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Induction of potent T-cell memory is the goal of vaccinations, but the molecular mechanisms that regulate
the formation of memory CD8 T cells are not well understood. Despite the recognition that controls of cellular
proliferation and apoptosis govern the number of memory T cells, the cell cycle regulatory mechanisms that
control these key cellular processes in CD8 T cells during an immune response are poorly defined. Here, we
have identified the cyclin-dependent kinase inhibitor p27<'*! as a critical regulator of the CD8 T-cell ho-
meostasis at all phases of the T-cell response to an acute viral infection in mice. By acting as a timer for cell
cycle exit, p27¥'"! curtailed the programmed expansion of interleukin-2-producing memory precursors and
markedly limited the magnitude and quality of CD8 T-cell memory. In the absence of p27<®!, CD8 T cells
showed superior recall responses shortly after vaccination with recombinant Listeria monocytogenes. Addition-
ally, we show that p27¥P! constrains proliferative renewal of memory CD8 T cells, especially of the effector
memory subset. These findings provide critical insights into the cell cycle regulation of CD8 T-cell homeostasis
and suggest that modulation of p27¥'*! could bolster vaccine-induced T-cell memory and protective immunity.

CDS8 T cells play an essential role in defense against viral,
intracellular bacterial, and protozoan infections. Antigen rec-
ognition, in conjunction with appropriate costimulatory and
proinflammatory signals, triggers CD8 T cells to clonally ex-
pand and differentiate into effector cells (44). Acute viral in-
fections, such as lymphocytic choriomeningitis virus (LCMV),
stimulate dramatic expansion of virus-specific CD8 T cells,
which account for >70% of activated CDS8 T cells in the spleen
at the peak of the primary immune response (17, 19). Follow-
ing viral clearance, the majority of effector CD8 T cells un-
dergo apoptosis at the end of an immune response, but a
subset of effector cells, termed memory precursor effector cells
(MPECs), exit the cell cycle and differentiate into long-lived
memory CD8 T cells (12, 14, 18, 22, 28, 34). Although it is well
recognized that this elegantly coordinated process of differen-
tiation from naive to effector and from effector to memory is
linked to cell cycle controls that govern cellular proliferation
and apoptosis, the underlying mechanisms are not well de-
fined. Specifically, we do not yet fully understand the cellular
controls that regulate the timing of cell cycle entry and exit of
antigen-specific effector CD8 T cells following antigenic stim-
ulation. The mechanisms that stop the cell cycle of antigen-
stimulated effector CD8 T cells are important because they not
only dictate the timing of the transition of effector to memory
but also determine the number of fully differentiated memory
CD8 T cells.

In mammalian cells, cell cycle traversal is regulated by cyc-
lins and cyclin-dependent kinases (CDKs) that are in turn
controlled by CDK inhibitors (CKIs) (31). Antigen receptor
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signaling or exposure to growth factors triggers de novo syn-
thesis of D-type cyclins, which then associate with their cata-
lytic partners CDK4 or CDK6. These cyclin-CDK complexes,
as well as cyclin E-CDK2 complexes later in the cell cycle,
phosphorylate retinoblastoma protein (Rb). Hyperphosphory-
lated Rb can no longer repress the transcription factor E2F,
and this leads to activation of genes required for S-phase entry
(9). CKIs act as brakes for the cell cycle, restraining the activity
of cyclin-CDK complexes to maintain cells in the quiescent
G,/G, phase or to induce cell cycle exit in proliferating cells.
There are two classes of CKI: the INK4 inhibitors and the
Cip/Kip inhibitors (31, 41). The INK4 proteins include
ploMNKaa p5INKAD 1 8INKde "and p19™K4d which are specific
inhibitors of CDK4 and CDKG6 (3). The CKIs of the Cip/Kip
family are more broadly reactive and include p21<'P!, p27%iP1,
and p57%P? (32). Induction of p18™X*c appears to be neces-
sary for B cells to exit cell cycle and terminally differentiate
into functional plasma cells (37). However, the role of CKIs in
controlling cell cycle exit of effector CD8 T cells or generation
of CD8 T-cell memory is yet to be studied.

One member of the Cip/Kip family of CKIs, p27%iP!, was
originally identified as a cyclin-CDK complex inhibitor in cells
arrested by transforming growth factor g (TGF-B) (25). In the
CD8 T-cell lineage, p27¥! is highly expressed in thymocytes
and in mature naive T cells in the periphery (21, 23). Mean-
while, in peripheral T cells, mitogenic stimulation is known to
downregulate p27%P! activity (21, 45), and it has been reported
that interleukin-2 (IL-2)-induced cell cycle entry of quiescent
CDS8 T cells occurs by p27%iP! elimination (24, 35). Other in
vitro studies have shown that low levels of p27%'P* can promote
cell division early after activation, but later in the immune
response p27<P! may oppose CD4 T-cell proliferation and
effector function (27). Notably, studies in p27<P'-transgenic
mice have suggested that p27%'P! acts as an integral brake for
the cell cycle in T cells and that downregulation of its activity
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is necessary for cell cycle entry in response to mitogenic signals
(38).

Following an acute viral infection, differentiation into effec-
tor CD8 T cells and loss of proliferative potential at the cul-
mination of clonal expansion have been associated with strong
p27%iP! induction (7, 12). It has yet to be determined whether
p27%iP! induction specifically regulates the cell cycle exit and
apoptosis of short-lived effector cells (SLECs), the number of
MPEC:s, effector-to-memory cell differentiation, or the prolif-
erative renewal of memory CDS8 T cells. Here, we tested the
hypothesis that the CDK inhibitor p27%'P! acts as a molecular
timer that limits the number of cell divisions by enforcing cell
cycle exit of antigen-stimulated effector CD8 T cells. We doc-
ument that p27%"P! is a critical regulator of CD§ T-cell ho-
meostasis during an acute LCMV infection and show that
p27"! curtails the duration and magnitude of primary T-cell
expansion by acting as a timer controlling the cell cycle exit of
effector CD8 T cells. Under conditions of p27%P! deficiency,
MPECs expressing low levels of KLRG-1 and high levels of
IL-7 receptor alpha (KLRG-1'"% IL-7Ra"€") and producing
IL-2 underwent additional rounds of programmed expansion
in an antigen-independent fashion. This markedly augmented
the quantity and quality of antigen-specific memory CD8 T
cells. Notably, loss of p27%iP! activity enhanced the primary
and recall CD8 T-cell responses following administration of
live vaccines. Moreover, we have identified p27<! as a factor
that limits the rate of proliferative renewal of effector memory
CD8 T cells. Taken together, these data provide new insights
into the process of memory CDS8 T-cell differentiation and
suggest that timed downregulation of p27%P! may be a fruitful
strategy for augmenting the CD8 T-cell immunity induced by
infection or vaccines.

MATERIALS AND METHODS

Mice. p27¥iP!deficient (—/—) mice on a C57BL/6 background were purchased
from Jackson Laboratories (4) (Bar Harbor, ME) and bred at the University of
Wisconsin-Madison (WI). Wild-type C57BL/6 (+/+) mice were either litter-
mates or purchased from the National Cancer Institute (Frederick, MD). Con-
genic B6/Ly5.1 mice were also purchased from Jackson Laboratories. P14 T-cell
receptor (TCR)-transgenic mice were provided by K. Murali-Krishna (University
of Washington, Seattle, WA). All mice were used at 6 to 8 weeks of age, and
experiments were conducted as per the protocols approved by the institutional
animal care committee.

Infections. Mice were infected with 2 X 10° PFU of LCMV Armstrong by
intraperitoneal (i.p.) injection, and viral titers in the tissue were quantitated by a
plaque assay using Vero cell monolayers (2). Recombinant vaccinia virus that
expresses the LCMV glycoprotein (VV-GP) was injected i.p. at a dose of 2 X 10°
PFU/mouse (43). Mice were infected intravenously with 5 X 10* CFU of recom-
binant Listeria monocytogenes that expresses the LCMV GP33 epitope (rGP33
strain) (30). Mice immunized with the rGP33 strain were challenged intrave-
nously with 2 X 10° PFU of LCMV clone 13 (2).

Direct ex vivo CTL assay. Major histocompatibility complex class I (MHC-I)-
restricted, LCMV-specific cytotoxic T lymphocyte (CTL) activity in the murine
spleens was assessed ex vivo using a standard °'Cr release assay with syngeneic
MCS57 cells pulsed with LCMV epitope peptides as target cells (2).

Quantitation of LCMV-specific CD8 T cells by flow cytometry. MHC-1 (D)
tetramers, which are specific to the LCMV CTL epitopes NP396-404 (NP396),
GP33-41 (GP33), and GP276-285 (GP276), were prepared as described else-
where (22). Briefly, single-cell suspensions of splenocytes were stained with
MHC-I tetramers and anti-CD8. In some experiments, cells were costained with
anti-CD44, anti-CD43, anti-CD62L, anti-CD122, anti-KLRG-1, and anti-CD127
in combination with the MHC-I tetramers (D°/NP396, D°/GP33, or D’GP276).
All antibodies were purchased from BD Pharmingen except anti-KLRG-1
(Southern Biotech, Birmingham, AL) and anti-CD127 (eBioscience, San Diego,
CA). For intracellular cytokine staining, splenocytes were stimulated in vitro with
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LCMV epitope peptides in the presence of brefeldin A for 5 h. After culture,
cells were stained for surface CD8 and intracellular gamma interferon (IFN-vy),
tumor necrosis factor alpha (TNF-«), and IL-2 using a Cytofix/Cytoperm intra-
cellular staining kit (BD Pharmingen).

LAMP-1 staining. At day 8 postinfection (p.i.), splenocytes were incubated
with LCMYV epitope peptide in the presence of anti-CD107a (antibody specific to
lysosomal-associated membrane protein 1 [LAMP-1]; BD Pharmingen) and
brefeldin A for 5 h. Following stimulation, cells were surface stained with anti-
CDS§, followed by intracellular staining for IFN-y.

Assessment of in vivo proliferation of LCMV-specific CD8 T cells. Mice were
administered bromodeoxyuridine (BrdU; Sigma) in drinking water (0.8 mg/ml)
for 8 days. On the eighth day of treatment, splenocytes were stained with anti-
CDS§, anti-CD127, anti-KLRG-1, anti-CD62L, and MHC-I tetramers. Following
surface staining, cells were permeabilized and stained with anti-BrdU antibody
using a BrdU staining kit (BD Pharmingen). Intracellular staining for Ki-67 was
performed using a Ki-67 staining kit (BD Pharmingen).

Cell cycle analysis. After being stained with MHC-I tetramers and anti-CD8,
splenocytes were permeabilized and stained with Hoechst 33342 (Molecular
Probes) for 30 min at 37°C. Samples were acquired using an LSR II flow
cytometer (Becton Dickinson), and cell cycle data were analyzed using ModFit
LT software.

Cell sorting, CFSE labeling, and adoptive transfer of T cells. Splenocytes from
+/+ or —/— mice were stained with anti-CD8 and anti-CD44. CD44" CD8 T
cells were purified to >98% purity using a FACSVantage cell sorter (Becton
Dickinson) and adoptively transferred into naive congenic B6/Ly5.1 mice after
carboxyfluorescein succinimidyl ester (CFSE) labeling. Six to eight million
CD44hieh CD8 T cells were transferred from day 8 infected mice, and 2 to 3
million CD44"gh CD8 T cells were transferred from day 15 infected mice. For
assessment of proliferative renewal of memory CDS8 T cells, total T cells from
+/4 or —/— mice at day 80 p.i. were purified using negative-selection columns
(R&D Systems). After CFSE labeling, 6 X 10° to 8 x 10° T cells were transferred
into naive B6/Ly5.1 mice. CFSE dilution in LCMV-specific memory CD8 T cells
was assessed 1 month after cell transfer.

Quantitation of apoptotic cells. In some experiments, splenocytes were stained
with anti-CD8, MHC-I tetramers, and annexin V, as described elsewhere (33).
The percentage of annexin V tetramer-binding CD8 T cells was determined by
flow cytometry. Apoptotic CD8 T cells were also visualized by staining for
activated caspase-3 (BD Pharmingen). Splenocytes were stained with MHC-I
tetramers and anti-CD8. Subsequently, cells were permeabilized using a Cytofix/
Cytoperm kit and stained for activated caspase-3. To stain for activated caspase-3
after in vitro culture, splenocytes were cultured for 4 h at 37°C. Subsequently,
splenocytes were surface stained as described above and stained for activated
caspase-3.

In vitro proliferation assay. CD8 T cells were purified from spleens of +/+ or
—/— mice by a negative-selection procedure using Miltenyi beads as per the
manufacturer’s recommendations. A total of 10° purified CD8 T cells were
cultured in triplicates in 96-well round-bottomed plates that were precoated with
anti-CD3 (10 pg/ml) and anti-CD28 (5 wg/ml). Cultured cells were pulsed with
[*H]thymidine between 0 and 24 h, 24 and 48 h, or 48 and 72 h after stimulation.
Cells were harvested onto Unifilter plates (PerkinElmer Life Sciences, Boston,
MA) using Filtermate cell harvester (Packard Bioscience Company, Meriden,
CT), and radioactivity was measured using a TopCount Microplate Scintillation
and Luminescence Counter (Packard Bioscience Company).

RESULTS

CDK inhibitor p27%®! controls the duration of expansion
and limits the magnitude of clonal burst size of effector CD8 T
cells. An acute infection of mice with the Armstrong strain of
LCMYV leads to massive clonal expansion of virus-specific CD8
T cells and differentiation into potent effectors during the first
8 days after infection. To determine the role of p27%P! in
regulating this expansion and differentiation, we infected
groups of +/+ and —/— mice with LCMV. We then assessed
the effect of p27°iP! deficiency on the resultant phenotype of
CDS8 T cells. On day 8 p.i., at the peak of the T-cell response,
LCMV-specific CD8 T cells in the spleens of the +/+ and —/—
mice were quantitated using MHC-I tetramers. Data in Fig. 1
show that p27%"P! deficiency did not significantly affect either
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FIG. 1. Primary CD8 T-cell response to LCMV in p27%!_deficient mice. Wild-type and —/— mice were infected with LCMV, and LCMV-
specific CD8 T cells were quantitated in the spleens at day 8 p.i. by staining with MHC-I tetramers, anti-CDS, and anti-CD44. The dot plots in
panel A are gated on the total CD8 T-cell population, and the numbers indicate percentages of LCMV-specific CD8 T cells among the total CD8
T-cell population. In panel B, each symbol represents an individual mouse. The data in panel A are from one of six independent experiments, and

the data in panel B are pooled from six independent experiments.

the frequency or the absolute number of virus-specific CD8 T
cells in LCMV-infected mice. The phenotypes of LCMV-spe-
cific effector CD8 T cells (CD44"e" CD43"Me CD62L'™
CD122™&M) in +/4+ and —/— mice were also largely similar
(Fig. 2A and B). Moreover, p27<®! deficiency affected neither
the expression of IL-7Ra nor the relative proportion of IL-
7Ra"" cells among virus-specific CD8 T cells. Meanwhile, the
percentages of effector CD8 T cells (GP33-specific CD8 T cells
in particular) that expressed the senescence marker KLRG-1
were significantly lower in —/— mice than in wild-type mice
(P = 0.0006).

Next, we assessed the effect of p27%P! deficiency on the
effector function of LCMV-specific CD8 T cells. As illustrated
in Fig. 2C, both +/+ and —/— CDS8 T cells specific to the
various LCMV epitopes produced high levels of IFN-y upon
antigenic stimulation ex vivo. The MHC-I-restricted cytotoxic-
ity of epitope-specific CD8 T cells from —/— mice was com-
parable to that of +/+ mice (Fig. 2D). Additionally, the gran-
zyme content of virus-specific CD8 T cells (Fig. 2E) and the
ability of effector cells to degranulate (based on LAMP-1 ex-
pression) (Fig. 2F) were not significantly affected by p27<iP!
deficiency. Taken together, these data suggest that, except for
KLRG-1 expression, p27%P! deficiency did not affect the phe-
notype or function of LCMV-specific CD8 T cells at day 8 p.i.
Consistent with the normal expansion and effector function of
virus-specific CD8 T cells, LCMYV titers were below the level of
detection in various tissues of +/+ and —/— mice (data not
shown).

Concomitant with LCMV clearance and cessation of anti-
genic stimulation, effector CD8 T cells exit the cell cycle,
thereby terminating clonal expansion by day 8 p.i. (16). To
determine whether p27%"P! regulated the cell cycle exit of ef-
fector CDS T cells following LCMYV clearance, we assessed the
cell cycle status of these T cells in +/+ and —/— mice at day
8 p.i. by analyzing their DNA content. Figure 2G illustrates
that the majority of LCMV-specific effector CD8 T cells in

+/+ mice were in the G,/G, phase, which is indicative of cell
cycle exit, and ~15% of T cells were still in the active cycle. In
contrast, >30% of virus-specific CD8 T cells were still in the
active cycle in —/— mice at day 8 p.i. (P = 0.001). These data
suggest that p27%iP! regulates the cell cycle exit of LCMV-
specific effector CD8 T cells.

The altered cell cycle status of p27%iP!-deficient, LCMV-
specific effector CD8 T cells suggested that p27<"P" deficiency
might alter the dynamics of CD8 T-cell expansion and/or con-
traction. To investigate this possibility, we carefully analyzed
the kinetics of CD8 T-cell responses in +/+ and —/— mice.
Consistent with previous work, the number of LCMV-specific
CDS8 T cells in the +/+ mice peaked at day 8 p.i. and then
promptly declined (Fig. 3). Notably, in —/— mice, the number
of virus-specific CD8 T cells continued to increase beyond day
8 p.i., with a 200% increase between days 8 and 11 p.i. After
day 11, the number of LCM V-specific CD8 T cells in —/— mice
declined at a rate similar to that in +/+ mice. However, it
should be noted that continued expansion of effector cells
beyond day 8 p.i. resulted in a net increase in the absolute
number of LCMV-specific CD8 T cells at days 15 and 30 p.i. in
—/— mice. These data demonstrate that p27"*! not only cur-
tailed the duration of the expansion phase but also limited the
clonal burst size of virus-specific effector CD8 T cells during
the primary T-cell response to LCMV.

p27%*! limits antigen-independent programmed expansion
of effector CD8 T cells following viral clearance. The observed
increase in the number of LCMV-specific CD8 T cells at days
11, 15, and 30 p.i. in —/— mice (Fig. 3) may result from altered
rates of proliferation and apoptosis. To test this hypothesis, we
measured proliferation of virus-specific CD8 T cells in vivo
after treating +/+ and —/— mice with BrdU between days 8
and 15 p.i. As shown in Fig. 4A, twice as many —/— LCMV-
specific CD8 T cells as wild-type cells incorporated BrdU dur-
ing this 7-day period. These data suggest that p27%P! sup-
pressed proliferation of virus-specific CD8 T cells in +/+ mice.
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FIG. 2. Phenotypic, functional, and cell cycle analysis of effector CD8 T cells in —/— mice. (A and B) At day 8 p.i. the cell surface phenotype
of effector CD8 T cells was analyzed by flow cytometry. The histograms are gated on NP396 and GP33 tetramer-binding CD8 T cells. (C) Cytokine
production by LCMV-specific effector CD8 T cells was assessed by intracellular cytokine staining. The dot plots are gated on total lymphocytes,
and the numbers indicate percentages of IFN-y-producing, LCMV-specific CD8 T cells among the total CD8 T-cell population. (D) MHC-I-
restricted cytotoxic activity. CTL activity in the spleens of +/+ and —/— mice was quantitated by a >'Cr release assay. There was no significant lysis
of control unpulsed target cells. (E) Intracellular granzyme B expression in NP396-specific CD8 T cells. (F) Antigen-induced degranulation. The
dot plots show staining for LAMP-1 and IFN-y and are gated on the total CD8 T-cell population. (G) Cell cycle status of LCMV-specific effector
CDS8 T cells. At day 8 p.i., the DNA content of NP396-specific CD8 T cells was analyzed by staining with Hoechst. The flow cytometry plots are
gated on NP396 tetramer-binding CD8 T cells, and the data are representative of three independent experiments.

Although LCMV titers were below the detection limit in both
+/+ and —/— mice at day 8 p.i., it is possible that continued
antigenic stimulation drove the proliferation of virus-specific
CD8 T cells in —/— mice. To investigate this possibility, we
performed two experiments. First, CD44™&" CD8 T cells
sorted from the spleens of +/+ and —/— mice at day 8 p.i. were
labeled with CFSE and adoptively transferred into the antigen-
free environment of a naive, uninfected congenic mouse. One
week after adoptive transfer, we assessed the proliferation of
donor LCMV-specific CD8 T cells by quantitating cell division-
induced loss of CFSE fluorescence. Following transfer into the
uninfected congenic mice, 35% of wild-type LCMV-specific
CDS8 T cells divided once, and only 15% had undergone two
divisions (Fig. 4B). In striking contrast, 99% of the adoptively
transferred —/— LCMV-specific CD8 T cells had divided at
least once, and 57% had divided two to four times in the same
7-day interval (Fig. 4B). These data demonstrate that —/—

LCMV-specific effector CD8 T cells continued to proliferate in
an antigen-free environment.

In a second experiment, we determined whether continued
proliferation of LCMV-specific effector CD8 T cells in —/—
mice (Fig. 4A) was related to persistent antigenic stimulation.
To test for the presence of persisting LCMV antigen, we adop-
tively transferred naive CFSE-labeled GP33-specific P14 naive
TCR-transgenic cells into LCMV-infected +/+ and —/— mice
at day 8 p.i., hypothesizing that antigenic stimulation in the
infected mice would stimulate the donor CD8 T cells to pro-
liferate. As shown in Fig. 4C, 7 days after adoptive transfer,
~90% of the donor TCR-transgenic cells in both +/+ and
—/— recipients did not exhibit detectable proliferation. These
findings (Fig. 4B and C) suggest that protracted proliferation
of LCMV-specific effector CD8 T cells in —/— mice was prob-
ably not due to prolonged antigenic stimulation. In fact, pre-
vious studies have shown that CD8 T cells divide several times
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FIG. 3. p27%P! limits the duration and magnitude of the primary expansion of effector CD8 T cells. Groups of +/+ and —/— mice were infected
with LCMV, and at the indicated number of days p.i., NP36- or GP33-specific splenic CD8 T cells were quantitated by intracellular cytokine
staining for IFN-y. Data are representative of three to seven independent experiments for each time point.

in an antigen-free environment, after a brief encounter with
the cognate antigen, termed programmed expansion (13, 20,
39). Therefore, based on the data presented in Fig. 4, we infer
that p27%'P! limited the antigen-independent, programmed ex-
pansion of effector CD8 T cells following viral clearance in
LCMV-infected mice.

We next examined whether LCMV-specific CD8 T cells in
p27-deficient mice proliferate indefinitely after cessation of
antigenic stimulation. Cell cycle analysis at day 15 p.i. (Fig. 4D)
revealed that the majority of —/— LCMV-specific CD8 T cells
had exited the cell cycle and that the number remaining in the
active cycle at day 15 p.i. was comparable to that of wild-type
mice. In addition, we adoptively transferred CFSE-labeled
CD44"eh CDS T cells sorted from +/+ or —/— mice at day
15 p.i. into naive congenic mice. Analysis of CFSE dilution 1
week after transfer revealed that 50 to 60% of the +/+ and
—/— LCMV-specific CD8 T cells had divided only once in
naive congenic mice, suggesting that p27-deficient CD8 T cells
do not divide indefinitely after antigen withdrawal (Fig. 4E).
Taken together, the data in Fig. 4 strongly suggest that p27<iP!
acts as an intrinsic timer regulating the cell cycle exit of effector
CD8 T cells following antigen withdrawal and that its defi-
ciency leads to additional rounds of programmed antigen-in-
dependent cell division in LCMV-infected mice.

Next, we investigated whether p27<P! deficiency also affects
the apoptosis of LCMV-specific effector CD8 T cells. We along
with others have previously reported (33, 42) that proapop-
totic, LCMV-specific effector CD8 T cells may be visualized ex
vivo by staining with annexin V. At days 8 and 11 p.i., the
percentage of annexin V"e" cells among LCMV-specific effec-
tor CD8 T cells in the spleens of —/— mice was comparable to
that of wild-type mice (Fig. SA). We also quantitated LCMV-
specific effector CD8 T-cell apoptosis by staining for active
caspase-3 directly ex vivo or after in vitro culture for several
hours. At days 8 and 11 p.i., the percentage of LCMV-specific
CD8 T cells expressing activated caspase-3 directly ex vivo
ranged from 0.4 to 0.7% in both +/+ and —/— mice (data not
shown). Upon in vitro culture, the percentage of caspase-3-
positive, LCMV-specific CD8 T cells from the spleens of —/—
mice was slightly lower than that of +/+ mice at day 8 p.i. but
similar at day 11 p.i. (Fig. 5B). These findings, along with the
data shown in Fig. 4, indicate that the inflation of LCMV-
specific effector CD8 T cells in —/— mice is likely due to higher
cellular proliferation rather than to impairment in apoptosis.

p27¥iP! preferentially restricts the expansion and accumu-
lation of memory precursors during the primary CD8 T-cell
response. The data shown in Fig. 2 to 4 demonstrate that
p27¥iP! deficiency delayed the cell cycle exit of effector CD8 T
cells and extended the expansion phase of a T-cell response to
acute LCMV infection. It was of interest to determine whether
p27%"P! deficiency triggered the preferential expansion of a
subset of effector CD8 T cells. The differential expression
pattern of CD127/IL-7Ra and KLRG-1 has been used to iden-
tify potential memory precursor cells among effector cell pop-
ulations (12, 15, 28). MPECs have been reported to exhibit the
IL-7Ra"e" KLRG-1'% phenotype, and short-lived effector
CD8 T cells (SLECs) slated for deletion exhibit the IL-7Ra'"%
KLRG-1"" phenotype (12, 28). Here, we determined the role
of p27%®! in regulating homeostasis of SLECs and MPECs
during the T-cell response to acute LCMV infection. In agree-
ment with published findings (12), LCMV-specific MPECs and
SLECs could be distinguished based on IL-7Ra and KLRG-1
expression at day 8 p.i. (Fig. 6). In the +/+ and the —/— mice,
(Fig. 6), the decline in the number of NP396- and GP33-
specific SLECs between days 8 and 30 p.i. was markedly
greater than the decrease in MPECs. In the —/— mice, there
was a significant increase in the number of LCMV-specific
MPECs (more pronounced for GP33-specific CD8 T cells)
(Fig. 6B) between days 8 and 11 p.i., followed by a period of
decline in the ensuing 19 days. Primarily by virtue of increased
cellular expansion between days 8 and 11 p.i., the —/— spleens
contained 5- to 6-fold more LCMV-specific MPECs at day
30 p.i. than the +/+ spleens. It should be noted that, in com-
parison with the marked effect on MPEC expansion, the effect
of p27%iP! deficiency on SLEC homeostasis was less pro-
nounced and modest at best. In summary, these data provide
strong evidence for a nonredundant role for p27%'P! in limiting
the clonal burst size of IL-7Ra"&" KLRG-1'" MPECs during
acute viral infection.

Next, we explored whether preferential expansion of
MPECs in —/— mice was linked to higher proliferation of
MPECs than SLECs. LCMV-infected +/+ and —/— mice were
administered BrdU between days 8 and 15 p.i.,, and BrdU
incorporation by MPECs and SLECs was assessed at day 15 p.i.
Data in Fig. 6C show that the percentages of BrdU-positive
MPECs and SLECs were similar in +/+ mice, regardless of
antigenic specificity. The proliferation of both MPECs and
SLECs in —/— mice was significantly higher than that of their
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respective counterparts in +/+ mice. However, the percent-
ages of proliferating MPECs were similar to those of SLECs in
the —/— mice. These data suggested that p27%P! deficiency
enhances the proliferation of MPECs and SLECs to the
same magnitudes. These results also indicated that differ-
ences in proliferation between MPECs and SLECs could not
explain selective accumulation of MPECs in LCMV-in-
fected —/— mice. This was a surprising result because the
levels of p27%P! protein have been reportedly higher in
SLECs than in MPECs (8).

Preferential expansion and maintenance of high-quality IL-
2-producing CD8 T cells in p27¥P'.deficient mice. At the peak
of the primary T-cell response to LCMV, only a small fraction

of effector CDS8 T cells is able to produce IL-2, but the relative
proportion of IL-2-producing cells does increase during the
effector-to-memory transition. Moreover, IL-2 production
appears heightened in memory precursors present within
the effector CD8 T-cell population (12, 28). Here, we de-
termined the effect of p27%iP! deficiency on the dynamics of
IL-2-producing, LCMV-specific CD8 T cells following
LCMYV infection. As shown in Fig. 7A, the relative propor-
tion of IL-2-producing CD8 T cells among all IFN-y-pro-
ducing CD8 T cells was low at day 8 p.i. in +/+ mice but
progressively increased with time. Remarkably, although the
proportion of IL-2-producing CD8 T cells was similar to that
of wild-type mice at day 8 p.i., the kinetics and magnitude of
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the increase in IL-2 producers were substantially augmented
in —/— mice (Fig. 7A).

The temporal increase in the percentage of IL-2-producing
cells among total epitope-specific CD8 T cells in +/+ or —/—
mice may be due to a gain of IL-2-producing ability or a
selective loss of non-IL-2-producing cells. To determine which
mechanism was causing the increase in IL-2 producers, we
compared the absolute numbers of NP396- and GP33-specific
IL-2-producing CDS8 T cells in +/+ and —/— mice. In the
wild-type mice, the number of IL-2-producing CD8 T cells
remained remarkably stable, but the number of non-IL-2-pro-
ducing cells declined rapidly between days 8 and 30 p.i. (Fig.
7B and C). Meanwhile, in the —/— mice, the number of IL-2-
producing CDS8 T cells continued to increase after day 8 p.i.
until at least day 11 to 15 p.i.,, with a 4- to 6-fold increase
between days 8 and 11 p.i. (Fig. 7B). In contrast, the number of
p27%iPl_deficient non-IL-2-producing CDS8 T cells showed only
modest expansion after day 8 p.i. and declined rapidly there-
after, similar to the findings in +/+ mice (Fig. 7C). These data
demonstrate that p27%! deficiency led to selective accumula-
tion of IL-2-producing, virus-specific CD8 T cells during acute
LCMYV infection (Fig. 7B and C).

To ascertain whether p27<"! deficiency resulted in the in-
creased proliferation of IL-2-producing, LCMV-specific CD8
T cells, we purified and CFSE-labeled CD44™¢" CDS8 T cells
from the spleens of +/+ and —/— mice at day 8 p.i. These cells
were then adoptively transferred into congenic, uninfected
wild-type mice. One week after adoptive transfer, we com-
pared the proliferation of donor LCMV-specific +/+ and —/—

IL-2-producing CD8 T cells in the recipient mice. As shown in
Fig. 7D, —/— IL-2-producing, LCMV-specific CD8 T cells pro-
liferated more than the wild-type cells. Based on these findings,
we propose that the cell cycle inhibition of p27%P! plays an
essential role in restraining the expansion of IL-2-producing
memory precursor CD8 T cells during acute viral infection.
Sustained proliferation of p27*"*'-deficient CD8 T cells in
vitro. Data in Fig. 3, 6, and 7 showed that global deficiency of
p27%"! led to sustained proliferation of LCMV-specific effec-
tor CD8 T cells in vivo. However, these studies were unable to
determine whether continued proliferation of LCMV-specific
CDS8 T cells in vivo in —/— mice was linked to cell-intrinsic loss
of p27¥iP! activity. Here, using a simple in vitro assay, we
compared the dynamics of proliferation of purified p27<P!-
deficient and +/+ CD8 T cells upon stimulation with anti-CD3
and anti-CD28 antibodies (see Fig. S1 in the supplemental
material). Data in Fig. S1 show that CD8 T cells from +/+
mice showed peak proliferation between 24 to 48 h after stim-
ulation but declined precipitously thereafter. CD8 T cells from
—/— mice also attained peak proliferation between 24 and 48 h
after stimulation. However, unlike +/+ CDS8 T cells that
showed proliferative decline after 48 h, p27<P'-deficient CD8
T cells continued to proliferate at peak levels between 48 and
72 h after stimulation. These data showed that CD8 T cells
from —/— mice undergo protracted proliferation in vitro upon
stimulation with anti-CD3 and anti-CD28 antibodies.
Enhanced CD8 T-cell responses to vaccination with recom-
binant L. monocytogenes or vaccinia virus in the absence of
p27%PL, The results thus far showed that p27%iP! constrained
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CDS8 T-cell responses to an acute LCMV infection. Next, we
determined whether findings from LCMYV infection are also
applicable to live vaccines. Groups of +/+ or —/— mice were
immunized with a recombinant L. monocytogenes strain
(rGP33) that expresses the MHC-I DP-restricted GP33 epitope
of LCMV. As illustrated in Fig. 8, rGP33 elicited strong GP33-
specific CD8 T-cell responses in both +/+ and —/— mice, and
the numbers of GP33-specific CD8 T cells in the spleen were
comparable between the two groups at day 7 p.i. However, at
day 7 p.i., there was a striking difference in the relative pro-
portions of GP33-specific MPECs and SLECs between +/+
and —/— mice (Fig. 8B). Compared to percentages in +/+
mice, at day 7 p.i., the percentages of GP33-specific MPECs in
the —/— mice exhibited a ~2-fold increase, with a concomitant
50% reduction in the percentages of SLECs. The percentages
of the subset of GP33-specific effector CD8 T cells expressing
low levels of KLRG-1 and intermediate levels of CD127
(KLRG-1"% CD127™) in +/4 and —/— mice were 13.2% and
29.4%, respectively. These data suggested that p27%"' regu-
lates the relative proportions of MPECs and SLECs following
rGP33 infection. We also assessed the proliferative status of
MPECs and SLECs in rGP33-infected +/+ and —/— mice by

staining for Ki-67, a cellular marker for proliferating cells.
Data in Fig. 8C show that the percentages of Ki-67-positive
MPECs and SLECs in —/— mice were higher than in +/+
mice, which suggested that p27%"! deficiency enhanced the
proliferation of both MPECs and SLECs following infection
with the L. monocytogenes rGP33 strain. At day 14 after im-
munization with rGP33, spleens of —/— mice contained 5-fold
greater numbers of GP33-specific CD8 T cells than the spleens
of +/+ mice (Fig. 8A). Likewise, the number of IL-2-produc-
ing GP33-specific CD8 T cells was markedly elevated (~7-
fold) in spleens of —/— mice at day 14 p.i. compared to the
levels in +/+ mice (Fig. 8D). Notably, the numbers of IL-2-
producing GP33-specific CD8 T cells remained relatively sta-
ble between days 7 and 14 p.i. in +/+ mice. In contrast, in —/—
mice, the number of IL-2-producing GP33-specific CDS T cells
doubled within the same 7-day interval. Next, we immunized
+/+ or —/— mice with recombinant vaccinia virus that ex-
presses the LCMV glycoprotein (VV-GP). At day 14 after
immunization, the numbers of CD8 T cells that are specific to
the VV epitope B8R and GP33 were quantified in the spleen.
Data in Fig. 8E show that spleens of —/— mice contained
substantially greater numbers of BSR- and GP33-specific CD§
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FIG. 7. Preferential expansion and maintenance of IL-2-producing CDS8 T cells in p27%'-deficient mice. Groups of +/+ and —/— mice were
infected with LCMV, and at the indicated number of days after infection, splenocytes were stimulated in vitro with NP396 or GP33 peptides for
5 h. After stimulation, cells were stained for surface CDS8 and intracellular IFN-y and IL-2. Panel A shows the percentage of IL-2-producing cells
among NP396- and GP33-specific IFN-y-producing cells at the indicated days p.i. (B) The line graph shows the total number of IL-2-producing
NP396- or GP33-specific CD8 T cells. (C) Line graphs depicting the total number of non-IL-2-producing NP396- and GP33-specific CD8 T cells.
(D) Proliferative expansion of IL-2-producing NP396-specific CD8 T cells in an antigen-free environment. At day 8 p.i., CD44"¢" CD8 T cells
sorted from the spleens of +/+ or —/— mice were labeled with CFSE and adoptively transferred into naive congenic B6/Ly5.1 mice. Eight days
after cell transfer, splenocytes from the recipient mice were stimulated with NP396 peptide to induce cytokine production. After culture, cells were
stained for cell surface Ly5.2 and CD8 and intracellular IL-2. The histograms show CFSE fluorescence and are gated on IL-2-producing, donor

NP396-specific CD8 T cells.

T cells than spleens of +/+ mice. Taken together, these data
showed that p27%P! suppresses CD8 T-cell responses to live
viral or intracellular bacterial vaccines.

Next, we determined whether p27%P! regulates the second-
ary responses of GP33-specific effector CD8 T cells in rGP33-
infected mice. Groups of +/+ and —/— mice were immunized
with the L. monocytogenes rGP33 strain and 7 days later chal-
lenged with a virulent strain of LCMV, LCMYV clone 13. The
number of GP33-specific CD8 T cells in the spleen was quan-
titated prechallenge (day 7 p.i.) and 5 days after LCMV clone
13 challenge. As shown in Fig. 8F, the numbers of GP33-
specific CD8 T cells prechallenge were similar in +/+ and —/—
mice. Strikingly, however, after challenge, there were marked
differences in the secondary expansion of GP33-specific CD8 T
cells (Fig. 8F) between +/+ and —/— mice. While GP33-
specific CD8 T cells in +/+ mice showed <4-fold expansion,

—/— GP33-specific CD8 T cells underwent >10-fold secondary
expansion after rechallenge. These data suggested that p27<iP!
negatively regulates the proliferative responses of effector CD8
T cells to antigen recall following immunization with rGP33.

p27%*! regulates the quantity and quality of long-term CD§
T-cell memory. Mice that have recovered from acute LCMV
infection develop potent CDS8 T-cell memory and life-long
immunity to reinfection (36). In LCMV-immune mice, a rela-
tively stable number of memory CD8 T cells is maintained
indefinitely in both lymphoid and nonlymphoid organs (18).
The number of memory CD8 T cells generated following an
acute LCMYV infection is influenced by the extent of expansion,
or clonal burst size, and the magnitude of cellular apoptosis
during the primary T-cell response (1, 11, 14, 22). Data pre-
sented in Fig. 6 and 7 document the selective expansion of
IL-2-producing, IL-7Ra"&" KLRG-1'°¥ MPECs in —/— mice
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T cells in L. monocytogenes-immunized mice. Both +/+ and —/— mice were immunized with the rGP33 strain and 7 days later challenged with
LCMV clone 13. The numbers of GP33-specific CD8 T cells at days 7 (prechallenge) and 12 (5 days after LCMV clone 13 challenge) were
quantitated by intracellular staining for IFN-y. Data are the mean values from three to four mice/group.

after day 8 p.i. We then investigated whether extended MPEC p27%P! plays a key role in regulating the size of the memory

expansion between days 8 and 15 p.i. augmented the number of
long-lived LCMV-specific memory CD8 T cells in —/— mice.
As shown in Fig. 9A, the spleens of —/— mice contained 5-fold
more memory CD8 T cells than the spleens of +/+ mice.
Similar augmentation in the number of LCMV-specific mem-
ory CD8 T cells was observed in the nonlymphoid organs of
LCMV-immune —/— mice (data not shown). Therefore, the
increased number of memory CDS8 T cells in the spleens of
—/— mice was probably not a result of the anatomic redistri-
bution of memory CD8 T cells, reflecting a genuine systemic
increase in CD8 T-cell memory size. These data indicate that

CDS8 T-cell compartment.

Next, we examined whether p27%P! deficiency altered the
qualitative attributes of LCMV-specific memory CD8 T cells.
All LCMV-specific memory CDS8 T cells produce IFN-vy, but
only a subset also produces TNF-a and IL-2. We determined
the ability of LCMV-specific memory CDS8 T cells to produce
the three cytokines, IFN-y, TNF-«, and IL-2, upon ex vivo
stimulation with their cognate antigen. As shown in Fig. 9B,
the percentage of LCMV-specific memory CD8 T cells pro-
ducing all three cytokines in —/— mice was substantially higher
than that in wild-type mice. Comparison of the cell surface
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FIG. 9. p27%P! regulates the quantity and quality of CD8 T-cell
memory. Wild-type and —/— mice were infected with LCMV. (A and
B) At day 112 p.i., splenocytes were stimulated with LCMV epitope
peptides, and the percentages of IFN-y-, TNF-a-, and IL-2-producing
CDS8 T cells were assessed by intracellular cytokine staining. (A) Total
number of epitope-specific IFN-y-producing CD8 T cells in +/+ and
—/— mice. (B) Antigen-induced cytokine production by LCMV-spe-
cific CD8 T cells. The data are percentages of epitope-specific CD8 T
cells producing IFN-y, TNF-a, and IL-2. (C) At day 78 p.i., the cell
surface phenotype of virus-specific CD8 T cells was assessed by flow
cytometry. Plots are gated on tetramer-binding CD8 T cells. The num-
bers are the percentages among tetramer-binding CD8 T cells, or the
mean fluorescent intensity of staining for the indicated marker.
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markers of memory CD8 T cells in +/+ and —/— mice also
showed that p27%iP! deficiency did not significantly affect the
relative proportions of central (CD62L"&") and effector
(CD62L'°*) memory CD8 T cells or the expression of CD44
and CD127 (Fig. 9C). Interestingly, the percentage of KLRG-
1Ml memory CD8 T cells was markedly lower in —/— spleens
than in wild-type spleens. Taken together, the data shown in
Fig. 9A to C demonstrate that p27%iP! deficiency enhanced the
quantity and quality of CDS8 T-cell memory.

Regulation of the proliferative renewal of memory CD8 T
cells by p27%P!, The maintenance of CD8 T-cell memory oc-
curs by proliferative renewal, which is characterized by slow
cytokine-driven proliferation (36, 44). Proliferative renewal
does not result in a net increase in memory CD8 T cells
because the cellular proliferation rate is presumably equivalent
to the apoptosis rate. To examine the role of p27%P! in regu-
lating LCMV-specific memory CD8 T-cell proliferative re-
newal, we adoptively transferred CFSE-labeled CDS8 T cells
from LCMV-immune +/+ or —/— mice into congenic Ly5.1
mice. Thirty days after cell transfer, we assessed the prolifer-
ative renewal of LCMV-specific memory CD8 T cells by flow
cytometry. As expected, 24 to 44% of the wild-type T cells had
divided after adoptive transfer, while a strikingly higher pro-
portion of —/— memory CDS8 T cells, 85 to 90%, had divided
at least once (Fig. 10A). These findings suggest that p27%iP!
downregulates the proliferative renewal of memory CDS8 T
cells in LCMV-immune mice.

The population of memory CD8 T cells is currently classified
into central and effector memory cells based on their differen-
tial expression of CDG62L (18). Although both central
(CD62L"eM) and effector (CD62L'*) memory T cells are
maintained by proliferative renewal, the turnover rate for ef-
fector cells is lower (18) for unknown reasons. Therefore, we
investigated whether p27¥P! deficiency affected the turnover
of the central and effector memory T-cell subsets in LCMV-
immune mice. In agreement with published findings (18), the
data shown in Fig. 10B indicated that the proliferation of
effector memory cells was lower than that of central memory
cells in both wild-type and —/— mice. However, the prolifera-
tion of both memory CD8 T-cell subsets in —/— mice was
higher than that of the subsets in the +/+ mice. Calculations
assessing the average number of cell divisions for effector and
central memory cells in +/+ and —/— mice (Fig. 10B) revealed
that p27%iP! deficiency had a more prominent effect on effector
memory proliferation (0.4 cell divisions for +/+ versus 2.1
divisions for —/— mice) than on central memory cell prolifer-
ation (1.3 divisions for +/+ versus 2.0 divisions for —/— mice).
Thus, p27¥P! deficiency increased the proliferation of effector
and central memory CD8 T cells by 4- and <2-fold, respec-
tively. These data implicated p27¥'P! as a factor that restrains
proliferative renewal of memory CD8 T cells. Although
p27%P! deficiency augmented the proliferative responses of
effector memory CD8 T cells to homeostatic cytokines in vivo,
the proliferation rate of these cells was still lower than that for
the central memory CDS8 T cells in the —/— mice. These data
suggested a role for other cell cycle regulatory mechanism(s) in
inhibiting the proliferative renewal of effector memory CD8 T
cells.
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FIG. 10. p27%iP! regulates the proliferative renewal of memory CD8 T cells. At day 80 p.i., T cells were purified from the spleens of +/+ and
—/— mice, labeled with CFSE, and adoptively transferred into naive congenic B6/Ly5.1 mice. Four weeks after cell transfer, CFSE dilution in donor
LCMV-specific CD8 T cells was assessed by flow cytometry. (A) Proliferative renewal of NP396- and GP33-specific CD8 T cells. The histograms
are gated on DP?/NP396 or D*/GP33 tetramer-binding Ly5.2-positive CDS8 T cells. (B) Proliferative renewal of central memory (CM) and effector
memory (EM) CDS8 T cells. The histograms are gated on D*/NP396 tetramer-binding Ly5.2-positive CD8 T cells. Effector memory (CD62L'*") and
central memory (CD62L"e") subsets were identified based on cell surface expression of CD62L.

DISCUSSION

Typically, CD8 T-cell responses have been divided into three
distinct phases: (i) expansion phase (days O to 8 p.i.), when
naive CD8 T cells are activated to undergo clonal expansion
and differentiation into effector cells; (ii) the contraction phase
(days 8 to 30 p.i.), when ~90% of the effector T cells are
eliminated by apoptosis; and (iii) the memory phase, during
which a relatively stable number of memory CD8 T cells is
maintained indefinitely (1, 11, 22). One of the intensely inves-
tigated areas of research on CD8 T-cell memory is effector
CD8 T cells’ decision between apoptosis and memory differ-
entiation. It is currently believed that effector CD8 T cells are
subdivided into SLECs and MPECs based on their KLRG-1
and CD127 expression levels (12, 28). The majority of SLECs
are considered terminally differentiated and destined for
apoptosis while MPECs are not terminally differentiated, re-
taining the potential to survive and differentiate into memory
CDS8 T cells. However, we lack critical information about the
molecular mechanisms that regulate MPEC number and dif-
ferentiation into long-lived memory CDS8 T cells. Here, we
provide genetic evidence that the CKI p27%'P! plays a nonre-
dundant role in regulating various facets of the CD8 T-cell
response in order to downregulate the quantity and quality of
CD8 T-cell memory. We demonstrate that p27<®! (i) induces
cell cycle exit and curtails the programmed antigen-indepen-
dent proliferation of MPEC:s, (ii) limits the size of the memory
CDS8 T-cell population, (iii) inhibits the development of mem-
ory CD8 T cells that can produce multiple cytokines, and (iv)
negatively regulates the proliferative renewal of effector and
central memory CD8 T cells. These findings provide critical
insight into the cell cycle regulatory mechanisms that influence
CDS8 T-cell homeostasis and memory.

The CD8 T-cell response to infections involves an exquis-
itely programmed sequence of events, including the timely
entry of antigen-specific CD8 T cells into the active cell cycle
following antigenic stimulation and prompt cell cycle exit fol-
lowing antigen withdrawal. At the conclusion of the clonal
expansion phase, effector CD8 T cells exit the cell cycle and

either undergo apoptosis (SLECs) or begin to differentiate into
long-lived memory cells (MPECs). MPEC differentiation into
conventional memory T cells includes reversal of cell cycle
arrest and reacquisition of a proliferative response to antigen
or homeostatic cytokines (14). As in other models of cell dif-
ferentiation, it is likely that cell cycle control plays a key role in
regulating the terminal differentiation and apoptosis of SLECs
as well as MPEC differentiation into memory cells. In vitro
studies have demonstrated that p27"P! plays an integral role in
regulating S-phase entry of T cells in response to signaling via
the TCR or cytokine receptors (21, 27, 46), and other studies
have demonstrated dynamic changes in p27%P! expression dur-
ing the CD8 T-cell response to LCMV (7).

In the current study, we found that p27%'P" plays a nonre-
dundant role in controlling the cell cycle exit of effector CD8 T
cells at the termination of the expansion phase of the primary
T-cell response to LCMV. As expected, p27<iP* expression was
downregulated in CD8 T cells during antigen-driven prolifer-
ation although p27%"P! levels were strongly induced at the
termination of the expansion phase (7). The number of
LCMV-specific CD8 T cells peaked at day 8 p.i. in the wild-
type mice but declined precipitously thereafter, and the CDS§
T-cell count continued to increase in the —/— mice after day
8 p.i. until at least day 11 p.i. This continued expansion was
probably not due to protracted antigenic stimulation for the
following two reasons. First, in both +/+ and —/— mice, in-
fectious LCMYV titers were below the detection limit in all
tissues tested at day 8 p.i. Second, virus-specific effector CD8 T
cells from —/— mice exhibited enhanced proliferation after
adoptive transfer into an antigen-free environment. These
findings strongly suggest that p27%'P! constrains the pro-
grammed expansion of effector CD8 T cells even after cessa-
tion of antigenic stimulation. Based on these observations, we
propose that p27%'P! acts as a timer of cell cycle exit for CDS
T cells after antigen withdrawal, which is consistent with the
reported role for p27%"! in oligodendrocytes (5, 6). It should
be noted that that p27¥P!-deficient effector T cells do not
proliferate indefinitely after viral clearance; the majority of
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effector CD8 T cells exited the cell cycle by day 15 p.i. It is
possible that effector CD8 T cells become refractory to regu-
lation by p27%P! beyond day 11 p.i. or that they switch to cell
cycle regulation by other proteins such as p21<'P!, which is also
abundant in T cells (45). In the future, it would be interesting
to determine whether p21<'P! and p27%! play redundant or
cooperative roles in regulating CD8 T-cell homeostasis.

Although there was a clear increase in the total number of
LCMYV epitope-specific CD8 T cells in —/— mice beyond day
8 p.i. compared with the number in wild-type mice, the differ-
ence is even more striking when the numbers of MPECs and
SLECs are compared between the +/+ and —/— conditions.
Our studies show that p27¥iP! deficiency preferentially pro-
moted the expansion of IL-2-producing IL-7Ra"&" KLRG-
1'% MPECs. This preferential MPEC accumulation was not
linked to differences in proliferation between SLECs and
MPECs because p27%P! deficiency led to increased prolifera-
tion of both cell types to the same degree. This result was
unexpected because it has been reported that SLECs express
higher levels of p27P! protein than MPECs (8), and p27<®"
deficiency would be expected to have a more prominent effect
on SLEC proliferation. Similar enhancement of proliferation
of MPECs and SLECs induced by p27%iP! deficiency suggests
that the level of p27%iP! activity in MPECs might be sufficient
to suppress cellular proliferation, and increased abundance of
p27%iP! protein in SLECs might be superfluous to function as
a cell cycle inhibitor. Taken together, these findings are sug-
gestive of a more complicated scenario, and the implications
for higher p27%iP! protein expression in SLECs in relationship
to regulation of memory CD8 T-cell differentiation by prolif-
eration-independent or -dependent mechanisms warrant fur-
ther investigation. We hypothesize that SLECs are terminally
differentiated and programmed to undergo apoptosis, so it is
possible that their increased proliferation will not result in a
net increase in SLEC number in —/— mice. In striking contrast,
MPEC:s are programmed for cell survival and exhibit less con-
traction in wild-type mice, so their proliferation would be ex-
pected to inflate the absolute number of MPECs and their
descendant memory cells. Consequently, the number of mem-
ory CDS8 T cells in —/— mice was 5- to 6-fold higher than in the
wild-type mice. In summary, identification of cellular factors
that (i) mitigate survival of proliferating —/— SLECs and (ii)
allow survival and accumulation of —/— MPECs is expected to
provide insights into the mechanisms that affect preferential
enhancement of MPECs in —/— mice.

Compared to fully differentiated memory CD8 T cells,
MPECs that are present among effector CD8 T cells at the
peak of the T-cell response possess poor proliferative potential
(14). Therefore, MPECs are less effective than differentiated
memory CD8 T cells in conferring protection against reinfec-
tion (14). Although these memory precursors would eventually
regain proliferative potential (16), the time lapse during effec-
tor-to-memory transition constitutes a rate-limiting step in the
development of effective protective immunity after vaccina-
tion. Expression of p27%iP! appears to be higher in effectors
than in memory CD8 T cells (7), and downregulation of
p27%P! activity could be a critical step in the effector-to-mem-
ory transition. Therefore, we hypothesized that the lower pro-
liferative potential of effector cells might be linked to p27%iP!
induction. Our studies show that within 7 days after vaccina-
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tion with the L. monocytogenes tGP33 strain, antigen-specific
—/— effector CD8 T cells exhibited markedly greater second-
ary expansion than their wild-type counterparts. The increased
secondary expansion of —/— GP33-specific effector CD8 T
cells in rGP33-immunized mice might be related to (i) larger
numbers of MPECs that were present in —/— mice prechal-
lenge or (ii) increased proliferative responses of MPECs
and/or SLEC:s to antigen recall. Further studies are warranted
to examine the role of the above-listed mechanisms underlying
the enhanced secondary responses in —/— mice. Nevertheless,
data presented in this report suggest that p27%iP! might be
responsible, at least in part, for suppressing the proliferative
expansion of effector CD8 T cells in response to antigen recall.

Protective immunity depends on both the quantity and the
quality of CD8 T-cell memory. Memory CD8 T cells are het-
erogeneous in their cytokine-producing abilities; for example,
all LCMV-specific memory CD8 T cells are known to produce
IFN-y;most also secrete TNF-a, but only ~20 to 30% secrete
IL-2 in addition to these two cytokines. Memory CDS8 T cells
capable of producing multiple cytokines seem more effective at
conferring immunity against reinfection than CDS8 T cells pro-
ducing fewer cytokines (29). Our studies demonstrate that the
proportion of triple-cytokine-producing memory CDS8 T cells
was markedly increased in —/— mice, potentially conferring
better protection against reinfection than wild-type memory
cells. It is currently unknown how p27¥! controls the cyto-
kine-producing ability of memory CD8 T cells. Since the rela-
tive proportions of KLRG-1"&" cells among memory CD§ T
cells is reduced in —/— mice, a possibility exists that p27<iP!
might promote the terminal differentiation/senescence of an-
tigen-activated CD8 T cells. Alternatively, p27<P! might reg-
ulate cytokine production by mechanisms independent of cel-
lular proliferation.

Long-term maintenance of CD8 T-cell memory occurs by
IL-7- and/or IL-15-driven proliferation, termed proliferative
renewal (36, 44). Central and effector memory CDS8 T cells
express comparable levels of cell surface receptors for IL-7 and
IL-15 but differ in their proliferation rates; that is, the turnover
of effector memory cells is lower than that of central memory
cells (18). Therefore, it appears that one or more cell-intrinsic
mechanisms may suppress the proliferative responses of effec-
tor memory T cells to homeostatic cytokines. It has been re-
ported that FOXO3a, a transcriptional factor driving p27<P!
expression, is more active in effector memory T cells than in
central memory T cells (26). We also find that LCMV-specific
central memory CD8 T cells contain higher levels of the inac-
tive phosphorylated form of FOXO1/O3 than effector memory
CD8 T cells (J. Sullivan and M. Suresh, unpublished data).
Therefore, we explored whether the difference in proliferative
rates between effector and central memory CDS8 T cells is
linked to p27%P!, We found that the turnover rate of both
central and effector memory cells in —/— mice was higher than
that of the respective subsets in +/+ mice, suggesting a role for
p27%iP! in regulating the proliferative renewal of memory CDS
T cells. Interestingly, the effect of p27%'P! deficiency on cellular
proliferation was more prominent for the effector memory
subset than for the central memory cells, which suggests that
p27%"P! is at least partly responsible for the lower turnover rate
of effector memory T cells. The differential effect of p27%iP!
deficiency on the proliferation of effector and central memory
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CDS8 T cells might be related to differences in the levels and/or
subcellular localization (40) of p27%P! protein in central and
effector memory CDS8 T cells. It should be noted that loss of
p27""! alone is insufficient to fully restore the proliferation of
effector memory CD8 T cells to levels that are comparable to
those of central memory CD8 T cells. Increased expression of
mRNA for cell cycle-inhibitory molecules including p194RF,
p21<P!and p57%P? might contribute to lower proliferative
responses of effector memory CDS8 T cells to homeostatic cy-
tokines IL-7 and IL-15.

Data presented in this report clearly show that p27%iP! reg-
ulates the homeostasis of antigen-activated CDS8 T cells. Pre-
liminary analysis of naive (CD8* CD44'°%)-phenotype CD8 T
cells in uninfected and LCMV-infected —/— mice indicates
that p27%P! might also regulate naive CD8 T-cell homeostasis,
albeit to a lesser degree than antigen-activated CD8 T cells.
The percentages of naive-phenotype CDS8 T cells among total
CDS8 T cells in uninfected —/— mice was comparable to those
in uninfected +/+ mice (data not shown). Associated with
slightly increased spleen size, the total number of naive-phe-
notype CDS8 T cells in uninfected —/— mice was ~1.7-fold
higher than in +/+ mice. Likewise, in LCMV-infected mice at
days 30 to 34 p.i., the percentages of naive CD8 T cells among
all CD8 T cells were unaffected in —/— mice, but the absolute
numbers of these cells were ~2-fold higher in —/— mice than
in +/+ mice. In vivo BrdU incorporation studies between days
8 and 15 or 16 and 22 after LCMV infection showed that the
percentages of BrdU-positive naive-phenotype CDS8 T cells in
—/— mice were ~2.4-fold higher than in +/+ mice. This pre-
liminary evidence suggests that p27%'P! constrains proliferation
of naive CDS8 T cells, but more detailed experiments are war-
ranted to decipher the role of p27%"! in regulating naive CD8
T-cell homeostasis.

Does p27%! regulate the homeostasis of effector and mem-
ory CDS8 T cells by cell-intrinsic mechanisms? Our studies show
that effector CD8 T cells purified from spleen of LCMV-
infected —/— mice exhibit sustained proliferation following
transfer into LCMV-free wild-type hosts. The protracted pro-
liferation of —/— effector CDS8 T cells might be due to intrinsic
deficiency for p27<*! in CDS8 T cells and/or be a consequence
of conditioning of these cells in a p27<P'-deficient environ-
ment during activation and differentiation into effector cells.
Although purified —/— CD8 T cells from uninfected mice
proliferate for a longer period than +/+ CDS8 T cells following
stimulation with anti-CD3 and anti-CD28 antibodies in vitro,
more definitive experiments will be necessary to establish
whether p27%P! controls CD8 T-cell proliferation by cell-in-
trinsic mechanisms in vivo. Studies of LCMV infection using
TCR-transgenic p27%iP!-deficient CD8 T cells and bone mar-
row-chimeric mice should shed light on this very important
issue.

Although significant strides have been made in elucidating
the molecular basis of T-cell memory, we do not yet fully
understand the mechanisms regulating CD8 T-cell memory
size. Both intrinsic and extrinsic pathways of apoptosis appear
to regulate SLEC elimination at the end of an immune re-
sponse. However, the mechanisms controlling the number of
MPEC:s generated during a T-cell response are largely obscure.
In this study we provide strong evidence that the CKI p27%iP!
plays a critical role in limiting the size of CD8 T-cell memory
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by downregulating the clonal burst size of MPECs during a
primary T-cell response to LCMV. Moreover, we report that
apart from its role in limiting CD8 T-cell memory size, p27<P*
also negatively regulates qualitative attributes of memory CD8
T cells, including cytokine production and proliferative re-
newal. The present study has improved our understanding of
the mechanisms that regulate CD8 T-cell homeostasis and
identifies p27%P! as a molecular target for development of
strategies to augment vaccine-induced CD8 T-cell memory and
protective immunity.
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