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Abstract
Prime-boost regimens are frequently used to increase the number of memory CD8+ T cells and
thus the protective capacity of experimental vaccinations; however, it is currently unknown how
the frequency and phenotype of primary (1°) memory CD8+ T cells impact the quantity and
phenotype of secondary (2°) memory CD8+ T-cell populations. Here, we show that 2° infections
of mice that received different 1° infections and/or immunizations generated similar numbers of 2°
effector and memory CD8+ T cells. Remarkably, this result was independent of the numbers and
phenotype of 1° memory CD8+ T cells present at the time of rechallenge. However, after adoptive
transfer of low numbers of 1° memory CD8+ T cells, a linear correlation between 1° memory
CD8+ T-cell input and 2° memory CD8+ T-cell numbers was observed. These data suggest that,
above a very low threshold, boosting of 1° memory CD8+ T-cell populations elicits 2° immune
responses of similar magnitude. Therefore, our study has important implications for the design of
prime-boost regimens that aim to generate protective CD8+ T-cell-mediated immunity.
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Introduction
Following acute infection with cell-invading pathogens, Ag-specific CD8+ T cells expand
exponentially for 5–12 days. Of these effector CD8+ T cells, only 5–10% survive the
ensuing contraction phase to form a stable memory population [1,2]. A number of studies
suggest that the protective capacity of these memory CD8+ T-cell populations is dependent
on both their absolute number and phenotype [3,4]. Due to extensive research in this field,
many of the parameters that impact the abundance and phenotype of 1° effector and memory
CD8+ T-cell populations have been elucidated. These studies have shown that for most
infections the number of 1° memory CD8+ T cells correlates with the number of 1° effectors
[5]. Therefore, the generation of memory CD8+ T cells is indirectly dependent on Ag
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presentation, expression of co-stimulatory molecules, signal three cytokines and other
parameters that control effector T-cell expansion and survival [6–8].

In addition, naïve precursor frequency and the percentage of naïve T cells that are recruited
into the response impact the magnitude of 1° immune responses and the phenotypic
properties of the ensuing memory CD8+ T-cell populations [5,9–11]. Interestingly, most
experimental conditions that affect effector CD8+ T-cell expansion also influence the
expression of phenotypic markers on memory CD8+ T cells. As an example, effector CD8+

T cells that are exposed to systemic inflammation reach higher peak numbers and
simultaneously acquire a memory CD8+ T-cell phenotype much more slowly than effectors
primed under non-inflammatory conditions [12–15].

Although some of the mechanisms that increase 1° memory CD8+ T-cell numbers and shape
their phenotype are known, it is unclear how these parameters can be altered in CD8+ T-cell
populations that have undergone additional rounds of Ag stimulations. Increasing evidence
suggests that many protective CD8+ T-cell responses require memory CD8+ T-cell numbers
than can only be obtained from prime-boost regimens [3]. However, the experimental
conditions that control these 2° immune responses have not been analyzed in detail. Some
studies suggest that, similar to naïve CD8+ T cells, memory CD8+ T cells require co-
stimulatory signals from DC for optimal expansion [16]. This assumption is supported by
studies that show an essential role for the co-stimulatory molecules CD27, 4-1BB and OX40
in the induction of 2° immune responses [17]. In contrast, Ag curtailment seems to affect
memory CD8+ T cells less than memory CD4 and naïve CD8+ T cells [18]. The fact that 1°
and 2° effector CD8+ T differ in their proliferative capacity [19] and their sensitivity to
apoptosis [20,21] suggests that these two populations could respond differently to the
proliferative stimuli and the pro- and anti-apoptotic signals they receive following an
infection.

Compared with 1° immune responses, the study of 2° immune responses adds an additional
level of complexity since 2° effector/memory CD8+ T cells originate from 1° memory CD8+

T-cell populations that are much more heterogeneous than naïve CD8+ T cells. This
heterogeneity is dependent on the 1° immunization/infection and includes differences in
both 1° memory CD8+ T-cell numbers and phenotype. Whether this heterogeneity can be
harnessed to generate 2° memory T cells of a desired quantity and quality is currently
unknown.

In this study, we generated 1° memory T-cell populations using different immunization and
infection protocols. These 1° memory CD8+ T cells were then re-challenged in situ and the
fate of the ensuing 2° memory CD8+ T-cell populations was analyzed. To specifically
address how differences in 1° memory CD8+ T-cell populations impact 2° immune
responses and to limit the number of experimental variables, all groups were challenged
with Listeria monocytogenes, a pathogen that has been used in preclinical [22,23] and
clinical [24] trials. We show that above a very low threshold, booster infections generate
similar quantities of 2° memory CD8+ T cells independent of 1° memory CD8+ T cell
frequency and phenotype. These boosted T-cell populations display a nearly homogenous
phenotype even when derived from heterogeneous 1° memory CD8+ T cells. Our results
provide new insights into the regulation of 2° memory CD8+ T-cell quantity and quality and
have important implications for the design of vaccination regimens.
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Results
Kinetics of 2° CD8+ T-cell responses is independent of 1° memory CD8+ T-cell phenotype

1° memory CD8+ T-cell numbers and phenotype are shaped by the environmental conditions
that naïve CD8+ T cells encounter during the first days after priming [8,25,26]. To
selectively alter the phenotype of 1° memory CD8+ T cells and study the impact of
phenotypic differences on 2° immune responses in situ, we elicited 1° immune responses
under low or high inflammatory conditions.

Mature splenic DC were pulsed with Kb-restricted SIINFEKL peptide from OVA and
injected into naïve C57BL/6 mice to stimulate a CD8+ T-cell response under low
inflammatory conditions [13,27]. A second group of mice received the same number of Ag-
pulsed DC and a single intraperitoneal injection of the TLR9 agonist CpG [28] to induce
systemic inflammation (Fig. 1A). Consistent with the previous reports [12,13], co-injection
of CpG led to an increase in the number of OVA-specific CD8+ T cells during the effector
phase (data not shown). After the ensuing contraction phase, both groups formed memory
CD8+ T-cell populations with similar frequencies of OVA-specific endogenous memory
CD8+ T cells in peripheral blood (Fig. 1B, left panel). Similarly, spleens of mice from both
groups contained equal absolute numbers of memory CD8+ T cells (Fig. 1B, right panel). In
contrast to these similar numbers, the phenotype of the memory CD8+ T cells in the two
groups differed for numerous markers (CD127, CD27, CD62L, KLRG-1; Fig. 1C).
Compared with mice receiving DC only, CpG injection delayed the rate of memory
phenotype acquisition as described previously [12,13,29] and induced the expression of
killer-cell lectin-like receptor KLRG. Thus, DC priming with or without injection of
adjuvants generates 1° memory CD8+ T-cell populations of similar quantity but different
phenotype.

To test how the differences in 1° memory phenotype affected the 2° immune response both
groups were challenged with virulent L. monocytogenes expressing the OVA peptide
SIINFEKL (vir LM-OVA). LM-OVA infection resulted in rapid expansion of OVA-specific
memory CD8+ T cells. Despite the differences in phenotype, longitudinal analyses in
peripheral blood showed similar kinetics for both groups (Fig. 1D). The equal frequencies of
effector CD8+ T cells in both groups were maintained during expansion and contraction
phase and resulted in similar frequencies (data not shown) and absolute numbers (Fig. 1E) of
2° memory CD8+ T cells in the spleen. Strikingly, the phenotypic differences of the 1°
memory CD8+ T cells were not preserved in the ensuing 2° memory CD8+ T-cell
populations (Fig. 1F and G). Thus, in situ LM-OVA booster infections of 1° memory CD8+

T-cell populations with different phenotype generate similar absolute numbers of 2° effector
and memory CD8+ T cells. Similarly, the phenotype of 2° memory CD8+ T-cell population
is independent of the phenotype of the 1° memory CD8+ T-cell population they derive from.

Kinetics of 2° memory CD8+ T-cell responses is independent of 1° memory CD8+ T-cell
numbers

To analyze the influence of 1° memory CD8+ T-cell numbers on 2° effector/memory CD8+

T cells, we next sought to generate different numbers of 1° memory CD8+ T cells with
similar phenotype. Since the use of different pathogens and the manipulation of systemic
inflammation affect both memory T-cell numbers and phenotype [13], we chose to alter the
dose of infection while using a single pathogen. Mice were infected with doses of att LM-
OVA that differed by 100-fold (“high” dose: 107 CFU/mouse and “low” dose: 105 CFU/
mouse, Fig. 2A). The difference in the infectious dose resulted in higher CD8+ T-cell
numbers in the “high” group at the effector stage (data not shown) and a threefold increase
in the frequency of 1° memory CD8+ T cells in peripheral blood (Fig. 2B). Lowering the
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infectious dose to 103 CFU/mouse did not result in further decreases in the frequency of 1°
memory CD8+ T cells (data not shown). Despite the differences in numbers, the phenotype
of both groups (CD127, CD27, CD62L and KLRG-1 expression) was similar at the memory
stage (Fig. 2C).

Both groups of mice were then challenged with vir LM-OVA and CD8+ T-cell kinetics were
analyzed in peripheral blood. Endogenous OVA-specific CD8+ T cells expanded vigorously
in the “high” and “low” group (Fig. 2D). During the effector phase, peak numbers did not
differ between the groups (Fig. 2E) and at the memory stage percentages of 2° memory
CD8+ T cells were similar in peripheral blood (Fig. 2F). Again the phenotype of 2° memory
CD8+ T cells did not reveal any differences between mice infected with the “high” versus
the “low” dose (Fig. 2G).

These results demonstrate that, under experimental conditions used here, changes in the LM
infectious dose alter 1° memory CD8+ T cells numbers but not phenotype. However, these
differences in the absolute numbers of 1° memory CD8+ T cells seem to be insufficient to
impact 2° memory CD8+ T-cell numbers and phenotype after secondary infection.

A linear correlation between 1° and 2° memory CD8+ T-cell numbers in adoptive transfer
model

To increase the differences in 1° memory CD8+ T-cell numbers, we employed an adoptive
transfer system of OVA-specific TCR transgenic OT-I CD8+ T cells. In contrast to
endogenous immune responses, the use of OT-I T cells facilitates the transfer of different
numbers of memory CD8+ T cells with identical phenotype. In order to generate 1° memory
OT-I T cells, naïve mice were seeded with 1 × 103 Thy1.1 OT-I T cells and infected with
vaccinia virus expressing the SIINFEKL peptide (VacV-OVA). VacV-Ova primary
infection was used to ensure that known and defined numbers of 1° memory CD8+ T cells
are transferred before secondary LM-OVA infection. In total, 40 days after infection, OT-I T
cells were isolated by positive selection for Thy1.1 (>70% purity) and 2.5 × 105, 5 × 104 or
1 × 104 1° memory OT-I T cells were transferred into naïve hosts prior to infection with vir
LM-OVA (Fig. 3A). As described earlier [30,31], only a fraction of these transferred cells
(approximately 5–10%) survive the adoptive transfer and contribute to subsequent immune
responses.

Interestingly, CD8+ T-cell kinetics differed significantly between the three groups (Fig. 3B).
At the peak of the effector phase, the initial fivefold differences between the groups had
dropped to 2.2-fold and 3.7-fold (Fig. 3C). Thus 1° memory OT-I T cells that were
transferred at lower numbers had expanded more than those transferred in higher numbers
(Fig. 3C) but not enough to reach similar numbers of effector CD8+ T cells. As a
consequence, 2° memory CD8+ T-cell numbers differed significantly between the three
groups (Fig. 3D). Of interest, 2° memory OT-I frequency between groups receiving 2.5 ×
105 and 5 × 104 differed twofold, whereas the difference in OT-I frequency between groups
receiving 5 × 104 and 1 × 104 reflected the fivefold difference in input numbers. As in the
previous experiments, the phenotype in the three groups was similar for all phenotypic
markers tested (Fig. 3E).

Therefore, the quantity of 1° memory CD8+ T cells correlates with the number of
subsequently generated 2° memory CD8+ T cells when low numbers of 1° memory CD8+ T
cells are present. Corrected for a 10% “take” of the adoptive transfers, our data suggest that
below a threshold of 2.5 × 104 1° memory OT-I T cells, 2° memory CD8+ T-cell numbers
start to correlate with the number of adoptively transferred 1° memory OT-I T cells. When
primary memory OT-I T-cell numbers drop below 5 × 103, this correlation between 1° and
2° memory OT-I T-cell numbers follows a linear pattern. However, the phenotype (CD127,
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CD27, CD62L and KLRG-1 expression) of the 2° memory CD8+ T-cell population remains
unaffected by these numerical differences.

Magnitude of 2° CD8+ T-cell responses in situ
Since only low numbers of memory CD8+ T cells survive the adoptive transfer into naïve
hosts, it remains unknown whether adoptive transfer experiments adequately reflect the
abundance of memory CD8+ T-cell populations in natural infections. To study the influence
of 1° memory CD8+ T-cell numbers on 2° immune responses in an experimental setup that
mimics the abundance of 1° memory CD8+ T cells in situ, we generated 1° memory CD8+ T
cells with adoptive transfers of different numbers of naïve OT-I T cells prior to att LM-OVA
infection (Fig. 4A). Increases in naïve precursor frequency have been shown to increase 1°
memory T-cell numbers, alter T-cell phenotype and even memory lineage commitment
[5,32]. Three different groups with low numbers of transferred OT-I T cells (5 × 101, 5 ×
102 and 5 × 103) were chosen to stay within the range of natural CD8+ T-cell precursor
frequency [11,30,33].

In accordance with the previous results, high numbers of adoptively transferred naïve
precursors resulted in higher abundance of effector and memory OT-I T cells [5] (Fig. 4B).
1° memory CD8+ T-cell numbers differed significantly between the three groups and
reached a 28-fold difference between the two groups that received 5 × 101 or 5 × 103 naïve
OT-I T cells, respectively (Fig. 4C). In addition, mice seeded with higher numbers of naïve
OT-I T cells had higher expression of CD62L and lower expression of KLRG-1, whereas
expression of CD127 and CD27 was similar in all groups (Fig. 4D). Therefore, altering the
input number of naïve T cells modulates 1° memory CD8+ T-cell numbers and changes the
expression of some but not all phenotypic markers when low numbers of T cells are
transferred.

Briefly, 60 days after 1° infection, all groups were challenged with vir LM-OVA. At day 5
after the second challenge, all OT-I T cell groups had expanded vigorously in peripheral
blood (Fig. 5A). In contrast to the 1° immune response, expansion kinetics were similar
between the three groups (Fig. 5B). The group initially seeded with 5 × 101 OT-I T cells
peaked 1 day later and at only slightly lower numbers than the other two groups (Fig. 5C).
When the numbers of all OVA-specific CD8+ T cells (endogenous and TCR-Tg OT-I CD8+

T cells) were assessed by tetramer staining, the kinetics for all three groups were nearly
identical (data not shown). The similar peak numbers could be explained by a much higher
expansion in the group receiving 5 × 101 OT-I T cells compared with those initially seeded
with 5 × 102 and 5 × 103 OT-I T cells (Fig. 5D). Consequently, all three groups contained
identical numbers of 2° memory OT-I T cells at the memory stage (day 40; Fig. 5E).
Comparison of 2° with 1° memory CD8+ T-cell numbers revealed that memory T-cell
numbers were boosted more than 100-fold in the group initially seeded with 5 × 101 naïve
OT-I T cells but only fourfold in the group seeded with 5 × 103 naïve OT-I T cells (Fig. 5F).
2° memory CD8+ T-cell phenotype reflected the differences seen in 1° memory CD8+ T
cells with higher expression of CD127, CD62L and CD27 but lower expression of KLRG-1
in the groups with high 1° memory CD8+ T-cell numbers (Fig. 5G).

These results demonstrate that when studied in situ and not in an adoptive transfer system,
2° memory CD8+ T-cell numbers are independent of 1° memory T-cell numbers and
phenotype. Our data also suggest a limit for the number of 2° effector and memory CD8+ T
cells for a given booster infection. Interestingly, at the higher absolute number of 1° memory
CD8+ T cells, 2° memory CD8+ T cells seem to preserve the phenotypic differences of the
1° memory CD8+ T-cell populations.

Wirth et al. Page 5

Eur J Immunol. Author manuscript; available in PMC 2010 November 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Quality of 2° CD8+ T-cell responses in situ
The results shown in Fig. 4 and 5 show that when analyzed in situ 2° memory CD8+ T-cell
numbers detected relatively early after booster challenge (day 40) are independent of 1°
memory CD8+ T-cell numbers and phenotype. In order to address the long-term
maintenance of 2° memory CD8+ T cells and their function (ability to produce cytokines and
provide protection), the same groups of mice were analyzed 1 year after secondary challenge
(Fig. 6A). Importantly, indistinguishable frequencies of 2° memory OT-I CD8+ T cells were
detected in the blood of all groups of mice 340 days after 2° infection, suggesting that the
maintenance of 2° memory CD8+ T-cell pool is independent of numbers and phenotype of
1° memory CD8+ T cells (Fig. 6B). In addition, the same frequency of 2° memory CD8+ T
cells produces IFN-γ and TNF after short ex vivo peptide stimulation (Fig. 6C and D). As
previously described for 2° memory CD8+ T-cell responses [19,34] and despite their rapid
Ag-specific IFN-γ and TNF production, 2° OT-I memory CD8+ T cells were not able to
produce IL-2 (Fig. 6D). Thus, the ability of 2° memory CD8+ T cells to produce effector
CD8+ T-cell cytokines is similar in all groups analyzed.

In order to confirm that the quality of 2° CD8+ T-cell responses in situ is independent of
numbers and phenotype of 1° memory CD8+ T cells, all groups of mice were infected for
the third time with high dose of vir LM-OVA (5 × 105 CFU/mouse). On day 3 p.i., bacterial
clearance was determined in the spleen (Fig. 6E) and liver (data not shown). As expected, all
immune mice showed increased levels of protection when compared with control (naïve)
group of mice. Importantly, the degree of protection was similar in all groups of mice that
contained 2° OT-I memory CD8+ T cells (Fig. 6A), suggesting that in situ function of 2°
memory CD8+ T-cell responses is not influenced by 1° memory CD8+ T-cell numbers and
phenotype.

Discussion
Although CD8+ T cells play an important role in the immune response to acute and chronic
infections, no current vaccination mediates protection primarily by a CD8+ T-cell-mediated
immune response. One reason for this lack of clinical success in CD8+ T-cell vaccinations is
that, in contrast to B-cell-mediated antibody responses, the experimental conditions that best
generate protective numbers of memory CD8+ T cells are not well defined. This represents
an important limitation for the development of CD8+ T-cell-based vaccines since a number
of studies suggest that a single immunization is often not sufficient to reach protective CD8+

T-cell thresholds [3]. These studies suggest that prime-boost regimens and therefore 2°
memory CD8+ T cells will be required for long-lasting protection [35].

Our study shows that for a variety of different 1° infections and immunizations, similar
numbers of 2° effector and memory CD8+ T cells can be generated using a strong booster
infection. Unexpectedly, this process was largely independent of the number and phenotype
of 1° memory CD8+ T cells. Thus our results suggest that 1° infections/immunizations (e.g.
DNA vaccinations, DC immunizations, injections of Ag carrier beads) that generate memory
CD8+ T-cell populations with different absolute numbers and phenotype could induce
similar numbers of 2° memory CD8+ T cells when followed by a strong booster infection.
Why the expansion of 2° effector CD8+ T cells is independent of 1° memory CD8+ T-cell
phenotype remains unclear. Interestingly, we have analyzed the proliferative potential of
memory OT-I T-cell subsets and these assays confirm the previously published reports that
central memory CD8+ T cells (CD62Lhigh) expand more vigorously than effector memory
CD8+ T cells (CD62Llow) following LM-OVA challenge (data not shown and [4]). One
possible explanation for the similar 2° expansion is that the absolute number of 1° memory
CD8+ T cells in our experiments was high enough to achieve similar 2° expansion peaks
regardless of the quantity of central memory CD8+ T cells. This assumption would predict
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that the differential proliferative capacities of memory CD8+ T-cell subpopulations matter
most when low numbers of 1° memory T cells (adoptively transferred or endogenous) are
present in a host.

The fact that booster infections of heterogeneous primary memory CD8+ T-cell populations
evoke similar secondary expansion peaks suggests the presence of regulatory mechanisms
that control the magnitude of 2° responses [36]. One of the parameters that most likely has
an important effect on 2° expansion is Ag abundance. In the initial days after the booster
immunization, high numbers of 1° memory CD8+ T cells could compete with naïve T cells
and other memory CD8+ T cells for peptide–MHC complexes [37] and co-stimulatory
molecules expressed on DC. Similarly, memory CD8+ T cells could encounter and kill Ag-
laden DC [38] and therefore curtail Ag presentation and inhibit their own expansion [39]. In
support of this, activated memory CD8+ T cells have been shown to enter reactive lymph
nodes and eliminate DC early after infection [40]. In addition to competition for Ag
presented on DC, early clearance of pathogens by memory CD8+ T cells could lead to lower
systemic inflammation and therefore to decreased effector CD8+ T-cell expansion and
memory levels. Interestingly, we have observed higher Ag loads early after booster infection
in groups of mice with low numbers of 1° memory CD8+ T cells (our unpublished data)
which could indicate that higher Ag abundance leads to sustained T-cell expansion when
low numbers of 1° memory CD8+ T cells are present. With this regard, it will be interesting
to investigate the role of effector memory CD8+ T cells and their impact on Ag abundance
since this cytolytic memory CD8+ T-cell subset could potentially regulate Ag abundance
and thus influence secondary memory CD8+ T-cell expansion.

Our experiments with low numbers of adoptively transferred memory CD8+ T cells show
that the concept that similar numbers of 2° memory CD8+ T cells can be derived from
heterogeneous 1° memory CD8+ T-cell populations has important limitations. Below a
certain threshold, 2° memory CD8+ T-cell numbers correlate linearly with 1° memory CD8+

T-cell input numbers. This effect becomes most apparent when 1° memory CD8+ T-cell
populations (corrected for the “take” of the adoptive transfer experiments) consist of 5 × 103

or less memory CD8+ T cells. The fact that these 1° memory CD8+ T-cell populations are
reduced in their peak expansion after re-challenge could indicate that their proliferative
capacity is not sufficient to reach maximum peak numbers. In support of this, comparison of
our data with the published kinetics for naïve OT-I T cells [5] show that low numbers of
adoptively transferred memory OT-I T cells expand less than the same number of naïve OT-
I T cells. Another study has shown reduced expansion of 1° memory CD8+ T cells compared
with naïve T cells after heterologous infections [19]. Thus, it seems that 1° memory OT-I T-
cell populations bigger than 5 × 103 cells are needed to compensate for this reduced
expansion and reach the maximum numbers of 2° effector and memory CD8+ T cells.

In most of our experiments, 2° memory CD8+ T-cell phenotype was independent of 1°
memory CD8+ T-cell phenotype and numbers. This was most evident when the numbers of
1° memory CD8+ T cells were low and when 2° effector/memory CD8+ T cells had
undergone multiple divisions. In fact, the only differences in 2° memory CD8+ T-cell
phenotype were observed when very high numbers of 1° memory CD8+ T cells were present
which expanded less than fourfold after booster infection. These findings could indicate that
the phenotype of 2° memory CD8+ T-cell populations that are derived from heterogeneous
1° memory CD8+ T-cell populations converges once the cells have undergone a certain
number of divisions. Alternatively, high numbers of 1° memory CD8+ T cells could lead to
partial recruitment of memory T cells into the response and subsequently to a mixture of 1°
and 2° memory CD8+ T cells. Therefore, high numbers of 1° memory CD8+ T cells might
be required to effectively modulate 2° memory CD8+ T-cell phenotype.

Wirth et al. Page 7

Eur J Immunol. Author manuscript; available in PMC 2010 November 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



It is important to notice that our study used a single booster infection and only minor
variations in the infectious dose to reduce the number of variables that could influence the 2°
immune responses. We chose virulent L. monocytogenes as an example for a strong booster
infection but we have obtained similar results using actA- attenuated LM-OVA as a boosting
agent. It is possible that the use of different booster infections or changes in the infectious
dose could modulate 2° memory CD8+ T-cell phenotype. In fact, a recent study suggests that
the use of different booster infections alters the expression of at least some phenotypic
markers [41], indicating that the choice of the booster agent is critical for the phenotype of
2° memory CD8+ T cells.

In conclusion, our study provides new insights into the mechanisms that control abundance,
phenotype and function of 2° memory CD8+ T cells. Our findings have important
implications for the design of 1° and 2° infections/immunizations. For example, our data
predict that the use of adjuvants to induce large 1° immune responses might not be needed
when this 1° immunization is followed by a strong booster infection. The goal of the initial
infection/immunization should be to generate 1° CD8+ T-cell numbers that exceed the
threshold below which 1° memory CD8+ T-cell frequency correlates with 2° memory CD8+

T-cell numbers. Further increases in the number of 1° memory CD8+ T-cell numbers would
not be of additional benefit to prime-boost regimens since they do not result in higher
numbers of 2° memory CD8+ T cells. The modulation of 2° memory CD8+ T-cell phenotype
and memory lineage commitment, however, would require substantial numbers of 1°
memory CD8+ T cells or the choice of booster infections other than L. monocytogenes.
Thus, the results of our study can be used to tailor prime-boost regimens that generate 2°
memory CD8+ T-cell populations of the desired quality and quantity.

Materials and methods
Mice, bacteria and viruses

In total, 6–8 wk old C57BL/6 (Thy1.2/1.2 ) mice were obtained from the US National
Cancer Institute. TCR-transgenic OT-I Thy1.1 mice were described previously [42]. Mice
were bred and maintained in the animal facilities of the University of Iowa at the appropriate
biosafety levels. Vaccinia virus expressing OVA (VacV-OVA) was grown and injected as
described previously [43]. Attenuated actA-deficient L. monocytogenes expressing OVA (att
LM-OVA) and virulent L. monocytogenes (vir LM-OVA) expressing OVA were grown and
quantified as described earlier [44]. CFU per spleen or gram of the liver was determined at
indicated days after infection as described earlier [27]. Limit of detection was 30 CFU/
organ. All animal experiments followed approved Institutional Animal Care and Use
Committee (ACURF) protocols.

DC immunizations
Splenic DC (DC) were isolated after subcutaneous injection of C57BL/6 mice with 5 × 106

B16 cells expressing Flt3L as described previously [13]. When tumors were palpable (5 mm
× 5 mm), mice were injected with 2 mg LPS (Sigma) i.v. to mature the DC. Spleens were
harvested 16 h later and were digested with DNase and Collagenase for 20 min at 37°C/7%
CO2 with shaking (120 RPM). Spleen pieces were smashed through a nylon cell strainer (70
μm) to generate a single-cell suspension, RBC were lysed and splenocytes were resuspended
in two parts of 10% FBS RPMI-1640 to one part B16-Flt3L conditioned medium
+recombinant GM-CSF (1000 m/mL)+2 mM Ova257–264 and incubated 2 h at 37°C/5%CO2
with shaking (100 RPM). Spleen cells were washed three times and CD11c+ cells were
isolated using anti-CD11c microbeads (Miltenyi Biotec). The purity and activation status of
DC were determined by staining for CD11c, CD86 and MHC class II. Routinely, greater
than 90% pure CD11c+ DC were obtained and the yield was approximately 15–20 × 106 DC
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per mouse. DC were resuspended in saline and injected i.v. To induce systemic
inflammation, mice immunized with DC received a single intraperitoneal injection of 200 μg
CpG ODN 1826 on the same day.

Antibodies and peptides
For FACS analysis, the following antibodies were used with appropriate combinations of
fluorochromes: Thy1.1 (OX-7) and CD62L (MEL-14, both BD Pharmingen), CD8 (53-6.7),
CD127 (A7R34), IFN-γ (XMG1.2), TNF (MP6-XT22), IL-2 (JES6-5HG), CD27 (LG.7F9,
all Ebioscience), KLRG-1 (2F1, Southern Biotech) and appropriate isotype controls.
Ova257–264 epitope was used as described previously [5].

Adoptive transfer of OT-I cells
For adoptive transfer of naïve CD8+ T cells, Thy1.1 OT-I T cells from peripheral blood or
from spleen were injected i.v. into naïve Thy1.2 C57BL/6 mice. To generate memory OT-I
T cells for adoptive transfer experiments, 1 × 103 naïve Thy1.1 OT-I T cells were transferred
into Thy1.2 recipients and mice were immunized with 3 × 106 pfu VacV-OVA by
intraperitoneal injection. About 40–60 days after infection, memory OT-I T cells were
isolated by positive selection for Thy1.1 to achieve > 70% purity and 2.5 × 105, 5 × 104 or 1
× 104 memory OT-I T cells were injected i.v. into naïve recipients. Mice were immunized
24 h after the adoptive transfer by i.v. injection of 1 × 105 or 5 × 105 CFU (~1.0 and 5.0
LD50) virulent LM-OVA.

Quantification of CD8+ T-cell responses and intracellular cytokine staining
For experiments involving the adoptive transfer of OT-I T cells, immune responses in the
blood or spleen were analyzed by FACS analysis for Thy1.1 transgenic OT-I T cells. For
quantification of endogenous CD8+ T-cell responses, OVA-tetramers (specific for the
SIINFEKL peptide of OVA) were generated by conjugation of biotinylated monomers to
streptavidin-APC. Tetramer staining was performed according to the standard protocols as
described previously [45]. The ability of memory OT-I CD8+ 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 [46].

Statistical analysis
Statistical significance was assessed using the two-tailed t-test with a confidence interval of
> 95%. Data are presented as mean ± SD unless otherwise stated in the figures. All
experiments were repeated at least once to ensure reproducibility of the results.
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Figure 1.
1° memory CD8+ T cells of different phenotype induce similar 2° immune responses. (A)
Experimental setup. Mice were injected with Ova257–264-coated DC with or without co-
injection of CpG (1826 ODN). In total, 46 days after DC immunization, both groups were
challenged with vir LM-OVA (1 × 105 CFU). (B) Frequency of endogenous OVA-specific
CD8+ T cells among total PBL (left panel, n = 12) and total numbers of endogenous OVA-
specific CD8+ T cells in the spleen (right panel, n = 3) 46 days after immunization. (C)
Phenotype of 1° memory CD8+ T cells was analyzed in the spleen 46 days after infection.
Numbers show the percentage of marker-positive OVA-specific CD8+ T cells for three
individual mice and the mean for each group. (D) Kinetics of 2° OVA-specific CD8+ T-cell
responses in PBL after vir LM-OVA challenge. Data show mean ± SD for each group (n =
12). (E) Total numbers of OVA-specific CD8+ T cells in the spleen (day 56 after booster
infection). Data show numbers for three individual mice and the mean for each group. (F)
Analysis of 2° memory CD8+ T-cell phenotype in the spleen. Histograms show
representative marker expression in individual mice compared with isotype controls (shaded
histograms). (G) Frequency of marker-positive OVA-specific CD8+ T cells in individual
mice and the mean for a group of three mice. Data are representative of two independent
experiments.
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Figure 2.
Altering the dose of the 1° infection results in minor differences in the numbers of 2°
memory CD8+ T cells after re-challenge. (A) Experimental setup. Groups of mice were
infected with 1 × 105 (low dose; 1 ×) or 1 × 107 (high dose; 100 ×) CFU of att LM-OVA and
re-challenged with vir LM-OVA 40 days later (5 × 105 CFU/mouse). (B) Percentages of
endogenous OVA-specific CD8+ T cells in total PBL on day 38 after 1° infection. Data
show mean ± SD for each group (n = 8). (C) Phenotype of 1° memory CD8+ T cells in
peripheral blood samples. Open histograms show representative examples of individual mice
and shaded histograms represent isotype controls. (D) 2° immune responses of OVA-
specific CD8+ T cells in PBL. Mean ± SD for each group are shown. Frequency of OVA-
specific (E) 2° effectors (day 6) and (F) 2° memory (day 43). Data show numbers for
individual mice and the mean for each group. (G) Phenotype of OVA-specific 2° effector/
memory CD8+ T cells in pooled PBL samples. Data are representative of two independent
experiments.
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Figure 3.
Adoptive transfer of different numbers of 1° OT-I T cells generates different numbers of 2°
memory CD8+ T cells after re-challenge. (A) Experimental setup. Different numbers of 1°
memory OT-I T cells (2.5 × 105, 5 × 104 or 1 × 104) from VacV-OVA immune mice were
adoptively transferred into naïve hosts (n = 8/group) and mice were challenged with vir LM-
OVA. (B) Kinetics of 2° OT-I T cell responses in PBL. Graphs show percentages of OT-I T
cells in total PBL (mean ± SD, n = 8). (C) Peak expansion of OT-I T cells in individual mice
and mean percentage for each group (left panel). Numbers show fold differences in mean
OT-I frequency between individual groups. Relative expansion (right panel) was calculated
by normalizing peak expansion of OT-I T cells for input numbers with the expansion in the
group receiving 2.5 × 105 1° memory OT-I T cells representing a value of 1. Results from
individual mice and mean for each group are shown. (D) 2° memory OT-I frequency in total
PBL (individual mice and mean for each group shown). Numbers show fold differences in
mean OT-I frequency between individual groups. (E) Phenotype of OT-I T cells in pooled
PBL samples. Data are representative of two independent experiments.
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Figure 4.
Naïve CD8+ T-cell precursor frequency influences the quantity and phenotype of 1° memory
CD8+ T cells after infection. (A) Experimental setup. Different numbers of naïve Thy1.1
OT-I T cells were adoptively transferred into naïve Thy1.2 B6 hosts (n = 5/group) prior to
infection with att LM-OVA. (B) Detection of OT-I CD8+ T cells in PBL on indicated days
after infection. Numbers represent frequency of OT-I in total PBL. (C) Frequency of 1°
memory OT-I T cells in PBL 58 days after infection. Numbers show fold differences in
mean OT-I frequency between individual groups. (D) Phenotype of 1° memory OT-I T cells.
Histograms show phenotype in pooled PBL samples for each group and isotype controls
(shaded histograms). This experiment was repeated once with similar results. Data are
representative of two independent experiments.
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Figure 5.
Magnitude of 2° CD8+ T-cell responses is independent of 1° memory CD8+ T-cell
frequency and phenotype. (A) LM-OVA immune mice (Fig. 4) were challenged with vir
LM-OVA and 2° CD8+ T-cell responses were monitored in PBL. Detection of OT-I CD8+ T
cells in PBL on indicated days after 2° infection. Numbers represent frequency of OT-I in
total PBL. (B) Kinetics of the 2° OT-I T cell responses in PBL. Data show mean ± SD for
each group. (C) Peak frequency of 2° OT-I CD8+ T cells in PBL. (D) The fold increase in
OT-I T cell numbers was calculated by comparing OT-I frequency in PBL before (1°
memory) and at the peak of the 2° immune response. (E) Frequency of 2° memory OT-I T
cells in PBL 40 days after vir LM-OVA infection. Numbers represent the fold difference in
2° memory OT-I T cells numbers between groups. (F) The fold increases in memory OT-I
frequency were calculated by comparing 1° and 2° memory OT-I frequency in PBL for
individual mice. (G) 2° memory OT-I phenotype in pooled PBL samples 40 days after re-
challenge. Shaded histograms represent isotype controls. Data are representative of two
independent experiments.
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Figure 6.
The quality of 2° CD8+ T-cell responses is independent of 1° memory CD8+ T-cell
frequency and phenotype. (A) Experimental design. Indicated numbers of naïve Thy1.1 OT-
I T cells were adoptively transferred into naïve Thy1.2 B6 hosts prior to infection with att
LM-OVA. At day 60 post 1° infection all groups of mice were challenged with vir LM-
OVA. A year after 2° challenge, all group of mice were challenged for the third time with
high dose of vir LM-OVA (5 × 105 CFU/mouse). (B) Frequency of 2° memory OT-I T cells
(mean+SD; three to four mice per group) in PBL 340 days after 2° infection. (C, D) Peptide-
stimulated intracellular cytokine staining of OT-I CD8+ T cells from blood. Numbers
represent the percentage of OT-I CD8+ T cells that stain positive for a given cytokine
combination. Representative staining is shown. (E) On day 3 post 3° LM challenge bacterial
numbers were determined in the spleen. Numbers represent the number of mice that had
detectable bacteria. LOD represents the limit of detection. Similar data were also obtained in
the liver.
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