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Although altered T cell function plays a part in immunosenescence,
the mechanisms remain uncertain. Here we identify a bona fide
age-dependent PD-1* memory phenotype (MP) CD4+ T cell sub-
population that hardly proliferates in response to T cell receptor
(TCR) stimulation and produces abundant osteopontin at the cost
of typical T cell lymphokines. These T cells demonstrate impaired
repopulation in Rag2—/~ mice, but a homeostatic proliferation in
y-ray-irradiated mice. These T cells also reveal a unique molecular
signature, including a strong expression of C/EBPa normally ex-
pressed in myeloid-lineage cells, with diminished c-Myc and cyclin
D1. Transduction of Cebpa in regular CD4* T cells inhibited the
TCR-mediated proliferation with c-Myc and cyclin D1 repression
and caused a striking activation of Spp7 encoding osteopontin
along with concomitant repression of T cell lymphokine genes.
Although these T cells gradually increase in number with age and
become predominant at the senescent stage in normal mice, the
generation is robustly accelerated during leukemia. In both con-
ditions, their predominance is associated with the diminution of
specific CD4* T cell response. The results suggest that global T cell
immunodepression in senescence and leukemia is attributable to
the increase in PD-1* MP CD4* T cells expressing C/EBPa.

immunosenescence | osteopontin

lderly persons may exhibit a substantial diminution in specific

immune response against infection, a reduced efficacy for
vaccination, and a proinflammatory trait, a condition known as
immunosenescence (1, 2). In T-lineage cells, a prominent effect
of aging is thymic involution, resulting in decreased T cell
production and export (3). But the total number of peripheral T
cells is unaffected by aging in both humans and mice, owing in
part to the homeostatic proliferation of memory phenotype
(MP) T cells (4-6); consequently, the T cell population shows a
progressive shift from naive to MP cells with age. Such a shift in
T cell composition is considered to contribute significantly to
immunosenescence. This may result in contraction of the T cell
repertoire, leading to an increased incidence of poor respon-
siveness to new antigens (7). It also is recognized that CD4* T
cells in the elderly are qualitatively altered, including a number
of defects in the T cell receptor (TCR)-mediated signaling
pathways, reduced immunologic synapse formation with antigen-
presenting cells, diminished cognate helper function for B cells,
and altered lymphokine production patterns (8-11). These
effects may be attributed primarily to the cellular changes in T
cells rather than to the host environment (12).

The homeostatic maintenance of MP T cells for prolonged
periods may involve multiple factors, including environmental
antigens, such as commensal bacteria, low-affinity self-ligands, and
homeostatic cytokines (4, 13, 14). The eventual fate of MP T cells
remains elusive, however. In most somatic tissue cells, programmed
cell differentiation is tightly coupled with the control of cell
proliferation, leading to the terminal differentiation with loss of
proliferation capacity and limited life span. In myeloid-lineage cells,
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for instance, a bZIP family transcription factor, C/EBPa, plays a
crucial role in controlling the homeostatic differentiation and the
quiescence of terminally differentiated cells (15, 16). But expression
of Cebpa is repressed during T-lineage cell commitment from
hematopoietic progenitors, and mature T cells hardly express
C/EBPa (17). How the balance between proliferation and quies-
cence of MP T cell clones is controlled to maintain the homeostasis
for prolonged periods remains unclear.

In the present study, we identified a bona fide age-dependent
MP CD4* T cell population defined by a constitutive expression
of PD-1, which is induced only transiently on activation in regular
T cells (18). The PD-1* MP CD4* T cells hardly proliferate in
response to TCR stimulation but produce large amounts of a
proinflammatory cytokine, osteopontin (OPN), at the cost of
typical T cell lymphokines. We suggest that the functional
features of these cells are attributable in part to an unusual
expression of C/EBPa. Moreover, in addition to senescence, the
generation of equivalent PD-1" MP CD4" T cells is robustly
accelerated during leukemia. We provide evidence that the
predominance of these unique T cells underlies the global
depression of T cell immune response both in senescence and
during leukemia.

Results

Identification of Age-Dependent PD-1+ MP CD4+ T Cells With Defec-
tive TCR-Mediated Proliferation. We found that increasing propor-
tions of splenic CD4* T cells in normal B6 mice constitutively
expressed PD-1 as they aged (Fig. 14, Upper). The PD-1" CD4*
T cells were confined to a CD44"eh CD62L1°Y (MP) population,
and most of them exhibited CD69 with little CD25 expression
(Fig. 14, Lower). Purified CD4" T cells from aged mice showed
a significantly diminished TCR-mediated proliferation com-
pared with those from young mice (Fig. 1B). Among the CD4*
T cells in aged mice, however, both the naive and PD-1- MP
populations exhibited a response comparable to that in young
mice; in stark contrast, the PD-1* MP population exhibited no
detectable proliferation, despite normal expression of «BTCR/
CD3 (Fig. 1B). They showed no anexin V staining, indicating that
they were not dying cells in vivo [supporting information (SI) Fig.
S1A]. Costimulation with anti-CD28 antibody or IL-2 restored
the proliferation only marginally (Fig. S1B). Furthermore, these
T cells revealed negligible production of typical T cell lympho-
kines in response to optimal TCR stimulation (Fig. S1C). PD-1*
MP CD4* T cells showed a severely impaired repopulation
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Fig. 1. Age-dependentincrease in PD-1* MP CD4" T cells with defective TCR-mediated proliferation. (A) Spleen cells from normal B6 mice at various ages were
3-color-analyzed with the indicated antibodies. (B) CD4* T cells from 2-month-old (open column) and 16-month-old (solid column) mice were cultured in the
presence of anti-CD3 antibody for 3 days and pulsed with 3H-TdR (Left). CD4* T cells from 16-month-old mice were separated into CD44'°¥ (light-gray column),
PD-1~ CD44high (dark-gray column), and PD-1* CD44high (solid column) populations and cultured similarly (Middle). *P < .05; #*P < .01. The latter 2 populations
were analyzed for TCRB and CD3 expression (Right). (C) Sorted PD-1- and PD-1* CD44high CD4+ T cells from aged mice were transferred into Rag2~/~ mice (Upper
Left) or y-ray-irradiated CD45.1 B6 mice (Lower Left) intravenously, and 6 days later the donor T cells (boxed) in the pooled lymphoid tissues were assessed. The
percentage of donor cells out of the total and CD4* T cells in Rag2~/~ and irradiated B6 recipients are indicated. Similar results were obtained in 3 recipients.
T cells from normal aged B6 mice were 3-color-analyzed with the indicated antibodies (Right). (D) The proportions of total CD44"igh (dotted lines), PD-1~ CD44high
(open circles), and PD-1+ CD44high (closed circles) T cells in the CD4* T cell population at various ages are plotted.

capacity in Rag-2~/~ mice (Fig. 1C, Upper Left). Because robust
T cell expansion in Rag-27/~ recipients mainly represents the
response to exogenous antigens, such as commensal bacteria
(13), these T cells are suggested to be defective in TCR-mediated
proliferation in vivo as well. On the other hand, PD-1" MP
CD4" T cells exhibited a homeostatic expansion comparable
with the PD-1" T cells in y-ray—irradiated recipients (Fig. 1C,
Lower Left); in agreement with this finding, a significant pro-
portion of PD-1" CD4* T cells expressed IL-15R and/or IL-7R
(Fig. 1C, Right). Although PD-1* cells represent a rare popu-
lation in CD4* T cells until 6 months of age, their numbers
increase linearly throughout later stages, and they eventually
become a predominant population at the senescent stage (Fig.
1D). These T cells are found in most lymphoid tissues of aged
mice, except for the peripheral blood (Fig. S1D), and the profile
of TCR-VB chain usage remains unchanged (Fig. S1E). Our
DNA microarray analysis (see below) revealed that PD-1* MP
CD4" T cells overexpressed Cd121b, and that a portion of these
T cells selectively expressed CD121b (Fig. S24). PD-17/~
CD121b* CD4* T cells remained defective in TCR-mediated
proliferation, suggesting that PD-1 expression might be irrele-
vant for the effect (Fig. S24). Stimulation of PD-1" MP CD4*
T cells with phorbol myristate acetate (PMA) plus ionomycin
bypassing TCR stimulation also failed to induce significant
proliferation, despite nearly normal ERK activation (Fig. S2B).
Finally, PD-1" MP CD4* T cells with complete depletion of
CD25" cells showed no TCR-mediated proliferation or inhibi-
tory effect on the proliferation of normal CD4* T cells (Fig.
S2C). These results suggest that the defect in TCR-mediated
proliferation may be intrinsic.
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Unique Genetic Signature and Potent OPN Production. Given the
age-dependency, we examined the possibility that PD-1* MP
CD4™" T cells might represent “senescent” T cells, using senes-
cence-associated B-galactosidase (SA-B-Gal) (19). Although
CD4* T cells from 2-month-old mice rarely showed SA-B-Gal
staining, a significant proportion of MP, but not naive, CD4* T
cells from 18-month-old mice revealed positive staining; how-
ever, there was no significant difference in the frequencies and
the intensities between the PD-1~ and PD-1* MP fractions (Fig.
24). We then compared the global gene expression profiles by
DNA microarray analysis (Table S1). We selected 37 genes from
the data set and compared their expression among naive, PD-1~
MP, and PD-1* MP fractions of CD4* T cells by qRT-PCR (Fig.
2B). Twenty-seven genes showed markedly increased expression
in a PD-1" MP population, of which 17 genes, including Pdcd1
and CdI21b, were overexpressed rather selectively and 10 genes
exhibited decreased expression. PD-1" MP CD4" T cells were
found only minimally in young mice (see Fig. 14); however, the
genetic signature of these cells highly coincided with those in
aged mice (Fig. 2C), indicating that these T cells began to emerge
early in life. The most overexpressed gene was Sppl, encoding
OPN (also called Eta-1). In agreement, PD-17, but not PD-1-,
MP CD4* T cells spontaneously secreted significant amounts of
OPN. Furthermore, these cells exhibited significantly enhanced
OPN secretion on TCR stimulation associated with a robust
increase in Spp! transcripts, whereas the induction of 1/-2, Ifn-vy,
and /I-4 was significantly compromised (Fig. 2D). These T cells
also showed abundant transcripts of Sostdc-1, encoding a se-
creted antagonist of anti-inflammatory bone morphogenic fac-
tor (Fig. 2D).
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Fig.2. PD-1* MP CD4" T cells show a distinctive genetic signature. (A) CD4* T cells from 2-month-old B6 mice and sorted CD44'°% (I), PD-1~ CD44high (I1), and
PD-1* CD44high (111) CD4* T cell populations from 18-month-old B6 mice were stained for SA-B-Gal. The arbitrary signal units of about 100 cells in each group are
plotted. (B) Sorted CD44'°w (1), PD-1- CD44high (11), and PD-1* CD44high (111) CD4* T cell populations from aged mice were analyzed for the expression of 43 genes
by gqRT-PCR. Relative transcripts in the 3 populations are indicated. (C) PD-1~ and PD-1* CD44"gh CD4~ T cells sorted from 2-month-old and 12-month-old mice
were analyzed for the transcripts of 16 genes by qRT-PCR. The ratios of transcripts (PD-1*/PD-1~ CD44hish CD4+ T cells) for each gene in the 2 groups are plotted
against one another. (D) Sorted PD-1~ (open columns) and PD-17 (solid columns) CD44hgh CD4™ T cells from aged mice were cultured with or without anti-CD3
plus anti-CD28 antibodies. OPN in the culture supernatants was assessed on day 3 by ELISA. Aliquots of the cells were harvested on day 1, and the transcripts

of the indicated genes were assessed by qRT-PCR. ND, not detectable.

Unusual Expression of C/EBPa: A Role in the Unique Functional
Features. PD-1" MP CD4" T cells also showed significantly
altered expression of several transcription-related genes (see Fig.
2B). Immunoblot analyses confirmed that in these cells,
C/EBPa, VDR, OcaB, and Bcl6 were strongly expressed,
whereas Satb1, c-Myc, and cyclin D1 were hardly detectable (Fig.
34). Because abundant expression of C/EBPa was particularly
unexpected, we examined the effects of forced Cebpa expression
in regular CD4" T cells. Young CD4* T cells were stimulated
with anti-CD3 plus anti-CD28 antibodies and infected with
Cebpa-containing MIG [murine stem cell virus/internal ribo-
some entry site/green fluorescent protein (GFP)]. Sorted GFP*
cells exhibited a largely comparable level of Cebpa transcripts
with natural PD-1" MP CD4* T cells. The Cebpa-expressing
CD4™* T cells revealed significant repression of c-Myc, cyclin D1,
II-2, and II-4, with undetectable proliferation (Fig. 3B). In
contrast, these T cells revealed robust activation of SppI, while
Satbl transcripts were unaffected (Fig. 3B). Although the de-
tection of these proteins was unfeasible because of very limited
cell numbers, our findings suggest that C/EBPa expression may
be responsible, at least in part, for the unique functional features
of PD-1* MP CD4" T cells.

Rapid and Robust Increase in PD-1* MP CD4* T Cells During Leukemia.
A global diminution of specific T cell response often develops in
malignancy. To investigate the possible involvement of PD-1*
MP CD4" T cells, we transplanted bcr/abl-induced leukemia
cells (BA-1) into young B6 mice. Within 2 weeks, as frank
leukemia developed, the recipients exhibited a marked increase
in PD-1* MP cells, preferentially in the CD4" T cell population
(Fig. 44). The CD4* T cells from leukemic mice showed
significantly diminished TCR-mediated proliferation, specifi-
cally attributed to the defective response of PD-1* MP cells (Fig.
4B). Moreover, OPN secretion on TCR stimulation was far
greater in PD-1" MP CD4" T cells than in PD-1~ CD4* T cells,
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whereas the production of T cell lymphokines was compromised
(Fig. 4B). Similar results were obtained with an independent
leukemia cell line. Because PD-L1 was hardly or only marginally
expressed on these leukemia cells (Fig. S34), it does not appear
to be relevant to the effects. Spa-1~/~ mice, which spontaneously
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Fig. 3. Expression of Cebpa in regular CD4" T cells recapitulates the func-
tional features of PD-1* MP CD4* T cells. (A) Sorted PD-1~ and PD-1* CD44high
CD4™ T cells from aged mice were immunoblotted with the indicated anti-
bodies. (B) Sorted CD4" T cells from young mice were cultured with anti-CD3
plus anti-CD28 antibodies and infected with an empty (open columns) or
Cebpa-containing (solid columns) retrovirus (MIG) on day 1. GFP* T cells were
sorted on day 3 and assessed for transcripts of the indicated genes by gRT-PCR
(Upper). The cells were cultured in the presence of IL-2 for 2 more days and
pulsed with 3H-TdR (Lower). **P < .01; *P < .05.
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developed various leukemias (20, 21) also exhibited a remark-
able increase in PD-1* MP CD4* T cells after the development
of leukemia (Fig. S3B and C). DNA microarray cluster and
quantitative RT-PCR (qRT-PCR) analysis revealed highly co-
incided gene expression profiles between the PD-1" MP CD4*
T cells in leukemic and normal aged mice (Fig. 4C). Kinetic
analysis indicated that the proportions of PD-1* MP CD4* T
cells rapidly increased with the systemic spread of leukemia; this
was inversely correlated with the diminution of TCR-mediated
CD4" T cell proliferation (Fig. 4D).

Emergence of PD-1+ CD4* T MP Cells Is Correlated With Clonal T Cell
Immunodepression in Senescence and During Leukemia. Tg mice of
OVA-specific TCR (OT-II) at Rag2~/~ background developed
very few MP T cells and, accordingly, few PD-1* cells even at age
12 months (Fig. 54, Upper). The Rag2~/~ OT-II cells revealed no
diminution of, but rather exhibited an increase in, OVA-specific
proliferation compared with those from young mice (Fig. 54,
Lower). Similarly, OT-II/Rag2~/~ mice transplanted with BA-1
cells developed few PD-1* MP CD4* T cells, with no diminution
of OVA-specific T cell response, despite a massive leukemia
burden (Fig. 54). In contrast, aged OT-II Tg mice at a B6
background exhibited a marked increase in PD-1* MP CD4* T
cells, including Va2* OT-II T cells (Fig. 5B, Upper). Here PD-1~
OT-II T cells showed significant OV A-specific proliferation, but
PD-1* MP OT-II T cells showed no detectable proliferation

15810 | www.pnas.org/cgi/doi/10.1073/pnas.0908805106

(Fig. 5B, Lower). Transplantation of BA-1 cells in young OT-
I1I/B6 mice caused even more prominent increases in PD-1* MP
OT-II T cells, with a profoundly diminished OVA-specific
response (Fig. 5B). These results suggest that at the clonal level,
the generation of PD-1" cells occurs concomitantly with the
development and expansion of MP CD4* T cells, and that the
increased proliferation of PD-1" cells underlies T cell immu-
nodepression with age and during leukemia.

Discussion

Naturally arising MP CD4* T cells appear to be composed of
heterogeneous populations, only a fraction of which are functional
memory T cells (4). In this study, we have identified a distinct
population of MP CD4" T cells that constitutively expresses PD-1
and partially expresses CD121b and hardly proliferates or produces
typical T cell lymphokines on TCR stimulation in vitro. PD-1* MP
CD4* T cells have a severely impaired repopulation capacity in
Rag2™/~ mice, in which regular T cells exhibit a robust expansion
in response to exogenous antigens, particularly commensal bacteria
(13). Our results suggest that these T cells have a defective
antigen-specific response in vivo, although the possibility of a
selective susceptibility to host NK cells, as has been found in certain
CD4* T cells (22), remains to be examined. In contrast, PD-1* MP
CD4* T cells exhibit repopulation in irradiated B6 recipients
comparable to that of PD-1~ CD4" T cells, suggesting that these
cells respond to homeostatic cytokines. Thus, PD-1* CD4" T cells

Shimatani et al.
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indicated antibodies. The CD4* cells were sorted from each group and cul-
tured in the presence of irradiated B6 spleen cells with or without OVA for 3
days. *P < .01. (B) Identical experiments were performed in OT-1/B6 mice,
except that PD-1- (light-gray columns) and PD-1" (dark-gray columns)
CD44high CD4+ T cells were examined separately in the aged mice. *P < .05;
**P < .01.

may represent a unique MP cell population capable of homeostatic
proliferation with little contribution to antigen-specific immune
response based on the clonal expansion.

Importantly, PD-1* MP CD4" T cells steadily increase in
number with age in normal mice, becoming a predominant
population at the senescent stage. But despite this age-
dependent increase, analysis of SA-B-Gal expression argues
against the possibility that these cells simply represent a classic
cell senescence; rather, the generation of these cells is suggested
to be concomitant with the homeostatic proliferation of PD-1~
MP CD4* T cells. The generation of PD-1* MP CD4™" T cells
appears to be associated with a unique genetic reprogramming.
A notable molecular feature of these cells is the strong expres-
sion of C/EBPa, which is normally expressed in nonlymphoid
cells, including myeloid cells (15). C/EBPa exerts a potent
antiproliferative effect, either reversibly, by interacting with Cdk
inhibitors, or irreversibly, by repressing c-Myc (15, 23). In
agreement with this, forced expression of Cebpa in regular CD4*
T cells results in the loss of TCR-mediated proliferation capacity
with the repression of c-Myc and cyclin D1. It also induces
prominent activation of SppI while inhibiting T cell lymphokine
gene activation, although the role of endogenous C/EBP« in
natural PD-1* MP CD4" T cells remains to be confirmed.
Interestingly, artificial expression of Cebpa in thymic pre-T cells
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is reported to redirect their differentiation into myeloid cells
with the repression of T cell-specific genes (17). In this respect,
PD-1" MP CD4* T cells exhibit profound repression of Satbl,
a T cell-specific gene crucial to the development and function of
T cells (24, 25). Satb1~/~ T cells also are reported to show enhanced
Pdcd] expression (25); thus, the constitutive PD-1 expression may
be due in part to Satbl repression. Unlike in “exhausted” CD8* T
cells generated during chronic viral infection (26), our results
suggest no relevant involvement of PD-1 in the defective prolifer-
ation of PD-1* MP CD4* T cells; however, other possible effects
of PD-1 ligated by PD-L remain to be investigated.

PD-1* MP CD4" T cells with equivalent genetic and func-
tional features to those in senescence are robustly increased
during leukemia, suggesting that the senescence-related cellular
and genetic changes in CD4" T cells are rapidly accelerated in
malignancy. Human patients with leukemia often exhibit pro-
found T cell immunodepression; a recent report indicates that
this may be due in part to the changes in the gene expression of
T cells on interaction with leukemia cells (27). Intriguingly,
OT-II Rag2~/~ mice hardly developed PD-1* MP CD4* T cells,
and these mice maintained OVA-specific responsiveness with
age and during leukemia. In contrast, OT-II B6 mice exhibited
a marked increase in the PD-1" MP cell population similar to
normal B6 mice in both conditions, resulting in profoundly
diminished OVA responsiveness. The reason for this difference
remains to be investigated; it may be that endogenous TCRs
expressed on B6 OT-II T cells are required for the development
of PD-1" MP cells. Nonetheless, our results indicate that the
increase in PD-1* MP cell proportion is directly associated with
the progression of CD4" T cell immunodepression in senescence
and during leukemia.

OPN is a potent proinflammatory cytokine produced by many
cell types, including macrophages, dendritic cells, and activated Th1
cells, that plays a significant role in inflammatory diseases (28, 29).
Our results suggest that PD-1* MP CD4" T cells also may serve as
a potent OPN producer, either spontaneously or inductively via
TCR stimulation. The OPN production by these T cells seems to be
controlled by C/EBPa, whereas that by Thl cells is under the
regulation of T-bet (30). Recently, T cell-intrinsic OPN was re-
ported to function as an autocrine prosurvival factor for CD4" T
cellsin vivo (31); thus, OPN also may contribute to the maintenance
of PD-1* MP CD4" T cells in vivo. In addition, OPN may affect the
growth and invasion of malignant cells, directly or indirectly, by
recruiting host inflammatory cells (32, 33). As such, these T cells
may contribute to a proinflammatory trait in the elderly, as well as
tumor progression. Manipulation of PD-1* MP CD4" T cells may
provide an avenue for restoring the adverse immune traits in
senescence and malignancy.

Materials and Methods

See Sl Text for details on the materials and methods used in this study.

Mice. The C57BL/6 (B6), B6 (CD45.1), Rag2~/~, SPA-1~/=, PD-1~/~, and OT-II Tg
mice, all at B6 background, were maintained in specific pathogen-free con-
ditions at Kyoto University’s Laboratory Animals Center in accordance with
University guidelines.

Flow Cytometry and Cell Culture. Multicolor flow cytometric analysis and cell
sorting were performed with FACSCalibur and FACSAria (BD Biosciences). Cell
proliferation was assessed by the incorporation of 3H-thymidine, and cyto-
kines were measured by ELISA.

Cell Transfers. Purified CD4" T cell subpopulations were injected intravenously
into Rag2~/~ or y-ray (6 Gy)-irradiated B6 (CD45.1) mice (3 X 10° cells/fhead).
BA-1 leukemia cells were transplanted intravenously into normal B6 mice
(1~5 X 106 cells/head).

gRT-PCR Analysis. gRT-PCR was performed with LightCycler SYBR Green |
marker kit on a LightCycler instrument (Roche).

PNAS | September 15,2009 | vol. 106 | no.37 | 15811

IMMUNOLOGY


http://www.pnas.org/cgi/data/0908805106/DCSupplemental/Supplemental_PDF#nameddest=STXT

Lo L

P

1\

BN AS PN AN D

SA-B-Gal Staining. T cells were plated on polyL-lysine-coated cover slips, fixed
with glutaraldehyde (0.5% in PBS), washed with Mg2*-containing PBS, and
stained with X-Gal in PBS containing KzFe(CN)s, KsFe(CN)s, and Mg2*.

Gene Transduction. Cebpa cDNA, provided by Dr. lwama (Tsukuba University),
was subcloned into retroviral plasmid (pMCs IRES GFP; pMIG), provided by Dr.
Kitamura, University of Tokyo. Recombinant retrovirus was produced in Plat-E
packaging cells.

DNA Microarray and Clustering Analysis. Comprehensive DNA microarray
analysis was performed with 3D-Gene (Toray Industries). Microarrays were
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scanned with the ScanArray Lite Scanner (Perkin-Elmer) and analyzed using
Cluster 3.0.

Statistical Analysis. All statistical analyses were performed using the 2-tailed
Student t test.
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