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Abstract

Memory phenotype CD4 T cells are found in normal mice and arise through response to en-
vironmental antigens or homeostatic mechanisms. The factors that regulate the homeosta-
sis of memory phenotype CD4 cells are not clear. In the present study we demonstrate that
there is a marked accumulation of memory phenotype CD4 cells, specifically of the effector
memory (Tegm) phenotype, in lymphoid organs and tissues of mice deficient for the negative
co-stimulatory receptor programmed death 1 (PD-1). This can be correlated with decreased
apoptosis but not with enhanced homeostatic turnover potential of these cells. PD-1 abla-
tion increased the frequency of memory phenotype CD4 IFN-y producers but decreased the
respective frequency of IL-17A-producing cells. In particular, IFN-y producers were more
abundant but IL-17A producing cells were more scarce among PD-1 KO Tgy-phenotype
cells relative to WT. Transfer of peripheral naive CD4 T cells suggested that accumulated
PD-1 KO Tgum-phenotype cells are of peripheral and not of thymic origin. This accumulation
effect was mediated by CD4 cell-intrinsic mechanisms as shown by mixed bone marrow chi-
mera experiments. Naive PD-1 KO CD4 T cells gave rise to higher numbers of Tgy-pheno-
type lymphopenia-induced proliferation memory cells. In conclusion, we provide evidence
that PD-1 has an important role in determining the composition and functional aspects of
memory phenotype CD4 T cell pool.

Introduction

When naive T cells encounter antigen in a specific manner, they react and mount an immune
response which involves multiple rounds of proliferation and production of effector T cells.
Only a small fraction of the responding cells survive to form memory T cells which are typically
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CD44" [1]. However, relatively large numbers of CD44" T cells are found in normal, unimmu-
nized mice and have been termed “memory phenotype” (MP) T cells [1].

The mechanisms governing generation and maintenance of MP cells are mostly unclear
mainly due to their heterogeneity. The fact that MP cells increase with age [1] supported the
idea that it is the encounter with environmental antigens—innocuous and pathogenic- that
drives their generation. However that cannot explain their existence in germ free mice [2].
Moreover, there seems to be a different etiology for CD8 and CD4 T cells, when considering
MP differentiation. In particular, homeostatic proliferation has been suggested to drive differ-
entiation of MP CD8 T cells in mice [3] whereas, cross- reactivity with environmental antigens
is proposed to drive generation of virus-specific MP CD4 T cells in virus-unexposed humans
[4]. CD44™ T cells with MP cell properties can also arise after transfer of naive T cells to lym-
phopenic recipients through a process termed lymphopenia-induced proliferation (LIP) during
which the naive cells change in their phenotype and function to resemble memory cells [5].

True antigen-specific memory and MP CD8 and CD4 T cells are broadly divided to two
subsets, central memory (Tcy) and effector memory (Tgy) [6]. Although memory T cell cate-
gorization has since been expanded, the Ty /Tgym dichotomy seems to be most useful in de-
scribing memory T cell properties [7]. Tgp cells are phenotypically characterized as
CD44"CD62L' and are preferentially situated in spleen, bone marrow and tissues, whereas
Tewm cells are CD44"CD62L™ cells that preferably locate to lymph nodes [6]. However, in mice
the T subset accounts for only a small fraction of MP CD4 T cells [8,9]. CD4 Tgy, cells have
been recently involved in contributing to autoimmune diseases such as experimental autoim-
mune encephalomyelitis in mice, autoimmune diabetes, rheumatoid arthritis and systemic
lupus erythematosus, although the antigen specificity of these cells is not clearly defined [10].

T cell co-stimulation is an important factor in determining MP CD4 T cell differentiation
and balance between Ty and Ty subsets [11,12]. PD-1 is a negative co-stimulatory molecule
of the CD28/CTLA-4 family which negatively regulates TCR signaling when engaged by one of
its ligands, PD-ligand 1 and PD-ligand 2 [13,14]. PD-1 has a well established role in induction
and maintenance of peripheral T cell tolerance as well as in host response against acute and
chronic infections [13,15]. PD-1 is expressed in MP cells, especially on CD4 cells and predomi-
nantly in the Ty subset [16,17]. We recently showed that PD-1 inhibits accumulation of func-
tional CD8 Ty cells in lymphoid organs and tissues, in a cell-intrinsic manner [18].

This prompted us to investigate the role of PD-1 in homeostasis of MP CD4 T cells. Our re-
sults indicate that PD-1 intrinsically regulates the number of MP CD4 T cells, and especially
the Ty subset most likely by promoting their apoptosis. PD-1 KO MP CD4 T cells were po-
tent IFN-v, but relatively poor IL-17A, producers. Interestingly, PD-1 also inhibits differentia-
tion of LIP-memory CD4 T cells towards the Tgy-phenotype.

Material and Methods

Mice

PD-1 KO [19], hCD2- GFP-transgenic mice (GFP) [20], hCD2-DsRed-transgenic mice
(DsRed) [21], have been previously described. All mice were backcrossed to the C57BL/10
background for 10 generations. C57BL/10 (referred to as wild type, WT) and C57BL/10.PD-
1-deficient mice (PD-1 KO) were used in the present study. Mice were maintained in the Insti-
tute of Molecular Biology and Biotechnology (IMBB) colony. All experiments were approved

by the General Directorate of Veterinary Services, Region Crete (permit numbers: EL 91BIO-
02, EL91-BIOexp-02). All efforts were undertaken to minimize animal suffering.
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Flow cytometry

Cells from spleen, thymus, lymph nodes and blood were prepared for flow cytometry as previ-
ously described [22]. The following antibodies, as well as Annexin V-FITC and propidium io-
dide (PI), were purchased from BD Pharmigen ™. rat anti-CD4-APC (GK1.5), rat anti-CD4-
PerCP (GK 1.5), rat anti-CD8b-APC (eBioH35-17.2),Armenian hamster anti-CD69-PE
(H1.2F3), rat anti-CD62L-PE (MEL-14), rat anti-CD62L-PE-Cy7 (MEL-14), rat anti-
CD62L-FITC (MEL-14), rat anti-CD44-PerCP-Cy5 (YM7), anti-CD44-PE, rat anti-CD25-PE
(PC61), rat anti-IFN-y-PE (XMG 1.2), rat anti-IL-2-PE (JE56-5H4), rat anti-TNF-a-PE
(MP6-XT22). (J). Rat anti-IL-17A-PE (TC11-18H10.1) and rat anti-PD-1-APC (29F.1A12)
was purchased by BioLegend. Rat anti-CD127-PE (A7R34), rat anti-Ki-67-PE (SOIA15), and
mouse anti BrdU (5-bromo-2'-deoxyuridine)-APC (3D4) were from eBioscience. All antibod-
ies were used according to the manufacturer’s instructions. Acquisition was carried out on a
FACSCalibur or Dako Cytomation MoFlo (for five color-analysis) and data were analyzed with
WinMDI or FlowJo software. Analysis was confined to live cells as judged by forward and side
scatter (FSC-SSC) and occasionally evaluated by PI staining. The significance of all data was
evaluated using Origin software. Student’s t-test was used in all cases except one case where
Mann-Whitney test was utilized and it is explicitly stated in the corresponding figure legend.
Where significant, p values are shown.

BrdU incorporation and Ki-67 analysis

7 mo old PD-1 KO and WT mice were fed daily with 0.8 mg/ml of BrdU (Sigma) for one week.
On day 7 the mice were sacrificed and splenocytes were stained as above. For BrdU analysis,
cells were treated as previously described [23]. Briefly, cells were treated with FACS Lysing So-
lution (BD Biosciences), followed by overnight fixation in 1% paraformaldehyde containing so-
lution. Cellular DNA was then denatured with 50 Kunitz units of DNase I (Sigma) before being
stained with anti-BrdU (BD Biosciences). For Ki-67 analysis 7 mo mice were sacrificed and
splenocytes were stained as above. Cells were then treated for 15 min with FACS Lysing Solu-
tion, followed by fixation at 4°C in 1% paraformaldehyde and 0.05% Nonidet-P40 for 30 min.
Cells were then blocked with mouse Fcy receptor (CD16/CD32, BD Biosciences) for 15 min,
and then immediately stained with Ki-67 for 30 min at 4°C. Cells were then analyzed by

flow cytometry.

Isolation of lymphocytes from liver and lung

Mice were sacrificed and perfused via the left ventricle with 20 ml ice-cold PBS. Tissues were
then teased over a filter. For lungs, Lympholyte-M (Cedarlane labs, CL5031) was used accord-
ing to manufacturer’s instructions. Cell suspensions from livers were spun at 550g. The cell pel-
let was resuspended in RPMI and overlaid onto 33% (v/v) Percoll solution (Sigma) followed by
centrifugation at 800 g for 30 min. Remaining cells after aspiration were washed twice with
RPMI by centrifugation at 800 g for 5 min at 4 ° C. Subsequent removal of red blood cells was
performed by water lysis.

In vivo or in vitro stimulation and intracellular cytokine staining

For cytokine production, splenocytes were incubated for 4 h in the presence of GolgiPlug (BD
Biosciences) or Monensin (BioLegend) and 50 ng/ml of phorbol 12-myristate 13-acetate
(PMA) and 500 ng/ml of ionomycin (both Sigma-Aldrich) or untreated. For all experiments,
culture medium was RPMI 1640 (Biosera) supplemented with 10% FBS, 10 mM HEPES,

100 u/ml penicillin-streptomycin, 2 mM L-glutamine, 50 uM 2-ME. Cells were washed and
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stained for surface markers, as previously described. Then, cells were fixed and rendered per-
meable by using the Cytofix/Cytoperm Kit (BD Biosciences) according to manufacturer’s in-
structions, and subsequently stained for intracellular cytokines and analyzed by

flow cytometry.

Transfer of sorted CD4* T cell subsets

CDA4" T cells were purified from spleen with MACS magnetic beads separation system (Milte-
nyi Biotec) according to manufacturer’s instructions. Purified (CD4" GFP™ T cells were stained
with anti-CD4-APC, anti- CD44 PerCP-Cy5 and anti-CD62L-PE for the purification of Try
(CD4*CD44MCD62L'°) or naive cells (CD4*CD44'°) and sorted by Dako Cytomation MoFlo

T High-Performance Cell Sorter (purity was consistently >95%). 1.5x10° cells were then adop-
tively transferred into WT and PD-1 KO mice. Cell fate was analyzed after 32 or 64 d on the
basis of CD62L and CD44 expression on donor-derived GFP"CD4" cells. In the case of LIP
experiments, 10° purified naive CD4" cells were injected and recipients were sub-lethally

(450 rads) irradiated WT mice.

Generation of mixed bone marrow chimeras

Bone marrow was obtained from femurs of GFP-transgenic and PD-1 KO mice; mature T cells
were first depleted by the use of mouse anti-CD90.2 (clone: 30-H12, BD Biosciences) plus com-
plement (Cedarlane Labs), according to manufacturer’s instructions. Contamination of bone
marrow cells with mature T cells was less than 0.1%. A mixture of 10’ WT and PD-1 KO bone
marrow cells at a 1:1 ratio was injected intravenously into DsRed mice lethally irradiated with
950 rads. Chimeras were analyzed after 8 weeks.

Results

MP CD4 T cells accumulate in lymphoid organs and tissues of PD-1 KO
mice and the majority of them are of a Tgy-phenotype

In order to investigate whether the MP CD4 population was affected in the absence of PD-1,
we analyzed splenocytes from WT and PD-1 KO mice for the expression of CD4, and CD44 as
a marker for MP T cells. As expected, the absolute number of MP CD4 T cells was found to be
increased with age, both for WT and PD-1 KO spleens (Fig. 1A). Comparison between WT
and PD-1 KO mice revealed significantly higher numbers of CD4*CD44™ (MP) cells in spleens
of either young or middle-aged PD-1 KO mice (Fig. 1A). It should be mentioned that in the
above experiments, the total number of CD4 T cells in PD-1 KO spleens was also increased
(Fig. 1B).

Next, we wanted to examine the contribution of naive, Tgy; and Ty subsets to the CD4 T
cell pool. By including CD62L in our analysis, we found a much higher proportion of
CD44MCD62L' cells (Tgy) within the CD4™ cell compartment of PD-1 KO mice with a paral-
lel decrease of naive CD4 T cells proportion (Fig. 1C). When we analyzed total cell numbers
for each subset we found that the only statistically significant difference was the pronounced
accumulation of CD4 Ty, cells in PD-1 KO compared to WT (~ 2.5-fold) spleens, in young
and middle-aged mice (Fig. 1D).

The CD44" CD4" compartment contains regulatory T cells as well. The proportion of
CD25" cells (which is a marker of Tregs) on CD4" PD-1 KO cells was similar with WT cells
(Fig. 1E). Moreover CD4" Tgy, cells from WT or PD-1 KO mice contained similar percentages
of CD25" cells (Fig. 1F). This indicates that increased numbers of CD4" Ty, cells found in
PD-1 KO mice are not attributed to a possible abnormal Treg population.
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Fig 1. Increased numbers of CD4" Tem-phenotype cells in spleen of PD-1 KO mice. Young (2-4 mo old) or middle-aged (7—14 mo old) mice were
sacrificed and spleen cell suspensions were analyzed by flow cytometry. A, Graphs depicted average total CD4*CD44" spleen cell numbers of WT and PD-1
KO mice. Bars indicate mean values with error bars showing SD. B, Total CD4* spleen cell numbers of WT and PD-1 KO mice at the indicated age groups.
Bars indicate mean values with error bars showing SD. C,CD4* splenocytes cells were further categorized phenotypically into naive (CD44'°CD62L"), Tey-
(CD44"MCD62L™), and Tew-phenotype (CD44™ CD62L'°) in spleen of middle-aged mice. Representative dot plots from middle-aged mice are shown with
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percentages of cell subsets in each region. D, Total numbers of naive, Tgy and Tey-phenotype CD4* cells with error bars indicating the SD. Results are
representative of 3 individual experiments with at least 3 mice per group. Splenocytes from PD-1 KO and WT mice were also analyzed for CD25 expression.
E, Representative dot plots show expression of CD25 gated on CD4" cells. F, Representative dot plots show expression of CD25 and CD44 gated on Tgy
(CD4*CD44 "CD62L")-phenotype cells. Numbers indicate percentages. Results are representative of three experiments with at least two mice per group.

doi:10.1371/journal.pone.0119200.9001

It could be possible that the observed accumulation was due to some alteration in the migra-
tory properties of CD4 Ty cells since PD-1 has been shown to affect T cell adhesion and po-
tential migration [24]. Moreover, Tgy cells preferentially migrate to tissues and spleen and not
in lymph nodes. Examination of PD-1 KO mesenteric lymph nodes for CD4 Ty, cells revealed
pronounced accumulation of these cells compared to WT mice (Fig. 2A and B), similarly to
that observed in the spleen. The same degree of increased accumulation of PD-1 KO CD4 Tgy
cells was observed in liver and bone marrow and also in blood. Notably, in a bone marrow a
significant increase of T'cy cells was also observed. Although higher accumulation of PD-1KO
CD4 Ty cells was not consistently observed in lung and peritoneal cavity, there was no single
tissue or lymphoid organ that PD-1 KO Ty, cells were less than the WT (Fig. 2A and B).

The above results show that there is accumulation of MP CD4 T cells in lymphoid organs
and some tissues of PD-1 KO mice. This is mainly due to expansion of the Tgy; subset which
cannot be attributed to dysregulated T cell migration.

CD4 Tem-phenotype cells from WT and PD-1 KO mice differ in effector
cytokine expression and surface markers

We analyzed PD-1 expression on naive, Ty and Tgy CD4 cells. No PD-1 expression was ob-
served on WT naive cells, while its expression was more prominent on CD4 Ty, cells

(Fig. 3A). This is in agreement with previous observations in C57BL/6 mice [25]. Approximate-
ly 20% of CD4 Tgy cells express PD-1 on their surface (Fig. 3B).

In line with the observation regarding Tgy cell accumulation we phenotypically character-
ized CD4 Ty cells from WT and PD-1 KO mice. IL-7 is an important survival factor for mem-
ory CD4 T cells [26] and expression of its receptor allows cells to utilize the cytokine. Analysis
on WT and PD-1 KO CD4 Tgy cells revealed that PD-1 KO CD4 Tgy; cells express slightly,
but significantly, lower levels of surface IL-7Ro (CD127) (Fig. 3C and D). Five color analysis re-
vealed that the PD-1-ve fraction of WT CD4 T, cells expressed higher levels of IL-7Ra com-
pared to PD-1 +ve cells (Fig. 3E and F). CD69 is an early activation marker for T cells and its
expression is associated with the generation and maintenance of antigen-specific memory CD4
T cells [27], and also CD69 inhibits CD4 cell egression from lymphoid organs to the tissues
[28]. A smaller percentage of PD-1 KO CD4 Tgy;-phenotype cells are CD69" compared to WT
counterparts (Fig. 3C and D). However the relevance of this is not clear, since CD4-Tgy; phe-
notype cell numbers in PD-1 KO lymphoid organs are higher than WT. Five color analysis
showed that a larger proportion of PD-1 +ve WT CD4 Ty cells expressed CD69 when com-
pared to PD-1-ve counterparts (Fig. 3E and F).

Decreased IL-7Ra and increased CD69 expression is consistent with previous findings in
PD-1" CD4 cells from C57BL/6 mice [29]. Memory phenotype CD4 T cells have typical prop-
erties of memory cells including rapid production of IFN-vy [4] or IL-17A [30]. Production of
these cytokines is considered as a hallmark of their function and is related to the commitment
of CD4 T cells upon differentiation to Th1 or Th17 lineages respectively [31]. To assess wheth-
er the lack of PD-1 during the differentiation and/or reactivation period perturbed the ability
of MP CD4 T cells to produce effector cytokines, we briefly challenged splenocytes with PMA
and ionomycin ex vivo, and assayed for intracellular IFN-y and IL-17A production by MP CD4
cells. For both WT and PD-1 KO mice IL-17A* cells were more abundant among CD4*CD44™
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Fig 2. Increased numbers of Tem-phenotype CD4"* cells in lymphoid and non-lymphoid tissues of PD-1 KO mice. 9 mo old WT and PD-1 KO mice
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doi:10.1371/journal.pone.0119200.g002

PLOS ONE | DOI:10.1371/journal.pone.0119200 March 24, 2015 7120



@‘PLOS | ONE

Modulation of Memory Phenotype CD4 T Cell Subsets

Naive

TCM

TEM

WT

PD-1

PD-1 KO

MFI 77

MFI 65

\ 4

42%

26%

WT PD-1-ve WT PD-1+ve PD-1KO

CD127 MFI on Tg, cells

% CDB9* Tgy, cells

MFI1 41

MFI 27

- MFI 31

V.

CD127

WT PD-1—ve WT PD-1+ve PD-1KO

0,

0,

33%

>
Cdd

CD69

100
80
60
40
20

60%
50%
40%
30%
20%
10%

0%

CD127 MFI on Tgy, cells

% CD69* Tgy, cells

PD-1

WT PD-1 KO

WT  PD-1 KO

50
40
30
20
10

60
50
40
30
20
10

0

0.00004

7]

WTPD-1-ve. WT PD-1 +ve  PD-1 KO

0.000005

A N

WTPD-1-ve WTPD-1+ve PD-1KO

Fig 3. Phenotypic analysis of MP and Tem CD4 cells from WT and PD-1 KO mice. Splenocytes from 7—9 mo old PD-1 KO and WT mice were analyzed by
flow cytometry. A, Representative histograms show expression of PD-1 gated on CD4 T cells subsets (shaded histogram: PD-1 KO, thick line: WT). Data are
representative of 2 individual experiments (n = 7). B, Representative dot blots depict PD-1 expression on CD4 Tgy, cells, number indicate percentages in
region. C, Representative dot plots show expression of CD127 and CD69 gated on Tgy (CD4*CD44"CD62L'"°)-phenotype cells. D, Graphs depict averages

PLOS ONE | DOI:10.1371/journal.pone.0119200 March 24, 2015

8/20



@’PLOS | ONE

Modulation of Memory Phenotype CD4 T Cell Subsets

of mean fluorescence intensity (MFI) for CD127 expression (upper panel) and percentage of CD69" cells (lower panel) on Tgy-phenotype (CD44hiCD62L'°)
CD4" cells. Data represent 2 individual experiments with 3 or 4 mice per group. E, Representative histograms illustrate expression of CD127 (upper panels)
and CD69 (lower panels) gated on WT PD-1 negative (-ve), PD-1 positive (+ve) and PD-1 KO Tgy-phenotype cells. F, Graphs depict averages of mean
fluorescence intensity (MFI) for CD127 expression (upper panel) and percentage of CD69" cells (lower panel) on WT PD-1 negative (-ve), PD-1 positive
(+ve) and PD-1 KO Tgy-phenotype CD4* T cells. Error bars indicate SD. Data represent 2 individual experiments with 3 or 4 mice per group.

doi:10.1371/journal.pone.0119200.9003

(MP) cells from mesenteric LNs compared to spleen, whereas [FN-y" cells were more abundant
in the spleen (Fig. 4A and B). Importantly, these experiments showed that a significantly higher
proportion of MP CD4 PD-1 KO cells was able to produce IFN-y compared to WT in spleen
and to a lesser extent in mesenteric LNs (Fig. 4A and B). Conversely, a much lower proportion
of IL-17A" cells was identified among PD-1 KO MP CD4 T cells (Fig. 4A and B). No significant
difference was found in the proportion of WT and PD-1 KO MP CD4 T cells that were able to
produce IL-2 and TNF-a. (S1 Fig.).

Reciprocal regulation of IFN-y and IL-17A production by PD-1 was also evident when we chal-
lenged purified (CD4"CD44"CD62'°) WT and PD-1 KO CD4 Tgy, cells ex vivo. Specifically, a
higher proportion of PD-1 KO CD4 Ty, cells was able to produce IFN-y while a smaller percent-
age of these cells was able to produce IL-17A when compared to WT counterparts (Fig. 4C and D).

Interestingly, in a separate set of experiments, we found that among WT Tgy; cells, the puri-
fied PD-1 +ve fraction bore more IFN-y" cells relative to the PD-1-ve fraction, indicating that
in these particular settings PD-1 expression was not correlated with an “exhausted” phenotype.
No significant differences in IL-17A production was observed between the two fractions
(Fig. 4E and F).

Opverall, these results indicate that PD-1 regulates the differentiation of CD4 T cells to mem-
ory phenotype cells, and particularly Ty, cells, capable of producing IFN-y and/or IL-17A.

Reduced apoptosis but not increased homeostatic proliferation can
account for the accumulation of PD-1 KO CD4 Tgy-phenotype cells

MP CD4 T cells differentiate from naive cells through homeostatic proliferation in response to
self-ligands [1], or through reactivity against environmental antigens [4] although in mice the lat-
ter mechanism is disputable [32]. It is possible that PD-1 mutation affected the Tgy; subset per se
and is not involved in above mentioned differentiation towards Tgy; cells. In that case, PD-1 KO
Tgm cells would exhibit increased survival potential and/or increased proliferation rates.

Upon analyzing Annexin V-binding on freshly isolated splenocytes we found a smaller per-
centage of Annexin” cells among PD-1 KO CD4 Tgy-phenotype cells in comparison to WT
counterparts (Fig. 5A). For analysis of in vivo proliferation, we assessed Ki-67 expression and
we found no differences in CD4 Tgy;-phenotype cells between WT and PD1 KO group
(Fig. 5B). We also analyzed BrdU incorporation in Tgy cells after feeding to mice and no con-
sistent difference was found (Fig. 5C).

These results indicate that decreased apoptosis, but not increased proliferation, can account -at
least partly- for the accumulation of CD4 Tgy;-phenotype cells in PD-1 KO mice.

PD-1 KO CD4 Tgu-phenotype cells differentiate from peripheral naive
CD4 T cells

Normally, CD44™CD62L' CD4 T cells are considered effector-memory phenotype cells of pe-
ripheral origin i.e. their progenitors had been peripheral naive CD4 T cells. However, under
certain circumstances, CD44™CD62L' CD4 T cells may have a thymic origin [33]. We aimed
to investigate the possibility whether PD-1 mutation promotes accumulation of thymus-de-
rived CD44"CD62L'° CD4 T cells, by transferring purified GFP.WT or GFP.PD-1 KO CD4*
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Fig 4. Functional analysis of MP and Tem CD4 cells from WT and PD-1 KO mice. A, Cells from spleens and mesenteric lymph nodes of 7 mo old PD-1 KO
and WT mice were analyzed by flow cytometry, after brief ex vivo stimulation with PMA and ionomycin. Representative dot plots of IFN-y and IL-17A
producing cells gated on CD4* CD44" cells. B, Graphs depict average percentages of IFN-y and IL-17A producing CD4*CD44" cells from spleen and
mesenteric lymph nodes. Error bars indicate SD. Data represent 2 individual experiments with 4 mice per group. C, Representative dot plots of IFN-y and IL-
17A production by purified CD4 Tgy, (CD4*CD44MCD62L'°)-phenotype cells. D, Graphs illustrate average percentages of IFN-y and IL-17A production as in
C. Error bars indicate SD. Data represent two individual experiments with eight pooled spleens per group. E, Representative dot plots of IFN-y (upper panel)
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and IL-17A (lower panel) production by purified PD-1 negative (-ve) and PD-1 positive (+ve) CD4 Tgy-phenotype cells. F, Graphs illustrate average
percentages of IFN-y and IL-17A production as in E.

doi:10.1371/journal.pone.0119200.9004

peripheral naive cells to normal WT or PD-1 KO hosts, respectively. Moreover, in these set-
tings we would be able to monitor the rise of CD4 Ty, cells with progression of time. After
32 days, a small percentage of GFP.WT CD4 donor-derived cells belonged to the Tgy, subset
(with an average of 5,05%) while the respective frequency of GFP.PD-1 KO Tgy, cells was
higher (with an average of 22,6%) (Fig. 6A, upper panel, and 6B, first and second columns) but
with substantial variability among mice. As time progressed (65 days) the frequency of GFP.
WT CD4 Tgy cells rose to an average of 14.7% where GFP.PD-1 KO counterparts rose to
30,6% (Fig. 6A, lower panel, and 6B, third and fourth columns). Calculation of total recovered
Tem-cells at both time points revealed a significantly higher number of GFP* CD4 Tgy, cells
when donors and acceptors were PD-1 KO (Fig. 6C). No significant difference was observed
between WT and PD-1 KO mice regarding numbers of naive or Ty GFP.CD4 cells (not
shown). However, from these experiments we do not have evidence whether Ty, cells increase
at the expense of other subsets, due to variability in cell recovery among mice. Notably, reduced
cell death of PD-1 KO Tgy cells that we described in Fig. 5A remains a valid explanation.
Nonetheless, these results strongly indicate that CDh44"cDe21%° (Tgm-phenotype) cells ac-
cumulating in PD-1 KO mice differentiate from peripheral naive CD4 T cells and they are not
solely of thymic origin.

Absence of PD-1 favors differentiation of CD4 Tgy cells through
lymphopenia-induced proliferation

CD4 T lymphocytes with a phenotype similar to MP cells can arise through lymphopenia-in-
duced-proliferation (LIP-memory cells) [34] and co-stimulatory molecules have been shown to
interfere with this process [35]. To examine the possibility that PD-1 deficiency regulates dif-
ferentiation of LIP-memory CD4 T cells, we transferred purified peripheral naive GFP.WT or
GFP.PD-1 KO CD4 cells to sublethally irradiated WT recipients. We monitored the emergence
of LIP-memory cells with time in recipients by analyzing blood samples at certain time points.
At the earliest time point (Day 4), only few CD44" LIP-memory cells have been formed and,
among them, practically no donor-derived Tgy- phenotype cells were found (Fig. 7A). On Day
8 about 9% WT donor-derived GFP*CD4" cells had a Tgy-phenotype whereas almost 30% of
PD-1 KO derived GFP*CD4" cells had differentiated to Tgy, cells (Fig. 7A and B). On Day 12,
CD4 Tgym-phenotype cells from PD-1 KO donors had already outnumbered naive cells whereas
the dominant fraction of WT-derived cells still had a naive phenotype (Fig. 7A). On Day 20,
both WT- and PD-1 KO-derived cells were mostly Try-phenotype, but the proportion of Tg-
phenotype cells was consistently higher when donor cells were of PD-1 KO origin (Fig. 7A and
B). We also calculated the percentage of CD4 Tgy-phenotype cells within blood lymphocyte
gate (which reflects their total number) and we found that on Days 8, 12, and 20 the frequency
of PD-1 KO CD4 Tgy cells within lymphocyte gate was 3-5 times higher as compared to the
frequency of their WT counterparts (Fig. 7C).

Similar findings at Day 20 were observed in spleen, where analysis revealed that the total
numbers of CD4 Ty LIP-memory cells were significantly higher in the spleens of mice which
had received PD-1 KO naive cells (Fig. 7D and E).

These results show that PD-1 negatively regulates the formation of Tgy-phenotype from
naive CD4 cells through lymphopenia-induced proliferation.
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Fig 5. Analysis of apoptosis and homeostatic proliferation on Tem-phenotype cells. Splenocytes from 7
mo old PD-1 KO and WT mice were analyzed for Annexin V binding, Ki-67 expression and BrdU
incorporation. A, Mean percentages of Annexin V* cells among Tem-phenotype CD4 cells, gated on live cells
as confirmed by propidium iodide staining. B, Mean percentages of Ki-67* and C, BrdU* cells among Teym-
phenotype CD4 cells. Data represent 2 individual experiments with 4 mice per group. Error bars indicate SD.

doi:10.1371/journal.pone.0119200.9005

Cell-intrinsic mechanisms account for the accumulation of PD-1 KO CD4
Tem-phenotype cells

To determine whether accumulation of CD4 Ty, cells in PD-1 KO mice is cell intrinsic, we
performed mixed bone marrow chimera transplantation experiments. In particular, we trans-
ferred mixtures consisting of equal numbers of WT and GFP.PD-1 KO bone marrow cells to
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Fig 6. Fate of naive WT and PD-1 KO CD4"* cells transferred into WT and PD-1 KO mice. GFP*CD4*CD44" cells from spleens of 4 mo old WT or PD-1
KO mice were purified by FACS sorting. Cells were then adoptively transferred into WT or PD-1 KO mice respectively. On Day 32 or 65, mice were sacrificed
and spleens were analyzed.A, GFP+donor-derived cells were analyzed for CD4, CD44 and CD62L expression and representative dot plots are shown. B.
Graphs display the mean percentage of Tey-phenotype cells as in A. C, Graphs depict total numbers of GFP* Ty CD4* T cell found in host spleens at each
time point. Data are representative of 3 individual experiments (n = 9). Error bars indicate SD. Statistical significance was evaluated with Mann-Whitney test.

doi:10.1371/journal.pone.0119200.g006
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Fig 7. LIP of PD-1 KO naive CD4 T cells promote Tem-phenotype cell differentiation. Naive CD4*GFP* CD44" cells from spleens of 2—4 mo old PD-1 KO
and WT mice were isolated by FACS sorting. Purified cells were then adoptively transferred into sublethally irradiated WT mice. A, GFP* CD4" cells in hosts’
blood were examined for the expression of CD4, CD44 and CD62L on days 4, 8 and 12 and 20. Numbers indicate percentages in each region. Data are
representative of 2 experiments with 3 mice per group. B, Graph diplays the average percentage of Tgy-phenotype cells within donor-derived CD4*GFP*
cells in blood at various time points as in A. Error bars indicate SD. C, Frequency of donor-derived Tgy (CD4*CD44MCD62L'°)-phenotype cells within
lymphocyte gates at various time points in blood of recipient mice (* = 0.001, ** = 0.02, *** = 0.0007). D, On Day 20, mice were sacrificed and spleens were
analyzed as in A. Numbers indicate percentages in each region. E, Total numbers of donor-derived GFP* CD4 T cell subsets found in spleens of host mice.
Error bars indicate SD. Plots are representative of 3 individual experiments. (WT, n=11; PD-1 KO, n=10).

doi:10.1371/journal.pone.0119200.g007

lethally irradiated DsRed.WT recipients. After 8 weeks, thymi, spleens, and lymph nodes were
analyzed for GFP, DsRed, CD4, CD44, and CD62L expression. Flow cytometric analysis re-
vealed a similar representation of WT (GFP") and PD-1 KO (GFP™) cells among CD4 SP thy-
mocytes (Fig. 8A). This indicated that the PD-1 mutation does not confer any obvious
advantage or disadvantage to developing CD4 T cells. Interestingly, in both spleens and mesen-
teric lymph nodes, as shown in Fig. 8B and C a substantially higher percentage of Tgy-pheno-
type cells was found among CD4 T cells of GFP. PD-1 KO origin compared to WT (GFP"),
similar to what we observed in normal PD-1 KO mice (Fig. 1C). This was also reflected in the
significantly higher numbers of PD-1 Tgy;-phenotype cells recovered from spleen of recipient
mice (Fig. 8D). The fact that both WT and PD-1 KO cells developed in the same environmental
cues strongly indicates that the reason for accumulation of PD-1 KO Tgy cells is cell intrinsic.

Discussion

In this study we demonstrated that the absence of PD-1 expression leads to accumulation of
MP CD4 T cells and specifically Tgy-phenotype cells. This was prominent in spleen, lymph
node and some of the organs examined. In none of the tissues of PD-1 KO mice examined did
we find less CD4 Ty cells, as compared to WT mice, which supports the hypothesis that the
effect is not related to a consistent, global alteration of migration patterns of MP CD4 cells due
to lack of PD-1. An obvious explanation would be a higher rate of homeostatic proliferation in
the absence of PD-1 which we formally excluded by assaying Ki-67 expression or BrdU incor-
poration (Fig. 5B and C). However, we observed lower rates of apoptosis in PD-1 KO CD4
Trm-phenotype cells in vivo (Fig. 5A). Memory cells rely on IL-7 for survival [36] and analysis
of IL-7Ra expression did not reveal a possible explanation for the decreased apoptosis of PD-1
KO Tgyp-phenotype cells (Fig. 3C and D). Similarly, Bcl-2 expression was not consistently dif-
ferent between WT and PD-1 KO Ty, cells (not shown). It is possible that other intrinsic fac-
tors contribute to the survival advantage of PD-1 KO Tgy; cells.

CD69" cells were more frequent among PD-1 KO CD4 Tgy-phenotype cells compared to
WT (Fig. 3C and D) and one could argue that these cells represent recently activated effector
cells rather than effector memory. However, the similar expression of CD25 between WT and
PD-1 KO Tgy cells (Fig. 1F) as well as the comparably low proliferative rate, determined by Ki-
67 expression and BrdU-incorporation experiments (Fig. 5B and C), disfavor this scenario.

Cells with similar phenotypic characteristics (CD4*CD44™CD621'°) have been described to
originate from the thymus [33]. Although we did not exclude that some of the accumulated
Tgm-phenotype have a thymic origin, our evidence strongly suggests that the expanded popula-
tion of Tgy-phenotype cells in PD-1 KO mice originates from peripheral naive cells. First, we
transferred purified peripheral naive CD4" cells to lymphosufficient hosts and after 32 or 65
days, a significant proportion of them had acquired the Tgy-phenotype (Fig. 6). Second, trans-
fer of purified naive CD4 T cells to lymphodeficient hosts resulted in very high percentages of
Trm-phenotype cells, especially when donors were lacking PD-1 (Fig. 7).
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donor-derived WT (GFP DsRed’) and PD-1 KO (GFP*DsRed’) CD4" cells 8 weeks after bone marrow reconstitution in lethally irradiated DsRed hosts. A, Dot
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The distribution WT GFP~and GFP* PD-1 KO cells were assessed among CD4 SP cells (right). Numbers indicate percentages in each region. Column
represents the average value of PD-1 KO/WT CD4 SP thymocyte ratios with error bar indicating SD. In one of the thymus experiments the WT donor cells
were GFP* and PD-1 KO cells were GFP". B, Donor-derived WT (GFP'DsRed’) and PD-1 KO (GFP*DsRed’) CD4™ T cells from spleens and mesenteric
lymph nodes were further analyzed for expression of CD44 and CD62L. Numbers indicate percentages in each region. C, Graph indicates the average
percentage of cell subsets among WT- and PD-1 KO-derived CD4* cells in spleens, as in B. Error bars denote SD. D, Total numbers of WT- and PD-1 KO-
derived CD4" cell subsets in spleens with error bars indicating SD. Data are representative of 2 individual experiments, n = 6.

doi:10.1371/journal.pone.0119200.g008
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Memory-like CD4 T cells can be generated in response to T cell lymphopenia (LIP-memo-
ry). LIP-memory cells exhibit functional properties similar to antigen-primed T cells [5]. We
showed that PD-1 mutation also may affect differentiation and/or survival of LIP-memory
cells. Specifically, transfer of naive CD4 cells and the subsequent LIP led to a progressive emer-
gence of Tiy-phenotype cells in blood which was faster and more prominent in mice that re-
ceived PD-1 KO cells (Fig. 7A-C). Accordingly, PD-1 KO Tgy-phenotype cells recovered from
host spleens at the end point were 4-5 times more abundant than WT ones (Fig. 7D and E). It
is of notice that Ty cells differentiate first (already present on Day 4) followed by the emer-
gence of Tgy cells (from Day 8 and onwards). This, in combination with the observation that a
CD44"CD62L™ population is evident (Days 8, 12, 20 especially for PD-1 KO donors), suggests
that Tgy-phenotype cells differentiate through a Ty intermediate. This was shown to be the
case for CD8 Ty-phenotype cells where the PD-1 mutation promoted the conversion of Tcy-
to Tgm-phenotype cells [18]. The fact that PD-1 pathway impedes accumulation of CD4 and
CD8 Tgy cells during LIP may be important in regulating autoimmunity correlated with lym-
phopenia settings [37].

Memory CD4 T cell homeostasis is affected by extrinsic factors such as IL-7 or IL-2
[38,39,40]. It would be possible that PD-1 mutation had an effect on other cell types to produce
factors that are involved in the differentiation or survival of CD4 Tgy-phenotype cells. Our
data with mixed bone marrow chimera transfers showed that when WT and PD-1 KO CD4
cells undergo all the differentiation steps in the same environment, there is a post-thymic selec-
tive propensity for accumulation of PD-1 KO Tgy-phenotype cells (Fig. 8) which disfavors the
contribution of extrinsic factors. The intrinsic nature of this accumulation is further supported
by the generation of larger numbers of LIP-memory CD4 Tgy cells, in the absence of PD-1
only by donor CD4 T cells (Fig. 7).

Co-stimulation seems to be an important determinant in differentiation towards Tgy-phe-
notype cells. In particular for CD4 T cells, the positive co-stimulatory molecules ICOS [11,41],
and OX-40 [12] promote accumulation of CD4 Tgy;-phenotype cells. This is supportive of the
hypothesis that increased signal strength augments the differentiation to Tgy; cells [42]. In line
with the above hypothesis, we provide evidence that the co-receptor PD-1 puts a break on the
differentiating MP CD4 cells. Upon the removal of this break, signal strength becomes stronger
and skews the developing MP cells towards a Tgy; phenotype.

Effector and memory CD4 T cells differentiate upon activation to certain Th lineages which
are characterized by production of “fingerprint” cytokines. Ex vivo analysis of cytokine produc-
tion revealed that, compared to WT, a larger fraction of PD-1 KO CD4 MP cells belong to the
Th1 phenotype and a smaller to the Th17 phenotype as judged by their ability to produce IFN-y
and IL-17A respectively (Fig. 4A and B). Similar differential regulation of IFN-y and IL-17A
production by PD-1 was observed for isolated CD4 Ty, cells (Fig. 4C and D). This stimulatory
effect of PD-1 ablation on Th1 cells has been shown in the late phase of infection of mice with
M.bovi. [43]. Accordingly, ablation of PD-1 pathway contributes to IFN-y production and
functional restoration of CD4 T cells, correlated with clearance of blood stage malaria in mice
[44]. Additionally, PD-1 blockade on lymphocytic choriomeningitis (LCMV)-specific CD4 T
cells rejuvenated exhausted virus specific CD8 T cells and reduced viral load [45]. Importantly,
high levels of IFN-y production by memory CD4 T cells may also be critical for protection
against influenza in humans [46], which implies a possible role for manipulating PD-1 pathway
in vaccine regimens. It is intriguing, however, that there were more IFN-y producers among
the PD-1 +ve fraction of WT CD4 Ty cells relative to the PD-1-ve (Fig. 4E and F). A possible
explanation could be that the PD-1 KO CD4 Tgy; population is not identical to the PD-1-ve
WT CD4 Tgy population. Production of IL-2 and TNF-a was similar on a per cell basis be-
tween WT and PD-1 KO MP CD4 T cells (S1 Fig.); however if we consider the increased
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numbers of these cells in PD-1 KO mice, the potential for IL-2 and TNF-o. production during
an immune response was higher in knock-out animals.

Collectively, our results show that PD-1 pathway determines the composition and function
potential of memory-phenotype CD4 T cell pool. This may be taken in consideration in vaccine
design as well as in treatment of chronic infections. The Tcp/Tgy ratio of memory CD4 T cells
and their function can also be critical in determining T cell responses to cancer cells [47].
There is also mounting evidence for the involvement of memory CD4 T cells, and especially
Tgum cells, in the pathogenesis of autoimmune diseases such as systemic lupus erythematosus
and in autoimmune diabetes [10]. Therefore, a better understanding of the factors that govern
the accumulation of these cells, could lead to possible new therapeutic interventions.

Supporting Information

S1 Fig. IL-2 and TNF-a production by CD4 Tgy-phenotype cells. Spleens from 7-9 mo old
PD-1 KO and WT mice were analyzed by flow cytometry, after brief ex vivo stimulation with
PMA and ionomycin. Representative histograms of IL-2 and TNF-a production, gated on
CD4"CD44 MCD62L™ Tgm-phenotype. Numbers indicate percentages. Data are representative
of 2 individual experiments with 4 mice per group.

(TIF)

Acknowledgments

We sincerely thank Z. Vlata, T. Makatounakis and N. Gounalaki from the FACS facility at
IMBB, for their expertise in sorting cell populations. We thank K. Kourouniotis, H. Dayiassi,
N. Vardoulaki, and S. Halkiadaki from the animal house facility for excellent animal care. Fi-
nally we would like to thank Dr. D. Boumpas and Dr. P. Verginis for reagents and critical
discussion.

This work was supported by the “Synergasia” program of the Greek General Secreteriat for
Research and Technology (Grants 09 £YN-12-1074 and 092YN-11-902).

Author Contributions

Conceived and designed the experiments: JJC DT CM IC. Performed the experiments: JJC DT.
Analyzed the data: JJC CM IC. Wrote the paper: JJC CM IC.

References

1. SprentJ, Surh CD. Normal T cell homeostasis: the conversion of naive cells into memory-phenotype
cells. Nat Immunol. 2011; 131: 478-484.

2. Huang T, WeiB, Velazquez P, Borneman J, Braun J. Commensal microbiota alter the abundance and
TCR responsiveness of splenic naive CD4+ T lymphocytes. Clin Immunol. 2005; 117: 221-230. PMID:
16290233

3. Haluszczak C, Akue AD, Hamilton SE, Johnson LD, Pujanauski L, Teodorovic L, et al. The antigen-spe-
cific CD8+ T cell repertoire in unimmunized mice includes memory phenotype cells bearing markers of
homeostatic expansion. J Exp Med. 2009; 206: 435-448. doi: 10.1084/jem.20081829 PMID:
19188498

4. SulF,Kidd BA, Han A, Kotzin JJ, Davis MM. Virus-specific CD4(+) memory-phenotype T cells are
abundant in unexposed adults. Immunity. 2013; 38: 373-383. doi: 10.1016/j.immuni.2012.10.021
PMID: 23395677

5. Jameson SC, Masopust D. Diversity in T cell memory: an embarrassment of riches. Immunity. 2009;
31:859-871. doi: 10.1016/j.immuni.2009.11.007 PMID: 20064446

6. Lanzavecchia A, Sallusto F. Understanding the generation and function of memory T cell subsets. Curr
Opin Immunol. 2005; 17: 326-332. PMID: 15886125

PLOS ONE | DOI:10.1371/journal.pone.0119200 March 24, 2015 18/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0119200.s001
http://www.ncbi.nlm.nih.gov/pubmed/16290233
http://dx.doi.org/10.1084/jem.20081829
http://www.ncbi.nlm.nih.gov/pubmed/19188498
http://dx.doi.org/10.1016/j.immuni.2012.10.021
http://www.ncbi.nlm.nih.gov/pubmed/23395677
http://dx.doi.org/10.1016/j.immuni.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/20064446
http://www.ncbi.nlm.nih.gov/pubmed/15886125

@’PLOS | ONE

Modulation of Memory Phenotype CD4 T Cell Subsets

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Masopust D, Schenkel JM. The integration of T cell migration, differentiation and function. Nat Rev
Immunol. 2013; 13: 309-320. doi: 10.1038/nri3442 PMID: 23598650

Kawabe T, Sun S-|, Fujita T, Yamaki S, Asao A, Takahashi T, et al. Homeostatic Proliferation of Naive
CD4+ T Cells in Mesenteric Lymph Nodes Generates Gut-Tropic Th17 Cells. The Journal of Immunolo-
gy. 2013; 190: 5788-5798. doi: 10.4049/jimmunol.1203111 PMID: 23610141

Bingaman AW, Patke DS, Mane VR, Ahmadzadeh M, Ndejembi M, Bartlett ST, et al. Novel phenotypes
and migratory properties distinguish memory CD4 T cell subsets in lymphoid and lung tissue. Eur J
Immunol. 2005; 35: 3173-3186. PMID: 16220537

Devarajan P, Chen Z. Autoimmune effector memory T cells: the bad and the good. Immunol Res. 2013;
57:12-22. doi: 10.1007/s12026-013-8448-1 PMID: 24203440

Burmeister Y, Lischke T, Dahler AC, Mages HW, Lam KP, Coyle AJ, et al. ICOS controls the pool size
of effector-memory and regulatory T cells. J Immunol. 2008; 180: 774—782. PMID: 18178815

Soroosh P, Ine S, Sugamura K, Ishii N. Differential requirements for OX40 signals on generation of ef-
fector and central memory CD4+ T cells. J Immunol. 2007; 179: 5014-5023. PMID: 17911586

Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance and autoimmunity. Immunol Rev.
2010; 236:219-242. doi: 10.1111/1.1600-065X.2010.00923.x PMID: 20636820

Okazaki T, Honjo T. PD-1 and PD-1 ligands: from discovery to clinical application. Int Immunol. 2007;
19: 813-824. PMID: 17606980

Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. The function of programmed cell death 1 and its li-
gands in regulating autoimmunity and infection. Nat Immunol. 2007; 8: 239-245. PMID: 17304234

Lages CS, Lewkowich |, Sproles A, Wills-Karp M, Chougnet C. Partial restoration of T-cell function in
aged mice by in vitro blockade of the PD-1/ PD-L1 pathway. Aging Cell. 2010; 9: 785-798. doi: 10.
1111/].1474-9726.2010.00611.x PMID: 20653631

Channappanavar R, Twardy BS, Krishna P, Suvas S. Advancing age leads to predominance of inhibito-
ry receptor expressing CD4 T cells. Mech Ageing Dev. 2009; 130: 709-712. doi: 10.1016/j.mad.2009.
08.006 PMID: 19715717

Charlton JJ, Chatzidakis |, Tsoukatou D, Boumpas DT, Garinis GA, Mamalaki C. Programmed death-1
shapes memory phenotype CD8 T cell subsets in a cell-intrinsic manner. J Immunol. 2013; 190: 6104—
6114. doi: 10.4049/jimmunol.1201617 PMID: 23686498

Nishimura H, Minato N, Nakano T, Honjo T. Immunological studies on PD-1 deficient mice: implication
of PD-1 as a negative regulator for B cell responses. Int Immunol. 1998; 10: 1563—1572. PMID:
9796923

de Boer J, Williams A, Skavdis G, Harker N, Coles M, Tolaini M, et al. Transgenic mice with hematopoi-
etic and lymphoid specific expression of Cre. Eur J Immunol. 2003; 33: 314-325. PMID: 12548562

Veiga-Fernandes H, Coles MC, Foster KE, Patel A, Williams A, Natarajan D, et al. Tyrosine kinase re-
ceptor RET is a key regulator of Peyer's patch organogenesis. Nature. 2007; 446: 547-551. PMID:
17322904

Chatzidakis |, Fousteri G, Tsoukatou D, Kollias G, Mamalaki C. An essential role for TNF in modulating
thresholds for survival, activation, and tolerance of CD8+ T cells. J Immunol. 2007; 178: 6735-6745.
PMID: 17513720

Marzo AL, Klonowski KD, Le Bon A, Borrow P, Tough DF, Lefrancois L. Initial T cell frequency dictates
memory CD8+ T cell lineage commitment. Nat Immunol. 2005; 6: 793-799. PMID: 16025119

Saunders PA, Hendrycks VR, Lidinsky WA, Woods ML. PD-L2:PD-1 involvement in T cell proliferation,
cytokine production, and integrin-mediated adhesion. Eur J Immunol. 2005; 35: 3561-3569. PMID:
16278812

Shimada Y, Hayashi M, Nagasaka Y, Ohno-lwashita Y, Inomata M. Age-associated up-regulation of a
negative co-stimulatory receptor PD-1in mouse CD4+ T cells. Exp Gerontol. 2009; 44: 517-522. doi:
10.1016/j.exger.2009.05.003 PMID: 19457448

Seddon B, Tomlinson P, Zamoyska R. Interleukin 7 and T cell receptor signals regulate homeostasis of
CD4 memory cells. Nat Immunol. 2003; 4: 680-686. PMID: 12808452

Shinoda K, Tokoyoda K, Hanazawa A, Hayashizaki K, Zehentmeier S, Hosokawa H, et al. Type Il mem-
brane protein CD69 regulates the formation of resting T-helper memory. Proc Natl Acad Sci U S A.
2012; 109: 7409-7414. doi: 10.1073/pnas.1118539109 PMID: 22474373

Shiow LR, Rosen DB, Brdickova N, Xu Y, An J, Lanier LL, et al. CD69 acts downstream of interferon-
alpha/beta to inhibit S1P1 and lymphocyte egress from lymphoid organs. Nature. 2006; 440: 540-544.
PMID: 16525420

PLOS ONE | DOI:10.1371/journal.pone.0119200 March 24, 2015 19/20


http://dx.doi.org/10.1038/nri3442
http://www.ncbi.nlm.nih.gov/pubmed/23598650
http://dx.doi.org/10.4049/jimmunol.1203111
http://www.ncbi.nlm.nih.gov/pubmed/23610141
http://www.ncbi.nlm.nih.gov/pubmed/16220537
http://dx.doi.org/10.1007/s12026-013-8448-1
http://www.ncbi.nlm.nih.gov/pubmed/24203440
http://www.ncbi.nlm.nih.gov/pubmed/18178815
http://www.ncbi.nlm.nih.gov/pubmed/17911586
http://dx.doi.org/10.1111/j.1600-065X.2010.00923.x
http://www.ncbi.nlm.nih.gov/pubmed/20636820
http://www.ncbi.nlm.nih.gov/pubmed/17606980
http://www.ncbi.nlm.nih.gov/pubmed/17304234
http://dx.doi.org/10.1111/j.1474-9726.2010.00611.x
http://dx.doi.org/10.1111/j.1474-9726.2010.00611.x
http://www.ncbi.nlm.nih.gov/pubmed/20653631
http://dx.doi.org/10.1016/j.mad.2009.08.006
http://dx.doi.org/10.1016/j.mad.2009.08.006
http://www.ncbi.nlm.nih.gov/pubmed/19715717
http://dx.doi.org/10.4049/jimmunol.1201617
http://www.ncbi.nlm.nih.gov/pubmed/23686498
http://www.ncbi.nlm.nih.gov/pubmed/9796923
http://www.ncbi.nlm.nih.gov/pubmed/12548562
http://www.ncbi.nlm.nih.gov/pubmed/17322904
http://www.ncbi.nlm.nih.gov/pubmed/17513720
http://www.ncbi.nlm.nih.gov/pubmed/16025119
http://www.ncbi.nlm.nih.gov/pubmed/16278812
http://dx.doi.org/10.1016/j.exger.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19457448
http://www.ncbi.nlm.nih.gov/pubmed/12808452
http://dx.doi.org/10.1073/pnas.1118539109
http://www.ncbi.nlm.nih.gov/pubmed/22474373
http://www.ncbi.nlm.nih.gov/pubmed/16525420

@’PLOS | ONE

Modulation of Memory Phenotype CD4 T Cell Subsets

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Shimatani K, Nakashima Y, Hattori M, Hamazaki Y, Minato N. PD-1+ memory phenotype CD4+ T cells
expressing C/EBPalpha underlie T cell immunodepression in senescence and leukemia. Proc Natl
Acad SciU S A.2009; 106: 15807—15812. doi: 10.1073/pnas.0908805106 PMID: 19805226

Farber DL, Yudanin NA, Restifo NP. Human memory T cells: generation, compartmentalization and ho-
meostasis. Nat Rev Immunol. 2014; 14: 24-35. doi: 10.1038/nri3567 PMID: 24336101

Dong C. Diversification of T-helper-cell lineages: finding the family root of IL-17-producing cells. Nat
Rev Immunol. 2006; 6: 329-333. PMID: 16557264

Moon JJ, Chu HH, Pepper M, McSorley SJ, Jameson SC, Kedl RM, et al. Naive CD4(+) T cell frequency
varies for different epitopes and predicts repertoire diversity and response magnitude. Immunity. 2007;
27:203-213. PMID: 17707129

Hu J, August A. Naive and innate memory phenotype CD4+ T cells have different requirements for ac-
tive ltk for their development. J Immunol. 2008; 180: 6544—-6552. PMID: 18453573

Surh CD, Sprent J. Homeostasis of naive and memory T cells. Immunity. 2008; 29: 848-862. doi: 10.
1016/j.immuni.2008.11.002 PMID: 19100699

Boyman O, Letourneau S, Krieg C, Sprent J. Homeostatic proliferation and survival of naive and memo-
ry T cells. Eur J Immunol. 2009; 39: 2088—-2094. doi: 10.1002/€ji.200939444 PMID: 19637200

Kondrack RM, Harbertson J, Tan JT, McBreen ME, Surh CD, Bradley LM. Interleukin 7 Regulates the
Survival and Generation of Memory CD4 Cells. The Journal of Experimental Medicine. 2003; 198:
1797-1806. PMID: 14662907

King C, llic A, Koelsch K, Sarvetnick N. Homeostatic Expansion of T Cells during Immune Insufficiency
Generates Autoimmunity. Cell. 117: 265-277. PMID: 15084263

Jaleco S, Swainson L, Dardalhon V, Burjanadze M, Kinet S, Taylor N. Homeostasis of naive and mem-
ory CD4+ T cells: IL-2 and IL-7 differentially regulate the balance between proliferation and Fas-mediat-
ed apoptosis. J Immunol. 2003; 171: 61-68. PMID: 12816983

Lenz DC, Kurz SK, Lemmens E, Schoenberger SP, Sprent J, Oldstone MB, et al. IL-7 regulates basal
homeostatic proliferation of antiviral CD4+T cell memory. Proc Natl Acad Sci U S A. 2004; 101: 9357—
9362. PMID: 15197277

LiJ, Huston G, Swain SL. IL-7 promotes the transition of CD4 effectors to persistent memory cells. J
Exp Med. 2003; 198: 1807—-1815. PMID: 14676295

Moore TV, Clay BS, Ferreira CM, Williams JW, Rogozinska M, Cannon JL, et al. Protective effector
memory CD4 T cells depend on ICOS for survival. PLoS One. 2011; 6: e16529. doi: 10.1371/journal.
pone.0016529 PMID: 21364749

Pepper M, Jenkins MK. Origins of CD4(+) effector and central memory T cells. Nat Immunol. 2011; 12:
467-471. PMID: 21739668

Sakai S, Kawamura |, Okazaki T, Tsuchiya K, Uchiyama R, Mitsuyama M. PD-1-PD-L1 pathway im-
pairs Th1immune response in the late stage of infection with Mycobacterium bovis bacillus Calmette—
Guérin. International Immunology. 2010; 22: 915-925. doi: 10.1093/intimm/dxq446 PMID: 21047981

Butler NS, Moebius J, Pewe LL, Traore B, Doumbo OK, Tygrett LT, et al. Therapeutic blockade of PD-

L1 and LAG-3 rapidly clears established blood-stage Plasmodium infection. Nat Immunol. 2012; 13:
188-195. doi: 10.1038/ni.2180 PMID: 22157630

Aubert RD, Kamphorst AO, Sarkar S, Vezys V, Ha SJ, Barber DL, et al. Antigen-specific CD4 T-cell
help rescues exhausted CD8 T cells during chronic viral infection. Proc Natl Acad SciU S A. 2011;
108:21182-21187. doi: 10.1073/pnas.1118450109 PMID: 22160724

Wilkinson TM, Li CK, Chui CS, Huang AK, Perkins M, Liebner JC, et al. Preexisting influenza-specific
CD4+ T cells correlate with disease protection against influenza challenge in humans. Nat Med. 2012;
18: 274-280. doi: 10.1038/nm.2612 PMID: 22286307

Caserta S, Borger JG, Zamoyska R. Central and effector memory CD4 and CD8 T-cell responses to
tumor-associated antigens. Crit Rev Immunol. 2012; 32: 97-126. PMID: 23216610

PLOS ONE | DOI:10.1371/journal.pone.0119200 March 24, 2015 20/20


http://dx.doi.org/10.1073/pnas.0908805106
http://www.ncbi.nlm.nih.gov/pubmed/19805226
http://dx.doi.org/10.1038/nri3567
http://www.ncbi.nlm.nih.gov/pubmed/24336101
http://www.ncbi.nlm.nih.gov/pubmed/16557264
http://www.ncbi.nlm.nih.gov/pubmed/17707129
http://www.ncbi.nlm.nih.gov/pubmed/18453573
http://dx.doi.org/10.1016/j.immuni.2008.11.002
http://dx.doi.org/10.1016/j.immuni.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19100699
http://dx.doi.org/10.1002/eji.200939444
http://www.ncbi.nlm.nih.gov/pubmed/19637200
http://www.ncbi.nlm.nih.gov/pubmed/14662907
http://www.ncbi.nlm.nih.gov/pubmed/15084263
http://www.ncbi.nlm.nih.gov/pubmed/12816983
http://www.ncbi.nlm.nih.gov/pubmed/15197277
http://www.ncbi.nlm.nih.gov/pubmed/14676295
http://dx.doi.org/10.1371/journal.pone.0016529
http://dx.doi.org/10.1371/journal.pone.0016529
http://www.ncbi.nlm.nih.gov/pubmed/21364749
http://www.ncbi.nlm.nih.gov/pubmed/21739668
http://dx.doi.org/10.1093/intimm/dxq446
http://www.ncbi.nlm.nih.gov/pubmed/21047981
http://dx.doi.org/10.1038/ni.2180
http://www.ncbi.nlm.nih.gov/pubmed/22157630
http://dx.doi.org/10.1073/pnas.1118450109
http://www.ncbi.nlm.nih.gov/pubmed/22160724
http://dx.doi.org/10.1038/nm.2612
http://www.ncbi.nlm.nih.gov/pubmed/22286307
http://www.ncbi.nlm.nih.gov/pubmed/23216610


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


