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Preface 

The reason to why I became interested in immunology is quite simple; my own 
immune system had been bothering me for many years. Somehow, my immune cells 
thought that horses, or more specifically the dander they produce, was something I 
should be protected from. My parents might have agreed on that, but my interest for 
horses remained and although worse at times, the allergy was manageable. On top of 
this, all kinds of pollen were fought off with power, making spring and early summer 
periods when my consumption of antihistamines spiked. I was certainly not thinking 
about immunology at that time, but it was likely these experiences that eventually made 
me curious as to why I produce antibodies towards seemingly harmless proteins.  

The work presented in this thesis does not specifically handle allergic responses, but it 
does focus on the cellular events leading to production of high-affinity antibodies in 
response to immunization (the more scientific word for vaccination), which occurs in 
the Germinal Center response. Production of antibodies is a shared feature between 
allergy, autoimmunity and vaccination, and a further understanding of this process may 
have bearing on all three entities. 

I have definitely learned a lot during my time as a PhD student, but for each new insight 
I have also realized how much there is left to learn about immunology. Another 
realization has been how fascinating the immune system actually is. In many ways it is 
difficult to understand how this complex network of cells and mediators has developed 
and, most often, functions without complications.  

For most readers (who will rapidly skip to the acknowledgement section), I would like 
to recommend the first part of the ‘Vaccination’ chapter, which will give an explanation 
of the picture on the back of this book. 

Happy reading! 

 

Madelene Dahlgren 
Lund, Mars 2016 
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Introduction  

Our immune system essentially has two tasks. First, it should protect us against disease, 
either by fighting off potentially harmful microbes to prevent infection, or by 
recognizing aberrant cells to prohibit tumor progression. In addition, it needs to stay 
tolerant to our own tissue in order to prevent autoimmune disease. This balance is 
maintained by a network of different cell types and organs that together found the basis 
of our immune system, generally divided into innate and adaptive immunity. These 
systems have distinct features but are nonetheless equally important. Moreover, the 
communication between innate and adaptive cells is central to mount an effective 
immune response. 

The innate immune system is our first line of defense and consists of both physical 
barriers, such as our skin and epithelial cells lining the gut and lungs, and cells residing 
in the underlying tissue with the ability to rapidly respond if the barrier is breached. 
Cells belonging to the innate defense recognize different types of conserved patterns 
associated with danger, collectively called pathogen associated molecular patterns 
(PAMPs). These cells have the ability to prevent dissemination of the pathogen as well 
as recruiting and activating cells of the adaptive arm of the immune system. Innate 
immune cells include monocytes, macrophages, granulocytes, mast cells, natural killer 
(NK) cells and dendritic cells (DCs).  

In contrast to the immediate response by innate immune cells, the adaptive response 
takes days before it has differentiated into functional effector cells. B and T cells are the 
effector cells of the adaptive response, which develop in the bone marrow and thymus, 
respectively. Instead of recognizing conserved patterns, B and T cells express receptors 
that recognize a wide variety of antigens. This enables them to respond to essentially 
any type of pathogen. These receptors are generated by a random assembly of different 
variable (V), diversity (D) and joining (J) gene segments during lymphocyte 
development, producing a highly diverse repertoire of T cell receptors (TCRs) and B 
cell receptors (BCRs). These receptors are then tested for recognition of autoantigens, 
which in most cases leads to clonal deletion, but also development of lymphocytes with 
regulatory properties.  

A major difference between B and T cells is that B cells recognize native antigens, such 
as folded proteins, small molecules or glycosylated structures, while T cells recognize 
processed peptides presented on major histocompatibility complexes (MHCs) by 
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antigen presenting cells (APCs). Cells that are particularly good at priming T cells are 
referred to as professional APCs and include DCs, B cells, monocytes and macrophages. 
Grossly, T cells are divided into two subsets based on the expression of CD4 and CD8. 
CD8+ T cells recognize peptides in the context of MHC class I and, upon activation, 
differentiate into cytotoxic T cells with the ability to immediately kill infected cells. On 
the other hand, CD4+ T cells binds peptides presented on MHC class II and, following 
activation, support macrophage activation and antibody production by B cells 
(humoral immunity). Therefore, this subset is also called T helper (Th) cells. 
Depending on the type of immune response, Th cells obtain different properties and 
are further divided into subsets based on their function. 

Importantly, adaptive immune cells tailor the response to the invading pathogen by 
selective amplification of cells that recognize the specific antigen and B cells can edit 
their receptors to improve their binding ability. In many cases, this is required to 
efficiently clear the infection. However, the utmost significant feature of adaptive 
immunity is its ability to form memory, which means that during secondary exposure 
to the same antigen the response will be more rapid and of higher quality.  

The work included in this thesis mainly focuses on the adaptive immune response, and 
more specifically, how T cell- dependent B cell responses are regulated by innate cells 
and mediators. 
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Humoral immunity 

A central aspect of the adaptive response is humoral immunity, mediated by 
Immunoglobulins (Igs) or antibodies. The activity of antibodies was observed already 
in 1890 by Behring and Kitasato who found that blood had the ability to neutralize 
diphtheria toxin, demonstrating that serum inhabiting anti-toxin activity could protect 
animals exposed to the same toxin [1]. Antibodies are heterodimeric glycoproteins 
circulating in body fluids that are small enough to enter and scavenge extracellular 
spaces, with the ability to neutralize toxins and mediate antibody-dependent cellular 
cytotoxicity (ADCC). Antibodies are produced by plasma cells (PCs), which are 
differentiated B cells specialized in producing high amounts of antibodies. The 
antibody molecule is composed of two light (L) and two heavy (H) chains, both with 
variable (V) regions that together forms two identical antigen-binding sites and 
determines the antigen specificity of the antibody. The constant (C) region of the H 
chain, designates the isotype subclass that determines the effector function of the 
antibody (Figure 1). This is regulated by binding to different types of Fc-receptors 
(FcR) expressed on distinct immune cells, or complement proteins, with varying 
affinity [2]. Simply put, Igs are the adaptors of adaptive immunity.  

Immunoglobulins 

Five different isotypes of Igs are found in both mice and human; IgM, IgD, IgA, IgE 
and IgG. The first isotype expressed during B cell development is IgM, and together 
with IgD, IgM function as the native BCR of all mature naïve B cells egressing from 
the bone marrow [1]. IgM is secreted as a pentameric molecule and initially dominates 
the primary humoral response until other isotypes have been generated. IgM has the 
ability to activate the classical complement pathway and contributes to the repertoire 
of natural antibodies thought to be involved in, for example, the clearance of apoptotic 
cells [3]. IgD is probably the least studied isotype of all Igs, although expressed on all 
mature naïve B cells. In addition to serving as a surface receptor, soluble IgD has the 
ability to bind basophils and is suggested to be involved in the defense against pathogens 
present in the upper respiratory tract [4]. IgA is the predominant isotype in mucosal 
secretions and breast milk, primarily secreted as dimers. Hence, IgA is part of the 
immunity against virus, bacteria and parasites at mucosal surfaces such as the gut and 
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vaginal tract. Two subclasses of IgA are present in humans, but only one is present in 
mice. IgE is involved in responses against parasites, but is also associated with aberrant 
responses to harmless environmental antigens in atopic allergy. Very low levels of free 
IgE is present in blood, partially due to its high affinity to the FcεRI expressed on mast 
cells, basophils, and eosinophils [5]. 

IgG is the predominant isotype found in blood and extravascular compartments, 
compromising up to 75% of the total Ig in the blood. Serum IgG has a half-life of 
approximately 23 days, which is the longest of all Igs. An important feature of the IgG 
molecules is their ability to cross the placenta, contributing to the initial protection of 
the newborn. There are four different IgG subclasses in humans; IgG1, IgG2, IgG3 
and IgG4, named after their relative concentration in serum [6]. Mice instead produce 
the IgG subclasses IgG1, IgG2a, IgG2b and IgG3. Certain inbred mouse strains 
(C57Bl/6, C57Bl/10, SJL and NOD mice) do not express IgG2a but instead have an 
equivalent isotype named IgG2c, whereas some outbred mice strains can produce both 
IgG2a and IgG2c isotypes [7,8]. Mouse IgG subclasses are however not homologues of 
the human IgG isotypes [9]. Functionally, IgG3 and IgG1 of the human isotypes are 
known as efficient activators of the complement system, while IgG2a and IgG2c are 
the superior isotypes for this function in mouse [10].  

Antibodies of the IgG isotype represent an important hallmark of immunological 
memory and notably, the protective effect of most currently available vaccines relies on 
the generation of long-lived, high affinity IgG-responses [11]. 

 

 

Figure 1. Schematic overview of an immunoglobulin molecule (antibody) 
An antibody is composed of two heavy (IgH) and two light chains (IgL). Both IgH- and IgL-chains have a variable region 
that together forms the antigen-binding sites. The two constant IgH-chains form the Fc-region and determine the isotype 
of the antibody.  
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Functional differences between IgG subclasses 

While the variable regions determine the antigen specificity, the Fc-region (made up of 
the two identical CH chains) of the antibody determines which type of response that 
should be elicited. The major players involved in IgG mediated effector responses are 
the complement system and FcγRs. 

The classical pathway of the complement system comprises a group of plasma proteins 
that is activated by binding to antibodies of the IgM and IgG isotypes. This pathway is 
an essential part of the innate response that mediates rapid responses to infection. 
Although all IgG subclasses can bind to the complement protein C1q [12], and IgG2a 
does so with greatest affinity [10], this is not the single mechanism by which IgGs can 
mediate effector functions.  

In addition to having varying affinities for complement proteins, the functionality of 
IgG subclasses is linked to their ability to bind specific FcγRs. The FcγRs also differs 
between mice and human. In this section, I will refer to the mouse system. Mice express 
four different FcγRs, of which FcγRIIb is inhibitory, and FcγRI, FcγRIII and FcγRIV 
are activating [2]. These receptors are associated to signaling subunits containing either 
immunoreceptor tyrosine-kinase inhibition motifs (ITIMs) or immunoreceptor 
tyrosine-kinase activation motifs (ITAMs), respectively. Of the activating receptors, 
IgG1 exclusively binds FcγRIII and does so with low affinity, whereas IgG2a binds all 
receptors with high (FcγRI), intermediate (FcγRIV) or low (FcγRIII) affinity. IgG2b 
behaves similar to IgG2c, but does not bind FcγRI. All isotypes bind the inhibitory 
FcγRIIb with low affinity [2].  

The activities of specific IgG subclasses have been assessed by the use of switch variants 
(identical antigen binding clones fused to alternate CH chains). These studies have  
identified IgG2a and IgG2b as the most effective subclasses to mediate ADCC [13] as 
well as host responses to bacterial and viral infections [14-16]. Indeed, IgG2a is the 
predominant subclass produced in response to viral infections [17]. In further support 
of this, the efficacy of antibody-mediated depletion of B cells with anti-CD20 
monoclonal antibodies (mAbs) is highest when antibodies of the IgG2a subclass are 
used  [18,19]. Due to the variable effects on FcγR- mediated effector functions of IgG 
subclasses, Ravetch and Nimmerjahn has suggested that the outcome of the IgG-
activity can be predicted by the ratio of activating/inhibitory signals. Hence, as all 
subclasses bind the inhibitory receptor with low affinity, IgG1 is more sensitive to 
inhibitory signals than IgG2a and IgG2b due to its low affinity binding only to the 
activating FcγRIII, whereas IgG2a and IgG2b bind to two or more activating receptors 
with higher affinity [2].  

The involvement of FcγRs and complement in antibody-mediated responses have been 
investigated in multiple models of infection, ADCC and auto inflammatory disease 
using mice genetically deficient in either FcγRs [20], or components of the complement 
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system [21]. Some general conclusions can be drawn from these studies. First, 
deficiency in the inhibitory FcγRIIb increases the resistance to various types of 
infections but also susceptibility to autoimmune disease [20]. Second, complement is 
not required for IgG2a mediated depletion of B cells during anti-CD20 
immunotherapy [18,22], ADCC [13,23] or auto inflammatory conditions [24,25]. 
Instead, specific FcγRs appear to be involved in these IgG2a-dependent processes. 
Third, the complement system appears to play a prominent role during infection [21]. 
Some of the observed effects in studies using complement deficient mice could however 
be due to early IgM mediated complement activation and not specifically due to the 
effect of IgGs. Nevertheless, the protective effect of an IgG2a mAb during Vaccinia 
virus (VACV) infection is at least partially dependent on complement [26]. 
Presumably, the high affinity binding to several activating FcγRs, in combination with 
a greater ability to fix complement proteins, at least partially explain why antibodies of 
the IgG2a subclass have a higher potency than antibodies of the IgG1 subclass.  

Class switch recombination 

Depending on the type of antigen and route of infection, specific isotypes of antibodies 
are required to efficiently clear the invading pathogen. Class switch recombination 
(CSR) is the process when antigen experienced B cells change their isotype expression 
from the natively expressed IgM and IgD to IgA, IgE or IgG, contributing to the 
adaptation of the response as the different isotypes mediate distinct effector functions. 
CSR events depend on proliferation and involve recombination of the Ig heavy chain 
(Igh) locus containing CH exon clusters encoding all Ig isotypes. Specifically, 
recombination events occur between switch (S) regions located upstream of the CH 
genes. Consequently, the μ and δ CH chain regions are deleted and replaced by α, ε or 
γ CH regions, a process guided by germline (GL) transcripts, also referred to as sterile or 
switch transcripts. T cell-dependent CSR requires interaction between CD40L on T 
cells and CD40 on B cells, which together with IL-4 signaling induce expression of 
activation-induced cytidine deaminase (AID) [27]. This enzyme converts cytosine to 
uracil in S-regions resulting in double strand DNA breaks. The central function of 
CD40 ligation is evident from patients suffering from hyper IgM syndrome, 
characterized by increased IgM and greatly reduced IgG, IgA and IgE levels caused by 
genetic deficiencies in CD40 or CD40L [28]. CSR can also occur in the absence of T 
cell help, then requiring other CSR-inducing stimuli either by B cell activating factor 
(BAFF) or TLR-ligands, which in combination with BCR crosslinking also can 
stimulate this event [29].  
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Regulation of IgG isotype switching  

Switching to specific isotypes are guided by cytokines, generally thought to be Th cell 
derived [30], which induce transcription from GL promoters with cytokine responsive 
elements located upstream of the Ig S-regions. The GL transcripts subsequently guide 
AID to specific S-regions [27]. Due to the scope of this thesis I will mainly focus on 
the subclass specific switching to IgG1 and IgG2a.  

IgG1and IgG2a 
GL transcripts for Cγ1 can be detected as early as 12 h post-challenge during secondary 
responses [31]. During primary responses, the highest levels of total Cγ1 and Cγ2a GL 
transcript is found in spleens around day 4-5 post immunization, closely following the 
production of IL-4 and interferon (IFN) -γ transcripts [31-33]. To be able to monitor 
early class-switched B cells in vivo,  Jenkins and colleagues transferred BCR transgenic 
3-83 B cells and could detect IgG2a+ antigen-specific B cells already by day 2 post-
immunization [34]. Although these studies indicate that CSR is initiated prior to GC 
formation, there is also GL transcripts present in sorted human tonsillar GC B cells, 
suggesting that CSR also occurs at later time points [35]. However, since the amount 
of GL transcripts per antigen-specific cell is approximately 100-fold lower day 4 than 
day 1 after immunization [31], CSR activity most likely peaks before GC entry. 

IL-4 has for a long time been known to induce switch to IgG1 as well as IgE [36-39]via 
signal transducer and activator of transcription (STAT) 6 signaling [40]. Later, IL-21 
was identified to block sequential switching from IgG1 to IgE by inhibition of Cε 
transcription [41,42]. Consequently IL-21R deficient mice display decreased IgG1 and 
high levels of IgE [43]. Indeed, patients with loss of function mutations in IL-21R have 
reduced IgG and increased IgE serum levels in comparison to healthy donors [44]. The 
effects of IL-21 signaling on IgG1-switching has been shown to be both B cell intrinsic 
[45,46] and T cell intrinsic [47,48], where the loss of T cell intrinsic IL-21 signaling 
has been associated with a reduced T follicular helper (Tfh) cell response [46,47] 
(further described in a following chapter) and impaired IL-4 production [48]. 

Already 30 years ago, Snapper et. al. could demonstrate a reciprocal regulation between 
IgG1 and IgG2c. Whereas IL-4 had the ability to induce IgG1 and IgE by LPS 
stimulated B cells in vitro, addition of IFN-γ blocked the production of both isotypes 
in a dose-dependent manner and instead, stimulated the production of IgG2a [49]. 
The role for IFN-γ in IgG2a-responses has since then been confirmed in vivo using 
viral infection models, displaying reduced IgG2a and increased IgG1 serum titers in 
the absence of IFN-γ signaling [50-52]. However, there is also evidence for IFN-γ 
independent IgG2a production [53-57] that, at least partially, can be explained by type 
I interferons (further discussed in a separate chapter).  
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Another alternative mechanism for CSR to IgG2a is engagement of TLRs directly on 
B cells. In a B cell transfer model, using virus like particles (VLPs) loaded with either 
ssRNA or CpG, Jegerlehner et al. demonstrated that TLR9 expression by B cells were 
essential to mount TD IgG2a responses independently of IFN-γ [57]. However, in 
another study using mixed bone marrow (BM) chimeras, impaired IgG2c production 
in the absence of B cell-intrinsic MyD88 signaling was associated with a loss of IFN-
γ signaling by CD4+ T cells [58]. The role for IFN-γ in IgG2a switching is further 
strengthened by its involvement in the production of autoreactive IgG2a antibodies in 
different lupus models [59,60].  

B cell intrinsic expression of T-bet, encoded by the T box transcription factor 21 (Tbx21) 
gene, appears to be a common feature for all IgG2a responses, where T-bet has been 
described to be critical for both induction [61,62] and maintenance of IgG2a-switched 
memory cells [63]. Whereas both IFN-γ and IL-27 induce IgG2a via T-bet expression 
in a STAT1- dependent manner [64], CpG-induced IgG2a switching appears to 
involve IL-12 [65].  

IgG2b and IgG3 
Antibodies of the IgG3 subclass is generally directed against TI-antigen, such as 
carbohydrates and repetitive epitopes [66,67], whereas IgG2b can be produced in 
response to both TI- and TD- antigens [68,69]. Without addition of other stimuli, B 
cells activated by LPS in vitro primarily produce IgG2b and IgG3 [70,71]. Addition of 
IL-4 or IFN-γ to these cultures instead induce IgG1 or IgG2a production, respectively, 
and inhibits production of both IgG2b and IgG3 [71-73]. In contrast, addition of low 
concentration (<1ng/ml) TGF-β1 to the LPS-activated B cells has been demonstrated 
to stimulate IgG2b production [74], whereas higher concentrations of TGF-β1 
(>1ng/ml) primarily augment IgA production [74]. During in vivo responses to 
adenoviral infection, production of virus-specific IgG2b appear to be dependent on 
type I IFN signaling in both B and T cells, similar to the IgG2a subclass [75].   
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The Germinal Center response  

Germinal centers (GCs) were originally described by Walther Flemming in 1885, who 
noticed compartments within secondary lymphoid organs (SLOs) that were enriched 
for mitotic cells. GCs were, at that time, suggested to be the origin of lymphocyte 
development and Flemming consequently named them “Germinal Centers”. Even 
though this initial hypothesis turned out to be wrong, the function of these structures 
is fundamental to the adaptive immune response. We now know that GCs are sites 
where antigen-specific B cells undergo extensive proliferation and random somatic 
hypermutation (SHM) of their BCR genes. Subsequently, B cells are selected based on 
BCR-antigen-affinity by helper T cells. These events ultimately lead to the generation 
of B cells expressing BCRs with an improved affinity for the antigen, which eventually 
differentiates into antibody secreting plasma cells and memory B cells, which together 
founds the basis of long-lived serological immunity. 

B cell subsets 
The major B cell subset that participate in GC responses are follicular (FO B) cells, that 
primarily responds to T cell dependent (TD) antigens. FO B cells are the dominant B 
cell population in SLOs and constitute approximately 70% of all B cells found in the 
spleen [76]. FO B cells continuously recirculate between follicles of SLOs [77] and 
respond to monovalent protein antigens in a TD-manner. FO B cells follow one of 
three pathways: differentiation into short-lived extra follicular PCs, emerge as early 
IgM+ memory B cells, or enter the GC reaction that ultimately supports the 
development of long-lived PCs and memory B cells with an improved affinity [78] 
(described in a following section). The extra follicular PC response is initiated in the T 
cell zone, but subsequently moves into the red pulp or extramedullary chords where the 
activated PCs continue to proliferate and differentiate. This type of FO B cell-derived 
PC response is primarily characterized by production class-switched antibodies with 
low levels of mutations and have a limited ability to contribute to the pool of long-lived 
plasma cells [77,79]. 

In contrast to the FO B cells, B1 and marginal zone (MZ) B cells are classified as innate-
like B cells as the targets for their responses are generally restricted to evolutionary 
conserved patterns, the so called T cell independent (TI) antigens [80,81]. TI antigens 
are further classified by their ability to stimulate polyclonal responses (TI-1) or to 
repetitive epitopes (TI-2), such as polysaccharides produced by encapsulated bacteria 
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or viral capsid proteins that has the ability to crosslink BCRs [1]. B1 and MZ B cells 
primarily contribute to the short-lived plasma cell response that predominantly 
produces low affinity antibodies. In line with this, B1 and MZ B cells have a lower 
activation threshold than FO B cells, and this is associated to higher levels of IgM and 
CD21 (only MZ B cells) expression in combination with lower levels of IgD [77]. 
Although B1 and MZ B cells share some innate-like features they are found in distinct 
sites. B1 B cells are primarily located in the peritoneal and pleural cavities, while MZ 
B cells are strategically sited to capture blood borne antigens in the outer white pulp of 
the spleen, between the marginal sinus and the red pulp.  

Onset of the GC response 
During steady-state conditions, B and T cells are segregated in separate areas of SLOs, 
B cell follicles and T cell zones. This compartmentalization is maintained by distinct 
stromal cell populations, follicular dendritic cells (FDCs) and fibroblastic reticular cells 
(FRCs), producing chemotactic signals attracting either B cells expressing CXCR5, or 
T cells expressing CCR7 [82]. However, upon immunization with TD-antigen, the 
activated antigen-specific B and T cells change their preferences for chemotactic signals, 
promoting a synchronized movement towards the interfollicular region, which 
facilitates the encounter of cognate T and B cells. Activated B cells start to proliferate 
already by day 2 post-antigen exposure, which is concurrent with the formation of 
visible T-B conjugates [83-86]. Following interaction with T cells, the pool of activated 
antigen-specific B follows one of three different pathways. Some of the B cells, 
preferentially the ones with the highest affinity for the antigen, differentiates into short-
lived extra follicular PCs with a life span of approximately 3 days [87,88]. Another 
population of the activated B cells have been shown to form GC-independent memory 
B cells, emerging previous or simultaneous to GC formation [89,90]. Among the cells 
following the GC pathway, there is further selection of cells that eventually enter the 
GC reaction, favoring cells expressing BCRs with the highest affinity. Using transgenic 
B cells with defined affinities to the hapten 4-hydroxy-3-nitrophenylacetyl (NP), 
Schwickert et al. could show that this step was regulated by competition for cognate T 
cell help [91].  

Bcl6 
GC B cell commitment is controlled by expression of the transcriptional regulator B 
cell lymphoma 6 (Bcl6) [92], which is detected around day 2-3 post immunization 
[93]. First, it controls a transcriptional program that is required for the activated B cells 
to reach the central part of the follicles. Importantly, Bcl6 down-regulates expression 
of the G-coupled receptor 183, also known as Epstein-Barr virus-induced G-protein 
coupled receptor 2 (EBI2), which together with CXCR5 and CCR7 orchestrates the 
directional migration of B cells towards the FDC-rich center of the follicles [94]. 
Secondly, it counteracts PC differentiation by repression of the transcriptional regulator 
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B lymphocyte-induced maturation protein-1 (Blimp-1). Additionally, Bcl6 keeps the 
cells in a pro-apoptotic state by silencing Bcl-2, but also make them tolerant to DNA 
damage by repression of pro-apoptotic genes such as p53 [95]. How Bcl6 is regulated 
in GC B cells is not entirely clear, but IL-21 has been shown to induce Bcl6 protein 
expression in B cells via JunD/AP-1 and activation of STAT3 [96]. Notably, the same 
study found that although IL-6 also signals via STAT3, it does not upregulate Bcl6. 
Furthermore, they show that IL-4/STAT6 can induce Bcl6, although to a lower degree 
than IL-21 [96].  

T cell-mediated regulation 

The idea that GCs were the site where B cells undergo somatic mutation of their Ig-
variable region genes and are selected based on improved affinity for antigen (based on 
interactions with immune complexes on FDCs) were forecasted already in 1986 [97], 
and followed by a number of publications supporting this hypothesis [98-100]. It was 
also suggested that not only BCR-signals via antigen binding, but also T cell derived 
signals, were involved in affinity maturation [101,102]. A specific subset of CD4+ T 
cells have been ascribed to this role, named T follicular helper (Tfh) cells, and these will 
be discussed in more detail in a separate chapter. Here, I will briefly  describe the most 
important T cell derived signals that have been shown to influence the GC reaction.   

CD40L  
It is important to remember that the default mode of a GC B cell is apoptosis. 
Consequently, it is not a matter of inducing death, but rather a positive selection by 
induced survival. CD40 was one of the first molecules that was identified in this 
process, demonstrated in experiments where sorted tonsillar GC B cells were rescued 
from apoptosis when BCR-stimuli was added in combination with an anti-CD40 
antibody [101]. The ligand for CD40 was characterized by Armitage et. al., found to 
primarily be expressed by activated T cells and capable of inducing B cell proliferation 
[102]. Furthermore, expression of CD40L was localized to areas of cognate T-B cell 
interaction [103]. The central role for CD40-CD40L in GCs were assessed in studies 
using anti-CD40L or soluble mCD40, demonstrating blocked TD (but not TID) B 
cell responses [104], abrogated GC formation [105], and impaired memory B cell 
development [106].  

CD40L belongs to the tumor necrosis factor (TNF) superfamily and is induced on 
CD4+ T cells within a few hours after TCR engagement [107]. By binding to CD40 
expressed on B cells, it promotes clustering of CD40, which via TNFR-associated 
factors (TRAFs) and JAK proteins activate multiple signaling pathways that induce 
proliferation and inhibit apoptosis of activated B cells [108]. 
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ICOS 
Inducible co-stimulator (ICOS) was identified in 1999 by Hutloff et. al. as a fourth 
sibling to the membrane bound T cell-specific cell-surface receptors CD28, 
programmed death-1 (PD-1) and CTLA-4 (B7-CD28 family), known for their ability 
to modulate T cell activation. Of particular interest, ICOS was found to be expressed 
at high levels on T cells localized in the apical light zone of tonsillar GCs [109]. Two 
years later, three parallel studies using ICOS deficient mice reported impaired GC and 
IgG responses, although different down-stream mechanisms were proposed to account 
for these effects in the absence of ICOS. While the study by Dong et.al. deduced 
defective cytokine production (primarily IL-4) by CD4+ T cells to cause the reduced 
GC formation and IgG production [110], McAdams et. al. ascribed this phenotype to 
impaired CD40L expression by T cells, and could rescue the IgG production by 
injection of a stimulatory anti-CD40 mAb [111]. The third study by Tafuri et. al. took 
both mechanisms into account as they observed both reduced CD40L expression and 
IL-4 production by T cells [112]. Nevertheless, the phenotype in ICOS deficient mice 
appears to be mostly attributed to T cell intrinsic defects, which is also suggested by the 
more recent studies addressing the role for ICOS-ICOSL interactions in the context of 
Tfh cell differentiation (described in the next chapter).  

IL-4 and IL-21 
Both IL-4 and IL-21 belongs to the type I cytokine family that share the common γ-
chain (γc) receptor, also including IL-2, IL-7, IL-9 and IL-15, but signals via distinct 
pathways due to paring with specific cytokine binding receptors. When IL-21 is bound, 
the IL-21R activates STAT1, STAT3, and to a lesser extent STAT5 [113,114]. In 
contrast, IL-4R signaling is critically dependent on STAT6 activation [40]. In addition 
to their co-operative role in balancing class-switch to IgG1 and IgE, both IL-4 and IL-
21 regulates the magnitude of B cell responses. Some features are shared, such as their 
ability to stimulate B cell activation and proliferation [40,115], also demonstrated by 
the more pronounced effects on IgG production and GC formation found in mice 
deficient in both cytokines [43].  

In comparison to IL-21, IL-4 appears to have a more evident role in CSR as it is 
involved in the induction of AID [116]. However, the role for IL-4 in GC formation 
has been somewhat controversial and both reduced [117,118] and normal [119,120] 
responses have been reported in the absence of IL-4. A recent study could demonstrate 
that following immunization with type 2-biased responses (parasite infection and alum 
immunization), the combined deficiency of both IL-4 and IL-13 led to impaired GC 
responses, whereas the GC responses to viral infections (LCMV and MCMV) was 
unaffected [121]. This study also showed that intrinsic STAT6 signaling in B cells was 
required for expression of Bcl6 and Aicda (encoding AID) in GC B cells following 
parasite infection [121].  
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IL-21 is associated with both GC B cell and PC differentiation, as it has the ability to 
induce Bcl6 as well as Blimp-1 expression [96,114,122]. The influence of IL-21 on GC 
responses is evident by reduced GC formation [45,46] and weakened affinity 
maturation [123] in mice deficient in the IL-21 receptor. Interestingly, despite the 
reduced GC responses, generation of early memory B cells (defined as antigen-binding, 
CD38+GL-7+) is accelerated in the absence of IL-21 signaling [46,123]. However, these 
putative memory cells appear to be functionally impaired, as IL-21R deficient mice do 
not respond to challenge 5 weeks post primary immunization [124].  

Affinity maturation  

The main function of the GC reaction is to amplify and tailor the response towards the 
foreign antigen by supporting clonal expansion and improving the BCR affinity of the 
responding B cells. This is obtained by a stepwise process of SHM and subsequent 
selection of clones with the highest affinity. SHM is, similar to CSR, also dependent 
on AID expression. However, the activity of AID is now directed to the V-regions of 
the Ig-genes. GCs are visible by histology around 5-6 days after primary immunization, 
after which they grow in size and are polarized into a dark zone (DZ) and a light zone 
(LZ) [125]. In the DZ, centroblasts divide intensively with a generation time of 6-7 
hours with a mutational rate of their variable genes at 10-3 mutations per base pair per 
generation; approximately 106 times higher than the normal rate of somatic mutation 
[126]. In contrast, LZ centrocytes are in a quiescent, non-proliferating state and express 
surface Ig. Expression of the chemokine receptor CXCR4 by centroblasts is critical for 
the compartmentalization of DZ and LZ [127]. The mutational rate is overall lower in 
CXCR4-deficient GC B cells, although transition between DZ and LZ phenotypes still 
occur, indicating that the spatial organization is functionally important for the GC 
[128]. 

The relation between centrocytes and centroblasts was described already in 1964, when 
Hanna et al. suggested that centrocytes were progeny of the dividing centroblasts. 
However, it was not until a few years ago that the movement between LZ and DZ was 
described in more detail using live-imaging of photoactivatable reporter mice. This 
approach allowed tracing of the LZ- and DZ- residing B cells over an extended time 
period. While interzonal migration had been demonstrated before [129], Nussenzweig 
and colleagues could quantify the rate at which cells exchanged between LZ and DZ 
areas of the GCs, and determine that ~30% of the LZ B centrocytes return to the DZ 
for additional cycles of proliferation and SHM [130]. Additionally, they show that 
BCR-dependent uptake of the antigen and subsequent presentation to T cells controls 
re-entry into the DZ, and thereby mediates affinity maturation of the response (defined 
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by accumulation of the high-affinity mutation W33L). From these results, they 
conclude that T cell help is the limiting factor for B cell selection in GCs.  

Output of the GC response  

The main products from a robust GC response are memory B cells and long-lived PCs 
with the ability to rapidly respond to re-infection, or continuously produce high affinity 
class-switched antibodies, respectively. Both populations contributes to the long term 
protection we aim for following vaccination, and in some situations, they have been 
shown to last for a life time [131]. 

A memory B cell can be defined as a B cell that, after an initial response, has the ability 
to survive for a long time period without the support of persisting T cells or access to 
cognate antigen [79]. Already in 1983, Thorbecke and colleagues demonstrated that 
memory B cells mainly derive from GCs. By adoptive transfer of PNA+ and PNA- B 
cells at the peak of the GC response (10 days after immunization) they could conclude 
that most of the secondary response in recipients was derived from PNA+ B cells, but 
also noted that there was some contribution from the PNA- population [132]. The 
presence of GC-independent memory has indeed been demonstrated to both TI [133] 
and TD antigens [89,90]. Nonetheless, GC derived memory B cells are generally of 
higher affinity due to accumulated mutations in their V-regions.  

In contrast to memory B cells, long-lived PCs are terminally differentiated cells that 
reside in the BM with the ability to sustain antibody levels in serum over several years, 
sometimes for life. It is currently unclear how GC B cells, that recycle between the DZ 
and LZ for an unknown number of times, are finally instructed to differentiate into 
either PCs or memory B cells. Notably, Shlomchik and colleagues recently 
demonstrated that the output from GCs changes over time. Using pulse-labeling of B 
cells, they elegantly demonstrate how antigen specific IgM+ and IgG+ memory B cells, 
as well as long lived PCs, form over a time period of 40 days. From these results, they 
suggest that B cells of a memory phenotype, both IgM+ and IgG1+, are emerging at an 
earlier time point compared to PCs, which instead are generated to a lager extent during 
the later phase of the response [78]. Furthermore, depletion of GCs from day 12 and 
onwards had little effect on the memory B cells while IgG1+ high affinity PCs were 
virtually absent. 

The signals that promote the different fates are not entirely clear, although some have 
been suggested. Both IL-6 and IL-21 have been shown to promote PC differentiation 
[134], and PD-1 has also been suggested to promote GC B cell maintenance and PC 
differentiation, possibly via IL-21 produced by Tfh cells [135]. Interestingly, prolonged 
dwell time in the LZ when B cells lack expression of CXCR4 has also been shown to 
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increase the generation of memory B cells [128]. The authors speculate that the increase 
in memory cell generation could be explained by T cell-mediated rescue from deletion, 
but this T cell help is not sufficient to drive further participation in the GC when B 
cells are deficient in CXCR4 expression [128]. 

 

 

Figure 2. Overview of follicular and extra follicular T- dependent B cell differentiation 
Upon exposure to antigen, naïve B cells differentiate into extra follicular PCs (1), emerge as early memory B cells (2) 
or enter the GC reaction (3). In the GC, B cells undergo rounds of proliferation in the dark zone (DZ) and hypermutate 
the variable regions of their Ig-genes. Subsequently, the B cells are exposed to immune complexes on FDCs and B 
cells expressing high-affinity BCRs are positively selected by Tfh cells. B cells emerging from the GC, either as plasma 
cells or a memory B cells, will presumably be of higher affinity than originally. Adapted from Victora et. al. 2015 [136].    
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T follicular helper cells 

T follicular helper (Tfh) cells are a subset of CD4+ T cells shown to be specialized B 
cell helpers and responsible for supporting GC B cell responses and production of high 
affinity antibodies. As described in the previous chapter, the concept of T cell help to 
B cells in the selection process of high affinity clones was discussed already over thirty 
years ago, but the designation “follicular B helper-T cells” was coined in 2000 
[137,138]. Due to the direct implication of this subset in both vaccine development 
and other contexts involving antibody-mediated function, characterization of Tfh cells 
has been under intense investigation for the past years.  

Tfh cells were first described in human tonsils as CXCR5+ memory (CD45RO+) CD4+ 
T cells with an enhanced ability (in comparison to their CXCR5- counterparts) to 
support IgG and IgA production from co-cultured B cells. Prior to this, CXCR5 
expression had been observed on a subset CD4+ T cells [139] and found to be 
upregulated on these cells after in vivo activation [140] in a OX40L-dependent manner 
[141,142]. The OX40L responsible for initial T cell accumulation in follicles was 
demonstrated to be provided by DCs, and the expression of OX40L was shown to be 
induced via CD40 signals [143,144]. Expression of CXCR5 (a chemokine receptor 
otherwise associated with B cells) facilitate the localization of Tfh cells to B cell follicles 
[145], which logically situates B cell helping T cells at the right place. This population 
of GC residing T cells were also shown to express a distinct transcriptional profile from 
classical Th1 and Th2 cells [146,147], and furthermore, Tfh cells was demonstrated to 
develop independently of other Th subsets (Th1, Th2, Th17) [148]. This observation 
was closely followed by the identification of the transcriptional repressor Bcl6 as a 
critical regulator for Tfh cell development reported by three individual groups [149-
151]. With these findings, Tfh cells were recognized and widely accepted as a separate 
subset of CD4+ T cells.  

The above mentioned findings have literally led to an explosion of Tfh-related 
publications, which also have created some perplexity in the field. In this section I will 
summarize some of the most important observations and discuss the relation of Tfh to 
other populations of Th cells.  
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Characteristics 

Tfh cells are primarily identified by CXCR5 expression, most often in combination 
with Bcl6 or the T cell activation marker programmed cell detah-1 (PD-1). Also, 
downregulation of the signaling lymphocyte activation molecule (SLAM), P-selectin 
glycoprotein ligand 1 (PSGL1) or Ly6C are used to distinguish Tfh cells. In humans, 
Tfh cells can be identified by their expression of high levels of ICOS, but this is not 
equally useful in mice as all activated murine CD4+ T cells appear to express ICOS to 
some extent. It is however important to point out that different types of nomenclature 
are used to define the different stages of Tfh development. The most commonly used 
notions are the following; pre-Tfh, Tfh and GC Tfh. However, it is generally a matter 
of two stages that need to be separated; (1) the GC-residing population and (2) the 
stage prior to GC formation when CXCR5+ cells with high levels of Bcl6+ and PD-1 
expression have not yet developed. In the papers included in this thesis, we have used 
the term ‘Tfh’ for cells that reside within GCs and accordingly display high levels of 
CXCR5 in combination with either Bcl6 or PD-1 (at day 8 following immunization 
expression of Bcl6 and PD-1 is almost exclusively overlapping). For analyses performed 
at earlier time points of T cell dependent B cell responses, we have used the term “early 
Tfh development”, and in this context defined early Tfh cell development based on 
CXCR5 expression only.  

Localization  
A key feature of Tfh cells is their re-localization from T cell areas to GCs, that develop 
within B cell follicles. CXCR5, CCR7 and P-selectin glycoprotein ligand-1 (PSGL-1) 
are the main receptors that in a synchronized manner initially facilitates to the 
movement of primed T cells to the interfollicular zone and later into follicles 
[145,152,153]. CXCR5 is upregulated on T cells following their initial activation in 
the T cell zone and mediates migration towards CXCL13 produced by FDCs in the B 
cell follicle. In contrast, CCR7 together with PSGL-1 are down-regulated upon 
activation [145,153]. As these receptors anchors T cells to T cell areas, where their 
ligands CCL19 and CCL21 are present, this receptor down-modulation is also 
important for the directional migration of CXCR5+ T cells towards the B cell area 
[145,152].  

Function 
Many of the phenotypic characteristics of Tfh cells are directly connected to their 
function. PD-1 belongs to the B7-CD28 family and is an inhibitory receptor that 
attenuates T cell proliferation by reducing TCR-mediated signals [154]. Interaction 
with PD-L1 limits the expansion of the GC-residing T cells [155,156], that will be 
exposed to continuous antigen presentation. ICOS is another member of the same 
receptor family as PD-1 that takes part in the differentiation and function of Tfh cells 
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by promoting both IL-4 [110,112,120] and IL-21 expression via induction of the 
transcription factor c-maf [157]. Production of IL-21 is a signature for Tfh cells, and 
this cytokine mediates its effects through both autocrine and paracrine signaling to 
establish the Tfh phenotype and provide B cell help, respectively. Additionally, ICOS 
expression is required not only for Tfh development as it induces Bcl6 expression [158], 
but also for its ability to affect CD4+ T cell motility and subsequent recruitment into 
follicles [159]. The SLAM family of receptors include CD150 (SLAM1), CD84 and 
Ly108 (SLAM6), are expressed on both Tfh cells and GC B cells and function as self-
ligands [160]. Importantly, these receptors bind to the cytoplasmic protein SLAM 
associated protein (SAP), which is upregulated in Tfh cells. Mutations in the SAP gene 
have been linked to a number of immunodeficiency disorders, and expression of SAP 
specifically in T cells has been shown to be responsible for the loss of long-lived humoral 
immunity in SAP deficient mice [161]. More recently, it was shown that SAP mediates 
the adhesion of T cells to GC B cells and in its absence, Tfh cells are not retained within 
the GCs [162] and cannot produce IL-4 [163].  

Differentiation and transcriptional regulation 

One of the first factors shown to influence Tfh differentiation was TCR-affinity, 
elegantly shown by McHeyzer-Williams and colleagues using the pigeon cytochrome c 
(PCC) antigen. By identification of T cells expressing low and high affinity TCRs, they 
could demonstrate that T cells with a higher affinity for the antigen preferentially 
differentiated into CXCR5 high expressing cells [164]. Additionally, increasing the 
availability of antigen increase the number of Tfh as well as GC B cells [165]. More 
recently, the TCR-p:MHCII dwell-time was shown to bias the fate of Tfh vs. T effector 
differentiation, adding information on how TCR signal strength can influence separate 
T cell fates [166].  

The discovery of Bcl6 as a critical factor for Tfh cell differentiation firmly established 
Tfh cells as a distinct subset of CD4+ T cells. Although initially suggested to be both 
necessary and sufficient for Tfh development, it has become clear that differentiation 
into a fully functional Tfh cell is a multifactorial process that is dependent on Bcl6 
expression, but Bcl6 cannot alone complete the program. Although a number of both 
positive and negative regulators has been identified, the lack of a comprehensive 
understanding of the factors promoting Tfh differentiation is evident by the numerous 
failed attempts to develop a reproducible protocol for in vitro generation of Tfh cells 
[134,148,151,167,168]. Neither in our lab, despite numerous attempts and 
modifications, we have been able to develop a protocol that supports Tfh 
differentiation.   
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The reciprocal regulation of the transcriptional repressors Bcl6 and Blimp-1 is decisive 
in the process of becoming an effector T or Tfh cell. A number of studies using Bcl6 
deficient T cells in either conditional knock-out models, mixed chimeras or adoptive  
transfer experiments, have uniformly demonstrated a lack of Tfh development and 
impaired GC responses when T cells lack Bcl6 [149-151,169]. Consistent with this, 
forced expression of Bcl6 in T cells subsequently transferred in vivo strongly enhances 
CXCR5 expression and Tfh development [149] and limits production of cytokines 
associated with alternate T effector cell fates in vitro [150]. Conversely, overexpression 
of Blimp-1 instead potently represses Tfh differentiation, GC responses and IgG 
production [149]. Although Bcl6-independent induction of CXCR5 has been 
demonstrated [170], Bcl6 is closely linked to CXCR5 expression in a number of 
different models [158,171-173].  

As previously mentioned, ICOS signaling has been shown to support Tfh development 
by induction of Bcl6 expression [158]. Currently, co-stimulation via ICOS is probably 
one of the most distinctive signals that instructs Tfh development. ICOS also induce 
c-Maf, which regulates IL-21 production in both Tfh and Th17 cells [157]. c-Maf is 
regulated by BATF, and expression of c-Maf together with Bcl6 can partially rescue the 
defective Tfh differentiation in BATF deficient T cells [174].  

Recently, ICOS was also shown to block the activity of Krüppel-like factor 2 (Klf2). 
By negative regulation of Klf2, ICOS was shown to promote Tfh development by 
down-regulation of PSGL-1, CCR7 and CD62L expression in combination with 
induction of CXCR5 [175]. Additionally, expression of non-Tfh related transcription 
factors such as Blimp-1, T-bet and GATA3 are induced by Klf2 [176]. Similar activities 
are reported in mice deficient in the gene encoding the Forkhead box (FOX) protein 
Foxo1, which also is negatively regulated by ICOS and promotes expression of PSGL-
1 in combination with reduced CXCR5 and Bcl6 expression [177]. However, unlike 
Klf2, expression of Foxo1 appears to be required at a later time point for full Tfh and 
GC development.  

Foxp1 is another member of the FOX-family that recently was shown to negatively 
regulate Tfh differentiation and subsequent GC responses. In contrast to Foxo1, Foxp1 
(in particular the isoform Foxp1D) is not regulated by ICOS, but is instead involved 
in the regulation of ICOS expression following TCR-stimulation. Notably, conditional 
knock-out of Foxp1 in CD4+ T cells increase CXCR5 expression similar to forced 
expression of Bcl6 [178]. Indeed, the importance of stringent regulation of ICOS 
expression is apparent also from earlier studies by Goodnow and colleagues, where the 
sanroque mouse strain presents with an autoimmune phenotype due to excessive Tfh 
differentiation. This was caused by a mutation in the Roquin protein, a negative 
regulator of ICOS [179].    

Achaete-scute homologue 2 (Ascl2) was recently identified as a transcription factor that 
had the ability to induce CXCR5 in vitro, independently of Bcl6 expression [170]. 
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Ascl2, induced by the Wnt-signaling pathway, was identified to be highly expressed in 
both human and mouse Tfh cells. Most importantly, in vitro CXCR5 expression was 
reported when an inhibitor of GSK-3 (a negative regulator of Wnt-signaling) was added 
to mouse CD4+ T cells activated with antibodies to CD3 and CD28. Furthermore, 
retroviral expression of Ascl2 appeared to induce CXCR5 expression at levels detectable 
by flow cytometry [170]. However, in our hands, the same GSK-3 inhibitor does not 
induce CXCR5 expression above background (compared to an isotype control) 
(unpublished observation). Ascl2 may indeed be involved in Tfh cell development and 
CXCR5 expression, however, if ectopic Ascl2 expression is sufficient to induce CXCR5 
by in vitro activated CD4+ T cells remains to be confirmed by additional studies.   

An activator of the Wnt-signaling pathway, TCF-1, was by two individual groups 
recently reported to positively regulate Tfh cell development [180,181]. By screening 
genes that are selectively expressed in Tfh cells, Choi et. al. identified TCF-1 and LEF-
1 as potential candidates for specifying Tfh cell development. Although not absolutely 
required, both TCF-1 and LEF-1 augment Tfh cell differentiation, and the effect is 
more pronounced if both factors are absent. This effect was ascribed to reduced levels 
of ICOS and IL-6Rα expression, and Tcf7/Lef1 double-deficient GC Tfh cells 
expressed increased levels of Blimp-1 and decreased levels of Ascl-2. Wu et. al. 
additionally demonstrated that Blimp-1 negatively regulated TCF-1 expression, but 
also conversely, that TCF-1 inhibited Blimp-1 and IL-2Rα expression. Consequently, 
decreased Tfh development in TCF-1 deficient mice could be rescued by Bcl6 
overexpression [181].   

STAT proteins  
Several studies have investigated the role for IL-6 and IL-21 in Tfh cell differentiation 
reporting absent [182], reduced [148,183,184] and unchanged [134,153] Tfh cell 
development when IL-6 or IL-21 is absent. Deficiency in both cytokines results in a 
more pronounced phenotype [134,183], indicating that these cytokines might have 
overlapping roles. IL-6 also stimulates IL-21 production in vitro, but cannot induce 
CXCR5 or Bcl6 on its own [134].  

Both IL-6 and IL-21 signal via STAT1 and STAT3, and the early induction of Bcl6 
and CXCR5 following LCMV infection appear to be critically dependent on STAT1 
signaling in T cells and to a lesser extent STAT3 [182]. In further support of this, type 
I IFNs, which are produced at high levels following viral infection, were demonstrated 
to induce STAT1 binding to promoter elements of the Bcl6 loci [185]. Notably, type 
I IFNs has previously been demonstrated to instruct early Tfh development by signaling 
in DCs, possibly via IL-6 production [186], indicating that STAT1 signaling in both 
DCs and T cells promotes Tfh differentiation.  

A study by Craft and colleagues recently addressed the role of STAT3 signaling using 
conditional knock-out mice, and found that STAT3 activation in CD4+ T cells 
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counterbalances the Th1 cell response driven by type I IFN signaling during LCMV 
infection [187]. As STAT3 activation appears to be required for down-regulation of 
the IL-2Rα [182,187] , this could at least partially explain how IL-6 and IL-21 
promote Tfh cell differentiation. IL-2 signaling has previously been shown to induce 
Blimp-1 expression via STAT5 activation [188], which means that an increased ability 
to respond to IL-2 signaling would skew the T cell response away from the Tfh cell 
fate. Hence, IL-6 and IL-21, via STAT3 activation, make T cells less sensitive to IL-2 
signals and thereby appears more prone to follow the Tfh differentiation pathway.  

Apparent from the studies discussed above, regulation of Tfh cell localization and 
differentiation involves a complex network of factors. However, the core activity 
appears to be to the reciprocal regulation of Bcl6 and Blimp-1, and further to this, the 
ability of Bcl6 to block differentiation into ‘non-Tfh’ effector T cells.  

 

 

Figure 3. Transcriptional regulation of Tfh cells 
Simplified schematic overview of the transcriptional network that controls Tfh cell differentiation. Transcription factors 
that positively (green) or negatively (red) regulate Tfh differentiation are shown (a dual role is indicated by yellow). 
Adapted from Vinuesa et. al. 2016 [189]. 
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Regulation of Tfh cell development by DCs and B cells 

The cellular interactions that underlie successful Tfh cell differentiation are not fully 
understood. Currently, mainly conventional DCs (cDCs) and B cells have been 
suggested to be involved in a sequential manner, where cDCs are responsible for the 
initial priming and support of initial Bcl6+CXCR5+ Tfh cell commitment and B cells 
are required for completion of this process. However, whereas the specific role for cDCs 
in Tfh cell differentiation has not yet been firmly established, our results indicate that 
cDCs are redundant for Tfh cell development (paper I).  

Dendritic cells  
cDCs are APCs that express a wide range of pattern recognition receptors (PRRs), 
including toll-like receptors (TLRs), C-type lectin receptors (CLRs) NOD-like 
receptors (NLRs) and RIG-1-like receptors (RLRs). Collectively, these receptors enable 
them to respond to virtually any types of PAMPs [190]. The main function of cDCs is 
to continuously sample the environment and present peptides in the context of MHC 
class I and II. When sensing danger, cDCs readily get activated and mature into 
professional APCs through upregulation of MHC expression and co-stimulatory 
molecules. Determined by the type of pathogen, cDCs also secrete distinct cytokines 
to polarize and tailor the immune response.  

Already over ten years ago, T cell accumulation in B cell follicles were shown to be 
driven by OX40L-expression by DCs [143,144]. It was also demonstrated that CXCR5 
was induced on the antigen specific T cells in a CD40-dependent manner [144]. Since 
then, the specific role for cDCs in Tfh development has been assessed in a number of 
studies [158,171,186,191,192]. When antigen presentation is restricted to cDCs in 
vivo, early Tfh differentiation is supported [171] and clearly dependent on ICOS-
ICOSL interaction [158]. However, full differentiation cannot be completed in the 
absence of B cells [191]. In the absence of cDCs, we observe that overall T cell priming 
is compromised. This is evident by the lack of CD62L down-regulation and reduced 
expansion of the antigen-specific T cells [192]. However, this defect in T cell priming 
can be overcome by providing a higher antigen dose, possibly by allowing other types 
of APCs to pick up and present antigen more efficiently, and both Tfh cell and GC 
development are supported under these conditions [192]. From these observations, it 
appears that (1) cDCs are essential for T cell priming when antigen is limited, (2) 
antigen presentation by cDCs can allow initial upregulation of CXCR5 and Bcl6 
expression in vivo, however (3), cDCs do not uniquely provide any signals required for 
Tfh development.  

cDCs are further subdivided into distinct populations, and the two main subsets are 
separated based on CD8α expression. CD8α+ and CD8α- cDCs develop from a 
common precursor (pre-DC) but can be separated by their dependency on distinct 
transcription factors. IRF8, Batf3 and Id2 are required for CD8α+ cDCs [193-195], 
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whereas CD8α- cDCs are primarily dependent on IRF4 [196]. CD8α- cDCs represents 
a CD11b+ subset of cDCs that heterogeneously express CD4, and this population is 
localized to the MZ bridging channels while CD8α+ cDCs mainly resides in the T cells 
zones [197].  

One approach to assess the ability of CD8α+ cDCs has been to target antigen to the 
CLR Clec9a (also known as DNGR-1) that is expressed at high levels by CD8α+ cDCs 
and to some extent plasmacytoid DCs (pDCs) [198]. By injection of anti-Clec9a both 
Tfh development [199] and humoral responses [198,200,201] are enhanced in 
comparison to isotype control, most strikingly when delivered in the absence of 
adjuvant [201]. However, with the use of antibodies targeting either DEC205 
(expressed by CD8α+ cDCs) or DCIR2 (also known as 33D1 and expressed by CD8α- 
cDCs) conjugated to protein, Shin et. al. recently demonstrated a superior ability of 
CD8α- cDCs to support Tfh cell, GC B cell and IgG responses when delivered together 
with an adjuvant, and this was linked to higher expression of both ICOSL and OX40L 
by CD8α- cDCs [202]. 

Conditional knockout models can also be used to further evaluate specific differences 
between cDC subsets. Studies using mice that specifically lack CD8α- cDCs have 
reported impaired Th2 responses, to both lung [203] and skin [204,205] infection, 
while Tfh cell development and GC responses appears to be unaffected in the same 
model [205]. However, in a study by Cyster and colleagues, antigen-specific B and T 
cell responses were attenuated when cDCs were deficient in EBI2-expression, resulting 
in impaired positioning to bridging channels and a specific reduction in CD8α- cDC 
numbers [197].  

Beyond cDCs, also monocyte-derived DCs (mDCs), or inflammatory monocytes, have 
been shown to enhance the Tfh response when the TLR9 agonist CpG was used as an 
adjuvant [206]. We also find that mDCs induce MHCII expression and high levels of 
ICOSL upon polyinosinic-polycytidylic acid (poly(I:C)) injection, and in vivo 
expansion of antigen-specific CD4+ T cells appears to be redundantly supported by 
cDCs, mDCs and B cells [192]. However, whether CXCR5 expression is directly 
induced by these individual cell types is still an open question. 

B cells  
Although a role for B cells in supporting T cell responses was noted already 1981 [207], 
B cells has received relatively little attention for their capacity to activate and influence 
CD4+ T cell responses, and we mostly discuss the reverse dependence: how T cells help 
B cells. It has, however, been demonstrated that B cells indeed are required to support 
robust proliferation and expansion already by day 3 post immunization [208], and also 
to induce effector functions and generation of T cell memory [209-213]. Additionally, 
the follicle has been shown to be the major site for expansion of antigen-specific T cells 
following immunization with alum-precipitated protein [214].    
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An important role for B cells in Tfh cell development is supported by several studies. 
However, when B cell interaction is required and what type of signals they provide are 
still under investigation. The requisite for B cells in Tfh development have been shown 
in models displaying varying B cell abnormalities, such as μMT (lacking B cells) 
[145,153,215], CD19-deficient mice (largely normal B and T cell numbers, but are 
deficient in MZ B cells and display impaired GC formation [216]) [145,153] and mice 
that express an irrelevant BCR for the immunizing agent (cannot form cognate 
interactions with T cells) [86,153]. From these studies, it is clear that T cells with a Tfh 
cell phenotype (CXCR5hiPD-1hi) do not develop in the absence of B cells [145,153], 
and cannot be maintained in the absence of cognate B cell interactions [86].  

Studies of SLAM and SAP signaling during B-T cell interactions have provided further 
insight as to how B cells regulate Tfh development. Homotypic interactions between 
the SLAM-family of receptors have been shown to stabilize the interaction between B 
and T cells [217]. While T cell-intrinsic expression of the adaptor protein SAP is 
required for B-T cell interaction [161,162], the formation of DC-T cell conjugates is 
unaffected in the absence of SAP [162]. The roles for individual SLAM receptors in 
this process are not entirely clear, as deficiency of some receptors (CD84 and Ly108), 
but not all (CD150), affects Tfh cell differentiation, while SAP expression appears to 
be overall important [163,217,218]. One mechanism that, at least partially, explain the 
relationship between SAP and associated SLAMs, is that SAP prevents binding of the 
inhibitory phosphatase SHP-1 to Ly108, and SAP instead mediates adhesion and 
helper functions when bound to Ly108 [219].  

Functionally, CD150 regulates IL-4, but not IL-21 expression, whereas SAP deficient 
Tfh cells display impaired expression of both cytokines [163], indicating that B cell 
interactions are required for efficient cytokine production. Indeed, it has been shown 
that antigen-presentation by B cells induce IL-4 production by T cells [220]. This B 
cell-induced IL-4 production appears to be mediated by IL-6 and IL-10 [221]. 
Additionally, the frequency of IL-4 and IL-21 double-producing T cells are enhanced 
when antigen presentation by B cells is augmented [222]. This, however, does not have 
to be a consequence of increased ICOS-ICOSL interaction, as ICOSL expression by 
cognate B cells is not required for IL-4 or IL-21 production [223].  

Further, an important role for GC B cells in Tfh cell development has been 
demonstrated by us and others, using systems where GC B cells are selectively depleted 
by day 4-6 [165,192]. We do, however, observe a CXCR5hiPD-1hi subset also in the 
absence of GC B cells when mice are given a high antigen dose, but these Tfh cells do 
not express Bcl6 or IL-21 at the same levels as cells that develop in the context of GCs. 
Interestingly, Deenick et. al. have suggested that the CXCR5hiPD-1hi phenotype is not 
absolutely dependent on cognate T-B cell interaction, as Tfh cell development appears 
to be supported also in mice lacking MHCII specifically on B cells when they are 
boosted with additional peptide on day 3 to extend the ag-presentation by other cells 
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[224]. Moreover, if SAP-deficient T cells are co-transferred with wt T cells, which have 
the ability to support GCs, in combination with a peptide boost, also the SAP-deficient 
T cells acquire a CXCR5hiPD-1hi phenotype and express both Bcl6 and IL-21. 
Collectively, these results imply that the CXCR5hiPD-1hi phenotype is most likely a 
reflection of ongoing antigen presentation, which under normal conditions is restricted 
to GCs, but can be extended by increasing the antigen dose or by giving an additional 
boost of antigen. This is also consistent with the loss of PD-1 expression by previously 
activated CXCR5hiPD-1hi T cells after transfer into naïve mice [165]. Nevertheless, a 
combination of prolonged TCR-signaling and GC environment appears to be required 
to maintain Bcl6 expression and IL-21 production. It should therefore be noted that 
cells displaying a CXCR5hiPD-1hi phenotype may not necessarily under all conditions 
equal functionally normal Tfh cells.  

Relation to other T helper subsets 

Based on their ability to produce distinct cytokines, CD4+ T helper cells were originally 
divided into Th1 and Th2 by Mossman and Coffman in 1986. Th1 and Th2 cells 
displayed mutually exclusive expression of IL-2/IFN-γ and IL-4, where the Th2 were 
found to have the ability to support IgG1 and IgE production [225]. Also, these cells 
maintained their identity over several months, indicating that these two cell types were 
indeed functionally distinct. Now, almost exactly 30 years later, the dogma of 
functionally distinct Th cell subsets still holds true, although now further extended to 
include additional subsets, such as Th17, Tfh and regulatory T cells (Treg). Generally, 
one can assign individual Th subsets to different types of immunity: Th1 cells and 
intracellular viral and parasite infections; Th2 cells and extracellular immunity to 
parasites and nematodes and; Th17 cells and extracellular bacterial or fungal infections. 
In contrast, Tfh and Treg cells participate in all types of immunity and are instead 
primarily classified based on their functional sub-specialization within a given response: 
supporting B cell responses or restraining excessive immunity/preventing autoimmune 
responses, respectively.  

Although Tfh can develop independently of other Th cell subsets, the notion that Tfh 
cells inherit traits of other Th cell subsets have been suggested by a number of studies. 
In this section, I will focus on their relation to Th1 and Th2 cells.  

Tfh vs Th2 
Many characteristics originally ascribed to Th2 cells have instead been shown to apply 
to Tfh cells since their recognition as an individual subset. Tfh and Th2 cells are now 
separated into distinct populations based on their localization to lymphoid versus non-
lymphoid tissue, and functionally, based on the ability of Tfh cells to support follicular 
B cell responses, while Th2 cells are responsible for recruitment of effector cells to the 
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site of infection and allergic inflammation.  Both Tfh and Th2 produce IL-4, but IL-5 
and IL-13 expression is restricted to Th2 cells and closely associated to expression of 
high levels of GATA3. This functional distinction between Tfh and Th2 cells was 
demonstrated by Liang et. al., who reported that the majority of IL-4 producing cells 
in draining lymph nodes do not express GATA3, whereas the lung-resident cells that 
produce IL-4 and/or Il-13 following helminth infection are almost exclusively positive 
for GATA3 [226]. Other studies also support that Tfh cells are the dominant source of 
IL-4 in LNs [163,215,227]. Furthermore, Liang et. al. showed that CD4+ T cells in 
LNs exclusively express GATA3 or Bcl6, and additionally, while GATA3-associated IL-
13 production is critical for cell recruitment and worm expulsion, it is not required for 
IgE production [226].  

The fact that Tfh, but not Th2, cell development is normal in STAT6 deficient mice 
[148], and vice versa when CD4+ T cells lack Bcl6 expression [151], strongly support 
that these subsets are developmentally distinct. However, whether or not there is 
plasticity between the two subsets is somewhat more controversial. Glatman-Zaretsky 
et. al. initially showed that Tfh cells can develop from Th2 cells, based on adoptive 
transfer experiments where IL-4 expressing CXCR5-PD-1- non-Tfh cells had the ability 
to differentiate into CXCR5+PD-1+ Tfh cells upon secondary immunization [215]. 
Reversely, a more recent study from Léon and colleagues suggest that “type 2” Tfh cells 
generated in response to house dust mite (HDM) during the sensitization phase 
efficiently differentiate into Th2 effector cells upon challenge [228]. On the contrary, 
Coquet et. al. does not observe efficient Th2 responses following transfer of either IL-
21 producing or non-producing Tfh cells [229]. It remains to be clarified if this is due 
to differences in experimental systems. Thus, to what extent interconversion between 
Tfh and Th2 occurs remains an open question. 

Tfh vs Th1 
Both Tfh and Th1 cell responses are robustly induced during to viral infections, and 
the developmental relationship between these two subsets has been investigated in a 
number of studies. Th1 cells are dependent on the transcription factor T-bet, which 
also has the ability to bind Bcl6 and regulate both Th1 and Tfh associated genes, such 
as Ifng and Tcf7 [230]. Tfh cells develop independently of T-bet, and in some models, 
Tfh differentiation is even enhanced in the absence of T-bet expression [168]. Tfh cells 
can, however, express T-bet to a certain extent during type 1 immunity, and they may 
also have the ability to produce IFN-γ [163,231]. A clear distinction between Th1 and 
Tfh cells however appears to be an early divergence of IL-2Rα and Bcl6 expression. 
Jenkins and colleagues demonstrate that the CXCR5- cells generated following Listeria 
infection express high levels of IL-2Rα. These CXCR5- cells are selectively reduced in 
the absence of IL-2Rα, and are enriched for cells that express high levels of T-bet. 
Reversely, CXCR5+ cells are instead dependent on Bcl6 and do not express elevated 
levels of IL-2Rα [173], consistent with the negative regulation of Bcl6 via IL-2 induced 
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Blimp-1 expression [232]. Further to this, it has been reported that Th1 cells has a 
proliferative advantage over Tfh cells due to enhanced metabolic function driven by IL-
2 induced mTOR activation. This is suggested to be a complementary way by which 
IL-2 signaling favors Th1 and suppresses Tfh cell responses [233]. The imprinting of 
these properties appears to occur early, as primed cells sorted and transferred already 
day 3 post LCMV infection appears to maintain their identity as either Th1 or Tfh 
cells in their new hosts [172]. 

 

Figure 4. CD4+ T helper cell subsets 
Schematic overview of Th cell subsets. In contrast to effector Th cells, which preferentially localize to peripheral non-
lymphoid tissue, Tfh cells home to B cell follicles of SLOs to support GC B cell responses.  

Tfh cell memory  

As mentioned before, a key feature of the adaptive immune response is the generation 
of memory cells that have the ability to respond rapidly upon re-infection. Memory T 
cells are persisting in at least two forms following the primary response: T central 
memory (Tcm) and T effector memory (Tem) cells. Tem cells are identified as CD44hi 
CD62L- CCR7- and are strategically localized in peripheral tissues, ready to mount an 
immune response upon antigen encounter. Tcm cells are also CD44 hi, but in contrast 
to Tem cells, they express CD62L and CCR7 consistent with their localization to 
lymphoid tissue. Tcm cells appear to inhabit a greater proliferative potential than Tem 
cells [234]. Hence, upon antigen recognition, Tcm cells undergo clonal expansion and 
give rise to secondary effector cells [234].  
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The relation or contribution of Tfh cells to the memory pool has been assessed over the 
last years by different approaches. It is becoming increasingly clear that the CXCR5+ 
antigen-specific cells, that are generated during a range of different responses, contain 
a population of CCR7+ cells that give rise to Tcm cells [173]. Upon challenge, this 
population differentiates into T cells with an increased ability to support B cell 
responses in comparison to the Tem cells deriving from the CXCR5- population [235]. 
Additionally, the CCR7+CXCR5+ population appears to have a broader potential to 
differentiate into both CXCR5+ Tfh and CXCR5- effector cells, while the CXCR5- cells 
were more restricted and did not give rise to Tfh cells, consistent with their respective 
classification as Tcm and Tem [173,236,237].  

These studies have largely assessed the individual contribution of CXCR5- and 
CXCR5+ cells to memory responses. Approximately 50-60% of the ag-specific CD4 T 
cells are CXCR5+ in LNs around day 8 post immunization depending on the type of 
the response. Of these, approximately 20% are GC Tfh cells distinguished by PD-1 
expression. Other studies have specifically assessed the ability of GC-derived Tfh cells 
to engage in memory responses. These studies show that the transferred CXCR5+ PD-
1+ cells can participate in recall responses, and although Bcl6 expression is reduced 
during the resting phase, these cells appear to have a preference to differentiate into Tfh 
cells when challenged [231,238-240]. 

Human Tfh cells  

The phenotype of human Tfh cells has been further explored since their initial 
definition as CD45RO+CXCR5+ cells in tonsils [137,138]. In blood, CD4+ T cells with 
the ability to support antibody production appears to be enriched among a population 
of cells that are defined as CXCR5+CXCR3-PD-1+, CXCR5+CXCR3+ICOS+ or 
alternatively CXCR5+CCR7-PD-1+ [241-243]. Perhaps most importantly, these 
subpopulations of circulating CXCR5+ cell have been identified in HIV infected 
individuals [241], influenza vaccinated subjects [242], as well as patients suffering from 
the autoimmune disease Systemic Lupus Erythematosus (SLE) [243], and are associated 
to development of broadly neutralizing antibodies (bnAbs), antibodies to influenza 
antigens, or high titers of anti-dsDNA antibodies, respectively. Importantly, the same 
association to antibody titers was not observed with the total population of circulating 
CXCR5+ memory cells [241]. Apparent from the above mentioned studies, the use of 
CXCR3 as a phenotypic marker of circulating Tfh cells is not entirely consistent. As 
suggested by Yu and colleagues, the preferential expression of the chemokine receptor 
CXCR3 could be influenced by the type of response. By using two different adjuvants 
and parallel analyses of the response in lymphoid tissue and blood in mice, they could 
show that although both adjuvants provoke Tfh responses to a similar degree, the 
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fraction of CXCR5+CXCR3+ cells in blood is preferentially generated during type 1, 
and not type 2 immunity [243]. Although results are not entirely unanimous, these 
studies on circulating human CXCR5+ Th cells collectively highlight the heterogeneity 
among CXCR5+ CD45RA- memory cells found in peripheral blood.  

Consistent with the murine system, human Tfh cells localized to GCs are distinguished 
by high levels of CXCR5, PD-1 and Bcl6 expression [244,245], and their 
differentiation can be augmented by retroviral expression of Bcl6 and c-maf [174,245]. 
Nevertheless, there are clear differences between the two species as well. Tfh 
differentiation in mice is mostly influenced by STAT3, STAT1 and to some extent 
STAT4. In contrast, human Tfh differentiation mainly appears to be be driven by 
STAT4, but is also influenced by STAT3. Accordingly, IL-21 production is promoted 
by IL-6 in mice and by IL-12 in humans [246]. The function of IL-12 in humoral 
responses has been demonstrated in individuals lacking the IL-12R subunit, which 
display attenuated GC formation and produce tetanus-specific antibodies with a lower 
affinity [247]. Also, whereas in vitro induced expression of CXCR5 by CD4+ T cells in 
the murine system is challenging, human T cells upregulate CXCR5 upon stimulation 
with anti-CD3+ anti-CD28 antibodies, and is further enhanced by IL-12 and TGF-β 
[248].  
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Vaccination 

The first steps towards what we now refer to as vaccination were taken already 300 
years ago. At that time, the Variola virus was spreading over the world causing smallpox, 
which killed 30% of infected individuals. To prevent spreading of this disease, the 
concept of “Variolation” was introduced. In principle, pustule material from infected 
patients was inoculated in the skin of uninfected individuals, and although not without 
risk, it generally caused a less severe disease than the natural infection and conferred 
immunity to the virus. The concept of vaccination was introduced by Edward Jenner 
in 1796, who instead of using material from smallpox-pustules, used cowpox-infected 
human material. Cowpox is caused by a virus similar to Variola, the Vaccinia virus, 
which trigger a smallpox like disease in cows, hence the name cowpox. Also humans 
could be infected with this virus, although contracting milder symptoms, and it was 
being noted that people exposed to cowpox were subsequently protected against 
smallpox. By inoculation of cowpox infected material, Jenner could show that it caused 
an initial local infection, but also produced a long-term (over 5 years) protection against 
smallpox challenge. Jenner called the inoculum Vaccinia from the Latin word for cow, 
“Vacca”, and accordingly, the process for “Vaccination” [1].  

Although we no longer use crude preparations from pustules, we still use the principle 
of vaccination to protect from and prevent spreading of many life threatening diseases. 
Most impressively, a global vaccination campaign succeeded to eradicate smallpox 
infection in 1967, and the last case of naturally contracted smallpox was reported in 
1979, now over 30 years ago. Most of the currently available vaccines are protective 
through their ability to stimulate generation of long lived antibody responses of 
sufficient quantity and quality. Remarkably, Amanna et. al. showed that ag-specific 
antibody titers to a number of either naturally contracted infectious agents, or proteins 
introduced by vaccination, were stable over a time period of 25-years with calculated 
half-lives ranging from 11 to over 10 000 years [249]. However, even if our knowledge 
of how vaccines work have increased enormously since Jenners first experiments, there 
are numerous details that still needs further exploration. The most obvious example of 
this is probably the many attempts to develop a protective HIV vaccine without success.  

Most vaccine preparations include some sort of adjuvant that will, similar to an intact 
pathogen, stimulate the immune system to produce a protective response. The most 
prevalently used adjuvant in current vaccines is aluminum precipitated salts (alum). 
While alum has proven its efficacy and safety over the years of use, the exact mechanism 
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by which it stimulates the immune system is still debated [250]. Alternates to alum are 
used, either alone or in combination with alum, and additional adjuvants are under 
development. Many of these are TLR agonists that stimulate the immune response in 
different ways by binding to distinct receptors, expressed by distinct cells.  

Adjuvants 

Alum 

As previously mentioned, alum is the most widely used adjuvant. The discovery that 
toxins precipitated with aluminum potassium sulfate provoked stronger humoral 
responses than toxins alone was done already in 1926. Only six years later, the same 
effect was observed in humans and alum was subsequently  used to enhance the efficacy 
of Diphtheria and Tetanus vaccines [251]. Exactly how alum mediates is adjuvanticity 
has been a longstanding question. First, alum was suggested to prolong the time that 
the toxoid remained in the body by forming antigen-depots that, in comparison to 
soluble protein, would release the antigen over an extended time period. This might be 
part of the explanation, however, other mechanisms have been suggested, although not 
entirely coherent. Alum appears to function independently of TLR-signaling. This have 
been shown in mice lacking the adaptor proteins MyD88 and TRIF, which are used 
by all currently known TLRs [252]. NLRs have been proposed as a possible mediator, 
which has the ability to sense PAMPs but also endogenous danger signals. Although it 
is clear that alum can induce production of pro-inflammatory mediators by NLR-
signaling, other in vivo studies have questioned whether or not NLR-signaling is needed 
for the adjuvanticity of alum with regards to humoral responses [253,254].  

Something that has been known for a long time is that alum promotes a classical Th2 
response, inducing a strong CD4+ cell response with high levels of IL-4 production 
[255] that predominately supports an IgG1 response in mice. Thus, despite the fact 
that alum can induce protective immunity following vaccination it would be interesting 
to use other adjuvants that promote a more Th1-biased immunity and hence the 
production of IgG2a antibodies (or the seemingly functionally analogous subclasses 
IgG1 and IgG3 in humans), as this could have more potent antiviral effects.  

TLR-based adjuvants 

As alternatives or complement to alum, TLR agonist-based adjuvants are eligible 
candidates due to their well recognized ability of TLRs to trigger robust immunity 
[256,257]. TLRs signal via the adaptor proteins MyD88 and TRIF, which 
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preferentially activate NF-κB and interferon regulatory factors (IRFs), respectively. 
Subsequently, this leads to the production of pro-inflammatory cytokines and type I 
IFNs. Due to the scope of this thesis, I will briefly discuss three TLR agonists that 
stimulate production of high levels of type I IFNs and are prospective candidates for 
use as vaccine adjuvants.  

TLR3 (Poly(I:C)) 
In the studies included in this thesis, we have almost exclusively used poly(I:C), which 
is an adjuvant known to stimulate high levels of type I IFNs. Poly(I:C) is a dsRNA 
analogue that mimics infection by dsRNA viruses and signals via endosomal TLR3 and 
cytosolic MDA5 receptors via adaptor proteins TRIF [258] and IPS-1 [259], 
respectively. Although using different adaptor proteins, both pathways eventually leads 
to IRF3 and IRF7 mediated IFN production as well as NFκB activation [257,260,261]. 
While TLR3 are predominantly expressed by CD8α+ cDCs and possibly to a lesser 
extent also CD8α- CD4- cDCs [262], MDA5 has a broader expression pattern. 
Poly(I:C) induces a rapid burst of type I IFNs , with serum levels of both IFN-α and -
β peaking already after 4-6 hours and essentially undetectable within 24 hours after 
injection [263,264]. The type I IFN response to poly(I:C) is primarily MDA5-
dependent [263]. The major subsets responsible for production of type I IFNs are 
radio-resistant stromal cells, CD8a+ cDCs and monocytes, while pDCs do not seem to 
be involved [264,265]. Although dispensable for type I IFN production, TLR3 and 
TRIF signaling appear to be more important for maturation (increased expression of 
MHCII and CD86) of B cells following poly(I:C) stimulation [258]. However, the 
generation of ovalbumin (OVA)-specific IgG2a, following immunization with antigen 
in combination with alum and poly(I:C), is completely reliant on MDA5 while TRIF 
only augments the response [263]. 

Notably, poly(I:C) has been implicated in clinical use in both conventional and 
peptide-based cancer vaccines due to its immunostimulatory effects [266]. Although 
promising results were obtained from mice studies [267], the presence of nucleases in 
sera limited the efficacy of poly (I:C) in primates (including humans) [268], and higher 
doses led to severe side effects in phase I-II clinical trials [269]. To circumvent these 
unwanted effects, poly(I:C) derivatives have been generated to stabilize the structure 
[266]. At least one of these derivatives is still in clinical trials as an intranasal influenza 
vaccine adjuvant. 

TLR4 (MPLA) 
In terms of clinical use,  the most outstanding candidate of all TLR agonists is the 
TLR4 agonist monophosphoryl lipid A (MPLA), which is already a component of the 
clinically approved adjuvant system (AS) 04 [270]. MPLA is a derivative from 
lipopolysaccharide (LPS), which is found on gram-negative bacteria and probably one 
of the most widely studied TLR-agonists [256]. In relation to LPS, MPLA is less toxic 
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but still holds its immunostimulatory capacity and potently skew the response towards 
a Th1-biased response with increased IgG2a as compared to alum [271]. TLR4 is 
expressed on the cell surface, signals both via MyD88 and TRIF adaptor proteins and 
thus, induces type I IFN production via IRF3 and IRF7 transcription factors [257].  

TLR9 (CpG ODN) 
TLR9 is primarily expressed on B cells and pDCs in the endo-lysosomal compartment 
and recognizes unmethylated CpG motifs present in bacterial, but not mammalian, 
DNA. The immunostimulatory capacity of TLR9 has been explored by using different 
types of synthetic CpG oligodeoxynucleotides (ODNs), which have been shown to 
mediate a range of biological effects by preferentially stimulating TLR9 on B cells or 
pDCs. CpG ODNs have been utilized as adjuvant in clinical trials, both against 
infectious disease and cancer treatment [272]. The progression of these substances are 
however unclear, although beneficial effects of CpG ODNs as vaccine adjuvant have 
been reported [273]. TLR9 signals exclusively via MyD88 but in contrast to other 
TLRs, it has through this pathway the ability to induce high levels of type I IFN 
production by pDCs via direct activation of IRF7[257].  

Type I interferons 

Type I IFNs are a family of immunomodulatory proteins comprising one IFN-β and 
fourteen IFN-α proteins [274]. The activity of type I IFNs was discovered already in 
1957 by Isaacs and Lindenmann, who found that a product derived from virus-infected 
chick embryo cells had the ability to induce resistance to viral infection [275]. Due to 
its potential use as an antiviral drug, this discovery took ‘Interferons’ all the way into a 
comic strip of the popular Flash Gordon magazine, where it was used in a space ship to 
cure a patient infected with a mysterious extraterrestrial virus. Despite its potential 
‘superpowers’ it took another twenty years before the genes encoding type IFNs were 
identified, which also led to a wider scientific acceptance [276].    

Signaling and immunomodulatory functions 

Type I IFNs are produced by many different cell types in response to viral, bacterial 
and parasite infections through activation of both TLR-dependent and -independent 
pathways. Particularly, pDCs are known to be high-level producers of type I IFNs in 
response to ssRNA or CpG DNA via endosomal expression of TLR7 and TLR9 [257]. 
Although other cell types express these TLRs, only pDCs have the capacity to directly 
activate IRF7, leading to instant production of IFNα proteins [257]. In contrast, type 
I IFNs are primarily induced by conventional DCs (cDCs), macrophages, and epithelial 
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cells following TLR3 and TLR4 activation [277]. These receptors initially induce 
production of type I IFNs via IRF3, due to their association with the adaptor protein 
TRIF, which subsequently stimulates activation of IRF7 in a positive feedback loop 
[278]. Non-TLRs involved in type I IFN production include retinoic-acid-inducible 
protein I (RIG-I), melanoma differentiation-associated gene 5 (MDA5), stimulator of 
IFN genes (STING) and DNA-dependent activator of IRFs (DAI). These cytoplasmic 
sensors are expressed by multiple cell types and recognize ssRNA, dsRNA and cytosolic 
DNA [279]. 

All type I IFNs signals via the heterodimeric IFNα/β receptor (IFNAR), composed of 
the two subunits IFNAR1 and IFNAR2. The IFNAR is constitutively associated to 
Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) and upon activation, STAT 
proteins are phosphorylated, primarily STAT1, STAT2 and STAT3 but in 
lymphocytes also STAT4 and STAT6 [280,281]. pSTAT1 and 2 proteins dimerize and 
translocate to the nucleus, where they together with IRF9 form IFN-stimulated gene 
factor 3 (ISGF3) that induce transcription of IFN-stimulated genes (ISGs). To date, 
over 400 ISGs have been identified [277], which signifies how type I IFNs must be 
regulated in a context dependent manner.  

Since the initial discovery of its anti-viral activity type I IFNs have been shown to have 
multiple immunomodulatory effects, not always in favor of the host. Indeed, in the 
context of bacterial infection, type I IFN appears to impair clearance of L. 
Monocytogenes [282] and Mycobacterium tuberculosis [283], and IFNAR deficient 
mice are instead resistant against infection [282]. One possible mechanism for this is 
that type I IFNs suppress production of IL-17 [284], which is important for the 
clearance of  extracellular bacteria. The complex role of type I IFNs also expands to 
viral infection. Two parallel studies were recently published showing that neutralization 
of prolonged type I IFN signaling were beneficial for clearance of the otherwise chronic 
LCMV (clone 13) infection [285,286]. Additionally, the same effect was seen during 
plasmodium infection [287]. In at least two of these studies, prolonged type I IFN 
signaling were shown to stimulate increased levels of IL-10 and block of IFN-γ 
production by CD4+ T cells, and this phenotype was reversed by neutralization with 
an anti-IFNAR1 mAb [285,287].  

Nevertheless, the anti-viral properties of type I interferon are essential to control acute 
viral infections and support both innate and adaptive responses. Direct effects of type 
I IFNs on B and T cells include increased proliferation, survival, co-stimulatory 
function and sensitivity to external signals [288-290]. In terms of specific effector 
functions, it is involved in IFN-γ production by CD4+ T cells, both directly [281] and 
indirectly via DCs [264]. Additionally, type I IFNs have a major effect on humoral 
responses, which will be further discussed below.  
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Type I IFNs in the regulation of humoral responses  
Due to their ability to modulate the immune response, type I IFNs have been under intense 
investigation since their discovery and used in clinical practice since 1986. Whereas 
recombinant type I IFN proteins have been proved to have beneficial effects in multiple 
sclerosis (MS), hepatitis and cancer therapy, one of the side effects of long term treatment is 
the generation of neutralizing anti-IFNβ Abs [291]. 

The influence of type I IFNs on the generation of antigen-specific antibodies of the IgG 
subclasses were recognized already in 1991 by Gause and colleagues, demonstrating increased 
IgG2a and decreased IgG1 serum levels following injection of increasing doses of IFN-
α together with an anti-IgD mAb [53]. While the decrease in IgG1 was eliminated when a 
neutralizing anti-IFNγ mAb was injected in parallel, the level of IgG2a was lower but still 
increased with higher doses of IFN-α, indicating that the stimulating effects of IFN-α was 
not merely due to its ability to induce IFN-γ production. Although these serum analyses were 
done 8 days after IFN-α injection and likely reflects a TI extra follicular PC response, another 
study using mice deficient in IFNAR, IFNγR or both demonstrated that the absence of both 
IFNAR and IFNγR expression completely blocked production of antigen specific IgG2a 4 
weeks after LCMV infection. Mice lacking the IFNγR only, displayed a 50% reduction of 
IgG2a [54]. Hence, these studies show that type I IFN can stimulate IgG2a responses 
independently of IFN-γ. Additionally, in the absence of IFNAR, IFNγR or both, IgG1 
responses were increased in comparison to wt controls, most significantly in mice deficient in 
the IFNγR [54]. While the majority of the studies addressing IgG2a responses report 
reduction or absence of this isotype when mice lack IFNAR expression, IgG1 levels have been 
shown to be either reduced [292] or increased [54,293] in these mice. A possible explanation 
for this discrepancy might be the type of stimuli that has been used, as IgG1 levels appear to 
be higher in response to live viral infections than in immunization models. However, the IgG1 
generated in the absence of type I IFNs is of lower affinity [186], presumably a consequence 
of aberrant Tfh cell development [186] and attenuated GC responses [75]. 

Some of these studies also address the individual contribution of IFNAR expression on DCs, 
T cells, B cells or both T and B cells, either in the absence of receptor signaling or with type I 
IFNs added as an adjuvant. In response to adenoviral vectors, transfer of WT DCs was not 
sufficient to restore IgG2a production in IFNAR deficient mice [75]. In this system, the 
IFNAR instead appears to be engaged in T as well as B cells to mount IgG2a responses and 
this isotype was essentially absent when both subsets lacked IFNAR expression [75]. In 
contrast, when type I IFN were used as an adjuvant, signaling in DCs alone was able to 
support IgG2a production, although at lower levels than observed in wt controls[294]. 
However, in a follow-up study, the ability of type I IFNs to enhance IgG2a responses was 
primarily assigned to T cells [295]. Clearly, type I IFNs are involved in humoral responses, by 
mediating both basic signals such as expansion, survival and activation of both T and B cells, 
but also more selective effects, which bias the response towards production of IFN-γ and 
IgG2a.  
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Present investigation 

Aims of the thesis 

The overall aim of this thesis was to study the role for innate mechanisms in the 
development of T follicular helper cell development and germinal center responses in 
the context of protein immunization adjuvanted by poly(I:C).   

 

Specifically, the aims of the included studies were: 

I. To determine the role for conventional dendritic cells in Tfh cell 
development and associated GC responses. 
 

II. To dissect the effects of type I and II interferons on GC formation and 
GC-dependent IgG1 and IgG2c responses.  

 
III. To assess how T cell precursor numbers influence Tfh cell differentiation 

and IgG1 versus IgG2c associated GC B cell responses. 
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Results and discussion 

Paper I 

T follicular helper, but not Th1, cell differentiation in the absence of dendritic cells 

Although Tfh cells were recognized as a distinct subset of CD4+ T cells, the cues that 
instructed Tfh differentiation was, in the beginning of this study, largely unknown. 
Our group had previously shown that type I IFN signaling in cDCs enhanced Tfh cell 
development, possibly via IL-6 signaling [186], while others had suggested that both 
IL-6 and IL-21 as well as ICOSL signaling, provided by B cells, were involved [148]. 
As DCs are considered to be the main APC to prime CD4+ T cells, we wanted to 
investigate whether CD11c+ cDCs provide any unique signals required for Tfh 
differentiation. To this end, we took advantage of the CD11c-DTR mouse model 
[296], which allows selective in vivo depletion of CD11c expressing cells. To study the 
ag-specific CD4+ T cell response we transferred OVA-specific OT-II cells that can be 
tracked in the recipient mice by congenic CD45 expression. These mice were then used 
to study CD4 T cell differentiation and GC development in response to systemic 
protein immunization adjuvanted by poly(I:C) in the presence, or absence, of cDCs.  

Results in short  
• Administration of a high antigen dose can overcome the initial requirement 

for cDCs during T cell priming in cDC-depleted mice.  

• Tfh differentiation and GC development can develop independently of cDCs, 
although, cDCs are required for concurrent Th1 development. 

• B cells, monocytes, and possibly pDCs, can redundantly prime CD4+ T cells 
and thereby support early CXCR5 expression in vivo, in the absence of cDCs. 

• cDC-depleted mice produce ag-specific IgG1 responses of unaltered quality 
and quantity, while IgG2c responses are selectively impaired in these mice 
during both primary and secondary responses.  

T cell priming in the absence of cDCs – antigen dosing 
There is no doubt that cDCs are efficient APCs, especially with regards to their ability 
to capture, digest and present essentially all types of antigen. cDCs are also strategically 
localized beneath epithelial surfaces, and in the case of a breached epithelial barrier, 
cDCs mature and transports antigen to the sentinel LN where they immediately enter 
the T cell zone to prime and activate ag-specific T cells. In our study, we found that 
CD4+ T cell priming was impaired in the absence of cDCs in response to 300 μg of 
antigen delivered by intraperitoneal injection (i.p.). As we aimed to study the accessory 
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function of cDCs, beyond ag-presentation, we approached this by giving a 10-fold 
higher ag-dose (3mg) to allow other, presumably less efficient APCs, to prime T cells 
in the absence of cDCs. By doing this, we observed comparable priming and activation 
in both cDC sufficient and deficient animals and could accordingly separate the APC 
function of cDCs from their accessory signals. This, in many people’s eyes, 
exceptionally high ag-dose did however not bypass the known requisite for ICOSL-
mediated signals, thus indicating that the Tfh cells that develop under these conditions 
still follow the same rules as Tfh cells that develop in response to lower ag-doses.  

Although 3 mg is a lot of antigen, this is a dose that we deliver via i.p. injection that 
will be systemically distributed through peritoneal lymphatic draining, eventually 
reaching the blood. This should be put in relation to studies that use subcutaneous ag-
doses of in the range of hundreds of μg, which presumably leads to an even higher local 
antigen concentration in draining LNs as compared to the amount of antigen 
accumulating in the spleen after high dose i.p. injections. However, in most cases I 
think that using lower, perhaps more physiologically relevant, doses are preferable. 
However, in our study the high antigen dose represents a technical approach to evaluate 
the accessory functions of cDCs. 

CD11c-DTR system – off target effects 
The CD11c-DTR mice express the human receptor for Diphtheria Toxin (DT) under 
control of the murine Cd11c promoter. Since mice normally lack expression of the 
DTR, this means that only the CD11c expressing cells will be sensitive to DT 
injections. The CD11c-DTR mouse was generated in 2002 by Jung et. al. in 1992 
[296], and has been used in various studies to assess the function of CD11c+ cDCs. 
The DTR-DT system has indeed provided a useful tool to selectively deplete specific 
cell populations in vivo, however, it also requires careful examination of which cells 
that are specifically depleted. During the course of this study it became apparent to us 
that also GC B cells, similar to plasma cells [297], started to express CD11c and hence, 
became sensitive to the DT injections. This was also published by Sallusto and 
colleagues [165]. Consequently, we also used a complimentary mouse model (described 
in paper I) in which we could repeatedly inject DT to ensure persistent cDC-depletion 
without risking any direct effects on B cells.  

Another population of cells that has been reported to be depleted in the CD11c-DTR 
mouse is the MZ macrophages that resides in the MZ of the spleen [298]. MZ 
macrophages have previously been shown to be involved in trapping antigen, but not 
T cell priming or induction of antigen specific IFN-γ production to Listeria 
monocytogenes [299]. Although this study indicates that MZ macrophages are 
dispensable for the priming of IFN-γ producing T cells, it is a possibility that we cannot 
entirely exclude in our study. 
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Although the DT-system were suggested to work by apoptosis and thus, could be 
applicable also to an immunological steady state context [300], this has later been 
shown to not be entirely accurate. Depletion of CD11c+ cells by DT have been shown 
to induce neutrophilia in the blood [301], and we observed an increased frequency of 
granulocytes as well as monocytes in the spleen following depletion. This influx of cells 
could however be counteracted by injection of an anti-Gr1 mAb, targeting both Ly6G 
(neutrophils) and Ly6C (monocytes).  

During the course of this study, other models of DC-depletion have been developed. 
Except from the previously mentioned conditional CD11c-cre- based systems to delete 
specific subsets of cDCs, expression of the Zbtb46 transcription factor was suggested 
to be more restricted to cDCs as compared to CD11c, and a Zbtb46-DTR mouse was 
generated [302]. Although this mouse possibly will present less off-target effects than 
the CD11c-DTR model, it will presumably still display similar DT-induced effects on 
of inflammatory myeloid cell populations. Also, it has been shown that CD206+ 
monocyte-derived DCs upregulate Zbtb46 expression upon maturation following LPS 
injection [303], which further emphasizes the importance of carefully monitoring the 
‘specific’ depletion of cells.  

To be, or not to be… a Tfh cell? 
Quite remarkably, we found that many cell types that can support T cell priming 
associated with early CXCR5 induction when they have access to sufficient amounts of 
antigen. Strictly, it is in one way a bit redundant to discuss Tfh cell development in a 
context where cognate B-T cell interactions cannot occur. Whether or not the 
definition of Tfh cells is based on their localization to GCs, the ultimate function of a 
Tfh cell is to support B cells, and the B-T cell interaction is clearly not a one-way type 
of communication. The current view on Tfh differentiation is, however, that DCs 
instructs early cell fate commitment [158,171,191,304]. This view is at least partially 
based on the mutually exclusive subsets of IL-2Rα+ and Bcl6+ T cells that can be 
detected as early as day 2 days post-infection with LCMV, corresponding to a time 
point when the primed T cells have undergone only two rounds of cell division [158]. 
Also in support of this notion is that ag-presentation by DCs alone is sufficient to 
induce CXCR5 expression in vivo [158,171]. An important role for DCs in the 
directional migration of activated CD4+ T cells towards the follicles is also evident from 
earlier observations [143,144].  

DCs may indeed facilitate B-T cell interaction, but they do not necessarily specify 
commitment to the Tfh cell fate. An alternative way of viewing Tfh cell fate 
commitment would be the engagement with a cognate B cell, as antigen presentation 
by B cells also has been demonstrated to be an early event [86]. Soluble antigens reach 
the follicles within minutes after injection, and Pape et. al. show that the majority of 
ag-specific B cells have captured antigen within 4 hours [305]. This means that cognate 
interactions between B and T cells can occur within the first 24-48 hours, which also 



55 

have been visualized by intravital microscopy [86]. Thus, as we observe Tfh cell 
development also in the absence of cDCs, an alternative suggestion is that Tfh cell 
commitment instead occurs when T cells form stable cognate interactions with B cells 
at the follicular border.  

Paper II 

Complementary roles for type I and II interferons in IgG2c germinal center B cell fate 
commitment 

Type I IFNs mediate a broad range of effects in various different cell types. Previous 
work on type I IFNs in the context of humoral immunity has demonstrated that type 
I IFN signaling enhance production of antigen-specific IgG [292,294] and in its 
absence, the most pronounced effect is an impaired production of the IgG2a/c subclass 
[292]. Type I IFN signaling in DCs has also been shown to support both Tfh and Th1 
development [186,264], and our previous study (paper I), revealed a distinctive effect 
on Th1 cell development and associated IgG2c responses in the absence of cDCs. 
Others did, however, report that type I IFN signaling had an overall negative effect on 
Tfh differentiation and subsequent IgG production [187]. In this study, we therefore 
set out to comprehensively assess how type I IFNs influence primary T and B cell 
responses that give rise to long-lived humoral immunity and B cell memory.  

Results in short  
• Type I IFNs enhance titers and affinity maturation of ag-specific IgG1, and is 

essential for the production of antibodies of the IgG2c subclass  

• GC B cell responses are overall enhanced by type I IFN signaling. 

• Generation of IgG2c+, but not IgG1+, GC B cells are attenuated in the absence 
of type I IFN signaling. 

• Tfh cell development is augmented by, but does not require, type I IFN 
signaling in hematopoietic cells, while concurrent Th1 cell development is 
obstructed in the absence of type I IFNs.  

• Type I IFN signaling within the first 24 hours is sufficient to induce IFN-γ 
production and IgG2c-switching. 

• Direct IFN-γ signaling in B cells is dispensable for GC responses, but is 
required for CSR to IgG2c. 

• Direct type I IFN signaling augments GC B cell development through a 
selective effect on IgG2c+ GC B cells. 
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Type I IFNs and Tfh cell development – intrinsic and extrinsic effects 
From our results, it is clear that type I IFNs are needed to kick-off robust poly(I:C)-
induced immune responses that are characterized by production of high affinity 
antibodies, IFN-γ and efficient switching to IgG2c. Evidently, in our study type I IFN 
signaling also augments Tfh differentiation. The somewhat contradictory conclusions 
by Craft and colleagues [187], suggesting that type I IFN signaling negatively regulate 
Tfh differentiation, highlights the importance of considering the multiple effects of 
type I IFNs. Consistent with Ray et. al., we also observed slightly elevated levels of Bcl6 
when T cells lack IFNAR expression, which might indeed indicate that T cell intrinsic 
type I IFN signaling counteracts Tfh cell differentiation. However, this rather subtle 
effect of T cell intrinsic signaling is clearly inferior to the overall augmenting effect of 
type IFN signaling in hematopoietic cells, in terms of both Tfh and Th1 induction. 
Rather than claiming that type I IFN signaling has a negative effect on Tfh 
differentiation, it would probably be more correct to state that STAT3 counteracts Th1 
differentiation.  

Type I IFNs and control of B cell responses  
B cell intrinsic type I IFN signaling enhances both BCR and TLR mediated activation, 
including survival, proliferation and expression of co-stimulatory molecules such as 
CD86, and in some cases also directly regulates the level of TLR expression [290,306]. 
Direct IFNAR signaling has been demonstrated to regulate production of IgG2c in 
response to TI antigen adjuvanted with poly(I:C) [66]. Our results show that type I 
IFN signaling in B cells enhances the generation of IgG2c+ GC B cells, but switching 
to this isotype appears to be ultimately regulated by IFN-γ in response to TD-antigen. 
How type I IFNs mediate this enhancing effect is however not yet clear to us. One 
possibility might be impaired autocrine signaling, as B cells themselves have the 
capacity to produce IFN-γ [307]. However, B cell derived IFN-γ were not necessary for 
IgG2c production in response to LPS [58]. Alternatively, type IFNs could regulate the 
levels of IFNγR expression on B cells and hence, regulate the sensitivity of the B cells 
to IFN-γ. Lastly, loss of intrinsic IFNAR signaling and reduced expression of co-
stimulatory signals could impair the ability of the receptor deficient B cells to efficiently 
interact with CD4+ T cells.  

The good and bad of type I IFNs – a matter of timing 
One of the challenges of studying type I IFNs is the many versatile effects they have on 
various cells of the immune system. In addition to that, there is the immunological 
context that changes during the progression of an immune response, and continuously 
alters the responsiveness to type I IFNs of individual cell types.  

In our study, in the context of protein immunization, type I IFNs appear to rely on a 
distinct burst produced within 24 hours from immunization. This is consistent with 
the early peak and rapid decline of type I IFNs in the serum of poly(I:C)-injected mice 
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[263]. This early burst of type I IFNs thus governs both IFN-γ production and 
switching to IgG2c. In contrast, models based on chronic infections show that type I 
IFNs have additional effects due to prolonged, or a secondary wave of type I IFN 
production. These later effects appear to be of an anti-inflammatory character, where 
type I IFNs instructs cDCs or mDCs to go into a more regulatory mode manifested by 
expression of higher levels of PD-L1/PD-L2 and IL-10 production, which in turn 
inhibits IFN-γ production by CD4+ T cells [285,286,308]. The early effects of type I 
IFNs do however control viral titers during the initial phase of infection, implicating a 
brief pro-inflammatory role during viral infections while sustained levels instead 
mediate anti-inflammatory effects. This may reflect an intrinsic regulatory mechanism 
to prevent excessive immune responses induced by prolonged type I IFN signaling that 
might lead to autoimmune responses.  

Notably, multiple sclerosis (MS) patients treated with IFN-β frequently present with 
production of antibodies against various types of autoantigens [309], but one of the 
ameliorating effects of the treatment are indeed IL-10 production [277]. The harmful 
effects of type I IFN is evident in the autoimmune disorder systemic lupus 
erythematosus (SLE), which is associated with high serum levels of type I IFNs [310]. 
One of the hallmarks for SLE is the production of autoantibodies to nuclear antigens 
that eventually cause the formation of immune complexes, which in turn can give rise 
to severe complications such as renal failure.  

The notion that type I IFNs suppress IL-17 production falls in line with the 
ameliorating effects of IFN-β treatment, as MS and animal models of the disease at 
least partially are characterized by the presence of Th17 cells [277,311]. On the other 
hand, the treatment augments production of autoantibodies. IFN-β has, at least in 
vitro, been associated with a Th2-skewing (increased IL-4 and IL-10 production) of 
the autoreactive T cells from MS patients [312]. Together with the association of 
autoantibodies and systemic levels of type I IFNs in SLE-patients, this could imply that 
excessive type I IFN signaling may be involved the production of autoantibodies. 

Paper III 

Clonal competition impairs T follicular helper cell differentiation and reveals 
separable T helper cell requirements for IgG1 and IgG2c associated germinal center B 
cell responses 

Adoptive transfer of transgenic CD4+ T cells is a widely used method to study antigen 
specific T cell responses, due to the low number of naïve T cells specific for a certain 
antigen among the endogenous repertoire. Although the transgenic T cells in many 
aspects mirror endogenous T cell responses, previous studies have shown that increased 
numbers of precursor cells have a negative impact on expansion [313], and 
differentiation into IFN-γ producing cells [314]. From our previous work, Paper I, it 
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was apparent that the number of transferred OT-II cells also influenced Tfh cell 
differentiation. To further explore how the precursor number affects concurrent Tfh 
and Th1 cell differentiation, as well as GC B cell responses, we transferred increasing 
numbers of OT-II cells, ranging from 5000 to 106, and again assessed the response to 
immunization with OVA plus poly(I:C).  

Results in short  
• A high precursor number limits T cell expansion, Tfh differentiation and GC 

formation.  

• IFN-γ production is not influenced by the number of precursor cells. 

• Generation of IgG1+, but not IgG2c+, GC B cells is impaired when a high 
number of precursors are transferred.  

Why are Tfh cells particularly sensitive to clonal competition? 
Although we were expecting the precursor number to have an impact on Tfh 
differentiation, we were perhaps not anticipating that the effects would be as strong as 
they eventually turned out to be. Low precursor numbers clearly favored Tfh 
differentiation, whereas high numbers (over 5x105) impaired the ability of the T cells 
to differentiate into Tfh cells.  

Tfh cells have been shown to preferentially develop from T cells expressing a high 
affinity TCR [164]. The role for TCR signaling strength in Tfh cell differentiation is 
further supported by the findings that prolonged TCR-p:MHCII dwell time favors Tfh 
cell development [166] and that an increased amount of antigen can augment the 
generation of Tfh cells [165]. Other molecules that have been suggested to be involved 
in Tfh cell differentiation beyond TCR signaling include  ICOS [158], IL-6 and IL-
21[134,148], which all co-stimulates TCR-dependent T cell activation. 

In this study we used TCR-transgenic OT-II cells, which means that all T cells have 
identical TCR affinities for the p:MHCII complexes presented. However, increased 
competition for antigen at higher numbers of antigen-specific precursors would 
presumably affect the TCR-signaling strength, and therefore also Tfh cell 
differentiation. This was addressed in one experiment using two antigen doses, 300μg 
or 3mg. At lower precursor numbers (5x104), the 10-fold higher antigen dose led to a 
marginal increase of the frequency of Tfh cells. However, increasing the amount of 
antigen could not rescue the impaired Tfh differentiation observed when a high 
number of cells (106) was transferred (unpublished observation), indicating that the ag-
dose is not the limiting factor for Tfh cell differentiation under these conditions.   

The seemingly unchanged frequencies of IFN-γ producing cells, irrespective of T cell 
precursor numbers, indicate that Th1 cell development is less sensitive to clonal 
competition than Tfh cell development. The results from this study stands in contrast 
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to the first paper included in this thesis, where Tfh cells but not Th1 cells develop, in 
that context due to the absence of cDCs [192]. Although purely speculative, a 
preferential requisite for distinct APCs could at least partially explain the selective 
impairment of either Tfh or Th1 cell differentiation in the respective studies. In 
essence, clonal competition for cognate interaction with B cells at high numbers of 
precursor T cells might interfere with the stability of the B-T cell interactions, which 
in turn would lead to impaired Tfh differentiation. On the other hand, clonal 
competition does not appear to interfere with the T cells’ ability to produce IFN-γ, a 
feature that previously have been shown to be dependent on cDCs [192,264].  

Although the total numbers of B cells are higher than the total numbers of cDCs, the 
number of cDCs that can present OVA-derived peptides are most likely higher than 
the number of B cells with the same ability at the time of T cell priming. Thus, the 
number p:MCHII+ cDCs is not as limiting as the number of cognate B cells, which 
possibly could explain why IFN-γ production appears to be less sensitive to clonal 
competition. Differential regulation of Th cell responses by distinct APCs has indeed 
been suggested in studies demonstrating that antigen presentation by B cells 
preferentially inhibit IFN-γ and induce IL-4 production by cognate T cells in vitro 
[220,221].  

Divergent regulation of switching to IgG1 and IgG2c 
In addition to the effect on Tfh cell differentiation, the precursor number clearly 
influenced GC development, presumably a consequence of the impaired Tfh cell 
differentiation. Surprisingly, the precursor number also affected the polarization 
between IgG1+ and IgG2c+ cells within the GCs. The percentage of IgG1+ GC B cells 
was favored at low and, conversely, impaired at higher precursor T cell numbers, similar 
to Tfh cell differentiation. In contrast, the percentage of IgG2c+ GC B cells appeared 
stable irrespective of precursor number. 

Distinct factors regulate CSR to IgG1 and IgG2c. While Tfh cells have been shown to 
produce IFN-γ [163,231], they are mainly associated with production of IL-4 and IL-
21 that promote switching IgG1 [39,43,315]. Although we show that IFN-γ regulate 
switching to IgG2c during TD responses to poly(I:C) (paper II), we do not know 
whether Tfh cells or other cell type(s) are the source of the IFN-γ that controls the 
IgG2c-switch. Switching to IgG2c can indeed be induced by factors that are not linked 
to Tfh cells, such as type I IFNs and TLR-ligands [57,65,66]. 

The strikingly similar effect of precursor numbers that we find on the generation of 
IgG1+, but not IgG2c+, GC B cells and Tfh cell development, indicates that Tfh cells 
are specifically involved in the switching to the IgG1 subclass and to a lesser extent in 
the switching to IgG2c. However, as the number of Tfh cells display a strong 
correlation with the number of total GC B cells, the number of IgG2c+ GC B cells is 
also influenced by the precursor number. This suggests that although Tfh cells might 
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not be involved in the switch to IgG2c, they are likely to support the expansion of the 
IgG2c+ GC B cells. 

Concluding remarks and future perspectives 

The work included in this thesis has investigated basic mechanisms that underlies the 
generation and composition of germinal centers, including differentiation of Tfh cells 
and effects of type I IFNs. Furthermore, we report additional novel findings regarding 
the switch to IgG1 and IgG2c subclasses that appear to be differentially associated with 
Tfh cell development and function.  

High affinity antibodies and memory B cells are products of the GC response that 
contribute to the long term protection we acquire following vaccination. The impact 
of vaccination is indeed impressive, and the world health organization (WHO) 
estimates that vaccination prevents 2.5 million deaths per year. Vaccine regimens have 
also been able to eradicate the natural occurrence of smallpox [316]. The requisite for 
vaccine development is however still urgent, as protective vaccines against the human 
immunodeficiency virus (HIV) and malaria have not yet been produced. The constant 
emergence of new viruses also highlights the never ending need of new vaccines. Last 
year, the Ebola virus outbreak in West Africa caused over 10 000 deaths within less 
than one year. Impressively, a vaccine candidate against the Ebola virus was rapidly 
produced after the outbreak, and this has already shown protective effects against the 
Ebola virus disease in endemic areas [317]. An even more recent example, against which 
there is not yet a vaccine, is the Zika virus. Infection with the Zika virus usually causes 
mild symptoms in the infected individual. However, there is a potential association 
between Zika virus-infected women and the birth of children with the Guillain-Barré 
syndrome as well as microcephaly, which both cause severe neurological symptoms.     

A deeper understanding of the mechanisms behind differential IgG class-switching 
would be applicable to both vaccines and autoimmune diseases. Interestingly, in mouse 
models, IgG2a/c is often referred to as the “pathogenic” IgG subclass in the 
autoimmune setting [318], whereas it is the most “protective” in terms of viral clearance 
[55] and “efficient” with regards to anti-tumor cytotoxicity [13]. This highlights the 
value of understanding how to regulate the generation of this particularly potent Ig. 
The human equivalents of IgG2a/c subclass appear to be IgG1 and IgG3. Similar to 
the mouse IgG2a/c subclass, these human IgG subclasses display a broader range of Fc-
receptor binding as well as a higher capacity to activate the complement system [319]. 
Although functionally similar, much less is known with regards to the signals that 
regulate IgG1 and IgG3 specific switching in human B cells. In contrast to mouse 
IgG2a/c class switch, which includes type I IFN, TLR and IFN-γ signaling, IL-10 and 
IL-21 have been suggested to be involved in production of IgG1 and IgG3 antibodies 
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by human B cells [320,321]. However, these cytokines also appear to partially stimulate 
the production of IgM and IgG4 isotypes, respectively. Broadening our understanding 
of how IgG1 and IgG3 subclasses are specifically regulated could potentially help us in 
future development of vaccines, and also, treatment of antibody-mediated autoimmune 
disorders.  

Evidently, although our knowledge about the GC reaction and associated Tfh cell 
differentiation has increased vastly over the past years, there are still many details that 
remain unknown. This thesis work has hopefully added another piece to that puzzle. 
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Populärvetenskaplig sammanfattning 

Varje gång vi drabbas av en förkylning, eller ännu värre, åker på influensan så gör vårt 
immunförsvar sig påmint. Vad vi däremot inte tänker på är alla de gånger som detta 
nätverk av celler arbetar på i tysthet, utan att orsaka varken feber eller snuva. Utan vårt 
immunförsvar hade vi stått skyddslösa mot alla de potentiellt sjukdomsalstrande 
bakterier och virus som finns runtomkring oss. Vårt immunsystem är uppbyggt av ett 
stort antal av specialiserade celler som tillsammans arbetar för att skydda oss mot yttre, 
men även inre hot. Bland de yttre fienderna känner vi igen just virus, bakterier och 
olika typer och parasiter. De inre hoten orsakas faktiskt av våra egna celler, som i vissa 
fall börjar bete sig olämpligt och i kan ge upphov till cancer. Även dessa känns igen av 
immunceller och omedelbart tas omhand innan de kan orsaka någon skada.  

Genom att vaccinera oss ger vi vårt immunförsvar ett försprång gentemot en riktig 
infektion. Detta gör vi för att skydda oss från allvarliga sjukdomar som t ex. stelkramp, 
difteri, och mässling, som före upptäckten av respektive vaccin fick svåra följder. Vid 
en vaccination är att man injicerar man en del av, eller hela döda, virus eller bakterier. 
Detta är ungefär som att publicera en bild på en förbrytare för att uppmärksamma 
människor på att det är en farlig individ om de skulle stöta på personen i fråga. Våra 
immunceller får därför en chans att träna upp sitt försvar mot just den typen av mikrob 
som vi vaccinerar oss emot, och vid en riktig infektion så har kroppen skaffat sig ett 
överläge.  

I vårt immunförsvar finns det även en repertoar av olika typer av celler som känner igen 
ett väldigt stort antal olika motiv, men det betyder också att varje enskild celltyp är 
väldigt ovanlig. Detta är för att vi i princip ska ha möjlighet att försvara oss mot  alla 
typer av mikrober. När vi vaccinerar oss kan de, från början väldigt få, celler som känner 
just det motivet dela sig och snabbt gå från runt hundra till tusentals. En del av dessa 
lever sedan kvar och nästa gång de känner igen samma motiv reagerar de snabbare och 
mer kraftfullt. Detta är en process som kallas immunologiskt minne.   

En annan del av vårt immunförsvar som utvecklas vid en vaccination är den humorala 
immuniteten, så kallade antikroppar. Antikroppar är små molekyler som cirkulerar i 
våra kroppar och kan ta sig fram i små utrymmen där inte ens celler kan ta sig fram. 
Antikroppar har två huvudfunktioner. De kan både binda upp och oskadliggöra lösliga 
protein, som t ex toxin från bakterier, men kan även binda till och markera hela 
mikrober så att immunceller förstår att de ska oskadliggöras och förhindra att de sprider 
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sig. Antikroppar produceras av B celler, och för att förbättra kvalitén på antikroppar av 
bättre kvalitet (med andra ord, hur starkt de kan binda) ska bildas så behöver B cellerna 
hjälp av en annan typ av cell som kallas för T celler. Detta sker i våra lymfkörtlar, i en 
process som kallas ”germinal centra reaktioner” där B celler som producerar antikroppar 
av bättre kvalitet väljs ut av T celler. Dessa B celler kan sedan bidra till vårt 
immunologiska minnet, men även utvecklas till plasma celler. Plasma celler är 
specialiserade på att producera stora mängder antikroppar och är en del av orsaken till 
att vi har skydd under en lång tid efter vaccination, i vissa fall livet ut. 

I mitt avhandlingsarbete har jag undersökt hur just germinal centra reaktionen regleras 
och hur olika typer av antikroppar bildas. För att kunna utveckla effektiva vaccin mot 
olika typer av infektioner måste vi förstå i detalj vilka celler som är involverade i den 
här processen, och även hur dessa celler kommunicerar med varandra. Detta har jag 
gjort genom att använda musmodeller där vi kan förändra olika egenskaper i specifika 
typer av celler, medan andra fortfarande fungerar som vanligt. I en av våra studier har 
vi t ex funnit att en signalsubstans som kallas typ I interferon, som naturligt produceras 
i stora mängder vid virus infektioner, är viktigt för att germinal centra reaktioner ska 
bildas. 

Förhoppningsvis har våra studier lagt en bit i det enorma pussel av faktorer och celler 
som immunologi består av, och därmed också ökat vår förståelse för hur vi bör tänka 
när vi utvecklar nya typer av vaccin. Trots att vi har vaccin för att skydda oss mot många 
av de tidigare stora folksjukdomarna finns där fortfarande luckor som behöver fyllas i. 
Det tydligaste exemplet är förmodligen vår oförmåga att skapa skyddande vaccin mot 
humant immunbristvirus (HIV) och malaria, men även plötsliga utbrott av dödliga 
virus, som t ex Ebola, belyser det ständiga behovet av nya vaccin.    



65 

Acknowledgements 

Most importantly, I would like to thank everyone who in one way or another have 
made this thesis work not just possible, but also enjoyable and a memory for life. 

First of all, Bengt, my supervisor, for being the unusual combination of a great scientist 
and a caring person. Your passion for science and enormous knowledge are indeed 
inspiring (and sometimes almost intimidating). I am truly glad to have had the 
opportunity to do my PhD in your lab. We sometimes approach things a bit differently, 
but I can’t imagine any other supervisor that would have coped with my frequent 
“överpysningar” (or attempt to fly to the UK without a passport) as well as you have.   

Bill, my co-supervisor, thanks for helpful advice and insights to the strategic world of 
academia. And of course, for all the tough rounds of innebandy.  

Our collaborators in Gothenburg: Ulf, thanks for your endless energy and positivity 
during all the twists and turns of the project. Tobbe, for being a great co-worker and 
friend during the long days in the lab. Samuel, thanks for putting in that final effort 
for completing the project, especially that delivery just in time for the Christmas party 
. 

Past and present members of the BJL-group: Helena, for introducing me in the lab and 
establishing that that pink is a great color. Karin, for our many chats about science, 
family and everything else. Being part of the growth of both Knodd 1 and 2 has given 
me perspective on what life really is all about. And of course, thanks for the countless 
proof readings of my e-mails. Duojia, for being such a caring, sweet and smart person. 
How you manage to juggle family and work is truly impressive. Andrzej, your endless 
knowledge in antibody-ELISAs and tolerability to not-so-smart questions have taught 
me a lot. Caroline, your positive energy really rubs off and I look forward to future 
joint work and fun, both in and outside the lab. Camilla, finally we ended up in the 
same office, and I have really appreciated your support during the last process of this 
thesis. Jonas, thanks for providing company and cookies during weekend-work at the 
lab.  

Thanks to all the PhD students, postdocs, PIs, and ‘others’, past and present colleagues 
at the section for Immunology. I cannot imagine a better place to work at.  

Thorsten, you are one of the most knowledgeable and hardworking persons I know, 
but also a great friend. We all know that beneath your, at times, grumpy surface there 



66 

is a heart of gold (and actor skills that anyone would kill for). Aymeric, your lovely 
spirit always leaves me with a smile, also without having one of your great frozen 
margaritas. Knut, thanks for the countless advice on PCRs and everything else over the 
years and for always helping out a lost student in need. Daniel, except having killer-
innebandy and climbing skills, you are the kindest and most caring person I could ever 
have wished for as a next-door-lab-neighbor. Adnan, you are truly the ultimate 
combination of a smart, highly organized person and a party-queen. Thanks for all the 
good advice and pep talks. If I can reach 10% of your perfection I will be happy. 

“Gamla” labbtjejerna Emma, Petra, Sofia, Elin, Kasia S and Elna, for fun times in and 
outside the lab. Monika and Heli, thanks for good advice and laughs over the years. 

“Toughest-gänget” Elsa, Nina and Lieneke, for making sure that I don’t get stuck in 
front the computer writing. 7th of May, here we come!   

Tack Gudrun och Gerd, för stöd och support med allt från ekonomi och labbtricks till 
golf. Utan er skulle verksamheten stanna.  

Mina kära, smarta, snygga och ambitiösa biomedicinartjejer: Sara R, Jennifer, Helena, 
Tina, Ewa, Hanna, Sara S, Ida och Mia. Tanken på att det var nära att jag hamnade i 
Uppsala i stället för Lund känns skrämmande. Ni är verkligen de bästa vänner och 
förebilder man kan tänka sig. 

Tack till Karin och Mats för otaliga goda middagar, tuffa spelkvällar, golfrundor och 
avkoppling i härliga Vejbystrand.  

Mamma och pappa, tack för att ni alltid har stöttat mig oavsett vad jag har har haft för 
idéer. Alla de otaliga helgdagar och tidiga morgnar som ni har spenderat på stalltjänst 
och tävling i kalla ridhus säger mycket om hur förutsättningslöst ni har ställt upp. 
Vetskapen om att ni finns där för mig är en otrolig trygghet.  

Tack Axel, för att du är min bästa axel. För att du kan hantera alla mina nojor och 
egenheter. För att vi kan prata om allt. För att livet blir roligare när jag får dela det med 
dig. Ser fram emot våra framtida äventyr! 

Mormor, du är den klokaste personen jag vet. Den här boken är till dig.  

 



67 

References 

1 Paul, W.E. (2012) Fundamental Immunology, Lippincott Williams & Wilkins. 
2 Nimmerjahn, F. and Ravetch, J.V. (2006) Fcgamma receptors: old friends and 

new family members. Immunity 24, 19–28 
3 Panda, S. and Ding, J.L. (2015) Natural antibodies bridge innate and adaptive 

immunity. J Immunol 194, 13–20 
4 Chen, K. et al. (2009) Immunoglobulin D enhances immune surveillance by 

activating antimicrobial, proinflammatory and B cell-stimulating programs in 
basophils. Nat. Immunol. 10, 889–898 

5 Abramson, J. and Pecht, I. (2007) Regulation of the mast cell response to the 
type 1 Fc epsilon receptor. Immunol. Rev. 217, 231–254 

6 Salfeld, J.G. (2007) Isotype selection in antibody engineering. Nat. Biotechnol. 
25, 1369–1372 

7 Zhang, Z. et al. (2012) Possible allelic structure of IgG2a and IgG2c in mice. 
Molecular Immunology 50, 169–171 

8 Morgado, M.G. et al. (1989) Further evidence that BALB/c and C57BL/6 
gamma 2a genes originate from two distinct isotypes. EMBO J. 8, 3245–3251 

9 Mestas, J. and Hughes, C.C.W. (2004) Of mice and not men: differences 
between mouse and human immunology. J Immunol 172, 2731–2738 

10 Leatherbarrow, R.J. and Dwek, R.A. (1984) Binding of complement 
subcomponent C1q to mouse IgG1, IgG2a and IgG2b: a novel C1q binding 
assay. Molecular Immunology 21, 321–327 

11 Siegrist, C.A. (2008) Vaccine immunology. Vaccines Saunders  
12 Duncan, A.R. and Winter, G. (1988) The binding site for C1q on IgG. 

Nature 332, 738–740 
13 Nimmerjahn, F. and Ravetch, J.V. (2005) Divergent immunoglobulin g 

subclass activity through selective Fc receptor binding. Science 310, 1510–
1512 

14 Yuan, R. et al. (1998) Antibody-mediated modulation of Cryptococcus 
neoformans infection is dependent on distinct Fc receptor functions and IgG 
subclasses. J Exp Med 187, 641–648 

15 Schlageter, A.M. and Kozel, T.R. (1990) Opsonization of Cryptococcus 



68 

neoformans by a family of isotype-switch variant antibodies specific for the 
capsular polysaccharide. Infect. Immun. 58, 1914–1918 

16 Markine-Goriaynoff, D. and Coutelier, J.-P. (2002) Increased efficacy of the 
immunoglobulin G2a subclass in antibody-mediated protection against lactate 
dehydrogenase-elevating virus-induced polioencephalomyelitis revealed with 
switch mutants. J. Virol. 76, 432–435 

17 Coutelier, J.P. et al. (1987) IgG2a restriction of murine antibodies elicited by 
viral infections. J Exp Med 165, 64–69 

18 Uchida, J. et al. (2004) The innate mononuclear phagocyte network depletes 
B lymphocytes through Fc receptor-dependent mechanisms during anti-
CD20 antibody immunotherapy. J Exp Med 199, 1659–1669 

19 Hamaguchi, Y. et al. (2006) Antibody isotype-specific engagement of 
Fcgamma receptors regulates B lymphocyte depletion during CD20 
immunotherapy. J Exp Med 203, 743–753 

20 Bruhns, P. and Jönsson, F. (2015) Mouse and human FcR effector functions. 
Immunological Reviews 268, 25–51 

21 Ravetch, J.V. and Clynes, R.A. (1998) Divergent roles for Fc receptors and 
complement in vivo. Annu. Rev. Immunol. 16, 421–432 

22 Minard-Colin, V. et al. (2008) Lymphoma depletion during CD20 
immunotherapy in mice is mediated by macrophage FcgammaRI, 
FcgammaRIII, and FcgammaRIV. Blood 112, 1205–1213 

23 Nimmerjahn, F. et al. (2010) FcγRIV deletion reveals its central role for 
IgG2a and IgG2b activity in vivo. Proc. Natl. Acad. Sci. U.S.A. 107, 19396–
19401 

24 Sylvestre, D.L. and Ravetch, J.V. (1994) Fc receptors initiate the Arthus 
reaction: redefining the inflammatory cascade. Science 265, 1095–1098 

25 Suzuki, Y. et al. (1998) Distinct contribution of Fc receptors and angiotensin 
II-dependent pathways in anti-GBM glomerulonephritis. Kidney Int. 54, 
1166–1174 

26 Benhnia, M.R.-E.-I. et al. (2009) Vaccinia virus extracellular enveloped virion 
neutralization in vitro and protection in vivo depend on complement. J. Virol. 
83, 1201–1215 

27 Stavnezer, J. et al. (2008) Mechanism and Regulation of Class Switch 
Recombination. Annu. Rev. Immunol. 26, 261–292 

28 Lougaris, V. et al. (2005) Hyper immunoglobulin M syndrome due to CD40 
deficiency: clinical, molecular, and immunological features. Immunol. Rev. 
203, 48–66 

29 Xu, Z. et al. (2012) Immunoglobulin class-switch DNA recombination: 
induction, targeting and beyond. Nat. Rev. Immunol. 12, 517–531 



69 

30 Coffman, R.L. and Carty, J. (1986) A T cell activity that enhances polyclonal 
IgE production and its inhibition by interferon-gamma. J Immunol 136, 949–
954 

31 Toellner, K.M. et al. (1996) Immunoglobulin switch transcript production in 
vivo related to the site and time of antigen-specific B cell activation. J Exp 
Med 183, 2303–2312 

32 Toellner, K.M. et al. (1998) T helper 1 (Th1) and Th2 characteristics start to 
develop during T cell priming and are associated with an immediate ability to 
induce immunoglobulin class switching. J Exp Med 187, 1193–1204 

33 Cunningham, A.F. et al. (2002) Th2 activities induced during virgin T cell 
priming in the absence of IL-4, IL-13, and B cells. J Immunol 169, 2900–
2906 

34 Pape, K.A. et al. (2003) Visualization of the genesis and fate of isotype-
switched B cells during a primary immune response. J Exp Med 197, 1677–
1687 

35 Liu, Y.J. et al. (1996) Within germinal centers, isotype switching of 
immunoglobulin genes occurs after the onset of somatic mutation. Immunity 
4, 241–250 

36 Vitetta, E.S. et al. (1985) Serological, biochemical, and functional identity of 
B cell-stimulatory factor 1 and B cell differentiation factor for IgG1. J Exp 
Med 162, 1726–1731 

37 Snapper, C.M. and Paul, W.E. (1987) B cell stimulatory factor-1 (interleukin 
4) prepares resting murine B cells to secrete IgG1 upon subsequent 
stimulation with bacterial lipopolysaccharide. J Immunol 139, 10–17 

38 Lundgren, M. et al. (1989) Interleukin 4 induces synthesis of IgE and IgG4 in 
human B cells. Eur. J. Immunol. 19, 1311–1315 

39 Kühn, R. et al. (1991) Generation and analysis of interleukin-4 deficient mice. 
Science 254, 707–710 

40 Takeda, K. et al. (1996) Essential role of Stat6 in IL-4 signalling. Nature 380, 
627–630 

41 Suto, A. et al. (2002) Interleukin 21 prevents antigen-induced IgE production 
by inhibiting germ line C(epsilon) transcription of IL-4-stimulated B cells. 
Blood 100, 4565–4573 

42 Xiong, H. et al. (2012) Sequential class switching is required for the 
generation of high affinity IgE antibodies. J Exp Med 209, 353–364 

43 Ozaki, K. et al. (2002) A critical role for IL-21 in regulating immunoglobulin 
production. Science 298, 1630–1634 

44 Kotlarz, D. et al. (2013) Loss-of-function mutations in the IL-21 receptor 
gene cause a primary immunodeficiency syndrome. J Exp Med 210, 433–443 



70 

45 Bessa, J. et al. (2010) Cutting edge: IL-21 and TLR signaling regulate 
germinal center responses in a B cell-intrinsic manner. J Immunol 184, 4615–
4619 

46 Linterman, M.A. et al. (2010) IL-21 acts directly on B cells to regulate Bcl-6 
expression and germinal center responses. J Exp Med 207, 353–363 

47 Vogelzang, A. et al. (2008) A fundamental role for interleukin-21 in the 
generation of T follicular helper cells. Immunity 29, 127–137 

48 McGuire, H.M. et al. (2015) IL-21 and IL-4 Collaborate To Shape T-
Dependent Antibody Responses. J Immunol DOI: 
10.4049/jimmunol.1501463 

49 Snapper, C.M. and Paul, W.E. (1987) Interferon-gamma and B cell 
stimulatory factor-1 reciprocally regulate Ig isotype production. Science 236, 
944–947 

50 Graham, M.B. et al. (1993) Response to influenza infection in mice with a 
targeted disruption in the interferon gamma gene. J Exp Med 178, 1725–1732 

51 Schijns, V.E. et al. (1994) IFN-gamma receptor-deficient mice generate 
antiviral Th1-characteristic cytokine profiles but altered antibody responses. J 
Immunol 153, 2029–2037 

52 Maloy, K.J. et al. (1998) Interferon gamma-producing gammadelta T cell-
dependent antibody isotype switching in the absence of germinal center 
formation during virus infection. PNAS 95, 1160–1165 

53 Finkelman, F.D. et al. (1991) Regulation by interferon alpha of 
immunoglobulin isotype selection and lymphokine production in mice. J Exp 
Med 174, 1179–1188 

54 van den Broek, M.F. et al. (1995) Antiviral defense in mice lacking both 
alpha/beta and gamma interferon receptors. J. Virol. 69, 4792–4796 

55 Markine-Goriaynoff, D. et al. (2000) IFN-gamma-independent IgG2a 
production in mice infected with viruses and parasites. Int. Immunol. 12, 
223–230 

56 Yoshimoto, T. et al. (2004) Induction of IgG2a class switching in B cells by 
IL-27. J Immunol 173, 2479–2485 

57 Jegerlehner, A. et al. (2007) TLR9 signaling in B cells determines class switch 
recombination to IgG2a. J Immunol 178, 2415–2420 

58 Barr, T.A. et al. (2009) B cell intrinsic MyD88 signals drive IFN-gamma 
production from T cells and control switching to IgG2c. J Immunol 183, 
1005–1012 

59 Haas, C. et al. (1998) IFN-gamma receptor deletion prevents autoantibody 
production and glomerulonephritis in lupus-prone (NZB x NZW)F1 mice. J 
Immunol 160, 3713–3718 



71 

60 Lee, S.K. et al. (2012) Interferon-γ excess leads to pathogenic accumulation of 
follicular helper T cells and germinal centers. Immunity 37, 880–892 

61 Peng, S.L. et al. (2002) T-bet regulates IgG class switching and pathogenic 
autoantibody production. Proc. Natl. Acad. Sci. U.S.A. 99, 5545–5550 

62 Rubtsova, K. et al. (2013) T-box transcription factor T-bet, a key player in a 
unique type of B-cell activation essential for effective viral clearance. Proc. 
Natl. Acad. Sci. U.S.A. 110, E3216–24 

63 Wang, N.S. et al. (2012) Divergent transcriptional programming of class-
specific B cell memory by T-bet and RORα. Nat. Immunol. 13, 604–611 

64 Nguyen, H.V. et al. (2012) The Ets-1 transcription factor is required for 
Stat1-mediated T-bet expression and IgG2a class switching in mouse B cells. 
Blood 119, 4174–4181 

65 Liu, N. et al. (2003) CpG directly induces T-bet expression and inhibits IgG1 
and IgE switching in B cells. Nat. Immunol. 4, 687–693 

66 Swanson, C.L. et al. (2010) Type I IFN enhances follicular B cell contribution 
to the T cell-independent antibody response. J Exp Med 207, 1485–1500 

67 Perlmutter, R.M. et al. (1978) Subclass restriction of murine anti-
carbohydrate antibodies. J Immunol 121, 566–572 

68 Mongini, P.K. et al. (1981) T cell regulation of IgG subclass antibody 
production in response to T-independent antigens. J Exp Med 153, 1–12 

69 Turner, M.L. et al. (2010) High-affinity B cell receptor ligation by cognate 
antigen induces cytokine-independent isotype switching. J Immunol 184, 
6592–6599 

70 Gronowicz, E.S. et al. (1979) Surface Ig isotypes on cells responding to 
lipopolysaccharide by IgM and IgG secretion. J Immunol 123, 2049–2056 

71 Snapper, C.M. et al. (1988) IFN-gamma stimulates IgG2a secretion by 
murine B cells stimulated with bacterial lipopolysaccharide. J Immunol 140, 
2121–2127 

72 Lutzker, S. et al. (1988) Mitogen- and IL-4-regulated expression of germ-line 
Ig gamma 2b transcripts: evidence for directed heavy chain class switching. 
Cell 53, 177–184 

73 Rothman, P. et al. (1990) Structure and expression of germline 
immunoglobulin gamma 3 heavy chain gene transcripts: implications for 
mitogen and lymphokine directed class-switching. Int. Immunol. 2, 621–627 

74 McIntyre, T.M. et al. (1993) Transforming growth factor beta 1 selectivity 
stimulates immunoglobulin G2b secretion by lipopolysaccharide-activated 
murine B cells. J Exp Med 177, 1031–1037 

75 Zhu, J. et al. (2007) Type I IFN signaling on both B and CD4 T cells is 
required for protective antibody response to adenovirus. J Immunol 178, 



72 

3505–3510 
76 Baumgarth, N. (2011) The double life of a B-1 cell: self-reactivity selects for 

protective effector functions. Nat. Rev. Immunol. 11, 34–46 
77 MacLennan, I.C.M. et al. (2003) Extrafollicular antibody responses. Immunol. 

Rev. 194, 8–18 
78 Weisel, F.J. et al. (2016) A Temporal Switch in the Germinal Center 

Determines Differential Output of Memory B and Plasma Cells. Immunity 
44, 116–130 

79 Shlomchik, M.J. and Weisel, F. (2012) Germinal center selection and the 
development of memory B and plasma cells. Immunol. Rev. 247, 52–63 

80 Martin, F. and Kearney, J.F. (2000) B-cell subsets and the mature preimmune 
repertoire. Marginal zone and B1 B cells as part of a "natural immune 
memory". Immunol. Rev. 175, 70–79 

81 Cerutti, A. et al. (2013) Marginal zone B cells: virtues of innate-like antibody-
producing lymphocytes. Nat. Rev. Immunol. 13, 118–132 

82 Mebius, R.E. and Kraal, G. (2005) Structure and function of the spleen. Nat. 
Rev. Immunol. 5, 606–616 

83 Garside, P. et al. (1998) Visualization of specific B and T lymphocyte 
interactions in the lymph node. Science 281, 96–99 

84 Okada, T. et al. (2005) Antigen-engaged B cells undergo chemotaxis toward 
the T zone and form motile conjugates with helper T cells. PLoS Biol. 3, e150 

85 Qi, H. et al. (2014) Follicular T-helper cells: controlled localization and 
cellular interactions. Immunology and Cell Biology 92, 28–33 

86 Kerfoot, S.M. et al. (2011) Germinal center B cell and T follicular helper cell 
development initiates in the interfollicular zone. Immunity 34, 947–960 

87 Paus, D. et al. (2006) Antigen recognition strength regulates the choice 
between extrafollicular plasma cell and germinal center B cell differentiation. J 
Exp Med 203, 1081–1091 

88 O'Connor, B.P. et al. (2006) Imprinting the fate of antigen-reactive B cells 
through the affinity of the B cell receptor. J Immunol 177, 7723–7732 

89 Taylor, J.J. et al. (2012) A germinal center-independent pathway generates 
unswitched memory B cells early in the primary response. J Exp Med 209, 
597–606 

90 Kaji, T. et al. (2012) Distinct cellular pathways select germline-encoded and 
somatically mutated antibodies into immunological memory. J Exp Med 209, 
2079–2097 

91 Schwickert, T.A. et al. (2011) A dynamic T cell-limited checkpoint regulates 
affinity-dependent B cell entry into the germinal center. J Exp Med 208, 
1243–1252 



73 

92 Dent, A.L. et al. (1997) Control of inflammation, cytokine expression, and 
germinal center formation by BCL-6. Science 276, 589–592 

93 Kitano, M. et al. (2011) Bcl6 Protein Expression Shapes Pre-Germinal Center 
B Cell Dynamics and Follicular Helper T Cell Heterogeneity. Immunity 34, 
961–972 

94 Gatto, D. and Brink, R. (2013) B cell localization: regulation by EBI2 and its 
oxysterol ligand. Trends Immunol. 34, 336–341 

95 De Silva, N.S. and Klein, U. (2015) Dynamics of B cells in germinal centres. 
Nat. Rev. Immunol. 15, 137–148 

96 Arguni, E. et al. (2006) JunD/AP-1 and STAT3 are the major enhancer 
molecules for high Bcl6 expression in germinal center B cells. Int. Immunol. 
18, 1079–1089 

97 MacLennan, I. and Gray, D. (1986) Antigen-Driven Selection of Virgin and 
Memory B-Cells. Immunol. Rev. 91, 61–85 

98 Jacob, J. et al. (1991) In situ studies of the primary immune response to (4-
hydroxy-3-nitrophenyl)acetyl. I. The architecture and dynamics of responding 
cell populations. J Exp Med 173, 1165–1175 

99 Küppers, R. et al. (1993) Tracing B cell development in human germinal 
centres by molecular analysis of single cells picked from histological sections. 
EMBO J. 12, 4955–4967 

100 Pascual, V. et al. (1994) Analysis of somatic mutation in five B cell subsets of 
human tonsil. J Exp Med 180, 329–339 

101 Liu, Y.J. et al. (1989) Mechanism of antigen-driven selection in germinal 
centres. Nature 342, 929–931 

102 Armitage, R.J. et al. (1992) Molecular and biological characterization of a 
murine ligand for CD40. Nature 357, 80–82 

103 Van den Eertwegh, A.J. et al. (1993) In vivo CD40-gp39 interactions are 
essential for thymus-dependent humoral immunity. I. In vivo expression of 
CD40 ligand, cytokines, and antibody production delineates sites of cognate 
T-B cell interactions. J Exp Med 178, 1555–1565 

104 Foy, T.M. et al. (1993) In vivo CD40-gp39 interactions are essential for 
thymus-dependent humoral immunity. II. Prolonged suppression of the 
humoral immune response by an antibody to the ligand for CD40, gp39. J 
Exp Med 178, 1567–1575 

105 Foy, T.M. et al. (1994) gp39-CD40 interactions are essential for germinal 
center formation and the development of B cell memory. J Exp Med 180, 
157–163 

106 Gray, D. et al. (1994) Memory B cell development but not germinal center 
formation is impaired by in vivo blockade of CD40-CD40 ligand interaction. 



74 

J Exp Med 180, 141–155 
107 Frentsch, M. et al. (2005) Direct access to CD4+ T cells specific for defined 

antigens according to CD154 expression. Nature Medicine 11, 1118–1124 
108 Elgueta, R. et al. (2009) Molecular mechanism and function of 

CD40/CD40L engagement in the immune system. Immunological Reviews 
229, 152–172 

109 Hutloff, A. et al. (1999) ICOS is an inducible T-cell co-stimulator structurally 
and functionally related to CD28. Nature 397, 263–266 

110 Dong, C. et al. (2001) ICOS co-stimulatory receptor is essential for T-cell 
activation and function. Nature 409, 97–101 

111 McAdam, A.J. et al. (2001) ICOS is critical for CD40-mediated antibody 
class switching. Nature 409, 102–105 

112 Tafuri, A. et al. (2001) ICOS is essential for effective T-helper-cell responses. 
Nature 409, 105–109 

113 Leonard, W.J. and Spolski, R. (2005) Interleukin-21: a modulator of 
lymphoid proliferation, apoptosis and differentiation. Nat. Rev. Immunol. 5, 
688–698 

114 Avery, D.T. et al. (2010) B cell-intrinsic signaling through IL-21 receptor and 
STAT3 is required for establishing long-lived antibody responses in humans. J 
Exp Med 207, 155–171 

115 Moens, L. and Tangye, S.G. (2014) Cytokine-Mediated Regulation of Plasma 
Cell Generation: IL-21 Takes Center Stage. Front Immunol 5, 65 

116 Dedeoglu, F. et al. (2004) Induction of activation-induced cytidine deaminase 
gene expression by IL-4 and CD40 ligation is dependent on STAT6 and 
NFkappaB. Int. Immunol. 16, 395–404 

117 Cunningham, A.F. et al. (2004) Pinpointing IL-4-independent acquisition 
and IL-4-influenced maintenance of Th2 activity by CD4 T cells. Eur. J. 
Immunol. 34, 686–694 

118 Reiter, R. and Pfeffer, K. (2002) Impaired germinal centre formation and 
humoral immune response in the absence of CD28 and interleukin-4. 
Immunology 106, 222–228 

119 Vajdy, M. et al. (1995) Impaired mucosal immune responses in interleukin 4-
targeted mice. J Exp Med 181, 41–53 

120 Reinhardt, R.L. et al. (2009) Cytokine-secreting follicular T cells shape the 
antibody repertoire. Nat. Immunol. 10, 385–393 

121 Turqueti-Neves, A. et al. (2014) B-cell-intrinsic STAT6 signaling controls 
germinal center formation. European Journal of Immunology 44, 2130–2138 

122 Ozaki, K. et al. (2004) Regulation of B cell differentiation and plasma cell 
generation by IL-21, a novel inducer of Blimp-1 and Bcl-6. J Immunol 173, 



75 

5361–5371 
123 Zotos, D. et al. (2010) IL-21 regulates germinal center B cell differentiation 

and proliferation through a B cell-intrinsic mechanism. J Exp Med 207, 365–
378 

124 Rankin, A.L. et al. (2011) IL-21 receptor is critical for the development of 
memory B cell responses. J Immunol 186, 667–674 

125 Victora, G.D. and Nussenzweig, M.C. (2012) Germinal centers. Annu. Rev. 
Immunol. 30, 429–457 

126 Kleinstein, S.H. et al. (2003) Estimating hypermutation rates from clonal tree 
data. J Immunol 171, 4639–4649 

127 Allen, C.D.C. et al. (2004) Germinal center dark and light zone organization 
is mediated by CXCR4 and CXCR5. Nat. Immunol. 5, 943–952 

128 Bannard, O. et al. (2013) Germinal center centroblasts transition to a 
centrocyte phenotype according to a timed program and depend on the dark 
zone for effective selection. Immunity 39, 912–924 

129 Kepler, T.B. and Perelson, A.S. (1993) Cyclic re-entry of germinal center B 
cells and the efficiency of affinity maturation. Immunol. Today 14, 412–415 

130 Victora, G.D. et al. (2010) Germinal Center Dynamics Revealed by 
Multiphoton Microscopy with a Photoactivatable Fluorescent Reporter. Cell 
143, 592–605 

131 Crotty, S. et al. (2003) Cutting edge: long-term B cell memory in humans 
after smallpox vaccination. J Immunol 171, 4969–4973 

132 Coico, R.F. et al. (1983) Relationship of germinal centers in lymphoid tissue 
to immunologic memory. VI. Transfer of B cell memory with lymph node 
cells fractionated according to their receptors for peanut agglutinin. J Immunol 
131, 2254–2257 

133 Obukhanych, T.V. and Nussenzweig, M.C. (2006) T-independent type II 
immune responses generate memory B cells. J Exp Med 203, 305–310 

134 Eto, D. et al. (2011) IL-21 and IL-6 are critical for different aspects of B cell 
immunity and redundantly induce optimal follicular helper CD4 T cell (Tfh) 
differentiation. PLoS ONE 6, e17739 

135 Good-Jacobson, K.L. et al. (2010) PD-1 regulates germinal center B cell 
survival and the formation and affinity of long-lived plasma cells. Nat. 
Immunol. 11, 535–542 

136 Victora, G.D. and Wilson, P.C. (2015) Germinal center selection and the 
antibody response to influenza. Cell 163, 545–548 

137 Breitfeld, D. et al. (2000) Follicular B helper T cells express CXC chemokine 
receptor 5, localize to B cell follicles, and support immunoglobulin 
production. J Exp Med 192, 1545–1552 



76 

138 Schaerli, P. et al. (2000) CXC chemokine receptor 5 expression defines 
follicular homing T cells with B cell helper function. J Exp Med 192, 1553–
1562 

139 Förster, R. et al. (1994) Expression of the G-protein--coupled receptor BLR1 
defines mature, recirculating B cells and a subset of T-helper memory cells. 
Blood 84, 830–840 

140 Ansel, K.M. et al. (1999) In vivo-activated CD4 T cells upregulate CXC 
chemokine receptor 5 and reprogram their response to lymphoid chemokines. 
J Exp Med 190, 1123–1134 

141 Flynn, S. et al. (1998) CD4 T cell cytokine differentiation: the B cell 
activation molecule, OX40 ligand, instructs CD4 T cells to express 
interleukin 4 and upregulates expression of the chemokine receptor, Blr-1. J 
Exp Med 188, 297–304 

142 Walker, L.S. et al. (1999) Compromised OX40 function in CD28-deficient 
mice is linked with failure to develop CXC chemokine receptor 5-positive 
CD4 cells and germinal centers. J Exp Med 190, 1115–1122 

143 Brocker, T. et al. (1999) CD4 T cell traffic control: in vivo evidence that 
ligation of OX40 on CD4 T cells by OX40-ligand expressed on dendritic cells 
leads to the accumulation of CD4 T cells in B follicles. Eur. J. Immunol. 29, 
1610–1616 

144 Fillatreau, S. and Gray, D. (2003) T cell accumulation in B cell follicles is 
regulated by dendritic cells and is independent of B cell activation. J Exp Med 
197, 195–206 

145 Haynes, N.M. et al. (2007) Role of CXCR5 and CCR7 in follicular Th cell 
positioning and appearance of a programmed cell death gene-1high germinal 
center-associated subpopulation. J Immunol 179, 5099–5108 

146 Chtanova, T. et al. (2004) T follicular helper cells express a distinctive 
transcriptional profile, reflecting their role as non-Th1/Th2 effector cells that 
provide help for B cells. J Immunol 173, 68–78 

147 Kim, C.H. et al. (2004) Unique gene expression program of human germinal 
center T helper cells. Blood 104, 1952–1960 

148 Nurieva, R.I. et al. (2008) Generation of T follicular helper cells is mediated 
by interleukin-21 but independent of T helper 1, 2, or 17 cell lineages. 
Immunity 29, 138–149 

149 Johnston, R.J. et al. (2009) Bcl6 and Blimp-1 are reciprocal and antagonistic 
regulators of T follicular helper cell differentiation. Science 325, 1006–1010 

150 Yu, D. et al. (2009) The Transcriptional Repressor Bcl-6 Directs T Follicular 
Helper Cell Lineage Commitment. Immunity 31, 457–468 

151 Nurieva, R.I. et al. (2009) Bcl6 mediates the development of T follicular 



77 

helper cells. Science 325, 1001–1005 
152 Veerman, K.M. et al. (2007) Interaction of the selectin ligand PSGL-1 with 

chemokines CCL21 and CCL19 facilitates efficient homing of T cells to 
secondary lymphoid organs. Nat. Immunol. 8, 532–539 

153 Poholek, A.C. et al. (2010) In vivo regulation of Bcl6 and T follicular helper 
cell development. J Immunol 185, 313–326 

154 Keir, M.E. et al. (2008) PD-1 and its ligands in tolerance and immunity. 
Annu. Rev. Immunol. 26, 677–704 

155 Hams, E. et al. (2011) Blockade of B7-H1 (programmed death ligand 1) 
enhances humoral immunity by positively regulating the generation of T 
follicular helper cells. J Immunol 186, 5648–5655 

156 Cubas, R.A. et al. (2013) Inadequate T follicular cell help impairs B cell 
immunity during HIV infection. Nature Medicine 19, 494–499 

157 Bauquet, A.T. et al. (2009) The costimulatory molecule ICOS regulates the 
expression of c-Maf and IL-21 in the development of follicular T helper cells 
and TH-17 cells. Nat. Immunol. 10, 167–175 

158 Choi, Y.S. et al. (2011) ICOS receptor instructs T follicular helper cell versus 
effector cell differentiation via induction of the transcriptional repressor Bcl6. 
Immunity 34, 932–946 

159 Xu, H. et al. (2013) Follicular T-helper cell recruitment governed by 
bystander B cells and ICOS-driven motility. Nature 496, 523–527 

160 Schwartzberg, P.L. et al. (2009) SLAM receptors and SAP influence 
lymphocyte interactions, development and function. Nat. Rev. Immunol. 9, 
39–46 

161 Crotty, S. et al. (2003) SAP is required for generating long-term humoral 
immunity. Nature 421, 282–287 

162 Qi, H. et al. (2008) SAP-controlled T-B cell interactions underlie germinal 
centre formation. Nature 455, 764–769 

163 Yusuf, I. et al. (2010) Germinal center T follicular helper cell IL-4 production 
is dependent on signaling lymphocytic activation molecule receptor (CD150). 
J Immunol 185, 190–202 

164 Fazilleau, N. et al. (2009) The function of follicular helper T cells is regulated 
by the strength of T cell antigen receptor binding. Nat. Immunol. 10, 375–
384 

165 Baumjohann, D. et al. (2013) Persistent antigen and germinal center B cells 
sustain T follicular helper cell responses and phenotype. Immunity 38, 596–
605 

166 Tubo, N.J. et al. (2013) Single Naive CD4(+) T Cells from a Diverse 
Repertoire Produce Different Effector Cell Types during Infection. Cell 153, 



78 

785–796 
167 Lu, K.T. et al. (2011) Functional and epigenetic studies reveal multistep 

differentiation and plasticity of in vitro-generated and in vivo-derived 
follicular T helper cells. Immunity 35, 622–632 

168 Nakayamada, S. et al. (2011) Early Th1 cell differentiation is marked by a Tfh 
cell-like transition. Immunity 35, 919–931 

169 Hollister, K. et al. (2013) Insights into the Role of Bcl6 in Follicular Th Cells 
Using a New Conditional Mutant Mouse Model. J Immunol 191, 3705–3711 

170 Liu, X. et al. (2014) Transcription factor achaete-scute homologue 2 initiates 
follicular T-helper-cell development. Nature 507, 513–518 

171 Baumjohann, D. et al. (2011) Cutting Edge: Distinct Waves of BCL6 
Expression during T Follicular Helper Cell Development. J Immunol 187, 
2089–2092 

172 Choi, Y.S. et al. (2013) Bcl6 expressing follicular helper CD4 T cells are fate 
committed early and have the capacity to form memory. J Immunol 190, 
4014–4026 

173 Pepper, M. et al. (2011) Opposing signals from the Bcl6 transcription factor 
and the interleukin-2 receptor generate T helper 1 central and effector 
memory cells. Immunity 35, 583–595 

174 Ise, W. et al. (2011) The transcription factor BATF controls the global 
regulators of class-switch recombination in both B cells and T cells. Nat. 
Immunol. 12, 536–U245 

175 Weber, J.P. et al. (2015) ICOS maintains the T follicular helper cell 
phenotype by down-regulating Krüppel-like factor 2. J Exp Med 212, 217–
233 

176 Lee, J.-Y. et al. (2015) The transcription factor KLF2 restrains CD4⁺ T 
follicular helper cell differentiation. Immunity 42, 252–264 

177 Stone, E.L. et al. (2015) ICOS coreceptor signaling inactivates the 
transcription factor FOXO1 to promote Tfh cell differentiation. Immunity 42, 
239–251 

178 Wang, H. et al. (2014) The transcription factor Foxp1 is a critical negative 
regulator of the differentiation of follicular helper T cells. Nat. Immunol. 15, 
667–675 

179 Vinuesa, C.G. et al. (2005) A RING-type ubiquitin ligase family member 
required to repress follicular helper T cells and autoimmunity. Nature 435, 
452–458 

180 Choi, Y.S. et al. (2015) LEF-1 and TCF-1 orchestrate TFH differentiation by 
regulating differentiation circuits upstream of the transcriptional repressor 
Bcl6. Nat. Immunol. 16, 980–990 



79 

181 Wu, T. et al. (2015) TCF1 Is Required for the T Follicular Helper Cell 
Response to Viral Infection. Cell Rep 12, 2099–2110 

182 Choi, Y.S. et al. (2013) Cutting edge: STAT1 is required for IL-6-mediated 
Bcl6 induction for early follicular helper cell differentiation. J Immunol 190, 
3049–3053 

183 Karnowski, A. et al. (2012) B and T cells collaborate in antiviral responses via 
IL-6, IL-21, and transcriptional activator and coactivator, Oct2 and OBF-1. J 
Exp Med 209, 2049–2064 

184 Nish, S.A. et al. (2014) T cell-intrinsic role of IL-6 signaling in primary and 
memory responses. Elife 3, e01949 

185 Nakayamada, S. et al. (2014) Type I IFN induces binding of STAT1 to Bcl6: 
divergent roles of STAT family transcription factors in the T follicular helper 
cell genetic program. J Immunol 192, 2156–2166 

186 Cucak, H. et al. (2009) Type I interferon signaling in dendritic cells 
stimulates the development of lymph-node-resident T follicular helper cells. 
Immunity 31, 491–501 

187 Ray, J.P. et al. (2014) Transcription factor STAT3 and type I interferons are 
corepressive insulators for differentiation of follicular helper and T helper 1 
cells. Immunity 40, 367–377 

188 Johnston, R.J. et al. (2012) STAT5 is a potent negative regulator of TFH cell 
differentiation. J Exp Med 209, 243–250 

189 Vinuesa, C.G. et al. (2016) Follicular Helper T Cells. Annu. Rev. Immunol. 
34, annurev–immunol–041015–055605 

190 Iwasaki, A. and Medzhitov, R. (2015) Control of adaptive immunity by the 
innate immune system. Nat. Immunol. 16, 343–353 

191 Goenka, R. et al. (2011) Cutting edge: dendritic cell-restricted antigen 
presentation initiates the follicular helper T cell program but cannot complete 
ultimate effector differentiation. J Immunol 187, 1091–1095 

192 Dahlgren, M.W. et al. (2015) T follicular helper, but not Th1, cell 
differentiation in the absence of conventional dendritic cells. J Immunol 194, 
5187–5199 

193 Becker, A.M. et al. (2012) IRF-8 extinguishes neutrophil production and 
promotes dendritic cell lineage commitment in both myeloid and lymphoid 
mouse progenitors. Blood 119, 2003–2012 

194 Hildner, K. et al. (2008) Batf3 deficiency reveals a critical role for CD8alpha+ 
dendritic cells in cytotoxic T cell immunity. Science 322, 1097–1100 

195 Hacker, C. et al. (2003) Transcriptional profiling identifies Id2 function in 
dendritic cell development. Nat. Immunol. 4, 380–386 

196 Suzuki, S. et al. (2004) Critical roles of interferon regulatory factor 4 in 



80 

CD11bhighCD8alpha- dendritic cell development. PNAS 101, 8981–8986 
197 Yi, T. and Cyster, J.G. (2013) EBI2-mediated bridging channel positioning 

supports splenic dendritic cell homeostasis and particulate antigen capture. 
Elife 2, e00757 

198 Caminschi, I. et al. (2008) The dendritic cell subtype-restricted C-type lectin 
Clec9A is a target for vaccine enhancement. Blood 112, 3264–3273 

199 Kato, Y. et al. (2015) Targeting Antigen to Clec9A Primes Follicular Th Cell 
Memory Responses Capable of Robust Recall. The Journal of …  

200 Joffre, O.P. et al. (2010) Efficient and versatile manipulation of the peripheral 
CD4+ T-cell compartment by antigen targeting to DNGR-1/CLEC9A. 
European Journal of Immunology 40, 1255–1265 

201 Li, J. et al. (2015) Antibodies targeting Clec9A promote strong humoral 
immunity without adjuvant in mice and non-human primates. European 
Journal of Immunology 45, 854–864 

202 Shin, C. et al. (2015) CD8α− Dendritic Cells Induce Antigen-Specific T 
Follicular Helper Cells Generating Efficient Humoral Immune Responses. 
Cell Rep 11, 1929–1940 

203 Plantinga, M. et al. (2013) Conventional and monocyte-derived CD11b(+) 
dendritic cells initiate and maintain T helper 2 cell-mediated immunity to 
house dust mite allergen. Immunity 38, 322–335 

204 Gao, Y. et al. (2013) Control of T helper 2 responses by transcription factor 
IRF4-dependent dendritic cells. Immunity 39, 722–732 

205 Kumamoto, Y. et al. (2013) CD301b⁺ dermal dendritic cells drive T helper 2 
cell-mediated immunity. Immunity 39, 733–743 

206 Chakarov, S. and Fazilleau, N. (2014) Monocyte-derived dendritic cells 
promote T follicular helper cell differentiation. EMBO Mol Med 6, 590–603 

207 Ron, Y. et al. (1981) Defective induction of antigen-reactive proliferating T 
cells in B cell-deprived mice. Eur. J. Immunol. 11, 964–968 

208 Crawford, A. et al. (2006) Primary T cell expansion and differentiation in vivo 
requires antigen presentation by B cells. J Immunol 176, 3498–3506 

209 Harris, D.P. et al. (2000) Reciprocal regulation of polarized cytokine 
production by effector B and T cells. Nat. Immunol. 1, 475–482 

210 Linton, P.J. et al. (2000) A critical role for B cells in the development of 
memory CD4 cells. J Immunol 165, 5558–5565 

211 Linton, P.-J. et al. (2003) Costimulation via OX40L expressed by B cells is 
sufficient to determine the extent of primary CD4 cell expansion and Th2 
cytokine secretion in vivo. J Exp Med 197, 875–883 

212 Bradley, L.M. et al. (2002) Availability of antigen-presenting cells can 
determine the extent of CD4 effector expansion and priming for secretion of 



81 

Th2 cytokines in vivo. Eur. J. Immunol. 32, 2338–2346 
213 Barr, T.A. et al. (2010) TLR and B cell receptor signals to B cells differentially 

program primary and memory Th1 responses to Salmonella enterica. J 
Immunol 185, 2783–2789 

214 Gulbranson-Judge, A. and MacLennan, I. (1996) Sequential antigen-specific 
growth of T cells in the T zones and follicles in response to pigeon 
cytochrome c. Eur. J. Immunol. 26, 1830–1837 

215 Glatman Zaretsky, A. et al. (2009) T follicular helper cells differentiate from 
Th2 cells in response to helminth antigens. J Exp Med 206, 991–999 

216 Rickert, R.C. et al. (1995) Impairment of T-cell-dependent B-cell responses 
and B-1 cell development in CD19-deficient mice. Nature 376, 352–355 

217 Cannons, J.L. et al. (2010) Optimal germinal center responses require a 
multistage T cell:B cell adhesion process involving integrins, SLAM-associated 
protein, and CD84. Immunity 32, 253–265 

218 McCausland, M.M. et al. (2007) SAP regulation of follicular helper CD4 T 
cell development and humoral immunity is independent of SLAM and Fyn 
kinase. J Immunol 178, 817–828 

219 Kageyama, R. et al. (2012) The receptor Ly108 functions as a SAP adaptor-
dependent on-off switch for T cell help to B cells and NKT cell development. 
Immunity 36, 986–1002 

220 Stockinger, B. et al. (1996) B cells solicit their own help from T cells. J Exp 
Med 183, 891–899 

221 Skok, J. et al. (1999) Dendritic cell-derived IL-12 promotes B cell induction 
of Th2 differentiation: a feedback regulation of Th1 development. J Immunol 
163, 4284–4291 

222 Shulman, Z. et al. (2014) Dynamic signaling by T follicular helper cells 
during germinal center B cell selection. Science 345, 1058–1062 

223 Weinstein, J.S. et al. (2014) B cells in T follicular helper cell development and 
function: separable roles in delivery of ICOS ligand and antigen. J Immunol 
192, 3166–3179 

224 Deenick, E.K. et al. (2010) Follicular helper T cell differentiation requires 
continuous antigen presentation that is independent of unique B cell 
signaling. Immunity 33, 241–253 

225 Mosmann, T.R. et al. (1986) Two types of murine helper T cell clone. I. 
Definition according to profiles of lymphokine activities and secreted 
proteins. J Immunol 136, 2348–2357 

226 Liang, H.-E. et al. (2012) Divergent expression patterns of IL-4 and IL-13 
define unique functions in allergic immunity. Nat. Immunol. 13, 58–66 

227 King, I.L. et al. (2010) A nonredundant role for IL-21 receptor signaling in 



82 

plasma cell differentiation and protective type 2 immunity against 
gastrointestinal helminth infection. J Immunol 185, 6138–6145 

228 Ballesteros-Tato, A. et al. (2016) T Follicular Helper Cell Plasticity Shapes 
Pathogenic T Helper 2 Cell-Mediated Immunity to Inhaled House Dust 
Mite. Immunity 44, 259–273 

229 Coquet, J.M. et al. (2015) Interleukin-21-Producing CD4(+) T Cells 
Promote Type 2 Immunity to House Dust Mites. Immunity 43, 318–330 

230 Oestreich, K.J. et al. (2011) The lineage-defining factors T-bet and Bcl-6 
collaborate to regulate Th1 gene expression patterns. J Exp Med 208, 1001–
1013 

231 Lüthje, K. et al. (2012) The development and fate of follicular helper T cells 
defined by an IL-21 reporter mouse. Nat. Immunol. 13, 491–498 

232 Oestreich, K.J. et al. (2012) Molecular mechanisms that control the 
expression and activity of Bcl-6 in TH1 cells to regulate flexibility with a 
TFH-like gene profile. Nat. Immunol. 13, 405–411 

233 Ray, J.P. et al. (2015) The Interleukin-2-mTORc1 Kinase Axis Defines the 
Signaling, Differentiation, and Metabolism of T Helper 1 and Follicular B 
Helper T Cells. Immunity 0,  

234 Sallusto, F. et al. (2004) Central memory and effector memory T cell subsets: 
function, generation, and maintenance. Annu. Rev. Immunol. 22, 745–763 

235 MacLeod, M.K.L. et al. (2011) Memory CD4 T cells that express CXCR5 
provide accelerated help to B cells. J Immunol 186, 2889–2896 

236 Hale, J.S. et al. (2013) Distinct memory CD4+ T cells with commitment to T 
follicular helper- and T helper 1-cell lineages are generated after acute viral 
infection. Immunity 38, 805–817 

237 Tubo, N.J. et al. (2016) Most microbe-specific naïve CD4⁺ T cells produce 
memory cells during infection. Science 351, 511–514 

238 Weber, J.P. et al. (2012) T-follicular helper cells survive as long-term memory 
cells. European Journal of Immunology 42, 1981–1988 

239 Liu, X. et al. (2012) Bcl6 expression specifies the T follicular helper cell 
program in vivo. J Exp Med 209, 1841–52– S1–24 

240 Fazilleau, N. et al. (2007) Lymphoid reservoirs of antigen-specific memory T 
helper cells. Nat. Immunol. 8, 753–761 

241 Locci, M. et al. (2013) Human circulating PD-⁺1CXCR3⁻CXCR5⁺ memory 
Tfh cells are highly functional and correlate with broadly neutralizing HIV 
antibody responses. Immunity 39, 758–769 

242 Bentebibel, S.E. et al. (2013) Induction of ICOS+CXCR3+CXCR5+ TH cells 
correlates with antibody responses to influenza vaccination. Sci Transl Med 5, 
176ra32–176ra32 



83 

243 He, J. et al. (2013) Circulating precursor CCR7(lo)PD-1(hi) CXCR5⁺ CD4⁺ 
T cells indicate Tfh cell activity and promote antibody responses upon antigen 
reexposure. Immunity 39, 770–781 

244 Johansson-Lindbom, B. et al. (2003) Germinal centers regulate human Th2 
development. J Immunol 171, 1657–1666 

245 Kroenke, M.A. et al. (2012) Bcl6 and Maf cooperate to instruct human 
follicular helper CD4 T cell differentiation. J Immunol 188, 3734–3744 

246 Schmitt, N. et al. (2009) Human dendritic cells induce the differentiation of 
interleukin-21-producing T follicular helper-like cells through interleukin-12. 
Immunity 31, 158–169 

247 Schmitt, N. et al. (2013) IL-12 receptor β1 deficiency alters in vivo T 
follicular helper cell response in humans. Blood 121, 3375–3385 

248 Schmitt, N. et al. (2014) The cytokine TGF-β co-opts signaling via STAT3-
STAT4 to promote the differentiation of human TFH cells. Nat. Immunol. 
15, 856–865 

249 Amanna, I.J. et al. (2007) Duration of Humoral Immunity to Common Viral 
and Vaccine Antigens. N. Engl. J. Med. 357, 1903–1915 

250 Kool, M. et al. (2012) Alum adjuvant: some of the tricks of the oldest 
adjuvant. J. Med. Microbiol. 61, 927–934 

251 Marrack, P. et al. (2009) Towards an understanding of the adjuvant action of 
aluminium. Nat. Rev. Immunol. 9, 287–293 

252 Gavin, A.L. et al. (2006) Adjuvant-enhanced antibody responses in the 
absence of toll-like receptor signaling. Science 314, 1936–1938 

253 Franchi, L. and Núñez, G. (2008) The Nlrp3 inflammasome is critical for 
aluminium hydroxide-mediated IL-1beta secretion but dispensable for 
adjuvant activity. Eur. J. Immunol. 38, 2085–2089 

254 Kool, M. et al. (2008) Alum adjuvant boosts adaptive immunity by inducing 
uric acid and activating inflammatory dendritic cells. J Exp Med 205, 869–882 

255 Serre, K. et al. (2008) Molecular differences between the divergent responses 
of ovalbumin-specific CD4 T cells to alum-precipitated ovalbumin compared 
to ovalbumin expressed by Salmonella. Molecular Immunology 45, 3558–3566 

256 Beutler, B.A. (2009) TLRs and innate immunity. Blood 113, 1399–1407 
257 Kawai, T. and Akira, S. (2011) Toll-like receptors and their crosstalk with 

other innate receptors in infection and immunity. Immunity 34, 637–650 
258 Yamamoto, M. et al. (2003) Role of adaptor TRIF in the MyD88-

independent toll-like receptor signaling pathway. Science 301, 640–643 
259 Kawai, T. et al. (2005) IPS-1, an adaptor triggering RIG-I- and Mda5-

mediated type I interferon induction. Nat. Immunol. 6, 981–988 
260 Takeuchi, O. and Akira, S. (2008) MDA5/RIG-I and virus recognition. 



84 

Current Opinion in Immunology 20, 17–22 
261 Alexopoulou, L. et al. (2001) Recognition of double-stranded RNA and 

activation of NF-kappaB by Toll-like receptor 3. Nature 413, 732–738 
262 Edwards, A.D. et al. (2003) Toll-like receptor expression in murine DC 

subsets: lack of TLR7 expression by CD8 alpha+ DC correlates with 
unresponsiveness to imidazoquinolines. Eur. J. Immunol. 33, 827–833 

263 Kumar, H. et al. (2008) Cutting edge: cooperation of IPS-1- and TRIF-
dependent pathways in poly IC-enhanced antibody production and cytotoxic 
T cell responses. J Immunol 180, 683–687 

264 Longhi, M.P. et al. (2009) Dendritic cells require a systemic type I interferon 
response to mature and induce CD4+ Th1 immunity with poly IC as 
adjuvant. J Exp Med 206, 1589–1602 

265 Kumagai, Y. et al. (2007) Alveolar macrophages are the primary interferon-
alpha producer in pulmonary infection with RNA viruses. Immunity 27, 240–
252 

266 Steinhagen, F. et al. (2011) TLR-based immune adjuvants. Vaccine 29, 3341–
3355 

267 Ichinohe, T. et al. (2005) Synthetic double-stranded RNA poly(I:C) 
combined with mucosal vaccine protects against influenza virus infection. J. 
Virol. 79, 2910–2919 

268 Nordlund, J.J. et al. (1970) Inhibition of biologic activity of poly I: poly C by 
human plasma. Proc. Soc. Exp. Biol. Med. 133, 439–444 

269 Robinson, R.A. et al. (1976) A phase I-II trial of multiple-dose polyriboinosic-
polyribocytidylic acid in patieonts with leukemia or solid tumors. J. Natl. 
Cancer Inst. 57, 599–602 

270 Garçon, N. et al. (2007) GlaxoSmithKline Adjuvant Systems in vaccines: 
concepts, achievements and perspectives. Expert Rev Vaccines 6, 723–739 

271 Moore, A. et al. (1999) The adjuvant combination monophosphoryl lipid A 
and QS21 switches T cell responses induced with a soluble recombinant HIV 
protein from Th2 to Th1. Vaccine 17, 2517–2527 

272 Maisonneuve, C. et al. (2014) Unleashing the potential of NOD- and Toll-
like agonists as vaccine adjuvants. Proc. Natl. Acad. Sci. U.S.A. 111, 12294–
12299 

273 Søgaard, O.S. et al. (2010) Improving the immunogenicity of pneumococcal 
conjugate vaccine in HIV-infected adults with a toll-like receptor 9 agonist 
adjuvant: a randomized, controlled trial. Clin. Infect. Dis. 51, 42–50 

274 Ivashkiv, L.B. and Donlin, L.T. (2014) Regulation of type I interferon 
responses. Nat. Rev. Immunol. 14, 36–49 

275 ISAACS, A. and LINDENMANN, J. (1957) Virus interference. I. The 



85 

interferon. Proc. R. Soc. Lond., B, Biol. Sci. 147, 258–267 
276 Vilcek, J. (2006) Fifty years of interferon research: aiming at a moving target. 

Immunity 25, 343–348 
277 González-Navajas, J.M. et al. (2012) Immunomodulatory functions of type I 

interferons. Nat. Rev. Immunol. 12, 125–135 
278 Trinchieri, G. (2010) Type I interferon: friend or foe? J Exp Med 207, 2053–

2063 
279 Kawai, T. and Akira, S. (2009) The roles of TLRs, RLRs and NLRs in 

pathogen recognition. Int. Immunol. 21, 317–337 
280 Matikainen, S. et al. (1999) Interferon-alpha activates multiple STAT proteins 

and upregulates proliferation-associated IL-2Ralpha, c-myc, and pim-1 genes 
in human T cells. Blood 93, 1980–1991 

281 Nguyen, K.B. et al. (2002) Critical role for STAT4 activation by type 1 
interferons in the interferon-gamma response to viral infection. Science 297, 
2063–2066 

282 Auerbuch, V. et al. (2004) Mice lacking the type I interferon receptor are 
resistant to Listeria monocytogenes. J Exp Med 200, 527–533 

283 Stanley, S.A. et al. (2007) The Type I IFN response to infection with 
Mycobacterium tuberculosis requires ESX-1-mediated secretion and 
contributes to pathogenesis. J Immunol 178, 3143–3152 

284 Harrington, L.E. et al. (2005) Interleukin 17-producing CD4+ effector T cells 
develop via a lineage distinct from the T helper type 1 and 2 lineages. Nat. 
Immunol. 6, 1123–1132 

285 Wilson, E.B. et al. (2013) Blockade of Chronic Type I Interferon Signaling to 
Control Persistent LCMV Infection. Science 340, 202–207 

286 Teijaro, J.R. et al. (2013) Persistent LCMV infection is controlled by 
blockade of type I interferon signaling. Science 340, 207–211 

287 Haque, A. et al. (2014) Type I IFN signaling in CD8- DCs impairs Th1-
dependent malaria immunity. J. Clin. Invest. 124, 2483–2496 

288 Marrack, P. et al. (1999) Type I interferons keep activated T cells alive. J Exp 
Med 189, 521–529 

289 Havenar-Daughton, C. et al. (2006) Cutting Edge: The direct action of type I 
IFN on CD4 T cells is critical for sustaining clonal expansion in response to a 
viral but not a bacterial infection. J Immunol 176, 3315–3319 

290 Braun, D. et al. (2002) IFN-alpha/beta enhances BCR-dependent B cell 
responses. Int. Immunol. 14, 411–419 

291 Paolicelli, D. et al. (2013) The impact of neutralizing antibodies on the risk of 
disease worsening in interferon β-treated relapsing multiple sclerosis: a 5 year 
post-marketing study. J. Neurol. 260, 1562–1568 



86 

292 Proietti, E. et al. (2002) Type I IFN as a natural adjuvant for a protective 
immune response: Lessons from the influenza vaccine model. J Immunol 169, 
375–383 

293 Coro, E.S. et al. (2006) Type I IFN receptor signals directly stimulate local B 
cells early following influenza virus infection. J Immunol 176, 4343–4351 

294 Le Bon, A. et al. (2001) Type i interferons potently enhance humoral 
immunity and can promote isotype switching by stimulating dendritic cells in 
vivo. Immunity 14, 461–470 

295 Le Bon, A. et al. (2006) Cutting edge: enhancement of antibody responses 
through direct stimulation of B and T cells by type I IFN. J Immunol 176, 
2074–2078 

296 Jung, S. et al. (2002) In vivo depletion of CD11c+ dendritic cells abrogates 
priming of CD8+ T cells by exogenous cell-associated antigens. Immunity 17, 
211–220 

297 Hebel, K. et al. (2006) Plasma cell differentiation in T-independent type 2 
immune responses is independent of CD11c(high) dendritic cells. Eur. J. 
Immunol. 36, 2912–2919 

298 Probst, H.C. et al. (2005) Histological analysis of CD11c-DTR/GFP mice 
after in vivo depletion of dendritic cells. Clin. Exp. Immunol. 141, 398–404 

299 Aichele, P. et al. (2003) Macrophages of the splenic marginal zone are 
essential for trapping of blood-borne particulate antigen but dispensable for 
induction of specific T cell responses. J Immunol 171, 1148–1155 

300 Bennett, C.L. and Clausen, B.E. (2007) DC ablation in mice: promises, 
pitfalls, and challenges. Trends in Immunology 28, 525–531 

301 Tittel, A.P. et al. (2012) Functionally relevant neutrophilia in CD11c 
diphtheria toxin receptor transgenic mice. Nat. Methods 9, 385–390 

302 Meredith, M.M. et al. (2012) Expression of the zinc finger transcription factor 
zDC (Zbtb46, Btbd4) defines the classical dendritic cell lineage. J Exp Med 
209, 1153–1165 

303 Satpathy, A.T. et al. (2012) Zbtb46 expression distinguishes classical dendritic 
cells and their committed progenitors from other immune lineages. J Exp Med 
209, 1135–1152 

304 Ballesteros-Tato, A. and Randall, T.D. (2014) Priming of T follicular helper 
cells by dendritic cells. Immunol. Cell Biol. 92, 22–27 

305 Pape, K.A. et al. (2007) The Humoral Immune Response Is Initiated in 
Lymph Nodes by B Cells that Acquire Soluble Antigen Directly in the 
Follicles. Immunity 26, 491–502 

306 Green, N.M. et al. (2009) Murine B cell response to TLR7 ligands depends 
on an IFN-beta feedback loop. J Immunol 183, 1569–1576 



87 

307 Barr, T.A. et al. (2007) TLR-mediated stimulation of APC: Distinct cytokine 
responses of B cells and dendritic cells. Eur. J. Immunol. 37, 3040–3053 

308 Cunningham, C.R. et al. (2016) Type I and Type II Interferon Coordinately 
Regulate Suppressive Dendritic Cell Fate and Function during Viral 
Persistence. PLoS Pathog. 12, e1005356 

309 Durelli, L. et al. (1999) Autoimmune events during interferon beta-1b 
treatment for multiple sclerosis. J. Neurol. Sci. 162, 74–83 

310 Lood, C. et al. (2010) Platelet transcriptional profile and protein expression in 
patients with systemic lupus erythematosus: up-regulation of the type I 
interferon system is strongly associated with vascular disease. Blood 116, 
1951–1957 

311 Dendrou, C.A. et al. (2015) Immunopathology of multiple sclerosis. Nat. Rev. 
Immunol. 15, 545–558 

312 Kozovska, M.E. et al. (1999) Interferon beta induces T-helper 2 immune 
deviation in MS. Neurology 53, 1692–1697 

313 Quiel, J. et al. (2011) Antigen-stimulated CD4 T-cell expansion is inversely 
and log-linearly related to precursor number. Proc. Natl. Acad. Sci. U.S.A. 
108, 3312–3317 

314 Foulds, K.E. and Shen, H. (2006) Clonal competition inhibits the 
proliferation and differentiation of adoptively transferred TCR transgenic 
CD4 T cells in response to infection. J Immunol 176, 3037–3043 

315 Kopf, M. et al. (1993) Disruption of the murine IL-4 gene blocks Th2 
cytokine responses. Nature 362, 245–248 

316 Fenner, F. et al. (1987) Smallpox and its eradication. Geneva: WHO  
317 Henao-Restrepo, A.M. et al. (2015) Efficacy and effectiveness of an rVSV-

vectored vaccine expressing Ebola surface glycoprotein: interim results from 
the Guinea ring vaccination cluster-randomised trial. Lancet 386, 857–866 

318 Ehlers, M. et al. (2006) TLR9/MyD88 signaling is required for class switching 
to pathogenic IgG2a and 2b autoantibodies in SLE. J Exp Med 203, 553–561 

319 Vidarsson, G. et al. (2014) IgG subclasses and allotypes: from structure to 
effector functions. Front Immunol 5, 520 

320 Brière, F. et al. (1994) Human interleukin 10 induces naive surface 
immunoglobulin D+ (sIgD+) B cells to secrete IgG1 and IgG3. J Exp Med 
179, 757–762 

321 Pène, J. et al. (2004) Cutting edge: IL-21 is a switch factor for the production 
of IgG1 and IgG3 by human B cells. J Immunol 172, 5154–5157 

 







Regulation of the Germinal Center Response by 
T Follicular Helper Cells and Type I Interferons
Madelene Dahlgren  

Faculty of Medicine | Lund University 2016

Lund University, Faculty of Medicine 
Doctoral Dissertation Series 2016:54

ISBN 978-91-7619-280-1
ISSN 1652-8220

Printed by M
edia-Tryck, Lund U

niversity 2016

9
78

91
76

19
28

01

M
a

d
elen

e D
a

h
lg

r
en  


R

egulation of the G
erm

inal C
enter R

esponse by T
 Follicular H

elper C
ells and T

ype I Interferons

54


	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page


 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 30 to page 30
     Mask co-ordinates: Left bottom (44.56 31.25) Right top (93.77 67.83) points
      

        
     0
     44.5574 31.2498 93.7701 67.8268 
            
                
         30
         SubDoc
         30
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     84
     85
     29
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 14 to page 14
     Mask co-ordinates: Left bottom (47.22 19.94) Right top (99.09 64.50) points
      

        
     0
     47.2176 19.9442 99.0904 64.5016 
            
                
         14
         SubDoc
         14
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     84
     85
     13
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 8 to page 8
     Mask co-ordinates: Left bottom (38.57 32.58) Right top (83.13 68.49) points
      

        
     0
     38.5721 32.5799 83.1295 68.4918 
            
                
         8
         SubDoc
         8
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     84
     85
     7
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (376.41 35.24) Right top (450.89 61.18) points
      

        
     0
     376.4105 35.24 450.8946 61.1764 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     84
     85
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (46.55 31.91) Right top (83.79 61.84) points
      

        
     0
     46.5525 31.9148 83.7946 61.8415 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     84
     85
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (407.00 25.93) Right top (441.58 64.50) points
      

        
     0
     407.0022 25.9295 441.5841 64.5016 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     84
     85
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 4 to page 4
     Mask co-ordinates: Left bottom (41.23 31.91) Right top (91.11 63.84) points
      

        
     0
     41.2323 31.9148 91.11 63.8366 
            
                
         4
         SubDoc
         4
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     84
     85
     3
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (403.01 35.91) Right top (442.91 60.51) points
      

        
     0
     403.012 35.905 442.9142 60.5114 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     84
     85
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 2 to page 2
     Mask co-ordinates: Left bottom (46.55 30.58) Right top (101.75 61.84) points
      

        
     0
     46.5525 30.5848 101.7505 61.8415 
            
                
         2
         SubDoc
         2
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     84
     85
     1
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (399.69 31.25) Right top (437.59 61.18) points
      

        
     0
     399.6868 31.2498 437.5939 61.1764 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     84
     85
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: current page
     Mask co-ordinates: Horizontal, vertical offset 401.02, 31.25 Width 33.25 Height 33.25 points
     Origin: bottom left
      

        
     1
     0
     BL
    
            
                
         Both
         13
         CurrentPage
         73
              

       CurrentAVDoc
          

     401.0169 31.2498 33.2518 33.2518 
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0c
     Quite Imposing Plus 3
     1
      

        
     6
     178
     6
     1
      

   1
  

 HistoryList_V1
 qi2base





