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Abstract

B-1 cells comprise subpopulations of B lymphocytes in mice that display developmental, 

phenotypic, and functional characteristics that are distinct from that of conventional B cell 

populations (often referred to as “B-2” cells). Despite the known importance of murine B-1a 

(CD5+) and B-1b (CD5−) cells in the production of natural antibodies and rapid antigen-specific 

humoral responses to infection, evidence for B-1 cells in primates, including humans, is very 

limited. Identifying these cells in humans proves challenging given the limited number of cells 

that can be obtained from sites expected to harbor increased frequencies of these cells (ie., 

peritoneal and pleural cavities) and the need to perform functional analyses on these cells, which 

in the case of B-1b cells must be carried out in vivo. The use of cynomolgus macaques and 

African Green monkeys has enabled us to bypass these limitations and to identify and extensively 

analyze primate B cell populations with the phenotypic and functional characteristics of mouse 

B-1a and B-1b cells. Our results reveal striking similarities between primate and murine B-1 cells, 

including a conserved functional role for primate B-1b–like cells in immunity to T cell 

independent type 2 antigens.
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B-1b cells - a short history

B-1a and B-1b cells are mouse B cell populations with unique developmental, phenotypic, 

and functional characteristics1–3. B-1b cells have been studied far less frequently than B-1a 

cells, and it their role in the immune system has only been recently become appreciated. 

Nonetheless, murine B-1b cells were described nearly 25 years ago at the first B-1 meeting 

in 19914. At the time, B-1 cells were noted to be enriched in the serosal cavities and to 

express high levels of IgM, low levels of IgD and B220, and to uniquely express CD11b 

(Mac1; complement receptor 3). Although similar to B-1a cells in phenotype and tissue 

distribution, the B-1b cell population was defined by the lack of CD5 (Ly-1) expression and 

evidence supporting this population was derived from a distinct developmental lineage. This 

included data demonstrating the inability of B-1b cells to differentiate into B-1a cells in 

adoptive transfer experiments (and vice versa) and the differential development of B-1a and 
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B-1b cells from adult Ig− precursors4–6. Thus, although reference is often made to “B-1 

cells”, it must be stressed that B-1a and B-1b cells are distinct populations and hence, the 

behavior and characteristics of B-1b cells do not always parallel that of B-1a cells.

Despite being described in the early 90’s, the functional role of B-1b cells in the immune 

system did not begin to be appreciated until 2004, when Alugupalli et al. demonstrated a key 

role for B-1b cells in the protective T cell independent antibody response to Borrelia 

hermsii7. An important finding of this study was that B-1b cells from convalescent mice 

functioned in a memory-like capacity in that they were capable of providing superior 

protection against infection over naïve B-1b cells. Thus, B-1b cells were identified to have a 

critical role in providing long-lasting protective humoral immunity to this important human 

pathogen. Shortly thereafter, my colleagues and I demonstrated a central role for B-1b cells 

in protection against Streptococcus pneumoniae8. While studying the role of the 

complement receptor, CD21/359, and its signaling partner CD19 in the protective immune 

response to S. pneumoniae, we made striking observations regarding the effect of CD19 

deficiency on protection against pneumococcal infection8. Naïve CD19−/− mice were found 

to be extremely susceptible to pneumococcal infection following a low dose inoculum. This 

was explained by the critical role CD19 plays in supporting B-1a cell development and the 

production of natural antibodies against phosphorylcholine (PC), a key haptenic determinant 

of S. pneumoniae10. Consistent with these findings, transgenic mice overexpressing human 

CD19 (hCD19Tg) had increased B-1a cells and PC-reactive natural antibody, and were thus 

more resistant to infection. Remarkably, however, immunizing CD19−/− mice with either 

heat-killed bacteria or capsular polysaccharide (a T cell independent type 2 antigen; TI-2 

Ag) yielded antibody responses that provided complete protection against a high dose lethal 

challenge. Conversely, hCD19Tg mice were unable to produce productive anti-capsular 

antibody responses and were therefore not protected during lethal dose challenge. 

Phenotypic analysis demonstrated that although CD19−/− mice lacked B-1a cells, they had 

CD5−CD11b+B220intIgMhi (B-1b) peritoneal B cells (Fig. 1A). In contrast, hCD19Tg mice 

lacked B-1b cells. The opposing role for CD19 in B-1a versus B-1b cell development 

provided further evidence for the developmental differences between B-1a and B-1b cells. 

Adoptive transfers of CD19−/− or wild type B-1b cells into CD19Tg or Rag1−/− mice clearly 

showed their superior ability to elicit long-lasting adaptive anti-capsular antibody responses 

relative to other B cell subsets8 (Fig. 1B–D). Moreover, B-1b cells alone could provide 

significant protection to Rag1−/− mice following lethal systemic pneumococcal challenge 

(Fig. 1E). Multiple studies provide additional supporting evidence for the key role murine 

B-1b cells play in antibody responses to TI-2 Ags, including NP-Ficoll11, TNP-Ficoll12, α1–

3-dextran13, and Salmonella typhi Vi polysaccharide14, as well as additional pathogen-

derived TI Ags7, 15, 16 and the Gal α1–3Galbeta1-4GlcNAc (Gal) carbohydrate epitope 

involved in transplant rejection17. The role of B-1b cells in immune responses to protective 

pathogen-derived antigens has been recently reviewed3.

Human B cell responses to TI-2 Ags

Although data supports a central role for murine B-1b cells in T cell independent host 

defense, the question of whether a similar population exists in other species has received 

considerable debate, as has been the case for B-1a cells. TI-2 antibody responses in 
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primates, for example, have been proposed to be primarily elicited by marginal zone (MZ) B 

cells, which may include the controversial IgM+CD27+ “memory” B cell population18–22. 

This is a controversial population due to the fact that these cells express the CD27 memory 

marker and exhibit somatic hypermutation and yet, are proposed to be naïve. IgM+CD27+ B 

cells have been proposed to express mutated antigen receptors due to a process of antigen-

independent somatic hypermutation proposed to occur during developmental repertoire 

diversification in humans20. However, the alternative possibility is that these cells are bona 

fide IgM+ memory cells that have undergone memory differentiation in response to TI or T 

cell dependent (TD) antigen stimulation—a process that could potentially occur even in the 

absence of productive antibody responses. Despite the controversy surrounding the origin, 

functions, and memory status of IgM+CD27+ “memory” B cells21, recent studies 

nonetheless support a role for CD27+ B cells in either producing IgM and IgG against 

PPS19, 23 or increasing in frequency following PPS immunization in humans24. Human 

IgM+CD27+ memory cells have therefore been proposed to perform the functions of murine 

B-1 and MZ B cells19, 22. While MZ B cells also contribute to TI antibody responses in 

mice, their role relative to B-1b cells may be antigen-, dose-, and route-dependent, although 

our work has shown that the magnitude of splenic TI-2 Ag-specific B- 1b cell responses is 

similar following intraperitoneal, intravenous, subcutaneous, and intramuscular 

immunization (ref.12 unpublished data). That CD19−/− and other strains of mice with 

deficiencies in MZ B cells8, 13, 25, 26 exhibit normal or near-normal antibody responses to 

TI-2 Ags supports that non-MZ B cell populations such as B-1b cells play an important role 

in these responses at least in mice. It is clear that human B cells can produce antibodies 

against the same antigens and pathogens that elicit murine B-1 cell responses7, 8, 23, 27. 

However, a TI-2 antibody-producing B-1b cell subset has generally not been thought to exist 

in primates28.

Despite the proposed differences between mouse and human B cell subset responses to TI-2 

Ags, remarkable similarities exist between TI-2 antibody responses in rodents and primates. 

First, neonatal rodents and primates make very poor responses to TI-2 Ags29–31. In both 

orders, the defective humoral response to polysaccharides can often be overcome by the use 

of polysaccharide-protein conjugates29–31. Indeed, it was research conducted in mice that 

lead to the rationale for development of the first polysaccharide-protein conjugate vaccine32. 

Second, TI-2 Ags largely induce IgM and to a lesser extent, IgG3 (mouse)/IgG2 (human) 

subclass antibodies. Mouse IgG3 and human IgG2 are typically produced in response to 

carbohydrate antigens and have the unique capacity to engage in cooperative interactions via 

noncovalent and covalent interactions, respectively33, 34. This process of IgG 

oligomerization may promote enhanced antibody effector functions, including complement 

activation. Third, in both mice and humans, antibody responses to polysaccharide antigens 

are refractive to boosting. Finally, polysaccharide antigens, including some pneumococcal 

polysaccharides, have been shown to induce tolerance in both mice and primates35, 36. The 

above characteristics are unique to polysaccharide antigens, and each represents a significant 

barrier to developing effective polysaccharide-based vaccines. The practice of using mice to 

model these conserved features of anti-polysaccharide antibody responses has been long 

been accepted. However, the notion that primates are lacking the murine counterpart of B-1b 
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cells dedicated to producing antibodies against these antigens seems at odds with these 

evolutionarily-conserved features of polysaccharide-specific B cell regulation.

Challenges with defining B-1 cells in humans

Evidence for human B cells with the functional and phenotypic characteristics of B-1a or 

B-1b cells present in tissues typically enriched in B-1 cells in mice (ie., serosal cavities and 

omentum) is very limited. The identification of B-1a cells in humans in non-serosal tissues 

has been hampered by the lack of reliable markers that can be used to differentiate these 

cells from other B cell populations. The use of one of main distinguishing markers for 

peritoneal B-1 cells, CD11b, is problematic even in mice due to the fact that CD11b 

expression typically diminishes on B-1 cells outside of the peritoneum and upon 

differentiation to antibody secreting cells (ASC)1, 17, 37, 38. Recent CD11b+ peritoneal B-1 

emigrants as well as CD11b+ B-1b cells participating in TI-2 antibody responses can be 

detected in spleen, blood, and lymph nodes using CD11b antibodies labeled with bright 

fluorochromes12, 39, 40. The potential for non-B-1-derived B cells to express CD11b is not 

completely clear, and thus, adoptive transfers of peritoneal B-1 cells are often used to 

corroborate findings made for endogenous CD11b-expressing B cells identified to 

participate in immune responses. For example, we have confirmed that peritoneal B-1b cells 

from VHB1–8 transgenic (Tg) mice (express a heavy chain that pairs with lambda light 

chains to confer specificity for NP) maintain CD11b expression in blood, spleen and lymph 

nodes during the response to NP-Ficoll (unpublished observations). CD5 can also be 

problematic as a sole marker of B-1a cells in mice, as BCR-activated B-1b cells and B-2 

cells12, 41, anergic conventional B cells42, and B10 regulatory B cells can all express low 

levels of CD543. Another complication is that there is heterogeneity in the expression levels 

of additional markers among mouse B-1a and B-1b cell populations. For example, peritoneal 

B-1a (CD11b+CD5+CD19hiIgM+) cells from C57BL/6 mice typically express CD43 and 

very low levels of CD21/35, CD23, and B220; however, CD19hiCD11b+CD5− B-1b cells 

can be subdivided into CD21/35int and CD21/35lo/-26, CD23+ and CD23lo/-44, CD43+ and 

CD43lo/- , as well as B220hi and B220lo populations (Fig. 2A–B). Thus, wild type 

CD19hiCD11b+CD5− cells generally fall into two major subsets: 

CD21/35intCD23+CD43lo/-B220hi cells and CD21/35lo/-CD23−CD43+B220lo cells. B-1b 

cells from CD19−/− mice are predominantly CD21intCD23+CD43lo/-B220hi (Fig. 2B). 

Importantly, both subsets reconstitute antibody responses to TI-2 antigens (unpublished 

observations). Thus, a challenge for future studies will be to identify novel reliable markers 

for B-1a and B-1b cells that can be applied to the identification and further characterization 

of both mouse and human B cell subsets. In the meantime, comparative studies conducted in 

non-rodent species must examine multiple phenotypic and functional characteristics of 

murine B-1a and B-1b cells. For example, Rothstein and colleagues recently probed the 

existence of human B-1 cells by examining human B cell populations expressing B-1a-like 

phenotype and functional characteristics. Their work demonstrates a B-1a-like population in 

human peripheral blood expressing a CD20+CD27+CD43+CD70− phenotype with the 

capacity for spontaneous IgM secretion, T cell stimulation, heightened tonic intracellular 

signaling, and typical murine B-1a antigen receptor specificities45. Despite these findings, 

the existence of B-1a cells in humans has remained controversial22, 46–50.
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Identification of B-1b-like cells in humans is more problematic than B-1a cells, since in 

contrast to B-1a cells for which human counterparts can be identified by fixed functional 

characteristics, B-1b cells are best identified by their participation in adaptive responses to 

TI Ags. This has been achieved in mice using strong TI-2 Ags as immunogens and then 

tracking Ag-specific B-1b cell responses in blood, spleen, lymph nodes, and serosal tissues 

by multicolor flow cytometry12, 13, 26, 40, 51. Nonetheless, this may be difficult to achieve in 

humans given that: 1) they may have pre-existing immunity to vaccine antigens or cross-

reactive polysaccharide antigens known to induce B-1b cell responses in mice (such as type 

3 pneumococcal polysaccharide) and 2) B cell subset analysis is largely limited to peripheral 

blood cells. The latter poses a challenge to obtaining sufficient numbers of Ag-specific B 

cells for analysis, since polysaccharide antigen vaccines typically elicit weak responses due 

to the lack of T cell help as well as a lack of suitable adjuvants that can be administered to 

augment responses. Thus, investigating whether humans have a B-1b cell population is not a 

trivial undertaking.

Evidence for B-1 cells in non-human primates

We rationalized that the identification of B-1 cell populations in primates might be best 

achieved using non-human primate (NHP) models since tissues were readily obtainable 

through our primate facility and the same model TI-2 Ags we used in wild type mice to 

measure antigen-specific B-1b cell responses12, 40 could be used in NHP. We therefore 

sought to determine whether NHP harbored B cell subpopulations exhibiting the phenotype, 

tissue localization, and functional characteristics of murine B-1a and B-1b cells.

We approached the question of whether primates have B-1-like cells by first examining the 

tissues and cavities in which these cells are found enriched in mice. B cells were present in 

both omental tissue and peritoneal lavages of both African green monkeys (AGM) and 

cynomolgus macaques52. However, peritoneal cavity cell yields were low relative to that 

which can be obtained from C57BL/6 mice (>5 ×106). Cell yields obtained from NHP 

peritoneal lavages and processed omentum were typically ~1–2 ×106 cells/animal, with B 

cells typically comprising <10% of the population. Healthy patients have been reported to 

have similar leukocyte numbers recovered in peritoneal lavages (~3×106), with ~8% CD19+ 

B cells 53. In NHP, roughly ~25–40% of peritoneal and omental B cells express the CD11b 

marker used to phenotypically define peritoneal B-1 cells in mice (Fig. 3A). Interestingly, 

the frequency of peritoneal B cells expressing CD11b significantly increases during the first 

3 years of primate life, despite unchanging total peritoneal B cell frequencies throughout this 

period of development52. CD11b is present on a fraction of blood B cells in NHP, as in 

humans54, although expression levels are lower than that found for peritoneal and omental B 

cells. CD11b is only expressed by a small fraction of primate splenic B cells (<10%), as 

observed in mice.

Similar to mouse B-1 cells, primate peritoneal and omental CD11b+ B cells express higher 

FSC, IgM, and CD19, and lower levels of CD21 relative to CD11b− B cells (Fig. 3B). A 

fraction of CD11b+, but not CD11b−, peritoneal B cells express CD80 and CD5. CD27 is 

only expressed on a fraction of CD11b+ B cells (<50%) in the peritoneal cavity, suggesting 

that this marker alone cannot be used to define primate B-1 cells. CD5 expression also did 
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not correlate with CD11b expression on peritoneal cavity or omental B cells, and was found 

on a high percentage of spleen and blood cells and therefore cannot be used as reliable 

marker for defining the B-1a subset in NHP, as is true in other species55. However, CD11b+ 

peritoneal B cells exhibit increased specificity for phosphorylcholine (PC)52 and express 

constitutively active Stat3 (Fig. 3C), in contrast to CD11b− peritoneal B cells and spleen B 

cells. These characteristics are unique to murine B-1a cells55, 56. Thus, primate CD11b+ B 

cells exhibit a distribution pattern and surface phenotype that is similar to murine B-1 cells 

(FSChiSSChiCD11b+CD19hiIgMhi CD21lo/-CD80
+/−

 ) and a subset of these peritoneal B 

cells constitutively express active Stat3 and exhibit enhanced reactivity with PC, similar to 

B-1a cells. Collectively, these data strongly support the existence of a functional B-1a-like 

population in primates.

While our results clearly indicate NHP have a population of B cells with defining 

characteristics of mouse B-1a cells, there are some challenges to comparing our results with 

characteristics reported for human B-1-like cells45. For example, we have not been able to 

identify human CD43 antibodies that cross-react with AGM or cynomolgus macaque CD43 

and are therefore unable to make comparisons between the NHP peritoneal B-1a-like cells 

and the human CD20+CD27+CD43+CD70− blood B-1 population described by Rothstein 

and colleagues45. Circulating CD11b+ cells compose only ~10% of the human B-1-like 

CD20+CD27+CD43+CD70− blood population57. How this human B cell population relates 

to the CD11b+ blood and spleen B cells found in NHP is not yet clear, although a fraction of 

NHP CD11b+ B cells clearly express CD27. Future work is necessary to further characterize 

human serosal B cells53 and to determine their relationship to the human 

CD20+CD27+CD43+CD70− blood B-1 cells that have been described45. Identification of 

additional surface markers and defined transcriptional and epigenetic signatures for mouse, 

NHP, and human B cell subsets will certainly aid in future studies examining the 

relationships among these populations. Progress in this area will help to improve upon 

mouse and NHP models of B cell regulation that are critically important for biomedical 

advances in vaccine development and therapies for autoimmunity and B cell malignancies.

Evidence for functional B-1b-like cells in primates

To determine whether NHP B-1-like cells perform similar functions attributed murine B-1b 

cells, we examined NHP Ag-specific B cell responses to TNP-Ficoll, a classical synthetic 

TI-2 Ag which induces murine Ag-specific B-1b cells to expand, differentiate, and produce 

TNP-specific antibody, regardless of whether Ag is delivered i.p. or i.v.12 or whether MZ B 

cells are present26. We have validated the use of this model system to track Ag-specific B 

cell responses to TNP-Ficoll in mice12, 26. TNP-binding B cells are found within all murine 

B cell subsets; however, B-1b cells predominantly respond to TNP-Ficoll immunization12, 

similar to what has been reported for NP-Ficoll11. TNP-Ficoll immunization significantly 

increased the number of Ag(TNP)-specific blood B cells in AGM and cynomolgus 

macaques52. As we also observe in mice12, immunization induced a significant increase in 

CD11b+ TNP-specific B cells in NHP with increased FSC, SSC, CD19, PD-1, and CD86 

expression and decreased CD21 expression (Fig. 4A–B and data not shown). The 

CD20loCD21loCD19+CD11b+ Ag-specific B cell population was present in blood between 5 

and 21 days post immunization52. Additional phenotypic markers were also shared between 
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the murine and primate Ag-specific B cells responding to TNP-Ficoll immunization, 

including CD80 and CD44. As shown in Table I, the surface marker profiles expressed by 

Ag-specific B cells following TNP-Ficoll immunization are indeed remarkably similar 

between mice and NHP. Importantly, we have observed similar phenotypic changes in mice 

and primates following Pneumovax23 immunization, with significant increases in PPS3-

specific blood and spleen B cells expressing CD11b, PD-1, and CD86, 5 days following 

immunization (ref.40 and unpublished observations).

A large fraction of Ag-specific CD11b+CD19+ blood B cells in TNP-Ficoll-immunized 

NHP express low levels of CD20 (Fig. 4A), whereas CD20loCD11b+CD21loCD19+ B cells 

represent only ~1 % of the total CD20+ blood B cell pool in naïve AGM. The CD19+CD20lo 

phenotype is consistent with that of plasmablasts. Indeed, ELISPOT analysis of the CD11b+ 

B blood cells indicated that TNP-specific antibody-secreting B cells were enriched (30-fold) 

in the CD11b+ B cell pool52. That CD11b-expressing B cells were found to be superior to 

CD11b− cells in producing antibody against this model TI-2 Ag is consistent with 

observations made in mice. Adoptive transfer experiments of CD11b+ B-1b cells from 

normal mice optimally reconstitute antibody responses to haptenated Ficoll and PPS38, 11 

and Ag-specific CD11b-expressing CD138+ plasmablasts are found in spleens of normal 

mice following TNP-Ficoll immunization12. Moreover, results from adoptive transfer 

experiments performed in our lab indicate an enhanced ability of VHB1-8 Tg CD11b+ 

peritoneal B-1b cells versus other subsets to differentiate into ASC following NP-Ficoll 

immunization (unpublished observations). Thus, B-1b cells in mice and B-1b-like CD11b+ 

cells in NHP optimally differentiate into ASC following immunization with haptenated-

Ficoll.

The long-term fate of the CD11b+CD20lo blood plasmablasts elicited in response to TI-2 Ag 

in NHP is not presently clear. However, as we have reported in mice12, TNP-specific ASC 

are found in both the spleen and bone marrow of NHP 6 weeks post TNP-Ficoll 

immunization52. Whether these cells have the potential to compete for the bone marrow 

niche and/or fully differentiate into plasma cells has yet to be explored. Based on studies in 

mice, the bone marrow ASC elicited in response to TI-2 Ags have lower antibody output 

than that found for plasma cells elicited in response to protein-polysaccharide conjugates58. 

TI-2 Ag-elicited ASC may therefore be more representative of plasmablasts59. The extent to 

which their numbers are maintained by constant renewal due to persisting Ag, as seems to 

be the case for splenic TI-2 Ag-elicited plasmablasts11, 60, is unclear. Importantly, when 

TI-2 Ags are associated with infections or adjuvants, the resulting bone marrow ASC may 

be more differentiated and in fact, non-dividing long-lived ASC58, 60. The pathways 

regulating the differentiation of TI Ag-activated B-1b cells into long-lived bone marrow 

ASC versus self-renewing memory-like splenic plasmablasts or quiescent memory cells are 

not fully elucidated7, 11, 13, 60. Nonetheless, this is clearly an important area of investigation, 

since progress in this area would inform improved vaccine strategies for this unique class of 

Ag.

Given the proposed role of CD27+ “memory” B cells in human immune responses to 

polysaccharide Ags22, 24, we examined CD27 expression on Ag-specific blood B cells 

before and following TNP-Ficoll immunization. In most monkeys, CD27-expressing TNP-
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specific IgM+ blood and spleen B cells were below the limit of detection. In contrast, CD27-

expressing non-Ag-specific blood B cells represented ~25–50% of the population. Notably, 

this has not been our experience with PPS3-specific B cells from naïve NHP. In many cases, 

monkey B cells that bind to PPS3 express CD27 prior to immunization (manuscript in 

preparation). This may reflect previous exposure to serotype 3 S. pneumoniae or a 

polysaccharide antigen with similar structure. Although CD27 was undetectable on naïve 

TNP-specific B cells, CD27 expression was present on activated Ag-specific blood and 

spleen B cells following TNP-Ficoll immunization. This finding lends support to the 

argument that CD27 is induced on naïve B cells during the primate response to some TI-2 

Ags and in fact, maintained as a marker of memory, as discussed in the next section.

B-1b-like memory cells in mice and primates

Evidence suggests that B-1b cells activated by isolated TI-2 Ags or bacteria support long-

lived antibody responses as either dividing plasmablasts within the spleen11, 13, 60–62 or as 

non-dividing long-lived BM ASC (ref.60 and unpublished observations). Hapten-specific 

splenic ASC raised against TNP-Ficoll clearly persist in normal mice and NHP12, 52. 

However, these cells lose CD11b expression during the differentiation process to ASC, 

making identification of B-1-derived CD138+ cells (using CD11b as a defining marker) in 

intact mice after the peak of the response impossible. Thus, adoptive transfer experiments 

have been performed by our laboratory to confirm that B-1b cells contribute to the 

maintenance of this splenic ASC pool in mice (unpublished observations). MacLennan and 

colleagues11 used immunohistochemistry to demonstrate that NP-reactive B cells can persist 

in splenic tissue of Rag-1−/− mice as either plasma cells or plasmablasts for >2 months in the 

response to NP-Ficoll, which is known to involve B-1b cells11, 51. Thus, the long-lived 

humoral response to NP-Ficoll in mice is, in part supported by a dividing splenic 

plasmablast pool. Recent work by Kearney and Foote indicates that splenic plasmablasts 

elicited in response to alpha1-->3-dextran are maintained for long periods by continuous 

Ag-driven formation of short-lived plasmablasts60. Importantly, this population may further 

expand during secondary bacterial challenge7, 60. Therefore, splenic B-1b plasmablasts 

provide an unconventional type of memory that enables rapid increases in antibody levels 

upon secondary exposure to infectious agents.

In addition to plasmablasts, a population of CD11bloCD138− Ag-specific B cells persists for 

> 6 weeks in the spleen and peritoneal cavity following haptenated-Ficoll immunization in 

mice12. CFSE-labeled B-1b cells from VHB1–8 transgenic mice similarly establish this 

population in normal mice following NP-Ficoll immunization (unpublished observations). 

The lack of CD138 expression by these cells along with IgG expression, resting size on 

forward scatter analysis, and loss of CFSE indicate that they are non-antibody secreting 

memory cells. Although suppressive mechanisms limit recall responses to TI-2 Ags, 

memory B cells are clearly formed in response to these Ags63. As in mice, six weeks post 

TNP-Ficoll immunization, splenic Ag-specific B cell frequencies are also significantly 

increased in NHP (Fig. 5A), and this is largely due to a ~10-fold increase in CD11b+ 

IgMhiIgDint Ag-specific cells (Fig. 5B–F). These Ag-specific splenic B cells are CD19hi, 

coexpress CD80, and in contrast to the CD20lo plasmablast phenotype found in blood, 

express high levels of CD20 (Fig. 5G). Only a small frequency (~5%) of these cells express 
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Ki67 (Fig. 5I), and hence, most are non-dividing. Importantly, we did not detect TNP-

specific CD27+ B cells in naïve cynomolgus spleens, but these cells were present at 6 weeks 

post immunization (Fig. 5H) and belonged to the CD11b+CD20hi population (Fig. 5G). 

Thus, in NHP, the majority of CD11b+ Ag-specific splenic B cells 6 weeks post TNP-Ficoll 

immunization exhibit a memory-like phenotype, as in mice. Our findings support the 

likelihood that CD27 may be a bone fide marker of memory for IgM+ B cells that have 

participated in a TI-2 Ag-specific immune response. Further work is necessary to determine 

the functional characteristics of these putative memory cells in mice and NHP. Indeed, work 

in this area may lead to a better understanding of the regulatory pathways suppressing 

boosting of secondary humoral responses to polysaccharide Ags—a major obstacle to 

effective polysaccharide-based vaccines.

Summary

In conclusion, our findings demonstrate that: 1) primate B cells in serosal tissues exhibit 

striking phenotypic and functional similarities with murine B-1 cells, 2) there is remarkable 

similarity between mouse and primate Ag-specific B cell responses to TNP-Ficoll, with 

primate Ag-specific B-1-like cells playing a dominant role in the humoral immune response 

to this model TI-2 Ag, and 3) Ag-specific primate B-1 cells enter the IgM+IgDloCD27+ 

compartment upon TI-2 Ag exposure, thereby linking the mouse B-1b cell population with 

the previously described human/primate IgM+IgD+CD27+ “memory” population52. 

Although the populations contributing to TI-2 Ag responses in mice and humans have been 

proposed to differ, our results with NHP raise the possibility that B-1b-like cells also 

contribute to these responses in humans. Future studies examining the relationships between 

mouse and primate B-1a and B-1b cells, including details of their developmental lineage and 

ontogeny, major functions in the immune system, and the pathways regulating their 

participation in host defense, autoimmunity, allergy, and malignancy are certainly warranted 

as they are expected to lead to advances in vaccine development and the treatment of human 

diseases.

Material and Methods

Flow cytometry

Staining and flow cytometric analysis of B cell surface marker expression for data shown in 

Figure 1 and Figures 3–5 have been previously described as indicated in the figure legends. 

For the data shown in Figure 2, cells were harvested from the peritoneal cavities of adult 

C57BL/6 wild type (Jackson Laboratories) or CD19−/− mice8. Briefly, 10 ml phosphate 

buffered saline (PBS), pH=7.4, was injected into the peritoneal cavity and harvested. 

Recovered cells were adjusted to a concentration of 1×107/ml in PBS containing 2% fetal 

calf serum (PBS-FCS), blocked with Fc Block (BD Biosciences) and then stained with 

fluorochrome-labeled antibodies against mouse CD19 (1D3), CD5 (53–7.3), B220 (RA3–

6B2), and CD21/35 (7E9) from Biolegend, CD11b (M1/70) from eBioscience, and CD43 

(S7) and CD23 (B3B4) from BD Biosciences. Cells were washed in PBS-FCS and analyzed 

using a CantoII flow cyotometer (BD Biosciences) and Flowjo software (Treestar).
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Figure 1. B-1b cells reconstitute protective antibody responses to PPS in B-1b-cell deficient 
CD19Tg mice and B cell-deficient Rag-1−/− mice
A) CD19−/− mice are deficient in B-1a cells whereas CD19Tg mice are deficient in B-1b 

cells. B-1 (B220+CD11b+) and B-2 (B220+CD11b−) lymphocytes are indicated (left 

column) with histograms showing CD5 expression by peritoneal B-1 (B220+CD11b+-gated) 

cells (right column). Isotype-matched control antibody staining is indicated by a dotted line. 

B–C) Reconstituting hCD19Tg mice with peritoneal B-1b cells from CD19−/− mice rescues 

responsiveness to PPS-3. Peritoneal B-1b or B-2 cells from CD19−/− mice were isolated by 

FACS (B). FACS-purified peritoneal B cells or enriched spleen and lymph node B cells 

from CD19−/− mice were transferred i.p. into hCD19Tg mice (105 cells/mouse). Mice were 

immunized with PPS-3 3 weeks later with PPS-3-specific antibody titers determined by 

ELISA (C). D–E) Transfer of WT B-1b cells into Rag-1−/− mice reconstitutes PPS3-specific 

IgM and IgG responses and provides protection against lethal S. pneumoniae infection. D) 

Purified WT peritoneal B-1a cells, B-1b cells, or unfractionated spleen or LN cells were 

transferred i.p. or i.v. into Rag-1−/− mice (4 × 105 B cells/mouse; ≥3 mice/group). Mice were 

immunized with 0.5 µg PPS-3 3 days later, with PPS-3-specific IgM (d7) and IgG3 (d14) 

antibody levels measured by ELISA. E) Rag-1−/− mice reconstituted with B-1b cells were 

infected with 102 colony forming units of serotype 3 S. pneumoniae 14 days post-

immunization. *Chi-square analysis indicated significant differences in survival. Adapted 

from Haas et al.8.
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Figure 2. Heterogeneity in expression of surface markers on B-1b cells
A) Gating strategy to identify B-1a, B-1b, and B-2 cells in lymphocytes from peritoneal 

cavity lavages of wild type C57BL/6 mice. B) CD19, CD21/35, CD23, CD43, and B220 

expression levels on peritoneal cavity B-1a, B-1b, and B-2 B cells in wild type and CD19−/− 

mice on a C57BL/6 background.
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Figure 3. B-1–like cells are present in higher primates
A) Sample gating strategy to identify B cells in NHP tissues. B cells were defined as either 

CD19+CD20+ cells present within the lymphocyte gate. CD11b expression (solid line) by B 

cells in AGM peritoneal cavity (P. cavity), omentum, spleen, and blood is shown in 

histograms in the lower panel. B) FSC, IgM, CD21, and CD19 expression by CD11b+ (solid 

line) and CD11b− B cells (gray shading), gated as shown in (A). C) Constitutive active 

Stat3(p705) expression (solid line) by CD19+ spleen B and peritoneal CD11b− and CD11b+ 

B cells in AGMs (top histograms) and mice (bottom histograms). Histograms with dashed 

lines indicate intracellular mAb isotype control staining. Adapted from Yammani and 

Haas52.
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Figure 4. Ag-specific B cell responses to TNP-Ficoll are similar between mice and non-human 
primates (NHP)
A) Ag-specific B cells (upper panels) and their CD11b expression levels (lower panels) in 

mice and AGM prior to and 5 days following TNP-Ficoll immunization. B220 and CD19 

were used to identify splenic mouse B cells and CD20 and CD19 were used to identify 

primate blood B cells. Representative CD11b+ Ag-specific B cell frequencies before and 

following (d5) immunization are indicated. B) CD19, CD21, PD-1, and CD86 expression 

levels by gated Ag-specific B cells on d0 (thin line) and 5 days post immunization (thick 
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line). Shaded histograms indicate expression by non-Ag-specific B cells in immune animals. 

Dotted lines indicate isotype control staining for Ag-specific B cells. Adapted from 

Yammani and Haas52 and Haas12.
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Figure 5. Ag-specific B-1 cells are significantly increased in NHP spleens 6 weeks following TNP-
Ficoll immunization and display an IgMhiIgDloCD80+CD27+ phenotype
(A–I) Flow cytometric analysis of Ag-specific B cells in spleens of naive and immune 

cynomolgus macaques 6 weeks post TNP-Ficoll immunization. A) Representative flow 

cytometric analysis of Ag-specific splenic B cells (gated). B) CD11b expression on Ag-

specific B cells from naive (shaded histogram) and immune (solid line) animals. C) 

Frequencies of CD11b+ and CD11b− Ag-specific B cells among splenocytes. D) IgM and 

IgD expression by Ag-specific B cells, with representative IgMhiIgDlo population-gating 
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shown. E) Frequencies of Ag-specific and non–Ag-specific B cells expressing an 

IgMhiIgDlo B cell phenotype. F) Representative CD11b expression by Ag-specific 

IgMhiIgDlo (solid line) and IgMlo (shaded histogram) B cells in immune animals. G) CD19, 

CD20, CD80, and CD27 expression by CD11b+ (thick solid line) and CD11b− (shaded 

histogram) Ag-specific B cells and non–Ag-specific B cells (thin line) in immune animals. 

H) CD27 expression by Ag-specific B cells in naive and immune spleen (left panel) and 

frequencies of Ag-specific B cells expressing CD27. N.D., “none detected”, indicates the 

frequency of Ag-specific B cells staining positive for CD27 was not significantly increased 

over the frequencies of these cells binding to isotype-matched control antibody (indicated by 

horizontal dashed line). I) Frequencies of Ki67+ B cells in immune animals. For all analyses, 

n = 3 cynomolgus macaques per group. Histograms with dashed horizontal lines depict 

isotype control staining by Ag-specific B cells from immune animals. Significant 

differences in mean (±SEM) frequencies are indicated, *p < 0.05. Adapted from Yammani 

and Haas52.
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Table I

Markers expressed by mouse and primate TNP-specific B cells before and after immunizationa

Phenotypic Marker Naive Immune (day 5)

Mice Primates Mice Primates

Forward scatter (FSC) Low Low High High

Side scatter (SSC) Low Low High High

CD11b (Mac-1/CR3) − − + +

CD19 + + High High

CD21 + + Low Low

CD20 + + ? Low

B220 + ? Low ?

PD-1 − − + +

CD86 − − + +

CD80 − − + +

CD44 − − + +

CD43 − ? + ?

CD23 + ? − ?

CD27 − − − +

a
Data is derived from references 12 and 52 and represent the phenotype of mouse spleen B cells or primate blood B cells before and 5 to 7 days 

after immunization with TNP-Ficoll (immunization was intraperitoneal for mice and intraveneous for African Green monkeys and cynomolgus 
macaques). It should be noted that not all TNP-specific B cells express changes in markers following immunization, but that these alterations are 

due to the presence of cells expressing CD11b and increased size (FSChi).
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