
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



R E V I E W S  

Long-term humoral immunity 
against viruses: rev smng the  ssue 

of plasma cell longevity 
Mark K. Slifka and Raft Ahmed 

I 
mmunity to viral infections 
is achieved by a complex 
series of events composed 

primarily of humoral and cell- 
mediated immune responses ~. 
Often, the most important 
factor in preventing reinfection 
is pre-existing antibody, which 
stands guard against pathogens 
by persisting in the serum and 
along mucosal surfaces. Like- 
wise, passive transfer of im- 
munoglobulin that is specific for 
viruses, such as measles, polio, 
hepatitis A, rubella and small- 
pox, can modify, or even pre- 

Despite extensive documentation of 
prolonged antibody responses following 
vaccination or acute viral infection, the 
mechanisms behind long-term antibody 

production are not fully understood. 
We propose the hypothesis that long-lived 
plasma cells are an important, yet largely 

overlooked, component of long-term 
humoral immunity. 
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vent, disease 2-4. As the half-life of serum immuno- 
globulin is less than 2-3 weeks 5-7, antibody levels can 
only be maintained by continuous antibody produc- 
tion. Although B cells can secrete antibody at differ- 
ent stages of differentiation, antibody responses are 
typically maintained by terminally differentiated plas- 
ma cells that have a high rate of antibody production. 
It has been estimated that plasma cells may secrete 
>5000 molecules of antibody per second 8. Plasma cells 
are considered to be the most important type of anti- 
body-secreting cell (ASC) and both terms are used 
interchangeably in the context of this review. 

Several characteristics distinguish plasma cells from 
memory B cells. Plasma cells are terminally differen- 
tiated, nondividing cells that spontaneously secrete 
antibody and have lost nearly all surface-bound im- 
munoglobulin and major histocompatibility complex 
(MHC) class II molecules. Memory B cells do not spon- 
taneously secrete antibody but, after antigenic stimu- 
lation, mount rapid secondary responses by proliferat- 
ing and differentiating into ASC as well as generating 
more memory B cells. Memory B cells, equipped with 
high-affinity antigen receptors {i.e. surface-bound im- 
munoglobulin), increased surface expression of MHC 
class II molecules and inducible co-stimulatory mol- 
ecules, such as B7, are also extremely efficient antigen- 
presenting cells (APC) for stimulating T cell responses. 
As pre-existing antibody is the first line of defense 
against reinfection, ASC are directly required to main- 
tain antibody production. Memory B cells, therefore, 
do not directly prevent reinfection but are thought to 
be involved in maintaining ASC numbers by interact- 
ing with immune complexes on follicular dendritic cells 

( F D C )  9-11. If reinfection occurs, 
memory B cells may help pre- 
vent disease or decrease the 
severity of disease by limiting 
the spread of infection. 

Lifelong antibody production 
against viruses 
Many acute viral infections in- 
duce a protective humoral re- 
sponse that is characterized 
by pre-existing antibody. The 
duration of this antibody re- 
sponse varies among viral in- 
fections and can range from a 
few months to many years. 

Table i shows the longevity of humoral responses fol- 
lowing several different acute human viral infections 12-2~. 
Sustained antibody production at mucosal sites has 
been demonstrated in humans 24 and in some animal 
models29.3°; however, mucosal infections confined to 
the respiratory or gastrointestinal tract often do not 
provide the same long-lived immunity induced by sys- 
temic viral infections. In general, mucosal antibody 
responses are shorter-lived than serum antibody re- 
sponses and may, in part, indicate why recurrent res- 
piratory or intestinal infections are common, whereas 
reinfection leading to clinical disease is rare in most 
acute systemic viral infections. 

Whether long-term antibody responses are restricted 
to the structural proteins of the virion or whether the 
antibody responses to nonstructural proteins are also 
maintained is a question that has received little atten- 
tion. Human subjects, after infection with wild-type 
(Oman) polio or live attenuated polio vaccines, main- 
tain serum antibody responses against nonstructural 
proteins, as well as against the structural proteins of 
the virion, for many years 3L. Likewise, antibody to 
nonstructural proteins of hepatitis A virus has been 
identified >25 years after infection ~9. 

Antibody to structural proteins provides antiviral 
activity mechanisms including neutralization, aggluti- 
nation and opsonization by phagocytic cells. Antibody 
responses to nonstructural proteins are unlikely to uti- 
lize these mechanisms and antibodies against internal 
or nonstructural viral proteins are generally not be- 
lieved to play a major role in host defense. However, 
animal studies have shown that monoclonal antibodies 
against nonstructural proteins of yellow fever, dengue, 
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Table 1. Humoral response to acute viral infection in humans 

Example Virus family Persistence of antibody Refs 

Systemic infections 
Chikungunya a Alphaviridae 30 years 12 
Rift Valley fever virus a Bunyaviridae 12 years 13 
Dengue ~ Fiaviviridae 32 years 14 
Yellow fever a Flaviviridae 75 years 15 
Measles b Paramyxovir idae 65 years 16 
Mumps b Paramyxovir idae 12 years 17 
Polio b Picomaviridae 40 years 18 
Hepatit is A b Picornaviridae 25 years 19 
Smal lpox b Poxviridae 40  years 20 
Vaccinia b Poxviridae 15 years 21 
Rubella b Togaviridae 14 years 22 

Mucosal infections 
Coronavirus ° Coronavir idae 12 months d 23 
Influenza virus ° Orthomyxovir idae 30 months e 24 
Respiratory syncytial virus c Paramyxovir idae 3 months e 25 
Rotavirus ~ Reoviridae 12 months d 26 ,27  

aAcute viral infections that are introduced directly into the bloodstream by insect bites, needles, animal bites or injury. 
bAcute viral infections of mucosal surfaces that spread systemically. 
~Acute viral infections of mucosal surfaces lining the respiratory or gastrointestinal tract. 
~By contrast to mucosal antibody production, which is generally short-lived in humans, serum antibody responses to viral respiratory 
or gastrointestinal infections are acquired at an early age and maintained throughout adulthood 2s. However, as a result of the high 
frequency of reinfection by this group of viruses, the duration of a serum antibody response that is induced by a single infection is 
often difficult to measure. 

murine hepatitis virus and rabies are protective against 
viral challenge and reduce mortality rates~>-~% The 
mechanism(s) by which antibody to nonstructural 
proteins confer protection is not fully understood and 
deserves further investigation. 

Site of antibody production 
Initial T-cell-dependent antibody responses occur in 
the germinal centers of the spleen and other lymphoid 
organs. After primary vaccination with nonreplicating 
antigens, such as sheep red blood cells, the number of 
ASC peaks in the spleen and lymph nodes during the 
initial stages of the immune response but then declines 
to near baseline levels. Likewise, serum antibody titers 
are generally also short-lived after primary immuniz- 
ation. After secondary vaccination, the ASC response 
in the spleen and lymph nodes is higher and faster but 
again declines rapidly. However, as the splenic ASC 
numbers drop after secondary vaccination, a large num- 
ber of ASC appear in the bone marrow -~6 and this usu- 
ally corresponds with higher serum antibody titers of 
longer duration. By contrast, many acute viral infec- 
tions induce long-term antibody responses without 
requiring repeated exposure. After resolving a single 
acute viral infection, the splenic ASC numbers rise and 
decline within a few weeks, while large numbers of 
virus-specific ASC accumulate in the bone marrow. 
Thus, the humoral response to viral infection is analo- 
gous to that induced by multiple vaccinations of a 
nonreplicating antigen. In animal models, the bone mar- 
row has been identified as the predominant site of long- 
term antibody production after acute viral infections 
such as lymphocytic choriomeningitis virus (LCMV), 

sendai virus, influenza and vesicular stomatitis virus 
(VSV)3>~% 

We have studied the anatomical site of virus-specific 
antibody production by infecting mice with LCMV, a 
natural routine pathogen 37. Acute LCMV infection of 
adult mice is cleared within 2 weeks by a potent cyto- 
toxic T cell (CTL) response and virus-specific serum 
antibody is then maintained for the life span of the im- 
mune animal 4°-47. The initial virus-specific ASC popu- 
lations develop in the spleen and then decline rapidly 
after resolving the infection (Fig. 1). Despite extensive 
polyclonal B cell expansion in the spleen, appreciable 
numbers of antiviral ASC are not detected in the bone 
marrow until day 15. After viral clearance, and for the 
life span of the immune animal, the bone marrow is 
the major source of antiviral ASC. Upon reinfection 
with LCMV, the virus is cleared within 3-5 days and 
stimulates potent memory B cell and T cell responses. 
Again, the ASC response in the spleen rises transiently 
before returning to near baseline levels within 2 weeks. 
After clearance of the secondary infection and re- 
establishment of homeostasis, the bone marrow still 
remains the major site of antibody production. 

Intuitively, it makes sense to have anatomical seg- 
regation of B cell differentiation and long-term anti- 
body production. Antigenic stimulation of naive B 
cells, and their differentiation into memory B cells 
and plasma cells, occurs in the germinal centers of the 
spleen and lymph nodes 4s. If plasma cells were to re- 
main in the germinal centers, then in a case of yellow 
fever ~s, for example, a human lymphoid follicle would 
need to allocate space for yellow-fever-specific plasma 
cells for the following 75 years, as well as the numerous 

T P . E N I ) S  I N  M I ( : R O I ~ I O I ( ) ( ; Y  395 V ( ) l , .  4 N ' . ) .  1 0  ( ) ' . : T ( ) I ~ F R  1 9 9 6  



R E V I E W S  

g 

-g 

0 1'0 ' 2'0 3'0 160 / 
Days post infection 

Serum antibody titer 

/ /~ Bone marrow ASC numbers 

~~n  ASC numbers 

z t 

Primary 
viral 

infection 

i 

365 /' ' o 1'0 
T 

Secondary 
viral 

infection 

2'o 

During anamnestic responses, antigen- 
specific ASC migrate to the bone marrow; 
a phenomenon that has been studied in the 
context of both naive and memory CD4* 
T cell help -52. During a secondary antibody 
response to a T-cell-dependent antigen, 
memory B cells, but not necessarily memory 
T cells, appear to be required to initiate mi- 
gration of ASC to the bone marrow com- 
partment. If memory T cells are present, the 
ASC numbers in the spleen are greatly in- 
creased after antigenic stimulation, showing 
that memory T cells facilitate memory B cell 

3'0 ' proliferation and differentiation into ASC. 
However, this does not result in a substan- 
tially greater population of ASC accumu- 
lating in the bone marrow. T cell help may 
not be an absolute requirement for this 
migratory phenomenon because T-cell- 
independent antibody responses also induce 
antigen-specific ASC migration to the bone 
m a r r o w  36. 

In summary, T cell help may be necessary 
only to initiate the antibody response or to 
boost antibody production intermittently 
upon restimulation with antigen, however, 
additional studies are needed to determine 
the role of CD4 + T cells in the maintenance 
of memory B cells, as well as the longevity 

of antibody secreting cells and their migration to the 
bone marrow. 

Fig. 1. Anatomical site of antibody production after acute viral infection. Antibody-secreting 
cells (ASC) were quantified in the spleen and bone marrow after acute lymphocytic 
choriomeningitis virus (LCMV) infection of adult mice using an ELISPOT (enzyme-linked 
immunosorbant-spot) assay 37. These cells spontaneously secrete antibody against 
viruses ex vivo, without any restimulation in vitro. Initial antibody production occurs in 
the spleen, but once the viral infection has been resolved, the bone marrow becomes 
the site of long-term antibody production. If reinfection occurs, the spleen mounts a 
rapid, but transient, ASC response and once homeostasis has been re-established, the 
bone marrow is again the predominant source of antiviral ASC. 

plasma cells of other specificities that would accrue 
over this extended period. By targeting plasma cells to 
the bone marrow, peripheral lymphoid organs, such 
as the spleen and lymph node, are able to return to 
homeostasis, ready to mount new antibody responses. 
Evidence supporting this phenomenon includes stud- 
ies showing that germinal Centers recede by ~3 weeks 
post-antigenic stimulation 4s, whereas ASC in the bone 
marrow are not only maintained but continue to 
accumulate over time s6. 

Role of C D 4  ÷ T cells 
By definition, T-cell-dependent antibody responses 
require CD4 ÷ T cells to initiate both primary and sec- 
ondary antigen-specific antibody responses, but what 
role do they play in the maintenance of humoral im- 
munity? The involvement of CD4 + T cells in antibody 
responses can be divided into four stages: (1) differen- 
tiation of naive B cells into ASC and memory B cells, 
(2) differentiation of memory B cells into ASC during 
secondary responses, (3) maintenance of memory B cells 
and (4) maintenance of ASC. It is well established that 
CD4 + T cell depletion abrogates the ability of naive B 
cells to produce T-cell-dependent antibody responses 
and prevents the generation of memory B cells 49-sl. 
One study has shown that after initiation of a primary 
humoral response, depletion of CD4 + T cells in vivo 
appears to have minimal effect on the maintenance of 
memory B cell¢ ~. However, this issue needs to be ex- 
amined in more detail ~. The induction of secondary 
humoral responses again requires CD4 + T cell help s°,sl, 
but whether the assistance of CD4 + T cells is required for 
the survival of plasma cells remains to be determined. 

Mechanisms of long-term antibody production 
It is interesting that common childhood diseases, such 
as polio, measles and mumps, induce serum antibody 
responses that are sustained into adulthood. The lon- 
gevity of these immune responses may explain why 
these are considered as 'childhood diseases' because 
after the first exposure, lifelong protection against re- 
infection and disease is afforded. To explain these long- 
term antibody responses, several mechanisms have been 
proposed (Table 2). The most simple explanation for 
long-term antibody production is that antibody levels 
are boosted by repeated exposure to infectious virus. 
Alternatively, a low-grade viral infection may persist, 
or viral antigen may remain, in the form of antigen- 
antibody complexes that are sequestered and retained 
on the surface of FDC. 

Intermittent re-exposure to the virus is a factor that 
some critics argue is a requirement for sustaining long- 
term antibody production. This may not be true in all 
cases. Although repeated exposure to a virus will almost 
certainly boost and enhance humoral immunity, ex- 
amples of four acute viral infections that induce long- 
term antibody production in the absence of re-exposure 
are described in Table 3. Despite being an indirect 
measurement of antibody maintenance, Panum's clas- 
sic epidemiological study of measles outbreaks on the 
Faroe Islands showed that measles infected only indi- 
viduals who had had no previous exposure to the virus 
but spared those who had been exposed to measles 
>65 years previouslyE Similar epidemiological studies 
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Table 2. Mechanisms of long-term antibody production 

Antigenic stimulation Type of stimulation Antibody production Comment 

+ Re-exposure to the Short-lived plasma cells 
specific pathogen are continuously 

+ Low-grade chronic replenished by memory 
infection B cells proliferating and 

+ Persisting antigen on differentiating into 
follicular dendritic antibody-secreting cells 
cells (FDC) 

? Cross-reactivity to 
environmental or 
self antigens 

? Idiotypic networks 

- None Long-lived plasma cells, 
mostly located in the 
bone marrow, maintain 
antibody production 

Conventional models for 
maintaining humoral 
immunity 

Additional mechanism, not 
necessarily exclusive to 
conventional models 

of polio and yellow fever outbreaks in isolated com- 
munities confirm Panum's results by demonstrating long- 
term humoral immunity in the absence of recurrent 
infection *s,~8. In addition, immunization with vaccinia 
virus induces antibody production that is maintained 
for at least 15 years 2~. Re-exposure is unlikely in each of 
these examples because there were either no reported 
cases of infection during the decades in between epi- 
demics 15'~6'1s or, in the case of vaccinia, there is no longer 
any circulating virus because smallpox vaccination was 
discontinued in 1977 and none of the subjects in the 
study worked in laboratories where vaccinia was used 2~. 

Some viral infections that are normally classified as 
acute may actually persist after clinical symptoms have 
subsided. For example, measles and rubella virus have 
been found to persist for years after the initial infec- 

tion 53,54. However, it is difficult to believe that low- 
grade chronic infection is the only mechanism behind 
long-term antibody production because a variety of 
acute infections induce life-long immunity (Table 1) 
and it is unlikely that they each develop into low-grade 
persisting infections. In addition, nonreplicating anti- 
gens, such as tetanus toxoid, induce antibody responses 
that last >20 years, and pre-existing antibody to diph- 
theria toxoid has been identified 25-30years post- 
immunization s5,56. Overall, long-term serum antibody 
responses are a common theme among acute systemic 
viral infections and the longevity of such responses 
does not appear to be dependent upon repeated expo- 
sure or chronic viral infection. 

This leads to the issue of persisting antigen in the 
form of immune complexes and its role in sustaining 

Table 3. Prolonged protective immunity and antibody production in the absence of re-exposure 

Virus ~ Circumstances of isolation Date Ref. 

Measles b A 65-year interval existed between two consecutive measles 1847 16 
(65 years) epidemics (1781-1846)  on the remote Faroe Islands 

Yellow fever ° Yellow fever epidemic of 1855 in Norfolk, VA, USA, resulted 1931 15 
(75 years) in immune individuals that had no subsequent exposure to 

virus or infected mosquitos 

P61io d Epidemics spread to remote Eskimo villages where the 1951 18 
(40 years) populations remained semi-isolated from foreign contact 

Vaccinia ~ People vaccinated against smallpox before 1977 (the 1991 21 
(15 years) year smallpox vaccination was halted) had 

vaccinia-specific serum antibody when tested in 1991 

~ln each of these examples of acute viral infection, there were no documented cases of subsequent re-exposure to the virus in 
question for the number of years shown in parentheses. 
bin Panum's study of measles, antibody levels could not be measured directly but were believed to be present because virus- 
immune individuals were protected against reinfection during the second measles epidemic ~. 
:In the case of yellow fever, neutralizing antibody was identified using protection experiments performed by transferring immune 
serum to monkeys and challenging with a lethal dose of virus 15. 
dThe antibody responses to polio and vaccinia were determined by virus-specific enzyme-linked immunosorbent assay (ELISA)I~.2L 
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Box 1. Model of long-term antibody production 

(a) During acute infection (b) After acute infection (c) Long-term homeostasis 

• High antigen level • Intermediate antigen level • Low to no antigen 
(1-3 weeks) (weeks, months or longer?) (> 10 years) 

• Continuous B-cell ° Memory B-cell restimulation • Memory B cells enter 
stimulation by immune complexes a resting state 

Antibody ~ ~, ~ Long-lived ~ Long-lived 
plasma cells ~ plasma cells 9 

• 80-90% of serum antibody 
produced by plasma cells 
in spleen, lymph nodes, etc. 

80-90% of serum antibody 
produced by plasma cells 
in the bone marrow 

• Plasma cell numbers 
reach a steady state 
then slowly decline 

(a) During the initial viral infection, B cells become stimulated by high levels of antigen to become virus-specific antibody- 
secreting cells (ASC). Most serum antibody is produced in the spleen (lymph nodes, etc.) and few plasma cells accumu- 
late in the bone marrow. (b) After resolving the viral infection, most antigen is bound in antigen-antibody complexes 
on follicular dendritic cells (FDC) and may intermittently stimulate memory B cells to differentiate into plasma cells. 
At this stage, most serum antibody is produced by long-lived plasma cells in the bone marrow, with only a few plasma 
cells remaining in the spleen. Which cell type migrates to the bone marrow has not been established but it is possible 
that terminal differentiation of plasma cells may occur after migration. (¢) Months after clearing an acute infection, 
antigen levels may drop below an immunological threshold of activation and the immune response would then return 
to homeostasis. Memory B cells enter a resting state and no longer differentiate into plasma cells, unless restimulated 
by antigen. Our model proposes that plasma cells in the bone marrow, and a subpopulation of plasma cells in the 
spleen and lymph nodes, have a long life span, and that serum antibody levels may be sustained for several years in 
the absence of antigenic restimulation. M, memory B cells; P, plasma cells. 

antibody responses. Although cross-reactivity to self 
antigens or the development of idiotypic networks are 
plausible, current dogma suggests that antibody pro- 
duction is maintained by memory B cells that are stimu- 
lated to become ASC by antigen trapped on the surface 
of FDC 9-11 . According to work by Tew and Mandel sT, 
specific antigen appears to follow two stages of deg- 
radation. First, there is rapid loss of antigen, with over 
99% cleared in the first 2-3 days. Antigen half-life 
values ranged from about 3 hours on day 1, to 40 hours 
on day 4. Later, the degradation was much slower, 
with a half-life of -8 weeks (95% confidence interval 
of 5.1-20 weeks)% In this study, it was estimated that 
about 300 000 molecules of antigen were distributed 
among each FDC. However, if antigenic decay (half- 
life = 8 weeks) is extrapolated to 3 years, only about one 
molecule of antigen per cell would remain. Following 
these kinetics, is it possible that persisting antigen alone 
could account for >70 years of yellow-fever-specific 
antibody production~-~? In addition, vaccination with 
nonreplicating antigens, such as tetanus and diphtheria 
toxoid, induces antigen-specific antibody responses that 
last for decades ss,s6. The concept of persisting antigen 

therefore poses several intriguing questions. For in- 
stance, despite the decay rate of the antigen itself s7, one 
must consider how antigen-antibody complexes on 
FDC escape from being consumed during the continu- 
ous stimulation of memory B cells. As B cells require 
T cell help in order to proliferate and differentiate into 
ASC 49-51, this would require antigen uptake, process- 
ing and presentation. If antigen is not consumed during 
this process and antigen-antibody complexes degrade 
very slowly over time, then another consideration is 
the half-life of the FDC itself. If antigen is retained for 
great lengths of time, then we must indirectly assume 
that FDC also have a long life span. This in itself 
would be an important finding because FDC are an 
integral part of the persisting antigen theory and little 
is known about the half-life of these highly special- 
ized antigen-retaining cells. Another mechanism that 
is not exclusive to the theory of persisting antigen is 
that antibody production may be maintained by long- 
lived plasma cells. If plasma cells do have a long life 
span, then the requirement for long-term antigen re- 
tention may not be so critical in sustaining immuno- 
logical memory. 
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Hypothesis: long-lived plasma cells 
We propose a model of how long-lived humoral re- 
sponses may be maintained following acute viral infec- 
tions or vaccination (Box 1). This model emphasizes 
what may be the most overlooked component of long- 
term humoral immunity: long-lived plasma cells. After 
migrating to the bone marrow 3(~-39, which contains a 
rich source of growth factors and cytokines, plasma 
cells may settle into a stable microenvironment, shel- 
tered from the radical changes that occur in peripheral 
lymphoid follicles following new, or recurrent, viral 
and bacterial infections. Moreover, as plasma cells lose 
nearly all surface-bound immunoglobulin, they are pre- 
sumably insensitive to antigenic stimulation and there- 
fore would be unaffected if antigen became a limiting 
factor. 

Soon after rats have been immunized, it is apparent 
that most plasma cells have a very short half-life, with 
estimates ranging from 8 hours to -3 days sS-<. This 
may be misleading, however, because after the initial 
immune response has peaked and then subsided, the 
remaining plasma cells appear to survive for several 
weeks 62 to more than 6 months 63. If just early time- 
points are studied, this biphasic response could go un- 
recognized and could easily be interpreted as an indi- 
cation that plasma cells are shortqived. It is only by 
examining late timepoints after immunization that a 
stable subpopulation of long-lived ASC can be readily 
identified 63. In addition to these studies, preliminary 
data indicate that long-lived plasma cells in mice are 
induced after acute LCMV infection (M.K. Slifka and 
R. Ahmed, unpublished). 

In the context of an acute viral infection, there are 
three general stages of antibody production (Box 1); 
in the initial stages of infection, high levels of viral 
antigen stimulate B cells to proliferate and differentiate 
into ASC (Box la). During this period, most, if not 
all, antibody is produced by short-lived ASC in the 
periphery and few virus-specific ASC will have mi- 
grated to the bone marrow. The second stage occurs 
after the viral infection has been resolved (Box lb). By 
this time, a potentially long-lived population of anti- 
viral ASC have migrated to the bone marrow and appear 
to be responsible for maintaining most serum anti- 
body production. During this stage of the immune re- 
sponse, any remaining antigen-antibody complexes 
on FDC may continue to stimulate memory B cells to 
differentiate into more ASC. The third stage is marked 
by long-term, immunological homeostasis (Box lc). 
When antigen levels are very low, or nonexistent, mem- 
ory B cells enter a resting state, unless restimulated by 
antigen. The plasma cells in the bone marrow are then 
no longer replenished and serum antibody levels may 
decline as a function of the number of plasma cells re- 
maining over time. 

A fundamental difference appears to exist between 
the longevity of mucosal and serum antibody responses 
(Table 1). Mucosa-associated lymphoid tissues, e.g. 
tonsils, Peyer's patches and the lamina propria, have 
the same basic architecture as the spleen and lymph 
nodes, including follicles that give rise to germinal 
centers that produce memory B cells and plasma cells. 

Questions for future research 

• What determines the half-life of plasma cells during the humoral 
response to vaccination or viral infection? Are there separate 
lineages of short-lived and long-lived antibody-secreting cells 
(ASC)? 

• How many antigen-antibody complexes on follicular dendritic cells 
(FDC) are required to stimulate a memory B cell to proliferate 
and/or differentiate into a plasma cell? 

• Are antigen-antibody complexes consumed during the stimulation 
of memory B cells during an ongoing antibody response? 

• As FDC are thought to play an essential role in maintaining humoral 
immunity, what is the life span of these important antigen-retaining 
cells and how does this affect the longevity of antigen-specific 
antibody responses? 

*What induces the migration and/or retention of plasma cells in 
the bone marrow? What homing receptors may be involved? 

• What factors (cytokines, microenvironment, etc.) are involved in 
sustaining long-term antibody production at different anatomical 
sites? Why is mucosal antibody production generally short-lived 
by comparison with serum antibody production, and how could 
one increase the magnitude and duration of mucosal antibody 
responses? 

After antigenic stimulation, these lymphoid tissues show 
similar kinetics to the spleen (Box 1), including a short- 
lived local ASC response that peaks early and is fol- 
lowed by ASC migration to the bone marrow as local 
antibody production subsides. For mucosal immunity, 
however, this may be a 'one-way street' because once 
ASC migrate to the bone marrow they are unlikely to 
continue to contribute to mucosal antibody produc- 
tion. This may, in part, explain why local mucosal 
antibody responses tend to decline more rapidly than 
serum antibody responses. 

Conclusions 
To sustain humoral immunity against a pathogen for 
greater than half a century is a remarkable accom- 
plishment. The question of whether the longevity of 
this response results from persisting antigen, long-lived 
plasma cells or a combination of both deserves further 
attention. To understand fully how persisting antigen 
continues to provide an immunogenic stimulus over 
the course of several years, it will be essential to gain a 
more extensive biochemical and biological understand- 
ing of how antigen-antibody complexes are maintained 
on the surface of FDC. In addition, determining the 
half-life of FDC, memory T cells, memory B cells and 
plasma cells will be essential to our understanding of 
how long-term humoral responses are maintained. It is 
hoped that a greater knowledge of these mechanisms 
will allow better design of adjuvants and vaccines that 
are potentially capable of providing long-term pro- 
tective immunity. 
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