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Resumo

O principal objectivo deste trabalho é o estudo da homeostasia de linfocitos T CD4"
naive e de memdria em humanos, com énfase particular no papel desempenhado pela IL-7
neste processo. Para tal, investiggmos os efeitos desta citocina na homeostasia de
subpopulacbes de linfécitos T CD4" naive identificados pela expressdo de CD31.
Demonstramos pela primeira vez que a IL-7 induz a proliferacdo preferencial da
subpopulagio CD31" de linfocitos T CD4" naive do sangue periférico de adultos. Além
disso, a IL-7 promove a manutengdo ou mesmo o aumento dos niveis de CD31 em células
T CD4" naive CD31%, apesar de ndo induzir a re-expressio deste marcador na
subpopulacdo CD31". Os nossos resultados indicam que tanto a proliferacdo como a
manutencdo de CD31 induzidas pela IL-7 sdo dependentes da via de sinalizagéo PI3K.

Neste estudo, também investigamos quais 0s potenciais mecanismos responsaveis
pelo restabelecimento da homeostasia ap0s transplante haploidéntico de células
estaminais, particularmente pela manutencdo da subpopulacio T CD4" naive CD31". Os
nossos dados sugerem que a reconstituicdo imunolégica a longo prazo foi atingida com
sucesso num grupo de receptores de transplante haploidéntico, provavelmente através de
uma combinacdo de mecanismos dependentes e independentes do timo, levando ao
estabelecimento de subpopulacdes equilibradas de linfocitos T CD4" e CD8", bem como a
um repertério de células T diverso.

Por fim, o estudo da homeostasia dos linfocitos T CD4" de memoria teve como base a
investigacdo do potencial impacto da acumulagéo de linfocitos T CD4" CD45RACD27
que se observa durante a infeccdo por CMV. Analisdmos a capacidade replicativa e
funcional destas células altamente diferenciadas, assim como o putativo envolvimento da
IL-7 na re-expressdo de CD45RA em linfocitos T CD4" de memdria. Os nossos
resultados demonstram que os linfocitos T CD4" CD45RA'CD27 ndo constituem uma
subpopulagdo exausta, mantendo potencial replicativo e funcional. No entanto, estas
células apresentam caracteristicas de senescéncia independentes do comprimento dos
telomeros, mediadas parcialmente pela via de sinalizagdo p38 MAPK.

Globalmente, os nossos dados reiteram a contribuicdo da IL-7 para a homeostasia de

linfocitos T CD4" naive e de memoria, sugerindo um potencial envolvimento na
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manutencdo da populacdo T CD4" naive CD31" em adultos e na inducéo da expressdo de
CD45RA em linfocitos T CD4" de memdria.

Palavras-chave: Homeostasia, Interleucina-7, Linfocitos T CD4", Reconstituicio

imunoldgica, Senescéncia.
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SUMMARY

The main focus of this work is to study the homeostasis of human naive and memory
CD4" T cell subsets, particularly assessing the role of IL-7 in this process. For this
purpose, we assessed the potentially distinct effects of IL-7 in the homeostasis of naive
CD4" T cell subsets defined by CD31 expression. We describe for the first time the
preferential proliferation of the CD31" subset within adult naive CD4" T cells in response
to IL-7 stimulation. Furthermore, we showed that IL-7-induced proliferation sustained or
even increased the level of CD31 expression in CD31" naive CD4" T cells, although it did
not induce CD31 re-expression in the CD31" subset. We also demonstrated that both IL-7-
induced proliferation and CD31 maintenance were dependent on the PI3K pathway.

Furthermore, we investigated the mechanisms involved in the restoration of T cell
homeostasis following haploidentical haematopoietic stem cell transplantation (HSCT),
particularly in the maintenance of the CD31" naive CD4" T cell pool. Our data suggest
that long term immune reconstitution was successfully achieved in a cohort of
haploidentical HSCT recipients, likely through a combination of thymus-dependent and -
independent mechanisms which gave rise to balanced CD4" and CD8" T cell subsets and
to a diverse T cell repertoire.

Finally, we focused on memory CD4" T cell homeostasis in order to clarify the impact
of the increasing representation of CD45RA'CD27 CD4" T cells observed during CMV
infection. We sought to determine the replicative and functional potential of these highly
differentiated cells, as well as the putative involvement of IL-7 in CD45RA re-expression
in memory CD4" T cells. Our results show that CD45RA'CD27  CD4" T cells do not
constitute an exhausted subset, retaining replicative and functional potential. However,
these cells display senescence-associated traits independent of telomere length, which are
at least partly mediated by the p38 MAPK pathway.

Overall, our data reiterates the contribution of IL-7 signalling to naive and memory
CD4" T cell homeostasis, suggesting a role for IL-7 in the maintenance of the CD31"
naive T cell pool throughout adulthood as well as in the induction of CD45RA on
memory CD4" T cells.
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Keywords: Homeostasis, Interleukin-7, CD4" T Lymphocytes, Immune reconstitution,

Senescence.
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INTRODUCTION

1. Interleukin-7: a key cytokine in T cell homeostasis

1.1. The role of yc cytokines in T cell homeostasis

Homeostasis can be defined as the tendency of a system to maintain internal stability
through coordinated responses that compensate for environmental changes, allowing the
return to a steady-state following perturbation *. Although the aim of homeostasis is to
achieve equilibrium, its nature is not static but rather dynamic, ensuring stability by
continually adjusting to changing conditions *. The homeostasis of the immune system
operates through a tightly regulated network of sensing and feedback mechanisms that
counteract disturbances in order to restore steady-state settings 2. T cell homeostasis
ensures the maintenance of the size and diversity of the T cell pool **. A typical example
Is the preservation of relatively constant peripheral T cell numbers in the face of constant
antigenic challenge, which is achieved by counterbalancing the proliferation of antigen-
specific cells with the contraction of the expanded population during an immune response
>7 Likewise, drastic reductions of peripheral T cell numbers, as observed following

chemotherapy 8, bone-marrow transplantation °

and human immunodeficiency virus
(HIV) infection '°, exaggerate the response to mechanisms responsible for naive T cell
homeostasis under steady-state conditions, i.e. cytokines, in order to restore the size of the
T cell pool through lymphopenia-induced proliferation **. However certain challenges to
T cell homeostasis ultimately prove too disruptive to allow the return to a steady-state.
For example, transformed T cells are able to circumvent cell cycle checkpoints and
consequently undergo uncontrolled proliferation which cannot be counteracted by
homeostatic feedback mechanisms 2. Several therapeutic approaches have been developed
to help restore immune competence following T cell depletion caused by a variety of
immune disorders as well as by tumour therapy regimens and following allogeneic stem
cell transplantation 2. Interleukin-7 (IL-7) is a cytokine from the common v chain (yc)
family with potential application as a therapeutic approach in a multitude of clinical

settings associated with T cell deficiency, such as ageing, HIV infection and following
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radio- or chemotherapy utilized in the treatment of tumours or as part of a conditioning
regimen for hematopoietic stem cell transplantation (HSCT) .

T cell homeostasis relies mainly on signals triggered by self-MHC/peptide complexes
and members of the yc family of cytokines . The yc family encompasses cytokines, such
as IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21, whose receptor complexes share the yc chain
(CD132), in addition to various cytokine-specific chain(s) *°. IL-7 and IL-15 are the key
cytokines involved in the maintenance of T cell homeostasis . The homeostasis of naive
T cells is dependent on T cell receptor (TCR) interaction with self-MHC/peptide
complexes plus IL-7 signalling **%. In vivo studies in mice have demonstrated that both
CD4" and CD8" naive T cells require IL-7 for survival and homeostatic proliferation
19202426 \hile in vitro studies have shown that IL-7 alone is able to promote the survival
and proliferation of human CD4" naive T cells from umbilical cord blood 23°. As for
memory T cells, CD4" and CD8" T cells are similarly independent of TCR tickling %
but they appear to have distinct yc cytokine requirements: both IL-7 and IL-15 are

3336 \whereas IL-7 is considered critical

reportedly involved in memory CD8 homeostasis
for the generation and maintenance of memory CD4* T cells ***2. Thus, several lines of
evidence point to IL-7 as a key cytokine in the maintenance and restoration of naive and

memory T cell homeostasis 22-*°.

1.2. 1L-7 Receptor signalling in T cells

IL-7 was initially described as a growth factor for murine B cell precursors in a bone
marrow culture system “%. It has since been described as a non-redundant cytokine in the

development of T cells in mice and humans ***’

, as well as being essential for the
survival and proliferation of naive and memory T cells in the periphery *>*°°_ Several
studies have also demonstrated that IL-7 is a homeostatic cytokine able to promote
memory CD4" and CD8" T cell generation *"*3°*%2 The presence of IL-7 during culture
of tumour-specific CD8" T cell clones has been shown to promote long-term survival
whilst progressively quenching cytotoxic responses, suggesting that IL-7 may play a role
in memory induction by supporting the transition from an activated to a resting state >*.
IL-7 is mainly produced by non-lymphoid cells within lymphoid tissues, such as
stromal cells in the bone marrow and lymph nodes, and epithelial cells in the thymus and

gut 3>+ 1.7 production appears to occur in a constitutive fashion without influence
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from extrinsic stimuli ©*°. On the other hand, the production of other yc cytokines such
as IL-2 and IL-15 increases greatly with the activation of T cells, macrophages and
dendritic cells during an immune response >"*%. The response to IL-7 appears to be tightly
regulated by the expression of the a chain of the IL-7 receptor (IL-7Ra, CD127). The
expression of IL-7Ra on lymphocytes fluctuates according to the stage of development

%961 and TCR activation 16962

and/or activation *°. IL-7 itself **%, other yc cytokines
induce the down-modulation of IL-7Ra expression. Conversely, IL-7Ra is up-regulated in
the absence of its cognate cytokine **®°. Hence, unlike the receptor chains specific for IL-
2 and IL-15, which are up-regulated following activation °® IL-7Ra expression appears
to be transiently dampened upon triggering of signalling pathways that promote cell
survival. This feedback regulatory mechanism has been suggested to maximise the
number of cells that can make use of the limited amount of IL-7 available *°. However,
the in vitro survival and proliferation of human naive CD4" T cells in response to limiting
amounts of IL-7 appear to be independent of IL-7Ra expression levels ®°, which argues
against the in vivo “altruistic’ model proposed by Park et al. *°.

IL-7 stimulation induces several pro-survival pathways, particularly through the

67-69

modulation of the expression of Bcl-2 family members , In addition to promoting cell

proliferation, growth and metabolic activity °#°", |L-7 signalling is triggered by ligation

" and

of IL-7 to IL-7Ra, inducing the hetero-dimerisation of IL-7Ra with the yc chain
consequent activation of the receptor-associated Janus kinases (JAK) -1 and -3 °. JAK1
and JAK3, which are respectively associated with the yc chain and IL-7R-a,
phosphorylate each other and then IL-7Ra, creating docking sites for the signal
transducers and activators of transcription (STAT) factors, such as STATL, -3 and -5 "®78,
STATS5, the most relevant STAT in IL-7-induced signalling, comprises two isoforms:
STAT5a and STAT5b . Both STATS isoforms are then phosphorylated by JAK1/3,
inducing their homo- or hetero-dimerisation and translocation to the nucleus where they
activate the expression of genes involved in cell survival and proliferation ¥%. The
STATS signalling pathway promotes cell survival through the modulation of Bcl-2 family
members, up-regulating the expression of anti-apoptotic proteins Bcl-2 and Bcl-xL and
down-regulating the pro-apoptotic proteins Bax and Bad *®'. STATS5 signalling also
leads to the inhibition of protein kinase C 6 (PKCO) and subsequently to the down-

modulation of the cyclin-dependent kinase inhibitor p27**, inducing cell cycle entry %,
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Another major pathway induced by IL-7 is the phosphoinositide 3-kinase (PI3K)
signalling pathway which plays a key role in regulating cell survival, growth, metabolism
and proliferation ®. The major substrate of PI3K is Akt, a serine/threonine kinase, also
known as protein kinase B (PKB) %. Activation of PI3K by growth factors or cytokines
induces the recruitment of Akt to the plasma membrane where it is phosphorylated on two
residues, Thr308 and Ser473, becoming fully activated **. The substrates of Akt include
several molecules that directly or indirectly impact on cell survival and proliferation, such
as pro- and anti-apoptotic Bcl-2 family members, caspases and forkhead transcription
factors %, Through its targets in the Bcl-2 family, Akt protects mitochondrial membrane
integrity and thus prevents the release of factors such as cytochrome ¢ which can trigger

apoptosis in response to stress *

. The phosphorylation of Bax by Akt induces
conformational changes that hinder the translocation of Bax to the mitochondrial
membrane, blocking pore formation and consequent cytochrome c release *. Akt directly
phosphorylates the pro-apoptotic protein Bad *, forcing the dissociation of Bad from Bcl-
2 complexes, releasing the latter free to perform its anti-apoptotic functions *°". Akt
promotes CD4" cell survival in part by phosphorylating, and consequently inactivating,
the forkhead transcription factor FOXO3a, which leads to the down-regulation of the pro-
apoptotic protein Bim ®. The PI3K pathway is also required for the IL-7-induced increase
of GLUT1 expression, a key glucose transporter in T cells, thus promoting glucose uptake
and metabolic activity "*%. In addition, 1L-7 also up-regulates the transferrin receptor
CD71 % the major mediator of iron uptake associated with increased metabolic activity
100102 Hence, IL-7 is a pleiotropic cytokine that promotes T cell survival, proliferation,
growth and metabolism.

1.3. Therapeutic applications of IL-7

IL-7 has been suggested as a potential therapeutic agent in a variety of settings,
particularly in the improvement of immune reconstitution following T cell depletion %. In

103197 and in non-human primates %, IL-7

pre-clinical studies performed both in mice
administration has been shown to accelerate the rate of immune reconstitution following
bone-marrow transplantation %, Furthermore, I1L-7 has also been shown to boost T
cell homeostasis in simian immunodeficiency virus (SIV)-infected non-human primates

109110 " geveral reports have attributed the beneficial effects of IL-7 therapy on T cell
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108,109.111 "\vhereas other

reconstitution to the enhancement of peripheral T cell expansion
studies suggest that IL-7 can also increase thymic output ‘0410211011213 Tha heneficial
effects of IL-7 on thymic output of naive T cells might require prolonged IL-7 treatment
13114 " Furthermore, the impact of IL-7 in thymic function might be more relevant for
younger hosts, given that IL-7 administration does not seem to significantly increase
thymic output in aged mice *. Regardless of the putative enhancement of thymic output,
IL-7 administration has been shown to enhance T cell recovery through the preferential
expansion of newly generated naive T cells, termed recent thymic emigrants (RTES),
following allogeneic bone marrow transplantation in mice **>*'°. Hence IL-7 therapy
appears to induce cycling of RTEs, consequently allowing the maintenance of a diverse
TCR repertoire in patients recovering from T cell depletion which might prove
particularly relevant following allogeneic stem-cell transplantation .

IL-7 administration has been shown to enhance proliferation driven by high- and low-
affinity antigens in T cell depleted mice . Hence, it might be particularly useful as a
vaccine adjuvant targeting poorly immunogenic antigens, such as those associated with
tumours, given its ability to enhance responses to low-affinity antigens 2>1%17118 pre-
clinical studies in mice have confirmed that IL-7 can serve as a potent vaccine adjuvant,
preferentially enhancing responses to sub-dominant antigens and thus broadening the
scope of immune responses '*’. A model of skin graft rejection mediated by a male
antigen in athymic T cell-depleted female mice has shown that IL-7 administration
ensures restoration of immune competence following transfer of only 1% of the T cell
repertoire, whereas 10% of the repertoire is required in the absence of IL-7 **%. Thus, IL-7
therapy might potentially improve immune reconstitution through peripheral expansion,
ensuring the restoration of a diverse TCR repertoire even in the absence of thymic
function. The conversion of non-immunogenic antigens into mitogenic stimuli in the
presence of increased IL-7 levels is potentially beneficial for the generation of a diverse
TCR repertoire following T cell depletion, although it might also favour the development
of autoimmunity *'°. Autoimmune diseases have been linked with settings characterised

120-123

by T cell depletion and the consequent lymphopenia-induced proliferation , as well

as with elevated 1L-7 levels ***'% Furthermore, chronic elevation of IL-7 levels in mice

126,127 I

has been associated with the development of lympho-proliferative disorders n

vitro studies have also demonstrated that IL-7 promotes the viability, metabolic activity

71,80,128,129

and proliferation of leukemic T cells , underlying the importance of taking into



6 | Chapter 1

account the potential tumourogenic effects of IL-7 when designing IL-7-based clinical
trials as well as the potential therapeutic application of blocking IL-7 signalling in
particular clinical settings **.

Even in T cell-replete hosts, supra-physiological levels of IL-7 have been shown to

51,109,131

induce naive CD4" and CD8" T cell proliferation, as observed in mice and in

macaques 4, suggesting that the endogenous levels of IL-7 constitute a limiting resource

12 |L-7-expanded naive CD4" and CD8" T cells have been shown to acquire a memory-

like phenotype both in immune-competent macaques **

103,115

and following stem cell
transplantation in mice . Similarly, lymphopenia-induced proliferation in the
absence of IL-7 treatment has also been reported to induce naive T cells to acquire a
memory-like phenotype *2**®. However, these memory-like cells have been shown to
regain phenotypic and functional characteristics of naive T cells upon reconstitution of
the T cell pool *4'¥13 or ypon discontinuation of IL-7 treatment in immune-competent
hosts 4. Therefore the beneficial effects of IL-7 administration in the reconstitution of
the naive T cell pool following stem cell transplantation might be initially masked by this
phenomenon *®° The impact of IL-7 on proliferation is not restricted to the naive
subset as it also induces cycling of different memory CD4" and CD8" subsets, thus
contributing to the maintenance of the whole T cell pool ***. Moreover, IL-7 enhances the
ability of memory CD4" and CD8" T cells to produce cytokines, reinforcing its potential
use for IL-7 as a vaccine adjuvant ***.

IL-7 serum levels have been shown to be elevated in children following allogeneic
bone-marrow transplantation, showing a direct correlation with the degree of T cell

depletion ¥

. Furthermore, an inverse correlation between IL-7 serum levels and
peripheral CD4" T cell numbers, particularly naive CD4" T cells, has been reported in
HIV-infected individuals *°'*!. Conversely, the restoration of CD4* T cell numbers
following anti-retroviral therapy is associated with a decline in IL-7 levels ****!, Other
settings involving CD4" T cell depletion, such as chemotherapy **° and idiopathic CD4*
lymphopenia **?, have been associated with elevated levels of circulating IL-7, which
return to baseline upon recovery of CD4™ T cell numbers. Immune reconstitution appears
to be impaired in patients who display lower levels of circulating IL-7 than would be
expected for the degree of lymphopenia observed, suggesting that elevated levels of

endogenous IL-7 might aid the recovery of T cell homeostasis following T cell depletion
143,144
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The investigation of the potential causes underlying the increase in IL-7 levels during
lymphopenia generated conflicting reports arguing either in favour of increased
production, or of decreased consumption, of IL-7 following T cell depletion *°. The
increased production hypothesis was substantiated by the presence of significantly
increased levels of cell-associated IL-7 within lymphocyte-depleted peripheral lymph

nodes from acquired immunodeficiency syndrome (AIDS) patients **

, together with the
observation of a greater delay between the recovery of CD4" T cell numbers and the
restoration of steady-state IL-7 levels in patients recovering from CD4 depletion than
would be expected if IL-7 consumption was the underlying mechanism *°. A putative
increase of IL-7 production in response to CD4" T cell depletion would require one or
more sensing mechanisms able to monitor CD4" T cell levels and regulate IL-7 secretion
accordingly *°, however no such mechanisms have been so far identified. On the other
hand, studies in mice have reported a decline rather than a rise in IL-7 production in
response to lymphopenia #. In addition, IL-7 production in the lymph nodes has been
shown not to be significantly higher in HIV-infected patients than in non-infected
individuals **. Hence it has been proposed that IL-7 is produced at a fixed constitutive
rate and that its levels rise during lymphopenia as a result of reduced consumption due to
a decrease in the number of T cells competing for IL-7 13813,

A major question regarding the potential efficacy of IL-7 therapy is whether IL-7
administration would be of any benefit in settings already associated with elevated IL-7
levels. The IL-7 serum concentration is in the pg/ml range, even in lymphopenic

individuals

, Whereas IL-7 levels have been shown to rise to supra-physiological
concentrations (> 1000 pg/ml) following IL-7 administration in SIV-infected macaques
199 Fyrthermore, quantification of IL-7 in the serum might not provide an accurate
assessment of the concentration to which T cells are exposed in IL-7-rich
microenvironments, as is the case for lymph nodes which contain IL-7-secreting stromal
cells *°, and for extracellular matrix-associated I1L-7 deposits which increase the tissue
availability of 1L-7 *". Hence the elevated IL-7 serum levels observed following T cell
depletion are not likely to preclude potential beneficial effects of IL-7 therapy on T cell
reconstitution **%,

Several clinical trials in humans have sought to evaluate the safety and efficacy of
recombinant human (rh) IL-7 IL-7 therapy alone or as an adjuvant for immune-based

therapies for cancer or chronic infection "% A clinical phase | trial assessed the
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efficacy of a vaccine consisting of autologous tumour cells ectopically expressing IL-7 in
a group of patients with disseminated malignant melanoma *®. Indicators of anti-tumour
immunity, such as the number of tumour-reactive cells, assessed both in terms of
proliferative and cytolytic responses, could be detected post-vaccination **¢. However,
only minimal anti-tumour efficacy was observed '*. In a pre-clinical study in mice, IL-7
adjuvant treatment following immunization with a lentiviral vector encoding tumour-
associated antigens enhanced the survival and proliferation of tumour antigen-specific, as
well as naive, CD8" T cells, thus improving long-term anti-tumour CD8" T cell responses
149.

In a phase I/lla clinical trial in HIV-infected patients with persistently low CD4"
counts despite virologic suppression under combination antiretroviral therapy (c-ART),
rhlL-7 administration induced the expansion of naive as well as memory CD4" and CD8"
T cells, which remained functional and produced cytokines in response to HIV antigen
130 Another trial in HIV-infected patients receiving antiretroviral therapy, rhiL-7 induced
CD4" and CD8" T cells to enter cycle, increasing their circulating numbers **. Thus, the
quantitative and functional changes induced by rhIL-7 therapy observed in these studies
indicate that rhIL-7 may have potential therapeutic relevance in HIV infection and other
settings of lymphopenia.

Phase | clinical trials performed in cancer patients have reported that rhIL-7
administration induces T cell survival and cycling in vivo, increasing CD4" and CD8" T
cell numbers ", Naive CD4" and CD8" T cells were preferentially expanded .
Specifically, the absolute numbers of CD31-expressing naive CD4" T cells, a population
enriched in RTEs, were increased following IL-7 administration, leading to the generation
of a diverse TCR repertoire even in older individuals °*’. IL-7’s effects upon naive T cell
numbers and repertoire diversity appeared to be due to increased proliferation of RTES
rather than augmented thymic output, since they are age-independent and no thymic
enlargement was observed °. Nevertheless these results do not preclude a potential effect
of IL-7 therapy on thymic output. A clinical study in adults assessing the involvement of
thymic function in immune reconstitution after autologous transplantation has shown that

a thymic contribution is only observed after several months ***

, suggesting that any
putative effect on thymopoiesis might require a longer time span of IL-7 administration.
As observed in pre-clinical studies, IL-7-expanded T cells appear to have enhanced

responses to sub-dominant antigens *°. In contrast, the proportion of senescent CD8" and
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regulatory T cells decreased following IL-7 therapy *>°. IL-7Ra expression was down-
regulated during continued IL-7 administration, which might constitute a negative feed-
back loop that hinders uncontrolled T cell expansion in the presence of excess IL-7 and
thus prevents the development of lympho-proliferative disorders in response to this
cytokine 1%,

These studies suggest a potential application for IL-7 therapy in the enhancement and
broadening of immune responses in clinical scenarios associated with low naive T cell
numbers and a skewed TCR repertoire, such as ageing, HIV infection and following

transplantation *°.

1.4. Hematopoietic Stem Cell Transplantation: a major

disturbance to T cell homeostasis

The factors and mechanisms underlying the maintenance of T cell homeostasis have
been largely unravelled by investigating how T cell populations are modulated upon
severe disruption of T cell homeostasis, namely following stem cell transplantation.

Allogeneic HSCT constitutes a suitable and often successful therapeutic approach for
patients with leukemia, particularly for patients with high risk factors of relapse 2.
Reconstitution of the T cell pool after HSCT can occur through de novo thymic-
dependent generation of T cells, or through thymic-independent peripheral expansion of
donor T cells infused with the stem cell graft . The recovery of CD4* T cell numbers
following HSCT can be protracted due to impairment of the reconstitution process, for
instance damage to IL-7-producing stromal cells induced by the conditioning regimen can
hinder thymic function **3, whilst susceptibility to apoptosis might limit T cell peripheral

1% pre-clinical studies in animal models have

expansion following transplantation
suggested that IL-7 therapy may improve immune reconstitution after stem cell
transplantation by improving both de novo generation and peripheral expansion of CD4"
T cells 104106112118 “nterestingly, a study in T cell-depleted mice following HSCT has
shown that donor mesenchymal stem cells transduced with the IL-7 gene improved
immune reconstitution through both enhanced thymopoiesis and peripheral T cell
expansion, whilst concomitantly preventing GVHD **°.

The ideal donor for HSCT is a genotipically human leukocyte antigen (HLA)-matched

related sibling, however approximately 70% of patients lack an HLA-identical sibling
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138157 For those patients, potential alternative donors comprise HLA-matched unrelated
donors found through the international registries, although this search constitutes a
lengthy and laborious process that can take several months, with the chances of finding a
suitable unrelated donor ranging from approximately 10% for ethnic minorities to
between 60 and 70% for Caucasian patients *®. Furthermore, the risk of mortality and
long-term morbidity following HLA-identical unrelated transplantation are still high
159180 " On the other hand, the use of genotipically haploidentical related donors, i.e.

related donors who only share one haplotype with the patient *2

, provides an opportunity
for patients to benefit from HSCT when a HLA-matched donor is not available **°. The
advantages of haploidentical related donors are their prompt availability for most patients,
allowing an expedited access to more donor cells if donor-derived cellular therapy or even
a second transplant are needed, and a potentially enhanced graft-versus-leukemia (GVL)
effect °°*>’. Moreover, when several potential haploidentical donors are available, the
most suitable donor can be chosen according to relevant criteria, such as age,
cytomegalovirus (CMV) status and natural killer (NK) cell alloreactivity **+1%.

The key challenges facing haploidentical HSCT are to effectively overcome the HLA
barrier, preventing graft rejection as well as graft-versus-host disease (GVHD), whilst
maximizing GVL and improving immune reconstitution *°**. Some of these issues have
been partly surmounted through depletion of T cells from the graft to evade GVHD,
infusion of a high-dose of donor stem cells and/or use of increasingly intensive
conditioning regimens to prevent graft failure and malignancy relapse, and resorting to
donor lymphocyte infusion (DLI) after transplantation to boost GVL and immune
reconstitution °*’. The adoption of less toxic conditioning regimens for haploidentical
HSCT in conjunction with T cell-depleted grafts and delayed DL, to prevent GVHD and
retain GVL respectively, might circumvent the transplant-related mortality associated
with high-dose conditioning regimens **.

A possible strategy to maximize GVL is to choose a donor who confers NK
alloreactivity due to killer immunoglobulin-like receptor (KIR) ligand incompatibility in
the graft-versus-host direction. KIR ligand incompatibility has been correlated with
enhanced ability of donor NK cells to kill recipient tumour cells and thus with improved
GVL, although there are conflicting reports on this matter "%, Nevertheless, NK
alloreactivity in the graft-versus-host direction has not been reported to aggravate GVHD

and hence its potential beneficial effects for the outcome of haploidentical HSCT might
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outweigh the possibility of it being ineffectual **’. Another approach to improve immune
competence following haploidentical HSCT is to infuse tumour- or pathogen-specific
donor T cells in order to avert malignancy relapse and opportunistic infections,

156

respectively ~—°. In particular, infusion of CMV-specific T cells might prevent CMV

reactivation which constitutes a recurrent problem in immune-suppressed transplant
recipients 1%1°716°,

Therefore, therapeutic approaches employing adoptive cellular immunotherapy with
different cell types, such as regulatory T cells, NK cells, mesenchymal stem cells and
relevant antigen-specific T cells, might improve the outcome of haploidentical HSCT
136157 Nevertheless, immune reconstitution in this setting is still delayed due to the
requirement for T cell depleted grafts and intensive conditioning regimens, leading to

major imbalances in T cell homeostasis.

2. Immune response: Naive to Memory

2.1. T cell subsets: Markers & Nomenclature

Naive T cells can be defined as mature T cells that have not yet encountered their
cognate antigen in the periphery. CD4" and CD8" naive T cells continually re-circulate
between peripheral blood and secondary lymphoid organs. Once they encounter cells
presenting their cognate antigen-MHC complex, naive T cells undergo proliferation and
differentiation which induce phenotypic changes conferring suitable migratory and
functional properties. Upon antigen clearance, the expanded T cell population undergoes
a contraction phase during which most cells perish through apoptosis, although a
proportion of the expanded population is preserved to ensure long-term protection against
subsequent antigenic challenge. Antigen-experienced cells can be broadly termed
memory T cells although they constitute a highly heterogeneous population, differing in
cell surface phenotype, functional ability and history of antigen encounter ****%® Memory
T cells provide more rapid and effective immunity against previously encountered
antigens, as they can be activated by lower concentrations of antigen and accumulate, as
well as perform effector functions quicker than their naive counterparts upon antigen re-
exposure °**" Furthermore, the distinct migratory capacity of memory T cells allows
them to enter non-lymphoid tissues, potentially detecting and responding to infection

earlier 12173,
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Isoforms of the transmembrane phosphatase CD45, resulting from alternative RNA
splicing, were initially considered the crucial markers of naive and memory T cells, with
naive cells expressing the CD45RA isoform and memory cells CD45RO *"#17®. These
markers are no longer used in isolation to identify naive and memory cells since antigen-
primed CD8" *"""® and CD4* *"**8! T cells have been shown to re-express CD45RA. In
order to dissect the heterogeneous T cell pool, CD45 isoforms are used in conjunction
with other markers associated with lymphocyte differentiation, such as co-stimulatory
molecules (CD27, CD28) " or chemokine receptors (CCR7) ¥, to identify naive and
memory T cell subsets within the CD4" and CD8" T cell pools.

There has been much debate about the pathway of T cell differentiation, particularly
concerning the nomenclature and respective phenotype of each stage of differentiation %,
Hence terms like “effector” and “memory” may be misleading in as much as the markers
used to define them are not universal. A more accurate way to refer to the different T cell
subsets is to name the markers that identify them. In this thesis, the CD4" T cell subsets
studied were defined according to the expression of CD45RA together with the
expression of the recent thymic emigrant maker CD31 or of the co-stimulatory molecule
CD27, and each subset will be referred to by the corresponding phenotype. The terms
“naive” and “memory” will be used to respectively describe cells that have yet to

encounter their cognate antigen and antigen-experienced cells.

2.2 Naive CD4" T cell subsets defined by CD31 expression

The output of naive T cells from the thymus begins to decrease in early human
adulthood and continues to decline with ageing, a phenomenon termed thymic involution
184 Although this process limits the replenishment of the peripheral naive T cell pool by
RTEs, the size of the naive pool is kept relatively constant throughout adult life 8588,
Hence peripheral T cell proliferation must contribute at least partly to the maintenance of
the naive T cell pool, implying that naive T cells are able to proliferate post-thymically
whilst retaining their phenotypic and functional properties **. The assessment of the
relative contribution of thymic output versus peripheral expansion to naive T cell
homeostasis requires markers able to distinguish RTEs from naive T cells which have
undergone post-thymic proliferation. The quantification of T cell receptor excision circles

(TRECS) has been used to assess the relative proliferative history of T cell populations
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18 TRECs are stable DNA episomes resultant from the re-arrangement of TCR gene
segments during T cell differentiation in the thymus #*1%**%*_ Given that TRECs are not
replicated upon cell division, they are diluted out by T cell expansion in the periphery
1911951% " Thys TREC content has been proposed to constitute an indicator of thymic
output, allowing the identification of RTEs **. Umbilical cord naive CD4" T cells can be
used as a model for RTEs given their high TREC content 2. IL-7 has been shown to
rescue RTEs from spontaneous apoptosis in vitro through the up-regulation of Bcl-2 and
Bel-xL 27283099197 n addition, RTEs have been shown to proliferate in response to IL-7
in an antigen-independent manner more efficiently than naive T cells from adult
peripheral blood %%, The ability of IL-7 to promote the homeostatic proliferation of
RTEs has been proposed to allow the maintenance of the peripheral naive CD4" T cell
pool whilst preserving a diverse TCR repertoire 2. IL-7 boosts the proliferative response
of RTEs to TCR stimulation whilst preserving their naive phenotype, thus inducing
maturation but not differentiation of RTEs *"%"

Unlike the memory T cell population, which has been described to comprise of a
variety of subsets differing in differentiation stage, migratory ability and functional
properties, naive T cells apparently constitute a fairly homogeneous population
identifiable by a characteristic surface phenotype, expressing CD45RA, CD62L, CD27,
CD28 and CCR7, whilst lacking or displaying low levels of CD45RO, CD95 and CD11a
19819 However, the naive CD4" T cell population has been shown to comprise two
subsets with distinct proliferative histories distinguishable by the expression of the
platelet endothelial cell adhesion molecule-1 (PECAM-1 or CD31) 2®. CD31 is a trans-
membrane glycoprotein from the immunoglobulin super-family which is expressed by a
variety of cell types, including endothelial cells, platelets, monocytes, neutrophils and T
cells 201—203.

The expression of CD31 on umbilical cord blood as well as on adult CD31" naive
CD4" T cells has been shown to be down-regulated upon activation with anti-CD3 and
IL-2 %% Although this overt TCR activation also leads to the differentiation into a
CD45RO*CD62L" memory phenotype 2%, it has been proposed that the CD31" naive
CD4" T cell subset could result from TCR triggering with low-affinity antigens, which
would induce the loss of CD31 without affecting their overall naive phenotype 2%,
Moreover, CD31" naive CD4" T cells have been shown to express higher levels of

BFL1/A1, a marker specifically induced by TCR but not cytokine stimulation, than their
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CD31* counterparts . These data raise the possibility that the non-immunogenic signals
triggered by self-MHC/peptide complexes which contribute to the survival and
homeostasis of naive CD4" T cells may also play a role in the generation and/or
maintenance of the CD31" naive CD4" T cell subset *22:23:206-209,

CD31 has been shown to be required for the transendothelial migration of neutrophils
and monocytes %%, Hence it might potentially play a role in the transendothelial migration

of CD31" naive T cells into secondary lymphoid organs 2%

, a proposed site for
homeostatic proliferation of naive T cells #*. Furthermore, CD31 engagement has been
shown to inhibit TCR-mediated signal transduction via immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) present in its cytoplasmic domain 2%, raising the possibility
that CD31 might hamper peripheral proliferation of CD31" naive CD4" T cells upon TCR
triggering with self-MHC/peptide complexes *¢°.

The absolute numbers, as well as the frequency, of CD31" naive CD4" T cells in
human peripheral blood decrease with ageing, in parallel with the decline in TREC

200205212213 10 contrast, the absolute numbers of CD31 naive CD4" T cells

200,205,212,213

content
remain relatively constant throughout adult life despite thymic involution
Nevertheless, the proportion of CD31 cells within the naive CD4" T cell population
increases with age, allowing the maintenance of naive T cell numbers in the elderly
through peripheral expansion '87188:200205212214 " the other hand, the proliferation of
CD31" naive CD4" T cell subset has been shown to cause a contraction of the naive TCR
repertoire, which might contribute to the impaired immune responses to novel antigens
observed in the elderly %2 However, a more recent study has demonstrated that
clonal TCR diversity within the naive CD4" T cell pool is preserved during ageing despite
peripheral expansion %,

Human CD31" naive CD4" T cells have significantly higher levels of TRECs than their
CD31" counterparts, implying that the latter subset has undergone a higher degree of post-
thymic proliferation 290212213217 " Nonetheless, the TREC content within CD31* naive
CD4" T cells has been reported to decrease slightly with age 2** and following IL-7
administration in humans *°. Furthermore, the absolute numbers of CD31* naive CD4" T
cells in the elderly are higher than the values estimated by the assessment of thymic
output through the quantification of TREC levels **. Hence the CD31" naive CD4" T cell
subset appears to also undergo post-thymic proliferation which is likely induced by a

TCR-independent mechanism driven by homeostatic cues, such as yc cytokines 8 Thus,
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although the high TREC content and the age-associated decrease in the absolute numbers
as well as in the frequency of CD31" naive CD4" T cells, together with the observation
that a substantial proportion of naive CD4" T cells from cord blood express CD31 8928,
suggest that the CD31"* naive CD4" T cell subset is highly enriched in RTEs 200205212213
CD31 expression alone is probably insufficient to identify RTEs **1%#13 The combined
assessment of CD31 expression and TREC content within naive CD4" T cells may

constitute a more accurate strategy to identify RTEs and evaluate thymic function .

2.3. CD45RA re-expressing memory T cells

In light of reports on viruses able to establish persistent latent infection, the expression
of CD45RO appears to better define cells that have been recently primed by cognate
antigen, while CD45RA re-expression would identify cells that have not encountered

antigen for some time 178180181.219-223

224 225

Herpes viruses, such as Epstein-Barr virus (EBV) ““* and cytomegalovirus (CMV) “,
are classical examples of viruses capable of establishing persistent latent infection in
humans. Other persistent viruses have developed different strategies to allow coexistence
with their hosts which is reflected in the distribution of virus-specific T cells among the
memory subsets. During the acute phase of infection, the virus-specific cells have a
similar phenotype regardless of the persistent virus studied **?°??" However, during
chronic infection each virus-specific pool becomes enriched in distinct memory subsets
depending on the respective viral load *®-%%?" For example, in HIV infected patients
with a high viral load, the HIV-specific cells have a phenotype associated with the acute
phase of viral infection ”; on the other hand, controlled HIV infection in long-term non-
progressors gives rise to T cell responses associated with repetitive antigen exposure and
low viral load 8. The latter profile is similar to that of CMV- and EBV-specific T cell
responses, as these viruses represent persistent, well-controlled infections with only
moderate antigen burden .

During persistent viral infections, the emergence of a CD45RA re-expressing subset
appears to only occur upon resolution of the acute phase of infection and comprises of
cells specific for Iytic but not latent antigens 178180:181219223 * A renort showing that HIV
infected individuals lacked HIV-specific CD45RA re-expressing cells, whilst CMV-
specific cells from the same patients did re-express CD45RA concluded that there was an
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HIV-induced blocking of T cell differentiation with deleterious effects upon the HIV-
specific response %22, These results were re-interpreted by Carrasco et al as a consequence
of the distinct viral loads associated with CMV and HIV infections, with only the former
providing the long term absence of antigen conducive to CD45RA re-expression 2%°.
Therefore the distribution of the T cell subsets during persistent viral infections appears
not to be static but rather to dynamically fluctuate in response to changes in antigen load
227 In addition, the expression of CD45 isoforms appears to be reversible, with cells
reverting to a CD45RA phenotype in the absence of antigen. CD45RA re-expressing cells
have been suggested to ensure the persistence of immunological memory against antigens
that are no longer present, such as lytic antigens during the latent stage of a persistent
infection 2%?%°_ In agreement with this view, the CD45RA re-expressing subset has been
proposed to constitute a quiescent reservoir of memory T cells which can be re-activated
to perform effector functions %%, It is not clear if the same applies for elderly individuals,
where these cells show evidence of terminal differentiation 2.

The majority of the reports on the CD45RA re-expressing memory subset focus on
CD8" T cells. The characterisation of this subset in CD4" T cells is hampered by the very
low frequencies observed, with some studies even reporting an absence of CD45RA re-
expressing cells within CD4* T lymphocytes *""?%2%! CD45RA positivity has been used
in conjunction with the lack of CCR7 18222022 cp27 177238323 andjor CD28 **° to
identify the CD45RA re-expressing memory subset. In CD8" T cells, this subset has been
suggested to have marked cytotoxic potential, displaying cytolytic activity together with
high levels of FasL, perforin and granzyme B 177221:222234.23-239 - cg* CDASRA re-
expressing cells have also been shown to produce the pro-inflammatory cytokines IFN-y

and TNF-a, but little or no IL-2 and IL-4 7?2233 Thijs subset is characterised by

177,240 241
7 .

expression of CD5 , a marker of highly differentiated and cytotoxic cells
Furthermore, the elevated levels of CD57 displayed by CD8" CD45RA re-expressing
cells have been associated with increased susceptibility to apoptosis and replicative
senescence "2 The CD8" CD57" T cell population is accumulated during chronic

243285 g ich as CMV infection 240-246:247

immune activation , and is thought to comprise
senescence-prone cells that are constantly generated and subsequently driven to cell death
by persistent antigenic stimulation 2*#%*3. Several studies describe the CD8" CD45RA re-
expressing subset as a resting population, exhibiting a slow rate of ex vivo turnover

220221237 ‘However, there are conflicting reports concerning the susceptibility to apoptosis



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 17

and replicative potential of this subset. CD8" CD45RA re-expressing cells have been
described as an apoptosis-resistant population expressing high levels of Bcl-2 expression
221 \whilst another study found them to be apoptosis-prone following activation, a feature
associated with low Bcl-2 levels %, As for their replicative potential, some studies report
that CD8* CD45RA re-expressing cells are able to proliferate upon activation 22922223
whereas others state the opposite 234?32 An argument supporting the maintenance of
replicative potential in these cells is the observation that CD8" EBV-specific CD45RA*
cells have relatively long telomeres in comparison to their CD45RO* counterparts .

CD8" CD45RA re-expressing cells display high levels of the adhesion molecule LFA-
1 27 whilst expressing concomitantly low levels of the chemokine receptor CCR7 and of
L-selectin (CD62L) *#. Furthermore, this subset has been reported to be significantly
under-represented in lymph nodes, whilst accounting for virtually all CD8"CD45RA™ T
cells in peripheral tissues of the same individuals 2. Their phenotype and tissue
distribution led to the speculation that CD8" CD45RA re-expressing T cells might
migrate into extra-lymphoid tissues rather than re-circulate to secondary lymphoid organs
234’237.

CD4" T cells are pivotal for the generation and maintenance of immunological
memory 9% Nonetheless, most studies concerning CD45RA re-expression have been
performed on CD8" T cells, whereas the occurrence of this phenomenon on CD4" T cells
has been largely overlooked due to the relatively small proportion of CD4" CD45RA re-
expressing cells. The CD4" CD45RA re-expressing subset has been described as
terminally differentiated, with short telomeres, lack of proliferative ability and high levels
of CD57 expression 2. Their cytokine production profile is apparently similar to that of
the CD8" CD45RA re-expressing subset, i.e. IFN-y, but no IL-2 or IL-4 production %2,
Despite their low frequency, virus-specific CD45RA re-expressing CD4" T cells have
been detected through their production of IFN-y and TNF-q 2.

The mechanisms that induce CD45RA re-expression in T cells, including the
signalling pathways and respective molecular targets that are engaged, are yet to be fully
understood. CD45RA re-expression has been shown to occur on CD8" CD45RA CCR7*
cells in the presence of IL-7 and IL-15 upon cytokine-driven homeostatic proliferation in
the absence of antigen 2. The CD8" CD45RA re-expressing subset was proposed to be
continuously replenished from proliferating CD45RA CCR7" precursors, seeing that the

naturally occurring CD45RACCR7 subset was prone to cell death and had the lowest
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turnover of all the memory subsets 2. In another study, IL-15 was shown to induce
CD45RA re-expression on CD8" T cells **. However CD45RA re-expression could not

be induced in the concomitant presence of TCR stimulation 2*%2%

, suggesting that this
process may be driven by homeostatic mechanisms in non-inflamed tissues.

The induction of CD45RA re-expression on T cells is likely to entail changes in the
transcriptional program. However, the transcription factors potentially driving CD45RA
re-expression are yet to be identified. Transcription factors known to be involved in the
homeostasis of highly differentiated T cells such as the T-box family members T-bet and

eomesodermin (Eomes) 2%

are likely candidates. T-bet is essential for Th1l lineage
commitment and IFN-y production in CD4" T cells ®>%’. Eomes drives effector function
and IFN-y production in CD8" T cells ®*. It is not known if Eomes and/or T-bet are
relevant for the differentiation of memory CD4" T cells. The transcriptional repressor

28 was also

Blimp-1, a well known key regulator of terminal differentiation of B cells
found to be essential for controlling the late stages of CD4" and CD8" T cell
differentiation in mice %%, Blimp-1 expression is controlled by yc cytokines which are
also involved in regulating T cell homeostasis: IL-2 is thought to induce Blimp-1
expression, after which Blimp-1 itself represses IL-2 transcription in a negative feedback

261,262 \whilst IL-15 does not seem to maintain Blimp-1 expression ?°!. Interestingly,

loop
CD45RACD27" cells have been shown to express the highest levels of T-bet, Eomes and
Blimp-1 amongst CD8" T cells during latent human CMV infection 2%, The differential
expression of these transcription factors in CD8" T cell subsets was more dramatic when
T-bet levels were compared, with CD45RA'CD27" cells displaying significantly higher
expression, at both the mRNA and the protein level, than CD45RA'CD27* cells 2%,

Even though the exact mechanism underlying the expression of CD45RA on memory
T cells has not thus far been described, this process has been proposed to depend on

homeostatic cues, such as yc cytokines, in the absence of antigen stimulation 22%2322%,

3. Immune and Cellular senescence

Immune-senescence encompasses multiple phenotypic and functional abnormalities
observed in the elderly associated with impaired protection against infections, increased
susceptibility to cancer and autoimmune diseases, and poor vaccine efficacy 2°42%¢

Although the size of the T cell pool remains relatively stable during ageing, the functional



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 19

aptitude and the distribution of the different T cell subsets may suffer striking changes 2°.
In particular, the increased frequency of senescent T cells observed during ageing may
significantly contribute to the diminished immune function observed in the elderly 227,
Cellular senescence is defined as the irreversible loss of replicative capacity %, thus the
accumulation of senescent T cells may compromise the ability to mount an effective

272 Chronic

immune response and consequently contribute to immune-senescence
immune activation, namely during CMV infection, has also been shown to induce the
accumulation of senescent T cells 24324273277 "One of the factors that can lead to cellular
senescence is the progressive decrease in telomere length that occurs with each cell
division, a process termed telomere erosion 2’*”°, Telomeres are nucleoprotein structures
that cap the terminal portions of linear chromosomes, preventing the loss of coding

280281 Telomere erosion can be

sequences and maintaining chromosomal integrity
compensated for by the induction of telomerase activity, an enzyme which is able to add
back telomere sequences and thus increase the replicative lifespan by compensating for
proliferation-induced telomere shortening 222%. Unlike other somatic cells, lymphocytes
are able to activate telomerase during development and following activation 2. However,

T cells lose the ability to induce this enzyme after repeated stimulation 2%72%®

, eventually
leading to critically short telomeres which in turn trigger either apoptosis or senescence
288290 Therefore, persistent T cell activation, together with other stress factors present
during chronic immune activation, compromise the ability of telomerase to compensate
for the loss of telomere sequences that occurs upon cell division and thus might accelerate

the onset of senescence 2%,

3.1. Telomeres, Telomerase and Senescence

The dynamic interplay between telomere erosion and the compensatory effect of
telomerase activity is critical for the maintenance of immune function %**. An appropriate
balance between cell survival and proliferation on the one hand, and cell death on the
other, has to be reached in order to dispose of expanded populations that are no longer
needed whilst simultaneously maintaining long-term memory against previously
encountered antigens %', The need for constant renewal of the existing memory T cell
pool constitutes a challenge for the preservation of immune-competence in the elderly.
The life-long proliferative stress on memory T cells is reflected in the shorter telomeres

observed in T cells from old individuals as compared to those from young individuals
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230291 ‘Moreover, both CD4"* and CD8* memory T cells have shorter telomeres than their

naive counterparts, further pointing to cell proliferation as the major driving force behind

telomere erosion 286,292-296.

Telomeres comprise repetitive hexameric DNA sequences associated with a variety of

telomere-binding proteins and are located at the terminal portions of chromosomes 22°2%7,

These capping structures maintain the integrity of linear chromosomes by averting

chromosomal fusion and rearrangement, as well as preventing the loss of coding

2" DNA polymerase requires a RNA primer to

298

sequences during DNA replication
initiate replication in the 5'-3' direction and it synthesises the leading strand
continuously until the end of the linear DNA template 2**%. In contrast, the synthesis of
the lagging strand runs in the opposite direction based on a series of DNA fragments
termed Okazaki fragments, each requiring a RNA primer 293 \When synthesis is
complete, the primers are degraded and the resulting gaps between consecutive Okazaki
fragments are filled to form an uninterrupted progeny strand 2°**%°. However, because the
Okasaki fragments do not start from the very end of the DNA template and the gap left by
the most distal RNA primer cannot be filled, the lagging strand synthesis on linear DNA
templates is incomplete *°*®. Hence each round of DNA replication results in the loss of
terminal sequences, a phenomenon known as the end-replication problem 2%, The
presence of telomeres at the ends of linear chromosomes prevents the loss of coding
sequences following DNA replication . Instead, telomere length decreases with each
round of cell division %", Hence, the replicative potential of T cells is limited by the
telomere erosion brought about by cell proliferation 2**, which eventually leads either to

288-290

apoptosis or replicative senescence Induction of telomerase may initially

compensate for telomere shortening but repeated stimulation hinders further activation of

282,283,285,291

this enzyme and ultimately leads to telomere erosion . The telomerase

holoenzyme is comprised by a catalytic protein (telomerase reverse transcriptase, TERT)
and a RNA template (telomerase RNA component, TERC, or telomerase RNA, TR) %%,
The expression of TERC is ubiquitous, whereas the expression of human (h)TERT is
tightly regulated *°**%, Over-expression of hTERT in CD4" T cells allows for constitutive
telomerase activity which has been shown to slow down the rate of telomere shortening,

although it does not prevent telomere erosion and consequent onset of cellular senescence
303
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In resting CD8" #* and CD4" T cells ** virtually no telomerase activity is detectable,
although high levels can be induced by mitogenic stimuli such as TCR stimulation and y¢
cytokines *02863953% - Although telomerase activity is potently induced in T cells during a

primary response to antigen 2%22%%%

, the ability to activate telomerase is progressively
lost upon repeated stimulation which leads to telomere erosion and eventually cell
senescence 22023829129 ‘The mechanisms by which telomerase activity is switched off are
not yet fully understood. Type | interferon (IFN-a, IFN-B) has been shown to inhibit
telomerase activity in CD4" T cells, potentially accelerating telomere erosion and thus
reducing the replicative lifespan of these cells during secondary immune responses in vivo
%7 " Furthermore, the progressive differentiation of CD8* T cells into the highly
differentiated CD27°CD28" phenotype has been shown to be associated with defective
telomerase activity upon TCR stimulation **%. Telomerase deficiency in CD27 CD28
CD8" T cells was not reversed by the restoration of CD28 signalling and was
accompanied by defective phosphorylation of Akt at serine 473 **. Phosphorylation of
hTERT by Akt has been shown to induce its translocation to the nucleus *** and to
enhance telomerase activity ®°. These data, together with the observation that Akt
inhibition abrogated the induction of telomerase activity **, indicated Akt(Ser473)
phosphorylation as a key trigger of telomerase activity. However a recent study has
shown that blocking the senescence-associated inhibitory receptor KLRG1 improved
Akt(Serd73) phosphorylation but did not restore telomerase activity in CD27°CD28
CD8" T cells *°. These data suggest that Akt(Ser473) phosphorylation may be necessary
but not sufficient to induce telomerase activity, which is apparently regulated through a
multi-factorial process possibly involving transcription and post-translational changes of
hTERT, translocation between different cellular compartments and access to relevant
DNA targets 296302311,

Telomerase has been reported to promote cell survival and stress resistance
independently of its telomere elongation activity 3#3'°. Upon oxidative stress, telomerase
can shuttle from the nucleus to the mitochondria which improves overall mitochondrial
function **". Moreover, the levels of induced telomerase activity and hTERT expression
have been shown to inversely correlate with cell death in CD4" T cells cultured with IL-7,

thus implying a role for telomerase in the IL-7-induced survival of human CD4" T cells
318
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3.2. Immune-senescence in the elderly

Ageing has an adverse impact on various physiological processes, not least of which is
on the development and function of the peripheral T cell pool **°. Thymic involution
plays a major role in the decline of immune function during ageing **°. A decrease in the
proportion of thymopoietic epithelial space and a thymosuppressive cytokine
environment have been suggested to contribute to the waning thymic function observed
with ageing ***??, The decreased thymic output of naive T cells is associated with the
expansion of the memory population in order to maintain the overall size of the T cell
pool, leading to a shift in the ratio of naive to memory T cells in the periphery 320323324 |
addition, the residual naive T cells have increased longevity to compensate for the
declining thymic replenishment, which leads to age-related defects in T cell function **°.
Naive CD4" T cells from aged mice have been shown to have defective cell survival,
proliferation and IL-2 production following antigen stimulation **%°_ In contrast, when
young naive CD4" T cells are transferred into aged mice, they show an inferior ability to
expand and produce cytokines than the ones transferred into young hosts **°. Furthermore,
naive CD4" T cells generated from aged stem cells in young mice have been shown to be

| 331

highly functional ***, suggesting that environmental factors present in both the thymus

and the periphery of aged hosts contribute to the impaired naive CD4" T cell function
observed during ageing. Hence the impaired CD4" T cell responsiveness to novel

antigenic challenges observed with ageing is due to a decline both in the number of naive

cells and in the functional capability of the naive CD4" T cells that do persist 3.

Memory CD4" T cell responses are also compromised in aged mice, featuring

332

defective signalling and proliferation following activation In humans, the

accumulation of CD28" cells within both the CD4" and CD8" T cell populations is a

270,333-335

consistent change observed during ageing that is associated with diminished

immune response to pathogens and vaccine efficacy in the elderly ¢33 T cells lacking
CD28 expression have been shown to have a skewed TCR repertoire and defective
proliferation in response to antigenic stimulation, whilst displaying enhanced cytotoxic
activity 33°34.

The loss of CD28 expression with age is thought to result from recurring activation
and cell cycling episodes 2, which is supported by the shorter telomeres observed in

295,341,342

CD28 T cells as compared to their CD28" counterparts In addition to T cell
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activation, type | interferon #%** and TNF-a 2% have also been shown to contribute to
the accumulation of CD28" T cells in vitro, with the latter directly inhibiting CD28 gene
transcription *****°. The accumulation of CD4* CD28" T cells at the expense of their naive
and memory CD28" counterparts has been shown to be induced during inflammation and
to in turn exacerbate the pro-inflammatory environment, contributing to tissue injury and
compromising responses to novel antigens *****’. High frequencies of CD4* CD28 T

348-350

cells and elevated TNF-a levels are concomitantly observed during ageing , chronic

351,352

inflammation and persistent viral infections, particularly CMV infection **3. TNF-a

inhibition has been shown to delay CD28 loss and the onset of senescence on CD8" T
cells in vitro, increasing the proliferative ability and telomerase activity on these cells ***.
Anti-TNF-a therapy in rheumatoid arthritis patients has been shown to restore CD28
expression within the CD4" T cell population *®°. These data suggest that the pro-
inflammatory environment observed during ageing and CMV infection may contribute to
the accumulation of senescence-prone highly differentiated T cells.

IL-7 has been shown to boost T cell reconstitution through the increase of both
thymopoiesis and peripheral T cell proliferation following stem cell transplantation in

104,105,112

mice , suggesting IL-7 therapy as a potential approach to improve immune

function in the elderly by raising naive T cell numbers.

3.3. CMV infection accelerates immune-senescence

The prevalence of CMV infection increases with age *°°. Although this infection is

357

largely asymptomatic in immune-competent individuals *>°, it can cause life-threatening

diseases in immune-suppressive settings, such as HIV infection and following bone
marrow transplantation 383",

The control of CMV infection requires substantial immune resources, with CMV-
specific cells constituting a substantial proportion of both the CD4" and CD8" T cell
pools 3%3% CD4" T cells have been shown to directly contribute to the control of CMV

infection 365366

, with CMV-specific CD4" T cells displaying a terminally differentiated
phenotype and cytotoxic activity, in addition to IFN-y and TNF-a production **'.

Ageing and CMV infection induce similar alterations to the subset distribution of the T
cell pool as both are associated with a decrease in naive T cells and a concomitant

accumulation of cells with effector functions 2231 CMV infection accelerates the
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age-related changes in the TCR repertoire by triggering the expansion of CMV-specific
cells at the expense of diversity *>*"2, In the elderly, there is an increase in the proportion
of CMV-specific CD4" cells whilst the frequency of CD4" T cells with other specificities,
such as Varicella zoster virus (VZV)-specific cells, diminishes 2*2. This enrichment in
CMV-specific cells at the expense of other specificities may be behind the reactivation of
latent pathogens like VVZV often seen in the elderly 28373374

CMV infection is not only characterised by the presence of highly differentiated CMV-
specific CD4" T cells, but also by a bystander effect on the rate of differentiation of CD4"

T cells with other specificities 2%

. The pronounced levels of non-specific T cell
differentiation observed during CMV infection might be explained by the CMV-induced
secretion of IFN-a *° and TNF-a 3, two cytokines reported to accelerate the loss of co-

343-3%5 and to inhibit telomerase activity 3"**, Interestingly, CD4"

stimulatory molecules
CMV-specific cells have been reported to have low levels of telomerase activity and to
reach growth arrest earlier than cells with other specificities, indicating that these cells are
susceptible to replicative senescence 2.

The consequences of the accumulation of highly differentiated CD45RA re-expressing
T cells observed during ageing 2**%® and CMV infection #22%>%? gre not clear. These
cells might be functionally relevant and grant protection against recurring pathogens; on
the other hand they might be smothering the available memory space and directly
contributing to immune-senescence. It is therefore of major interest to characterise these
cells in detail, determining their functional potential and uncovering the mechanisms

behind their generation.

3.4. Cellular Senescence

Cellular senescence is a state of irreversible growth arrest that can be induced in

normal somatic cells by critically short telomeres 373"

379-381

or by several other stress factors,

382

such as non-telomeric DNA damage , over-expression of oncogenes :

383

chemotherapeutic agents *** and oxidative stress ®*. The former type of senescence is

called replicative senescence and its onset can be delayed by inducing telomerase activity

%8 the latter is called stress-induced premature senescence and it cannot be bypassed by

386,387

the ectopic expression of telomerase , suggesting a telomere-independent

mechanism. Cellular senescence was originally described in human fibroblast cultures



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 25

when it was observed that these cells could only undergo a limited number of population

doublings before they would irreversibly withdraw from the cell cycle %

, @ phenomenon
that has become known as the Hayflick Limit. The majority of the reports on cell
senescence have been performed in fibroblasts, but it has become clear that this
phenomenon also occurs in T lymphocytes **°. The inducible nature of telomerase
activity, delaying the rate of telomere loss, and the potential exposure to stresses that can
accelerate the onset of cellular senescence make it very difficult to predict the number of
population doublings achievable before a T cell becomes senescence in vivo, suggesting
that the Hayflick Limit does not define the replicative lifespan of T cells in vivo **. The
surface markers for senescent T cells are not well-established, although the expression of
CD57 and KLRG1, and conversely the lack of CD27, CD28 and CCR7 expression appear
to be relevant 177182228238.242390391 " ca|ylar senescence has been argued to comprise
genetic and phenotypic changes that result in altered function of T cells, not necessarily
only loss but also gain of function, as is the case for the increased production of the pro-
inflammatory cytokines TNF-o and IL-6 *%,

Chronic T cell activation driven by persistent viruses that establish latent infection or
by tumour-associated antigens may drive antigen-specific cells to senescence 3%. Cellular
senescence has been proposed to constitute a tumour suppression mechanism that
prevents the transformation of damaged cells ****%*; on the other hand, it might lead to the
accumulation of senescent cells and thus contribute to age-related loss of tissue function
272,395.

Cellular senescence can be triggered by DNA damage **®. The DNA damage response
(DDR) allows cells to sense damaged DNA and to respond by arresting cell cycle
progression %, providing time to repair the damage and prevent cellular transformation.
When repair is not possible, the persisting damage either triggers apoptosis or causes the
cell cycle arrest to become irreversible, thus inducing senescence **’. The DNA damage
response can be triggered by DNA double strand breaks (DSBs) or by telomere
uncapping, i.e. destabilisation of telomeric loops due to telomere shortening 23", This
response induces the recruitment and activation of the ATM/ATR kinases which in turn
phosphorylate the H2AX histone, a variant of the histone H2A family, adjacent to the site
of damage ?"**%. Phosphorylated H2AX (y-H2AX) promotes the assembly of DNA repair
factors and the phosphorylation of Chk1/2 which leads to the activation of the tumour

suppressors p53/p21 **®¥4%° The function of H2AX is thought to be primarily related to
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DNA damage repair, although H2AX phosphorylation by the mitogen activated protein

401 and

kinase (MAPK) p38 has been shown to be required for serum starvation-
chemotherapeutic drug-induced apoptosis 2.

MAPKs comprise three major signalling pathways: extracellular signal regulated
kinase (ERK), c-Jun N-terminal kinase (JNKs) and p38 MAPKs “*. The activation of the
MAPK pathways is triggered by a variety of extracellular stimuli. The Erk pathway, also
known as the mitogen-activated protein kinase/ERK (MEK/ERK) pathway, is thought to
be mainly activated by growth-promoting mitogenic factors, whereas the JNK and p38
pathways appear to be activated by environmental stress, including oxidative stress,
growth factor withdrawal and pro-inflammatory cytokines such as TNF-o “%. Although a
previous study reported an IL-7-induced activation of p38 “°, the p38 pathway is thought
to be activated by the withdrawal of trophic factors such as IL-7 and IL-2 “®*% The
induction of increasing levels of activated p38 can be achieved through different
mechanisms, as was shown in CMV infection which has been reported to lead to the
accumulation of activated p38 by both inhibiting the dephosphorylation of p38 and by
promoting its phosphorylation in order to induce the host cell changes necessary for viral
DNA replication “*.

The activation of MAPK signalling pathways triggers a cascade of kinases, which can
either be shared or specific for each MAP kinase. The full activation of each MAPK
requires dual phosphorylation on Thr and Tyr residues within the activation loop by the
respective MAPK kinases (MAPKKs) “°. The involvement of each MAPKK in the in
vivo activation of p38 varies according to the triggering stimulus *°. The two specific up-
stream activators of p38 are the MAPKKs MKK3 and MKK®6 *. Studies in mouse
fibroblasts have shown that MKK3 and MKK®6 play redundant but essential roles on the
activation of p38 MAPK induced by TNF-a **°. The abrogation of p38 activation leads to
defective cell cycle arrest and promotes tumorigenesis “*°. Together with the observation

that p38 is able to activate the tumour suppressor protein p53 #2413

, these data suggest
that the p38 pathway may contribute to tumour-suppression. On the other hand, TCR
stimulation has been shown to activate p38 by mono-phosphorylation of Tyr in the
activation loop via an alternative pathway, independent of the classical MAPK cascade,
resulting in altered substrate specificity ***.

The p38 family is composed by four p38 isoforms: p38a, p38B, p38y and p385 **°. The

different p38 isoforms are encoded by distinct genes although they have a high degree of
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homology “*°. Nevertheless, they vary in substrate specificity and tissue distribution
suggesting that the different p38 isoforms might be independently regulated in vivo **.
The dissimilarities between the p38 family members have been further highlighted by the
selectivity of p38 inhibitors for certain p38 isoforms. For example, the commonly used
SB203580 compound specifically inhibits p38a and p38p “***', but not p38y and p3838
418413 " 0On the other hand, the BIRB796 compound has been shown to inhibit all the p38

isoforms both in vitro and in vivo **%**

, rendering it a valuable tool for the effective
switching off of the p38 signalling pathway.

The substrates of MAPKs encompass a variety of molecular effectors that regulate a
wide range of cellular processes, including cell cycle, differentiation and apoptosis.
Besides its role in tumour suppression “*2*?3, the p38 MAPK pathway has been described
to have a potential role in inflammatory responses “**. One of the mechanisms through
which the p38 pathway appears to respond to inflammation is a positive feedback loop
with TNF-o0, wherein this pro-inflammatory cytokine has been shown to trigger p38

activation 404410

, which in turn induces the production of TNF-a *%.

The p38 pathway has been proposed to play a key role in mediating both telomere-
dependent and —independent senescence “?°. The mechanisms by which p38 signalling
induces cell senescence are yet to be fully characterised, but p38 is known to induce cell
cycle arrest by up-regulating p16™<** expression, which leads to pRb hypo-

427,428

phosphorylation , and by phosphorylating p53, which induces p21°** expression

422429 DSBs generated by y-radiation have been shown to activate p38 MAPK in vitro
and consequently induce cell cycle arrest “°. The p38 pathway has also been shown to be
activated in vivo by DSBs resulting from V(D)J recombination in mouse thymocytes,
inducing a p53-dependent G2/M cell cycle checkpoint to allow DNA repair and maintain
genomic stability **. In order to allow cell cycle progression and further differentiation of
thymocytes, the p38 pathway has to be inactivated ***.

The p38 pathway has also been described as a mediator of cell death via the triggering

of intracellular alkalinisation following growth factor withdrawal “°°

and by inducing the
translocation of the pro-apoptotic protein Bax to the mitochondria during
chemotherapeutic drug-induced cell cycle arrest **. In addition, p38 has been shown to
phosphorylate Bcl-2, decreasing its anti-apoptotic potential and triggering apoptosis
following serum deprivation of mouse embryonic fibroblast cultures “*. The

phosphorylation of Bcl-2 by p38 induces apoptosis by promoting cytochrome c release
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from mitochondria and caspase activation ***, possibly by abrogating the ability of Bcl-2
to hetero-dimerise with Bax and thus allowing the translocation of the latter to the
mitochondria **3#%%%®  Besides suffering post-translational modifications mediated by
p38, Bcl-2 has also been shown to be a transcriptional target of p38a on mouse
embryonic stem cells **’.

Cellular senescence thus constitutes a complex process which may work as a tumour

suppressive mechanism, whilst possibly hindering immune surveillance during ageing .



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 29

References

1.  Mahajan VS, Leskov IB, Chen JZ. Homeostasis of T cell diversity. Cell Mol
Immunol. 2005;2:1-10.

2. Crimeen-lrwin B, Scalzo K, Gloster S, Mottram PL, Plebanski M. Failure of
immune homeostasis -- the consequences of under and over reactivity. Curr Drug Targets
Immune Endocr Metabol Disord. 2005;5:413-422.

3. Freitas A, Chen J. Introduction: regulation of lymphocyte homeostasis. Microbes
Infect. 2002;4:529-530.

4.  Tanchot C, Rosado MM, Agenes F, Freitas AA, Rocha B. Lymphocyte
homeostasis. Semin Immunol. 1997;9:331-337.

5. Van Parijs L, Abbas AK. Homeostasis and self-tolerance in the immune system:
turning lymphocytes off. Science. 1998;280:243-248.

6. Webb S, Morris C, Sprent J. Extrathymic tolerance of mature T cells: clonal
elimination as a consequence of immunity. Cell. 1990;63:1249-1256.

7. Surh CD, Sprent J. Homeostasis of naive and memory T cells. Immunity.
2008;29:848-862.

8. Hakim FT, Cepeda R, Kaimei S, et al. Constraints on CD4 recovery
postchemotherapy in adults: thymic insufficiency and apoptotic decline of expanded
peripheral CD4 cells. Blood. 1997;90:3789-3798.

9. de Gast GC, Verdonck LF, Middeldorp JM, et al. Recovery of T cell subsets after
autologous bone marrow transplantation is mainly due to proliferation of mature T cells
in the graft. Blood. 1985;66:428-431.

10. Walker RE, Carter CS, Muul L, et al. Peripheral expansion of pre-existing mature T
cells is an important means of CD4+ T-cell regeneration HIV-infected adults. Nat Med.
1998;4:852-856.

11. Ernst B, Lee DS, Chang JM, Sprent J, Surh CD. The peptide ligands mediating
positive selection in the thymus control T cell survival and homeostatic proliferation in
the periphery. Immunity. 1999;11:173-181.

12. Jameson SC. Maintaining the norm: T-cell homeostasis. Nat Rev Immunol.
2002;2:547-556.

13. Rethi B, Vivar N, Sammicheli S, Chiodi F. Limited efficiency of endogenous
interleukin-7 levels in T cell reconstitution during HIV-1 infection: will exogenous
interleukin-7 therapy work? Aids. 2009;23:745-755.

14. Sereti I, Dunham RM, Spritzler J, et al. IL-7 administration drives T cell-cycle entry
and expansion in HIV-1 infection. Blood. 2009;113:6304-6314.

15. Rosenberg SA, Sportes C, Ahmadzadeh M, et al. IL-7 administration to humans
leads to expansion of CD8+ and CD4+ cells but a relative decrease of CD4+ T-regulatory
cells. J Immunother. 2006;29:313-319.

16. Sportes C, Hakim FT, Memon SA, et al. Administration of rhIL-7 in humans
increases in vivo TCR repertoire diversity by preferential expansion of naive T cell
subsets. J Exp Med. 2008;205:1701-1714.



30 | Chapter 1

17. Sportes C, Babb RR, Krumlauf MC, et al. Phase | study of recombinant human
interleukin-7 administration in subjects with refractory malignancy. Clin Cancer Res.
2010;16:727-735.

18. Kovanen PE, Leonard WJ. Cytokines and immunodeficiency diseases: critical roles
of the gamma(c)-dependent cytokines interleukins 2, 4, 7, 9, 15, and 21, and their
signaling pathways. Immunol Rev. 2004;202:67-83.

19. Schluns KS, Kieper WC, Jameson SC, Lefrancois L. Interleukin-7 mediates the
homeostasis of naive and memory CD8 T cells in vivo. Nat Immunol. 2000;1:426-432.
20. Tan JT, Dudl E, LeRoy E, et al. IL-7 is critical for homeostatic proliferation and
survival of naive T cells. Proc Natl Acad Sci U S A. 2001;98:8732-8737.

21. Tanchot C, Lemonnier FA, Perarnau B, Freitas AA, Rocha B. Differential
requirements for survival and proliferation of CD8 naive or memory T cells. Science.
1997;276:2057-2062.

22. Brocker T. Survival of mature CD4 T lymphocytes is dependent on major
histocompatibility complex class Il-expressing dendritic cells. J Exp Med.
1997;186:1223-1232.

23. Boursalian TE, Bottomly K. Survival of naive CD4 T cells: roles of restricting
versus selecting MHC class Il and cytokine milieu. J Immunol. 1999;162:3795-3801.

24. Bradley LM, Haynes L, Swain SL. IL-7: maintaining T-cell memory and achieving
homeostasis. Trends Immunol. 2005;26:172-176.

25. Fry TJ, Mackall CL. The many faces of IL-7: from lymphopoiesis to peripheral T
cell maintenance. J Immunol. 2005;174:6571-6576.

26. Jiang Q, Li WQ, Aiello FB, et al. Cell biology of IL-7, a key lymphotrophin.
Cytokine Growth Factor Rev. 2005;16:513-533.

27. Webb LM, Foxwell BM, Feldmann M. Putative role for interleukin-7 in the
maintenance of the recirculating naive CD4+ T-cell pool. Immunology. 1999;98:400-405.
28. Hassan J, Reen DJ. Human recent thymic emigrants--identification, expansion, and
survival characteristics. J Immunol. 2001;167:1970-1976.

29. Dardalhon V, Jaleco S, Kinet S, et al. IL-7 differentially regulates cell cycle
progression and HIV-1-based vector infection in neonatal and adult CD4+ T cells. Proc
Natl Acad Sci U S A. 2001;98:9277-9282.

30. Soares MV, Borthwick NJ, Maini MK, Janossy G, Salmon M, Akbar AN. IL-7-
dependent extrathymic expansion of CD45RA+ T cells enables preservation of a naive
repertoire. J Immunol. 1998;161:5909-5917.

31. Swain SL, Hu H, Huston G. Class Il-independent generation of CD4 memory T
cells from effectors. Science. 1999;286:1381-1383.

32. Murali-Krishna K, Lau LL, Sambhara S, Lemonnier F, Altman J, Ahmed R.
Persistence of memory CD8 T cells in MHC class I-deficient mice. Science.
1999;286:1377-1381.

33. Goldrath AW, Sivakumar PV, Glaccum M, et al. Cytokine requirements for acute
and Basal homeostatic proliferation of naive and memory CD8+ T cells. J Exp Med.
2002;195:1515-1522.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 31

34. Tan JT, Ernst B, Kieper WC, LeRoy E, Sprent J, Surh CD. Interleukin (IL)-15 and
IL-7 jointly regulate homeostatic proliferation of memory phenotype CD8+ cells but are
not required for memory phenotype CD4+ cells. J Exp Med. 2002;195:1523-1532.

35. Schluns KS, Lefrancois L. Cytokine control of memory T-cell development and
survival. Nat Rev Immunol. 2003;3:269-279.

36. Kemp RA, Pearson CF, Cornish GH, Seddon BP. Evidence of STAT5-dependent
and -independent routes to CD8 memory formation and a preferential role for IL-7 over
IL-15 in STATS activation. Immunol Cell Biol. 2010;88:213-219.

37. Kondrack RM, Harbertson J, Tan JT, McBreen ME, Surh CD, Bradley LM.
Interleukin 7 regulates the survival and generation of memory CD4 cells. J Exp Med.
2003;198:1797-1806.

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

39. Lenz DC, Kurz SK, Lemmens E, 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.

40. Purton JF, Tan JT, Rubinstein MP, Kim DM, Sprent J, Surh CD. Antiviral CD4+
memory T cells are IL-15 dependent. J Exp Med. 2007;204:951-961.

41. van Leeuwen EM, Sprent J, Surh CD. Generation and maintenance of memory
CDA4(+) T Cells. Curr Opin Immunol. 2009;21:167-172.

42. Guo Z, Wang G, Miyahara Y, et al. IL-7, but not thymic stromal lymphopoietin
(TSLP), during priming enhances the generation of memory CD4+ T cells. Immunol Lett.
2010;128:116-123.

43. Namen AE, Lupton S, Hjerrild K, et al. Stimulation of B-cell progenitors by cloned
murine interleukin-7. Nature. 1988;333:571-573.

44, von Freeden-Jeffry U, Vieira P, Lucian LA, McNeil T, Burdach SE, Murray R.
Lymphopenia in interleukin (IL)-7 gene-deleted mice identifies IL-7 as a nonredundant
cytokine. J Exp Med. 1995;181:1519-1526.

45. Peschon JJ, Morrissey PJ, Grabstein KH, et al. Early lymphocyte expansion is
severely impaired in interleukin 7 receptor-deficient mice. J Exp Med. 1994;180:1955-
1960.

46. Plum J, De Smedt M, Leclercq G, Verhasselt B, Vandekerckhove B. Interleukin-7
is a critical growth factor in early human T-cell development. Blood. 1996;88:4239-4245.
47. Yeoman H, Clark DR, DeLuca D. Development of CD4 and CD8 single positive T
cells in human thymus organ culture: IL-7 promotes human T cell production by
supporting immature T cells. Dev Comp Immunol. 1996;20:241-263.

48. Khaled AR, Durum SK. Lymphocide: cytokines and the control of lymphoid
homeostasis. Nat Rev Immunol. 2002;2:817-830.

49. Marrack P, Kappler J. Control of T cell viability. Annu Rev Immunol. 2004;22:765-
787.

50. Okamoto Y, Douek DC, McFarland RD, Koup RA. IL-7, the thymus, and naive T
cells. Adv Exp Med Biol. 2002;512:81-90.



32 | Chapter 1

51. Kieper WC, Tan JT, Bondi-Boyd B, et al. Overexpression of interleukin (IL)-7
leads to IL-15-independent generation of memory phenotype CD8+ T cells. J Exp Med.
2002;195:1533-1539.

52. Carrio R, Bathe OF, Malek TR. Initial antigen encounter programs CD8+ T cells
competent to develop into memory cells that are activated in an antigen-free, IL-7- and
IL-15-rich environment. J Immunol. 2004;172:7315-7323.

53. Tsuda K, Toda M, Kim G, et al. Survival-promoting activity of IL-7 on IL-2-
dependent cytotoxic T lymphocyte clones: resultant induction of G1 arrest. J Immunol
Methods. 2000;236:37-51.

54. Gutierrez JC, Palacios R. Heterogeneity of thymic epithelial cells in promoting T-
lymphocyte differentiation in vivo. Proc Natl Acad Sci U S A. 1991;88:642-646.

55. Watanabe M, Ueno Y, Yajima T, et al. Interleukin 7 is produced by human
intestinal epithelial cells and regulates the proliferation of intestinal mucosal
lymphocytes. J Clin Invest. 1995;95:2945-2953.

56. Fry TJ, Mackall CL. Interleukin-7: from bench to clinic. Blood. 2002;99:3892-
3904.

57. Becker TC, Wherry EJ, Boone D, et al. Interleukin 15 is required for proliferative
renewal of virus-specific memory CD8 T cells. J Exp Med. 2002;195:1541-1548.

58. Mazzucchelli R, Durum SK. Interleukin-7 receptor expression: intelligent design.
Nat Rev Immunol. 2007;7:144-154.

59. Park JH, Yu Q, Erman B, et al. Suppression of IL7Ralpha transcription by IL-7 and
other prosurvival cytokines: a novel mechanism for maximizing IL-7-dependent T cell
survival. Immunity. 2004;21:289-302.

60. Alves NL, van Leeuwen EM, Derks IA, van Lier RA. Differential regulation of
human IL-7 receptor alpha expression by IL-7 and TCR signaling. J Immunol.
2008;180:5201-5210.

61. Xue HH, Kovanen PE, Pise-Masison CA, et al. IL-2 negatively regulates IL-7
receptor alpha chain expression in activated T lymphocytes. Proc Natl Acad Sci U S A.
2002;99:13759-13764.

62. Swainson L, Verhoeyen E, Cosset FL, Taylor N. IL-7R alpha gene expression is
inversely correlated with cell cycle progression in IL-7-stimulated T lymphocytes. J
Immunol. 2006;176:6702-6708.

63. Schluns KS, Williams K, Ma A, Zheng XX, Lefrancois L. Cutting edge:
requirement for IL-15 in the generation of primary and memory antigen-specific CD8 T
cells. J Immunol. 2002;168:4827-4831.

64. Lodolce JP, Boone DL, Chai S, et al. IL-15 receptor maintains lymphoid
homeostasis by supporting lymphocyte homing and proliferation. Immunity. 1998;9:669-
676.

65. Buentke E, Mathiot A, Tolaini M, Di Santo J, Zamoyska R, Seddon B. Do CD8
effector cells need IL-7R expression to become resting memory cells? Blood.
2006;108:1949-1956.

66. Waldmann TA. The IL-2/IL-15 receptor systems: targets for immunotherapy. J Clin
Immunol. 2002;22:51-56.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 33

67. Khaled AR, Durum SK. Death and Baxes: mechanisms of lymphotrophic cytokines.
Immunol Rev. 2003;193:48-57.

68. Li WQ, Jiang Q, Khaled AR, Keller JR, Durum SK. Interleukin-7 inactivates the
pro-apoptotic protein Bad promoting T cell survival. J Biol Chem. 2004;279:29160-
29166.

69. Li WQ, Guszczynski T, Hixon JA, Durum SK. Interleukin-7 regulates Bim
proapoptotic activity in peripheral T-cell survival. Mol Cell Biol. 2010;30:590-600.

70. Rathmell JC, Farkash EA, Gao W, Thompson CB. IL-7 enhances the survival and
maintains the size of naive T cells. J Immunol. 2001;167:6869-6876.

71. Barata JT, Silva A, Brandao JG, Nadler LM, Cardoso AA, Boussiotis VA.
Activation of PI3K is indispensable for interleukin 7-mediated viability, proliferation,
glucose use, and growth of T cell acute lymphoblastic leukemia cells. J Exp Med.
2004,200:659-669.

72. Chehtane M, Khaled AR. Interleukin-7 mediates glucose utilization in lymphocytes
through transcriptional regulation of the hexokinase Il gene. Am J Physiol Cell Physiol.
2010;298:C1560-1571.

73. Jacobs SR, Michalek RD, Rathmell JC. IL-7 is essential for homeostatic control of
T cell metabolism in vivo. J Immunol. 2010;184:3461-3469.

74. Ziegler SE, Morella KK, Anderson D, et al. Reconstitution of a functional
interleukin (IL)-7 receptor demonstrates that the IL-2 receptor gamma chain is required
for IL-7 signal transduction. Eur J Immunol. 1995;25:399-404.

75.  Suzuki K, Nakajima H, Saito Y, Saito T, Leonard WJ, Iwamoto I. Janus kinase 3
(Jak3) is essential for common cytokine receptor gamma chain (gamma(c))-dependent
signaling: comparative analysis of gamma(c), Jak3, and gamma(c) and Jak3 double-
deficient mice. Int Immunol. 2000;12:123-132.

76. O'Shea JJ, Gadina M, Schreiber RD. Cytokine signaling in 2002: new surprises in
the Jak/Stat pathway. Cell. 2002;109 Suppl:S121-131.

77. Qin JZ, Kamarashev J, Zhang CL, Dummer R, Burg G, Dobbeling U. Constitutive
and interleukin-7- and interleukin-15-stimulated DNA binding of STAT and novel factors
in cutaneous T cell lymphoma cells. J Invest Dermatol. 2001;117:583-589.

78. Rose T, Pillet AH, Lavergne V, et al. Interleukin-7 compartmentalizes its receptor
signaling complex to initiate CD4 T lymphocyte response. J Biol Chem. 2010;285:14898-
14908.

79. Kittipatarin C, Khaled AR. Interlinking interleukin-7. Cytokine. 2007;39:75-83.

80. Barata JT, Cardoso AA, Nadler LM, Boussiotis VA. Interleukin-7 promotes
survival and cell cycle progression of T-cell acute lymphoblastic leukemia cells by down-
regulating the cyclin-dependent kinase inhibitor p27(kip1). Blood. 2001;98:1524-1531.
81. Rosenthal LA, Winestock KD, Finbloom DS. IL-2 and IL-7 induce
heterodimerization of STAT5 isoforms in human peripheral blood T lymphoblasts. Cell
Immunol. 1997;181:172-181.

82. Foxwell BM, Beadling C, Guschin D, Kerr I, Cantrell D. Interleukin-7 can induce
the activation of Jak 1, Jak 3 and STAT 5 proteins in murine T cells. Eur J Immunol.
1995;25:3041-3046.



34 | Chapter 1

83. LinJX, Migone TS, Tsang M, et al. The role of shared receptor motifs and common
Stat proteins in the generation of cytokine pleiotropy and redundancy by IL-2, IL-4, IL-7,
IL-13, and IL-15. Immunity. 1995;2:331-339.

84. wvan der Plas DC, Smiers F, Pouwels K, Hoefsloot LH, Lowenberg B, Touw IP.
Interleukin-7 signaling in human B cell precursor acute lymphoblastic leukemia cells and
murine BAF3 cells involves activation of STAT1 and STATS5 mediated via the
interleukin-7 receptor alpha chain. Leukemia. 1996;10:1317-1325.

85. Khaled AR, Li WQ, Huang J, et al. Bax deficiency partially corrects interleukin-7
receptor alpha deficiency. Immunity. 2002;17:561-573.

86. Kim K, Lee CK, Sayers TJ, Muegge K, Durum SK. The trophic action of IL-7 on
pro-T cells: inhibition of apoptosis of pro-T1, -T2, and -T3 cells correlates with Bcl-2 and
Bax levels and is independent of Fas and p53 pathways. J Immunol. 1998;160:5735-5741.
87. Chetoui N, Boisvert M, Gendron S, Aoudjit F. Interleukin-7 promotes the survival
of human CD4+ effector/memory T cells by up-regulating Bcl-2 proteins and activating
the JAK/STAT signalling pathway. Immunology. 2010;130:418-426.

88. LiWQ, Jiang Q, Aleem E, Kaldis P, Khaled AR, Durum SK. IL-7 promotes T cell
proliferation through destabilization of p27Kipl. J Exp Med. 2006;203:573-582.

89. Wymann MP, Marone R. Phosphoinositide 3-kinase in disease: timing, location,
and scaffolding. Curr Opin Cell Biol. 2005;17:141-149.

90. Duronio V, Scheid MP, Ettinger S. Downstream signalling events regulated by
phosphatidylinositol 3-kinase activity. Cell Signal. 1998;10:233-239.

91. Alessi DR, Caudwell FB, Andjelkovic M, Hemmings BA, Cohen P. Molecular
basis for the substrate specificity of protein kinase B; comparison with MAPKAP kinase-
1 and p70 S6 kinase. FEBS Lett. 1996;399:333-338.

92. Stiles BL. PI-3-K and AKT: Onto the mitochondria. Adv Drug Deliv Rev.
2009;61:1276-1282.

93. Jourdain A, Martinou JC. Mitochondrial outer-membrane permeabilization and
remodelling in apoptosis. Int J Biochem Cell Biol. 2009;41:1884-1889.

94. Yamaguchi H, Wang HG. The protein kinase PKB/Akt regulates cell survival and
apoptosis by inhibiting Bax conformational change. Oncogene. 2001;20:7779-7786.

95. Datta SR, Dudek H, Tao X, et al. Akt phosphorylation of BAD couples survival
signals to the cell-intrinsic death machinery. Cell. 1997;91:231-241.

96. Datta SR, Katsov A, Hu L, et al. 14-3-3 proteins and survival kinases cooperate to
inactivate BAD by BH3 domain phosphorylation. Mol Cell. 2000;6:41-51.

97. Masters SC, Yang H, Datta SR, Greenberg ME, Fu H. 14-3-3 inhibits Bad-induced
cell death through interaction with serine-136. Mol Pharmacol. 2001;60:1325-1331.

98. Riou C, Yassine-Diab B, Van grevenynghe J, et al. Convergence of TCR and
cytokine signaling leads to FOXO3a phosphorylation and drives the survival of CD4+
central memory T cells. J Exp Med. 2007;204:79-91.

99. Swainson L, Kinet S, Mongellaz C, Sourisseau M, Henriques T, Taylor N. IL-7-
induced proliferation of recent thymic emigrants requires activation of the PI3K pathway.
Blood. 2007;109:1034-1042.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 35

100. Aisen P, Enns C, Wessling-Resnick M. Chemistry and biology of eukaryotic iron
metabolism. Int J Biochem Cell Biol. 2001;33:940-959.

101. Macedo MF, de Sousa M, Ned RM, Mascarenhas C, Andrews NC, Correia-Neves
M. Transferrin is required for early T-cell differentiation. Immunology. 2004;112:543-
549.

102. Swainson L, Kinet S, Manel N, Battini JL, Sitbon M, Taylor N. Glucose transporter
1 expression identifies a population of cycling CD4+ CD8+ human thymocytes with high
CXCR4-induced chemotaxis. Proc Natl Acad Sci U S A. 2005;102:12867-12872.

103. Alpdogan O, Schmaltz C, Muriglan SJ, et al. Administration of interleukin-7 after
allogeneic bone marrow transplantation improves immune reconstitution without
aggravating graft-versus-host disease. Blood. 2001;98:2256-2265.

104. Mackall CL, Fry TJ, Bare C, Morgan P, Galbraith A, Gress RE. IL-7 increases both
thymic-dependent and thymic-independent T-cell regeneration after bone marrow
transplantation. Blood. 2001;97:1491-1497.

105. Bolotin E, Smogorzewska M, Smith S, Widmer M, Weinberg K. Enhancement of
thymopoiesis after bone marrow transplant by in vivo interleukin-7. Blood.
1996;88:1887-1894.

106. Boerman OC, Gregorio TA, Grzegorzewski KJ, et al. Recombinant human IL-7
administration in mice affects colony-forming units-spleen and lymphoid precursor cell
localization and accelerates engraftment of bone marrow transplants. J Leukoc Biol.
1995;58:151-158.

107. Morrissey PJ, Conlon P, Charrier K, et al. Administration of IL-7 to normal mice
stimulates B-lymphopoiesis and peripheral lymphadenopathy. J Immunol. 1991;147:561-
568.

108. Storek J, Gillespy T, 3rd, Lu H, et al. Interleukin-7 improves CD4 T-cell
reconstitution after autologous CD34 cell transplantation in monkeys. Blood.
2003;101:4209-4218.

109. Fry TJ, Moniuszko M, Creekmore S, et al. IL-7 therapy dramatically alters
peripheral T-cell homeostasis in normal and SIV-infected nonhuman primates. Blood.
2003;101:2294-2299.

110. Beqg S, Nugeyre MT, Ho Tsong Fang R, et al. IL-7 induces immunological
improvement in SIV-infected rhesus macaques under antiviral therapy. J Immunol.
2006;176:914-922.

111. Chu YW, Memon SA, Sharrow SO, et al. Exogenous IL-7 increases recent thymic
emigrants in peripheral lymphoid tissue without enhanced thymic function. Blood.
2004;104:1110-11109.

112. Abdul-Hai A, Or R, Slavin S, et al. Stimulation of immune reconstitution by
interleukin-7 after syngeneic bone marrow transplantation in mice. Exp Hematol.
1996;24:1416-1422.

113. Okamoto Y, Douek DC, McFarland RD, Koup RA. Effects of exogenous
interleukin-7 on human thymus function. Blood. 2002;99:2851-2858.



36 | Chapter 1

114. Moniuszko M, Fry T, Tsai WP, et al. Recombinant interleukin-7 induces
proliferation of naive macaque CD4+ and CD8+ T cells in vivo. J Virol. 2004,78:9740-
9749.

115. Alpdogan O, Muriglan SJ, Eng JM, et al. IL-7 enhances peripheral T cell
reconstitution after allogeneic hematopoietic stem cell transplantation. J Clin Invest.
2003;112:1095-1107.

116. Broers AE, Posthumus-van Sluijs SJ, Spits H, et al. Interleukin-7 improves T-cell
recovery after experimental T-cell-depleted bone marrow transplantation in T-cell-
deficient mice by strong expansion of recent thymic emigrants. Blood. 2003;102:1534-
1540.

117. Melchionda F, Fry TJ, Milliron MJ, McKirdy MA, Tagaya Y, Mackall CL.
Adjuvant IL-7 or IL-15 overcomes immunodominance and improves survival of the
CD8+ memory cell pool. J Clin Invest. 2005;115:1177-1187.

118. Fry TJ, Christensen BL, Komschlies KL, Gress RE, Mackall CL. Interleukin-7
restores immunity in athymic T-cell-depleted hosts. Blood. 2001;97:1525-1533.

119. Fry TJ, Mackall CL. Interleukin-7: master regulator of peripheral T-cell
homeostasis? Trends Immunol. 2001;22:564-571.

120. Bonomo A, Kehn PJ, Shevach EM. Post-thymectomy autoimmunity: abnormal T-
cell homeostasis. Immunol Today. 1995;16:61-67.

121. Sleasman JW. The association between immunodeficiency and the development of
autoimmune disease. Adv Dent Res. 1996;10:57-61.

122. Gleeson PA, Toh BH, van Driel IR. Organ-specific autoimmunity induced by
lymphopenia. Immunol Rev. 1996;149:97-125.

123. King C, llic A, Koelsch K, Sarvetnick N. Homeostatic expansion of T cells during
immune insufficiency generates autoimmunity. Cell. 2004;117:265-277.

124. De Benedetti F, Massa M, Pignatti P, Kelley M, Faltynek CR, Martini A. Elevated
circulating interleukin-7 levels in patients with systemic juvenile rheumatoid arthritis. J
Rheumatol. 1995;22:1581-1585.

125. Giacalone B, D'Auria L, Bonifati C, et al. Decreased interleukin-7 and transforming
growth factor-betal levels in blister fluids as compared to the respective serum levels in
patients with bullous pemphigoid. Opposite behavior of TNF-alpha, interleukin-4 and
interleukin-10. Exp Dermatol. 1998;7:157-161.

126. Fisher AG, Burdet C, Bunce C, Merkenschlager M, Ceredig R.
Lymphoproliferative disorders in IL-7 transgenic mice: expansion of immature B cells
which retain macrophage potential. Int Immunol. 1995;7:415-423.

127. Rich BE, Campos-Torres J, Tepper RI, Moreadith RW, Leder P. Cutaneous
lymphoproliferation and lymphomas in interleukin 7 transgenic mice. J Exp Med.
1993;177:305-316.

128. Karawajew L, Ruppert V, Wuchter C, et al. Inhibition of in vitro spontaneous
apoptosis by IL-7 correlates with bcl-2 up-regulation, cortical/mature immunophenotype,
and better early cytoreduction of childhood T-cell acute lymphoblastic leukemia. Blood.
2000;96:297-306.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 37

129. Scupoli MT, Vinante F, Krampera M, et al. Thymic epithelial cells promote
survival of human T-cell acute lymphoblastic leukemia blasts: the role of interleukin-7.
Haematologica. 2003;88:1229-1237.

130. Capitini CM, Chisti AA, Mackall CL. Modulating T-cell homeostasis with IL-7:
preclinical and clinical studies. J Intern Med. 2009;266:141-153.

131. Geiselhart LA, Humphries CA, Gregorio TA, Mou S, Subleski J, Komschlies KL.
IL-7 administration alters the CD4:CDS8 ratio, increases T cell numbers, and increases T
cell function in the absence of activation. J Immunol. 2001;166:3019-3027.

132. Cho BK, Rao VP, Ge Q, Eisen HN, Chen J. Homeostasis-stimulated proliferation
drives naive T cells to differentiate directly into memory T cells. J Exp Med.
2000;192:549-556.

133. Goldrath AW, Bogatzki LY, Bevan MJ. Naive T cells transiently acquire a
memory-like phenotype during homeostasis-driven proliferation. J Exp Med.
2000;192:557-564.

134. Kieper WC, Jameson SC. Homeostatic expansion and phenotypic conversion of
naive T cells in response to self peptide/MHC ligands. Proc Natl Acad Sci U S A.
1999;96:13306-13311.

135. Murali-Krishna K, Ahmed R. Cutting edge: naive T cells masquerading as memory
cells. J Immunol. 2000;165:1733-1737.

136. Oehen S, Brduscha-Riem K. Naive cytotoxic T lymphocytes spontaneously acquire
effector function in lymphocytopenic recipients: A pitfall for T cell memory studies? Eur
J Immunol. 1999;29:608-614.

137. Tanchot C, Le Campion A, Martin B, Leaument S, Dautigny N, Lucas B.
Conversion of naive T cells to a memory-like phenotype in lymphopenic hosts is not
related to a homeostatic mechanism that fills the peripheral naive T cell pool. J Immunol.
2002;168:5042-5046.

138. Surh CD, Sprent J. Homeostatic T cell proliferation: how far can T cells be
activated to self-ligands? J Exp Med. 2000;192:F9-F14.

139. Bolotin E, Annett G, Parkman R, Weinberg K. Serum levels of IL-7 in bone
marrow transplant recipients: relationship to clinical characteristics and lymphocyte
count. Bone Marrow Transplant. 1999;23:783-788.

140. Fry TJ, Connick E, Falloon J, et al. A potential role for interleukin-7 in T-cell
homeostasis. Blood. 2001;97:2983-2990.

141. Napolitano LA, Grant RM, Deeks SG, et al. Increased production of IL-7
accompanies HIV-1-mediated T-cell depletion: implications for T-cell homeostasis. Nat
Med. 2001;7:73-79.

142. Smith DK, Neal JJ, Holmberg SD. Unexplained opportunistic infections and CD4+
T-lymphocytopenia without HIV infection. An investigation of cases in the United States.
The Centers for Disease Control Idiopathic CD4+ T-lymphocytopenia Task Force. N
Engl J Med. 1993;328:373-379.

143. Ponchel F, Verburg RJ, Bingham SJ, et al. Interleukin-7 deficiency in rheumatoid
arthritis: consequences for therapy-induced lymphopenia. Arthritis Res Ther. 2005;7:R80-
92.



38 | Chapter 1

144. Ruiz-Mateos E, de la Rosa R, Franco JM, et al. Endogenous IL-7 is associated with
increased thymic volume in adult HIV-infected patients under highly active antiretroviral
therapy. Aids. 2003;17:947-954.

145. Biancotto A, Grivel JC, Iglehart SJ, et al. Abnormal activation and cytokine spectra
in lymph nodes of people chronically infected with HIV-1. Blood. 2007;109:4272-4279.
146. Kimura K, Matsubara H, Sogoh S, et al. Role of glycosaminoglycans in the
regulation of T cell proliferation induced by thymic stroma-derived T cell growth factor. J
Immunol. 1991;146:2618-2624.

147. Borghesi LA, Yamashita Y, Kincade PW. Heparan sulfate proteoglycans mediate
interleukin-7-dependent B lymphopoiesis. Blood. 1999;93:140-148.

148. Moller P, Sun Y, Dorbic T, et al. Vaccination with IL-7 gene-modified autologous
melanoma cells can enhance the anti-melanoma lytic activity in peripheral blood of
patients with a good clinical performance status: a clinical phase | study. Br J Cancer.
1998;77:1907-1916.

149. Colombetti S, Levy F, Chapatte L. IL-7 adjuvant treatment enhances long-term
tumor-antigen-specific CD8+ T-cell responses after immunization with recombinant
lentivector. Blood. 2009;113:6629-6637.

150. Levy Y, Lacabaratz C, Weiss L, et al. Enhanced T cell recovery in HIV-1-infected
adults through IL-7 treatment. J Clin Invest. 2009;119:997-1007.

151. Hakim FT, Memon SA, Cepeda R, et al. Age-dependent incidence, time course, and
consequences of thymic renewal in adults. J Clin Invest. 2005;115:930-939.

152. Huang XJ, Chang YJ. Unmanipulated HLA-mismatched/haploidentical blood and
marrow hematopoietic stem cell transplantation. Biol Blood Marrow Transplant. 2010.
153. Chung B, Barbara-Burnham L, Barsky L, Weinberg K. Radiosensitivity of thymic
interleukin-7 production and thymopoiesis after bone marrow transplantation. Blood.
2001;98:1601-1606.

154. Lin MT, Tseng LH, Frangoul H, et al. Increased apoptosis of peripheral blood T
cells following allogeneic hematopoietic cell transplantation. Blood. 2000;95:3832-3839.
155. Li A, Zhang Q, Jiang J, et al. Co-transplantation of bone marrow stromal cells
transduced with IL-7 gene enhances immune reconstitution after allogeneic bone marrow
transplantation in mice. Gene Ther. 2006;13:1178-1187.

156. Huang XJ. Current status of haploidentical stem cell transplantation for leukemia. J
Hematol Oncol. 2008;1:27.

157. Spitzer TR. Haploidentical stem cell transplantation: the always present but
overlooked donor. Hematology Am Soc Hematol Educ Program. 2005:390-395.

158. Hansen JA, Petersdorf E, Martin PJ, Anasetti C. Hematopoietic stem cell
transplants from unrelated donors. Immunol Rev. 1997;157:141-151.

159. Aversa F, Velardi A, Tabilio A, Reisner Y, Martelli MF. Haploidentical stem cell
transplantation in leukemia. Blood Rev. 2001;15:111-1109.

160. Anasetti C. Transplantation of hematopoietic stem cells from alternate donors in
acute myelogenous leukemia. Leukemia. 2000;14:502-504.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 39

161. Zhao XY, Huang XJ, Liu KY, Xu LP, Liu DH. Prognosis after unmanipulated
HLA-haploidentical blood and marrow transplantation is correlated to the numbers of
KIR ligands in recipients. Eur J Haematol. 2007;78:338-346.

162. Ruggeri L, Capanni M, Urbani E, et al. Effectiveness of donor natural Killer cell
alloreactivity in mismatched hematopoietic transplants. Science. 2002;295:2097-2100.
163. Ruggeri L, Capanni M, Casucci M, et al. Role of natural killer cell alloreactivity in
HLA-mismatched hematopoietic stem cell transplantation. Blood. 1999;94:333-339.

164. Lacerda JF, Martins C, Carmo JA, et al. Haploidentical stem cell transplantation
with purified CD34 cells after a chemotherapy-alone conditioning regimen. Biol Blood
Marrow Transplant. 2003;9:633-642.

165. Riddell SR, Watanabe KS, Goodrich JM, Li CR, Agha ME, Greenberg PD.
Restoration of viral immunity in immunodeficient humans by the adoptive transfer of T
cell clones. Science. 1992;257:238-241.

166. Verhoeven D, Teijaro JR, Farber DL. Heterogeneous memory T cells in antiviral
immunity and immunopathology. Viral Immunol. 2008;21:99-113.

167. Farber DL, Ahmadzadeh M. Dissecting the complexity of the memory T cell
response. Immunol Res. 2002;25:247-259.

168. Farber DL. Remembrance of antigens past: new insights into memory T cells.
Scand J Immunol. 2003;58:145-154.

169. Veiga-Fernandes H, Walter U, Bourgeois C, McLean A, Rocha B. Response of
naive and memory CD8+ T cells to antigen stimulation in vivo. Nat Immunol. 2000;1:47-
53.

170. Rogers PR, Dubey C, Swain SL. Qualitative changes accompany memory T cell
generation: faster, more effective responses at lower doses of antigen. J Immunol.
2000;164:2338-2346.

171. Slifka MK, Whitton JL. Functional avidity maturation of CD8(+) T cells without
selection of higher affinity TCR. Nat Immunol. 2001;2:711-717.

172. Lefrancois L. Development, trafficking, and function of memory T-cell subsets.
Immunol Rev. 2006;211:93-103.

173. Weninger W, Crowley MA, Manjunath N, von Andrian UH. Migratory properties
of naive, effector, and memory CD8(+) T cells. J Exp Med. 2001;194:953-966.

174. Akbar AN, Terry L, Timms A, Beverley PC, Janossy G. Loss of CD45R and gain
of UCHL1 reactivity is a feature of primed T cells. J Immunol. 1988;140:2171-2178.

175. Beverley PC. CD45 isoform expression: implications for recirculation of naive and
memory cells. Immunol Res. 1991;10:196-198.

176. Clement LT. Isoforms of the CD45 common leukocyte antigen family: markers for
human T-cell differentiation. J Clin Immunol. 1992;12:1-10.

177. Hamann D, Baars PA, Rep MH, et al. Phenotypic and functional separation of
memory and effector human CD8+ T cells. J Exp Med. 1997;186:1407-1418.

178. Catalina MD, Sullivan JL, Brody RM, Luzuriaga K. Phenotypic and functional
heterogeneity of EBV epitope-specific CD8+ T cells. J Immunol. 2002;168:4184-4191.
179. Bell EB, Sparshott SM. Interconversion of CD45R subsets of CD4 T cells in vivo.
Nature. 1990;348:163-166.



40 | Chapter 1

180. Amyes E, Hatton C, Montamat-Sicotte D, et al. Characterization of the CD4+ T cell
response to Epstein-Barr virus during primary and persistent infection. J Exp Med.
2003;198:903-911.

181. Harari A, Vallelian F, Pantaleo G. Phenotypic heterogeneity of antigen-specific
CD4 T cells under different conditions of antigen persistence and antigen load. Eur J
Immunol. 2004;34:3525-3533.

182. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of memory T
lymphocytes with distinct homing potentials and effector functions. Nature.
1999;401:708-712.

183. Appay V, van Lier RA, Sallusto F, Roederer M. Phenotype and function of human
T lymphocyte subsets: consensus and issues. Cytometry A. 2008;73:975-983.

184. Mackall CL, Gress RE. Thymic aging and T-cell regeneration. Immunol Rev.
1997;160:91-102.

185. Tanchot C, Rocha B. The organization of mature T-cell pools. Immunol Today.
1998;19:575-579.

186. Douek DC, McFarland RD, Keiser PH, et al. Changes in thymic function with age
and during the treatment of HIV infection. Nature. 1998;396:690-695.

187. Utsuyama M, Hirokawa K, Kurashima C, et al. Differential age-change in the
numbers of CD4+CD45RA+ and CD4+CD29+ T cell subsets in human peripheral blood.
Mech Ageing Dev. 1992;63:57-68.

188. Stulnig T, Maczek C, Bock G, Majdic O, Wick G. Reference intervals for human
peripheral blood lymphocyte subpopulations from ‘healthy' young and aged subjects. Int
Arch Allergy Immunol. 1995;108:205-210.

189. Kohler S, Thiel A. Life after the thymus: CD31+ and CD31- human naive CD4+ T-
cell subsets. Blood. 2009;113:769-774.

190. Zhang L, Lewin SR, Markowitz M, et al. Measuring recent thymic emigrants in
blood of normal and HIV-1-infected individuals before and after effective therapy. J Exp
Med. 1999;190:725-732.

191. Livak F, Schatz DG. T-cell receptor alpha locus V(D)J recombination by-products
are abundant in thymocytes and mature T cells. Mol Cell Biol. 1996;16:609-618.

192. Verschuren MC, Wolvers-Tettero IL, Breit TM, Noordzij J, van Wering ER, van
Dongen JJ. Preferential rearrangements of the T cell receptor-delta-deleting elements in
human T cells. J Immunol. 1997;158:1208-1216.

193. Kong F, Chen CH, Cooper MD. Thymic function can be accurately monitored by
the level of recent T cell emigrants in the circulation. Immunity. 1998;8:97-104.

194. Kong FK, Chen CL, Six A, Hockett RD, Cooper MD. T cell receptor gene deletion
circles identify recent thymic emigrants in the peripheral T cell pool. Proc Natl Acad Sci
U S A. 1999;96:1536-1540.

195. Takeshita S, Toda M, Yamagishi H. Excision products of the T cell receptor gene
support a progressive rearrangement model of the alpha/delta locus. Embo J.
1989;8:3261-3270.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 41

196. Breit TM, Verschuren MC, Wolvers-Tettero IL, Van Gastel-Mol EJ, Hahlen K, van
Dongen JJ. Human T cell leukemias with continuous V(D)J recombinase activity for
TCR-delta gene deletion. J Immunol. 1997;159:4341-4349.

197. Hassan J, Reen DJ. IL-7 promotes the survival and maturation but not
differentiation of human post-thymic CD4+ T cells. Eur J Immunol. 1998;28:3057-3065.
198. Song K, Rabin RL, Hill BJ, et al. Characterization of subsets of CD4+ memory T
cells reveals early branched pathways of T cell differentiation in humans. Proc Natl Acad
Sci U S A. 2005;102:7916-7921.

199. De Rosa SC, Herzenberg LA, Roederer M. 11-color, 13-parameter flow cytometry:
identification of human naive T cells by phenotype, function, and T-cell receptor
diversity. Nat Med. 2001;7:245-248.

200. Kimmig S, Przybylski GK, Schmidt CA, et al. Two subsets of naive T helper cells
with distinct T cell receptor excision circle content in human adult peripheral blood. J
Exp Med. 2002;195:789-794.

201. DeLisser HM, Newman PJ, Albelda SM. Molecular and functional aspects of
PECAM-1/CD31. Immunol Today. 1994;15:490-495.

202. Newton-Nash DK, Newman PJ. A new role for platelet-endothelial cell adhesion
molecule-1 (CD31): inhibition of TCR-mediated signal transduction. J Immunol.
1999;163:682-688.

203. Newman PJ. The biology of PECAM-1. J Clin Invest. 1997;99:3-8.

204. Demeure CE, Byun DG, Yang LP, Vezzio N, Delespesse G. CD31 (PECAM-1) is a
differentiation antigen lost during human CD4 T-cell maturation into Th1l or Th2 effector
cells. Immunology. 1996;88:110-115.

205. Kohler S, Wagner U, Pierer M, et al. Post-thymic in vivo proliferation of naive
CD4+ T cells constrains the TCR repertoire in healthy human adults. Eur J Immunol.
2005;35:1987-1994.

206. Moses CT, Thorstenson KM, Jameson SC, Khoruts A. Competition for self ligands
restrains homeostatic proliferation of naive CD4 T cells. Proc Natl Acad Sci U S A.
2003;100:1185-1190.

207. Seddon B, Legname G, Tomlinson P, Zamoyska R. Long-term survival but
impaired homeostatic proliferation of Naive T cells in the absence of p56lck. Science.
2000;290:127-131.

208. Stefanova I, Dorfman JR, Germain RN. Self-recognition promotes the foreign
antigen sensitivity of naive T lymphocytes. Nature. 2002;420:429-434.

209. Viret C, Wong FS, Janeway CA, Jr. Designing and maintaining the mature TCR
repertoire: the continuum of self-peptide:self-MHC complex recognition. Immunity.
1999;10:559-568.

210. Muller WA, Weigl SA, Deng X, Phillips DM. PECAM-1 is required for
transendothelial migration of leukocytes. J Exp Med. 1993;178:449-460.

211. Dummer W, Ernst B, LeRoy E, Lee D, Surh C. Autologous regulation of naive T
cell homeostasis within the T cell compartment. J Immunol. 2001;166:2460-2468.



42 | Chapter 1

212. Junge S, Kloeckener-Gruissem B, Zufferey R, et al. Correlation between recent
thymic emigrants and CD31+ (PECAM-1) CD4+ T cells in normal individuals during
aging and in lymphopenic children. Eur J Immunol. 2007;37:3270-3280.

213. Kilpatrick RD, Rickabaugh T, Hultin LE, et al. Homeostasis of the naive CD4+ T
cell compartment during aging. J Immunol. 2008;180:1499-1507.

214. Gomez |, Hainz U, Jenewein B, Schwaiger S, Wolf AM, Grubeck-Loebenstein B.
Changes in the expression of CD31 and CXCR3 in CD4+ naive T cells in elderly persons.
Mech Ageing Dev. 2003;124:395-402.

215. Woodland DL, Kotzin BL, Palmer E. Functional consequences of a T cell receptor
D beta 2 and J beta 2 gene segment deletion. J Immunol. 1990;144:379-385.

216. Bousso P, Wahn V, Douagi I, et al. Diversity, functionality, and stability of the T
cell repertoire derived in vivo from a single human T cell precursor. Proc Natl Acad Sci
U S A. 2000;97:274-278.

217. Brenchley JM, Hill BJ, Ambrozak DR, et al. T-cell subsets that harbor human
immunodeficiency virus (HIV) in vivo: implications for HIV pathogenesis. J Virol.
2004,78:1160-1168.

218. Stockinger H, Schreiber W, Majdic O, Holter W, Maurer D, Knapp W. Phenotype
of human T cells expressing CD31, a molecule of the immunoglobulin supergene family.
Immunology. 1992;75:53-58.

219. Wills MR, Carmichael AJ, Weekes MP, et al. Human virus-specific CD8+ CTL
clones revert from CD45ROhigh to CD45RAhigh in vivo: CD45RAhighCD8+ T cells
comprise both naive and memory cells. J Immunol. 1999;162:7080-7087.

220. Carrasco J, Godelaine D, Van Pel A, Boon T, van der Bruggen P. CD45RA on
human CD8 T cells is sensitive to the time elapsed since the last antigenic stimulation.
Blood. 2006;108:2897-2905.

221. Dunne PJ, Faint JM, Gudgeon NH, et al. Epstein-Barr virus-specific CD8(+) T cells
that re-express CD45RA are apoptosis-resistant memory cells that retain replicative
potential. Blood. 2002;100:933-940.

222. van Leeuwen EM, Gamadia LE, Baars PA, Remmerswaal EB, ten Berge IJ, van
Lier RA. Proliferation requirements of cytomegalovirus-specific, effector-type human
CD8+ T cells. J Immunol. 2002;169:5838-5843.

223. Hislop AD, Gudgeon NH, Callan MF, et al. EBV-specific CD8+ T cell memory:
relationships between epitope specificity, cell phenotype, and immediate effector
function. J Immunol. 2001;167:2019-2029.

224. Thorley-Lawson DA. Epstein-Barr virus: exploiting the immune system. Nat Rev
Immunol. 2001;1:75-82.

225. Slobedman B, Cao JZ, Avdic S, et al. Human cytomegalovirus latent infection and
associated viral gene expression. Future Microbiol. 2010;5:883-900.

226. Appay V, Dunbar PR, Callan M, et al. Memory CD8+ T cells vary in differentiation
phenotype in different persistent virus infections. Nat Med. 2002;8:379-385.

227. Tussey LG, Nair US, Bachinsky M, et al. Antigen burden is major determinant of
human immunodeficiency virus-specific CD8+ T cell maturation state: potential
implications for therapeutic immunization. J Infect Dis. 2003;187:364-374.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 43

228. Champagne P, Ogg GS, King AS, et al. Skewed maturation of memory HIV-
specific CD8 T lymphocytes. Nature. 2001;410:106-111.

229. Bell EB, Sparshott SM, Bunce C. CD4+ T-cell memory, CD45R subsets and the
persistence of antigen--a unifying concept. Immunol Today. 1998;19:60-64.

230. Akbar AN, Beverley PC, Salmon M. Will telomere erosion lead to a loss of T-cell
memory? Nat Rev Immunol. 2004;4:737-743.

231. Sallusto F, Geginat J, Lanzavecchia A. Central memory and effector memory T cell
subsets: function, generation, and maintenance. Annu Rev Immunol. 2004;22:745-763.
232. Geginat J, Lanzavecchia A, Sallusto F. Proliferation and differentiation potential of
human CD8+ memory T-cell subsets in response to antigen or homeostatic cytokines.
Blood. 2003;101:4260-4266.

233. Hamann D, Kostense S, Wolthers KC, et al. Evidence that human
CD8+CD45RA+CD27- cells are induced by antigen and evolve through extensive rounds
of division. Int Immunol. 1999;11:1027-1033.

234. Baars PA, Ribeiro Do Couto LM, Leusen JH, et al. Cytolytic mechanisms and
expression of activation-regulating receptors on effector-type CD8+CD45RA+CD27-
human T cells. J Immunol. 2000;165:1910-1917.

235. Almanzar G, Schwaiger S, Jenewein B, et al. Long-term cytomegalovirus infection
leads to significant changes in the composition of the CD8+ T-cell repertoire, which may
be the basis for an imbalance in the cytokine production profile in elderly persons. J
Virol. 2005;79:3675-3683.

236. Romero P, Zippelius A, Kurth I, et al. Four functionally distinct populations of
human effector-memory CD8+ T lymphocytes. J Immunol. 2007;178:4112-4119.

237. Faint JM, Annels NE, Curnow SJ, et al. Memory T cells constitute a subset of the
human CD8+CD45RA+ pool with distinct phenotypic and migratory characteristics. J
Immunol. 2001;167:212-220.

238. Wills MR, Okecha G, Weekes MP, Gandhi MK, Sissons PJ, Carmichael AJ.
Identification of naive or antigen-experienced human CD8(+) T cells by expression of
costimulation and chemokine receptors: analysis of the human cytomegalovirus-specific
CD8(+) T cell response. J Immunol. 2002;168:5455-5464.

239. Dunne PJ, Belaramani L, Fletcher JM, et al. Quiescence and functional
reprogramming of Epstein-Barr virus (EBV)-specific CD8+ T cells during persistent
infection. Blood. 2005;106:558-565.

240. Wang EC, Taylor-Wiedeman J, Perera P, Fisher J, Borysiewicz LK. Subsets of
CD8+, CD57+ cells in normal, healthy individuals: correlations with human
cytomegalovirus (HCMV) carrier status, phenotypic and functional analyses. Clin Exp
Immunol. 1993;94:297-305.

241. Murtaza A, Kuchroo VK, Freeman GJ. Changes in the strength of co-stimulation
through the B7/CD28 pathway alter functional T cell responses to altered peptide ligands.
Int Immunol. 1999;11:407-416.

242. Brenchley JM, Karandikar NJ, Betts MR, et al. Expression of CD57 defines
replicative senescence and antigen-induced apoptotic death of CD8+ T cells. Blood.
2003;101:2711-2720.



44 | Chapter 1

243. Wang EC, Lawson TM, Vedhara K, Moss PA, Lehner PJ, Borysiewicz LK.
CD8high+ (CD57+) T cells in patients with rheumatoid arthritis. Arthritis Rheum.
1997;40:237-248.

244, Sze DM, Giesajtis G, Brown RD, et al. Clonal cytotoxic T cells are expanded in
myeloma and reside in the CD8(+)CD57(+)CD28(-) compartment. Blood. 2001;98:2817-
28217.

245. Rowbottom AW, Garland RJ, Lepper MW, et al. Functional analysis of the
CD8+CD57+ cell population in normal healthy individuals and matched unrelated T-cell-
depleted bone marrow transplant recipients. Br J Haematol. 2000;110:315-321.

246. Weekes MP, Wills MR, Mynard K, Hicks R, Sissons JG, Carmichael AJ. Large
clonal expansions of human virus-specific memory cytotoxic T lymphocytes within the
CD57+ CD28- CD8+ T-cell population. Immunology. 1999;98:443-449.

247. Pourgheysari B, Khan N, Best D, Bruton R, Nayak L, Moss PA. The
cytomegalovirus-specific CD4+ T-cell response expands with age and markedly alters the
CD4+ T-cell repertoire. J Virol. 2007;81:7759-7765.

248. Snyder CM, Cho KS, Bonnett EL, van Dommelen S, Shellam GR, Hill AB.
Memory inflation during chronic viral infection is maintained by continuous production
of short-lived, functional T cells. Immunity. 2008;29:650-659.

249. Crotty S, Kersh EN, Cannons J, Schwartzberg PL, Ahmed R. SAP is required for
generating long-term humoral immunity. Nature. 2003;421:282-287.

250. Shedlock DJ, Shen H. Requirement for CD4 T cell help in generating functional
CD8 T cell memory. Science. 2003;300:337-339.

251. Sun JC, Bevan MJ. Defective CD8 T cell memory following acute infection without
CD4 T cell help. Science. 2003;300:339-342.

252. Okada R, Kondo T, Matsuki F, Takata H, Takiguchi M. Phenotypic classification of
human CD4+ T cell subsets and their differentiation. Int Immunol. 2008;20:1189-1199.
253. Amyes E, McMichael AJ, Callan MF. Human CD4+ T cells are predominantly
distributed among six phenotypically and functionally distinct subsets. J Immunol.
2005;175:5765-5773.

254. Pearce EL, Mullen AC, Martins GA, et al. Control of effector CD8+ T cell function
by the transcription factor Eomesodermin. Science. 2003;302:1041-1043.

255. Glimcher LH, Townsend MJ, Sullivan BM, Lord GM. Recent developments in the
transcriptional regulation of cytolytic effector cells. Nat Rev Immunol. 2004;4:900-911.
256. Nutt SL, Kallies A, Belz GT. Blimp-1 connects the intrinsic and extrinsic regulation
of T cell homeostasis. J Clin Immunol. 2008;28:97-106.

257. Szabo SJ, Sullivan BM, Stemmann C, Satoskar AR, Sleckman BP, Glimcher LH.
Distinct effects of T-bet in TH1 lineage commitment and IFN-gamma production in CD4
and CD8 T cells. Science. 2002;295:338-342.

258. Kallies A, Nutt SL. Terminal differentiation of lymphocytes depends on Blimp-1.
Curr Opin Immunol. 2007;19:156-162.

259. Kallies A, Hawkins ED, Belz GT, et al. Transcriptional repressor Blimp-1 is
essential for T cell homeostasis and self-tolerance. Nat Immunol. 2006;7:466-474.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 45

260. Martins GA, Cimmino L, Shapiro-Shelef M, et al. Transcriptional repressor Blimp-
1 regulates T cell homeostasis and function. Nat Immunol. 2006;7:457-465.

261. Gong D, Malek TR. Cytokine-dependent Blimp-1 expression in activated T cells
inhibits IL-2 production. J Immunol. 2007;178:242-252.

262. Santner-Nanan B, Berberich-Siebelt F, Xiao Z, et al. Blimp-1 is expressed in human
and mouse T cell subsets and leads to loss of IL-2 production and to defective
proliferation. Signal Transduction. 2006;6:268-279.

263. Hertoghs KM, Moerland PD, van Stijn A, et al. Molecular profiling of
cytomegalovirus-induced human CD8+ T cell differentiation. J Clin Invest.
2010;120:4077-4090.

264. Henson SM, Akbar AN. Memory T-cell homeostasis and senescence during aging.
Adv Exp Med Biol. 2010;684:189-197.

265. Grubeck-Loebenstein B, Berger P, Saurwein-Teissl M, Zisterer K, Wick G. No
immunity for the elderly. Nat Med. 1998;4:870.

266. Gavazzi G, Krause KH. Ageing and infection. Lancet Infect Dis. 2002;2:659-666.
267. Karrer U, Mekker A, Wanke K, Tchang V, Haeberli L. Cytomegalovirus and
immune senescence: culprit or innocent bystander? Exp Gerontol. 2009;44:689-694.

268. Akbar AN, Fletcher JM. Memory T cell homeostasis and senescence during aging.
Curr Opin Immunol. 2005;17:480-485.

269. Tarazona R, DelaRosa O, Alonso C, et al. Increased expression of NK cell markers
on T lymphocytes in aging and chronic activation of the immune system reflects the
accumulation of effector/senescent T cells. Mech Ageing Dev. 2000;121:77-88.

270. Effros RB. The role of CD8 T cell replicative senescence in human aging. Discov
Med. 2005;5:293-297.

271. Passos JF, Saretzki G, von Zglinicki T. DNA damage in telomeres and
mitochondria during cellular senescence: is there a connection? Nucleic Acids Res.
2007;35:7505-7513.

272. Maruyama J, Naguro |, Takeda K, Ichijo H. Stress-activated MAP kinase cascades
in cellular senescence. Curr Med Chem. 2009;16:1229-1235.

273. Warrington KJ, Takemura S, Goronzy JJ, Weyand CM. CD4+,CD28- T cells in
rheumatoid arthritis patients combine features of the innate and adaptive immune
systems. Arthritis Rheum. 2001;44:13-20.

274. Wang EC, Borysiewicz LK. The role of CD8+, CD57+ cells in human
cytomegalovirus and other viral infections. Scand J Infect Dis Suppl. 1995;99:69-77.

275. Evans TG, Kallas EG, Luque AE, Menegus M, McNair C, Looney RJ. Expansion
of the CD57 subset of CD8 T cells in HIV-1 infection is related to CMV serostatus. Aids.
1999;13:1139-1141.

276. Jaffe JS, Strober W, Sneller MC. Functional abnormalities of CD8+ T cells define a
unique subset of patients with common variable immunodeficiency. Blood. 1993;82:192-
201.

277. Namekawa T, Wagner UG, Goronzy JJ, Weyand CM. Functional subsets of CD4 T
cells in rheumatoid synovitis. Arthritis Rheum. 1998;41:2108-2116.



46 | Chapter 1

278. Allsopp RC, Chang E, Kashefi-Aazam M, et al. Telomere shortening is associated
with cell division in vitro and in vivo. Exp Cell Res. 1995;220:194-200.

279. Vaziri H, Dragowska W, Allsopp RC, Thomas TE, Harley CB, Lansdorp PM.
Evidence for a mitotic clock in human hematopoietic stem cells: loss of telomeric DNA
with age. Proc Natl Acad Sci U S A. 1994;91:9857-9860.

280. Blackburn EH. Telomeres and their synthesis. Science. 1990;249:489-490.

281. Andrews NP, Fujii H, Goronzy JJ, Weyand CM. Telomeres and immunological
diseases of aging. Gerontology. 2010;56:390-403.

282. Hathcock KS, Kaech SM, Ahmed R, Hodes RJ. Induction of telomerase activity
and maintenance of telomere length in virus-specific effector and memory CD8+ T cells.
J Immunol. 2003;170:147-152.

283. Maini MK, Soares MV, Zilch CF, Akbar AN, Beverley PC. Virus-induced CD8+ T
cell clonal expansion is associated with telomerase up-regulation and telomere length
preservation: a mechanism for rescue from replicative senescence. J Immunol.
1999;162:4521-4526.

284. Plunkett FJ, Soares MV, Annels N, et al. The flow cytometric analysis of telomere
length in antigen-specific CD8+ T cells during acute Epstein-Barr virus infection. Blood.
2001,97:700-707.

285. Soares MV, Plunkett FJ, Verbeke CS, et al. Integration of apoptosis and telomere
erosion in virus-specific CD8+ T cells from blood and tonsils during primary infection.
Blood. 2004;103:162-167.

286. Weng NP, Levine BL, June CH, Hodes RJ. Regulated expression of telomerase
activity in human T lymphocyte development and activation. J Exp Med. 1996;183:2471-
2479.

287. Roth A, Yssel H, Pene J, et al. Telomerase levels control the lifespan of human T
lymphocytes. Blood. 2003;102:849-857.

288. Valenzuela HF, Effros RB. Divergent telomerase and CD28 expression patterns in
human CD4 and CD8 T cells following repeated encounters with the same antigenic
stimulus. Clin Immunol. 2002;105:117-125.

289. Verdun RE, Karlseder J. Replication and protection of telomeres. Nature.
2007;447:924-931.

290. Weng NP, Levine BL, June CH, Hodes RJ. Human naive and memory T
lymphocytes differ in telomeric length and replicative potential. Proc Natl Acad Sci U S
A. 1995;92:11091-11094.

291. Hodes RJ, Hathcock KS, Weng NP. Telomeres in T and B cells. Nat Rev Immunol.
2002;2:699-706.

292. Fletcher JM, Vukmanovic-Stejic M, Dunne PJ, et al. Cytomegalovirus-specific
CD4+ T cells in healthy carriers are continuously driven to replicative exhaustion. J
Immunol. 2005;175:8218-8225.

293. Rufer N, Brummendorf TH, Kolvraa S, et al. Telomere fluorescence measurements
in granulocytes and T lymphocyte subsets point to a high turnover of hematopoietic stem
cells and memory T cells in early childhood. J Exp Med. 1999;190:157-167.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 47

294. Plunkett FJ, Franzese O, Belaramani LL, et al. The impact of telomere erosion on
memory CD8+ T cells in patients with X-linked lymphoproliferative syndrome. Mech
Ageing Dev. 2005;126:855-865.

295. Monteiro J, Batliwalla F, Ostrer H, Gregersen PK. Shortened telomeres in clonally
expanded CD28-CD8+ T cells imply a replicative history that is distinct from their
CD28+CD8+ counterparts. J Immunol. 1996;156:3587-3590.

296. Akbar AN, Vukmanovic-Stejic M. Telomerase in T lymphocytes: use it and lose it?
J Immunol. 2007;178:6689-6694.

297. d'Adda di Fagagna F, Teo SH, Jackson SP. Functional links between telomeres and
proteins of the DNA-damage response. Genes Dev. 2004;18:1781-1799.

298. Levy MZ, Allsopp RC, Futcher AB, Greider CW, Harley CB. Telomere end-
replication problem and cell aging. J Mol Biol. 1992;225:951-960.

299. Kipling D. The telomere: Oxford University Press; 1995.

300. Ohki R, Tsurimoto T, Ishikawa F. In vitro reconstitution of the end replication
problem. Mol Cell Biol. 2001;21:5753-5766.

301. Avilion AA, Piatyszek MA, Gupta J, Shay JW, Bacchetti S, Greider CW. Human
telomerase RNA and telomerase activity in immortal cell lines and tumor tissues. Cancer
Res. 1996;56:645-650.

302. Cong YS, Wright WE, Shay JW. Human telomerase and its regulation. Microbiol
Mol Biol Rev. 2002;66:407-425, table of contents.

303. Roth A, Baerlocher GM, Schertzer M, Chavez E, Duhrsen U, Lansdorp PM.
Telomere loss, senescence, and genetic instability in CD4+ T Ilymphocytes
overexpressing hTERT. Blood. 2005;106:43-50.

304. Liu K, Hodes RJ, Weng N. Cutting edge: telomerase activation in human T
lymphocytes does not require increase in telomerase reverse transcriptase (hTERT)
protein but is associated with hTERT phosphorylation and nuclear translocation. J
Immunol. 2001;166:4826-4830.

305. Li Y, Zhi W, Wareski P, Weng NP. IL-15 activates telomerase and minimizes
telomere loss and may preserve the replicative life span of memory CD8+ T cells in vitro.
J Immunol. 2005;174:4019-4024.

306. Wallace DL, Berard M, Soares MV, et al. Prolonged exposure of naive CD8+ T
cells to interleukin-7 or interleukin-15 stimulates proliferation without differentiation or
loss of telomere length. Immunology. 2006;119:243-253.

307. Reed JR, Vukmanovic-Stejic M, Fletcher JM, et al. Telomere erosion in memory T
cells induced by telomerase inhibition at the site of antigenic challenge in vivo. J Exp
Med. 2004;199:1433-1443.

308. Plunkett FJ, Franzese O, Finney HM, et al. The loss of telomerase activity in highly
differentiated CD8+CD28-CD27- T cells is associated with decreased Akt (Ser473)
phosphorylation. J Immunol. 2007;178:7710-7719.

309. Kang SS, Kwon T, Kwon DY, Do SI. Akt protein kinase enhances human
telomerase activity through phosphorylation of telomerase reverse transcriptase subunit. J
Biol Chem. 1999;274:13085-13090.



48 | Chapter 1

310. Henson SM, Franzese O, Macaulay R, et al. KLRG1 signaling induces defective
Akt (ser473) phosphorylation and proliferative dysfunction of highly differentiated CD8+
T cells. Blood. 2009;113:6619-6628.

311. Akiyama M, Hideshima T, Hayashi T, et al. Nuclear factor-kappaB p65 mediates
tumor necrosis factor alpha-induced nuclear translocation of telomerase reverse
transcriptase protein. Cancer Res. 2003;63:18-21.

312. Del Bufalo D, Rizzo A, Trisciuoglio D, et al. Involvement of hTERT in apoptosis
induced by interference with Bcl-2 expression and function. Cell Death Differ.
2005;12:1429-1438.

313. Oh H, Taffet GE, Youker KA, et al. Telomerase reverse transcriptase promotes
cardiac muscle cell proliferation, hypertrophy, and survival. Proc Natl Acad Sci U S A.
2001;98:10308-10313.

314. Zhang P, Chan SL, Fu W, Mendoza M, Mattson MP. TERT suppresses apoptotis at
a premitochondrial step by a mechanism requiring reverse transcriptase activity and 14-3-
3 protein-binding ability. Faseb J. 2003;17:767-769.

315. Luiten RM, Pene J, Yssel H, Spits H. Ectopic hTERT expression extends the life
span of human CD4+ helper and regulatory T-cell clones and confers resistance to
oxidative stress-induced apoptosis. Blood. 2003;101:4512-4519.

316. Cao Y, Li H, Deb S, Liu JP. TERT regulates cell survival independent of
telomerase enzymatic activity. Oncogene. 2002;21:3130-3138.

317. Ahmed S, Passos JF, Birket MJ, et al. Telomerase does not counteract telomere
shortening but protects mitochondrial function under oxidative stress. J Cell Sci.
2008;121:1046-1053.

318. Yang Y, An J, Weng NP. Telomerase is involved in IL-7-mediated differential
survival of naive and memory CD4+ T cells. J Immunol. 2008;180:3775-3781.

319. Miller RA. Aging and immune function. Int Rev Cytol. 1991;124:187-215.

320. Gruver AL, Hudson LL, Sempowski GD. Immunosenescence of ageing. J Pathol.
2007;211:144-156.

321. Steinmann GG. Changes in the human thymus during aging. Curr Top Pathol.
1986;75:43-88.

322. Sempowski GD, Hale LP, Sundy JS, et al. Leukemia inhibitory factor, oncostatin
M, IL-6, and stem cell factor mMRNA expression in human thymus increases with age and
is associated with thymic atrophy. J Immunol. 2000;164:2180-2187.

323. Fagnoni FF, Vescovini R, Passeri G, et al. Shortage of circulating naive CD8(+) T
cells provides new insights on immunodeficiency in aging. Blood. 2000;95:2860-2868.
324. Lazuardi L, Jenewein B, Wolf AM, Pfister G, Tzankov A, Grubeck-Loebenstein B.
Age-related loss of naive T cells and dysregulation of T-cell/B-cell interactions in human
lymph nodes. Immunology. 2005;114:37-43.

325. Maue AC, Haynes L. CD4+ T cells and immunosenescence--a mini-review.
Gerontology. 2009;55:491-495.

326. Linton PJ, Haynes L, Tsui L, Zhang X, Swain S. From naive to effector--alterations
with aging. Immunol Rev. 1997;160:9-18.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 49

327. Hale JS, Boursalian TE, Turk GL, Fink PJ. Thymic output in aged mice. Proc Natl
Acad Sci U S A. 2006;103:8447-8452.

328. Clise-Dwyer K, Huston GE, Buck AL, Duso DK, Swain SL. Environmental and
intrinsic factors lead to antigen unresponsiveness in CD4(+) recent thymic emigrants
from aged mice. J Immunol. 2007;178:1321-1331.

329. Haynes L, Eaton SM. The effect of age on the cognate function of CD4+ T cells.
Immunol Rev. 2005;205:220-228.

330. Linton PJ, Li SP, Zhang Y, Bautista B, Huynh Q, Trinh T. Intrinsic versus
environmental influences on T-cell responses in aging. Immunol Rev. 2005;205:207-219.
331. Eaton SM, Maue AC, Swain SL, Haynes L. Bone marrow precursor cells from aged
mice generate CD4 T cells that function well in primary and memory responses. J
Immunol. 2008;181:4825-4831.

332. Miller RA, Garcia G, Kirk CJ, Witkowski JM. Early activation defects in T
lymphocytes from aged mice. Immunol Rev. 1997;160:79-90.

333. Vallejo AN, Weyand CM, Goronzy JJ. T-cell senescence: a culprit of immune
abnormalities in chronic inflammation and persistent infection. Trends Mol Med.
2004;10:119-124.

334. Posnett DN, Sinha R, Kabak S, Russo C. Clonal populations of T cells in normal
elderly humans: the T cell equivalent to "benign monoclonal gammapathy". J Exp Med.
1994;179:609-618.

335. Weyand CM, Brandes JC, Schmidt D, Fulbright JW, Goronzy JJ. Functional
properties of CD4+ CD28- T cells in the aging immune system. Mech Ageing Dev.
1998;102:131-147.

336. Saurwein-Teissl M, Lung TL, Marx F, et al. Lack of antibody production following
immunization in old age: association with CD8(+)CD28(-) T cell clonal expansions and
an imbalance in the production of Thl and Th2 cytokines. J Immunol. 2002;168:5893-
5899.

337. Goronzy JJ, Matteson EL, Fulbright JW, et al. Prognostic markers of radiographic
progression in early rheumatoid arthritis. Arthritis Rheum. 2004;50:43-54.

338. Hadrup SR, Strindhall J, Kollgaard T, et al. Longitudinal studies of clonally
expanded CD8 T cells reveal a repertoire shrinkage predicting mortality and an increased
number of dysfunctional cytomegalovirus-specific T cells in the very elderly. J Immunol.
2006;176:2645-2653.

339. Batliwalla F, Monteiro J, Serrano D, Gregersen PK. Oligoclonality of CD8+ T cells
in health and disease: aging, infection, or immune regulation? Hum Immunol.
1996;48:68-76.

340. Azuma M, Phillips JH, Lanier LL. CD28- T lymphocytes. Antigenic and functional
properties. J Immunol. 1993;150:1147-1159.

341. Colombatti A, Doliana R, Schiappacassi M, et al. Age-related persistent clonal
expansions of CD28(-) cells: phenotypic and molecular TCR analysis reveals both
CD4(+) and CDA4(+)CD8(+) cells with identical CDR3 sequences. Clin Immunol
Immunopathol. 1998;89:61-70.



50 | Chapter 1

342. Posnett DN, Edinger JW, Manavalan JS, Irwin C, Marodon G. Differentiation of
human CD8 T cells: implications for in vivo persistence of CD8+ CD28- cytotoxic
effector clones. Int Immunol. 1999;11:229-241.

343. Borthwick NJ, Lowdell M, Salmon M, Akbar AN. Loss of CD28 expression on
CD8(+) T cells is induced by IL-2 receptor gamma chain signalling cytokines and type |
IFN, and increases susceptibility to activation-induced apoptosis. Int Immunol.
2000;12:1005-1013.

344. Bryl E, Vallejo AN, Weyand CM, Goronzy JJ. Down-regulation of CD28
expression by TNF-alpha. J Immunol. 2001;167:3231-3238.

345. Lewis DE, Merched-Sauvage M, Goronzy JJ, Weyand CM, Vallejo AN. Tumor
necrosis factor-alpha and CD80 modulate CD28 expression through a similar mechanism
of T-cell receptor-independent inhibition of transcription. J Biol Chem. 2004;279:29130-
29138.

346. Thewissen M, Somers V, Hellings N, Fraussen J, Damoiseaux J, Stinissen P.
CD4+CD28null T cells in autoimmune disease: pathogenic features and decreased
susceptibility to immunoregulation. J Immunol. 2007;179:6514-6523.

347. Nakajima T, Schulte S, Warrington KJ, et al. T-cell-mediated lysis of endothelial
cells in acute coronary syndromes. Circulation. 2002;105:570-575.

348. Vallejo AN, Nestel AR, Schirmer M, Weyand CM, Goronzy JJ. Aging-related
deficiency of CD28 expression in CD4+ T cells is associated with the loss of gene-
specific nuclear factor binding activity. J Biol Chem. 1998;273:8119-8129.

349. Fagiolo U, Cossarizza A, Scala E, et al. Increased cytokine production in
mononuclear cells of healthy elderly people. Eur J Immunol. 1993;23:2375-2378.

350. O'Mahony L, Holland J, Jackson J, Feighery C, Hennessy TP, Mealy K.
Quantitative intracellular cytokine measurement: age-related changes in proinflammatory
cytokine production. Clin Exp Immunol. 1998;113:213-219.

351. Martens PB, Goronzy JJ, Schaid D, Weyand CM. Expansion of unusual CD4+ T
cells in severe rheumatoid arthritis. Arthritis Rheum. 1997;40:1106-1114.

352. Feldmann M, Maini SR. Role of cytokines in rheumatoid arthritis: an education in
pathophysiology and therapeutics. Immunol Rev. 2008;223:7-19.

353. Geist LJ, Hopkins HA, Dai LY, He B, Monick MM, Hunninghake GW.
Cytomegalovirus modulates transcription factors necessary for the activation of the tumor
necrosis factor-alpha promoter. Am J Respir Cell Mol Biol. 1997;16:31-37.

354. Parish ST, Wu JE, Effros RB. Modulation of T lymphocyte replicative senescence
via TNF-{alpha} inhibition: role of caspase-3. J Immunol. 2009;182:4237-4243.

355. Bryl E, Vallejo AN, Matteson EL, Witkowski JM, Weyand CM, Goronzy JJ.
Modulation of CD28 expression with anti-tumor necrosis factor alpha therapy in
rheumatoid arthritis. Arthritis Rheum. 2005;52:2996-3003.

356. Pass RF. Epidemiology and transmission of cytomegalovirus. J Infect Dis.
1985;152:243-248.

357. Sissons JG, Carmichael AJ. Clinical aspects and management of cytomegalovirus
infection. J Infect. 2002;44:78-83.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 51

358. Castagnola E, Cappelli B, Erba D, Rabagliati A, Lanino E, Dini G.
Cytomegalovirus infection after bone marrow transplantation in children. Hum Immunol.
2004,65:416-422.

359. Drew WL. Cytomegalovirus infection in patients with AIDS. J Infect Dis.
1988;158:449-456.

360. Jacobson MA. AIDS-related cytomegalovirus retinitis. Drugs Today (Barc).
1998;34:409-413.

361. Long CM, Drew L, Miner R, Jekic-McMullen D, Impraim C, Kao SY. Detection of
cytomegalovirus in  plasma and cerebrospinal fluid specimens from human
immunodeficiency virus-infected patients by the AMPLICOR CMV test. J Clin
Microbiol. 1998;36:2434-2438.

362. Moss P, Khan N. CD8(+) T-cell immunity to cytomegalovirus. Hum Immunol.
2004,65:456-464.

363. Sester M, Sester U, Gartner B, et al. Sustained high frequencies of specific CD4 T
cells restricted to a single persistent virus. J Virol. 2002;76:3748-3755.

364. Sylwester AW, Mitchell BL, Edgar JB, et al. Broadly targeted human
cytomegalovirus-specific CD4+ and CD8+ T cells dominate the memory compartments
of exposed subjects. J Exp Med. 2005;202:673-685.

365. van Leeuwen EM, Remmerswaal EB, Heemskerk MH, ten Berge IJ, van Lier RA.
Strong selection of virus-specific cytotoxic CD4+ T-cell clones during primary human
cytomegalovirus infection. Blood. 2006;108:3121-3127.

366. Gamadia LE, Remmerswaal EB, Weel JF, Bemelman F, van Lier RA, Ten Berge 1J.
Primary immune responses to human CMV: a critical role for IFN-gamma-producing
CD4+ T cells in protection against CMV disease. Blood. 2003;101:2686-2692.

367. Casazza JP, Betts MR, Price DA, et al. Acquisition of direct antiviral effector
functions by CMV-specific CD4+ T lymphocytes with cellular maturation. J Exp Med.
2006;203:2865-2877.

368. Khan N, Shariff N, Cobbold M, et al. Cytomegalovirus seropositivity drives the
CD8 T cell repertoire toward greater clonality in healthy elderly individuals. J Immunol.
2002;169:1984-1992.

369. Kuijpers TW, Vossen MT, Gent MR, et al. Frequencies of circulating cytolytic,
CD45RA+CD27-, CD8+ T lymphocytes depend on infection with CMV. J Immunol.
2003;170:4342-4348.

370. Looney RJ, Falsey A, Campbell D, et al. Role of cytomegalovirus in the T cell
changes seen in elderly individuals. Clin Immunol. 1999;90:213-2109.

371. Weinberger B, Lazuardi L, Weiskirchner 1, et al. Healthy aging and latent infection
with CMV lead to distinct changes in CD8+ and CD4+ T-cell subsets in the elderly. Hum
Immunol. 2007;68:86-90.

372. Pawelec G, Akbar A, Caruso C, Solana R, Grubeck-Loebenstein B, Wikby A.
Human immunosenescence: is it infectious? Immunol Rev. 2005;205:257-268.

373. Zhang Y, Cosyns M, Levin MJ, Hayward AR. Cytokine production in varicella
zoster virus-stimulated limiting dilution lymphocyte cultures. Clin Exp Immunol.
1994;98:128-133.



52 | Chapter 1

374. Berger R, Florent G, Just M. Decrease of the lymphoproliferative response to
varicella-zoster virus antigen in the aged. Infect Immun. 1981;32:24-27.

375. Dalod M, Salazar-Mather TP, Malmgaard L, et al. Interferon alpha/beta and
interleukin 12 responses to viral infections: pathways regulating dendritic cell cytokine
expression in vivo. J Exp Med. 2002;195:517-528.

376. Khan N, Hislop A, Gudgeon N, et al. Herpesvirus-specific CD8 T cell immunity in
old age: cytomegalovirus impairs the response to a coresident EBV infection. J Immunol.
2004;173:7481-7489.

377. d'Adda di Fagagna F, Reaper PM, Clay-Farrace L, et al. A DNA damage checkpoint
response in telomere-initiated senescence. Nature. 2003;426:194-198.

378. Takai H, Smogorzewska A, de Lange T. DNA damage foci at dysfunctional
telomeres. Curr Biol. 2003;13:1549-1556.

379. te Poele RH, Okorokov AL, Jardine L, Cummings J, Joel SP. DNA damage is able
to induce senescence in tumor cells in vitro and in vivo. Cancer Res. 2002;62:1876-1883.
380. von Zglinicki T, Saretzki G, Ladhoff J, d'Adda di Fagagna F, Jackson SP. Human
cell senescence as a DNA damage response. Mech Ageing Dev. 2005;126:111-117.

381. Wang C, Jurk D, Maddick M, Nelson G, Martin-Ruiz C, von Zglinicki T. DNA
damage response and cellular senescence in tissues of aging mice. Aging Cell.
2009;8:311-323.

382. Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras provokes
premature cell senescence associated with accumulation of p53 and pl6INK4a. Cell.
1997,88:593-602.

383. Schmitt CA, Fridman JS, Yang M, et al. A senescence program controlled by p53
and p16INK4a contributes to the outcome of cancer therapy. Cell. 2002;109:335-346.
384. Chen Q, Ames BN. Senescence-like growth arrest induced by hydrogen peroxide in
human diploid fibroblast F65 cells. Proc Natl Acad Sci U S A. 1994;91:4130-4134.

385. Bodnar AG, Ouellette M, Frolkis M, et al. Extension of life-span by introduction of
telomerase into normal human cells. Science. 1998;279:349-352.

386. Chen QM, Prowse KR, Tu VC, Purdom S, Linskens MH. Uncoupling the senescent
phenotype from telomere shortening in hydrogen peroxide-treated fibroblasts. Exp Cell
Res. 2001;265:294-303.

387. Gorbunova V, Seluanov A, Pereira-Smith OM. Expression of human telomerase
(hTERT) does not prevent stress-induced senescence in normal human fibroblasts but
protects the cells from stress-induced apoptosis and necrosis. J Biol Chem.
2002;277:38540-38549.

388. Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains. Exp
Cell Res. 1961;25:585-621.

389. Effros RB, Pawelec G. Replicative senescence of T cells: does the Hayflick Limit
lead to immune exhaustion? Immunol Today. 1997;18:450-454.

390. Voehringer D, Blaser C, Brawand P, Raulet DH, Hanke T, Pircher H. Viral
infections induce abundant numbers of senescent CD8 T cells. J Immunol.
2001;167:4838-4843.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 53

391. Voehringer D, Koschella M, Pircher H. Lack of proliferative capacity of human
effector and memory T cells expressing Killer cell lectinlike receptor G1 (KLRGL1).
Blood. 2002;100:3698-3702.

392. Effros RB. Replicative senescence of CD8 T cells: potential effects on cancer
immune surveillance and immunotherapy. Cancer Immunol Immunother. 2004;53:925-
933.

393. Bartek J, Bartkova J, Lukas J. DNA damage signalling guards against activated
oncogenes and tumour progression. Oncogene. 2007;26:7773-7779.

394. Campisi J. The biology of replicative senescence. Eur J Cancer. 1997;33:703-709.
395. Lawless C, Wang C, Jurk D, Merz A, Zglinicki TV, Passos JF. Quantitative
assessment of markers for cell senescence. Exp Gerontol. 2010.

396. Campisi J, d'Adda di Fagagna F. Cellular senescence: when bad things happen to
good cells. Nat Rev Mol Cell Biol. 2007;8:729-740.

397. Passos JF, Simillion C, Hallinan J, Wipat A, von Zglinicki T. Cellular senescence:
unravelling complexity. Age (Dordr). 2009.

398. Rogakou EP, Nieves-Neira W, Boon C, Pommier Y, Bonner WM. Initiation of
DNA fragmentation during apoptosis induces phosphorylation of H2AX histone at serine
139. J Biol Chem. 2000;275:9390-9395.

399. Medvedeva NG, Panyutin 1V, Panyutin IG, Neumann RD. Phosphorylation of
histone H2AX in radiation-induced micronuclei. Radiat Res. 2007;168:493-498.

400. Shiloh Y. The ATM-mediated DNA-damage response: taking shape. Trends
Biochem Sci. 2006;31:402-410.

401. Lu C, Shi Y, Wang Z, et al. Serum starvation induces H2AX phosphorylation to
regulate apoptosis via p38 MAPK pathway. FEBS Lett. 2008;582:2703-2708.

402. Chiu SJ, Chao JI, Lee YJ, Hsu TS. Regulation of gamma-H2AX and securin
contribute to apoptosis by oxaliplatin via a p38 mitogen-activated protein Kkinase-
dependent pathway in human colorectal cancer cells. Toxicol Lett. 2008;179:63-70.

403. Raman M, Chen W, Cobb MH. Differential regulation and properties of MAPKSs.
Oncogene. 2007;26:3100-3112.

404. Raingeaud J, Gupta S, Rogers JS, et al. Pro-inflammatory cytokines and
environmental stress cause p38 mitogen-activated protein Kinase activation by dual
phosphorylation on tyrosine and threonine. J Biol Chem. 1995;270:7420-7426.

405. Crawley JB, Rawlinson L, Lali FV, Page TH, Saklatvala J, Foxwell BM. T cell
proliferation in response to interleukins 2 and 7 requires p38MAP kinase activation. J
Biol Chem. 1997;272:15023-15027.

406. Khaled AR, Moor AN, Li A, et al. Trophic factor withdrawal: p38 mitogen-
activated protein kinase activates NHE1, which induces intracellular alkalinization. Mol
Cell Biol. 2001;21:7545-7557.

407. Rajnavolgyi E, Benbernou N, Rethi B, et al. IL-7 withdrawal induces a stress
pathway activating p38 and Jun N-terminal kinases. Cell Signal. 2002;14:761-769.

408. Tanaka N, Kamanaka M, Enslen H, et al. Differential involvement of p38 mitogen-
activated protein kinase kinases MKK3 and MKK®6 in T-cell apoptosis. EMBO Rep.
2002;3:785-791.



54 | Chapter 1

409. Johnson RA, Huong SM, Huang ES. Activation of the mitogen-activated protein
kinase p38 by human cytomegalovirus infection through two distinct pathways: a novel
mechanism for activation of p38. J Virol. 2000;74:1158-1167.

410. Brancho D, Tanaka N, Jaeschke A, et al. Mechanism of p38 MAP kinase activation
in vivo. Genes Dev. 2003;17:1969-1978.

411. Ashwell JD. The many paths to p38 mitogen-activated protein kinase activation in
the immune system. Nat Rev Immunol. 2006;6:532-540.

412. Bulavin DV, Saito S, Hollander MC, et al. Phosphorylation of human p53 by p38
kinase coordinates N-terminal phosphorylation and apoptosis in response to UV radiation.
Embo J. 1999;18:6845-6854.

413. Bulavin DV, Fornace AJ, Jr. p38 MAP Kkinase's emerging role as a tumor
suppressor. Adv Cancer Res. 2004;92:95-118.

414. Mittelstadt PR, Yamaguchi H, Appella E, Ashwell JD. T cell receptor-mediated
activation of p38{alpha} by mono-phosphorylation of the activation loop results in
altered substrate specificity. J Biol Chem. 2009;284:15469-15474.

415. Thornton TM, Rincon M. Non-classical p38 map kinase functions: cell cycle
checkpoints and survival. Int J Biol Sci. 2009;5:44-51.

416. Cuenda A, Rouse J, Doza YN, et al. SB 203580 is a specific inhibitor of a MAP
kinase homologue which is stimulated by cellular stresses and interleukin-1. FEBS Lett.
1995;364:229-233.

417. Davies SP, Reddy H, Caivano M, Cohen P. Specificity and mechanism of action of
some commonly used protein Kinase inhibitors. Biochem J. 2000;351:95-105.

418. Goedert M, Cuenda A, Craxton M, Jakes R, Cohen P. Activation of the novel
stress-activated protein kinase SAPK4 by cytokines and cellular stresses is mediated by
SKK3 (MKKS®6); comparison of its substrate specificity with that of other SAP kinases.
Embo J. 1997;16:3563-3571.

419. Eyers PA, Craxton M, Morrice N, Cohen P, Goedert M. Conversion of SB 203580-
insensitive MAP kinase family members to drug-sensitive forms by a single amino-acid
substitution. Chem Biol. 1998;5:321-328.

420. Kuma Y, Sabio G, Bain J, Shpiro N, Marquez R, Cuenda A. BIRB796 inhibits all
p38 MAPK isoforms in vitro and in vivo. J Biol Chem. 2005;280:19472-19479.

421. Bain J, Plater L, Elliott M, et al. The selectivity of protein kinase inhibitors: a
further update. Biochem J. 2007;408:297-315.

422. Han J, Sun P. The pathways to tumor suppression via route p38. Trends Biochem
Sci. 2007;32:364-371.

423. Hui L, Bakiri L, Stepniak E, Wagner EF. p38alpha: a suppressor of cell
proliferation and tumorigenesis. Cell Cycle. 2007;6:2429-2433.

424. Cuadrado A, Nebreda AR. Mechanisms and functions of p38 MAPK signalling.
Biochem J. 2010;429:403-417.

425. Lee JC, Laydon JT, McDonnell PC, et al. A protein kinase involved in the
regulation of inflammatory cytokine biosynthesis. Nature. 1994;372:739-746.

426. lwasa H, Han J, Ishikawa F. Mitogen-activated protein kinase p38 defines the
common senescence-signalling pathway. Genes Cells. 2003;8:131-144.



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 55

427. Wang W, Chen JX, Liao R, et al. Sequential activation of the MEK-extracellular
signal-regulated kinase and MKK3/6-p38 mitogen-activated protein kinase pathways
mediates oncogenic ras-induced premature senescence. Mol Cell Biol. 2002;22:3389-
3403.

428. Bulavin DV, Phillips C, Nannenga B, et al. Inactivation of the Wipl phosphatase
inhibits mammary tumorigenesis through p38 MAPK-mediated activation of the
p16(Ink4a)-p19(Arf) pathway. Nat Genet. 2004;36:343-350.

429. Wu GS. The functional interactions between the p53 and MAPK signaling
pathways. Cancer Biol Ther. 2004;3:156-161.

430. Wang X, McGowan CH, Zhao M, et al. Involvement of the MKKG6-p38gamma
cascade in gamma-radiation-induced cell cycle arrest. Mol Cell Biol. 2000;20:4543-4552.
431. Pedraza-Alva G, Koulnis M, Charland C, et al. Activation of p38 MAP kinase by
DNA double-strand breaks in V(D)J recombination induces a G2/M cell cycle
checkpoint. Embo J. 2006;25:763-773.

432. Deacon K, Mistry P, Chernoff J, Blank JL, Patel R. p38 Mitogen-activated protein
kinase mediates cell death and p2l-activated kinase mediates cell survival during
chemotherapeutic drug-induced mitotic arrest. Mol Biol Cell. 2003;14:2071-2087.

433. De Chiara G, Marcocci ME, Torcia M, et al. Bcl-2 Phosphorylation by p38 MAPK:
identification of target sites and biologic consequences. J Biol Chem. 2006;281:21353-
21361.

434. Torcia M, De Chiara G, Nencioni L, et al. Nerve growth factor inhibits apoptosis in
memory B lymphocytes via inactivation of p38 MAPK, prevention of Bcl-2
phosphorylation, and cytochrome c release. J Biol Chem. 2001;276:39027-39036.

435. Haldar S, Chintapalli J, Croce CM. Taxol induces bcl-2 phosphorylation and death
of prostate cancer cells. Cancer Res. 1996;56:1253-1255.

436. Kroemer G, Reed JC. Mitochondrial control of cell death. Nat Med. 2000;6:513-
519.

437. Trouillas M, Saucourt C, Duval D, et al. Bcl2, a transcriptional target of p38alpha,
is critical for neuronal commitment of mouse embryonic stem cells. Cell Death Differ.
2008;15:1450-1459.



56 |



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 57

CHAPTER 1

Role of IL-7 in the homeostasis of human
CD31" naive CD4" T cells

Introduction

Homeostasis of the T cell pool constitutes a dynamic process encompassing a variety
of mechanisms working concertedly in order to constantly adapt to fluctuating conditions.
In particular, naive CD4" T cell homeostasis has to compensate for the decreasing
contribution of the thymus to the replenishment of the peripheral naive T cell pool during
ageing through post-thymic proliferation of naive T cells *2. In order to maintain the size
and diversity of the naive CD4" T cell pool, this peripheral expansion should be driven by
homeostatic mechanisms that induce proliferation, whilst preserving the phenotypic and
functional characteristics of naive CD4" T cells, as well as ensuring an unbiased
stimulation in order to maintain a diverse TCR repertoire 2. The homeostatic yc cytokine
IL-7 has been shown to promote the survival of recent thymic emigrants derived from
umbilical cord blood *7, in addition to inducing antigen-independent homeostatic
proliferation of cord blood RTEs more potently than of naive CD4" T cells from adult
peripheral blood >®®. These data suggest that IL-7-mediated homeostatic proliferation of
RTESs contributes to the maintenance of the peripheral naive CD4" T cell pool °.

The expression of CD31 within naive CD4" T cells has been proposed to identify a

12 \whereas naive CD4"* T cells lacking CD31 have been

population enriched in RTES
suggested to have undegone homeostatic proliferation driven by low-affinity TCR
triggering >*2. In the first part of this chapter, we sought to investigate the effects of IL-7
stimulation on naive CD4" T cell subsets defined by the expression of CD31 from
umbilical cord and adult peripheral blood samples. Specifically, we were interested in
clarifying the outcome in terms of survival, proliferation and levels of CD31 expression

following in vitro culture of purified CD31" and CD31" naive CD4" T cell subsets in the
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presence of IL-7, in addition to elucidating the signalling pathways mediating these
effects.

In this same line of research, concerning T cell homeostasis, we had the opportunity to
perform an evaluation of long term immune reconstitution in a clinical setting associated
with major disturbances in T cell homeostasis. In the second part of this chapter, our aim
was to assess the distribution of naive and memory T cell subsets in a group of five
patients who underwent haploidentical HSCT from a related donor, at an average of five
years post-transplant, simultaneously comparing their profile to the T cell distribution
observed in the respective donors and age-matched controls. We were particularly
interested in investigating the mechanisms that drove T cell reconstitution in these
patients by determining the relative contribution of thymic output and peripheral
expansion of mature T cells. For that purpose, we assessed the expression of CD31 within
naive CD4" T cells, the TREC content and the telomere length in recipients of
haploidentical HSCT, as well as in donors and age-matched controls.

Methods

1. Blood samples

1.1. Adult peripheral blood and umbilical cord blood samples

Adult peripheral blood samples from healthy volunteers and umbilical cord blood
samples collected immediately after delivery of full-term infants were obtained with
approval from the Ethics Board of the Faculty of Medicine of Lisbon. Umbilical cord
blood samples were provided by Dr. Helena Ferreira from Hospital Universitario de Santa
Maria, Lisboa, with informed consent obtained in accordance with the Declaration of
Helsinki.

1.2. Haploidentical HSCT recipients

This study was approved by the Ethics Committee of the Faculdade de Medicina da
Universidade de Lisboa. Heparinized peripheral blood and serum samples from five
haploidentical related hematopoietic stem cell transplantation recipients were obtained
four to six years post-transplant through collaboration with Dr. Jodo Lacerda from

Servico de Hematologia, Hospital de Santa Maria. In parallel, samples were collected
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from the respective donors, who were always one of the parents, and age-matched healthy

controls.
2. Purification of lymphocyte subsets

Mononuclear cells from adult peripheral blood and from cord blood were isolated by
Ficoll-Hypaque density gradient (Amersham Pharmacia Biotech, Uppsala, Sweden).
CD4" T cells were negatively selected using the EasySep Human CD4" T Cell
Enrichment Kit (StemCell Technologies, Vancouver, BC) according to the
manufacturers’ instructions. CD4" T cells were subsequently sorted into CD31" and
CD31" naive subsets using a FACSAria flow cytometer (BD Biosciences, San Jose, CA)
after staining with CD45RA, CD45RO, CD4, and CD31 for 30 minutes at 4°C in
phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA; Sigma-
Aldrich).

3. In vitro cell culture

Cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10%
heat-inactivated human AB serum (Sigma-Aldrich, St Louis, MO), 100 U/mL penicillin,
100 mg/mL streptomycin, and 2 mM L-glutamine (Invitrogen), in the presence or absence
of recombinant human (rh) IL-7 (10 ng/mL; R&D Systems, Minneapolis, MN) or rhlL-2
(10 U/mL; obtained through the National Institutes of Health (NIH)/ AIDS Research and
Reference Program, Division of AIDS, National Institute of Allergy and Infectious
Diseases, NIH [IL-2] from Hoffman-La Roche). PI3K and MEK/ERK activity were
respectively blocked by incubation of cells for 1 hour at 37°C before IL-7 stimulation
with either 10 uM LY294002 or 10 uM PD98059 (both from Calbiochem, Merck
Biosciences, Nottingham, United Kingdom) or the equivalent volume of the vehicle
control dimethyl sulfoxide (DMSO; Sigma-Aldrich) alone. LY294002, PD98059 and
DMSO were re-added to the culture at day 4.

4. Flow cytometric analysis

4.1. Surface staining

Cells resuspended in PBS containing 1% BSA (Sigma-Aldrich) and 0.1% sodium
azide (Sigma-Aldrich) were stained for 20 minutes at room temperature with the

following anti-human monoclonal antibodies: CD4 phycoerythrin—cyanin 7 (PE-Cy7;
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clone L3T4), CD8 peridinin chlorophyll protein (PerCP; clone RPA-T8), CD45RA
fluorescein isothiocyanate (FITC) or allophycocyanin (APC; clone HL100), CD45RO PE
(clone UCHL1), CD62L APC-Cy7 (clone DREG 56), CD27 FITC (clone 0323) and
CD31 PE or APC (clone WM59) from eBioscience (San Diego, CA); CD38 PE (clone
HB7), CD25 APC (clone 2A3) and CD3 PerCP (clone SK7) from BD Biosciences; and
CD127 PE (IL-7Ra; clone 40131; R&D Systems).

4.2. Intracellular staining

Intracellular staining for Bcl-2 FITC (clone 124; Dako, Glostrup, Denmark), Ki67
FITC (clone B56; BD Biosciences) and Foxp3 PE (clone PCH101; eBioscience) was
performed using fixation and permeabilization reagents from eBioscience. Samples were
acquired on a BD FACSCanto flow cytometer (BD Biosciences) after fixation with 1%
formaldehyde (Sigma-Aldrich). Data were analyzed using FlowJo software version 8.1.1
(TreeStar, Ashland, OR).

4.3. Apoptosis assessment

Apoptosis was assessed using 7-aminoactinomycin D (7-AAD) viability Staining
Solution (eBioscience) or Annexin V/Propidium lodide (PI) detection kit (BD
Biosciences). For the former assay, cells resuspended in PBS were incubated with 7-AAD
for 5 minutes at 4°C. As for the latter, cells resuspended in 1x Binding Buffer were
incubated with Annexin V antibody and PI for 15 minutes at room temperature. Samples
were immediately acquired on a BD FACSCanto flow cytometer (BD Biosciences). Data

were analyzed using FlowJo software version 8.1.1 (TreeStar, Ashland, OR).

4.4. Proliferation assessment by CFSE dilution assay

Cells were labeled with 0.5 puM carboxyfluorescein diacetate succinimidyl ester
(CFSE; Molecular Probes-Invitrogen, Carlsbad, CA) at 37°C for 15 minutes in the dark,
quenched with ice-cold culture medium at 4°C for 5 minutes, and washed 3 times before
culture. Samples were acquired on a BD FACSCanto flow cytometer (BD Biosciences)
after fixation with 1% formaldehyde (Sigma-Aldrich). Data were analyzed using FlowJo
software version 8.1.1 (TreeStar, Ashland, OR).

4.5. Assessment of STAT-5 phosphorylation

Cells were surface stained and stimulated with 50 ng/mL of rhIL-7 for 15 minutes,

fixed with 2% formaldehyde at 37°C for 10 minutes, and placed on ice. Cells were then
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permeabilized with ice-cold 90% methanol (Sigma-Aldrich) at 4°C for 30 minutes and
incubated with anti—phospho-STAT-5 (pY694) antibody coupled to Alexa Fluor 488 (BD
Biosciences) at room temperature for 1 hour. Samples were immediately acquired on a
BD FACSCanto flow cytometer (BD Biosciences). Data were analyzed using FlowJo
software version 8.1.1 (TreeStar, Ashland, OR).

4.6. Telomere length measurement by Flow-FISH

Telomere length was measured using a modified version of the fluorescent in situ
hybridization coupled to flow cytometry (Flow-FISH) protocol that was previously
described ***. In brief, PBMCs were surface stained using CD4 FITC (clone RPA-T4;
BD Pharmingen), CD8 biotin (clone OKTS8, eBioscience), CD45RA biotin (clone HI100,
eBioscience), Streptavidin Cy3 (Cedarlane Laboratories) and CD27 FITC (clone 0323;
eBioscience). After washing in PBS, cells were fixed in 1 mM BS® (Perbio Science). The
reaction was quenched with 50 mM Tris (pH 7,2) in PBS. After washing in PBS followed
by hybridization buffer, cells were incubated in 0.75 pg/ml of the protein nucleic acid
telomeric probe (C3TA)s conjugated to Cy5 (Panagene). After being heated for 10
minutes at 82°C, samples were left to hybridize. Samples were washed in post-
hybridization buffer followed by PBS and analyzed immediately by flow cytometry. All
samples were run in triplicate alongside cryopreserved PBMC with known telomere
fluorescence to ensure consistency of results. Kilobase length was determined from mean
fluorescence intensity values using a standard curve. The standard curve was constructed
using samples of varying telomere length analyzed both by flow-FISH and telomeric

restriction fragment analysis *°.

5. Signal-Joint TREC quantification by Real-Time PCR

DNA was purified from 10° PBMCs using DNAzol reagent (Gibco Life
Technologies). Signal-joint TRECs were quantified by nested Real-Time PCR using
Power SYBR Green PCR Master Mix (Applied Biosystems) and ABI PRISM 7000
Sequence Detection System (Applied Biosystems). Specific primers and probes were
used for sJTRECs and the CD3y, used as a housekeeping gene for absolute quantification
of SJTRECs levels: sj-out5 5’-CTCTCCTATCTCTGCTCTGAA-3’; sj-out3 5°-
ACTCACTTTTCCGAGGCTGA-3’; sj-in5 5’-CCTCTGTCAACAAAGGTGAT-3’; sj-
in3 5’-GTGCTGGCATCAGAGTGTGT-3’; CD3-out5 5’-ACTGACATGGAACAGGGG
AAG-3’; CD3-out3 5’-CCAGCTCTGAAGTAGGGAACATAT-3’; CD3-in5 5’-
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GGCTATCATTCTTCTTCAAGGT-3’; CD3-in3 5’-CCTCTCTTCAGCCATTTAA
GTA-3’; sj-Probel 5-AATAAGTTCAGCCCTCCATGTCACACT(-3’; sj-Probe2 5°-
XTGTTTTCCATCCTGGGGAGTGTTTCAp-3’; CD3-Probel 5’-GGCTGAAGGTTAG
GGATACCAATATTCCTGTCTCf-3’; CD3-Probe2 5’-XCTAGTGATGGGCTCTTCC
CTTGAGCCCTTCp-3’. pCD3-TREC plasmid was kindly provided by Rémy Cheynier
(Institute Pasteur, Paris).

6. TCR-chain CDR3 spectratyping

Total RNA was extracted from 10° to 10° cells with RNeasy kit (Qiagen) and first
strand cDNA synthesized from 1-2ug of RNA with the Superscript III kit (Invitrogen)
using an equivolume mixture of random hexamers and oligo (dT). Spectratyping analysis
was performed by Dario Ligeiro from Immunogenetics Laboratory, Centro de
Histocompatibilidade do Sul — CHSul. Briefly, amplification of the TCRVB CDR3 was
performed using primers specific for each V/p family *° except for VB6 and V21" and a
common CB reverse primer ; followed by a run-off reaction that extends each different
PCR product with a constant CB FAM labelled primer ; and a third step, in which each
different VB PCR labelled fragment is separated on a capillary electrophoresis based
DNA automated sequencer. Data was collected and analyzed with GeneMapper v4.0
(Applied Biosystems) for size and fluorescence intensity determination. The results are
depicted as peaks and classified as normal polyclonal repertoire, if the CDR3 in-frame
transcript distribution has a Gaussian shape with 8 to 10 peaks for each Vf family, or
skewed if there is predominance of a few classes of clonotypes, according with the

scoring previously detailed *3°.

7. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 4.00 (GraphPad
Software, San Diego, CA). Data are presented as mean plus or minus standard error of
mean (SEM). P values less than 0.05 were considered significant: * indicates P < 0.05; **
indicates P < 0.001; *** indicates P < 0.0001.
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Results

Chapter 1.1

IL-7 sustains CD31 expression in human naive CD4" T cells
and preferentially expands the CD31" subset
in a PI3K-dependent manner

The expression of CD31 has been proposed to identify two subsets within the naive
CD4* T cell pool which have undergone different levels of post-thymic proliferation °.
The CD31" naive CD4" T cell subset has been described as comprising the RTE
population ®*2, whereas the CD31" naive CD4" T cell subset has been proposed to arise
following homeostatic proliferation in the periphery 2. IL-7 is a key modulator of naive

T cell homeostasis 2%

, promoting survival and mediating homeostatic proliferation of
the naive CD4" T cell pool . Interestingly, naive T cells, particularly CD31* naive CD4"
T cells, have been shown to proliferate following IL-7 administration in a clinical trial *°.
Therefore, we sought to investigate potentially distinct effects of IL-7 in vitro stimulation
of CD31" and CD31" naive CD4" T cell subsets from umbilical cord and adult peripheral
blood.

In order to circumvent possible fluctuations in CD31 expression during IL-7
stimulation, we purified the CD31" and CD31 subsets within naive CD4" T cells by
FACS sorting prior to culture (Figure 1). A representative gating strategy for the isolation
of CD31 subsets from adult and cord samples by selecting the CD31°"9" and CD31""
populations within naive (CD45RA* CD45R0O") CD4" T cells is illustrated on Figure 1A.
The resulting post-sort populations were highly pure (Figure 1B).

We first investigated the expression of the cell cycle entry marker Ki67 on the CD31
naive CD4" T cell subsets following a 7 day culture period in the presence of IL-7 (Figure
2A). As previously described >®8, 1L-7-induced cycling is more potent in naive CD4* T
cells derived from cord blood than from adult peripheral blood (Figure 2A). Moreover,
only 12 out of the 22 adult samples studied entered cell cycle in the presence of IL-7,
whereas a substantial proportion of all 12 cord blood samples assessed expressed Ki67 in
response to IL-7. The adult IL-7-responders did not significantly differ from non-

responders in terms of sex distribution, proportion of naive (CD45RA") cells within the
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CD4" T cell population, proportion of CD31" cells within naive or total CD4" T cell
population, nor proportion of IL-7Ra’” cells within CD31*, CD31 or total naive CD4™ T
cells (data not shown). Of note, the average age of adult IL-7-responders was lower than
of non-responders although the age distribution was not significantly different between

them (28.9 + 2.42 years vs 36.4 £3.41 years, respectively; P =.109).
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Figure 1: CD31 expression profiles and gating strategy used to purify CD31" and CD31 naive CD4" T
cell subsets from adult and cord blood.

CD4" T cells were negatively selected using the EasySep Human CD4" T cell Enrichment Kit and stained
using monoclonal antibodies for CD4, CD45R0O, CD45RA and CD31. A) Representative flow cytometry
profiles of CD4" T cells stained for CD45RO, CD45RA and CD31 are shown for adult and cord blood
samples. Also shown is the gating strategy used for FACS sorting. After gating on viable lymphocytes and
CD4" T cells, cells were gated on CD45RA" and CD45RO" expression followed by tight gates on CD31"
and CD31" cells. B) Representative pseudo-colour plots showing the purity of CD31" and CD31" subsets
isolated by FACS sorting.
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Figure 2: IL-7-induced cycling of adult naive CD4" T cells is restricted to the CD31" subset.

A) Representative dot-plots of CD31 and Ki67 flow cytometric analysis of purified CD31" and CD31 naive
CD4" T cell subsets from adult (top panel) and cord blood (lower panel) samples cultured in the presence of
IL-7 for 7 days. B) Ex vivo analysis of IL-7Ra median fluorescence intensity (MFI) on freshly isolated
mononuclear cells from adult and cord blood samples. Each symbol represents one individual. C) CD31
MPFI was assessed within the purified CD31" naive subset further gated on Ki67" or Ki67" cells after 7 days
in culture with IL-7. Three adults and four cord blood samples were studied. D) Representative dot-plot
illustrating CFSE labelling of cord blood CD45RA™ CD4" T cells cultured with I1L-7 for 7 days. CD31" cells
were further gated according to the number of cell divisions and bars show CD31 MFI from four
experiments. Bars represent mean+SEM. Statistical analysis was performed using paired or unpaired t test
as appropriate (GraphPad Prism).
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Within adult IL-7-responders, only CD31-expressing naive CD4" T cells were able to
enter cell cycle in response to IL-7 (Figure 2A, upper panel), although the proportion of
Ki67-expressing cells was significantly lower than within cord blood CD31" naive CD4"
T cells (2.82% + 1.11% vs 26.7% + 3.22% Ki67" cells, respectively; P = 0.001). On the
other hand, IL-7 induced cell cycling of both CD31" and CD31" naive CD4" T cells from
cord blood (Figure 2A, lower panel). We next investigated if the proliferative responses
to IL-7 correlated with the basal levels of IL-7Ra expression (Figure 2B). Although adult
CD31" naive CD4" T cells expressed significantly higher levels of IL-7Ra than their
CD31" counterparts, the opposite was true for cord blood samples (Figure 2B).
Furthermore, the levels of IL-7Ra were significantly higher on cord blood than on adult
CD31" cells, whereas CD31" cells from cord blood and adult samples expressed similar
levels of this marker (Figure 2B). Thus the ex vivo levels of IL-7Ra expression did not
correlate with the extent of the proliferative responses to IL-7, suggesting that alternative
factors other than the basal levels of IL-7Ra expression might influence the ability to
undergo IL-7-driven proliferation.

Given that CD31 down-modulation has been proposed to be triggered by homeostatic
proliferation, we next assessed if IL-7-driven cycling was associated with decreased
CD31 expression on adult and cord blood CD31" naive CD4" T cells. As shown on
Figure 2C, we found no significant differences on the intensity of CD31 expression
between cycling and non-cycling cord blood CD31" naive CD4" T cells, whereas cycling
adult CD31" naive CD4" T cells expressed significantly higher levels of CD31 than non-
cycling cells. These results suggest that CD31 expression is not lost upon IL-7-driven
cycling. We further confirmed this hypothesis by investigating if the number of cell
divisions affected the level of CD31 expression. For that purpose, we performed a CFSE
dilution assay on IL-7-stimulated naive CD4" T cells from cord blood and assessed the
intensity of CD31 expression within non-proliferating as well as within each generation
of proliferating CD31" cells (Figure 2D). As previously described 8%, the low levels of
cell cycling within adult naive CD4" T cells in response to IL-7 precluded the
performance of this assay on adult samples. The intensity of CD31 expression remained
relatively high throughout the rounds of cell division (Figure 2D). Hence IL-7-driven
proliferation of cord blood CD31" naive CD4" T cells did not significantly affect CD31

expression levels (paired t test comparing all generations; data not shown).
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We further assessed if, in addition to maintaining CD31 expression levels on CD31"
naive CD4" T cells, IL-7 stimulation could induce CD31 re-expression on CD31" naive
CD4" T cells (Figure 3). Although we observed a significant increase in the intensity of
CD31 expression on CD31" naive CD4" T cells after a 7 day culture period with IL-7,
CD31 expression on both adult and cord blood CD31 naive CD4" T cells remained
virtually undetectable (Figure 3A). These results were confirmed with a CD31 expression
time-course, during which we observed consistently high levels of CD31 within adult
CD31" naive CD4" T cells for up to 13 days in the presence of IL-7 (Figure 3B). Culture
of these cells in medium alone (Control) or in the presence of IL-2 induced a similar
reduction in the intensity of CD31 expression (Figure 3B). As for adult CD31" naive
CD4" T cells, the extremely low levels of CD31 expression quantified immediately after
purification (Day 0) were maintained throughout the time-course in all culture conditions
tested (Figure 3B). Hence IL-7 stimulation does not induce the loss of CD31 expression
on CD31" nor its re-expression on CD31™ naive CD4" T cells.

In order to investigate if the failure of adult CD31" naive CD4" T cells to proliferate in
the presence IL-7 was due to an overall inability to respond to IL-7 stimulation, we
assessed several markers associated with IL-7 responsiveness (Figure 4). The expression
of IL-7Ra has been described to be down-modulated in the presence of IL-7 2?8, Thus,
we measured the expression of IL-7Ra before and after 7 days of culture with IL-7, and
observed that its levels were dramatically decreased in all the subsets following IL-7
stimulation (Figure 4A). Bcl-2 is an anti-apoptotic protein that is up-regulated by IL-7-
induced signalling 2°. Again all subsets responded to IL-7 stimulation by expressing
substantially higher levels of Bcl-2 following 7 days in culture with IL-7 (Figure 4B). IL-
7-induced Bcl-2 up-regulation is known to involve the activation of the JAK/STAT
signalling pathway and the subsequent phosphorylation of STAT-5 2131 After a short
stimulation with IL-7, STAT-5 phosphorylation was enhanced in comparison with cells
left unstimulated (Control) for the same period of time, regardless of the subset studied
(Figure 4C). We next assessed the incorporation of the viability dye 7-AAD after a 7 day
culture period in the presence or absence (Control) of IL-7 (Figure 4D). As previously
described *”, cord blood naive CD4* T cells were highly susceptible to spontaneous
apoptosis (Figure 4D). The presence of IL-7 was able to reduce the proportion of non-
viable cells to negligible levels within CD31" and CD31" naive CD4" T cells from cord

blood as well as from adult samples (Figure 4D). Taken together, these data indicate that
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although adult CD31" naive CD4" T cells do not proliferate following IL-7 stimulation,
they are responsive to IL-7-induced survival signals. Thus, despite inducing distinct
proliferative outcomes in CD31" and CD31 naive CD4" T cells, IL-7 promotes the
survival of both subsets, in association with STAT-5 phosphorylation and Bcl-2 up-

regulation.
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Figure 3: IL-7 promotes the maintenance but not re-expression of CD31 on both adult and cord blood
naive CD4" T cells.

A) Bar graph shows the MFI of CD31 expression on purified CD31" and CD31" naive CD4" T cells from
adult (n=13) and cord blood (n=5) samples before (Day 0) and after 7 days in the presence or absence
(Control) of IL-7. Analysis of cord blood subsets cultured in the absence of IL-7 was precluded by the high
rate of cell death. B) Longitudinal analysis of CD31 MFI of adult naive CD4" subsets cultured in the
presence of IL-7, IL-2 or medium alone (Control) for up to 13 days (data representative of three
individuals). Open symbols represent CD31" purified cells while closed symbols correspond to the CD31
fraction. Statistical analysis was performed using paired t test (GraphPad Prism).
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Figure 4: IL-7 stimulation leads to IL-7Re down-modulation, Bcl-2 up-regulation, STAT5
phosphorylation and rescue from apoptosis in both CD31" and CD31™ naive CD4" subsets.

IL-7Ra (A), Bcel-2 (B), and p-STATS5 (C) expression levels as well as 7-AAD incorporation (D) were
evaluated by flow cytometry within gated CD31* and CD31 naive CD4" subsets. IL-7Ra and Bcl-2 MFI
were evaluated ex vivo in adult PBMC (n=6 and n=9, respectively) and cord blood cells (h=4 and n=6,
respectively) and in the corresponding purified CD31" and CD31" naive subsets cultured in the presence of
IL-7 for 7 days. p-STAT5 was assessed on freshly isolated mononuclear cells from adult (n=5) and cord
blood (nh=3) samples either stimulated with IL-7 for 15 minutes or left unstimulated for the same period of
time (Control). 7-AAD incorporation was measured in purified CD31* and CD31" subsets after 7 days of
culture in the presence or absence (Control) of IL-7. Bars represent mean MFI values + SEM.
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The next important question was which signalling pathways were upstream of the
observed IL-7-induced proliferative responses. The PI3K pathway constituted a likely
candidate given its suggested role in the IL-7-induced modulation of cell survival,
growth, metabolism and proliferation 3. Interestingly, the PI3K pathway has been shown
to be essential for the proliferation but not the survival of cord blood naive CD4" T cells
%, The MEK/ERK pathway is a member of the MAPK family which is thought to be
mainly activated by growth-promoting mitogenic factors ** and has been shown to be
activated in T-ALL cells by IL-7 **. Hence we first assessed the effects of blocking either
the PI3K or the MEK/ERK signalling pathways on the cycling and proliferation levels in
response to IL-7 stimulation (Figure 5). For this purpose, cells were incubated with cell-
permeable specific inhibitors of either the PI3K or MEK/ERK pathways, LY294002 or
PD98059 respectively, prior to culture with IL-7. As illustrated in Figure 5, blocking the
PI3K pathway abrogated the IL-7-induced cycling of the adult CD31" subset and
proliferation of cord blood naive CD4" T cells. In contrast, blocking the MEK-ERK
pathway had negligible effects on the proliferative responses to IL-7 (Figure 5).

We next assessed if inhibiting the PI3K pathway also impacted the modulation of Bcl-
2 and IL-7Ra expression induced by IL-7 (Figure 6). Neither the up-regulation of Bcl-2
(Figure 6A) nor the down-regulation IL-7Ra (Figure 6B) expression was substantially
affected by blocking the PI3K pathway. Similar results were obtained when the
MEK/ERK pathway was blocked (Figure 6). In order to investigate whether the PI3K
pathway was also essential for the IL-7-induced pro-survival effects, we assessed the
impact of the PI3K and MEK/ERK inhibitors on the apoptosis levels of IL-7-stimulated
naive CD4" T cell subsets using Annexin V staining and PI incorporation (Figure 7). As
illustrated by the representative experiment shown in Figure 7, the proportion of apoptotic
(Annexin V' PI") and dead (Annexin V" PI") cells was not substantially affected by the
inhibition of either the PI3K or the MEK/ERK pathways. However we observed a slight
reduction in the viability of adult CD31" naive CD4" T cells in the presence of the PI3K
inhibitor LY294002 (Figure 7). A previous study has reported a minimal decrease in cell
viability of human naive CD4" T cells in the presence of the PI3K inhibitor LY294002,
although this decrease was observed both in the presence and in the absence of IL-7 *.
Thus the minor impact of the PI3K inhibition on the survival of adult CD31™ naive CD4"
T cells might reflect an IL-7-independent effect of LY294002 itself.
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Figure 5: IL-7-induced proliferation of adult CD31" and cord blood naive CD4" T cells is dependent

on the PI3K pathway.

Purified CD31" and CD31" subsets from adult as well as total naive CD4" T cells from cord blood were
cultured in the presence of IL-7 with or without the PI3K inhibitor LY294002 or the MEK/ERK inhibitor
PD98059 for 7 days. Proliferation was assessed using Ki67 in adult subsets. CFSE labelling was used to
measure proliferation on whole naive CD4" T cells from cord blood samples. Representative examples out

of six adults and four cord blood studied are shown.
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Figure 6: Bcl-2 and IL-7Ra expression on adult CD31" naive CD4" T cells is independent of the PI3K
pathway.

Purified CD31" and CD31 naive CD4" T cells from adult and cord blood were cultured in the presence of
IL-7 with or without the PI3K inhibitor LY294002 or the MEK/ERK inhibitor PD98059 for 7 days.
Overlays show Bcl-2 (A) and IL-7Ro. (B) expression at day 0 within CD31" (grey filled) and CD31" cells
(black line), and at day 7 within CD31" (blue line) and CD31 (red line) cells. Representative examples out
of six adults and four cord blood studied are shown.
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Finally, we assessed the impact of PI3K or MEK/ERK inhibition on the expression
levels of CD31 and of the CD31 ligand CD38 * on IL-7-stimulated CD31" naive CD4" T
cells from cord blood as well as from adult samples (Figure 8). Blocking the PI3K
pathway resulted in significantly lower levels of CD31 expression on both adult and cord
blood CD31" naive CD4" T cells in comparison with the CD31 levels obtained after
culture with IL-7 alone (P = 0.002 and P = 0.009, respectively, paired t test ; Figure 8A).
Interestingly, the loss of the IL-7-induced up-regulation of CD31 was observed both in
adults with a proliferative response to IL-7 (filled symbols) and in IL-7-non-responders
(opens symbols) (Figure 8A), suggesting that the PI3K pathway independently mediates
the maintenance of CD31 expression and the proliferative responses induced by IL-7
stimulation. As previously described *, 1L-7 stimulation significantly down-modulated
CD38 expression on cord blood naive CD4" T cells to levels similar to those observed on
adult naive CD4" T cells (P < 0.001, paired t test; Figure 8B). The levels of CD38 were
also significantly decreased on adult naive CD4" T cells following IL-7 stimulation (P <
0.001, paired t test; Figure 8B). Blocking the PI3K or MEK/ERK pathways did not
significantly affect the levels of CD38 on either adult or cord blood naive CD4" T cells
(Figure 8B). These data suggest that the PI3K pathway is involved in the IL-7-induced
modulation of CD31 but not of CD38 expression.

Overall we showed that in vitro stimulation with IL-7 alone is able to induce cell
cycling and up-regulation of CD31 expression on adult CD31" naive CD4" T cells.
Moreover, both CD31" and CD31 naive CD4" T cells from cord blood samples
proliferated in the presence of IL-7. Finally, we demonstrated that the PI3K pathway
plays a major role on the IL-7-induced effects on proliferation and CD31 expression but

not on survival of naive CD4" T cells.
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Figure 7: IL-7-mediated survival of naive CD4" T cell subsets is only minimally affected by PI13K

inhibition.

Purified CD31" and CD31" naive CD4" T cells from adult and cord blood were cultured in the presence of
IL-7 with or without the PI3K inhibitor LY294002 or the MEK/ERK inhibitor PD98059 for 7 days.
Representative pseudo-colour plots are shown illustrating the evaluation of apoptosis by Annexin V and
Propidium lodide (PI) staining out of six adults and four cord blood studied.
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Figure 8: IL-7-mediated CD31 maintenance on both adult and CB naive CD4" T cells is dependent on

the PI3K pathway.

A) CD31 MFI was assessed on purified CD31" naive CD4" T cells at day 0 and after 7 days in culture with
IL-7 alone or in addition to LY294002 or PD98059. Each symbol represents one individual. B) CD38 MFI
is shown in the same culture conditions in adult (n =6) and cord blood (n=4) samples, respectively. Filled
symbols refer to individuals with a proliferative response to IL-7 and open symbols to those that did not

proliferate.
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Chapter 1.2

Long Term Immune Reconstitution Following Haplotype-
Mismatched Hematopoietic Stem Cell Transplantation

Haploidentical HSCT is an allogeneic stem cell transplant from a family donor who
shares only one haplotype with the recipient *. The mismatched CD34" stem cell graft
infused into the patient contains only residual numbers of T cells, which leads to the
generation of a donor-derived immune system wherein thymic T cell selection will take
place in an HLA-mismatched environment *’. The use of intensive conditioning regimens,
together with the use of T cell depleted grafts, leads to major imbalances in T cell
homeostasis and provide a tool to study the mechanisms of de novo T cell reconstitution,
albeit in a HLA-mismatched environment. Although this therapeutic approach is
increasingly adopted in patients with hematological malignancies who lack a suitable
related or unrelated HLA-matched donor, there are few studies characterizing immune
reconstitution following this type of HSCT %%, In the present study, we performed a
detailed evaluation of the composition of naive and memory T cell pools in a group of
patients who underwent haploidentical related HSCT after a chemotherapy-alone
conditioning regimen for the treatment of high risk leukemia *°. These patients were at the
time of the study four to six years post-transplant and were studied in parallel with the
respective donors, who were always one of the parents, and age-matched healthy controls.

We first evaluated the degree of immune reconstitution in the transplant recipients by
assessing the absolute numbers of lymphocyte subsets in peripheral blood (Figure 9).
Although we observed a tendency for slightly lower numbers of total lymphocytes
(Figure 9A) and T cells, as assessed by the expression of CD3 (Figure 9B), in transplant
recipients when compared to donors and age-matched controls, the lymphocyte and T cell
counts were not statistically different between the three cohorts. Conversely, transplant
patients tended to have higher absolute numbers of B cells, identified by the expression of
CD19 (Figure 9C), than the other two groups, but again these differences did not reach
statistical significance. Similarly, the number of NK cells, identified by the co-expression
of CD16 and CD56 (Figure 9D), were not statistically different when recipients, donors
and age-matched controls were compared.
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Taken together, these data suggest that our cohort of haploidentical HSCT recipients

featured similar numbers of basic lymphocyte subsets as compared to age-matched

controls, indicating a successful reconstitution of the size of these peripheral lymphocyte

pools.
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Figure 9: Absolute numbers of basic lymphocyte subsets.

Absolute numbers of basic lymphocyte subsets in peripheral blood were determined in donors, recipients
and age-matched controls. Graphs show the cell number per pl of total lymphocytes (A), T cells identified
by CD3 expression (B), B cells identified by CD19 expression and natural killer cells identified by the co-
expression of CD56 and CD16 (D). Each symbol represents an individual. Mean values are shown as
horizontal lines. There was no statistically significant difference in the absolute humbers of the different
lymphocyte subsets when the three cohorts were compared. Statistical analysis was performed using the

Wilcoxon matched pairs test (GraphPad Prism).
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We next assessed the absolute numbers of CD4" (Figure 10A) and CD8" (Figure 10B)
T cells in the three cohorts. We observed a modest decrease in CD4" T cell counts in
recipients as compared to donors and age-matched controls (Figure 10A). Nevertheless,
we found no statistically significant differences in CD4" (Figure 10A) and CD8" (Figure
10B) T cell counts between the three cohorts. These results further indicate that the size
of the T cell pool has been effectively restored in haploidentical HSCT recipients. The
high degree of HLA mismatch between donor and recipient does not seem to hinder long
term immune reconstitution in these patients, although it might preferentially impact the

restoration of the CD4" T cell pool.
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Figure 10: Absolute numbers of CD4" and CD8" T cells.

Absolute numbers of CD4" (A) and CD8" (B) T cells in peripheral blood were determined in donors,
recipients and age-matched controls. The results are expressed as cell number per pl. Each symbol
represents an individual. Mean values are shown as horizontal lines. There was no statistically significant
difference in the absolute numbers of CD4" (A) and CD8" (B) T cells when the three cohorts were
compared. Statistical analysis was performed using the Wilcoxon matched pairs test (GraphPad Prism).



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 79

In order to investigate whether T cell reconstitution was associated with any
imbalances in naive and memory T cell subset distribution, we determined the frequency
of naive and memory subsets as defined by the expression of CD45RA and CD27 within
CD4" and CD8" T lymphocytes (Figure 11). We observed a tendency for a greater
proportion of naive CD45RACD27" CD4" (Figure 11A) and CD8" (Figure 11B) T cells
in transplant recipients as compared to donors and age-matched controls. On the contrary,
recipients showed lower frequencies of the highly differentiated CD45RACD27" and
CD45RACD27 memory subsets both within CD4" (Figure 11A) and CD8" (Figure 11B)
T cell populations, particularly when compared to donors. These differences were more
striking within CD8" T cells, although they did not reach statistical significance (Figure
11B). The levels of naive T cells have been shown to decrease, whereas highly

14147 Hence the distinct

differentiated memory T cells increase, during ageing
differentiation state profiles observed in recipients and donors are likely due to the age
gap between these two cohorts, given that the donors were always one of the parents.
Nonetheless, recipients tended to have a “younger” profile than age-matched controls,
suggesting that age is not solely responsible for these differences.

We next sought to assess the mechanisms underlying T cell reconstitution in these
patients, in particular the relative contribution of thymic output and peripheral expansion.
In order to achieve this, we assessed the levels of Recent Thymic Emigrants, as estimated
by the expression of CD31 within naive CD4" T cells and quantification of signal-joint
TRECs (sjTRECS), and measured telomere length as an indicator of peripheral expansion
(Figures 12, 13). The detrimental effects of ageing, disease and conditioning regimens on
thymic function might limit the replenishment of the naive T cell pool with de novo
generated T cells and thus favour immune reconstitution via peripheral expansion ¢,
Nevertheless, the increase in TREC content observed within CD4" T cells in adults

53-57

following highly active anti-retroviral therapy in HIV-infected patients , as well as

after stem cell transplantation °%°°

, suggest that the adult thymus retains the ability to
generate new T cells. Several studies have used CD31 expression within naive CD4"™ T
cells to indirectly assess thymic output following hematopoietic stem cell transplantation
116081~ Although CD31 expression cannot be considered an absolute marker of Recent
Thymic Emigrants given that CD31" naive CD4" T cells are able to undergo IL-7-driven
homeostatic proliferation without losing CD31 expression (Figure 2), it identifies the

population that is most enriched in newly generated T cells, as supported by the
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observation that practically all de novo produced naive CD4" T cell after autologous stem
cell transplantation express CD31 ®.
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Figure 11: Frequency of naive and memory subsets within the CD4" and CD8" T cell pools.

The frequency of the naive and memory subsets, as defined by the expression of CD45RA and CD27, was
determined within CD4" (A) and CD8" (B) T lymphocytes. A) There were no statistically significant
differences on the subset distribution within CD4" T lymphocytes between the three groups. B) Although
recipients tended to have higher frequencies of CD45RA'CD27* cells and lower frequencies of
CD45RA'CD27 cells within the CD8" T population than donors and age-matched controls, these
differences did not reach statistical significance. Mean values are shown as horizontal lines. Statistical
analysis was performed using the Wilcoxon matched pairs test (GraphPad Prism).
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We thus assessed the proportion of CD31-expressing cells within naive
CD45RACD62L" CD4" T lymphocytes and found that it was significantly higher in
recipients than in donors, and similar to that observed in age-matched controls (Figure
12A). In order to further assess the contribution of thymic output to immune
reconstitution in our cohort of haploidentical HCST recipients, we quantified the levels of
SJTRECs within peripheral blood mononuclear cells (Figure 12B). The assessment of
TREC content within purified CD4" and CD8" T cell subsets, particularly within naive
CD4" T cells, was precluded by the small number of cells that could be allocated to this
assay, given that only a single 50 ml peripheral blood sample was collected from each
individual to carry out all the experiments performed in this study. During thymic T cell
development, excision of the 6-chain locus during re-arrangement of the T cell receptor a-
chain locus produces a signal-joint (sj)-TREC which remains in the nucleus as a non-
replicating episomal DNA 2. Thus, upon cell division, the SjTREC is passed on to only
one of the two daughter cells. As the progeny cells undergo further divisions, the sjTREC
produced in the mother cell is progressively diluted out. Hence, at a population level,
SJTREC content reflects the overall outcome of the TREC-enriching contribution of
thymic output and the TREC-diluting effect of peripheral expansion . In agreement with
the CD31 expression profile, S;TREC content in recipients tended to be higher than in
donors and similar to the levels observed in age-matched controls (Figure 12B). These
results point to a substantial contribution of thymic output to the immune reconstitution
observed in these patients. The assessment of telomere length within T cell subsets gives
an indication of the relative replicative history of these populations. Hence, naive CD4" T
cells have been shown to have longer telomeres than their memory counterparts °%,
Given that the CD45RA" CD4" T cell population is highly enriched in naive T cells, we
expected to observe higher telomere-specific fluorescence intensity in this subset than in
CD4" T cells lacking CD45RA expression. As illustrated in Figure 13A, we did observe a
brighter fluorescence resulting from hybridisation with a telomere probe within CD45RA-
expressing CD4" T cells. In all three cohorts, CD45RA* CD4" T cells had significantly
longer telomeres than their CD45RA™ counterparts (paired t test: donors P= 0.0125;
recipients P=0.0364; controls P=0.0004). When we compared the telomere length within
CD45RA" or CD45RA™ CD4" T cells between the three cohorts, we observed no
statistically significant difference (Figure 13B).
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Figure 12: Assessment of relative RTE levels through the expression of CD31 and sjTREC content.

A) CD31 expression was used to identify a population enriched in Recent Thymic Emigrants (RTES). The
proportion of CD31" cells within naive CD45RA'CD62L" CD4" T lymphocytes was significantly higher in
recipients when compared to donors. B) The levels of signal-joint T cell Receptor Excision Circles
(siTRECs) were quantified within PBMCs. Results are expressed as the copy number of sjTRECs per 10°
PBMCs. In agreement with the proportion of CD31" cells within naive CD4" T cells, the siTREC content
tended to be higher in recipients than in donors, although it did not reach statistical significance. Mean
values are shown as horizontal lines. Gaussian distribution was confirmed with the Kolmogorov-Smirnov
normality test and statistical analysis was performed using paired t test (GraphPad Prism).
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Figure 13: Telomere length measurement within CD4" and CD8" T cells.

A) Representative pseudo-colour plot showing telomere probe fluorescence plotted against CD45RA
staining within CD4" T cells. B) Telomere length was measured within CD45RA" and CD45RA™ CD4", as
well as within CD27" and CD27° CD8" T lymphocytes. In all three cohorts, CD45RA™ CD4* and CD27*
CD8" cells had significantly longer telomeres than their respective CD45RA™ CD4" and CD27° CD8*
counterparts. Telomere length within each subset was not significantly different when donors, recipients
and age-matched controls were compared. Mean values are shown as horizontal lines. Statistical analysis
was performed using the Wilcoxon matched pairs test (GraphPad Prism).

For the measurement of telomere length within CD8" T cells, given that we could only
use another surface marker besides CD8, we chose CD27 as it allows the discrimination
between a CD27" population comprising naive CD45RA'CD27" and early memory
CD45RA'CD27" CD8" T cells, and a CD27 population containing highly differentiated
memory CD45RACD27 and CD45RACD27 CD8" T cells. As expected, CD27* CD8"
T cells had significantly longer telomeres than their CD27" counterparts in all three
cohorts (paired t test: donors P= 0.002; recipients P= 0.0173; controls P= 0.0018).
Similarly to the results obtained for CD4" T cell subsets, the telomere length within
CD27" and CD27 CD8" T cells was not statistically different between the three cohorts
(Figure 13B). The observation that CD4" and CD8" T cell subsets from recipients and
age-matched controls have similar telomere lengths further suggests that peripheral

expansion was not the major mechanism driving T cell recovery in these patients.
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Circulating IL-7 levels have been shown to inversely correlate with peripheral CD4™ T

6586 and as a result

cell counts in lymphopenic hosts, namely in HIV-infected individuals
of chemotherapy ®. In agreement with the observation that the absolute numbers of CD4*
T cells were not significantly decreased in our cohort of transplant recipients in
comparison to age-matched controls (Figure 10A), we found that the IL-7 serum levels
observed in recipients were no higher than those observed in donors and age-matched
controls (data not shown). This result further suggests that these patients have
successfully restored the size of the CD4" T cell pool. Furthermore, persistent TCR
activation has been shown to chronically down-modulate IL-7Ra expression %7, Hence,
if antigen-driven proliferation was a major mechanism behind the recovery of T cell
numbers, we could expect to find significantly lower IL-7Ra levels in these patients. In
order to clarify this issue, we assessed the IL-7Ra expression levels within CD4" and
CD8" T cell subsets (Figure 14). The MFI of IL-7Ra within naive and memory CD4" T
cell subsets as defined by CD45RA and CD27 expression were very similar between the
three cohorts (Figure 14A). The same was true for the IL-7Ra levels within
CD45RA/CD27 CD8" T cell subsets (Figure 14C). We further dissected the naive CD4"
T cell population into CD31" and CD31" subsets, and found comparable levels of IL-7Ra
expression between the three cohorts (Figure 14B). The expression of IL-7Ra levels
comparable to the ones observed in healthy age-matched controls suggests that TCR-
driven homeostatic proliferation was probably not the major mechanism underlying
immune reconstitution in these patients.

Finally, we sought to investigate if the restoration of T cell numbers was accompanied
by maintenance of a diverse TCR repertoire. For this purpose, we performed a
spectratyping analysis within CD4" and CD8" T cells (Figures 15-19). This analysis
allows us to assess the complementarity-determining region 3 (CDR3) length distribution
within each V[ family (Figures 15-18). The gene segments encoding T cell receptor a-
and B-chains must be re-arranged to produce a functional gene ®. This process involves
the stochastic re-arrangement of gene segments from the variable (V), diversity (D) in the
case of the TCR P chain, and joining (J) libraries ®. The diversity of each TCR chain is
concentrated in the CDR3, comprising the junction between V and J or V, D, and J
segments, which plays a key role in antigen recognition ®. In the TCR B-chain, the CDR3
region of any VB-JB combination may vary in length by as many as six to eight amino

acids %°7°,
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Figure 14: IL-7Ra expression within CD4" and CD8" T cell subsets.

IL-7Ra expression was assessed within naive and memory CD4" and CD8" T cell subsets. Graphs show the
median fluorescence intensity of IL-7Ra within CD4" (A) and CD8" (C) T cell subsets defined by CD45RA
and CD27 expression. IL-7Ra expression levels within each CD45RA/CD27 CD4" and CD8" subset were
not significantly different when donors, recipients and age-matched controls were compared. B) Graph
shows the MFI of IL-7Ra expression within CD31" and CD31" naive CD4" T cell subsets. IL-7Ro. levels
within each CD31 naive CD4" subset were not significantly different between the three cohorts. Mean
values are shown as horizontal lines. Statistical analysis was performed using the Wilcoxon matched pairs
test (GraphPad Prism).
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The progress of T cell repertoire recovery following stem cell transplantation can be
monitored by spectratype analysis, which provides a measure of diversity at the level of
CDRS3 length, reflecting the overall sequence heterogeneity “"2. The CDR3 region of the
re-arranged TCR B-chain variable region is amplified by PCR, followed by size-based
separation and quantification by a multicapillary electrophoresis based Genetic Analyser
® Primers specific for each TCR VB family are used to provide independent
spectratypes, which are classically presented as histograms of the number of T cells
bearing receptors plotted against receptor length for each of the TCR Vf family . T cell
pools comprising a diverse polyclonal TCR repertoire present a Gaussian distribution of
CDR3 length. If the TCR repertoire is skewed, the distribution of CDR3 lengths is not
Gaussian, showing a reduction in the number of peaks or even comprising a single peak
in case of clonal dominance ®"*. We present our results as the proportion of individuals
in a given cohort presenting a polyclonal Gaussian, polyclonal skewed, oligoclonal or
monoclonal distribution of CDR3 length for each VB family within CD4" (Figure 15) and
CD8" (Figure 17) T cells. We also show representative spectratypes of CD4" (Figure 16)
and CD8" (Figure 18) T cells from a transplant recipient together with the respective
donor and age-matched control.

As illustrated in Figure 15B, all the recipients displayed a polyclonal distribution of
CDR3 length within the CD4" T cell pool, except for a recipient who had an oligoclonal
distribution of the V13 and V22 families. This markedly polyclonal spectratype profile
closely resembled the one observed in CD4" T cells from age-matched controls (Figure
15C). As previously described %, we observed more perturbations in TCR Vp
repertoire diversity in CD8" T cells (Figure 17) than in CD4" T cells (Figure 15). This
may be due to the more robust and prolonged proliferative response upon antigen
encounter observed in CD8" compared to CD4" T cells “®. Although CD8" T cells from
one recipient displayed a monoclonal distribution within the VB9 and VP11 families,
while another recipient had a monoclonal distribution within the V22 family, the CD8
TCRBYV repertoire was largely polyclonal (Figure 17B). Furthermore, we determined the
overall complexity of the TCR VJ repertoire by assessing the number of discrete peaks
detected per VB family and scoring each family accordingly, as previously described *°.
The overall spectratype complexity score was calculated as the sum of the scores for each
subfamily in each individual. Results are expressed as the average complexity score for
CD4" and CD8" T cells within each cohort (Figure 19).
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Figure 15: Assessment of TCR repertoire by spectratyping analysis of the CDR3 VP regions of CD4"
T cells.

Spectratyping analysis was performed in RNA isolated from purified CD4" T cells from donors (A),
recipients (B) and age-matched controls (C), producing histograms of the number of T cells displaying a
given receptor length for each TCR VB family. The distribution of each VB family was classified as:
polyclonal Gaussian when 8 to 10 peaks were present with a dominant peak at the center of the distribution;
polyclonal skewed when one of the peaks represented over 40% of the total area or when two dominat
peaks represented 70% of the total area for that Vp; oligoclonal when only two peaks were present or
monoclonal when one VB peak comprised an area corresponding to over 90% of the total V[ families.
Representation of the peaks were calculated according to the formula % VBn = (peak area VBn,/ X peaks
area VBny.19) X 100. Results are expressed as the percentage of individuals who displayed each of the above
described distributions for each VP family, within each cohort. No major imbalances were observed in
recipients as compared to donors and age-matched controls.
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Figure 16: Spectratyping analysis of the CDR3 VP regions of CD4" T cells from a representative
recipient together with the respective donor and age-matched control.

The spectratypes obtained for each VB family on CD4" T cells from a representative recipient, the
respective donor and age-matched control are shown.
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Figure 17: Assessment of TCR repertoire by spectratyping analysis of the CDR3 VP regions of CD8"
T cells.

Spectratyping analysis was performed in RNA isolated from purified CD8" T cells from donors (A),
recipients (B) and age-matched controls (C). The distribution of each V family was classified as described
in Figure 15. Results are expressed as the percentage of individuals who displayed polyclonal Gaussian,
polyclonal skewed, oligoclonal or monoclonal distributions for each VB family, within each cohort. No
major imbalances were observed in recipients when compared to donors and age-matched controls.
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Figure 18: Spectratyping analysis of the CDR3 VP regions of CD8" T cells from a representative
recipient together with the respective donor and age-matched control.

The spectratypes obtained for each VB family on CD8" T cells from a representative recipient, the
respective donor and age-matched control are shown.
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The complexity score within CD4" and CD8" T cells was very similar between
recipients and age-matched controls, suggesting the maintenance of a broad T cell
repertoire (Figure 19). Hence, the spectratyping analysis revealed a largely polyclonal
TCRBYV repertoire both within the CD4" and CD8" T cell pools, suggesting that immune
reconstitution was accomplished in these patients whilst maintaining a diverse repertoire.

Overall, our data show that, once the initial post-transplantation period is successfully
overcome, full immune reconstitution can be achieved following haploidentical HSCT,
pointing to a substantial contribution of thymic output to immune reconstitution, despite

the high degree of HLA-mismatch between donor and recipient in this setting.
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Figure 19: Complexity score within CD4" and CD8" T cells.

Spectratype histograms for each V[ family were given a complexity score depending on the number of
peaks obtained (adapated from Wu et al. *°), whereby the appearence of 8 to 10 peaks gives a score of 8 and
then onwards, to a minimum score of 1 when only one peak can be observed. The maximum overall
complexity score that can be achieved is 176 that would originate from all 22 VB families having
spectratypes with 8 peaks. Graphs show the overall complexity score within CD4" (A) and CD8" T cells (B)
from each donor, recipient and age-matched control. Mean values are shown as horizontal lines.
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Discussion

We demonstrated that IL-7-induced cycling of naive CD4" T cells from adult
peripheral blood is restricted to the CD31-expressing subset. Furthermore, IL-7
stimulation was associated with maintained or even increased levels of CD31 expression,
thus demonstrating that CD31" naive CD4" T cells are able to proliferate without losing
CD31 expression.  IL-7-induced proliferation and CD31 preservation were both
dependent on the PI3K pathway, likely contributing to the homeostastic maintenance of
the CD31" naive CD4" T cell pool. Although our results suggest that adult CD31™ naive
CD4" T cells require other triggers to undergo homeostatic proliferation, IL-7-induced
cell survival is likely to play a key role in the maintenance of both CD31" and CD31
naive CD4" T cell subsets.

Thymic involution leads to a decreased output of de novo generated naive T cells into
the periphery throughout adulthood *. Hence the maintenance of the naive T cell pool has
to be achieved through a combination of residual thymic output and homeostatic
proliferation in the periphery, sustaining naive T cell numbers whilst preserving a diverse
repertoire as well as naive phenotypic and functional hallmarks. In particular, the
maintenance of the CD31" naive CD4" T cell subset during ageing requires homeostatic
cues which will induce proliferation without down-modulating CD31 expression. The
CD31" naive CD4" T cell subset was initially described to comprise cells that had not yet
undergone post-thymic proliferation, contrary to the CD31" subset which was proposed to
be generated upon homeostatic prolifertation in the periphery given their lower TREC
content compared to CD31* naive CD4" T cells *®'. However, thymic output alone has
been suggested to be insufficient to achieve the CD31" naive CD4" T cell numbers
observed during ageing, implying a contribution from peripheral expansion to the
maintenance of the CD31* naive CD4"* T cell subset ®>. Moreover, TREC levels within
CD31" naive CD4" T cells, despite being consistently higher than within the CD31
subset, have also been shown to decrease, albeit modestly, during aging, further
suggesting that CD31" naive CD4™ T cells undergo at least some level of post-thymic
proliferation '°. Interestingly, a clinical trial in cancer patients has reported that IL-7
administration leads to an age-independent increase in absolute numbers of CD31" naive
CD4" T cells 2. Our results point to IL-7 as a potential homeostatic cue with the capacity

to induce proliferation of CD31" naive CD4" T cells in the periphery whilst preserving
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CD31 expression, ensuring the maintenance of the size as well as diversity of the naive T
cell pool.

These data imply that CD31 expression is not sufficient to identify RTEs given that the
CD31" naive CD4" T cell subset might include cells that have already undergone post-
thymic proliferation. Nonetheless, CD31 is a relevant marker which distinguishs a naive
CD4" T cell population highly enriched in RTEs, as demonstrated by the high TREC
content and the age-dependent decrease in the size of the CD31" naive CD4" T cell pool
12.

On the other hand, our results show that IL-7-induced proliferation of CD31" naive
CD4" T cells does not result in the appearance of a CD31" sub-population, suggesting that
other homeostatic mechanisms are implicated in the generation of the CD31" naive CD4"
T cell subset. TCR triggering with low-affinity antigens, namely self-MHC/peptide
complexes involved in naive T cell homeostasis, has been proposed as a likely candidate

912 supported by evidence of recent TCR engagement in these cells *?

, although a
putative co-stimulatory role for IL-7 in this process cannot be precluded.

CD31 expression might be associated with sensitivity to TCR-mediated stimuli, given
that CD31 engagement has been shown to inhibit TCR-mediated signal transduction via
its cytoplasmic ITIMs ®2. We can thus speculate that the CD31" naive CD4" T cell subset
might undergo homeostatic proliferation upon TCR engagement with self-MHC/peptide
complexes 2, whereas CD31" naive CD4" T cells might be impervious to this proliferative
trigger. Furthermore, the involvement of CD31 in transendothelial migration of
neutrophils and monocytes ® points to a putative role for this marker in the migration of
CD31" naive T cells into secondary lymphoid organs °, where they might encounter IL-7
and consequently undergo homeostatic proliferation.

The distinct responses to IL-7 observed in adult CD31" and CD31" naive CD4" T cells
did not correlate with the basal levels of IL-7Ra expression. This observation is in
agreement with another in vitro study where the responsiveness of human naive CD4" T
cells to 1L-7 has been found to not correlate with IL-7Ra expression levels %,

In order to investigate which signalling pathways mediate the IL-7-induced effects on
naive CD4" T cell subsets, we used inhibitors to specifically block the MEK/ERK and
PI3K pathways. We found that IL-7-induced proliferation of adult CD31", as well as of
both CD31" and CD31 naive CD4" T cells from cord blood, required PI3K activation, as

previously described for total naive CD4* T cells from cord blood 3. Furthermore, the
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effects of IL-7 on the maintenance or increase of CD31 expression levels were also
dependent on the PI3K pathway. Conversely, the down-modulation of the CD31 ligand
CD38 following IL-7 stimulation was not reversed upon PI3K inhibition. Although IL-7-
induced proliferation was PI3K-dependent, IL-7 stimulation led to IL-7Ra down-
modulation, Bcl-2 up-regulation and protection against apoptosis in both CD31" and
CD31 naive CD4" T cells even in the presence of the PI3K inhibitor. Thus the
observation that IL-7-induced proliferation of adult naive CD4" T cells was restricted to
the CD31" subset might be due to a selective block in the activation of the PI3K pathway
in adult CD31" naive CD4" T cells in response to IL-7.

Overall, our data suggests that CD31 expression identifies a naive CD4" T cell
population enriched in RTEs that is preferentially expanded upon IL-7 stimulation via a
PI3K-dependent pathway. Hence therapeutic administration of IL-7 might benefit the
maintenance of a diverse T cell repertoire by promoting the survival and homeostatic
proliferation of the CD31" naive CD4" T cell subset in different settings, namely during
ageing and following stem cell transplantation.

In the case of the latter scenario, recovery of a CD31" naive CD4" T cell pool might be
hindered by age-related thymic involution as well as by conditioning regimens that
further disrupt the IL-7-rich thymic micro-environment ®. On the other hand, CD31*
naive CD4" T cell numbers may also be recovered through homeostatic proliferation in
the periphery ®, which according to our results might be driven by IL-7. In order to assess
if naive T cell homeostasis was restored following haploidentical HSCT and the potential
mechanisms underlying this recovery, we performed an evaluation of immune
reconstitution in a group of five patients who were four to six years post-transplant at the
time of the study. We found that transplant recipients displayed CD4" and CD8" T cell
counts, as well as a naive and memory profile, comparable to age-matched controls. In
particular, the proportion of CD31" cells within the naive CD4" T cell population in
recipients was similar to that observed in age-matched controls and significantly higher
when compared to the respective donors. A study in mice has shown that RTEs have a
survival advantage over resident naive T cells in the periphery, being preferentially
incorporated in the naive T cell pool ®. Hence the substantial proportion of CD31* cells
within the naive CD4" T cell pool suggests that thymic output might have contributed to
the replenishment of the naive T cell pool. We sought to further investigate the relative

contribution of thymic output and peripheral expansion to the replenishment of the T cell
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pool in these patients. The relatively high TREC content within PBMCs and the presence
of similarly long telomeres in CD4" and CD8" T cell subsets from recipients when
compared to age-matched controls indicate that thymic output must have contributed at
least partly to immune reconstitution.

The levels of IL-7Ro expression within naive and memory CD4" and CD8" T cells,
particularly within CD31 naive CD4" subsets, were very similar when the three cohorts
were compared, suggesting that homeostatic stimuli rather than TCR activation, which

has been shown to persistently down-modulate IL-7Ra expression 27

, were probably the
major triggers for peripheral T cell expansion in these patients. Moreover, the presence of
a broad and largely polyclonal T cell repertoire in transplant recipients, comparable to the
one observed in age-matched controls, supports the view that immune reconstitution was
likely driven by thymic output together with homeostatic proliferation of peripheral T
cells. The contribution of thymic output to immune reconstitution might decrease the risk
of GVHD through negative selection of self-reactive T cells during de novo T cell
generation ®’. Pre-clinical studies in animal models have reported that IL-7 therapy boosts
thymic function and homeostatic proliferation in the periphery following stem cell
transplantation %%, As mentioned above, a rhIL-7 clinical trial in cancer patients has
shown that IL-7 administration leads to increased numbers of CD31" naive T cells %. In
light of our results, we can speculate that this outcome is at least partly due to the
preferential expansion of CD31" naive T cells driven by IL-7.

Overall, our data demonstrate that IL-7 induces proliferation and maintenance of CD31
expression on CD31" naive CD4" T cells through a PI3K-dependent mechanism, possibly
contributing to the homeostatic maintenance of this subset throughout adulthood.
Furthermore, our results suggest that T cell homeostasis, in particular the CD31" naive
CD4" T cell pool, was successfully restored following haploidentical HSCT, a process

which appears to have relied on both thymus-dependent and -independent mechanisms.
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CHAPTER 2

Characterization of human
CD45RA'CD27 CD4" T cells

Introduction

Human CD4" T cell subsets can be identified according to the expression of CD45RA
and CD27: CD45RA'CD27*, CD45RACD27", CD45RACD27 and CD45RA'CD27.
The characterisation of these subsets based on surface receptor expression, functional
properties, TREC content and telomere length has established that the CD45RA*CD27*
population comprises naive cells, the CD45RACD27" subset encompasses cells at an
early stage of differentiation, whereas both CD45RA CD27" and CD45RA'CD27" subsets
consist of highly differentiated CD4* T cells %, The latter population has been described
in human CD8" T cells as the most differentiated type of memory cells, which is
supported by their low proliferative capacity, high susceptibility to apoptosis and loss of
CD28, CD27, and CCRY7 expression 1*°. CD45RA*27 CD8" T cells have been shown to

accumulate during ageing ®’ and chronic viral infections ®*2

, comprising large clonal
expansions of virus-specific cells “*°. On the other hand, CD45RA*27  CD4" T cells are
only present at very low frequencies and, although these cells also accumulate with

2

ageing and, more strikingly, with CMV infection “, this subset remains poorly

characterized. While the origin of these cells remains to be elucidated, it has been
proposed that CD45RA re-expression only occurs in the absence of antigen >4,

The aim of this work was to perform a detailed study of the CD45RA*27 CD4" T cell
subset in order to understand the relevance and the impact of the accumulation of this rare
and under-characterized subset. In the first part of this chapter, we report a detailed
characterization of the CD4" T cell subsets defined by the expression of CD45RA and
CD27 in terms of their degree of differentiation, functionality, ability to proliferate,
survive and trigger relevant signalling pathways following activation. We also sought to

uncover the potential mechanism responsible for the re-expression of CD45RA on
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memory CD4" T cells. In the second part, our aim was to elucidate whether the
CD45RA27 CD4" T cell subset is truly quiescent, as was previously reported for
CDA45RA re-expressing CD8" T cells *?, or if this subset was actually close to senescence.
Cellular senescence differs from quiescence in that the growth arrest state is permanent,
whilst quiescent cells may re-enter the cell cycle upon appropriate stimulation *. For this
purpose, we assessed several senescence-associated markers, such as y-H2AX, telomere
length and telomerase activity, and the impact of the p38 pathway on the expression of
these markers in CD45RA27 CD4" T cells.

Methods

1. Blood samples

Heparinized peripheral blood was collected from healthy volunteers between the ages
of 26 and 60 (median age 39). All donors provided written informed consent and the work
was approved by the Ethics Committee of the Royal Free Hospital.

2. Purification of Lymphocyte Subsets

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque density
gradient (Amersham Pharmacia Biotech, Uppsala, Sweden). CD4" T cells were purified
by positive selection using the VARIOMACS system (Miltenyi Biotec) according to the
manufacturer’s instructions. 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 minutes at 4°C in
phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA; Sigma-
Aldrich).

3. In vitro Cell Culture

Cells were cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal calf
serum (FCS), 100 U/mL penicillin, 100 mg/mL streptomycin, 50 pg/ml gentamicin and 2
mM L-glutamine (all from Invitrogen) at 37°C in a humidified 5% CO, incubator.
Purified CD4" subsets were activated in the presence of anti-CD3 antibody (purified
OKT3, 0.5 pg/ml), together with rhiL-2 (5 ng/ml; R&D Systems) or autologous PBMC
irradiated with 40 Gy y-radiation, as a source of multiple co-stimulatory ligands provided
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by B cells, dendritic cells, and macrophages found in these populations. In other
experiments, cells were cultured in the presence of rhiL-2 (5 ng/ml), rhIL-7 (10 ng/ml) or
rhlL-15 (5 ng/ml) (all from R&D Systems). Cytokines were added at the beginning of the
cell culture and were not replenished. Cells were harvested at different times for
phenotypic and functional analyses. In some experiments, the p38 inhibitor BIRB796 was
added to the culture. BIRB796 was obtained from David Kipling already dissolved in
DMSO at the concentration of 50 mM. It was diluted in 0.1% DMSO and used at a final
concentration of 500 nM. Cells were pretreated with the inhibitor for 30 minutes. A

solution of 0.1% DMSO was used as a vehicle control.
- . 3 - - -
4. Proliferation assessment by ["H]Thymidine Incorporation

Purified CD45RA/CD27 CD4™ T cell subsets were stimulated with anti-CD3 (purified
OKTS3, 0.5 ug/mL) and irradiated APCs in a 1:1 ratio on 96-well round-bottomed tissue
culture plates (Falcon, BD). The cells were incubated at 37°C in a humidified 5% CO,
atmosphere for 4 days before adding tritiated thymidine ([*H]thymidine) (GE Healthcare)
and incubating for a further 7 hour period before placing the plates at -20°C. Proliferation
was expressed as the mean [°H]thymidine incorporation, quantified as counts per minute

(cpm), of triplicate wells.

5. Flow Cytometric Analysis

5.1. Surface staining

Cells resuspended in PBS containing 1% BSA and 0.1% sodium azide (Sigma-
Aldrich) were stained for 10 minutes at room temperature with the following anti—-human
monoclonal antibodies: CD45RA FITC (clone HI100; BD Pharmingen) or APC (clone
MEM-56; Caltag); CD45RO PE (clone UCHL1); CD4 PerCP (clone SK3) or PE-Cy7
(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
TBO03; Miltenyi Biotec). Samples were acquired on a BD BD LSR Il flow-cytometer (BD
Biosciences) after fixation with 1% formaldehyde (Sigma-Aldrich). Data were analyzed

using FlowJo software (TreeStar, Ashland, OR).



106 | Chapter 2

5.2. Intracellular staining

Intracellular staining for Granzyme B PE (clone GB11; eBioscience), Perforin FITC
(clone 6G9; BD Pharmingen), Bcl-2 FITC (clone 124; Dako) or PE (clone Bcl-2/100; BD
Pharmingen), Ki67 FITC (clone B56; BD Biosciences) and total p38 Alexa Fluor 488
(rabbit anti-p38, Cell Signaling; Alexa Fluor 488 goat anti-rabbit Ig, Invitrogen) was
performed using the Foxp3 Staining Buffer Set (Miltenyi Biotec) according to the
manufacturer’s instructions. Samples were acquired on a BD FACS Calibur 2 flow-
cytometer (BD Biosciences) after fixation with 1% formaldehyde (Sigma-Aldrich). Data

were analyzed using FlowJo software (TreeStar, Ashland, OR).
5.3. Measurement of Cytokine Production.

PBMCs were activated with anti-CD3 (purified OKT3, 0.5 pg/ml) and rhIL-2 (5
ng/ml; R&D Systems) at 37°C in a humidified 5% CO; incubator. Unstimulated controls
were also included. After 2 hours, Brefeldin A (5 pg/ml, Sigma-Aldrich) was added, and
cells were incubated overnight at 37°C. Cells were subsequently washed and stained for
surface CD4, CD45RA and CD27, followed by staining for intracellular TNF-a PE (clone
MADb11; BD Pharmingen) using the Foxp3 Staining Buffer Set (Miltenyi Biotec)
according to the manufacturer’s instructions. Samples were acquired on a BD FACS
Calibur 2 flow-cytometer (BD Biosciences). Data were analyzed using FlowJo software
(TreeStar, Ashland, OR).

5.4. Assessment of Apoptosis

Apoptosis was assessed using an Annexin V/ Propidium lodide (PI) detection kit (BD
Biosciences). Cells resuspended in 1x Binding Buffer were incubated with Annexin V
antibody and PI for 15 minutes at room temperature. Samples were immediately acquired
on a BD FACS Calibur 2 flow-cytometer (BD Biosciences). Data were analyzed using
FlowJo software (TreeStar, Ashland, OR).

5.5. CFSE dilution assay

Proliferation was assessed by carboxyfluorescein diacetate succinimidyl ester (CFSE)
dilution assay. Cells were labeled with 0.5 uM CFSE (Molecular Probes-Invitrogen,
Carlsbad, CA) at 37°C for 15 minutes in the dark, quenched with ice-cold culture medium
at 4°C for 5 minutes, and washed 3 times before culture in the presence of 50 ng/ml rhiL-
7. Samples were acquired on a BD FACS Calibur 2 flow-cytometer (BD Biosciences)
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after fixation with 1% formaldehyde (Sigma-Aldrich). Data were analyzed using FlowJo
software (TreeStar, Ashland, OR).

5.6. Phosphorylation state analysis by Phosflow
For the detection of pAkt(Ser473), PBMCs were rested overnight in RPMI (Sigma-

Aldrich) with 1% human AB serum (Sigma-Aldrich), and then starved in serum-free
RPMI for 2 hours prior to stimulation. The analysis of p38 (pT180/pY182) was
performed directly ex vivo or after stimulation with 25ng/ml of TNF-a for 10 minutes.
Following surface staining for CD45RA, CD27 and CD4, cells were activated with anti-
CD3 (purified OKT3, 1 ug/ml) on ice for 20 minutes. Primary mAbs were cross-linked
with anti-mouse IgG F(Ab’)2 (20 pg/ml, Jackson ImmunoResearch) by incubating on ice
for 20 minutes. Cells were then stimulated at 37°C (5 minutes for pAkt; 20 minutes for
phospho-p38). The unstimulated control cells underwent the same manipulations but
without addition of anti-CD3 and cross-linker. Activation was arrested by fixing the cells
with warm Cytofix Buffer (BD Biosciences) at 37°C for 10 minutes. Cells were
permeabilized with ice-cold Perm Buffer 11 (BD Biosciences) at 4°C for 30 minutes and
then incubated with PE mouse anti-Akt (pS473) or with Alexa Fluor 488 anti-p38
(pT180/pY182) (both from BD Biosciences) for 30 minutes at room temperature. Cells
were washed in Stain Buffer (BD Pharmingen) before acquisition.

v-H2AX (pSerl39) (Alexa 488; clone 2F3; Biolegend) expression was assessed
directly ex vivo or after short-term activation (30 min, 1h, 24h) of total CD4" T cells with
0.5 pg/ml of immobilized anti-CD3 and 5 ng/ml of rhlL-2, following surface staining for
CD45RA and CD27. In other experiments, purified CD45RA/CD27 CD4" subsets were
activated in the same conditions for 4 days. As a positive control, total CD4" T cells were
irradiated with with 40 Gy y-radiation. Intracellular staining for y-H2AX was performed
using the BD Phosflow buffers as described above.

Samples were acquired on a BD LSR Il flow cytometer (BD Biosciences) and

analysed using FlowJo software (TreeStar, Ashland, OR).

5.7. Telomere length measurement by Flow-FISH

MACS-sorted CD4" T were surface stained using CD45RA biotin (clone HI100;
eBioscience), Streptavidin Cy3 (Cedarlane Laboratories) and CD27 FITC (clone M-T271;
BD Pharmingen). Telomere length of cell populations defined by expression of CD45RA



108 | Chapter 2

and CD27 was measured using the Flow-FISH protocol as described on section 4.6 of the
Methods in Chapter 1.

6. Measurement of Telomerase Activity by TRAP assay

Telomerase activity was determined using a modified version of the telomeric repeat
amplification protocol (Oncor, Gaithersburg, MD) as previously described *®. Purified
subsets were activated with anti-CD3 (purified OKT3, 0.5 pg/ml) and irradiated APCs for
4 days. Cell extracts from equivalent numbers of Ki67" cells were used for telomeric
clongation, using a [y->P] ATP-end-labeled telomerase substrate (TS) primer. These
samples were then amplified by PCR amplification, using 25 to 28 cycles of 30 seconds at
94°C and 30 seconds at 59°C. The PCR products were run on a 12% poly-acrylamide gel
(Sigma-Aldrich) which was then exposed to an autoradiography film (Hyperfilm MP,
Amersham). Telomerase activity was calculated as a ratio between the optical density of
the telomeric repeat bands and of the internal standard band (IS). As a negative control
lysis buffer was used in place of cell extract. A control template containing the same

sequence as the TS primer plus 8 telomeric repeats was used as a PCR positive control.

7. Real-Time quantitative PCR (RT-gPCR)

The mRNA levels of the transcription factors Blimp-1, T-bet and Eomes were
measured in purified CD4" CD45RA/CD27 before (ex vivo) and after a 3 day culture
period in the presence of rhiL-7 (5, 10, 25, 50 ng/ml). Expression of Bcl-2 mRNA was
analyzed in CD4" cells cultured with anti-CD3 (purified OKT3, 0.5 pg/ml) and rhIL-2 (5
ng/ml) in the presence or absence of BIRB796 for 3 days. Total RNA was purified with
RNeasy columns (Qiagen). Reverse transcriptions were performed with random primers
using the MuLVRT reverse transcriptase (Invitrogen). The mRNA levels of Blimp-1, T-
bet, Eomes and Bcl2 were determined by real-time quantitative PCR (RT-gPCR) on an
ABI PRISM 7500 with SYBR® Green PCR Master Mix according to the protocol
provided by the manufacturer (both from Applied Biosystems) with the following
primers: Bcl-2 forward 5'-TTG CTT TAC GTG GCC TGT TTC-3', Bcl-2 reverse 5'-GAA
GAC CCT GAA GGA CAG CCAT-3'; T-bet forward 5-GGT CGC GCT CAA CAA
CCA CCT-3', T-bet reverse 5'-CAT CCG CCG TCC CTG CTT GG-3'; Eomes forward
5-GGC AAA GCC GAC AAT AAC AT-3', Eomes reverse 5-TTC CCG AAT GAA
ATC TCC TG-3'; Blimp-1 forward 5'-CTT ATC CCG GAG AGC TGA CA-3', Blimp-1



The role of IL-7 in the Homeostasis of Human Naive and Memory CD4" T cell subsets | 109

reverse 5'-GCT CGG TTG CTT TAG ACT GC-3'. The housekeeping 18S mRNA, used
as an external standard, was amplified from the same cDNA reaction mixture using the
primers: forward 5-GGA GAG GGA GCC TGA GAA AC-3, reverse 5- TCG GGA
GTG GGT AAT TTG C-3'. Each sample was run in triplicate and target mRNA level was
expressed as a ratio to the level of 18S to control for differing levels of cDNA in each

sample.

8. Western blot analysis

CD4" T cells were activated with PMA (0.5 pg/ml, Sigma-Aldrich) and ionomycin
(0.5 pg/ml, Sigma-Aldrich) in the presence or absence of BIRB796. Cells were harvested
after 30 minutes of stimulation and lysates were obtained by sonicating cells in 50 mM
Tris-HCI (pH 7.5), 2 mM EGTA, 0.1% Triton X-100 buffer. Lysates from 2 x10° cells
were fractionated on SDS-polyacrylamide electrophoresis gels and analyzed by
immunoblotting with either anti-phospho-p38 (pThrl80/pTyrl82, Cell Signaling), anti-
pJNK (pThr183/pTyrl85, Cell Signaling) or anti-p-actin (Abcam) using the ECL
Advanced Western Blotting Detection kit (Amersham Biosciences), according to the

protocol provided by the manufacturer.

9. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 4.00 (GraphPad
Software, San Diego, CA). Data are presented as mean plus or minus standard error of
mean (SEM). P values less than 0.05 were considered significant: * indicates P < 0.05; **
indicates P < 0.001; *** indicates P < 0.0001.
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Results

Chapter 2.1

IL-7-driven homeostatic mechanism induces CD45RA re-
expression on CD45RA CD27" CD4" T cells

The CD45RA'CD27° CD8" T cell subset has been described as terminally

I Y. The small numbers of

differentiated with limited capacity for self-renewa
CD45RACD27" cells within the CD4" T cell population has thus far precluded the
extensive study of this subset in healthy donors. Therefore we sought to purify the four
subsets defined by the expression of CD45RA and CD27 by FACS sorting in order to
efficiently isolate and characterise the CD45RA'CD27 CD4" T cell subset. We observed
that the percentage of CD4" CD45RACD27" cells is higher in older individuals, with a
significant positive correlation with CMV infection, and that these cells have a highly
differentiated phenotype (low IL-7Ra, CD28 and CCR7 expression) 2 We further
characterised the CD4" CD45RA'CD27" subset in healthy donors by assessing their
cytotoxic potential and the expression of activation markers (Figure 1). We analysed the
expression of the apoptotic marker Fas (CD95) and of CD57, a marker known to be
expressed on late stage effector CD8" T cells *®
CD45RA/CD27 CD4" subsets directly ex vivo (Figure 1B, C). As expected, the
expression of CD57 was practically undetectable within CD45RACD27" cells (Figure
1B). The CD45RA'CD27" subset expressed significantly higher levels of CD57 than any

of the other subsets, indicating that this is indeed a highly differentiated population

, by gating within each of the

(Figure 1B). In contrast, the expression of CD95 was significantly lower on the
CD45RACD27" subset compared to the CD45RA'CD27" and CD45RACD27" subsets
(Figure 1C), as was previously described for CD45RA*CD27  CD8" T cells 3. We also
investigated the functional properties of the CD45RA/CD27 CD4" T cell subsets by
determining the expression of cytolytic molecules granzyme B and perforin, which was
similarly low in CD45RA'CD27" and CD45RA'CD27* CD4" T cells (Figure 1D, E). In
contrast, CD45RA'CD27 and CD45RACD27 CD4" T cells expressed both markers, the

levels of which were significantly higher in the latter population (Figure 1D, E).
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Figure 1: CD4" CD45RA" CD27 cells express high levels of differentiation markers and of cytolytic

molecules.

A) Phenotypic analysis of CD45RA/CD27 expression on CD4" T cells. PBMCs stained for CD4, CD45RA
and CD27 were analysed by flow cytometry. Representative pseudo-color plots are shown. B-E) CD4* T
cells were purified using Magnetic Cell Sorting and surface stained for CD45RA, CD27, CD57 (B) and
CD95 (C), and intracellularly for Granzyme B (D) and Perforin (E). The percentage of cells expressing each
marker was analysed 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).
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These data indicate that although CD45RACD27 CD4" T cells display phenotypic
characteristics of highly differentiated T cells, they are potentially able to perform
cytotoxic effector functions.

In addition to their cytotoxic potential, CD45RA'CD27° CD4" T cells are also
multifunctional as assessed by multiparameter flow cytometric analysis of IFN-y, IL-2,

2. Another crucial indicator of CD4" T cell

TNF-0 and CD40 ligand co-expression
functionality is the ability to proliferate and survive following TCR activation. In order to
address this issue, we evaluated the ability of purified subsets defined by CD45RA and
CD27 expression to accumulate in culture following activation with anti-CD3 and
irradiated autologous APCs (Figure 2). We observed that, after an initial slight increase in
cell number, CD45RACD27" cells underwent a steeper decline than the other subsets
(Figure 2A). CD45RA'CD27 cells consistently showed the lowest cell recovery, failing
to accumulate in culture after activation (Figure 2B). To clarify the contribution of
reduced proliferation and/or increased cell death to the decreasing numbers of
CD45RA'CD27 cells after in vitro activation, we first assessed the proliferative ability of
the CD45RA/CD27 CD4" T cell subsets (Figure 3). The expression of the cell cycle-
related nuclear protein Ki67 was quantified before (ex vivo) and after TCR activation
(Figure 3A). Within the freshly isolated CD45RA/CD27 CD4" T cell subsets, only
CD45RA'CD27" and CD45RA'CD27" cells appear to express an appreciable amount of
Ki67 (Figure 3A upper panel), suggesting that the CD45RA'CD27 CD4" T cell subset is
comprised of mostly resting cells as was described for CD45RA re-expressing CD8" T
cells 2. Following in vitro activation with anti-CD3 and irradiated autologous APCs,
CD45RA'CD27 CD4" T cells consistently expressed high levels of Ki67 (Figure 3A
lower panel, B). Proliferation was also assessed by tritiated thymidine incorporation
(Figure 3C) which confirmed the results obtained by Ki67 staining, with CD45RA"CD27
CD4" T cells showing proliferative ability following activation. These results indicate that
the CD45RA'CD27° CD4" T cell subset is not exhausted and suggest that the inability to
accumulate in culture might be due to a high susceptibility to apoptosis following
activation. To confirm this hypothesis, we performed an apoptosis time-course by
monitoring Annexin V staining and Pl incorporation during activation (Figure 4). The
percentage of live cells (Annexin V" PI') observed in each time point is shown (Figure
4B). By day 3, the proportion of live cells within the CD45RA'CD27° and
CD45RACD27" subsets was reduced to less than 50%.
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Figure 2: CD4" CD45RACD427" cells do not accumulate in culture following activation.

A) Purified CD45RA/CD27 CD4" T cell subsets were activated with anti-CD3 and irradiated APCs. On the
indicated time-points, the cell number was determined using a hemocytometer. Results are expressed as a
percentage of the initial number of cells placed in culture. Error bars represent the SE from the mean of two
separate experiments. B) Purified CD45RA/CD27 CD4" T cell subsets were activated with anti-CD3 and
IL-2 for 4 days. Bar graph shows the cell numbers recovered as a percentage of the initial number of cells
placed in culture. Error bars represent the SE from the mean of three separate experiments (GraphPad
Prism).
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The susceptibility to apoptosis following activation was more pronounced within the
CD45RA'CD27" population, which was extinct by day 15 (Figure 4B). Moreover, we
observed that CD4" CD45RA'CD27" cells expressed significantly lower levels of the
anti-apoptotic protein Bcl-2, measured by intracellular staining of CD4" T cell subsets
directly ex vivo, compared to all the other subsets 2. Taken together, these data indicate
that pro-survival pathways are defective in CD45RA'CD27  CD4" T cells making them
susceptible to apoptosis, as has been described for CD8" T cells >*°.

The PI3K/AKkt pathway plays a critical role in T cell survival by blocking pro-apoptotic
proteins and promoting the function of pro-survival components, in particular several
members of the Bcl-2 family ?>?%, Akt can be phosphorylated on two residues, serine 473
and threonine 308 2*. Previous studies have shown that there is defective phosphorylation
of Akt(Ser473) but not Akt(Thr308) in highly differentiated CD27'CD28" CD8" T cells
22 The CD27'CD28 subset is heterogeneous and comprises both CD45RA'CD27" and
CD45RA'CD27 T cells *. We sought to determine whether CD45RA*CD27" CD4" T
cells also had impaired Akt(Ser473) phosphorylation. In order to achieve this goal, we
proceeded with the optimization of pAkt(Ser473) detection by flow cytometry (Figure 5).
The detection of pAkt with traditional methods for analysing intracellular signalling
pathways, such as Western Blot, was precluded by the extremely low percentages of the
CD45RACD27" subset within CD4" T cells (less than 1% in most healthy donors). The
flow cytometric approach allowed us to work with total CD4" T cells and analyse the
expression of phospho-proteins at a single cell level by gating within each
CD45RA/CD27 CD4" subset. As described for other CD4* T cell populations %", the
background levels of Akt phosphorylation may hinder the detection of pAkt(Ser473) up-
regulation upon activation. To overcome this issue, CD4" T cells were rested over-night
in medium containing 1% human serum, followed by a further 2 hour starvation in serum-
free medium. This approach was effective in lowering the pAkt(Ser473) background
levels, allowing a maximal increase in phosphorylation upon activation. We opted to
optimize the technique using anti-CD3 and anti-CD28 as an optimal stimulation of total
CD4" T cells (Figure 5). As predicted, the levels of Akt(Set473) phosphorylation upon
activation correlated with the expression levels of the co-stimulatory molecule CD28: the
subsets that expressed high levels of CD28, i.e. CD45RA*CD27" and CD45RA CD27* ?,
had the highest levels of pAkt(Set473), whilst cells that expressed low or negligible levels
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of CD28, i.e. CD45RA'CD27 and CD45RA'CD27 2, were unable to phosphorylate
Akt(Ser473) upon activation (Figure 5).
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Figure 4: CD4" CD45RA'CD427 cells have impaired cell survival following activation.

Purified CD45RA/CD27 CD4" T cell subsets were activated with anti-CD3 and irradiated APCs. Apoptosis
was assessed by Annexin V staining and Pl incorporation. A) Pseudo-colour plots show the Annexin V/PI
profile of each subset ex vivo (Day 0) and after 7 days in culture with anti-CD3 and irradiated APCs. The
results shown are representative of four experiments performed. B) The percentage of live cells (Annexin
V" PI") was assessed within each subset in the indicated days of culture with anti-CD3 and irradiated APCs.
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In order to ensure that the pAkt(Ser473) staining was specific, the PI3K/Akt pathway
was blocked, as a negative control, by incubating the cells with the PI3K inhibitor
LY294002 prior to activation, which abrogated Akt(Ser473) phosphorylation in
CD45RACD27" and CD45RACD27" cells (Figure 5). As a vehicle control to exclude
any impact from the DMSO present in the PI3K inhibitor solution, activated cells were
pre-incubated with an equivalent concentration of DMSO.

Once the technique was validated, we were then able to assess Akt(Ser473)
phosphorylation within the CD45RA/CD27 CD4" subsets by activating total PBMCs
(Figure 6). By removing the requirement for purified CD4" T cells, autologous APCs
were retained as a source of multiple co-stimulatory ligands to enable the activation of all
the subsets, including the ones that express low levels of CD28. Nevertheless, despite the
presence of alternative co-stimulatory signals provided by these APCs, CD45RACD27
CD4" T cells still showed impaired Akt(Ser473) phosphorylation (Figure 6). The results
thus far portray the CD45RACD27° CD4" T cell subset as a potentially effective
cytotoxic population with proliferative potential. On the other hand, this subset is prone to
apoptosis following activation, a characteristic associated with low levels of Bcl-2
expression and Akt(Ser473) phosphorylation.

Although the presence of CD45RA'CD27 CD4" T cells has been previously described
2% the mechanism by which they are generated is not known. While it has been shown
that IL-7 and IL-15 can induce CD45RA re-expression on CD8" T cells °, it remains
unclear if either CD45RACD27" or CD45RA'CD27 CD4" T cells are able to re-express
CD45RA and, if they are, which stimulatory signal could drive this process. It has been
proposed that memory CD8" T cells progressively re-express CD45RA in the absence of
antigenic stimulation and hence this process would appear to be indicative of a resting or

12,14

quiescent state . Moreover, virus-specific CD45RA re-expressing CD8" T cells

activated with peptide Ag in vitro have been shown to down-modulate CD45RA, while
concomitantly up-regulating CD45RQ 10123031
CD45RACD27 CD4" T cells lose CD45RA expression and progressively acquire a
CD45RA CD45RO" phenotype following activation with anti-CD3 and 1L-2 (data not

shown). This result is in agreement with the view that CD45RA re-expression, which is

We also observed that purified

observed in the presence of homeostatic cytokines, is prevented by TCR stimulation °. As

mentioned above, previous studies have shown that yc cytokines, which drive

homeostatic proliferation, can also induce CD45RA re-expression on CD8" T cells >%%,
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Figure 5: Detection of pAkt(Ser473) phosphorylation by flow cytometry.

Total CD4" T cells were starved over-night in 1% human serum. Prior to stimulation, cells were starved in
serum-free medium for 2 hours. After surface staining for CD45RA and CD27, cells were stimulated with
Ipg/ml of anti-CD3 and 1ug/ml of anti-CD28 for 10 minutes at 37°C. Activated cells were immediately
fixed with 2% formaldehyde. Cells were permeabilized with 90% methanol and then incubated with anti-
pAkt(Serd73) antibody. Samples were immediately analysed by flow cytometry. Pre-incubation with the
PI3K inhibitor LY294002 was used as a negative control. DMSO was used as a vehicle control.
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Figure 6: CD4" CD45RACD27" cells have impaired Akt(Ser473) phosphorylation.

A) Representative overlays of pAkt(Ser473) expression within CD4" CD45RA/ CD27 subsets are shown.
PBMCs were activated with anti-CD3 (solid line) or left unstimulated whilst undergoing the same protocol
in the absence of anti-CD3 (grey histogram). The values represent the median fluorescent intensity of
pAkt(Ser473) within each subset following activation. B) Bar graph represents the fold change in
pAkt(Serd73) MFI after activation 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).
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In order to elucidate whether CD45RA re-expression on CD4" T cells is driven by a
homeostatic mechanism mediated by yc cytokines, we cultured purified CD45RACD27"
and CD45RA'CD27" cells in the presence of IL-2, IL-7 or IL-15 in the absence of TCR
stimulation (Figures 7-8). IL-7 is known to induce the proliferation of CD45RA* CD4" T
cells without inducing CD45RO expression ***°. We first investigated whether this
cytokine could induce CD45RA re-expression on CD45RA'CD27" CD4™ T cells. As
illustrated on Figure 7A, a population re-expressing CD45RA and down-modulating
CD45R0O emerged from the CD45RA'CD27" subset cultured in the presence of IL-7.
TCR stimulation alone did not induce CD45RA re-expression neither did the other
cytokines tested, such as TGF-B, IL-10 and IFN-a (data not shown). In order to clarify
whether CD45RA re-expression is accompanied by IL-7-driven proliferation, we
performed a CFSE dilution assay on CD45RACD27" cells in the presence of IL-7. The
CD45RA" population showed a higher rate of proliferation than the cells that did not re-
express CD45RA (Figure 7B), indicating that CD45RA re-expression is accompanied by
IL-7-driven proliferation. We next determined whether the CD45RA re-expressing cells
that were generated in vitro phenotypically resembled those that are found in vivo. In
order to achieve this, CD45RA'CD27" CD4" T cells were cultured in vitro in the presence
of IL-7 and the expression of Bcl-2 and IL-7Ra was monitored at different time points
(Figure 7C). The population that did not re-express CD45RA (CD45RA") showed high
levels of Bcl-2 throughout the culture period (Figure 7C). As for IL-7Ra expression, the
CD45RA" population displayed the normal kinetics associated with the presence of IL-7
%37 that is an initial down-modulation of IL-7Ra, followed by a recovery of the original
levels (Figure 7C). In contrast, the progressive down-regulation of both Bcl-2 and IL7-Ra
on the population that re-expressed CD45RA (CD45RA™) was not transient (Figure 7C).
The CD45RA re-expressing CD4" T cells generated in vitro by IL-7 thus closely resemble
the naturally occurring CD45RA'CD27" cells in terms of Bcl-2 and IL-7Ra expression.
These results suggest that IL-7-driven homeostatic proliferation could induce the re-
expression of CD45RA on a sub-population of CD45RA'CD27* CD4" T cells. We also
investigated if CD45RA re-expression could be induced on CD45RA'CD27" cells by
other yc cytokines. 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 (Figure
8A), this was considerably lower than that induced by IL-7 (Figure 7A).
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Figure 7: CD4" CD45RA'CD27" cells stably re-express CD45RA following IL-7-driven proliferation.

CD4"CD45RA'CD27" cells were purified by FACS sorting and analysed for the expression of CD45RA
and CD45RO0 prior to culture. A) Cells were stimulated with IL-7 and CD45RA/CD45R0O expression was
assessed by flow cytometry at the indicated time-points. The results shown are representative of twelve
experiments. B) CFSE dilution was assessed in the cells that re-expressed CD45RA (grey line) and in the
population that remained CD45RA" (grey histogram) following 14 days of culture in the presence of IL-7.
Values represent the percentage of cells that underwent over 2 rounds of cell division. Histograms from a
representative experiment out of two performed are shown. C) Overlays represent Bcl-2 and IL-7Ra
expression before and during culture in the presence of IL-7. Expression of these markers was assessed in
the cells that re-expressed CD45RA (blue line) and in the population that remained CD45RA(grey
histogram). Histograms from a representative experiment out of three performed are shown.
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CD4" CD45RACD27" (A) and CD45RACD27 (B) cells were purified by FACS sorting and analysed for
the expression of CD45RA and CD45RO0 prior to culture. Cells were stimulated with 1L-2, IL-7 or IL-15
and CD45RA/CD45R0 expression was assessed by flow cytometry at the indicated time-points. The results
shown are representative of three experiments.
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Finally, we assessed if the CD45RA'CD27 subset cultured in the same experimental
conditions would re-express CD45RA. We observed that, regardless of the yc cytokine
tested, the cells remained CD45RO" throughout the culture period (Figure 8B). These
results suggest that IL-7-driven homeostatic proliferation can induce the CD45RA re-
expression on CD45RA'CD27" but not on CD45RA'CD27 CD4" T cells to generate a
CD45RA" memory population.

The induction of CD45RA re-expression is most likely prompted by changes in the
transcriptional program. We next assessed which transcription factors could be
responsible for the switch to CD45RA re-expression on a sub-population of CD45RA
CD27 CD4" T cells. We looked for potential candidates known to be involved in T cell
differentiation, such as the T-box transcription factors T-bet and Eomes, and the
transcriptional repressor Blimp-1. In order to assess if these transcription factors were
differentially expressed in CD45RA/CD27 CD4" T cell subsets, we measured the ex vivo
MRNA levels of Blimp-1, T-bet and Eomes in these purified subsets by reverse
transcription PCR (Figure 9A). All three transcription factors were present in relatively
negligible levels in CD45RA'CD27" cells, peaking within the CD45RACD27 and
CD45RA'CD27" subsets (Figure 9A). T-bet and Eomes expression was markedly higher
in CD45RACD27 cells compared to all the other subsets (Figure 9A). Of note,
CD45RACD27" cells expressed relatively low levels of both these transcription factors
(Figure 9A). The next key question was whether IL-7-induced CD45RA re-expression
was associated with the up-regulation of any of these transcription factors on CD45RA"
CD27" cells. Thus we measured mRNA levels of these same transcription factors were
measured in purified CD4" CD45RA'CD27" cells before (ex vivo) and after a 3 day
culture period in the presence of increasing concentrations of IL-7 (Figure 9B). Blimp-1
MRNA levels did not change after culture with IL-7 (Figure 9B). As for Eomes, even
though we didn’t measure the ex vivo mRNA levels in this particular experiment, the
results shown in Figure 9A indicate that CD45RACD27" cells express low levels of this
transcription factor ex vivo. Nevertheless, Eomes mRNA levels did not show a dose
response to IL-7 (Figure 9B), suggesting that the expression of this transcription factor is
probably not induced in CD45RA'CD27" in the presence of IL-7. Only T-bet appeared to
be induced by IL-7 in CD45RACD27" cells, peaking following stimulation with the same
IL-7 concentration that induced CD45RA re-expression on these cells (10ng/ml) (Figure

9B). Interestingly, a recent study investigating the impact of CMV infection on the
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transcriptional program of human CD8" T cell subsets has shown that CD45RA'CD27
cells express significantly higher levels of T-bet when compared to CD45RACD27"
CD8" T cells *.
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Figure 9: Transcription factors involved in T cell differentiation are highly expressed in CD4"
CD45RACD27 cells but only T-bet is induced by IL-7.

A) The mRNA levels of the transcription factors Blimp-1, T-bet and Eomes were measured ex vivo in
purified CD45RA/CD27 CD4" subsets by reverse transcription PCR. Bar graph represents the mRNA levels
in each subset normalized for the levels observed in the CD45RA'CD27" subset. Error bars represent the
SE from the mean of three separate experiments. B) The mRNA levels of the same transcription factors
were measured in purified CD4" CD45RACD27" cells before (ex vivo) and after a 3 day culture in the
presence of different concentrations of IL-7. Bar graph represents the fold change in mRNA levels
following IL-7 culture relative to the levels observed ex vivo.
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Moreover, T-bet is known to repress IL-7Ra expression on CD8" T cells
raises the possibility that T-bet might be a good candidate for the mediator of the
phenotypic changes we observed upon CD45RA re-expression (Figure 7C). Although
these results are preliminary, they point to a possible role for T-bet in the transcriptional
program that is activated in the population of CD45RA CD27" cells induced to re-express
CDA45RA in the presence of IL-7.

The data gathered so far indicate that CD45RA*CD27 CD4" T cells are not exhausted,
although they appear to be prone to cell death following activation. We can hypothesise
that this population might be replenished in vivo by CD45RA re-expressing cells
originating from the CD45RA'CD27" CD4" T cell pool through a homeostatic process

driven by IL-7.
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Chapter 2.2

CD45RA'CD27 CD4" T cells exhibit p38 MAPK-regulated
telomere-independent senescence

The CD45RA'CD27° CD4" T cell subset displays several characteristics of a
senescence-prone population, including expression of high levels of the senescence
markers CD57 (Figure 2) and KLRG1 (Di Mitri et al., submitted for publication), and
susceptibility to apoptosis following activation (Figure 4). Although CD45RA'CD27
cells retain proliferative ability (Figure 3), these cells might only be able to undergo a
small number of cell divisions before reaching critically short telomeres, which in turn
could trigger apoptosis or telomere-dependent senescence. Telomere erosion is a common
feature of cells approaching senescence, usually associated with failure to induce

telomerase activity upon repeated stimulation "*:*,

In order to investigate if
CD45RACD27 CD4" T cells show signs of telomere erosion, we assessed the telomere
length on the CD4" T cell subsets defined by the expression of CD45RA and CD27
(Figure 10A). As previously described for naive CD4" T cells ***, CD45RA*CD27" cells
had significantly longer telomeres in comparison to any of the memory subsets (Figure
10A). We also found that, despite their differentiated phenotype, CD45RA*CD27" cells
had significantly longer telomeres than the other memory subsets (Figure 10A),
suggesting that these cells are not undergoing telomere-dependent senescence. Although
telomere length may give an indication of residual replicative capacity of T cell subsets,
the modulating effects of telomerase, an enzyme able to add back telomeric sequences,
must be taken into consideration. Hence we measured telomerase activity following TCR
stimulation in all the CD45RA/CD27 subsets and we observed that it was impaired in
CD45RA'CD27" cells (Figure 10B). Taken together, these data suggest that
CD45RA'CD27" cells do not constitute a subset that has reached end-stage
differentiation, since they have relatively long telomeres. However these cells may have
limited replicative potential, seeing that they lack the ability to turn on telomerase upon
activation and will thus not be able to restore any telomere loss resulting from cell

division.
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The relatively long telomere length observed on CD4" CD45RACD27" cells suggests
that the senescent traits displayed by this subset are not driven by telomere-dependent

senescence, whereas their defective telomerase activity implies the opposite.

A *kk
*kk
ek
_10n Fkk
S | % ik
L g' '
= T" dokk
- 8- [ ] PY
= °® ° o
Y
i {.0. . I3
o 64 0® °
: LOE
O 5 °
(O]
- o®

4 . . . .
RAT27" RA27" RA27 RA™2T

**

1.21

1.0+

0.8+

0.64

0.4+

0.2

Relative Telomerase Activity

RAT27" RA27° RA27 RA"27

Figure 10: CD4" CD45RA'CD27 cells do not have the shortest telomeres but have impaired
telomerase activity.

(A) Telomere length was determined by Flow-FISH. Each circle represents one individual with the mean
telomere length shown as a horizontal bar. Statistical analysis was performed using the Wilcoxon matched
pairs test (GraphPad Prism). (B) Telomerase activity was determined by telomeric repeat amplification
protocol assay. Purified subsets were activated with anti-CD3 and irradiated APCs for 4 days. Cell extracts
from equivalent numbers of Ki67" cells were used to determine telomerase activity, calculated as a ratio
between the optical density of the telomeric repeat bands and of the internal standard band (IS). Graph
represents telomerase activity normalized for the activity observed in the CD45RACD27" subset. Error
bars represent the SE from the mean of five separate experiments. Statistical analysis was performed using
the Wilcoxon matched pairs test (GraphPad Prism). C) Autoradiography of a TRAP assay acrylamide gel
from a representative experiment is shown. Control template consists of PCR mix and telomeric template
with no cell extract added. As a negative control, lysis buffer was used instead of cell extract.
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In order to clarify these apparently contradictory results, we sought to determine if
CD4" CD45RA'CD27 cells expressed the cellular senescence marker y-H2AX, the
phosphorylated form of the histone H2AX. Human senescent cells can be identified by
the presence of senescence-associated DNA-damage foci (SDFs) “°, which consist of
proteins that are associated with DNA damage, such as y-H2AX *°. The local induction of
vy-H2AX allows microscopic detection of distinct foci that most likely represent a single
DSB *'. Flow cytometric approaches can also be used to detect y-H2AX “3*°. Several
studies report a good correlation between the levels of y-H2AX detected by flow
cytometry and the number of DSBs ***?, We first optimized the detection of y-H2AX by
flow cytometry (Figure 11). Immuno-fluorescence studies have shown that ionizing
radiation (IR) induces the formation of y-H2AX nuclear foci at the sites of IR-induced
DSBs ***°, Therefore we used irradiated CD4" T cells as a positive control for y-H2AX
staining (Figure 11A). We performed a time-course of y-H2AX staining on total CD4" T
cells activated with anti-CD3 and IL-2 also stained for CD45RA/CD27 (Figure 11B). y-
H2AX-expressing cells are virtually undetectable ex vivo in any of the subsets (Figure
11B). Following activation, small percentages of y-H2AX positive cells are seen,
especially after over-night stimulation (Figure 11B). However, the proportion of y-
H2AX-expressing cells was very low following short-term activation, regardless of the
subset we gated on (Figure 11B). Activation of total CD4" T cells for more than 24 hours
may lead to changes in the CD45RA/CD27 profile and hence hinder the identification of
the original subsets. Therefore we decided to purify the CD45RA/CD27 CD4" subsets by
FACS sorting in order to activate the cells for longer periods of time. The purified subsets
were activated with anti-CD3 and IL-2 for 4 days before staining for y-H2AX (Figure
12). As illustrated in Figure 12A, the longer activation period revealed different profiles
of y-H2AX expression between the subsets. CD45RA'CD27" and CD45RACD27" cells
had relatively low levels of y-H2AX, while the CD45RACD27" and CD45RA'CD27
subsets expressed similarly high levels of y-H2AX (Figure 12). These data raise the
hypothesis that CD45RA'CD27 cells might be prone to enter a state of senescence
independently of telomere shortening. This type of cellular senescence is called stress-
induced premature senescence and has been described to be induced by stressful stimuli,

58 over-expression of oncogenes >° or oxidative stress ®°. The

such as DNA damage
characterisation of telomere-independent senescence has been mostly performed in

fibroblasts 46, whereas its occurrence in human T cells remains to be elucidated.
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Figure 11: Assessment of y-H2AX expression by flow cytometry.

Detection of the DNA damage marker phosphorylated histone H2A variant X (y-H2AX) by flow cytometry
was optimized on CD4" T cells. A) As a positive control, cells were irradiated with 40 Gy y-radiation. B)
CD4" T cells were stained for CD45RA, CD27 and y-H2AX ex vivo and at the indicated time-points
following stimulation with anti-CD3 and IL-2. Histogram overlays from a representative experiment out of
three performed are shown. The values represent the percentage of y-H2AX-positive cells within each
subset.
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Figure 12: CD4" CD45RA'CD27 cells express high levels of y-H2AX following activation.

Purified CD45RA/CD27 CD4" T cell subsets were activated with anti-CD3 and IL-2 for 4 days. y-H2AX
expression was assessed by flow cytometry. A) Representative histogram overlays are shown. The values
represent the percentage of y-H2AX-positive cells within each subset. B) Bar graph shows the percentage of
v-H2AX positive cells within each subset. Error bars represent the SE from the mean of three separate
experiments.
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Besides its well-known functions in inflammation and other types of stress, the p38
MAPK pathway also plays crucial roles in telomere-dependent and -independent
senescence ®%. In addition, p38 has been found to directly phosphorylate H2AX 84,
We addressed the hypothesis that the p38 MAPK pathway may be upstream of the
senescence markers observed on CD45RA'CD27" and CD45RA'CD27" cells by assessing
the levels of p38 in each CD45RA/CD27 CD4" subset (Figure 13). The MFI of both total
(Figure 13A) and phosphorylated p38 (Figure 13B) was significantly higher in CD45RA"
CD27 and CD45RA'CD27 cells compared to the other subsets. The highest levels of
both total (Figure 13A) and phosphorylated p38 (Figure 13B) were consistently observed
within the CD45RA'CD27" subset.

Interestingly, when we measured the levels of total p38 following culture of CD45RA"
CD27" cells in the presence of IL-7, we saw that its expression was only detectable within
the CD45RA re-expressing population (data not shown). In order to further test the
hypothesis that the p38 pathway was involved in the senescent-like phenotype of
CD45RA'CD27 and CD45RA'CD27 cells, we assessed the impact of p38 inhibition on
these subsets. We first ascertained the efficacy and specificity of the p38 inhibitor
BIRB796 by testing its effects on p38 and JNK phosphorylation. As illustrated in Figure
14A, the p38 inhibitor BIRB796 specifically inhibited p38 phosphorylation, whilst having
no effect on the phosphorylation of JNK. We next assessed its influence on y-H2AX
levels (Figure 14B). As expected, p38 inhibition had no considerable effect on the already
low levels of y-H2AX observed within the CD45RA'CD27" and CD45RACD27" subsets
(Figure 14B). We observed that y-H2AX levels within CD45RA'CD27" cells were similar
in the presence or absence of p38 inhibitor, but p38 inhibition induced a considerable
decrease on the percentage of y-H2AX positive cells within the CD45RACD27" subset
(Figure 14B). However, the y-H2AX levels remained relatively high, indicating that other
pathways may contribute to y-H2AX expression on CD45RA CD27" and CD45RA'CD27
cells.

The p38/H2AX pathway has been shown to be required for stress-induced apoptosis in
murine fibroblasts ® and cancer cell lines . We assessed wether p38 inhibition had an
effect on cell recovery by activating purified CD45RA/CD27 CD4" subsets with anti-
CD3 and IL-2 in the presence of the p38 inhibitor BIRB796 (Figure 15A).
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Figure 13: CD4" CD45RA'CD27 cells express higher levels of total and phosphorylated p38.

Expression of total and of phosphorylated p38 was assessed ex vivo in PBMCs by gating within total CD4*
T cells and within each of the CD45RA/CD27 subsets. Representative histogram overlays of total p38 (A)
and of phospho-p38 (B) are shown. The values represent the median fluorescent intensity of p38 within
each subset. Bar graphs show the ex vivo mean fluorescence intensity of total (A) and phospho-p38 (B).
Error bars represent the SE (A n=7, B n=10). Statistical analysis was performed using Dunn’s Multiple
Comparison Test (GraphPad Prism).
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Figure 14: CD4" CD45RA'CD27 cells express lower levels of y-H2AX when the p38 pathway is
inhibited.

A) Western blot showing the effects of the p38 inhibitor BIRB796 on p38 and JNK phosphorylation on
CD4" T cells. p-actin was used as a loading control. B) Purified CD45RA/CD27 CD4" T cell subsets were
activated with anti-CD3 and IL-2 for 4 days in the presence or absence (control) of the p38 inhibitor
BIRB796. y-H2AX expression was assessed by flow cytometry. Histogram overlays from a representative
experiment out of two performed are shown. The values represent the percentage of y-H2AX-positive cells
within each subset.
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As could be anticipated, the cell recovery of CD45RA'CD27" and CD45RA'CD27"
cells was not affected by p38 inhibition (Figure 15A). Although p38 inhibition induced
only a marginal increase in the cell recovery of CD45RA'CD27 cells, it led to
approximately a 2-fold increase in the cell recovery of CD45RA'CD27" cells (Figure
15A). This observation may result from increased cell proliferation and/or decreased cell
death within the CD45RA'CD27 subset. To clarify this issue, we determined the
expression of Ki67 following activation in the presence of the p38 inhibitor BIRB796
(Figure 15B). We did observe a slight increase in the percentage of Ki67 positive cells
within the CD45RA'CD27" and CD45RACD27" subsets, yet p38 inhibition had the
opposite effect on the CD45RA'CD27 subset (Figure 15B). The decrease in Ki67-
expressing cells within the CD45RACD27" subset in the presence of the p38 inhibitor
BIRB796 points to a preferential effect on cell survival. To verify this hypothesis we
assessed the impact of p38 inhibition on Annexin V staining and Pl incorporation
following activation with anti-CD3 and IL-2 (Figure 15C). Again, p38 inhibition did not
greatly affect the CD45RACD27" and CD45RACD27" subsets, but both the CD45RA
CD27 and CD45RA'CD27" subsets had considerably less apoptotic cells in the presence
of the p38 inhibitor BIRB796 (Figure 15C). The inhibition of apoptosis by blocking the
p38 pathway was most striking in the CD45RACD27" subset (Figure 15C), with an
average of 70% less apoptotic cells.

We next sought to investigate the mechanism by which p38 inhibition was promoting
cell survival of CD45RA'CD27" and CD45RA'CD27 cells. The p38 pathway has been
shown to reduce Bcl-2 levels ®. As described above, the CD45RA'CD27 subset is
defective for Akt(Ser473) phosphorylation (Figure 6) and expresses low levels of Bcl-2
ex vivo 2. We assessed the levels of Bcl-2 expression and of Akt(Ser473) phosphorylation
on CD4" T lymphocytes activated in the presence or absence (control) of the p38 inhibitor
BIRB796 (Figure 16). Bcl-2 expression was increased at the protein (Figure 16A) and
MRNA (Figure 16B) levels as a result of p38 inhibition. In contrast, the levels of
pAkt(Serd73) were not increased by p38 inhibition in any of the CD45RA/CD27 subsets
(Figure 16C), ruling out any cross-reactivity of the p38 inhibitor BIRB796 with the
PI3K/Akt pathway. These data suggest that the p38 pathway may be partly responsible
for the susceptibility to apoptosis following activation of CD45RACD27 cells through

down-modulation of Bcl-2 expression.
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Figure 15: p38 inhibition improves cell recovery and survival but not proliferation of
CD45RACD27 cells.

Purified CD45RA/CD27 CD4" T cell subsets were activated with anti-CD3 and IL-2 (A, C) or irradiated
APCs (B) for 4 days in the presence or absence of the p38 inhibitor BIRB796. A) Cell numbers were
determined on a hemocytometer. Results are expressed as a percentage of the initial number of cells placed
in culture. Error bars represent SE from three separate experiments. B) Ki67 expression was determined as
a marker of cell proliferation. Bar graph shows the percentage of Ki67 positive cells. Error bars represent
SE from four separate experiments. C) Apoptosis was assessed by Annexin V staining and Pl incorporation.
Bar graph shows the percentage of apoptotic cells (Annexin V™ PI") within each subset in the presence or
absence of the p38 inhibitor. Error bars represent SE from three separate experiments.
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Figure 16: p38 inhibition increases Bcl-2 expression but not pAkt(Ser473) phosphorylation.

A, B) CD4" T cells were activated with anti-CD3 and 1L-2 in the presence or absence of the p38 inhibitor
BIRB796. A) On day 4, Bcl-2 expression was assessed at the protein level by flow cytometry. B) Bar graph
shows the levels of Bcl-2 mMRNA in the presence of the p38 inhibitor BIRB796 normalized for the levels
observed in its absence (control). Error bars represent the SE from the mean of three separate experiments.
C) pAkt(Ser473) expression was assessed within CD45RA/ CD27 CD4" subsets activated with anti-CD3 in
the presence (red line) or absence (blue histogram) of the p38 inhibitor BIRB796. As a negative control,
cells were left unstimulated (grey histogram). Overlays from a representative experiment out of two
performed are shown.
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The lack of telomerase activity upon TCR stimulation is a hallmark of pre-disposition
to replicative senescence °’. As we observed that CD45RA*CD27 cells have impaired
telomerase activity following in vitro activation (Figure 10B), we were interested in
assessing if p38 inhibition could restore the ability to induce this enzyme. For that
purpose, telomerase activity was measured in purified CD45RA/CD27 CD4" subsets
activated with anti-CD3 and irradiated APCs in the presence or absence of the p38
inhibitor BIRB796 (Figure 17). The inhibition of p38 had a negligible impact on the
telomerase activity observed in the CD45RA'CD27" and CD45RACD27" subsets
(Figure 17). Although we could observe a considerable increase in the telomerase activity
in the CD45RA'CD27" subset in the presence of the p38 inhibitor BIRB796, it did not
reach statistical significance (Figure 17B). The inhibition of p38 had a major impact on
the CD45RAYCD27" subset, significantly increasing telomerase activity to levels similar
to those observed in CD45RA'CD27" and CD45RA'CD27" cells (Figure 17B). These
data suggest that the p38 pathway is at least partially responsible for the impaired survival
and telomerase activity following activation observed in the CD4" CD45RA'CD27
subset. Moreover, these senescence traits were at least partly reversible through specific
inhibition of the p38 pathway.

Subsequently, we investigated which up-stream stimulus might be triggering p38 in
CD4" CD45RA'CD27" cells. The frequency of this subset significantly correlates with
CMV infection 2, which in turn is associated with high levels of pro-inflammatory
cytokines such as TNF-a % This cytokine has been proposed to be linked to the extreme
T cell differentiation observed during CMV infection 2. As previously described in
HeLa cells ", we observed that TNF-a induces p38 phosphorylation in CD4* T cells
(Figure 18A). Interestingly, CD4" T cells activated in the presence of TNF-a showed
lower levels of telomerase activity (Figure 18B). Moreover, TNF-a inhibition has been
shown to increase telomerase activity and delay the onset of senescence on CD8" T cells
in vitro %, Hence we investigated whether p38 inhibition would abrogate the impact of
TNF-a upon telomerase activity. As illustrated in Figure 18C, the telomerase activity
levels in CD4" T cells activated in the presence of both TNF-a and the p38 inhibitor
BIRB796 were similar to those observed in cells activated with anti-CD3 and irradiated
APCs alone (control). Thus p38 inhibition does seem to subvert the telomerase down-
modulation induced by TNF-a, suggesting that the p38 pathway may act down-stream of

TNF-a to hinder telomerase activity.
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Figure 17: p38 inhibition significantly increases telomerase activity in CD4* CD45RA CD27 cells.

Telomerase activity was determined by telomeric repeat amplification protocol assay as described in Figure
10. Purified subsets were activated with anti-CD3 and irradiated APCs for 4 days in the presence or absence
of the p38 inhibitor BIRB796. A) Autoradiography of a TRAP assay acrylamide gel from a representative
experiment is shown. As a negative control, lysis buffer was used instead of cell extract. B) Bar graph
represents telomerase activity for each subset with or without (control) the p38 inhibitor BIRB796. Error
bars represent the SE from the mean of four separate experiments. Statistical analysis was performed using
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Figure 18: Inhibition of p38 abrogates the TNF-a-induced down-modulation of telomerase activity.

A) Phospho-p38 expression was assessed on CD4" T cells incubated with TNF-a or left unstimulated
(control). A representative overlay is shown. B) CD4" T cells were cultured with anti-CD3 and APCs in the
presence or absence (control) of TNF-a for 4 days. Telomerase activity was determined by telomeric repeat
amplification protocol assay as described in Figure 10. Autoradiography of a TRAP assay acrylamide gel
from a representative experiment is shown. Bar graph represents telomerase activity in activated CD4" T
cells with or without (control) TNF-o. Error bars represent the SE from the mean of three separate
experiments. Statistical analysis was performed using the Wilcoxon matched pairs test (GraphPad Prism).
C) CD4" T cells were cultured for 4 days with anti-CD3 and APCs alone or in combination with the p38
inhibitor BIRB796, TNF-a or both. Autoradiography and bar graph show the telomerase activity observed
under these culture conditions. D) PBMCs were activated with anti-CD3 and IL-2 overnight. The
production of TNF-a within the CD45RA/CD27 CD4" subsets was assessed by flow cytometry. Histograms
illustrate the profile of TNF-a expression observed in each CD45RA/CD27 subset upon activation.
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We then sought to elucidate which subsets were the potential sources of TNF-a.
Highly differentiated CD4" """ and CD8" * T cells have been described to produce TNF-
a, particularly those re-expressing CD45RA. To verify if this was also the case for
CD45RACD27 CD4" T cells, we assessed the production of TNF-a by CD45RA/CD27
subsets activated with anti-CD3 and IL-2 (Figure 18D). We observed substantial levels of
TNF-a-producing cells within all the CD4" memory T cell subsets, particularly within
CD45RACD27 and CD45RA'CD27 cells (Figure 18D).

These data indicate that CD45RA'CD27° CD4" T cells are prone to cellular
senescence, displaying senescence-associated markers such as y-H2AX and lack of
telomerase activity following activation. The observation that CD45RA'CD27 CD4™ T
cells have relatively long telomeres suggests that the mechanism driving these cells to
senescence might be telomere-independent. The apparent involvement of the stress-
induced p38 pathway further supports this hypothesis. Interestingly, the modulating
effects of p38 on cellular senescence appear to be partly reversible, raising the possibility
that therapeutic approaches targeting this pathway might improve immunity during

ageing and chronic viral infection.
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Discussion

We reported for the first time a detailed study characterising the CD45RA'CD27
CD4" T cell subset. The CD45RA re-expressing CD4" T cell population has only

previously been described in a few reports, which portray it as a terminally differentiated

population with low replicative potential "

77,79

, albeit capable of producing pro-inflammatory
cytokines
Our work has revealed that CD45RA"CD27° CD4" T cells are multi-functional, with
respect to their ability to secrete cytokines following activation %, and are potentially
capable of exerting cytotoxic functions (Figure 1). We further report that
CD45RACD27 CD4" T cells appear to exist in a quiescent state in vivo, as has been
described for their CD8" counterparts ®'2* but can be induced to proliferate upon
activation. Our results show that these cells are not exhausted, although they appear to be
prone to cell death following activation. Given that CD45RACD27 CD4" T cells express
only intermediate levels of CD95, other cell death pathways might be involved in the high
susceptibility to apoptosis observed in these cells following activation. In agreement with
this hypothesis, CD45RA re-expressing CD4" T cells have been previously shown to be
relatively resistant to CD95-induced apoptosis 2°. Furthermore, CD95 expression does not
strictly correlate with susceptibility to apoptosis, given that this molecule can also exert
co-stimulatory functions *. In lymphopenic settings, increased IL-7 levels favour the co-
stimulatory activity of CD95, which is able to induce the proliferation of T cells activated
by low-affinity antigens . In addition, the CD95 levels were assessed directly ex vivo
and resting T cells may not be susceptible to CD95 triggering, a process which probably
requires previous T cell activation 8%,
We have shown that CD45RA'CD27 CD4" T cells accumulate in the elderly, showing

a strong positive correlation with CMV infection 2

, which is unexpected from a
population that is prone to apoptosis following activation. This observation suggests that
CD45RA'CD27 CD4" T cells have to be constantly generated to compensate for their
high susceptibility to activation-induced apoptosis. In agreement with this hypothesis, the
overall CMV-specific population has been proposed to be maintained by a continuous
replacement of short-lived, functional cells during chronic CMV infection in mice %. We

report for the first time a mechanism able to induce CD45RA re-expression on memory
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CD4" T cells by showing that IL-7 stimulation triggers CD45RA re-expression whilst
concomitantly driving homeostatic proliferation of CD45RA'CD27" CD4" T cells. In
order to determine as to where CD45RA re-expression might occur in vivo, we
investigated which immune compartments were enriched in both IL-7 and
CD45RACD27 CD4" T cells. We observed that the frequency of CD45RACD27" cells
within the CD4" T cell population is significantly higher in the bone marrow than in the

peripheral blood of the same individuals 2

. Moreover, IL-7-producing bone-marrow
stromal cells have been shown to constitute survival niches for memory CD4" T cells °.
Taken together these results point to the bone-marrow as a potential site where 1L-7-
driven CD45RA re-expression might occur in vivo. We further hypothesise that the
CD45RA'CD27° CD4" T cell subset might be replenished in vivo by CD45RA re-
expressing cells derived from the CD4" CD45RA'CD27" pool through a homeostatic
process driven by IL-7. Culture of the CD45RA'CD27" CD4" T cells in the presence of
IL-7 efficiently gave rise to CD45RA re-expressing cells, although it only modestly
induced CD27down-modulation in this sub-population (data not shown). The fact that IL-
7 stimulation alone could not lead to to a CD45RACD27" phenotype upon CD45RA
CD27" T cells might suggest that loss of CD27 expression requires TCR stimulation or
other factors that can induce down-modulation of co-stimulatory molecules. Upon several
rounds of stimulation, CD4" T cells successively lose CCR7, CD27 and CD28 expression
8788 CD27 expression has been shown to be transiently up-regulated upon TCR
engagement, followed by a progressive and irreversible down-regulation following
repeated antigenic stimulation in vivo #%. On the other hand, TNF-a has been shown to

promote the loss of CD28 expression on CD8" T cells ™%

, raising the possibility that this
pro-inflammatory cytokine might also accelerate the down-modulation of co-stimulatory
molecules on CD4" T cells.

As illustrated in Figure 10A, CD45RA'CD27" CD4" T cells have significantly shorter
telomeres than those observed on the CD45RA'CD27 subset. Although this result
apparently contradicts our hypothesis that the former subset comprises precursors of the
CD45RA'CD27° CD4" T cell population, it might be explained by the induction of
telomerase activity alongside with CD45RA re-expression by IL-7, resulting in longer
telomeres on the CD45RA" daughter population than on the CD45RA™ precursors. In
agreement, IL-7 has been shown to induce telomerase activity on cord blood naive T cells

% as well as on naive and memory CD4" T cells ** and CD8" T cells *%. The assessment
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of telomerase activity on CD45RA'CD27° CD4" T cells stimulated with IL-7, in
particular within the sub-population re-expressing CD45RA, would help clarify this issue.

Interestingly, CD45RA re-expressing cells generated in the presence of IL-7 alone
resemble the ex vivo CD45RACD27 CD4" T cell subset in that they express low levels
of IL-7Ra (Figure 7) and Bcl-2 2. IL-7Ra expression on mouse CD8" T cells has been
shown to display different kinetics when stimulated with LCMV strains associated either
with viral clearance or persistence: the former only transiently down-modulated IL-7Ra
expression, the restoration of which was associated with improved survival and induction
of a quiescent state, whereas the latter suppressed IL-7Ra expression and this correlated
with reduced Bcl-2 expression ®°. In a recent study of human naive CD4" T cells, IL-7Ra
was shown to be chronically down-modulated following TCR activation *’. Interestingly,
neither CD45RACD27  CD4" and CD8" T cells nor CMV-specific CD8" T cells were
able to re-express IL-7Ra after resting over-night in medium alone, possibly due to
epigenetic modifications to the IL-7Ra promoter 3"%”. Our data supports the correlation
between IL-7Ra and Bcl-2 expression and shows that IL-7 stimulation, so far solely
associated with a transient down-modulation of IL-7Ro and up-regulation of Bcl-2
expression, can also induce a persistent down-modulation of both these markers on a sub-
population of CD45RACD27" T cells. Although IL-15 has been shown to induce
CD45RA re-expression on CD8" T cells ¥, only a negligible CD45RA-expressing
population was observed when CD45RA'CD27" T cells were cultured in the presence of
IL-15 or IL-2. The differential effect of IL-15 on CD4" and CD8" T cells mirrors the
distinct dependence on IL-15 for T cell homeostasis, with CD4" T cells apparently not
requiring 1L-15 %1% CD45RACD27" T cells could not be induced to re-express
CD45RA by any of the yc cytokines tested, as previously reported for CD8" T cells,
where yc cytokines could trigger CD45RA re-expression on CD45RA'CCR7" but not on
CD45RACCRY cells °. The induction of CD45RA re-expression is probably linked to
IL-7-driven modifications to the transcriptional program on a subset of CD45RACD27"
CD4" T cells. The T-box transcription factor T-bet emerged as the most likely candidate
to be associated with CD45RA re-expression since the CD45RACD27" subset expressed
the highest levels of this transcription factor ex vivo and its expression could be up-
regulated on CD45RACD27" cells by IL-7. This hypothesis is supported by a recent
study reporting significantly higher levels of T-bet expression on CD45RACD27" cells
than on CD45RA'CD27* CD8" T cells during latent human CMV infection .
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As mentioned above, the ex vivo frequency of Ki67-expressing cells within the CD4"
CD45RACD27 subset is very small, suggesting that this population might have a low
turnover rate in vivo and thus represent a quiescent subset, similarly to what has been
proposed for CD45RA re-expressing CD8" T cells 2. However the susceptibility to
activation-induced apoptosis, associated with low Bcl-2 levels and defective Akt(Ser473)
phosphorylation, in addition to high level expression of the senescence-associated
markers CD57 and KLRG1 (Di Mitri et. al., manuscript under submission), raised the
possibility that CD45RA'CD27° CD4" T cells might be approaching senescence rather
than being quiescent. Unlike the transient cell cycle arrest observed in quiescent cells, the
growth arrest induced by cellular senescence is thought to be irreversible . The
relatively long telomeres observed in CD45RA*CD27 CD4" T cells argued in favour of a
quiescent rather than a senescent state. However telomere length cannot be interpreted as
an absolute marker of replicative potential as it only gives a snap-shot of the relative
levels of telomere erosion in the different subsets. Assessing the ability of each subset to
induce telomerase activity is critical for the interpretation of the telomere data, since it
reveals the potential to add back telomere repeats upon subsequent activation and thus
provides a more dynamic depiction of the residual replicative potential. In contrast to the
telomere length data, the inability to induce telomerase activity following TCR
stimulation observed on CD45RACD27 CD4" T cells indicated that this subset had a
limited capacity to be maintained in vivo by continuous proliferation and is therefore
prone to senescence. The susceptibility to cellular senescence of CD45RA'CD27 CD4™ T
cells was further supported by the assessment of the senescence marker y-H2AX, which
reached the highest levels on CD45RA'CD27" and CD45RA'CD27  CD4" T cells. The
p38 MAPK pathway appears to be at least partly responsible for the senescence traits
displayed by these subsets, most strikingly so in the case of the CD45RA*CD27 CD4" T
cells. The expression of total and phosphorylated p38 was highest within the
CD45RA'CD27° CD4" T cell subset, although CD45RA'CD27 cells also expressed
considerable levels of these proteins. Of note, the expression of total p38 was exclusive to
the CD45RA re-expressing population that emerged during the culture of CD45RA"
CD27" cells in the presence of IL-7. It remains to be elucidated whether p38 expression is
a cause or consequence of CD45RA re-expression in these cells, but this observation
further implies that p38 expression is characteristic of highly differentiated cells,

particularly CD45RA re-expressing cells.
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Inhibition of the p38 MAPK pathway has been shown to delay the onset of senescence
in human fibroblasts ®2. Thus we ascertained the involvement of the p38 MAPK pathway
in the senescence-associated features of CD45RA'CD27  and CD45RA'CD27 CD4" T
cells by re-assessing these traits in the presence of the p38 inhibitor BIRB796. We found
that p38 inhibition had a greater impact on the CD45RA"CD27" subset, inducing a slight
decrease on y-H2AX expression and boosting cell recovery during TCR stimulation. We
further determined that the increase in CD45RACD27" cell numbers following activation
was due to improved cell survival rather than elevated proliferation levels induced by p38
inhibition. Our data suggest that the p38 pathway might hamper cell survival by down-
modulating Bcl-2 levels in an Akt-independent fashion. The persistent activation of p38
MAP kinase in transgenic mice expressing a constitutively activated form of MKK®6 led
to a decrease in the CD8" but not CD4" T cell numbers °. The selective loss of the CD8"
T cell population was associated with increased apoptosis and lower Bcl-2 levels,
although the rate of in vivo proliferation was not altered by p38 activation ®. The MKK6-
driven in vivo activation of p38 had a negligible effect on in vivo and spontaneous
apoptosis of CD4" T cells %. Although in vitro p38 inhibition was shown to increase cell
recovery of CD8" T cells following polyclonal T cell activation with concanavalin A
(Con A), the same experiment was not performed on CD4" T cells ®. As mentioned
above, p38 can be activated by two specific kinases: MKK3 and MKKG®. Interestingly,
CD4" T cells from MKK3- but not from MKK6-deficient mice have been shown to be
more resistant to cell death induced by TCR activation or by cytokine withdrawal **.
Proliferation of CD4" T cells was not greatly affected by either MKK3 or MKK®6 knock-
down . In addition, CD4" T cells from MKK3-deficient mice had a greater reduction in
p38 activation compared to those from MKK6-deficient mice 1%, These data suggest that
the p38 pathway negatively impacts the survival of both CD4" and CD8" T cells, although
p38 might be activated by different MAPK kinases in these populations. A major effect of
p38 inhibition was to endow CD45RACD27" cells with the ability to induce telomerase
activity upon TCR stimulation. The telomerase activity on CD45RACD27" cells was also
improved by p38 inhibition. Interestingly, the telomerase activity boost induced by p38
inhibition was not associated with improved Akt(Ser473) phosphorylation, further
supporting the view that pAkt(Ser473) is not as crucial as initially thought for the
triggering of telomerase activity 2. Although CD45RA*CD27" cells had significantly
longer telomeres than CD45RA'CD27" cells, p38 inhibition appears to revert some of the
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senescence-associated traits of both these subsets. Our data suggests that the p38 pathway
might be involved in both telomere-dependent and —independent senescence of CD4" T
cells, as previously demonstrated for other cell types ®%. The potential role of the p38
pathway in the generation and/or maintenance of senescence-prone CD45RA'CD27
CD4" T cells which accumulate in the elderly, mainly in CMV-infected individuals ?,
compels the investigation of putative triggers that may be inducing p38 signalling in these
cells. A likely candidate is TNF-a, a pro-inflammatory cytokine reportedly associated
with the pronounced T cell differentiation observed during CMV infection ®*"2. We
confirmed that TNF-a is able to activate the p38 pathway and to inhibit telomerase
activity, two outcomes that are probably interlinked. In addition, the production of TNF-a
has been shown to increase not only during CMV infection ®® but also upon the
establishment of cellular senescence *°*. We observed that the CD45RACD27 and
CD45RACD27" subsets display the highest frequency of TNF-a-producing cells. These
data allude to a hypothetical scenario where the high levels of TNF-a present during
CMV infection might lead to the generation of highly differentiated CD4" T cells, which
would in turn produce more TNF-o, further contributing to the pro-inflammatory
environment and the accumulation of these cells. TNF-a-induced signalling would
activate the p38 pathway, potentially impairing survival and telomerase activity following
TCR stimulation of these highly differentiated CD4" T cells. The apparently incongruous
accumulation of apoptosis-susceptible cells might be due to a continuous replenishment
of the subset by precursors driven to differentiate, as has been proposed for CD45RA re-

5

expressing CD8" T cells °. Interestingly, TNF-a has been shown to increase the

105 as well as to increase IL-7Ra

production of IL-7 by bone-marrow stromal cells
expression in both CD4" and CD8" mouse T cells *. Furthermore, IL-7 has been shown
to stimulate TNF-o production by intra-articular CD4" T lymphocytes and accessory cells
in patients with rheumatoid arthritis, exacerbating the pro-inflammatory responses in
these patients . These data suggest a potential positive feedback-loop between TNF-a
and IL-7 production which might contribute to the accumulation of CD45RA re-
expressing memory CD4™ T cells.

Taken together, our data indicate that CD45RACD27" CD4" T cells do not constitute
an exhausted subset, displaying cytotoxic potential and proliferative capacity upon TCR
activation. Given that CD45RA'CD27 CD4" T cells are highly susceptible to cell death

following activation, we hypothesize that this subset is comprised by short-lived cells and
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thus has to be constantly replenished. We demonstrated that CD45RA re-expression can
be induced by IL-7 in CD45RA'CD27" CD4" T cells, suggesting a role for this cytokine
in the generation of the CD4" CD45RA'CD27" subset, although this process appears to
require other factors. Finally, we found that CD45RA'CD27 CD4" T cells are prone to
telomere-independent senescence through a process partly driven by the p38 MAPK
pathway.
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ConcLusions

Homeostasis of the T cell pool allows the preservation of relatively constant cell
numbers and adequate diversity in face of declining thymic output and constant antigenic
challenge *. IL-7 is a key mediator in both naive and memory T cell homeostasis through
its ability to induce signalling pathways that promote cell survival and proliferation ®.
We assessed the potentially distinct effects of IL-7 in the homeostasis of naive CD4" T
cell subsets defined by CD31 expression. Furthermore, we investigated the mechanisms
involved in the restoration of T cell homeostasis following haploidentical HSCT,
particularly in the maintenance of the CD31" naive CD4" T cell pool. As pertaining to
memory CD4" T cell homeostasis, we sought to determine the replicative and functional
potential of highly differentiated CD45RA"CD27" cells, in order to clarify the impact of
the increasing representation of this subset observed during CMV infection, as well as the
putative involvement of IL-7 in CD45RA re-expression on memory CD4" T cells.

During ageing, the replenishment of the naive T cell pool with recent thymic emigrants
progressively declines due to thymic involution ”. Hence homeostatic mechanisms in the
periphery are required to maintain the size and diversity of the naive CD4" T cell pool.
IL-7 has been shown to induce homeostatic proliferation of umbilical cord blood naive
CD4" T cells, a population that can be used as a model for RTEs #*°. Hence we sought to
investigate if IL-7 was also able to expand the RTE-enriched subset in adult peripheral
blood identifiable by CD31 expression within naive CD4" T cells. We described for the
first time a selective proliferation of the CD31" subset within adult naive CD4" T cells in
response to IL-7 stimulation. Furthermore, we showed that IL-7-induced proliferation did
not lead to down-modulation of CD31 and consequent generation of a CD31" sub-
population. On the contrary, IL-7 sustained or even increased the level of CD31
expression in CD31" naive CD4" T cells, although it did not induce CD31 re-expression
in the CD31 subset. We also demonstrated that both IL-7-induced proliferation and
CD31 maintenance required the activation of the PI3K pathway. Conversely, other
characteristic IL-7 read-outs, namely up-regulation of the anti-apoptotic protein Bcl-2 and
promotion of in vitro cell survival, were observed both in CD31" and CD31" naive CD4"

T cells and were not dependent on PI3K activation. These data allow us to hypothesize



156 | Conclusions

that I1L-7-induced PI3K signalling might be defective in adult CD31" naive CD4" T cells.
In order to clarify this issue, Akt phosphorylation levels should be assessed in purified
CD31" and CD31 naive CD4" T cells stimulated with IL-7. This assessement was
precluded by the low levels of pAkt induced by IL-7 alone in primary naive CD4" T cells,
which were undetectable both by Western blot and flow cytometry.

The role of CD31 expression on naive CD4" T cells is yet to be clarified, although it
has been proposed to hamper the proliferation of CD31" naive CD4" T cells in response
to TCR triggering through its cytoplasmic ITIMs . Alternatively, CD31 might be
required for transendothelial migration, as described for other cell types *?, potentially
driving the migration of CD31" naive CD4" T cells into IL-7-rich microenvironments
where they might undergo homeostatic proliferation. A transendothelial migration assay
in the presence or absence of CD31-blocking antibodies might elucidate whether CD31
plays a role in naive CD4" T cell migration.

Our data suggest the CD31" naive CD4" T cell pool is maintained throughout
adulthood, at least partly, by IL-7 signalling and hence IL-7-based therapies might exhert
a preferential effect on this population. For instance, we hypothesise that the increased
CD31" naive CD4" T cell numbers observed after IL-7 administration during a phase |
clinical trial in cancer patients ** was likely driven by IL-7-induced expansion of this
naive CD4" subset. The expansion of RTE-enriched CD31" naive CD4" T cells has been
associated with an age-independent broadening of the T cell repertoire diversity **.
Therefore IL-7 administration has a promising therapeutic potential in a variety of clinical
settings, namely those associated with limited naive T cell numbers and skewed T cell
repertoire. IL-7 therapy might thus be relevant as an aid for immune reconstitution
following stem cell transplantation, potentially accelerating the restoration of T cell
numbers and diversity by promoting thymic output and peripheral expansion of naive T
cells, particularly the CD31" naive CD4" T cell subset.

Haploidentical HSCT constitutes a particularly challenging clinical setting because the
number of mature T cells in the graft needs to be minimal in order to prevent GVHD,
delaying early immune reconstitution through peripheral expansion and limiting the GVL
effect, whereas the conditioning regimen might damage thymic or peripheral lymphoid
tissues, hindering naive T cell output as well as memory T cell maintenance *. We
performed a cross-sectional evaluation of long term immune reconstitution following

haploidentical HSCT in a group of five patients who had received a CD34" purified stem
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cell graft from full-haplotype mismatched related donors. The study took place four to six
years post-transplant and allowed us to assess whether T cell homeostasis was
successfully restored in these patients, not only in terms of cell numbers but also of T cell
diversity. We were also interested in elucidating the mechanisms involved in T cell
reconstitution, particularly in the replenishment of the naive CD4" T cell population. We
observed that these patients had comparable absolute numbers of CD4" and CD8" T cells,
as well as of B and NK cells, to healthy age-matched controls. We next assessed the
proportion of naive and memory subsets as defined by the expression of CD45RA and
CD27 within CD4" and CD8" T cells. We found that transplant recipients tended to have
slightly increased frequencies of naive CD45RACD27" cells, equivalent frequencies of
early stage differentiation CD45RACD27" cells and lower frequencies of highly
differentiated CD45RACD27  and CD45RA'CD27 cells when compared to the other
two cohorts. We demonstrated that CD45RA'CD27° CD4" T cells are prone to cellular
senescence and that these cells are accumulated during chronic CMV infection, a setting
associated with persistent antigen stimulation. Hence, the absence of inflated
CD45RA'CD27" T cell populations in these transplant recipients suggests that restoration
of T cell numbers was not mainly driven by clonal expansions but rather relied largely on
homeostatic mechanisms. Furthermore, the proportion of CD31" cells within the naive
CD4" T cell subset in patients was similar to the one observed in age-matched controls
and it was significantly higher than in donors, which was likely due to the age gap
between the two cohorts, given that the donors were always one of the parents. The
CD31" naive CD4" T cell subset is highly enriched in RTEs and hence this result might
lead us to speculate that thymic output played a major role in the maintenance of this
population. However, as mentioned above, IL-7-driven peripheral expansion might also
have contributed to the expansion of CD31" naive CD4" T cells, particularly since 1L-7
levels have been described to be increased during lymphopenia, such as the one
established immediately following stem cell transplantation. At the time of the study,
transplant recipients did not have higher IL-7 serum levels than the other two cohorts. As
previously reported, IL-7 levels return to steady-state levels once CD4", particularly naive
CD4*, T cell numbers are restored *>*". Hence, the absence of elevated IL-7 levels is in
agreement with the observation of comparable CD4" T cell counts as well as CD31" naive
CD4" T cell frequencies between recipients and age-matched controls. In order to

elucidate the relative contribution of thymic output and peripheral expansion to immune



158 | Conclusions

reconstitution, we quantified TREC content within PBMCs and measured telomere length
within CD4" and CD8" T cell subsets. Both these assays revealed similar results when the
three cohorts were compared, further suggesting that thymic output contributed, at least
partly, to immune reconstitution. In agreement with these observations, we found
comparably diverse TCRVB repertoires in transplant recipients and age-matched controls.
It would be interesting to analyse the TREC content and telomere length within CD4" and
CD8" T cell subsets in order to get a clearer picture of the replicative histories of each
population. These data would also inform us of the relative contribution of thymic output
and IL-7-driven expansion to the maintenance of the CD31" naive CD4" T cell subset.
Overall, our data suggest that long term immune reconstitution was successfully achieved
in this cohort of haploidentical HSCT recipients, likely through a combination of thymus-
dependent and -independent mechanisms which gave rise to balanced CD4" and CD8" T
cell subsets and to a diverse T cell repertoire. In order to assess the functional properties
of these T cells, we are currently assessing proliferative responses and cytokine
production profiles after polyclonal as well as antigen-specific stimulation.

As mentioned above, CD45RACD27  CD4" T cells are accumulated during CMV
infection *®, constituting large clonal expansions of CMV-specific cells **%. Given the
high prevalence of CMV infection, particularly in elderly individuals, we sought to
investigate if the accumulation of CD45RA'CD27° CD4" T cells might constitute a
hindrance for immune competence. For that purpose, we compared the phenotypic and
functional characteristics of these cells with the remaining CD45RA/CD27 CD4" T cell
subsets. Our data indicate that CD45RA'CD27° CD4" T cells are not exhausted, being
able to produce multiple cytokines *® and to proliferate in response to TCR activation.
However, these cells are highly susceptible to cell death following activation, which is
associated with low Bcl-2 and IL-7Ra basal levels ®
Akt(Ser473) phosphorylation. Nevertheless, CD45RA'CD27° CD4" T cells do
accumulate in CMV-infected individuals during ageing *®, which suggests a continual

, as well as with defective

replenishment of this subset from CD45RA™ precursors. The highly differentiated
phenotype of CD45RACD27 CD4™ T cells indicates that they are not directly derived
from CD45RA'CD27" naive cells induced to lose CD27 expression. This scenario can be
ruled out by comparing the TREC content within these subsets, which will reveal their
replicative histories and thus clarify if CD45RA'CD27 cells display TREC levels
consistent with them being a potential direct differentiation product of CD45RA*CD27*
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precursors. We demonstrated that CD45RA'CD27" CD4" T cells can be induced to re-
express CD45RA as a result of IL-7 stimulation. In contrast, 1L-2 or IL-15 stimulation
only induced modest levels of CD45RA-expression in these cells, whereas CD45RA"
CD27 CD4" T cells failed to re-express CD45RA in the presence of IL-2, IL-7 or IL-15.
Similarly to what we observed in ex vivo CD45RA*CD27" CD4"* T cells 8, the IL-7-
induced CD45RA re-expressing population displayed low levels of Bcl-2 and IL-7Ro.
Interestingly, we found that a larger proportion of CD45RA re-expressing cells
proliferated during IL-7 stimulation when compared to the population that remained
CD45RA", which appears incongruous with the persistently low IL-7Ra levels observed
in the former population. However, IL-7Ra expression levels have been shown not to
correlate with IL-7-induced signalling in human CD4" T cells 2*. Our results point to a
role for IL-7 in the induction of CD45RA re-expression on memory CD4" T cells. A
potential site where IL-7-driven CD45RA re-expression might occur in vivo is the bone
marrow, an IL-7-rich immune compartment which also has increased frequencies of
CD45RA'CD27 CD4* T cells in comparison to peripheral blood 2. CD45RA re-
expression is likely to entail changes in the transcriptional program, namely IL-7-driven
up-regulation of certain transcription factors in a sub-population of CD45RACD27*
CD4" T cells. Our results point to T-bet as a potential transcription factor involved in this
process, given that ex vivo CD45RA'CD27 CD4" T cells expressed the highest levels of
T-bet in relation to the other subsets and that IL-7 up-regulated its expression in
CD45RA'CD27" CD4" T cells. The specific knock-down of T-bet expression in
CD45RA'CD27" CD4" T cells stimulated with IL-7 would help to clarify if this
transcription factor is required for IL-7-induced CD45RA re-expression in these cells.
Nevertheless, we found that IL-7-induced CD45RA re-expressing cells only modestly
decreased CD27 expression, suggesting that other factors might co-operate with IL-7 in
the generation of CD45RA'CD27 CD4" T cells from CD45RACD27" precursors. A
likely candidate is TNF-a, a pro-inflammatory cytokine which has been shown to down-
modulate the expression of co-stimulatory molecules on CD8" T cells %*, The effects on
the CD45RA/CD27 profile of CD45RA'CD27" CD4" T cells cultured in the presence of
IL-7 together with TNF-a are currently being assessed.

Although we found that CD45RA'CD27° CD4" T cells retain functional and
proliferative potential, these cells also displayed senescence-associated traits, such as high

levels of CD57 and KLRGL1 (Di Mitri et. al., manuscript under submission) expression.
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Surprisingly, CD45RACD27 CD4" T cells showed relatively long telomeres but were
defective in the induction of telomerase activity following TCR stimulation, giving
contradictory indications about the replicative capacity and susceptibility to senescence of
these cells. In order to clarify this issue, we assessed the expression of the senescence
marker y-H2AX after activation and found that CD45RA'CD27  and CD45RA'CD27
CD4" T cells expressed the highest levels, suggesting that the latter subset is prone to
telomere-independent senescence. Given that the p38 MAPK pathway has been shown to
mediate both telomere-dependent and -independent senescence in human fibroblasts %,
we investigated if blocking this pathway might reverse the senescence characteristics
observed in CD45RA'CD27 and CD45RA'CD27° CD4" T cells. We found that p38
inhibition led to a modest decrease in y-H2AX expression in the latter subset and
substantially improved cell survival in both subsets, which was probably associated with
increased Bcl-2 levels, following TCR activation. Moreover, blocking the p38 pathway
enhanced telomerase activity upon TCR stimulation in CD45RA'CD27° and
CD45RACD27° CD4" T cells, although its impact was more striking in the latter subset.
These data, together with our observation that p38 expression was only detectable on
CD45RA-expressing cells when CD45RA'CD27" CD4" T cells were cultured with IL-7,
suggest that the p38 pathway might mediate the generation and/or maintenance of
CD45RA re-expressing memory CD4" T cells. We sought to investigate which factors
might be responsible for the activation of the p38 pathway, potentially prompting the
replenishment and accumulation of senescence-prone CD45RA'CD27° CD4" T cells
during CMV infection. Again, we found evidence to suggest that TNF-a may be involved
in this process, given that p38 inhibition reversed the TNF-a-induced down-modulation
of telomerase activity in CD4" T cells. Interestingly, this pro-inflammatory cytokine has
been shown to be elevated during ageing %°, CMV infection ?" and in CD8" T cells that
have reached replicative senescence in vitro %, as well as to increase IL-7 production by
bone marrow stromal cells ?°. Hence we can speculate that the high levels of TNF-a
present during CMV infection would increase the levels of IL-7 in the bone-marrow,
which in turn would be conducive to the generation of CD45RACD27 CD4" T cells
from CD45RACD27" precursors through a mechanism involving IL-7-induced CD45RA
re-expression and TNF-o-driven CD27 down-modulation. These CD45RA'CD27° CD4"
T cells would in turn produce more TNF-a, thus exhacerbating the pro-inflammatory

environment and perpetuating the accumulation of these cells. Moreover, TNF-a would
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also contribute to the onset of telomere-independent senescence in these cells through the
activation of the p38 pathway. Although this is an hypothetical scenario, TNF-a
inhibition during long-term cultures of human CD8" T cells has been shown to delay the
onset of senescence ¥, whereas anti-TNF-a therapy in patients with rheumatoid arthritis
has been associated with the restoration of the CD28" T cell population within diseased
joints 23! further suggesting a role for TNF-a in the accumulation of senescent T cells
during chronic inflammation. Overall, our data show that the telomere-independent
senescence traits found in CD45RA'CD27° CD4" T cells were at least partly mediated by
the p38 MAPK pathway and could be reversed to an extent by p38 inhibition. This link
between p38 activation and senescence in lymphocytes identifies a potential target for
therapeutic interventions.

Taken together, our results further emphasize the contribution of IL-7 signalling to
naive and memory CD4" T cell homeostasis, ensuring the maintenance of the CD31"
naive T cell pool and potentially contributing the generation of a CD45RA re-expressing

reservoir of memory T cells which can be re-activated to perform effector functions.
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IL-7 sustains CD31 expression in human naive CD4" T cells and preferentially
expands the CD317 subset in a PI3K-dependent manner

*Rita . Azevedo,! *Maria Vieira D. Soares,! Jodo T. Barata,? Rita Tendeiro,! Ana Serra-Caetano,® Rui M. M. Victorino,' and

Ana E. Sousa'
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The CD31* subset of human naive CD4*
T cells is thought to contain the popula-
tion of cells that have recently emigrated
from the thymus, while their CD31~ coun-
terparts have been proposed to originate
from CD31+ cells after homeostatic cell
division. Naive T-cell maintenance is
known to involve homeostatic cytokines
such as interleukin-7 (IL-7). It remains to
be investigated what role this cytokine
has in the homeostasis of naive CD4+

T-cell subsets defined by CD31 expres-
sion. We provide evidence that IL-7 exerts
a preferential proliferative effect on CD31+
naive CD4* T cells from adult peripheral
blood compared with the CD31~ subset.
IL-7—driven proliferation did not result in
loss of CD31 expression, suggesting that
CD31* naive CD4* T cells can undergo
cytokine-driven homeostatic prolifera-
tion while preserving CD31. Furthermore,
IL-7 sustained or increased CD31 expres-

sion even in nonproliferating cells. Both
proliferation and CD31 maintenance were
dependent on the activation of phospho-
inositide 3-kinase (PI3K) signaling. Taken
together, our data suggest that during
adulthood CD31* naive CD4* T cells are
maintained by IL-7 and that IL-7-based
therapies may exert a preferential effect
on this population. (Blood. 2009;113:
2999-3007)

Introduction

Human naive CD4* T cells have recently been shown to contain
2 subpopulations distinguished by the expression of CD31 (platelet
endothelial cell adhesion molecule-1, PECAM-1). The CD31"
subset is thought to incorporate the population of cells recently
emigrated from the thymus, whereas the CD31~ subset has been
proposed to derive from CD31* after homeostatic cell division.!
During T-cell development in the thymus, rearrangement of the
T-cell receptor (TCR) genes generates stable episomal DNA
excision circles (TRECs) that are progressively diluted with cell
division.>* Accordingly, CD31" naive CD4" T cells have higher
TREC content compared with the CD31~ naive subset.! Moreover,
the progressive age-associated decline in naive CD4* T cells is
mainly due to a reduction in the CD31* naive subset while the
CD31~ subset persists,>® further supporting the contribution of
thymic output to the maintenance of CD31% cells. However, the
decrease in TREC levels observed during aging is disproportion-
ally greater compared with the decline in CD31* naive T cells,
implicating other mechanisms, in addition to thymic output, in the
persistence of these cells into old age.*

Cytokine-driven expansion has been proposed to significantly con-
tribute to a low level of homeostatic proliferation that maintains naive
T-cell numbers.” Besides its established importance in thymopoiesis,
interleukin-7 (IL-7) is considered to play a key role in naive T-cell
survival and proliferation in the periphery.>” In vitro studies of human
naive CD4* T cells cultured in the presence of IL-7 revealed, alongside
with its antiapoptotic properties, an ability to induce proliferative
responses without a switch to a memory phenotype.® IL-7 seems to exert
a preferential effect on umbilical cord blood (CB) naive T cells that

proliferate significantly more than adult peripheral blood naive T cells in
response to IL-7.%9 Despite this, a considerable reliance upon IL-7 in
naive T-cell homeostasis after T-cell depletion has been established.”!0
IL-7 was able to promote T-cell reconstitution after bone marrow
transplantation in mice acting not only at the thymic but also at the
peripheral level,'""* and to expand naive and memory T cells in
uninfected'* and simian immunodeficiency virus (SIV )-infected nonhu-
man primates.'® Furthermore, IL-7 serum levels were shown to increase
in different lymphopenic settings in humans in strong inverse correlation
with naive CD4" T-cell counts, suggesting a feedback mechanism to
counteract T-cell depletion.!®! IL-7 administration to patients with
metastatic melanoma led to CD4* and CD8" T-cell expansion, particu-
larly of CD45RA ™" naive T cells,”” and further clinical trials are currently
exploring its therapeutic potential.

The possibility of IL-7 having distinct effects on human CD31* and
CD31™ naive subsets has not yet been investigated. These data are
relevant not only to further clarify the mechanisms involved in the
maintenance of these 2 naive populations during aging, but also to better
characterize the potential cellular targets of therapeutic interventions
involving IL.-7 administration. In this respect, a recently published phase
1 clinical trial with IL-7 in refractory cancer shows a preferential
expansion of the CD317" naive CD4* subset.?! This was associated with
a decrease in TREC content in this population consistent with the
induction of proliferation by IL-7 in this subset.?!

Here, we report that IL-7 exerted a selective proliferative effect
on CD31*% naive CD4" Tcells from adult peripheral blood
compared with their CD31~ counterparts. We further observed that
proliferation of adult CD31* naive CD4™" T cells was dependent on

Submitted July 2, 2008; accepted November 6, 2008. Prepublished online as Blood
First Edition paper, November 13, 2008; DOI 10.1182/blood-2008-07-166223.
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the activation of phosphoinositide 3-kinase (PI3K) signaling path-
way and was not associated with loss of CD31 expression. IL-7
also promoted the preservation of CD31 levels in nonproliferating
naive T cells through PI3K activation. Taken together, our data
suggest that IL-7 may play a preferential role in the maintenance of
CD31% naive CD4* T cells during adult life.

Methods

Cell isolation

This study was approved by the Ethics Board of the Faculty of Medicine of
Lisbon. Mononuclear cells were isolated from heparinized adult peripheral
blood of healthy volunteers, and from umbilical cord blood (CB) obtained
immediately after delivery of full-term infants, with informed consent
obtained in accordance with the Declaration of Helsinki, by Ficoll-Hypaque
density gradient (Amersham Pharmacia Biotech, Uppsala, Sweden). CD4*
T cells were negatively selected using the EasySep Human CD4* T-Cell
Enrichment Kit (StemCell Technologies, Vancouver, BC) and subsequently
sorted into CD31" and CD31~ naive subsets using a FACSAria flow
cytometer (BD Biosciences, San Jose, CA) after staining for CD45RA,
CD45RO, CD4, and CD31 as described below.

Cell culture

Cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) supple-
mented with 10% heat-inactivated human AB serum (Sigma-Aldrich, St
Louis, MO), 100 U/mL penicillin, 100 mg/mL streptomycin, and 2 mM
L-glutamine (Invitrogen), in the presence or absence of recombinant human
IL-7 (10 ng/mL; R&D Systems, Minneapolis, MN) or recombinant human
IL-2 (10 U/mL; obtained through the National Institutes of Health (NIH)/
AIDS Research and Reference Program, Division of AIDS, National
Institute of Allergy and Infectious Diseases, NIH [IL-2] from Hoffman-La
Roche). PI3K and mitogen-activated protein kinase (MEK)-extracellular
signal-regulated kinase (ERK) activity were respectively blocked by
incubation of cells for 1 hour at 37°C before IL-7 stimulation with either
10 pM LY294002 or 10 M PD98059 (both from Calbiochem, Merck
Biosciences, Nottingham, United Kingdom) or the equivalent volume of the
vehicle control dimethyl sulfoxide (DMSO; Sigma-Aldrich) alone.
LY294002, PD98059, and DMSO were readded to the culture at day 4.

Phenotypic analysis

Cells resuspended in phosphate-buffered saline (PBS) containing 1%
bovine serum albumin (BSA; Sigma-Aldrich) and 0.1% sodium azide
(Sigma-Aldrich) were stained for 20 minutes at room temperature with the
following anti-human monoclonal antibodies: CD4-phycoerythrin (PE)—
cyanin 7 (PE-CY7; clone, L3T4), CD45RA—fluorescein isothiocyanate
(FITC) or allophycocyanin (APC; clone, HL100), CD45RO-PE (clone;
UCHLI), CD62L-APC-cyanin 7 (APC-Cy7; clone, DREG 56) and CD31
PE or APC (clone, WM59) from eBioscience (San Diego, CA); CD38 PE
(clone, HB7) and CD3—peridinin chlorophyll protein (PerCP; clone, SK7)
from BD Biosciences; and CD127 PE (IL-7Ra; clone 40131; R&D
Systems). Intracellular staining for Bcl-2 FITC (clone 124; Dako, Glostrup,
Denmark) and Ki67 FITC (clone B56; BD Biosciences) was performed
using fixation and permeabilization reagents from eBioscience. Cells were
labeled with 0.5 wM carboxyfluorescein diacetate succinimidy] ester (CFSE;
Molecular Probes-Invitrogen, Carlsbad, CA) at 37°C for 15 minutes in the
dark, quenched with ice-cold culture medium at 4°C for 5 minutes, and
washed 3 times before culture. Apoptosis was assessed using 7-amino-
actinomycin D (7-AAD) viability Staining Solution (eBioscience) or by
annexin V/propidium iodide (PI) detection kit (BD Biosciences). Samples
were acquired on a BD FACSCanto flow cytometer (BD Biosciences) after
fixation with 1% formaldehyde (Sigma-Aldrich). Data were analyzed using
FlowlJo software version 8.1.1 (TreeStar, Ashland, OR).
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STATS5 tyrosine phosphorylation analysis

Cells were surface stained and stimulated with 50 ng/mL IL-7 for 15 min-
utes, fixed with 2% formaldehyde at 37°C for 10 minutes, and placed on
ice. Cells were then permeabilized with ice-cold 90% methanol (Sigma-
Aldrich) at 4°C for 30 minutes and incubated with anti—phospho-STATS
(pY694) antibody coupled to Alexa Fluor 488 (BD Biosciences) at room
temperature for 1 hour. Samples were immediately acquired on FACSCanto.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 4.00
(GraphPad Software, San Diego, CA). Data are presented as mean plus or
minus standard error of mean (SEM). P less than .05 was considered
significant.

Results

IL-7—-induced proliferation of adult naive CD4* T cells is
restricted to the CD31+ subset

IL-7 is known to induce proliferation of naive CD4" T cells,?2>23
but the possibility of distinct effects on naive subsets defined by
CD31 expression has not been determined. Our preliminary data
from the culture of adult total naive CD4" T cells
(CD4"CD45RATCD45R0O ™) with recombinant human IL-7 for
7 days suggested that the proliferative response was confined to
CD31" cells (data not shown). Of note, in agreement with previous
reports,?*2* similar results were obtained when the concentration of
IL-7 was increased from 10 to 50 ng/mL. Proliferation was
assessed using the cell-cycle entry marker Ki67, because we found
it to be the most reliable method to quantify low levels of
proliferation. Although we cannot guarantee that all Ki67+ cells
complete the proliferative cycle, we were able to confirm the
proliferation using CFSE staining in adult cells upon IL-7 stimula-
tion (Figure S1, available on the Blood website; see the Supplemen-
tal Materials link at the top of the online article). Moreover, IL-7
has previously been shown to induce similar levels of cell division
in adult naive CD4™ T cells.>>

To exclude a gain of CD31 upon proliferation, we proceeded by
investigating the ability of purified CD31" and CD31~ naive
(CD45RA"CD45R0O ™) CD4* T cells from adult peripheral blood
as well as umbilical CB to proliferate in response to IL-7 after
7 days of in vitro culture. Figure 1 illustrates representative flow
cytometry dot plots of CD31/CD45RA profiles of freshly isolated
CD47" T cells from adult and CB as well as the gating strategy used
to purify the subsets. We confirmed that proliferative responses
from adult naive CD4" T cells were only observed within the
CD31" subset (Figure 2). In agreement with previous reports,® CB
naive T cells showed consistently stronger proliferative responses
to IL-7 stimulation than adult naive T cells. Only 12 of the 22
studied adult samples proliferated in response to IL-7, whereas all
12 CB samples proliferated. Purified CD31" naive CD4™" T cells
from adults also proliferated significantly less than CD31* from
CB (2.82% = 1.11% vs 26.7% = 3.22% Ki67™ cells, respectively;
P = .001). Of note, both CD31" and CD31~ naive CD4*t T-cell
subsets isolated from CB were found to proliferate in response to
IL-7, while in all analyzed adults proliferation was restricted to the
CD31" subset, as illustrated in Figure 2A. Adult cells able to
proliferate in response to IL-7 did not significantly differ from
nonresponders with respect to the proportion of males and females,
the percentage of naive (CD45RA™) or CD31" naive within CD4*
cells, or the percentage of CD317" within the naive CD4" subset
(data not shown). We also did not find any differences comparing
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Figure 1. CD31 expression profiles and gating strat-
egy used to purify CD31* and CD31~ naive CD4*
T-cell subsets from adult and cord blood. CD4* T cells

CD4+ T cells
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the expression of the alpha chain of the IL-7 receptor (IL-7Ra)
within the total naive CD4% gate, or within the
CD4"CD45RA*CD31" and CD4*CD45RA*CD31~ gates (data
not shown). Interestingly, responders tended to be younger than
nonresponders, although this did not reach statistical significance
(28.9 = 2.42 years and 36.4 = 3.41 years, respectively; P = .109).

CD31~ naive CD4* T cells are thought to represent a subpopu-
lation that has undergone peripheral expansion.! Thus, we next
addressed whether in vitro IL-7—induced proliferation resulted in
loss of CD31 expression. We found that proliferating CD31% naive
CD4" T cells did not lose CD31, and that the CD31 median
fluorescence intensity (MFI) was significantly higher in Ki67-
expressing than in noncycling CD317 cells (Figure 2B). Further-
more, we were able to monitor cell divisions using CFSE labeling
in CB naive CD4" T cells given their strong proliferative responses
to IL-7, and observed that cells that divided up to 4 times during the
culture period maintained CD31 expression. Statistical analysis
using paired ¢ test showed no statistically significant differences in
CD31 expression levels between undivided populations and those
that had undergone proliferation (Figure 2C).

We next evaluated whether the different levels of proliferative
responses could be attributed to a distinct basal expression of
IL-7Ra. We measured ex vivo IL-7Ra expression levels by flow

0 10° 10* 10°
CD45RA-FITC

cytometry in freshly isolated lymphocytes, and found that adult
CD31~ naive CD4" T cells expressed lower levels than their
CD31" counterparts (Figure 2D). The opposite was found in CB
subsets where CD31~ cells showed higher IL-7Ra expression than
CD31". Although the levels of IL-7Ra expression were signifi-
cantly higher in the CD31~ subset of CB compared with adults,
they were similar in adult CD31~ and CB CD31" subsets (Figure
2D). Thus, the proliferative outcome of IL-7 stimulation is unlikely
to rely solely on IL-7Ra expression levels.

These data suggest that in adulthood, the ability of naive CD4*
T cells to proliferate in response to IL-7 is restricted to the CD31+
subset and show that CD31 is not lost after IL-7—induced
proliferation.

IL-7-induced proliferation of adult CD31+* naive CD4 T cells is
dependent on the PI3K pathway

We next investigated whether the decreased proliferation of the
CD31™ naive CD4" subset was associated with a general inability
to respond to IL-7. A consequence of IL-7 binding is the down-
regulation of its own receptor which has been shown to be
controlled at the transcriptional level.?2¢ We found a clear down-
regulation of the IL-7Ra in all populations compared with freshly
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A C Figure 2. IL-7-induced proliferation of adult naive CD4+
T cells is restricted to the CD31* subset. (A) Representa-
tive dot-plots of CD31 and Ki67 flow cytometry analysis after
- CD31+ CD31- 7-day culture in the presence of IL-7 of purified CD31* and
8 10% CD31~ naive CD4" T-cell subsets from adult peripheral
[ " blood, for an IL-7 “nonresponder” (top panel), an IL-7 “re-
= g | 10% _ sponder” (middle panel), and CB (bottom panel). Cells were
ko] 8 L 25000 successively gated on a viable lymphogate, CD3", CD4*,
< |10 = 20000 and CD45RA*. (B) CD31 MFI was assessed within the
c 01 ~— 15000 purified CD31" naive subset further gated on Ki67* or Ki67~
Zo 0.28 8 10000 cells after 7-day culture with IL-7. Three adults and 4 CB
1 O 5000 samples were studied. (C) Representative dot-plot illustrating
N 10%4 CD31 expression plotted against CFSE labeling of CB
[0 0 4 3210 CD47CD45RA™ T cells cultured with IL-7 for 7 days. CD31*
= E — 10*4 cells were further gated according to the number of cell
-g 8_ 8 divisions, and bars show CD31 MFI from 4 experiments.
< 0 O10° (D) Ex vivo analysis of IL-7Ra MFI on freshly isolated
& mononuclear cells from adult and CB samples sequentially
0 0.24 1054 gated on CD3*, CD4*, CD45RA", and CD31* or CD31~
lymphocytes. Each symbol represents one individual. Bars
108 — 1044 represent mean plus or minus SEM. Data were compared
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isolated cells (Figure 3A). IL-7-mediated signaling is known to
induce signal transducer and activator of transcription-5 (STATS)
phosphorylation that promotes not only cell cycling but also cell
survival through Bcl-2 up-regulation.®2728 We found induction of
STATS phosphorylation (Figure 3B) and Bcl-2 up-regulation
(Figure 3C) in both adult and CB CD31* and CD31~ naive CD4
subsets after IL-7 stimulation in comparison with freshly isolated
cells. In agreement, similar levels of inhibition of apoptosis
(ranging from 60%-70%) were observed in all subsets, using
7-AAD incorporation to compare unstimulated with IL-7 stimu-
lated cells after 7 days of culture (Figure 3D). These data show that
despite exerting distinct proliferative effects, IL-7 is able to induce
STATS5 phosphorylation, to up-regulate Bcl-2 expression, to pre-
vent apoptosis, and to down-regulate IL-7R« in both CD31" and
CD31~ naive CD4* subsets.

IL-7-mediated signaling leads to PI3K activation, a pathway
that regulates cell proliferation and metabolism.?>?” In particular,
IL-7—induced proliferation and glucose uptake of naive CD4*
T cells from CB was shown to be dependent upon the PI3K

pathway.?® Through the use of the cell-permeable PI3K-specific
inhibitor LY294002, we investigated whether the PI3K pathway
was required for IL-7-mediated proliferation of adult and CB
CD31* and CD31~ subsets. As shown in Figure 4A, LY294002
was very effective at blocking proliferation of adult CD31% naive
CD4* T cells cultured in IL-7 for 7 days. IL-7Ra down-modulation
was found to be PI3K independent (Figure 4B). Despite blocking
proliferation, LY294002 did not affect Bcl-2 levels, showing a
dissociation of these pathways in these cells (Figure 4C). As
previously reported,>*?’ we observed a minor increase in apoptosis
in the presence of LY294002 in adult naive CD4™ T-cell subsets
that was not observed in CB cultures (Figure 4D). Although the
possibility of a contribution of apoptosis to the observed block in
proliferation induced by PI3K inhibition in the adult CD31" subset
cannot be excluded, this is unlikely to be the case because
LY294002 completely blocked proliferation in CB cultures (Figure
4A) without an increase in apoptosis (Figure 4D).

The ability of IL-7 to activate the MEK-ERK pathway in T cells
remains controversial. Although IL-7 is able to induce ERK1/2
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Figure 3. IL-7 stimulation leads to STAT5 phosphorylation, Bcl-2 up-regulation,
and IL-7Ra down-modulation in both CD31* and CD31- naive CD4* subsets.
IL-7Ra expression (A), STAT5 phosphorylation (B), Bcl-2 expression (C), and 7-AAD
incorporation (D) were evaluated by flow cytometry within gated CD31* and CD31~
naive CD4 subsets. p-STAT5 was assessed on freshly isolated mononuclear cells
from adult (n = 5) and CB (n = 3) samples either unstimulated or stimulated with IL-7
for 15 minutes. Bcl-2 and IL-7Ra MFI were evaluated ex vivo in adult PBMC (n = 6
and n = 9, respectively) and CB cells (n = 4 and n = 6, respectively) and in the
corresponding purified CD31+* and CD31~ naive subsets cultured in the presence of
IL-7 for 7 days. 7-AAD incorporation was measured in purified CD31* and CD31~
subsets after 7 days of culture in the presence of IL-7 and in its absence (control).
Bars represent mean MFI values plus or minus SEM.

phosphorylation in human leukemia T-cell precursors,?’ it does not
appear to do so in some mouse T-cell lines,® in normal human
thymocytes,®! or in human peripheral blood T cells.’> We used the
MEK-specific inhibitor PD98059 to test the involvement of this
pathway in IL-7-mediated effects on human adult CD31" naive
CD4* subset. As illustrated in Figure 4, PD98059 did not impair
any of the IL-7-dependent effects assessed, indicating that the

SELECTIVE PRESERVATION OF NAIVE CD31*CD4* BY IL-7 3003

MEK-ERK pathway does not play a critical role in the overall
effects of IL-7 in human naive CD4* T cells.

The same findings were observed for CB CD31" and CD31~
naive CD4* T cells. Namely, proliferation was blocked by
LY294002 but not PD98059, while all the other IL-7 readouts
assessed were unaffected by PI3K or MEK-ERK inhibition
(Figure 4).

Overall, we show that despite their inability to proliferate in
response to IL-7, adult CD31~ naive CD4% Tcells are not
refractory to IL-7-mediated signaling as measured by STATS
phosphorylation, Bcl-2 up-regulation or IL-7Ro down-modulation.
These data suggest a selective inability of IL-7 to activate the
signaling pathways that lead to proliferation in these cells. More-
over, we show for the first time that adult CD31" naive CD4*
T-cell proliferation is dependent on PI3K activation.

IL-7 promotes the maintenance of CD31 expression in both
adult and CB naive CD4* T cells in a PI3K-dependent manner

As shown in Figure 2B, cells actively proliferating in response to
IL-7 do not lose CD31 expression. We further assessed whether
CD31~ cells could reexpress CD31 after culture in the presence of
IL-7. As shown in Figure SA, purified CD31~ cells from either
adult or CB did not acquire CD31 during the culture period. In
addition, Figure 5A clearly shows that the levels of CD31
expression were maintained or even increased in CD31% naive
CD4" cells after in vitro culture with IL-7, whereas cells cultured
in medium alone showed reduced CD31 expression (P = .008,
paired ¢ test comparison of adult CD31* cells cultured in the
presence of IL-7 and in its absence). This was also the case when
cells were cultured for up to 13 days, where CD31 levels were
maintained in the presence of IL-7, while cells cultured in medium
alone or in the presence of IL-2 exhibited decreased CD31
expression (Figure 5B).

We next asked whether the preservation of CD31 expression in
cells cultured with IL-7 was dependent on the PI3K pathway. For
this purpose, we monitored CD31 levels in the presence of IL-7
alone or with the PI3K inhibitor (Figure 5C), and found that
blocking the PI3K pathway led to a statistically significant decrease
in CD31 expression levels in both adult and CB naive cells
(P =.002 and P = .009, for adults and CB, respectively, paired
t test comparison of IL-7 culture with and without LY294002).
DMSO, used as a vehicle control, and PD98059 had no effect on
CD31 MFI compared with IL-7 alone (Figure 5C).

As mentioned above, CB samples always proliferated in
response to IL-7, while approximately one-half of the adults
studied exhibited proliferative responses in vitro. Importantly,
blocking the PI3K pathway prevented CD31 maintenance in all
adults tested regardless of their ability to proliferate in response to
IL-7. This is shown in Figure 5C, where individuals who prolifer-
ated in response to IL-7 and those who did not are represented.
These data suggest that the preservation or increase of CD31
expression is independent of proliferation.

We also assessed the possible effects of blocking PI3K signal-
ing on the expression of the CD31 ligand, CD38.33 This molecule
has been shown to decrease on naive CB T cells cultured in the
presence of IL-7.22 As shown in Figure 5D, we observed that adult
and CB CD31* naive CD4™" T cells exhibited a significant reduc-
tion of CD38 expression after culture with IL-7 (P < .001, paired
t test), and this was not altered by the presence of PI3K or
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Figure 4. The IL-7-induced proliferation of adult CD31+* naive CD4+ T cells is dependent on the PI3K pathway. CD31* and CD31™ naive CD4* T cells were purified from
adult peripheral blood and CB, cultured in the presence of IL-7 with or without the PI3K inhibitor LY294002 or the MEK-ERK inhibitor PD98059 as indicated, and harvested at
day 7 of culture. DMSO was used as a vehicle control. Representative examples of the 6 adults and 4 CBs studied are shown. (A) Assessment of proliferation using Ki67 in an
adult sample. Representative analysis of a CB (1 of 4) is also shown illustrating the blocking effects of LY294002 on whole naive CD4 " T-cell subset proliferation as assessed
by CFSE labeling. CD31 staining is shown on the y-axis. (B) IL-7Ra and (C) Bcl-2 expression analyzed at day 0 within CD31* (gray filled histograms) and CD31~ cells (black
line). Analysis at day 7 within CD31* (red line) and CD31~ (green line) purified populations cultured in the presence of IL-7 and the indicated inhibitors are also shown.
(D) Evaluation of apoptosis by annexin V and Pl staining after 7 days of culture of the purified CD31* and CD31~ naive subsets.

MEK-ERK inhibitors. These data show that LY294002 is unable to
recover the reduction of CD38 expression associated with IL-7
culture, suggesting that IL-7 may regulate CD31 expression
independently of its ligand.

Overall, we report a role for IL-7 not only in the proliferation of
adult CD31" naive CD4" T cells, but also in the maintenance or
increase of CD31 expression levels in a PI3K-dependent manner.

Discussion

Our data indicate that IL-7 preferentially promotes proliferation of
CD31*CD4* naive T cells in adults, while preventing the loss
of CD31 expression in both cycling and noncycling cells. The
2 mechanisms appear to depend upon the activation of the PI3K
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Figure 5. IL-7 promotes the maintenance of CD31 A B
expression on both adult and CB naive CD4 T cells
through the PI3K pathway. (A) CD31 MFI on CD31+ 1 Day0 —©— CD31+IL-7 -@- CD31-IL-7
and CD31- sorted subpopulations of naive CD4+ T cells 1 Day 7 Control —A— CD31+IL-2 -~ CD31-IL-2
from adult (n = 13) and CB (n = 5) at day 0 and day 7 in 10000+ B Day 7 IL-7 B CD31+Control -~ CD31- Control
the presence or absence (control) of IL-7. Analysis of CB 15000
subsets cultured in the absence of IL-7 was precluded by 8000
the high rate of cell death. (B) Longitudinal analysis of % 60004
CD31 MFI of adult naive CD4* subsets cultured in the
presence of IL-7, IL-2, or medium alone (control) for up to é 40004
13 days (data representative of 3 individuals). Open 3
symbols represent CD31* purified cells while closed 20004
symbols correspond to the CD31~ fraction. (C) CD31
MFI assessed on purified CD31* naive CD4" T cells at 0 ma s -
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pathway and likely contribute to the maintenance of CD317" naive
CD4" T cells promoted by IL-7. In contrast, the CD31~ subset
appears to rely on other homeostatic cues.

The selective ability of IL-7 to induce proliferation of the
CD31* subset during adulthood, and in this way contribute to the
maintenance of a population that is known to incorporate recent
thymic emigrants,' is expected to have a physiologic role in the
preservation of the TCR repertoire diversity within naive CD4*
T cells.

Thus, as thymic output is reduced during aging, IL-7 may
contribute to the persistence of the CD31" population through
low-level proliferation. This is in agreement with recent data
showing that both TREC content and telomere length decrease in
CD31" naive CD4" T cells during aging, implying that their
persistence is dependent on proliferation in the periphery.® The
persistence of relatively high TREC content in the CD31% subset
can be attributed to both residual thymic output and to a low rate of
peripheral cell division.

Importantly, we have previously associated IL-7 serum levels
and preservation of CD31* naive subset during aging in lym-
phopenic settings, and suggested that this positive correlation may
contribute to the slower rate of CD4" T-cell decline in HIV-2
compared with HIV-1 infection.!®

Our observation that the adult CD31~ subset did not proliferate
in response to IL-7 in vitro does not exclude the possibility of IL-7
acting as a costimulus to other homeostatic proliferation mecha-
nisms, such as self-peptide—major histocompatibility complex
(MHC) interactions.’* However, our findings suggest that the
CD31~ subset may be preferentially regulated by mechanisms
other than direct IL-7—-driven proliferation.

The maintenance of CD31 expression upon IL-7 stimulation
raises questions regarding the mechanisms underlying the loss of
CD31 in naive CD4" T cells. CD31 expression has been shown to
be lost after TCR stimulation of naive CD4% T cells,*® and
therefore low-affinity self-peptide-MHC interactions may be impli-
cated in the generation as well as maintenance of the CD31~

subset.>* Our observation of a restricted IL-7 proliferative effect on
adult CD31" naive CD4" T cells further support this possibility. In
agreement with this, Kholer et al’ reported that the CD31~ subset
expresses increased levels of BFL-1/A1 ex vivo compared with the
CD31* subset. BFL-1/A1 has been described as a marker of recent
TCR engagement whose expression is not induced by cytokine
stimulation,3® further implying that the CD31~ subset is likely to be
maintained by mechanisms that rely on TCR engagement rather
than cytokine-induced proliferation. On the other hand, the pres-
ence of CD31 may impair TCR-mediated maintenance of CD31*
cells, since there are data supporting an inhibitory function for
CD31 in TCR activation through its cytoplasmic immunoreceptor
tyrosine-based inhibitory motifs (ITIMs).3”3 Our data further
support the view that CD31 expression may impact on the
homeostatic mechanisms involved in the maintenance of the adult
naive CD4* T-cell pool.

We also demonstrated that the distinct responses of the CD31+
and CD31~ subsets to IL-7 could not be solely attributed to
differences in IL-7Ro expression. Interestingly, a previous study
addressing the effects of IL-7 in human B-cell progenitors compar-
ing pro-B and pre-B cells reported that only pro-B cells proliferate
in response to IL-7 despite similar levels of IL-7Ra in both
subsets.? In addition, this study demonstrated that in contrast to the
pre—B-cell subset, pro-B cells expressed CD31, further demonstrat-
ing an association between CD31 expression and the ability to
proliferate in response to IL-7.%

In addition, we show that IL-7—induced proliferation of CD31*
naive CD4" T cells from adults is dependent on PI3K activation, in
agreement with what was previously reported for umbilical cord
blood naive T cells.2? Furthermore, we show for the first time that
IL-7 induces maintenance or an increase of CD31 expression in a
PI3K-dependent manner and that this occurs irrespectively of the
induction of proliferation. The biologic significance of this finding
is further emphasized by the absence of changes in the expression
of the CD31 ligand (CD38) upon PI3K inhibition.
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While contributing to the understanding of the role of IL-7 in
the maintenance of naive CD4* subsets in humans, our data further
imply that the CD31% subset is likely to be the main target of
IL-7—driven proliferation during its therapeutic use. This is in
agreement with data recently published of a phase 1 trial using
recombinant IL-7.2! A clear induction of T-cell proliferation was
shown, whereby naive CD4* expansion was accounted by prolifera-
tion of the CD31% naive CD4" T-cell subset that was associated
with a decrease in TREC content which is highly suggestive of
IL-7—driven peripheral expansion.?!

In conclusion, our data support the view that the adult naive
CD4" T-cell subset identified by the CD31 marker, besides
including the recent thymic emigrants,' represents a population
with a unique ability to proliferate in response to IL-7. Moreover,
we show that IL-7 sustains CD31 expression in naive CD4* T cells
in a PI3K-dependent manner. This preferential effect of IL-7 on the
CD31" population provides a biologic rationale for the use of IL-7
therapy in clinical settings where the expansion of the T-cell
repertoire diversity is required.
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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.

Keywords: ageing; CD4 T cells; CD45RA; CMV; IL-7

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
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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

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 pg/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

2 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology



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 UCHLI); 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 GBI11; 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

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

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
FrowJo 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 NCAM16.2) (all from BD Biosciences),
CD45RA  Energy Coupled Dye (ECD, clone MBI;
IqProducts, 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 1II flow cytometer (BD Biosciences).
Data were analysed using FLowJo software (TreeStar) and
PestLE AND SpICE (kindly donated by M. Roederer).

Akt (Ser473) 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 O323; 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 FLowJo 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 PaswStartistics 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.

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. 1¢c) 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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Figure 1. The inflation of CD45RA™ CD27~
and CD45RA™ CD27~ CD4" T-cell subsets is
the result of cytomegalovirus (CMV) exposure
and not of age itself. (a) Phenotypic analysis of
CD45RA/CD27 expression on young, middle-
aged and old CD4" T cells. Peripheral blood
mononuclear cells stained for CD4, CD45RA
and CD27 were analysed by flow cytometry.
Representative pseudocolour plots for each age-
group are shown. (b) Frequencies of each of
the CD45RA/CD27 populations within total
CD4" T cells are represented in correlation to
the age of the donors. Line of best fit was gen-
erated by linear regression and the correlation
assessed by Pearson and Spearman rank
(GrRAPHPAD Prism): CD45RA* CD27% (r =
—0-3154, P = 0-0003), CD45RA™ CD27" (r =
0-2620, P 0-0033), CD45RA™ CD27°
(r=0-1918, P = 0-0321), CD45RA™ CD27~
(r=0-1924, P = 0-0315). (c) Frequencies of
each of the CD45RA/CD27 populations within
total CD4" T cells are represented by grouping
via age (young, < 40 years; old, > 60 years)
and CMV
median values. Statistical analysis was per-
the Mann-Whitney U-test
(GrRAPHPAD Prism). * indicates P value <
0-05; ** indicates P value < 0-001; *** indi-
cates P value < 0-0001.
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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.'”
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Highly differentiated CD45RA™ CD27~ and
CD45RA*Y CD27~ CD4" T-cell subsets are

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" IFN-
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 (GRaPHPAD
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

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-o, 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-a 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).

6 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology
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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.

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology 7



V. Libri et al.

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 wunderstand the extent to which

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 ¢-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 r-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 (GRAPHPAD
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 (Ser473)
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).
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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

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology 9
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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-7Ra throughout the culture period (Fig. 6¢),
except for the initial down-regulation of IL-7Ro (visible
at day 5). In contrast the population of CD45RA" cells
that emerged down-regulated both Bcl-2 and IL7-Ro 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

from a representative experiment out of three
performed are shown.

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"

10 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, /Immunology
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typic analysis of CD45RA/CD27 expression on 50+
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lated overnight with varicella zoster virus
(VZV), cytomegalovirus (CMV) and Epstein—
Barr virus (EBV) viral lysates or purified pro-
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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
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PBMC and BM samples was determined in all
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
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pairs test (GRAPHPAD Prism). CMvV

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. 7c). 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

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology
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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-a.® IFN-o and TNF-u
have been shown to accelerate the loss of CD27 and
CD28 in both CD4*">*7*® 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.””**** 1t is currently not known whether IFN-x 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-o, 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,

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 CMYV, 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-7) 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 Prism).

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

V" PI”7) 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/
CDA45RO 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.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.

14 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, /Immunology



CD45RA Re-Expressing CD4" Memory T Cells Exhibit p38 MAP kinase
Regulated Telomere Independent Senescence

Diletta Di Mitri'?, Rita I. Azevedo'?®, Valentina Libri!, Sian M. Henson!, Richard

Macaulay®, David Kipling?*, Maria V.D. Soares®, Luca Battistini?>, Arne N. Akbar*

Affiliations: 'Division of Infection and Immunity, University College London, London,
W1T 4JF, UK; Neuroimmunology Unit, Santa Lucia Foundation, Rome, Italy; *Unidade
de Imunologia Clinica, Instituto de Medicina Molecular, Lisboa, Portugal; *School of
Medicine, Cardiff University, Heath Park, Cardiff, CF14 4XN, Wales

Correspondence: Professor Arne N. Akbar, Division of Infection and Immunity,
University College London, London, W1T 4JF, UK

Word Count: 3349
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Abstract

In this study we demonstrate that memory CD4" T cells that re-express CD45RA
(CD27'CD45RA"; EMRA) express high levels of surface KLRG-1, reduced replicative
capacity, decreased survival, low telomerase activity and high expression of nuclear
yH2AX after T cell receptor (TCR) activation. Paradoxically, despite exhibiting these
characteristics of senescence, this population has significantly longer telomeres then
central memory-like (CD45RA'CD27") and effector memory-like (CD45RA'CD277) CD4"
T cells in the same individuals. The p38 mitogen activated protein kinase (MAPK) has
been shown to regulate telomere independent senescence in fibroblasts and we found
that the expression of both total and phosphorylated forms of this molecule were highest
in the EMRA population. Furthermore the inhibition of p38 signaling after TCR activation
significantly reduced apoptosis and enhanced both the survival and telomerase activity
in CD27'CD45RA" T cells. We conclude therefore that EMRA CD4" T cells exhibit
telomere independent senescence. Furthermore, this senescence programme is

maintained by active p38 signaling and is reversible.
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Introduction

Human T cell memory is mainly maintained throughout life by episodes of
proliferation induced by antigenic challenge and to a much lesser extent by continued
generation of new cells, as the thymus involutes early in life. However there is a finite
limit to the proliferative capacity of T memory cells that is set by the erosion of repeating
hexameric sequences of DNA at the ends of chromosomes known as telomeres, that
are lost with each replicative cycle (Goronzy et al.,, 2006). Without compensatory
mechanisms such as the induction of the enzyme telomerase, telomeres attrition in
cycling cells results in growth arrest or replicative senescence (Hayflick and Moorhead,
1961). This process was first described in fibroblasts but also occurs in human T cells
after activation and is known as telomere-dependent senescence (Akbar and
Vukmanovic-Stejic, 2007; Effros, 2004; Plunkett et al., 2005). Proliferative arrest that is
independent of telomere length can also occur in cells (telomere independent
senescence) (Toussaint et al., 2002). This process occurs when DNA is damaged by
reactive oxygen species, by ionizing radiation, chromatin perturbation and activation of
p53 and stress pathways (Campisi and d'Adda di Fagagna, 2007; Toussaint et al.,
2000). Telomere independent senescence has been extensively investigated in
fibroblasts (von Zglinicki et al., 2005) however it is not clear whether this process also

occurs in human T cells.

Since the original use of CD45RA and CD45RO antibodies to identify unprimed and
primed/memory subsets of T cells (Akbar et al., 1988; Merkenschlager and Beverley,
1989; Sanders et al., 1988) it has become clear that some primed/memory T cells can
re-express the CD45RA molecule (Bell and Sparshott, 1990; Faint et al., 2001; Hamann
et al., 1997; Pilling et al., 1996). These cells were subsequently shown to be CCR7",
CD27 and CD28°, and therefore have an effector memory-like phenotype (EMRA,;
effector memory-like cells that re-express CD45RA) (Appay et al., 2008; Harari et al.,
2004; Sallusto et al., 2004). Initially, it was thought that the EMRA population were end-
stage T cells (Champagne et al., 2001) however subsequent studies indicated that this
population can be induced to exhibit effector functions and to proliferate to a limited

extent provided that they are activated under optimal conditions (Barber et al., 2006;
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Dunne et al., 2005; Waller et al., 2007). These EMRA T cells are found in both CD4 and
CD8 populations (Akbar and Fletcher, 2005; Koch et al., 2008; Okada et al., 2008;
Romero et al., 2007) and are the dominant memory population that persists after some
forms of vaccination (Akondy et al., 2009). However the exact nature of these T cells is

not clear.

When human T cells differentiate from a naive to an effector memory phenotype they
lose their capacity to upregulate telomerase activity and this is associated with
progressive telomeres reduction (Effros et al., 2005; Fletcher et al., 2005; Plunkett et al.,
2005; Weng et al.,, 1995). However the telomere length or telomerase activity of
CD4'CD27 CD45RA" (EMRA) T cells has never been investigated. In this study we
made the unexpected observation that although CD4" EMRA T cells have many
phenotypic and functional characteristics of a senescent population, they have
significantly longer telomeres than CD27" CD45RA" (central memory; CM) and CD27
CD45RA" (effector memory; EM) cells from the same donor. We found that the
senescence characteristics of this population was mediated in part by active p38
signaling and was reversible. This is the first report that CD4" CD27 CD45RA" EMRA T
cells exhibit characteristics of senescence that is not due to excessive telomere erosion.
This identifies a new functional constraint on the memory T cell pool of older humans
(Hong et al., 2004), subjects with persistent viral infections (Hislop et al., 2005; Khan et
al., 2002; Libri et al., 2010; Wills et al., 2002) and autoimmune diseases (Lindstrom and
Robinson, 2010; Thewissen et al., 2005; Weyand et al., 2003) that all contain increased

proportions of these cells.
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Results and Discussion

CD4" CD27'CD45RA™ (EMRA) T cells exhibit phenotypic and functional

characteristics of cellular senescence.

CD4" T cells can be subdivided into 4 populations on the basis of their relative
expression of CD27 and CD45RA (Fig.1A). In previous studies, on the basis of surface
receptor expression, functional activity and telomere length, undifferentiated populations
have been shown to express CD27'CD45RA", those that are at an early stage of
differentiation are CD27'CD45RA™ while highly differentiated CD4" T cells are CD27"
CD45RA" (Appay et al., 2008; Libri et al., 2010). These subsets are analogous to those
identified in other reports where surface CCR7 together with CD45RA expression were
used (Appay et al., 2008; Harari et al., 2004). In addition, both sets of markers identify a
fourth subset that is CD27'CD45RA" (EMRA) and the proportion of these cells are
increased in older humans (Harari et al., 2004; Libri et al., 2010) and patients with
chronic viral infections (Dunne et al., 2002; Faint et al., 2001; Hislop et al., 2005; Khan
et al., 2002; Wills et al., 2002) and may therefore represent an end-stage population.
The observation that these cells expressed high levels of surface KLRG1 that has been
shown to identify senescent T cells (Ouyang et al., 2003; Voehringer et al.,, 2001),
supported this possibility (Fig. 1B). However the CD27 CD45RA" population also
expressed high levels of this molecule indicating that they may also have characteristics
of senescence. The phosphorylation of the histone protein H2AX can be used to identify
DNA damage foci in senescent fibroblasts (Passos et al., 2010; Tanaka et al., 2007).
We found that after TCR activation, both the CD27 CD45RA™ and the CD27 CD45RA"
populations expressed significantly higher levels of yH2AX than the other subsets (Fig
1C). This was not due to the identification of replicating instead of damaged DNA as we
only included non-proliferating T cells in our analysis (Supplementary Fig. A). Therefore
both CD27 CD45RA™ and CD27 CD45RA™ T cells have the phenotype of senescent
populations.

Previous studies showed that highly differentiated CD4" T cells can be identified by
the loss of CD27 and CD28 expression (CD27'CD28) and these cells have low

telomerase activity and reduced replicative potential compared to less differentiated
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populations in the same subjects (Fletcher et al., 2005; Romero et al., 2007). The CD27"
CD28" population is heterogeneous and consists of both CD27'CD45RA™ and CD27"
CD45RA" T cells (Appay et al., 2008). We found that telomerase activity was
significantly reduced in the CD27 CD45RA" cells compared to the other populations
(Fig. 1C). Therefore although both CD27 CD45RA™ and CD27 CD45RA" T cells exhibit
characteristics of senescence, the loss of telomerase activity is more pronounced in the

latter population.

CD4'CD27 CD45RA" T cells have relatively long telomeres.

The low telomerase activity in CD27'CD45RA" T cells prompted us to investigate
whether they had very short telomeres. The relatively low numbers of these cells in vivo
precluded the use of conventional DNA isolation and electrophoresis methods to
analyze their telomere lengths (Fletcher et al., 2005; Libri et al., 2010; Roth et al., 2005).
We therefore investigated the telomere length of MACS isolated CD4" T cells by 3
colour fluorescence in situ hybridization coupled to flow cytometry using CD45RA,
CD27 and a fluorescence labeled telomere probe (flow-FISH; Fig. 2A). We confirmed
that relatively undifferentiated T cells (CD27'CD45RA") have longer telomeres than the
early differentiated, central memory-like subset (CD27°'CD45RA’), which in turn have
significantly longer telomeres than the effector memory-like (CD27'CD45RA") T cell
population (Fig. 2B). However an unexpected observation was that CD27 CD45RA™ T
cells that have significantly longer telomeres than the CD27 'CD45RA™ and the CD27
CD45RA" memory subsets but shorter telomeres than the undifferentiated/naive
CD27'CD45RA" T cells (Fig. 2B). This suggested that although both CD27 CD45RA
and CD27 CD45RA™ T cells have the characteristics of pre-senescent T cells, the
senescence in the latter population was associated with telomerase inhibition but

paradoxically, not excessive telomere erosion.

CD4'CD27 CD45RA’T cells express high levels of p38 MAP kinase activity.

The activation of p38 MAP kinase has an essential role in both telomere dependent
and telomere independent senescence of fibroblasts (lwasa et al., 2003; Maruyama et

al., 2009). Furthermore telomere-independent senescence can be induced in fibroblasts
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by the constitutive activation of p38 (Davis and Kipling, 2009; Haq et al., 2002; Passos
et al., 2010). We therefore investigated whether p38 signaling regulated the senescence
in CD27 CD45RA" T cells that resembled telomere independent senescence in
fibroblasts. Although several studies have been performed on the role of p38 in the
development and cytokine secretion of T lymphocytes (Berenson et al., 2006; Dodeller
and Schulze-Koops, 2006; Rincon and Pedraza-Alva, 2003), it's involvement with
lymphocyte differentiation is unclear. When we examined either the total level of p38 or
the phosphorylated form of this molecule we found that the highest expression of both
was found in CD27'CD45RA™ T cells (Fig. 3A, 3B). However the CD27 CD45RA" subset
also showed significantly higher levels of this molecule than the CD27°CD45RA" and
CD27'CD45RA" populations (Fig. 3A, 3B). Therefore both the CD27 CD45RA™ and
CD27 CD45RA" T cells upregulate the p38 MAP kinase that is a characteristic of
senescence in fibroblasts. However, the senescence in the latter population is unlikely

to be related to telomere erosion.

p38 Map kinase signaling regulates senescence associated functional changes
in CD4"'CD27 CD45RA™ T cells.

Previous studies showed that CD4"CD27 CD45RA" T cells had diminished capacity
to expand in culture and were highly susceptible to apoptosis compared to the other
subsets (Libri et al., 2010). We investigated whether this defect as well as the decrease
in telomerase induction in these cells was mediated by p38 signaling. To do this we
blocked p38 signaling in activated T cell by the addition of BIRB796 (BIRB), a p38
inhibitor that blocks the activation of all four of the isoforms of p38 (Bain et al., 2007).
We first showed that this inhibitor was specific as it blocked the phosphorylation of p38
(pThr180/pTyrl82) but not JNK (pThrl83/pTyrl85) in activated T cells (Fig. 4A) in
accordance with others (Bagley et al., 2010; Davis et al., 2010). We next confirmed that
CD27 CD45RA™ T cells were impaired in their ability to expand in culture after TCR
activation compared to the other subsets (Fig. 4B). The addition of BIRB to these cells
during activation however significantly increased the cell recovery after activation (Fig.
4B). In addition we showed that the inability of CD27 CD45RA™ T cells to expand after

activation was due to increased levels of apoptosis (Fig. 4C, Supplementary Fig. B) and
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not decreased capacity to enter cell cycle identified by ki67 staining (Fig. 4D). A
fundamental difference in the manifestation of senescence in T cells and fibroblasts is
that senescence fibroblasts can persist without cell division for extended periods in vitro
while senescent T cells are very susceptible to apoptosis (Campisi and d'Adda di
Fagagna, 2007; Feldser et al., 2003). An important observation was that the increased
recovery of CD27'CD45RA" T cells after blocking p38 signaling was due to the
significant reduction of apoptosis (Fig. 4C, supplementary Fig. B) and not increased cell
cycling (Fig. 4D). The inhibition of apoptosis by p38 blockade was due in part to the
upregulation of the anti-apoptotic molecule Bcl-2 in these cells (Supplementary Fig.C,
D).

Although several studies have highlighted the pivotal role of p38 signaling in cellular
senescence, the relationship between the activation of this molecule and telomerase
activity has not been investigated. We therefore questioned whether the low telomerase
activity in the CD27 CD45RA™ T cell population was linked to increased p38 signaling in
these cells. We found that the low telomerase activity in the CD27 CD45RA™ T cell
population was significantly enhanced by up to 3.5 fold in these cells by blocking p38
compared to the cells without the inhibitor (Fig. 4D). Although telomerase activity in the
CD27'CD45RA" population was also increased by blocking p38 signaling, this result was
not significant. This is the first demonstration that the low telomerase activity that has
previously been found in highly differentiated human T cells is due mainly to decreased
induction in the CD27 CD45RA" T cell population (Effros et al., 2005; Fletcher et al.,
2005; Plunkett et al., 2005; Weng et al., 1995). Collectively these data suggest that p38
signaling actively shapes the senescence characteristics of human CD4" lymphocytes
and its effects are most striking in CD27 CD45RA™ T cells that express the highest
levels of this molecule after activation.

A fundamental characteristic of CD27 CD45RA™ T cells is that they upregulate a
senescence programme after activation that is mediated in part by p38 signaling and is
not due to excessive telomere erosion. In contrast, on the basis of their significantly
short telomeres, the CD27 CD45RA™ population may be more susceptible to telomere
dependent senescence. One key unanswered question is how are the CD27 CD45RA"

T cells generated in vivo? Indirect observations suggest that proinflammatory cytokines



CD45RA Re-Expressing CD4" Memory T Cells Exhibit p38 MAP kinase Regulated Telomere Independent Senescence

such as TNF-a. may have a role since the treatment of T cells with this cytokine
upregulates p38 expression (Raingeaud et al., 1995) while the inhibition of TNF-a
signaling enhances telomerase activity in cultured T cells (Parish et al., 2009). In
addition, homeostatic cytokines like IL7 and IL-15 can also induce re-expression of
CD45RA by primed T cell populations (Geginat et al., 2001; Libri et al., 2010) however it
is not clear if they also have a role of initiating a senescence programme in T cells. Our
preliminary observations suggest that p38 also has a similar role in regulating
telomerase activity and senescence in CD8" T cells however there are some differences
compared to the CD4" population. Interestingly, telomerase can also be enhanced in
human CD8" T cells by activating the ERK pathway (Fauce et al., 2008) with a small
molecule telomerase activator (TAT2) however the potential interplay between the ERK
and p38 MAP kinase pathways in the regulation of telomerase activity requires further
investigation. Immunity declines during ageing and the identification of ways to boost
the activity of the immune system is crucial. Understanding the signaling processes that
regulate T cell senescence may be important in diverse clinical situations for example
during chronic viral infection and ageing. The identification that some of the senescence
related changes are reversible raises the possibility of identifying a safe therapeutic

window for blocking T cell senescence to improve immunity in certain situations.
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Materials and methods

Blood sample collection and isolation

Heparinized peripheral blood was collected from healthy volunteers between the
ages of 26 and 60 (median age 39), with approval from the Ethics Committee of the
Royal Free Hospital. Peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll-Hypaque density gradient (Amersham Pharmacia Biotech, Uppsala, Sweden).
CD4" T cells were purified by positive selection using the VARIOMACS system (Miltenyi
Biotec) according to the manufacturer’s instructions. 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 CD4, CD45RA and CD27 antibodies for
30 minutes at 4°C in 1% phosphate-buffered saline (PBS) containing 1% bovine serum
albumin (BSA; Sigma-Aldrich).

Cell culture and use of inhibitors

Cells were cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal calf
serum (FCS), 100 U/mL penicillin, 100 mg/mL streptomycin, 50 ug/ml Gentamicin and 2
mM L-glutamine (all from Invitrogen) at 37°C in a humidified 5% CO incubator. Purified
CD4" subsets were activated in the presence of anti-CD3 antibody (purified OKT3,
0.5ug/ml) and PBMCs irradiated with 40 Gy gamma-radiation, as a source of multiple
co-stimulatory ligands provided by B cells, dendritic cells, and macrophages found in
these populations. In other experiments, cells were cultured in the presence of
recombinant human (rh) IL-2 (5 ng/ml) (R&D Systems). In some experiments the p38
inhibitor BIRB796 was added to the culture. BIRB796 was obtained from David Kipling
already dissolved in DMSO at the concentration of 50mM (Bagley et al., 2006). It has
been diluted in 0,1% DMSO and used at a final concentration of 500nM. Cells were
pretreated with the inhibitor for 30 minutes. A solution of 0.1% DMSO was used as

control.

Flow cytometric analysis of cell phenotype

Isolated T cells were re-suspended in PBS containing 1% BSA and 0.1% sodium

azide (Sigma-Aldrich) then stained for 10 minutes at room temperature with the
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following anti-human monoclonal antibodies: CD45RA (Allophycocyanin; clone MEM56,
Abcam); CD27 (Phycoerythrin; clone M-T271, BD Pharmingen); CD4 (Phycoerythrin-
Cy7; clone SK3, BD Pharmingen); KLRG1 (AlexaFluro 488, kind gift from Prof P.
Pircher, University of Freiburg). Intracellular staining was performed for Bcl-2
(Phycoerythrin; clone Bcl-2/100, BD Pharmingen), Ki67 (Fluorescein isothiocyanate;
clone B56, BD Pharmingen) and p38 (rabbit polyclonal anti-p38, Cell Signaling; Alexa
Fluor 488 goat anti-rabbit Ig, Invitrogen). The intracellular staining was performed using
the Foxp3 Staining Buffer Set (Miltenyi Biotec) according to the manufacturer’s
instructions. Apoptosis was assessed using an Annexin V/ Propidium lodide (PI)
detection kit (BD Pharmingen). Samples were acquired on a BD LSR Il flow-cytometer
(BD Biosciences) after fixation with 1% formaldehyde (Sigma-Aldrich). Data were

analyzed using FlowJo software (TreeStar, Ashland, OR).

Staining of phosphorylated proteins by flow cytometry

The analysis of p38 (pT180/pY182) was performed directly ex vivo. Following surface
staining for CD45RA, CD27 and CD4, PBMCs were fixed with warm Cytofix Buffer (BD
Biosciences) at 37°C for 10 minutes. Cells were then permeabilized with ice-cold Perm
Buffer Ill (BD Biosciences) at 4°C for 30 minutes and incubated with the anti-p38
antibody (pT180/pY182) (Alexa Fluor 488; clone 36/p38, BD Pharmingen) for 30
minutes at room temperature. Cells were washed in Stain Buffer (BD Pharmingen). For
the detection of yH2AX (pSer139) (Alexa 488, clone 2F3, Biolegend), purified subsets
were activated with 0.5 pg/ml of immobilized anti-CD3 and 5 ng/ml of rhiL-2 for 4 days.
Intracellular staining was performed using the BD Phosflow buffers above mentioned.
Samples were acquired on a BD LSR Il flow-cytometer (BD Biosciences) and analyzed

using FlowJo software (TreeStar, Ashland, OR).
Telomere length measurement by flow fluorescent in situ hybridization coupled
to flow cytometry (flow-FISH)

Telomere length of MACS-sorted CD4" T cell populations defined by expression of
CD45RA and CD27 were measured using a modified version of the flow-FISH method
that was previously described (Henson et al., 2009; Plunkett et al., 2007). In brief, CD4"
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cells were surface stained using surface antibodies, washed in PBS then fixed in 1 mM
BS® (Perbio Science). The reaction was quenched with 50 mM Tris (pH 7.2) in PBS.
After washing in PBS followed by hybridization buffer, cells were incubated with the
protein nucleic acid telomeric probe (C3TAy)s conjugated to Cy5 (Panagene). After
heating for 10 minutes at 82°C, samples were left to hybridize. Samples were washed in
post-hybridization buffer followed by PBS and analyzed immediately by flow cytometry.
All samples were run in triplicate alongside cryopreserved PBMCs with known telomere
fluorescence to ensure consistency of results. Kilobase length was determined from
mean fluorescence intensity values using a standard curve. The standard curve was
constructed using samples of varying telomere length analyzed both by flow-FISH and
telomeric restriction fragment analysis (Plunkett et al., 2007).

Measurement of telomerase activity

Telomerase activity was determined using a modified version of the telomeric repeat
amplification protocol (Oncor, Gaithersburg, MD) by Holt et al (Holt et al, 1996). In brief,
purified subsets were activated with anti-CD3 (0.5ug/ml) and irradiated APCs for 4 days.
Cell extracts from equivalent numbers of Ki67" cells were used for telomeric elongation,
using a [y->?P] ATP-end-labelled telomerase substrate (TS) primer. These samples
were then amplified by PCR amplification, using 25 to 28 cycles of 30 s at 94°C and 30
s at 59°C. The PCR products were run on a 12% polyacrylamide (Sigma-Aldrich) gel
that was then exposed to an autoradiography film (Hyperfim MP, Amersham).
Telomerase activity was calculated as a ratio between the optical density of the
telomeric repeat bands and of the internal standard band (IS). As a negative control
lysis buffer was used in place of cell extract. A control template containing the same
sequence as the TS primer plus 8 telomeric repeats was used as a PCR positive

control.

RT-PCR analysis of Bcl-2 mRNA

Expression of Bcl-2 mRNA was analyzed by semiquantitative reverse transcription
(RT)-PCR amplification. CD4" cells were cultured with anti-CD3 (0.5ug/ml) and rhIL-2 (5

ng/ml) in the presence or absence of BIRB796 for 3 days. Total RNA was isolated using
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RNeasy kit (Qiagen), and cDNA was synthesized. Bcl-2 expression was evaluated by
RT-PCR on an ABI PRISM 7500 (Applied Biosystems) with the following primers:
forward S-TTGCTTTACGTGGCCTGTTTC-3, reverse 5'-
GAAGACCCTGAAGGACAGCCAT-3. The housekeeping 18S mRNA, used as an
external standard, was amplified from the same cDNA reaction mixture using specific
primers. The level of Bcl-2 was expressed as a ratio to the level of 18S to control for
differing levels of cDNA in each sample.

Western blot analysis

CD4" T cells were activated with PMA (0.5 pg/ml, Sigma-Aldrich) and ionomycin (0.5
pg/ml, Sigma-Aldrich) in the presence or absence of BIRB796. Cells were harvested
after 30 minutes of stimulation and lysates were obtained by sonicating cells in 50 mM
Tris-HCI (pH 7.5), 2 mM EGTA, 0.1% Triton X-100 buffer. Lysates from 2 x10° cells
were fractionated on SDS-polyacrylamide electrophoresis gels and analyzed by
immunoblotting with either anti-phospho-p38 (pThrl80/pTyrl82, Cell Signaling), anti-
pJNK (pThrl83/pTyrl85, BD Biosciences) or anti-B-actin (Abcam) using the ECL
Advanced Western Blotting Detection kit (Amersham Biosciences), according to the

protocol provided by the manufacturer.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 4.00 (GraphPad
Software, San Diego, CA). Data are presented as mean plus or minus standard error of

mean (SEM). P less than 0.05 was considered significant.

Acknowledgements

We thank Mark Bagley (School of Chemistry, Cardiff University) for generous gifts of

reagents and Terry Davis (School of Medicine, Cardiff University) for useful comments.

13



CD45RA Re-Expressing CD4" Memory T Cells Exhibit p38 MAP kinase Regulated Telomere Independent Senescence

References

Akbar, A.N., and J.M. Fletcher. 2005. Memory T cell homeostasis and senescence during aging.
Curr Opin Immunol. 17:480-5.

Akbar, A.N., L. Terry, A. Timms, P.C. Beverley, and G. Janossy. 1988. Loss of CD45R and gain
of UCHLL1 reactivity is a feature of primed T cells. J Immunol. 140:2171-8.

Akbar, A.N., and M. Vukmanovic-Stejic. 2007. Telomerase in T lymphocytes: use it and lose it?
J Immunol. 178:6689-94.

Akondy, R.S., N.D. Monson, J.D. Miller, S. Edupuganti, D. Teuwen, H. Wu, F. Quyyumi, S.
Garg, J.D. Altman, C. Del Rio, H.L. Keyserling, A. Ploss, C.M. Rice, W.A. Orenstein, M.J.
Mulligan, and R. Ahmed. 2009. The yellow fever virus vaccine induces a broad and
polyfunctional human memory CD8+ T cell response. J Immunol. 183:7919-30.

Appay, V., R.A. van Lier, F. Sallusto, and M. Roederer. 2008. Phenotype and function of human
T lymphocyte subsets: consensus and issues. Cytometry A. 73:975-83.

Bagley, M.C., T. Davis, M.C. Dix, C.S. Widdowson, and D. Kipling. 2006. Microwave-assisted
synthesis of N-pyrazole ureas and the p38alpha inhibitor BIRB 796 for study into accelerated
cell ageing. Org Biomol Chem. 4:4158-64.

Bagley, M.C., T. Davis, P.G.S. Murziani, C.S. Widdowson, and D. Kipling. 2010. Use of p38
MAPK Inhibitors for the Treatment of Werner Syndrome. Pharmaceuticals. 3:1842-72.

Bain, J., L. Plater, M. Elliott, N. Shpiro, C.J. Hastie, H. McLauchlan, I. Klevernic, J.S. Arthur,
D.R. Alessi, and P. Cohen. 2007. The selectivity of protein kinase inhibitors: a further update.
Biochem J. 408:297-315.

Barber, D.L., E.J. Wherry, D. Masopust, B. Zhu, J.P. Allison, A.H. Sharpe, G.J. Freeman, and R.
Ahmed. 2006. Restoring function in exhausted CD8 T cells during chronic viral infection. Nature.
439:682-7.

Bell, E.B., and S.M. Sparshott. 1990. Interconversion of CD45R subsets of CD4 T cells in vivo.
Nature. 348:163-6.

Berenson, L.S., J. Yang, B.P. Sleckman, T.L. Murphy, and K.M. Murphy. 2006. Selective
requirement of p38alpha MAPK in cytokine-dependent, but not antigen receptor-dependent, Thl
responses. J Immunol. 176:4616-21.

Campisi, J., and F. d'Adda di Fagagna. 2007. Cellular senescence: when bad things happen to
good cells. Nat Rev Mol Cell Biol. 8:729-40.

Champagne, P., G.S. Ogg, A.S. King, C. Knabenhans, K. Ellefsen, M. Nobile, V. Appay, G.P.
Rizzardi, S. Fleury, M. Lipp, R. Forster, S. Rowland-Jones, R.P. Sekaly, A.J. McMichael, and G.
Pantaleo. 2001. Skewed maturation of memory HIV-specific CD8 T lymphocytes. Nature.
410:106-11.

Davis, T., M.A. Bachler, F.S. Wyllie, M.C. Bagley, and D. Kipling. 2010. Evaluating the role of
p38 MAP kinase in growth of Werner syndrome fibroblasts. Ann N Y Acad Sci. 1197:45-8.
Davis, T., and D. Kipling. 2009. Assessing the role of stress signalling via p38 MAP kinase in
the premature senescence of ataxia telangiectasia and Werner syndrome fibroblasts.
Biogerontology. 10:253-66.

Dodeller, F., and H. Schulze-Koops. 2006. The p38 mitogen-activated protein kinase signaling
cascade in CD4 T cells. Arthritis Res Ther. 8:205.

Dunne, P.J., L. Belaramani, J.M. Fletcher, S. Fernandez de Mattos, M. Lawrenz, M.V. Soares,
M.H. Rustin, EW. Lam, M. Salmon, and A.N. Akbar. 2005. Quiescence and functional

14



CD45RA Re-Expressing CD4" Memory T Cells Exhibit p38 MAP kinase Regulated Telomere Independent Senescence

reprogramming of Epstein-Barr virus (EBV)-specific CD8+ T cells during persistent infection.
Blood. 106:558-65.

Dunne, P.J., J.M. Faint, N.H. Gudgeon, J.M. Fletcher, F.J. Plunkett, M.V. Soares, A.D. Hislop,
N.E. Annels, A.B. Rickinson, M. Salmon, and A.N. Akbar. 2002. Epstein-Barr virus-specific
CD8(+) T cells that re-express CD45RA are apoptosis-resistant memory cells that retain
replicative potential. Blood. 100:933-40.

Effros, R.B. 2004. Replicative senescence of CD8 T cells: effect on human ageing. Exp
Gerontol. 39:517-24.

Effros, R.B., M. Dagarag, C. Spaulding, and J. Man. 2005. The role of CD8+ T-cell replicative
senescence in human aging. Immunol Rev. 205:147-57.

Faint, J.M., N.E. Annels, S.J. Curnow, P. Shields, D. Pilling, A.D. Hislop, L. Wu, A.N. Akbar,
C.D. Buckley, P.A. Moss, D.H. Adams, A.B. Rickinson, and M. Salmon. 2001. Memory T cells
constitute a subset of the human CD8+CD45RA+ pool with distinct phenotypic and migratory
characteristics. J Immunol. 167:212-20.

Fauce, S.R., B.D. Jamieson, A.C. Chin, R.T. Mitsuyasu, S.T. Parish, H.L. Ng, C.M. Kitchen,
0.0. Yang, C.B. Harley, and R.B. Effros. 2008. Telomerase-based pharmacologic enhancement
of antiviral function of human CD8+ T lymphocytes. J Immunol. 181:7400-6.

Feldser, D.M., J.A. Hackett, and C.W. Greider. 2003. Telomere dysfunction and the initiation of
genome instability. Nat Rev Cancer. 3:623-7.

Fletcher, J.M., M. Vukmanovic-Stejic, P.J. Dunne, K.E. Birch, J.E. Cook, S.E. Jackson, M.
Salmon, M.H. Rustin, and A.N. Akbar. 2005. Cytomegalovirus-specific CD4+ T cells in healthy
carriers are continuously driven to replicative exhaustion. J Immunol. 175:8218-25.

Geginat, J., F. Sallusto, and A. Lanzavecchia. 2001. Cytokine-driven proliferation and
differentiation of human naive, central memory, and effector memory CD4(+) T cells. J Exp Med.
194:1711-9.

Goronzy, J.J., H. Fujii, and C.M. Weyand. 2006. Telomeres, immune aging and autoimmunity.
Exp Gerontol. 41:246-51.

Hamann, D., P.A. Baars, M.H. Rep, B. Hooibrink, S.R. Kerkhof-Garde, M.R. Klein, and R.A. van
Lier. 1997. Phenotypic and functional separation of memory and effector human CD8+ T cells. J
Exp Med. 186:1407-18.

Haq, R., J.D. Brenton, M. Takahashi, D. Finan, A. Finkielsztein, S. Damaraju, R. Rottapel, and
B. Zanke. 2002. Constitutive p38HOG mitogen-activated protein kinase activation induces
permanent cell cycle arrest and senescence. Cancer Res. 62:5076-82.

Harari, A., F. Vallelian, and G. Pantaleo. 2004. Phenotypic heterogeneity of antigen-specific
CD4 T cells under different conditions of antigen persistence and antigen load. Eur J Immunol.
34:3525-33.

Hayflick, L., and P.S. Moorhead. 1961. The serial cultivation of human diploid cell strains. Exp
Cell Res. 25:585-621.

Henson, S.M., O. Franzese, R. Macaulay, V. Libri, R.Il. Azevedo, S. Kiani-Alikhan, F.J. Plunkett,
J.E. Masters, S. Jackson, S.J. Griffiths, H.P. Pircher, M.V. Soares, and A.N. Akbar. 2009.
KLRG1 signaling induces defective Akt (serd73) phosphorylation and proliferative dysfunction of
highly differentiated CD8+ T cells. Blood. 113:6619-28.

Hislop, A.D., M. Kuo, A.B. Drake-Lee, A.N. Akbar, W. Bergler, N. Hammerschmitt, N. Khan, U.
Palendira, A.M. Leese, J.M. Timms, A.l. Bell, C.D. Buckley, and A.B. Rickinson. 2005. Tonsillar

15



CD45RA Re-Expressing CD4" Memory T Cells Exhibit p38 MAP kinase Regulated Telomere Independent Senescence

homing of Epstein-Barr virus-specific CD8+ T cells and the virus-host balance. J Clin Invest.
115:2546-55.

Hong, M.S., J.M. Dan, J.Y. Choi, and I. Kang. 2004. Age-associated changes in the frequency
of naive, memory and effector CD8+ T cells. Mech Ageing Dev. 125:615-8.

Iwasa, H., J. Han, and F. Ishikawa. 2003. Mitogen-activated protein kinase p38 defines the
common senescence-signalling pathway. Genes Cells. 8:131-44.

Khan, N., N. Shariff, M. Cobbold, R. Bruton, J.A. Ainsworth, A.J. Sinclair, L. Nayak, and P.A.
Moss. 2002. Cytomegalovirus seropositivity drives the CD8 T cell repertoire toward greater
clonality in healthy elderly individuals. J Immunol. 169:1984-92.

Koch, S., A. Larbi, E. Derhovanessian, D. Ozcelik, E. Naumova, and G. Pawelec. 2008.
Multiparameter flow cytometric analysis of CD4 and CD8 T cell subsets in young and old
people. Immun Ageing. 5:6.

Libri, V., R.l. Azevedo, S.E. Jackson, D. Di Mitri, R. Lachmann, S. Fuhrmann, M. Vukmanovic-
Stejic, K. Yong, L. Battistini, F. Kern, M.V.D. Soares, and A.N. Akbar. 2010. IL-7 Induces Short-
Lived, Multifunctional CD4+ CD27-CD45RA+ T Cells That Accumulate During Persistent
Cytomegalovirus Infection. Immunology:In press.

Lindstrom, T.M., and W.H. Robinson. 2010. Rheumatoid arthritis: a role for
immunosenescence? J Am Geriatr Soc. 58:1565-75.

Maruyama, J., I. Naguro, K. Takeda, and H. Ichijo. 2009. Stress-activated MAP kinase
cascades in cellular senescence. Curr Med Chem. 16:1229-35.

Merkenschlager, M., and P.C. Beverley. 1989. Memory T cells. Nature. 341:392.

Okada, R., T. Kondo, F. Matsuki, H. Takata, and M. Takiguchi. 2008. Phenotypic classification
of human CD4+ T cell subsets and their differentiation. Int Immunol. 20:1189-99.

Ouyang, Q., W.M. Wagner, D. Voehringer, A. Wikby, T. Klatt, S. Walter, C.A. Muller, H. Pircher,
and G. Pawelec. 2003. Age-associated accumulation of CMV-specific CD8+ T cells expressing
the inhibitory killer cell lectin-like receptor G1 (KLRG1). Exp Gerontol. 38:911-20.

Parish, S.T., JE. Wu, and R.B. Effros. 2009. Modulation of T lymphocyte replicative
senescence via TNF-{alpha} inhibition: role of caspase-3. J Immunol. 182:4237-43.

Passos, J.F., G. Nelson, C. Wang, T. Richter, C. Simillion, C.J. Proctor, S. Miwa, S. Olijslagers,
J. Hallinan, A. Wipat, G. Saretzki, K.L. Rudolph, T.B. Kirkwood, and T. von Zglinicki. 2010.
Feedback between p21 and reactive oxygen production is necessary for cell senescence. Mol
Syst Biol. 6:347.

Pilling, D., A.N. Akbar, P.A. Bacon, and M. Salmon. 1996. CD4+ CD45RA+ T cells from adults
respond to recall antigens after CD28 ligation. Int Immunol. 8:1737-42.

Plunkett, F.J., O. Franzese, L.L. Belaramani, J.M. Fletcher, K.C. Gilmour, R. Sharifi, N. Khan,
A.D. Hislop, A. Cara, M. Salmon, H.B. Gaspar, M.H. Rustin, D. Webster, and A.N. Akbar. 2005.
The impact of telomere erosion on memory CD8+ T cells in patients with X-linked
lymphoproliferative syndrome. Mech Ageing Dev. 126:855-65.

Plunkett, F.J., O. Franzese, H.M. Finney, J.M. Fletcher, L.L. Belaramani, M. Salmon, |. Dokal,
D. Webster, A.D. Lawson, and A.N. Akbar. 2007. The loss of telomerase activity in highly
differentiated CD8+CD28-CD27- T cells is associated with decreased Akt (Serd73)
phosphorylation. J Immunol. 178:7710-9.

Raingeaud, J., S. Gupta, J.S. Rogers, M. Dickens, J. Han, R.J. Ulevitch, and R.J. Davis. 1995.
Pro-inflammatory cytokines and environmental stress cause p38 mitogen-activated protein

16



CD45RA Re-Expressing CD4" Memory T Cells Exhibit p38 MAP kinase Regulated Telomere Independent Senescence

kinase activation by dual phosphorylation on tyrosine and threonine. J Biol Chem. 270:7420-6.
Rincon, M., and G. Pedraza-Alva. 2003. JNK and p38 MAP kinases in CD4+ and CD8+ T cells.
Immunol Rev. 192:131-42.

Romero, P., A. Zippelius, I. Kurth, M.J. Pittet, C. Touvrey, E.M. lancu, P. Corthesy, E. Devevre,
D.E. Speiser, and N. Rufer. 2007. Four functionally distinct populations of human effector-
memory CD8+ T lymphocytes. J Immunol. 178:4112-9.

Roth, A., G.M. Baerlocher, M. Schertzer, E. Chavez, U. Duhrsen, and P.M. Lansdorp. 2005.
Telomere loss, senescence, and genetic instability in CD4+ T lymphocytes overexpressing
hTERT. Blood. 106:43-50.

Sallusto, F., J. Geginat, and A. Lanzavecchia. 2004. Central memory and effector memory T cell
subsets: function, generation, and maintenance. Annu Rev Immunol. 22:745-63.

Sanders, M.E., M.\W. Makgoba, S.O. Sharrow, D. Stephany, T.A. Springer, H.A. Young, and S.
Shaw. 1988. Human memory T lymphocytes express increased levels of three cell adhesion
molecules (LFA-3, CD2, and LFA-1) and three other molecules (UCHL1, CDw?29, and Pgp-1)
and have enhanced IFN-gamma production. J Immunol. 140:1401-7.

Tanaka, T., H.D. Halicka, F. Traganos, K. Seiter, and Z. Darzynkiewicz. 2007. Induction of ATM
activation, histone H2AX phosphorylation and apoptosis by etoposide: relation to cell cycle
phase. Cell Cycle. 6:371-6.

Thewissen, M., L. Linsen, V. Somers, P. Geusens, J. Raus, and P. Stinissen. 2005. Premature
immunosenescence in rheumatoid arthritis and multiple sclerosis patients. Ann N Y Acad Sci.
1051:255-62.

Toussaint, O., E.E. Medrano, and T. von Zglinicki. 2000. Cellular and molecular mechanisms of
stress-induced premature senescence (SIPS) of human diploid fibroblasts and melanocytes.
Exp Gerontol. 35:927-45.

Toussaint, O., J. Remacle, J.F. Dierick, T. Pascal, C. Frippiat, S. Zdanov, J.P. Magalhaes, V.
Royer, and F. Chainiaux. 2002. From the Hayflick mosaic to the mosaics of ageing. Role of
stress-induced premature senescence in human ageing. Int J Biochem Cell Biol. 34:1415-29.
Voehringer, D., C. Blaser, P. Brawand, D.H. Raulet, T. Hanke, and H. Pircher. 2001. Viral
infections induce abundant numbers of senescent CD8 T cells. J Immunol. 167:4838-43.

von Zglinicki, T., G. Saretzki, J. Ladhoff, F. d'Adda di Fagagna, and S.P. Jackson. 2005. Human
cell senescence as a DNA damage response. Mech Ageing Dev. 126:111-7.

Waller, E.C., N. McKinney, R. Hicks, A.J. Carmichael, J.G. Sissons, and M.R. Wills. 2007.
Differential costimulation through CD137 (4-1BB) restores proliferation of human virus-specific
"effector memory" (CD28(-) CD45RA(HI)) CD8(+) T cells. Blood. 110:4360-6.

Weng, N.P., B.L. Levine, C.H. June, and R.J. Hodes. 1995. Human naive and memory T
lymphocytes differ in telomeric length and replicative potential. Proc Natl Acad Sci U S A.
92:11091-4.

Weyand, C.M., J.W. Fulbright, and J.J. Goronzy. 2003. Immunosenescence, autoimmunity, and
rheumatoid arthritis. Exp Gerontol. 38:833-41.

Wills, M.R., G. Okecha, M.P. Weekes, M.K. Gandhi, P.J. Sissons, and A.J. Carmichael. 2002.
Identification of naive or antigen-experienced human CD8(+) T cells by expression of
costimulation and chemokine receptors: analysis of the human cytomegalovirus-specific CD8(+)
T cell response. J Immunol. 168:5455-64.

17



CD45RA Re-Expressing CD4" Memory T Cells Exhibit p38 MAP kinase Regulated Telomere Independent Senescence

Figure 1. CD4" revertants express high levels of KLRG-1 and y-H2AX following
activation and are defective for telomerase activity . (A) Phenotypic analysis of
CD27/CD45RA expression on CD4" T cells. PBMCs stained for CD4, CD27 and
CD45RA were analysed by flow cytometry. Representative pseudo-color plots are
shown. (B) Bar graph shows the cumulative data for the percentage of KLRG-1
expressed on CD4" CD27/CD45RA T cell subsets. Error bars represent the SE from the
mean of sixteen donors. Statistical analysis was performed using the two-tailed
Student’s t test (GraphPad Prism). (C) Purified CD27/CD45RA CD4" T cell subsets
were activated with anti-CD3 and rhiL-2. On day 4, expression of the DNA damage
marker y-H2AX was assessed by flow cytometry. The analysis has been performed on
non-proliferating lymphocytes (gate A). Bar graph shows the percentage of y-H2AX
positive cells within each subset. Error bars represent the SE from the mean of three
separate experiments. Statistical analysis was performed using the two-tailed Student’s
t test (GraphPad Prism). Pseudo-color plots from a representative experiment out of
three are shown. (D) Telomerase activity was determined by telomeric repeat
amplification protocol assay. Purified subsets were activated with anti-CD3 and
irradiated APCs for 4 days. Graph represents telomerase activity normalized for the
activity observed in the Naive subset. Error bars represent the SE from the mean of five
separate experiments. Statistical analysis was performed using the two-tailed Student’s
t test (GraphPad Prism). Autoradiography of a TRAP assay acrylamide gel from a
representative experiment is shown. Control template consists of PCR mix and
telomeric template with no cell extract added. As a negative control, lysis buffer was

used instead of cell extract.

Figure 2. CD4" revertants do not have the shortest telomeres (A) Representative
confocal microscopy image showing CD4" cells (red) hybridized with a quantitative
fluorescent PNA telomere probe (blue), the intensity of which is proportional to telomere
length. (B) Telomere length was determined by Flow-FISH. Each circle represents one
individual with the mean telomere length shown as a horizontal bar. Statistical analysis

was performed using the two-tailed Student’s t test (GraphPad Prism).

Figure 3. CD4" 27'RA" express higher levels of total and phosphorylated p38 ex
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vivo. The median fluorescence intensity of total p38 (A) and of phosphorylated p38 (B)
was assessed ex vivo in PBMCs by gating within total CD4" T cells and within each of
the CD27/CD45RA subsets. Overlays of total p38 (A) and of phospho-p38 (B) within the
respective subsets are shown. The values represent the median fluorescent intensity of
p38 within each subset. Bar graphs represent the ex vivo mean fluorescence intensity of
total p38 (A) and phospho-p38 (B) normalized for the levels of expression in the naive
population. Error bars represent the SE (A n=7, B n=10). Statistical analysis was

performed using the two-tailed Student’s t test (GraphPad Prism).

Figure 4. p38 inhibition improves cell survival and increases telomerase activity
on CD4" revertants. (A) Western blot showing the effects of the p38 inhibitor BIRB796
on p38 and JNK phosphorylation. B-actin was used as a loading control. (B) Effects of
BIRB796 on cell recovery. On day 4, the cell number was determined on a
hemocytometer. Bar graph represents the number of cells recovered normalized for the
initial number of cells placed in culture. Error bars represent the SE (n=3). (C) Bar graph
shows the percentage of apoptotic cells (Annexin V* PI) within each subset in the
presence or absence of BIRB796 treatment. Purified CD27/CD45RA CD4" T cell
subsets were activated with anti-CD3 and IL-2, with (white bars) or without (grey bars)
BIRB796. On day 4, apoptosis was assessed by Annexin V staining and PI
incorporation. Error bars represent the SE (n=3). (D) Bar graph shows the percentage of
Ki67" proliferating cells in presence and absence of BIRB796. Purified CD45RA/CD27
CD4" T cell subsets were activated with anti-CD3 and rhIL-2, with (white bars) or
without (grey bars) BIRB796. On day 4, proliferation was assessed by Ki67 staining.
Results from 5 experiments are shown. (E) Autoradiography of a TRAP assay
acrylamide gel from a representative experiment is shown. Telomerase activity was
determined by telomeric repeat amplification protocol assay. Purified subsets were
activated with anti-CD3 and irradiated APCs for 4 days in absence and presence of
BIRB796. Bar graph shows the fold change of telomerase activity following treatment
with BIRB796. As a negative control, lysis buffer was used instead of cell extract.
Results have been normalized for the telomerase activity of each population in the
absence of inhibitor. Error bars represent the SE (n=4). Statistical analysis was

performed using the two-tailed Student’s t test (GraphPad Prism).
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Supplementary data. (A) Purified CD27/CD45RA CD4+ T cell subsets were activated
with anti-CD3 and rhiL-2. On day 4, expression of the DNA damage marker y-H2AX was
assessed by flow cytometry. The analysis has been performed on non-proliferating
lymphocytes (gate A). (B) Purified CD27/CD45RA CD4" T cell subsets were activated
with anti-CD3 and rhiL-2, with (lower panel) or without (upper panel) BIRB796. On day
4, apoptosis was assessed by Annexin V staining and Pl incorporation. Representative
pseudocolour plots are shown. (C) Bcl-2 expression was assessed at the protein level
by flow-cytometry. Total CD4 were stimulated for four days with anti-CD3 and IL2 with
and without BIRB796. A representative plot from three donors is shown. (D) Bar graph
shows Bcl-2 mRNA levels measured in total CD4 stimulated for three days with anti-
CD3 and rhIL2 in the presence or absence of BIRB796 treatment. The mRNA levels
have been measured by Real Time PCR. The results from three different experiments

are represented in the graph.
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Supplementary Figure.
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