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Summary: The smallpox vaccine consists of live vaccinia virus and is
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generally considered the gold standard of vaccines, since it is the only one
that has led to the complete eradication of an infectious disease from the
human population. Renewed fears that smallpox might be deliberately
released in an act of bioterrorism have led to resurgence in the study of
immunity and immunological memory to vaccinia virus and other poxviruses. Here we review our current understanding of memory T-cell,
memory B-cell, and antibody responses to vaccinia and related poxviruses, both in animal models and human subjects. Of particular interest
are recent advances in understanding protective immunity to poxviruses,
quantifying immunological memory to the smallpox vaccine in humans,
and identifying major vaccinia-specific T-cell and B-cell epitopes. In
addition, potential mechanisms for maintenance of immunological memory are discussed.
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Introduction
Immunological memory following vaccination or infection
provides a selective advantage upon re-exposure to the pathogen of interest; individuals undergoing a primary infection
will be subject to the full extent of potential morbidity and
mortality, whereas those with effective pre-existing immunity
(i.e. immunological memory) will be afforded levels of protection that may either prevent initial infection or decrease the
severity of disease manifestations. Immunological memory
can be maintained by several antigen-dependent means
including re-activation of latent/chronic infections or through
re-exposure to the particular infectious agent. One of the
greatest questions faced by immunologists today is the issue
of how immunological memory is maintained in the absence
of repeated antigenic boosting events. Vaccinia virus, the
agent used in traditional smallpox vaccination, has provided
an excellent model for not only studying the duration of
immunological memory, but also deciphering the mechanisms underlying long-term memory T-cell, memory B-cell,
and antiviral antibody responses. This virus does not spread
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systemically or persist in normal healthy individuals (1), so
self-boosting by means of a latent infection is not an issue.
Although vaccinia viruses may cause isolated zoonotic outbreaks (2–4), it is not endemic in the United States, and with
the end of civilian smallpox vaccination in 1972, immunity
can be monitored in the absence of re-exposure to vaccinia or
other potentially cross-reactive orthopoxviruses (5). Modern
smallpox vaccination was first developed by Edward Jenner
over 200 years ago (6) and has been extensively studied in
terms of virology, pathology, epidemiology, and immunology (7). The vaccinia genome of approximately 200 genes has
been mapped, the virus lifecycle has been extensively studied,
and with fears that smallpox might be deliberately released in
an act of bioterrorism, there has been a renewed interest in
the study of immunity and immunological memory to vaccinia and other poxviruses. Analysis of the mechanisms involved
in protective immunity against poxviruses have been key to
identify antigenic targets of vaccinia virus since development
and assessment of novel smallpox vaccines with improved
safety profiles depend on a detailed understanding of the
mechanisms of immunity. The experimental approaches
used in recent studies on poxvirus immunity are also relevant
to other human vaccine development efforts.

Kinetics and duration of vaccinia immune responses
Animal models
Inoculation of immunocompetent mice with a vaccine strain
of vaccinia virus results in an acute infection that elicits a
strong adaptive immune response (8, 9). Many studies have
used the neurovirulent Western Reserve strain of vaccinia
virus (VV-WR) to elicit more robust immune responses after
intraperitoneal or intradermal inoculation (8, 10, 11). In
contrast, intranasal inoculation with high doses of VV-WR
can result in a lethal respiratory infection (9, 11–14).
Mice make strong antibody responses after vaccinia virus
infection. Although low levels of antibody are detected at day
7 postinfection, strong immunoglobulin M (IgM) and IgG
responses (including multiple IgG isotypes) are clearly present
by day 14 postinfection (15). Antibody titers are higher at
1 month postinfection (10) and are maintained for more than
3 months (16). Antibody responses to vaccinia are almost
completely CD4+ T-cell-dependent, with a minor T-cellindependent IgM response (10). Neutralizing antibodies
develop with kinetics similar to the overall IgG response (9)
and are thought to be maintained long-term. Vaccinia-specific
memory B cells are generated after infection (S. Crotty,
unpublished data).

Anti-poxvirus antibody responses are also developed after
immunization of mice with modified vaccinia virus Ankara
(MVA), a highly attenuated candidate smallpox vaccine, but
higher doses of immunizing MVA are required (9).
Unexpectedly, low doses of MVA appear to elicit T-cell
responses in mice in the absence of detectable antibody
responses at 1 month postprimary vaccination (14).
The kinetics and duration of vaccinia virus-specific T-cell
responses in mice were determined in an extensive study by
Ahmed and colleagues (17). Strong CD8+ T-cell responses
were detected by day 7 postinfection, which then declined
over time and stabilized by day 30, at which point levels of
memory CD8+ T cells were maintained stably for more than
300 days postinfection. CD8+ T cells could be detected as
early as day 6 postinfection and exhibited both interferon-g
secretion and ex vivo cytotoxic T-lymphocyte (CTL) activity.
Notably, at the peak of the effector T-cell response, as many as
30% of the CD8+ T cells were specific for vaccinia virus. The
magnitude of effector CD8+ T-cell responses in an independent study was comparable (10).
Vaccinia virus-specific CD4+ T-cell responses in mice also
peak at approximately 1 week postinfection. The effector CD4+
T-cell response comprises approximately 4–5% of total splenic
CD4+ T cells (10, 17), which is comparable to lymphocytic
choriomeningitis virus (LCMV) infection (17) and higher than
influenza infection (18). Stable numbers of vaccinia virus-specific
memory CD4+ T cells were detected from 1 to 7 months
postinfection (17). Most effector CD4+ T cells produced interferon-g, but there was heterogeneity in the population, with
some cells producing tumor necrosis factor and/or interleukin2 (IL-2) (17). The frequency of double cytokine producers and
triple cytokine producers increased in the memory CD4+ T-cell
compartment (17). This finding is similar to patterns observed
for acute LCMV and influenza infections (19–22).
Non-human primates have been used extensively for testing
poxviruses as recombinant vaccine vectors delivering heterologous antigens (23–25). Such studies frequently utilized vaccinia virus vectors, but some utilized MVA, canarypox-, or
fowlpox-based vectors (23–25). Rhesus macaques (RMs)
immunized with vaccinia virus rapidly develop a neutralizing
IgG antibody response (26) that is maintained stably for more
than 6 months postimmunization (27). RMs also develop a
strong CD8+ T-cell response that peaks at approximately
2 weeks postimmunization in peripheral blood (26). The magnitude of the effector CD8+ T-cell response peaked between 0.1
and 1% of CD8+ T cells (26). CD4+ T-cell responses are also
elicited, but data on the magnitude and kinetics are limited (26,
R.R. Amara, personal communication).
Immunological Reviews 211/2006
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Humans

Strong antipoxvirus antibody responses are elicited in individuals receiving the smallpox vaccine. Neutralizing antibodies
against both intracellular mature virion (IMV) and extracellular enveloped virus (EEV) vaccinia virion forms are produced
(28–32). Antibody responses are generally not detected by
either enzyme-linked immunosorbent assay (ELISA) or neutralization assays before day 10 postimmunization (33–35).
Antibody responses can be readily detected on day 14 postimmunization (33–36). Peak antibody levels are present by
1 month postimmunization (R. Ahmed, personal communication). There has long been data suggesting that human
antibody responses after vaccination are long lived (5, 7,
37). An extensive cross sectional study showed that peak
antibody responses appeared to decline during the first year
postvaccination, but antibody levels then stabilized and
remained nearly constant for up to 75 years postimmunization (38). Several additional studies have published data corroborating these results (34, 39–42). Neutralizing antibodies
are also maintained long-term, with IMV-specific and EEVspecific neutralizing antibody titers being relatively consistent
with ELISA titers (29, 38, 39, 42). Anamnestic antibody
responses after booster vaccination can be detected as early
as day 4 after immunization (33), and rapid recall responses
may be important for protection against smallpox.
Vaccinia-specific memory B cells are generated after immunization, and approximately 1% of circulating IgG+ memory B
cells are specific for vaccinia virus at 1–6 months postvaccination (39). Cross sectional analysis of human vaccinees ranging
from 4 weeks to 60 years postimmunization indicated that
the number of vaccine-specific memory B cells declined by
about 90% during the first few months/years postvaccination
and then appeared to stabilize, with vaccinia-specific IgG+
memory B cells maintained for more than 50 years (39).
Humans make strong CD8+ T-cell and CD4+ T-cell immune
responses after receiving the smallpox vaccine. Indeed the
existence of a delayed hypersensitivity reaction after immunization, was first observed by Jenner in his initial smallpox
vaccination studies over 200 years ago (7). Vaccinia-specific
CD8+ T-cell and CD4+ T-cell responses in humans were first
described 15 years ago (43, 44). More recently, several studies have used quantitative techniques to examine the magnitude and duration of vaccinia-specific CD8+ T-cell and CD4+
T-cell responses. A detailed kinetic analysis of the effector
CD8+ T-cell response after vaccination has not been completed, but studies indicate that the effector CD8+ T-cell
responses (interferon-g-producing cells capable of CTL activity) peak at approximately 2 weeks postvaccination (45, 46).
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Several groups have reported strong CD8+ T-cell responses at
3–5 weeks postvaccination: 0.04–3% of CD8+ T cells are virus
specific, as measured by intracellular cytokine standing (38,
45, 47). A slow decline in circulating vaccinia-specific CD8+
T cells was observed thereafter (38, 45, 46). The vaccinia
virus-specific CD4+ T-cell response appears to be lower than
the CD8+ T-cell response at 2 weeks postvaccination (45) but
similar in magnitude to the CD8+ T-cell response at 1 month
postvaccination (38, 45, 47).
By performing cross sectional analysis of a cohort of 306
smallpox vaccine recipients, Hammarlund et al. (38) demonstrated that the vaccinia virus-specific memory CD4+ T cells
are long lived. However, the memory CD4+ T-cell population
declined slowly, with a half-life of 8–12 years. These results
were corroborated in two additional studies (39, 45). The
memory CD8+ T-cell response to vaccinia was also long lived
but with an unexpected twist: vaccine-specific memory CD8+
T cells dropped below detection in approximately half of the
vaccinees sometime before 20 years postvaccination. The reasons for this observation are unclear, but the preferential
survival of CD4+ memory over CD8+ memory have been
confirmed in an independent study (45).
The longevity of B- and T-cell memory and antibody
responses to vaccinia observed in these human studies is
consistent with epidemiological work suggesting that the
immunity against smallpox is maintained for decades after
vaccination (5, 7, 48, 49). These data on smallpox vaccineinduced B-cell and T-cell memory also have important implications for the longevity of immunity elicited by other vaccines and may be of particular interest for vaccine strategies
employing poxvirus-based vectors related to vaccinia virus,
such as MVA and canarypox. However, since MVA and canarypox lack the capacity to replicate in most mammalian cells,
their ability to generate long-term immunity may not be
equivalent to the longevity of immune responses induced by
a replicating virus such as vaccinia.

Fine specificities of smallpox vaccine B-cell and antibody
responses
Animal models
Antibody responses against vaccinia virus in mice have been
identified for at least 10 different proteins by Western blot
probing of purified virions or lysate from infected cells
(50, 51). Typically, Western blot techniques only identify
linear epitopes and not conformational epitopes. Moreover,
many vaccinia virus proteins are present in low quantities,
which makes it somewhat complicated to perform side-by-
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side quantitative analysis of immunodominance. For these
reasons, Felgner and colleagues (30) adopted the approach
of developing a proteome array of vaccinia virus. Recombinant
proteins were expressed from 185 different vaccinia virus
genes and used to make an extensive proteome microarray
(30). When probed with serum from vaccinia virus immunized mice, the proteome array revealed antibodies directed
against 21 different vaccinia virus proteins, 11% of the total
vaccinia proteome (30). This strategy was then used to identify
vaccinia virus surface proteins of interest for protective
immunity (11).
Neutralizing antibodies mainly confer protection through
the recognition of structures on the surface of virus particles,
and therefore antiviral antibodies directed against the surface
of virions are the primary antibodies of interest. Vaccinia virus
has more than 20 surface proteins. Importantly, vaccinia virus
has two forms of infectious virions, each expressing a different set of surface proteins. As such, an understanding of the
virion structures is required to develop knowledge regarding
the targets of protective antibodies. The most abundant particle is the IMV, which accumulates in infected cells and is
released as cells die (52). IMVs are environmentally stable
infectious virus particles and likely represent the principle
type involved in transmission between hosts. An alternate
morphogenesis pathway is taken by a proportion of IMVs
inside infected cells. These immature virions become wrapped
in a double membrane from the trans-Golgi and are then
translocated to the cell surface where the outermost membrane

fuses with the plasma membrane (53). These virions may be
released from the cell surface as EEVs (54). EEVs are more
fragile and less abundant than the IMVs and are considered to
be primarily involved in dissemination within the same host
rather than transmission between hosts (54–56). Studies have
shown that antibodies against either IMV or EEV particles can
be protective (11, 56–58). In the context of a vaccine to
prevent host-to-host transmission, antibodies against IMV surface antigens might be expected to play a major role in
protection. In general, anti-IMV antibodies may protect primarily by neutralizing the virus inoculum, and anti-EEV antibodies may protect primarily by limiting viral spread after
infection, though there remains debate as to the relative in
vivo contributions of antibodies against IMV versus EEV forms
of the virion (28).
There are 17 known or predicted IMV surface proteins
(Table 1) (173). Neutralizing antibodies directed against five
of these proteins have been reported in various animal models: L1R, A27L, A17L, H3L, and D8L (50, 58–70). There are
six membrane proteins present exclusively on EEVs (Table 2),
and only four of them have domains exposed on the outside of
the membrane: B5R, A33R, A34R, and A56R (54). Neutralizing
antibodies have been reported against B5R (56, 57). Antibodies
against B5R or A33R are protective in mice (56, 57). EEVs are
very fragile, making it difficult to accurately measure
neutralizing antibodies against this form of virus.
Interestingly, anti-A33R antibody responses were shown to
be protective in animal studies (57) before evidence was

Table 1. Vaccinia intracellular mature virion antibody targets

V V protein

Function

A9L
A13L
A14L
A14.5L
A17L
A21L
A27L
A28L
D8L
D13L

Early morphogenesis
Virion maturation
A27 complex
Unknown. Affects virulence.
A27 complex
Entry/fusion apparatus
Cell binding and fusion
Entry/fusion apparatus
Cell adhesion
Early morphogenesis. Primarily found on
immature virions.
Thiol oxidoreductase
Unknown
Entry/fusion apparatus
Cell adhesion
Unknown
Unknown (possible fusion protein)
Fusion

E10R
F9 (predicted)
H2R
H3L
I5L
L1R
L5R

Neutralizing
antibodies
shown in
animal model

Protection
shown in
animal model

Neutralizing
antibodies
shown in
humans

156
157
66
158
66
159
58, 64
160
62
161–163

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

References

Yes
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164
165
166
11, 68
167
56, 59–61
168
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Table 2. Vaccinia extracellular enveloped virus antibody targets
Neutralizing antibodies
shown in animal models

V V protein Function
A33R
A34R
A36R
A56R
B5R
F13L

Unknown
Unknown. Lectin similarities
Actin tail formation. Not surface
exposed.
Unknown
Required for EEV membrane wrapping.

Yes (‘comet tail’ inhibition) Yes

Yes

Has complement control domain homology.
Lipase? Not surface exposed.

obtained that anti-A33R antibodies can neutralize EEVs as measured by the ‘comet tail’ inhibition assay (56, 71). Spread of
vaccinia virus strain IHD-J EEV in vitro results in characteristic
comet tail plaques, and those comet tails can be blocked by the
presence of EEV neutralizing antibodies in the culture medium.
The difficulty in directly measuring anti-A33R-neutralizing
function (in a traditional virus neutralization assay) is because
binding of anti-A33R can result in sections of EEV membrane
being ripped away in vitro, revealing the underlying IMV that is
still infectious (71). Alternatively, anti-A33R antibodies may
not need to neutralize EEVs directly but may instead block viral
replication and/or comet tail formation by other means, such
as by targeting virus-infected cells or the release of EEV from
infected cells (72). Oddly, in the presence of added complement, anti-A33R antibodies do not inhibit comet tail formation
but instead actually enhance comet formation and thereby
appear to increase virus spread in vitro (71). This experience
underscores the complexity of assessing neutralizing antibody
functionality in protection from poxvirus infections.
Humans
Humans, like mice, make antibody responses to numerous
vaccinia virus proteins after immunization. Five to 13 viral
proteins can be detected by Western blot analysis with serum
from immunized human subjects (32, 50). Fourteen different
vaccinia proteins were detected by probing a vaccinia proteome
microarray with serum from immunized humans (30). IMV
surface proteins, EEV surface proteins, virion core proteins, and
soluble proteins are all recognized, demonstrating that the
human anti-vaccinia antibody response is broad (30, 32).
Previous studies have identified a correlation between preexisting serum neutralizing antibody titers and protection
against contracting smallpox (73, 74). An important goal in
poxvirus research is to identify key antigenic targets of vaccinia
virus that are recognized by antibodies in immunized humans
and are critical for protection against disease. As part of that
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Protection shown Neutralizing antibodies
in animal models shown in humans
References

Yes

56, 57, 71
54
169, 170
Yes

54
31, 56, 57, 171,
172
54

effort, H3L was identified as the first known target of human
IMV neutralizing antibodies (11). H3L protein is a viral receptor involved in cell adhesion, and the H3L gene is strongly
conserved among the orthopoxviruses. For example, the H3L
proteins from vaccinia virus and smallpox share 97–98%
amino acid identity, which may contribute to the observed
cross-protection against variola afforded by vaccinia immunization (75). Antibodies to the orthologs of H3L are also seen
after infection with other orthopoxviruses, including orf virus,
capripox, and fowlpox (76–78). Regarding EEV, only B5R has
been reported as a target of human EEV neutralizing antibodies
(31), and anti-B5R antibodies appear to be the dominant
contributor to EEV neutralization in humans (31) (Table 2).
B5R protein is also highly conserved between vaccinia and
smallpox, with approximately 93% sequence identity (75).
The antigenic epitopes of vaccinia-specific human memory B
cells have not been identified to date. Identification of the
specificities represented within the memory B-cell pool may
provide predictive power regarding protection from a smallpox
exposure, as the rapid anamnestic antibody response postinfection is primarily driven by the size of the memory B-cell
compartment and the composition of vaccinia virus neutralizing
antibody specificities represented therein. Individuals possessing
a high frequency of memory B cells specific for major neutralizing antibody targets of vaccinia virus would be expected to be
better protected from smallpox than individuals with a memory
B-cell pool dominated by specificities for nonprotective vaccinia
antigens. Differences in immunodominance profiles within the
memory B-cell compartment may be important characteristics of
candidate smallpox vaccines.

Fine specificities of smallpox vaccine T-cell responses
Animal models
Use of vaccinia-infected target cells has made it feasible to
measure vaccinia virus-specific CD8+ T-cell and CD4+ T-cell
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responses without knowledge of major histocompatibility
complex (MHC) class I and MHC class II vaccinia epitopes
(17). This ability has been particularly important, since the
size of the vaccinia virus genome has long precluded efforts to
identify virus-specific MHC I and MHC II epitopes, either in
animal models or humans. Nevertheless, there are clear limits
to the immunological analysis that can be done in the absence
of knowledge of MHC I and MHC II epitopes. For example,
studies with vaccinia (79), influenza (80, 81), and LCMV
(82, 83) have shown that epitope-specific T cells can demonstrate strikingly different functional and/or phenotypic profiles. Moreover, peptide-specific analysis of T-cell responses
elicited by different smallpox vaccines (vaccinia virus versus
MVA versus LC16m8) will be necessary to determine if these
vaccine candidates induce comparable T-cell epitope specificities that are conserved in smallpox.
Yewdell and colleagues (84) recently identified five MHC I
CD8+ T-cell epitopes in C57BL6 mice by generating an expression library containing each of the >200 vaccinia virus predicted open reading frames. The immunodominant B8R20-27
epitope identified by this strategy was recognized by approximately 10% of CD8+ T cells at the peak of the response to
vaccinia virus. In contrast, each of the other four MHC I epitopes
were recognized by <4% of CD8+ T cells. The five epitopes
identified in this study did not exhibit any obvious commonality, except that each of these viral peptides binds MHC I with
nanomolar or subnanomolar affinity, suggesting that the high
binding affinity may be an important criterion determining the
targets of CD8+ T-cell responses to vaccinia virus. Of interest, the
immunodominance profile and magnitude of the CD8+ T-cell
response varied depending on the poxvirus strain and species
used and the route of infection or immunization used (84). The
expression library strategy was impressively successful in
identifying epitopes, but it is presumed that not all C57BL6
MHC I epitopes were found. Indeed, using a large-scale bioinformatics and peptide synthesis screening strategy, Sette and
colleagues (A. Sette, personal communication) have identified
additional vaccinia virus MHC I epitopes in C57BL6 mice. No
vaccinia virus-specific MHC II epitopes have been reported.
Humans
As mentioned above, the large size of vaccinia virus makes it
difficult to identify antigenic determinants. This identification becomes particularly difficult when trying to identify
human T-cell epitopes. There are over 100 human leukocyte
antigen (HLA) alleles (85) and a vast array of potential vaccinia-specific CD8+ T-cell determinants (86). Given such complexity, three strategies have been employed to identify

human CD8+ T-cell epitopes of vaccinia virus. First, several
laboratories have utilized predictive computational algorithms
to identify vaccinia peptides that bind a specific HLA allele
(e.g. HLA-A2, the most common allele in the US population),
and then screened those predicted peptides in HLA transgenic
mice infected with vaccinia virus. This strategy has resulted in
the identification of a total of 25 different HLA-restricted
vaccinia epitopes by three independent studies (86–88). Of
those 25 epitopes, almost all were from genes encoding
proteins larger than 100 amino acids (86). In addition,
approximately half of the determinants were encoded by
early expressed proteins and half by late expressed viral proteins (86). This outcome appears to be different from herpesvirus infections, for which the majority of CD8+ T-cell
determinants are from early expressed viral proteins. For one
identified vaccinia epitope, it was shown that peptide immunization could elicit a protective CD8+ T-cell response in HLA
transgenic mice (87), whereas a second epitope appeared to
be non-protective in mice (88). Therefore, it will be important to perform parallel experiments with multiple epitopes to
determine whether all epitopes are equally valuable in protection or whether epitopes against certain viral proteins (or
classes of viral proteins, such as early expressed proteins) are
the most important for protective immunity. More generally,
a caveat of HLA transgenic mouse work is that currently only
one of the 25 identified vaccinia virus epitopes has been
shown to be recognized by CD8+ T cells from vaccinated
humans (88).
The second strategy employed has bypassed problems
of computational predictions by directly cloning out CD8+
T-cells specific for vaccinia virus from immunized humans.
Two HLA-A2 epitopes were identified in this manner. One
caveat to this approach, however, is that major/immunodominant epitopes are identified, but it is difficult and
labor-intensive to measure an overall T-cell response comprised of multiple specificities or one which contains many
subdominant epitopes (46). Synthetic peptide combinatorial
libraries (89) may also provide an effective approach to
identifying and characterizing more vaccinia-specific T-cell
epitopes. This third strategy has been employed in a massive
screen of more than 6000 peptides predicted by bioinformatics approaches to have good HLA-binding characteristics.
These candidate peptides were tested using peripheral blood
samples from 58 immunized human donors (90). Forty-eight
epitopes to vaccinia virus were identified in this manner. The
epitopes were from 35 different vaccinia virus proteins, representing almost 20% of the predicted open reading frames in
the genome (90). For a given individual, summing the
Immunological Reviews 211/2006
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individual peptides specific responses could account for
approximately one-third of the response observed against
vaccinia-infected target cells. This finding suggests that the
human CD8+ T-cell response to vaccinia virus is broad and
usually directed to more than six different epitopes. In addition, there was extensive heterogeneity among determinants
recognized by individuals with a given HLA allele, suggesting
that the interactions between HLA alleles (and other genetic or
environmental factors) result in many different patterns of
vaccinia virus epitopes recognized by human CD8+ T cells.

Protective immunity against orthopoxviruses
The correlates of protective immunity against orthopoxviruses
such as vaccinia, monkeypox, and smallpox have long been
debated. Much of the conflicting data in the literature comes
from the use of many different poxvirus species, strains, and
routes of infection, and a failure to clearly distinguish the
importance of different arms of the adaptive immune system
in primary immune responses versus secondary (recall)
immune responses in primed or vaccinated animals. In mouse
models of vaccinia infection, extensive studies have shown that
passive immunotherapy with immune serum or monoclonal
antibodies are protective (11, 28, 56, 91). In studies wherein
both T-cell and antibody responses were compared (10, 14), it
was revealed that antiviral antibody could protect mice efficiently even if CD4+ or CD8+ T cells were depleted prior to
challenge. However, in B-cell-deficient or MHC II-deficient
mice, which are unable to elicit effective antibody responses,
strong antiviral T-cell responses played an important role in
protecting against disease following viral challenge. For highly
pathogenic viruses such as ectromelia (mousepox), the requirements for protective immunity again pointed to the humoral
immune response, but with the added observation that antiviral
antibody and CD8+ T cells play complementary roles with the
most efficient protection provided by a combination of preexisting humoral and cell-mediated immunity (92).
The murine models of orthopoxvirus infection indicated
roles for both cellular and humoral arms of the immune
response in protection against disease and/or lethal infection.
To clarify this issue in an animal model that most closely
resembles human smallpox infection, a recent study examined
the role of vaccine-induced antibody and T-cell responses in
protection of non-human primates from lethal monkeypox
infection (27). In these studies, vaccinia-immune RMs were
depleted of CD4+ or CD8+ T cells at the time of monkeypox
challenge. Neither T-cell depletion strategy reduced protection
against lethal challenge. This finding indicated that the
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memory T cells were not necessary for control of the monkeypox infection. In contrast, when CD20+ B cells were
depleted at the time of vaccination to block induction of
neutralizing antiviral antibody responses, three of the four
treated animals died following monkeypox challenge.
Interestingly, the one animal that survived monkeypox challenge was also the only animal in which the anti-CD20 depletion was suboptimal, and this animal mounted a low but
detectable antiviral antibody response. These studies demonstrated that antiviral antibodies were necessary for protective
immunity against monkeypox, but to demonstrate that antibody was sufficient for protection, the investigators administered human vaccinia immune globulin (VIG) to unvaccinated
RMs 4 days prior to monkeypox challenge. The results were
impressive; although the animals developed skin lesions (i.e.
pocks) in a dose-dependent manner with an inverse relationship to the amount of VIG administered, they were still fully
protected from lethal infection. This study demonstrated that
the smallpox vaccine-induced antibody responses were both
necessary and sufficient for protection against lethal monkeypox infection, an important benchmark in the immunobiology of orthopoxvirus research.
Based on the severe complications following smallpox vaccination of children with genetic T-cell deficiencies, it was
initially believed that cellular immunity played the most
important role in protective immunity in humans (7).
However, these cases represented primary poxvirus infections;
following vaccination, strong antiviral antibody responses are
likely to be the main effector mechanism responsible for
protection against secondary infection. In clinical studies,
there is a preponderance of data demonstrating the important
role of antiviral antibodies in protecting against smallpox (5).
VIG was commonly used to treat rare but severe complications
following smallpox vaccination (93). VIG reduced the spread
of smallpox outbreaks when administered at the same time as
smallpox vaccination to smallpox contacts (93–95) and alleviated disease severity in anecdotal cases of smallpox infection
(96). Moreover, high neutralizing antibody titers were associated with protective immunity against smallpox infection
(74, 97), even though there is no correlation between longterm antibody titers and T-cell memory (39, 98), thus ruling
out the possibility that high antibody titers were simply a
biomarker for high pre-existing T-cell memory. A most
impressive study demonstrating the utility of passive immunotherapy was published in 1941 (99). In this study, a
smallpox outbreak initially claimed the lives of three out of
10 patients. When patient care was expanded to include
administration of high-titer smallpox-specific convalescent
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Our understanding of CD4+ T-cell help in generating and
maintaining humoral immunity following acute viral infection continues to evolve. By definition, induction of T-dependent (TD) humoral immune responses requires CD4+ T-cell
help (100–102). However, one can segregate TD humoral
immune responses into at least three distinct phases: induction, maintenance, and reactivation/anamnestic responses
following secondary challenge. Interestingly, CD4+ T cells
appear to play different roles depending on the antigen and
the phase of the elicited immune response in question.
CD4+ T-cell depletion studies demonstrate that the induction of strong antibody responses requires an intact CD4+
T-cell compartment (103). CD4+ T-cell help is heavily
mediated by CD40:CD40L interactions (104–106). The
induction phase is rather short-lived, and as the time span
increases between immunization and CD4+ T-cell depletion,
the mounted humoral response becomes stronger, indicating
a diminished requirement for CD4+ T-cell help (101–103)
(Fig. 1). If CD4+ T-cell depletion is delayed until approximately 3 weeks after immunization, then essentially normal
antigen-specific antibody responses are observed (103).
Similar results were noted in cases of retrovirus-induced loss
of CD4+ T-cell numbers/function. Following vaccinia infection of simian immunodeficiency virus-infected RMs, animals
with CD4+ T-cell counts below 300 cells/mm3, i.e. approaching simian acquired immunodeficiency syndrome (AIDS),
were much less capable of mounting protective neutralizing
antibody responses than animals with CD4+ T-cell counts of
>300 cells/mm3 (107). Additional evidence for the importance of CD4+ T cells in controlling primary vaccinia infection
comes from human immunodeficiency virus (HIV)-infected
patients. Although approximately 300 HIV-infected military
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YY
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Y

serum at the first signs of disease, the mortality rate dropped to
0%(0 deaths out of 250 subsequent smallpox infections
reported). Severe disease was not only modified, but the authors
also noted that patients experienced fewer smallpox scars after
recovery. These results together with the confirmatory evidence
obtained in several animal models illustrate the importance of
humoral immunity in protection against orthopoxvirus
infections. These observations are important for future vaccine
design and are especially relevant in contemporary populations
with an ever-increasing number of individuals lacking immunity to orthopoxviruses, due to being born since the cessation of
routine smallpox vaccination over 30 years ago.

Long-lived
plasma cell

Short-lived
plasma cell

Fig. 1. Model of B-cell differentiation during an antiviral immune
response. Following antigenic stimulation, naı̈ve B cells undergo clonal
expansion and form clusters of activated B cells known as extrafollicular
foci. These activated B cells can either differentiate into short-lived
plasma cells, or they can migrate into the follicle and initiate a germinal
center reaction. After proliferation and affinity maturation, germinal
center B cells produce both short- and long-lived plasma cells that
produce high affinity antibodies, and memory B cells that have high
affinity B-cell receptors. CD4+ T-cell help is required during the induction stages of the B-cell response but is not required for maintenance of
memory. See main text for details. TH ¼ CD4+ T-cell help.

personnel have likely received smallpox vaccinations with
replication-competent vaccinia virus (108), only one case of
life-threatening infection was noted, and this individual had
apparently progressed to AIDS with CD4+ T-cell counts below
25 cells/mm3 by the time he was hospitalized at 2.5 weeks
postvaccination. This individual was treated with VIG and
recovered, but about 7 months later he succumbed to an
unrelated AIDS-associated disease (109). In a separate study,
out of eight AIDS patients immunized with a recombinant
strain of vaccinia virus, three died from viral complications
(110). These three patients exhibited the lowest CD4+ T-cell
counts (<50 cells/mm3), suggesting the virus-associated
complications arose from a lack of cellular immunity and/or
ability to mount an effective TD antibody response. Other rare
but severe and life-threatening complications stemming from
smallpox vaccination have provided additional insight into
this aspect of the immune response. Vaccinia necrosum, a
progressive infection caused by uncontrolled spread of vaccinia, leads to tissue destruction and nearly 100% mortality in
individuals that are genetically deficient in cellular immunity.
In addition to T-cell deficiencies, these patients also exhibit
low or negligible virus-specific antibody titers following vaccinia infection, indicating that lack of T cells resulted in
abrogation of both cellular and humoral immunity (93).
Immunological Reviews 211/2006
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Fortunately, administration of VIG was able to save approximately 80% of these children, even in cases where the patients
were genetically incapable of mounting antiviral T-cell
responses. Children lacking humoral immunity (i.e. agammaglobulinemic or hypogammaglobulinemic) are known to be
somewhat less susceptible to severe viral infections as children
lacking cellular immunity. These ‘experiments of nature’ have
often been cited as evidence that T cells are the most important
component of protective immunity against viral infections.
However, this evidence is somewhat misleading. In the absence
of humoral immunity, the T-cell response is largely intact (and
potentially capable of compensating for antibody deficiencies),
whereas in cases of T-cell dysfunction, both humoral and
cellular arms of the immune response are impaired. Thus, it
is not surprising that the T-cell deficiencies result in the highest
susceptibility to microbial infections, but these findings should
be interpreted within the proper context. T-cell immunity is
most important during primary acute viral infections for
directly controlling viral replication as well as for helping to
establish the humoral immune response. However, protection
against reinfection is primarily antibody-mediated for orthopoxvirus infections, and T cells play a secondary role in vaccine-induced protective immunity (27).
Studies have demonstrated that maintenance of B-cell memory and long-term antibody production can occur in the
absence of continuous CD4+ T-cell help (103, 111). In one
case, CD4+ T cells were continuously depleted for up to
6 weeks without any substantial effect on B-cell memory
(103), and in another case, memory B cells were adoptively
transferred into T-cell-deficient hosts and survived for at least
90 days in the absence of a detectable CD4+ T-cell population
(111). An interesting new perspective on this topic was
described when it was found that antiviral antibody responses
are defective in SAP-deficient mice (112). SAP, a gene linked to
fatal lymphoproliferative disease often marked by low IgG
antibody titers, appears to be important in controlling longterm humoral immunity. SAP knockout mice showed similar
antibody titers and numbers of antibody-secreting cells to
wildtype mice at early stages of a TD antiviral immune
response. However, memory B-cell development was delayed,
the absolute number of memory B cells was reduced by
approximately 100-fold, and the number of germinal centers
was reduced by approximately 10-fold. Bone marrow plasma
cells were also greatly reduced, and antibody responses
declined with rapid kinetics, indicating that long-lived plasma
cells were not elicited. This defect was not intrinsic to the B
cells, since adoptive transfer experiments demonstrated that
SAP-deficient B cells are normal, whereas SAP-deficient CD4+
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T cells have a defect in providing appropriate B-cell help
despite expressing appreciable levels of CD40L (112). These
data indicate that the maintenance of antibody production and
the development of long-lived plasma cells may be dictated at
or near the intersection between the induction phase and
maintenance phase of the humoral immune response.
Clinical studies involving smallpox vaccination have provided
further insight into the role of CD4+ T-cell memory requirements for maintaining long-term humoral immunity. As
mentioned earlier, there is no statistical correlation between
CD4+ T-cell memory and long-term serum antibody levels
(38, 39). If serum antibody responses or B-cell memory were
directly linked to requirements of CD4+ T-cell help, then one
would have expected these arms of the humoral immune
response to correlate with CD4+ T-cell memory and to decline
with similar kinetics as that observed with the antiviral CD4+ Tcell response. Since this is not the case, it provides compelling
albeit indirect evidence that CD4+ T-cell help is unlikely to be
required during the maintenance phase of the humoral immune
response against vaccinia. A lack of correlation between T-cell
memory and humoral immunity also has been noted in other
studies. One report investigated the maintenance of cellular and
humoral immunity following natural infection or vaccination
against measles virus (MV) in 56 individuals, ranging from 23 to
47 years postexposure or 1–34 years postvaccination (113). In
these studies, a significant decrease in CD4+ T-cell memory at
time points >21 years postvaccination was observed, whereas a
similar decrease was not seen in anti-MV antibody titers. More
importantly, when comparing the frequencies of MV-specific
CD4+ (or CD8+) T cells with MV-specific antibody titers, no
correlation was observed (113). This finding reiterates the
results seen with the vaccinia model, suggesting that T-cell
memory and antibody responses are not linked and are subjected
to different survival pressures in vivo. Another model for investigating the maintenance of antibody levels after the loss of T-cell
help can be found in HIV patients who lose CD4+ T cells as they
progress towards AIDS. Several studies have investigated the
maintenance of serum antibody levels throughout the progression of AIDS, and the findings indicate that the pre-existing
antibody response to many antigens remains largely unaltered
(114, 115). This point again emphasizes that while T-cell help is
critical during initiation of humoral immunity, the persistence
of the ensuing response does not appear to require continual
antigen-specific T-cell – B-cell interactions.
The role of CD4+ T-cell help following reactivation of
memory B cells during anamnestic antigen-specific immune
responses appears to be more complex. In an early study
measuring hapten-specific antibody responses [(4-hydroxy-
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3-nitrophenyl)acetyl (NP)-conjugated chicken gammaglobulin], the investigators noted that CD4+ T-cell help was not
required for maintenance of B-cell memory but was required
for effective anamnestic responses following secondary challenge with soluble antigen (103). Interestingly, the near
absence of a secondary antibody response to soluble antigen
in CD4+ T-cell-depleted mice could be partially recovered if a
higher dose of antigen was administered with alum as an
adjuvant. Similar results were obtained in another model
system in which B-cell epitopes were covalently attached to
different carrier proteins for primary and booster vaccination
(116). Booster vaccination with adjuvant resulted in robust
anamnestic responses in the absence of help via memory
CD4+ T cells. In more recent studies, it was noted that memory B cells could not respond to soluble viral antigen [purified
human cytomegalovirus (hCMV) glycoprotein B (gB)] in the
absence of CD4+ T-cell help (111). However, if mice were
challenged with intact but non-replicating hCMV virions containing gB, then CD4+ T-cell help was no longer required for
strong gB-specific anamnestic responses to be mounted.
Histology showed that the adoptively transferred memory B
cells remained outside of germinal centers and localized near
the marginal zone after antigenic challenge. Together, these
studies show that the requirement for CD4+ T-cell help during
anamnestic humoral immune responses is not absolute.
Secondary antibody responses to soluble antigens require
CD4+ T-cell help, whereas antigens mixed in adjuvant or
presented in particulate form (such as the surface of an intact
virus) no longer require CD4+ T cells for rapid and vigorous
antibody responses. This phenomenon may help prevent autoimmune responses to soluble self-antigens, since host CD4+ T
cells are tolerant to self due to negative selection in the
thymus. Alternatively, circumventing an absolute requirement
for T-cell help under certain circumstances may allow rapid
recall responses to be mounted against foreign antigens in the
proper context (i.e. intact virus, bacteria, or other microbe/
parasite) without necessarily waiting for cognate cell-to-cell
interactions with antigen-specific CD4+ T cells.
The T-cell requirements for anamnestic memory B-cell
responses in human subjects remain to be formally determined. Perhaps future experiments with the vaccinia model
of smallpox vaccination could provide insight into this question. For instance, it is possible that subjects with the highest
pre-existing CD4+ T-cell memory will mount the strongest
anamnestic responses following revaccination. Alternatively, if
CD4+ T-cell memory is not required for rapid memory B-cell
activation against a replicating orthopoxvirus, then there will
be a greater correlation between pre-existing B-cell memory

and magnitude of secondary antibody responses than between
pre-existing CD4+ T-cell memory and secondary antibody
responses.

Mechanisms of maintaining memory T cells
During the past decade, major advances have been made in
identifying antigen-independent mechanisms of maintaining
immunological memory (117–120). From a number of studies, it is now clear that memory CD4+ T cells and memory
CD8+ T cells can persist in the absence of antigen (reviewed in
5, 37, 117, 120). It has also been shown that murine memory
CD8+ T cells are not static. They regularly undergo homeostatic
proliferation to replenish their numbers, and this proliferative
renewal does not require stimulation with antigen or MHC I
(121–126). In mice, memory CD8+ T cells are stably maintained, while CD4+ memory T-cell numbers appear to slowly
decline (127). In contrast, following multiple heterologous
infections, CD8+ T-cell memory appears to decline, whereas
CD4+ T-cell memory is more stably maintained under these
conditions (128). Much recent work has been focused on the
role of cytokines in maintaining T-cell memory. IL-15 and IL-7
are important for the maintenance of memory CD8+ T cells and
memory CD4+ T cells (129–133). What triggers the slow
homeostatic proliferation that maintains murine memory T
cells? One hypothesis is that memory CD8+ T cells undergo
homeostatic proliferation when they migrate through the bone
marrow, where there are high concentrations of IL-15 and
other proliferation and survival signals (134, 135).
Studies of vaccinia virus-specific immunity following smallpox vaccination show that memory T-cell responses are longlived in the absence of re-exposure to infectious virus (38, 39,
45) but declined with a half-life of 8–15 years (38, 39). Since
the memory T cells specific for vaccinia virus are long-lived in
the absence of antigenic re-exposure, one hypothesis is that
these cells are maintained by a homeostatic proliferation
mechanism similar to that observed in mice, but this possibility
remains to be formally demonstrated in humans.

Mechanisms of maintaining memory B cells
In humans, vaccinia-specific memory B cells can be detected
for 60 years after vaccination (39). This finding indicates that
human memory B cells can be maintained for life in the
absence of antigenic re-exposure. Smallpox vaccine-specific
memory B-cell levels appear to be stable from 10 to
60 years postvaccination (39), indicating that the antigenspecific memory B-cell population is maintained by robust
Immunological Reviews 211/2006
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mechanisms. Memory T cells in humans slowly decline with a
half-life >10 years. So why would memory B cells not
undergo the same decline? One possibility is that memory B
cells do decline over time, but this rate may be too slow to be
measured by current methods. More studies will be needed to
address this possibility. Alternatively, it is conceivable that
memory B cells possess more robust DNA repair systems,
such that over time they are more competent to repair damage
from environmental insults and thereby maintain their proliferative potential. Although speculative, this idea could be tied
to a developmental difference between mature B and T lymphocytes: mature B cells maintain the ability to upregulate
extensive DNA repair programs, since they possess the ability
to undergo recombination and somatic hypermutation (136).
There are four proposed mechanisms for the maintenance
of human memory B cells; the first is antigenic depot. This is
the classic model of antigen-dependent immunological memory. It is well described that follicular dendritic cells bind
antigen and present antigen to B cells in germinal centers.
This antigen presentation is generally agreed to be a key
component of the affinity maturation and selection process
within the germinal center, although this point is debated
(137, 138). It has been proposed that after the generation of
memory B cells, the memory cells are maintained by periodic
re-encounter with antigen presented long-term by follicular
dendritic cells (139). However, essentially all proteins have a
finite lifespan with a half-life in the range of hours to weeks.
Proteins and protein structure are damaged by environmental
conditions, proteases, and interactions with other proteins and
presumably are consumed during memory B-cell activation,
antigen uptake, and presentation to CD4+ T cells. Therefore,
retention of biologically relevant levels of antigen by follicular
dendritic cells may only be expected to occur for a period of
weeks to months before exhaustion of the antigen depot.
Therefore, persisting antigen is highly unlikely to maintain a
memory B-cell population for more than 50 years. An exception is the case of replicating antigen, such as a latent herpesvirus infection. As discussed earlier, vaccinia virus causes an
acute infection in humans and does not persist (1). In addition, the observation that CD4+ and CD8+ T-cell memory
declines over time is further evidence against the possibility
of viral persistence, since it is not maintaining the memory Tcell populations in concert with memory B cells and
antibodies.
In mice, the longevity of memory B cells in the absence of
antigen has long been controversial (reviewed in 37, 140).
A transgenic approach utilized by Rajewsky and colleagues has
largely settled the matter (141). Rajewsky and colleagues

330

Immunological Reviews 211/2006

(141) engineered mice with a genetic switch, such that
memory B cells expressing an NP-specific B-cell receptor
(BCR) could be changed in vivo to instead express a phycoerythrin (PE)-specific BCR. By doing so, they could track the PEspecific B cells (which have never seen PE antigen), and they
observed that the cells persisted in an antigen-independent
manner just as well as other memory B cells (141).
The second proposed mechanism for the maintenance of
human memory B cells is stimulation by cross-reactive environmental or self-antigens. B cells are stimulated by direct
interaction of the BCR with antigen, and the specificity of a
BCR is not absolute: cross-reactivity is observed. Therefore, it
is possible that vaccinia virus-specific memory B cells (or any
memory B cells) are maintained long-term by intermittent
interaction with environmental antigens (i.e. allergens, food
products, unrelated pathogens). This hypothesis is exceptionally difficult to test. On a related topic, Rajewsky and colleagues (142) have shown that mature naı̈ve B cells must
constantly maintain BCR expression for survival, presumably
due to a need for tonic signaling through the BCR. Tonic
signaling may or may not be dependent on low affinity
binding of the BCR to self-antigens. If the signaling is dependent on self-reactivity, memory B-cell BCRs may also have a
requirement for low-grade self-cross reactivity. Alternatively,
memory B cells may have different requirements for BCR
stimulation and may no longer require antigen for their
survival or homeostatic proliferation. This mechanism would
be similar to the differential requirements observed between
naı̈ve T cells and memory T cells for stimulation through the
TCR (123).
The third proposed mechanism for the maintenance of
human memory B cells is bystander polyclonal activation.
This model is based on the observation that memory B cells
stimulated in vitro with Toll-like receptor (TLR) ligands or
select polyclonal activators will undergo several rounds of
proliferation and differentiation into plasma cells, whereas
naı̈ve B cells will not (143). Based on this hypothesis,
Lanzavecchia and colleagues (143) proposed that memory
B cells will proliferate in vivo in response to irrelevant infections. This model is mechanistically plausible but seems unlikely, because immunological memory would have to rely on
bystander activation via near continuous heterologous infections. In mice housed under specific pathogen-free conditions, serum antibody responses are maintained for the life
of the animals (144, 145). Adoptive transfer experiments
involving cotransfer of hCMV- and tick-borne encephalitis
virus (TBEV)-specific memory B cells into T-cell-deficient
hosts showed that only when the correct antigen was
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What about plasma cells, the effector cells of B-cell immunity?
Serum antibody levels are maintained by constant antibody
production from plasma cells. There are different populations
of plasma cells with a range of potential half-lives (146, 147).
Long-lived plasma cells are a central component of immunological memory, as these cells are largely responsible for the
long-term continuous secretion of antibody. In contrast to
memory B cells, plasma cells are terminally differentiated
and cannot be stimulated by antigen to either divide or
increase their rate of antibody production. At early time points
following vaccination, short-lived plasmablasts/plasma cells
appear to have a half-life of a few days (148–150). Longlived plasma cells survive for extended periods, with a half-life
of 3–4 months in mice (144, 146, 151) with some plasma
cells surviving up to 550 days (i.e. 1.5 years) following
depletion of the memory B-cell compartment by 800 RAD
of g irradiation (144).
Many human vaccines induce serum antibody responses that
persist for decades (152), and therefore vaccine-specific
plasma cells must be present for decades. However, most
reports of durable antibody responses in humans are plagued
by questions about the potential of intermittent re-exposure to
the antigen (e.g. live measles/mumps/poliovirus vaccines,

Model 2

Y

Mechanisms of maintaining antibody levels

Model 1

Y

introduced would an appropriate antigen-specific B-cell
response occur (111). Together, these findings indicate that
polyclonal non-specific activation of memory B cells in vivo is
unlikely to be involved in maintaining humoral immunity in
mice. This hypothesis requires further independent analysis in
human subjects, and it will be important to directly measure
the in vivo proliferation and maintenance of populations of
antigen-specific memory B cells before, during, and after a
number of heterologous infections and/or vaccinations.
Programmed homeostatic proliferation is the fourth proposed mechanism for the maintenance of human memory B
cells. This hypothesis draws from the known mechanisms of
CD8+ T-cell memory maintenance in mice (117, 129). As
mentioned above, murine memory CD8+ T cells accomplish
prolonged maintenance by proliferation primarily via IL-15
signals. Therefore, antigen-specific memory B cells may maintain themselves by a programmed homeostatic maintenance
involving intermittent proliferation triggered by certain autocrine/paracrine cytokines or other as yet unknown factors.
However, it appears clear that CD4+ T-cell help is not an
absolute requirement for maintaining memory B-cell numbers, as discussed earlier.

Long-lived plasma cell
Long-lived plasma cell subsets

Fig. 2. Two models of long-term antibody maintenance in the
absence of re-exposure to virus. Model 1: Long-lived plasma cells may
be replenished by proliferation and differentiation of memory B cells.
Model 2: There may exist distinct populations of long-lived plasma cells
that survive for different amounts of time, including a subpopulation of
plasma cells that may survive for several years or even decades. See main
text for details.

etc.). As described above, the smallpox vaccine is an excellent
opportunity to resolve this issue, since routine smallpox vaccination in the USA was discontinued over 30 years ago.
Hammarlund et al. (38) demonstrated that antibody responses
after smallpox immunization were maintained for up to
75 years, with similar data published in other independent
studies (39–41). So then, how is antibody production maintained for 60+ years? The bulk of ongoing antibody production is likely maintained by long-lived plasma cells. There are
two main theories for how numbers of antigen-specific longlived plasma cells are sustained for years after vaccination
(Fig. 2): (i) replenishment of long-lived plasma cells from
memory B cells and (ii) intrinsic plasma cell longevity.
The first theory for how numbers of antigen-specific longlived plasma cells are maintained is replenishment of longlived plasma cells from memory B cells. Plasma cells are
terminally differentiated and under normal circumstances are
unable to proliferate. Therefore, repopulation of their numbers is thought to require proliferation and differentiation of
memory B cells into antibody-secreting plasma cells. As such,
this hypothesis posits that intermittent differentiation of
memory B cells to long-lived plasma cells occurs and
replenishes the plasma cell compartment (Fig. 2). In each of
several variations of this model, the replenishment of the
plasma cells is proposed to occur at the same time as replenishment of the memory B cells. Therefore, the mechanisms
proposed for triggering intermittent memory B-cell to plasma
cell differentiation are the same as described above for memory B-cell maintenance.
Immunological Reviews 211/2006
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If this model is accurate, there should be a correlation
between memory B-cell numbers and plasma cell numbers
(or serum antibody levels). Crotty et al. (39) showed that there
was a positive correlation between anti-vaccinia memory
B-cell frequency and anti-vaccinia serum antibody levels.
Bernasconi et al. (143) showed a similar positive correlation
for other antigens using a related technique. However, two
other studies found no correlation between memory B-cell
numbers and serum antibody titers (153, 154), suggesting
that more studies are necessary to determine the relationship
between memory B cells and plasma cell populations.
The second theory involves intrinsic plasma cell longevity.
This hypothesis is under discussion and is based on the
assumption that a subset of plasma cells may survive for
decades in the absence of replenishment by the memory
B-cell compartment (5, 146). It is known that there are several
types of terminally differentiated cell types in the body that
survive for decades without replenishment (e.g. many neuronal cell types). Therefore, this model hypothesizes that once a
long-lived plasma cell is produced and homes to specific sites
such as the bone marrow, the plasma cell may survive for
decades without requiring replenishment from the memory
B-cell pool. In this model, memory B-cell numbers could
correlate with plasma cell numbers. However, this correlation
would not be a requirement for sustaining stable serum antibody levels, because they would be discrete and independently regulated cell populations. It is important to point out
that not all plasma cells are long lived. During the early stages
of an immune response when proliferation and somatic
hypermutation are occurring, plasma cells are most likely to
be short lived (5, discussion in 144). However, at later stages
of the humoral immune response, a subpopulation of proliferating plasma cell precursors will be selected into the longlived pool of plasma cells with an extended lifespan (Fig. 2). If
all plasma cells had the same lifespan and were long lived
starting at the initiation of the humoral immune response,
then there would be a preponderance of low-affinity antigenspecific plasma cells and the potential for autoreactive plasma
cells with a dangerously long lifespan to be generated.
However, with selection for long-lived plasma cells occurring
at later stages of the immune response, only the most effective, high-affinity plasma cells will be maintained long-term.
In mice, a subpopulation of plasma cells may survive for
longer than 1 year in the absence of repopulation by memory
B cells (144). In humans, plasma cells may have a similar
lifespan, or they may be longer lived, since humans have a
lifespan that is far greater than that observed in mice.
Preliminary information has been gained in at least one
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clinical study (155). In these experiments, peripheral B cells
(presumably including memory B cells) were effectively
depleted by administration of the anti-CD20 antibody rituximab for treatment of rheumatoid arthritis. Remarkably, serum
antibody levels against tetanus toxoid and pneumococcal capsular polysaccharide remained stable for greater than one year
after B-cell depletion. However, this study is not without
caveats; only two representative patients were followed extensively, the vaccination history of the patients was unclear, and
the half-lives of antigen-specific serum antibodies were not
determined. Antigen-specific memory B-cell numbers were
not directly quantitated either before in vivo depletion or after
the subject’s peripheral B cells were reconstituted months
later, so it is unclear what proportion of the memory B-cell
pool was specifically removed by this therapy or if memory Bcell numbers rebounded after cessation of therapy.
Nevertheless, based on the high expression levels of CD20
on memory B cells, this study provides preliminary evidence
indicating that CD20-negative antibody-secreting cells (i.e.
plasma cells) are able to maintain stable serum antibody titers
for a substantial period of time in humans. More clinical
studies are needed to determine the half-life of plasma cells
in humans and to determine whether plasma cells of different
specificities may be imprinted with different lifespans
depending on the nature of the antigenic exposure involved
during the initiation or development of the long-term
humoral immune response. Further quantitation of memory
B cells and serum antibody titers to a number of different
replicating and non-replicating antigens will also be required
in order to better understand if plasma cell numbers are
directly maintained by memory B cells or whether these are
instead two independent arms of the humoral immune
response. Resolution of these different models of antibody
maintenance awaits further study.

Summary
The smallpox vaccine is often considered the gold standard
of vaccines, since it is the only one that has led to the total
eradication of a disease from the human population. Vaccinia
virus has been invaluable both as a human vaccine and as a
model for understanding antiviral immune responses. Much
progress has been made over the past several years in our
understanding of these issues and processes. Nevertheless,
many questions remain about the detailed mechanisms of
protection against poxviruses and the functions and maintenance of different compartments of immune memory. Will
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the patterns of long-term maintenance of memory B cells,
memory T cells, and antibody levels observed in these new
studies hold true for situations other than smallpox immunization? Or do different immunizations/infections result in
memory responses that behave differently? This will almost

certainly be the case for chronic and latent infections (due to
the intermittent presence of antigen), but it may also be true
for different types of vaccines and acute infections. Moreover,
do these patterns hold true for all memory lymphocyte subsets? These and other questions await future studies.
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