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Abstract

Activated B cells participate in either extrafollicular (EF) or germinal center (GC) responses. 

Canonical responses are composed of a short wave of unmutated plasma cells arising from EF 

sites, followed by GC producing somatically mutated memory B cells (MBC) and long-lived 

plasma cells. However, somatic hypermutation and affinity maturation can take place at both sites, 

and a substantial fraction of MBC are produced prior to GC formation. Infection responses range 

from GC responses that persist for months, to persistent EF responses with dominant suppression 

of GCs. Here we review the current understanding of the functional output of EF and GC 

responses and the molecular switches promoting them. We discuss the signals that regulate the 

magnitude and duration of these responses, and outline gaps in knowledge and important areas of 

inquiry. Understanding such molecular switches will be critical for vaccine development, 

interpretation of vaccine efficacy and the treatment for autoimmune diseases.

eTOC blurb

B cell responses track towards either germinal center or extrafollicular responses. The 

extrafollicular response is increasingly being appreciated as a dominant mode in certain infections 

and in autoimmunity. Elsner and Shlomchik review these two response types and discuss the 

implications for immunity, vaccine design and disease stratification and therapy.

Introduction

B cell responses to immunization or infection have broadly been divided into canonical 

responses that feature a germinal center (GC) reaction and non-canonical responses that lack 

GCs and feature B cell proliferation and differentiation into plasmablasts (PB) at 

extrafollicular (EF) sites. Canonical GC responses are often, but not always, preceded by a 
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short phase of EF proliferation and differentiation while non-canonical reactions typically 

have prolonged responses at EF sites (MacLennan et al., 1991; MacLennan et al., 2003).

In animal models the type of B cell response to a particular immunization or pathogen has in 

some cases been documented, while in most cases the type of response in human infection 

and vaccination is not known. In general, it is not clear why certain stimuli lead to particular 

responses. Nor are the general mechanisms that direct one or another type of response well 

understood. Further, the differences in the types of cells produced by these two distinct types 

of B cell reactions are also not well-appreciated.

The goal of this review is to compare and contrast these two response types. We will first 

outline the sequential stages and processes common to B cell responses and cover the 

similarities and differences between classical and non-canonical responses. While according 

to most dogma the classical GC response exclusively creates isotype switched, affinity-

matured, V region-mutated B cells that can seed both memory and long-lived PC 

compartments, we will see that relatively recent and emerging data demonstrates that many 

if not all of these processes also pertain to the EF response. We will then review examples of 

the different types of immunization and infection that lead to either response. Finally, we 

will discuss studies that have tried to delineate the molecular and cellular control of each 

type of B cell response. We conclude by discussing how the nature of the B cell response 

can be critical for determining acute protection, effective responses to vaccines and the 

designs thereof, and how this fits with recent reports that in severe infections with SARS-

CoV-2 the B cell response is dominated by EF PB, with poor GC formation.

Overview of B cell response patterns

The classical description of the steps in a B cell immune response to a T cell-dependent 

antigen (Ag) derives mainly from rodent models. It has been well-reviewed (Cyster and 

Allen, 2019; Nutt et al., 2015; Weisel and Shlomchik, 2017). In brief, within two days, 

responding B cell and T cell blasts are observed at the T cell border. Around this time, some 

B cells migrate to EF regions and begin PB differentiation. PB both secrete antibody (Ab) 

and proliferate, and their numbers typically peak 4–6 days after immunization. Concurrently, 

some T and B cells from the initial proliferative focus migrate into B cell follicles, where 

they continue to proliferate and become committed to the GC fate. The GC ultimately will 

be the source of most if not all of the LLPC that migrate to bone marrow, as well as many 

(but not all) of the MBC that will be formed. GC responses peak approximately 2 weeks 

post immunization, and are a continuing source of antibody forming cells (AFCs); thus it is 

important that two time points must be assessed to analyze EF- versus GC-derived 

antibodies.

Responses that proceed primarily via the EF pathway and do not form GCs may begin 

similarly, but have a different trajectory. Instead of involuting, as is the case for 

immunizations, the initial activated B cell and PB reaction continues to expand. Depending 

on the context, the response can last weeks to months (e.g. Ehrlichia muris and Salmonella 
enterica serovar Typhimurium (STm) infection) or even for the life of the organism in the 

case of spontaneous autoimmunity (Cunningham et al., 2007; Jenks et al., 2019; Racine et 
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al., 2010). In general, there is little or no detectable histologic GC response. In some 

settings, a small population with surface markers consistent with a GC phenotype can be 

detected by flow cytometry. However, even these appear hypomorphic with respect to 

expression of Bcl6, the GC master regulator transcription factor (Di Niro et al., 2015). Such 

cells may be located in small clusters that otherwise do not have features of GCs.

Comparison of B cell immune response processes in canonical and EF 

responses:

Both EF and canonical GC responses feature extensive proliferation of responding cells, 

including both PBs and B cell blasts at the early stages of all types of responses. B cell blasts 

are the precursors of PBs (Trivedi et al., 2019; William et al., 2005b). At early time points, 

proliferating B blasts and PB expand rapidly, such that the Salmonella response can yield a 

few million PB at its peak of 7–10 days post-infection (Di Niro et al., 2015). The half-life of 

PBs is only a few days, limiting the overall size of the response (Slifka et al., 1998; Smith et 

al., 1996). This implies that ongoing responses, such as during the early phase of the 

response to STm or E. muris, as well as chronic responses as seen in lupus-prone mice, are 

continually replenished by recruitment of new B cell blasts. Presumably, as pathogen or Ag 

is cleared, for example at approximately 4–6 weeks of STm infection (Cunningham et al., 

2007), these precursors are no longer activated and the response involutes.

Similarly, there is extensive proliferation among GC (Allen et al., 2007; Mesin et al., 2016). 

However, a critical difference is that GC do not clonally expand in terms of overall cell 

number once reaching peak numbers (Faro et al., 2019; Mesin et al., 2016). While GCs 

develop rapidly, they reach peak cell numbers rather early (day 9–12 in a typical anti-hapten 

response), after which they start to involute. The lack of expansion may seem 

counterintuitive, since GC B cells (GCBC) divide 3–4 times per day and continuous BrdU 

administration will result in near complete labeling within a day (Allen et al., 2007; Mayer 

et al., 2017). Since the total numbers of long-lived progeny of the GC (i.e. MBC and LLPC) 

are rather small, most of the balance for cell division is cell death rather than differentiation. 

Indeed, at any given time substantial percentages of GC B cells can be observed undergoing 

apoptosis (Anderson et al., 2009; Mayer et al., 2017).

Interestingly, these two different modes of response are associated with two different 

metabolic programs. Activated B cell blasts, which undergo massive clonal expansion at the 

beginning of both classical and non-canonical responses, are very large cells that metabolize 

both glucose and fatty acids, consume oxygen (i.e. undertake oxidative phosphorylation) and 

also acidify culture media after short-term in vitro incubation, indicative of aerobic 

glycolysis (Weisel et al., 2020). Such metabolic programs are likely necessary to support the 

generation of new macromolecules to increase the net biomass associated with clonal 

expansion.

In contrast, after initial GC expansion, cell numbers remain constant or decline, so that no 

net additional biomass is created. Perhaps commensurate with maintenance rather than 

expansion, GCBC mainly metabolize fatty acids via oxidative phosphorylation, as revealed 

in recent studies from our lab (Weisel et al., 2020). GCBC did not detectably utilize glucose 
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or glutamine, nor appreciably acidify the media, but did consume oxygen. These metabolic 

analyzer results were confirmed by 13C tracing as well as studies showing that GCBC take 

up fat but not glucose in vivo and in vitro. Originally, it was proposed that the GC was 

hypoxic, which might have suggested that they would not carry out oxidative 

phosphorylation (Cho et al., 2016). However, oxidative phosphorylation can occur even at 

very low oxygen tensions (Konigsberg et al., 2013). GCBC did not demonstrate expression 

of a HIF-1α gene expression program, suggesting that they were not experiencing functional 

hypoxia (Weisel et al., 2020).

GCs are sites for Ag-driven selection (Jacob et al., 1991; Jacob et al., 1993; Liu et al., 1989; 

Zhang et al., 1988). Mechanisms underlying this have been extensively reviewed elsewhere 

(Bannard and Cyster, 2017; Shlomchik et al., 2019). In addition, it appears that the LLPC 

compartment is especially enriched in higher affinity mutants (Phan et al., 2006; Smith et al., 

1997). This finding has been interpreted as “instructional”, in that cells with higher affinity 

gain signals that cause them to differentiate towards the PC fate. However, the Brink group, 

which originally put forth the instructional interpretation, later developed evidence that prior 

to GC formation higher affinity cells underwent more net expansion, rather than were 

instructionally deviated towards PC differentiation (Chan et al., 2009). The instructional 

model nonetheless has significant credence in the literature (Ise and Kurosaki, 2019), though 

how it applies to PC differentiation from the GC has not been rigorously tested.

If affinity-dependent signals do direct precursor cells toward PC differentiation, then the 

question becomes which signals are involved and how they do it? It has been suggested that 

very strong BCR plus CD40 signals can induce the differentiation of PC precursors in the 

GC (Ise and Kurosaki, 2019). We showed that PCs tend to differentiate during the late phase 

of the GC at a time when there are more V region mutations and more affinity-based 

selection could have taken place (Weisel et al., 2016). This alone could account for the 

observed higher affinity of LLPC; in fact, there could be a connection as it remains possible 

that late in the GC, B cells reach an affinity that allows them to be directed to the PC fate, 

though we do not favor this interpretation.

At EF sites, selection for initial recruitment is promiscuous during a response to 

immunization with either a hapten-carrier (Dal Porto et al., 1998) or an infection. Both the 

STm and E. muris initial B cell response is very diverse and of low affinity (Di Niro et al., 

2015; Trivedi et al., 2019), suggestive of a low affinity threshold for activation. Indeed, the 

great majority of responding AFCs in these settings cannot be assigned as specific to any 

given pathogen-derived Ag using standard assays. Yet, these responses are indeed specific, 

because in mice with BCRs restricted to irrelevant specificities, the immune response to 

either bacteria is markedly reduced. This indicates that BCR specificity matters. High-

throughput V region sequencing also supports this conclusion (Di Niro et al., 2015; Trivedi 

et al., 2019).

After initial promiscuous clonal selection, it has been less clear whether affinity maturation 

occurs during the subsequent or sustained EF response. A priori, there is no reason to think 

that affinity selection would not occur, even in canonical EF, as B cells in both sites 

recognize Ag natively, and do not need to engage any particular APC for BCR-mediated 
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activation. Presumably, the quality of BCR signals would remain important for promoting 

continued clonal expansion, providing a basis for affinity selection. However, direct 

evidence for this has been sparse. Early microdissection studies by Jacob et al analyzing the 

response to the NP hapten demonstrated that, initially, Vh regions encoding very low affinity 

Ab were prevalent (Jacob and Kelsoe, 1992). However, as the EF response progressed, there 

was already purifying selection for the higher affinity VH186.2, which dominates the early 

GC response as a more fit Vh region (Jacob and Kelsoe, 1992). Studies in lymphotoxin- or 

TNF-mutant mice, which lack normal lymphoid architecture and are unable to form GCs 

(Matsumoto et al., 1996b), demonstrated that mutation and affinity maturation could occur 

(Matsumoto et al., 1996a). However, these studies did not establish whether such events 

would occur in normal mice undergoing EF responses. A further possibility is that selection 

is possible in both canonical and prolonged EF responses, but a longer response allows for 

better selection due to more T cell contact, which would be hypothetically less efficiently 

obtained outside of the GC. SHM occurs in the GC, with the most definitive evidence 

coming from microdissection of GC structures on sections (Berek et al., 1991; Jacob et al., 

1991; Jacob et al., 1993; Kuppers et al., 1993), and more recently from conceptually similar 

experiments that used photolabeling of individual GCs to collect cells for V region 

sequencing (Ersching et al., 2017; Victora et al., 2010).

It was originally thought that SHM does not occur in EF responses and is exclusively the 

provenance of GCBC. This misconception is unfortunately often repeated to this day, 

although much evidence refutes it. William et al. found extensive intraclonal somatic V 

region diversification using microdissection analysis of a persistent non-canonical EF 

response in lupus-prone mice (William et al., 2002). These data established that SHM could 

indeed take place at EF sites. Similar results were obtained in another autoimmune strain, 

with the same autoreactive B cell clonotype proliferating and mutating extrafollicularly and 

in GCs (Sang et al., 2014). The chronicity of the autoimmune response likely increased the 

number of mutations (and perhaps even the rate of mutation (William et al., 2002)), thus 

making the presence of ongoing mutation more easily detectible. The mutation rate in 

autoreactive EF responses in MRL/lpr mice was similar to that seen in peak GC (Kleinstein 

et al., 2003). The observation of ongoing SHM during an EF response was recapitulated in 

inducible systems (Herlands et al., 2007). Similarly, in human autoimmunity, where non-

canonical responses have been seen in lymphoid infiltrates in synovium of Rheumatoid 

Arthritis (RA) patients (most of which do not have a GC-like structure), both SHM and 

isotype switching were observed (Schroder et al., 1996). Parallel observations were made in 

both Sjogren’s syndrome and among infiltrating B cells in ductal breast carcinoma (Nzula et 

al., 2003; Stott et al., 1998). Review of these papers reveals that at least some of the 

microdissected B cell clusters that yielded mutated V region sequences did not resemble GC 

structures and were most likely an EF-like response.

Nonetheless, after the initial discovery that SHM could occur robustly during chronic 

autoimmune responses, direct evidence that SHM could occur outside of GCs during anti-

pathogen responses had been lacking. Critically, Cunningham et al reported that the B cell 

response to STm was exclusively EF and did not include GCs until over a month after 

infection (Cunningham et al., 2007). This key observation stimulated us to investigate 

whether SHM was occurring during this EF response. Microdissection of foci of PBs 
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revealed ongoing SHM, as evidenced by intraclonal diversity among clonally related V 

regions, similar to observations in autoimmune-prone mice (Di Niro et al., 2015). This was 

further confirmed by isolation of B cell hybridomas that contained mutations, and by high 

throughput Vh region sequencing. We subsequently found SHM occurring among 

proliferating B cell clusters during E. muris infection (Trivedi et al., 2019).

In the case of the STm response, reversion analysis demonstrated that these V region 

mutations did lead to increased affinity, proving that affinity-based selection does happen 

during ongoing EF responses (Di Niro et al., 2015). Data from E. muris infection also argues 

for V region mutation and selection during EF responses (Li et al., 2002; Trivedi et al., 2019; 

Yates et al., 2013). Similarly, in the rheumatoid factor EF response in MRL/lpr lupus-prone 

mice, analysis of SHM patterns as well as direct measurement of autoAb affinity show 

selection upon V region mutations occurring outside GC (William et al., 2002; William et 

al., 2005b). In these cases, it appears that not all clones turn on mutation and selection, 

suggesting that overall the EF response is less efficient at generating more fit B cells. 

However, in the rheumatoid factor response, in clones that do undergo mutation, both rate 

and selection appear comparable to that in the GC (Kleinstein et al., 2003; William et al., 

2002).

It has also been clear that isotype switch occurs readily in EF responses, both during this 

phase in canonical responses (Marshall et al., 2011; Toellner et al., 1998) and during non-

canonical responses (Cunningham et al., 2007). In each of the cases that SHM was observed, 

isotype switching was also readily observed to downstream IgG and IgA isotypes (Bergqvist 

et al., 2006; Di Niro et al., 2015; Shlomchik et al., 1987; Trivedi et al., 2019); this confirmed 

the induction of AID, the enzyme required for both SHM and isotype switching (Muramatsu 

et al., 2000), and its efficacy in mediating DNA modifications. Given that AID is expressed 

and active in non-GC proliferating B cells (Cattoretti et al., 2006; Pape et al., 2003), it would 

stand to reason that SHM could also be occurring.

While for many years it was assumed that isotype switch occurs in the GC (and nearly every 

diagram and review of the GC claims this), recent work has posited that this may not occur 

as frequently as previously assumed. (Roco et al., 2019). This area remains controversial and 

definitive precursor-product experiments to test this idea are lacking, as are mechanistic 

explanations as to why AID in GCBC could efficiently target V regions but somehow not 

cause switching.

It is now appreciated that adaptive immune responses can occur within tissues, driven by 

local Ag recognition and proliferation, resulting in in situ differentiation of Ag-specific 

lymphocytes. Tissue responses can occur at mucosal sites as well as within parenchymal 

organs, provided that they are infected or under autoimmune attack. A consequence of 

prolonged infection at tissue sites can be the formation of tertiary lymphoid tissue (TLT) 

(Dieu-Nosjean et al., 2014; Silva-Cayetano and Linterman, 2020). Such aggregations are 

variable in composition and structure, but typically resemble T and B cell zones of lymph 

nodes, with differentiation of high endothelial venules and in some cases stromal cells such 

as FDCs. It must be noted that FDC are not indicative of GC responses per se (as they exist 

in resting follicles) but may be needed in order to permit GC responses (Haberman and 
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Shlomchik, 2003; Hannum et al., 2000; Kosco-Vilbois, 2003). TLT are not typically seen at 

the earliest stages of infection but require time to differentiate (Luo et al., 2019), evidently 

dependent on lymphotoxin signals that can be provided by B cells (Lorenz et al., 2003). In 

mice TLT can form in lungs during influenza infection (Moyron-Quiroz et al., 2004). In 

humans TLT and sometimes GC are observed in chronic hepatitis C infection of the liver (de 

Ruiter and van der Laan, 2015; Murakami et al., 1999), as well as in chronic organ rejection 

post-transplantation (Koenig and Thaunat, 2016). Previously-induced TLT can host 

immunization-dependent responses to typical immunogens (Nacionales et al., 2009; 

Weinstein et al., 2008). Spontaneous or induced responses in TLT can, but do not have to, 

include GCs (Nacionales et al., 2009). Thus, fully induced TLT may be functionally similar 

to secondary lymphoid tissue in terms of supporting immune responses.

Chronic autoimmunity can also result in organized lympho-myeloid infiltrates in target 

organs that may be distinct from TLT (Clark et al., 2015). Infiltrates in kidneys of lupus 

patients can range from disorganized clusters of T and B cells, to delineated T and B cell 

zones, to—occasionally—organized TLT that appear to have follicular structure (Chang et 

al., 2011; Liarski et al., 2014). Whether these structures are just responses to the 

inflammatory environment or harbor specific autoimmune responses to local tissues remains 

unclear.

Acute tissue responses can also resemble EF responses, with clusters of T and B cells, along 

with scattered myeloid cells forming proliferative foci, in which B cell differentiation can be 

observed. These tissue responses are devoid of GC-like structures and can range from small 

clusters of proliferating lymphocytes to larger sheets of cells in which T and B cells are 

admixed. Examples include infection of the liver with E. muris (Trivedi et al., 2019) as well 

as hepatitis B and C in humans (Farci et al., 2010; Freni et al., 1995). At least some cases of 

lupus nephritis might be included in this category (Chang et al., 2011).

The nature of lymphoid aggregates and local responses is variable, with one extreme being 

small clusters of acutely responding cells and another the fully developed TLT associated 

with long-term infection or autoimmunity. However, in our view, unless a defined GC 

structure is seen, with Bcl6-expressing GCBC and TFH, then the responses observed should 

not be considered as GC-like but rather EF-like, and thus represent another situation in 

which EF responses dominate. In either case, microdissection of cells followed by V region 

sequencing is the preferred method to determine where SHM and potential Ag-driven 

selection are taking place.

Classically, the generation of both MBC and LLPC has been attributed exclusively or mostly 

to the GC process. However, it has become apparent that many and maybe even most MBC 

are formed prior to the onset of GCs during protein immunizations (Inamine et al., 2005; 

Takemori et al., 2014; Toyama et al., 2002; Weisel and Shlomchik, 2017; Weisel et al., 

2016). Hence, GCs are not needed to develop MBC. Whether EF responses per se generate 

MBC is much less clear. Winslow and colleagues presented direct evidence that MBC are 

generated by E. muris infection, which predominantly if not exclusively elicits an EF 

response (Yates et al., 2013). Our lab confirmed and extended these results by characterizing 

the MBC and showing that liver was a generative site of B cell responses to E. muris, as well 
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as a location harboring MBC (Trivedi et al., 2019). Malaria, which favors an EF response 

but does induce some GC response, generates an abundant population of IgM MBC, 

suggestive of an extra-GC origin (Krishnamurty et al., 2016). Subsequent to B. burgdorferi 
infection, little evidence was seen for MBC development, despite short-lived GC responses 

that ensued (Elsner et al., 2015). This was attributed to dominant suppression of B cell 

responses during the early infection; however there was evidence for some MBC at one year 

post-infection, though Ag-specific MBC could not be directly enumerated (Elsner et al., 

2015). Perhaps due to the difficulty in tracking MBC combined with the difficulty in 

excluding a role for a residual GC response, there is still relatively little knowledge about 

formation of MBC during infections in which the EF response dominates.

With regard to LLPC, the majority of evidence suggests that these are almost exclusively 

derived from an authentic GC reaction. Mice lacking Bcl6 expression in B cells generated 

IgM MBC readily, but failed to generate any long-lived serum IgG or BM AFC (Toyama et 

al., 2002). Similarly, disrupting the GC with anti-CD40L abrogated the great majority of 

IgG1 BM AFC measured at later time points (Takahashi et al., 1998). LLPC are notable for 

substantially higher levels of SHM and affinity maturation, compared to MBC, both 

hallmarks of prolonged mutation and selection within the GC (Smith et al., 1997; Takahashi 

et al., 2001). Commensurate with this, bacterial infections that have limited or no GC 

reaction, such as STm, E. muris and B. burgdorferi, produce IgG Abs of limited lifespan and 

few LLPCs (Elsner et al., 2015; Manne et al., 2019; Racine et al., 2010). Despite this, 

evidence exists in systems of experimental immunization with T cell-independent Ags, 

which presumably do not elicit GCs, that lead to long-lived Ab responses (Allman et al., 

2019; Foote et al., 2012). The mechanisms by which long-lived Ab is generated and 

sustained in these systems bears further investigation.

Nonetheless, EF responses can lead to very large isotype-switched AFC responses in 

secondary lymphoid tissues that can result in acutely high titers of IgG Abs. Such Abs can 

be modestly affinity-matured. While desirable for acute protection, these EF-derived Abs 

would not afford long-term neutralizing type immunity to reinfection (a defect seen in B. 
burgdorferi infection, for example (Elsner et al., 2015)) and thus are not desirable outcomes 

of vaccination. As vaccine research often seeks to measure titers at relatively early time 

points and after multiple boosts, perhaps as a means to quicken the process of evaluation, it 

may not distinguish GC responses that lead to gradual accumulation of LLPC (Good-

Jacobson and Shlomchik, 2010; Good-Jacobson et al., 2010; Weisel et al., 2016) from strong 

EF responses that give high titers that will eventually wane due to a dearth of LLPC. This in 

turn suggests the need to better develop and employ biomarkers of GC responses in order to 

monitor vaccines that are being designed to create long-lived neutralizing Ab titers.

What types of responses promote EF or GC reactions?

The relative dominance of EF or GC during the immune response to different infections 

exists along a spectrum. Hapten immunization systems have defined the canonical response 

as an early wave of EF response, ending by approximately day 6, followed by a GC phase 

lasting a few weeks. Infection systems show great diversity in the dominance, and length, of 

each response (summarized in Table 1).
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Viruses that induce high levels of cellular damage (cytopathic), such as Vesicular Stomatitis 

Virus (VSV) or Influenza virus, tend to induce both EF and GC responses, and produce 

neutralizing Abs much more quickly than the non-cytopathic virus LCMV (Fink et al., 2007; 

Hangartner et al., 2006). VSV and influenza-induced GCs persist beyond 100 days post 

infection, far longer than the 3–4 weeks for NP-immunization, despite undetectable viral 

replication after a week of infection (Bachmann et al., 1996; Rothaeusler and Baumgarth, 

2010). Influenza infection generates high affinity Abs and life-long immunity (Baumgarth, 

2013; Sangster et al., 2019), potentially as a result of the length of the GC response. 

Consistent with this, influenza-specific GC can be blocked with the mTOR inhibitor 

rapamycin, with the resulting Abs being lower affinity but more broadly protective (Keating 

et al., 2013). The lengthy GC response could contribute to the ability of influenza infection 

to induce life-long protective Abs. Similar findings have been reported for West Nile virus, 

where MBC containing fewer mutations can more effectively neutralize viral escape mutants 

(Purtha et al., 2011). Why influenza in particular induces such persistent GCs remains 

unknown. Insight into control of GC-longevity could benefit HIV vaccine design, as broadly 

neutralizing HIV Abs are of the most highly mutated Abs described, arising after months of 

infection (Burton and Hangartner, 2016; Havenar-Daughton et al., 2017).

At the other end of the spectrum are infections that induce prolonged EF responses, some 

also dominantly suppressing GCs. These include the extracellular spirochete B. burgdorferi, 
the obligate intracellular bacteria E. muris, and the facultative intracellular bacteria STm 

(Cunningham et al., 2007; Elsner et al., 2015; Elsner and Shlomchik, 2019; Hastey et al., 

2012; Nanton et al., 2015; Racine et al., 2010). During B. burgdorferi infection, GCs peak 

around 2 weeks of infection but then quickly collapse due to an unknown suppressive 

mechanism. These early GCs fail to induce a long-lived Ab response, and the infection 

dominantly suppresses the long-lived immunity generated by a concurrently administered 

influenza immunization (Elsner et al., 2015). E. muris and STm infections both fail to 

induce GC for 2–4 weeks, and when immunized with the hapten NP-CGG after infection, 

both suppress NP-specific GC responses (Elsner and Shlomchik, 2019; Racine et al., 2010). 

STm specifically inhibits GC, and suppresses neither T-dependent (NP-CGG) nor T-

independent (NP-Ficoll) NP-specific EF responses (Elsner and Shlomchik, 2019). 

Approximately 4 weeks post infection, the T cell response gains control over the infection, 

bacterial burden is reduced, and the GC response begins (Cunningham et al., 2007; Di Niro 

et al., 2015). The precise impacts of this early GC suppression on long-lived immunity are 

still unknown. However molecular typing has shown that people in endemic regions can be 

reinfected with Salmonella in the same season (Okoro et al., 2012), implying poor or 

delayed immunity. Plasmodium chabaudi also suppress T-dependent, but not T-independent 

B cell responses (Wilmore et al., 2013), and induces an unusually large and prolonged EF 

response, though it does not completely suppress GC (Achtman et al., 2003).

A characteristic of EF-dominant responses is disruption of normal splenic or lymph node 

architecture (Table 1). This encompasses loss of distinct B cell follicles and T cell zones, 

loss of marginal zone B cells, and sometimes a loss of T cells from T cell zones. After foot-

pad inoculation with STm, draining lymph nodes lose their normal architecture by a 

TLR4/LPS dependent mechanism (St John and Abraham, 2009). However, splenic 

architecture disruption after STm infection occurs even in the absence of MyD88, TLR2/4, 
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ASC or IL-1R, suggesting multiple independent mechanisms (Di Niro et al., 2015). During 

B. burdorferi infection, neither deletion of MyD88, MyD88 and TRIF, nor IFNAR, restores 

lymph node architecture (Hastey et al., 2014). For E. muris infection, TNF neutralization 

improves splenic organization, particularly T cell zones (Popescu et al., 2019). Efficient GC 

formation relies on many migration cues and cell contact events (Lu and Cyster, 2019), 

therefore architecture disruption is expected to contribute to GC suppression, though 

establishing a direct relationship is difficult. Architecture disruption could be a host 

adaptation to optimize the EF response by intermixing activated B and T cells, facilitating 

contacts that would promote B cell differentiation.

What factors mechanistically drive the predominant response towards EF 

vs GC?

An early step in determining the direction of the B cell response is sensing of pathogen-

derived signals by innate immune receptors, such as TLRs. Cells may also receive signals 

from pathogen-derived factors that interact with host cell receptors. The nature of these 

innate and pathogen-derived signals in turn can drive specific types of host adaptive B cell 

responses. A common response to sensing such signals is cytokine secretion. The types and 

quantities of the elicited cytokines in turn can tune the immune response to fit the infection. 

Some cytokines, such as IL-21, have been shown to promote both EF and GC responses 

(Lee et al., 2011; Linterman et al., 2010; Zotos et al., 2010), and therefore can be regarded as 

augmenting B cell responses more broadly. Here, we will focus on cytokines and other host 

factors that preferentially direct one response over the other (Figure 1).

IL-12 is a major regulator of T cell immunity, driving effector T cell differentiation in both 

CD4 and CD8 T cells (Tait Wojno et al., 2019; Vignali and Kuchroo, 2012; Xin et al., 2016). 

Recently, we found that IL-12 regulates humoral immunity by strongly inhibiting TFH 

differentiation (Elsner and Shlomchik, 2019). Though it has been suggested that human and 

mouse cells respond differently to IL-12, in review of this literature we determined that the 

in vitro response to IL-12 from both organisms is actually quite similar, as detailed in the 

Discussion of Elsner and Shlomchik, 2019. IL-12 induces cells secreting both IFNγ and 

IL-21 in vitro from both mouse and human T cells (Ma et al., 2009; Nakayamada et al., 

2011; Schmitt et al., 2009). However, IL-21 production is not unique to TFH (Liu and King, 

2013; Spolski and Leonard, 2014), and these in vitro-differentiated cells are unlikely to 

represent true TFH as only a very small frequency of cells express CXCR5, PD-1, or Bcl-6, 

all of which are the well-accepted markers of TFH. In vivo, we found that IL-12 was both 

necessary and sufficient to suppress the GC response (Elsner and Shlomchik, 2019). IL-12R 

deficiency augmented proportional TFH differentiation among responding T cells to levels 

nearly the same as in non-infected mice. However, we also found that IL-12R was necessary 

for expansion of activated T cells, thus affecting both quality and magnitude of the response. 

Similar outcomes were observed with T-bet-deficient cells during LCMV infection (Sheikh 

et al., 2019; Weinstein et al., 2018). Interestingly, the effects of T-bet expression are context 

dependent, as during influenza infection T-bet deficiency increased TFH by both frequency 

and number (Sheikh et al., 2019). This may be related to the amount of T-bet expressed, with 

LCMV and STm inducing much higher T-bet expression, and thus much stronger 
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proliferation and proportional suppression of TFH differentiation than influenza (Elsner and 

Shlomchik, 2019; Sheikh et al., 2019). We found that the suppression of TFH by IL-12 was 

only observed in high IL-12 conditions, either in the form of injected recombinant IL-12 or 

that induced by STm infection. Typical immunizations may not induce high IL-12 

production, potentially explaining why humans with genetic deficiencies in the IL-12 

pathway do not have consistent changes in serum antibody levels to vaccinations (Schmitt et 

al., 2013). Clearly more studies are necessary to determine the effects of IL-12 on humoral 

immunity in humans, and whether common vaccines even induce enough IL-12 to have any 

effect, but the possibility remains open that IL-12 plays a similar role as in mice.

Importantly, simply administering recombinant IL-12 during NP-CGG immunization also 

suppressed TFH differentiation and reduced NP-specific GC B cells (Elsner and Shlomchik, 

2019), confirming that IL-12 per se suppresses TFH development. Earlier studies had shown 

that injection of recombinant IL-12 promoted serum Ab responses to both DNP-OVA and 

DNP-Ficoll, and enhanced the Ab response to a T-independent polysaccharide vaccine 

(Buchanan et al., 1998), but these Abs were not maintained long-term. This suggests that 

IL-12 directs humoral immunity toward short-lived EF responses independently of its effects 

on T cells; whether this is due to effects on B cells or other bystander cells remains unclear. 

Together, these findings implicate IL-12 as a molecular switch between EF and GC B cell 

responses.

In murine lupus models (Jacobson et al., 1995; Roark et al., 1995; Sang et al., 2014; William 

et al., 2002; William et al., 2005a) and perhaps in many SLE patients (Jenks et al., 2019; 

Jenks et al., 2018), there is a dominant EF response associated with production of anti-

nuclear and rheumatoid factor Abs. We suggest that such responses are supported by IL-12 

and that IL-12 is a driving cytokine in lupus. Polymorphisms in genes associated with IL-12 

signaling are risk alleles for SLE (Bentham et al., 2015). IL-12 promotes nephritis and the 

accumulation of anti-dsDNA Abs in mice (Kikawada et al., 2003; Nakajima et al., 1997). In 

humans, treatment with ustekinumab, an IL-12/23 blocking Ab, improved outcomes when 

added to standard-of-care (van Vollenhoven et al., 2018). IL-23 specific blockade did not 

affect accumulation of anti-dsDNA Abs in MRL/lpr mice (Kyttaris et al., 2013). With a 

model of immunization-induced autoantibody production, recombinant IL-12 administered 

at days −1, 0 and 1 of immunization promoted splenic Ab secreting cell accumulation at 25 

days of immunization (Kim et al., 2008). While the role of IL-12 in driving human lupus 

remains uncertain, studies with IL-12-specific blockade will help clarify this point, possibly 

connecting an EF-driving mechanism with overall disease pathology.

In a model of severe malaria infection with Plasmodium berghei ANKA, IFNγ and TNFα 
were found to suppress TFH differentiation, and their neutralization increased TFH 

differentiation and GCBC numbers (Ryg-Cornejo et al., 2016). T cell expression of T-bet 

was required for TFH and GC suppression. Similar results were observed with IFNγ 
neutralization and in IFNγ KO mice, indicating that in this system IFNγ alone was 

sufficient to suppress TFH. In contrast, during STm infection we found that IFNγ receptor 

deficient T cells were not able to form TFH (Elsner and Shlomchik, 2019). The difference 

between the infections may be that the TH1 response to STm is much stronger. Malaria did 

not induce complete repression of GCs. Rather, there was some TFH development, and these 
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TFH expressed some T-bet. Furthermore, this infection induced both a poor PB and GC/TFH 

response, indicating a reduced B cell response overall. This is again in contrast to STm, 

which does not suppress PB responses (Cunningham et al., 2007; Elsner and Shlomchik, 

2019; Ryg-Cornejo et al., 2016). Plasmodium chabaudi infection, a less severe murine 

malaria model, suppressed NP-OVA induced GCs and serum Ab, but augmented the 

response to the T-independent Ag NP-Ficoll (Wilmore et al., 2013). Therefore, in malaria 

infection models, IFNγ seems to have a context-dependent role in TFH and GC suppression.

TNFα suppressed GC development in mouse E. muris infection. TNFα KO mice had 

increased GC and TFH phenotype cells, but also more PBs and IgM AFC with, reciprocally, 

fewer IgG AFCs (Popescu et al., 2019). However, in these TNFα-deficient mice, histologic 

GCs were not well formed, possibly due to the overall distortion of splenic architecture due 

to TNFα-deficiency per se (Matsumoto et al., 1996b; Pasparakis et al., 1996). These 

opposing effects of constitutive loss of TNFα make this study somewhat hard to interpret. In 

this system the lack of TNFα enhanced both GC and AFC responses, indicating that TNFα 
might be generally suppressing B cell responses, rather than selectively switching the 

response from GC to EF AFC mode. This axis deserves further investigation.

IL-6 is a pleiotropic cytokine (Hunter and Jones, 2015). IL-6 deficient mice have 

dramatically smaller GCs and reduced IgG isotypes after T-dependent immunization (Kopf 

et al., 1998), and reduced IgA secreting cells after mucosal challenge (Ramsay et al., 1994). 

IL-6 is thought to mainly promote differentiation of Ag specific B cells to PBs (Gonzalez-

Garcia et al., 2006) but not to fully differentiated plasma cells (Jego et al., 1999), and to 

support long-lived plasma cell survival in the bone marrow (Minges Wols et al., 2002). 

Activated B cells secrete IL-6 (Hirano et al., 1986; Yoshizaki et al., 1984), which acts in an 

autocrine fashion to promote Ab secretion (Rieckmann et al., 1991), and also indirectly 

promotes IL-21 production from CD4 T cells, which further promotes Ab secretion (Dienz 

et al., 2009).

Though IL-6 promotes B cell differentiation, in the larger picture it enhances GC in many 

contexts, including autoimmune disease and infections. Using a murine model of SLE where 

only B cells lack the Wiskott-Aldrich syndrome (WAS) protein, B cell derived IL-6 was 

necessary for the maturation of TFH and development of spontaneous autoimmune GC 

(Arkatkar et al., 2017). IL-6 seems to mainly promote GC indirectly, via stimulating TFH 

differentiation (Crotty, 2019; Vinuesa et al., 2016). During chronic infection of mice with 

LCMV clone 13, Harker et. al. identified two phases of IL-6 production, with strong peaks 

at day 3 and day 25 (Harker et al., 2011). This second spike of IL-6 was required on T cells, 

but not B cells, to promote TFH and GC, and clear the virus. VSV infection, which induces 

GC much earlier than LCMV clone 13, induces GC via IL-6 which in turn depends on a 

wave of type I IFN production peaking at 8 hours of infection that is necessary and sufficient 

to promote a switch toward TFH and reduce Th1 differentiation (De Giovanni et al., 2020). 

Type I IFN acted on DCs to induce IL-6 production, which then acted on responding T cells 

to promote TFH differentiation. Blocking IL-6 prior to VSV infection switched the response 

from TFH dominant to Th1 dominant; this effect was no longer seen after 24hr of infection, 

indicating that IL-6 had to act early to promote TFH commitment. Administering Poly-IC, a 

TLR3 ligand that induces type I IFN production, at the same time as LCMV infection 
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increased TFH differentiation. This demonstrated a method to engage this TFH-promoting 

pathway, which has obvious potential for benefitting vaccine design. Despite that IL-6 can 

promote TFH differentiation, IL-6 is not always essential for TFH differentiation (Nurieva et 

al., 2008; Poholek et al., 2010); other signals, such as IL-21 (Eto et al., 2011), could 

compensate for the lack of IL-6 in different systems.

Mechanistically, T cell-intrinsic IL-6R signaling is necessary for downregulation of the low 

affinity IL-2 receptor (CD122) (Papillion et al., 2019). IL-2 directly and potently represses 

TFH differentiation (Ballesteros-Tato et al., 2012) through STAT5 induction of BLIMP-1 

(Nurieva et al., 2012; Yang et al., 2011). BLIMP-1 antagonizes Bcl6, which is necessary for 

TFH differentiation (Johnston et al., 2009; Nurieva et al., 2012). IL-6-induced CD122 

downregulation was required to complete differentiation into GC TFH cells in a high IL-2 

environment. TFH produce IL-2 (Papillion et al., 2019; Yu et al., 2009), and IL-2 production 

seems to be an early predictor of TFH differentiation (DiToro et al., 2018), highlighting why 

the IL-6 signal must come early. IL-6 directly inhibited CD122 upregulation by inducing 

STAT3 and blocking STAT5 binding at the Il2rb locus (Papillion et al., 2019; Yang et al., 

2011). These studies collectively reveal that IL-6 acts as a molecular switch promoting TFH 

differentiation over Th1 differentiation, effectively playing the opposite role of IL-12.

The ligands BLyS (also called BAFF) and APRIL, are key regulators at multiple stages of B 

cell development and differentiation. Both ligands bind the receptors TACI and BCMA, 

while only BLyS binds the BAFF-R. Details of their functions outside of regulating 

canonical and non-canonical responses are reviewed elsewhere (Goenka et al., 2014b; 

Vincent et al., 2013).

BLyS is a survival factor for mature naïve B cells and BLyS-deficient mice have severely 

reduced mature B cell compartments. BLyS is unlikely to play a major role in GCs however, 

as BLyS-deficient mice make GCs, albeit smaller ones, most likely due to markedly reduced 

overall numbers of B cells (Rahman et al., 2003). GCBC downregulate TACI, the major 

activation-induced receptor for BLyS (Goenka et al., 2014a). Further, T cells were found to 

be the main source of BLyS in the GC, and T cell-restricted loss of BLyS only had a minor 

effect on GCs (Goenka et al., 2014a).

Increasing the concentration of BLyS in vivo promotes Ab secretion. Since BLyS plays only 

a small role in GCs, it is likely that BLyS primarily promotes EF responses. In support of 

this, a vaccine strain of rabies virus modified to express murine BLyS (there referred to as 

BAFF) from infected cells produced higher titers of rabies specific and virus neutralizing 

Abs, without significantly affecting GC (Haley et al., 2017). Mice expressing excess BLyS/

BAFF through an integrated transgene display autoimmunity, characterized by large 

numbers of PBs and high autoantibody titers (Khare et al., 2000; Mackay et al., 1999); 

moreover, this phenotype is in large part T cell-independent (Groom et al., 2007). These data 

also suggest that BLyS tends to promote the EF response by acting directly on responding B 

cells.

Since BCMA is dispensable for mounting responses to both T-dependent and -independent 

Ags (Schneider et al., 2001; Xu and Lam, 2001), BLyS most likely promotes EF responses 
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through its interaction with the receptor TACI. That APRIL—which only binds TACI and 

BCMA—has similar effects further supports this concept. TACI is upregulated upon B cell 

activation, and it is required for optimal Ab responses to T-independent type II Ags. Patients 

with TACI mutations and TACI deficient mice both show impaired responses to the T-

independent Streptococcus pneumoniae polysaccharide vaccine Pneumovax, but normal 

responses to T-dependent tetanus vaccine (human) and KLH immunization (mice) (Castigli 

et al., 2005; Salzer et al., 2005; von Bulow et al., 2001; Zhang et al., 2007). APRIL is also 

required for optimal T-independent Ab responses (Castigli et al., 2004; Hardenberg et al., 

2008). Since APRIL and TACI have a clear role in augmenting T-independent plasma cell 

responses, and as TACI is downregulated on GCBC, the combination of APRIL and TACI 

could be interpreted as primarily promoting EF B cell responses. Whether the role of TACI 

is to enhance clonal expansion of B cells in the EF pathway, or whether it specifically directs 

EF pathway differentiation, remains unclear.

This family of cytokines and receptors is often modulated during infection (Sakai and 

Akkoyunlu, 2017). Elevated serum BLyS has been observed during infection with HIV, 

tuberculosis, and malaria, among others. BLyS production can be induced from myeloid 

cells and epithelial cells by cytokines such as type I and II interferons (Kato et al., 2006; 

Nardelli et al., 2001) and by TLR ligands (Kato et al., 2006). TLR stimulation also 

upregulates TACI expression in PBs (Treml et al., 2007). Hence, via multiple mechanisms, 

innate responses to pathogens can influence this axis to determine the quality of the B cell 

response.

TLR ligands are strong adjuvants of Ab responses in both canonical and non-canonical B 

cell responses (DeFranco et al., 2012). Whether they can also help direct the type of B cell 

response remains an open question, largely because many studies have not distinguished 

between EF and GC derived Abs and/or responses.

The B cell-intrinsic effects of TLR ligation on the nature and magnitude of the response can 

depend on which ligands are present, as well as the concentration and context. B cell 

intrinsic LPS sensing was required for optimal Ab and GC responses to the combination of 

OVA and LPS (Pasare and Medzhitov, 2005). Subsequently, it was shown that the physical 

form of the TLR ligands in the immunizing protocol is crucial in determining the outcome. 

B cell intrinsic MyD88 signaling was not required for optimal serum Ab titers to a protein 

Ag mixed with the TLR9 ligand CpG, but was required if the TLR9 ligand was contained in 

a virus-like particle (Hou et al., 2011). Additionally, simply conjugating NP-CGG to a TLR9 

ligand increased GC affinity maturation and the magnitude of the secondary B cell response 

(Rookhuizen and DeFranco, 2014). Engineering BCR-mediated uptake of Ag with a linked 

TLR9 ligand also promoted EF responses in an immunization setting (Eckl-Dorna and 

Batista, 2009). Conversely, in the setting of autoimmune disease, B cell-intrinsic TLR9 

restricts spontaneously arising GCs whereas TLR7 is necessary for their spontaneous 

accumulation (Jackson et al., 2014; Soni et al., 2014). It is interesting that TLR7 and TLR9 

seem to have different roles in the spontaneous GC process, particularly as these TLRs are 

thought to signal similarly and both are expressed in B cells.
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Fewer studies address the effects of TLR ligands on EF responses, which occur early after 

immunization. B cells lacking MyD88 made both fewer PC at day 2 and reduced GC at day 

11 (Tian et al., 2018) in response to virus-like particles, though the contribution of individual 

TLR’s was not examined. Adding TLR9 ligand to Ag-coated beads enhanced proliferation 

and PB differentiation of Ag-specific B cells as early as 4 days after immunization (Eckl-

Dorna and Batista, 2009). This effect required TLR9 expression in B cells, and clearly 

demonstrated that TLR9 in this context stimulated EF responses. In the absence of T cell 

help, TLR’s are necessary and sufficient for formation of EF responses by autoreactive B 

cells, though both TLR7 and TLR9 were required for maximal responses (Herlands et al., 

2008). Collectively, TLR stimuli appear to in general promote GC and EF responses, though 

they may not be required (Browne, 2012; Cerutti et al., 2011; DeFranco et al., 2012; 

Lanzavecchia and Sallusto, 2007; Palm and Medzhitov, 2009). TLR7 may promote GC 

responses selectively in some contexts while TLR9 seems to favor EF responses, though the 

differential mechanisms for this remain elusive. Further insight into TLR influence on B cell 

response quality would be important to consider in vaccine design, as TLR ligands are often 

used as adjuvants.

CONCLUDING REMARKS

Here we have reviewed two major modes of B cell responses: EF and GC. Although they 

differ fundamentally in terms of output—with the EF response generating early, lower 

affinity effector Ab responses and the GC response generating delayed but higher affinity 

and longer-lasting Ab responses—we emphasized how there are in fact many similarities, 

despite dogmas that ascribe certain features to one or the other. For example, both responses 

feature MBC generation, somatic V region hypermutation, and affinity maturation. Certain 

infections and immunopathologic states favor one or the other response, and in turn the 

direction of the response can explain the immunity that develops or how to influence 

immunopathologic responses. While the question of which factors direct the quality of the 

response and how they do it is far from settled, we have discussed several factors and 

mechanisms that are implicated. At an evolutionary level, our studies in STm suggest that 

the EF dominant response may be an adaptation to most effectively control severe infections 

where pathogen burden is high. In this system, IL-12 works to shunt all available resources 

to immediate effector T cell expansion and antibody production to control the infection, 

which would be critical for the survival of the animal. There could be a parallel to this in 

autoimmune diseases, where the antigenic target of the immune response is either abundant 

(such as DNA or DNA-containing immune complexes as in SLE), triggering an EF response, 

versus localized (insulin as in type I diabetes), triggering a GC response. Another factor that 

could control the nature of the autoimmune response is the degree of inflammation and 

cytokine production, particularly that of IL-12 and related cytokines. It is likely that, as in 

responses to infection, autoimmune responses exist along a spectrum from GC- to EF-

dominant, and may even evolve over time with the severity of disease in an individual.

Having an understanding of the differences between response modes and learning how to 

manipulate them has theoretical and practical implications. On a theoretical level, it gives us 

a holistic view of how the humoral immune response tunes itself to the infectious challenge; 

as such, it is a defining axis of the host-pathogen interaction. Similarly, it helps to explain 
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different autoimmune scenarios and perhaps to stratify patients within a given autoimmune 

disease (Jenks et al., 2019), with the benefit that this may help guide appropriate biological 

therapies. Perhaps most important, at both a theoretical and practical level, it has 

implications for vaccine design and evaluation. Emergency vaccination for toxin exposure or 

acute exposure prophylaxis may benefit from a robust EF response, as would local 

vaccination to contain an emerging novel (pandemic-risk) pathogen. Long-term Ab-based 

protection is predicated on generating LLPC, which must come from a GC reaction, but will 

take time to develop. Robust EF responses in the absence of GC responses can be confused 

for effective immune responses, as high amounts of IgG can be made and the half-life of IgG 

can be several weeks. Clear biomarkers are needed to track each type of response, other than 

simply IgG levels.

As this review is being completed, the world is enveloped in a pandemic outbreak of a novel 

coronavirus, SARS-CoV-2. Infections in some people are characterized by a dramatic 

inflammatory type response (Noroozi et al., 2020; Sallenave and Guillot, 2020) and, based 

on other examples as discussed in this review, one might suspect that an EF response is 

being generated. Indeed, patients that succumb to SARS-CoV-2 infection lack of GC and 

TFH and exhibit a concurrent expansion of TH1 and PB in lymph nodes and spleen (Kaneko 

et al., 2020). An expanded EF PB response with low SHM that positively correlates with 

disease severity, with B cell phenotypes that were similar to active disease SLE patients 

(Woodruff et al., 2020). Ab—including neutralizing Ab—is seen rather early (Huang et al., 

2020; Kellam and Barclay, 2020; Suhandynata et al., 2020); yet, concerningly, there are 

reports that IgG Abs are not long lasting (Long et al., 2020). This too is indicative of an EF 

response and may indicate that for a substantial subset of patients, at least, Ab-mediated 

protection may not be long-lasting. The lack of lasting Ab has led some to be pessimistic 

about vaccination, but after all, as the content of this review has emphasized, the same Ags 

presented in a different context—using the right adjuvants to promote GC responses—could 

likely generate LLPC and thus long-term Ab-mediated protection, regardless of the case 

with the natural infection.
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Figure 1. Effectors driving the switch between EF or GC responses.
Effector molecules can influence the dominance of EF or GC responses by directly acting on 

B cells, or indirectly by promoting or repressing TFH differentiation. IL-6 drives TFH 

differentiation, thereby promoting GC, while pro-inflammatory molecules (IL-12, IFNγ, 

TNFα, and IL-2) repress TFH and downstream GC. IL-12 also promotes T cell proliferation, 

therefore a balance of proliferation and repression of TFH differentiation must be struck for 

optimal TFH/GC formation. Additional unknown signals can drive the development of T 

extrafollicular helper cells (TEFH), which promote EF responses. BLyS and APRIL act 

directly on B cells through the receptor TACI to promote EF responses. TLR7 promotes GC 

while TLR9 inhibits GCs, although the mechanisms behind these divergent effects are 

unclear. EF and GCBC both undergo somatic hypermutation (SHM), hence the main 

difference between them is likely the efficiency of obtaining T cell help that induces further 

rounds of proliferation and mutation. EF and GC responses both generate MBC. However, 

subsets of MBC have different origins. CD80- PD-L2- (double negative, DN) MBC are 

primarily formed prior to GC, and CD80+ PD-L2+ (double positive, DP) are predominantly 

from GC. LLPC are the latest to form and arise almost entirely, if not exclusively, from GCs.
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Table 1.

Infections driving EF or GC dominant responses along with known associated mechanisms.

Pathogen EF or GC 
dominant

GC phenotype, other 
effects on architecture

Known contributing 
mechanisms

References

Salmonella enterica 
serovar Typhimurium

EF GC suppression IL-12 blocks TFH and GC (Elsner and Shlomchik, 2019)
(Cunningham et al., 2007)
(Nanton et al., 2015)
(Di Niro et al., 2015)

Loss of T and B zones in 
lymph nodes, some 
disruption in spleen

LPS and TLR4 in lymph 
nodes, but TLR4 KO doesn’t 
restore splenic GC

(Di Niro et al., 2015)
(St John and Abraham, 2009)

Ehrlichia muris EF GC suppression Unknown (Popescu et al., 2019)
(Racine et al., 2010)

Disrupted splenic 
architecture

High TNFα, blocking 
restores some GC

(Popescu et al., 2019)

Borrelia burgdorferi EF GC suppression Unknown (Elsner et al., 2015)
(Hastey et al., 2012)

Loss of T and B zones in 
lymph nodes

Unknown (MyD88, TRIF & 
IFNAR independent)

(Hastey et al., 2012)
(Hastey et al., 2014)

Plasmodium sp. 
(malaria)

Both GC suppression IFNγ & TNFα block TFH, 
Excess PB are nutrient sink

(Ryg-Cornejo et al., 2016)
(Wilmore et al., 2013)
(Vijay et al., 2020)

Disrupted splenic 
architecture

Unknown (TLR2, TLR4, 
TLR9 & MyD88 
independent)

(Achtman et al., 2003)
(Cadman et al., 2008)

LCMV clone 13 Both Partial GC suppression Early Type 1 IFN wave kills 
activated B cells

(Fallet et al., 2016)

Disrupted splenic 
architecture

Unknown (Sullivan et al., 2011)

HIV Both GC suppression Reduced TFH helper 
function

(Cubas et al., 2013)

Lymph node architecture 
disruption and fibrosis

Multifactorial Reviewed in (Estes, 2013)

Influenza virus GC Long-lasting GC Unknown cause (Rothaeusler and Baumgarth, 
2010)

Normal lymph node 
architecture

(Elsner et al., 2012)

Vesicular stomatitis 
virus

GC Fast, long-lasting GC IL-6 promotes early GC by 
promoting TFH and blocking 
TH1

(De Giovanni et al., 2020)

Normal splenic 
architecture

(Bachmann et al., 1996)
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