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Of course, dedicated to friends, family, and dears 
mentioned in the acknowledgement section. More 
importantly, this thesis is to all dorks, nerds, misfits, 
trash, and losers that do not belong anywhere. 

You do belong. Get out of the “trying to fit in” closet and 
hop on the loser train. Come, speak, make it awkward.  

We are all going to die anyway. 
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Abstract 
B cells provide one of the key mechanisms of immunological memory, 
which is the production of neutralising antibodies. How B cells respond to 
infections and vaccination gives clues to how the development of the 
immunological memory is facilitated, and can thus lead to a deeper 
understanding of why the immune system sometimes malfunctions. This 
thesis focuses on the human B cell responses in three different settings: 
Acute viral infection, mechanisms involved in germinal centre responses, 
and vaccination upon interrupted B cell depletion therapy in patients with 
multiple sclerosis (MS).We have found that during acute Puumala-
orthohantavirus (PUUV) infection, B cells activate on a large scale and 
derive a phenotype similar to previous observations in autoimmune 
diseases and chronic infections. Patients with PUUV infection also had 
decreased expression of the complement regulatory protein Decay-
Accelerating Factor (DAF) at an early stage in the disease. Here, we 
hypothesised that this might be a result of a robust B cell response, and 
therefore we continued to assess B cells at the peripheral sites of their 
maturation. We found that B cells downregulated the complement 
inhibitory protein during the germinal centre reaction, which also primed 
the cells for phagocytosis. This finding shed light to the mechanisms that 
control B cell homeostasis. Finally, we assessed the B cell responses 
towards vaccination in patients with MS after interruption of their B cell 
depletion therapy. Here we showed that the patients yielded expansion of 
vaccination-specific memory B cells. However, these memory B cells did 
not comprise expansion of DAFlo cells, in contrast to the non-MS control 
individuals. We speculated that the B cell depletion might have an impact 
on the formation of B cell memory after interrupted treatment. Taken 
together, this thesis contributes to the overall understanding of the life 
cycle of B cells, in the context of infection, vaccination, and homeostasis. 
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Abbreviations 
AID: Activation-induced 
cytidine deaminase 

ANDV: Andes-orthohantavirus 

ASC: Antibody secreting cell 

BCDT: B cell depletion therapy 

BCR: B cell receptor 

CLP: Common lymphoid 
progenitor 

CSR: Class switch 
recombination 

DAF: Decay-accelerating factor 

DC: Dendritic cell 

DN: Double negative 

DOBV: Dobrava-Belgrade-
orthohantavirus 

DZ: Dark zone 

ELISA: Enzyme-linked 
immunosorbent assay 

FcRL: Fc-receptor like 

FDC: Follicular dendritic cell 

GC: Germinal Center 

Gn: Glycoprotein 

GPI: glycosylphosphatidyl-
inositol 

HCPS: Hantavirus 
cardiopulmonary syndrome 

HFRS: Haemorrhagic fever with 
renal syndrome 

HIV: Human immunodeficiency 
virus 

HSC: Hematopoietic stem cell 

HTNV: Hantaan-
orthohantavirus 

Ig: Immunoglobulin 

IL: Interleukin 

LZ: Light zone 

MAC: Membrane attack 
complex 

MBL: Mannose-binding lectins 

MHC: Major histocompatibility 
complex 

MS: Multiple sclerosis 

N: Nucleocapsid 

PBMCs: Peripheral blood 
mononuclear cells 

PNH: Paroxysmal nocturnal 
hemoglobinuria 
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PUUV: Puumala-
orthohantavirus 

RTX: Rituximab 

RTX-MS: Rituximab treated MS 

SARS-CoV2: Severe acute 
respiratory syndrome-
coronavirus 2 

sCD27: Soluble CD27 

SEOV: Seoul-orthohantavirus 

SHM: Somatic hypermutation 

SLE: Systemic lupus 
erythematosus 

SNV: Sin nombre-
orthohantavirus 

Sw mem: Switched memory 

TBM: Tingible body 
macrophage 

TCR: T cell receptor 

TH: Helper T cell 

TFH: Follicular helper T cell 

TLR: Toll-like receptor 

Unsw mem: Unswitched 
memory 
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Enkel sammanfattning på svenska 
Det adaptiva immunförsvaret är en gren av vårt immunsystem som har 
förmåga att bilda immunologiskt minne. Funktionen av immunologiskt 
minne är att förhindra återinfektion, svår sjukdom och död, vilket påvisas 
av det långvariga skydd vi får efter genomgångna infektioner och 
vaccinationer. De två celltyper som huvudsakligen utgör det adaptiva 
immunförsvaret är B-celler och T-celler. Cirkulerande antikroppar som 
oskadliggör bakterier och virus har sitt ursprung ur B-celler, medan T-
celler agerar i närkontakt med våra kroppsegna celler och kan eliminera 
dessa när de infekterats av virus. I den här avhandlingen återfinns tre 
delarbeten som tillsammans bidrar till kartläggningen av hur mänskliga 
B-celler svarar mot infektioner och vacciner. 

I delarbete I avhandlas hur B-celler svarar på sorkfeberinfektion. 
Västerbottens län har den högsta förekomsten av sorkfeber i Sverige. 
Detta är en virussjukdom som sprids genom luftburna partiklar från urin 
och avföring från skogssorkar. Patienter med sorkfeber får vanligtvis hög 
feber, huvudvärk, smärtor i buk och ländrygg, samt njurpåverkan. 
Infektionen har låg dödlighet och variationen i hur allvarlig sjukdomen 
artar sig hos patienter varierar kraftigt, från väldigt mild sjukdom till svår 
sjukdom som kräver sjukhusvård. Flera studier har funnit samband 
mellan höga nivåer av sorkfeberspecifika antikroppar och mildare 
sjukdomsförlopp. Dessa tidigare fynd föranledde delarbete I, som 
kartlägger hur själva B-cellerna beter sig under sjukdomsförloppet. Här 
gjorde vi två huvudsakliga fynd: (i) att patienter med sorkfeber har en stor 
mängd antikroppsproducerande celler i blodet tidigt i infektionen, och (ii) 
att vissa patienter har en ökad andel av en sorts B-celler som tidigare 
framförallt har rapporterats hos personer med långvariga infektioner 
såsom malaria, tuberkulos och HIV. 

Observationerna som ledde fram till delarbete II grundas på ett sidospår 
av delarbete I, där den ursprungliga idén var att undersöka hur 
sorkfebervirus kan interagera med B-celler. Vi analyserade B-celler i blod 
från patienter med sorkfeber och noterade att patienter i tidigt skede av 
sjukdomen hade lägre uttryck av proteinet Decay Accelerating Factor 
(DAF) jämfört med friska kontrollpersoner. DAF är en av de identifierade 
infästningsmolekylerna, så kallade receptorer, för sorkfebervirus. 
Receptorer möjliggör för virus att fästa in och infektera den cell de bundit 
till. Det är dock viktigt att komma ihåg att receptorer inte finns specifikt 
för att virus ska kunna infektera cellerna, utan för att cellerna i sig ofta 
använder de strukturerna för egna funktioner. Hos våra kroppsegna celler 
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skyddar DAF mot en ospecifik gren av det medfödda immunförsvaret som 
kallas komplementsystemet. Den grenen av immunförsvaret finns för att 
ge ett snabbt svar mot bakterier och virus, men också för att eliminera 
cancerceller och döende celler från vår egen kropp. Om våra kroppsegna 
celler inte uttrycker proteiner som DAF, förstörs dessa celler av 
komplementsystemet, vilket kan få allvarliga konsekvenser beroende på 
vilka vävnader som förstörs. 

Vi gick vidare med detta i delarbete II genom att analysera B-celler från 
halsmandlar, eftersom detta är en vävnad där B-celler genomgår den 
reaktion som är nödvändig för att bilda immunologiskt minne. Här 
upptäckte vi att en stor andel B-celler som genomgår denna reaktion 
saknar uttryck av DAF på cellytan. Detta gjorde att vi antog att dessa B-
celler kan vara känsligare för att kännas igen av komplementsystemet, 
mer specifikt en funktion där celler märks in av komplement för att sedan 
ätas upp av immunceller som eliminerar döda, gamla och defekta celler i 
våra egna vävnader. I ett nyckelexperiment i delarbete II visade vi att B-
celler med lågt uttryck av DAF redan i frånvaro av komplement upptogs 
av ätande immunceller i större utsträckning än B-celler som uttryckte 
DAF. När komplement var närvarande, eliminerades ännu fler B-celler. 
Tillsammans bidrar dessa fynd till att förstå mekanismer i den normala 
livscykeln hos B-celler. 

Slutligen ämnade vi att karaktärisera hur B-celler ter sig vid vaccination 
efter avbruten behandling som eliminerar B-celler. Dessa behandlingar 
används framförallt vid lymfom, det vill säga immuncellscancer, men 
också vid vissa autoimmuna sjukdomar. En sådan sjukdom är multipel 
skleros (MS), där patienter får gradvisa skador på delar av hjärnan till 
följd av ett patologiskt immunsvar mot den egna kroppen. B-celler bidrar 
delvis till sjukdomsförloppet, varvid behandling som eliminerar B-celler 
leder till minskad sjukdomsaktivitet för många med MS. En bieffekt av B-
cellseliminering är dock ökad känslighet för vissa infektioner, och under 
Covid-19-pandemin visade det sig att patienter med MS i större 
utsträckning behövde sjukhusvård om de behandlats med just B-
cellseliminering. Med anledning av detta var denna patientgrupp 
prioriterad till vaccination mot Covid-19. Att studera hur mänskliga B-
celler svarar på vaccin möjliggör dessutom att se hur cellerna ter sig innan 
de exponeras för vaccinet, till skillnad från naturliga infektioner, där 
provtagning i regel bara sker när infektionen redan är etablerad. 

Fokus i delarbete III var att undersöka hur patienter med MS svarade 
på Pfizers mRNA-vaccin mot SARS-CoV2, viruset som orsakar Covid-19, 
efter att ha avbrutit B-cellseliminerande behandling. Patienterna avbröt 
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den B-cellseliminerande behandlingen ett halvår upp till två och ett halvt 
år innan vaccination, och vi tog blodprover innan vaccination, samt en 
vecka och en månad efter andra vaccindosen. Här såg vi att individerna 
med MS hade en mycket stor andel B-celler som inte ännu hade 
genomgått reaktionen för att bilda immunologiskt minne. De lyckades 
dock efter vaccination att bilda B-celler som kunde känna igen ytproteinet 
från SARS-CoV2, och bibehöll dessa även en månad efter vaccination. Vid 
uppföljande provtagningar mer än en månad efter andra vaccindosen 
hade patienterna återigen påbörjat B-cellseliminerande behandling, och 
därmed fanns otillräckligt antal celler att analysera för dessa uppföljande 
tidpunkter. 

En märkbar skillnad mellan MS-gruppen och kontrollgruppen var dock 
uttrycket av DAF på B-minnescellerna. Hos kontrollgruppen fann vi en 
ökad andel B-minnesceller med lågt uttryck av DAF efter vaccination, likt 
det vi såg hos patienter med sorkfeber i delarbete II. Denna tendens såg 
vi inte hos individerna med MS. Vi drog slutsatsen att patienter som 
behandlats med B-cellseliminering kan ha en förändrad kapacitet att 
genomgå reaktionen som bildar det immunologiska minnet. 

Sammanfattningsvis bidrar dessa tre arbeten till att förstå det mänskliga 
B-cellssvaret på virusinfektion och vaccin, samt en ytterligare pusselbit i 
hur den normala livscykeln för B-celler ser ut. 
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1. The human immune system 
Our immune system is composed by several types of cells, structures, and 
proteins that serve different functions to provide a broad protection 
against pathogens1. Briefly, the immune system consists of an innate and 
an adaptive branch. 

The innate immune system constitutes physical and biochemical barriers, 
such as our skin, mucosae, tear fluid, saliva, and pH barriers. A handful of 
cell types also belong to this branch; granulocytes, which act directly to 
destroy pathogens by their granulae; macrophages, or “big eaters” that 
can ingest pathogenic organisms to clear them from the system, as well as 
removing dead self-cells to maintain tissue homeostasis; dendritic cells 
(DCs) are specialised antigen presenting and retaining cells called; 
natural killer cells that have capacity to recognise our damaged self-
cells. Effector molecules released upon infection or damage, namely 
cytokines such as interleukins (IL), also belong to this branch, as does 
the complement system that consists of proteins in our blood 
circulation. Typical features of the innate immune response are the rapid 
and sometimes immediate onset and its broad target that is directed to a 
group of structures and pathogens. 

The adaptive immune system consists of B cells, which make up the 
humoral immune response, and T cells, which mediate the cellular 
immune response. These cell types are different from the innate immune 
cells in the sense that they can recognise very specific structures, thanks 
to their unique B cell and T cell receptors, respectively. These cells 
originate from primary lymphoid organs: The bone marrow for B cells, 
and the thymus for T cells. Once the cells mature, they migrate to 
secondary lymphoid organs, which include lymph nodes, tonsils, and 
mucosa associated lymphoid tissues, and can also be found in blood. In 
contrast to innate responses, the B and T cell responses are delayed and 
takes days up to weeks. 

Both B and T cells can recognize specific structures of a pathogen thanks 
to their highly specific B cell receptor (BCR) and T cell receptor 
(TCR). Both receptors go through recombination during the 
development of the cells to diversify the whole repertoire of B and T cells. 
One cell can only recognise the structure that their BCR or TCR 
specifically binds. Since this thesis focuses on B cells, the BCR 
recombination will be described in greater detail in the following chapters. 
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Very simplified, T cells can be broadly divided into helper T cells (TH) 
and cytotoxic T cells, recognised by their respective expression of the 
surface molecules CD4 and CD8. While TH interact with other immune 
cells to orchestrate their responses, cytotoxic T cells interact directly with 
self-cells and can kill off damaged or infected cells. T cells recognise cells 
they interact with by the major histocompatibility complexes 
(MHC) expressed on the other cell. There are two classes of MHC, I and 
II. Class I MHC is expressed on nucleated self-cells and continuously 
presents peptide antigens that the cell has produced. By interaction with 
this MHC class, CD8+ T cells can recognise cells that express self-
antigens, as well as cells that express foreign antigens, and as a result 
eliminate these. Class II MHC, on the other hand, is only expressed on 
antigen presenting cells, i.e. macrophages, DCs, and B cells. This MHC 
class also presents peptide antigens, the key difference being that the 
presented antigens originate from something the antigen presenting cell 
has engulfed, or phagocytosed. TH interact by means of MHC class II to 
communicate with the antigen presenting cells and as a result orchestrate 
other immune responses. 

The most straightforward method to follow the B cell response is to 
measure the titres of antibodies. These are molecules that serve several 
effector functions in the immune system, and are secreted by specialised 
B cells. This will be described in more detail in the paragraphs below. A 
key difference between innate and adaptive responses is the 
immunological memory that develops after infection or vaccination. This 
protects us from reinfection, severe illness, and death, in the event of 
encountering the same pathogen. The differences are summarised in 
Table 1, and the main aim of this thesis are the functions of B cells and the 
complement system. 

Characteristic Innate immunity Adaptive immunity 
Time of 
response 

Immediately, hours Days to weeks 

Specificity Directed to whole 
groups of pathogens 
and damage molecules 

Highly specific to 
structures of a 
pathogen 

Memory No memory formation Gradual development 
of memory through 
antibodies and T cells 

Table 1. Key differences between innate and adaptive immune responses. 

  



 

 

2. B cells 
Developed in the bone marrow, and maturated in the periphery, B cells 
comprise the source of our antibodies, or immunoglobulins (Ig). The 
core definition of what B cells are, is the existence of the B cell receptor 
(BCR). These are basically cell membrane-anchored Igs on the B cell and 
serve to recognise antigens, i.e. structures from self-cells, bacteria, and 
viruses, to name a few.  Every B cell expresses a unique BCR, which is first 
formed in the bone marrow during the B cell development. Upon 
activation in secondary lymphoid organs, such as tonsils and lymph 
nodes, B cells can further edit their BCR. As mentioned, the fundamental 
end function of the B cell is to produce antibodies. The roles of antibodies 
are to opsonise pathogens and damaged self-cells for phagocytosis, 
neutralise pathogens to prevent them from infecting the host, and to 
activate the complement system2. The transition from production of 
membrane bound BCRs to soluble Igs that can be detected in blood occurs 
during differentiation of the B cell to an antibody secreting cell (ASC), 
where the membrane and intracellular domain of the cognate BCR is 
downregulated. 

 2.1 B cell development 
Human B cells are derived from common lymphoid progenitor cells in the 
bone marrow. Upon commitment to the B cell lineage, the progenitor cells 
go through a number of defined development stages (Figure 1). Each 
developmental step is classified by the sequential recombination of the 
BCR3. This maturation is necessary for the development of a diverse pool 
of B cells that recognise a high variety of antigens, as one B cell has one 
BCR, and thus only recognise one antigen.  

The BCR is made up by a heavy (H) and a light (L) chain, both of which 
have a constant and a variable region (Figure 2). Antigen recognition 
is performed by the variable region, which is unique for each B cell due to 
the recombination of this region.  Recombination of the IgH and IgL occur 
as separate events4. Before recombination is initiated, a common 
lymphoid progenitor cell that is committed to the B cell lineage is referred 
to as a pro-B cell. 
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Diversification of the BCR starts with recombination of segments in the 
variable region of the IgH. The first step involves joining of the diversity 
(D) and joining (J) segments. Recombination is enabled by means of 
specific gene editing proteins and enzymes. Once DJH is recombined, the 
cell is classified as a pre-BI cell. Subsequently, the variability (V) region 
is recombined, and the IgH variable domain is complete with VHDJH. The 
constant IgH region determines which isotype class the produced Ig will 
be of, and the known ones are IgM, IgD, IgG, IgA, and IgE, all with 
different effector functions. Isotypes will be further discussed in section 
3.2. Class switch recombination and somatic hypermutation. 

Figure 1. Developmental stages of the B cell in the bone marrow. HSC: 
Hematopoietic stem cell. CLP: Common lymphoid progenitor. Imm B: 
Immature B cell. 



 

 

At this stage we have a pre-BII cell. This cell needs to test the quality of 
its IgH, and can do so by surface expression of pre-BCR, which consists 
of the recombined IgH and surrogate light chain. Expression of 

surrogate light chain is necessary for 
surface expression of IgH, and it is 
made up by proteins called VpreB and 
l5, the latter of which is a homolog to 
IgL5, 6, 7. Signalling through the pre-
BCR promotes survival and 
proliferation of the pre-BII cell8, 9. 
Following this, the VLJL segments of 
the IgL recombine in a similar 
manner as the heavy chain, and once 
the light chain is also successfully 
recombined, the BCR is assembled. 
Still in the bone marrow, the 
immature B cell expresses surface 
IgM. By default, naïve B cells co-
express IgM and IgD after maturation 
processes in the spleen10. Isotype class 
switch will be described in section 3.2. 

2.2 Checkpoints 
Due to the random mutations of the variable regions of the BCR, several 
checkpoints are necessary to ensure that autoreactive B cells are 
eliminated. This phenomenon is called selection11. Positive selection 
ensures the survival of B cells with a functional BCR that is capable to 
generate a survival signal. Negative selection, on the other hand, serves to 
identify self-reactive B cells and induce apoptosis of these.  

The B cell development has several checkpoints where the specificity 
and affinity of the BCR is tested11. The earliest checkpoints take place in 
the bone marrow; the first one being successful rearrangement of the IgH, 
then followed by test of the pre-BCR. Next checkpoint occurs once IgL is 
recombined, here the newly formed BCR is tested. Autoreactive B cells can 
be limited by three potential mechanisms: (i) receptor editing, which is 
further rearrangement of the BCR, (ii) deletion, i.e. removal of self-
reactive cells, or (iii) induced anergy12. 

Figure 2. Schematic represent-
ation of the assembled recombined 
BCR, demonstrating the locations 
of the constant heavy (CH), 
constant light (CL), variable heavy 
(VH), and variable light (VL) 
regions. 
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The next checkpoint occurs in the spleen, where B cells with a mature BCR 
are tested. Finally, the last checkpoint takes place during the germinal 
centre reaction, which will be elaborated in paragraph 3.4. Selection. 

2.3 Main subtypes of mature human B cells 
Classification of human B cells is a subject of debate. Collected 
observations suggest a nomenclature based on expression of a handful of 
cellular markers that can be detected by flow cytometry13. Peripheral 
human B cells in circulation can mainly be divided into five different 
types. By the use of surface expression of CD27 and IgD14, 15, we can 
distinguish switched memory cells (sw mem; CD27+IgD-), 
unswitched memory (unsw mem; CD27+IgD+), naïve (CD27-IgD+), 
and double negative (DN; CD27-IgD-). CD27 is a surface molecule 
within the tumour necrosis factor receptor superfamily, and is expressed 
on B cells after the germinal centre reaction14. Naïve B cells have not been 
activated by antigen exposure, also referred to as antigen inexperienced. 
Unsw mems correspond to marginal zone B cells16, 17, which are not class 
switched, but have a mutated BCR and are found in both circulation and 
the spleen. 

The functional role of DN B cells has been widely debated. Originally, they 
were identified in patients with flares of the autoimmune disease systemic 
lupus erythematosus (SLE)18. Further down the line, DN B cells were 
associated with other autoimmune diseases, including rheumatoid 
arthritis19, multiple sclerosis (MS)20,  and inflammatory bowel diseases21. 
These cells are also expanded in chronic infections, such as HIV22, 
tuberculosis23, and malaria24. While these studies associate DN B cells 
with pathogenesis, a recent study demonstrated that these cells also 
expand upon vaccination25. This suggests that they represent a natural 
branch of the B cell responses. 

ASCs, or plasma cells, are typically defined as CD20-CD38++CD27++. 
After differentiation, plasma cells mainly migrate to, and reside in, the 
bone marrow and gut-associated lymphoid tissues. As a result, they are 
rarely found in the periphery at steady-state. However, during an active 
immune reaction towards antigens, B cells differentiate into both long-
lived and short-lived plasma cells that can be detected in circulation. Upon 
systemic infections such as Hantavirus or Dengue virus infections, plasma 
cells can make up as much as 80% of the total B cells in circulation26, 27. 
Plasma cells can survive in the bone marrow for the remainder of our lives, 



 

 

which is demonstrated by detectable levels of antibodies against smallpox 
virus in individuals decades after vaccination28. 
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3. Germinal centre reaction 
As previously mentioned, one of the key features of the adaptive immune 
system is the formation of immunological memory. The purpose of the 
immunological memory is to rapidly respond and combat a pathogen in 
the event of a re-infection. 

The development of specialized memory B cells can occur via two 
pathways: A T cell dependent response, and a T cell independent 
response, which will not be elaborated further in this thesis. The T 
dependent response occurs when a B cell and T cell specific to the same 
antigen interact at the border of their respective locations in the outer 
cortex and inner cortex in a lymph node (Figure 3). Their interaction can 
result in four potential fates of the B cell: Either, the B cell dies by 
apoptosis, enters an 
anergic state, differen-
tiates into short lived 
plasmablasts, or they 
start to form germinal 
centres (GC). This pro-
cess is necessary to form 
antibodies with high 
affinity, and occurs by a 
series of events. After TH 
interaction, the B cell 
undergoes class switch 
recombination (CSR), 
followed by extensive 
proliferation and soma-
tic hypermutation 
(SHM). The rapid 
proliferation generates 
high cell density in the 
areas close to the T cell 
zone of the lymph node, 
and results in an area that appears dark on histological sections. More 
distal to the T cells is a network of follicular dendritic cells (FDCs), 
which are large stromal cells that are crucial for the structure of the B cell 
follicles29, 30. Due to the large cytoplasms of the FDCs, these regions appear 
lighter in histology. Therefore, the GC is traditionally divided into the 
dark zone (DZ) and the light zone (LZ)31. 

Figure 3. Schematic illustration of a lymph node. 



 

 

Within the GC, the B cell edits the BCR on DNA level by induction of 
random DNA damages and subsequent error-prone DNA repair. Once the 
BCR is edited, the B cell interacts with FDCs and follicular T helper cells 
(TFH) to test the affinity of the edited BCR. Here, the B cell may die by 
apoptosis, re-enter the GC, or exit the GC as a class-switched memory cell 
or antibody-secreting plasma cell. In the following sections, these events 
will be described in greater detail. 

3.1 Activation 
B cells become activated by binding antigens to their BCR, which induces 
a stimulatory signal within the cell. Then, the B cell digests the antigen, 
and presents it in peptide form on their MHC class II, which enables 
interaction with an activated TH that recognises the presented antigen. 
Prior activation and priming of TH occurs in the T cell area as a result of 
recognition of peptide antigens on MHC class II, commonly by interaction 
with a DC32, 33. During interaction with the B cell, the TH delivers two 
necessary co-stimulatory signals that facilitate activation of the B cell 
(Figure 4). 

The first co-stimulatory signal is interaction of CD40 on B cells with its 
ligand, CD40L, on the TH. Signalling through CD40 is crucial to induce 
the expression of genes associated with GC onset34. A clinical example of 
the importance of CD40 co-stimulation is hyper-IgM-syndrome that is 
caused by failed CD40 signalling35, 36, 37. These patients do not form GCs, 
and thus do not develop class switched, high affinity antibodies. As a 
result, they have low or absent levels of isotype switched antibody titres, 
and normal to high IgM titres. 

The second necessary signal is paracrine secretion of cytokines from the 
TH, that bind to their respective receptors on the B cell. The cytokine 
profile is determined by the stimulation the TH received upon its prior 
interaction with an antigen presenting cell38. 

Figure 4. Graphic representation of T-cell dependent B cell activation. 
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T-dependent B cell activation initiates CSR, SHM, and proliferation, 
which are key events in the GC (Figure 5). The first two events require 
excision of DNA segments: for CSR this happens in the constant region of 
the IgH, and for SHM the variable region of the BCR is targeted. To enable 
this, the B cells induce DNA damage by means of the enzyme activation-
induced cytidine deaminase (AID)39, 40. The DNA damage activates 
error-prone DNA repair mechanisms that excise the faulty nucleotides 
and then ligate the DNA strand by non-homologous end-joining41. A 
healthy cell will normally sense DNA damage and die to prevent 
expansion of cells that can become carcinogenic. Thus, the activated B cell 
needs to tolerate DNA damage without entering apoptosis. After receiving 
appropriate T cell help, the B cell induces expression of the transcriptional 
repressor Bcl-642, 43, which is a proto-oncogene that enables maintenance 
of a pro-apoptotic state of the GC B cell by inhibiting the expression of 
anti-apoptotic molecules44, 45. Additionally, Bcl-6 both represses genes 
involved in B cell differentiation, including Blimp-146, and genes that 
modulate apoptosis as a result of DNA damage47, 48. Once this cell state is 
established, the GC B cell can initiate CSR and SHM. 

Figure 5. Schematic illustration of the germinal center. 



 

 

3.2 Class switch recombination and somatic 
hypermutation 
Both CSR and SHM require induction of DNA damage followed by non-
homologous end joining41. Ig isotypes come in five variants: IgM, IgD, IgG, 
IgA, and IgE, all of which serve different effector functions in the immune 
system. By default, naïve B cells co-express IgM and IgD, as these exons 
are located closest to the promoter in the DNA. Expression of other 
isotypes requires excision of the IgM and IgD exons, followed by ligation 
of the DNA strand to repair the break41. AID targets specific switch 
regions, located in intronic areas of the IgH locus40. Commonly, CSR 
occurs after B cell-T cell interaction, but prior to GC onset49. The isotype 
switch is determined by the combination of secreted cytokines from the 
TH, depending on how it was primed at its interaction with the antigen 
presenting cell50. Exact required stimulations are yet to be elucidated, 
although we know that in experimental settings, IL-4 stimulation induces 
switch to IgG4 and IgE in humans51, 52, and TGFb promotes switch to 
IgA53. 

SHM occurs within the DZ of the GC, which is supported by expression of 
AID in sorted DZ B cells54. In contrast to CSR, AID activity during SHM 
results in point mutations of the variable region of the BCR, which may 
lead to changed affinity of the BCR, although the mutations might as well 
be non-functional. A study from Mayer and colleagues show that up to 
94% of viable GC B cells have an intact BCR, whereas only 59-68% of 
apoptotic GC B cells could produce a BCR55. Out of the apoptotic cells with 
nonsense mutations, the vast majority had stop codons, and the rest 
frameshifts. 

Work by Kennedy and colleagues suggests that GC B cells in the DZ can 
be separated into two different phases based on their gene expression 
profiles56. Here, one cluster of DZ B cells express genes associated with 
DNA editing, and another cluster expresses genes that involves the cell 
cycle. This observation implies that proliferation occurs separately from 
SHM. 

3.3 Proliferation 
The increased numbers of proliferating B cells is what originally defined 
the histological distinction of LZ and DZ, where the site of the 
proliferating B cells made up DZ. Sorted DZ B cells display increased 
expression of genes related to cell cycle activity and gene editing, whereas 
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LZ B cells has a transcriptional profile that leans towards transcriptional 
regulation, cell differentiation, and apoptosis54. Proliferation appears to 
be partially regulated by the transcription factor Foxo157, which is also 
overexpressed in some B cell lymphomas58. Overall, Foxo1 contributes to 
the maintenance of the DZ. Proliferative B cells are found in clusters 
within the DZ, where they locate in close proximity to TBMs56. Studies of 
clonal ancestry have demonstrated that plasma cells and memory B cells 
can be derived from the same GC B cell, which also suggests that 
proliferation and differentiation occur as a separate events after selection 
in the LZ59, 60. 

3.4 Selection 
Similar to the selection process in the bone marrow, GC selection serves 
to both reduce the risk of expansion of self-reactive B cells, and to generate 
a broad repertoire of memory B cells and plasma cells towards the 
pathogen or immunising agent. Selection occurs in LZ where the B cell 
interacts with FDCs and TFH. FDCs retain antigen over extended periods 
of time61, which are captured on the surface in the form of immune 
complexes62, 63, 64. This interaction results in BCR signalling, which serves 
as a survival signal for the B cell. Interaction with TFH induces CD40 
signalling, and LZ B cells present with a transcriptomic profile that are 
associated with signalling through BCR and CD4054, 65, 66. The help 
received by TFH is related to the density of class II MHC on the B cells67, 68, 

69, 70.  

Observations that GC B cells cycle between LZ and DZ has been done by 
intravital imaging. Half of the B cells in DZ migrate to LZ within 4 hours. 
In turn, only 10% of LZ B cells cycle back to DZ over 6 hours69, 70. Cycling 
is partially regulated by TFH, where the amount of antigen the GC B cell 
captures and presents correlates with the proliferative capacity after 
migration back to DZ. 

Exact mechanisms that determine the fate of a B cell in the LZ is 
incompletely understood. At present, plasma cell differentiation is most 
well mapped, and is controlled by the transcription factors Irf471 and 
Blimp172, 73, 74. This machinery in turn inhibits the transcription factors 
Pax5 and Bcl-6, which are necessary for the GC commitment, and thus 
halts further cycling in the GC. Memory B cell commitment appears to be 
more convoluted. Survival of high-affinity B cells is mediated by BAFF 
secretion from TFH75. Another key difference between plasma cells and 
memory B cells is that selected plasma cells have higher affinity for the 



 

 

selected antigen, whereas the memory B cell pool has a broader range of 
lower affinities, even compared to GC B cells76. Differentiated memory B 
cells and plasma cells may however originate from the same clone59, 60. As 
a result of the selection, there is a great amount of GC B cells that die by 
apoptosis. 

3.5 Apoptosis 
Often described as programmed cell death, apoptosis is a controlled 
process how cells die, which is crucial during embryonic development and 
tissue homeostasis as cells age77. Apoptosis is defined by activity of 
enzymes in the caspase family, which induces the cellular properties we 
associate apoptotic cells with. These changes are cytoplasmic and nuclear 
condensation, cleaved chromatin, formation of apoptotic bodies, and 
expression of cell surface molecules that serve as “eat me” signals, to 
facilitate the removal of the dead cell78. The “eat me” signals are cell 
surface proteins act as ligands to receptors on phagocytic cells, that uses 
the presence of these molecules to distinguish apoptotic cells from non-
apoptotic ones. As a result, apoptosis does not induce inflammation, in 
contrast to the pro-inflammatory cell death during oncosis and 
pyroptosis77. Apoptosis can be induced by either intrinsic intracellular 
processes or extrinsic stimulations via surface receptors. Intrinsic events 
include DNA damage, cellular stress, Ca2+ overload, and cytokine 
deprivation, whereas extrinsic apoptosis is induced by signals through 
death receptors.  

Extensive apoptosis occurs in the GC due to a large number of B cells that 
either fail positive selection or die as a result of negative selection. Failed 
positive selection typically occurs when SHM results in a non-functional 
BCR. Such mutations involve frameshifts and insertion of a stop codon, 
which in turn disables expression of the BCR55. Extensive cell death in the 
GC can also be demonstrated by the short survival of cultivated GC B cells 
isolated from secondary lymphoid organs, as they typically survive for 6 
hours79. A mouse study suggests that as much as 50% of GC B cells die 
within 5 hours, which results in a large number of dead cells55. Clearance 
of apoptotic cells is an important aspect of homeostasis, irrespective of 
tissues and cell types. In the GC, apoptotic cells are usually engulfed by 
tingible body macrophages (TBMs) that reside throughout the GC 
structures56, 80, 81. Like other macrophages, TBMs maintain tissue 
homeostasis to a great extent by phagocytosis of apoptotic cells. 
Dysfunctional TBMs that fail to remove apoptotic cells from the GC have 
been linked to SLE and symptoms related to the disease82, 83, 84. This 
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exemplifies the importance of a functional GC homeostasis. In addition to 
the “eat me” signals expressed by the cell itself, there are extrinsic proteins 
that can deposit on cells to opsonise them for phagocytosis. One such type 
of proteins belongs to the complement system. 

  



 

 

4. The complement system 
One branch of the innate immune system consists of complement 
proteins. This process is ancient and can be found even in the most 
primitive organisms85. In humans, circulating complement proteins are 
mainly produced in the liver86, although a variety of organs contribute to 
the production87. The complement proteins are named C plus a number 
from 1 to 9. Essentially, the complement system can be activated by three 
different mechanisms, all of which have the possibility to result in cell 
lysis, opsonisation, and induction of inflammatory responses. These 
functions are key components in the immune responses to infections, and 
for immune homeostasis. Individuals with complement defects may be 
subject to recurrent infections and autoimmune disorders88, 89, 90. Humans 
utilise all these cascades, known as the classical pathway, the lectin 
pathway, and the alternative pathway. The cascades are extensively 
reviewed91, 92, 93, 94, 95, and will be summarised below (Figure 6). 

4.1 The classical pathway 
Chronologically, the classical pathway was the first identified complement 
cascade96. This cascade requires presence of antibodies bound to an 
antigen. Antibody isotypes known to fix complement in humans are IgM, 
IgG1, IgG3, and to a certain extent IgG297, 98 . The complement protein 
complex C1q then binds to the antibodies, and is converted to an active 
protease. Active C1q cleaves the proteins C2 and C4 into two components 
each: C2a and C2b, and C4a and C4b, respectively. C4b has the capacity 
to bind to the cell surface where the C1 is active. C2b associates with C4b, 
and together they make up C4b2b, a new protease named C3 
convertase. Here, C3 is cleaved into C3a, which is an anaphylatoxin 
that initiates inflammation via interaction with the C3a receptor on 
surfaces of immune cells, and C3b, which has two functions: opsonisation, 
and associating with C4b2b to form C4b2b3b, known as C5 convertase. 
This protease cleaves C5 into C5a and C5b. Like C3a, C5a is anaphylatoxin 
that stimulates inflammation, here by interaction with the C5a receptor. 
C5b binds to the cell surface, independent of the C5 convertase. Following 
this, C6 associates with C5b. Then, C7 and C8 also associates, until finally 
several C9 proteins assemble to form the membrane attack complex 
(MAC). Structurally, MAC is a pore in the cell membrane, and the 
formation of multiple MAC on the cell results in lysis of said cell. 
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4.2 The lectin pathway 
Part from the activation mechanisms, the lectin pathway is very similar to 
the classical pathway. Instead of interaction with antibodies and the C1 
complex, the lectin pathway utilizes C-type lectins99, mannose-binding 
lectins (MBL) and MBL-associated serine proteases100, 101. Lectins are 
proteins that recognise specific polysaccharide structures found on cells 
of various types, including bacteria. Together, these form a protease that 
cleaves C4 and C2, which then follow the same pathway as the classical 
pathway.  

Figure 6. Graphical summary of the three complement cascades utilised in 
humans. 



 

 

4.3 The alternative pathway 
In contrast to the two previously mentioned complement cascades, the 
alternative pathway is spontaneously activated by hydrolysation of free 
soluble C3 to C3(H2O). Subsequently, complement Factor B attaches to 
the C3(H2O), and is then cleaved by Factor D, thus generating the 
fragments Ba and Bb. The b fragment associates with C3(H2O) to form 
C3(H2O)Bb, or soluble C3 convertase. This protease cleaves soluble C3 
in the blood stream to C3b and C3a, similar to the previously described C3 
convertases. Soluble C3b can either stay dissolved in the blood plasma or 
bind to cell surfaces. Once bound to a cell membrane, be it a self-cell or a 
pathogen, Factor B may associate to C3b, and is cleaved to Bb by Factor D 
which leads to the formation of the membrane-bound C3 convertase 
C3bBb. Once more C3 molecules are cleaved, an additional C3b molecule 
can then bind to the C3 convertase to form C3bBbC3b, which is a C5 
convertase. Also like its equivalents in the classical and lectin pathways, 
the alternative C5 convertase cleaves C5 into the pro-inflammatory C5a, 
and the MAC-forming component C5b. Finally, MAC assembles as 
previously described. 

4.4 Regulation of complement activity 
The presence of the spontaneously activated alternative pathway begs the 
question, why are our own cells not constantly destructed by complement? 
Self-cells are protected by their expression of a number of complement 
inhibitors on their cell surfaces, which prevents the proceeding of the 
complement cascades102. Membrane bound complement regulatory 
proteins include CD46, Decay-Accelerating Factor (DAF), and CD59. 
CD46 and DAF both inhibit C3 convertases. DAF does so by disassociating 
the components that constitute the convertase (Figure 7). Further 
downstream, CD59 blocks the formation of MAC, thus preventing lysis of 
the targeted cell. DAF and CD59 are attached to the cell surface by a 
glycosylphosphatidylinositol (GPI) anchor. 

Failed expression of membrane-bound complement regulatory proteins 
can be assigned to either monogenetic defect of the genes coding for the 
individual complement regulators, or by failed expression of the GPI 
anchor. Both phenomena are documented in humans. Defect GPI anchors 
by a somatic mutation in hematopoietic stem cells (HSC) is the underlying 
cause of Paroxysmal Nocturnal Hemoglobinuria (PNH)103, 104. The bone 
marrow will thus comprise both healthy HSCs and GPI-deficient 
hematopoietic stem cells. Expansion of GPI-deficient HSCs results in 
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downstream production of hematopoietic cells carrying this defect105. In 
practice, this leads to increased intravascular lysis of red blood cells and 
thrombocytes106. Lysed red blood cells release bilirubin, which may lead 
to jaundice, as well as haemolytic anaemia. As for spontaneously lysed 
platelets, they contribute to an increased frequency of thrombotic events. 
The complement activation that initiates the lysis of the blood cells can be 
induced by infection, surgery, physical stress, or alcohol consumption. 
The current treatment of classic PNH is by infusion of eculizumab, a 
monoclonal antibody that argets C5, and thus prevents the terminal 
reaction and MAC formation103. 

Monogenic DAF deficiency was described in a Turkish study in 2017107. In 
contrast to the somatic mutation that causes PNH, this mutation affects 
all cells throughout the body, and manifests with severe bowel 
inflammation and leaky blood vessels. Similar to PNH, this condition is 
also successfully treated with eculizumab. Together, they demonstrate the 
importance of complement regulation. 

4.5 Interplay between complement and adaptive 
immune responses 
The first observations that complement proteins interact with the 
adaptive immune response were reported in the 1970’s, where mice that 
lacked complement proteins failed to mount antibody responses to T-
dependent antigens108. Absence of C3 impairs both T cell and B cell 
responses109, 110. Complement interacts with lymphocytes partially 
through receptors for specific complement fragments. Humans express 
complement receptors 1 and 2 (CR1, CR2; CD35 and CD21, respectively) 
separately, whereas mice co-express the two, which is worth paying 
attention to in functional studies111. CD21 binds C3d, a breakdown product 
of C3b, and is well characterised as a co-stimulator in BCR signalling. An 
experiment in the 1990’s demonstrated that administration of an anti-
CD21 antibody in mice impairs the development of memory B cells, 
without affecting the TH compartment112. This observation suggested that 
B cells utilise CD21 in their activation. Further investigations show that 

Figure 7. Schematic illustration of DAF function. 



 

 

blockade of CD21 signalling in mice impairs survival of GC B cells113. The 
same study implies a modulatory role for CD21, as the B cells could not 
induce anergy towards self-antigens, when CD21 signalling was blocked.  

Further, CD21 forms the BCR co-stimulatory complex with CD19 and 
CD81, which lowers the threshold for B cell activation114, 115, 116, 117, 118. In T 
cells, CD35 signalling in conjunction with TCR stimulation inhibits 
proliferation and induces IL-10 production119. Complement C3b also 
stimulates IL-10 production in DCs, and can thus contribute to regulation 
of tolerance120. FDCs constitutively express CD21 and CD35 to retain 
antigen that are utilised in the selection of B cells in the GC121. Two studies 
have suggested that naïve B cells can transport immune complexes by 
means of CD21, and transfer these to FDCs122, 123. Taken together, CD21 
and CD35 serve multiple roles in the adaptive immune response. 

The proinflammatory anaphylatoxins C5a and C3a signal through their 
respective receptors C5aR1 and C3aR, both of which are expressed on T 
cells, monocytes, and DCs. T cells also has internal complement 
production and can signal in an autocrine manner124, 125. Signalling 
through C5aR1 and C3aR in combination with stimulation of toll-like 
receptors (TLR) in DCs and monocytes induce secretion of pro-
inflammatory cytokines, associated with TH1 and TH17 responses126, 127. By 
itself, C5aR1 is crucial for CD8+ T cell responses in viral infections128. 
Blockade of both C5aR1 and C3aR results in decreased TH1, and increased 
regulatory T cells, partially by TGF-b stimulation129, 130, 131. In an 
experimental model for allergic asthma, this pathway poses a protective 
role for the tissues132.  

In addition to its complement regulatory properties, CD46 functions as a 
human-specific receptor for complement C3b and C4b. Signalling drives 
differentiation of monocytes to pro-inflammatory macrophages of M1-
type133, and modulates cytokine production in myeloid DCs134 and 
macrophages135. Complement regulation via DAF impacts T cell 
responses, where absence of DAF increases TH1 related responses136, 137. 
Little is however known about how complement regulation affects the 
homeostasis in the adaptive immune system. 
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5. Infections and humoral immune 
responses 

5.1 Hantaviruses 
Hantaviruses are negative-sense single stranded RNA viruses that are 
present across the globe138. Roughly, Hantaviruses cause two diseases; 
Haemorrhagic fever with renal syndrome (HFRS) and 
Hantavirus cardio-pulmonary syndrome (HCPS). Due to their 
respective geographical distribution, the viruses are divided into old world 
(HFRS, Eurasia) and new world (HCPS, the Americas) Hantaviruses, 
respectively. Both are haemorrhagic fevers with different manifestations 
of vascular leakage. Human pathogenic hantaviruses are commonly 
transmitted by aerosolised rodent faeces, urine, and other secretes139, 140. 
To this date, there is no approved vaccine or antiviral treatments against 
these infections. 

5.2 HFRS 
Up to 200 000 cases of HFRS requiring hospital care is reported annually, 
distributed over the Eurasian continent141. Four strains of old world 
hantaviruses make up the bulk of reported HFRS cases: Hantaan (HTNV), 
Dobrava-Belgrade (DOBV), Seoul (SEOV), and Puumala 
orthohantaviruses (PUUV)142. The first three typically have a case fatality 
rate of 3-12%141, whereas PUUV causes a milder form of HFRS, 
nephropathia epidemica (Swedish: sorkfeber), which has a disease 
course similar to HFRS, but with a fatality below 1%143, 144, 145. HTNV and 
SEOV are commonly found in South Korea and China, DOBV virus in 
Eastern Europe, and PUUV in Scandinavia and clusters in Central Europe. 
The Swedish cases of HFRS are mainly reported in the northern regions, 
with the highest incidence rates in Västerbotten County, according to data 
available from the Swedish Public Health Agency.  

Typically, HFRS manifests in five phases: febrile, hypotensive, oliguric, 
polyuric, and convalescent146. At an early stage, the disease typically 
manifests with high fever, back and abdominal pain, nausea, and 
headache. As the disease progresses, patients often experience renal 
dysfunction. The manifestations of the disease are thought to be partially 
due to the replication sites of the virus, which for HFRS typically is 
endothelial cells147. Another central clinical manifestation of the infection 



 

 

is by thrombocytopenia caused by increased consumption of 
thrombocytes. Together, these mechanisms contribute to the disease 
course. 

5.3 HCPS 
Outbreaks of HCPS occur less frequently than HFRS and are usually 
reported from the southwest of North America, and from the west of South 
America, commonly Argentina and Chile141, 148. The main culprits are the 
Sin Nombre virus (SNV) and the Andes virus (ANDV), found at respective 
locations149. An outbreak of acute respiratory distress in the Four Corners 
of the United States in 1993 lead to the identification of SNV150, 151. This 
infection is characterised by a prodromal phase where patients experience 
flu-like symptoms that involve fever, muscle aches and fatigue. About half 
of the cases also present with headaches and abdominal pain. As the 
disease progresses, patients develop pulmonary oedema and dyspnoea, 
and not infrequently circulatory shock. Due to this disease progression, 
the patients might need intensive care. Since the 1993 outbreak, up until 
June 2022, 833 cases of HCPS had been reported to the Center for Disease 
Control in the United states, with a case-fatality rate of 35%, a frequency 
that has remained steady over time138. The only known interhuman 
transmission of Hantaviruses is caused by ANDV152, 153. 

5.4 Immunopathology and adaptive immune 
responses 
Several studies have been conducted to decipher the immunological 
responses towards various Hantavirus infections, and how these are 
linked to the disease severity. Hantavirus infections often result in 
viremia, which is thought to be a likely trigger of the immunopathology154. 
The severity of PUUV infection, indicated by increased proteinuria, blood 
leukocyte counts, and more pronounced thrombocytopenia, correlates 
with increased plasma levels of the pro-inflammatory cytokine IL-6155, 156. 
HCPS also induces a cytokine storm composed of high levels of IL-6, as 
well as IL-1b and IFN-g, and the anaphylatoxin C5a, that correlates with 
disease severity and fatality157. 

Humoral immune responses play a key role in disease severity. High titres 
of neutralising antibodies are associated with survival in HCPS158, 159. The 
same phenomenon is reported in PUUV infection, where PUUV-specific 
IgG titres correlate negatively with disease severity160. In a pre-clinical 
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trial of HCPS treatments, intravenous infusions of plasma from survivors 
of ANDV infections decreased the case-fatality-rate in hospitalised ANDV 
patients from 32% to 14%161. 

T cell responses are characterised to a certain extent. Patients have 
increased expression of the immune-suppressive proteins PD-1 and 
CTLA-4 on their TH cells, which suggests a modulatory role for these 
cells162, 163. Survivors of both PUUV and ANDV elicit long-lived CD8+ T 
cell memory towards the respective viruses164, 165. As for TH responses, 
increased frequencies of activated TH correlate negatively with markers 
for disease severity in patients with DOBV infection166. The potential role 
of regulatory T cells is however inconclusive. One study reports an 
increase of regulatory T cells in PUUV cases, but not in DOBV166, and thus 
suggest that regulatory T cells mediate a milder disease course. In 
contrast, a study from Finland shows a correlation with regulatory T cell 
levels and hospitalization in PUUV infection167. Both CD4+ and CD8+ T 
cells are found in infiltrates in endobronchial tissues, which suggests that 
they migrate to infected areas168. Direct interaction with Hantaviruses is 
also potentian, as HTNV is capable to infect CD8+ T cells, and increases 
their production of cytotoxic agents in vitro169. 

The B cell phenotypes during Hantavirus infections are however 
incompletely mapped and understood. A characterisation of the plasma 
cell responses in ANDV survivors has been conducted by García and 
colleagues26. They found that patients exhibit a profound expansion of 
plasma cells during the early phase of the disease, and that the antibody 
response was mainly of IgA type. Moreover, they also showed that the 
elicited antibody responses were not only targeted towards the Andes 
virus, but also against nuclear autoantigens, tetanus toxoid, influenza 
vaccine, and tuberculosis antigens. Autoantibodies can also be elicited 
during PUUV infection170. 

 

  



 

 

6. Vaccination 
The fundamental purpose of vaccinations is to initiate an adaptive 
immune response towards a pathogen, to protect us from severe disease 
and fatality. An ideal vaccine generates a robust response from both B cells 
and T cells, with broadly neutralising antibodies towards multiple 
epitopes of the pathogen. Prevention of severe disease and fatality is 
beneficial on individual level, as suffering is reduced, and on a societal 
level, as the overall health care costs can be drastically reduced by means 
of large-scale vaccinations171, 172, 173. To use vaccination as a model for 
infection allows for a controlled sampling before, during, and after the 
immune response to the vaccination. Due to the nature of the various 
pathogens we can vaccinate against, there are a handful of different 
techniques that can be used to compose a vaccine (Table 2)174. 

Vaccine type Examples of pathogens 
Live attenuated MMR, yellow fever, 

chickenpox, rotavirus 
Inactivated Hepatitis A, polio, rabies 
Subunit Hepatitis B, whooping cough, 

meningococcus, human 
papillomavirus 

Toxoid Diphtheria, tetanus  
Viral vector Ebola, Covid-19 
mRNA Covid-19 

Table 2. Summary of available vaccine techniques. 

Whole pathogens are used in live attenuated or inactivated vaccines, 
the difference being that the inactivated vaccine consists of a dead 
pathogen, whereas live attenuated pathogens are only weakened. Both 
these preserve the whole structure of the pathogen and generate a broad 
immune response, although booster doses might be necessary. Live 
attenuated vaccines are however not always suitable for individuals with 
compromised immune systems due to disease or organ transplants, as the 
pathogen can re-activate and become harmful for the individual175, 176. 
Existent live attenuated vaccines include the combinational measles-
mumps-rubella (MMR) vaccine, as well as yellow fever177, chickenpox, 
rotavirus, and the eradicated smallpox. Examples of inactivated vaccines 
are hepatitis A, polio, and rabies. 

Other vaccination techniques can be based on structures of a pathogen. 
Subunit vaccines focus on specific parts of a pathogen that facilitate 



 

36 

infection. An example of how this is applied is the pneumococcus vaccine 
that is based on the polysaccharide antigen of the bacteria. Other vaccines 
using this type of technique are hepatitis B, human papillomavirus, 
whooping cough, meningococcus, and shingles. Toxoid vaccines are used 
against bacteria that secrete toxins, which are the main culprit of the 
disease manifestations. The vaccine constitutes an inactivated toxin, and 
vaccination leads to neutralisation of said toxin. Diphtheria and tetanus 
bacteria are two pathogens that utilise toxins we have developed vaccines 
against. 

There are two techniques that one can see as a variation of subunit 
vaccines. Viral vector vaccines are constructed of a harmless viral 
capsule that expresses the spike proteins of the virus targeted by the 
vaccine. Some of the Covid-19 vaccines were developed using this 
technique, as is the Ebola vaccine. Recent advances in human vaccinology 
have enabled the use of mRNA vaccines. At present, there are a couple 
of commercially available mRNA vaccines against Covid-19. Here, mRNA 
of structural proteins of the pathogen is injected with the aim to induce 
production of the viral protein in the host. These can induce a potent 
CD8+ T cell response, as our self-cells present the produced pathogenic 
protein on MHC class I178. Another advantage with mRNA vaccines is that 
they are safe to use in immunocompromised individuals.  

 



 

 

7. B cell depletion therapies 
B cell depletion therapies (BCDT) are used with great success to treat 
various B cell lymphomas179, 180, and its usage has extended to 
autoimmune diseases, where B cells can contribute to disease 
manifestations by multiple mechanisms. Some diseases, like NMDAR 
encephalitis181 or myasthenia gravis182, are very clearly driven by 
production of antibodies towards a specific tissue or receptor. The role of 
autoantibodies in broad and systemic autoimmune diseases, for example 
rheumatoid arthritis, is debated, as BCDT eliminates B cells without 
altering the titres of autoantibodies, yet patients may experience 
alleviation of the disease183, 184. There are several ways by which B cell 
activity can be inhibited, by targeting either the B cells directly, or via 
molecules that modulate B cell activity and survival. Here, the focus is on 
a treatment that directly targets B cells. 

A variety of monoclonal antibodies that target surface proteins on B cells 
are available. Rituximab (RTX) is an antibody that targets the surface 
antigen CD20, which is expressed on all mature B cells, except from long 
lived plasma cells. The most notable use of RTX in autoimmune diseases 
is in treatment of multiple sclerosis (MS)185, which is a demyelinating 
disease that damages neurons in the central nervous system186. While T 
cells drive the actual tissue destruction in the MS lesions, the contribution 
of B cells was recognised by the presence of ectopic B cell follicles in the 
meninges, and IgG titres in the cerebrospinal fluid187, 188. No specific 
autoantibodies are however indicated as a specific driver of the disease, 
thus suggesting that other factors such as cytokine production by the B 
cells contribute to the pathogenesis. Prior to BCDT, B cells in MS patients 
produce lower levels of IL-10, and higher levels of the pro-inflammatory 
cytokine IL-6, as well as GM-CSF189, 190. As B cells have the capacity to 
present antigens to T cells, they may contribute to the differentiation of 
TH subsets191, 192. Once the B cell population reconstitutes after BCDT, the 
cytokine profile normalises193. Treatment with rituximab showed a 91% 
reduction of lesion load that lasted up to 48 weeks in the patient group185.  
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8. Aims 
 

Briefly summarised, this thesis aims at deciphering the following aspects 
of human B cell responses:  

• Subtyping human B cells longitudinally during PUUV infection 
 

• The role of the complement regulatory protein DAF in B cell 
maturation and homeostasis 
 

• Assessing human B cell responses to mRNA vaccination in 
individuals after interrupted BCDT  



 

 

9. Materials and Methods 

9.1 Tissues and patient material 
We isolated B cells from blood, tonsils, and bone marrow. The tissues 
comprise B cells at different stages in their life cycle. For example, 
developing B cells originate from the bone marrow, and GC B cells are 
found in tonsils, but not in circulation and bone marrow. Peripheral blood 
mononuclear cells (PBMCs) were isolated from whole blood or buffy coats 
using a density-gradient separation, either by Ficoll-Paque or 
commercially available cell preparation tubes (CPT). Longitudinal HFRS 
patient samples were collected at the infectious disease clinic at Norrlands 
universitetssjukhus, and Covid-19 vaccination samples were collected at 
the vaccination centre and neurology clinic, respectively. Vaccination 
samples enabled the analyses of samples before the antigen challenge, 
which is one disadvantage of studying B cells during natural infections. 

Tonsils were obtained from routine tonsillectomies at Norrlands 
universitetssjukhus. They were stored in phosphate buffered saline (PBS) 
until tissue preparation. To prepare a homogenous cell suspension, the 
tissues were minced in a petri dish filled with RPMI-1640 cell culture 
medium. The homogenised tissues and culture medium were filtered 
through a 70µm cell strainer to ascertain removal of connective tissues. 
After two rounds of washes with PBS, red blood cells were lysed using BD 
PharmLyse lysis buffer, followed by an additional wash step. Cells were 
counted and cryopreserved in fetal bovine serum (FBS) supplemented 
with 10% DMSO, at concentrations in the range of 25-100 million 
cells/ml. Bone marrow aspirates were collected and analysed at routine 
follow up diagnostics of patients at the haematology clinic. Samples with 
healthy haematopoiesis were included. 

9.2 Flow cytometry 
Flow cytometry allows for analysis of multiple parameters of suspension 
cells at the same time. Basic flow cytometry analyses make use of how cells 
naturally scatter light. Cells of various sizes and inner complexity scatter 
light in different ways, and thus basic cell populations from blood can be 
distinguished. Modern cytometers also allow detection of various 
fluorophores, which enables identification of cell characteristics other 
than size. This technique was widely used in all three papers. 
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In paper III, we included detection of antigen specific B cells. This method 
takes advantage of the specificity of the BCR itself. We used an in-house 
produced SARS-CoV2-Spike protein with a Strep-Tag194, and tetramerized 
it with fluorophores conjugated to Strep-Tactin. An end concentration of 
50nM spike protein was incubated on the cells for 1 hour at 4°C protected 
from light, prior to dead cell staining. Since dead cells scatter light 
differently than viable cells, they pose a potential source of error, and must 
be excluded from the analyses. We used fixable viability dyes from BD 
Biosciences and Biolegend according to manufacturer’s respective 
instructions. Then we stained cells with surface antibodies diluted in PBS 
for 20-30 mins at 4°C protected from light. In all analyses, we used a 
fundamental panel to distinguish plasma cells from naïve B cells, and 
memory B cells. We used CD19 to identify all B cells, then CD20 to 
distinguish plasma cells from the bulk of naïve B cells and memory cells. 
In addition, plasma cells were characterized by high expression of the 
maturation marker CD27, and the activity marker CD38. Within CD20+ B 
cells, we used CD27 and surface expression of IgD to stratify sw mem, 
unsw mem, naïve, and DN B cells. For the different projects, we included 
additional surface markers for activation, maturation, and GC zones, 
which are described in the respective papers. Intracellular markers were 
stained after fixation and permeabilization of cells. Compensation was 
performed using anti-mouse and anti-rat/-hamster single-stained comp 
beads (BD Biosciences). All analyses were done in FlowJo and statistical 
analyses in GraphPad PRISM. 

9.3 Cell sorting 
An extended use of flow cytometry is fluorescent activated cell sorting 
(FACS). By the detection and definition of cells as is done on cytometry, 
the gated cells can then be isolated from the ell mixture for downstream 
applications. We have FACS sorted cells for evaluation of mRNA 
expression on subpopulations of cells, and for functional in vitro 
experiments. 

Cells sorted for mRNA analyses were sorted cells directly into a cell lysis 
buffer provided from the commercially available RNA isolation kits. In 
vitro experiments require viable cells, and therefore we sorted cells into 
RPMI-1640 supplemented with 1% pest, 20 mM HEPES, and 50% FBS. 
During the sorting process, the cells are subjected to high pressure within 
the fluidics of the cell sorter, as well as when the droplets containing the 
indicated cell type are produced. Therefore, the cells require a highly 
enriched medium to recover in after being sorted. 



 

 

9.4 Confocal microscopy 
To complement the flow cytometric analysis of tonsils, we wanted to 
assess the anatomical location of B cell populations by confocal 
microscopy. Briefly, tonsils were cut into 1cmx1cm pieces and fixed in 4% 
paraformaldehyde in PBS for 4 hours, then washed in PBS and incubated 
in 30% sucrose overnight on rotation at 4°C. Finally, they were transferred 
to cryomolds filled with OCT medium (Histolab) and frozen at -80°C. The 
tissues were cut in 20 µm sections in a cryostat and stored at -80°C until 
usage. Prior to staining, the samples were dried at room temperature and 
blocked in PBS with 5% FBS and 0.1% Triton X-100 for 1 hour to decrease 
unspecific binding. Then, sections were stained with antibodies in a 
humidified chamber at 4°C overnight. Images were obtained from a Zeiss 
LSM 710 confocal microscope with 405, 488, 561, and 647 nm laser lines, 
with a Plan Apochromat 20x objective, followed by analysis in Fiji 
software. 

9.5 Primary cell cultures 
Cells derived from human tonsils or PBMCs were all cultivated in RPMI-
1640 medium, supplemented with 10% FBS, 1% penicillin-streptomycin, 
and 20 mM HEPES. If cultivated in plates, the cells were seeded at a 
density of 1 million cells/ml in U-bottom 96-well plates, and allowed 1 
hour to rest at 37°C with 5%CO2 before stimulations were added. 

9.6 Gene expression assays 
Quantification of gene expression were done by microarray and RT-qPCR. 
While the microarray allows for a broad characterisation of the 
transcriptome, RT-qPCR is more precise and can be used to confirm the 
expression of selected genes from broad transcriptomic analyses. We 
performed a Human Clariom D microarray in collaboration with the 
Bioinformatics and Expression Analysis core facility at Karolinska 
Institutet, Huddinge, Sverige. Due to analysis of low-frequency cell 
populations, we performed one-step RT-qPCRs where the reverse-
transcriptase reaction only targeted the transcript of interest. The CT 
values were normalised to a housekeeping gene prior to analysis. 
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9.7 Phagocytosis assay 
We hypothesised that DAF expression on GC B cells might facilitate 
phagocytosis of the cells. To assess this, we differentiated primary human 
macrophages from monocytes from PBMCs of healthy blood donors. Then 
we labelled tonsillar cells with CFSE, stained with antibodies to recognise 
DAFhi and DAFlo GC B cells, and sorted an equal amount of these 
populations. The cells were incubated with the macrophages in RPMI-
1640 cell culture medium supplemented with MgCl2 and CaCl2 to activate 
complement from normal human serum. As a negative control, we used 
heat-inactivated human serum. Macrophages were recognised by size and 
morphology by phalloidin staining (ThermoFisher), and phagocytosis was 
calculated as %CFSE+ macrophages out of total counted macrophages by 
fluorescence microscopy. 

9.8 Enzyme-linked immunosorbent assay 
In paper I, we used enzyme-linked immunosorbet assay (ELISA) to 
measure titres of PUUV-specific antibodies. Briefly, ELISA plates were 
coated with PUUV glycoprotein (Gn) or nucleocapsid (N) protein, and 
patient plasma were incubated at dilutions of 1:50, 1:500, and 1:5000, 
then detected by an alkaline-phosphatase conjugated anti-human IgG 
antibody. Commercially available ELISA kits were used to detect total IgG, 
soluble CD27 (sCD27), CXCL12, and matrix-metalloproteinase-8 (MMP-
8). All kits were used according to manufacturer’s instructions. Screening 
of autoantibodies was done by routine diagnostic methods at Norrlands 
Universitetssjukhus.  



 

 

10. Results 

Paper I 
We first set out to characterise the human B cell response to PUUV 
infection. Here, we had a cohort of 26 patients with PUUV-caused HFRS, 
all of which were sampled longitudinally. 17 age-and sex-matched healthy 
controls were also included. From blood draws, we collected plasma, 
serum, and PBMCs. The included timepoints were defined as days after 
onset of symptoms, and stratified as acute (5-9 days), intermediate (10-21 
days), and convalescent (>34 days). First, we used plasma and serum to 
measure the acute-phase protein C-reactive protein (CRP), vial load, 
thrombocytes, and creatinine. Patients were viremic in the acute phase of 
the disease, and had thrombocytopenia. As such, viral load correlated with 
low thrombocyte counts (Figure 8). The thrombocytopenia was 
normalized in the intermediate and convalescent phase. Creatinine, which 
was used as an indicator of kidney function, and CRP were also elevated 
in the acute phase, and decreased in the intermediate and convalescent 
phases. 

After assessing the clinical parameters, we investigated whether the B cell 
phenotypes of the patients could be linked to the thrombocytopenia, 
viremia, or kidney dysfunction. Here, we found that patients had a 
massive expansion of plasma cells in the acute phase, which correlated 
with thrombocytopenia. By means of the activation markers Ki67 and 

Figure 8. Correlation matrix of clinical parameters in HFRS. 
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CD71, we could conclude that the plasma cells were a heterogenous 
population that consisted of both resting and recently formed cells. 
Thrombocytes are a known source of the chemokine CXCL12, which is a 
chemoattractant that plasma cells use to migrate. Indeed, increased 
CXCL12 levels in the patient plasma also correlated with the plasma cell 
frequencies. 

We also assessed the antibody responses of the patients by measuring 
their titres of N- and Gn-specific IgG antibodies. Both antibody types 
increased from the acute to the convalescent phase, and we made an 
arbitrary calculation of the increase by a ratio of convalescent/acute 
antibody titres. The ratios correlated negatively with the thrombocyte 
counts, but not with creatinine levels. One of our collaborating labs 
measured the neutralization capacity of the antibodies, by means of a 
pseudovirus system that expresses the Gn/Gc glycoprotein complex on 
the surface of the viral particle. Neutralisation capacity correlated 
positively with the Gn antibody titres. The convalescent/acute ratio of 
neutralization also correlated with the creatinine values, both at the 
timepoint of sampling, and the maximum levels. While previous studies 
have found autoantibodies in PUUV infections, we did not detect any in 
our screening for these. 

When we started to assess the B cell phenotypes by expression of CD27 
and IgD, we noticed that a large proportion of the patients had decreased 
CD27 expression on their plasma cells, and that their DN B cell population 
was expanded. The frequency of DN B cells increases in chronic infections 
such as malaria, HIV, and tuberculosis, as well as in active rheumatoid 
arthritis and SLE. Commonly, these cells also express high levels of the 
Fc-Receptor-Like (FcRL) 5 protein, the transcription factor T-bet, and low 
levels of the complement receptor CD21. We also found this pattern in the 
DN population, and could thus conclude that these cells do not only 



 

 

expand in autoimmune diseases and chronic infections, as HFRS is 
considered to be an acute disease (Figure 9).  

To address the decreased CD27 levels, we proceeded by measuring the 
mRNA expression of CD27 in DN B cells, and found no clear difference in 
CD27 mRNA expression between healthy individuals and HFRS patients. 
This led us to the conclusion that the decreased CD27 expression was due 
to other factors than transcriptional regulation. We hypothesized that 
CD27 could have been shed from the surface of the B cells, and therefore 
we measured the plasma levels of sCD27. Increased levels of sCD27 
correlated with the creatinine levels, and therefore we started to 
investigate potential molecules that are involved in kidney dysfunction. 
One of these is extracellular ATP, which also is capable of shedding CD27 
from the surface of mouse B cells195. Therefore, our collaborators 
measured ATP levels in the plasma of 20 healthy donors and 8 HFRS 
patients, and found that the HFRS patients had increased levels of ATP 
(Figure 10). 

Since ATP is an unstable molecule, we were unable to measure ATP from 
frozen plasma of our longitudinal cohort. Instead, we calculated a ratio of 
more stable ATP breakdown products, and plotted these against the 
creatinine levels. The ratio did indeed correlate with high creatinine 
levels. Finally, we did cell cultures where we incubated PBMCs from a 
healthy donor with ATP, an ATP receptor inhibitor, and a matrix-metallo-
proteinase-8 (MMP-8) inhibitor. The rationale of including the MMP-8 
inhibitor was that MMP-8 is reported to shed CD27 from the surface of 

Figure 9. Flow cytometric gating strategy by CD27 and IgD expression, and 
FcRL5 expression in DN B cells in healthy individuals and HFRS patients in the 
acute phase. 
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cells in Waldenström’s macroglobulinemia196. The B cells did indeed 
display a decrease in CD27 expression in the presence of high levels of 

ATP, and the levels were normalized 
in the presence of the MMP-8 
inhibitor. Finally, we measured 
plasma levels of MMP-8 in the 
patient cohort and found that they 
had high levels of MMP-8 at the 
acute stage of the infection. 

In summary, the findings in this 
paper contributed to the 
understanding of B cell dynamics in 
HFRS. The observation of the plasma 
cell expansion was in line with 
previous findings in survivors of 
HCPS caused by ANDV infection26. 
Further, we reported an elevated 
frequency of atypical memory B cells 
in an acute infection. Finally, we 
suggested that ATP may partially 

contribute to the displayed B cell phenotype. 

 

Figure 10. Plasma 
concentration of ATP in HFRS 
patients. Mean of healthy 
donors indicated as dashed 
line, with range in gray.  



 

 

Paper II 
The initial rationale for this paper was to assess the expression pattern of 
Hantavirus receptors on human B cells. Therefore, we analysed human B 
cells by flow cytometry and found that healthy individuals expressed high 
levels of the suggested Hantavirus receptor DAF197, whereas patients with 
acute PUUV infection had decreased DAF expression (Figure 11). As a 
result, we hypothesized that since viremia is common in acute PUUV 
infection, the virus might directly interact with B cells, and the B cells 
consequently decrease their expression of DAF as a protective response 
towards the virus. However, the decrease was not uniformly distributed 
throughout the B cell subsets, which indicated that PUUV might not have 
a direct effect on the levels of DAF. 

Decreased DAF expression was mainly seen in DN B cells, both in healthy 
controls and PUUV patients. The DAFlo B cells comprised a larger 
proportion of CD21- FcRL5+ and CD95+ cells, which is commonly 
reported in so called atypical memory B cells. In line with our previous 
findings in paper I, we concluded that the decreased expression of DAF 
might be due to activation of B cells. Since GC reactions do not occur in 
peripheral blood, we obtained tonsils and corresponding PBMCs to 
evaluate DAF expression both in lymphoid tissue and circulation. The 
peripheral B cells in these patients had the same phenotype as the 
previously characterised healthy controls, whereas tonsillar B cells, had a 
drastic decrease in DAF expression. To assess the anatomical position of 
DAFlo B cells, we sectioned tonsils and stained them with IgD, CD19, the 
GC DZ marker CXCR4, and DAF. Here, we found that CXCR4 was 

Figure 11. DAF expression in circulating human B cells. A: Flow cytometric 
gating of B cell populations. B: DAF expression in switched memory (sw 
mem), unswitched memory (unsw mem), naïve, and CD27-IgD- B cells in a 
representative healthy control and a patient with HFRS. 
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expressed at an area where DAF expression was low or absent (Figure 12). 
This led us to investigate DAF expression on GC B cells by flow cytometry. 
The flow cytometric analysis confirmed indeeed that GC B cells had very 
low expression of DAF compared to other B cell populations. 

To further investigate the characteristics of GC B cells by DAF expression, 
we performed a microarray analysis to assess the gene expression profiles 
of DAFlo and DAFhi GC B cells. DAFlo GC B cells had a distinct gene 
expression profile compared to DAFhi GC B cells. Genes that clustered in 
DAFlo cells were generally associated with proliferation and somatic 
hypermutation (FOXO1, BACH2, AICDA), whereas genes in DAFhi cells 
were more associated with cell differentiation (IRF4, PRDM1). 
Interestingly, the DZ marker CXCR4 appeared in the DAFhi GC B cells, 
and the LZ marker CD83 in DAFlo GC B cells. Thus, we concluded that 
both zones likely comprise both DAFhi and DAFlo GC B cells (Figure 13). 

 

Figure 12. Expression of DAF in a representative non-reactive and a 
reactive B cell follicle from a human tonsil. Scale bar shows 100 µm. 



 

 

By importing data from a previous study of LZ and DZ GC B cell gene 
expression profiling54, we found further distribution of the differentially 
expressed genes. FOXO1, BACH2, and AICDA were expressed in the DAFlo 
DZ compartment, whereas CXCR4 was expressed in a DAFhi DZ 
compartment. Among LZ B cells, DAFlo cells were associated with 
expression of the LZ marker CD83, and DAFhi cells with IRF4 and PRDM1. 
As a result, we continued to investigate LZ and DZ B cells further by flow 
cytometry, with emphasis on other complement regulatory proteins and 
complement receptors. 

When we assessed the expression of DAF in LZ and DZ, we found that the 
LZ had a slightly lower expression of DAF than the DZ. The complement 
regulatory proteins we included in this analysis were CD46, CD59, and 
CD35. CD46 inhibits C3 convertase in a similar way that DAF does, by 
inactivating C4b and C3b on the cell surfaces, whereas CD59 inhibits MAC 
formation, irrespective of complement pathway. CD46 expression 
followed a similar pattern as DAF, being decreased in the GC, with the 
lowest level of CD46 expression on DAFlo GC B cells. CD59, on the other 
hand, was increased both in DAFlo and DAFhi GC B cells, compared to 

Figure 13. Gene expression profiles of DAFlo and DAFhi GC B cells. 
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naïve and memory cells. Taken together, we interpreted these results as 
GC B cells might prime themselves to acquire complement deposits 
without being lysed by MAC.  

Since GC formation requires BCR stimulation, we tested if BCR 
stimulation of B cells indeed decreased DAF expression, and if T cell 
dependent and independent co-stimulations respectively impacted the 
DAF expression. Thus, we cultivated PBMCs from healthy controls, and 
stimulated with anti-BCR and either of the following co-stimulations: CpG 
to induce TLR signaling; anti-CD40 to mimic CD40-CD40L interaction; 
IL-4, and finally IL-21 to mimic paracrine cytokine stimulation by TFH. 
BCR stimulation alone resulted in decreased DAF expression on the B 
cells, and the effect was enhanced in the presence of CpG or a combination 
of anti-CD40 and IL-21. Further, BCR stimulation induced higher 
expression of the transcription factor BLIMP-1 in DAFhi B cells, but not in 
DAFlo B cells. Proliferation was measured by the intracellular marker 
Ki67, which was increased in DAFlo cells both at baseline and when 
stimulated with BCR alone as well as with co-stimulation by anti-CD40 
and IL-21. 

Since CD59 expression was increased whereas DAF and CD46 was 
decreased, we hypothesized that the DAFlo GC B cells were susceptible to 
acquire complement depositions on their surface to facilitate 
phagocytosis. To test this, we differentiated human macrophages from 
monocytes of a healthy donor using M-CSF enriched cell culture medium. 
Then we sorted DAFhi and DAFlo GC B cells and co-incubated them with 
the macrophages with human serum, and heat inactivated human serum, 
respectively. The cells were incubated for 1 hour, then fixed and stained 
for quantification of phagocytosis (Figure 14). Already with heat-
inactivated serum, DAFlo GC B cells were phagocytosed to a greater extent 



 

 

than DAFhi GC B cells. This tendency was accentuated in the presence of 
complement. 

Finally, we assed DAF expression in the B cell development in the bone 
marrow. Here, DAF expression was low throughout the pre-B cell stages. 
There was a tendency to bimodal expression of DAF in in large pre-B2 
cells, which indicates that dynamics of DAF expression plays a role also in 
the B cell development. From transitional B cells and on, DAF expression 
was uniformly high.  

To summarise, this study sheds light on the role of complement regulatory 
proteins in the development and maturation steps of the B cells. 

  

Figure 14. Immunohistochemical staining of macrophages (Phalloidin) 
phagocytosing GC B cells (CFSE). HI = Heat inactivation. Bars show 
mean with standard error of mean. Arrows indicate phagocytosing 
macrophages. 
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Paper III 
In this study, we sought to map the antibody responses and B cell memory 
in patients with MS after interrupted RTX treatment (RTX-MS). During 
the Covid-19 pandemic, individuals with RTX-MS in Sweden were 
hospitalized to a greater extent when infected with SARS-CoV2198. As a 
result, this patient group was prioritized in the national vaccination 
regimen. The mRNA vaccine PfizerBNT162b2 is reported to be safe for 
individuals with RTX-MS199. To enable repopulation of B cells, the RTX 
treatment was interrupted six months to two and a half years prior to 
vaccination. Longitudinal samples were collected and analysed for B cell 
frequencies before vaccination, then one week and one month after the 
second vaccination dose (Figure 15). All patients had steady levels of B cell 
up until re-treatment with RTX. Therefore, only timepoints where a 
majority of the patients had detectable B cell levels were included in the 
analysis, which in the end were prior to vaccination, one week post second 
vaccine dose, and one month post second vaccine dose. In this thesis, the 
focus is on the dynamics of the B cell populations. 

We analysed the B cells with the same flow cytometric principle as in the 
two previous papers, using CD27 and IgD as markers for sw mems, unsw 
mems, naïve, and DN B cells. We found that the RTX-MS group had a 
mainly naïve B cell repertoire once the B cells were repopulated. One week 
after vaccination, the RTX-MS and control group respectively displayed a 
dynamic where the frequency of naïve cells decreased, and sw and unsw 
mem increased. This was normalized after one month in the respective 
groups.  

Figure 15. Timeline of included blood samples of RTX-MS after 
interrupted RTX treatment and subsequent vaccination. 



 

 

Subsequently, we analysed the frequencies of SARS-CoV2-specific B cells 
within the four populations sw mem, unsw mem, naïve, and DN B cells. 
Here, both the control group and RTX-MS had developed SARS-CoV2-
binding memory B cells after vaccination. In both groups, the expansion 
of SARS-CoV2-specific cells was most robust one week after vaccination, 
then normalized to lower values, yet higher compared to before 
vaccination. The proportion of expanded of SARS-CoV2-binding memory 
cells was increased in the RTX-MS group compared to the non-MS 
controls.  

Finally, we assessed DAF expression in the four B cell populations. An 
expansion of cells with low expression of DAF was detected one week after 
the second vaccination dose in all populations except DN in the non-MS 
control group, whereas RTX-MS did not have any expansion of these cells 
in the sw mem population (Figure 16). Together, these data suggest that 
while both groups developed SARS-CoV2-specific memory B cells after 
vaccination, their response in the RTX-MS group could be impaired, 
assuming that DAFlo B cells in circulation reflect the GC responses.  

Figure 16. Quantified DAF- cells within the indicated B cell populations. 

Before dose 1 Dose 2+1 week Dose 2+1 month 
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Discussion 
The main findings from the three papers can be summarized in the 
following points: 

• Plasma cell expansions in patients with PUUV infection are due to 
a combination of active and resting plasma cells that could migrate 
to the periphery by released CXCL12 from thrombocytes 
 

• PUUV infection is associated with an expansion of DN B cells 
 

• The expression of DAF is decreased in the early stages of PUUV 
infection, which suggests that it occurs as a result of a robust 
immune response 

 
• DAF is specifically downregulated on GC B cells and primes these 

cells for phagocytosis 
 

• Individuals with RTX-MS can develop B cell memory towards a 
vaccine antigen, although they have reduced frequencies of DAFlo 
sw mem B cells compared to non-MS controls, which suggests that 
their ability to mount a robust GC response could be impaired. 

 

Our observation that DN B cells expand during PUUV infection suggests 
that DN B cells rather reflect activation of B cells, rather than a direct 
pathological response. A similar expansion has been reported from a 
study of B cell responses after vaccination against influenza and tick-
borne encephalitis25. Accumulation of DN B cells is also reported in aged 
individuals200, although we could not find any correlation to DN 
expansion and age in our cohort. The age range of our PUUV infected 
population was 34.8-63.3 years, whereas the elderly population studied 
by Colonna-Romano and colleagues was 75-102 years. Thus, the studies 
cannot be compared per se. When it comes to the large frequencies of 
plasma cells, these are in line with previous findings in ANDV infection26. 
While they detected a polyclonal antibody response which included 
autoantigens, we did not find any elevated levels of autoantibodies. 

Paper II sheds light on the role of complement regulatory proteins in GC 
responses and B cell development. Since the main focus of this study was 
to assess GCs, we would be excited to further investigate how complement 
impacts the B cell development in the bone marrow. Shortly after our 



 

 

publication, Cumpelik and colleagues demonstrated that DAF is also 
decreased in mouse GCs, resulting in complement accumulation on these 
B cells201. By means of their mouse model system, they could confirm that 
downregulation of DAF is a consequence of Bcl-6 signalling and that 
constitutive overexpression of DAF halts GC formation, thus impairing 
affinity maturation. They also demonstrated that C3a and C5a regulates 
GC formation. Thus, complement appears to be involved in several 
aspects of the GC. Further studies of the potential role of DAF and other 
complement regulatory protein during the B cell development in the bone 
marrow would be particularly interesting due to the high frequency of 
negative selection. 

The finding in paper III that the B cell repertoire in RTX-MS was mainly 
naïve after interrupted RTX treatment is in line with previous findings202. 
Compared to the non-MS group it appears like RTX-MS mounted a 
greater response of SARS-CoV2 specific sw mem cells one week after the 
second vaccination dose. This was likely a result of that the pre-existing 
sw mem pool in the RTX-MS group was significantly smaller than in the 
non-MS controls. Further, the decreased levels of DAFlo sw mem cells in 
the RTX-MS group might mirror an impaired GC response as a result of 
RTX treatment. Studies of B cell responses upon RTX treatment suggest 
that the GCs are impacted by the treatment203, 204, something that surely 
would be valuable to assess further. 

Taken together, these papers contribute to the overall understanding of 
human B cell responses and homeostasis. 
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