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ABSTRACT 
 

B1-derived, long-lived IgM plasma cells persist in the spleen and confer           
long-term protection 

 
By Caitlin Darcy Bohannon 

 
 
Long-lasting protection is a hallmark of the adaptive immune response, and long- 
lived plasma cells have the capacity to produce neutralizing antibodies for as long 
as a lifetime. These antigen-specific, long-lived IgG plasma cells develop 
following exposure to antigen, along with T cell help. This T cell interaction leads 
to the formation of germinal centers, where activated B cells undergo class- 
switching and affinity maturation to generate high-affinity, long-lived IgG plasma 
cells and memory B cells. 
 
Here we describe an alternative pathway of plasma cell development that can 
occur in the absence of germinal centers, in which plasma cells are not class- 
switched but are somatically mutated. These activation induced cytidine 
deaminase-induced (AID) mutations are less frequent than in IgG plasma cells, 
and surprisingly they are observed within the antibody framework rather than 
within the antigen-binding regions (CDRs). The resulting IgM plasma cells are 
likely of mixed affinity, compared to the clonally selected, high-affinity IgG 
plasma cells. 
 
The long-lived IgM plasma cells originate from the B1 compartment, and are 
distinct from natural IgM cells. Unlike long-lived IgG plasma cells, which are 
resident in the bone marrow, IgM plasma cells persist within the red pulp of the 
spleen. They develop early in the immune response - prior to germinal center 
formation and the development of long-lived IgG plasma cells. Further, IgM 
plasma cells alone are sufficient to protect against viral challenge, even in the 
absence of IgG and memory B and T cells. Finally, we discuss the evolution and 
functionality of this long-lived IgM pathway, and the potential significance of 
these IgM plasma cells to rational vaccine design. 
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Chapter 1: Introduction 
 

The B cell repertoire 

The humoral immune response is essential to host defense in its capacity to 

produce an almost endless diversity of antigen-specific, neutralizing antibodies. 

This diversity is achieved through a number of cellular processes over the course 

B cell development. Beginning at the earliest stage, hundreds of gene segments 

are encoded within each hematopoietic stem cell, which can then be assembled to 

create a near-infinite variety of specific antibodies1-3. In humans and in mice, 

each antibody is comprised of two heavy chains and two light chains, with both a 

constant and variable region. The constant region gene segment encodes the 

isotype of the antibody – Cµ, Cδ, Cγ, Cα, or Cε – while the variable region encodes 

antigen-specificity. The variable region itself is composed of a variable (V) 

segment, diversity (D) segment, and joining (J) segment in the heavy chain, with 

the D gene segment absent from the κ and λ light chains1-4. The junction between 

the three segments forms the CDR3 region of the antibody gene, which will be 

discussed further as we detail somatic hypermutation. The heavy chain is 

reassembled first, at the pre-B stage. At this stage, the heavy µ chain complexes 

with Vpre-B within the B cell until the light chain is assembled5. Following light 

chain assembly, a unique, somatically rearranged IgM molecule is expressed on 

the surface of the immature B cell, which can then clonally expand2,5,6.  This IgM 

expression is critical to the development of B cells, and deficiencies in Cµ can 

severely impair immune development, as is observed in µMT mice which lack B 

cells and are prone to infection7. 
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Further diversity is induced by the imprecise joining of the V, D, and J 

segments and the introduction of P and N nucleotides into the sequence. 

Recombination events occur at the ends of each gene segment, which are capped 

by recombination signal sequences (RSS), with the help of RAG1 and RAG2 

proteins. These proteins bind the RSS regions to form a DNA hairpin, which can 

then be cleaved, deleting any gene segments between the two that have been 

joined together8. This process is critical to immune development, and deficiencies 

in these proteins can lead to severe combined immunodeficiency (SCID) in 

humans and mice, with RAG-/- mice lacking B and T lymphocytes entirely9,10. 

Following cleavage of the DNA hairpin, palindromic, ‘P’, nucleotides are added to 

the cleaved ends by the DNA repair machinery11. Terminal deoxynucleotidyl 

transferase (TdT) further adds random, ‘N’, nucleotides12. The nonhomologous 

ends are joined and any gaps are filled by the DNA repair machinery. This 

process is imperfect and creates junctional diversity within the CDR3, resulting in 

a unique B cell clone13-17.  

 

Negative selection  

The recognition of foreign antigen is critical to the development of immature B 

cells. Those that react to self-antigen are either clonally deleted or edited in the 

process of negative selection. This occurs in the bone marrow, where self-antigen 

is presented to immature B cells expressing surface IgM. Those that bind self-

antigen strongly are clonally deleted - whereby apoptosis is induced in these cells. 

Those that bind weakly lose their IgM expression and become anergic. Other B 

cells are able to edit their B cell receptor to avoid negative selection18,19. Naïve 
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IgM B cells that survive the process of negative selection can then leave the bone 

marrow to be activated6,18,19. Some autoreactive cells do escape this process, but 

they are very rarely activated and are often of low affinity. Autoimmunity results 

when mature autoreactive cells are activated by self-antigen. 

 

B cell activation and differentiation 

B cell activation occurs in the secondary lymphoid organs – the spleen and the 

lymph nodes. Here the B cell may encounter its cognate antigen, with or without 

the help of T follicular helper cells. Once activated, B cells differentiate through 

one of two pathways20. The first does not require T cell help, and results in the 

rapid formation of short-lived, extrafollicular plasma cells. Blimp-1 is 

upregulated by Irf4 in these cells, leading to early differentiation into short-lived 

plasma cells21,22. These cells continuously secrete low affinity antibody within the 

spleen or lymph nodes, but typically do not survive for more than a couple weeks. 

The second pathway is initiated when activated B cells interact with cognate T 

helper cells, leading to the formation of the germinal center. Here, these B cells 

undergo rapid proliferation, affinity maturation, and differentiation into either 

long-lived plasma cells or memory B cells. Long-lived plasma cells, unlike short-

lived plasma cells, typically secrete high affinity antibody and can survive for 

years or even a lifetime23. Memory cells do not secrete antibody, but respond to 

repeated antigen exposure by rapid proliferation and differentiation into high-

affinity antibody-secreting plasma cells. Long-lived plasma cells are terminally 

differentiated B cells, and do not respond to antigen (Figure 1)20,22,24-26.  
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Figure 1. Model of B cell differentiation 

 

Long-lived plasma cells, rather than memory B cells, are the key source of 

protective antibody20,26. Tedder and colleagues have shown that memory B cell 

depletion, via anti-CD20 antibody, does not affect serum Ig titers or long-lived 

plasma cell survival. Conversely, the depletion of long-lived plasma cells by 

disruption of adhesion molecules within the survival niche led to significantly 

decreased serum Ig. However, Ig levels were restored after 3 months, likely due 

to memory B cells differentiating into long-lived plasma cells. Cohorts did not 

recover when both long-lived plasma cells and memory B cells were 

simultaneously depleted26. 
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Germinal center formation  

Germinal center formation follows activation of mature B cells by their cognate T 

helper cell. These activated B cells rapidly proliferate within the B cell follicle. 

Proliferating B cells, or centroblasts, populate the dark zone of the germinal 

center, nearest the T cell zone. Gradually, around day 4, they differentiate into 

centrocytes, which proliferate less as they move away from T cell help into the 

light zone Germinal centers reach their peak around 7-10 days after initiation, 

and class-switched, high-affinity plasma cells and memory B cells begin exiting 

the germinal centers around this time22.   

Bcl-6 upregulation in B cells is also critical to germinal center formation, 

and Bcl-6 deficient mice are unable to develop functional germinal centers, or 

class-switched memory populations27. Germinal center-derived plasma cells do 

not differentiate as rapidly as extrafollicular plasma cells due to Bcl-6 

upregulation by Irf8, which temporarily suppresses Blimp-1 expression. 

Conversely, Blimp-1 expression later represses Bcl-6, as germinal center B cells 

differentiate into plasma cells6,28-32. These transcription factors are key to 

regulating B cell fate. 

The CD40:CD40L interaction between B and T cells is also key to initiating 

germinal center formation, and disruption of this interaction by anti-CD40L 

antibody leads to depletion of class-switched plasma cells and memory B cells, 

and a significant reduction in IgG titers33,34. Interestingly, work in our lab has 

shown that disruption of the germinal center does not affect long-lived IgM 

plasma cells, while others have similarly shown that germinal center is not 

required for the formation of unswitched memory B cells35. However, CD40L 
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deficiency in humans leads to hyper-IgM syndrome, and those patients with this 

disorder are prone to recurring infections36. CD40L is also essential to the 

induction of class switch recombination (CSR) and somatic hypermutation 

(SHM)36,37. 

  

Class switch recombination 

Class-switching directs antibody synthesis from IgM and IgD on the B cell surface 

to secreted IgG, IgA, and IgE isotypes38,39. This process occurs through 

activation-induced cytidine deanimase (AID), which is expressed in activated, 

germinal center B cells40. AID, with the help of uracil-DNA glycosylase (UNG1) 

and apurinic endonuclease (APE1), creates an abasic site, or nick, within the 

switch regions of the DNA. This allows for the replacement of Cµ with an 

upstream constant region of a different isotype.41,42 This was demonstrated rather 

elegantly through the induction of AID expression in fibroblasts with artificial 

switch regions, which was sufficient to drive CSR at a level comparable to 

germinal center B cells43. Recombination deletes the intervening DNA, so this 

process is irreversible. CSR does not change the specificity of the antibody44. 

Deficiencies in AID or UNG1, like those in CD40L, can also result in hyper-IgM 

syndrome, and an increased susceptibility to pathogens45,46. 

Following SHM and clonal selection, the resulting IgG, IgA, and IgE are 

higher affinity than IgM, and their smaller size allows them to diffuse to body 

tissues. High affinity IgG is the primary isotype found circulating in the blood 

and extracellular fluid shortly after the initiation of the immune response, and 

dominates the humoral memory response. IgG is also the most stable isotype, 
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with a half life of 4-8 days in mice and 20 days in humans, while IgM antibodies 

only have a half life of 2 days or 5-8 days, in mice and humans respectively47,48. 

IgG is also critical for induction of antibody-dependent cellular cytotoxicity 

(ADCC)47. However, some IgM is still present during this later response. IgM, 

though lower affinity, can multiplex to form a pentamer or hexamer of high 

avidity, effectively neutralizing many pathogens49-51. The high valency allows IgM 

to efficiently bind antigen with repeating epitopes, such as a viral particles or 

bacterial surface carbohydrates and phospholipids51. The pentameric structure is 

also key in activating the complement system, and in the clearance of these 

pathogens49. In addition to these roles, IgM has also been shown to enhance IgG 

production, making it essential to both the pre- and post-germinal center 

immune response52-54. 

 

 

Somatic hypermutation, clonal selection, and affinity maturation 

Somatic hypermutation, clonal selection, and affinity maturation typically take 

place in the germinal centers34,55,56. SHM is the process by which point mutations 

are introduced within the immunoglobulin variable gene, further diversifying the 

antibody repertoire. Like CSR, SHM occurs through the actions of AID. AID 

expression alone is able to induce SHM in late stage B cell hybridomas, which 

would not normally undergo SHM, demonstrating that AID is sufficient to drive 

SHM57. Like in CSR, AID deaminates cytosine residues - leaving a uracil in its in 

place, which is then excised by UNG1 and APE1 to form an abasic site. Unlike 

CSR, this process occurs within the variable region, rather than at the switch 
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regions, and the DNA nicks are typically single-stranded, rather than double-

stranded breaks38. The mechanisms of DNA repair also differs between the two 

processes. Mismatch-repair enzymes have been shown to play a role in both CSR 

and SHM, but error-prone polymerases, including Pol µ, Pol η, ζ or Pol ι, are 

necessary for SHM38,44. 

Though the process of SHM is error-prone, it is not entirely random. AID 

specifically targets cytosine residues, creating a G:U mismatch, and DNA repair 

mechanisms preferentially repair this site with thymine (T) in place of a cytosine 

(C), and an adenosine (A) in place of guanine (G), or vice versa. These C↔T and 

G↔A transitions are much more frequent than mutations involving a G, or any 

other change, commonly referred to as transversions. Transitions occur at least 

twice as often as transversions, and much more frequently than would be 

expected if the process of mutation were random3,58.  This increased frequency of 

transitions is characteristic of AID induced mutations3. Position within the 

variable gene also effects the distribution of mutations, preferentially targeting 

WRC (W=A/T, R=A/G) sites, creating ‘hotspots’ and ‘coldspots’ independent 

from selection3,59. 

There is some evidence of mutations accumulating in B cells outside of the 

germinal centers, particularly in autoimmune hosts. Schlomchik and colleagues 

have demonstrated that autoreactive B cells bordering the T cell zone in the red 

pulp had undergone SHM through microdissection60. They additionally 

demonstrated that SHM could occur in plasmablasts in response to Salmonella 

infection, even without germinal center formation61. Similarly, our own lab has 

recently shown evidence of low-level mutations in long-lived IgM plasma cells 
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occurring even when germinal center formation is inhibited by anti-CD40L 

antibody treatment.   

The accumulation of point mutations creates a pool of B cells clones of 

varying affinity that must then undergo clonal selection. Clonal selection, 

together with somatic hypermutation, leads to affinity maturation in germinal 

center B cells. This selection process is antigen-driven, and typically selects for 

high affinity B cell clones – those with an increased frequency of replacement 

mutations at antigen-binding sites. Replacement mutations, unlike silent 

mutations, alter the animo acid structure of the antibody. These are typically 

found in the complimentary-determining regions (CDRs), which bind antigen, 

and can often be deleterious when they occur in the framework regions (FRWs), 

which support the structure of the antibody. A high frequency of replacement 

mutations in the CDRs, and fewer in the frameworks, is commonly seen in 

memory B cells and bone marrow-resident IgG plasma cells, which are of high 

affinity (Figure 2)3,62. However, recent evidence has shown that clones of varying 

affinity may also be selected in response to complex antigens such as Bacillus 

anthracis and the hemagglutinin of influenza63. Evidence from our own lab 

additionally suggests that IgM plasma cells, though mutated, do not undergo 

antigen-driven selection for high affinity clones. 
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Figure 2. High frequency of mutations in CDRs following antigen-

selection 

 

B cell trafficking and survival 

The chemokine CXCL12, formerly known as stromal-derived factor 1 (SDF-1), 

plays a critical role in the migration and retention of both B cells and plasma 

cells. Early B cell progenitors and developing B cells express the CXCL12 

receptor, CXCR464. This expression is critical to the retention of these cells in the 

bone marrow, where CXCL12 is constitutively produced by stromal cells, 

sometimes referred to as nurse cells64,65. 

Several adhesion molecules present on stromal cells are also critical to the 

homing and retention of both immature B cells and long-lived plasma cells within 

the bone marrow. Bone marrow epithelial cells expressing VCMA-1, LFA-1, and 

E-selectin bind to VLA-4, ICAM-1, and polysaccharide chains, respectively, on the 

surface of B cells – though VCAM-1 has been shown to be the key adhesion 

molecule. Loss of this adhesion in conditional VCAM-1 knock out mice results in 
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the depletion of both immature B cells and plasma cell populations in the bone 

marrow 6,66. 

After exiting the bone marrow, naïve B cells initially home to secondary 

lymphoid tissues through an upregulation of CCR7 and CXCR5 chemokine 

receptors on their surface64. CCR7 expression drives activated B cells towards the 

T cell zone of the spleen and lymph nodes. This migration is in response to the 

chemokines CCL19 (ELC) and CCL21 (SLC), which are produced by stromal cells 

in the secondary lymphoid organs. Here, naïve B cells interact with helper T cells 

to initiate germinal center formation67. Expression of CXCR5 then drives B cells 

further into the B cell follicle in response to CXCL13 (BLC), produced by stromal 

cells as well as follicular dendritic cells28,68,69.  

CCR7 and CXCR5 are then downregulated during the differentiation into 

antibody-secreting cells (ASCs) and memory populations64. CXCL12 again 

becomes critical to localization, as activated B cells upregulate CXCR4 expression 

as they develop into plasmablasts64,67,70. It is suggested that CXCL12 may play a 

role in the egress of plasmablasts out of the B cell follicles and into the red pulp of 

the spleen, or into the medullary cords of the lymph nodes, where CXCL12 is 

found to be highly expressed as in the bone marrow. From there, plasmablasts 

can then migrate to CXCL12-expressing niches within the bone marrow. These 

CXCL12 microenvironments of both the bone marrow and secondary lymphoid 

organs are also sites of plasma cell retention, whether short or long-lived64. 

Similarly, memory B cells express CXCR4 and are also responsive to CXCL12, 

resulting in their localization within the red pulp of the spleen71. CXCR7, which 
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binds both CXCL12 and CXCL11 and is expressed at late stages of B cell 

maturation, may also help fine tune responses of CXCR4 to CXCL1272.  

Other chemokines and their cognate receptors also play an important role 

in the migration of plasmablasts specifically to the bone marrow. Two such 

receptors are CCR1 and CCR2, which respond to RANTES (CCL5) and MIP-1 

(CCL4) or to MCP-1 (CCL2), respectively, which are expressed by bone marrow 

stromal cells. CCR2 is found to be upregulated on plasmblasts, while CCR1 is 

found on mature, bone-marrow resident plasma cells73-75. Our lab has 

additionally found CCR2 to be upregulated on IgG, but not IgM, long-lived 

plasma cells.  

Antibody-secreting cells also have the capacity localize to sites of tissue 

inflammation. This is accomplished through expression of the CXCR3 receptor, 

induced by IFNγ, which responds to the inflammatory cytokines CXCL9, 

CXCL10, and CXCL1170,76. This tissue homing has been shown to be particularly 

critical for controlling persistent viral infections in the central nervous system77-

82. It may also contribute to the pathology of autoimmune inflammation, such as 

in Rheumatoid Arthritis, where CXCR3-expressing antibody-secreting cells are 

recruited by CXCL9-expressing synovial fibroblasts, or in the inflamed kidneys of 

NZB/W mice83,84. Additionally, antibody-secreting cells have even been shown to 

differentiate into plasmablasts within the inflamed tissues, and can remain 

localized to these sites even after the inflammation is resolved79.   
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Survival microenvironments 

Once plasmablasts terminally differentiate into plasma cells within the survival 

microenvironment, they are thought to lose their migratory capacity64,85. 

However, CXCL12 still plays a key role in their differentiation and survival6,70. 

Long-lived plasma cells are primarily thought to localize to survival niches within 

the bone marrow, though our group and others have shown that long-lived 

plasma cells also persist within the splenic niche in both humans and mice20,24,86. 

CXCL12 is constitutively expressed by stromal cells in both organs, supporting 

long-term survival of these plasma cells64,87. 

IL-6R is also critical to the differentiation, survival, and IgG production of 

plasma cells. IL-6 is secreted by stromal cells, T cells, and macrophages in both 

the spleen and bone marrow, as well osteoblasts specifically within the bone 

marrow microenvironment6,88-90.  There is evidence that plasma cells actually 

manipulate the stromal microenvironment to better support longevity, as stromal 

cells cultured with plasma cells are induced to express IL-6, though stromal cells 

do not express IL-6 in their absence90. IL-6 induces IL-21 secretion by T cells, 

driving B cell differentiation and antibody production through the STAT3 

pathway88,89. This secreted IL-6 can also interact directly with IL-6R on the 

plasma cell surface to support plasma cell survival, though there is conflicting 

evidence whether IL-6 is required for plasma cell maintenace6,90,91. IL-6-/- 

deficient mice have delayed induction of plasma cells, but no reduction in long-

term antigen-specific antibody titers91. There are many potentially redundant 

factors that contribute to the survival of long-lived plasma cells. 
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In addition to CXCL12 and IL-6, B cell activating factor (BAFF) and a 

proliferation-inducing ligand (APRIL) also play a key role in the survival of class-

switched plasma cells92,93. Both of these cytokines bind to the receptor B cell 

BCMA (B cell maturation antigen), which is highly expressed on plasma cell 

population, to sustain longevity. Bone marrow plasma cell survival is critically 

impaired in BCMA-/- deficient mice94. BAFF and APRIL do not seem to be 

required for memory B cell survival, however92,95. TNFα and CD44 signaling also 

contribute to sustaining long-lived plasma cells6,91. 

Some additional differences can be found between the splenic and bone 

marrow microenvironments. Osteoblasts and osteoclasts within the bone marrow 

may further shape the organization of the plasma cell survival niche and provide 

key survival signals such as CXCL1264,96. The splenic microenvironment 

additionally produces IL-5, as well as CD54 in humans, and consequently an 

upregulation of IL-5R and CD11a, respectively, has been found in splenic resident 

plasma cells87,97. Additionally, though plasma cells in the bone marrow are 

usually found in close proximity to stromal cells, in what often appears to be a 

one-on-one interaction, our in situ observations of the spleen reveal that plasma 

cells are clustered more closely with one another6,98. It is not currently known 

whether or to what extent adhesion molecules affect the retention of plasma cells 

within the spleen. 

 

B1 B cells 

There are several distinct lineages of B cells, each with a unique role within the 

immune response. This review has primarily focused on the development and 
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differentiation of follicular B2 cells, which are the largest B cell subset and the 

main effectors of the adaptive humoral response. B1 B cells, conversely, are a 

much smaller subset, and the key source of natural antibodies and innate-like B 

cell responses. B1 B cells, further subdivided into B1a and B1b cells based on their 

CD5 expression, are typically found within the peritoneum and pleural cavities, 

though they can also be found within the spleen and bone marrow at low 

frequencies. Unlike follicular B2 cells, they do not require T cell help, nor do the 

require B cell stimulation. Instead they respond to innate signals, even in the 

absence of antigen, in order to produce broadly specific, natural antibodies that 

are maintained in the steady state. These natural antibodies are essential to the 

early immune response, and are also key in maintaining tissue homeostasis99. 

Additional B cell subsets, including marginal zone B cells and regulatory B cells, 

have been reviewed elsewhere100,101. 

 

B1 cell development and selection 

B1 B cells are the first B cells generated in both mice and humans, before B2 B 

cell development. The majority of these B1 cells arise prior to or shortly following 

birth, efficiently generated from the fetal liver tissue or the splanchopluera region 

in the case of B1a (CD5+) B cells99. These fetal B1 cells are primarily maintained 

through self-renewal in the adult organism102. However, both B1b (CD5-) and to a 

lesser extent B1a (CD5+), can also develop de novo from adult bone marrow 

precursors under certain conditions103,104.  

The antibody repertoire of fetal B1 cells is more limited than that of adult 

derived B2 B cells. Fetal B1 cells employ a restricted number of variable heavy 
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chains compared to B2 cells105,106. They also contain fewer P and N nucleotide 

substitutions, consistent with the fact that TdT is expressed only after birth, 

further limiting their junctional diversity107,108. However, adult-derived B1b cells 

and some splenic B1a cells are not restricted in their heavy chain usages, and do 

have non-templated nucleotide substitutions in the CDR3 junctions109,110. 

The poly-reactive antibody repertoire of B1 cells is generated in the 

absence of antigen, unlike B2 cells. It is also is enriched for low-affinity, self-

reactive B cells99. These self-reactive B cells do not appear to undergo negative 

selection during the clonal selection process, and some evidence suggest they 

may in fact be positively selected for111. The resulting natural antibody repertoire 

is very different from the foreign antigen-specific, high-affinity antibodies of B2 

cells. 

 Because of these limitations, the infant immune system is generally 

considered immature in comparison to that of adults. The infant B cell 

compartment is primarily composed of fetal-derived B1a cells, which secrete 

natural IgM. Any IgG is transferred by the mother, via the placenta or through 

breastfeeding, which can aid in protection but also may create a barrier to infant 

immune response. It is still heavily debated whether infants, and fetal-derived B1 

cells, are able to generate long-lasting plasma cells in response to antigen112,113. 

 

B1 differentiation, function, and survival 

Natural antibody secretion occurs spontaneously or through innate signaling 

pathways. Activation is BCR- and T cell-independent, and is instead stimulated 

through IL-5, IL-10, or TLR ligands such as LPS. Activated B cells upregulate 
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Blimp-1, like B2 cells, to differentiate into antibody secreting cells, though they 

do not undergo clonal expansion. These ASCs then migrate from the peritoneal 

and pleural cavities to the spleen, lymph nodes, and lamina propria, where they 

secrete high titers of natural antibody99,114. CXCL13 and IL-5, produced in the 

peritoneal cavity as well as the spleen, are critical to B1 localization, survival, and 

antibody production97,114. Unlike B2 cells, B1 B cells do not require BAFF or 

APRIL for their survival95,115. These natural antibodies are critical to clearing 

bacterial infections51,116. They have also been shown to be important for viral 

clearance117. 

B1 cells can undergo class-switching, preferentially switching to IgA 

secretion though they are able to switch to all immunoglobulin isotypes99. There 

is also some evidence that indicates that B1 cells may also undergo SHM, though 

at a lower frequency than in follicular B2 cells51,118. There is even some evidence 

that B1 cells, particularly B1b cells, can produce antigen-specific antibody in 

response to stimulation. This so-called immune IgM is distinct from natural IgM, 

and is a much smaller percentage of total circulating IgM. But studies of B1a and 

B1b responses to S. pneumonia have suggested that B1b cells contribute long-

lasting, antigen-specific antibody to the adaptive immune response119. IgM from 

B1b cells in AID-deficient mice was also sufficient to protect against reinfection 

by B. hermsii116. Our own lab has further found similar evidence of long-lived 

IgM plasma cells, generated from B1b precursors, in response to viral influenza 

infection. 
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The evolution of humoral immunity 

B cells were first discovered in the bursa of Fabricius of chickens by Max Cooper, 

in the lab of Robert Goode. They demonstrated that irradiated chickens, with no 

bursae, were unable to produce antibody, and identified B cells as the source of 

these immunologlobulins120. Antibodies, and with them the adaptive immune 

response, are found across all species of jawed vertebrates - though jawless 

vertebrates have recently been shown to possess a novel system of variable 

lymphocyte receptors (VLRs) which can be uniquely rearranged to target 

pathogens121. IgM appears as far back as in cartilaginous fish, and is found in all 

jawed vertebrates, with IgG evolving at a much later timepoint. Thus far, IgG has 

only been found present in mammals and is evidence of a second major event in 

FcR evolution – the first having occurred in bony fish and allowing for the 

process of class-switching. Distinct isotype classes with unique effector functions 

have added increasing complexity to the immune system as these animals 

evolved122. 

Somatic diversification processes similarly trace their roots back as far as 

cartilaginous fish. These primitive vertebrates have been shown to express RAG 

proteins and undergo a cluster-type of heavy chain rearrangement123. Similarly, 

AID and its homologs have co-evolved with their target immunoglobulins to add 

increasing diversity to the antibody repertoire124. In mice and humans, it does 

this through the process of somatic hypermutation, and there is evidence of SHM 

occurring to a limited degree in sharks and Xenopus (frogs) as well3,125-127. 

Sharks, however, have limited antibody specificity and lower affinity to many 

antigens123. In chickens, sheep, and rabbits, there is limited VDJ rearrangement 
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and much of the repertoire diversity is created through a process known as gene 

conversion. During this process, portions of the variable gene are replaced by 

homologous recombination, allowing for the creation of a diverse array of 

variable genes with less risk of disrupting their structure128. In chickens, there is 

only a single full-length variable gene, with many pseudogenes that can donate to 

the variable chain through homologous recombination129. 

 

B cells in clinical disease 

In healthy hosts, B cells and antibody secretion are critical to neutralization and 

clearance of pathogens. However, aberrant regulation of B cell development, 

growth, or self-tolerance can result in immunodeficiencies, B cell cancers, or 

autoimmune disorders, respectively.   

 

B cell immunodeficiencies 

B cells are critical to host protection, and deficiencies at any stage can increase 

disease susceptibility. As previously discussed, deficiencies in RAG proteins, 

critical to early B cell development and to formation of antibodies, can result in 

the loss of both B and T cells and cause severe combined immunodeficiency 

(SCID)9. The loss of only B cells is referred to as Common Variable 

Immunodeficiency (CVID), and is the result of deleterious mutations in key B cell 

surface receptors such as CD19, 20, TACI, or BAFFR130. X-linked 

agammaglobulinemia is caused by a deficiency in Bruton’s tyrosine kinase (Btk), 

critical to B cell maturation, and B cell development and antibody production are 

severely reduced in these patients131. Agammaglobulinemia can also result from 
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defects in the µ heavy chain (IGHM) gene, alongside additional complications132. 

Following B cell maturation, any impairment in the expression of CD40L, AID, or 

UNG1 can lead to hyper-IgM syndrome36,46,133. Certain immunoglobulin isotypes 

may also be absent in some patients, such as in Selective immunoglobulin M 

(IgM) deficiency or Selective immunoglobulin A (IgA) deficiency134,135. These are 

collectively referred to as primary immunodeficiencies, where an essentially 

function of the immune response is either missing or impaired. Recurrent 

infections are common in these patients, particularly bacterial infections. 

Treatments for these disorders depend on the particular deficiency, but often 

require transfer of immunoglobulin, or a bone marrow hematopoietic stem cell 

transplant into patients inflicted with severe immunodeficiencies136. 

 

B cell malignancies 

Conversely, excessive or unregulated B cell proliferation can result in lymphoma, 

leukemia, or multiple myeloma. B cell lymphomas can include both Hodgkin and 

non-Hodgkin lymphomas (NHLs), with most NHLs being of B cell origin (80-

85%). Diffuse large B-cell lymphoma (DLBCL) are the most common NHL, but 

this category also includes follicular lymphomas, mantle cell lymphomas, and 

Burkitt’s lymphoma137. B cell leukemias are also common, and B-cell chronic 

lymphocytic leukemia (CLL) is the most common form of leukemia in adults. In 

CLL, B cells experience unregulated growth in the bone marrow, and crowd out 

healthy cells138. In Acute myelogenous leukemia (AML), B cell precursors are 

arrested at an early stage of development in the bone marrow, but continue to 

proliferate - causing bone marrow failure139. Multiple myeloma is specifically a 
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plasma cell malignancy. Like B cell leukemias, the malignant plasma cells can 

often crowd out healthy cells in the bone marrow through unregulated 

proliferation, making patients more susceptible to disease and bone failure140. 

Hypogammaglobulinemia and increased susceptibility to infection can 

result from both the disease and its treatment. Patients are typically treated with 

cytotoxic chemotherapy combined with B cell targeting monoclonal antibodies 

such as anti-CD20 (rituximab)137,138,141. Other therapies target Btk, P13 kinase,or 

Bcl-2, all directed against the BCR142. Multiple myeloma patients are commonly 

treated with bortezomib, a protease-inhibitor which targets the continued protein 

production of plasma cells, both healthy and malignant, or with other 

immunomodulatory drugs, such as thalidomide or lenalidomide143. These 

treatments are not always successful, nor are they well-tolerated, especially in 

pregnant women and in older patients, and there is a need to develop a better-

tolerated, more highly targeted therapies in response to decreasing effectiveness.  

 

B cell-linked autoimmunity 

B cells also play a role in a number of autoimmune disorders, either through 

production of self-reactive antibodies, presentation of self-antigen to T cells, or 

through expression of inflammatory cytokines. Here we will focus on antibody-

mediated autoimmunity. The buildup of autoimmune complexes and the 

resulting inflammation lead to such disorders as systemic lupus erythematosus 

(SLE), rheumatoid arthritis, sclerosis, and Sjögren's syndrome144. In SLE, 

multiple organ systems may be affected by autoantibodies and damaged by 

inflammation145. In arthritis, rheumatic factors against gamma globulins buildup 
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and cause an inflammatory response within the connective tissues, particularly 

within the joints146. Sclerosis also affects specific tissues, such as the skin in 

scleroderma or the arteries in atherosclerosis144. Sjögren's particularly affects the 

mucus membranes147. Autoantibodies may also target a specific receptor 

function, such as the thyroid stimulating hormone in Grave’s disease or 

acetylcholine receptors in Myasthenia Gravis. Diabetes was formerly considered 

to be mostly T-cell mediated, but autoantibodies have also been shown to play a 

critical role in disease progression144. 

B1 cells in particular, along with polyreactive IgM, are often linked with 

autoimmunity. SLE, atherosclerosis, arthritis, and rheumatism have all been 

linked to expanded B1 populations148-150. However, depleting B1 cells does not 

appear to be a viable solution, as B1 cells are also involved with tissue 

homeostasis and regulatory functions, and depletion can actually worsen the 

progression of autoimmune disease151,152. More targeted approaches are critical to 

fighting autoimmunity without impairing healthy B cell functioning. 

   

The importance of antibody responses in vaccine design 

Neutralizing antibodies are the key correlate of long-term vaccine efficacy in the 

majority of currently licensed vaccines. Antibodies to smallpox have been 

observed in vaccinated individuals up to 75 years post-vaccination23. But the 

highly mutagenic nature of some viruses - including HIV and influenza - have 

made it difficult to induce long-lasting protection through vaccination. However, 

recent advances in our approach to vaccine design, including deep sequencing of 

the resulting B and T cell populations, have made it easier to predict the efficacy 
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of newly developed vaccines153. Rationally designed vaccines eliciting broadly 

neutralizing antibodies may succeed where previous attempts have failed154,155.  

Additional difficulties face the vaccination of infants as well as elderly 

patients. Infant B cell compartments are populated with fetal-derived B1 cells, 

which produce natural IgM rather than adaptive IgG responses, and generating 

long-lasting responses through vaccination has proved difficult. Infants typically 

respond poorly to vaccination, requiring multiple boots to maintain immunity. 

Maternal antibody can be passed on from mother to child, through the placenta 

or through breast-feeding, to provide protection within the first few months 

following birth, but this also poses a significant barrier to vaccination113. Elderly 

patients experience a similar lack of IgG due to the loss of long-lived IgG plasma 

cells and a reduced ability to generate new IgG plasma cells, limiting the 

effectiveness of vaccination156. Enhancing IgM production in these patients may 

help to overcome these barriers.  

 

Summary 

A better understanding of how to generate long-lasting, antigen-specific immune 

responses is essential to rational vaccine design and to targeting aberrant 

regulation, such as B cell malignancies and antibody-linked autoimmunity. Thus, 

this body of work focuses on characterizing a novel population of induced, long-

lived IgM plasma cells in the spleen and their role in the humoral response. 

 Chapter 2 first identifies these cells and distinguishes them from other 

plasma cell subsets, and demonstrates the ability of long-lived IgM plasma cells 

to protect against viral infection in vivo. Here we show that these IgM plasma 
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cells are long-lived, comparable to IgG plasma cells, and that they preferentially 

populate the spleen. Via anti-CD40L depletion of the germinal centers, we 

demonstrate that IgM plasma cells, unlike IgG, do not require the germinal 

center to develop. Further, through high-throughput sequencing, we observed 

that these IgM antibodies are somatically mutated, even in the absence of 

germinal center formation. Finally, we demonstrate that long-lived IgM plasma 

cells alone are sufficient to protect against influenza challenge in immunized 

mice. 

In Chapter 3, we further explore the development of these long-lived IgM 

plasma cells, focusing on their B1 lineage and the kinetics of the long-lived IgM 

response. Adoptive transfer of either B1b or B2 cells into B-cell deficient mice 

revealed that B1 rather than B2 cells were the source of long-lasting IgM 

responses, even in the absence of the germinal center. Further, we show that this 

long-lived IgM response develops prior to the IgG response, as early as day 4. 

Altogether we have used this data to develop a model of B1-derived, long-

lived IgM plasma cell development, which undergoes SHM but not CSR, and does 

not require germinal center formation. Several hypotheses for why this pathway 

may exist and how it may prove to be clinically significant are described in 

Chapter 4.  
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ABSTRACT 

Long-lived plasma cells are critical to humoral immunity as a lifelong source of 

protective antibodies. Antigen-activated B cells - with T cell help - undergo affinity 

maturation within germinal centers and persist as long-lived IgG plasma cells in the 

bone marrow. Here we show that antigen-specific, induced IgM plasma cells also 

persist for a lifetime. Unlike long-lived IgG plasma cells, which develop in germinal 

centers and then home to the bone marrow, IgM plasma cells are primarily retained 

within the spleen and can develop even in the absence of germinal centers. 

Interestingly, their expressed IgV loci exhibited somatic mutations introduced by the 

activation-induced cytidine deaminase (AID)-dependent somatic hypermutation 

mechanism. However, these IgM plasma cells were likely not antigen-selected, as 

replacement mutations were spread through the variable segment and not enriched 

within the CDRs. Finally, antibodies from long-lived IgM plasma cells provided 

protective host immunity against a lethal virus challenge.   
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INTRODUCTION 

Immune memory can last a lifetime, in no small part due to antigen-specific, long-

lived plasma cells that continuously secrete antibodies and provide long-term 

protection1-5. These plasma cells develop from antigen-specific B cells through one of 

two pathways, resulting in either short-lived or long-lived plasma cells. Initially, 

following activation with either T-dependent or –independent antigens, antigen-

specific B cells are able to progress immediately into short-lived plasma cells. These 

short-lived cells exist only transiently in the spleen and lymph nodes, and do not 

undergo affinity maturation3,5. In contrast, long-lived plasma cells, which are of 

higher affinity than their short-lived counterparts and can survive for many years, 

develop primarily in response to T-dependent antigens. T cell help initiates the 

germinal center reaction, where antigen-specific B cells undergo affinity maturation, 

and develop into either memory B cells, which remain in the spleen, or long-lived 

IgG plasma cells that home to the bone marrow and persist for a lifetime1-3.  

The development of both memory B cells and long-lived IgG plasma cells is 

significantly impaired in the absence of germinal center formation6,7. The interaction 

between CD40 on B cells and CD40L on activated T follicular helper cells (TFH) is 

essential to germinal center function, and disrupting this interaction prevents 

germinal center formation and differentiation of activated B cells into long-term 

memory populations. It has been shown that blockade with αCD40 antibodies 

impairs memory B cell formation6, and that αCD40L treatment blocks the 

development of long-lived IgG plasma cells7, and both studies show significantly 

reduced antigen-specific IgG titers.  
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Following activation, B cells clonally expand and undergo the process of class-

switching and somatic hypermutation as well8,9. During class-switching, B cells 

switch from surface IgM expression to secreted IgG isotypes, as well IgA and IgE. 

These cells, within the germinal centers, also undergo somatic hypermutation (SHM) 

and antigen-driven selection4,8. SHM is the process by which point mutations 

accumulate in the immunoglobulin (Ig) variable loci. This is initiated by activation-

induced cytidine deaminase (AID, or AICDA) and point mutations are targeted to 

G:C pairs. This creates a pool of antigen-specific B cells clones with varying affinities 

and, out of these, high affinity clones are selected by antigen-driven selection. This 

process typically selects for replacement mutations (mutations that result in a 

different amino acid) at higher frequency within the antigen-binding, 

complementary determining regions (CDRs) than in framework (FRW) regions, as is 

commonly seen in both memory B cells and bone marrow resident, long-lived IgG 

plasma cells4,10.  

Long-lived IgG plasma cells, rather than memory B cells, are the key source of 

long-term IgG secretion1,11. This was demonstrated elegantly by Tedder and 

colleagues who showed that depletion of B cells, including memory B cells, via 

αCD20 antibody treatment did not affect antigen-specific IgG titers or long-lived IgG 

plasma cell survival11. Plasma cells persist long-term in the bone marrow 

microenvironment with the support of resident stromal cells, which provide critical 

survival signals. They also showed that disruption of this interaction, via blockade of 

the adhesion molecules LFA-1 and VLA-4, depleted bone-marrow IgG plasma cells 

and significantly decreased levels of serum IgG11. Three months later, however, 

antibody levels returned to previous levels - most likely due to differentiation of 
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memory B cells into long-lived plasma cells. Tedder and colleagues additionally 

showed that when both memory B cells and bone marrow-resident plasma cells were 

simultaneously depleted, serum IgG titers did not recover11.  

Here we report that a distinct population of antigen-specific, induced long-lived 

IgM plasma cells persists in the murine spleen, responding to vaccination or 

infection and secreting significant titers of antigen-specific IgM for the lifetime of the 

animal. These cells, unlike IgG plasma cells, are able to develop and somatically 

mutate even in the absence of germinal centers. These mutations were found in 

mutational hotspots typically induced by AID4, but unlike IgG plasma cells, did not 

show evidence of antigen driven selection. IgM plasma cells that develop in the 

absence of germinal centers are also mutated, although at lower levels. Additionally, 

long-lived IgM plasma cells were found to protect against viral challenge in vivo. 

 

RESULTS 

Long-lived IgM plasma cells persist in the spleen 

We initially sought to compare IgG plasma cell longevity in the bone marrow 

compartment over a time course of up to 2 years following protein immunization. As 

a control, we also quantitated IgM plasma cells in the spleen with the expectation 

that these would be short-lived. Age-matched naïve cohorts served as control for 

natural IgM cells. Natural IgM cells produce natural IgM antibodies, which are 

constantly present in the serum and provide an early, poly-reactive response against 

pathogens12. Recently, Kelsoe and colleagues have elegantly shown that these are 

long-lived plasma cells that develop from a fetal-lineage progenitor that is neither 

B1a nor B1b and persist in the bone marrow13. In order to assess longevity, we first 
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immunized mice with NP22CGG in alum and quantitated antigen-specific antibody-

secreting cells (ASCs) by ELISPOT in both the bone marrow and spleen. We found 

comparable numbers of antigen-specific ASCs in both the bone marrow (Fig. 1a) and 

spleen (Fig. 1b) persisting at 2 months, 6 months, 1 year, and even 2 years post-

immunization. Interestingly, when we compared IgM ASCs in the immunized 

cohorts to the naïve controls we found a significant number of long-lived, antigen-

specific IgM ASCs in the spleen. These long-lived IgM ASCs were found in 

significantly higher numbers than both IgG and natural IgM cells seen in naïve 

controls, and persisted almost 2 years following immunization (p<0.05 for all time 

points up to 1 year). As with long-lived IgG plasma cells, we observed an initial spike 

in IgM ASCs in immunized mice, followed by a slow decay over the lifetime of the 

animal. By contrast, natural IgM ASCs accumulated in mice over time, up to around 

6 months, and then remained relatively constant for the rest of their lifespan. To 

confirm that this observation on long-lived, induced IgM plasma cells was not 

merely an artifact of the hapten-carrier system, we also infected (Fig. 1c-d) or 

immunized mice (Fig. 1e-f) with live or inactivated A/Puerto Rico/8/1934 influenza 

virus (PR8), respectively. Again we found similarly long-lived responses in the 

spleen, with a significant population of IgM ASCs in infected or immunized mice 

compared to naïve controls. In particular, the infected mice showed significantly 

greater numbers of IgM ASCs in the spleen up to 11 months post-infection, compared 

with immunization. We additionally extended these studies to infection with the 

Armstrong strain of Lymphocytic Choriomeningitis Virus (LCMV) (Fig. 1g-h), and 

we again observed significantly higher numbers of antigen-specific, long-lived IgM 

plasma cells in the spleen when compared with a 6 month control naïve controls. 
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Antigen-specific IgM plasma cells persist in the spleen post-adoptive 

transfer 

To determine whether IgM plasma cells are inherently long-lived, we sorted 104 

splenic or bone marrow CD138+B220- plasma cells, and adoptively transferred cells 

into B-cell deficient µMT mice, or lymphocyte-deficient Rag-/- mice. To demonstrate 

that IgM plasma cells are antigen-specific, and when transferred did not contain 

natural IgM plasma cells, we sorted 104 splenic and bone marrow CD138+B220- 

plasma cells (Fig. 2a) from mice 2 months post-NP22CGG immunization or age-

matched naïve controls, and assessed specificity via ELISPOT. Only plasma cells 

from immunized mice bound NP22CGG (Fig. 2b), and neither immunized nor naïve 

plasma cell populations reacted with irrelevant antigen - PR8 influenza virus (Fig. 

2c). We hypothesized that if IgM plasma cells were inherently short-lived, we would 

observe a greater decay of IgM antibody titers in recipient µMT mice, which lack 

naïve B cell pools to draw on or antigen to stimulate cells. However, we found 

comparable NP22CGG-specific IgG and IgM antibody titers post-adoptive transfer as 

measured by ELISA (Fig. 2d-e), indicating that IgM plasma cells are not inherently 

short-lived. These results are not unique to the µMT recipient mice, as we observed 

similar titers of IgM antibodies upon transfer of plasma cells into Rag-/- recipient 

mice (Supplementary Figure 1). To confirm IgM plasma cell survival and determine 

their post-transfer localization, we sacrificed the recipients after two months and 

assayed for the presence of IgG and IgM plasma cells in the spleen and bone marrow 

by ELISPOT assay. Our results demonstrate that antigen-specific IgM plasma cells 

survive 2 months post-transfer. Interestingly our results indicate a marked 
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preference for IgG plasma cells to localize to the bone marrow and IgM plasma cells 

to localize to the spleen (Fig. 2f-g).  

 To further characterize the longevity of splenic and IgM plasma cells, we 

determined their half-life via time-course ELISPOT (Fig. 2h). By transferring 

CD138+B220- plasma cells from donor mice at 2 months post-immunization, we 

have not only excluded short-lived plasma cells, but also natural IgM cells (Fig. 2b,c) 

from our analysis. We then followed the decay of splenic IgG and IgM cells over the 

course of two months, and determined the half-life of each population from its linear 

regression. We were unable to determine using BrDU labeling whether these cells 

were still undergoing proliferation, due to the paucity of these plasma cells following 

transfer.. We did, however estimate the half-life of IgG and IgM plasma cells 

transferred from the spleen to be t1/2 = 145 days and t1/2 = 86 days, respectively. The 

half-life of these IgM plasma cells is relatively long compared to their short-lived 

counterparts, and the rate of decay is not significantly different than that of IgG 

plasma cells (p=0.82).  

 

Long-lived IgM plasma cells develop in the absence of germinal centers 

Long-lived, bone marrow-resident IgG plasma cells are dependent on germinal 

centers for their development. Disruption of germinal centers by blocking T cells 

help via αCD40L antibody treatment7, depleting complement by cobra venom factor 

(CVF)14, or the use of gene knockout animals15 completely ablates the long-lived IgG 

plasma cell pool. To determine whether IgM long-lived plasma cells are germinal 

center-dependent, we administered αCD40L antibodies at days 6, 8, and 10 

following immunization in order to block the formation of the germinal center. 
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αCD40L treatment has been previously shown to block germinal center formation 

and consequently the development of long-lived IgG plasma cells7. As expected, in 

mice where germinal center formation was disrupted, long-lived IgG plasma cells 

were depleted (p<0.005) in both the spleen and bone marrow (Fig. 3a). Surprisingly, 

depletion of germinal centers did not impair the formation of long-lived IgM plasma 

cells in either the bone marrow or the spleen (Fig. 3b). We also used a second 

approach to ablate germinal centers by treatment with CVF, and observed that the 

development of IgM plasma cells still occurs while long-lived IgG plasma cells are 

significantly impaired (Supplementary Figure 2). Taken together, this suggests that 

long-lived, induced IgM plasma cells, unlike their IgG counterparts, can develop 

even in the absence of germinal centers.  

 

Long-lived IgM plasma cells are somatically mutated 

Somatic mutation is a hallmark of long-lived IgG plasma cells in the bone 

marrow4,8,16. Thus we wanted to determine whether IgM plasma cells exhibited 

mutations in their Ig loci, analogous to IgG plasma cells. However, plasma cells lack 

surface Ig and hence they cannot be sorted based on antigen specificity. To overcome 

this limitation, we immunized mice with NP22CGG, which induces a well-

documented response in which NP-specificity is encoded by the IgHV186.2 gene 

segment in Ighb mice17,18. Briefly, at 1 or 3 months post-NP22CGG immunization, and 

with and without αCD40L treatment in C57/BL/6 cohorts, we have amplified and 

sequenced those cells expressing the canonical IgHV186.2 variable segment. We 

then analyzed these sequences using The International Immunogenetics Information 

System®’s (IMGT) HighV-QUEST19 in order to identify the germline heavy chain 
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V(D)J gene segments and map mutations by comparison with a database of known 

sequences. Supplementary Table 1 shows the numbers of full-length sequences and 

unique clones found in each animal with a greater than 90% homology to 

IgHV186.2. As a control, we also sequenced the heavy chains of pre-B cells isolated 

from the bone marrow of these same mice. Pre-B cells only express rearranged heavy 

chains, but not light chains, and would have had no previous exposure to antigen20. 

A small number of IgHV186.2 sequences were found in the pre-B population, all 

identical to the published germline sequence. Though there were some rare instances 

of diverging base pairs seen in the total pre-B population, these did not result in 

amino acid changes. In contrast, IgHV186.2 IgG from bone marrow-resident plasma 

cells showed an abundance of mutations, with an average of 25.5 mutations per 

sequence. IgM plasma cells showed significantly fewer mutations, with an average of 

3.3 mutations per sequence, and a third of sequences remained unmutated. In 

addition, with germinal center depletion there was a small but significant decrease in 

the number of mutations observed in IgM plasma cells – on average 2.1 – although 

they were still significantly mutated when compared to pre-B controls (average 0.4) 

(p<0.001) (Fig. 3c). As a control, we also sorted out CD138+B220- plasma cells from 

unimmunized mice and tried to amplify IgHV186.2 V gene segments that encode 

NP-binding antibodies, but these rearrangements could not be found. Combined 

with the absence of NP-specific ASCs in the sorted CD138+B220- plasma cells from 

unimmunized mice (Figure 2b), this data further illustrates that long-lived IgM 

plasma cells are induced rather the natural IgM cells.  

 During B cell development and assembly of the B cell receptor from Ig gene 

segments, imprecise joining of the V,D, and J segments creates a unique junction at 
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the CDR3 region21. These unique CDR3s can be used to identify individual clones. 

Figure 3d-e illustrates the clonality of representative plasma cell populations 

detailed in Supplementary Table 1. Each clone is identified by a unique CDR3 

junction and may have multiple members based on diversification by somatic 

mutation. In a representative mouse, 79 individual IgG sequences from bone marrow 

plasma cells contained 7 clonal populations, with 3 clones accounting for 89% of the 

sequences (38, 36, and 15%, respectively), showing significant levels of clonal 

expansion (Fig. 3d). We see similar evidence of clonal expansion in IgM plasma cell 

sequences, with and without αCD40L treatment, though the effect is less 

pronounced in some samples (Fig. 3e-f). 56 IgM heavy chains from the bone marrow 

of a representative mouse can be grouped into 24 unique clones, with the 3 largest 

clones comprising 45% of all sequences (20,15, and 10%). 42 IgM heavy chains from 

the spleen include 11 unique clones, with the 3 largest comprising 74% of all 

sequences (51, 16, and 7%). 53 αCD40L treated bone marrow IgM sequences 

contained 17 clones, with the 3 largest comprising 50% of total sequences (34, 10, 

and 6%), while 26 αCD40L spleen IgM sequences contained 21 unique clones with 

the 3 largest comprising 17% of sequences (12, 8, and 8%).  Within individual clones, 

the diversification via somatic mutation and the establishment of parent-daughter 

clones can be visualized by constructing lineage trees. We have constructed these 

trees for both IgG and IgM plasma cell clones, with and without germinal center 

depletion, using the IgTree software22 (Fig. 3g-i). These lineage trees demonstrate 

that the mutational diversity generated within a common B cell clone persists in the 

periphery, for both IgG and IgM plasma cell subsets. This indicates that the mutants 

generated at the activated B cell stage were not lost but many were selected for and 
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can be found in the plasma cell compartments. These trees also further illustrate the 

clonal expansion that has taken place in both IgG and IgM plasma cell populations, 

though there are fewer mutations in IgM clones - and fewer still without germinal 

center help - mirroring the pattern we see in all IgHV186.2-encoded plasma cells. 

 

Mutations in IgM plasma cells occur in motifs preferentially targeted by 

AID 

We next sought to determine whether mutations in IgM sequences were introduced 

by the somatic hypermutation (SHM) mechanism. SHM is initiated by AID, which 

mutates DNA by deaminating the cytidine base, creating a uracil. This G:U mismatch 

leads to daughter DNA strands containing either the original G:C or an A:U at the 

site of mutation. Uracil-DNA glycosylase (UNG) and apurinic endonuclease (APE) 

are then involved in excising uracil out, and DNA repair mechanisms add back a 

complementary thymidine23,24. This process preferentially creates transition 

mutations (C<->T and G<->A) over transversions (all other changes)4. Here we 

compared the frequency of transitions vs. transversions in IgG and IgM plasma cells, 

with and without germinal center depletion. Transitions were much more common 

for all populations compared with transversions in IgHV186.2 sequences - 

characteristic of AID induced mutation4,16,25 (Fig. 4a). To further testify the 

involvement of the AID-induced SHM mechanism, we analyzed whether mutations 

in IgG and IgM plasma cells occurred in SHM ‘hotspot’ motifs, where mutations are 

most likely to occur. The known hotspots are WRC/GYW and WA/TW, where the 

underlined nucleotide is mutated, W=weak (A,T), R=purine (A,G), and 

Y=pyrimidine (T,C). In contrast, SYC/GRS is considered a coldspot, where S=strong 
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(G,C), and other motifs are considered ‘neutral’26,27. The data is depicted as 

‘hedgehog’ plots that show individual IgG (Fig. 4b) and IgM (Fig. 4c) 5-mers, with 

sequences read 5’ to 3’, and the radiating bars indicating mutability at that motif. 

Mutations occur at the central base and are dependent on surrounding bases, with 

classical hotspots indicated by red or green bars, coldspots by blue, and neutral sites 

by grey. Figure 4c shows the cumulative hotspot and coldspot mutabilities as a 

percentage of total mutations. Both IgG and IgM plasma cell sequences 

predominantly exhibited mutations in hotspots (>60%) and, to a lesser degree, in 

coldspots (<7%), with no significant differences seen between IgG and IgM plasma 

cells. Taken together these data indicate that the pattern of mutation in IgM plasma 

cell is similar to that of IgG. 

 

Mutations in IgM plasma cells are AID-dependent 

Having demonstrated that mutations in IgM occur predominantly in AID-targeted 

hotspots, we wanted to confirm that AID was, in fact, the primary mechanism of 

these mutations. It has been previously shown that in AID knockout mice, class-

switching does not occur, and long-lived IgG plasma cells do not develop28. We 

immunized cohorts of AID-/- mice with NP22CGG, and observed that the formation 

of induced IgM plasma cells was not impaired in these mice. We then sequenced 

sorted out IgM plasma cells AID-/- cohorts as well as wild-type C57/BL/6 plasma 

cells, alongside pre-B controls and PCR amplified and sequenced their expressed IgV 

heavy chain gene segments. We found that mutations do not occur in AID-/- cohorts, 

equivalent to what we see in pre-B cell controls (Fig. 4e, 5d). This data demonstrates 

that mutations found in IgM plasma cells are indeed introduced by AID. 
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Mutations in IgM plasma cells are likely not antigen-selected 

Having demonstrated that long-lived IgM plasma cells accumulate somatic 

mutations, we next analyzed the position of these mutations in order to compare the 

extent of antigen-driven selection in Ig heavy chains of IgG and IgM plasma cells. 

Antigen-selection typically enriches for replacement mutations within the CDRs, 

which bind the antigen, while mutations that disrupt the framework structure are 

not tolerated4,10. When we mapped out the replacement and silent mutations that 

occur in sample bone marrow IgG plasma cells, we observe a high frequency of 

replacement mutations within CDR1 and an even greater frequency in CDR2, as 

expected (Fig. 5a). Additionally, we observed a clear pattern of increased 

replacement to silent mutation (R/S) ratios in CDRs regions (R/S >3) compared to 

those in framework regions (R/S <2). No significant mutations are seen in AID-/- 

mice, also as expected (Fig. 5d). However, while a greater number of mutations are 

seen in IgM plasma cells of wild-type mice, we did not observe a high frequency of 

mutations, especially replacement mutations, in the CDRs of IgM. Furthermore, the 

R/S ratio shows a very different pattern of replacement mutations compared to IgG, 

with a low R/S ratio in the CDRs (<1) and a greater ratio in the framework regions 2 

and 3 (<4) (Fig. 5b). A similar pattern is seen in IgM sequences from immunized 

mice in which germinal center function has been inhibited (Fig. 5c). Based upon the 

distribution of mutations and the R/S ratios, it is unlikely that IgM plasma cells are 

antigen-selected as in IgG plasma cells, and our results may indicate the necessity of 

the germinal center in antigen-driven selection.    
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Long-lived IgM plasma cells enhance protective immunity  

We next sought to determine whether IgM antibodies from long-lived plasma cells 

could aid in host protection against a viral pathogen. In influenza infection, the 

antibody response has long been regarded as the key correlate of protection, and it is 

critical to the neutralization of the virus29. To assess protection, we first immunized 

cohorts of mice with 1400 HA A/PR/8/34 influenza virus. We then treated one 

cohort with αCD40L antibody in order to deplete germinal centers and long-lived 

IgG plasma cells, such that these cohorts would produce only IgM plasma cells. We 

verified that IgG plasma cells were ablated in αCD40L-treated cohorts (Fig. 6a) while 

PR8-specific IgM plasma cells persisted at greater numbers than in naïve controls 

(Fig. 6b). Sera taken at day 150 post-immunization confirmed the  absence of IgG 

antibodies following αCD40L treatment (Fig. 6c). This sera was then assessed for 

neutralization of PR8 virus and compared to sera from mice with intact germinal 

centers, which had both IgG and IgM plasma cells, and naïve controls (Fig. 6d). Sera 

from αCD40L treated mice, which was predominantly IgM, effectively neutralized 

PR8 virus - particularly with addition of complement. IgM from naïve mice was 

significantly less effective, even with the addition of complement.  

We additionally show that induced IgM from long-lived plasma cells is more 

effective than natural IgM in naïve mice in protecting against lethal viral challenge in 

vivo. At 1 year post-immunization, cohorts of immunized mice - with and without 

germinal center inhibition - and age-matched unimmunized controls were 

challenged intranasally with live mouse-adapted 10 x LD50 PR8 virus. Mice were 

weighed daily and those animals losing >20% of their initial body weights were 

euthanized (Fig. 6e). Following lethal virus challenge, all of the naive control mice 
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lost significant body weight (high morbidity) and had to be euthanized by day 7.  

Immunized mice with intact germinal centers and IgG plasma cells exhibited 100% 

survival with minimal morbidity. The αCD40L treated cohort, with IgM but not IgG 

plasma cells, showed an 80% survival rate - thus demonstrating effective protection 

(Fig. 6f). All surviving mice, with or without germinal center blockade, began to 

recover body mass by day 10 (Fig. 6e).  Taken together these data demonstrate that 

mice lacking IgG plasma cells are still effectively protected against lethal influenza 

virus challenge up to 1 year post-immunization, and that IgM plasma cells enhance 

host protection in their absence, while natural IgM alone is not sufficient to protect 

naïve mice in vivo. However, a limitation of this experiment was the presence of 

memory CD4 and CD8 T cell populations, which would have contributed to survival 

and recovery in all immunized cohorts. Reactivated, germinal center-independent 

memory B cells may also have played a role in viral clearance30. 

To rule out the role of memory T cells, as well as memory B cells which require 

CD4 help for reactivation31, we repeated the experiment but this time depleted both 

CD4 and CD8 T cells from all murine cohorts prior to challenging them with virus. In 

this way we could assess the role of antibody alone in neutralizing the virus – IgG 

and IgM combined, IgM from long-lived plasma cells alone, or natural IgM by itself. 

Briefly, mice were first infected intranasally with 0.1 x LD50 of live mouse-adapted 

PR8 virus, with one cohort again depleted of germinal centers and long-lived IgG 

plasma cells via αCD40L antibody treatment. Sera from these mice were collected at 

1 month and assessed for the presence of αPR8 IgG and IgM as well as neutralization 

(Figure 7. a-b). Similar to our previous experiment (Fig. 6c,d), we do not see 

significant IgG in either GC-depleted mice or in age-matched unimmunized controls. 
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Higher titers of IgM in immunized/GC-depleted sera equated with significantly 

higher neutralization titers when compared to unimmunized mice, particularly when 

complement was added. We next depleted T cells from all cohorts and challenged 

mice with virus. At 1 and 3 days prior to viral challenge, mice were treated with 500 

μg anti-CD4 and anti-CD8, effectively depleting the T cells as well as preventing 

memory B cell reactivation. Sample flow plots demonstrating depletion of CD4 and 

CD8 T cells in blood samples from each cohort are shown in Supplementary Figure 

3. We then challenged mice with 2 x LD50 of live mouse-adapted PR8 virus – the 

lower dosage ensuring that immunized cohorts would survive long enough for post-

challenge assessment. Once again all immunized/non-GC-depleted mice that bear 

virus-specific IgG and IgM antibodies survived the challenge, while all of the 

unimmunized controls succumbed to infection and 75% of the mice had to be 

euthanized (Fig. 7d). Not surprisingly, of the germinal center-depleted cohort that 

bears only virus-specific IgM antibodies, 75% survived (Figure 7c-d). Following PR8 

challenge, titers of PR8-specific IgG were measured by serum ELISA to determine 

whether reactivation of memory B cells had occurred. No significant IgG titers were 

observed in the post-challenge sera of αCD40L-treated mice (Fig. 7e), indicating that 

their survival was due to IgM from long-lived plasma cells and not from reactivation 

of memory B or T cells, though they may have factored in the previous challenge.  

 

DISCUSSION 

In conclusion, our studies have characterized a distinct subset of long-lived, induced 

IgM plasma cells that persist within the spleen. Unlike bone marrow-resident IgG 

plasma cells, these cells develop either prior to or in the absence of the germinal 



 53 

center. With the aid of high-throughput sequence analysis we have shown that these 

cells are somatically mutated, even in the absence of germinal center formation – 

though the lower number of mutations in the absence of germinal center may 

indicate it still plays some role in maturation. Mutations in plasma cell IgM 

antibodies were found in AID-induced ‘hotspots’, but did not show any evidence of 

antigen selection for replacement mutations within the CDRs. Further, we 

demonstrate that these IgM plasma cells are functionally relevant, and, even in the 

absence of IgG plasma cells, may enhance protection in vivo against lethal influenza 

challenge.   

 The longevity and distinct localization of IgM plasma cells highlight the spleen as 

a unique niche for predominantly IgM long-lived plasma cells. Previous studies have 

noted the presence of antigen-specific long-lived IgG plasma cells in the spleen - 

originally observed in response to LCMV infection in mice1 - but they did not 

characterize IgM plasma cells. Here we demonstrate that IgM plasma cells in the 

spleen also have long half-lives, though not quite as long as IgG plasma cells from 

the spleen. MacLennan and colleagues have characterized the longevity and somatic 

mutation profile of IgG+ and IgG- plasma cells in response to NPCGG immunization 

in the spleen, but only up to day 21 post-immunization and not long-term32. These 

IgG- plasma cells may be similar to the long-lived IgM populations we have found at 

much later time points post-immunization in our study. Additionally, our LCMV 

infection data demonstrates that virus-specific, IgM long-lived plasma cells are the 

predominant population in the spleen for up to 2 years post-infection, significantly 

higher than the IgG plasma cell population (Fig. 1h). This is also seen in 

immunization with NP22CGG and influenza, as well as in infection with influenza. 
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Interestingly, this preferential localization is recapitulated following adoptive 

transfer of long-lived plasma cells into B-cell deficient µMTs (Fig. 2f-g), wherein IgM 

plasma cells are retained primarily in the spleen and survive in the absence of 

antigen stimulation or naïve B cells in the adoptive transfer recipient.  

These long-lived, induced IgM plasma cells that we have described are distinct 

from natural IgM plasma cells. While natural IgM populations remain steady over 

time, as we observe in our naïve controls, we see a sharp initial increase and then a 

gradual decay of induced IgM plasma cells in the spleen following infection and 

immunization, and in the bone marrow to a lesser degree (Fig. 1a-f). There is also 

evidence of the expansion of NP-specific VH186.2 clones following NP immunization 

(Fig. 3e-f, h-i), while natural IgM is thought to remain constant and does not expand 

in response to antigen stimulation33. That no NP-specific VH186.2 clones were found 

in the CD138+B220- plasma cell compartment of unimmunized mice further 

emphasizes that this population is antigen-induced. In addition, induced IgM 

plasma cells are somatically mutated (Fig. 3c), further distinguishing them from 

either short-lived plasma cells or natural IgM cells. Taken together, these data 

demonstrate that the long-lived, induced IgM plasma cell compartment of the spleen 

is distinct from not only bone marrow-resident IgG plasma cells but also natural IgM 

cells - also found primarily in the bone marrow of resting mice12,13.  

 Additionally we have shown that long-lived IgM plasma cells were able to develop 

in the absence of germinal center formation, unlike IgG plasma cells (Fig. 3a-b, 6a-b, 

Supplementary Figure 2). This parallels the discovery of germinal center-

independent IgM memory B cells, which develop outside of or in the absence of 

germinal centers30. Marc Jenkins and colleagues demonstrated that IgM memory B 
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cells are still able to develop in Bcl6−/− mice - which lack germinal centers – 

following immunization. They also observed in wild type mice that that IgM memory 

cells were somatically mutated, though less frequently than IgG memory B cells34. 

However, these studies were preformed separately and did not address whether 

somatically mutated memory cells could occur in the absence of germinal center 

formation.  

The occurrence of somatic mutation outside of germinal centers has previously 

been observed in B cells in autoimmune hosts. Schlomchik and colleagues 

demonstrated in autoimmune MRL.Fas(lpr) mice that autoreactive B cells, 

microdissected from the border of the T cell zone and red pulp, had undergone 

somatic hypermutation outside of germinal centers, though germinal centers were 

present in this model35. They also recently demonstrated extrafollicular somatic 

hypermutation in plasmablasts in response to Salmonella infection, without 

significant germinal center formation36. In human patients suffering from hyper-IgM 

disorder due to a defect in CD40L, which inhibits germinal center function, low 

levels of somatic hypermutation are observed in memory B cells37. Here, we directly 

compare the frequency and position of germinal center-independent mutations from 

hundreds of sequences. We have additionally controlled for any potential error 

introduced by the sequencing method by running unmutated B220+CD138-

CD19+CD25+IgM-CD43- pre-B cells (with rearranged heavy chain but not light chain) 

as a control alongside thousands of sample plasma cells. Compared to the pre-B 

sequences from the same animals, we found that IgM plasma cells exhibit low but 

significant levels of somatic mutation in the Ig variable loci, even in the absence of 

germinal center formation (Fig. 3c). However, we do find a significantly lower 
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frequency of IgM mutations in mice with impaired germinal centers. With or without 

the germinal center these mutations occurred primarily in AID-induced SHM 

hotspots and consisted frequently of transitions, typical of AID induction (Fig. 4a-d). 

We do not observe these mutations in AID-/- cohorts, confirming that they are indeed 

AID-dependent (Fig. 4e).  Further, that these mutations do not show evidence of 

antigen selection indicates the necessity of the germinal center in antigen-driven 

selection (Fig. 5a-d). It is possible that these IgM plasma may still cells undergo 

some alternative form of antigen-selection, but it is unlike the mechanism we see in 

IgG plasma cells in which the CDRs are enriched for replacement mutations.  

Functionally, IgM antibodies can confer protection to the host against viral and 

bacterial infections38-41. In mammalian hosts, which are also capable of producing 

IgG, IgM from memory cells has shown to be sufficient to protect against viral 

infection40. In another study, monoclonal IgM antibodies isolated from human 

patients were shown to protect mice against a lethal challenge (10 or 25 x LD50) of 

H5N1 and H1N1 influenza viruses, respectively. Monoclonal IgM specific to H5N1 

has also been shown to neutralize a diverse range of influenza subtypes including H1, 

H2, H5, H6, H8 and H940. That IgM plasma cells also develop in response to T-

independent antigens42, or in the absence of the germinal center (Fig. 3a-b, 6a-b), 

may imply that this pathway continues to serve as an auxiliary pathway to protect 

the host even in the absence of T cell help. In this paper, we demonstrate the role of 

long-lived IgM plasma cells in protecting against influenza viral infection in the 

absence of IgG plasma cells (Fig. 6). We depleted the long-lived IgG response by 

blocking germinal centers via treatment with αCD40L antibody to demonstrate that 

serum containing only IgM can effectively neutralize virus, and that these animals 
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can also survive a lethal viral challenge (Fig. 6), even in the absence of T cell help and 

memory B cell activation (Fig. 7).  

Another potential role for a long-lived IgM plasma cells is suggested by recent 

evidence showing that IgM antibodies may be necessary to generate an optimal IgG 

response43. In mice deficient for secretory IgM (sIgM-/-) but still able to express 

surface IgM (as well as all other secreted isotypes), increased viremia and an 

impaired IgG response was observed following infection with West Nile Virus43. IgM 

titers were further able to accurately predict survival – low titers signaling poor 

prognosis – and wild-type immune sera were sufficient to rescue infected sIgM-/- 

cohorts. It has also been shown in several studies that IgM, when coupled with 

antigen, may also help to sustain long-term IgG titers following vaccination, even 

with suboptimal antigen doses44. This could be due to the ability of antigen-specific 

IgM to function as an effective adjuvant. It has been observed in murine models that 

IgM in conjunction with malarial antigens offered greater protection than 

conventional nonspecific adjuvants. Additionally, IgM antibodies may be important 

in overcoming maternal antibody’s impairment of the infant immune response, as 

has been demonstrated with the same IgM/malarial Ag vaccine when administered 

to infant mice with immune mothers – those that were given the IgM-coupled 

vaccine all survived parasite challenge and developed high IgG titers, while all of the 

mice vaccinated with a non-specific adjuvant succumbed to the disease45. It is 

hypothesized that IgM’s role in opsonization and complement recruitment may be 

responsible for enhancing both humoral and cell-mediated adaptive responses. It 

may also have the ability to stimulate innate cells by acting as a TLR ligand, though 

this is still an area of ongoing study44. Taken together, these studies imply that IgM 
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may serve a non-redundant role in humoral memory, providing a broadly 

neutralizing response as well as augmenting host IgG and overcoming impairment 

by maternal antibodies. Understanding the development of IgM plasma cells is 

critical not only to discerning the evolution of these pathways, but also to developing 

better vaccines and therapeutics46.  

Evolutionarily, the emergence of IgM occurred long before that of IgG in 

mammals, appearing as far back as cartilaginous fish and occurring in all vertebrate 

species47. AID and its homologs similarly appeared at this early timepoint, 

coevolving with its target immunoglobulins as a means of repertoire 

diversification48. There is evidence for somatic hypermutation in the IgM heavy 

chain locus in sharks49 as well as in Xenopus (frogs)50. These mutations are typically 

at low levels and are frequently found in mutation hotspots (targeting G:C pairs), but 

are less frequent in the CDR regions than would be expected for antigen-driven 

mutation. It has been suggested that the absence of germinal centers in these 

animals prevents antigen-mediated selection50. We observe a similar pattern of low-

level mutations in the AID-induced hotspots of murine plasma cell IgM occurring in 

the absence of germinal centers, with no evidence of antigen-selection. It is possible 

that these mutated IgM plasma cells exist as a remnant of this pre-germinal center 

pathway, which protects cartilaginous fish and cold-blooded vertebrates. Further 

study of this pathway will expand our knowledge of how the function of adaptive 

humoral responses has evolved. Altogether, these data suggest a unique role in 

humoral memory for long-lived IgM plasma cells within the splenic niche, and adds 

further complexity to our knowledge of long-lived plasma cell development. 
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METHODS AND MATERIALS 

Mice 

C57BL/6 mice, BALB/c, B6.129S2-Ighmtm1CGGn/J (µMT), and B6.129P2-

Aicdatm1(cre)Mnz/J (AID-/-) mice were purchased from The Jackson Laboratory. All 

mice were maintained in a specific pathogen-free facility in accordance with the 

institutional guidelines of The Animal Care and Use Committee at Emory University. 

Mice were immunized or infected at 4-8 weeks of age and all controls were age- and 

sex-matched. Sample size was determined by the “resource equation” method, taking 

into account possible attrition during infection assays51. Animals were randomly 

assigned to treatment groups but were not blinded. 

 

Immunizations and infections 

Cohorts of female C57BL/6 or AID-/- mice were immunized intraperitoneally with 

50µg hydroxy-3-nitrophenylacetyl chicken-γ-globulin (NP22CGG) (Biosearch 

Technologies) with 50µl alum in PBS for a total volume of 200µl. Other cohorts were 

infected with 2×105 pfu of the Armstrong strain of Lymphocytic choriomeningitis 

(LCMV). Balb/c mice were immunized intramuscularly with 1400 HA, infected 

intranasally with 0.01 x LD50, or rechallenged with 10 x LD50 of A/Puerto 

Rico/8/1934 (PR8) virus. Sera, bone marrow, and spleens were collected at given 

time points post-immunization. 

 

Plasma cell ELISPOTs 

96-well plates were coated with 20 µg/ml NP22CGG or OVA, 512 HA units per mL 

PR8 virus, or 10 µg/ml LCMV virus and blocked with complete RPMI (10% FBS, 1% 
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penicillin/ streptavidin, 1% HEPES, and 50µM 2-mercaptoethanol). Bone marrow 

and splenic cells isolated from immunized mice were serially diluted in complete 

RPMI and incubated 16 hrs at 37°C. The plates were then treated with either anti-

IgG- or -IgM-biotin (Southern Biotechnology) followed by incubation with 

streptavidin-alkaline phosphatase (Sigma). Plates were then developed with 5-

bromo-4-chloro-3-indolylphosphate (Sigma) until spots developed, and spots 

counted with CTL Immunospot® software.  

 

Adoptive transfer of long-lived plasma cells 

Bone marrow or splenocytes were enriched for B cells via EasySep B cell enrichment 

kit (Stemcell technologies) and CD138+B220- plasma cells were FACS sorted from 

C57BL/6 mice 2 months post-immunization. 105 marrow or splenic plasma cells 

were then transferred via tail-vein injection into cohorts of sex-matched µMT mice, 

or measured for NP22CGG-specificity via ELISPOT. Serum antibody titers were 

measured by ELISA at days 7, 14, 21, 30, and 60.  Plates were coated with 20µg/ml 

NP22CGG (or 2µg/ml anti-IgG or -IgM for standard wells) and blocked with 3% BSA. 

Sera from recipient µMT mice was serially diluted in PBS and incubated for 2 hours. 

Plates were then treated with either anti-IgG-HRP or –IgM-biotin, followed by 

incubation with streptavidin-HRP for IgM plates (Southern Biotechnology). TMB 

substrate (Pierce) was added for 30s and then the reaction stopped with 0.16M 

sulfuric acid. Plates were read at 450nm. Plasma cell numbers in the bone marrow 

and spleen were assayed by ELISPOT at days 7, 14, 30, and at 2 months post-

adoptive transfer as previously described, or at 2 months for bone marrow transfer 

cohorts. Half-lives were determined by linear regression of transferred cells, 



 61 

comparing the slopes for statistically significant differences (Graphpad Prism 

Version 5.0c). 

 

High-throughput heavy chain sequencing 

Total plasma cells (CD138+B220-) and bone marrow pre-B cells (B220+CD138-

CD19+CD25+IgM-CD43-) were isolated via cell sorting from the marrow and spleens 

of C57/BL/6 or AID-/- mice 1 or 3 months post-immunization with NP22CGG 

(Supplementary Table 1), as well as from unimmunized controls. RNA from these 

cells was isolated with the RNeasy kit (Qiagen) and transcribed into cDNA with 

ThermoScript™ RT-PCR System for First-Strand cDNA Synthesis (Invitrogen). 

cDNA was then amplified using the consensus heavy chain primers and PCR 

protocol as described by Tiller et al.52, and the IgHV186.2-specific primer as 

described by Jacob et al.17, with the 2nd PCR amplification primers adapted and 

barcoded for 454 pyrosequencing. Barcoded products were amplified on sequencing 

beads using the GS Junior Titanium Lib-A emPCR Kit (Roche), and sequenced on 

the GS Junior 454 sequencer using the matching kit (Roche). Sequences were then 

analyzed for heavy chain homology and mutations using The International 

Immunogenetics Information System® HighV-QUEST (IMGT.org)19. Sequences 

with >90% identity with IgHV186.2 are numbered in Supplementary Table 1. Partial 

or non-productive sequences were excluded from analysis.  

Germinal center disruption 

Cohorts of mice were treated with either 300 µg αCD40L (clone MR-1) antibody or 

control IgG at days 6, 8, and 10 post NP22CGG immunization. Additional cohorts 
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were treated with 25 µg Cobra Venom Factor (CVF) or control Ig 6 hours prior to 

immunization and again at 4 days post-immunization. At 45 days post-

immunization, bone marrow cells and splenocytes were assayed by ELISPOT for the 

presence of IgG and IgM secreting plasma cells. 

 

IgTree analysis 

Ig lineage trees were made using IgTree software22, information for which can be 

found at http://immsilico2.lnx.biu.ac.il/Software.html. Clones were identified by 

their unique CDR3 sequences and measured against the germline sequence to 

generate trees for the variable regions only. Boundaries were defined by the 

beginning and end of alignment with IgHV186.2 sequence. 

 

SHM Hotspot analysis 

IgHV186.2 sequences were partitioned into clonally-related groups based on shared 

CDR3 junctions. To avoid double-counting mutational events, a consensus mutated 

sequence was generated for each clone through majority vote at each mutated 

position. The positions differed from IMGT inferred germline segments in the V 

region up to the start CDR3 were considered mutations for substitution matrices and 

hotspot analysis. The 5-mer motif mutability values were generated by computing 

the mutation level of each motif adjusted for background frequency. The model and 

source code can be found at http://clip.med.yale.edu/SHM26. 

 

Virus neutralization 
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Cohorts of Balb/c mice were immunized intramuscularly with 1400 HA of PR8 virus, 

and treated with either αCD40L or control Ig as previously described. At 2 months 

post-immunization, 5 mice from each cohort were euthanized and PR8 specific 

plasma cells were measured by ELISPOT for IgG ablation in αCD40L blockade mice. 

At day 150 post-immunization, sera was collected from remaining 10 mice and 

measured by ELISA (plates coated with 512 HA PR8) to assess IgG clearance from 

the sera of the αCD40L cohort. RDE II-treated sera from either cohort or age-

matched naïve controls, with or without complement added (1:1 ratio), was then 

assessed for neutralization of 2 × 103 TCID50/ml of PR8 virus when incubated with 

MDCK cells overnight at 37°C. The presence of viral nucleoprotein in infected cells 

was determined by ELISA, as previously described, using anti-nucleoprotein 

biotinylated antibody (Chemicon International).  The highest serum dilution where 

less than half of the cells were infected was determined to be the neutralization titer, 

where 50% specific signal = (OD450 virus control − OD450 cell control)/2 + OD450 cell 

control)39.  

 

Viral challenge 

At 1 year post-immunization with 1400 HA of virus, cohorts of PR8-immunized 

mice, with or without αCD40L blockade, as well as age-matched unimmunized 

controls were infected intranasally with 10 x LD50 of PR8 virus. Similarly, at 2 

months post-infection with 0.1 x LD50 of virus, cohorts were challenged intranasally 

with 2 x LD50 of virus following T cell depletion (described below). Mice were 

weighed each day for 14 days and those falling below 80% of their initial weight were 

euthanized.  
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T cell depletion 

At 3 days and 1 day prior to viral challenge, all cohorts of mice were treated i.p. with 

500 µg each of both anti-CD4 (clone GK1.5) and anti-CD8a (YTS 169.4) 

(BioXcell)53,54. Blood samples from each mouse were then assessed for the presence 

of CD4 and CD8 T cells by flow cytometry. Cells were fluorescently labeled with anti-

CD4 (clone RM4-5, ebioscience) and anti-CD8 (clone 53-6.7, BD). 

 

Statistical analysis 

Statistical significance was verified by the Student’s t-test (two-tailed), unless 

otherwise indicated. 
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Figure 1: Expanded populations of IgM plasma cells persist in the spleen 

in response to diverse immunogens and pathogens. Cohorts of mice were 

immunized or infected with NP22CGG, influenza, or LCMV virus and IgG (l) and 

IgM (l) ASCs from immunized and unimmunized (o IgG, o IgM) were measured 

via ELISPOT over time. (a-b) NP22CGG-specific IgG and IgM plasma cells at 2 

months, 6 months, 1 year, and 2 years post-immunization (n=6) or in naïve controls 

(n=3) were quantitated in the bone marrow and spleen, respectively. (c-d) 

A/PR/8/34 influenza virus-specific plasma cells at 3, 7, and 11 months post-infection 

with 0.01 x LD50 of virus (n=4) or in naïve controls (n=3) within the bone marrow  

and spleen, respectively. (e-f) A/PR/8/34-specific plasma cells at 3, 7, and 11 
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months post-immunization with 1400 HA of virus (n=4) or in naïve controls (n=3) 

within the bone marrow and spleen, respectively. (g-h) LCMV-specific IgG and IgM 

plasma cells in the bone marrow and spleen, respectively, at 6 months, 1 year, and 2 

years post-infection with 2×105 pfu of LCMV Armstrong virus compared to a 6 

month naïve control (n=3). The mean (±SEM) is shown for each timepoint and a * 

indicates time points where IgM ASCs are significantly higher (p<0.05) than in naïve 

animals. 
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Figure 2: Antigen-specific, long-lived IgM plasma cells persist post-

adoptive transfer and preferentially localize in the spleen, IgG plasma 

cells localize in the bone marrow. (a) Representative CD138+B220- plasma cell 

gating strategy for FACS. (b) NP22CGG-specific IgG (n) and IgM (n) ASCs in 104 

sorted plasma cells, 2 months post-NP22CGG immunization (n=3) or in age-matched 

controls (o, n=3). (c) Non-specific (A/PR/8/34-binding) ASCs in 104 sorted plasma 

cells, 2 months post-NP22CGG immunization (n=3) or in age-matched controls 

(n=3). (d) Antigen-specific serum IgG titers found in recipient μMT mice that have 

been adoptively transferred with bone marrow plasma cells (l) or splenic plasma 

cells (l) as measured by ELISA at days 7 through 60 (n=5). (e) Antigen-specific 
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serum IgM titers found in recipient μMT mice that have been adoptively transferred 

with bone marrow plasma cells (l) or splenic plasma cells (l) as measured by ELISA 

at days 7 through 60 (n=5). (f) Localization of donor, NP22CGG-specific IgG (n) and 

IgM (n) ASCs, adoptively in bone marrow plasma cell recipient mice. (g) 

Localization of donor, NP22CGG-specific IgG (n) and IgM (n) ASCs, adoptively in 

splenic plasma cell recipient mice. The mean (±SEM) of 5 immunized mice or 3 naïve 

controls is shown, with ** indicating p<0.005. (h) The half-life of transferred cells 

was determined by fitting the time course data of either IgG or IgM plasma cells in 

splenic recipient mice (n=4) as a function of their ratio (y/yinitial) with its linear 

regression. 
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Figure 3: IgM plasma cells show evidence of somatic hypermutation, 

even when germinal centers are ablated. (a-b) NPCGG-specific IgG (n) and 

IgM (n) ASCs in mouse cohorts treated with either control IgG (n=5), αCD40L 

antibody to deplete germinal centers (n=7), or in age-matched naïve controls (n, 

n=3), as measured via ELISPOT at day 45 post-immunization. The mean (±SEM) is 

shown with ** indicating p<0.005. (c) IgG (l) and IgM IgHV186.2 sequence 

mutations in cohorts of C57/BL/6 mice at 1 and 3 months post-NP22CGG 

immunization (pooled), with (¢) or without (l) αCD40L treatment, compared to 

total heavy chain sequences from pre-B cell unmutated controls (¢) isolated from 

immunized C57/BL/6 cohorts (n=4). Spleen and bone marrow plasma cells are 
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pooled, and  *= p<0.05 and ***= p<0.001. Refer to Supplementary Table 1 for 

sequence numbers. (d) Representative clonality of C57/BL/6 bone marrow IgG 

plasma cells post-immunization – each section represents a shared CDR3 junction as 

a percentage of total sequences as listed in the center. Representative clonality of 

C57/BL/6 IgM plasma cells in the spleen and bone marrow, treated with control Ig 

(e) or with αCD40L (f). Ig lineage trees for IgG (g) and IgM plasma cells, treated 

with with control Ig (h) or with αCD40L (i). Filled nodes represent germline or 

sample sequences, empty nodes indicate inferred precursors. Each line denotes 

either a single mutation between parent and daughter if no number is given. 
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Figure 4: IgM heavy chain mutations are predominantly transitions and 

found in AID hotspot motifs, are AID-induced and AID-dependent. (a) 

Frequency of transition and transversion mutations for IgG (n) and IgM plasma 

cells, with (o) or without (n) αCD40L germinal center depletion. (b-c) Individual 5-

mer mutabilities estimated from IgG and IgM sequences, respectively. Bars 

represent mutabilities of the central base as a function of the surrounding bases, 

read 5’ to 3’. Green (WA/TW) and red (WRC/GYW) bars indicate hotspot motifs, 

grey the neutral sites, and blue the coldspots (SYC/GRS). Analysis was performed on 

total IgHV186.2 sequences for each population. (d) Percentage of total mutations 

found  hotspot motifs (WRC/GYW or WA/TW) in red, neutral sites in grey, or 

coldspot motifs (SYC/GRS) in blue for IgG and IgM sequences. (e) IgM IgHV186.2 
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sequence mutations in cohorts of C57/BL/6 (l, n=4) or AID-/- (¢, n=3) mice post-

NP22CGG immunization, compared to total heavy chain sequences from pre-B cell 

unmutated controls (¢) isolated from immunized C57/BL/6 cohorts. Spleen and 

bone marrow plasma cells are pooled, and  *= p<0.05 and ***= p<0.001. Refer to 

Supplementary Table 1 for sequence numbers. 
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Figure 5: IgM heavy chain mutations are not enriched in CDR regions, 

unlike IgG, and show no evidence of antigen-selection. Mutational 

frequency or replacement (in red) and silent mutations are plotted for IgHV186.2 

regions of IgG (a) and IgM (b) plasma cells, as well IgM plasma cells with αCD40L 

blockade (c), and AID-/- IgM plasma cells (d), with replacement to silent amino acid 

changes (R/S ratios) given to the right. 
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Figure 6: Germinal center independent IgM plasma cells are capable of 

neutralizing influenza virus in vitro and protecting the animal against 

infection in vivo. (a-b) PR8-specific IgG (n) and IgM (n) ASCs, respectively, as 

measured by ELISPOT from cohorts two months post-immunization with 1400 HA 

PR8 (n=5) - treated with control Ig or αCD40L at days 6, 8, and 10 to inhibit 

germinal centers – or age-matched naïve control mice (n, n=3). (c) Antigen-specific 

IgG (n) and IgM (n) titers as measured by serum ELISA at 150 days post-

immunization, with or without αCD40L treatment. (d) Neutralization of PR8 virus 

by day 150 sera from PR8-immunized cohorts (n=5), with (n) or without (n) 
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αCD40L treatment, or age-matched naïve controls (n, n=3), with or without 

complement, and ** indicates p<0.005. (e-f) Mice immunized with A/PR/8/34 

virus, with or without αCD40L treatment, were challenged with 10 x LD50 of virus 1 

year post-immunization, with morbidity (body weight loss) and survival rate 

measured, respectively. The mean (±SEM) of 5 mice in each cohort is shown.  
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Figure 7: IgM plasma cells are capable of protecting the animal against 

infection in vivo in the absence of IgG plasma cells, memory B cells, and 

T cell help. (a) PR8-specific IgG (n) and IgM (n) titers, respectively, as measured 

via serum ELISA from cohorts at 1 month post-infection with 0.1 x LD50 PR8 virus - 

treated with control Ig or αCD40L at days 6, 8, and 10 to inhibit germinal centers – 

or age-matched naïve control mice (n, n=4). (b) Neutralization of PR8 virus by 1 

months sera from PR8-immunized cohorts, with (n) or without (n) αCD40L 

treatment, or age-matched naïve controls (n, n=4), with or without complement. 

Mice immunized with A/PR/8/34 virus, with or without αCD40L treatment, were 

then treated with anti-CD4/CD8 at 1 and 3 days prior to infection and challenged 
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with 2 x LD50 of virus at 2 months post-immunization. (c-d), Morbidity (body 

weight loss) and survival rate measured, respectively, post-PR8 challenge. The mean 

(±SEM) of 4 mice in each cohort is shown. (e) PR8-specific IgG (n) and IgM (n) 

titers, respectively, as measured via ELISA 14 days post-PR8 challenge. 
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Table 1: Total heavy chain sequences with >90% homology to IgHV186.2. 

Total number of IgHV186.2 sequences and unique complementary determining 

region 3 (CDR3) sequences are shown from individual mice. Sequences were 

amplified from pooled CD138+B220- plasma cells using a VH186.2-specific primer.  
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Supplementary Figure 1: Antigen-specific IgM and IgG titers persist, 

post-adoptive transfer of plasma cells into recipient Rag-/- mice. C57/BL 

mice were immunized with NP22CGG, and then 2 months later 10,000 bone marrow 

or splenic plasma cells were sorted and adoptively transferred into Rag-/- mice. The 

recipients were then bled on days 7, 14, 21, and 30 and serum levels of anti-NP 

antibodies were measured by ELISA.  (a-b) Antigen-specific serum IgG (l) and IgM 

(l) titers found in bone marrow or splenic plasma cell recipient mice (n=3), 

respectively, as measured by ELISA at days 7 through 30. 
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Supplementary Figure 2: Long-lived IgM, but not IgG, plasma cells are 

generated when germinal center formation is blocked by Cobra Venom 

Factor (CVF) treatment. Cohorts of mice were treated with CVF at 6 hours prior 

to and 7 days following NP22CGG immunization, to deplete complement and prevent 

germinal center formation. Untreated, immunized mice have intact germinal 

centers. (a-b) NP22CGG-specific IgG and IgM ASCs, respectively, in immunized 

mouse cohorts (n=5), with (n) or without (n)  CVF treatment, or in age-matched 

naïve controls (n, n=3), as measured via ELISPOT at day 45 post-immunization. (c) 

NP22CGG-specific IgG (n) and IgM (n) antibodies in the sera as measured by ELISA. 

The mean (±SEM) is shown with * indicating p<0.05 and ** indicating p<0.005.  
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Supplementary Figure 3: Treatment with anti CD4 and CD8 antibodies 

leads to efficient depletion of CD4 and CD8 T cell. Representative flow plots 

of PBMC in control mice (n=3) and those treated with anti-CD4/CD8 Abs at 1 and 3 

days prior to infection (n=4). (a) Untreated controls with healthy T cell populations. 

(b-d) Treated mice: PR8-immunized mice (c) with and (b) without αCD40L 

germinal center depletion, and (d) age-matched  unimmunized controls.   
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ABSTRACT 

Long-lived plasma cells are critical to long-term host protection as a source of 

antigen-specific neutralizing antibodies. B1 B cells also play an essential role in the 

neutralization and clearance of pathogens, spontaneously secreting low-affinity 

natural IgM. Previously, our lab has characterized a novel population of induced, 

antigen-specific, long-lived IgM plasma cells, which are distinct from natural IgM 

cells. Here we demonstrate that these cells are derived from the B1 precursors, rather 

than follicular B2 cells, that they localize to the spleen in vivo, and that they arise 

early in the immune response following antigen stimulation. 
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INTRODUCTION 

B cells play a critical role in the immune system as producers of neutralizing 

antibodies. Two distinct lineages comprise the B cell compartment in humans and in 

mice. The largest population, B2 B cells, includes bone-marrow derived follicular B 

cells, sometimes referred to as conventional B cells, as well as marginal zone B cells1. 

B1 B cells, divided into B1a (CD5+) and B1b (CD5-) classifications, are 

predominantly thought of as fetal in origin. Follicular B cells are key to the adaptive 

immune response, while other subsets produce more innate-like responses. B1 cells 

in particular are responsible for the spontaneous secretion of broadly reactive, 

natural antibodies, and are maintained in the steady state even in the absence of 

microorganisms2,3. These cells do not require T cell help nor do they require BCR 

stimulation, and are the predominant B cell population in the pleural and peritoneal 

cavities – though they may also be found in spleen and a low frequencies within the 

bone marrow. During adulthood, their numbers are largely maintained by self-

renewal, and they do not expand in response to BCR stimulation. B2 cells, by 

contrast, outnumber B1 cells within the spleen and bone marrow, and can be 

reconstituted from bone marrow precursors4. Follicular B cells clonally expand and 

produce antigen-specific responses following BCR stimulation and can differentiate 

into high-affinity memory populations1. 

Humoral memory is key to long-term protection against pathogens, and plasma 

cells are the key source of long-lived antibody production5. Plasma cells develop 

from the antigen-specific B cell response through one of two pathways, 

differentiating into either short-lived or long-lived plasma cells5,6. Without the aid of 

T cells, specific B cells can immediately differentiate into short-lived plasma cells 
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that exist transiently in these spleen and lymph nodes. Long-lived plasma cells, 

which can survive as long as the lifetime of the host, primarily develop with the aid of 

T cells. T cells within the secondary lymphoid organs initiate germinal center 

formation shortly following exposure to antigen. The germinal center is fully 

established by day 7 and during this process B cells undergo affinity maturation and 

class-switching. From this, high-affinity plasmablasts emerge, homing to survival 

niches within the bone marrow where they terminally differentiate into long-lived 

plasma cells5-7. 

The initial homing of mature B cells to the secondary lymphoid organs occurs 

through upregulation of the CXCR5 and CCL7 receptors on the surface of B cells, 

which home to, respectively, CXCL13 (BLC) and CCL19 and CCL21 (SLC) in the 

spleen and lymph nodes. These receptors are then downregulated in the transition to 

plasma cells as they migrate to survival niches8. CXCR4, the major determinant of 

plasma cell localization and also critical to plasma cell survival, is found to be 

upregulated on plasmablasts and plasma cells9. CXCR4 responds to CXCL12, or 

SDF-1, which is constitutively expressed by stromal cells in the bone marrow, 

medullary cords, and the red pulp of the spleen – all sites of plasma cell retention, 

whether short- or long-lived8. Stromal cells in the bone marrow also produce MCP-1, 

and the cognate receptor, CCR2, is found on bone marrow resident plasma cells9,10. 

Once localized within the survival microenvironment, plasma cells are thought to 

lose their migratory capacity, though CXCR4 still plays a key role11. IL-6R is also 

critical to the differentiation, survival, and IgG production of plasma cells, 

responding to IL-6 secreted by T cells and macrophages, as well osteoblasts within 
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the bone marrow microenvironment12,13. Within the spleen, IL-5 is highly expressed, 

which promotes survival and antibody production in B1 populations9,14. 

Much of what we know about long-lived plasma cell populations comes from the 

study of those populations within the bone marrow, but significant numbers of long-

lived plasma cells do remain in the secondary lymphoid organs such, including the 

spleen5. Our initial studies have shown a significant population of antigen-specific, 

long-lived plasma cells in murine spleens, and these cells predominantly express 

IgM rather than IgG (in press). Here we demonstrate that long-lived IgM plasma 

cells arise early in the immune response from B1b, rather than B2 cells. When naive 

B1b cells and B2 are adoptively transferred into B cell deficient uMT mice and then 

immunized, only B1b cells give rise to long-lived IgM plasma cells – even in the 

absence of germinal center formation. These cells are distinct from long-lived IgG 

plasma cell populations, expressing the Il-5R marker of B1 lineage as well as splenic 

survival, rather than bone marrow homing receptor CCR2, and they are commonly 

found in situ in the red pulp of the spleen.  They also appear to develop prior to IgG 

plasma cells, possibly as early as day 4 post-stimulation, as seen when early 

plasmablasts are adoptively transferred into uMT mice. This early development 

suggests a significant, non-redundant role for long-lived IgM plasma cells in the 

humoral response. 
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RESULTS 

Long-lived IgM plasma cells require T cell help 

We first sought to determine whether T cell were required for the development of 

long-lived IgM plasma cells as they are for IgG plasma cells. We achieved this using 

two different methods. The first was accomplished through blockade of B and T cells 

interactions via αCD40L antibody treatment, which has been shown to disrupt 

formation of long-lived IgG plasma cells15. Our lab has shown previously that 

αCD40L blockade around day 7, which prevents germinal center formation but not 

early T cell help, does not affect the formation of long-lived IgM plasma cells (in 

press). In this experiment, 300 µg of αCD40L were given at days 2, 4, and 6 post-

immunization with NP22CGG – blocking early T cell help as well. At day 45 post-

immunization we measured the number of IgG and IgM antibody-secreting cells 

(ASCs) in the spleen and bone marrow of treated and control animals. In untreated, 

immunized animals we see both long-lived IgG and IgM plasma cells, significantly 

above the numbers seen in unimmunized cohorts (Fig. 1a,b). However, with αCD40L 

treatment at this early timepoint we do observe depletion of both IgG and IgM ASCs 

– with numbers similar to what we see in unimmunized controls. This distinguishes 

long-lived, induced IgM plasma cells from short-lived plasma cells and natural IgM 

cells, which do not require T cell help. 

 

Long-lived IgM plasma cells are found in the red pulp of the spleen 

Next we looked at the in situ localization of these plasma cells. At several months 

post-immunization, we have previously demonstrated that long-lived IgM plasma 

cells are most commonly found in the spleen (in press). Here we observe them in situ 
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via immunohistochemistry of frozen splenic sections. Overall we found that 

CD138+B220- plasma cells, whether IgM-expressing or not, localized in the red pulp 

(as defined by Ter-119 staining) of murine spleens at the memory time point (Fig. 

2a). IgM-expressing plasma cells were further shown to be NPCGG-binding in 3 

months post-immunized mice but not in naïve controls, further distinguishing them 

from spontaneous natural IgM cells (Fig 2b). Taken together, our data shows that 

persistent and antigen-specific IgM plasma cells primarily localize in the red pulp of 

the spleen in immunized animals. 

 

Long-lived IgM plasma cells express IL5R, not CCR2 

Over the course of plasma cell development, the regulation of chemokine reception 

expression is critical to advancing the cell along its path and homing to the survival 

niche. In order to understand these differences in plasma cell subset homing, we 

compared the expression of some of the key chemokine receptors on these subsets by 

flow cytometry 3 months post NP22CGG immunization. Gating for CD138+B220- 

plasma cells, and further for those NPCGG-specific cells and either IgG or IgM-

expression, we measured the level of expression of CXCR4, CCR2, IL-6R, and IL-5R 

on the surface (Fig. 3), as well CCR7 and CXCR5 (data not shown). CXCR4 

expression, linked toboth bone marrow and splenic homing as well as continued 

survival in both locations, is consistent across both niches and isotypes (Fig. 3a,b). 

CCR2, a marker of terminally differentiated plasma cells and bone marrow homing, 

is noticeably upregulated in IgG plasma cells in both the spleen and bone marrow 

(Fig. 3c,d). Conversely, CCR7, typically downregulated in plasma cells and a marker 

of secondary lymphoid homing B cells, appears to be more highly expressed by IgM+ 
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cells in both the spleen and bone marrow. CCR7 and CXCR5, as anticipated, were 

found to be downregulated on all plasma cell subsets and no significant differences 

were found (data not shown). These data correlate with the preferentially homing of 

IgG plasma cells to the bone marrow, and the persistence of IgM plasma cells in the 

spleen. Similarly, both IgG and IgM express IL-6R, a key survival receptor, though 

we observe slightly less on the surface of IgM plasma cells (Fig. 3e,f). Instead, we 

found high levels of IL-5R expression on long-lived IgM plasma cells, significantly 

above expression on IgG plasma cells (Fig. 3g,h). This may contribute to their 

persistence in the spleen, and is it also suggestive that these cells could potentially be 

of B1 rather than B2 lineage. Overall, this differential expression of homing and 

survival receptors points to a potentially unique role for long-lived, IgM plasma cells. 

 

Long-lived IgM plasma cells are B1b lineage 

Next we sought to determine whether long-lived IgM plasma cells originated, by 

adoptively transferring naïve B1 and B2 cells into B cell deficient animals to follow 

their response to immunization. B220+CD138-IgMloCD43-CD23+CD5- B2 cells or 

B220+CD138-IgMhiCD43+CD23-CD5- B1b cells were sorted from C57BL/6 murine 

spleens and transferred into sublethally irradiated uMT mice. Insufficient B1a cells 

were collected from the spleen, making them a less likely candidate for populating 

the sizeable long-lived IgM plasma cell compartment. B1b and B2 recipient mice 

were then immunized with PR8 virus, and half were treated with αCD40L antibody 

at days 6, 8, and 10 to prevent germinal center formation. PR8-specific IgG and IgM 

in the sera was measured at 1 and 2 months post-transfer, and PR8-specific IgG and 

IgM ASCs were measured in the spleens and bone marrow of recipient mice at the 2 
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month timepoint. Following immunization, and without αCD40L treatment, we 

found that B2 recipients predominantly had IgG ASCs in the bone marrow, 

indicating that they are not the source of long-lived IgM plasma cells (Fig. 4a,b). B1b 

recipients also had IgG ASCs in the bone marrow, but additionally had IgM ASCs in 

both the spleen and bone marrow. Thus, long-lived IgM plasma cells are derived 

from B1, rather than B2, populations, and are very likely from B1b cells specifically. 

This is further supported by our ELISA data, which indicates that B2 recipients 

lacked significant IgM, and B1b recipients have both PR8-specific IgG and IgM (Fig. 

3c,d). Following αCD40L, IgG in the serum and IgG ASCs are depleted (Fig. 3e-h). 

But B2 populations did not give rise to a significant number of IgM ASCs in the 

absence of germinal center formation; they were still predominantly found in B1b 

recipient mice (Fig. e-f). This is again confirmed by ELISA results (Fig. g,h). Thus 

B1b cells, rather than B2, are the source of long-lived IgM plasma cells, even in the 

absence of germinal center formation. 

 

Long-lived IgM plasma cells develop prior to IgG plasma cells 

Finally, we wished to determine whether long-lived IgM plasma cells developed prior 

to or following germinal center formation, after which class-switching could take 

place. To do this, we followed the development of pre- (day 4) and post- (day 7) 

germinal center plasmablasts into plasma cells. Following NP22CGG immunization, 

5x105 day 4 or day 7 CD138+B200+plasmablasts were sorted from C57BL/6 mice and 

transferred into uMT recipients (Fig. 5a). Plasmablasts from unimmunized animals 

were transferred to another cohort as a control. When measured by ELISPOT, 

plasmablasts from unimmunized animals do not show any evidence of NP22CGG-
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specific ASCs, compared to the significant number of IgM ASCs from day 4 sorted 

plasmablasts. This ensures that natural IgM cells are excluded from the transfer. 

NP22CGG-specific IgG is only found in day 7 recipients, and not in control 

plasmablasts or day 4 cohorts (Fig. 5c). Though there is a small amount of IgM found 

in control plasmablast recipients, significantly more is found in day 4 recipients, and 

furthermore is seen in day 7 recipients (Fig. 5d). IgM from both day 4 and day 7 

transfers persists 45 days post-transfer, suggesting that these plasma cells are long-

lived. This also suggests that long-lived IgM plasma cells may arise as early as day 4 

post-immunization, prior to germinal center formation and the development of long-

lived IgG plasma cells.   
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DISCUSSION 

Here we have determined that long-lived IgM plasma cells are phenotypically and 

functionally distinct from IgG plasma cells. They persist within the red pulp of the 

spleen and express markers of splenic survival and B1 lineage (IL-5R), rather than 

bone marrow homing (CCR2). They are derived from B1 rather than B2 populations, 

and develop even in the absence of germinal center formation, though they do 

require T cell help. Additionally, our data suggests that long-lived IgM plasma cells 

develop prior to germinal center formation, and before the IgG plasma cell response. 

Overall the B1-derived long, lived IgM plasma cell response ensures early and 

continuous antibody secretion, making this population a significant and non-

redundant aspect of humoral immunity. 

 This further is supported by similar findings of antigen-specific IgM induced in 

B1 populations. B1 cells have long been characterized as part of the innate arm of the 

immune system, and they were not thought to respond or proliferate in the presence 

of antigen stimulation, and instead secreting natural IgM spontaneously, or through 

innate, BCR-independent signals such as LPS stimulation1,16,17. Baumgarth and 

colleagues have reported that B1a cells can selectively accumulate in response to 

influenza infection, but do not find evidence of clonal expansion18. However, modest 

expansion of B1a populations has been seen in response to F. tularensis, likely 

through innate (LPS) rather than BCR signaling19. Similarly, B1b cells have also been 

shown to expand in response to B. hermsii infection20. Our studies have additionally 

found evidence of B1b cells expanding in response to stimulation with anti-IgM, 

rather than LPS (Supplementary Figure 1).  



 97 

Furthermore, studies of B1a and B1b responses to S. pneumoniae suggest that 

B1b cells may play a role in adaptive immunity, producing long-lasting, antigen-

specific antibody in response to stimulation21. As we observe in our own adoptive 

transfer experiments, they discovered that antigen-specific IgM was present in 

deficient mice reconstituted with peritoneal B1b, but not B2 cells. In addition, they 

were able to demonstrate the presence of natural antibodies in mice transferred with 

B1a B cells. However, they did not find that splenic B cells provided a significant IgM 

response, likely because the majority of B cells in the spleen are B2 rather the B1 

lineage, nor did they follow recipients past day 14. Consistent with this finding, other 

groups have reported long-lasting IgM titers in response to both F. tularensis and 

NP-Ficoll, suggesting the possibility of long-lived IgM plasma cells19,22,23. Our 

experiments followed B1b and B2 recipient mice for 2 months post-immunization, 

and additionally show that virus-specific IgM ASCs were present at 2 months post-

immunization in B1b recipients, confirming that these IgM-secreting cells are indeed 

long-lived.  

 IgM is critical for host protection early in infection. It is the primary component 

of the T-independent response, and is also expressed early in response to T-

dependent antigens. Natural IgM from B1a cells is present at high levels in the steady 

state and makes majority of circulating IgM, but immune IgM can also be generated 

early in response to antigen stimulation. Natural IgM is an essential part of the 

innate defenses against pathogens, essential to both neutralization and clearance17,23. 

Because of this, natural IgM antibodies are often polyreactive. Despite their low 

affinity, the polymeric nature of IgM means it binds a diverse array of antigens with 

high avidity. Conversely, immune IgM is antigen-specific. It is secreted by B2 cells 
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very early in the immune response, prior to class-switching, but recent evidence, 

including our own research, has also demonstrated that B1 cells may be a significant 

source of long-lasting immune IgM23. In addition, secreted IgM is critical to 

promoting a healthy IgG response in B2 cells, and thus is necessary at a very early 

stage in the immune response24,25. In the absence of secreted IgM, IgG antibody 

responses are significantly impaired25. This is potentially due the lack of IgM 

antibody-antigen complexes that mediated presentation follicular B cells26,27. Thus 

we are not surprised to find that even long-lived IgM plasma cells are induced early 

in the immune response to a T-dependent antigen, NP-CGG, prior to germinal center 

formation and before IgG plasma cells. In this way IgM contributes both directly and 

indirectly to long-lasting humoral memory from the earliest timepoints.  

 Because the B1 cells, and not B2, are generated prior to and in the first few weeks 

following birth, an increased understanding of these cells is also critical to 

overcoming the obstacles that face infant immunization. The immune system of 

newborns is often considered immature in comparison to the adult immune 

system28. B1a cells, in particular, make up the majority of the B cell compartment in 

infants. These cells are able to secrete natural IgM in response to innate stimulation1, 

but whether infants are able to generate adaptive, long-lasting responses to 

pathogens is still a subject of debate28,29. This may be one potential reason that 

infants often respond poorly to vaccination, usually requiring multiple boosts; in 

addition to the significant barrier that maternal antibody poses29. Vaccination of 

aging patients and maintaining long-lasting immunity in the elderly is similarly 

difficult because of the loss of IgG plasma cells30. Enhancing early IgM production by 

B1 cells may prove key to rational vaccine design. 
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 B1 cells and polyreactive IgM are also often linked with autoimmunity. B1 cells 

have been shown to be enriched for poly- and self-reactive antibodies of low affinity1. 

Expanded populations of B1 cells are also linked to several B cell mediated 

autoimmune disorders, including lupus, atherosclerosis, arthritis, and rheumatism31-

33. IgM itself is linked to a number of autoimmune diseases, including those 

previously listed as well as hyperIgM syndrome, caused by a defect in CD40L 

expression34. But B1 cells and IgM are also involved with tissue homeostasis and 

regulatory functions, and in some cases depletion of the B cell compartment or 

secreted IgM has been shown to worsen the progression of autoimmune disease35,36. 

A better understanding of B1 development and differentiation into long-lived IgM 

plasma cells can further help us to enhance vaccine design and target autoimmunity 

in patients. 
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METHODS AND MATERIALS 

Mice 

C57BL/6 and NOD.129S2(B6)-Cd28tm1Mak/JbsJ (CD28-/-) mice were purchased 

from The Jackson Laboratory. All mice were maintained in a specific pathogen-free 

facility in accordance with the institutional guidelines of The Animal Care and Use 

Committee at Emory University. All controls were age- and sex-matched. 

 

Immunizations and infections 

Cohorts of female C57BL/6 or CD28-/- mice were immunized intraperitoneally with 

50µg hydroxy-3-nitrophenylacetyl chicken-γ-globulin (NP22CGG) (Biosearch 

Technologies) with 50µl alum in PBS, or intramuscularly with 1400 HA of A/Puerto 

Rico/8/1934 (PR8) virus. Sera, bone marrow, and spleens were collected and 

analyzed at given time points post-immunization. 

 

Disruption of early T cell help 

Cohorts of mice were treated with either 300 µg αCD40L (clone MR-1) antibody or 

control IgG at days 2, 4, and 6 post-NP22CGG immunization to prevent early T help. 

At 45 days post-immunization, cells isolated from the spleen and bone marrow were 

assayed for the presence of IgG and IgM secreting cells by ELISPOT as described 

below.  

 

Plasma cell ELISPOTs 

Plates were coated with 20 µg/ml NP22CGG or 512 HA PR8 and blocked with 

complete RPMI (10% FBS, 1% penicillin/ streptavidin, 1% HEPES, and 50µM 2-
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mercaptoethanol). Cells isolated from spleens and bone marrow of immunized mice 

were serially diluted and incubated overnight at 37°C. The plates were then treated 

with either anti-IgG- or -IgM-biotin (Southern Biotechnology) followed by 

incubation with streptavidin-alkaline phosphatase (Sigma). Plates were then 

developed with 5-bromo-4-chloro-3-indolylphosphate (Sigma) until spots developed, 

and spots counted with CTL Immunospot® software.  

 

ELISA 

Plates were coated with 20 µg/ml NP22CGG or 512 HA PR8 and blocked with BSA. 

Sera were serially diluted alongside standard controls. The plates were then treated 

with either anti-IgG-HRP or IgM-biotin followed by incubation with streptavidin-

HRP (Southern Biotechnology). Plates were developed with 1x TMB substrate 

solution (ebioscience), and absorbance measured by Gen5 by BioTek software. 

 

Immunostaining and cell sorting 

Immunostaining of murine splenocytes and bone marrow cells was preformed as 

previously described37. Briefly, cells or frozen tissue sections were stained by 

incubating with CD138 (BioLegend), B220 (BioLegend), IgM (Abcam), NPCGG 

(Biosearch Technologies), Ter-119 (ebioscience), CD23 (BD), CD43 (ebioscience), 

CD5 (BioLegend), CCR2 (R&D Systems), CXCR4 (BD), CCR7 (ebioscience), CXCR5 

(BD), IL5R (ebioscience), and/or IL6R (ebioscience) for 30 minutes prior to flow 

analysis or sorting. Intracellular staining for flow cytometry was preformed following 

fixation and permeabilization (BD kit), and cells were then incubated with NPCGG, 

IgM, and/or IgG (Abcam). 
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Adoptive transfer of B lineages 

5x105 B220+CD138-IgMloCD43-CD23+CD5- B2 cells and B220+CD138-

IgMhiCD43+CD23-CD5- B1b cells were sorted from naïve C57BL/6 mice and 

transferred in sub-lethally irradiated (500 rads) µMT mice. The following day they 

were immunized with 1400 HA PR8 virus. Half of each cohort were treated with 300 

µg αCD40L antibody at days 6, 8, and 10 post-NP22CGG immunization to prevent 

germinal center formation. Serum antibody titers were measured by ELISA at 1 and 

2 months post-transfer, and Ag-specific ASCs measured by ELISPOT at 2 months. 

 

Adoptive transfer of plasmablasts 

CD138+B220+ plasma cells were FACS sorted from C57BL/6 mice at 4 or 7 days post-

immunization, or from unimmunized controls. 5 x105 marrow or splenic plasma cells 

were then transferred via tail-vein injection into cohorts of sex-matched µMT mice. 

Serum antibody titers were measured by ELISA (as previously described) at days 15, 

30, and 45.   

 

B cell stimulation 

105 B220+CD138-IgMloCD43-CD23+CD5- B2 cells or B220+CD138-IgMhiCD43+CD23-

CD5- B1b cells were sorted from C57BL/6 spleens, and cultured in a 96 well plate 

with 2 µg/ml anti-IgM, 100 ng/ml anti-CD40, 10 ng/ml IL-2 and IL-4, and 5 ng/ml 

IFNγ in cRPMI. Cell numbers were determined after 6 days using the Countess 

Automated Cell Counter (Invitrogen). 
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Statistical analysis 

Statistical significance was verified by the Student’s t-test. 
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Figure 1: Long-lived IgM plasma cells require early T cell help but not 

germinal center formation, arise early in immune response.  Cohorts of 

C57BL/6 mice immunized with NP22CGG were treated with either control IgG (n, 

n=5) or αCD40L antibody at days 2, 4, and 6 (n, n=4), compared to 

unimmunized/untreated controls (n, n=4). At day 45, mice were sacrificed and 

Ag-specific ASCS in the spleen and bone marrow were measured by ELISPOT. 

(a) NP22CGG-specific IgG ASCs from the spleen and bone marrow. (b) 

NP22CGG-specific IgM ASCs from the spleen and bone marrow.  
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Figure 2: Plasma cells localize to the red pulp of the spleen, and only 

bind NP22CGG in immunized mice. (a) Representative in situ staining of 

plasma cells in the spleen at 1 month post-immunization with CD138 (white), Ter119 

(blue), B220 (red), and CD4 (yellow) at 5x and 10x magnification, respectively. (b) 

Representative co-staining of CD138 (white), NP22CGG (green), and IgM (red) with 
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DAPI (blue) in mice 2 months post immunization with NP22CGG or in age-matched 

naïve controls (n=4). 
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Figure 3: Differential expression of chemokine and survival receptors on 

the surface of IgG and IgM long-lived plasma cells. Splenocytes and bone 

marrow cells were gated on CD138+B220- plasma cells, and further on intracellular 

NPCG and either IgG or IgM to determine expression levels of surface receptors 

(n=3). (a,b) CXCR4 expression of IgG (n) and IgM (☐) plasma cells, compared to a 

non-B cell control population (n) in the spleen and bone marrow, and MFI, 
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respectively. (c,d) CCR2 expression of IgG (n) and IgM (☐) plasma cells, compared 

to a non-B cell control population (n) in the spleen and bone marrow, and MFI, 

respectively. (e,f) IL-6R expression of IgG (n) and IgM (☐) plasma cells, compared 

to a non-B cell control population (n) in the spleen and bone marrow, and MFI, 

respectively. (g,h) IL-5R expression of IgG (n) and IgM (☐) plasma cells, compared 

to a non-B cell control population (n) in the spleen and bone marrow, and MFI, 

respectively. 
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Figure 4: B1b, not B2, cells give rise to long-lived IgM plasma cells, even 

in the absence of germinal centers. 2.5 x 105 sorted B1b or B2 cells were 

adoptively transferred into sub-lethally irradiated uMT mice (n=4), which were then 
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immunized with PR8 virus. Half the cohorts were additionally treated with αCD40L 

at days 6, 8, and 10 to deplete germinal centers. (a) PR8-specific IgG (n) and IgM 

(n) ASCs from B2 recipient mice. (b) PR8-specific IgG (n) and IgM (n) ASCs from 

B1b recipient mice. (c) PR8-specific IgM in the sera of mice transferred with B1b (�) 

or B2 (�) cells, or from untransferred (�) controls. (d) PR8-specific IgG in the sera of 

mice transferred with B1b (�) or B2 (�) cells, or from untransferred (�) controls. (e) 

PR8-specific IgG (n) and IgM (n) ASCs from B2 recipient mice treated with 

αCD40L. (f) PR8-specific IgG (n) and IgM (n) ASCs from B1b recipient mice treated 

with αCD40L. (g) PR8-specific IgM in the sera of mice transferred with B1b (�) or 

B2 (�) cells and treated with αCD40L, or from untransferred (�) controls. (h) PR8-

specific IgG in the sera of mice transferred with B1b (�) or B2 (�) cells and treated 

with treated with αCD40L, or from untransferred (�) controls. 
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Figure 5: Long-lived IgM arises early in immune response. (a) Sample 

gating for plasmablasts sorted from C57BL/6 mice immunized either 4 or 7 days 

prior with NP22CGG, or from unimmunized controls. (b) Ag-specific IgG (n) and 

IgM (n) ASCs from unimmunized and day 4 post-immunization sorted plasmablast 

populations. 105 day 4, day 7, or unimmunized plasmablasts were then adoptively 

transferred into uMT cohorts. Sera was collected and measured for Ag-specific IgG 

and IgM titers by ELISA at days 15, 30, and 45 post-transfer. (c) Antigen-specific 

IgG from mice transferred with day 4 (�), 7 (�), or unimmunized (�) plasmablasts. 

(d) Antigen-specific IgM from mice transferred with day 4 (�), 7 (�), or 

unimmunized (�) plasmablasts. * indicates p <0.05. 
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Supplementary Figure 1: B1b B cells proliferate only modestly in 

response to stimulation when compared to B2 cells. 105 B220+CD138-

IgMloCD43-CD23+CD5- B2 cells or B220+CD138-IgMhiCD43+CD23-CD5- B1b cells 

were sorted from C57BL/6 spleens, and cultured for 6 days with anti-IgM, anti-

CD40, IL-2, IL-4, and IFNγ. 
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Chapter 4: Discussion 
 
A new model of plasma cell development 

In chapter 2 we characterized a novel population of long-lived IgM plasma cells 

that persist in the spleen. These IgM plasma cells are antigen-induced and 

antigen-specific, and are distinct from natural IgM cells, and persist beyond 

short-lived IgM plasma cells. They are similar in longevity to long-lived IgG 

plasma cells, with a t1/2 of 84 days, and are observed at significant levels over 

natural IgM antibody secreting cells (ASCs) for greater than a year post-

immunization in mice. But unlike IgG, they preferentially localize to the spleen 

rather than the bone marrow both in wild-type mice and following adoptive 

transfer into B cell deficient µMT mice. Further, they continue to develop when 

germinal center formation is blocked by anti-CD40L treatment, which inhibits 

IgG plasma cell development1. They are not class-switched, but they do undergo 

somatic hypermutation, even in the absence of germinal centers. These mutations 

occur less frequently than in IgG, and are more often found in the framework 

regions than the antigen-binding CDRs. This suggests a lack of clonal selection, 

as is observed in IgG plasma cells and memory B cells2,3. However, these 

mutations are AID-induced, as confirmed by a lack of mutations observed in 

AID-/- mice, and they are found in typical AID hotspots like we see in IgG plasma 

cells. Additionally, we demonstrate that these long-lived IgM plasma cells provide 

long-term protection against viral influenza infection – even in the absence of 

IgG and memory B and T cells. 
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 In chapter 3 we have described the early development of these long-lived 

plasma cells, demonstrating their B1 cell origin, T cell dependence, and quick 

response. We had previously shown that germinal center formation was not 

required for long-lived IgM plasma cell development, but blocking CD40:CD40L 

interactions prior to germinal center formation does inhibit IgM plasma cell 

development, demonstrating the need for early T cell help in generating this 

response. This finding was confirmed in CD28-/- mice, which also lack T cell 

help. This further distinguishes long-lived IgM plasma cells from natural IgM, 

which is produced without T cell help and to T-independent antigens4. These 

long-lived IgM plasma cells are found clustered in situ within the red pulp of the 

spleen, as observed in immunofluorescence staining of the murine spleen. Flow 

cytometry analysis revealed that these cells express high levels of CXCR4 and IL-

6R, which promote localization and survival within either the spleen or bone 

marrow, as well as IL-5R, which is upregulated in splenic B cells, particularly of 

B1 origin5-9.  By contrast, IgG cells, though also expressing high levels of CXCR4 

and IL-6R, did not express significant levels of IL-5R on their surface. Instead 

they expressed high levels of CCR2, which promotes bone marrow homing5,10. 

These differences in receptor profiles may contribute to the differing localization 

of these plasma cell subsets, but it also suggests that long-lived IgM plasma cells 

may be of B1 origin. We confirmed that all IgM ASCs were B1 derived, even in the 

absence of the germinal center, via adoptive transfer of B1 and B2 naïve B cells 

into B cell deficient µMT mice. No significant IgM ASCs persisted in B2 recipient 

mice long-term. Finally, we demonstrated that long-lived IgM plasma cells 

develop prior to IgG plasma cells, as soon as day 4 post-immunization. 
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Taken together, these data demonstrate a novel pathway of long-lived 

plasma cell development. One that begins in the B1 compartment, but responds 

to T-dependent antigen stimulation to produce antigen-specific antibody, rather 

than natural IgM. This pathway does require T cell help, but also has the 

potential to bypass the germinal center. Even in the absence of germinal center 

formation, these cells still develop somatic mutations and can differentiate into 

long-lived IgM plasma cells, which preferentially inhabit the spleen. These 

somatic mutations are AID-induced, and occur in AID hotspots, but they do not 

appear to be clonally selected. Many of the replacement mutations are found 

within the framework regions, suggesting that the resulting plasma cells are of 

low or mixed affinity, compared to the high affinity IgG plasma cell populations. 

In this model, B1 cells are recruited from the spleen and peritoneal cavity, 

and stimulated with antigen via T cell help. These cells undergo somatic 

hypermutation and clonal expansion, before differentiating into long-lived 

plasma cells as early as day four. Complete germinal center formation is not 

required for mutation or for development of these IgM plasma cells, though the 

absence of germinal centers does significantly reduce the number of mutations 

observed. The resulting plasma cells express high levels of CD138 and no B220, 

further distinguishing them from the B220-expressing short-lived plasma cells 

and natural IgM cells11,12. They also express CXCR4, IL-6R, and IL-5R, which 

allows them to populate and survive within the splenic niche. They express only 

low levels of CCR2 and are not as frequently observed in the bone marrow. These 

splenic plasma cells can survive for several years post-immunization, with a half-

life of 84 days, comparable to IgG plasma cells (Figure 1). 
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Figure 1. Model of B1- and B2-derived plasma cell differentiation 

pathways 

 

This pathway was predicted, but never definitively characterized, by several 

previous studies. Engle and colleagues have demonstrated a role for induced IgM 

in combating West Nile Virus13. Studies of Streptococcus pneumoniae infection 

by Tedder and colleagues additionally suggest that B1b cells may produce 

antigen-specific IgM in response to infection, and showed that this antigen-

specific IgM persisted for as long as 10 weeks post-infection14. This suggests the 

possibility of B1-derived memory populations or long-lived IgM plasmablasts as a 

potential source of induced IgM response15.  
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The discovery of germinal center-independent, unswitched memory B cells 

in particular implies that the germinal center may not be essential to memory 

formation16. Low levels of somatic hypermutation have been observed in 

germinal-center independent memory B cells, in patients suffering from hyper-

IgM disorder due to a defect in CD40L17. There is also evidence of somatic 

hypermutation occurring in extrafollicular plasmablasts, particularly in 

autoimmune cells, as well as evidence of mutations in B1 cells. Schlomchik and 

colleagues have demonstrated that autoreactive B cells, microdissected from the 

extrafollicular border, are somatically mutated18. They additionally show 

evidence of somatic hypermutation occurring in extrafollicular plasmablasts in 

Salmonella infection, in the absence of germinal center formation19. B1 cells have 

also been reported to undergo some degree of somatic mutation, though at a 

significantly lower frequency than follicular B2 cells15,20. Here we are the first to 

characterize the development of B1-derived, somatically mutated, long-lived IgM 

plasma cells in full, distinguishing them from natural IgM secreting B1 cells and 

other memory populations. 

 

The role of long-lived IgM plasma cells 

We have shown that these long-lived IgM plasma cells are functional, and that 

they are sufficient to protect against viral challenge, and to a greater degree than 

natural IgM alone. Natural IgM has previously been shown to protect against 

several bacterial infections, including Borrelia hermsii, Streptococcus 

pneumoniae, Ehrlichia muris, and vesicular stomatitis15,21-26. When sIgM is 

depleted, it significantly increases host susceptibility to systemic bacterial 
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infection, even with IgG present25. Natural IgM has also been shown to be 

necessary for both neutralization and clearance of influenza infection27. But here 

we have demonstrated that natural IgM alone was not enough to protect against 

>2 x LD50 influenza challenge, while 75-80% mice with long-lived IgM plasma 

cells survived, without IgG and even without T cells or memory B cells. Though 

we have demonstrated that these plasma cells play a role in host protection, it is 

not yet fully understood how or why this plasma cell pathway developed. Several 

possibilities exist, which are not mutually exclusive. 

  

Evolutionary remnant? 

IgM antibodies evolved long before IgG, and can be seen in animals as far back as 

sharks and other cartilaginous fish. IgG arose much later, and was first observed 

in mammals. IgG itself originated from a duplication of the IgM gene28. Class-

switching itself did not come about until the evolution of jawed vertebrates - 

along with an increase in immunoglobulin isotypes. In cartilaginous fish, the 

variable gene segments are clustered with a single constant gene, predominantly 

IgM. AID and its homologues appeared prior to the advent of class switching, and 

even longer before the evolution of the IgG, IgA, or IgE isotypes29.  

 Further evidence of the ancient origins of this adaptive IgM pathway stems 

from reports of somatic hypermutation observed in the IgM heavy chains of 

sharks and frogs. In Xenopus (frogs), these mutations are found at low levels and 

within AID induced hotspots – targeting cytosines in WRC motifs – but there is 

no enrichment for replacement mutations in the CDRs. This suggests that these 

mutations are not antigen-driven19. This G:C bias is also seen in sharks, which 
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also exhibit no evidence of affinity selection20. The absence of germinal centers in 

these animals, and in all cold-blooded species, may account for the lack of 

antigen-driven selection. This mirrors the IgM mutations we observe in mice – 

infrequent mutations, AID-targeted/WRC-biased, and no evidence of clonal 

selection. The same pattern is observed in mice with depleted germinal centers, 

demonstrating that this pathway is not dependent on their formation. The 

mutations in murine IgM more closely resembles that of frogs and sharks than 

mutations in murine IgG, which do require germinal centers, are far more 

frequent, and are enriched in the CDR regions by antigen-selection. An adaptive 

IgM response might simply be a remnant of pre-germinal center species. 

However, we find it unlikely that this pathway is merely an evolutionary artifact 

as IgM continues to play a critical role in the humoral response. 

 

Long-lived IgM plasma cells in early response 

Both natural and induced IgM are essential to early host defense. Natural IgM is 

spontaneously produced by B1 cells even in the absence of antigen, and is the 

primary component of circulating IgM. Natural IgM from B1 cells is one of the 

first lines of defense against pathogens, and is critical to the neutralization and 

clearance of both bacterial and viral infections22-27. In Borellia hermsii infection, 

B1 cells mediate bacterial clearance from the bloodstream within the first 2-3 

days post-infection. Mice deficient for secreted IgM (sIgM-/-) were unable to 

clear bacteremia22. Similarly, when faced with acute peritonitis, 70% of sIgM-/- 

mice died within the first 32 hours, compared to only 20% of wildtype mice. 
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Reconstitution with polyclonal IgM restored bacterial resistance, while 

monoclonal IgM had a less significant effect25.  

Activated B cells also express IgM for several days post-infection, until 

class switching is initiated around day 7. Without requiring T cell help, activated 

B cells can differentiate into short-lived plasma cells, secreting protective IgM 

antibody until they are replaced by long-lived plasma cell populations. We 

additionally show in B-cell deficient mice adoptively transferred with day 4 

plasmablasts, that induced long-lived IgM plasma cells are generated early in the 

immune response, prior to the germinal center. This induced IgM is critical to 

early defense, and occurs in response to both T-dependent and –independent 

antigen, unlike long-lived IgG plasma cells30,31. Long-lasting induced IgM, 

however, has been observed in response to T-independent antigen stimulation32. 

In the absence of T cell help and long-lived IgG plasma cells, the induced IgM 

response is necessary to both the early and continuing defense against infection.  

 IgM and B1 cells are also essential to infant immunity, prior to the 

development of follicular B2 cells and long-lived IgG plasma cells. These cells 

spontaneously secrete natural IgM and aid in the protection of infants for the first 

weeks (in mice) or months (in humans) following birth. It is currently debated 

whether infants are able to develop long-lived plasma cells in response to antigen, 

which may contribute to the difficulty of infant vaccination programs4.  

 

Tissue homeostasis 

B1 cells and IgM also play a critical role in tissue homeostasis4. In particular, they 

are responsible for maintenance of a healthy mucosal microbiota33. B1 cells are 
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also involved in the anti-inflammatory response and the clearance of apoptotic 

cells34. Natural IgM can bind to lipoproteins to reduce atherosclerosis35. The 

absence of these populations can increase the incidence of autoimmunity and 

worsen disease progression36,37. These roles have been demonstrated for natural 

IgM, and it is currently unknown whether induced IgM may play a role in 

homeostasis and suppression of autoimmunity. And, as discussed in more detail 

below, B1 cells and IgM also may also provide feedback that support IgG 

expression. 

 

Long-lived IgM promotes healthy IgG response 

It has been previously demonstrated that IgM production is critical to a healthy 

IgG response. In mice that express surface IgM, but are unable to secrete IgM, 

the IgG2a response to limiting doses of T-dependent antigen was critically 

impaired. This study by Chen and colleagues demonstrated a potential feedback 

role for secreted natural IgM in IgG production38. This same group also 

demonstrated an increase in self-reactive IgG in mice deficient in secreted IgM 

(sIgM-/-) 36. Engle and colleagues similarly demonstrated lowered IgG titers in 

sIgM-/- mice in response to West Nile Virus infection, as well as showing that 

induced IgM in particular played a role in protection against the virus13. It has 

also been demonstrated that IgM when used as adjuvant and coupled to malarial 

antigens stimulated high titer of protective anti-malarial IgG in mice39. It is 

currently unknown whether long-lasting IgM responses continue to enhance IgG 

expression long-term, and the mechanism by which IgM regulates IgG expression 

still remains to be elucidated. 
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Potential for broadly neutralizing antibodies 

IgM molecules tend to be lower affinity, but due to the high valency of their 

pentameric structure, they are able to bind a wide range of antigens with high 

avidity. This enables natural IgM to broadly neutralize despite the low affinity of 

the individual molecule. The majority of IgM antibodies are polyreactive, and are 

especially effective at binding antigen with repeating epitopes – including viral 

particles, nucleotide sequences, and carbohydrates and phospholipids on the 

surface of pathogens15. In sIgM-/- mice, which are highly susceptible to bacterial 

infections, polyclonal but not monoclonal IgM (specific to the conserved cell 

membrane component phosphatidylcholine) restored resistance to bacterial 

infection25. The polyreactivity of IgM also makes it critical to both the clearance 

and neutralization of pathogens such as influenza, which can often escape 

specific antibodies27. IgM has additionally demonstrated cross-protectivity across 

multiple strains40.  

 To date, there have been no studies that quantitate the affinity of induced 

IgM. It is typically assumed that like natural IgM, these induced IgM antibodies 

are lower affinity. Our own data show low levels of somatic hypermutation in 

induced IgM plasma cells, and these mutations rarely affect the amino acid 

sequence of the antigen-binding sites. Following SHM, it is unlikely that the 

affinity of these cells is significantly impacted. There is also no evidence of clonal 

selection, which typically selects for high affinity mutants. However, recently it 

has been shown that in the case of complex antigen – such as whole bacteria or 

influenza hemagglutinin – that antibodies of mixed affinity may actually be 

selected for41. This study may also provide insight into the purpose of generating 
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long-lived IgM plasma cells of low to mixed affinity – potentially as a means to 

target complex pathogens with a broader response. 

 Additionally, the relatively high frequency of replacement mutations in the 

framework regions of the IgM antibody may additionally increase the flexibility of 

the antibody and improve antigen-binding. The sequencing of broadly 

neutralizing antibodies to HIV by Nussenzweig and colleagues has demonstrated 

that framework mutations may actually be required for a broad response42. This 

sort of flexibility and broad response is essential to neutralizing highly evasive 

pathogens such as HIV and influenza. 

 

Potential for clinical applications 

Rational vaccine design 

Neutralizing antibodies are the key correlate of long-term vaccine efficacy43. As 

previously discussed, the generation of broadly neutralizing antibodies is critical 

to overcoming the barriers to long-lasting HIV and influenza vaccination, as well 

as other pathogens that continue to evade effective vaccination strategies25,27,40-42. 

The induction of long-lived IgM plasma cells in particular may prove essential to 

designing a broadly protective vaccine, due to the somatic diversity of the 

induced IgM response. We have no only demonstrated the ability of long-lasting 

IgM responses to protect against influenza challenge, even in the absence of IgG, 

we have also demonstrated that long-lived IgM plasma cells undergo somatic 

hypermutation to further diversify the response. A better understanding of how 

somatic mutations in IgM affect the affinity, flexibility, and cross-protectivity of 

these antibodies will also aid in an understand of how production of these 
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broadly-neutralizing antibodies might be enhanced – whether through vaccine 

antigen, adjuvant, or delivery system.   

 IgM expression has also been shown to be critical for a healthy IgG 

response, particularly in response to limiting doses of antigen13,38. Thus a poor 

induction of IgG through vaccination may be attributable to a lack of IgM. 

Induced IgM, as well as natural IgM, plays a role in enhancing the IgG response, 

and stimulating either or both may improve IgG titers and long-lasting 

protection.  

 Induction of B1-derived long-lived IgM responses in infants may also 

prove to be a more effective strategy than current vaccination programs. There 

are numerous barriers to generating a long-lived IgG response in infants – a lack 

of B2 cells and the presence of maternal IgG suppression chief among them4,44 – 

but it may be possible to induce long-lived IgM in these patients. Polyclonal IgM 

has also been additionally been shown to work as adjuvant in malarial vaccines 

given to infants with immune mothers, overcoming the obstacle of maternal 

antibody39.   

Similarly, the elderly suffer from decreasing antigen-specific antibody 

titers and increased susceptibility to disease45-47. The response to vaccination in 

aging patients is significantly reduced compared to younger individuals, as 

demonstrated in seasonal influenza vaccinations48. Both the number of antibody-

secreting cells and the antibody production of individual cells also decrease with 

age49. The B cell repertoire may also decrease, limiting the ability to response to 

diverse antigens, and AID expression and CSR/SHM are also reduced in aging 

populations45,50,51. This is linked with a more limited germinal center response – 
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it has been shown in mice and in humans that the number of germinal center B 

cells is reduced and that the germinal centers themselves are smaller52,53. The 

response may also be delayed, and with reduced levels of class switching and 

SHM54. Because long-lived IgM plasma cells are able to develop in the absence of 

germinal centers, and we have shown that they can provide sufficient protection 

against viral pathogen, a focus on this stimulating this germinal center-

independent pathway may aid in developing more effective vaccines strategies for 

elderly patients.  A broadly neutralizing IgM response may also help to overcome 

limitations of the gaining B cell repertoire. 

 

Targeting B cell disorders 

Induced IgM plasma cells make up a smaller portion of total circulating IgM and 

total long-lived plasma cells, and it is currently unknown whether these cell 

factor into B cell disease. However, an increased understanding of how these cells 

differentiate may still aid in better targeting clinical approaches to B cell 

disorders. In particular, B1 cells and IgM have be linked to a number of 

autoimmune disorders, and B1 expansion is observed in lupus, atherosclerosis, 

arthritis, and rheumatism55-57. However, depletion of B1 cells and secreted IgM 

does not always reduce autoimmunity, and can actually worsen disease 

progression36,37. Targeting autoimmune cells, without negatively affecting healthy 

B1 and IgM responses, may require distinguishing between the natural and 

induced IgM compartments. A better understanding of the markers of a healthy B 

cell response may also aid in better targeting cancerous B cells. 
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Future directions of this study 

Currently, we are in the process of preforming a microarray analysis on long-

lived IgM cells in comparison to IgG plasma cells. The mRNA expression profiles 

will further be compared to naïve B1 and B2 cells. With this, we will better 

understand how B1 cells differentiate in long-lived IgM plasma cells, and how 

these cells differ from IgG plasma cells. In particular, we will focus on the 

expression of AID and the machinery of class switching and somatic 

hypermutation. We hypothesize that lowered expression of AID may result in 

both the low mutations and lack of class switching observed in long-lived IgM. 

This hypothesis is based in part on a study of aging mice by Riley, Blomberg, and 

colleagues, wherein lowered AID expression was observed with declining IgG 

production and infrequent somatic hypermutations45. Low AID expression may 

be inherent to B1 cells, as mutations are often observed at low levels in B1 

variable genes, or it may be related to the timing of differentiation – it is possible 

that early plasma cells have differentiated before they were able to accumulate 

many mutations or class-switch. Our findings that long-lived IgM plasma cells 

can develop prior to germinal center formation also suggests that timing may 

play a role in mutational frequency and class-switching. A more detailed study of 

the kinetics of this response will further clarify how the long-lived IgM and IgG 

plasma cell pathways diverge. 

 Long-term, we also hope to understand more about the function of these 

long-lived IgM plasma cells. Determining what effect, if any, that somatic 

mutation has on the ability of induced IgM to bind antigen will provide further 

insight into the function of these cells. Using influenza as a model, we will further 
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be able to measure the cross-protective potential of IgM against diverse strains of 

the virus. The ability to generate broadly neutralizing antibodies is of great 

clinical significance, and will aid not only in our increasing our knowledge of the 

humoral response but it may also prove critical to designing better vaccines.    
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