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Introduction

Summary

The relative roles that ageing and lifelong cytomegalovirus (CMV) infec-
tion have in shaping naive and memory CD4" T-cell repertoires in
healthy older people is unclear. Using multiple linear regression analysis
we found that age itself is a stronger predictor than CMV seropositivity
for the decrease in CD45RA™ CD27" CD4" T cells over time. In contrast,
the increase in CD45RA™ CD27~ and CD45RA" CD27~ CD4" T cells is
almost exclusively the result of CMV seropositivity, with age alone having
no significant effect. Furthermore, the majority of the CD45RA™ CD27~
and CD45RA™ CD27~ CD4" T cells in CMV-seropositive donors are spe-
cific for this virus. CD45RA" CD27~ CD4" T cells have significantly
reduced CD28, interleukin-7 receptor a (IL-7Ra) and Bcl-2 expression,
Akt (ser473) phosphorylation and reduced ability to survive after T-cell
receptor activation compared with the other T-cell subsets in the same
donors. Despite this, the CD45RA™ CD27~ subset is as multifunctional as
the CD45RA™ CD27" and CD45RA™ CD27~ CD4" T-cell subsets, indicat-
ing that they are not an exhausted population. In addition,
CD45RA" CD27~ CD4" T cells have cytotoxic potential as they express
high levels of granzyme B and perforin. CD4" memory T cells re-express-
ing CD45RA can be generated from the CD45RA™ CD27" population by
the addition of IL-7 and during this process these cells down-regulated
expression of IL-7R and Bcl-2 and so resemble their counterparts in vivo.
Finally we showed that the proportion of CD45RA™ CD27~ CD4" T cells
of multiple specificities was significantly higher in the bone marrow than
the blood of the same individuals, suggesting that this may be a site
where these cells are generated.
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The immune dysfunction in older humans is partly the
result of thymic involution, which restricts the production

The function of the immune system declines with age
leading to increased susceptibility to infectious diseases
and poor responses to vaccination.' With the demo-
graphic shift towards an older age in many countries it is
of increasing importance to understand the nature of the
dysfunctional immunity in older subjects.” This informa-
tion will provide information on possible strategies for
intervention to boost immunity during ageing.

of naive T cells in older individuals, compromising their
ability to respond to new antigens.” In addition, memory
T cells, especially those that are specific for antigens that
are encountered frequently, are driven to differentiate
continuously towards an end-stage, marked by poor sur-
vival, telomere erosion, replicative senescence’ and func-
tional exhaustion.* This may result in ‘holes’ in the T-cell
repertoire as T cells that are specific for certain antigens

326 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 132, 326-339



are lost, which in turn may make older humans suscepti-
ble to certain infectious agents.” However, instead of the
potential loss of specific T cells through replicative senes-
cence, immune dysfunction during ageing may also arise
from accumulation of certain T-cell populations. Longitu-
dinal studies have defined a cluster of immune parame-
ters in healthy older individuals, which are predictive of
significantly decreased 2-year and 4-year survival of
subjects over 80 years of age (reviewed in Derhovanessian
et al”). These parameters include a CD4 : CD8 ratio of
< 1, which is the result of clonal expansion of highly dif-
ferentiated CD8" CD28™ T cells, cytomegalovirus (CMV)
seropositivity and elevated levels of pro-inflammatory
cytokines in the serum.” Furthermore, a large proportion
of the expanded CD8" T cells in older subjects may be
CMV-specific.”® Therefore, although CMV infection is
harmless to healthy young individuals, infection with this
virus may have a previously unappreciated role in
immune dysfunction during ageing, which is associated
with the accumulation of CMV-specific T cells. This sug-
gests that CMV infection may induce the accumulation of
CD8" effector T cells that hinder the function of other
memory T-cell populations.® This possibility is indirectly
supported by data in mice indicating that expanded T-cell
clones reduce T-cell diversity and inhibit the function of
non-clonal cells in vivo’ and that there is a negative effect
of CMV infection on the size and function of Epstein—
Barr virus-specific T-cell populations in humans."®

There have been many studies on the CMV-specific
CD8" T-cell population,®''™"* but less is known about
the characteristics of CMV-specific CD4" T cells and the
impact that CMV infection has in shaping the CD4"
T-cell pool in infected healthy humans.'*'® Progressive
stages in T-cell differentiation can be identified by
sequential changes of expression of surface receptors such
as CD45RA, CD28, CD27 and CCR7.*'” The most differ-
entiated T cells in both the CD8" and CD4" populations
are CD28” CD27~ CCR7™." It has been shown that
CMV-specific CD8" T cells are more differentiated phe-
notypically than those that are specific for other persistent
viruses.® A proportion of these highly differentiated T
cells can re-express CD45RA, a marker that was consid-
ered to identify unprimed T cells."®° The CD8"
CD45RA" CD27" T-cell population is expanded in CMV-
infected individuals and although some reports suggest
that these cells are terminally differentiated,”’ > other
studies indicate that these cells can be re-activated to
exhibit potent functional responses.”*** Some studies
have shown that CD45RA™ CD27~ CD4" T cells increase
during ageing and in some autoimmune diseases,”®*” but
it is currently not clear whether CMV infection has an
impact on their generation and whether these cells are
functionally competent.

In this study we show that CMV infection significantly
increases the proportion of CD45RA™ CD27° and

IL-7 induces re-expression of CD45RA in CD4™ T cells

CD45RA™ CD27~ effector memory-like CD4" T cells in
older humans. Furthermore, CD45RA™ CD27~ CD4" T
cells were found to be multifunctional but potentially
short lived after activation and may arise through inter-
leukin-7 (IL-7) -mediated homeostatic proliferation,
possibly in the bone marrow. These results suggest the
possible involvement of homeostatic cytokines in the
CMV infection-induced expansion of CD45RA" CD27~
CD4" T cells during ageing.

Materials and methods

Volunteer sample collection and isolation

Heparinized peripheral blood was collected from young
(mean age, 29 years; range, 20-39 years; n = 67), middle-
aged (mean age, 51 years; range, 40—65 years; n = 18) and
old (mean age, 80 years; range, 71-91 years; n = 40)
donors, with approval from the Ethics Committee of the
Royal Free Hospital. The old volunteers in this study were
not treated with any immunosuppressive drugs and
retained physical mobility and social independence. All
donors provided written informed consent. Paired blood
and bone marrow samples (mean age, 34 years; range,
21-57 years; n = 18) were obtained from healthy bone
marrow donors by the Department of Haematology, Uni-
versity College Hospital London. Peripheral blood mono-
nuclear cells (PBMCs) were isolated by Ficoll-Hypaque
density gradient (Amersham Pharmacia Biotech, Uppsala,
Sweden).

Cell culture

The CD4" T cells were purified by positive selection using
the VARIOMACS system (Miltenyi Biotec, Bergisch Glad-
bach, Germany) according to the manufacturer’s instruc-
tions. In some experiments, CD4" T cells were further
sorted into CD45RA/CD27 subsets using a FACSAria flow
cytometer (BD Biosciences, San Jose, CA) after staining
with CD45RA and CD27 antibodies for 30 min at 4° in
PBS containing 1% BSA (Sigma-Aldrich, Gillingham, UK).
Cells were cultured in RPMI-1640 supplemented with 10%
heat-inactivated fetal calf serum, 100 U/ml penicillin,
100 mg/ml streptomycin, 50 pg/ml gentamicin and 2 mm
L-glutamine (all from Invitrogen, Eugene, OR) at 37° in a
humidified 5% CO, incubator. Purified CD4" subsets were
activated in the presence of anti-CD3 antibody (purified
OKT3 0-5 pug/ml) and autologous PBMCs irradiated with
40 Gy gamma-radiation, as a source of multiple co-stimu-
latory ligands provided by B cells, dendritic cells and
macrophages found in these populations.”® In other experi-
ments, cells were cultured in the presence of recombinant
human (rh) IL-2 (5 ng/ml), IL-7 (10 ng/ml) or IL-15
(5 ng/ml) (all from R&D Systems, Minneapolis, MN).
Cytokines were added at the beginning of the cell culture
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and not replenished. These cells were harvested at different
times for phenotypic and functional analyses.

Measurement of antigen-specific CD4" T cells

The PBMCs were stimulated with 10 pg/ml of purified
protein derivative (PPD; Statens Serum Institut, Copen-
hagen, Denmark), 1/50 dilution of varicella zoster virus
(VZV) -infected cell lysate, 1/200 dilution of Epstein—Barr
virus (EBV) -infected cell lysate or 1/50 dilution of herpes
simplex virus (HSV) -infected cell lysate (all from
Virusys, Taneytown, MD). A CMV-infected cell lysate
(used at 1/10 dilution) was prepared by infecting human
embryonic lung fibroblasts with the Towne strain of
CMV (European Collection of Animal Cell Cultures) at a
multiplicity of infection of 2. After 5 days, the infected
cells were lysed by repeated freeze—thaw cycles. The
PBMCs were left unstimulated or stimulated with anti-
genic lysates for 15 hr at 37° in a humidified CO, atmo-
sphere, with 5 pg/ml brefeldin A (Sigma-Aldrich) added
after 2 hr. The cells were surface stained with peridinin
chlorophyll protein-conjugated (-PerCP) CD4, phycoery-
thrin-conjugated (-PE) CD27 and phycoerythrin-Cy7-
conjugated CD45RA (BD Biosciences) on ice. After being
fixed and permeabilized (Fix & Perm Cell Permeabiliza-
tion kit; Caltag Laboratories, Buckingham, UK), cells were
stained with allophycocyanin-conjugated (-APC) inter-
feron-y (IFN-y). Samples were acquired on an LSR I flow
cytometer (BD Biosciences). For bone marrow experi-
ments, paired peripheral blood and bone marrow samples
were stimulated and analysed in parallel.

Flow cytometric analysis of cell phenotype

Cells resuspended in PBS containing 1% BSA and 0-1%
sodium azide (Sigma-Aldrich) were stained for 10 min at
room temperature with the following anti-human mono-
clonal antibodies: CD45RA-FITC (clone HI100; BD
Pharmingen, San Diego, CA) or CD45RA-APC (clone
MEM-56; Caltag); CD45RO-PE (clone UCHL1); CD4-
PerCP (clone SK3); CD27-PE (clone M-T271); CD28-
FITC (clone CD28-2); CD127-PE (clone hIL-7R-M21);
CCR7-PE-Cy7 (clone 3D12) (all from BD Pharmingen);
CD57-PE (clone TB03, Miltenyi Biotec). Intracellular
staining for Granzyme B-PE (clone GB11; eBioscience,
San Diego, CA), perforin-FITC (clone 6G9; BD Pharmin-
gen), Bcl-2-FITC (clone 124; Dako, Glostrup, Denmark)
and Ki67-FITC (clone B56; BD Biosciences) was
performed using the Foxp3 Staining Buffer Set (Miltenyi
Biotec) according to the manufacturer’s instructions.
Proliferation was assessed by carboxyfluorescein diacetate
succinimidyl ester (CFSE) dilution assay. Cells were
labelled with 0-5 pm CESE (Molecular Probes-Invitrogen,
Carlsbad, CA) at 37° for 15 min in the dark, quenched
with ice-cold culture medium at 4° for 5 min, and

washed three times before culture in the presence of
50 ng/ml IL-7. Apoptosis was assessed using an annexin
V/propidium iodide (PI) detection kit (BD Biosciences).
Samples were acquired on a BD FACSCalibur 2 flow
cytometer (BD Biosciences) after fixation with 1% form-
aldehyde (Sigma-Aldrich). Data were analysed using
FLow]Jo software (TreeStar, Ashland, OR).

Intracellular cytokine analysis using polychromatic flow
cytometry

The PBMCs (2 x 10° cells/ml) were stimulated with anti-
CD3 (purified OKT3 0-5 pg/ml) for 2 hr at 37°. Unstimu-
lated samples were incubated with equivalent amounts of
PBS (negative control). After the addition of brefeldin A
(10 pg/ml; Sigma), samples were incubated for another
14 hr. Cells were then incubated with 2 mm EDTA at room
temperature for 10 min, washed in PBS/BSA/Azide and
stained for 30 min at 4° with the following surface antibod-
ies: CD4-PerCP (clone SK3), CD8-APC-H7 (clone SK1),
CD27-PE (clone L128), CD16-FITC (clone 3G8), CD56-
FITC (clone NCAMI16.2) (all from BD Biosciences),
CD45RA  Energy Coupled Dye (ECD, clone MBI;
IgProducts, Groningen, The Netherlands), CD3 Quantum
Dot 605 (QDot605, clone UCHT1; Invitrogen), live/dead
fixable Aqua stain (Invitrogen). After washing, lysing and
permeabilizing according to the manufacturer’s instruc-
tions (Perm 2 and Lysis; BD Biosciences), cells were stained
intracellularly for 30 min at 4° with the following antibod-
ies: IL-2-APC (clone 5344.111), IFN-y-PE-Cy7 (clone B27),
tumour necrosis factor-o. (TNF-o) -Alexa Fluor 700 (clone
MAD1) (all from BD Biosciences), CD40L Pacific Blue
(clone 24-31; Biolegend, San Diego, CA). Samples were
acquired on a BD LSR II flow cytometer (BD Biosciences).
Data were analysed using FLowJo software (TreeStar) and
PestLe AND Spice (kindly donated by M. Roederer).

Akt (Serd73) phosphorylation analysis by flow cytometry

After resting the PBMCs overnight in RPMI-1640 (Sigma-
Aldrich) with 1% human AB serum (Sigma-Aldrich), they
were starved in serum-free RPMI-1640 for 2 hr before
stimulation to reduce phosphorylation background. Fol-
lowing surface staining with CD45RA-FITC, CD27-APC
(clone 0323; eBioscience) and CD4-PE-Cy7 (clone SK3;
BD Pharmingen) cells were activated with anti-CD3 (puri-
fied OKT3, 1 pg/ml) on ice for 20 min. Primary monoclo-
nal antibodies were cross-linked with anti-mouse IgG
F(ab’), (20 pg/ml; Jackson ImmunoResearch, West Grove,
PA) by incubating on ice for 20 min. Cells were then stim-
ulated at 37° for 5 min. The unstimulated control cells
underwent the same manipulations but without the addi-
tion of «CD3 and cross-linker. Activation was arrested by
fixing the cells with warm Cytofix Buffer (BD Biosciences)
at 37° for 10 min. Cells were then permeabilized with ice--
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cold Perm Buffer III (BD Biosciences) at 4° for 30 min
and incubated with PE mouse anti-Akt (pS473) (BD
Biosciences) for 30 min at room temperature. Cells were
washed in stain buffer (BD Pharmingen) and acquired on a
BD FACS Calibur 2 flow-cytometer (BD Biosciences) and
analysed using FLow]Jo software (TreeStar).

Statistical analysis

Statistical analysis was performed using GRAPHPAD Prism
version 4.00 (GraphPad Software, San Diego, CA) and
P < 0-05 was considered significant. Multiple linear
regression was performed using PaswStaTistics 18.0 (IBM-
SPSS, Chicago, IL).

Results

Persistent CMV infection, but not age itself, correlates
with the increase of CD45RA™ CD27~ and
CD45RA* CD27~ CD4* T cells

Age and CMV infection have been shown to profoundly
affect the overall composition of the CD8" T-cell com-
partment.'”> We found that the frequency of CD45RA*
CD27" (naive) CD4" T cells significantly decreased with
age (Fig. la,b; P = 0-0003) whereas the frequencies of all
the primed/memory subsets significantly increased with
age: CD45RA™ CD27° (P = 0-0033), CD45RA™ CD27~
(P = 0-0321), CD45RA™ CD27~ (P = 0-0315). However,
this analysis does not take into account the individual
contribution of ageing and CMV infection in shaping the
CD4" T-cell compartment. An eatlier study showed that
CMV infection is associated with the accumulation of
highly differentiated CD4" T cells."® Here we extend these
observations by further discriminating between highly
differentiated CD4* T cells in the basis of CD45RA
re-expression. We analysed the results in two ways. First,
we divided the subjects into young (< 40 years) and old
(> 60 years) groups and further subdivided these individ-
uals on the basis of their CMV seropositive or negative
status (Fig. 1c). Second, we performed multiple linear
regression analysis to examine more closely the impact of
aging and CMV in determining the T-cell subset compo-
sition during ageing.

The percentage of CD45RA" CD27" (naive) CD4" T
cells decreased with age; this decrease was significant in
CMV-positive (P =0-003) but not in CMV-negative
donors as assessed by the Mann—Whitney U-test. How-
ever, when we analysed the data using multiple linear
regression analysis (see Supplementary Information,
Table S1) we found that age and CMV both induce a sig-
nificant decrease of the CD45RA™ CD27" CD4" T-cell
compartment (P < 0-001 and P < 0-045, respectively) but
age alone seems to be the main factor modulating the
increased CD45RA™ CD27" subset.

IL-7 induces re-expression of CD45RA in CD4™ T cells

The frequencies of CD45RA™ CD27~ and CD45RA*
CD27" subsets were significantly higher in CMV-infected
donors in both young and old age groups (Fig. 1c). Fur-
thermore, old CMV-positive donors had significantly
higher proportions of these cells compared with young
seropositive subjects as assessed by the Mann—Whitney
U-test (Fig. 1c, lower panels). When the results were anal-
ysed by multiple linear regression analysis there was a
highly significant impact of CMV infection on the increase
of both these populations during ageing (P < 0-0001 in
both cases) but age itself did not have a significant role in
the accumulation of these subsets (see Supplementary
Information, Table S1). In conclusion, age and CMV sero-
status both contribute to the decrease in CD45RA™
CD27" CD4" T cells during ageing but the increase in
CD45RA™ CD27~ and CD45RA* CD27~ T cells in old
individuals is primarily the result of CMV infection.

Identification of virus-specific CD4" T-cell
populations in healthy donors of different ages

We next investigated whether the increase in CD45RA™
CD27~ and CD45RA™ CD27~ CD4" cells in CMV-seropos-
itive donors only occurred within CMV-specific CD4" T
cells or also in those that are specific for different persistent
viruses. To do this, we first identified virus-specific popula-
tions by intracellular IFN-y staining after stimulation with
lysates of virus-infected cells for 18 hr (see Supplementary
Information, Fig. Sla)."” Background responses detected in
unstimulated cells (negative control) were subtracted from
those detected in stimulated samples. Only responses
> 0-02% above background were considered positive. The
IFN-y secretion after stimulation with viral lysates was spe-
cific because no cytokine production was observed when
CMYV lysate was used to stimulate CD4" T cells from CMV-
seronegative donors as described previously.'> We found
that in CMV-seropositive donors, there was a significantly
higher proportion of CMV-specific CD4" T cells compared
with T cells that were specific for other persistent viruses
such as VZV, HSV EBV or mycobacterial antigens (tuber-
culin PPD) (see Supplementary Information, Fig. S1b).

We next investigated whether the increased proportion
of CD45RA™ CD27~ and CD45RA™ CD27~ CD4" T cells
in CMV-seropositive donors (Fig. 1c) was only the result
of changes within the CMV-specific T-cell population. We
found that there were significantly more CD45RA™ CD27~
and CD45RA" CD27~ CD4" T cells in CMV-seropositive
donors compared with CMV-seronegative donors
(Fig. 2a,b). However, although the majority of CD45RA™
CD27~ and CD45RA™ CD27~ CD4" T cells in CMV-sero-
positive donors were CMV-specific, there was also a higher
proportion of CD45RA™ CD27~ and CD45RA™
CD27~ CD4" T cells specific for the other viruses in CMV-
seropositive subjects (Fig. 2b,c). Similar results were
observed in both young and old donors (data not shown).
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This result reinforces the idea that CMV infection

influences directly the composition of the CD4" T-cell
pools. Furthermore, our results indicate that CMV infec-
tion may have a global effect on driving the differentiation
of other antigen-specific CD4" T cells. This confirms our
previous observations where the relative expression of
CD28 and CD27 instead of CD45RA and CD27 was used to
identify CD4" T cells at different stages of differentiation.'”

330

Highly differentiated CD45RA™ CD27" and
CD45RA" CD27~ CD4" T-cell subsets are
multifunctional

Several reports on CD8" T cells suggest that the
CD45RA™ CD27" subset is terminally differentiated'”**
with limited capacity for self-renewal. To date, few data
are available on CD4" CD45RA™ CD27" T cells in healthy
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Figure 2. Frequency of CD45RA™ CD27  and CD45RA" CD27~
CD4" subsets within virus-specific cells in cytomegalovirus seroneg-
ative (CMV™) and CMV" individuals. Peripheral blood mononu-
clear cells were stimulated with CMV, Epstein—Barr virus (EBV),
herpes simplex virus (HSV) or varicella zoster virus (VZV) lysates
and the phenotype of the antigen-specific CD4" T cells was assessed
by flow cytometry after staining with CD4, CD45RA, CD27 and
interferon-y (IFN-y) antibodies. Only responses > 0-02% above
background (unstimulated cells) were considered positive. The
CD45RA/CD27 profile of CMV-specific CD4" T cells (CD4" IEN-
7*) from a representative donor is shown (a). (b) The percentage
of antigen-specific CD4" T cells with a CD45RA™ CD27" or
CD45RA* CD27 phenotype was assessed in CMV"' and CMV~
individuals. Horizontal lines depict median values. Statistical analy-
sis was performed using the Mann—Whitney U-test (GrRaPHPAD
Prism).

donors. To determine the functional characteristics of the
increased CD45RA™ CD27~ and CD45RA* CD27~ CD4"*
T-cell populations in CMV-seropositive subjects we first
examined their surface expression of markers that were

IL-7 induces re-expression of CD45RA in CD4™ T cells

previously shown to be associated with migration
(CCR?7), co-stimulation (CD28), responsiveness to cyto-
kines (IL7-Ra) and end-stage differentiation (CD57). We
found that CD45RA™ CD27" and CD45RA" CD27~ CD4"
T cells both showed low CCR7, CD28 and IL-7Ro but
higher CD57 expression compared with naive CD45RA*
CD27" and CD45RA™ CD27" populations indicating that
they were more differentiated (Fig. 3a). In addition, on
the basis of CD28, IL-7Rz and CD57 expression, the
CD45RA" CD27" subset was significantly more differenti-
ated than the CD45RA™ CD27" population (Fig. 3a).

We next investigated the functional properties of the
CD45RA™ CD27~ and CD45RA" CD27 subsets of CD4"
T cells. We showed that the expression of molecules
associated with cytolytic potential such as granzyme B
and perforin were not detectable in naive CD45RA*
CD27" and CD45RA™ CD27" CD4" T cells (Fig. 3b). In
contrast, both CD45RA™ CD27~ and CD45RA" CD27-
CD4" T cells expressed granzyme B and perforin, the
levels of which were significantly higher in CD45RA™
CD27" cells when these populations were compared
(Fig. 3b). Other indicators of CD4" T-cell functionality
include production of cytokines such as IFN-y, IL-2 and
TNF-0, and the expression of the CD40 ligand. The
co-expression of more than one function in individual
cells may be associated with enhanced viral control.*
We therefore performed multiparameter flow cytometric
analysis to identify simultaneously the relative expression
of IFN-y, IL-2, TNF-¢ and CD40 ligand in individual
CD4" T cells at different stages of differentiation
defined by relative expression of CD45RA and CD27
(Fig. 3¢c; see Supplementary Information, Fig. S2 and
Table S2).

The CD45RA™ CD27", CD45RA™ CD27" and CD45RA"
CD27" subsets contained more cells with three and four
functions compared with the CD45RA* CD27" CD4*
naive T-cell population (functions expressed are detailed
in Supplementary Information, Table S2). These differ-
ences were highly significant (Wilcoxon matched pairs
test; for all comparisons naive versus other subsets P <
0-0001; Fig. 3c). Both CD45RA™ CD27~ and CD45RA"
CD27~ CD4" T cells showed equivalent multifunctionality
(P = ns), which was higher than in the CD45RA™ CD27"
and naive CD45RA" CD27" CD4" T-cell populations
(P < 0-01). This indicates that although CD45RA" CD27~
CD4" T cells bear phenotypic characteristics of highly
differentiated T cells, they are not exhausted functionally
but instead are capable of potent effector function. We
found no evidence for a decreased functionality of
CD45RA™ CD27" and CD45RA™ CD27" CD4" T cells
when we compared old with young donors after activa-
tion with a polyclonal T-cell stimulus (anti-CD3 anti-
body); these populations were equally multifunctional in
both groups of subjects (Mann—Whitney U-test, data not
shown).

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, /Immunology, 132, 326-339 331



V. Libri et al.

(a) orx kad

100 — 100+ ﬁ B €O gon

o o
e . : ° ° !:‘3 kR
A75- FE 5o S% 00 754 908 0 ©
o [+] o
3\°/ :;.E- ®0® g % S ::.- y
o
ek PR >
g |we % i g S
[<X<]
25 -:-. oo % S .ﬁ. O 254 %0° “as
° ° o o
‘B
0
CD4"* RA*27" RA™27* RA" 27" RA*27" CD4* RA*27" RA“27* RA"27" RA*27"
1001 xk 1001 o
° ° %
a o,

754 754 . °
el N N O :
o lee B g oW OL £ 1!
E 504 # L) o, ":\' r.q, 504 7:%
Z 0® °% o® l:‘ oo é .

o o
— 254 :' %o .:. ':. % 254 o, oo .:
%o 00 ° :: ° L2 °
° : l:. ° o o° l'l °
o__*_ﬂ_*_-—
CD4* RA*27" RA™ 27" RA" 27" RA*27° CD4* RA*"27" RA“27* RA" 27 RA*27
(b) S S
100+ N 100 o
I. ..
< i °
::/ 75 - < 754 0o
% :_ Z e
2 50 . ° S 50 o
'?I. —— T o
c (] °
£ 254 o, . & 25 °
(0] ° o ° ° ° —le °
= ,  ° Lo ’ °
[o 1 B PN VSV S S PV S— Lo H
CD4* RA*27" RA"27* RA"27° RA*27" CD4* RA*27" RA"27* RA" 27" RA*27"
(© 2%\2%5‘8% 1% 7% 2% 3%
’ & W 4 functions
80+ @ [ 3 functions
[] 2 functions
< 60 ° ] 1 function
o
3 : . o
S 404 0
Q
T
=
0_

RA* 27+ RA™27* RA™ 27~ RA* 27~

Figure 3. CD45RA™ CD27" and CD45RA" CD27~ CD4" T cells have a terminally differentiated phenotype but are multifunctional. Peripheral
blood mononuclear cells (PBMCs) were stained ex vivo and analysed by flow cytometry. The percentage of cells expressing phenotypic (a) and
functional (b) markers was determined by gating within total CD4" cells and within each of the CD45RA/CD27 subsets. Horizontal lines depict
median values. Statistical analysis was performed using the Wilcoxon matched pairs test (GRaPHPAD Prism). CD40 ligand (CD40L), interferon-y
(IFN-y), interleukin-2 (IL-2) and tumour necrosis factor-o. (TNF-o) expression by CD4" CD45RA/CD27 subsets was assessed using multipara-
metric flow cytometry following stimulation of PBMCs with anti-CD3 in the presence of brefeldin A for 16 hr (c). Frequency of all reacting cells
within each CD45RA/CD27 subset is represented by box-plots (n = 25). Reacting cells include those that express 1, 2, 3 or 4 of the analysed acti-
vation markers. Shown are median, interquartile range (IQR) (difference between the 75th and 25th percentiles), outlier and extreme values. The
pie charts show the distribution of cells showing 1, 2, 3 or 4 functions within each subset.
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Survival of CD45RA* CD27~ CD4" T cells following
activation

Beside the ability to secrete cytokines and express cyto-
toxic machinery, another critical element for T-cell-medi-
ated immune protection is their ability to proliferate and
survive after activation. We observed that after T-cell
receptor stimulation in vitro CD45RA* CD27" and
CD45RA™ CD27" CD4" T-cell populations expanded
more than CD45RA™ CD27 and CD45RA* CD27~ sub-
sets during culture (Fig. 4a,b; see Supplementary Informa-
tion, Fig. S3a). To understand the extent to which

IL-7 induces re-expression of CD45RA in CD4™ T cells

increased cell death, rather than reduced proliferation,
contributes to the decline of the CD45RA* CD27~ popu-
lation after in vitro stimulation, we measured the rate of
cell death by monitoring Annexin V staining and PI
incorporation after activation (Fig. 4c,d). The analysis of
early apoptotic (Annexin V' PI") and late apoptotic/
necrotic (Annexin V' PI") cells in the different subsets at
day 3 after activation showed that CD4" CD45RA"
CD27" T cells are significantly more prone to cell death
than all other subsets. A time—course of Annexin V stain-
ing and PI incorporation showed that by day 15 CD4"
CD45RA™ CD27~ T cells are almost completely dead
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Figure 4. CD4" CD45RA™ CD27 cells do not accumulate in culture following activation. (a) Purified CD45RA/CD27 CD4" T-cell subsets were
activated with anti-CD3 and irradiated antigen-presenting cells. At the indicated time-points, the cell number was determined on a haemocytom-
eter. Results are expressed as a percentage of the initial number of cells placed in culture; one representative experiment is shown (results from
another donor is shown in supplementary information Fig. S3). (b) Bar graph represents cell recovery at day 3 after anti-CD3 and interleukin-2
(IL-2) activation. Error bars represent the SE from the mean of three separate experiments. Statistical analysis was performed using paired t-test
(GraPHPAD Prism). (c,d) Apoptosis was assessed by Annexin V staining and propidium iodide (PI) incorporation. The percentage of early apop-
totic (Annexin V* PI") and late apoptotic/necrotic (Annexin V* PI") cells was assessed after anti-CD3 and interleukin-2 (IL-2) activation on day
3. Representative pseudocolour plots are shown (c). (d) Bar graph represents early apoptotic (left panel) and late apoptotic/necrotic cells (right

panel) at day 3 after anti-CD3 and IL-2 activation. Error bars represent the SE from the mean of four separate experiments. Statistical analysis
was performed using paired t-test.
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when all other subsets are still present in culture (see
Supplementary Information, Fig. S3c).

To explore the possibility that pro-survival pathways
are defective in CD45RA™ CD27~ CD4" T cells, which
makes them susceptible to apoptosis, we investigated the
expression of the anti-apoptotic protein Bcl-2, measured
by intracellular staining of CD4" T-cell subsets directly
ex vivo (Fig. 5a).® We found that Bcl-2 expression is sig-
nificantly lower in CD45RA" CD27~ CD4" T cells com-
pared with all the other subsets (P < 0-0001). A critical
role in promoting cell survival is also ascribed to Akt,
which operates by blocking the function of pro-apoptotic
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Figure 5. CD4" CD45RA" CD27" cells have altered survival signal-
ling pathways. (a) Bcl-2 ex vivo mean fluorescence intensity was
assessed in peripheral blood mononuclear cells (PBMCs) by gating
within total CD4" T cells and within each of the CD45RA/CD27
subsets. Horizontal lines depict median values. Statistical analysis
was performed using the Wilcoxon matched pairs test (GrRaPHPAD
Prism). (b) Representative overlays of pAkt (Ser473) expression
within CD4" CD45RA/CD27 subsets activated with anti-CD3 (solid
line) and within unstimulated cells which underwent the same pro-
tocol in the absence of anti-CD3 (grey histogram) are shown. The
values represent the median fluorescent intensity of pAkt (Serd73)
within each subset following activation. Bar graph represents the fold
change in pAkt(Ser473) mean fluorescence intensity (MFI) after acti-
vation relative to the MFI observed in unstimulated cells within the
respective subset. Error bars represent the SE from the mean of five
separate experiments. Statistical analysis was performed using paired
t-test (GRAPHPAD PRism).

proteins and processes.”®*! Akt is phosphorylated at two
sites — serine 473 and threonine 308. We previously
showed that there is defective phosphorylation of Akt
(ser473) but not Akt(thr308) in highly differentiated
CD8" T cells.”®’' We now show that there is a decrease
in pAkt(ser473) from CD45RA" CD27" (naive), CD45RA™
CD27", CD45RA™ CD27~ and CD45RA" CD27" subsets,
respectively (Fig. 5b). Therefore CD45RA" CD27~ CD4"
T cells have potent effector function but have decreased
capacity for survival after activation, associated with
decreased Bcl-2 expression and Akt(ser473) phosphorylation.

CD4" memory T cells re-expressing CD45RA™ derive
from CD45RA™ CD27" CD4" T cells by IL-7-driven
homeostatic proliferation

Previous studies have shown that within CD8" T cells
cytokines such as IL-15 that drive homeostatic proliferation
also induce the generation of CD45RA™ CD27~ CD8" T
cells.?"*>*>  Although the presence CD4" CD45RA"
CD27" T cells has been described previously”® the mecha-
nism by which they are induced is not known. We
showed previously that IL-7 can induce the proliferation
of CD4" CD45RA™ (naive) T cells without inducing
CD45RO expression,”* which was subsequently supported
by other studies.”> We therefore investigated whether
this cytokine could induce CD45RA re-expression in
CD45RA™ CD27" or CD45RA™ CD27" CD4" T cells.
These cells were isolated by cell sorting then cultured in
the presence of IL-2, IL-7 or IL-15 without T-cell receptor
stimulation  (Fig. 6; see Supplementary Information,
Figs S4 and S5). After 6 days, a population re-expressing
CD45RA and down-modulating CD45RO emerged from
the CD45RA™ CD27" cells cultured in the presence of
IL-7 (Fig. 6a). T-cell receptor stimulation alone did not
induce CD45RA re-expression and neither did a panel of
cytokines including transforming growth factor-f, IL-10
and IFN-o (unpublished observations). We also per-
formed a CFSE dilution assay on CD45RA™ CD27" cells
in the presence of IL-7 to assess whether CD45RA
re-expression is accompanied by proliferation driven by
IL-7. The CD45RA™ cells that were generated in vitro
from CD45RA™ CD27" cells by IL-7 divided more than
the cells that remained CD45RA™ and CD45RO" in the
same culture (Fig. 6b). Although a low level of CD45RA
expression was observed in a small proportion of
CD45RA™ CD27" CD4" T cells that were cultured with
IL-2 or IL-15 (see Supplementary Information, Fig. S4),
this was considerably lower than that induced by IL-7
(Fig. 6a). The relatively weak effect of IL-15 on the induc-
tion of CD45RA in CD45RA™ CD27" cells was not
enhanced by a higher dose (10 ng/ml) of this cytokine
(data not shown).

The CD45RA™ CD27 subset cultured in the same
experimental conditions did respond to IL-7 in terms of
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survival (data not shown) but did not re-express CD45RA
and remained CD45RO" throughout the culture period
(see Supplementary Information, Fig. S5). These results
suggest that IL-7-driven homeostatic proliferation can
induce the re-expression of CD45RA in CD45RA™ CD27*
CD4" T cells but cannot induce the CD45RA™ CD27~
population to form the CD45RA" memory population.
We next determined whether the memory CD45RA™ cells
that were generated in vitro resembled phenotypically
those that are found in vivo. To do this we monitored the
expression of CD27, Bcl-2 and IL-7Ro after different
time-points of IL-7 treatment of CD45RA™ CD27" CD4"
T cells in vitro. The population that remained CD45RA™
CD45RO" expressed homogeneously high levels of Bcl-2
and IL-7Re throughout the culture period (Fig. 6¢),
except for the initial down-regulation of IL-7Ra (visible
at day 5). In contrast the population of CD45RA" cells
that emerged down-regulated both Bcl-2 and IL7-Ra over
time (Fig. 6¢). Interleukin-7 stimulation of CD45RA™
CD27" CD4" T cells results in the generation of a popu-
lation with heterogeneous expression of CD27. However,
a small percentage of the CD45RA re-expressing cells are
CD27" (see Supplementary Information, Fig. S6). As IL-7
induces CD45RA but not complete loss of CD27 in the
timeframe of experimental protocol we acknowledge that
other factors in addition to IL-7 may also be required for

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd,

IL-7Ro

the generation of a CD45RA* CD27~ T-cell population
from CD45RA™ CD27" cells.

Preferential localization of CD45RA™ CD27~ CD4"
T cells in the bone marrow

All the results presented so far were performed using CD4"
T cells from peripheral blood. The bone marrow has been
known to be a source of IL-7 in vivo.”® We therefore exam-
ined the possibility that there was preferential accumula-
tion of CD45RA" CD27~ CD4" T cells of a particular
specificity in this lymphoid compartment. First we com-
pared the distribution of CD4" CD45RA/CD27 subsets in
paired blood and bone marrow samples from healthy
donors and observed a significant increase in the percent-
age of CD45RA™ CD27~ and CD45RA™ CD27- CD4*
T cells in the bone marrow compared with the blood of
the same individuals (Fig. 7a). We investigated next
whether the specificity of T cells in the bone marrow was
similar to that found in the blood of the same individuals
(Fig. 7b). We found that the increased proportion of
CMV-specific CD4" T cells relative to other populations
was also observed in bone marrow samples, indicating that
the inflation of CMV-specific T cells occurs in more than
one lymphoid compartment in vivo (Fig. 7b). In addition,
the proportion of CMV-, VZV- and EBV-specific CD4"
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T cells was not significantly different between the two
compartments. However, there were significantly more
PPD-specific CD4" T cells in the bone marrow compared
with the peripheral blood from the same donors, although
the significance of this is not clear at present.

We next investigated whether there was preferential
accumulation of CD45RA™ CD27~ and CD45RA" CD27~
CD4" T cells of a particular specificity in the bone
marrow. We found that the proportion of CMV-, VZV-,
EBV- and PPD-specific populations in the bone marrow
that were CD45RA™ CD27” and CD45RA™ CD27~ was
not different to that in the blood of the same individuals
(Fig. 7¢c). Therefore it appears that CD45RA™ CD27™ and
CD45RA™ CD27~ T cells of all specificities have equal
propensity to accumulate in the bone marrow and that it
is not a unique site for the generation of CMV-specific
effector/memory CD4™ T cells.

Discussion

In this study we show that whereas persistent CMV infec-
tion is mainly responsible for the increase of CD45RA™
CD27~ and CD45RA" CD27~ CD4" T cells in older sub-
jects, both ageing as well as CMV infection contribute to
the decrease of CD45RA" CD27" CD4" T cells. This latter
observation may reflect the impact of thymic involution
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Figure 7. CD4" CD45RA" CD27~ cells appear
to accumulate in the bone marrow. (a) Pheno-
typic analysis of CD45RA/CD27 expression on
paired peripheral blood mononuclear cell
(PBMC) and bone marrow (BM) samples. Fre-
quencies of each of the CD45RA/CD27 popu-
lations within total CD4" T cells are shown.
(b,c) Paired PBMCs and BM cells were stimu-
lated overnight with varicella zoster virus
(VZV), cytomegalovirus (CMV) and Epstein—
Barr virus (EBV) viral lysates or purified pro-
tein derivative (PPD) in the presence of brefel-
din A and analysed by flow cytometry.
Antigen-specific populations were identified by
intracellular staining for interferon-y (IFN-y)
production along with CD4, CD45RA and
CD27 surface staining. (b) The frequency of
CD4" T cells that were antigen-specific in
E=PBMC PBMC and BM samples was determined in all
C—IBM donors (n =11) with a positive response
(> 0-02% once corrected for background). (c)
The percentage of antigen specific CD4" T cells
that displayed a CD45RA™ CD27" or a
CD45RA* CD27" phenotype was assessed in
PBMCs and BM (n = 15). Statistical analysis
was performed using the Wilcoxon matched

PPD  CD4* pairs test (GRAPHPAD Prism).

compounded with persistent CMV infection during age-
ing.! The majority of CD45RA™ CD27~ and CD45RA*
CD27" populations in CMV-infected subjects are CMV-
specific but there are also increased numbers of these
effector CD4" cells that are specific for other viruses, i.e.
EBV, HSV and VZV. This suggests that CMV infection
may drive a global increase in CD4" T-cell differentiation
suggesting a bystander phenomenon. However, we cannot
rule out the possibility that some people are particularly
susceptible to the reactivation of latent viruses in general,
CMV included. The bystander effect may be mediated in
part by IFN-o that is secreted by CMV-stimulated
plasmacytotoid dendritic cells as a result of toll-like
receptor stimulation'® or by TNF-0.>° IFN-o and TNF-«
have been shown to accelerate the loss of CD27 and
CD28 in both CD4"'>** and CD8"*’ T cells in humans.
However, the induction of IFN-a may also lead to the
secondary secretion of other cytokines such as IL-15,"*!
which may induce homeostatic proliferation and CD45RA
re-expression during CMV-specific CD8" T-cell activa-
tion.”>**™** It is currently not known whether IFN-o can
also induce IL-7 secretion by leucocytes or stromal cells
but this is under investigation. These observations suggest
that the accumulation of highly differentiated
CD45RA™ CD27” and CD45RA™ CD27 CD4" T cells in
CMV-infected individuals may be related in part to the
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cytokines that are secreted either as a direct or indirect
consequence of CMV re-activation in vivo.

There has been controversy about the extent to which
CMV re-activation occurs in seropositive individuals. Ear-
lier studies did not find increased CMV DNA in the
blood of older humans.*” However, a recent study
confirmed that while CMV viral DNA is undetectable in
the blood of healthy old volunteers, it is significantly
increased in the urine of these individuals compared with
a younger cohort of CMV-seropositive subjects.*® This
indicates that the ability to control CMV re-activation
may be compromised during ageing and that this may
lead to increased activation of CMV-specific T cells in
older subjects.*® Therefore, the increased CMV-specific
T-cell re-activation together with secretion of differentia-
tion-inducing cytokines such as IFN-o,">>”?° may culmi-
nate in the highly differentiated memory T-cell repertoire
that is found in older CMV-infected humans.

Previous reports on CD8" T cells that re-express
CD45RA have described them as terminally differentiated
and exhausted.’’*> However, we and others have shown
that CD45RA™ CD27~ CD8" T cells can be re-activated to
proliferate and exhibit effector functions in vitro,>*>**
indicating that they are functional and retain replicative
potential and are an important memory subset.*” We
now extend these observations by showing that the same
applies to CD45RA" CD27" cells within the CD4" T-cell
population that secrete multiple cytokines as efficiently as
the CD45RA™ CD27" population and more efficiently
than the naive CD45RA™ CD27" and CD45RA™ CD27°
subsets after T-cell receptor activation. In addition, the
CD45RA" CD27” and CD45RA™ CD27" CD4" T-cell
populations that accumulate in CMV-seropositive donors
also have cytotoxic potential but it is not clear what their
target population may be.

In addition to their functionality, the ability of
CD45RA™ CD27~ and CD45RA* CD27™ T cells to prolif-
erate and survive after T-cell receptor or homeostatic cyto-
kine stimulation is crucial for their role in immunity. We
showed that not only CD45RA™ CD27  but especially
CD45RA™ CD27~ CD4" T cells have reduced levels of Bcl-
2 and impaired Akt phosphorylation. These changes may
account for the susceptibility of these cells to apoptosis
after activation, which contributes to their inability to
accumulate after stimulation in vitro. However, this
does not necessarily imply that CD45RA™ CD27  and
CD45RA" CD27~ CD4" T cells are short lived in vivo. It
has been shown that stromal cells can promote the survival
of apoptosis-prone T cells that have down-regulated Bcl-
2°** and that the cytokines involved are type 1 interferons
(IFN-g, IEN-$).* In addition, IFN-o/f secreted by stromal
cells can also prevent the activation-induced apoptosis of
antigen-specific CD4" T-cell clones.” These data indicate
that although CD45RA™ CD27~ and CD45RA" CD27~
cells may appear to be susceptible to apoptosis in vitro,

IL-7 induces re-expression of CD45RA in CD4™ T cells

there may be soluble factors that are present in vivo that
enable them to persist. This may explain why
CD45RA™ CD27~ CD8" T cells from older humans show
unusual kinetic properties in deuterated glucose uptake
studies, where their persistence in the blood is not related
to the extent to which they proliferate,”’ indicating a pos-
sible role for anti-apoptotic factors in vivo.

Our studies suggest that one way in which CMV-spe-
cific CD45RA" CD27~ CD4" T cells may be generated is
by IL-7-driven homeostatic proliferation, possibly in
combination with other factors. This raises the question
as to where this process may occur in vivo. It is widely
accepted that bone marrow stromal cells are a source of
IL-7 that enables the maturation and differentiation of
specific progenitor cells’® and it has been shown that
professional memory CD4" T cells co-localize with IL-7-
producing stromal cells in vivo.>> We therefore investi-
gated whether the bone marrow was a possible site for
IL-7-driven CD45RA re-expression in memory T cells.
There were significantly more CD45RA" CD27~ T cells
in the total CD4" compartment in the bone marrow
compared with the blood of the same subjects. However,
there was not a preferential accumulation of CD45RA"
CD27" T cells of any particular specificity in the bone
marrow. This suggests two possibilities. First, that
CD45RA™ CD27~ T cells of all specificities preferentially
migrate to the bone marrow, or alternatively IL-7 in the
bone marrow may induce CD45RA re-expression on
CD4" T cells irrespective of their antigen specificity. Our
current experimental system does not allow us to dis-
criminate between these possibilities.

Collectively our results suggest that cytokine secretion
may have a largely ignored role in shaping the highly dif-
ferentiated T-cell repertoire in older humans. Although it
is currently unclear why the increase in highly differenti-
ated T cells that are largely CMV-specific is detrimental
during ageing,” the manipulation of the cytokines that
may be involved in their generation may be a possible
strategy to prevent their accumulation.
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Supporting Information

Additional Supporting information may be found in the
online version of this article:

Figure S1. High frequency of cytomegalovirus (CMV) -
specific CD4" T cells. Peripheral blood mononuclear cells
were stimulated with CMV, Epstein—Barr virus (EBV),
herpes simplex virus (HSV), varicella zoster virus (VZV)
or purified protein derivative (PPD) lysate and the per-
centage of interferon-y (IFN-y) secreting antigen-specific
CD4" T cells was assessed by flow cytometry (a). The fre-
quency of CD4" T cells that were specific for CMV, EBV,
HSV, VZV or PPD was determined in individuals who
were seropositive for these agents (b). Only responses
> 0.02% above background (unstimulated cells) were
considered positive. Horizontal lines depict median val-
ues. Significantly increased frequency of CMV specific
CD4" T cells relative to the other antigens is indicated
(Wilcoxon rank test, GRAPHPAD PRrism).

Figure S2. Multiparameter flow cytometric analysis.
Representative dot plots from one donor show the distri-
bution of stimulated CD4 T cells within each CD45RA/
CD27 subset. Panels show CD4 plotted against: CD40
ligand (CD40L; upper right), interferon-y (IFN-y; upper
left), interleukin-2 (IL-2; lower right) and tumour necro-
sis factor-oo (TNF-o;; lower left), each for unstimulated
and anti-CD3 stimulated T cells.

Figure S3. Cell recovery. Purified CD45RA/CD27 CD4"
T-cell subsets were activated with anti-CD3 and irradiated
antigen-presenting cells and irradiated antigen-presenting
cells. At the indicated time-points, the cell number was
determined on a haemocytometer. Results are expressed as
a percentage of the initial number of cells placed in cul-
ture; results for one donor are shown. (b,c) Apoptosis was
assessed by Annexin V staining and propidium iodide (PI)
incorporation. The percentage of early apoptotic (Annexin

IL-7 induces re-expression of CD45RA in CD4™ T cells

V" PI7) and late apoptotic/necrotic (Annexin V' PI") cells
was assessed in the indicated days. Representative pseudo-
colour plots are shown (b).

Figure S4. CD4" CD45RA™ CD27" cells were purified
by FACS sorting and analysed for the expression of
CD45RA and CD45RO before culture. Cells were stimu-
lated with interleukin-2 (IL-2) or IL-15 and CD45RA/
CD45RO expression was assessed by flow cytometry at
the indicated time-points. The results shown are represen-
tative of four experiments.

Figure S5. CD4" CD45RA™ CD27" cells were purified
by FACS sorting and analysed for the expression of
CD45RA and CD45RO before culture. Cells were stimu-
lated with interleukin-7 (IL-7), IL-2 or IL-15 and
CD45RA/CD45RO expression was assessed by flow
cytometry at the indicated time-points. The results shown
are representative of three experiments.

Figure S6. CD4" CD45RA™ CD27" cells were purified
by FACS sorting. Cells were stimulated with interleukin-7
(IL-7), or IL-15 and CD45RA/CD27 expression was
assessed by flow cytometry at the indicated time-points.

Table S1. Results from multiple linear regression fitting
age and cytomegalovirus (CMV) status as co-variates.
Table shows the unstandardized coefficient, significance
and 95% confidence interval from the output of spss soft-
ware for each CD45RA/CD27 subset. Unit of age is equal
to 1 year.

Table S2. Mean frequencies and the standard error of
the mean of CD40 ligand (CD40L), interferon-y (IFN-7),
interleukin-2 (IL-2) and tumour necrosis factor-o (TNF-o)
in all possible combinations in each CD45RA/CD27 subset.
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plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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