per group). Analysis was performed by flow cytometry to 
determine the percentage of neutrophils as Gr-1

+
F4/80

-
 (upper left), eosinophils as Gr-

1
int

F4/80
+
CD11b

+
Siglec-F

+
SSC

high
 (upper right), macrophages as Gr-

1
int

F4/80
+
CD11b

+
Siglec-F

-/int
SSC

int
 (lower left) and Gr-1

+
F4/80

+
CD11b

+
Siglec-F

-
SSC

low
 as 

monocytes (lower right). Results are expressed for each individual and the line indicates the 
mean. 
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Figure A5. Frequency of neutrophils, eosinophils, macrophages and monocytes in spleen after 
immunization of neonatal mice. Single cell suspensions from spleen were prepared at day 
4, 6, 8, 14, 21 and 84 after immunization with Pnc1-TT with/without the adjuvant LT-K63 or 
saline of neonatal mice (3 mice per group). Analysis was performed by flow cytometry to 
determine the percentage of neutrophils as Gr-1

+
F4/80

-
 (upper left), eosinophils as Gr-

1
int

F4/80
+
CD11b

+
Siglec-F

+
SSC

high
 (upper right), macrophages as Gr-
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int
 (lower left) and Gr-1

+
F4/80

+
CD11b

+
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-
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low
 as 

monocytes (lower right). Results are expressed for each individual and the line indicates the 
mean. 
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Figure A6. Kaluza flow cytometry analysis protocol for APRIL-secreting cells and APRIL-
secreting megakaryocytes. Cells from bone marrow were stained with anti-CD41 and 
intracellular anti-APRIL. APRIL

+
 megakaryocytes were identified as CD41

+
 and APRIL

+
. The 

same Kaluza protocol was used for the analysis of IL-6-secreting cells and IL-6-secreting 
megakaryocytes. 
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Figure A7. Kaluza flow cytometry analysis protocol for APRIL-secreting cells and APRIL-
secreting eosinophils. Cells from bone marrow were stained with anti-CD11b, anti-Gr-1 
and anti-Siglec-F together with intracellular staining with anti-APRIL. APRIL

+
 eosinophils 

were identified as SSC
high

, Siglec-F
+
, CD11b

+
 and APRIL

+
. The same Kaluza protocol was 

used for the analysis of IL-6-secreting cells and IL-6-secreting eosinophils. 
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Figure A8. Eosinophil frequency in bone marrow. Single cell suspension from bone marrow was 
depleted of B cells, T cells, dendritic cells, mast cells and basophils and prepared at day 4, 
8, 14 and 21 after immunization of neonatal mice with Pnc1-TT with/without the adjuvant LT-
K63 or saline. Results from two different flow cytometry analysis protocols where A) cells 
were stained with anti-CD11b, anti-Gr-1, anti-F4/80 and anti-Siglec-F and analyzed using 
flow cytomoetry (Figure A3) to determine the percentage of eosinophils as Gr-
1

int
F4/80

+
CD11b

+
Siglec-F

+
SSC

high
 and B) cells were stained with anti-CD11b, anti-Gr-1, anti-

Siglec-F and intracellular APRIL/IL-6 and analyzed using flow cytometry (Figure A7) to 
determine the percentage of eosinophils and APRIL-/IL-6-secreting eosinophils. Results in 
A) expressed for each individual where the line indicates the mean and B) expressed as 
average of two measurements of each individual where the line indicates the mean. 

 

 

 

 

 

 


