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Human B cell memory
Antonio Lanzavecchia and Federica Sallusto
Following an immune response two types of differentiated B

cells persist in the memory pool: plasma cells, which confer

immediate protection by the secretion of specific antibodies;

and memory B cells, which confer rapid and enhanced

response to secondary challenge. We will review recent

advances in understanding the heterogeneity, dynamics, and

persistence of human memory B cells and plasma cells as well

as new methods to isolate human monoclonal antibodies.

These findings offer new insights into the human B cell

response, which are relevant for vaccination and therapeutic

intervention.
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Longevity of B cell memory
It is well established that in the course of a T cell-

dependent B cell response naı̈ve B cells proliferate and

differentiate to memory B cells and long-lived plasma

cells [1,2�,3]. Using highly purified human naı̈ve B cells it

was shown that optimal expansion, differentiation, and

class switch requires, in addition to BCR triggering and T

cell help, a third signal that can be delivered by TLR

agonists or by cytokines produced by activated dendritic

cells [4]. These findings are consistent with mouse exper-

iments that addressed the requirements for TLR expres-

sion on B cells in certain types of T-dependent responses

[5,6].

Polysaccharides behave as T cell-independent antigens

and activate B cells by crosslinking the BCR. Polysac-

charide vaccines have been available for decades, but

provide only short-term protection and are thought to be

unable to generate B cell memory. It has been shown that

vaccination with polysaccharides leads eventually to the

exhaustion of antigen-specific B cells [7]. By contrast,
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protein–polysaccharide conjugate vaccines elicit T-de-

pendent responses and long lasting memory, at least in

adults [8].

The concept that memory B cells are derived only from T

cell-dependent response has been recently challenged by

the finding that in mice T cell-independent type II

responses to bacterial polysaccharides lead to the expan-

sion of memory B cells with a distinct CD21lo CD23lo

phenotype [9]. The activation of these memory B cells is

strongly suppressed by IgG antibodies, a finding that may

explain the hyper-IgM syndrome in patients lacking

CD40L or AID [10,11].

Longevity remains the key aspect of immunological

memory and applies to both plasma cells and memory

B cells. In a recent longitudinal study it was shown that

antiviral serum antibodies induced by infection or vac-

cination with live viruses are stable with half-lives

ranging from 50 to 200 years, while antibodies induced

by protein vaccines have half-lives of 10–20 years [12�].
The longevity of plasma cells is determined by extrinsic

factors that are collectively defined as ‘survival niches’

[13]. In contrast to adult vaccination, vaccination in

early childhood does not lead to sustained serum anti-

body levels [8]. In a mouse model this failure has been

attributed to a defective capacity of bone marrow stro-

mal cells to produce APRIL, which is required for the

maintenance of long-lived plasma cells [14]. A better

definition of the mechanisms that control plasma cell

survival will be required in order to improve vaccination

in early life.

In humans all memory B cells recirculate through the

blood, but their main reservoir is represented by lym-

phoid tissues, such as the bone marrow and the spleen

[15,16]. Their survival requirements remain to be

defined. Mouse studies indicate that BlyS is required

for the maintenance of naı̈ve B cells and APRIL for

the maintenance of plasma cells, while both ligands

appear to be dispensable for the survival of memory B

cells [17,18]. Conditional deletion of the PLC-g2 gene

depletes memory B cells and abrogates secondary anti-

body responses [19].

There is evidence that under steady-state conditions

human memory B cells are slowly dividing [20,21]

suggesting that the memory B cell pool may be main-

tained through homeostatic proliferation as it is the case

for memory T cells. This view is supported by the

observation that memory B cells are highly responsive

to polyclonal stimuli [22]. At present a B ‘memory stem
www.sciencedirect.com
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cell’ has not been identified and remains a matter of

speculation.

The lack of functional SAP leads in both humans and

mice to a B cell deficiency characterized by defective

germinal center formation and lack of B cell memory

[23,24]. Using two-photon intravital imaging it was

shown that SAP deficiency selectively impairs the ability

of CD4+ T cells to stably interact with cognate B cells,

thus preventing the delivery of effective T cell help

required for germinal center and memory formation

[25�].

Human B cell and plasma cell subsets
Subsets of memory B cells and plasma cells can be

defined on the basis of the expression of surface markers.

Although CD27 has been widely used as a marker for

memory B cells [26], there is a substantial fraction of bona

fide memory B cells that lack CD27 expression [20].

These CD27-memory B cells have been mistakenly

taken as naı̈ve cells, a fact that has generated some

confusion in the field. The ABCB1 transporter is

expressed exclusively on human mature naive B cells

but not on immature, activated or memory B cells, in-

cluding those lacking CD27 [20]. In humans constitutive

TLR expression is a characteristic of memory but not of

naı̈ve B cells, thus explaining the capacity of the former to

readily respond to TLR agonists in the absence of BCR

stimulation [27].

FCRL4 is an inhibitory receptor expressed on a unique

population of human memory B cells, which resides in

epithelial tissues and is characterized by distinctive tran-

script and protein profiles [28]. Recently a similar popu-

lation of tissue-like memory B cells (FCRL4+, CD20lo,

CD27�, and CD21lo) has been identified in the blood of

HIV-viremic individuals [29�]. These cells have an

‘exhausted’ phenotype since they express multiple

inhibitory receptors and proliferate poorly when stimu-

lated in vitro. Strikingly, HIV-specific responses were

enriched in these exhausted B cells, whereas influenza-

specific responses were enriched in functional memory B

cells. These data suggest that HIV-associated exhaustion

of B cells may contribute to poor antibody responses

against HIV in infected individuals [30]. A subset of

ABCB1 CD27-memory CD27 negative-memory B cells

lacking FCRL4 has been described in healthy donors

and, at increased frequencies, in SLE patients [31].

Subsets of circulating plasma blasts and plasma cells have

been identified using surface markers. In steady-state

conditions a large fraction of circulating plasma blasts

express IgA and the gut-homing molecules CCR10 and

beta7-integrin, consistent with a mucosal origin [32].

Newly formed plasma blasts express CD62L, HLA-

DR, and Ki67, while plasma cells displaced from the

bone marrow lack these markers [33].
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Human marginal zone B cells
In humans a large fraction of circulating B cells are IgMhi

IgDlo CD27+ and carry somatically mutated Ig genes [26].

These cells have been initially considered to be IgM

memory B cells, but subsequent studies indicate that they

represent a distinct population related to mouse marginal

zone (MZ) B cells [34��]. Although they share many

properties with their mouse counterpart, such as the

response to bacterial polysaccharides, human MZ B cells

display striking differences, such as the presence of

somatic mutations and the capacity to recirculate. Human

MZ B cells develop progressively over the first two years

of life explaining the unresponsiveness of infants to

polysaccharide vaccines [7]. Furthermore during this time

their BCR repertoire undergoes somatic diversification

that occurs in the absence of antigen-driven responses.

This is clearly demonstrated by the finding that devel-

oping MZ B cells have a polyclonal profile of CDR3

spectratyping as opposed to bona fide memory B cells,

which display an oligoclonal profile [35��]. There is

relatively little information on the dynamics of MZ B

cell responses. However, in one case analyzed, it was

shown that a particular clonotype was detectable at low

frequency in the blood before antigenic challenge and

was already mutated at this stage. Following vaccination

with a polysaccharide vaccine this clone was found

expanded in IgM and IgG plasma cells in the spleen

and was still detected in blood four weeks later [36]. MZ

B cells are clearly distinct from bona fide IgM memory B

cells generated through T-dependent responses that are

IgMhiIgD-CD27+ and are found in peripheral blood of

normal individuals and at low frequency (1% of total B

cells) and at higher frequency in AID-deficient patients

[36].

The above studies outline, for the first time in humans, an

antigen-independent mechanism of diversification of the

preimmune repertoire, which has been originally

described in birds and sheep [37]. This diversification

occurs through postrearrangement processes such as

gene conversion or somatic hypermutation. There is

evidence that this process is T cell-independent, as

shown by the presence of mutated MZ B cells in patients

lacking CD40 or CD40L [36] as well as by the analysis of

Rag�/� gc�/� nude mice reconstituted with human

hematopoietic stem cells [38]. In addition it has been

recently shown that, unlike naı̈ve B cells, human CD24hi

CD38hi transitional B cells respond to CpG and differ-

entiate into MZ-like B cells [39]. These findings suggest

the possibility that BCR diversification might be

initiated in transitional B cells by bacterial DNA or other

microbial products present at mucosal surfaces. It is

striking that humans have selected mutated antibodies

for their protection against encapsulated bacteria [40]. A

possible reason may be that mutated antibodies pro-

duced by human MZ B cells are superior to natural

non-mutated polyreactive IgM antibodies [41].
Current Opinion in Immunology 2009, 21:298–304
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Besides their role in antibody production against bacterial

polysaccharides [42,43], it is possible that MZ B cells may

be involved in other types of immune responses. Indeed,

mouse MZ B cells have been shown to play a protective

role in host defense against influenza virus [44]. The

recent isolation of human monoclonal antibodies neutra-

lizing influenza viruses from a phage library prepared

from human MZ B cells would be consistent with this

possibility [45�].

Dynamics of memory B cells and plasma cells
Upon booster immunization, memory B cells expand

rapidly and generate a burst of plasma cells that peak

on day 7 in peripheral blood. At this time point the

number of circulating plasma cells can exceed by 100-

fold the baseline level and this increase is accounted for

primarily by antigen-specific plasma cells [22,46�]. The

plasma cell burst coincides with a sharp increase in serum

antibodies that reaches plateau levels on day 10, indicat-

ing that the vast majority of the plasma cells generated are

short-lived. A recent study shows that, in contrast to a

widely held belief, the plasma cells generated in response

to a new influenza vaccine have higher affinity for the

vaccine than for a previously encountered virus,

suggesting that in humans the original antigenic sin does

not compromise the immediate response to influenza

vaccination [46�].

Coincident with the generation of antigen-specific HLA-

DR+ plasma blasts, a population of HLA-DR� plasma

cells appears in the blood in large numbers [33]. The

latter cells secrete antibodies of unknown specificity and

represent long-lived plasma cells that have been dis-

placed from their niches in the bone marrow and, having

lost the capacity to home back, are bound to die [47].

These results are consistent with a novel model, where

newly generated and old plasma cells compete for limited

numbers of survival niches [2�]. A recent mouse study

revealed yet another mechanism for turning over of long-

lived plasma cells, which is mediated by IgG containing

immune complexes that trigger apoptosis of bone marrow

plasma cells by engaging FcgRIIb [48�].

A simple method for clonal analysis of memory B cells has

been developed using total PBMC stimulated by the

TLR7/8 agonist (R848) and IL-2 [49�]. Using this method

it was shown that following a booster immunization the

kinetics of antigen-specific B cells was delayed as com-

pared to that of plasma cells, reaching a peak at two weeks

and declining over a period of several weeks. The expan-

sion of specific B cells was striking, with peak values

reaching up to 50% of total memory B cells [49�]. Multiple

parallel assays performed on clonal culture supernatants

were used to monitor fine specificity and crossreactivity of

the antibodies produced by memory B cells. In particular

it was shown that only a small fraction of virus-specific

antibodies have neutralizing activity [49�].
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Autoreactivity and multispecificity
Autoreactive B cells which are formed as a consequence

of random Ig gene recombination are removed at two

checkpoints before maturation into naı̈ve B cells and

are virtually absent in MZ B cells [50]. Surprisingly

however self-reactive antibodies, including antinuclear

antibodies, were frequently expressed by IgG+ memory

B cells in healthy donors [51��]. Most of these anti-

bodies were created de novo by somatic hypermutation

during the transition between mature naive and IgG+

memory B cells. This finding is consistent with

previous reports showing that highly specific anti-

HIV antibodies can also be polyreactive [52]. It remains

to be established whether and to what extent these

autoreactive B cells differentiate into plasma cells. It is

possible that these autoreactive B cells might be aner-

gic or that other mechanisms exist that prevent their

terminal differentiation.

It has long been recognized that a single antibody can

bind to multiple unrelated antigens. Multispecificity

(often referred to as crossreactivity, degeneracy or prom-

iscuity) offers the mean of expanding the repertoire size

providing comprehensive coverage of the antigenic uni-

verse. It can be achieved via different mechanisms that

range from the rigid recognition of identical residues

displayed by different ligands, to a conformational diver-

sity of the antibody allowing binding to structurally dis-

tinct ligands, to the differential positioning of ligands in

different subsites of the paratope [53]. Recently a thera-

peutic monoclonal antibody was engineered to express

two specificities against HER2 and VEGF [54��]. By

screening a randomized library from an HER-2-specific

antibody the authors were able to select several variant

clones that bound VEGF. While most of these clones had

lost reactivity against HER2, others retained such reac-

tivity thus behaving as ‘two-in-one’ antibody. It is tempt-

ing to speculate that a selective process similar to that

used to isolate the two-in-one antibody may occur natu-

rally whenever memory B cells are confronted with a new

antigen.

B cells and plasma cells as therapeutic
targets
In the last few years B cell and plasma cell depletion has

provided new opportunities for treatments of malignan-

cies and autoimmune diseases. The anti-CD20 antibody

Rituximab, which targets B cells but not plasma cells,

has been approved for the treatment of B cell lympho-

mas and rheumatoid arthritis and has been used to treat

chronic lymphocytic leukemia and autoimmune dis-

eases mediated by autoreactive antibodies, such as

systemic lupus erythematosus (SLE) and pemphigus.

Therapeutic effects have been observed also in patients

with relapsing–remitting multiple sclerosis, providing

support for a role of B cells and antibodies in this disease

[55,56].
www.sciencedirect.com
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The mechanism and kinetics of B cell depletion by

Rituximab have been studied in mice expressing human

CD20 [57]. The efficiency of B cell depletion was shown

to be dependent on a number of factors including the

microenvironment, the extent of B cells recirculation, the

expression of Fc receptors, and complement regulatory

proteins such as CD59. Consistent with these animal data,

patients that express the high affinity allele of FcgRIIIa

(V158) have a better prognostic outcome to Rituximab

treatment as compared to patients that express only the

low affinity allele (F158) [58,59]. Combinatorial therapies

have been considered to increase the effect of anti-CD20

such as fresh plasma or antibodies to CD59. In addition

new anti-CD20 antibodies are developed with enhanced

capacity to induce ADCC or to fix complement [60].

In autoimmune diseases long-lived plasma cells secreting

autoantibodies represent an as yet unmet therapeutic

challenge because they are resistant to conventional

treatments, such as immunosuppression and anti-CD20

antibodies. However, immunoablation using antithymo-

cyte serum followed by autologous stem cell transplan-

tation has been shown to effectively deplete long-lived

plasma cells and induce long-term remission in patients

with severe autoimmune diseases [61]. Owing to the high

rate of protein synthesis and the limited proteolytic

capacity, plasma cells are hypersensitive to proteasome

inhibitors such as Bortezomib [62,63]. This drug, which is

now approved for the treatment of multiple myeloma,

eliminates both short-lived and long-lived autoreactive

plasma cells by the activation of the terminal unfolded

protein response.

Studies on murine models of B cell depletion provide

relevant insights into the dynamics of B cell and plasma

cell populations. Two recent studies [64,65] examined

plasma cell levels in mice treated with anti-CD20 anti-

bodies and concluded that the long-lived plasma cell pool

is maintained despite mature and memory B cell

depletion, at least over a period of 16 weeks. Interest-

ingly, in one of these studies, the authors were able to

deplete bone marrow plasma cells by in vivo adminis-

tration of antibodies to LFA-1 and VLA4. They found

that in these conditions memory B cells were required for

the repopulation of bone marrow plasma cells [64]. The

ability of memory B cells to reconstitute the bone marrow

plasma cell pool would be consistent with a contribution

of memory B cells to the homeostasis of plasma cells and

serum antibody level.

Monoclonal antibodies from memory B cells
and plasma cells
In the last five years several methods have been reported

to retrieve monoclonal antibodies from human memory B

cells and plasma cells. Much of the impetus for these

studies derives from the need to develop antibodies that

effectively neutralize human pathogens. Broadly neutra-
www.sciencedirect.com
lizing antibodies could be used not only as therapeutics,

but also as tools to design vaccines capable of eliciting a

broadly neutralizing response [66�]. An improved method

of EBV immortalization has been used to isolate from

memory B cells of infected patients monoclonal anti-

bodies that potently and broadly neutralize SARS coro-

navirus [67�] and H5N1 avian influenza virus [68]. An

advantage of this method is that the antibodies produced

by immortalized B cells can be directly tested using

functional assays such as viral neutralization and therefore

a precise knowledge of the antigenic target is not

required. Another advantage relates to the longevity of

memory B cells. This is best exemplified by the isolation

from survivors of the 1918 influenza pandemic of mono-

clonal antibodies that potently neutralize the 1918 H1N1

influenza virus [69].

Using a different approach to analyze the whole spectrum

of memory B cells, antigen-binding memory B cells were

isolated by cell sorting and the Ig genes cloned by single

cell PCR [70�]. In HIV-1-infected donors, the B cell

memory repertoire specific for gp140 was composed of

up to 50 independent clones expressing high affinity

antibodies of different epitope specificity. Surprisingly,

although the donors had broadly neutralizing serum anti-

bodies, none of the antibodies isolated had such a prop-

erty [70�]. This finding raises the possibility that the

breadth of neutralization depends from a large number

of antibodies, each targeting only a few HIV variants.

Alternatively, it is possible that the ‘bait’ used was not

suitable to select B cells of broad specificities or that the

repertoire of memory B cells might differ from that of

plasma cells which produce serum antibodies.

An alternative source of human monoclonal antibodies is

represented by circulating plasma blasts or bone marrow

plasma cells. Plasma blasts isolated seven days after

boosting are highly enriched for antigen-specific cells

and the Ig genes can be rescued by single cell PCR.

This approach led to the isolation of antibodies to Rh

blood group antigen, tetanus toxoid, and influenza virus

[46�,71,72]. Considering that plasma cells and memory B

cells have different kinetics, it will be interesting to

establish whether the antibodies isolated from these

sources may have different properties in terms of load

of somatic mutations and fine specificity. In the mouse it

has been shown that plasma cells emerge from germinal

centers after memory B cells and have higher levels of

somatic mutations [73].

The novel approaches discussed above complement the

well-established method of phage display libraries [74].

This method has been recently used to isolate antibodies

capable of neutralizing different subtypes of influenza

virus in vitro and in vivo [45�,75,76�]. These antibodies

use the same VH1-69 region and inhibit fusion by

binding to a conserved site in the stalk region of the
Current Opinion in Immunology 2009, 21:298–304
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hemagglutinin with contact residues provided by CDR1

and CDR2 of VH1-69 [77]. At present it is not clear

whether such antibodies are made in the course of the

immune response to influenza.

In conclusion, the study of the human memory B cell

response is continuously providing relevant information

that can be rapidly translated in new therapies for auto-

immune and infectious diseases.
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