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Abstract
Repeated infections and experimental prime-boost regimens frequently result in the generation of
secondary (2°) CD8+ T-cell responses. In contrast to primary (1°) CD8+ T cells, the parameters
that influence the abundance and phenotype of 2° effector and memory CD8+ T-cell populations
are largely unknown. Here, we analyze the impact of different booster infections, Ag curtailment,
and systemic inflammation on the quality and quantity of secondary CD8+ T-cell responses. We
show that similar to 1° CD8+ T-cell responses, the phenotype of 2° effector and memory CD8+ T-
cell populations is critically dependent on the nature of the infectious pathogen and the
inflammatory milieu early after infection. In addition, systemic inflammation increases the number
of 2° effector and memory CD8+ T cells after booster infections and immunizations. Therefore,
our data reveal new means to boost the number of 2° effector and memory CD8+ T cells in prime-
boost regimens and show a surprisingly high degree of plasticity in 2° memory CD8+ T-cell
phenotype that is controlled by systemic inflammation.
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Introduction
Memory CD8+ T cells have evolved to optimally protect from recurrent infections with
pathogens [1–3]. Following an acute infection, this specialized CD8+ T-cell subset is
generated from a low number of naïve pathogen-specific CD8+ T cells that expand
exponentially in numbers and then contract by 90–95% [4–6]. Compared with the naïve
CD8+ T cells they derive from, the resulting pathogen-specific memory CD8+ T-cell
population is increased in frequency which enables them to respond more efficiently to
future infections with the same or related pathogens. In addition, memory CD8+ T cells
express a variety of unique phenotypic markers which endow them with special trafficking
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properties and enhanced cytolytic effector functions compared with their naïve counterparts
[7].

The importance of primary (1°) memory CD8+ T-cell frequency and phenotype for the
protective capacity of memory CD8+ T-cell populations is well recognized. For many
infections, a clear correlation between the absolute numbers of memory CD8+ T cells and
the protection against infections has been demonstrated [2]. Phenotypic markers have been
used extensively to identify memory CD8+ T-cell subsets that differ with regard to their
localization in tissues, their proliferative potential, or their protective capacity against
specific pathogens [8–10]. It is therefore not surprising that much effort has been devoted to
the identification of the mechanisms that control 1° memory CD8+ T-cell numbers,
phenotype, or both. These studies have shown that both the quantity and the quality of 1°
memory CD8+ T-cell populations depend on a complex interplay of signals that CD8+ T
cells receive during the priming, effector, and contraction phase [2, 11, 12]. These signals
are usually referred to as signal I (Ag presentation), signal II (costimulation), and signal III
(inflammatory cytokine signalling). In conjunction, these signals regulate critical aspects of
T-cell functions like expansion, survival, effector functions, and the rate of memory
phenotype acquisition [13–18].

Most of the studies that have identified regulatory mechanisms of T-cell function stem from
the analysis of 1° memory CD8+ T cells which are generated after a single encounter of
naïve T cells with their cognate Ag. However, many pathogens infect human hosts more
than once and thus lead to repeated Ag stimulations of memory CD8+ T-cell populations
[19, 20]. In addition, many experimental vaccinations employ prime-boost regimens to
increase the absolute number of memory CD8+ T cells [21]. Finally, we recently showed
that each additional Ag challenge of memory CD8+ T-cell populations resulted in the
differential regulation of several hundred new genes in the ensuing memory CD8+ T-cell
populations and, therefore, in stepwise diversification of CD8+ T-cell transcriptomes [22].
Whether the abundance and phenotype of these repeatedly stimulated memory CD8+ T cells
is regulated by the same parameters that control 1° memory CD8+ T-cell quantity and
quality is largely unknown. While some studies have shown that 1° and secondary (2°)
immune responses both require DC-mediated Ag presentation and costimulation [23], others
have revealed significant discordances regarding the role of Ag presentation [24]. Most
importantly, the role of inflammatory cytokines which influence expansion and survival of
1° effector CD8+ T cells and phenotype of 1° effector and memory CD8+ T cells [2, 11, 25]
has not been studied in 2° immune responses.

Here, we show that, similar to the 1° CD8+ T-cell responses, the kinetics and phenotype of
CD8+ T cells in 2° immune responses are dependent on the type of pathogen used, the
duration of infection and the inflammatory milieu. Furthermore, we demonstrate that
differences in the levels of systemic inflammation are the main cause for the observed
differences in the number and phenotype of 2° memory CD8+ T cells.

Results
Infectious pathogens differentially modulate 2° effector and memory CD8+ T cells

To determine how infection with different pathogens influences 2° immune responses, we
cotransferred, in the first set of experiments, Thy1-disparate 1° memory OT-I T cells
together with naïve OT-I cells into naïve Thy1.2/1.2 hosts. Naïve OT-I cells were
cotransferred as a positive control since the impact of infections with different pathogens on
the phenotype and frequency of 1° CD8+ T-cell populations is well known [2, 11, 25]. We
recently showed that a low and physiological number of naïve OT-I TCR-Tg cells (5 × 102

per mouse used in cotransfer studies here) are not able to provide any measurable changes in
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protection after infection [26], suggesting that a modest increase in naïve CD8+ T-cell
precursor frequency in vivo will not have a substantial influence on 2° CD8+ T-cell
responses when analyzed in the same hosts.

Upon adoptive transfer, groups of mice were infected with SIINFEKL (OVA)-peptide
expressing Vaccinia virus (VacV-OVA), actA-Listeria monocytogenes (att LM-OVA) or
virulent L. monocytogenes (vir LM-OVA, Fig. 1A). Expansion in numbers of both OT-I cell
populations was detectable on day 7 after infection in peripheral blood samples (PBL, Fig.
1B) yet the frequency of the two populations differed between the three groups. Infection
with VacV-OVA resulted in equal frequencies of 1° and 2° effector OT-I cells but a lower
magnitude of overall expansion compared with the groups infected with att LM-OVA or vir
LM-OVA. In contrast to the similar frequencies of 1° and 2° effector CD8+ T cells after
VacV-OVA infection, 2° effector OT-I cell frequency was 50% higher than 1° effector OT-I
cell frequency after att LM-OVA infection and approximately 200% higher after vir LM-
OVA infection. This difference in frequency was reflected in the percentage of 2° effector
OT-I T cells in the total OT-I cell population which ranged from 50% for VacV-OVA
infection to 75% after vir LM-OVA infection (Fig. 1C). Thus, challenge with different
pathogens changes the magnitude of the proliferative expansion of 1° and 2° CD8+ T cells in
the same host as well as the composition of effector CD8+ T cells (ratio of 2° versus 1°) in
the ensuing immune response.

For a more detailed analysis of the kinetics of 1° and 2° immune responses, expansion and
contraction of the two OT-I cell populations were monitored in peripheral blood samples of
individual mice. For all three groups, the combined OT-I T-cell response of 1° and 2°
effectors (Fig. 1D) and the 1° immune response alone (Fig. 1E, left graph) peaked on day 7
and contracted afterwards. Interestingly, the 2° immune response peaked on day 6 in both
VacV-OVA and att LM-OVA infected mice but on day 7 in mice infected with vir LM-
OVA (Fig. 1E, right graph). Phenotypic differences in 1° effector OT-I cells were most
pronounced for KLRG-1 with low expression in the group infected with VacV-OVA,
intermediate expression in the group infected with att LM-OVA and highest expression in
the group receiving vir LM-OVA (Fig. 1F, left panel). Surprisingly, similar differences in
phenotype were observed in 2° effector OT-I cells (e.g. KLRG-1, right panel). For the
costimulatory molecule CD27, the changes in gene expression were even more pronounced
than in 1° memory CD8+ T cells.

These results demonstrate that pathogens differ in their ability to generate 1° and 2° effector
CD8+ T cells and that each pathogen evokes characteristic changes in the phenotype of not
only 1°, but also 2° effector CD8+ T cells.

To determine whether infection with different pathogens also leads to changes in the
absolute number of 2° memory CD8+ T cells, the content of 1° and 2° memory OT-I cells in
spleens of mice from the experiment shown in Fig. 1 was analyzed at the memory stage.
Infection with att and vir LM-OVA resulted in slightly higher numbers of 1° memory OT-I
cells than infection with VacV-OVA and no differences between the two Listeria strains (all
changes not significant, Fig. 2A). Similar differences between VacV-OVA and att Listeria-
infected mice (statistically significant, p = 0.02) were observed for 2° memory CD8+ T cells
as well as slightly higher absolute numbers of 2° memory CD8+ T cells after vir LM-OVA
compared with att LM-OVA infection (changes not significant, Fig. 2B). This was
confirmed by an increased frequency of 2° memory OT-I cells in the total OT-I cell
population in att Listeria-infected mice compared with VacV-OVA-infected mice (Fig. 2C)
with the highest frequency in vir LM-OVA immune mice. When 1° memory OT-I cell
phenotype was assessed, marker expression was found to resemble the expression patterns
found on 1° effector CD8+ T cells (Fig. 1F, left panel) with differences in CD27 and
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KLRG-1 expression but only subtle changes in the expression of CD127 and CD62L. Again,
a similar regulation of marker expression was found on 2° memory CD8+ T cells with the
most pronounced differences in KLRG-1 expression between VacV-OVA- and Listeria-
infected mice (Fig. 2D).

These data indicate that the absolute number and phenotype of memory CD8+ T cells that
can be generated in 2° immune responses is dependent on the pathogen used for the booster
infection.

The tissue distribution and function of 2° effector CD8+ T cells is pathogen dependent
To determine if the differences in the expansion of 1° memory CD8+ T cells observed in
PBL are also detected in 2° lymphoid and tertiary tissues (e.g. spleen, lung, and liver) and if
an increase in numbers correlates with the ability of 2° effector cells to function (e.g.
produce cytokines after Ag-restimulation), 1° memory OT-I cells were transferred into naïve
B6 mice 1 day before infection with VacV-OVA or vir LM-OVA (Fig. 3A). However, naïve
OT-Is were not cotransferred in this experiment. Similar to the previous experiment (Fig. 1),
the magnitude of the 2° expansion was significantly lower in the PBL after VacV-Ova
compared with vir LM-OVA infection (Fig. 3B and C). Importantly, the magnitude of
expansion was significantly lower in various organs of the VacV-OVA-infected mice (Fig.
3C), suggesting that the pathogen biology dictates the differences in overall expansion of 1°
memory CD8+ T cells after 2° Ag-encounter. In addition to the numerical differences, the
phenotypic differences (CD27hi, KLRG-1) of the responding cells in the spleen (Fig. 3D)
and lungs (data not shown) were also observed. Finally, direct ex vivo peptide stimulation of
splenocytes at day 7 p.i. revealed significantly higher numbers of Granzyme B-positive 2°
effector CD8+ T cells capable of producing IFN-γ, TNF, and IL-2 in mice boosted with vir
LM-OVA (Fig. 3E). Thus, the quantity and quality of 2° CD8+ T-cell responses, including
the ability to provide effector functions such as cytokine production, can be influenced by
the choice of the boosting agent.

Curtailment of infection alters 2° CD8+ T-cell responses
Since antibiotic treatment early after Listeria infection and subsequent termination of
infection and Ag display has been shown to regulate 1° effector and memory CD8+ T-cell
phenotype [13, 27], we chose to assess the effect of ampicillin treatment on 2° immune
responses.

Naïve and 1° memory OT-I cells were adoptively transferred into naïve hosts prior to
infection with att LM-OVA (Fig. 4A). A second group was put on ampicillin treatment 16 h
after LM-OVA infection. Antibiotic treatment efficiently eliminated Listeria from both liver
and spleen by day 2 after infection (Fig. 4B). Analysis of the kinetics of the OT-I cell
response in peripheral blood showed a similar expansion of total OT-I cells on day 5 after
infection but lower expansion of the OT-I cell population in ampicillin-treated mice at later
stages of the effector phase (Fig. 4C). Interestingly, the kinetics of 1° and 2° OT-I cell
responses were similar until day 7 (Fig. 4D). In the ensuing contraction phase, however, 2°
effector CD8+ T cells contracted less than 1° effector CD8+ T cells as described previously
[28–31]. Analysis of the peak expansion of 1 and 2° effector OT-I cells revealed that
antibiotic treatment reduced peak frequencies by approximately 50% in both groups (Fig.
4E). This difference was preserved in both 1° and 2° immune responses at the memory stage
(Fig. 4F). Therefore, curtailment of infection via antibiotic treatment reduces the expansion
of 1° and 2° effector CD8+ T cells in a similar manner and decreases the frequency of both
1° and 2° memory CD8+ T cells.
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As described earlier, antibiotic treatment also affected 1° effector CD8+ T-cell phenotype
and led to accelerated acquisition of a memory phenotype [13] as indicated by higher
expression of CD127 and CD27 and lower expression of KLRG-1 (Fig. 4G). Similar to the
previous experiment, changes in phenotype were not restricted to 1° immune responses but
affected 2° immune responses as well. Interestingly, changes in the expression of CD27 and
KLRG-1 reflected the changes in the 1° immune response, whereas CD127 expression did
not differ substantially after antibiotic treatment.

In a repeated experiment where 1° memory CD8+ T cells were transferred in the absence of
naïve OT-I cells (Fig. 5A), a similar decrease in 2° effector CD8+ T-cell expansion after
antibiotic treatment was observed not only in the blood (Fig. 5B and C) but also in the
spleen, liver, lung, and inguinal lymph nodes of Listeria-infected mice (Fig. 5C). Similarly,
the curtailment of infection leads to a substantial decrease in the number of 2° effector cells
able to respond by cytokine production (IFN-γ, TNF, and IL-2) after Ag restimulation (Fig.
5D).

Taken together, these findings suggest that the duration of infection (or Ag display) might
influence the kinetics, phenotype, and function of responding memory CD8+ T-cell
populations.

Inflammation controls 2° effector and memory CD8+ T cells
To dissect whether pathogen load or systemic inflammation was the cause of the observed
changes in the 2° immune responses, we used an immunization protocol that employs the
injection of mature DCs in the presence or absence of pro-inflammatory stimuli.

Naïve and memory OT-I cells were adoptively transferred into the same host and 1 day later
mice were injected with mature DCs that were pulsed with the OVA257–264 peptide (Fig.
6A). A second group of mice received the same number of DCs as well as an i.v. injection of
att L. monocytogenes that lacked the OVA peptide. In this scenario, OT-I cells are primed by
the Ag presented on the injected DCs and are exposed to inflammation that is induced by
Listeria infection [14]. Analysis of OT-I cell expansion showed similar frequencies of 1°
and 2° effector OT-I cells in the group immunized with DCs only (Fig. 6B, top panels). In
mice that were coinfected with Listeria, 1° effector OT-I cells reached similar frequencies as
the group that had received DCs only (Fig. 6B, bottom panels). The frequency of 2° effector
OT-I cells, however, was three-fold higher in mice that had been infected with Listeria at the
time of the DC immunization. As a consequence, the percentage of 2° effector OT-I cells in
the total OT-I response was much higher in Listeria-infected mice (Fig. 6C). In the
longitudinal analysis, the total OT-I cell response to DC immunization was consistently
higher in Listeria-infected mice throughout the effector and contraction phase (Fig. 6D). 1°
effector OT-I frequency was slightly higher in the group that was subjected to Listeria
coinfection compared with the group that had received DCs only (Fig. 6E, left panel). The
differences between Listeria-infected and noninfected mice, however, were much more
pronounced in 2° immune responses where the kinetic analyses revealed differences as early
as day 5 after infection that were maintained during effector and contraction phase. These
findings indicate that, similar to the previous studies that analyzed 1° immune responses, 2°
effector OT-I cell expansion is controlled by inflammation. The fact that 1° effector CD8+

T-cell expansion was only slightly altered in our experiments could indicate that 2° effector
CD8+ T cells outcompete 1° effector CD8+ T cells for the proliferative and antiapoptotic
stimuli provided by systemic inflammation when the two populations are simultaneously
present in a host.

Despite the negligible effect of systemic inflammation on 1° effector OT-I cell expansion,
there was a profound impact of Listeria coinfection on the phenotype of these cells (Fig.

Wirth et al. Page 5

Eur J Immunol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



6F). In concordance with the previous studies, DC-immunized 1° effector OT-I cells showed
phenotypic characteristics of memory CD8+ T cells in the absence of systemic inflammation
[17]. Thus, the cells had higher expression of CD127 and CD27 but lower expression of
KLRG-1 compared with mice that were coinfected with Listeria. Again, similar differences
in the expression of phenotypic markers were found on 2° effector OT-I cells (Fig. 6F, right
panels), particularly in the surface expression of CD27 and KLRG-1. These data show that
inflammation prevents the acquisition of an early memory phenotype of both 1 and 2°
effector CD8+ T cells.

To analyze the influence of inflammation on the generation of 2° memory CD8+ T cells,
DC-immunized mice (in the presence or absence of Listeria coinfection [see Fig. 6A]) were
analyzed ~2 months after infection. Similar to the results obtained at the effector stage, 1°
memory OT-I cell numbers in the spleens were similar between the two groups (Fig. 7A).
The number of 2° memory CD8+ T cells, however, was increased fourfold in the group that
was subjected to systemic Listeria-induced inflammation (Fig. 7B). In these mice, nearly
90% of all OT-I cells were found to be 2° memory CD8+ T cells (Fig. 7C). Therefore,
systemic inflammation increases the number of 2° memory CD8+ T cells substantially more
than the number of 1° memory CD8+ T cells when both naïve and 1° memory CD8+ T cells
are present in the same host at the time of infection. Surprisingly, both 2° effector and
memory OT-I cell numbers were increased fourfold after Listeria coinfection. This finding
could indicate that, in contrast to what has been shown for 1° effector CD8+ T cells [32],
increased expansion of 2° effector OT-I cells is not followed by increased contraction.

While expression of CD127 was high in both groups of 1° memory OT-I cells, expression of
CD27 and KLRG-1 was still markedly different (Fig. 7D). The same difference in the
regulation of CD27 and KLRG-1 was evident on 2° memory OT-I cells although the
absolute percentage of CD27hi cells was lower and that of KLRG-1+ cells was higher
compared with 1° memory CD8+ T cells. Interestingly, the phenotypic differences between
1° and 2° memory CD8+ T cells were only minor when 1° memory CD8+ T cells generated
under highly inflammatory conditions and 2° memory CD8+ T cells generated under low-
inflammatory conditions were compared. These data suggest that the inflammation-induced
changes in 1° and 2° effector CD8+ T-cell phenotype are preserved at the memory stage.

Finally, we repeated the experiment in the absence of naïve OT-I and analyzed the number
and tissue distribution of 2° memory CD8+ T cells together with their phenotype and
function (Fig. 8A). As shown in Fig. 8B, systemic inflammation induces a statistically
significant increase in 2° memory CD8+ T-cell numbers in the lymphoid organs and tertiary
tissues analyzed. As expected, the phenotype of 2° memory CD8+ T cells was also
influenced by Listeria coinfection (Fig. 8C). Importantly, direct ex vivo OVA257–264 peptide
stimulation of splenocytes 1 month after immunization revealed a statistically significant
higher number of 2° memory CD8+ T cells that are capable of producing effector cytokines
and/or cytolytic molecules (IFN-γ, TNF, IL-2, and Granzyme B) when DC-OVA
immunization was coupled with Listeria-induced systemic inflammation (Fig. 8D).

Taken together, these data suggest that systemic inflammation controls the quantity and
quality of 2° effector and memory CD8+ T-cell populations.

Discussion
The protective capacity of memory CD8+ T-cell populations is dependent on their
abundance in 2° lymphoid organs and tertiary tissues as well as their phenotype at the time
of rechallenge [7, 9]. Our results reveal a surprising plasticity of 2° effector and memory
CD8+ T-cell phenotype that can be influenced by the choice of the boosting pathogen, the

Wirth et al. Page 6

Eur J Immunol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pathogen load, and the levels of systemic inflammation. The direct comparison of 1° and 2°
immune responses in the same host demonstrates that for some phenotypic markers 2°
memory CD8+ T cells are at least as sensitive as 1° memory CD8+ T cells to inflammation-
induced changes. These phenotypic markers include CD27 and KLRG-1, two markers which
have been used to characterize the recall capacity and the proliferative potential of memory
CD8+ T-cell populations [8, 33]. Currently, KLRG-1 expression is believed to mark
senescent cells that have undergone extensive proliferation [31]. In support of this notion,
KLRG-1+ memory CD8+ T cells have been shown to possess low proliferative potential
following Ag challenge [31, 33, 34]. Our data show that KLRG-1 expression does not
always correlate with the number of cell divisions but that the expression of this molecule on
1° and 2° memory CD8+ T cells can be modulated by systemic inflammation as well. It will
be of interest to analyze the impact of the observed changes in phenotype on the ability of 2°
memory CD8+ T cell to expand in numbers and kill invading pathogens upon rechallenge.

Perhaps even more important than the observed impact on memory CD8+ T-cell phenotype
is the influence of inflammation on 2° memory CD8+ T-cell numbers. Protection against
recurrent infections is closely related to the frequency of circulating memory CD8+ T cells
and for some infections, thresholds have been identified above which memory CD8+ T cells
provide reliable protection [35]. Our analysis of 2° effector and memory CD8+ T-cell
numbers suggests that systemic inflammation could increase both 2° effector and memory
CD8+ T-cell numbers in lymphoid organs as well as in tertiary tissues. The differential
susceptibility of 1° and 2° effector CD8+ T cells to inflammation-induced apoptotic stimuli
may seem surprising, but in fact differences in the regulation of apoptosis between 1° and 2°
effector CD8+ T cells have been shown earlier [29].

It will require further studies to analyze the molecular basis for this differential susceptibility
to inflammation and the role of molecules such as IL-12 [12], type I IFNs [36], IFN-γ [37],
Bim [38], and T-bet [15] in this process. Even more importantly, it will be important to
determine whether these findings can be harnessed to increase the efficacy of prime-boost
regimens. As one example, our data predict that it would be more beneficial to use adjuvants
in booster infections than in 1° infections because systemic inflammation would increase 2°
memory CD8+ T-cell numbers more efficiently than 1° memory CD8+ T-cell numbers. The
underlying mechanism(s) and inflammatory mediators that might be involved in controlling
the development of 2° effector and memory CD8+ T cells will be the subject of future
studies.

The differential susceptibility of 1° and 2° memory CD8+ T cells to inflammation opens up
new avenues to alter the composition and phenotype of the memory CD8+ T-cell
compartment in prime-boost regimens. In natural settings, many individuals will harbor both
naïve and memory CD8+ T cells specific for a certain pathogen due to incomplete
recruitment of naïve CD8+ T cells, continuous output of naïve precursors from the thymus or
accumulation of CD8+ T cells with a memory phenotype in the absence of infection [39, 40].
For naturally occurring infections, our data predict that infections that are accompanied by
systemic pathogen spread and high levels of inflammation lead to the preferential expansion
of 2° effector CD8+ T cells, whereas local infections and low levels of inflammation would
preferentially generate 1° effector CD8+ T cells. This could be part of a regulatory system
that employs memory CD8+ T cells to combat more severe, systemic infections but allows
for the recruitment of new naïve precursors in the case of local and less harmful infections.
Interestingly, a similar concept has been proposed recently by a study that found that naïve
T cells can be efficiently primed by DCs in peripheral tissues, whereas memory CD8+ T
cells are more potently stimulated by CD8+ DCs that reside in lymph nodes and spleen [41].
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Our data also identify new means to alter the composition of memory CD8+ T-cell
populations in hosts that are repeatedly challenged with the same or related pathogens/
immunizations. Several studies have shown that 1° and 2° memory CD8+ T-cell populations
differ in their lineage commitment and their protective capacity [10, 30, 42]. Therefore,
memory CD8+ T-cell populations can potentially be tailored to contain the memory CD8+ T-
cell subset that provides optimal protection. According to our data, the choice of the booster
pathogen and modulations in the inflammatory milieu offer the possibility to modulate the
expansion of 2° effector CD8+ T cells and thus control the number of 2° memory CD8+ T
cells in the ensuing memory population. As an example, the use of L. monocytogenes and
boosting agents that induce high levels of systemic inflammation would result in more
efficient expansion of 2° effector CD8+ T cells compared with Vaccinia vectors and booster
infections that induce less systemic inflammation. Vice versa, Vaccinia vectors would allow
for a more effective priming of naïve T cells and the generation of memory populations with
higher percentages of 1° memory CD8+ T cells. Therefore, our data indicate new
possibilities to modify 2° memory CD8+ T-cell numbers and phenotype which could help to
increase the efficacy of prime-boost regimens that target acute and chronic infections.

Materials and methods
Mice, infections

C57Bl/6 mice (6–8 wk) were obtained from the NCI. OT-I mice were bred to Thy1.1 mice
to obtain Thy1.1/1.1 and Thy1.1/1.2 OT-I donors. Vaccinia virus expressing OVA (VacV-
OVA) was grown and injected as described previously [43]. Attenuated actA-deficient L.
monocytogenes (att LM-OVA) and virulent L. monocytogenes (vir LM-OVA) expressing
OVA were grown and quantified as described previously [43]. All animal experiments
followed approved Institutional ACURF protocols.

DC immunizations
Splenic DCs were isolated after subcutaneous injection of C57Bl/6 mice with 5 × 106 B16
cells expressing Flt3L as described previously [17]. To induce systemic inflammation, mice
immunized with DC were infected with actA-deficient Listeria (DP-L1942) 1 day after DC
immunization.

OT-I cells transfer and isolation of lymphocytes from tissues
For cotransfer of naïve and 1° memory cells, naïve Thy1.1 OT-I T cells were obtained from
peripheral blood samples of 2- to 3-month-old Thy1.1 OT-I mice. The percentage of
CD44hi/CD11ahi Vα2+Vβ5+ OT-I cells was <5%. To generate Thy1.1/1.2 memory OT-I T
cells for adoptive transfer experiments, 1 × 103 naïve Thy1.1/1.2 OT-I T cells were
transferred into Thy1.2 recipients and mice were immunized with either VacV-OVA (3 ×
106 PFU/mouse; i.p.) or att LM-OVA (5 × 106 CFU/mouse; i.v.). In total, 40–60 days after
infection, memory OT-I T cells were isolated by positive selection for Thy1.1. Memory OT-
I T cells (1–1.5 × 104/mouse) were either transferred alone or in combination with 5 × 102

naïve OT-I i.v. into naïve hosts. Mice were immunized 24 h after transfer. For some
experiments, animals received 2 mg/mL of ampicillin in their drinking water 12–16 h after
infection for a period of 2 days. For quantification of CD8+ T-cell responses and assessment
of their tissue distribution, mice were sacrificed and perfused with PBS before harvesting
the organs and making single-cell suspensions [44].

Antibodies
For FACS analysis, the following antibodies were used: Thy1.1 (OX-7) and CD62L
(MEL-14, both BD Pharmingen), KLRG-1 (2F1, Southern Biotech), CD8 (53–6.7), CD127
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(A7R34), CD27 (LG.7F9), IFN-γ (XMG1.2), TNF (MP6-XT22), IL-2 (JES6-5HG, all
eBioscience), Granzyme B (Caltag), and appropriate isotype controls.

Quantification of CD8+ T cells
OT-I T-cell responses in PBL samples and spleen were monitored by FACS analysis for
Thy1.1 marker. Thy1.2 expression was used to discriminate between 1° and 2° OT-I T-cell
responses in the same host. The ability of effector and memory OT-I T-cell populations to
produce cytokines (IFN-γ, TNF, and IL-2) was determined by peptide (OVA257–264)
stimulated intracellular cytokine staining as described previously [44]. In the same
stimulated samples, the expression of granzyme B was also determined.

Clearance of infection
To validate eradication of Listeria after ampicillin treatment, spleens from infected mice
were harvested 2 days after infection and analyzed for bacterial content as described
previously [13].

Statistical analysis
Statistical significance was assessed by using the two-tailed t-test with a confidence interval
of >95%. Data are presented as mean (±SD or SEM). All experiments were repeated at least
once to ensure reproducibility.
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Figure 1.
Pathogens differentially impact 2° effector CD8+ T-cell expansion and phenotype. (A)
Experimental setup: 5 × 102 Thy1.1 naïve and 1 × 104 Thy1.1/1.2 1° memory OT-I cells
were mixed and injected into naïve Thy1.2 hosts (n = 8/group). Mice were infected with
either 3 × 106 PFU VacV-OVA i.p., 5 × 106 CFU att LM-OVA or 5 × 104 vir LM-OVA i.v.
(B) Thy1.1+ OT-I cells were identified in PBL samples 7 days p.i. and 1° and 2° effector
OT-I cells were distinguished by Thy1.1/1.2 costaining. Numbers show the percentage of
the OT-I cell populations in the PBL population of representative mice. (C) Percentage
(mean+SEM; n = 8 mice/group) of 2° effector CD8+ T cells in the total OT-I cell population
in PBL 7 days p.i. (D) Kinetics of the combined 1° and 2° effector OT-I cell responses in
PBL. (E) Kinetics of the 1° (left graph) and 2° (right graph) OT-I cell response in PBL.
Numbers show mean±SEM (n = 8). (F) PBLs of all mice (n = 8/group) 7 days p.i. were
pooled and the phenotype of 1° (left panel) and 2° (right panel) effector OT-I cells was
analyzed. Numbers show the percentage of marker-positive OT-I cells, and shaded
histograms represent isotype controls. Data are representative of two independent
experiments.
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Figure 2.
Pathogens differentially impact the number and phenotype of 2° memory CD8+ T cells. (A)
Mice from the experiment described in Fig. 1 were sacrificed on day 57 p.i. and total 1°
memory OT-I cell numbers were analyzed in the spleen of up to five mice from each group.
(B) Absolute numbers of 2° memory OT-I cells in the spleen. (C) Percentage of 2° memory
OT-I cells in the total OT-I cell population. Bars show mean + SEM for each group. (D)
Spleens of individual mice (n = 5/group) were pooled and the phenotype of 1° (left panel)
and 2° (right panel) memory OT-I cells was analyzed. Numbers show the percentage of
marker-positive OT-I cells, and shaded histograms represent isotype controls. Data are
representative of two independent experiments.
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Figure 3.
Tissue distribution and function of 2° effector CD8+ T cells is pathogen dependent. (A)
Experimental setup: 1° memory OT-I cells (1 × 104) were injected into naïve Thy1.2 hosts.
Mice were infected with 3 × 106 PFU VacV-OVA i.p or 5 × 104 vir LM-OVA i.v. (B)
Thy1.1+ OT-I cells were identified in PBL 7 days p.i. Numbers show the percentage of the
OT-I T-cell populations in the PBL population of representative mice. (C) Percentage of 2°
effector CD8+ T cells in indicated organs 7 days p.i. Numbers show mean+SD (n = 4 mice/
group). (D) The phenotype (CD27 and KLRG-1) of OT-I cells in the spleen. Bars show
mean+SD. (E) Total number of cytokine- (IFN-γ, TNF, and IL-2) and Granzyme B-
producing OT-I cells in the spleen after direct ex vivo OVA257–264-peptide stimulation. Bars
show mean+SD.
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Figure 4.
Ag curtailment decreases 2° memory CD8+ T cell numbers and changes 2° memory CD8+

T-cell phenotype. (A) Briefly, 5 × 102 Thy1.1 naïve and 1 × 104 1° memory OT-I cells were
mixed and injected into naïve Thy1.2 hosts (n = 8/group) prior to infection with 1 × 107

CFU att LM-OVA. In total, 16 h later, one group of mice was given ampicillin in the
drinking water for 2 days. (B) Bacterial titers in spleen (CFU/total organ) and liver (CFU/g)
were determined 2 days p.i. (n = 3). Kinetics of (C) the total OT-I cell response, (D) the 1°
OT-I T-cell response (left panel), and the 2° OT-I T-cell response (right panel) in PBL.
Numbers show mean±SEM (n = 5). (E) Peak frequencies of the 1° OT-I cell response (left
graph) and the 2° OT-I T-cell response (right graph) in PBL (mean±SEM). (F) 1° (left
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graph) and 2° (right graph) memory OT-I cell frequency in PBL (mean+SEM). (G) PBLs of
individual mice (n = 5) were pooled and phenotype of 1° (upper panel) and 2° (lower panel)
OT-I cells was analyzed. The experiment was repeated twice with similar results.
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Figure 5.
Tissue distribution and function of 2° effector CD8+ T cells is influenced by the duration of
infection. (A) Experimental setup: 1.5 × 104 1° memory OT-I cells were transferred into
naïve Thy1.2 hosts prior to infection with 1 × 107 CFU att LM-OVA. One group of mice
was given ampicillin in the drinking water for 2 days. (B) Thy1.1+ OT-I cells were identified
in PBL 7 days p.i. Numbers show the percentage of the OT-I cell populations in the PBL.
(C) Percentage of 2° effector CD8+ T cells in indicated organs 7 days p.i. Numbers show
mean+SD (n = 3 mice/group). (D) Total number of cytokine-(IFN-γ, TNF, and IL-2)
producing OT-I cells in the spleen after direct ex vivo OVA257–264-peptide stimulation. Bars
show mean+SD.
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Figure 6.
Systemic inflammation increases 2° effector CD8+ T-cell numbers and induces a sustained
effector phenotype. (A) Experimental setup: 5 × 102 Thy1.1 naïve and 1 × 104 1° memory
OT-I cells were mixed and injected into naïve Thy1.2 hosts (n = 10) prior to immunization
with OVA-coated DCs. One group of mice was coinfected with att LM. (B) Detection of
Thy1.1+ OT-I cells (left dot plots) and discrimination between 2° (Thy1.1/1.2) and 1°
(Thy1.1) OT-I cell responses (right dot plots). Numbers show the frequency of OT-I T cells
in PBL in representative mice. (C) Percentage of 2° effector OT-I cells in the total OT-I cell
population (mean+SEM). (D) Kinetics of the total OT-I cell response in PBL (mean±SEM).
(E) Kinetics of the 1° (left graph) and 2° (right graph) OT-I cell response in PBL (mean
±SEM). (F) Phenotype of 1° (left side) and 2° (right side) effector OT-I cells was analyzed
in pooled PBL from up to ten mice. Shaded histograms represent isotype controls. The
experiment was repeated once with similar results. Data are representative of two
independent experiments.
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Figure 7.
Inflammation increases memory CD8+ T-cell numbers and decreases the rate of memory
phenotype acquisition. (A) Total 1° memory OT-I cell numbers (mean+SD) were assessed
in spleens of mice (n = 3/group) 57 days p.i. (B) Total 2° memory OT-I cell numbers in the
spleen of mice (n = 3) in the same experiment (mean+SD). (C) Briefly, 57 days p.i., spleens
of mice were analyzed for the percentage of 2° memory OT-I cells in the total memory OT-I
cell population. Mean+SD are shown. (D) Phenotype of 1° (left histograms) and 2° (right
histograms) memory OT-I cells in pooled spleen samples (three spleens/group). Shaded
histograms show isotype controls. Data are representative of two independent experiments.
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Figure 8.
Systemic inflammation influences the quantity and quality of 2° memory CD8+ T cells. (A)
Experimental setup: 1° memory OT-I cells (1 × 104) were injected into naïve Thy1.2 mice
prior to immunization with OVA-peptide pulsed DCs. One group of mice was coinfected
with att LM. (B) Percentage of 2° memory OT-I cells in indicated lymphoid organs and
tertiary tissues 28 days post-immunization. (C) The phenotype (CD27 and KLRG-1) of OT-I
cells in the spleen. (D) Total number of cytokine- (IFN-γ, TNF, and IL-2) and granzyme B-
producing OT-I cells in the spleen after direct ex vivo OVA257–264-peptide stimulation. (B–
D) Data show mean+SD (n = 5 mice/group).
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