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Long-lived plasma cells: a mechanism for maintaining persistent 
antibody production 
Mark K Slifka* and Rafi Ahmedt 

Current models suggest that continuous antigenic stimulation 
of memory B cells is required to maintain long-term antibody 
production. In view of recent developments concerning 
plasma cell longevity, a new model is described that 
incorporates the important role of long-lived plasma cells in 
sustaining persistent antibody responses. 

Addresses 
*The Scripps Research Institute, Department of Neuropharmacology, 
10550 North Torrey Pines Road, La Jolla, CA 92122, USA 
tEmory Vaccine Center and the Department of Microbiology and 
Immunology, Emory University School of Medicine, 1510 Clifton 
Road, Atlanta, GA 30322, USA; e-mail: RA@microbio.emory.edu 
Correspondence: Raft Ahmed 

Current Opinion in Immunology 1998, 10:252-258 

http://biomednet.com/elecref/0952791501000252 

© Current Biology Ltd ISSN 0952-7915 

Abbreviations 
ELISA enzyme-linked immunosorbent assay 
ELISPOT enzyme-linked immunosorbent spot assay 
FDC follicular dendritic cell 
LCMV lymphocytic choriomeningitis virus 

In t roduct ion 
Long-term antibody production is one of the hallmarks 
of effective vaccination and is an important characteristic 
of immunological memory. Observations of long-term 
antibody production have been described frequently in the 
literature [1",2"]. In humans, for example, viral infections 
or vaccination with inert antigens such as tetanus and 
diptheria toxoid can elicit antibody responses that last for 

many years. To date, most models of long-term antibody 
production have focused on the role of memory B cells 
since plasma cells were considered too short-lived to 
play a significant role in prolonged antibody production 
[3,4",5-7]. In this review, we will discuss some of the more 
well-known theories of long-term antibody production 
and propose a new theory which suggests that long-lived 
plasma cells play an important role in maintaining humoral 
immunity. 

M e c h a n i s m s  of  long- term a n t i b o d y  product ion 
There are many mechanisms which have been proposed 
by which persistent antibody production can be main- 
tained (Table 1). These include low-grade chronic in- 
fection, repeated antigenic re-exposure, antigen-antibody 
complexes, idiotypic networks, and cross-reactivity to 
self or environmental antigens. Each of these potential 
mechanisms has one thing in common--cont inua l  res- 
timulation of B cells to proliferate and differentiate into 
antibody-secreting plasma cells. 

A common explanation for long-term antibody production 
is that the immune system is stimulated repeatedly 
by either low-grade chronic infection or intermittent 
re-exposure to the pathogen. Although repeated exposure 
to a pathogen will boost an ongoing immune response, 
this mechanism is not absolutely necessary to maintain 
antibody production. There  are several documented 
cases of long-term humoral immunity in the absence Of 
re-exposure to the initiating pathogen. A classic example is 
Panum's epidemiological study of measles infection on the 
Faroe Islands [8]. Following a measles epidemic in 1781, 

Table 1 

Models of long-term antibody production. 

Proposed mechanism Antigenic Comments 
stimulation 

Repeated exposure to a pathogen Yes 
Low-grade chronic infection Yes 
Immune complexes on follicular dendritic cells Yes 
Cross-reactivity to self or environmental antigens Yes* 
Idiotypic networks Yes* 

Long-lived plasma cells No 

Conventional models for maintaining humoral immunity in which short-lived 
plasma cells are continuously replenished by memory B cell proliferation 
and differentiation into plasma cells 

Provide an additional mechanism for maintaining persistent antibody 
production, but do not necessarily represent an exclusive mechanism. 
Instead, plasma cells with an extended lifespan may play an important role 
in maintaining antibody levels in conjunction with any of the other 
mechanisms listed here. On the other hand, if antigen becomes limiting, 
long-lived plasma cells may continue to sustain ongoing antibody responses 
in the absence of memory B cell help. 

*The stimulation of antibody production in these cases may not be due to the specific antigen that initiated the response. This table has been 
modified, with permission, from [1°]. 
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island inhabitants who were immune to measles were 
protected against reinfection during a second epidemic 
in 1846 (65 years later) in the absence of re-exposure 
to measles during the intervening years. Other studies 
have also documented long-term antibody production 
following infection by vaccinia (15 years), polio (40 years), 
or yellow fever (75 years) in the absence of re-exposure 
[9-11]; likewise, chronic infection is not an absolute 
requirement for long-term antibody production since 
vaccination with non-replicating antigens such as tetanus 
and diptheria toxoid induce serum antibody responses 
that are maintained for at least 10 years following booster 
vaccination [12,13]. Together, these studies show that 
humoral immunity can be maintained even in the absence 
of continuous or intermittent re-exposure to an infectious 
agent. 

The  most popular and well characterized hypothesis of 
long-term antibody production is that memory B cells 
are stimulated by persisting antigen that is retained 
in the form of antigen-antibody complexes on the 
surface of follicular dendritic cells (FDCs; [14--16]). As 
antigen-specific antibody levels decline, it is believed that 
the FDCs release more antigen in order to restimulate 
memory B cells and thus repopulate declining plasma 
cell populations. Although this theory has gained wide 
acceptance, there are several issues regarding antigen 
persistence on FDCs that remain unresolved. For instance, 
studies have shown that antigen may persist for several 
weeks or months, but antigen levels always decline. A 
careful study by Tew and Mandel [17] indicates that 
immune complexes decline with an average half-life of 
eight weeks. At this rate of decline, immune complexes 
alone cannot account for the decades of antibody pro- 
duction observed after vaccination with inert antigens 
[1°]. If one disregards the half-life of antigen itself, other 
issues surface; for example, what is the half-life of FDCs? 
Why is antigen not consumed during the restimulation of 
memory B cells during T-dependent  antibody responses? 
One must also consider the process of affinity maturation; 
if antigen persists, then why doesn't somatic mutation 
and affinity maturation continue in the presence of these 
presumably low, but immunostimulatory, concentrations of 
antigen? Instead, affinity maturation occurs only during 
the first few weeks following vaccination with no more 
somatic mutations observed until after booster vaccination 
[15]. For these reasons, persisting antigen in the form 
of immune complexes does not fully explain long-term 
antibody production. 

The  development of idiotypic networks or cross-reactivity 
to either self or environmental antigens has been re- 
ported as potential mechanisms for prolonging antibody 
production [18,19]. If, however, antibody production is 
maintained by these mechanisms, then what would stop 
the potentially catastrophic increase in B cell proliferation 
and antibody production that would occur if there were 
an endless supply of stimulatory antigen? Similar to 

the previous discussion of the mechanism of chronic 
B cell stimulation, the issue of affinity maturation is 
raised; if B cells continue to be restimulated by idiotypic 
networks or by cross-reactivity, then it is difficult to 
understand why affinity maturation ceases after a few 
weeks following vaccination and is resumed only after 
booster vaccination [15]. The  role of these mechanisms in 
maintaining antibody responses after natural infection or 
vaccination therefore remains unresolved. 

A mechanism that does not exclude these previously de- 
scribed mechanisms is the prolonged antibody production 
that may be maintained by long-lived plasma cells. Plasma 
cells may be less responsive to changes in antigen levels 
since these cells down-regulate surface immunoglobulin 
and MHC Class II molecules [20,21]. Therefore the 
continued presence (or loss) of persisting antigen should 
not have an impact on their longevity. 

P l a s m a  cell l i fespan:  shor t -  or  long- l i ved?  
Several early studies determined the lifespan of plasma 
cells in order to distinguish whether there was a correlation 
with the longevity of this particular cell type and the 
persistence of specific serum antibody levels. During the 
first one or two weeks after vaccination, it was apparent 
that most plasma cells observed in either mice [22] or rats 
[23-25] were short-lived and had a half-life of only a few 
days. These studies determined the lifespan of plasma 
cells during the early stages of the immune response 
when B cells are rapidly dividing and being deleted 
during selection and affinity maturation [26°]; therefore, 
these results cannot be directly extrapolated to the 
lifespan of plasma cells that may be observed later in the 
immune response, after cellular proliferation has subsided 
and homeostasis has been re-established. By monitoring 
plasma cell numbers in rats for several months following 
vaccination, a biphasic plasma cell response was observed 
[27]. Similar to the other studies [22-25], 3H-labeled 
plasma cells disappeared rapidly from the draining lymph 
nodes during the first few weeks following vaccination. 
At later timepoints, however, numbers of plasma cells 
declined more slowly, with a substantial number still 
present six months after vaccination. Although a specific 
half-life could not be determined, the existence of 
long-lived plasma cells was thus documented. 

A common feature of each of these early studies is 
that plasma cell longevity was only determined in the 
spleen or in lymph nodes. The  bone marrow was not 
examined even though this is the major site of antibody 
production after plasma cell numbers in the periphery 
decline ([1°,28]; Figure 1). In a slightly different approach 
the continuous infusion of rats with 3H-thymidine was 
used to determine the number of plasma cells generated 
(i.e. radiolabeled) during a period of up to ten days in 
the absence of specific vaccination [29]. Based on these 
renewal rates, the potential lifespan of plasma cells in 
different anatomical sites was indirectly extrapolated. The 
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data suggested that plasma cells in the bone marrow had 
a half-life of three-four weeks whereas plasma cells in the 
spleen had a median lifespan of less than three days. It 
should be be noted that since the antigen specificity of the 
plasma cells was not determined the presence of long-lived 
plasma cells in this study was probably overlooked due to 
the 3H-labeling of new and unrelated plasma cells. 

Figure 1 
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Kinetics of antibody production following vaccination. The y-axis 
shows the relative magnitude of the antibody response. Plasma cell 
numbers were determined by ELISPOT. Serum antibody is initially 
produced by antibody-secreting cells in the draining lymph nodes (not 
shown) and in the spleen. The antibody response in these organs 
transiently peaks and then declines within a few weeks of antigenic 
stimulation. The decline in these plasma cells may be due to selection 
for higher-affinity plasma cells and apoptotic loss of low-affinity 
cells. As splenic plasma cell populations decline, antigen-specific 
plasma cells begin to migrate and accumulate in the bone marrow 
compartment. After the germinal center reaction subsides, the bone 
marrow remains the predominant site of antibody production with 
80-90% of the host's antibody-secreting cells located here [28,32]. 
Plasma cell longevity studies have indicated that the initial antibody 
response is produced by short-lived plasma cells whereas long-term 
antibody production is maintained by long-lived plasma cells. 

Recently, two independent studies on the longevity of 
plasma cells have provided new and compelling evidence 
that plasma cells can survive for several months in 
the absence of repopulation by memory B cells. In a 
study by Manz and colleagues [30°°], ovalbumin-specific 
plasma cells were labeled with bromodeoxyuridine during 
vaccination and the number of labeled plasma cells was 
monitored for up to 120 days. The  results of this study 
demonstrated that over 60% of ovalbumin-specific plasma 
cells in the bone marrow survived for at least 90 days in 

the absence of cell division. In addition, long-term labeling 
experiments (administering bromodeoxyuridine from day 
19 to day 120 after vaccination) indicated that very few 
antigen-specific plasma cells were generated after 60 days 
following vaccination. Together, these data suggest that 
the majority of plasma cells localized in the bone marrow 
was not maintained by continuous proliferation of memory 
B cells. This study did not quantitate a specific plasma 
cell half-life, but similar to Miller [27], the existence of 
long-lived antigen-specific plasma' cells was documented 
following use of metabolic labeling techniques. 

Plasma cell longevity was also studied in vivo following 
acute viral infection [31°°]. In these experiments, mice 
with steady-state antibody titers against lymphocytic 
choriomeningitis virus (LCMV) were depleted of mem- 
ory B cells by irradiation in vivo. The  persistence of 
virus-specific antibody levels and plasma cell numbers was 
monitored: following depletion of host B cells (identified 
by the IgHa allotype), mice were reconstituted with naive 
allotypic B cells (identified by the IgH b allotype) to 
distinguish between antibody production by pre-existing 
host cells (IgH a) and by donor cells (IgH b) by allotype-spe- 
cific ELISA and ELISPOT. Although the irradiated mice 
became fully reconstituted with donor B lymphocytes, 
no donor-derived virus-specific serum antibody production 
was observed. This indicated that naive donor-derived B 
cells were not stimulated to produce antibody and did 
not participate in the ongoing antibody response even if 
host memory B cells were depleted. Naive B cells were 
also not stimulated into becoming memory B cells, since 
LCMV-specific B cell memory (IgHa or IgH b) remained 
below detection levels for at least eight months after 
irradiation, as determined by limiting dilution analysis 
and adoptive transfer challenge experiments. In the same 
series of experiments plasma cell longevity was examined 
with the aid of mathematical modeling, and the rate of 
serum antibody decline following memory B cell depletion 
indicated that murine plasma cells have an average 
half-life of 138 days (Figure 2). Plasma cells secreting 
IgG1 or IgG2a antibodies had very similar half-lives (140 
and 128 days, respectively) indicating that IgG isotypes 
indicative of either Th l  or Th2 cytokine responses were 
both equally long-lived. In addition to the irradiation 
studies, adoptive transfer of virus-specific plasma cells into 
naive (unimmunized) mice was used to monitor plasma 
cell survival. Following adoptive transfer, LCMV-specific 
antibody titers in the recipient mice reached equilibrium 
in approximately 15 days. Virus-specific antibody was then 
monitored over a four month period and the slow decline 
in antibody titers indicated that long-lived plasma cells 
were responsible for sustaining the prolonged antibody 
response. 

To address the issue of plasma cell longevity in specific 
anatomical locations, the ELISPOT assay was used to 
quantitate individual plasma cells in the spleen and 
bone marrow. In contrast to an earlier study in which 
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plasma ceils in the bone marrow appeared to have a 
much longer lifespan than those found in the spleen 
[29], it was shown that plasma cells in both spleen and 
bone marrow were long-lived. This study [31 °° ] thus 
documented the existence of long-lived antigen-specific 
plasma cells, quantitated plasma cell survival rates in 
different anatomical compartments and demonstrated that 
antibody production could be maintained for more than 
one year in mice without plasma cell repopulation by 
memory B cells. 

Implications of generating plasma cells with 
an extended lifespan 
It is apparent that the early antibody response mounted 
against a foreign antigen is provided by short-lived plasma 
cells whereas, later, the humoral response is maintained 
primarily by long-lived plasma cells. Intuitively, this makes 
sense because it would not be advantageous to have a 
long-lived antibody response of poor specificity and/or 
low affinity. If the first plasma cells generated during an 
immune response had an extended lifespan, then isotype 
switching and affinity maturation would be less likely to 
occur. By initially generating ASC with a short lifespan, 
one is able to mount a rapid, yet transient response 
(mostly comprising IgM) that can later be replaced by a 
more selective, affinity-matured antibody response. This 
may explain why there is a lag period between antibody 

Figure 2 

production in the spleen (or in draining lymph nodes) 
and long-term antibody production in the bone marrow 
([32]; Figure 1). Following acute viral infection, the 
virus-specific IgG subclasses produced in the bone marrow 
differ from the initial IgG subclasses produced during the 
earlier peak antibody response in the spleen [33]. This 
finding suggests that selection may be occurring before 
plasma cells accumulate in the bone marrow. Convincing 
evidence supporting the hypothesis that selection occurs 
before plasma cell migration and/or accumulation in 
the bone marrow has been provided by a study that 
characterized the degree of affinity maturation between 
the spleen and bone marrow compartments following 
a primary antibody response [34"]. In this study the 
distribution of somatic mutations and the production of 
high-affinity antibody by plasma cells in the bone marrow 
indicated that the majority of plasma cells persisting in this 
compartment appear to be selected on the basis of affinity. 

Long-lived plasma cells may play a critical role in 
maintaining homeostasis as well as long-term immune 
surveillance. If antibody responses were sustained primar- 
ily by short-lived plasma cells, then a substantial fraction 
of memory B cells (and CD4 ÷ T cells) must constantly 
be actively engaged in the maintenance of antigen-specific 
plasma cell populations. On the other hand, if long-lived 
plasma cells are generated, then the degree of regeneration 
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Prolonged virus-specific antibody production after memory B cell depletion. Sixty days after infection, LCMV-immune BALB/c IgH a mice 
were irradiated to deplete memory B cells and then reconstituted with naive BALB/c lgH b B cells. (a) The level of LCMV-specific IgG (in 
arbitrary units) was determined by ELISA using sere from control (nonirradiated) mice (black squares) or irradiated/reconstituted mice with both 
host-derived IgH a (open squares) or donor-derived IgH b (black diamonds) antibody levels shown. LCMV-specific antibody consisted entirely of 
the host IgH a allotype and no donor IgH b antibody responses were detected. The half-life of plasma cells (138 days) was obtained by fitting 
the data for antibody concentration in individual mice to an equation of hi-exponential decay [31"°]. The decay rate of free IgG was determined 
by passively transferring LCMV-immune serum into naive recipients and monitoring the decline in serum antibody levels by ELISA (triangles, 
circles and open diamonds represent three individual recipient mice). The mean value for the half-life of transferred IgG was 12 days. (b) The 
total number of virus-specific plasma cells in the spleen and bone marrow of irradiated~reconstituted LCMV-immune BALB/c mice was compared 
to nonirradiated controls at 240 days after irradiation using the ELISPOT assay. The dashed line indicates the limit of detection. Each bar in 
the panel represents the number of virus-specific plasma cells of either IgH a or IgH b allotype that secrete IgG in the spleen or bone marrow 
of each of four individual mice. No LCMV-specific IgHb-secreting plasma cells were detected in the spleens or bone marrow of irradiated mice, 
indicating that antibody production was sustained only by pre-existing host-derived plasma cells. This figure has been adapted, with permission, 
from reference [31"°]. ASC, antibody-secreting cell. 
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required to maintain persistent antibody levels is greatly 
diminished ([31°°]; Figure 3). 

During the aging process, the ability to mount new 
immune responses is often impaired [35,36]. It has, 

however, been shown that the half-life of plasma cells is 
similar between young mice two-four months of age) and 
old mice (12-26 months of age), indicating that plasma 
cell longevity is not greatly influenced by age [31°°]. This 
finding suggests that, in aged individuals, a dichotomy 

Figure 3 

~ Y Antibody 

I ~ ~ ~  MBCturnv - 

_(~..-~J~ ifferontlation~/'? 

7 Differentiation 

Short-lived plasma cells Long-lived plasma cells 

I PC tl/2<lOdays I I PC t,/=>lO0 days I 

~ _ _ ~ ~ / ~ ~  Migrationiac.mulaUon 

( B o n e m a r r o w )  ( Spleen ) 

Current Opinion in immunology 

Memory B cell (MBC) turnover in relation to plasma cell (PC) longevity. The existence of long-lived PCs has profound effects on the relationship 
between antigen-specific MBC and PC populations during an ongoing antibody response. By estimating the number of antigen-specific MBCs 
present following vaccination and by quantitating the lifespan of antigen-specific PCs, one can estimate the relative rate of MBC turnover 
required to maintain antibody production [31°']. If PCs are short-lived then MBCs must divide every 1.5 days in order to maintain PC numbers 
as well as regenerate MBC numbers. If PCs are long-lived, the rate of MBC turnover is greatly reduced and is more consistent with published 
observations of MBC turnover [37,40]. This model illustrates how critical PC longevity is in maintaining immunological homeostasis as well as 
persistent antibody production. The number of arrows gives an approximation of relative proportions, tl/2, half-life. 
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exists between the ability to maintain pre-existing plasma 
cells and the ability to generate new ones. This also 
implies that effective vaccination at an early age may 
provide protection later in life when the capacity to mount 
new immune responses has diminished. 

Conclusions and future directions 
Long-term antibody production provides the host with the 
first line of defense against reinfection and is important for 
protection against a range of pathogens [1",2"]. Theories 
regarding the mechanisms underlying the persistence of 
specific antibody production have focused primarily on 
the memory B cell component of humoral immunity 
[3,4",5-7]; however, the recent studies on plasma cell 
longevity [30",31 "°] have renewed the interest in the role 
of plasma cells in the maintenance of long-term antibody 
synthesis. Not surprisingly, several aspects of plasma cell 
immunology have yet to be described. For instance, what 
are the mechanisms that regulate plasma cell longevity? 
This may be determined by the local microenvironment, 
since mucosal antibody responses are relatively short-lived 
in comparison to serum antibody responses that are main- 
tained primarily by long-lived plasma cells in the bone 
marrow and spleen [1"]. Short-lived mucosal antibody 
responses may be due to either migration of plasma cells 
out of the mucosa (possibly homing to the bone marrow) 
or due to plasma cells in these sites being short-lived. 
The  role of plasma cells in maintaining mucosal antibody 
responses therefore requires further examination. Another 
question of interest is whether accessory cells are required 
to maintain plasma cell survival. CD4 + T cells are, by 
definition, required for the induction and/or restimulation 
of T-dependent  antibody responses [37], but do they 
play a role in regulating plasma cell longevity? Since 
long-lived plasma cells down-regulate MHC Class II 
molecules [31"], it is unlikely that they interact with 
CD4 + cells directly, but this remains to be formally proven. 
Another unresolved issue is whether disruption in the 
selective mechanisms that generate long-lived plasma cells 
might contribute to autoimmunc disorders. This has been 
discussed in a recent review on rheumatoid arthritis which 
speculates that plasma cells found in the synovial fluid 
of inflamed joints may be long-lived [38]. It is possible 
that there are phenotypic differences between short-lived 
and long-lived plasma cells. Early in an immune response, 
antibody-secreting cells express surface immunoglobulin 
and MHC class II molecules [39"] whereas long-lived 
plasma cells have down-regulated these surface markers 
[31"]. What role this process plays in plasma cell survival 
remains to be determined. A critical parameter that has yet 
to be examined is how the form of the antigen, the types 
of adjuvant, and the routes of immunization determine 
whether or not long-lived plasma cells are induced. It is 
possible that by developing new adjuvants and vaccines 
that are more effective at eliciting an antibody response 
composed of long-lived plasma cells, one may confer a 
more stable and long-lasting humoral response. 

References and recommended reading 
Papers of particular interest, published within the annual period of review, 
have been highlighted as: 

= of special interest 
• = of outstanding interest 

1. Slifka MK, Ahmed R: Long-term humoral immunity against 
- viruses: revisiting the issue of plasma cell longevity. Trends 

Microbio/1996, 4:394-400. 
This review provides several examples of long-term antibody production and 
compares different potential mechanisms that may be involved in sustaining 
antigen-specific antibody responses. 

2. Ahmed R, Gray D: Immunological memory and protective 
• immunity: understanding their relation. Science 1996, 272:54- 

60. 
A review emphasizing the different requirements for the maintenance of ef- 
fector versus memory T and B cells and examining the contributions of these 
cell populations in protective immunity. 

3. Szakal AK, Kosco MH, Tew JG: Microanatomy of lymphoid 
tissue during the induction and maintenance of humoral 
immune responses: structure function relationships. Annu Rev 
Immunol 1989, 7:91-111. 

4. Tew JG, Kosco MH, Burton GF, Szakal AK: Follicular dendritic 
• cells as accessory cells. Immunol Rev 1990, 117:185-211. 
A review on the rote of FDCs in maintaining specific antibody production. 

5. Stites DP, Terr AI, Parslow TG: Basic and Clinical Immunology. 
Norwalk, Connecticut: Appleton and Lange: 1994. 

6. Gray D, Siepmann K, van Essen D, Poudrier J, Wykes M, 
Jainandunsing S, Bergthorsdottir S, Dullforce P: B-T lymphocyte 
interactions in the generation and survival of memory cells. 
Immunol Rev 1996, 150:45-61. 

7. Zinkernagel RM, Bachmann MF, Kundig TE, Oehen S, Pirchat H, 
Hengartner H: On immunological memory. Annu Rev Immunol 
1996, 14:333-367. 

8. Panum PL: Beobachtungen uber das Maserncontagium. 
Virchows Arch 1847, 1:492-502. 

9. Cooney EL, Collier AC, Greenberg PD, Coombs RW, Zarling 
J, Arditti DE, Hoffman MC, Hu SL, Corey L: Safety of and 
immunological response to a recombinant vaccinia virus 
vaccine expressing HIV envelope glycoprotein. Lancet 1991, 
337:567-572. 

10. Paul JR, Riordan JT, Melnick JL: Antibodies to three different 
antigenic types of poliomyelitis virus in sera from North 
Alaskan Eskimos. Am J Hygiene 1951, 54:275-285. 

11. Sawyer WA: Persistence of yellow fever immunity. J Prey Med 
1931, 5:413-428. 

12. Gottlieb S, McLaughlin FX, Levine L, Latham WC, Edsall G: 
Long-term immunity to tetanus - a statistical evaluation and 
its clinical implications. Amer J Public Health 1964, 54:961-971. 

13. Kjeldsen K, Heron I, Simonsen O: Immunity against diphtheria 
25-30 years after primary vaccination in childhood. Lancet 
1985, 1:900-902. 

14. Wu J, Qin D, Burton GF, Szakal AK, Tew JG: Follicular dendritic 
cell-derived antigen and accessory activity in initiation of 
memory IgG responses in vitro. J/mmunol 1996, 157:3404- 
3411. 

15. Maclennan ICM, Casamayor-Palleja M, Toellner KM, Gulbranson- 
Judge A, Gordon J: Memory B-cell clones and the diversity of 
their members. Semin Immunol 1997, 9:229-234. 

16. Vora KA, Ravetch JV, Manser T: Amplified follicular immune 
complex deposition in mice lacking the Fc receptor gamma- 
chain does not alter maturation of the B cell response. J 
Immuno/1997, 159:2116-2124. 

17. Tew JG, Mandel TE: Prolonged antigen half-life in the lymphoid 
follicles of specifically immunized mice. Immunology 1979, 
37:69-76. 

18. Grandien A, Andersson J, Portnoi D, Coutinho A: An example of 
idiotypic mimicry. Eur J/mmunol 199?, 27:1808-1815. 

19. Shoenfeld Y, George J: Induction of autoimmunity. A role for the 
idiotypic network. Ann N Y Acad Sci 1997, 815:342-349. 

20. Abney ER, Cooper MD, Kearney JF, Lawton AL, Parkhouse RME: 
Sequential expression of immunoglobuin on developing 



258 Lymphocyte activation and effector functions 

mouse B lymphocytes: a systematic survey that suggests a 
model for the generation of immunoglobulin isotype diversity. 
J Immuno/1978, 120:2041-2049. 

21. Halper J, Fu SM, Wang CY, Winchester R, Kunkel HG: Patterns 
of expression of human =Is-like" antigens during the terminal 
stages of a B cell development. J/mmunol 1978, 120:1480- 
1484. 

22. Schooley JC: Autoradiographic observations of plasma cell 
formation. J Immunol 1961,86:331-337. 

23. Cooper EH: Production of lymphocytes and plasma cells in 
the rat following immunization with human serum albumin. 
Immunology 1961, 4:219-231. 

24. Nossal GJV, Makela O: Autoradiographic studies on the 
immune response. I. The kinetics of plasma cell proliferation. 
J Exp Med 1962, 115:209-230. 

25. Makela O, Nossal GJV: Autoradiographic studies on the 
immune response. J Exp Med 1962, 115:231-245. 

28. Kelsoe G: The germinal center: a crucible for lymphocyte 
~, selection. Semin Immunol 1996, 8:179-184. 

review of recent literature pertaining to the mechanisms of somatic hyper- 
mutation. 

27. Miller J J: An autoradiographic study of plasma cell and 
lymphocyte survival in rat popliteal lymph nodes. J Immunol 
1964, 92:673-681. 

28. Benner R, Hijmans W, Haaijman J J: The bone marrow: the major 
source of serum immunoglobulins, but still a neglected site of 
antibody formation. Clin Exp Immuno/1981, 46:1-8. 

29. Ho F, Lortan JE, MacLennan I, Khan M: Distinct short-lived and 
long-lived antibody-producing cell populations. Eur J Immunol 
1986, 16:1297-1301. 

30. Manz RA, Thiel A, Radbruch A: Lifetime of plasma cells in the 
his bone marrow. Nature 1997, 388:133-134. 

study uses bromodeoxyuridine incorporation to monitor the survival of 
ovalbumin-specific plasma cells in immune mice. It shows that plasma cells 
can survive for several months without proliferation. 

31. Slifka MK, Antia R, Whitmire JK, Ahmed R: Humoral immunity 
• • due to long-lived plasma cells./mmunity 1998, 8:363-372. 

This study provides the first quantitative estimation of plasma cell lifespan. 
It shows that antibody production in the absence of memory B cells in the 
spleen and bone marrow can be maintained for more than one year. 

32. Slifka MK, Matloubian M, Ahmed R: Bone marrow is a major site 
of long-term antibody production after acute viral infection. J 
Virol 1995, 69:1895-1902. 

33. Slifka MK, Ahmed R: Long-term antibody production is 
sustained by antibody secreting cells in the bone marrow 
following acute viral infection. Ann N Y Acad Sci 1996, 
797:166-176. 

34. Smith KGC, Light A, Nossal GJV, Tarlinton DM: The extent of 
o. affinity maturation differs between the memory and antibody- 

forming cell compartments in the primary immune response. 
EMBO J 1997, 16:2996-3006. 

This study shows that the bone marrow is enriched for high-affinity plasma 
cells, indicating that selection occurs prior to accumulation of plasma cells 
in the bone marrow. 

35. Pawelec G, Adibzadeh M, Pohla H, Schaudt K: 
Immunosenescence: ageing of the immune system. Immuno/ 
Today 1995, 16:420-422. 

36. Miller C, Kelsoe G: Ig VH hypermutation is absent in the 
germinal centers of aged mice. J/mmuno11995, 155:3377- 
3384. 

37. Vieira P, Rajewsky K: Persistence of memory B ceils in mice 
deprived of T cell help. Int Immunol 1990, 2:487-494. 

38. Berek C, Kim H-J: B cell activation and development within 
chronically inflamed synovium in rheumatoid and reactive 
arthritis. Semin Immunol 1997, 9:261-268. 

39. Smith KGC, Hewitson TD, Nossal GJV, Tarlinton DM: The 
• phenotype and fate of the antibody-forming cells of the spenic 

foci. Eur J Immunol 1996, 26:444-448. 
In this study, powerful flow cytometry techniques are used to identify surface 
markers on antibody-secreting cells during the early stages of a primary 
antibody response. 

40. Schittek B, Rajewsky K: Maintenance of B-cell memory by 
long-lived cells generated from proliferating precursors. Nature 
1990, 346:749-751. 


