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Abstract
Memory CD8+ T cells are an important component of the adaptive immune response against
many infections, and understanding how antigen-specific memory CD8+ T cells are generated and
maintained is crucial for the development of vaccines. We recently reported the existence of
memory-phenotype, antigen-specific CD8+ T cells in unimmunized mice (“virtual memory” or
VM cells). However, it was not clear when and where these cells are generated during normal
development, nor the factors required for their production and maintenance. This issue is
especially pertinent given recent data showing that memory-like CD8 T cells can be generated in
the thymus, in a “bystander” response to IL-4.

Here we show that the size of the VM population is reduced in IL-4R-deficient animals. However,
the VM population appears first in the periphery and not the thymus of normal animals, suggesting
this role of IL-4 is manifest following thymic egress. We also show that the VM pool is durable,
showing basal proliferation and long term maintenance in normal animals, and also being retained
during responses to unrelated infection.

Introduction
Conventional memory CD8 T cells are generated in response to foreign antigens, following
the production and contraction of the effector response (1–4). However, memory-like CD8 T
cells can also be generated by homeostatic mechanisms, without TCR engagement with
foreign peptide/MHC ligands: In response to T cell deficiency, naïve T cells proliferate and
differentiate into memory-phenotype cells, in the process of lymphopenia-induced
proliferation (5–11). Such “homeostatic memory” CD8 T cells express numerous phenotypic
and functional traits of conventional memory CD8 T cells, including their ability to
effectively control infection (1, 12, 13). While initially studied in the context of induced
lymphopenia (1, 14–16), additional studies suggested that physiological lymphopenia occurs
during the neonatal period in mice, and induces production of homeostatic memory T cells
(14, 16–20). Finally, recent studies from our group and others have identified a third
mechanism for generating memory-like CD8 T cells, which involves the response of
thymocytes to the cytokine IL-4. This pathway was identified in mouse models in which the
thymic NK-T (or NK-T like) pool was enlarged, resulting in elevated frequencies of IL-4-
producing cells. Reactivity to IL-4 leads to upregulation of the transcription factor Eomes
and acquisition of memory-phenotype by “bystander” CD8+ mature thymocytes (21–25).
Although the mechanism for generation of “bystander memory” CD8 T cells was initially
identified in genetically manipulated mice, a similar population was observed in some
conventional mouse strains (e.g. BALB/c), suggesting such cells may also contribute to the
CD8 memory pool.
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Using peptide/MHC tetramers in combination with magnetic enrichment protocol (26–28)
we were able to show that unimmunized mice contain a population of antigen-specific
memory-phenotype CD8+ T cells (28). Similar populations have subsequently been reported
by others (29–31). These cells, which we termed “Virtual memory” (VM) T cells, express
multiple phenotypic and functional characteristics of memory CD8 T cells, and were found
both in unimmunized conventional mice and also in germ-free animals. These and other data
suggested that the VM population was not generated via conventional priming. However, it
was unclear whether these cells arise from lymphopenia-induced proliferation or as
bystander memory cells produced in the thymus. In addition, previous studies did not
address whether the VM pool was maintained during normal T cell homeostasis and during
conventional immune responses.

In this report we demonstrate that both bulk memory CD8 T cells and the VM population
are reduced in IL-4R deficient C57BL/6 mice. However, we also show that production of
VM cells initiates in the periphery and not the thymus arguing that VM cells are not
generated exclusively as IL-4 induced thymic memory CD8 T cells. We also show that the
VM population appears during a period of neonatal lymphopenia, and is sustained
throughout adulthood. Furthermore, the VM pool is maintained during a CD8 T cell
response to unrelated antigens, suggesting these memory-like cells are not a consequence of
immunological naiveté.

Material and methods
Mice

C57BL/6 (B6), T cell receptor alpha-deficient (TCRα−/−), and Interleukin-4 receptor alpha
(CD124) deficient (IL-4Rα−/−) B6 mice were purchased from the Jackson laboratory.
Female B6 mice were bred with male TCRα−/− B6 to generate TCRα+/− –B6 mice. All mice
were maintained in specific pathogen-free conditions at the University of Minnesota (Twin
Cities). All animal protocols were approved by the Institutional Animal Use and Care
Committees at the University of Minnesota.

Magnetic bead enrichment and flow cytometry
Spleen, major lymph nodes and thymus were harvested from 1 to 25-week-old mice as
indicated. Tissues were injected with 1X collagenase D (Roche, Germany) and minced to
generate single cell suspension. Tetramer binding cells (from thymus or pooled spleen and
lymph nodes) were isolated by magnetic bead enrichment as previously described in detail
(28). Tetramers generated with Kb contained epitopes from vaccinia B8R (TSYKFESV),
OVA (SIINFEKL), HSVgB (SSIEFARL) or the following MCMV-derived peptides: M38
(SSPPMFRV), M57 (SCLEFWQRV), m-139 (TVYGFCLL) or IE3 (RALEYKNL). Db

based tetramers contained epitopes from LCMV GP33 (KAVYNFATC) or MCMV M45
(HGIRNASFI). Monomers and tetramers were generated as previously described (32). The
MCMV epitope based tetramers were a generous donation of Maire Quigley and David
Price (NIH) and Chris Snyder (Thomas Jefferson University). Phenotypic analysis was done
by staining with antibodies to CD19 (clone 6D5 Biolegend), CD11b (clone M I/70
eBiosciences), CD11c (clone), F4/80 (Invitrogen), CD3ε (clone 145-2C11, eBiosciences),
CD4 (clone RM 4–5, BD Biosciences), CD8 (Invitrogen), CD44 (clone IM7, eBiosciences),
CD122 (BD Biosciences). Data was acquired using LSR II (BD Biosciences) and analysis
was performed using FlowJo software (Tree Star).

Viral infection
Six to 10-week-old B6 mice were infected via intraperitoneal injection with 2×10^5 PFU of
LCMV Armstrong (kindly provided by Dr. David Masopust, University of Minnesota).
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Spleens were harvested 30 to 45 days later for magnetic bead enrichment using GP33/Db

and B8R/Kb tetramers.

BrdU incorporation assays
Mice were injected i.p. with 1mg BrdU (in PBS), then maintained on BrdU laced drinking
water (0.8 mg/ml, with 2% sucrose to offset bitterness) for 14–16 days. For bulk analysis,
thymocytes and pooled spleen and lymph node cells were prepared and stained for surface
markers, followed by fixation, permeabilization and intracellular staining for BrdU
following manufacturers instructions (Becton Dickinson). In parallel, the remaining spleen
and lymph node sample was subject to tetramer pulldown (using a cocktail of PE-labeled
B8R/Kb, M57/Kb and HSV-gB/Kb tetramers) prior to staining for surface markers and
BrdU.

Statistics
A two-tailed, unpaired student’s t-test was performed on the indicated data samples. P
values are displayed within figures. P values of <0.05 are considered significant.

Results
Virtual memory CD8 T cells are detected among CD8 T cells of diverse specificities, and
are not a property of dual reactive T cells

Our previous studies using a peptide/MHC tetramer enrichment procedure revealed the
presence of foreign antigen-specific memory-phenotype CD8 T cells (VM cells) in
unimmunized conventional and germ-free B6 strain mice (28). In that report, VM cells were
detected among the precursor pool specific for three well characterized peptide/MHC
complexes (OVA/Kb, B8R/Kb and HSVgB/Kb). However, each of these antigens induce
dominant immune responses in their respective systems, and it was possible that the VM
population is solely a feature of cells responding to immunodominant epitopes. Also, a
previous study using a similar experimental approach concluded that foreign-antigen
specific CD8 T cells in unimmunized mice were uniformly of a naïve phenotype (27). To
explore this further we used peptide/MHC tetramer enrichment (26) to assess the VM
frequencies for five epitopes recognized in the B6 response to MCMV. These represent the
three most immunodominant specificities (M45/Db being dominant, followed by M139/Kb

and M57/Kb) and two epitope (M38 and IE3, both Kb restricted) which are barely detectable
in the acute MCMV response (although the response is higher during chronic infection) (33,
34). This analysis includes the M45/Db specificity studied in the report by Obar et al. (27).
The precursor frequencies, in unimmunized animals, for these antigens varied depending on
the specificity studied, and were in rough correlation with their reported immunodominance
during acute MCMV infection (Fig. 1A). Significantly, VM cells (CD44hi) could be
detected for each specificity, and there was no notable correlation between the frequency of
VM cells and the immunodominance characteristics of the specificity examined (Fig. 1B).
Such data extend our previous observations and indicate VM cells are consistently found
within CD8 T cells of varying specificities, precursor numbers and immunodominance
characteristics.

The fact that VM cells are reliably seen for multiple specificities in unprimed animals makes
it unlikely that VM cells were induced by prior encounter with the foreign antigen
recognized by these cells. However, a significant fraction of T cells express dual TCRs, as
consequence of incomplete TCRα-chain allelic exclusion – a phenomenon reported to occur
for up to 30% of T cells (35, 36). It was possible that VM cells represent dual reactive T
cells, primed against one foreign antigen but bearing a second TCR for an antigen not yet
encountered. To test this hypothesis, we explored the frequency of VM cells in T cells from
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TCRα+/− animals, which are limited to a single functional TCRα-chain. Frequencies of
memory within the bulk (Fig. 2A) and B8R/Kb tetramer-binding CD8 T cells (Fig. 2A–C)
were similar for normal and TCRα+/− animals, arguing against dual reactivity as a likely
basis for the appearance of VM cells.

Together with earlier studies (28), these findings suggest that the VM population is a feature
of diverse foreign-antigen specific precursor pools, and that these cells are unlikely to be
generated by conventional priming or as a by-product of incomplete TCRα-chain allelic
exclusion.

The size of the VM pool is dependent on IL-4 reactivity
Two distinct mechanisms have been shown to induce memory-phenotype CD8 T cells in the
absence of foreign antigen priming: Homeostatic memory T cells are generated during the
response of naïve CD8 T cells to lymphopenic conditions in secondary lymphoid tissues,
while bystander memory CD8 T cells are generated in the thymus in response to IL-4. Our
studies and others (24, 37) suggested that the bystander memory mechanism was prominent
in Balb/c but not B6 strain mice, which correlated with an expanded pool of PLZF-
expressing NK-T cells, capable of IL-4 secretion, in Balb/c mice. Nevertheless, it was
possible that such IL-4 dependent bystander memory cells were part of the VM population
studied in B6 strain mice.

To address this hypothesis, we examined the VM population in IL-4R−/− B6 mice. The total
numbers of B8R/Kb and HSVgB/Kb specific precursors was similar in WT and IL-4R−/−

animals (Fig. 3A), yet frequency of VM cells within this pool was significantly reduced in
IL-4R−/− animals (Fig. 3B). We also noted a reduction in the percentage of memory-
phenotype cells in the bulk CD8 T cell pool (Fig. 3B/C). Together, these data suggest that
IL-4Rα-deficiency leads to a reduction (but not complete loss) of the VM population in B6
mice. Previous work showed that IL-4 induced generation of bystander memory CD8 T cells
in the thymus of some mouse strains (23–25) and, although this population is quite rare in
B6 mice, we observed a significant reduction in the frequency of memory phenotype thymic
CD8 single positive T cells in IL-4R deficient animals (Fig. 3C).

VM cells arise in the peripheral pool during the neonatal period
The data above demonstrated a role for IL-4 in production of VM cells, and raised the
possibility that these memory-phenotype cells are produced during thymic development,
rather than during physiological homeostatic proliferation in the periphery, as we had
previously proposed (28). However, reports have indicated that homeostatic memory CD8 T
cells produced in the periphery can home to the thymus (38), making it difficult to determine
where the thymic memory-like CD8 T cell pool was generated.

To address this issue, we studied when and where the VM population first appears, by
performing tetramer enrichment assays on thymic and peripheral lymphoid tissues from
mice of 1–4 weeks after birth. Peripheral B8R/Kb specific CD8 T cells accumulate over this
time, and while B8R/Kb specific pool of thymic CD8 SP cells is predictably small, these
cells could be detected in mice from 2 weeks of age (Fig. 4A). Strikingly, by two weeks
there was clear appearance of memory-phenotype B8R/Kb specific CD8 T cells in the
peripheral but not the thymic pool (Fig. 4B/C). When we extended this analysis through the
neonatal period, we observed a small population of VM cells that appeared in the thymus
from 3 weeks, a timepoint when the peripheral pool of B8R/Kb specific VM cells had
peaked (Fig. 4B). Both the low frequency of thymic VM cells, and their appearance after the
VM cells have arisen in the periphery argue against thymic generation of VM cells as a
major component of their derivation in B6 mice.
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We also extended this time course to explore the maintenance of the VM pool in adult
animals. The frequency of B8R/Kb specific VM cells reached a peak (>30%) at around 3
weeks of age, and then declined to the frequencies observed in adult animals (around 20%)
by 5 weeks (Fig 4B). However, the absolute number of B8R/Kb specific cells (both total and
memory phenotype) was maintained at a plateau from around 4–5 weeks of age into
adulthood. These findings are similar to the changes observed in the bulk CD8 T cell pool,
which gradually accumulates in the periphery from birth to 5 weeks of age (Fig 5A), while
we found that the frequency of bulk memory-phenotype CD8 T cells peaks in younger
animals (Fig 5B) – similar to the findings reported by Ichii et al. earlier (18). Previous
studies showed that adoptively transferred naïve T cells proliferate in neonatal mice and
acquire the phenotype of memory cells (17–20), suggesting that the neonatal environment is
functionally lymphopenic. Hence, taken together, our data are most consistent with VM cells
arising in the peripheral pool, in response to neonatal lymphopenia, rather than generated in
the thymus.

VM cells are maintained long term under steady state conditions and during bystander
immune responses

Our data show that the frequency and number of B8R/Kb binding memory-phenotype CD8
T cells was constant in mice from 5 to 25 weeks of age (Fig. 4B,C), indicating that the VM
pool was stable. However, such maintenance may be a consequence of the minimal exposure
to immune challenge associated with SPF housing. To test whether the VM population is
affected by a vigorous CD8 T cell response, we infected B6 mice with LCMV Armstrong
and tracked B8R/Kb specific precursors >30 days post-infection. Since B8R/Kb specific T
cells are not expected to participate in the LCMV response, this approach allows us to test
how a bystander infection influences the stability of a VM population of distinct specificity.
As expected, the LCMV GP33/Db specific T cell pool was greatly expanded and was
uniformly of memory phenotype (Fig. 6A). However, the B8R/Kb tetramer binding pool was
of similar size (Fig. 6B) and, most importantly, contained a similar frequency of VM cells
following LCMV infection (Fig. 6A). These data suggest that the persistence of the VM
population is not a consequence of artificially low immune exposure, and that this
population can be maintained in the presence of a greatly expanded antigen-driven memory
CD8 T cell pool. Our finding suggests that preexisting memory (VM) cells are not displaced
by new antigen-experienced memory cells with different specificities, but instead the
memory pool expands in size with each immunological experience in order to accommodate
newly generated memory cells (consistent with studies by Vezys et al (39)).

Memory CD8 T cells are characterized by basal proliferation which maintains their numbers
long-term (15, 40, 41). However, it is not clear whether a similar process occurs for the VM
population. To explore this issue, we measured BrdU incorporation during a 2 week labeling
period in adult B6 mice. At the end of the labeling period, BrdU labeling was measured in
naïve and memory phenotype CD8 T cells in the bulk population as well as cells isolated
using a cocktail of peptide/MHC tetramers (comprised of B8R/Kb, M57/Kb and HSVgB/
Kb). As was expected based on previous studies (42) a fraction of bulk naïve CD8 T cells
incorporated a low level of BrdU (Fig 7A), which has been ascribed to labeling during
thymic development (42). A larger cohort of bulk memory phenotype CD8 T cells showed
BrdU incorporation, and brdU staining was of greater intensity, suggestive of active
proliferation during the labeling period. Importantly, similar patterns of BrdU incorporation
were observed for the tetramer-staining cells isolated by tetramer enrichment (Fig 7A,B),
suggesting that VM cells undergo basal proliferation, albeit at a slightly lower rate than
observed in the bulk memory-phenotype CD8 T cell pool (Fig 7B).

Overall, these data suggest VM cells, similar to conventional memory CD8 T cells, are
capable of long term maintenance (involving basal proliferation).

Akue et al. Page 5

J Immunol. Author manuscript; available in PMC 2013 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
It is now recognized that multiple pathways can lead to the production of CD8 memory-
phenotype T cells in mice: In addition to conventional immune responses against foreign
antigens, there is evidence for “homeostatic memory” cells produced by lymphopenia
induced proliferation and “bystander memory” induced by IL-4 in the thymus (21). In this
report, we sought to determine how VM cells, being memory phenotype CD8 T cells
specific for an unencountered foreign antigen, are generated and maintained.

Our data reinforce the concept that VM cells are not induced by conventional immune
responses against foreign antigens: We find VM cells among CD8 T cells of multiple
specificities, including immunodominant and subdominant cells responsive to MCMV
epitopes, and these data are in agreement with studies finding VM cells among CD8 T cells
specific for both dominant and sub-dominant epitopes in an influenza model (29). Between
data presented here and elsewhere, VM cells have now been defined in more than a dozen
specificities (28–31). Furthermore, our data using TCRα hemizygous mice make it unlikely
that the VM pool derives from conventional memory cells bearing a second TCR specificity.
These data indicate that VM cells are consistently found within CD8 T cells of various
specificities from the unimmunized pool.

Of non-conventional mechanisms for memory-phenotype CD8 T cell generation, our recent
findings that elevated levels of IL-4 can cause induction of thymic memory like cells
prompted us to reassess this pathway in VM generation. Our published studies demonstrated
that IL-4 levels in normal Balb/c mice but not B6 mice were sufficient to drive production of
a substantial “bystander memory” pool of mature CD8 thymocytes (24), and similar
conclusions were reached by others (37). Hence the substantial decrease in the size of the
bulk memory and VM pool in IL-4Rα−/− B6 mice was not anticipated. IL-4Rα also binds to
IL-13, and it is possible that this cytokine contributes to the effects we report here. However,
unpublished studies in B6 background IL-4−/− mice suggest a reduction in the size of the
VM population similar to that we observe in IL-4Rα deficient mice (Ross Kedl, University
of Colorado, personal communication), suggesting that IL-4 is the more relevant cytokine
involving in VM induction and/or maintenance.

At the same time, around half of the VM population remained in IL-4α−/− animals,
suggesting some cells are IL-4 independent. Numerous studies have described the capacity
of IL-7 and IL-15 to support both lymphopenia-induced proliferation and maintenance of
memory CD8 T cells(15, 40), and it is likely that the residual VM pool in IL-4α deficient
animals was generated in response to these cytokines. Whether there are qualitative
differences between the VM cells in normal versus IL-4Rα−/− animals will require further
investigation.

Since our previous work suggested IL-4 induces CD8 memory-like cell generation in the
thymus (23, 24), these new findings prompted the question of whether VM cells were
generated during or after thymic development. Also, although the conventional CD8
memory T cell pool is renown for its long-term maintenance, even in the face of subsequent
immune responses (30, 39), the sustainability of the VM population has not been addressed.
We explored these issues by tracking VM cells longitudinally across a range of mouse ages.
These data showed that the VM population initially appears in peripheral tissues, while
memory-phenotype cells are scarce in the thymus. At later time points, however, a small
pool of VM cells was detected in the thymus: this might indicate a second “wave” of
thymically generated VM cells, but interpretation of such data is complicated, due to data
suggesting peripheral homeostatic memory cells can recirculate to the thymus (38). These
thymic VM cells appear at a stage (3 weeks of age) where thymic function is critical for
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generating the T cell pool, making alternative approaches - such as thymectomy – difficult
to interpret. Hence, we cannot completely exclude a contribution of thymically differentiated
VM cells at this stage.

Previous studies, using adoptive transfer approaches, suggested that lymphopenia supports
homeostatic proliferation of naïve CD8 T cells in very young neonatal mice, but that this
effect was lost by 2 weeks after birth (20). In contrast, we observed continued accumulation
of VM cells up until 4 weeks after birth (Fig 4). These disparate results may arise because
the homeostatic cues differ for naïve and memory CD8 T cells: For example, by 2 weeks of
age the lymphopenic space may be “filled” in its capacity to induce homeostatic
proliferation of naïve CD8 T cells, yet there may still be sufficient cues to allow for
continued expansion of memory-phenotype cells (including VM cells) which had already
been generated. Furthermore, in our colony the CD8 T cell compartment does not reach its
full size until 3–4 weeks of age (Fig 5) which approximates to the time at which the size of
the VM pool plateaus.

Our data also indicate that the VM pool is remarkably stable: For the tracked B8R/Kb

specificity, VM cell numbers peaked at around 4 weeks of age, and were sustained at similar
numbers for the next ~5 months. Likewise, priming of a robust conventional immune
response (against LCMV) did not reduce either the percentage or number of B8R/Kb

specific VM cells. In addition, we observed basal proliferation (measured by steady state
BrdU incorporation) in the VM pool similar to that observed in bulk memory CD8 T cells
(Fig. 7), and comparable to previous reports of BrdU labeling in both memory-phenotype
and antigen-primed memory CD8 T cells (42–45). Together, these data suggest that the
majority of the VM pool is generated in the peripheral compartment, and maintained long
term, similar to conventional memory cells. Furthermore, recent studies indicate that the VM
population increases in frequency with aging (as the frequency of naïve T cells declines)
(31), although it is difficult to know from that study (or our own) whether VM cells are
maintained as a population or are constantly replaced by cells arising from the naïve pool.
Indeed, Rudd et al also report that the TCR repertoire of Kb-restricted HSV-gB specific CD8
T cells changes with aging, such that the increasing frequency of VM cells is accompanied
by increasing avidity for the specific peptide/MHC ligand (31). These studies suggest that
the homeostatic “fitness” of CD8 T cells may not only favor their recruitment into the VM
pool but also enhance their ability to respond to foreign antigens.

The factors which maintain the VM pool are currently unclear. Previous studies suggest both
IL-7 and IL-15 contribute to maintenance of the CD44hiCD122hi memory-phenotype CD8 T
cell pool, while self peptide/Class I MHC is dispensable (15, 40, 46): Whether the same
parameters will apply to persistence of the foreign-antigen specific VM pool is unclear, and
studies to directly address this issue are technically complex since they would necessitate
adoptive transfer of extremely scarce VM cells of defined specificity into cytokine- or
MHC-deficient mice.

The studies in this report reinforce the concept that VM cells are a pool of unprimed,
memory-like CD8, that this population is produced during the neonatal stage, in a process
enhanced by IL-4, and VM cells are maintained long term in immunologically competent
animals. Given the relatively high frequency of VM cells within multiple antigen
specificities studied, a large fraction of the endogenous memory pool must be comprised of
VM cells, in contrast to the typical view that such cells are the result of immune responses to
environmental foreign antigens. Intriguingly, a similar population may be generated in
humans during gestation (a stage typically aligned with mouse neonatal immune
development): Studies on the fetal spleen revealed a prominent fraction of CD8 T cells with
multiple memory traits (elevated CD122 and Eomes, competence to make IFN-γ rapidly)
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(47). Whether this pool includes bona fide memory cells will require further studies, but
given the sterile environment of the fetus, it is unlikely that this population was primed by
foreign antigen exposure. Such findings underscore the importance of future studies to
define how the VM population may contribute to primary immune responses, perhaps
especially during the neonatal period.
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Figure 1. VM cells are detected among diverse foreign-antigen specific precursor pools
Peptide MHC-I tetramer-based enrichment was performed on spleen and lymph node cells
from unprimed B6 mice using PE and APC-coupled tetramers representing five epitopes
from MCMV (M38/Kb, M45/Db, M57/Kb, M139/Kb, and IE-3/Kb) and one from vaccinia
virus (B8R/Kb). (A) shows the number of tetramer positive CD8+ T cells in the bound
fraction. (B) represents the percentage of each tetramer positive CD8+ T pool that are either
memory (CD44hi/CD122+) or naïve (CD44lo/dCD122−). The results in A and B and are
compiled from at least 3 individual experiments.
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Figure 2. VM cells are not dual TCR reactive T cells
Cells from lymph nodes and spleen were obtained from TCRα +/− B6 and wild type B6
mice, and stained for CD8, CD44, and CD122. Magnetic enrichment was performed using
B8R/Kb tetramers. (A) Contour plots of both bulk CD8 T cells and B8R/Kb positive CD8+ T
cells. Numbers represent the percentage of cells with the phenotype of memory (CD44hi/
CD122+). (B) Depicts the number of B8R/Kb positive CD8+ T cells in the spleen and lymph
nodes of TCRα +/− and B6 mice. (C) Shows the percentage of VM cells among the B8R/Kb

positive CD8+ T cells of TCRα +/− and B6 mice. A total of 3 experiments were performed,
each with 3 TCRα heterozygous B6 mice and 2 wild type B6 controls.
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Figure 3. The size of the VM pool depends on IL-4 reactivity
Cells from lymph nodes and spleen were obtained from 9–10-week-old IL-4R−/− B6 and
wild-type B6 mice, and stained for CD8, CD44, and CD122. MHC-I tetramer enrichment
was also performed using B8R/Kb and HSVgB/Kb tetramers. (A) Depicts the number of
B8R/Kb and HSVgB/Kb tetramer positive CD8+ T cells in the spleen and lymph nodes of
IL-4R−/− and B6 mice. (B) Shows the percentage of memory phenotype cells among total,
B8R/Kb and HSVgB/Kb tetramer positive CD8+ T cells in adult IL-4R−/− and B6 mice. A
total of 3 experiments were performed, each with 3 IL-4R−/− B6 and 2 wild-type B6 control
mice. In (C), 4–5-week-old wild type or IL-4R−/− mice were analyzed for frequency of
memory-phenotype cells among CD8 single positive T cells from spleen and thymus.
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Figure 4. VM cells arise first in the periphery during the neonatal period
Thymus and pooled spleen/lymph nodes were harvested from mice ranging from 1- to 25-
weeks of age and tetramer enrichment was performed using B8R/Kb tetramers. CD8 single
positive/CD3+ve cells were gated on. (A) Shows the number of B8R/Kb tetramer binding
CD8+ T cells, (B) the percentage of memory-phenotype cells within this population and (C)
shows the absolute number of memory-phenotype B8R/Kb tetramer binding CD8+ T cells in
the thymus and pooled spleen and lymph nodes. For each group, the right-hand panel
highlights the data from animals of 1- to 4-week old. Each time point represents a minimum
of 2 experiments with at least 4 mice per experiment.
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Figure 5. The frequency of memory-phenotype CD8 T cells is elevated during establishment of
the peripheral T cell pool
Lymph node and spleen cells were obtained from B6 mice ranging from 1- to 7-week-old
and stained with antibodies to CD4, CD8, CD44, and CD122. (A) shows the absolute
number of bulk CD8+ T cells in the spleen, lymph nodes, and both tissues combined, while
(B) shows the percentage of splenic CD8+ T cells that are of memory-phenotype (CD44hi/
CD122+). These data derive from at least 2 individual experiments for each time point. An
asterisk (*) indicates that a data set is significantly different (p<0.05) compared to the data
from 7-week old animals.
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Figure 6. VM cells are maintained during bystander immunization
Wild type B6 mice were infected with LCMV (Armstrong). Splenocytes were harvested 30–
45 days later from these animals (“memory”) or uninfected controls (“naïve”) and subjected
to enrichment using both B8R/Kb and GP33/Db tetramers. Numbers in the left-hand contour
plots represent the percent of CD8 T cells in the bound fraction that are GP33/Db andB8R/
Kb positive, while numbers in the right-hand contour plots represent the percent of VM cells
for each specificity. These plots are representative of 3 experiments with a total of 10
LCMV memory mice and 6 unprimed B6 controls.
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Figure 7. Basal proliferation of VM cells at steady state
Normal adult B6 mice were labeled with BrdU for 14–16 days, or were maintained in
parallel without BrdU exposure (control). Spleen and lymph nodes cells were isolated and
stained for cell surface markers and intracellular BrdU (for the “bulk” population), or were
first subjected to tetramer enrichment (using a cocktail of B8R/Kb, M57/Kb and HSVgB/Kb

tetramers) prior to surface and intracellular staining with antibodies. Events were gated on
bulk or tetramer+ve naïve- and memory-phenotype CD8 T cells, as indicated. (A) shows
representative data. Vertical blocks are overlaid on the contour plots to highlight the
different levels of BrdU staining on naïve and memory T cells. The numbers on the plots
indicate the percentage of total BrdU+ve cells (regardless of staining intensity). (B) shows
compiled data on the percentage of BrdU+ve cells among the naïve and memory-phenotype
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cells among bulk and tetramer+ve CD8 T cells. Data are from 3 experiments deriving from
two independent BrdU labeling cohorts.
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