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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
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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 1L-7.%9 Despite this, a considerable reliance upon IL-7 in
naive T-cell homeostasis after T-cell depletion has been established.”!
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,''"13 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
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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,
CD45R0O, 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 M 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 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;
UCHLL1), 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 uM 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. 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
FlowJo 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
CD4™" 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
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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*CD45RACD31" and CD4*CD45RATCD31~ 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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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
7-day culture in the presence of IL-7 of purified CD31* and
CD31~ naive CD4* T-cell subsets from adult peripheral
blood, for an IL-7 “nonresponder” (top panel), an IL-7 “re-
sponder” (middle panel), and CB (bottom panel). Cells were
successively gated on a viable lymphogate, CD3", CD4*,
and CD45RA*. (B) CD31 MFI was assessed within the
purified CD31" naive subset further gated on Ki67* or Ki67~
cells after 7-day culture with IL-7. Three adults and 4 CB
samples were studied. (C) Representative dot-plot illustrating
CD31 expression plotted against CFSE labeling of CB
CD47CD45RA™ T cells cultured with IL-7 for 7 days. CD31*
cells were further gated according to the number of cell
divisions, and bars show CD31 MFI from 4 experiments.
(D) Ex vivo analysis of IL-7Ra MFI on freshly isolated
mononuclear cells from adult and CB samples sequentially

4 3210

gated on CD3*, CD4*, CD45RA*, and CD31* or CD31~
lymphocytes. Each symbol represents one individual. Bars
represent mean plus or minus SEM. Data were compared
using paired or unpaired ¢ test as appropriate and significant
Pvalues are shown.
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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-7Ra 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

Adults

Cords

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 CD317" naive
CD4+* subset. As illustrated in Figure 4, PD98059 did not impair
any of the IL-7-dependent effects assessed, indicating that the
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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-7Ra 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 5A, 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
expression on both adult and CB naive CD4 T cells
through the PI3K pathway. (A) CD31 MFI on CD31*
and CD31~ sorted subpopulations of naive CD4* T cells
from adult (n = 13) and CB (n = 5) at day 0 and day 7 in
the presence or absence (control) of IL-7. Analysis of CB
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 3 individuals). Open
symbols represent CD31* purified cells while closed
symbols correspond to the CD31~ fraction. (C) CD31
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pathway and likely contribute to the maintenance of CD31" 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 CD317" 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.

Acknowledgments

We are grateful to Professor Arne N. Akbar (University College
London) and Russell B. Foxall and Helena Cabago (both from

BLOOD, 26 MARCH 2009 « VOLUME 113, NUMBER 13

Instituto de Medicina Molecular, Lisboa) for critical review of this
manuscript and for scientific discussions. We acknowledge Dr
Helena Ferreira (Hospital Universitario de Santa Maria, Lisboa) for
providing umbilical cord blood samples.

This work was supported by grant POCI/BIA-BCM/61079/
2004 from Fundagdo para a Ciéncia e a Tecnologia (FCT) and by
Programa Operacional Ciéncia e Inovacdo 2010 (POCI2010; to
M.V.D.S.) RI.A.,, M.VD.S,, and R.T. received scholarships from
FCT cofinanced by POCI 2010 and FSE.

Authorship

Contribution: R.ILA. and M.V.D.S. designed and performed re-
search, analyzed and interpreted data, and wrote the paper; J.T.B.
designed research and discussed data; R.T. and A.S.-C. performed
research; R.M.M.V. discussed data; and A.E.S. designed research,
supervised the work, and wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Maria Vieira D. Soares, Unidade de Imunolo-
gia Clinica, Instituto de Medicina Molecular, Faculdade de Medi-
cina de Lisboa, Av Prof Egas Moniz, 1649-028 Lisboa, Portugal;
e-mail: msoares @fm.ul.pt.

References

1. Kimmig S, Przybylski GK, Schmidt CA, et al. geneic hematopoietic stem cell transplantation. 21. Sportes C, Hakim FT, Memon SA, et al. Adminis-
Two subsets of naive T helper cells with distinct J Clin Invest. 2003;112:1095-1107. tration of rhIL-7 in humans increases in vivo TCR
T-cell receptor excision circle contentinhuman 15 Broers AE, Posthumus-van Sluijs SJ, Spits H, et repertoire diversity by preferential expansion of
adult peripheral blood. J Exp Med. 2002;195: al. Interleukin-7 improves T-cell recovery after naive T-cell subsets. J Exp Med. 2008;205:1701-
789-794. experimental T-cell-depleted bone marrow trans- 1714.

2. Fry TJ, Mackall CL. The many faces of IL-7: from plantation in T-cell-deficient mice by strong ex- 22. Hassan J, Reen DJ. IL-7 promotes the survival
lymphopoiesis to peripheral T-cell maintenance. pansion of recent thymic emigrants. Blood. 2003; and maturation but not differentiation of human
J Immunol. 2005;174:6571-6576. 102:1534-1540. post-thymic CD4+ T cells. Eur J Immunol. 1998;

3. Kong FK, Chen CL, Six A, Hockett RD, Cooper 13. Mackall CL, Fry TJ, Bare C, Morgan P, Galbraith 28:3057-3065.
MD. T-cell receptor gene deletion circles identify A, Gress RE. IL-7 increases both thymic-depen- 3. Swai L Kinet S. M laz G. Souri M
recent thymic emigrants in the peripheral T-cell dent and thymic-independent T-cell regeneration - Swainson L, Kinet S, Mongellaz C, Sourisseau M,
pool. Proc Natl Acad Sci U S A. 1999;96:1536- after bone marrow transplantation. Blood. 2001; Henriques T, T‘aylor.N. IL—7—|nde:ed prqllfel:atlon
1540. 97:1491-1497. of recent thymic emigrants requires activation of

4. Douek DC, McFarland RD, Keiser PH, et al. 14. Moniuszko M, Fry T, Tsai WP, et al. Recombinant the PISK pathway. Blood. 2007;109:1034-1042.
Changes in thymic function with age and during interleukin-7 induces proliferation of naive ma- 24. Hassan J, Reen DJ. Human recent thymic emi-
the treatment of HIV infection. Nature. 1998:396: caque CD4+ and CD8+ T cells in vivo. J Virol. grants—identification, expansion, and survival
690-695. 2004;78:9740-9749. characteristics. J Immunol. 2001;167:1970-1976.

5. Kohler S, Wagner U, Pierer M, et al. Post-thymic 15. Fry TJ, Moniuszko M, Creekmore S, et al. IL-7 25. Jaleco S, Swainson L, Dardalhon V, Burjanadze
in vivo proliferation of naive CD4+ T cells con- therapy dramatically alters peripheral T-cell ho- M, Kinet S, Taylor N. Homeostasis of naive and
strains the TCR repertoire in healthy human meostasis in normal and SiV-infected nonhuman memory CD4+ T cells: IL-2 and IL-7 differentially
adults. Eur J Immunol. 2005;35:1987-1994. primates. Blood. 2003;101:2294-2299. regulate the balance between proliferation and

6. Kilpatrick RD, Rickabaugh T, Hultin LE, et al. 16. Albuquerque AS, Cortesao CS, Foxall RB, Fas-mediated apoptosis. J Immunol. 2003;171:
Homeostasis of the naive CD4+ T-cell com- Soares RS, V'(I:t(t)_”nolfl;/l' Sglljsa A?ILR:;:) ofin- 61-68.

- - 180" crease in circulating IL-7 and loss of IL-7Ra ex- )
Q)ngt;n_?g:)g%lrlng aging. J Immunol. 2008;180: pression differ in HIV-1 and HIV-2 infections: two 26. ParkJH,YuQ, Erlfnz-%n B, etal. Suppression of
lymphopenic diseases with similar hyperimmune IL7Ralpha transcription by IL-7 and other prosur-

7. TanJT, Dudl E, LeRoy E, et al. IL-7 is critical for activation but distinct outcomes. J Immunol. vival cytokines: a novel mechanism for maximiz-
homeostatic proliferation and survival of naive 2007;178:3252-3259. ing IL-7-dependent T-cell survival. Immunity.
2;7(?7"_3' Proc Natl Acad Sci U S A. 2001;98:8752 17. Bolotin E, Annett G, Parkman R, Weinberg K. Se- 2004;21:289-302.

rum levels of IL-7 in bone marrow transplant re- 27. Barata JT, Silva A, Brandao JG, Nadler LM, Cardoso

8. Soares MV, Borthwick NJ, Maini MK, Janossy G, cipients: relationship to clinical characteristics AA, Boussiotis VA. Activation of PI3K is indispens-
Salmon M, Akbar AN. IL-7-dependent extrathymic and lymphocyte count. Bone Marrow Transplant. able for interleukin 7-mediated viability, proliferation,
expansion of lCD45RA+lT cells enables preser- 1999;23:783-788. glucose use, and growth of T-cell acute lympho-
vation of a naive repertoire. J Immunol. 1998;161: 18. Napolitano LA, Grant RM, Deeks SG, et al. In- blastic leukemia cells. J Exp Med. 2004;200:659-
5909-5917. creased production of IL-7 accompanies HIV-1- 669.

% IL7Re gono oxpresaion s invereey Gorrlated e Nt en o ioge o Te8ll 25, Leonard W, O'Shea JJ. Jaks and STATS: bilogi
with cell cycle progression in IL-7-stimulated ! ' - i ’ cal implications. Annu Rev Immunol. 1998;16:

19. Fry TJ, Connick E, Falloon J, et al. A potential role 293-322.

T lymphocytes. J Immunol. 2006;176:6702-6708. for interleukin-7 in T-cell homeostasis. Blood.

10. Seddon B, Zamoyska R. TCR and IL-7 receptor 2001;97:2983-2990. 29. Rathmell JC, Farkash EA, Gao W, Thompson CB.
signals can operate independently or synergize o 54 - Rogenberg SA, Sportes C, Ahmadzadeh M, et al. ”;_7 gnh‘:irnce"s trjjelsurvwall 2 maliaie e size
promote lymphopenia-induced expansion of na- IL-7 administration to humans leads to expansion of naive T cells. J Immunol. 2001;167:6869-6876.
ive T cells. J Immunol. 2002;169:3752-3759. of CD8+ and CD4+ cells but a relative decrease ~ 30. Crawley JB, Rawlinson L, Lali FV, Page TH,

11. Alpdogan O, Muriglan SJ, Eng JM, et al. IL-7 en- of CD4+ T-regulatory cells. J Immunother. 2006; Saklatvala J, Foxwell BM. T-cell proliferation in

hances peripheral T-cell reconstitution after allo-

29:313-319.

response to interleukins 2 and 7 requires

20z ke Gz uo 1sanb Aq Jpd-66620060€ L 08UZ/60990€ L/6662/€ L/€ | L APd-8]oiIE/POO|G/8U suoedlqndyse//:diy wouy papeojumoq



BLOOD, 26 MARCH 2009 - VOLUME 113, NUMBER 13

31.

32.

33.

p38MAP kinase activation. J Biol Chem. 1997;
272:15023-15027.

Barata JT, Silva A, Abecasis M, Carlesso N,
Cumano A, Cardoso AA. Molecular and functional
evidence for activity of murine IL-7 on human
lymphocytes. Exp Hematol. 2006;34:1133-1142.

Kovanen PE, Rosenwald A, Fu J, et al. Analysis
of gamma c-family cytokine target genes. Identifi-
cation of dual-specificity phosphatase 5 (DUSP5)
as a regulator of mitogen-activated protein kinase
activity in interleukin-2 signaling. J Biol Chem.
2003;278:5205-5213.

Deaglio S, Morra M, Mallone R, et al. Human
CD38 (ADP-ribosyl cyclase) is a counter-receptor

34.

35.

36.

SELECTIVE PRESERVATION OF NAIVE CD31*CD4* BY IL-7

of CD31, an Ig superfamily member. J Immunol.
1998;160:395-402.

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

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 Th1 or Th2 effector cells. Immunology. 1996;
88:110-115.

Verschelde C, Walzer T, Galia P, et al. A1/Bfl-1
expression is restricted to TCR engagement in

37.

38.

39.

3007

T lymphocytes. Cell Death Differ. 2003;10:1059-
1067.

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

Prager E, Staffler G, Majdic O, et al. Induction of
hyporesponsiveness and impaired T lymphocyte
activation by the CD31 receptor:ligand pathway in
T cells. J Immunol. 2001;166:2364-2371.

Dittel BN, LeBien TW. The growth response to
IL-7 during normal human B-cell ontogeny is re-
stricted to B-lineage cells expressing CD34. J Im-
munol. 1995;154:58-67.

20z ke Gz uo 1sanb Aq Jpd-66620060€ L 08UZ/60990€ L/6662/€ L/€ | L APd-8]oiIE/POO|G/8U suoedlqndyse//:diy wouy papeojumoq



