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Ágrip 

Ónæmiskerfi nýbura er vanþroskað, sem veldur auknu næmi fyrir sýkingum og lélegri svörun við 

bólusetningum. Mótefnasvör eru dauf og lækka hratt, myndun kímstöðva sem eru aðal 

sérhæfingarstaðir B frumna er takmörkuð í nýburum sem orsakar myndun fárra mótefnaseytandi 
frumna með takmarkaða lifun. Ónæmisglæðar geta hins vegar aukið ónæmissvör við bólusetningum.  

Markmið þessa verkefnis var að bera saman áhrif ónæmisglæðanna LT-K63, mmCT, MF59, IC31 

og alum á virkjun kímstöðva og TNF-boðferla í tengslum við áhrif þeirra á mótefnaseytandi frumur og 

mótefnamyndun í nýburamúsum.  

Nýburamýs voru bólusettar með tetanus-toxoid (TT), með eða án ónæmiglæðis. Viðmiðunarhópur 

fékk bara saltvatn. Á mismunandi tímapunktum eftir bólusetningu voru miltu, beinmergur og blóðsýni 

tekin til vefjalitana, greiningar frumuhópa með frumuflæðisjá, mælinga mótefna með ELISA og 

mótefnaseytandi frumna með ELISPOT.  
Mýs sem voru aflífaðar 14 dögum eftir bólusetningu sýndu að sá hópur sem var bólusettur með 

mmCT hafði aukinn fjölda kímstöðva og hærra hlutfall kímstöðva/eitilbúa en sá hópur sem einungis 

fékk bóluefnið. Þeir hópar sem voru bólusettir með ónæmisglæði höfðu allir marktækt hærri TT-sértæk 

IgG mótefni í sermi og fjöldi TT-sértækra IgG+ mótefnaseytandi frumna í milta og beinmerg var 

marktækt hærri í þeim hópum sem voru bólusettir með mmCT eða MF59.  Átta dögum eftir 

bólusetningu höfðu þeir hópar sem voru bólusettir með ónæmisglæði marktækt hærri sértæk IgG 

mótefni í sermi. Vefjalitunin sýndi einnig að 8 dögum eftir bólusetningu var hópurinn sem fékk mmCT 
sá eini sem hafði aukinn fjölda kímstöðva og hærra hlutfall kímstöðva/eitilbúa, líkt og á degi 14. Átta 

dögum eftir bólusetningu hafði hópurinn sem var bólusettur með IC31 almennt þá tilhneigingu að vera 

með háa tjáningu af viðtökum TNF boðferilsins, en einungis marktæk hækkun sást á MZ B frumum 

samanborið við saltvatns- og bóluefnishópinn. Hóparnir sem fengu LT-K63 eða IC31 höfðu marktækt 

fleiri CD138+B220neg plasmablasta/plasma frumur og fleiri sem voru TACI jákvæðar í samanburði við 

hópinn sem fékk einungis bóluefnið.  Þeir hópar sem fengu LT-K63, mmCT, MF59 eða IC31 höfðu 

hærra magn TT-sértækra IgG mótefna í sermi 14, 28 og 42 dögum eftir bólusetningu en hóparnir sem 

fengu alum eða bara bóluefni. Þegar sértækar IgG+ mótefnaseytandi frumur voru skoðaðar í beinmerg 
42 dögum eftir bólusetningu sást að aðeins hópurinn sem fékk MF59 hafði marktækt fleiri frumur en sá 

sem fékk einungis bóluefnið.  

Niðurstöður úr þessari rannsókn benda til þess að af þeim ónæmisglæðum sem prófaðir voru, 

stuðli mmCT helst að virkjun kímstöðva, en MF59 sýndi fram á aukið far og viðhald mótefnaseytandi 

frumna í beinmerg. Allir ónæmisglæðarnar að alum frátöldum juku langtímamótefnasvör. Áhrif 

ónæmisglæðanna á TNF-boðferilinn þarfnast frekari rannsókna. 
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Abstract 

The immune system of neonates is immature which leads to increased susceptibility to infections and 

poor vaccine responses. Antibody (Ab) responses in neonates are characterized by limited induction 

of germinal centers (GCs) which results in the formation of very few and short-lived Ab-secreting cells 
(AbSCs). Adjuvants can however enhance the magnitude and duration of immune responses.  

The aim of this project was to compare the effects of five different adjuvants: LT-K63, mmCT, 

MF59, IC31 and alum, on GC induction and the TNF-signalling pathway in relation to vaccine specific 

Abs and AbSC in spleen and bone marrow (BM) in neonatal mice.  

Neonatal mice were immunized with the model vaccine tetanus-toxoid (TT) with or without an 

adjuvant. Saline only was used as a negative control group. At different time points after immunization 

spleen, BM and serum was collected for immunofluorescence staining, phenotyping of lymphoid cells 

by flow cytometry, and measurements of TT-specific IgG Abs by ELISA and IgG+ AbSC by ELISPOT.  
The results revealed that 14 days after immunization, mmCT was the only adjuvant capable of 

eliciting a significantly improved formation of GCs compared with vaccine alone. At day 14, TT-specific 

IgG Ab levels in serum were significantly higher in all adjuvant groups than in vaccine only group and 

the number of TT-specific IgG+ AbSCs in spleen and BM were significantly higher in mice immunized 

with mmCT or MF59 than vaccine only. Eight days after immunization all groups that had received an 

adjuvant had significantly higher TT-specific IgG levels in serum than the vaccine only group. 

Immunofluorescence staining showed that 8 days after immunization, mmCT was the only group with 
significantly increased GC induction, like seen on day 14. Eight days after immunization, IC31 group 

tended to have higher expression of the TNF receptors, although this increased expression was only 

statistically significant for MZ B cells compared with saline and vaccine only groups. LT-K63 and IC31 

groups also induced significantly higher numbers of CD138+B220neg plasmablasts/plasma cells and 

their expression of TACI compared with vaccine only group 8 days after immunization. The groups that 

were immunized with LT-K63, mmCT, MF59 or IC31 had significantly higher levels of TT-specific IgG 

Abs in serum 14, 28 and 42 days after immunization than vaccine only group. TT-specific IgG+ AbSCs 

were also enumerated in BM 42 days after immunization and only mice immunized with MF59 had 
significantly higher number of AbSCs than vaccine only group. 

The results of this study indicate that of the adjuvants tested, mmCT is the one that preferably 

induced GC activation, but MF59 induced migration and maintenance of AbSCs in BM. All the 

adjuvants except for alum induced long-term persistent Ab responses in serum. The effects of the 

adjuvants on the TNF-signalling pathway require further investigation.  
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1 Introduction 

1.1 The immune system 
During our lifetime we are constantly exposed to microbes, both pathogenic and non-pathogenic, 

along with enormous amount of toxic or allergenic substances that can threaten normal homeostasis. 

The immune system, an interactive network of lymphoid organs, cells, humoral factors, and cytokines, 
evolved for the purpose of protecting the host from exogenous threats. The immune system is faced 

with the difficult task of efficiently eliminating threats that it is exposed to while at the same time 

avoiding damage of self-tissues or eliminating beneficial commensal microbes. Molecules recognized 

by the immune system are generally referred to as antigens (Ags) (1). The immune system is divided 

into two parts, the innate and adaptive immunity. The innate immune system provides the host with 

unspecific but immediate defence whereas the adaptive immunity consists of an Ag-specific reaction 

that leads to a specific response, but it can take up to several days or weeks to develop (2).  

1.1.1 The innate immune system  
The innate immune system lacks so called immunological memory and therefore its response to 

repeated Ag encounter is the same. The innate response consists of different cell populations with 

overlapping roles, including phagocytic cells like neutrophils and macrophages, cells that release 

inflammatory mediators like basophils, mast cells and eosinophils and also natural killer (NK) cells and 
dendritic cells (DCs) (2-4). The innate immune cells have pattern recognition receptors including Toll-

like receptors (TLRs), Nod-like receptors (NLRs), RIG-I-like receptors, and C-type lectin receptors that 

recognize pathogen-associated molecular patterns (PAMPs) on the surface of microorganisms. The 

innate immune system also consists of molecular components such as complement and cytokines (3, 

5).  

Neutrophils play a major role in clearance of microbial pathogens by producing large amounts of 

reactive oxygen species (ROS) that are cytotoxic to bacteria. Neutrophils accumulate at the site of 

bacterial infection where they are able to phagocytose microbes that they then destroy and degrade 
internally (1). Macrophages are recruited shortly after the appearance of neutrophils and are highly 

phagocytic for microbes and particles that have been marked for clearance. Macrophages also 

produce ROS like nitric oxide that kills microbial pathogens (1). Phagocytes such as macrophages 

also remove the body of its own dead or dying cells (6). Basophils and mast cells play a key role in the 

host’s response to helminthic parasites by releasing histamine and other mediators from their granules 

that results in inflammation (1). Eosinophils are only weakly phagocytic but upon activation they kill 

parasites mainly by releasing cationic proteins and ROS (1, 7, 8). NK cells have prominent anti-tumour 
effects and destroy virally infected cells efficiently (1). DCs are constantly endocytosing extracellular 

Ags, when they recognize PAMPs they become activated and become Ag-presenting cells (APCs). 

They then migrate to local lymph nodes where they present the Ag to cells of the adaptive immune 

system (6). Upon activation they also up-regulate the expression of cluster of differentiation (CD) 

80/86 costimulatory molecules on their surface that provides the adaptive immunity signals necessary 
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for activation. They present the Ag on surface molecules called major-histocompatibility complex 

(MHC) (6, 9).  

The complement system has many important functions in the innate immune system, it consists of 

at least 30 proteins that when activated leads to cascade of events. The complement system can be 

activated through three different pathways that all result in the activation of the central C3 component 

and a final common pathway where the assembly of C5b-C9 forms a transmembrane pore on a cell 

surface causing it to die by osmotic lysis. Complements also have a role in the adaptive immunity by 
binding to and clearing antibody (Ab)-Ag immune-complexes (ICs) (10). 

1.1.2 The adaptive immune system 
Whereas the innate immune system provides critical functions for rapid sensing and elimination of 

pathogens, the adaptive immune response evolved for the purpose of providing a more specific finely 

tuned recognition of Ags (2, 11). The cells of the adaptive immune system are called T and B 
lymphocytes, both originate in the bone marrow (BM), but T cells migrate to the thymus for maturation. 

After developing in the primary lymphoid organs (BM and thymus) they travel to secondary lymphoid 

organs (incl. lymph nodes and spleen) where they get into contact with circulating Ags from lymph or 

blood. In these secondary lymphoid organs, the formation of adaptive immune response takes place, 

often under the influence of signals from the innate immune system. These activated lymphocytes can 

then travel to other sites in the body to exert its effector functions (2, 11). Both T and B cells express a 

unique receptor, termed B cell receptor (BCR) and T cell receptor (TCR), respectively. These 

receptors are Ag-specific and result from an unusual process of random rearrangement and splicing of 
multiple DNA segments that code for the Ag-binding areas of the receptor. This rearrangement occurs 

early in the cell’s development and results in a repertoire of enormous variability that is adequate to 

recognize all kinds of pathogens likely to be encountered in life (2, 11).  

1.1.2.1 T cells  
After T cells have gone through selection in the thymus they migrate to the periphery and enter the 
naïve T cell compartment. From the periphery they continuously recirculate between secondary 

lymphoid organs and blood. When they encounter a cognate Ag presented by APCs and receive 

appropriate co-stimulatory signals these naïve T cells become activated, proliferate and differentiate 

into different types of effector and memory T cells (12, 13).  

T cells express either CD8 glycoprotein on their surface and are then called CD8+ T cells or 

cytotoxic T cells, or they express CD4 glycoprotein and are then called CD4+ T cells or helper T cells 

(14). The recognition of Ag differs between CD8+ and CD4+ T cells, CD8+ T cells only recognize Ags 
presented by MHC class I and CD4+ recognize Ags presented by MHC class II. All nucleated cells 

express MHC class I, meaning that any cell infected with an intracellular pathogen or producing 

abnormal tumour Ags can present these Ags in MHC class I and be removed by cytotoxic attack of 

CD8+ T cells. MHC class II is however only expressed by a small number of APCs that are able to 

activate CD4+ T cells (2).  

When CD4+ T cells have been activated they further differentiate into different subsets, depending 

on the Ag and environment, such as T helper (Th)1, Th2, Th17, follicular helper T cells (Tfh) and 
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regulatory T (Treg) cells. These cell populations are characterized by different cytokine production, 

expression of transcription factors and have distinct roles in the immune response (14). Th1 cells 

secrete interferon (IFN)-γ and tumour necrosis factor (TNF) both of which are pro-inflammatory and 

important in defence against intracellular pathogens. Th2 cells secrete interleukin (IL)-4, IL-5 and IL-

13, important for helminth infection. Th17 cells secrete IL-17 and play an important role in bacterial 

and fungal infections. Tfh cells help B cell Ab responses and secrete IL-21 and finally Treg cells 

secrete IL-10 and transforming growth factor (TGF)-β and have an immunosuppressive function on 
other T helper cells (14, 15).  

When an infection has been cleared up, the majority of CD4+ and CD8+ T cells die by apoptosis, 

but a small remainder of pathogen-specific T cells survive and are retained as long-lived memory T 

cells. These memory T cells can persist for life and convey protective immunity if the pathogen is 

encountered again (16).  

1.1.2.2 B cells 
B cells, upon activation, differentiate into the Ab-producing cells of the immune system. Abs play an 

important role in the fight against pathogens, they can for example neutralize toxins, prevent 

organisms from adhering to mucosal surfaces and activate the complement system. Abs also 

opsonize bacteria and thereby marking them for phagocytosis, and sensitize tumour and infected cells 

making them a target for cytotoxic attack by killer cells (2, 11). The Ab is a Y-shaped molecule made 

up of two identical heavy chains and two identical light chains. The N terminal of each chain 

possesses a variable domain that can bind to Ag through three hypervariable complementarity-
determining regions. The C terminal forms the constant region and its amino sequence determines the 

Ab class, whether it is immunoglobulin (Ig) M, IgD IgG, IgA or IgE. The Ab has three regions, two 

identical Fab fragments that bind Ag and an Fc fragment that binds Fc receptor (FcR) on effector cells 

(17). IgM is the first Ab to be formed in the primary immune response. IgM usually forms a pentameric 

structure which renders it useful for complement activation and opsonizing Ag for destruction. IgM Abs 

are usually more poly-reactive and of lower affinity than other Ig enabling them to bind a larger variety 

of Ags. The function of IgD, both in the secreted form and membrane-bound, remains unclear. IgG is 

the predominant isotype within the body and has the longest half-life in serum. It has four subclasses, 
IgG1, IgG2, IgG3 and IgG4 which display different functional activities. In humans IgG1 and IgG3 are 

generally induced in response to protein Ags while IgG2 in particular are elicited in response to 

polysaccharide Ags. Furthermore, maternal IgG Abs can cross the placenta to the foetus. IgA is the 

dominant isotype at mucosal surfaces and is found in the body secretions, including saliva and breast 

milk. IgA has two subclasses, IgA1 which accounts for more than 90% of serum IgA and IgA2 that 

predominates in mucosal secretions. At the mucosal surfaces, IgA is critical for protection against 

pathogens. Finally, IgE has the lowest serum concentration and shortest half-life of all isotypes but 
even so is a very potent Ig. It plays an important role in immune responses against parasites but also 

mediates allergic reactions (17). In their naïve state, B cells express IgM and IgD on their surface but 

after they have been activated and gone through further differentiation steps, they have usually 

switched to IgG, IgA or IgE (11, 17).  
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Newly generated B cells that have not acquired the ability to recirculate and are found in BM and 

spleen are known as T1 B cells. When they have entered the follicles, and have the ability to 

recirculate but still carry markers of immaturity, they are known as T2 B cells (18). T2 B cells are 

divided to different subsets, including follicular (FO) B cells and marginal zone (MZ) B cells. FO B cells 

express IgM and IgD, their BCR has great amount of diversity and their activation is dependent on T 

cells, also termed thymus-dependent (TD). MZ B cells also express IgM but have lower expression of 

IgD, their Ab repertoire is more limited, and their activation is independent of T cells or thymus-
independent (TI) (19, 20).  

B cells respond to Ags either by a TD or TI response. TD Ags include soluble proteins and TI Ags 

are classified as TI-1 Ags, such as some bacteria and outer membrane proteins and TI-2 Ags like 

bacterial polysaccharides (21, 22). When a cognate B cell recognizes a TD Ag with its BCR, the Ag is 

internalized, processed, and peptide from it presented in MHC class II molecules expressed on the 

surface of the B cell. The B cell then presents the MHC class II Ag complex to a primed T cell that 

recognizes the same Ag. The T cell provides the B cell with necessary signals for maturation and 

differentiation into either memory B cell or Ab-secreting cell, known as plasma cell. On the other hand, 
B cells do not require help from T cells in response to TI Ags (11). A crucial difference between TD 

and TI responses it that in a TD response the activated B cell can, along with other cell types, form a 

germinal center (GC) reaction within a B cell follicle (11). The other alternative is an extrafollicular (EF) 

response where the B cells become short-lived IgM secreting plasma cells. Within the GC the B cells 

go through somatic hypermutation (SHM) of their immunoglobulin genes leading to creation of Abs of 

higher affinity for the Ag and through class-switch recombination (CSR) where the B cell can switch to 

the production of IgG, IgA or IgE instead of IgM. At the end of the reaction the B cells exit the GC, 

either committed to a plasma cell or memory B cell fate (11). Figure 1 displays the GC reaction.  
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Figure 1. Germinal center reaction following T cell dependent activation.  

B cells present Ag to Th cells and receive co-stimulatory signals. The activated B cell enters 
the dark zone of the GC and undergoes SHM and proliferation. After one or more cycle of 
SHM and proliferation, the B cell with its mutated BCR, migrates to the light zone where it is 
exposed to Ags presented by follicular dendritic cells (FDCs). If the BCR binds to the Ag with 
low affinity, the B cell will not receive survival signal and undergoes apoptosis. Higher affinity 
B cells receive survival signals from FDCs and help from Tfh cells. From that time point they 
can undergo three different fates, either they re-enter the dark zone and undergo further 
SHM and proliferation or they can exit the GC as plasma cells or memory cells (23). Figure 
published with permission from Nature Publishing Group. License number 4583190824917. 
 

Most of the plasma cells generated are short lived, but some of them become long-lived plasma 

cells residing within the BM that can secrete Abs for a long period of time (24). The memory cells 

reside in secondary lymphoid tissues (25) as well as the BM (26) and are quickly activated when re-
exposed to the same Ag and produce high affinity Abs. This is what is called a secondary response 

(11).  

1.2 Neonatal immune system 
The neonatal immune system is immature, however some claim it is specifically adapted to the 

challenges of leaving abruptly the almost sterile uterine environment for the external world (27). After 

birth the neonate faces constant antigenic stimulations such as food and commensal bacteria along 

with self- and alloantigens, these changes require the implementation of immune tolerance to avoid 

alloimmune reactions or excess inflammation (27, 28). Another contributing factor to the sensitivity 

neonates have for infectious diseases might be partly due to the lack of pre-existing immunological 

memory and/or the small number of immune cells that are present in peripheral lymphoid tissues. 

Neonates compared to adults, also have different proportions of some subsets of cells and among 
cells of the same subset, phenotypic differences have been described (29). With respect to the innate 

immune system, neonates for example have lower levels of most complement components, as well as 

complement receptors (CRs), compared to adults, resulting in lower complement activity in early 

life. Neonatal neutrophils also demonstrate quantitatively and qualitatively different responses under 
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stress conditions compared to adult neutrophils, including reduced chemotaxis, respiratory burst and 

formation of extracellular traps (30). There are clear differences between neonatal and adult immune 

responses when it comes to humoral and cell-mediated immunity. Neonates respond poorly to TI 

polysaccharide Ags, produce lower and less persistent Ab responses to TD protein Ags and cell-

mediated immune responses are of lower affinity than those generated in adults (31). The anti-

inflammatory response to Ags and danger signals, predominant in neonates, results in a preferential 

differentiation of CD4+ Th cells towards Th2 cells rather than Th1 cells. This makes neonates 
susceptible to many viral and intracellular bacterial pathogens where rapid and potent development of 

an Th1 immune response is needed (28).  

As some form of compensation for their insufficient immune responses, full-term born neonates are 

covered with a waxy coating (vernix caseosa) produced by foetal sebaceous glands in utero that 

works as a microbicidal shield for the first few days of life. The vernix contains multiple antimicrobial 

proteins and peptides such as lysozyme, β-defensins, ubiquitin, and psoriasin, as well as antimicrobial 

free fatty acids (30). Neonates are also protected by transplacentally-acquired maternal Abs. This 

transfer is mediated by the FcRn receptor with preferential transfer of IgG1 and IgG3, IgG1 is however 
the dominant subclass during the neonatal period. These maternal Abs may nevertheless dampen the 

primary Ab response the infant has to infection or immunization (32-34).  

1.2.1 Adaptive neonatal immunity 
The neonatal adaptive immune system is mainly composed of naïve lymphocytes, due to little 

exposure to foreign Ags in utero. It takes at least 1-2 weeks for naïve lymphocytes to become 
protective effector cells and this paucity leaves newborns reliant solely on their innate immune system 

that is just as immature (28). The initiation of adaptive immune responses is shaped by the ability of 

innate cells to recognize and present Ags to T cells. The two major danger pathways, TLR-signalling 

and the IL-1/inflammasome pathways are less potent in neonates in inducing pro-inflammatory 

responses, including IL-12p70, an important cytokine for Th1 and cytotoxic responses (28). 

Throughout the first week of life, neonates also have low levels of other Th1-type cytokines such as 

TNF and IFN-γ in their plasma but high levels of IL-6, a Th2-type cytokine (35). Another factor inducing 

the Th2 bias is that neonatal CD4+ T cells have stored in their cytoplasm non-secreted isoform of IL-4, 
and when the IL-4Rα/IL-13Rα receptor on Th1 cells is expressed it induces their apoptosis upon IL-4 

ligation (28). Finally, epigenetic control, with hypermethylation of the IFN-γ locus and hypomethylation 

of the IL-4/IL-5/IL-13 locus, induces preferential differentiation of CD4+ T cells into Th2 effector cells 

increasing the Th2 bias even more (28). Other proposed mechanisms inducing this Th2 bias include 

the production of TGF-β, progesterone and prostaglandin E2 by placental tissues and high plasma-

concentrations of adenosine that is known to be immunosuppressive (35).  

Other CD4+ subsets have also been shown to differ between neonates and adults. Neonates have 
a very low frequency of Th17 cells compared to adults, this might be due to significantly lower levels of 

RORC mRNA resulting in reduced production of the transcription factor RORγT that Th17 cells 

express (36). Neonates have also higher frequencies of Treg cells than adults, with around 8% of 

CD4+ T cells in lymph nodes being Treg cells. Naïve CD4+ T cells in neonates have a tendency to 

differentiate into Treg cells in response to TCR stimulation and exert suppressive functions. Treg cells 
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may play an important role in the developing foetus when it comes to controlling maternal alloreactivity 

and central tolerance during early thymic development (36). Furthermore, compared with adults, 

neonates also have fewer Tfh cells and less IL-21 secretion. One possible explanation is that due to 

decreased expression of IL-4 there is less localization of Tfh cells in GCs and downregulation of 

CCR7. Mouse studies have suggested that this limitation in neonatal Tfh cell expansion and 

differentiation could be because of reduced strength of BCR signalling and lower expression of co-

stimulatory receptors such as CD21 and CD40 (36).  
Compared to CD4+ T cells, less is known about the differences between neonatal and adult CD8+ T 

cells (37). Human cord blood and mouse studies have demonstrated a deficiency of the neonatal 

CD8+ T cell response in regard to magnitude and functionality (36). Neonatal CD8+ T cells have been 

found to have a higher rate of homeostatic cell division than adult cells. It has also been shown that 

several genes involved in cytotoxicity are downregulated in neonatal CD8+ T cells, granzyme B is not 

expressed but the degranulation marker CD107 is. To compensate for low cytotoxicity neonatal CD8+ 

T cells might have an increased antiviral response but it is also possible that the expression of anti-

viral genes is increased due to ongoing cell maturation, because most of these genes are connected 
to nucleus-to-cytoplasm transport and RNA maturation (38). CD8+ T cells in neonates also receive 

limited CD28-mediated co-stimulation because of reduced expression of CD86 and CD80 on APCs. 

Differences in the uptake and processing of soluble Ags by murine neonatal CD103+ DCs have also 

been reported (36). During the neonatal period there is more induced T cell apoptosis than in adults 

resulting in decreased formation of memory T cells, however little is known about transcriptional 

regulation of effector and memory differentiation in neonates. Having fewer memory T cells, both  

circulating and tissue-resident, leaves neonates less protected against pathogen exposure in early life 

(16).   

1.2.1.1 Neonatal B cells 
Human neonates generate limited protective B cell responses that leaves them vulnerable for infection 

soon after the disappearance of maternal IgG Abs. Numerous factors contribute to this limitation, both 

intrinsic and extrinsic (39, 40). In regard to expression of surface markers, human neonatal B cells 

express lower levels of the co-stimulatory molecules CD40, CD80 and CD86 which decreases their 
responses to CD40L and IL-10 expressed by T cells (39). Ligation of CD40 by CD40L stimulates B-cell 

survival, proliferation, differentiation, isotype switching, Ag presentation, GC development, and 

memory responses (41). It has also been shown that B cells express fewer cytokine receptors than 

adults, such as the IL-2 receptor γ chain and receptors for IL-4, IL-5, IL-6 and IL-7 (21). Neonatal MZ B 

cells also have low expression of CD21, also termed CR2. CD21 is the receptor for C3d-Ag complexes 

and when CD21 is cross-linked it enhances the signalling of the BCR. What further limits the neonatal 

response is their low levels of serum complement component C3, the precursor of C3d (21, 39, 42).  
Both TD and TI Ab responses in neonates differ from adult responses. Neonates and infants have 

limited IgG Ab responses to TD Ags but what exactly causes that is only partly known (43). For full Ab 

responses to TD Ags three crucial components are needed; lymphoid follicles, follicular dendritic cells 

(FDC) networks and GCs. The full development of these components occurs postnatally with GCs only 

becoming apparent at around 4 months after birth. This developmental delay is one probable cause 



  

20 

for limited Ab responses in neonates and infants (29). It has been shown in mice that there is a 

marked delay in the maturation of FDC network that can be traced back to FDC precursors failing to 

respond to B cell mediated lymphotoxin (LT)α signalling. FDCs attract Ag specific B cells and retain 

the Ags in the form of ICs that stimulate the B cells and provide signals that lead to SHM and CSR, 

thus driving the GC reaction. An immature FDC network therefore delays the induction of a GC 

response and limits its magnitude. It has also been shown that the neonatal spleen contains fewer 

marginal zone macrophages and their capacity to produce cytokines is also different than in adults 
(39).   

When it comes to TI activation in neonates, TI-1 Ags induce some proliferation and differentiation 

of B cells, thereby producing a relatively sufficient immune response. On the other hand, TI-2 Ags 

induce a limited immune response in children younger than two years of age making them vulnerable 

to encapsulated bacteria such as S. pneumonia, N. meningitidis, and H. influenza (42). Two important 

regulators for B cell responses belonging to the TNF superfamily, B cell activating factor (BAFF) and a 

proliferation-inducing ligand (APRIL) are necessary for normal B cell development, TI responses and 

Ab production (44). These ligands bind to three receptors within the TNFR family: BAFFR, B-cell 
maturation antigen (BCMA) and transmembrane activator and calcium-modulator and cyclophilin 

ligand interactor (TACI) (44). However, neonatal B cells have been shown to be deficient in expression 

of those three receptors, posing as one of the possible reasons for diminished neonatal responses to 

TI Ags (41). Another very important limitation to why neonates respond poorly to TI-2 Ags is that MZ B 

cells are present at low numbers at birth and only become apparent by the age of 1-2 years, coinciding 

with the initiation of their ability to generate responses to polysaccharides (29).  

The differentiation of B cells to either Ig-secreting plasma cells or memory cells marks the final 

phase of their differentiation, but in neonates activated B cells are more likely to differentiate into 
memory cells than plasma cells (29, 39). There are a number of reasons suggested to contribute to 

this bias. One of them being that the decreased initial BCR affinity and/or delayed affinity maturation of 

neonatal B cells favours memory differentiation, since high affinity B cells are more likely to 

differentiate into plasma cells whereas moderate affinity B cells become memory cells. Another reason 

could be limited co-stimulation through CD21, CD40, CD80 and CD86 and insufficient co-stimulatory 

signals reaching B cells such as CD40L, C3, BAFF and APRIL (39). The plasmablasts (plasma cell 

precursor) that are generated in the GC reaction are short-lived and for them to acquire longevity they 
need to migrate to specific niches in the BM and receive survival signals. In neonatal mice it has been 

shown that plasmablasts migrate efficiently to the BM but fail to become long-lived plasma cells due to 

insufficient survival signals from BM stromal cells (45). In another mouse study it was shown that 

APRIL, a critical survival signal for plasma cell survival in the BM, is insufficiently secreted in neonates 

compared to adults (46). Whether the same limitations are also present in human neonates remains 

unknown, but this poses as one possible reason for why the persistence of Abs elicited early in life is 

much shorter then when elicited later (39, 46). This needs to be considered when designing 

immunization programs for infants that requires the maintenance of sustained Ab responses (45).  
The Abs elicited in early life are not only quantitatively different from adult Abs but also 

qualitatively. There is predominance of low affinity IgM in infants, probably due to limited T cell help 
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(47). During infancy there is a delayed acquisition of SHM in the variable region of both heavy and 

light chain regions in IgG, however the SHM frequency increases within the first months of life and 

reaches adult levels at 8 months of age (39). IgG2 and IgG4 are insufficiently secreted in children 

under the age of two and IgG2, the isotype that is considered the most produced IgG subclass against 

some polysaccharides, does not reach adult levels until 5-10 years of age (42). 

1.2.1.2 Follicular dendritic cells 
FDCs were to begin with mistakenly assumed to be a subset of conventional DCs because of their 

morphology and ability to trap ICs of Ag and Abs in B cell follicles, hence they were named as such. 

However, studies have shown that FDCs arise from perivascular precursors whereas DCs are of 

hematopoietic origin (48, 49).   

FDCs provide signals to sequester and maintain B cells within follicles and B cells provide FDCs 

with TNF and LT, signals necessary for their development and maintenance, making these cell types 
mutually dependent on one another (48). FDCs are able to both capture and retain ICs, i.e. complex 

made of Ag, Ab and complement, over a long period of time. FDCs bind those ICs either via CR1 and 

CR2 or FcRs for IgG, IgE, IgA and IgM. FDCs bearing ICs are highly stimulatory to B cells and provide 

signals that can lead to SHM and CSR (39, 48). A specific set of macrophages, marginal metallophilic 

macrophages (MMMs) in spleen and subcapsular sinus macrophages in lymph nodes help deposit ICs 

on FDCs (50). FDCs stimulate cognate FO B cells through the BCR and provide additional signals 

through the CRs and FcRs, this process seems to be especially important for TI GC responses (48). 

Through cytokine production, FDCs provide signals that are important for the GC reaction. FDCs for 
example produce BAFF that is important for survival of FO and GC B cells and prevent autoimmunity 

by ensuring that self-reactive apoptotic B cells get phagocytosed by macrophages (48). It has been 

shown in mice that FDCs are essential for driving the GC reaction; adult mice who lack either TNF-α, 

TNFR1, LTα, LTβ, or LTβR do not form FDC networks and no GC response is observed following 

immunization (43).  

During the neonatal period the FDC network is underdeveloped and immature which delays the 

formation of GC reaction. Data related to FDC development in humans is limited but mature FDC 

clusters seem to appear around 2 months of age (28, 43). The causes of this delayed formation have 
been studied in a neonatal murine model. The neonatal B cells have been shown to express LT and 

when splenocytes from 2-day old mice were transferred to adult SCID mice mature FDC clusters 

developed. This suggests that early life B cells are capable of providing sufficient signalling for FDC 

network formation. However, when adult B cells were transferred to neonatal mice there was no 

formation of FDC networks in either spleen or lymph nodes. The exact reason for this phenomenon in 

neonatal mice remains to be elucidated, but it could be because of physical absence of FDC 

precursors in the B cell zone in spleen and lymph nodes or that the FDCs are functionally 
unresponsive to differentiation signals (43).  
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1.3 TNF-signalling pathway 
The TNF superfamily regulates pathways involved in cell proliferation, cell death and morphogenesis 

(51). The ligands and receptors of the TNF superfamily are important for many normal physiological 
responses, but inappropriate expression can be harmful and result in disease progression such as in 

rheumatoid arthritis and allergic asthma as depicted on figure 2 (52).  

 

 

Figure 2.  Normal pathways and diseases associated with the TNF superfamily.    
TNF superfamily members are essential for haematopoiesis, protection from bacterial 
infection, immune surveillance and tumour regression as indicated in green but its 
dysregulation leads to various diseases as indicated in blue (52). Figure published with 
permission from Nature Publishing Group. License Number 4582700272097. 
 

It consists of at least 19 different ligands that mediate their cellular responses through 29 receptors 

belonging to the TNFR superfamily, most ligands only bind a single receptor while some bind more. 

The expression of TNF ligands is limited (with few exceptions) to immune cells such as B cells, T cells, 

NK cells, monocytes and DCs, but the TNFR are however expressed by a wide variety of cells. After 

binding to its appropriate receptor, the TNF superfamily mediates its function through the activation of 

pathways involving NF-κB, JUN N-terminal kinase, p42/p44 and p38 mitogen-activated protein kinase 
(52).  

The immune response is controlled by the TNF superfamily on many levels. TNF, LTα and LTβ 

provide secondary lymphoid organs with crucial signals and pro-apoptotic members contribute to the 

function of cytotoxic effector cells. The proper activation of immune precursor cells to fully competent 

effectors is dependent on many TNF superfamily ligands such as OX40L and CD27L for T cells, 

CD40L and RANKL for DCs and BAFF, APRIL and CD40L for B cells (44, 52, 53). All B cells also 

express receptors for these ligands. Three different receptors are expressed by B cells for BAFF and 

APRIL, namely TACI, BCMA and BAFFR. Maturation, proliferation and survival of B cells is mediated 
through these receptors (44, 52).  
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1.3.1 APRIL and BAFF 
APRIL and BAFF were initially identified because of their homology to TNF but a few clues about their 

physiological function had already been established. It was soon realized that those ligands had 

important roles in several immunological pathways that previously had lacked a satisfactory molecular 

explanation (54). Because multiple groups discovered the same cytokine independently and at similar 
time points, numerous names exist for each TNF family member (52). For example, BAFF is also 

known as TALL-1, THANK, BLyS, and zTNF4 and APRIL as TRDL-1 (55).  

Like mentioned before, TNF ligands are predominantly produced by the immune system and BAFF 

and APRIL are no exception. They are mainly produced by neutrophils, macrophages, monocytes, 

DCs and FDCs but also by T cells and activated B cells (56). Recently, APRIL was also found to be 

produced by a new stromal cell type located at the GC-T zone interval in mice (57). Both of these 

ligands are synthesized as membrane-bound ligands that can be released as soluble cytokines by 
proteolytic cleavage. BAFF can be found both as a soluble molecule and membrane-bound whereas 

APRIL is always soluble. BAFF and APRIL are usually found in a trimeric form which is typical for a 

TNF-family ligand, but processed and soluble BAFF can also take on the form of a capsid-like 

structure comprising of twenty trimers, 60-mer, and is the only family member known to do that (56). 

The presence of IFNs, IFN-γ, IL-10, G-CSF increases the expression of BAFF and APRIL as well as 

activation of TLRs such as TLR4 or TLR9 (56).  

Both BAFF and APRIL bind to the receptors BCMA and TACI, while BAFF additionally binds to 

BAFFR. APRIL also interacts with the polysaccharide side chains of heparan sulphate proteoglycans 
(HSPGs), and is only biologically active when it is HSPG-bound and this interaction does not interfere 

with binding to either TACI or BCMA (56). The expression profile of these receptors is mostly limited to 

B cells but with exceptions. BAFFR is expressed on all B cells except for BM plasma cells, BCMA is 

expressed on plasma cells from tonsils, spleen and BM and also by memory B cells in tonsils and on 

GC B cells. TACI is expressed on tonsillar and BM plasma cells, CD27 memory B cells and activated 

CD27 non-GC cells. In the blood and tonsils there seems to be a small subset of naïve B cells that 

expresses TACI. BAFFR has also been shown to be expressed by activated T cells and TACI by 

monocytes and DCs (56, 58). TNF receptors all contain cysteine-rich domains in their extracellular 
portion; most receptors contain many cysteine-rich domains whereas TACI, BCMA and BAFFR only 

contain one. A conserved β hairpin structure followed by a more variable motif is found in all three 

receptors. For BAFFR the variable motif includes a loop but for TACI and BCMA it is a loop-helix-loop 

motif that adopts different orientations. BAFF only needs the hairpin for binding but APRIL needs a 

specific hydrophobic residue in the hairpin that is not found in BAFFR but is in TACI and BCMA. 

Furthermore the variable motif of BAFFR is unfavourable for APRIL binding (54).  

Figure 3 shows the specificity and function of APRIL, BAFF and their receptors in the immune 
system.  
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Figure 3. Function and specificity of the TNF-signalling pathway molecules.  
In the upper part of the figure, the interactions of the ligands BAFF and APRIL with their 
receptors BAFFR, BCMA and TACI are shown. In the lower part of the figure, the phenotypic 
and functional outcomes of BAFF and/or APRIL signalling are listed. Conflicting data 
however exists for some of these functions (54). Figure published with permission from 
Elsevier. License Number 4582691457751.  
 

1.3.1.1 Role in the immune system 
BAFF is an important survival factor for B cells, however their development and selection in the BM is 

independent of BAFF. It is only when B cells have exited the BM and progress to the T2 stage in the 
spleen that BAFF and BAFFR seems to be necessary for survival. Deletion of either BAFF or BAFFR 

gene in mice results in significant reduction of peripheral B cells that have developed beyond T1 stage 

and consequently there is reduced differentiation into mature B cells (20, 54, 55). As a counteract, the 

fine-tuning of the survival function of BAFF-BAFFR is mediated through TACI that negatively regulates 

the survival action of BAFF (54, 59). Both BAFF and APRIL support the survival of long-lived plasma 

cells in the BM through binding of BCMA but having only either of them is sufficient for survival. On the 

other hand, long-lived B memory cells are the only mature B cell subset whose survival and function 

are completely independent of BAFF and APRIL (60).  
BAFF has a role in supporting GC responses, since GC can form in BAFF-null, BAFFR-null and 

BAFFR mutant mice but are not maintained. Furthermore, BAFF-null mice do not develop FDC 

networks. It is possible that short-term absence of BAFF leads to a fairly normal GC reaction, but in 

the long-term the B cell pool is reduced is size, thereby affecting the GC reaction and Ig production 

(54, 61). BAFF (along with APRIL) induces isotype switching in mice to IgG1 and IgA, and to IgE with 

the help of IL-4. BAFFR and TACI are both capable of signalling the isotype switch to IgG1 and IgE 

but TACI alone controls the IgA switch (62). In TD reaction there is poor but detectable Ab response in 

BAFF-null and BAFFR-null mice, probably reflecting the paucity and reduced survival of peripheral B 
cells. However, BAFFR seems to be dispensable for TI-2 Ab responses which require TACI signalling 

(54).  
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In addition to being important for B cell function, BAFF is becoming increasingly recognized as an 

important co-stimulator for T cells. When human T cells come into contact with recombinant or 

endogenous BAFF they respond by secreting IFN-γ and IL-2, upregulating CD25 and proliferating. In 

mouse T cells, BAFF also induces Bcl-2 expression through BAFFR binding, maybe acting as a 

survival signal (54, 58).   

The in vivo functions of APRIL are not as well established as those of BAFF because of difficulties 

in producing an active recombinant APRIL protein for in vitro and in vivo experiments. But similar to 
BAFF, most of the knowledge of APRIL activity in vivo derives from studies of transgenic and knockout 

mice (59). APRIL has been shown to induce upregulation of some key co-stimulatory molecules on 

mouse B cells leading to enhanced Ag presentation and this effect is mediated by its binding to BCMA 

(59). Administration of APRIL to mice results in increased proportions of B cells in the spleen. April 

transgenic mice that overexpress APRIL, in the absence of Ag challenge, have increased percentages 

of B cells in peripheral lymph nodes and serum IgM levels. Following Ag challenge, the T cells in april 

transgenic mice survive longer in vivo and in vitro than T cells from non-transgenic mice. This might be 

explained by enhanced expression of anti-apoptotic bcl2 gene by transgenic T cells. Consistent with 
the effect that APRIL induces Ag presentation of B cells is that april transgenic mice have an 

enhanced humoral response to T-dependent Ags resulting in an increase in IgM, but not IgG (59). 

APRIL has been shown to induce IgA and IgG1 isotype switching in B cells from CD40 knockout mice, 

it has also been shown to induce IgA switching in human B cells after TI response (59, 63). It has been 

demonstrated using taci knockout mice that TACI mediates isotype switching stimulated by APRIL in 

TI responses. Taci knockout mice have also deficient Ab responses to TI-2 Ags and their B cells fail to 

secrete IgA, even in response to APRIL and BAFF (59, 64). Unlike BAFF, APRIL seems to have no 

effect on mature naïve B cells since they seem unaffected in APRIL-deficient mice (64).  
Whether APRIL has a role in the GC reaction or not remains elusive, when investigated by PCR 

there seems to be no APRIL expression in GCs. However, APRIL appears to be produced by mouse 

stromal cells at the GC-T cell zone interface and APRIL antagonism results in significant reduction of 

plasmablasts emerging from the GC at the GC-T cell zone interface. This phenomenon is probably 

mediated through binding of TACI since the same situation was observed when TACI was 

antagonized and no BCMA expression was detected by PCR at the GC T cell zone interface (57).  

APRIL, like BAFF, plays an important role in the longevity of plasma cells in BM, mediated through 
BCMA. The continuous production of APRIL by myeloid cells in the BM could explain why plasma cells 

have the ability to survive there for decades (64).  

1.4 Vaccinations 
Despite the development of vaccines against a growing spectrum of pathogens, neonates and infants 
still pay a heavy toll to infectious diseases. There are around 2.5 million annual deaths of children 

occurring in the first month of life, many of which are vaccine-preventable (65). The infectious agents 

responsible for majority of these deaths include respiratory syncytial virus, Bordetella pertussis, 

Haemophilus influenzae B and Streptococcus pneumoniae that can all cause acute respiratory 

infections and rotaviruses, Salmonella spp. or Shigella spp. that cause diarrheal diseases (31). This 

disease burden is largely attributable to inadequate use and/or the unavailability of vaccine 
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formulations circumventing the limitations of the neonatal immune system, but newborns have 

suboptimal immune responses to vaccines due to a range of deficiencies in both adaptive and innate 

immunity as described above. The use of efficacious vaccines could make a great difference in regard 

to infant survival worldwide (28, 66). Few vaccines may already be administered at birth, against 

tuberculosis, polio and hepatitis B, these vaccines prime for effective T cell or B cell responses but fail 

to elicit significant primary Ab responses. Postponing immunization until the infant is around 6-8 weeks 

of age enhances the immune response capacity, but still the Ab responses are weak and require 
administration of repeated doses at one- or two-months intervals (28). The onset of proper protection 

is thereby delayed, creating a window of vulnerability where infants are more susceptible to infectious 

diseases. 

An important factor influencing the Ab response of neonates and infants to vaccines is the vaccine 

type. Children under the age of 2 years have poor ability to respond to TI-2 Ags like polysaccharides 

due to limited B cell responsiveness. Polysaccharides include capsular components of pathogens 

such as Neisseria, Streptococcus pneumoniae and Haemophilus influenzae B. The recognition of this 

impairment led to the development of conjugate vaccines where polysaccharide Ags are conjugated to 
a carrier protein, this turns a TI response to a TD response leading to the production of protective Abs. 

However, in neonates and young infants even these conjugate vaccines are hampered by the limited 

immune maturity (31). The ability to respond immunologically improves gradually by the age of 6–9 

months for proteins and glycoprotein Ags and 12–24 months for polysaccharide Ags (32). 

Newborns are endowed with maternal Abs the first few months of life that are important in 

protection against infections, but as a consequence, many infants have high levels of specific Ab at 

primary immunization. How much this affects the immunization response depends on the vaccine type 

amongst many other factors (32, 34). However, maternal immunization can also be utilized for the 
protection of infant and is used more and more frequently. Maternal immunization has eradicated 

neonatal tetanus in many countries and may be the only way to protect against neonatal infections 

occurring in the first weeks of life, in addition to protecting pregnant women, foetuses, and infants (34, 

67).   

For a vaccine to be successfully applied in the neonatal period it needs to fulfil important aspects 

regarding not only safety and immunogenicity but also promote a balance between 

reactogenicity/autoimmunity and immune tolerance (68). Vaccines therefore need to be able to 
overcome the neonatal immaturity and immunoregulatory mechanisms while avoiding excessive 

inflammation that could lead to unwanted complications such as tissue damage or autoimmunity (28). 

Preferably, vaccines should be administered at birth, orally rather than through intramuscular or 

subcutaneous injections and safely elicit a strong protective response after a single dose. This 

response should be sustained or easily boosted (68). Successful immunization of neonates would not 

only provide protection in early infancy and thereby narrowing the critical period of vulnerability, but it 

could also result in substantially higher rate of vaccination coverage than immunization given at later 

time points. In poorly resourced areas this could be especially important since that birth is often a 
crucial point of contact with the healthcare system (68). Using neonatal mouse models it has already 
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been shown that by co-administrating potent adjuvants with the vaccine an adult-like immune 

responses can be elicited (50, 69-73).  

1.5 Adjuvants 
Vaccines consisting of non-living Ags are often poorly immunogenic, especially purified or recombinant 

subunit vaccines, and require additional components termed adjuvants to help stimulate and enhance 

protective immune responses (74, 75).  

Adjuvants are used for various kinds of reasons, for example to increase mean Ab titers, allow the 

use of smaller doses of Ag and permit immunization with fewer doses of vaccine. Another important 

use of adjuvants in vaccines is to achieve qualitative alteration of the immune response (74, 75). For 

vaccines that are currently being developed, adjuvants will be used more and more to promote 

functionally appropriate types of immune response, for example CD8+ vs CD4+ T cells, Th1 cell vs Th2 
cell response, specific Ab isotypes, increasing the generation of memory or by altering the breadth, 

specificity, or affinity of the response (74, 75). 

How adjuvants enhance immune responses is not well characterized but available evidence 

suggests that adjuvants employ one or more of the following mechanisms to elicit immune responses: 

1) forming a depot, where there is sustained release of Ag at the site of injection, 2) up-regulating 

cytokines and chemokines, 3) recruiting cells to the site of injection, 4) increasing Ag uptake and 

presentation to APC, 5) activating APCs that subsequently mature and migrate to the draining lymph 
nodes, and/or 6) activating inflammasomes (76-78). Comparison of clinical grade adjuvants has shown 

that all adjuvants enhanced, although with different magnitude and kinetics, Tfh and GC B cell 

responses in draining lymph nodes (79).  

Newly developed adjuvants have been proven able to improve the immune response of neonatal 

mice in preclinical or in vitro models and will hopefully be applied to neonatal human immunization (50, 

69-73).  

1.5.1 Alum  
Alum is the first licensed human adjuvant and currently the adjuvant that remains most widely used. Its 

adjuvantic properties were discovered in 1926 by Alexander T. Glenny and his colleagues, they 

reported that precipitation of Ag onto insoluble particles of aluminium salts before immunization 

produced better Ab responses than soluble Ag alone (80). Following this discovery, aluminium salts 

have been used as adjuvants in human vaccines against several infectious diseases, including 

vaccines against diphtheria, tetanus, pertussis, hepatitis B and anthrax (81). The original method for 
preparing aluminium-adjuvanted vaccines based on using a precipitation of a solution of alum and Ag 

but this method is difficult to reproduce in a consistent manner and has largely been replaced by 

adsorption of Ags to aluminium-containing gels (81). For approximately 60 years aluminium salts were 

believed to be effective adjuvants because they allowed the Ag to be slowly released in the body from 

the insoluble salt particles, creating the so called depot effect. Now aluminium salts are suggested to 

involve many different pathways, including activation of the NLRP3 inflammasome but they activate 

innate immune cells in a manner that ultimately results in a Th2 cell immune response (80, 82).  
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1.5.2 MF59 
Until 1997, alum-based adjuvants were the only adjuvants in vaccines approved for use in humans. 

This finally changed when MF59 received approval for use in the human flu vaccine Fluad in Europe 

(83, 84). MF59 is an oil in water emulsion that contains squalene as the dispersed phase and two non-

ionic surfactants, Tween 80 and Span 85. Squalene is a triterpene hydrocarbon found naturally in 
various plants and in the organs and tissues of many animals, including humans (85). 

When administered intramuscularly in mice, MF59 has been shown to induce chemokine 

production and promote recruitment of neutrophils, monocytes, eosinophils and later DCs and 

macrophages into the injection site. It was also shown by using fluorescent forms of MF59 and 

ovalbumin (OVA) Ag that all of the recruited cell types took up both adjuvant and Ag and transported 

them to the draining lymph nodes (86). Additionally, when administered subcutaneously (s.c.) in 

infants and adult mice MF59 was shown to enhance IgG responses to influenza hemagglutinin by 
promoting a Tfh response. In the same experiment as previously described, MF59 was shown to 

recruit and activate APCs and induce CD4+ T cell responses in neonatal mice (87). The effects of 

MF59 has also been assessed on human immune cells where it was shown to induce secretion of 

chemokines, such as CCL2, CCL3, CCL4, and CXCL8, all involved in cell recruitment from blood into 

peripheral tissue. Furthermore, it led to increased endocytosis, down-regulation of the monocyte 

marker CD14 and enhanced surface expression of CD86 and MHC class II, phenotypic changes that 

are consistent with a differentiation toward DCs (88).  

The safety of MF59 has been evaluated in a wide range of populations, including in healthy 
children (6 to <36 months) that were given three doses of MF59-adjuvanted influenza vaccine, it was 

shown to be well tolerated and induced greater, longer lasting, and broader immune response in 

comparison with a conventional nonadjuvanted split vaccine (89).  

1.5.3 LT-K63 
LT is a heat labile enterotoxin from the bacteria Escherichia coli that causes a disease called 
traveller’s diarrhoea. LT has an AB5 structure, the A subunit is an enzyme with ADP-ribosylating 

activity and the B subunit is a pentameric oligomer that binds the receptor(s) located on the surface of 

eukaryotic cells. The A subunit is responsible for the toxicity of LT. LT is a powerful immunogen and 

adjuvant, but its high toxicity renders it unsuitable for human use. LT-K63 is a derivative of LT that has 

been genetically modified to have a serine-to-lysine substitution at position 63 in its A subunit, making 

it fully non-toxic but still able to act as an immunogen or adjuvant (90, 91).  

LT-K63, when co-injected with Ags at a low adjuvant dose, stimulated IL-12 and TNFα production 
by macrophages and enhanced NF-κB translocation, resulting in a Th1 polarized response in mice 

(92). Using human adult volunteers is has also been demonstrated that when given as an adjuvant for 

a trivalent intranasal influenza vaccine containing Ags from two human strains and an avian strain, LT-

K63, enhanced mucosal IgA response and protective Ab levels and was well tolerated (93), but was 

later shown to induce transient facial paralysis in a few vaccines (94). In neonatal mice models it has 

been shown that LT-K63 can overcome delayed maturation of FDCs in neonates, enhance the GC 

reaction, and prolong the persistence of vaccine-specific plasma cells in the BM (50, 73, 95). 
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Furthermore in neonatal mice, LT-K63 can enhance activation of DCs and T cells, improve B cell 

responses, enhance splenic cell proliferation and IFN-γ, IL-4, IL-5 and IL-10 secretion but this 

ultimately results in increased Ab responses, affinity maturation, immunological memory and protective 
immunity against infection (69, 71, 96-98).  

1.5.4 IC31 
IC31 is a novel two-component adjuvant which combines two immunomodulatory compounds: 

ODN1a, a natural phosphodiester-backboned DNA consisting of repeats of the dinucleotides 

deoxyinosine and deoxycytosine, and the antibacterial peptide KLKL5KLK, that has been derived from 

a previous adjuvant, poly-L-arginine, named IC30 (99).  

In mice it has been shown that IC31 exerts its immunostimulatory effects via the TLR9/MyD88-

signalling pathway, most probably ODN1 is responsible for this effect. Besides providing a stabilizing 

effect for ODN1a through direct molecular interaction, the positively charged peptide KLKL5KLK 

seems to have a delivery function for Ag and ODN1a and furthermore induce a depot formation at the 

injection site (100). The same study showed that in mice, IC31 was found to induce, against OVA Ag, 

type 1 cellular and humoral immune responses and cytotoxic T cells that were able to efficiently kill 

target cells in vivo. Activation of murine DCs by IC31 induced proliferation of naïve CD4+ TCR 
transgenic T cells as well as their differentiation into IFN-γ- and IL-4-producing T cells in vitro (100). 

Another experiment performed in young adult mice showed that IC31 augmented type 1 humoral and 

cellular immune responses to seasonal influenza vaccines. Higher levels of IgG2a Abs were 

accompanied by the induction of IFN-γ producing CD4+ T cells after single vaccination with reduced 

doses of vaccine Ags, even 200 days after a single immunization. Similar effects were also seen in 

aged mice, although most pronounced upon booster immunization (101). 

Our group has shown that IC31 also has promising effects in neonatal mice where Ab responses 

were significantly enhanced to both the Streptococcus pneumoniae serotype 1 polysaccharide 

conjugate containing TT carrier protein (Pnc1-TT) and also to three pneumococcal protein vaccine 

candidates, PcsB, StkP, and PspA (70, 102).  

The first human vaccine trial for tuberculosis using a recombinant protein Ag, and the first human 
trial of IC31 showed that the vaccine was well tolerated, highly immunogenic in naïve individuals and 

induced strong Th1 responses that persisted for more than 2.5 years after vaccination (103).  

1.5.5 mmCT 
Cholera toxin (CT) produced by Vibrio cholerae is a protein that is responsible for the severe watery 
diarrhoea seen in cholera disease. CT, like LT, has an AB5 structure and is the most powerful known 

mucosal adjuvant but in its native state is too toxic for use as adjuvant in human vaccines. A non-toxic  

CT molecule with multiple mutations (mmCT) in the A subunit was generated in an effort to develop a 

useful mucosal adjuvant that still retained much of the adjuvant activity of native CT (104). 

Using a mouse model, mmCT was shown to induce a specific CD4+ and CD8+ T cell response as 

well as enhancing mucosal and serum Ab responses when administered mucosally along with OVA. 

Furthermore, when vaccinated mucosally with either cholera or influenza vaccine, mmCT significantly 
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increased mucosal IgA responses to both Ags (104). When human peripheral blood mononuclear cells 

were stimulated with mmCT together with a polyclonal stimulus or a specific bacterial Ag it showed 

that mmCT strongly and predominantly enhanced Th17 immune responses. The effect of mmCT is 

largely mediated via its action on APCs and is dependent on cAMP–PKA and caspase-

1/inflammasome–mediated IL-1 signalling (105). 
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2 Aims 

2.1 General aims 
The overall aim of this project was to assess if the adjuvants LT-K63, mmCT, MF59, IC31 and alum 

can overcome the limitations of neonatal immune response by enhancing GC induction through 

accelerating FDC maturation and their effects on the TNF-signalling pathway. Furthermore, how the 
adjuvant effects on GC induction, FDC maturation and TNF signalling relate to TT-specific IgG serum 

Ab responses and IgG+ AbSC induction in spleen, their homing and long-term survival in the BM.   

2.2 Specific aims 
1) To assess the effects of immunization and adjuvants on activation of GCs, maturation of FDCs 

and migration of MMMs into activated GCs in spleen.  

2) To assess the effects of immunization and adjuvants on the TNF-signalling pathway, 

expression of TNF receptors on B cell subpopulations and their ligands in spleen.  

3) To assess the effects of immunization and adjuvants on TT-specific IgG serum Abs and IgG+ 

AbSCs in spleen and bone marrow. 
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3 Materials and methods 

3.1 Mice 
Adult NMRI mice were purchased from Taconic Biosciences/ M&B AS (Ry, Denmark). The mice were 

housed under standardized conditions at the vivarium facility ArcticLas (Reykjavik, Iceland) with 

regulated daylight, humidity, temperature and kept in micro-isolator cages with free access to 
commercial pelleted food and water. The mice were allowed at least one week adaptation period 

before the initiation of breeding. For mouse breeding the adult female mice were placed in a cage with 

the adult male mice for a period of two weeks followed by separation. Breeding cages were checked 

daily for births and the pups were kept with their mother until weaning at the age of 4 weeks. The 

Experimental Animal Committee of Iceland authorized the animal experiments, complying with animal 

welfare act 15/95.  

3.2 Vaccine and adjuvants 
Tetanus-toxoid (TT) (Statens Serum Institut, Copenhagen, Denmark) was used as a model vaccine 

and was administered together with one of following adjuvants; LT-K63 (GSK Vaccines, Siena, Italy), 

mmCT (University of Gothenburg, Gothenburg, Sweden), MF59 (GSK Vaccines, Siena, Italy), IC31 
(Valneva, Vienna, Austria) and Aluminium hydroxide (Alhydrogel) (Brenntag Biosector, Ballerup, 

Denmark).   

3.3 Immunization 
Neonatal mice (7 day old), were immunized s.c. by base of tail with 50 µl of vaccine solution as 
described in table 1. Vaccine and adjuvant solutions were mixed 1 hour prior to immunization.  

Table 1. Immunization scheme.   

Group Dose s.c. per mouse 

TT 2.0 µg 

TT+LT-K63 5.0 µg 

TT+mmCT 2.0 µg 

TT+MF59 50% of injected volume 

TT+IC31 50 nmol KLK and 2 nmol ODN1a 

TT+alum 0.48% aluminium hydroxide per 1 μg of protein 

3.4 Immunohistochemistry 
Eight or 14 days after immunization of neonatal mice they were sacrificed and half of each spleen was 

frozen in Tissue-Tek OCT compound (Sakura, Zouterwoude, Netherlands) and cut into 7 µm 

cryosections at two levels. The first level started at 1400 µm and 1750 µm into the tissue for mice 

sacrificed after 8 or 14 days, respectively. The next level started at further 210 μm into the tissue 

regardless of the age of the mice. Sections were air dried for 2-24 h, fixed in acetone for 10 min, air 

dried again for 30 min and then stored at -80°C until staining.  
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3.4.1 Immunofluorescence staining  
Ab specific for IgM was used to visualize the follicles, FDC-M2 to stain mature FDCs and MOMA-1 to 

stain MMMs. Peanut agglutinin (PNA) was used to label dark-zone B cells and thereby the GC. Anti-

IgM and anti-MOMA-1 were directly labelled with FITC but biotinylated anti-FDC-M2 and PNA were 

used, followed by either Streptavidin Alexa Fluor 488 or Streptavidin APC. Nuclear counterstaining 
was done with DAPI. The Abs used are listed in table 2 with more detailed description.  

Table 2. Antibodies used for immunofluorescence staining of follicles, GCs, FDCs and MMMs. 

Antibody Host/Isotype Fluorochrome Manufacturer Catalogue 
number 

Rat Anti-mouse 
IgM 

Monoclonal Rat 
IgG2a FITC BD Biosciences 553408 

Peanut 
Agglutinin (PNA) - Biotinylated Vector 

Laboratories B-1075 

Rat anti-mouse 
follicular 
dendritic cells 
mAb clone FDC-
M2 

Monoclonal Rat 
IgG2a Biotinylated Amsbio 212-MK2FDCM2 

Rat anti-mouse 
CD169 

Monoclonal Rat 
IgG2a FITC BIO-RAD MCA947F 

Streptavidin - APC BD Biosciences 554067 

Streptavidin - Alexa Fluor 488 Invitrogen S32354 

DAPI (4',6-
Diamidino-2-
Phenylindole, 
Dihydrochloride) 

- - Invitrogen D1306 

 
The Abs used for immunofluorescence staining of molecules belonging to the TNF-signalling 

pathway are listed in table 3. Polyclonal Abs to APRIL and BAFF (1) were used followed by PE 

labelled anti-rabbit-IgG, whereas Abs to TACI, BCMA and BAFFR were directly labelled with PE, 

Alexa Fluor 647 or Alexa Fluor 488 and biotinylated Ab to BAFF (2) was followed by Streptavidin Alexa 

Fluor 488.  
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Table 3. Antibodies used for immunofluorescence staining of molecules in the TNF-signalling 
pathway.  

Antibody Host/Isotype Fluorochrome Manufacturer Catalogue 
number 

APRIL Polyclonal Rabbit 
IgG - Invitrogen PA5-50910 

BAFF (1) Polyclonal Rabbit 
IgG - Invitrogen PA1-30556 

Mouse 
BAFF/BLyS/TNF
SF13B (2) 

Polyclonal Goat 
IgG Biotin R&D Systems BAF2106 

BCMA D-6 Mouse IgG2a Alexa Fluor 647 Santa Cruz 
Biotechnology sc-390147 

TACI C-9 Mouse IgG2b PE Santa Cruz 
Biotechnology sc-365253 

BAFFR H-1 Mouse IgG2b Alexa Fluor 488 Santa Cruz 
Biotechnology sc-365410 

F(ab')2-Donkey 
anti-Rabbit IgG 
(H+L) 

Polyclonal 
Donkey Ig PE Invitrogen 12-4739-81 

Streptavidin - Alexa Fluor 488 Invitrogen S32354 

 

All Abs were diluted in phosphate buffer saline (PBS) containing 1% bovine serum albumin (BSA). 

The numbers of GCs, follicles, FDC clusters and follicles with infiltrating MMMs were detected and 

counted in a Zeiss microscope (Oberkochen, Germany) equipped with 10X and 40X objectives and 
Axio Imaging M2 software (Zeiss, Birkerød, Denmark). Stained tissue sections were photographed 

with an Axiocam digital camera (Zeiss, Oberkochen, Germany) and evaluated using AxioVision 

software (Zeiss, Oberkochen, Germany). The average number of follicles, GCs, FDC clusters and 

MMMs infiltration was calculated for each section. 

3.5 Blood sampling 
Mice were bled from the tail-vein, the serum was isolated by centrifugation at 2400 rpm for 10 minutes, 

aliquoted and stored at -20°C until use. 

3.6 Measurements of vaccine-specific antibody in mouse serum 
TT-specific IgG Abs in serum collected 4, 8, 14, 28 and 42 days after immunization were measured by 

enzyme-linked immunosorbent assay  (ELISA) as described (106). Microtiter plates (MaxiSorp, Nunc, 

Denmark) were coated with 5.0 μg purified TT (Statens Serum Insitut) per ml 0.10 M carbonate buffer 

(pH 9.6) incubated overnight at 4°C. After blocking with PBS-Tween containing 1% BSA at room 

temperature (RT) for 1 h, samples and standard diluted 1:50 in PBS-Tween with 1% BSA were serially 

diluted and duplicates incubated on TT-coated plates for 2 h at RT. Horseradish peroxidase (HRP)-
conjugated goat-anti mouse Ab (Southern Biotechnology Associates Inc., Birmingham, AL, USA) 

diluted in PBS-Tween was incubated for 2 h, followed by development with TMB substrate (Kirkegaard 



  

35 

& Perry Laboratories, Gaithersburg, USA) and the reaction was stopped with 0.18 M H2SO4. 

Absorbance was read at 450 nm in a Titertek Multiscan Plus MK II spectrophotometer (ICN Flow 

Laboratories, Meckenheim, Germany). The concentrations of TT-specific Abs in the samples were 

expressed as mean log ELISA units (EU)/ml ± standard deviation (SD) calculated from the standard 

curve for each plate. TT-specific serum IgG Abs were measured at all time points by doctoral student 

Auður Anna Aradóttir Pind, but results analyzed by me. 

3.7 Isolation of mononuclear cells from spleen and bone marrow 
Spleen, femur and tibias were removed from mice 4, 8, 14 and 42 days 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, Paisley, UK) containing 25 mM Hepes buffer 

(Gibco), 100 U/ml penicillin / 100 μg/ml streptomycin (Gibco), 2 mM L-glutamine (Gibco), and 10% 
foetal calf serum (FCS; Gibco) through femur/tibia and flushing the BM out. Single cell suspensions 

from half of each 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 penicillin-streptomycin mixture, 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 3 ml of sterile ammonium-

chloride-potassium buffer (pH 7.2) for 5 minutes, 7 ml HBSS was then added and tubes centrifuged at 
1000 rpm for 10 minutes at 4°C. The cells were next re-suspended in 10 ml of HBSS 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. Cells were then suspended in 5 ml of complete 

tissue culture media and the number of cells in the samples was estimated by counting cells stained 

with trypan blue (Gibco) using a Neubauer Improved haematocytometer (Assistant, Sondheim, 

Germany) and microscope (Leica, Wetzlar, Germany). After counting, the number of cells in the 

suspension was adjusted to 108 cells per ml.  The isolation of mononuclear cells from spleen and BM 

for ELISPOT and flow cytometry measurements were done by Stefanía P. Bjarnarson and Auður Anna 

Aradóttir Pind but the results were analysed by me.  

3.8 Enumeration of antibody-secreting cells by ELISPOT 
TT-specific IgG+ AbSCs were enumerated 14 and 42 days after immunization by ELISPOT as 

described (50). MultiScreen High protein binding immobilon-P membranes (Millipore Corporation, 

Bedford, USA) were coated with 10 μg/ml of TT overnight at 37°C. After washing once with PBS-
Tween, three times with PBS and blocking with RPMI containing penicillin-streptomycin mixture, L-

glutamine and 10% FCS for one hour, three-fold serial dilutions of the single cell suspensions, 

prepared as described in section 3.7, were added to the plates and incubated for 5 h at 37°C. After 

washing, the plates were incubated with alkaline phosphatase-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 alkaline 

phosphatase colour development butter (BioRad Labs, Hercules, CA, USA). Spots were counted and 
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analysed with an ELISPOT reader (KS ELISPOT, Zeiss, Germany). The ELISPOT experiments were 

performed and the results analysed by Auður Anna Aradóttir Pind.  

3.9 Staining and flow cytometry 
20 µl of 108 cell stock solution as described above (chapter 3.7) for mice that were sacrificed 4 and 8 

days after immunization and 15 µl for mice that were sacrificed after 14 days was added into a tube 

containing 490 μl of washing buffer made out of PBS with 0.5% BSA and 4 mM 

ethylenediaminetetraacetic acid (EDTA). The cells were centrifuged at 300g for 5 minutes and 

supernatant was discarded. Meanwhile appropriate labelled Abs (table 4) 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 was discarded and cells resuspended in 500 µl washing buffer. Flow cytometry was 
performed using Navios (Beckman Coulter, Indianapolis, IN, USA) and analysis with Kaluza software 

(Beckman Coulter).  

Table 4. Antibodies used for flow cytometry 

Antibody Host/Isotype Fluorochrome Manufacturer Catalogue 
number 

Mouse 
BCMA/TNFRSF17 Rat IgG1 FITC R&D Systems FAB593F 

Rat Anti-Mouse 
CD268 (BAFF-R) Rat IgG1 PE BD Biosciences 565783 

Anti-mouse CD138 
(Syndecan-1) Rat IgG2a PE/DAZZLE Biolegend 142528 

Rat Anti-Mouse 
CD45R/B220 Rat IgG2a PerCP/Cy5.5 BD Biosciences 552771 

Rat anti-Mouse 
CD267 Rat IgG2a Alexa Fluor647 BD Biosciences 558453 

CD21/CD35 Rat IgG2a APC Fluor780 Invitrogen 47-0211-
82 

Rat Anti-Mouse 
CD23 Rat IgG2a BV412 BD Biosciences 562929 

3.9.1 Gating strategy 
The gating strategy shown in figure 4 was applied, using the Abs listed in table 4. Out of lymphocyte 

and singlets gate, B cells were gated as B220+ and subdivided into CD21+/negCD23+ FO B cells and 

CD21highCD23+/neg MZ B cells. Plasmablasts were gated as CD138+B220+ and plasmablast/plasma 
cells as CD138+B220neg. Each cell populations was assessed for expression of the TNF receptors 

BAFFR, TACI or BCMA, an example is shown in figure 4 where plasmablasts/plasma cells were gated 

as BAFFR+, TACI+ or BCMA+. Population sizes were listed either as total event rate %, total number of 

positive cells or gated event rate %. The total number of positive cells was calculated by multiplying 

the number of cells counted in the haematocytometer with an appropriate dilution factor multiplied with 

number of events in selected gate divided with the total events.   
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Figure 4. Kaluza flowcytometry analysis protocol.  
Cells from spleen were phenotyped by their expression of different specific surface markers. 
B cells were gated as B220+ and subdivided into CD21+/negCD23+ B220+ FO B cells and 
CD21highCD23+/negB220+ MZ B cells. Plasmablasts were gated as CD138+B220+ and 
plasmablast/plasma cells as CD138+B220neg. Each cell population was gated for expression 
of the TNF receptors BAFFR, TACI and BCMA but as an example BAFFR+, TACI+ or BCMA+ 
plasmablasts/plasma cells are shown.  

3.10 Protein measurement of APRIL and BAFF 
Cell lysate from spleen was prepared by adding 2 million cells prepared as described above (chapter 

3.7) to 70 µl of RIPA buffer supplemented with 10 µl/ml protease and 10 µl/ml phosphatase (Sigma-

Aldrich, St. Louis, MO, USA). The mixture was kept on ice for 10 minutes, vortexed for 10 seconds at 
highest intensity and kept frozen at -20°C until used. The cell lysate was thawed, kept on ice for 30 

minutes and then centrifuged for 15 minutes at 12,000g. The total protein concentration in the 

supernatant was measured by Coomassie (Bradford) Protein Assay Kit (Thermo Fisher Scientific, 

Waltham, MA, USA). 0.6 μg of total protein was transferred to 12-230 kDa JESS separation modules 

(Protein Simple, San Jose, CA, USA) for separation and detection using rabbit anti-APRIL (Thermo 

Fisher Scientific) and biotinylated goat anti-BAFF (R&D Systems, Minneapolis, USA) as primary Abs 

and anti-rabbit HRP-labelled and anti-goat Streptavidin-labelled as secondary Abs according to the 

instructions in the JESS separation kit (Protein Simple). 
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3.11 Measurements of vaccine-specific antibody avidity  
Avidity of TT-specific IgG in serum 42 days after immunization was measured by ELISA with a 

kaliumthiocyanate (KSCN) elution step. Microtiter plates were coated with 5.0 μg purified TT per ml 
0.10 M carbonate buffer (pH 9.6) and incubated overnight at 4°C. To correct for different Ab 

concentration in the samples, they were diluted in PBS-Tween so that the concentration would yield 

approximately 1.7 in absorbance, the standard was diluted 1:2000. Both samples and standard were 

then serially diluted and incubated in duplicates on TT-coated plates for 2 h at RT.  PBS-Tween (100% 

binding) or KSCN dilutions (1.0 M or 2.5 M) were incubated for exactly 15 min to displace bound Abs. 

A blocking step was then performed using PBS-Tween containing 1% BSA at RT for 1 h. Remaining 

Abs were detected by HRP-conjugated goat-anti mouse Ab diluted in PBS-Tween incubated for 2 h, 

followed by development with TMB substrate and the reaction was stopped with 0.18 M H2SO4. 
Absorbance was read at 450 nm in a Titertek Multiscan Plus MK II spectrophotometer. The 

concentrations of TT-specific IgG not displaced in each sample were expressed as ELISA units 

(EU)/ml ± SD calculated from the standard curve for each plate. The percentage of TT-specific IgG not 

displaced by 1.0 M or 2.5 M KSCN, respectively, was calculated to determine the proportion of Abs 

with higher avidity than displaced by the respective moderate (1.0 M) or high (2.5 M) KSCN 

concentrations. 

3.12 Statistical analysis  
For comparison between groups and time points Mann Whitney U test and Kruskal-Wallis H test with 

Dunn’s multiple comparisons test was applied using GraphPad Prism 7.03 (GraphPad Software, Inc., 

La Jolla, CA, USA). A p-value of <0.05 was considered statistically significant.  
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4 Results 
 

4.1 The effects of adjuvants on germinal center formation  
In previous studies performed by the research group the adjuvants LT-K63, mmCT, MF59 and IC31, 

when co-administrated with the  pneumococcal conjugated vaccine, Pnc1-TT, were shown to enhance 

the induction of GCs through accelerating FDC maturation in neonatal mice (50, 73). Thus, similar 
experiment was performed using TT as the model vaccine with the same adjuvants co-administrated 

to assess if similar effects on the GC formation were detected. Neonatal mice were immunized once 

s.c. at base of tail with TT, with or without (w/wo) an adjuvant or with saline as control. The effects of 

adjuvants on vaccine-induced GC formation were assessed 14 days after immunization by 

immunofluorescent staining of spleen cryosections with PNA and anti-IgM (figure 5).  

 

Figure 5. The effects of adjuvants on the induction of GC reaction in the spleen 14 days after 
immunization.  
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or saline. 
Spleens were removed 14 days after immunization and half of the spleen was snap frozen, 
serial 7-μm cryosection were cut at two levels, starting 1750 μm into the tissue, and levels 
were separated by 210 μm. Spleen sections were stained with fluorescent labelled PNA and 
anti-IgM. (A) PNA+ represents the number of fully activated follicles (GCs). (B) Size of GCs 
shows the mean positive area of GCs in µm2. (C) The PNA+/IgM ratio describes the activated 
GCs in relation to the total number of follicles. Results are expressed as mean ± SD and 
each symbol represents one mouse. There were 8 mice per group with the exception of TT 
and TT+mmCT (n=7) and statistics were calculated using Mann-Whitney U test where 
adjuvant groups were compared to vaccine only group: *p<0.05, **p<0.01. 

 
Staining with anti-IgM detects naïve or unswitched IgM+ B cells and was used to enumerate 

follicles and PNA staining was used to enumerate GCs as it identifies highly proliferating B cell 

centroblasts located in the dark zone of GCs. The results obtained from the anti-IgM staining are 

shown in figure A1(A), Appendix 1. The ratio of PNA+ GCs to the number of IgM+ follicles was used to 

estimate the magnitude of vaccine activated B cells and thus the induction of GCs reaction. Size of 

GCs was calculated in micrometres (µm2) to further evaluate the effects of each adjuvant on the 

formation of GCs. mmCT is the only adjuvant that significantly enhanced the GC induction compared 

with vaccine only group (figure 5A). Furthermore, the mmCT group induced significantly more GCs 
than IC31 and alum groups. Mean sizes of GCs in µm2 were calculated but significant increase was 
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not detected in any of the adjuvant groups compared with the vaccine only group (figure 5B). 

However, mmCT group had significantly larger GCs than groups receiving MF59, IC31 or alum. Only 

mmCT group showed a significant increase in PNA+/IgM ratio compared with the vaccine only group 

and had also a significant increase in PNA+/IgM ratio compared with the groups receiving MF59, IC31 

or alum (figure 5C). P-values calculated for PNA+, GCs size and PNA+/IgM between different test 

groups are shown in table A1-3, Appendix 4. Representative immunofluorescence staining patterns for 

PNA and IgM in each group are shown in figure 6.  

 

Figure 6. The effects of adjuvants on GC induction 14 days after immunization.  
Representative immunofluorescence staining patterns for fluorescent labelled PNA (red) and 
anti-IgM (green) in spleen sections stained 14 days after immunization of neonatal mice with 
TT w/wo each adjuvant indicated. 
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4.1.1 The effects of adjuvants on follicular dendritic cell maturation and 
marginal metallophilic macrophage migration 

Poor development of FDCs in neonates is one of the major reasons for the limited GC activation. 

Therefore, we assessed whether these novel adjuvants could accelerate the development of FDC 

networks. Spleen sections from all groups were stained with anti-FDC-M2 that recognizes complement 

fragment C4 on mature IC-bearing FDCs (107). FDC positive clusters were counted in each section 

and mean size of clusters measured. Sections were also stained for MOMA-1 (CD169), a lectin-like 

receptor expressed on MMMs, to assess if adjuvants induced migration of IC or Ag bearing MMMs into 

follicles (108, 109). MMM positive follicles were counted in each section. 
No difference in FDC maturation or size of positive clusters was observed, fourteen days after 

immunization, between mice that received the vaccine only or with any of the adjuvants. Furthermore, 

all groups were showing high numbers of FDC clusters and large mean positive area, even groups 

that received vaccine only or saline, which has not been observed in previous experiments performed 

by the research group, using Pnc1-TT as the model vaccine. Co-administration of MF59, IC31 or alum 

with TT significantly enhanced MMM migration compared with vaccine only group. However, mice 

injected with saline only showed also more MMM migration than mice immunized with vaccine only 

group, that has not been observed in previous experiments using Pnc1-TT. These results thus 
contradict all previous results both published and unpublished by the research group and others (43, 

50, 73) and are therefore not reliable. The results for FDC-M2+ and MOMA-1+ counts, size of FDC-M2+ 

clusters and ratio of MOMA-1+ and FDC-M2+ in relation to IgM are shown in Appendix 1, figure A1 (B)-

(F).  

4.2 The effects of adjuvants on vaccine-specific serum antibodies and 
antibody-secreting cells in spleen and bone marrow  

Next, we investigated whether the GC formation correlated with TT-specific IgG Abs in serum and 

induction of TT-specific IgG+ AbSCs in spleen and their migration to the BM. TT-specific serum Abs 

and AbSCs in spleen and BM were measured 14 days after immunization using ELISA and ELISPOT 

assays, respectively (figure 7).   

At day 14, TT-specific IgG levels were significantly higher in all adjuvant groups than in vaccine 

only group. LT-K63 group had significantly lower TT-specific IgG than all the other adjuvant groups at 

day 14.  
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Figure 7. TT-specific serum IgG and IgG+ AbSCs in spleen and BM 14 days after immunization.   
TT-specific serum IgG measured by ELISA and IgG+ AbSCs in spleen and BM enumerated 
by ELISPOT 14 days after immunization of neonatal mice with TT w/wo different adjuvants 
or saline. Results are expressed mean log ELISA units (EU)/ml ± SD or as mean number of 
spots/106 cells ± SD. Each symbol represents one mouse. There were 8 mice per group with 
the exception of TT and TT+mmCT (n=7). Statistical calculations were done by using Mann-
Whitney U test where adjuvant groups were compared to vaccine only group: *p<0.05, 
**p<0.01. 

 

The ELISPOT results showed that on day 14 the numbers of AbSCs in spleen was in agreement 
with serum Ab levels, as numbers of TT-specific IgG+ AbSCs was significantly higher in mmCT, MF59, 

IC31 and alum groups than vaccine only group, but not in the LT-K63 group. In BM, the number of TT-

specific IgG+ AbSCs was significantly higher in mmCT and MF59 groups than vaccine only group. The 

groups that received LT-K63, IC31 or alum with TT had similar levels as vaccine only group.  

P-values calculated for comparison of TT-specific IgG Ab levels and IgG+ AbSCs numbers on day 

14 between different test groups are shown in table A4-6, Appendix 4. 

4.3 The effects of adjuvants on early induction of immune responses  
The level of TT-specific IgG Abs in serum was measured 4 and 8 days after immunization to assess if 

some of the adjuvants were eliciting an earlier Ab response (figure 8). As expected, Ab levels were low 

at day 4 with none of the groups reaching a mean of log 1 EU/ml. LT-K63, mmCT and MF59 groups 

had significantly lower TT-specific IgG Ab levels than the vaccine only group. The alum group had 
significantly higher TT-specific IgG Ab levels than the vaccine only group and all other adjuvant 

groups. However, by day 8 all of the adjuvant groups had significantly higher levels of TT-specific IgG 

Abs than the vaccine only group. No difference was detected between mmCT and IC31 groups, 

however both adjuvants induced significantly higher TT-specific IgG Ab levels than the other 

adjuvants. For comparison, TT-specific IgG Ab levels 4, 8 and 14 days after immunization are depicted 

in figure 8, but the results obtained 14 days after immunization are described in chapter 4.2 above.  

P-values calculated for comparison of TT-specific IgG Ab levels in serum on day 4 and 8 between 

different test groups are shown in table A7-8, Appendix 4.  

S e r u m S p le e n B o n e  m a rr o w

0

1

2

3

4

5

L
o

g
 T

T
-s

p
e

c
if

ic
 I

g
G

 E
U

/m
l

0

2

4

6

8

1 0

T
T

-s
p

e
c

if
ic

 I
g

G
+

 A
b

S
C

/1
0

6
0

2

4

6

8

1 0

T
T

-s
p

e
c

if
ic

 I
g

G
+

 A
b

S
C

/1
0

6 TT

TT+LT -K 63

TT+mmCT

TT+M F59

TT+ IC 31

TT+a lum

S a lin e

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



  

43 

 

Figure 8. TT-specific IgG Abs 4, 8 and 14 days after immunization.  
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or saline. 
TT-specific IgG Ab levels in serum were measured by ELISA 4, 8 and 14 days after 
immunization and expressed as mean log ELISA units (EU)/ml ± SD. Each symbol 
represents one mouse. There were 8 mice per group with the exception of TT+mmCT on day 
8 and 14 (n=7) and TT on day 14 (n=7). Statistical calculations were done by using Mann-
Whitney U test where adjuvant groups were compared to vaccine only group: *p<0.05, 
**p<0.01. 

 

Because the TT-specific IgG Abs levels at day 8 were already relatively high, especially in the 
mmCT and IC31 groups, we wanted to assess if any difference between test groups was detectable in 

GC induction in spleen 8 days after neonatal immunization, assessed as described above (figure 9).  

 

Figure 9. The effects of adjuvants on early GC induction.  
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or saline. 
Spleen were removed 8 days after immunization and half of the spleen was snap frozen, 
serial 7-μm cryosections were cut at two levels, starting 1400 μm into the tissue, and levels 
were separated by 210 μm. Spleen sections were stained with fluorescent labelled PNA and 
anti-IgM. (A) PNA+ represents the number of fully activated follicles (GCs). (B) Size of GCs 
shows the mean positive area of GCs in µm2. (C) The PNA+/IgM ratio describes the activated 
GCs in relation to the total number of follicles. Results are expressed as mean ± SD. Each 
symbol represents one mouse. There were 8 mice per group with the exception of 
TT+mmCT (n=7) and statistics were calculated using Mann-Whitney U test where adjuvant 
groups were compared to vaccine only group: *p<0.05, **p<0.01. 

 
Significant GC induction at day 8 was only detected in the mmCT group compared with the vaccine 

only group, in agreement with what was observed at day 14 (figure 9A). Moreover, GCs were also 
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significantly larger in the mmCT group than LT-K63, MF59 and IC31 groups (figure 9B) as was the 

PNA+/IgM ratio (figure 9C). The results for anti-IgM staining are shown in figure A2, Appendix 1.  

P-values calculated for comparison of PNA+, GCs size and PNA+/IgM between test groups are 

shown in tables A9-11, Appendix 4. Representative immunofluorescence staining patterns for PNA 

and anti-IgM in each group are shown in figure 10. Comparison of responses elicited by different 

adjuvants on days 8 and 14 can be seen in figure A3, Appendix 1.  

 

Figure 10. The effects of adjuvants on early GC induction.  
Representative immunofluorescence staining patterns for fluorescent-labelled PNA (red) and 
anti-IgM (green) in spleen sections 8 days after immunization of neonatal mice with TT w/wo 
each adjuvant indicated. 
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4.4 The effects of adjuvants on the expression of TNF receptors on 
subpopulations of B cells 

The effects of adjuvants on the expression of TNF receptors were assessed by flow cytometry, as 

TACI and BAFFR play a major role in B cell differentiation and activation and BCMA is a critical 

survival receptor on newly emerged GC plasmablasts and plasma cells (44). Mononuclear splenocytes 

were isolated from mice sacrificed 4, 8 and 14 days after neonatal immunization. Unfortunately, the 
flow cytometry analysis of spleen cells from the vaccine only group on day 4 could not be included due 

to unsuccessful Ab stainings. The total event rate % and total number of B220+ B cells, FO B cells, MZ 

B cells, plasmablasts/plasma cells on different time points after immunization for the vaccine only, 

adjuvants and saline groups was assessed. 

Four days after immunization no difference in B220+ cells was detected between groups, neither in 

total event rate % nor total number of cells (figure 11). However, on day 8 mmCT and MF59 groups 

had significantly lower frequency of B220+ cells as total event rate % than alum, IC31 and the vaccine 

only group. Furthermore, the IC31 group had significantly higher total event rate % of B220+ cells than 
LT-K63 and saline groups, whereas no difference was found in total number of B220+ cells. No 

difference in total event rate % or total number of B220+ cells was observed between the groups on 

day 14.  

 

 

 

 
 



  

46 

 

Figure 11. Total event rate % and numbers of B220+ B cells at different time points after 
immunization.  
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Single cell suspensions from spleen were prepared at day 4, 8 and 14 after 
immunization and stained with Abs for B220. Analysis was performed by flow cytometry to 
determine the percentage of B220+ cells out of total events and total number of B220+ cells, 
shown as mean ± SD. Each symbol represents one mouse. There were 8 mice per group 
with the exception of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and 
saline on day 14 (n=6). Statistical calculations were done by using Kruskal-Wallis H test with 
Dunn’s multiple comparisons test where adjuvant groups were compared with saline: 
*p<0.05, **p<0.01, and vaccine only group: *p<0.05, **p<0.01. 

 

Surprisingly, no difference in FO B cells was observed between the groups neither in total event 

rate % nor total number of cells at any time point, 4, 8 or 14 days after immunization, with one 
exception; on day 8 mice in the IC31 group had significantly higher frequency in total event rate % of 

FO B cells than MF59 immunized mice (figure 12).  
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Figure 12. Total event rate % and numbers of FO B cells at different time points after 
immunization.  
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Single cell suspensions from spleen were prepared from 4, 8 and 14 days old mice 
and stained with Abs for B220, CD21 and CD23. Analysis was performed by flow cytometry 
to determine the percentage of B220+CD21+/negCD23+ cells out of total events and as total 
number of cells, shown as mean ± SD. Each symbol represents one mouse. There were 8 
mice per group with the exception of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 
(n=7) and saline on day 14 (n=6). Statistical calculations were done by using Kruskal-Wallis 
H test with Dunn’s multiple comparisons test where adjuvant groups were compared with 
saline: *p<0.05, **p<0.01, and vaccine only group: *p<0.05, **p<0.01. 

 
There was no detectable difference in MZ B cells between groups on day 4, neither in total event 

rate % nor total number of MZ B cells (figure 13). On day 8, a difference in total event rate % of MZ B 

cells was found where mice immunized with TT plus LT-K63, mmCT, IC31 or alum had all significantly 

higher frequency of MZ B cells than the saline group. The LT-K63, IC31 and alum groups had also 

significantly higher total number of MZ B cells than saline group. On day 14, IC31 and alum groups 

had also significantly higher total event rate % of MZ B cells than the LT-K63 and saline groups. No 

difference in total number of MZ B cells was found between the groups on day 14.  
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Figure 13. Total event rate % and numbers of MZ B cells at different time points after 
immunization.  
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Single cell suspensions from spleen were prepared at day 4, 8 and 14 after 
immunization and stained with Abs for B220, CD21 and CD23. Analysis was performed by 
flow cytometry to determine the percentage of B220+CD21highCD23+/neg cells out of total 
events and as total number of cells, shown as mean ± SD. Each symbol represents one 
mouse. There were 8 mice per group with the exception of TT+mmCT on day 8 and 14 
(n=7), TT+LT-63 on day 14 (n=7) and saline on day 14 (n=6). Statistical calculations were 
done by using Kruskal-Wallis H test with Dunn’s multiple comparisons test where adjuvant 
groups were compared with saline: *p<0.05, **p<0.01, and vaccine only group: *p<0.05, 
**p<0.01. 
 

The total event rate %, total numbers and gated event rate % of the B220+, FO and MZ B cells over 

time are depicted in figure A4, Appendix 2.  

The total event rate % and total numbers of plasmablasts and plasma cells were also measured 

(figure 14). On day 4, little differences were detected, the only significant differences were in total 

event rate % that were higher in the IC31 and alum groups than the mmCT group, and the alum group 

had higher total event rate % of CD138+B220+ cells than the MF59 group. No difference in total 

numbers of cells was found between groups on day 4. The total event rate % of CD138+B220neg cells 

in mice immunized with mmCT and MF59 were significantly lower than in alum, IC31 and saline 
groups on day 4. Furthermore, the total event rate % of CD138+B220neg cells was also lower in the LT-

K63 group than the alum group. Mice immunized with mmCT and MF59 along with TT had also 

significantly lower total numbers of CD138+B220neg cells than mice that received alum. On day 8, the 

MF59 group had significantly lower total event rate % of CD138+B220+ cells than the LT-K63, IC31, 
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alum and vaccine only groups, but LT-K63 and IC31 groups had higher frequency than the mmCT 

group. With regard to total number of CD138+B220+ cells on day 8, the only significant difference 

detected was between the IC31 and mmCT groups, where the IC31 group had higher number of 

CD138+B220+ cells. On day 8, mice immunized with LT-K63 had significantly higher frequency of 

CD138+B220neg cells than MF59 and vaccine only group. Furthermore, the MF59 group had lower 

frequency than the IC31, alum and saline groups. Similar results were observed in the total number of 

CD138+B220neg cells on day 8, that were significantly higher in the LT-K63 group than the mmCT, 
MF59 and vaccine only groups. Also, IC31 immunized mice had higher number of CD138+B220neg 

cells than MF59 and vaccine only groups, and these were also higher in the alum group than the 

MF59 group. However, on day 14 no significant difference in CD138+B220+ cells or CD138+B220neg 

cells was detected between groups, neither in total event rate % nor total number of cells, with one 

exception; the mmCT group had significantly higher total number of CD138+B220neg cells than the LT-

K63 group, opposite to what was observed on day 8.   
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Figure 14. Total numbers of plasmablasts and plasma cells at different time points after 
immunization.   
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Single cell suspensions from spleen were prepared at day 4, 8 and 14 after 
immunization. Cells were stained with Abs for B220 and CD138 and analysis was performed 
by flow cytometry. Results are given as total number of cells and shown as mean ± SD. 
Each symbol represents one mouse. There were 8 mice per group with the exception of 
TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and saline on day 14 (n=6). 
Statistical calculations were done by using Kruskal-Wallis H test with Dunn’s multiple 
comparisons test where adjuvant groups were compared with saline: *p<0.05, **p<0.01, and 
vaccine only group: *p<0.05, **p<0.01. 
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The expression of the TNF receptors, BAFFR, TACI and BCMA in each subpopulation of B cells 

was assessed for all groups at each time point, as previously described. The results were calculated 

and depicted as total number of cells in the following figures presented in this chapter and as total 

event rate % in complementary figures A5-A9 in Appendix 2. Similar trends were detected in 

difference between groups when the total event rate % was assessed.   

The expression of the TNF receptors on B220+ cells was assessed and on day 4, IC31 group had 

significantly higher number of BAFFR+ B220+ cells than mmCT mice (figure 15). On day 8, the number 
of BAFFR+ B220+ cells in IC31 group was still significantly higher than in mmCT and MF59 groups, but 

no difference was detected on day 14. However, no difference in TACI+ or BCMA+ B220+ cells was 

detected between the groups at any time point.  
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Figure 15. Total numbers of B220+ cells positive for BAFFR, TACI or BCMA at different time 
points after immunization.   
Mice were primed with TT as neonates (7 days old) w/wo different adjuvants or with saline. 
Single cell suspensions from spleen were prepared at day 4, 8 and 14 after immunization. 
Cells were stained with Abs for B220, BCMA, BAFFR and TACI and analysis was performed 
by flow cytometry. Results are given as total number of cells and shown as mean ± SD. 
Each symbol represents one mouse. There were 8 mice per group with the exception of 
TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and saline on day 14 (n=6). 
Statistical calculations were done by using Kruskal-Wallis H test with Dunn’s multiple 
comparisons test where adjuvant groups were compared with saline: *p<0.05, **p<0.01, and 
vaccine only group: *p<0.05, **p<0.01. 

 

No difference in BCMA, BAFFR and TACI positive FO B cells was detected between groups at any 

time point with the exception that the IC31 group that had significantly higher numbers of BAFFR+ FO 

cells than MF59 immunized group on day 8 (figure 16).    
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Figure 16. Total numbers of FO B cells positive for either BAFFR, TACI or BCMA at different 
time points after immunization.   
Mice were primed with TT as neonates (7 days old) w/wo different adjuvants or with saline. 
Single cell suspensions from spleen were prepared at day 4, 8 and 14 after immunization. 
Cells were stained with Abs for B220, CD21, CD23, BCMA, BAFFR and TACI and analysis 
was performed by flow cytometry. Results are given as total number of cells and shown as 
mean ± SD. Each symbol represents one mouse. There were 8 mice per group with the 
exception of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and saline on day 
14 (n=6). Statistical calculations were done by using Kruskal-Wallis H test with Dunn’s 
multiple comparisons test where adjuvant groups were compared with saline: *p<0.05, 
**p<0.01, and vaccine only group: *p<0.05, **p<0.01. 

 

In regard to BAFFR+ MZ B cells, the IC31 group had significantly higher numbers of cells than 

mmCT and alum groups on day 4 (figure 17). On day 8, the IC31 group had significantly higher 

number of BAFFR+ MZ B cells than the MF59, vaccine only and saline groups. At day 14, the IC31 

group had significantly higher number of BAFFR+ MZ B cells than LT-K63 and saline group. The LT-
K63, IC31 and alum groups had all significantly higher number of TACI+ MZ B cells than the saline 
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day 4 was significantly higher in the IC31 group than in the mmCT and alum groups. At day 8, the 

IC31 group had significantly higher number of BCMA+ MZ B cells than the saline group. No difference 

was detected between groups on day 14.  

 

Figure 17. Total numbers of MZ B cells positive for either BAFFR, TACI or BCMA at different 
time points after immunization. 
Mice were primed with TT as neonates (7 days old) w/wo different adjuvants or with saline. 
Single cell suspensions from spleen were prepared at day 4, 8 and 14 after immunization. 
Cells were stained with Abs for B220, CD21, CD23, BCMA, BAFFR and TACI and analysis 
was performed by flow cytometry. Results are given as total number of cells and shown as 
mean ± SD and each symbol represents one mouse. There were 8 mice per group with the 
exception of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and saline on day 
14 (n=6). Statistical calculations were done by using Kruskal-Wallis H test with Dunn’s 
multiple comparisons test where adjuvant groups were compared with saline: *p<0.05, 
**p<0.01, and vaccine only group: *p<0.05, **p<0.01. 
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The numbers of BCMA, BAFFR and TACI positive plasmablasts, CD138+B220+ cells, were 

generally similar between the groups at all the time points (figure 18). The only significant difference 

detected was that the IC31 group had higher numbers of BAFFR+ CD138+B220+ cells than the mmCT 

group on days 4 and 8. The saline group showed also relatively high numbers of BAFFR+ 

CD138+B220+ on day 8 and was similar to the IC31 group and significantly higher than in the mmCT 

group. IC31 had also significantly higher numbers of TACI+ CD138+B220+ cells on day 8 than the 

mmCT group, but no other differences were detected at days 4 or 14. No difference in BCMA+ 
CD138+B220+ cells was observed between groups at days 4, 8 or 14.  

 

Figure 18. Total numbers of plasmablasts positive for either BAFFR, TACI or BCMA at different 
time points after immunization. 
Mice were primed with TT as neonates (7 days old) w/wo different adjuvants or with saline. 
Single cell suspensions from spleen were prepared at day 4, 8 and 14 after immunization. 
Cells were stained with Abs for B220, CD138, BAFFR and TACI and analysis was performed 
by flow cytometry. Results are given as total number of cells and shown as mean ± SD and 
each symbol represents one mouse. There were 8 mice per group with the exception of 
TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and saline on day 14 (n=6). 
Statistical calculations were done by using Kruskal-Wallis H test with Dunn’s multiple 
comparisons test where adjuvant groups were compared with saline: *p<0.05, **p<0.01, and 
vaccine only group: *p<0.05, **p<0.01. 
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No differences in BAFFR+ CD138+B220neg cells were detected between groups on days 4 and 8 

(figure 19). However, on day 14, the IC31 and alum groups had significantly lower number of BAFFR+ 

CD138+B220neg cell than the LT-K63, MF59, vaccine only and saline groups. Furthermore, the alum 

group had significantly lower number of BAFFR+ CD138+B220neg cell than the mmCT group. The 

number of TACI+ CD138+B220neg cells was significantly higher in the alum group than in the LT-K63, 

mmCT and MF59 groups on day 4. On day 8, IC31 and the LT-K63 groups had higher numbers of 
TACI+ CD138+B220neg cells than the MF59 and vaccine only groups, and the LT-K63 group had higher 

numbers than the mmCT group. The difference in TACI+ CD138+B220neg cells between the groups had 

levelled off by day 14 where no difference was detected. In regard to BCMA+ CD138+B220neg cells the 

MF59 group had significantly higher numbers than the mmCT group on day 4 but no significant 

differences were detected on day 8. At day 14, the IC31 and alum groups had both significantly lower 

BCMA+ CD138+B220neg cell numbers than the vaccine only and saline groups. Furthermore, the alum 

group had also fewer BCMA+ CD138+B220neg cells than the LT-K63 and MF59 groups.  
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Figure 19. Total numbers of plasmablasts/plasma cells positive for either BCMA, BAFFR or 
TACI at different time points after immunization.   
Mice were primed with TT as neonates (7 days old) w/wo different adjuvants or with saline. 
Single cell suspensions from spleen were prepared at day 4, 8 and 14 after immunization. 
Cells were stained with Abs for B220, CD138, BCMA, BAFFR and TACI and analysis was 
performed by flow cytometry. Results are given as total number of cells and shown as mean 
± SD. Each symbol represents one mouse. There were 8 mice per group with the exception 
of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and saline on day 14 (n=6). 
Statistical calculations were done by using Kruskal-Wallis H test with Dunn’s multiple 
comparisons test where adjuvant groups were compared with saline: *p<0.05, **p<0.01, and 
vaccine only group: *p<0.05, **p<0.01. 
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4.4.1 Immunohistological staining for the TNF-signalling pathway molecules 
and protein measurement of APRIL and BAFF 

Immunohistological staining for the molecules belonging to the TNF-signalling pathway was performed 

using Abs listed in table 3. Unfortunately, no results were obtained as no fluorescence signal was 

detected by immunohistological staining with Abs specific for BAFF (2) and BAFFR even when used at 

high concentration. Shipment of Ab for BCMA got delayed and therefore BCMA staining could not be 

done. The anti-TACI, at high concentration, yielded a weak signal compared with high expression 

detected by flow cytometry. APRIL and BAFF (1) Abs were optimized for immunohistological staining 

in a splenic tissue from a previous experiment but when tested in the experimental tissue, high 
unspecific binding was detected. The Abs were tested in dilutions ranging from 1/10 to 1/2000 along 

with various concentrations of the secondary Abs, ranging from 1/10 to 1/800. Even additional 

blocking steps using rabbit, rat or mouse serum were tested without success.  

Protein measurement of APRIL and BAFF using JESS capillary western blot system was tested 

on a cell lysate obtained from an adult mouse, prepared as described in chapter 3.10. Three 

concentrations of the sample (undiluted, 1/2 and 1/5) were tested against three concentrations of 

primary Abs for APRIL and BAFF (2) (1/10, 1/50 and 1/250).  Information on the Abs is shown in table 

3. The sample was also examined without primary Abs to check for unspecific binding of the 
secondary Ab and no peak was detected in that measurement (figure A10, Appendix 3). The primary 

Abs were also tested in 1/10 dilution without any cell lysate, to assess background positivity. Anti-

BAFF diluted 1/10 yielded some background positivity, with a peak forming around 238 kDa (figure 

A11, Appendix 3). Unfortunately, a strong background positivity was detected for anti-APRIL in dilution 

1/10 (figure A12, Appendix 3). The measurement of BAFF was reliable and consistent, where all three 

sample dilutions and Ab concentrations resulted in a protein being measured around 70 kDa in size. It 

appeared optimal to use the sample undiluted and anti-BAFF (2) in 1/50 dilution (figure 20) and when 

the sample was diluted 1/2 and 1/5, the peak around 70 kDa showed reduced chemiluminescence, but 
the MW stayed almost the same (70-75 kDa). However, the background in chemiluminescence was 

similar for all sample dilutions. The measurement of APRIL was however unsuccessful with too high 

background positivity or unspecific binding detected and no clear peak (figure 21). However, this was 

not surprising considering the background positivity found when anti-APRIL was tested alone (figure 

A12, Appendix 3). Another Ab specific for APRIL has been ordered. 
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Figure 20. Readout of BAFF protein measurement.  
BAFF was measured in cell lysate from an adult mouse using JESS capillary western blot 
system and data analysed using the software Compass for SW. The date shown on this 
figure is from a run where cell lysate from an adult mouse was used undiluted (blue), 1/2 
(red) and 1/5 (green) and the concentration of anti-BAFF (2) was 1/50.  

 

 
Figure 21. Readout of APRIL protein measurement.  

An attempt to measure APRIL in cell lysate from an adult mouse was done using JESS 
capillary western blot system and data analysed using the software Compass for SW. The 
date shown on this figure is from a run where cell lysate from an adult mouse was used 
undiluted and the concentration of anti-APRIL was 1/50. 
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4.5 Long-term effect of adjuvants on antibodies and antibody-secreting 
cells  

Next we assessed the long-term adjuvant effects on the immune response to the vaccine, the 

persistence of serum IgG Abs and IgG+ AbSCs in spleen and BM up to 7 weeks after immunization. 

We measured TT-specific Abs in serum 14, 28 and 42 days after immunization by ELISA and IgG+ 

AbSCs in spleen and BM 42 days after immunization by ELISPOT.  
The Ab measurement showed that all adjuvants except alum induced a significantly stronger TT-

specific IgG Ab response 14, 28 and 42 days after immunization than vaccine only group (figure 22). 

Results on TT-specific IgG Abs for each individual day are shown in figure 23 for day 42 and for days 

14 and 28 in figure A13, Appendix 2. 

 

Figure 22. TT-specific IgG serum Ab response 14, 28 and 42 days after immunization. 
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. The TT-specific Ab levels were measured by ELISA at day 14, 28 and 42 after 
immunization and expressed as mean log ELISA units (EU)/ml ± SD. There were 8 mice per 
group with the exception of TT+LT-K63 (n=3), TT+mmCT (n=5) and saline (n=13) and 
statistical calculations were done by using Mann-Whitney U test where adjuvant groups were 
compared to vaccine only group: *p<0.05, **p<0.01. 

 

We investigated whether enhanced TT-specific IgG Abs in serum correlated with enhanced 
induction of TT-specific IgG+ AbSCs in spleen, their migration to and persistence in the BM. On day 42 

the TT-specific IgG levels were significantly higher in all the adjuvant groups except alum than in the 

vaccine only group (figure 23). Additionally, LT-K63, mmCT, MF59 and IC31 all induced significantly 

higher TT-specific IgG Ab levels than alum. As expected on day 42 few TT-specific IgG+ AbSCs were 

detected in the spleen on day 42, although the mmCT and IC31 still had significantly higher numbers 

than the alum and vaccine only groups. All adjuvant groups except the alum group had significantly 

fewer TT-specific IgG+ AbSCs in spleen at day 42 than at day 14. Interestingly, at day 42 none of the 

adjuvant groups, except the MF59 group showed enhanced homing and persistence of TT-specific 
IgG+ AbSCs in the BM compared with vaccine only immunized mice.  
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Figure 23. TT-specific serum IgG Abs and IgG+ AbSCs in spleen and bone marrow 42 days after 
immunization.  
TT-specific serum IgG Abs measured by ELISA and IgG+ AbSCs in spleen and BM were 
enumerated by ELISPOT at day 42 after immunization of neonatal mice with TT w/wo 
different adjuvants or saline. Results are expressed mean log ELISA units (EU)/ml ± SD or 
as mean number of spots/106 cells ± SD. There were 8 mice per group with the exception of 
TT and TT+mmCT at day 14 (n=7), at day 42 TT+LT-K63 was (n=3), TT+mmCT (n=5) and 
Saline (n=13). Statistical calculations were done by using Mann-Whitney U test where 
adjuvant groups were compared to vaccine only group: *p<0.05, **p<0.01. 

 

In comparison to the number of TT-specific IgG+ AbSCs in BM at day 14, previously described 

above (chapter 4.2), none of the adjuvant groups showed significantly increased number of TT-specific 

IgG+ AbSCs at day 42 compared with day 14. Even mice immunized with alum had reduced numbers 

of TT-specific IgG+ AbSCs at day 42 compared with day 14 (figure 7 and 23).  

P-values calculated for comparison of TT-specific IgG Ab levels in serum and IgG+ AbSCs between 
groups 42 days after immunization are shown in table A12-14, Appendix 4. P-values calculated for the 

comparison between TT-specific IgG+ AbSC numbers at two different time points, day 14 and 42 after 

immunization are listed in Appendix 4, table A15-16.  

4.5.1 The effects of adjuvants on avidity maturation of vaccine-specific IgG  
Avidity of TT-specific IgG Abs was measured, as a marker of the effective GC induction, memory B 
cell generation and an important determinant of protection. Ab avidity describes the strength of Ab 

binding to an Ag. The avidity of TT-specific IgG Abs in serum 42 days after neonatal immunization, as 

described in chapter 4.5, was measured by ELISA with an extra KSCN step to displace bound Ab with 

low avidity. Two dilutions of KSCN were used, 1.0 M and 2.5 M and without KSCN to measure the 

total amount of TT-specific IgG for comparison (figure 24).  
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Figure 24. TT-specific serum IgG Abs without KSCN or after 1.0 M or 2.5 M KSCN displacement 
step.  
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants. The Ag-
specific Ab levels were measured by ELISA 42 days after priming with an extra KSCN 
displacement step and expressed as mean ELISA units (EU)/ml ± SD. There were 8 mice 
per group with the exception of TT+LT-K63 (n=3), TT+mmCT (n=5) and saline (n=13) and 
statistical calculations were done by using Mann-Whitney U test where adjuvant groups were 
compared to vaccine only group: *p<0.05, **p<0.01.  

 
As described above in chapter 4.5, without KSCN the TT-specific IgG serum levels in all adjuvant 

groups, except alum, were significantly higher than in vaccine only group and furthermore, all 
adjuvants groups had significantly higher TT-specific IgG Ab levels than the alum group. The same 

differences were observed when 1.0 M KSCN displacement was done, and similar for 2.5 M KSCN 

displacement. At 2.5 M KSCN all the adjuvant groups, except for alum, had significantly higher TT-

specific IgG levels than vaccine only group. However, only the LT-K63 and mmCT groups had 

significantly higher TT-specific IgG levels than the alum group.  

P-values calculated for comparison of TT-specific IgG serum levels following no KSCN 

displacement or 1.0 M or 2.5 M KSCN displacement are shown in tables A17-19, Appendix 4.  
The percentage of TT-specific IgG not displaced by 1.0 M or 2.5 M KSCN was calculated (figure 

25). No difference in % of moderate (1.0 M) or high (2.5 M) avidity TT-specific IgG Abs was detected 

between the vaccine only and adjuvants groups. 

P-values calculated for comparison of % bound TT-specific serum IgG at 1.0 M or 2.5 M KSCN 

displacement are shown in tables A20-21, Appendix 4.  
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Figure 25. Percent bound IgG Abs retained at 1.0 M and 2.5 M KSCN displacement.  
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants. The TT-
specific IgG Ab levels in serum were measured by ELISA 42 days after priming with an extra 
KSCN displacement step and bound % was calculated by comparing Ab concentration 
without KSCN to the Ab concentration after either 1.0 M or 2.5 M KSCN step. Values are 
expressed as mean percentage binding of TT-specific IgG ± SD. Each symbol represents on 
mouse. There were 8 mice per group with the exception of TT+LT-K63 (n=3), TT+mmCT 
(n=5) and TT+alum (n=7). 
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5 Discussion  
Presented in this thesis is a study where four novel adjuvants and the commonly used alum were 

tested with TT, comparing the effects they elicit on the immune response in murine neonates. The 

overall aim was to evaluate their effects on GC induction, FDC maturation and expression of 

molecules of the TNF- and TNF-receptor families in spleen, in relation to Ab production and AbSC 

induction. The effects of these adjuvants on GCs, FDCs, Abs and AbSCs in neonatal mice have been 

studied when administered with the conjugate vaccine Pnc1-TT, where LT-K63, mmCT, MF59 and 

IC31 showed great potential (50, 73). However, these adjuvants have not been studied as thoroughly 

with the TT vaccine nor their effect on the TNF-signalling pathway. 

5.1 The effects of adjuvants on germinal center formation 
The results obtained by the immunofluorescence staining of spleen sections revealed that 14 days 

after immunization the only adjuvant capable of eliciting a significantly improved formation of GCs was 
mmCT. However, this might not have been the optimal time point for the other adjuvants, their peak of 

activation might have been missed or not yet fully advanced. Since the GC reaction is thought to peak 

after 10 days in adult mice and on day 14 in neonates (43), day 14 after immunization was selected for 

the current setup. However, the ideal experimental setup to ensure capturing the peak of activation 

induced by all adjuvants would be to include additional time points, but that would be too time 

consuming, expensive and required the sacrifice of more animals.  

A similar comparative study where Pnc1-TT or only TT were used as model vaccines, the 

adjuvants LT-K63, mmCT, MF59 and IC31 showed comparable GC induction, unlike what was 
observed in this study (73, 95). In the previously described studies, LT-K63 and IC31 groups had a 

mean number of around 2.5 GCs and mmCT and MF59 around 1.5 (73, 95), however in this study the 

GC reaction in MF59 and IC31 groups was hardly detectable. Furthermore, the mean number of GCs 

in the LT-K63 group in this study was around 0.25, more than ten times lower than observed in a 

previous study in neonatal mice where Pnc1-TT was administered along with LT-K63 (50). Together 

this suggests that the overall response in this experiment was especially low. 

The poor responsiveness of the neonatal immune system to vaccinations has been suggested to 

be highly associated with delayed maturation of FDC networks which in turn are necessary to support 
the GC reaction in lymphoid organs during early murine life (43). Our results showed no difference 

between groups in FDC maturation or size of positive clusters and in addition, all groups were showing 

high counts of FDC+ clusters. These results really contradict previous findings and it needs to be 

further investigated.  

It should be noted that the results of the immunofluorescence staining described in the results 

chapter above are partly based on a subjective evaluation. However, when I performed the 

immunofluorescence staining and analyzation, I was not aware of which groups the samples belonged 
or what type of immunization the mice had received (vaccine only, TT plus adjuvant or saline) and was 

therefore not biased towards to the readouts.   
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5.2 The effects of adjuvants on vaccine-specific serum antibodies and 
antibody-secreting cells  

Next, we wanted to assess if the effects on GC formation observed at day 14 correlated with the TT-

specific Abs in serum and induction of TT-specific IgG+ AbSCs in spleen, and subsequently their 

migration to the BM. At day 14, increased TT-specific IgG Ab levels were observed in all adjuvant 

groups compared with the vaccine only group, but LT-K63 was significantly lower than the other 
adjuvant groups. At day 14 the numbers of TT-specific IgG+ AbSCs in spleen were also significantly 

higher in all adjuvant groups except the LT-K63 group, in line with the Ab levels. In the BM however, 

only mmCT and MF59 showed significant increase in numbers of TT-specific IgG+ AbSCs. These 

findings agree well with the PNA+ staining in the mmCT group, with significant GC induction resulting 

in higher Abs and AbSC numbers in spleen and BM. The other adjuvants did not significantly affect 

GC induction, although the MF59, IC31 and alum groups had relatively high TT-specific IgG Ab levels, 

IgG+ AbSC numbers and the MF59 group was even similar to the mmCT in TT-specific IgG+ AbSC 

numbers in the BM. Consistent with the overall low PNA+ staining in this study the mean number of 
TT-specific IgG+ AbSCs in both spleen and BM on day 14 were lower than observed in previous  

neonatal mouse experiments where Pnc1-TT was given w/wo LT-K63 and in a study were TT was 

given with alum+CpG-ODN (43, 50, 73). This was reflected in lower levels of TT-specific IgG Abs in 

serum than what was observed in the previously described studies (43, 50, 73, 95).  

LT-K63 was overall in this experiment inducing considerably lower responses than what has been 

observed in previously described studies, both in GC induction, Ab and AbSC responses (50, 72, 73, 

95, 110). The adjuvant LT-K63 used in this experiment was a relatively old batch and it seems likely 
that the overall low immune response elicited by the adjuvant was due to the reason that it was 

starting to lose its functional activity due to old age. 

5.3 The effects of adjuvants on early induction of immune responses 
TT-specific IgG Abs in serum were also measured 4 and 8 days after immunization to assess if some 
of the adjuvants were eliciting an earlier Ab response. Low Ab levels were observed on day 4, as 

expected but on day 8 Abs in the mmCT and IC31 groups were already significantly higher than the 

other adjuvant groups and reaching EU/ml levels at around 2.0. Because the Ab levels at day 8 were 

already relatively high in some groups we wanted to see if there was any noticeable difference 

between groups in the GC induction at such an early time point. At day 8, the results obtained by the 

immunofluorescence staining demonstrated that mmCT was more potent in eliciting GC formation than 

vaccine only or the other adjuvants, as was observed on day 14. Alum however, seemed to be 
inducing a GC reaction at day 8 but by day 14 it was non-detectable. Furthermore, there were just 3 

mice out of 8 in the alum group who had a positive PNA staining, possibly an incidental finding.  

Unlike the immunofluorescence staining that was performed on tissues from mice sacrificed 14 

days after immunization, the analysis of stainings performed on day 8 were not blinded. It is then 

always a possibility I was subconsciously biased towards favouring some groups, but considering the 

results obtained with the alum group discourages that possibility.   
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5.4 The effects of adjuvants on the expression of TNF receptors on 
subpopulations of B cells 

The % of total events and total number of B220+ B cells, FO B cells, MZ B cells, plasmablasts and 

plasma cells on different time points after immunization was assessed and their expression of TNF 

receptors. The first question we asked was, does immunization with the vaccine have any effect on the 

expression of these receptors compared with saline and furthermore, does including any of the 
adjuvants have additional effects.  

Before we assessed the expression of these receptors, we assessed their effects on B cell 

numbers. However, the numbers of FO B cells were expected to be higher in the mmCT group than 

the other groups, given the fact that it was the only group capable of significantly inducing a GC 

reaction, but that was not observed. In this experiment, we also stained for GC B cells but that has yet 

to be analysed. It will be interesting to see if there is any differences detected between groups in GC B 

cell numbers, as was reported in a neonatal mouse study where hemagglutinin was given with the 

adjuvant CAF01, showing that adjuvantation with CAF01 augmented the number of GC B cells 
compared with unadjuvanted hemagglutinin (111).  

The expression of the TNF receptors on different B cell subpopulations was hard to interpret with 

no obvious effects of vaccination or adjuvant. IC31 had the tendency to induce higher expression of 

the TNF receptors on different B cell subpopulations, however there was only significant induction 

seen for MZ B cells. In a similar study, the effect of LT-K63, administered with Pnc1-TT, on B cells and 

their expression of BAFFR, TACI and BCMA was evaluated (unpublished data). LT-K63 was shown to 

enhance BAFFR expression on B220+, FO and MZ B cells on day 8 compared with Pnc1-TT only 
group, but this was not observed in the current study. However, similar in these two studies, LT-K63 

did not seem to have an effect on TACI expression on B220+ and FO B cells. In the current study, LT-

K63 induced TACI expression on MZ B cells on day 8 which was not previously observed 

(unpublished data). Furthermore, in the previous study LT-K63 induced higher numbers of 

plasmablasts (defined as CD138+B220+) and plasma cells (CD138+B220neg) numbers than Pnc1-TT 

alone on days 4, 8 and 14, as well as their expression of BCMA (unpublished data). In this study, LT-

K63 and IC31 did also enhance CD138+B220neg numbers on day 8 compared with vaccine only group, 

but there was no apparent effect on CD138+B220+ or on BCMA expression. It has been shown that 
TACI promotes the generation and/or maintenance of long-lived plasma cells (44, 112). The adjuvants 

IC31 and LT-K63 enhanced the expression of TACI on CD138+B220neg cells on day 8, correlating with 

the high CD138+B220neg cell numbers in those groups, despite having little effects on BCMA 

expression. In this study, mice in the saline group seemed unexpectedly to have relatively high 

numbers of plasmablasts and plasma cells which was not observed in the previous study (unpublished 

data). 

Immunohistological staining for the molecules of the TNF-signalling pathway had not been 

performed before by our research group and needed to be standardized. Several Abs were tested with 
different secondary Abs, multiple concentrations of both primary and secondary Abs were tested, and 

various blocking methods applied, without progress. Future steps would be to try other Abs that have 

different binding specificity than those we have assessed, other blocking methods and enzymatic 
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staining. Fluorescent staining for molecules of the TNF-signalling pathway has been performed by 

other groups (57, 113-115), thus further standardization will hopefully be successful. 

Protein measurement of APRIL and BAFF using JESS capillary western blot system was tested on 

a cell lysate obtained from an adult mouse. Adult mouse cell lysate was used for optimization as the 

Bradford assay protein kit used for measuring total protein concentration was not able to detect the 

low amount of proteins found in the neonatal samples. However, we have recently managed to 

measure the total protein concentration in a neonatal mouse cell lysate sample using a different 
protein assay kit (Pierce BCA protein Assay Kit; Thermo Fisher Scientific, Waltham, USA).  

Both APRIL and BAFF have been reported to measure around 30-32 kDa in western blots and as 

17 kDa when processed (116, 117). Our measurement of the cell lysate with anti-BAFF as primary Ab 

showed a protein at around 70 kDa in size. However, BAFF is often found in a trimeric form which 

could explain the high molecular weight. Another possible explanation is that BAFF is highly 

glycosylated protein which could lead to a higher molecular weight observed (118). The next step in 

optimizing the measurement of BAFF will be trying denaturing at different temperatures and durations 

to deglycosylate the proteins. Hopefully in the near future the protocol for measuring BAFF and APRIL 
in neonatal cell lysate will be standardized so that their quantity can be compared between different 

immunization and adjuvant groups, to assess if any of the adjuvants affect BAFF and/or APRIL levels. 

5.5 Long-term effects of adjuvants on antibodies and antibody-secreting 
cells 

The long-term effect of adjuvants on the immune response was evaluated by measuring TT-specific 

IgG serum Abs 28 and 42 days after immunization and TT-specific IgG+ AbSCs in spleen and BM 42 
days after immunization. The Ab measurement showed that all the adjuvants tested, except alum 

induced a significantly stronger TT-specific IgG Ab levels 14, 28 and 42 days after immunization than 

vaccine only. On day 42, there were few TT-specific IgG+ AbSCs detected in the spleen, although the 

mmCT and IC31 groups still had significantly higher numbers than the vaccine only and alum groups. 

Surprisingly, at day 42 none of the adjuvant groups, except MF59 group, had enhanced homing to and 

persistence of TT-specific IgG+ AbSCs in the BM compared with vaccine only. Similar to what was 

observed on day 14, the numbers of TT-specific IgG+ AbSCs in spleen and BM were fewer and TT-

specific IgG serum levels were lower on day 42 than previously observed in similar experiments 
performed by our research group (50, 73, 95).  

Furthermore, even though alum seemed to induce a GC response on day 8 and relatively high 

numbers of different B cell subpopulations that was not reflected in the long-term persistence of TT-

specific IgG+ AbSCs detected in the BM at day 42. Alum is the only adjuvant approved for infant 

vaccination because of its extensive safety record and its promotion of immune response but on the 

other hand alum is relatively weak at inducing protective adult-like immune response in neonates (39, 

119).  

IC31 group tended to enhance the expression of TNF receptors on different B cell subpopulations, 
although only reached significance on MZ B cells at day 8. LT-K63 and IC31 groups induced 

significantly higher numbers of CD138+B220neg plasmablasts/plasma cells and their expression of 
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TACI compared with vaccine only group. Surprisingly, this finding was not reflected, in LT-K63 or IC31 

groups, by higher numbers of TT-specific IgG+ AbSCs in spleen or BM 42 days after immunization. 

Ab avidity was evaluated in serum samples taken on day 42 using ELISA with an extra KSCN step, 

which, depending on the molarity of KSCN, displaces bound Abs that have lower avidity. Different 

concentrations of TT-specific IgG levels in samples may affect the results of the avidity measurement. 

Therefore, serum samples were diluted so that their TT-specific IgG Ab concentration without KSCN 

would yield approximately 1.7 in absorbance. There were serum samples that had too low TT-specific 
IgG Ab concentration to reach 1.7 in absorbance and were therefore used undiluted. That could also 

affect the results since it would look like relatively little amounts of Abs got displaced. This method 

though commonly used, is not optimal to measure avidity, in particular for low Ab levels.  

 Without KSCN, and after elution with 1.0 M and 2.5 M KSCN, all of the adjuvant groups, except 

the alum group, had significantly higher Ab concentration than vaccine only, reflecting higher 

proportion of Abs with moderate or high avidity. At 2.5 M the two enterotoxin adjuvant groups, LT-K63 

and mmCT groups, had also significantly higher Ab concentration than the alum group. Given the fact 

that mmCT induced more GC response than the other adjuvants we expected to see higher proportion 
of moderate and high avidity Abs in that group, which was not observed. It would have been 

interesting to see if there was a difference in avidity at earlier time points such as day 14 or 28, which 

might have levelled off at day 42. One research group observed that three weeks after single 

immunization with hemagglutinin and the adjuvant CAF01 had less of higher avidity Abs in neonates 

than adults, but by week nine no difference was detected (111). Measuring the mean avidity of TT-

specific Abs in each group, by the use of serial dilutions of KSCN concentrations may also be more 

sensitive for detecting differences in avidity than measuring only the fraction of Abs that have higher 

avidity than can be displaced by 1.0 M or 2.5 M KSCN. 
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6 Conclusion 
In this study, four novel adjuvants and the commonly used alum were tested with tetanus-toxoid, TT, 

comparing their effects on the immune response in murine neonates. The results of this study indicate 

that of the adjuvants tested, mmCT was the only adjuvant that induced GC activation. Mice immunized 

with TT formulated with IC31, tended to have enhanced expression of TNF receptors on different B 

cell subpopulations. IC31 and LT-K63 groups enhanced CD138+B220neg plasmablast/plasma cell 

numbers and their expression of TACI that has been shown to promote the generation and 

maintenance of long-lived plasma cells. However, only MF59 induced migration and maintenance of 

AbSCs in BM though LT-K63 has been demonstrated repeatedly by our group to promote the 
persistence of AbSC in BM. All the adjuvants except for alum induced long-term Ab responses in 

serum. Unfortunately, the overall response in this experiment was extremely low when compared with 

previous studies and outlines the possible heterogeneity between different experiments with the same 

setup. It emphasizes on the importance to repeat experiments especially when performed on outbred 

mice and even more so if performed on neonatal mice.  
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Appendix 1 

 
Figure A1. The effects of adjuvants on follicular formation, FDC maturation and migration of 

MMMs into follicles 14 days after immunization. 
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Spleens were removed 14 days after immunization and half of the spleen was snap 
frozen, serial 7-μm cryosection were cut at two levels, starting 1750 μm into the tissue, and 
levels were separated by 210 μm. Spleen sections were stained with fluorescent Abs for 
IgM, FDCs and MMMs 14 days after immunization. (A) IgM represents total number of 
follicles per section, (B) FDC-M2+ represents total number of matured FDC clusters per 
section, (C) MOMA-1+ represents migration of MMMs into follicles per section, (D) FDC-
M2+/IgM ratio represents fully developed FDC networks in relation to total number of follicles 
per section, (E) FDC-M2+ size represents average size of mature FDC clusters in µm2 per 
section and (F) MOMA-1+/IgM ratio represents number of MOMA-1+ migration into follicles in 
relation to total number of follicles per section. Results are expressed as mean ± SD with 8 
mice per group with the exception of TT (n=7) and TT+mmCT (n=7) and statistics were done 
by using Mann-Whitney U test where adjuvant groups were compared to vaccine only group: 
*p<0.05, **p<0.01. 
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Figure A2. The effects of adjuvants on number of follicles 8 days after immunization.  
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Spleens were removed 8 days after immunization and half of the spleen was snap 
frozen, serial 7-μm cryosection were cut at two levels, starting 1400 μm into the tissue, and 
levels were separated by 210 μm Spleen sections were stained with fluorescent Abs for IgM 
8 days after immunization. IgM+ represents total number of follicles per section. Results are 
expressed as mean ± SD with 8 mice per group with the exception of TT (n=7) and 
TT+mmCT (n=7) and statistics were done by using Mann-Whitney U test where adjuvant 
groups were compared to vaccine only group: *p<0.05, **p<0.01. 
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Figure A3. The effects of adjuvants on GC induction, FDC maturation and migration of MMMs 

into follicles at day 8 vs day 14 after immunization. 
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Spleens were removed 8 or 14 days after immunization and half of the spleen was 
snap frozen, serial 7-μm cryosection were cut at two levels, starting 1400 or 1750 μm into 
the tissue, respectively, and levels were separated by 210 μm Spleen sections were stained 
with fluorescent Abs for IgM, PNA, FDCs and MMMs 8 and 14 days after immunization. IgM 
represents total number of follicles per section, PNA+ represents the number of GCs, 
PNA+/IgM ratio describes the activated GCs in relation to the total number of follicles and 
size of GCs shows the mean positive area of GCs in µm2. Results are expressed as mean ± 
SD with 7-8 mice per group.  
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Appendix 2 

 

Figure A4. Kinetics of different subpopulations of B cells presented as total event rate %, total 
numbers and gated event rate %. at day 4, 8 and 14 after immunization  
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Single cell suspensions from spleen were prepared from mice 4, 8 and 14 days after 
immunization. Cells were stained with Abs for B220, CD21 and CD23 and analysis was 
performed by flow cytometry. Results are given as total number of cells and shown as mean 
± SD. Each symbol represents one mouse and there were 8 mice per group with the 
exception of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and saline on day 
14 (n=6).  
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Figure A5. Total event rate % of B220+ B cells positive for either BAFFR, TACI or BCMA at 

different time points after immunization.   
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Single cell suspensions from spleen were prepared at day 4, 8 and 14 after 
immunization. Cells were stained with Abs for B220, BCMA, BAFFR and TACI and analysis 
was performed by flow cytometry. Results are given as total number of cells and shown as 
mean ± SD. Each symbol represents one mouse and there were 8 mice per group with the 
exception of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and saline on day 
14 (n=6). Statistical calculations were done by using Kruskal-Wallis H test with Dunn’s 
multiple comparisons test where adjuvant groups were compared with saline: *p<0.05, 
**p<0.01, and vaccine only group: *p<0.05, **p<0.01. 
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Figure A6. Total event rate % of FO B cells positive for either BAFFR, TACI or BCMA at different 

time points after immunization. 
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Single cell suspensions from spleen were prepared at day 4, 8 and 14 after 
immunization. Cells were stained with Abs for B220, CD21, CD23, BCMA, BAFFR and TACI 
and analysis was performed by flow cytometry. Results are given as total number of cells 
and shown as mean ± SD. Each symbol represents one mouse and there were 8 mice per 
group with the exception of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) 
and saline on day 14 (n=6). Statistical calculations were done by using Kruskal-Wallis H test 
with Dunn’s multiple comparisons test where adjuvant groups were compared with saline: 
*p<0.05, **p<0.01, and vaccine only group: *p<0.05, **p<0.01. 
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Figure A7. Total event rate % of MZ B cells positive for either BAFFR, TACI or BCMA at 
different time points after immunization. 
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Single cell suspensions from spleen were prepared at day 4, 8 and 14 after 
immunization. Cells were stained with Abs for B220, CD21, CD23, BCMA, BAFFR and TACI 
and analysis was performed by flow cytometry. Results are given as total number of cells 
and shown as mean ± SD. Each symbol represents one mouse and there were 8 mice per 
group with the exception of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) 
and saline on day 14 (n=6). Statistical calculations were done by using Kruskal-Wallis H test 
with Dunn’s multiple comparisons test where adjuvant groups were compared with saline: 
*p<0.05, **p<0.01, and vaccine only group: *p<0.05, **p<0.01. 
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Figure A8. Total event rate % of plasmablasts positive for either BAFFR, TACI or BCMA at 
different time points after immunization. 
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Single cell suspensions from spleen were prepared at day 4, 8 and 14 after 
immunization. Cells were stained with Abs for B220, CD138, BCMA, BAFFR and TACI and 
analysis was performed by flow cytometry. Results are given as total number of cells and 
shown as mean ± SD. Each symbol represents one mouse and there were 8 mice per group 
with the exception of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and 
saline on day 14 (n=6). Statistical calculations were done by using Kruskal-Wallis H test with 
Dunn’s multiple comparisons test where adjuvant groups were compared with saline: 
*p<0.05, **p<0.01, and vaccine only group: *p<0.05, **p<0.01. 
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Figure A9. Total event rate % of plasmablasts/plasma cells positive for either BAFFR, TACI or 
BCMA at different time points after immunization. 
Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. Single cell suspensions from spleen were prepared at day 4, 8 and 14 after 
immunization. Cells were stained with Abs for B220, CD138, BCMA, BAFFR and TACI and 
analysis was performed by flow cytometry. Results are given as total number of cells and 
shown as mean ± SD. Each symbol represents one mouse and there were 8 mice per group 
with the exception of TT+mmCT on day 8 and 14 (n=7), TT+LT-63 on day 14 (n=7) and 
saline on day 14 (n=6). Statistical calculations were done by using Kruskal-Wallis H test with 
Dunn’s multiple comparisons test where adjuvant groups were compared with saline: 
*p<0.05, **p<0.01, and vaccine only group: *p<0.05, **p<0.01. 
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Appendix 3 

 

 

Figure A10. Readout of cell lysate measurement.  
Cell lysate from an adult mouse was measured undiluted without any primary Abs using 
JESS capillary western blot system and data analysed using the software Compass for SW.  

 

 

Figure A11. Readout of anti-BAFF measurement.  
Anti-BAFF was measured at the concentration of 1/10 without any cell lysate, using JESS 
capillary western blot system and data analysed using the software Compass for SW. 
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Figure A12. Readout of anti-APRIL measurement.  
Anti-APRIL was measured at the concentration of 1/10 without any cell lysate, using JESS 
capillary western blot system and data analysed using the software Compass for SW. 

 

 

 
 Figure A13. The TT-specific IgG Ab response 14 and 28 days after immunization.   

Mice were immunized with TT as neonates (7 days old) w/wo different adjuvants or with 
saline. The TT-specific Ab levels were measured by ELISA 14 and 28 days after 
immunization and expressed as mean log ELISA units (EU)/ml ± SD. Each symbol 
represents one mouse and there were 8 mice per group with the exception of TT+LT-K63 
(n=3), TT+mmCT (n=5) and saline (n=13) and statistical calculation was done by using 
Mann-Whitney U test where adjuvant groups were compared to vaccine only group: *p<0.05, 
**p<0.01. 
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Appendix 4 
Table A1. Statistical differences between different test groups for PNA+ staining at day 14. 

Statistics were done by using Mann-Whitney U test and bolded values indicate significance 
at p<0.05. 

PNA+ TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 0.2951 -      

TT+mmCT 0.0373 0.3197 -     

TT+MF59 >0.9999 0.3473 0.058 -    

TT+IC31 0.8564 0.1795 0.0238 >0.9999 -   

TT+alum 0.2 0.0769 0.007 0.4667 >0.9999 -  

Saline 0.2 0.0769 0.007 0.4667 >0.9999 >0.9999 - 
 

Table A2. Statistical differences between different test groups for mean positive GC area at day 
14. Statistics were done by using Mann-Whitney U test and bolded values indicate 
significance at p<0.05. 

GC size TT TT+LT-
K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 0.2755 -      

TT+mmCT 0.0536 0.2584 -     

TT+MF59 >0.9999 0.3147 0.0493 -    

TT+IC31 0.3231 0.0769 0.0126 0.4667 -   

TT+alum 0.2 0.0769 0.007 0.4667 >0.9999 -  

Saline 0.2 0.0769 0.007 0.4667 >0.9999 >0.9999 - 

 
Table A3. Statistical differences between different test groups for IgM/PNA+ ratio day 14. 

Statistics were done by using Mann-Whitney U test and bolded values indicate significance 
at p<0.05. 

PNA+/IgM TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 0.4061 -      

TT+mmCT 0.0373 0.2106 -     

TT+MF59 0.9282 0.2494 0.0263 -    

TT+IC31 0.4462 0.1282 0.0126 0.7333 -   

TT+alum 0.2 0.0769 0.007 0.4667 >0.9999 -  

Saline 0.2 0.0769 0.007 0.4667 >0.9999 >0.9999 - 

 

 

 



  

87 

Table A4. Statistical differences between different test groups for TT-specific IgG concentration 
at day 14. Statistics were done by using Mann-Whitney U test and bolded values indicate 
significance at p<0.05. 

Anti-TT IgG TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 0.0031 -      

TT+mmCT 0.0006 0.0003 -     

TT+MF59 0.0003 0.0002 0.9551 -    

TT+IC31 0.0003 0.0002 0.0499 0.0357 -   

TT+alum 0.0003 0.0002 0.1206 0.0499 0.7773 -  

Saline 0.2000 0.0014 0.0002 0.0002 0.0002 0.0002 - 
 

Table A5. Statistical differences between different test groups for TT-specific IgG AbSCs 
numbers in spleen at day 14. Statistics were done by using Mann-Whitney U test and 
bolded values indicate significance at p<0.05. 

AbSCs Sp TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 0.0611 -      

TT+mmCT 0.0012 0.0057 -     

TT+MF59 0.0003 0.0006 0.5158 -    

TT+IC31 0.0003 0.0003 0.6126 0.1294 -   

TT+alum 0.0006 0.0373 0.3357 0.7007 0.1049 -  

Saline 0.7333 0.0256 0.0003 0.0002 0.0002 0.0003 - 
 

Table A6. Statistical differences between different test groups for TT-specific IgG AbSCs 
numbers in BM at day 14. Statistics were done by using Mann-Whitney U test and bolded 
values indicate significance at p<0.05. 

AbSCs BM TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 0.7750 -      

TT+mmCT 0.0019 0.0011 -     

TT+MF59 0.0207 0.0047 0.4443 -    

TT+IC31 0.6454 0.1540 0.0766 0.0830 -   

TT+alum 0.0650 0.0224 0.1128 0.1357 0.7209 -  

Saline 0.0688 0.8127 0.0003 0.0019 0.0297 0.0019 - 
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Table A7. Statistical differences between different test groups for TT-specific IgG concentration 
at day 4. Statistics were done by using Mann-Whitney U test and bolded values indicate 
significance at p<0.05. 

Anti-TT IgG TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 0.0002 -      

TT+mmCT 0.0002 0.0050 -     

TT+MF59 0.0002 0.0006 0.4880 -    

TT+IC31 0.5179 0.0002 0.0003 0.0012 -   

TT+alum 0.0002 0.0002 0.0002 0.0002 0.0003 -  

Saline 0.0002 0.0070 0.9352 0.2221 0.0008 0.0003 - 
 

Table A8. Statistical differences between different test groups for TT-specific IgG concentration 
at day 8. Statistics were done by using Mann-Whitney U test and bolded values indicate 
significance at p<0.05. 

Anti-TT IgG TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 0.0002 -      

TT+mmCT 0.0003 0.0003 -     

TT+MF59 0.0002 0.0047 0.0197 -    

TT+IC31 0.0002 0.0002 >0.9999 0.007 -   

TT+alum 0.0016 0.5054 0.0003 0.0076 0.0002 -  

Saline 0.3131 0.0002 0.0003 0.0002 0.0002 0.0012 - 

 
Table A9. Statistical differences between different test groups for PNA+ staining at day 8. 

Statistics were done by using Mann-Whitney U test and bolded values indicate significance 
at p<0.05. 

PNA+ TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 >0.9999 -      

TT+mmCT 0.0256 0.0256 -     

TT+MF59 >0.9999 >0.9999 0.0256 -    

TT+IC31 >0.9999 >0.9999 0.0443 >0.9999 -   

TT+alum 0.2 0.2 0.4626 0.2 0.3231 -  

Saline >0.9999 >0.9999 0.0256 >0.9999 >0.9999 0.2 - 
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Table A10. Statistical differences between different test groups for mean positive GC area at 
day 8. Statistics were done by using Mann-Whitney U test and bolded values indicate 
significance at p<0.05. 

GC size TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 >0.9999 -      

TT+mmCT 0.0256 0.0256 -     

TT+MF59 >0.9999 >0.9999 0.0256 -    

TT+IC31 >0.9999 >0.9999 0.0443 >0.9999 -   

TT+alum 0.2 0.2 0.5235 0.2 0.2 -  

Saline >0.9999 >0.9999 0.0256 >0.9999 >0.9999 0.2 - 
 

Table A11. Statistical differences between different test groups for IgM/PNA+ ratio day 8. 
Statistics were done by using Mann-Whitney U test and bolded values indicate significance 
at p<0.05. 

PNA+/IgM TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 >0.9999 -      

TT+mmCT 0.0256 0.0256 -     

TT+MF59 >0.9999 >0.9999 0.0256 -    

TT+IC31 >0.9999 >0.9999 0.0443 >0.9999 -   

TT+alum 0.2 0.2 0.2625 0.2 0.2 -  

Saline >0.9999 >0.9999 0.0256 >0.9999 >0.9999 0.2 - 
 

Table A12. Statistical differences between different test groups for TT-specific IgG 
concentration at day 42. Statistics were done by using Mann-Whitney U test and bolded 
values indicate significance at p<0.05. 

Anti-TT IgG TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 0.0121 -      

TT+mmCT 0.0295 0.5714 -     

TT+MF59 0.0225 0.2545 0.1375 -    

TT+IC31 0.003 0.2788 0.2844 >0.9999 -   

TT+alum >0.9999 0.0121 0.0109 0.0362 0.0207 -  

Saline <0.0001 0.0036 0.0002 <0.0001 <0.0001 <0.0001 - 
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Table A13. Statistical differences between different test groups for TT-specific IgG AbSCs 
numbers in spleen at day 42. Statistics were done by using Mann-Whitney U test and 
bolded values indicate significance at p<0.05. 

AbSCs Sp TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 >0.9999 -      

TT+mmCT 0.0373 0.3750 -     

TT+MF59 0.0514 0.3636 0.2378 -    

TT+IC31 0.0140 0.2606 0.6480 0.4889 -   

TT+alum 0.5301 0.7455 0.0194 0.0151 0.0071 -  

Saline 0.2916 0.6464 0.0076 0.0028 0.0017 0.6114 - 
 

Table A14. Statistical differences between different test groups for TT-specific IgG AbSCs 
numbers in BM at day 42. Statistics were done by using Mann-Whitney U test and bolded 
values indicate significance at p<0.05. 

AbSCs BM TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum Saline 

TT -       

TT+LT-K63 0.5273 -      

TT+mmCT 0.1251 0.3929 -     

TT+MF59 0.0129 0.1212 0.5952 -    

TT+IC31 0.2000 0.4667 0.2797 0.7829 -   

TT+alum 0.2148 0.1273 0.0466 0.0023 0.0399 -  

Saline 0.0961 0.0143 0.0223 <0.001 0.0201 0.9517 - 
 

Table A15. Statistical differences between TT-specific IgG AbSCs numbers in spleen at day 14 
and 42. Statistics were done by using Mann-Whitney U test and bolded values indicate 
significance at p<0.05. 

D14 vs D42 Spleen P-value 

TT 0.3147 
TT+LT-K63 0.4788 
TT+mmCT 0.0480 
TT+MF59 0.0002 
TT+IC31 0.0002 
TT+alum 0.0006 

Saline 0.5048 
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Table A16. Statistical differences between TT-specific IgG AbSCs numbers in BM at day 14 and 
42. Statistics were done by using Mann-Whitney U test and bolded values indicate 
significance at p<0.05. 

D14 vs D42 BM P-value 

TT 0.0673 
TT+LT-K63 >0.9999 
TT+mmCT 0.6098 
TT+MF59 0.0999 
TT+IC31 0.3667 
TT+alum 0.0006 

Saline 0.0030 
 

Table A17. Statistical differences between TT-specific IgG Ab levels of different test groups wo 
KSCN. Statistics were done by using Mann-Whitney U test and bolded values indicate 
significance at p< 0.05.  

Wo KSCN TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum 

TT -      

TT+LT-K63 0.0121 -     

TT+mmCT 0.0295 0.5714 -    

TT+MF59 0.0281 0.1333 0.1274 -   

TT+IC31 0.0030 0.2788 0.3543 >0.9999 -  

TT+alum >0.9999 0.0121 0.0186 0.0207 0.0281 - 
 

Table A18. Statistical differences between TT-specific IgG Ab levels of different test groups at 
1.0 M KSCN. Statistics were done by using Mann-Whitney U test and bolded values indicate 
significance at p< 0.05.  

1.0 M TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum 

TT -      

TT+LT-K63 0.0121 -     

TT+mmCT 0.0295 0.5714 -    

TT+MF59 0.0499 0.3758 0.2844 -   

TT+IC31 0.007 0.2788 0.4351 >0.9999 -  

TT+alum 0.9591 0.0121 0.0109 0.0379 0.0207 - 
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Table A19. Statistical differences between TT-specific IgG Ab levels of different test groups at 
2.5 M KSCN. Statistics were done by using Mann-Whitney U test and bolded values indicate 
significance at p< 0.05. 

2.5 M TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum 

TT -      

TT+LT-K63 0.0485 -     

TT+mmCT 0.0295 0.3929 -    

TT+MF59 0.065 0.6303 0.2844 -   

TT+IC31 0.0281 0.2788 0.4351 0.9591 -  

TT+alum 0.7984 0.0485 0.0295 0.1049 0.065 - 
 

Table A20. Statistical differences between different test groups for percent of TT-specific IgG 
Abs retained at 1.0 M KSCN. Statistics were done by using Mann-Whitney U test and 
bolded values indicate significance at p< 0.05. 

1.0 M TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum 

TT -      

TT+LT-K63 0.497 -     

TT+mmCT 0.5237 0.7857 -    

TT+MF59 0.4418 0.497 0.8329 -   

TT+IC31 0.6454 0.1939 0.5237 0.3823 -  

TT+alum 0.3357 0.8333 0.6389 0.5358 0.281 - 
 

Table A21. Statistical differences between different test groups for percent of TT-specific IgG 
Abs retained at 2.5 M KSCN. Statistics were done by using Mann-Whitney U test and 
bolded values indicate significance at p< 0.05. 

2.5 M TT TT+LT-K63 TT+mmCT TT+MF59 TT+IC31 TT+alum 

TT -      

TT+LT-K63 0.1939 -     

TT+mmCT 0.2844 0.7857 -    

TT+MF59 0.3823 0.7758 0.9433 -   

TT+IC31 0.7984 0.497 0.4351 0.3823 -  

TT+alum 0.281 >0.9999 0.6389 0.4634 0.3969 - 
 

 

 


