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Abstract 

Background  The gut is an environment in which the immune system closely interacts with a vast number of foreign 
antigens, both inert such as food and alive, from the viral, bacterial, fungal and protozoal microbiota. Within this envi-
ronment, germinal centres, which are microanatomical structures where B cells affinity-mature, are chronically present 
and active.

Main Body  The functional mechanism by which gut-associated germinal centres contribute to gut homeostasis 
is not well understood. Additionally, the role of T cells in class switching to immunoglobulin A and the importance 
of B cell affinity maturation in homeostasis remains elusive. Here, we provide a brief overview of the dynamics 
of gut-associated germinal centres, T cell dependency in Immunoglobulin A class switching, and the current state 
of research regarding the role of B cell selection in germinal centres in the gut under steady-state conditions in gno-
tobiotic mouse models and complex microbiota, as well as in response to immunization and microbial colonization. 
Furthermore, we briefly link those processes to immune system maturation and relevant diseases.

Conclusion  B cell response at mucosal surfaces consists of a delicate interplay of many dynamic factors, including 
the microbiota and continuous B cell influx. The rapid turnover within gut-associated germinal centres and potential 
influences of an early-life window of immune system imprinting complicate B cell dynamics in the gut.
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Introduction
The gut is an extremely complex environment. A sin-
gle layer of epithelial cells separates a myriad of bac-
teria, viruses, protozoa, fungi, and otherwise foreign 
proteins from approximately 5 × 1010 immune cells [1]. 

The difficult task of the intestinal immune system is to 
maintain tolerance to irrelevant food antigens and sup-
port a nuanced reaction to the resident microbiome 
(commensals), while retaining the ability to react to 
intestinal infection as needed [2, 3]. B cells, as part of 
the adaptive immune system, can perform this task in a 
responsive, antigen-specific manner by producing immu-
noglobulin (Ig), responding to pathogens whilst tolerating 
and even promoting the presence of commensal bacteria 
[4, 5]. Among Ig isotypes, the mucosal IgA isotype is the 
most abundantly produced, with multiple grams gener-
ated each day in humans [2]. B cells are therefore impor-
tant for the regulation of the microbial community [2, 4], 
and their role in diversifying the commensal microbiome 
has been suggested as an important evolutionary advan-
tage in mammals [6].
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B cells have a surface-bound copy of their Ig, known 
as the B cell receptor (BCR) [7], which is diversified 
in two distinct ways: recombination of variable- (V-), 
diversity- (D-), and heavy chain joining- (J-) segments 
and somatic hypermutation (SHM) [8]. Whilst V-D-J 
recombination happens during B cell development, 
SHM and subsequently affinity maturation occurs in 
microanatomical structures termed germinal centres 
(GC) [8]. Within GCs, B cells undergo iterative rounds 
of positive selection by CD4+ T follicular helper cells, 
subsequent division and SHM [8, 9]. Through SHM, 
mutations are introduced preferentially into the vari-
able regions of Ig genes by Activation-induced Cyti-
dine Deaminase (AID) [8]. AID deaminates cytidine 
to uracil, leading to mismatches. Repair of these mis-
matches by error-prone DNA polymerase creates 
mutations [8]. If a clone acquires affinity-enhancing 
mutations and can secure T cell help, in combination 
with other surrounding factors, it undergoes massive 
proliferation in what is called a clonal burst [7, 10]. To 
assume their effector functions as plasmablasts (PB), 
plasma cells (PC), or memory B cells, B cells can exit 
GCs in a process that is dependent on BCR affinity 
and other partially unknown signals [8, 10]. PB and 
PC in the lamina propria (LP) produce IgA, which is 
secreted into the intestinal lumen across the epithe-
lium, where it can act on resident microbiota and  
regulate gut homeostasis [3, 4, 6].

Chronic gut associated germinal centres have rapid 
turnover and show signs of selection
In most lymphoid organs, GCs form upon immunisation 
or infection, and most of our understanding of B cells 
and GCs has been generated under these circumstances 
[3]. GCs are chronically present in the mesenteric lymph 
nodes (mLN) and Peyer’s patches (PP) [5, 10]. While this 
chronic presence of gut-associated GCs (gaGC) could 
be explained by constant exposure to antigens from the 
microbiota and diet, they are also present in germ-free 
(GF) mice that lack a microbiome. Furthermore, they 
were described in the absence of antigen-binding BCRs, 
where B cell survival is ensured through Epstein-Barr 
virus latent membrane protein 2A [10–12]. Mucosal 
B cells prefer IgA which is produced as a dimer with a 
joining chain. During secretion across the mucosal epi-
thelium a secretory component is added that comprises 
a cleaved portion of the polymeric Ig receptor which 
facilitates transport across the epithelium [3]. The iso-
type choice towards IgA is predominantly observable in 
PP GC B cells and seems to be dependent on the micro-
biota, since IgA+ GC B cells are nearly completely absent 
in gaGCs of GF mice [11].

Long-lasting GCs have also been observed in contexts 
other than gut-associated lymphoid tissue (GALT), such 
as infection with human immunodeficiency viruses, 
influenza, and severe acute respiratory syndrome coro-
navirus 2 [13, 14]. At later time points within these GCs, 
researchers could observe invasion of the GC niche by 
B cells with low or no detectable binding to the original 
GC-inducing antigen(s) [13, 14]. This might contribute 
to the diversification of ongoing GC responses through 
recruitment of low-affinity clones [14] or may be part of 
a reaction against other antigens utilizing the same GC 
structures as the initial response [13].

Similarly, within gaGCs under homeostatic conditions 
there is an ongoing turnover of GC B cells with GC half-
lives estimated to be around two weeks using GC fate 
mapping approaches [11]. Utilising a multicolour fate 
mapping system to visualize GC selection by changes 
in colour composition [10], it has also been shown that 
gaGCs select specific B cells in a ‘clonal burst’ fashion, 
where one B cell clone expands massively and drives out 
other inferior B cell clones [10, 11]. These clonal bursts 
progress over time and can delay clonal turnover [11]. 
In a more defined setting, using reversible colonisation 
with a specifically designed auxotrophic bacterial strain 
unable to survive for prolonged periods in the mouse 
intestine, Hapfelmeier et al. showed GC induction lasting 
from two to six weeks [15]. Interestingly, they also found 
that there was no decrease in the IgA response targeting 
auxotrophic bacteria unless they subsequently colonised 
mice with other commensals or repeated the experiment 
in mice with a defined microbiome. In both of the latter 
cases the anti-auxotrophic IgA response decreased over 
time [15]. It is important to note that while the experi-
mental setup by Nowosad et  al. used stably colonised 
mice, Hapfelmeier et al. depended on reversibly colonis-
ing adult mice, which might influence the kinetics of the 
respective response [3, 11, 15].

Another factor of gaGC dynamics might be the influ-
ences of early life derived B cells. By fate mapping B cells 
during different time points in early life, it was shown 
that around half of the IgA+ PCs found in the small intes-
tinal LP of mice were derived from an early post-natal 
development window before weaning. Likewise, within 
PP GCs around 16% were fate mapped, marking them 
as early life derived. It was furthermore shown that the 
response to early life rotavirus infection uses specific B 
cell clones, whilst the same infection in adult mice relied 
on different clones coming from naïve adult B cells [16]. 
This clearly shows, that under homeostatic conditions 
early life derived B cells contribute to not only the IgA+ 
PC pool, but also the PP GC B cell pool [16]. During 
breast feeding milk derived IgA supports microbiome 
homeostasis and might limit exposure of the neonatal 
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immune system to microbiota derived stimuli. Conse-
quently, in mice IgA+ PC accumulate during weaning at 
around 21–28 days. In humans IgA+ PC accumulate pro-
gressively from around 1 month after birth to 2 years of 
age [3]. This is reflected in a rapidly shifting microbiota 
in newborns, that stabilises at around the age of 3 years 
to resemble an adult microbiome [17]. These times might 
correspond to the window described above [3] and 
instruct B cells that are important under homeostatic 
conditions. The influence of an early life developmental 
window further complicates the selection dynamics in 
steady state gaGCs.

Despite this complex dynamics, it was well described 
that gaGCs could mount specific responses to infection, 
colonisation, and oral immunisation, although the role 
of gaGCs under homeostatic conditions was less well 
defined [3, 11, 18].

Under physiological conditions most B cells in the gut are T 
cell dependent and GC derived
An important question is whether the generation of IgA 
is largely T cell-independent or T cell-dependent and is 
therefore generated in gaGCs. It is known that B cells can 
switch to IgA independently of T cells in isolated lym-
phoid follicles (ILF) and in the LP through a variety of 
signals, such as transforming growth factor β, transmem-
brane activator, and calcium-modulating ligand interac-
tor among others [2, 5].

When measuring the capacity of antibodies to coat 
the bacterial surface, Bunker et  al. found no difference 
in IgA coating of intestinal bacteria between T cell- or 
GC-deficient mice and their littermate controls [19]. 
Macpherson et  al. showed a T cell-independent, yet 
antigen-specific IgA response limited to the mucosa, 
looking at the reactivity of intestinal IgA to commen-
sal bacteria, outer membrane proteins, and even an 
introduced novel antigen [20]. However, both groups 
observed a reduction in IgA+ LP PC in the absence 
of gaGCs [19, 20] and intestinal and systemic IgA 
responses to oral immunisation was only observed in 
mice with functional T cells [20].

Using an oral immunisation setup depending on chol-
era toxin (CT), Biram et al. showed that extensive T cell 
help constituted an advantage for B cells in entering 
PP GC reactions [21]. The entry of B cells into GCs is 
dependent on their BCR affinity towards the NP antigen, 
and T cell – B cell interactions are indispensable for GC 
formation [21]. Lastly, in a set of experiments focusing 
on the role of forkhead box P3 (Foxp3) regulatory T cells 
(Treg), Kawamoto et al. showed that eliminating this sub-
set of T cells in mice reduced IgA+ PC numbers in the 
small intestine and reduced microbiota diversity within 
the animals [22].

Thus, while the production of IgA+ B cells is conserved 
even under conditions of severe T cell deficiency, under 
physiological conditions (i.e., in the presence of func-
tional T cells), most IgA+ PC are highly mutated, T cell-
dependent, and GC-derived in order to contribute to the 
regulation of the bacterial community [2, 3, 5, 23].

The difference between GC-derived and GC-independ-
ent B cell development might play a role in the generation 
of autoantibodies in celiac disease. IgA autoantibod-
ies against transglutaminase 2 (TG2) are a hallmark for 
celiac disease and patients display a massive influx of LP 
PC cells [24]. Contrary to responses against pathogens, 
SHM levels in these autoantibodies are generally low 
and even the usage of germline encoded sequences was 
observed which would indicate a GC-independent B cell 
development. Reversion of mutations, where observed, 
nonetheless led to the loss of binding in anti-GD2 anti-
bodies [24] which is indicative of antigen-driven devel-
opment occurring in GCs. Therefore, there might be 
differences in B cell activation leading to either entry 
into GCs and acquisition of mutations or GC independ-
ent activation. It is further believed that B cells also play a 
role as antigen presenting cells due to cross-presentation 
of antigen taken up by the BCR [24].

Gut B cell specificity is detectable in oral immunisation, 
monocolonisation and gnotobiotic settings
Another area of active discussion is whether steady-state 
gaGCs select B cell clones in an antigen-specific manner. 
This is connected to findings detailing that B cells har-
bouring BCRs that bind irrelevant antigens enter gaGCs 
[25], that polyreactivity was frequently detected in the 
IgA+ PC compartment [26], and that PPs play a genera-
tive role in increasing clonal diversity rather than select-
ing antigen-specific clones in lower-order mammals [3].

Since the diversity of a complex microbiota poses a 
problem in defining specificity, investigators instead 
utilise immunisation, monocolonisation, and other 
gnotobiotic settings. In a series of oral immunisation 
experiments utilising CT coupled to a hapten, Bergqvist 
et al. could show a clearly detectable response to the hap-
ten that was dominated by a few expanded B cell clones 
which were found in different inductive sites (mainly PPs) 
and distributed all along the LP in what they termed a 
‘synchronised’ manner [18]. In the reversible colonisation 
experiments described above using auxotrophic bacteria, 
the evoked response was specific to the bacteria used for 
colonisation [15]. Using the same auxotrophic bacteria, 
Rollenske et  al. found no significant increase in polyre-
activity in microbiota-reactive IgA in GF mice primed 
with auxotrophic bacteria through the mucosa [27]. 
Both research groups showed preferential binding of 
membrane antigens in these settings [15, 27]. Dissecting 
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the binding patterns of LP PC-derived IgA in mono-
colonised and gnotobiotic mice also revealed higher 
responses to strains present in the respective mice than 
to other closely related bacteria [28]. In a more functional 
approach, Donaldson et al. showed that the anchoring of 
Bacteroides fragilis in the mucus layer and the resistance 
to colonisation by other Bacteroides strains competing 
for the same niche depends on the induction of specific 
IgA towards capsular polysaccharides of the respective 
strain. Anchoring to the mucosa and colonisation resist-
ance were abolished if the bacteria lacked the respec-
tive capsular polysaccharides, the mouse lacked IgA, or 
lacked the recombination-activating gene needed for B 
and T cell development [29].

All of this shows clearly detectable binding and even 
functional roles of IgA responses specific to the bacteria 
inducing them. This specificity is reflected in the role of 
microbiota in immune system maturation. When analys-
ing mice colonised with a community of bacteria selected 
for their preferred presence in pre-weaning mice, Lubin 
et  al. could show that those mice failed to accumulate 
peripheral Treg cells during weaning compared to mice 
with a complex microbiome and displayed higher levels 
of serum IgE [17]. Furthermore, mice colonised with this 
community were highly susceptible to infection by Sal-
monella enterica serovar Typhimurium resembling the 
higher susceptibility to enteric pathogens observed in 
infants [17]. This is specific for the early life community 
as another gnotobiotic community modelled after the 
adult mouse microbiome was able to confer protection 
against Salmonella infection [17, 30]. A higher suscepti-
bility to infection with Salmonella was also observed in 
AID-KO mice [31]. The specific bacteria comprising a 
community and the responses of the host immune system 
are therefore likely involved in susceptibility to disease. 
For a more detailed analysis of IgA function, we refer the 
readers to Pabst and Nowosad [3] and Ng et al. [5].

Results in complex microbial settings suggest resident 
microbiota driven B cell specificity
In specific pathogen-free (SPF) settings representing a 
complex homeostatic microbiota, Bunker et  al. found 
that IgA+ PCs were enriched in microbiota reactivity and 
microbiota reactive monoclonal antibodies (mAbs) were 
enriched in polyreactivity over naïve B cells [26]. They 
showed that polyreactive and microbiota-reactive B cells 
are derived independently of GCs and bind a broad but 
well defined microbial fraction commonly targeting gly-
cans [26] corroborated by the outer membrane targeting 
found by Rollenske et  al. [27]. They also found polyre-
active mAb derived from influenza infections as well as 
IgA derived from GF mice to bind a subset of microbiota 

similar to SPF IgA+ PCs [26]. In contrast, in a human 
dataset, Kabbert et al. found overall lower levels of poly-
reactivity in the mAbs tested and microbiota-binding 
capacity did not correlate with increased polyreactiv-
ity [32]. Furthermore, they showed that the majority of 
mAbs that were highly microbiota-reactive exhibited 
reduced binding capacities upon reversion of mutations 
to the inferred germline configuration of the antibodies 
[32]. Moreover, as mentioned before, it has been shown 
that in mice under SPF conditions, the IgA+ PC compart-
ment is highly mutated and increases in diversity and 
mutational load over the lifetime of the mouse [33]. The 
specific, highly mutated repertoire was recalled when LP 
PC were selectively depleted through application of the 
proteasome inhibitor Bortezomib, hinting at an impor-
tant role for PC recruited from a comparably stable set of 
specifically selected B cell clones [23, 33].

A functional role of SHM in the regulation of the 
microbiome was also found by Fagarasan et  al. using 
AID knockout mice, which cannot mutate their BCRs 
[34]. They showed that AID-deficient mice had an altered 
small intestinal microbiome with anaerobic outgrowth, 
hyperplastic PPs, and ILFs. The hyperplastic PPs and ILFs 
decreased in size upon administration of antibiotics tar-
geting outgrown anaerobic bacteria. The ILF hyperplasia 
was not seen in IgA-deficient mice where SHM is intact 
indicating a specific role for SHM rather than antibody 
isotype choice [34], which is also dependent on AID [8]. 
More broadly, Kawamoto et  al. showed reduced bacte-
rial diversity in mice with adaptive immune deficiencies 
(lacking T and B cells or lacking only T or B cells) [22]. 
They also showed that FoxP3+ T cells entering GCs select 
for a more diverse, spore-forming bacteria-rich micro-
biome. This microbiome, in turn, induces an immune 
response skewed towards IgA production and FoxP3+ T 
cell development when transferred into GF mice [22].

Approaching this question at the single GC level, Now-
osad et  al., using advanced imaging to visualize B cell 
selection in single GCs [10], found highly selected gaGCs 
in SPF mice [11]. Some of the antibodies produced from 
those GCs could bind to faecal bacteria of SPF mice 
and this binding was diminished upon reversion of the 
antibody to its inferred germline sequence, clearly evi-
dencing specific selection and affinity maturation of com-
mensal-specific B cells in gaGCs [11]. They even found 
an antibody binding with high affinity to a single bacte-
rial species in a gnotobiotic mouse model. Importantly, 
none of the antibodies produced from single GCs show 
substantial polyreactivity [11].

There is clear evidence of antigen-specific selection 
in oral immunisation and in settings of reduced micro-
biota diversity, and we have initial evidence of this in 
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full microbiome settings under steady-state conditions. 
There is still uncertainty regarding the contribution of 
germline-encoded polyreactive B cells and GC-derived 
antigen-specific B cells to the IgA+ B cell pool under 
steady-state conditions and their functional role in gut 
homeostasis.

Clinical insight into the significance of the humoral 
immune response in the gut
The specific IgA and its interplay with the resident bacte-
ria might play a role in the pathogenesis of inflammatory 
bowel diseases (IBD). IBD is believed to rely on an aber-
rant immune response and the resident complex micro-
biome is implicated in this response [35, 36]. Bacteria 
from patients with IBD that are highly coated in IgA can 
drive susceptibility to colitis in mouse models. Further-
more, in a mouse model of dysbiosis the disease driving 
bacteria are coated highly in IgA in a T cell dependent 
manner indicating a specific response [35]. One of those 
bacteria is segmented filamentous bacteria, that is known 
to induce T 17 helper cells [37] which are also implicated 
in IBD pathogenesis [36]. Antibodies expressed from 
IgA and IgG LP PCs of patients with IBD showed over-
all higher reactivity to faecal bacteria than healthy donors 
[32] and mucosal IgG+ cells are generally known to be 
expanded in IBD patients [36]. The pathological role of 
B cells in IBD is in line with a recent report investigating 
vedolizumab treatment in IBD where a reduction in gut-
homing IgG+ and IgA+ PB and a reduced entry of naïve B 
and T cells into the GALT was demonstrated [38].

A similar discovery has been made in malnourished 
children. The transplantation of highly IgA coated bac-
teria into GF mice in combination with a nutrient defi-
cient diet led to rapid weight loss when compared to 
mice transplanted with highly coated bacteria from 
controls [39]. Whilst the dependency on T cells was not 
assessed in this study, a correlation between a robust IgA 
response against pathogenic Enterobacteriacae early in 
life and better development outcomes was suggested. The 
authors furthermore could show a shift in the IgA coat-
ing of the bacteria most associated with malnourishment 
upon dietary intervention in affected children [39], dem-
onstrating the responsiveness of the IgA system.

Finally, IgA function can be assessed in models of 
IgA-deficiency and selective IgA-deficiency (sIgAD) is 
the most common primary human immunodeficiency 
[5]. SIgAD is diagnosed by reduced serum IgA levels 
(< 0.07 g/L) and normal IgM and IgG levels after the age 
of 4  years [40]. Surprisingly most patients with sIgAD 
are asymptomatic. Nonetheless sIgAD has been linked 
to multiple diseases ranging from recurrent sinopul-
monary infections and allergy to autoimmune diseases 
and IBD [5, 40]. Especially in celiac disease there is a 

stark overrepresentation of sIgAD patients [40]. The 
differences in clinical presentation might be due to the 
diverse pathogenesis of sIgAD with different aetiologies 
involved including potential combinations with other 
immunological disorders [40] and a partial compensa-
tion by IgM [5]. However, it has been shown that sIgAD 
patients have reduced bacterial species diversity, spe-
cies richness and gene richness [41] and there might be 
a disruption in the spatial organisation of the resident 
commensal bacteria [5]. Additionally, the sIgAD micro-
biome is enriched for species associated with type 2 
diabetes, obesity, and intestinal dysbiosis as well as for 
genes enconding antimicrobial resistance and proin-
flammatory potential [41].

The clinical implications of distinct IgA responses and 
IgA deficiency in multiple diseases implicate a nuanced 
IgA response to the resident microbiota [5]. The recent 
advances in the knowledge of selection in gaGCs cou-
pled with in-depth analysis of IgA function and care-
ful dissection of shifts in the microbiota will further 
improve our understanding of clinical implications of 
the gut associated humoral immune system in health 
and disease.

Conclusion
The B cell response in the GALT is largely dominated by 
the IgA isotype [3]. Although IgA switching is preserved 
even under conditions of severe T cell deficiency, most 
LP IgA+ PC are dependent on the presence of functional 
T cells under physiological conditions [2, 3, 5, 23]. Addi-
tionally there might be a critical window of immune 
maturation during early life contributing to the B cell 
response in GALT [16]. In immunisation and monocolo-
nisation models the occurrence of specific responses to 
inducing bacteria or antigens is more evident, exhibiting 
the potential of gaGCs to mount specific responses under 
these more defined conditions [11, 27, 29]. This becomes 
less clear within settings of complex microbial commu-
nities, though specific responses are indeed observed in 
human datasets [32] or in mice using single GC resolu-
tion [11]. Other studies have reported high levels of poly-
reactivity within the LP PC compartment independent of 
GCs [26]. Nonetheless, even under these complex con-
ditions, important functional roles of B cell SHM have 
been described [5, 22, 29]. These complex interactions 
are reflected in the clinical presentation of several dis-
eases. The observation of differential coating of bacteria 
with IgA in IBD and malnourishment, the differences in 
mutational patterns in TG2-reactive B cells, heightened 
susceptibility to gastrointestinal infection and a variety of 
outcomes for patients with sIgAD showcase the nuanced 
B cell response in the GALT and its clinical implications. 
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As summarised in Fig. 1 the B cell response at mucosal 
surfaces consists of a delicate interplay of many dynamic 
factors, including the microbiota and continuous B cell 
influx, that in turn might be further influenced by the IgA 
output of the GCs. Therefore, when dissecting the rules 
underlying these responses in health and disease, it is 
important to consider not only each component, but also 
its effect on the other components, especially in reduc-
tionist systems.
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