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Abstract
Background Establishment of immunological memory is a
hallmark of adaptive immune responses and the biological
mechanism for the success of vaccines. However, in
humans, much of our knowledge about adaptive immune
responses derives from studies of chronic viral infections.
Objective Here, we summarize the work of our laboratory
and others on B and T cell responses and the establishment
and maintenance of immune memory after acute viral
infections induced by vaccination with two of the most
successful vaccines to date, the yellow fever and the
smallpox vaccines.

Keywords B cells . Tcells . vaccine .

immunological memory . human

Introduction

A central feature of adaptive immunity is the establishment
of immunological memory. After the initial encounter with
a pathogen or vaccine, B and T cells specific for the
pathogen expand and perform effector functions. Following
resolution of the infection, the immune system maintains a
population of B and T cells that is substantially larger than
the initial pool of pathogen-specific cells. In contrast to
naive B and T cells, these memory cells respond immedi-
ately upon subsequent exposure to the pathogen. The

kinetics of the memory recall response is not only faster
than a primary response, but also of a greater magnitude
and efficacy. Established immune memory can either
prevent reinfection all together or at least reduce the
severity of disease upon re-exposure to a pathogen.
Immunological memory is comprised of a cellular and a
humoral component. Soluble antibodies produced by long-
lived plasma cells (LLPC) maintain a first line of defense
both systemically and at mucosal surfaces. In contrast,
memory B cells are able to provide more antibody-
producing cells if needed and may also be involved in
maintaining the numbers of LLPCs. Whereas antibody-
mediated immunity can protect from initial infection or
reduce the spread of the pathogen, CD8 T cells destroy
already infected cells by a range of effector mechanisms. To
gain better understanding of the kinetics, magnitude, and
quality of the adaptive immune response and the resulting
memory pool, we have studied the human B and T cell
immune responses to acute viral infection, using the potent
and highly successful live viral vaccines against yellow
fever (YF-Vax) and smallpox (Dryvax). This paper summa-
rizes results from these studies.

Human B Cell Responses after Yellow Fever Virus
or Smallpox Vaccination

Infection or vaccination in humans induces prolonged
antibody production lasting for years and, in some cases,
for life, for example, after smallpox or yellow fever
vaccination [1–4] (Fig. 1). In many cases, these antibodies
are protective and provide an important first line of defense
against pathogenic exposure [5]. In the case of the above-
mentioned primary smallpox vaccination, we find that
neutralizing antibody titers are readily detected in serum
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10–14 days postvaccination, with peak levels present by
1 month postvaccination [6]. An antibody response with
similar kinetics was observed after yellow fever virus
vaccination. Cross-sectional studies of smallpox vaccinees
have shown that, after an initial drop over the first few
years postvaccination, the antibody titers can be maintained
for as much as 75 years after smallpox vaccination [3, 4].
Further, using newly developed protein array technology,
we could analyze the breadth of these antibody responses
[7–9]. These analyses showed that the serological response
to this highly complex virus spanned a large number of
different proteins, interestingly also including a large
number of nonenvelope proteins. Furthermore, very
different patterns of binding were observed among the
donors analyzed. A few major epitopes/proteins, however,
did stand out by being recognized by almost all of the
donors’ serum antibodies, for example, binding to H3 (an
envelope protein) and A10 (a major core protein) were
observed in all the donors analyzed. Importantly, the
patterns observed in the vaccinated donors closely
resembled those of serum samples isolated from smallpox
convalescent donors, indicating that this approach would
be a viable method to identify potential target proteins for
vaccine design.

In addition to the serum antibody, the humoral immunity
compartment consists of memory B cells and LLPCs. As
serum antibody has a relatively short half-life [10, 11] it has
to be continuously replenished by LLPCs that constitutively
produce and secrete antibody. These terminally differenti-
ated cells reside mainly in the bone marrow but are also
found in secondary lymphoid tissue and in various inflamed
tissues [12–18]. Plasma cells continue to secrete antibody in
the absence of antigenic stimulation for extended periods of
time but are unable to respond to further antigenic
exposure. In contrast, memory B cells specific for a
particular pathogen are normally present in a quiescent
state but are able to respond to an antigenic challenge by
vigorous expansion and the subsequent differentiation into
additional antibody secreting cells. Memory B cells are not

only present in relatively high numbers prior to exposure,
but they are also primed to undergo very rapid expansion
and differentiation. As such, these cells provide the reactive
portion of the B cell-mediated immune memory. Similarly
to plasma cells, memory B cells can also be sustained for
very long periods of time. In the case of smallpox
vaccination, memory B cells appear in blood around 14 days
after vaccination (unpublished data). Cross-sectional studies
showed that, while the number of memory B cells drop
somewhat during the first year [3] postvaccination, they can
be readily detected at stable levels for as many as up to
50 years after vaccination. Importantly, as smallpox has not
been in circulation at least for the last 30 years, these
experiments clearly showed that the memory B cells were
maintained in the absence of antigenic stimulation [3, 4].

Maintenance of Humoral Immunity in Humans

As mentioned above, LLPCs can sustain continual produc-
tion of antibodies. However, it remains unclear how LLPCs
specific to previously encountered antigens are maintained
over very long periods of time, while also allowing LLPCs
with novel specificities to take up residence in the bone
marrow. The general belief is that several factors contribute
to create so-called survival “niches” within the bone
marrow microenvironment such that only a finite number
of LLPC can be sustained. The bone marrow capacity in
humans has been estimated to be about 1×109 LLPC, or on
the order of 0.1–1% of the total bone marrow cells [17, 18].
Several mechanisms as to how this homoeostasis is
maintained have been proposed from work both in humans
and in mice. While early studies of plasma cells in
secondary lymphoid organs during acute immune responses
suggested that plasma cells had a very short half-life [19–
23], more recent studies in mice showed that LLPCs can
have exceptionally long life spans [13, 15, 24]. While
longevity in itself could possibly explain long-term humor-
al immunity, deletion of all memory B cells by irradiation
of immune mice did make the LLPC numbers slowly
decline over time, with a half-life of about 140 days [15].
This suggested that memory B cells might have a function
in replenishing LLPCs over time (Fig. 2). In the human
case, where the LLPCs would have to be maintained for up
to 60 years, the possibility of replenishment from the
memory B cells pool seems plausible. Indeed, human
studies did seem to support this possibility by showing
that memory B cells can undergo nonantigen-specific
activation (bystander activation) in vitro by activation
through Toll-like reseptor ligands and/or bystander T-cell
stimulation [25]. These studies also identified very low
numbers of antibody-secreting cells in peripheral blood of
vaccinated donors that were specific for antigens other than

Fig. 1 T and B cell mediated immune responses after acute viral
infection
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the immunizing one [25], raising the possibility that
bystander activation of memory B cells could be a
mechanism for maintenance of LLPC numbers. However,
other studies have shown persistent increases only of
antibody titers for the immunizing antigen after a booster
vaccination with tetanus toxoid [26, 27]. Our own studies
of antibody titers to various childhood vaccines after a
primary vaccination with either the smallpox or yellow
fever attenuated vaccines showed no detectable increases
other than the antigen-specific ones, despite very large CD4
T cell responses and strong inflammatory signals (manu-
script in preparation). This suggests that bystander activa-
tion as a mechanism for plasma cell maintenance may not
have a physiologically relevant effect on serum antibody
titers to other antigens, even in the presence of very strong
inflammatory signals and plentiful CD4 T cell bystander
help. Furthermore, if memory B cells indeed do sustain the
numbers of LLPC over time, a correlation between the
numbers of memory B cells and the antibody titers to a
particular pathogen/vaccine would be expected. A recent
study by Amanna and coworkers [1] demonstrated that,
while some antigens did indeed show such a correlation,
several did not, indicating that these two compartments may
be independently regulated. Other studies in humans have
proposed a “competitive dislocation” mechanism to explain
the nonantigen-specific cells observed in peripheral blood
after vaccination [28]. Here, a new immune response would
dislocate preexisting LLPCs from their niches in the bone
marrow to make room for the newly produced plasma cells.
The issue of maintenance of humoral immunity remains to
be fully understood and is the goal of continued studies to
address this important issue.

Vaccination with Live Attenuated Viruses Induces
Large Effector T Cell Responses

Our understanding of antiviral CD8 T cell responses in
humans is largely based on studies of chronic viral
infections. Thus, there is a need for further studies in
humans to accurately characterize primary CD8 T cell
responses to different acute viral infections. We have used
the highly efficient smallpox and yellow fever vaccines to
study the immune responses to acute infection. To identify
expanding effector CD8+ T cells after immunization with
live-attenuated YF-Vax or Dryvax smallpox vaccine, we
monitored for the expression of CD38, HLA-DR, and Ki-
67 and the down regulation of Bcl-2 on T cells in the blood.
Differential preimmunization expression of these markers
allowed for the unequivocal identification of the expanding
populations of activated T cells, which was confirmed by
functional analysis (IFN-γ production) and MHC class I
tetramer staining. By analyzing HLA-DR and CD38
expressing CD3+ CD8+ lymphocytes at multiple time points
postimmunization, we evaluated the magnitude and kinetics
of the T cell responses after immunization. The peak of the
CD8+ T cell response was observed at day 15 post-
immunization, when 4–13% of peripheral CD8+ T cells
coexpressed CD38 and HLA-DR after YF-Vax immuniza-
tion and 10–40% of peripheral CD8+ T cells expressed an
activated phenotype after smallpox immunization. Thus,
immunization with the YF-Vax and Dryvax vaccines
induced massive expansions of activated T cells. The
number of activated CD8+ T cell declined after day 15,
returning to baseline by day 30 postimmunization. Al-
though the Dryvax immunization resulted in a three- to
fourfold larger response than YF-Vax immunization, the
kinetics of the YF-Vax- and Dryvax-induced responses
were identical, supporting the idea that the T cell response
may follow a distinct temporal course after an acute viral
infection. We observed similar response kinetics for CD4+

T cells and neutralizing antibody titers. In contrast, T and B
cell responses to chronic infections (such as human
immunodeficiency virus, HBV, and hepatitis C virus) can
take many weeks or months to develop after infection and
are sustained for prolonged periods of time [29–31]. Thus,
acute and chronic infections appear to induce very distinct
response kinetics.

Minimal Role of Bystander CD8+ T Cell Proliferation
After Acute Viral Infection

The role of bystander activation during antiviral T cell
responses has been a long-standing and controversial issue,
primarily studied in murine infection models. Previous
studies suggested that nonspecific CD8 T cells could

Fig. 2 Two models of antigen independent long-term maintenance of
antibody titers. Model 1 shows replenishment of the LLPC pool by
differentiation of memory B cells driven by one or many of the
various suggested mechanisms. Model 2 depicts a scenario where the
memory B cell pool and the LLPC pool are independently regulated. It
is worth pointing out that these two models are not mutually exclusive
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display an activated phenotype and perform cytolytic T cell
functions in the absence of T cell receptor (TCR)
engagement [32–34]. However, with the advent of MHC
tetramer technology, it is now clear that large populations of
effector CD8 T cells found in LCMV-infected mice and
human patients with infectious mononucleosis are entirely
antigen-specific [35]. These studies suggest that TCR
engagement is the primary driving force behind the
activation of anti-viral CD8 T cells, but they do not
disprove a possible, albeit small, role for bystander
activation.

To evaluate possible CD8+ T cell bystander activation
during acute viral infection, we monitored the activation
status of preexisting nonvaccine-specific memory CD8+ T
cells [Epstein Barr virus (EBV), cytomegalovirus (CMV),
and influenza] after immunization with live vaccines.
Activation of these unrelated memory CD8+ T cells was
evaluated after Dryvax and YF-Vax immunization by
analyzing the expression patterns of activation markers on
MHC class I tetramer+ T cells that were specific to the
vaccine. We found that bystander CMV, EBV, and
influenza-specific tetramer+ CD8+ T cells were neither
activated nor proliferating in the presence of a strong
vaccine-induced response. This reveals that bystander
CD8+ T cell proliferation does not contribute to the peak
of the CD8+ T cell response after immunization and that the
observed effector responses appear antigen-specific. This
implies that antiviral immune responses are highly specific
and that memory CD8+ T cells are unlikely to be
maintained by bystander activation.

Differentiation of Virus-specific CD8+ T Cells

We used an MHC class I tetramer [36] to further characterize
the dynamics of the response and the phenotype of VV-
specific effector and memory CD8+ T cells. At day 15
postimmunization, VV tetramer staining revealed a popula-
tion of activated CD8+ T cells. Phenotypically, these cells
were characterized by the up-regulation of CD38, CD27,
HLA-DR, Ki-67, CCR5, perforin, and granzyme B and
down-regulation of Bcl-2 and CCR7. These data support a
model in which primed effector cells exit lymph nodes by
down-regulating CCR7, migrate to infected tissues via
CCR5, and kill infected cells by secreting perforin and
granzyme. Further, expression of perforin and granzyme B,
hallmarks of effector T cells, indicates that all tetramer+

CD8+ T cells pass through an obligate effector phase at the
peak of the effector T cell response.

Analysis of VV-specific memory cells showed that most
antigen-specific cells had undergone further differentiation
and no longer exhibited an effector phenotype. Tetramer+

memory HLA-A2 VVCLT+ T cells were CD45RA+ and

CD27+, had down-regulated CD38, HLA-DR, and Ki-67
and re-expressed Bcl-2 and CD127. Bimodal expression
patterns were observed for CCR5, CCR7, CD62L, CD28,
and Granzyme B. Memory CD8+ T cells had down-
regulated PD-1 expression, consistent with their full
functionality (Fig. 3). The bimodal expression patterns of
granzyme B, CCR5, CCR7, CD62L, and CD28 suggest
that memory T cell populations may be further subdivided
based on their homing marker expression and cytotoxic
potential.

Based on the distinct phenotypes of effector and memory
CD8+ T cells, we asked whether the transition from an
effector to a memory cell phenotype was an abrupt or
gradual event, and whether this transition occurs simulta-
neously for different markers. To address this question, we
analyzed the expression patterns of a selected set of
markers (Ki-67, CD45RA, CCR5, and granzyme B) on
tetramer+ CD8+ T cells at multiple time points after
immunization (days 15, 21, 28, and 84). Interestingly,
effector to memory transition occurred gradually over
several weeks of time and did not progress simultaneously
for all markers. For instance, Ki-67 down-regulation was an
early event with most tetramer+ cells down-regulating Ki-
67 expression by day 21 after immunization. In contrast,
the change from CD45RO to CD45RA and the down-
regulation of granzyme B occurred with slower kinetics.
Combined, these data suggest that antigen-specific CD8+ T
cells pass through several phenotypic stages after the peak

Fig. 3 Memory CD8 T cells specific for smallpox or yellow fever
display a polyfunctional profile. Upon restimulation with antigen,
specific CD8 T cells can kill infected cells, secrete cytokines, and
expand exponentially. This is in contrast to memory cells specific for
chronic viruses, which display various stages of functional exhaustion
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of the effector response. However, the nonsimultaneous,
gradual changes in the expression patterns of several key
markers, suggest that effector to memory CD8+ T cell
differentiation is a continuous and not a succession of
discrete phenotypic stages. Because antigen-specific effec-
tor cells gradually differentiated into memory cells, these
data support a linear differentiation process, where naive
cells expand and differentiate into effector cells following
antigen stimulation, then contract and slowly differentiate
into a stable population of long-lived memory cells.

CD45RA+ tetramer+ CD8+ T cells were still detectable in
the blood at low frequencies over 2 years postvaccination.
Expression of CD45RA has been proposed as a surrogate
marker for terminally differentiated memory CD8+ T cells,
with limited proliferative potential [37]. By stimulating
these populations with antigen directly ex vivo, we showed
that these populations are not terminally differentiated and
maintain polyfunctional T cell capabilities. Memory T cells
stimulated with antigen secreted IL-2, TNF-α, MIP-1β, and
IFN-γ, showing that they are capable of modulating the
recall response. Upon stimulation, these cells also tran-
siently expressed CD107A, a lysosomal membrane protein.
Expression of CD107A on the cell’s surface indicates a cell
has undergone recent cellular degranulation and, thus, has
the capacity to kill infected cells. Finally, memory T cells
also retained the ability to rapidly undergo multiple rounds
of proliferation in response to antigen, a hallmark of
memory cells. Extensive phenotypical analysis showed that
memory CD8+ T cells exhibited multiple phenotypic
profiles based on cytokine excretion (IL-2, TNF-α, MIP-
1β, and IFN-γ) and expression of T cell markers (CCR7,
CD62L, CCR5, Granzyme B, and CD28).

Concluding Remarks

In humans, antiviral T cell responses have been largely
analyzed in the context of cross sectional studies of chronic
infections, such as human immunodeficiency virus, CMV,
hepatitis C virus, and EBV [38–47]. Based on these studies,
it has become clear that the resulting populations of virus-
specific T cells display striking phenotypic differences [37,
47–50], implying that viral persistence has a distinct impact
on the character of the differentiation pathways of the
adaptive immune response. To further explore the complex
relationship between viral persistence and immune memory
[48], our laboratory has analyzed the T and B cell responses
induced after vaccination with the live viral yellow fever
and smallpox vaccines in humans. Using these two
attenuated viruses, we conducted multiple longitudinal
studies to characterize the antiviral effector response and
the formation and maintenance of immune memory in
humans. We were able to detect VV-specific T cells,

memory B cells, and antibody in individuals that were
vaccinated more than 50 years prior. Given the long-term
memory that results from YF-Vax and Dryvax immuniza-
tion, the rapid kinetics we observed during the primary
response may represent an optimal response, whereas
responses that diverge from the above kinetics may be
causally related to viral persistence. The transient viremia
that occurs after vaccination implies that the transition from
effector to memory cells occurs in the absence of antigenic
stimulation. In contrast, the effector-to-memory transition
during chronic infection is most likely associated with
persistent antigenic stimulation. This difference in the
persistence and degree of signaling may differentially affect
the maturation pathway of responding cells during acute
and chronic infections, resulting in distinct cellular pheno-
types and functional capacities. Thus, persistent antigen
exposure during the memory formation phase could lead to
different, and possibly less functional, memory cells. This
implies that vaccine boosting should occur after the
formation of a phenotypically stable population of memory
cells. Furthermore, drug therapies aimed at reducing viral
loads during the early stages of chronic infections may
result in the formation of more effective immune memory.
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