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Abstract
The size of peripheral T-cell pool is kept constant throughout life. However, a decline in lymphocyte numbers is a feature of
several human disorders, in which fast and slow homeostatic proliferation play a crucial role. Several in vitro and in vivo
models have been developed to study such processes. Nevertheless, self- and commensal- antigens, well-known triggers of
homeostatic proliferation, have not been examined in these models. We have designed an in vitro culture of human T-cells
exposed to rIL7 and autologous antigen-presenting cells (aAPC) that allows the simultaneous characterization of the
different types of homeostatic proliferation. Using our model, we first confirmed that both rIL7 and aAPC are survival
signals ultimately leading to homeostatic proliferation. In addition, we explored the modulation of different anti-apoptotic,
proliferative, activation and homing markers during fast and slow homeostatic proliferation. Finally, different subsets of
Treg were generated during homeostatic proliferation in our model. In summary, our in vitro system is able to
simultaneously reproduce both types of homeostatic proliferation of human naive CD4 T-cells, and allows the
characterization of these processes. Our in vitro system is a useful tool to explore specific features of human homeostatic
proliferation in different human lymphopenia-related disorders and could be used as a cell therapy approach.

The size and composition of human peripheral T-cell pool is
homeostatically kept constant throughout life [1, 2]. How-
ever, immune insults as several viral infections, auto-
immune disorders, chemotherapy against cancer and
different drugs can lead to lymphopenia. After such attacks,
the CD4 T-cell pool is not uniformly restored, and the
restoration of the naive compartment is usually delayed [3,
4]. However, the CD4 naive T-cell compartment is critical
for immune competence [5].

Several mechanisms are involved in the reconstitution of
the naive T-cell pool. The thymus is a lymphoid organ that
supports the maturation of hematopoietic precursors leading
to generation of new T-cells and ensuring the preservation
of TCR variability [6]. Homeostatic proliferation involves a
peripheral clonal expansion of T-cells in response to
homeostatic stimuli like self- or commensal-antigens and
cytokines [7]. Indeed, it is known that different types of
homeostatic proliferation exist [8, 9]. Fast homeostatic
proliferation is defined by a rapid cellular division of naive
T-cells mediated by the low avidity TCR-contact (antigen-
driven proliferation) generating memory T-cells [7, 8]. Slow
homeostatic proliferation is defined by a slower cellular
division of naive T-cells that does not result in a change of
phenotype and is driven by homeostatic cytokines like IL7
[8]. Nevertheless, while both thymopoiesis and homeostatic
proliferation contribute to reconstitution of T-cell pool,
homeostatic proliferation has a crucial role in early stages of
immune reconstitution [3, 4, 10]. For this reason, under-
standing homeostatic proliferation mechanisms in human
lymphopenia-related disorders is of pivotal importance.
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In order to study such processes, several in vivo models
using different species of animals and chimeras are avail-
able, and several in vitro systems have been developed
using antigen-presenting cells or anti-CD3/CD28 stimulation.
However, self- and commensal antigens, well-known triggers
of homeostatic proliferation [7], show large variability among
different subjects and scenarios and natural variation has not
been adequately considered in previous studies. Thus, our aim
was to generate an in vitro model based on culture of human
T-cells exposed to homeostatic stimuli, recombinant IL7
(rIL7) and autologous antigen-presenting cells (aAPC),
allowing the simultaneous characterization of both types of
homeostatic proliferation.

Methods

Samples and culture design

Buffy coat from HIV-1 and hepatitis C virus (HCV)-ser-
onegative blood bank donors were obtained from the Centro
Regional de Transfusión Sanguínea de Sevilla-Huelva y
Banco de Tejidos (Seville, Spain). Using these samples,
we developed an in vitro approximation based on a cellular
culture in order to study homeostatic proliferation of
human naive CD4 T-cells in response to different homeo-
static stimuli: recombinant interleukin 7 (rIL7) and auto-
logous antigen-presenting cells (aAPC). All experimental
procedures with human blood were approved by local Ethical
Committee for human research and were done according to
the European Union guidelines and the Declaration of
Helsinki.

Cellular subsets isolation

Briefly, peripheral blood mononuclear cells (PBMCs) were
firstly obtained from buffy coats using a ficoll gradient
centrifugation (2500 rpm, 30min), and then were washed and
placed in cold supplemented medium (RPMI 1640 supple-
mented with 10% fetal bovine serum, 1.7 mM glutamine,
100 µl/ml streptomicine, and 100 U/ml peniciline). Magnetic
negative isolation (StemCell, Vancouver, Canada) was used
according to manufacturer’s instructions to isolate cellular
fractions from previously obtained PBMCs. Specifically,
aAPC were obtained after depleting T-cells (CD3+) and NK
cells (CD56+) (human CD3 and CD56 positive selection
kits), whereas naive CD4 T-cells were obtained after an
enrichment of CD4 T-cells and a subsequent depletion of
CD45RO+ cells (human NAIVE CD4+ T-cell enrichment
kit). Treg-depleted fraction was obtained by depletion of
CD25+ cells (human CD25 positive selection kit) in the
naive T-cell fraction. A purity control was always performed
after each isolation procedure by flow cytometry and only
cellular fractions with a purity ≥95% were used in experi-
ments. A representative example is shown in Fig. 1. The
subset distribution of the APC fraction was variable among
different donors (36–61% monocytes; 11–39% B cells;
2–13% mDCs; 0.5–14% pDCs; min and max values).

CFSE staining

Isolated naive CD4 T-cells were stained with carboxy-
fluorescein succinimidyl ester (CFSE) (Sigma-Aldrich,
Missouri, USA) to determine lymphocyte proliferation.
Briefly, up to 1× 107 cells/ml of naive CD4 T-cells

Fig. 1 Schematic representation of purity controls for isolation of cellular subsets
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were stained in PBS (Phosphate-buffered saline) with an
excess of CFSE (2.5 µM) during 8 min at 37 °C. Finally,
cells were washed and placed in cold supplemented
medium.

Autologous antigen-presenting cells (aAPC) irradiation

To avoid the response of antigen-presenting cells (APC) to
homeostatic stimuli and their potential interference on

Fig. 2 Schematic diagram of the gating strategy and two examples of the quantification of the expression of different T-cell markers (Ki67 and
HLA-DR)
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T-cell proliferation, autologous APC were irradiated in a γ-
irradiator (IBL437C, Cis bioInternational, France) at dosis
of 25 Gy (25 J/kg). Several aliquots of irradiated aAPC were
frozen in order to re-stimulate culture with aAPC each
5 days of cell culture. The aAPC aliquots were frozen in
fetal bovine serum with 10% v/v of Dimethil Sulfoxide
(DMSO).

Culture conditions

In all culture conditions, 200,000 naive CD4 T-cells per
well were seeded in a 96-well plate (Thermo Fissher,
Massachusetts, USA) with supplemented medium at a
concentration of 1× 106 cells/ml. Then, the homeostatic
stimuli (autologous APC and rIL7) were provided.

Specifically, 200,000 irradiated aAPC were added, stabl-
ishing a 1:1 ratio of aAPC/Naive CD4 T-cells (aAPC/Naive
ratio), although other aAPC/Naive ratios were also tested
varying the amount of aAPC fraction. On the other hand,
rIL7 was used at a concentration between 1 and 10 ng/ml,
whereas the condition without rIL7 only included the rIL7-
carrier solution (PBS with 2% fetal bovine serum and 1 mM
EDTA). All these components were placed at the 96-well
plate and an aliquot was therefore used to perform the basal
analyses (day 0). The culture was then placed in a culture
incubator at 37 °C and 5% CO2 atmosphere. After each
5 days of culture, the half of medium volume was refreshed
with new supplemented medium and thawed irradiated
aAPC and rIL7. Thus, cells were recovered from indepen-
dent wells at day 5, 10 and 15 of culture, and cellular

Fig. 3 Effect of different homeostatic stimuli on proliferation of human
naive CD4 T-cells and representative plots. a naive CD4 T-cells sti-
mulated with aAPC (1/1 ratio aAPC/Naive). Cell viability was >70 and
>60% at 10th and 15th day of culture, respectively; b naive CD4 T-cells
stimulated with rIL7 (10 ng/ml). Cell viability was >90% through all
days of culture; c naive CD4 T-cells stimulated with aAPC (1/1 ratio
aAPC/Naive) and rIL7 (10 ng/ml). Cell viability was >80 and >70% at
10th and 15th day of culture, respectively. Plots (right panels) show a
representative experiment among each condition that were ended at

10th, 22th, and 10th days of culture, respectively. In addition, a con-
dition without stimuli was also carried out (data not shown), but no cell
proliferation and reduced cell viability was observed. Data in bar charts
are representative of at least three independent experiments (a different
donor each experiment) and represent median value and standard
deviation (SD). Fast homeostatic proliferation, slow homeostatic pro-
liferation and non-proliferating T-cells are highlighted in right panels
using red, green and blue boxes and lines, respectively
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viability was determined using Trypan Blue (Sigma-
Aldrich, Missouri, USA). To determine the intracellular
production of TGF-β, 10 ng/ml of brefeldin A (Biolegend,
USA) was added 12 h before ending the cell culture.

Immunophenotyping

Immunophenotyping of culture conditions was carried out
using multiparametric flow cytometry. Briefly, cells were
incubated at 4 °C with surface antibodies for 20 min, fol-
lowed by fixation and permeabilization according to the
manufacturer’s instructions (Foxp3/Transcription Factor
Staining Buffer, Ebioscience), and subsequently incubated
with intracellular antibodies for 30 min. Viable cells were
identified using LIVE/DEAD fixable Aqua Blue Dead Cell
Stain (Life Technologies, USA). Extracellular and intra-
cellular antibodies were: anti-CD3 (Clone: SK7; Fluor-
ophore: APC-H7), anti-CD4 (Clone: L200; Fluorophore:
Brilliant Violet 786), anti-CD56 (Clone: NCAM16.2;
Fluorophore: Brilliant Violet 421), anti-CD197/CCR7
(Clone: 3D12; Fluorophore: Brilliant Violet 786), anti-
TGF-β (Clone: TW4-9E7; Fluorophore: PE), anti-CD25
(Clone: 2A3; Fluorophore: Brilliant Violet 605),
anti-HLADR (Clone: G46-6; Fluorophore: PE-Cy7), anti-
FoxP3 (Clone: 259D/C7; Fluorophore: PE-CF594), anti-
CD45RA (Clone: HI100; Fluorophore: Brilliant Violet
650), anti-Ki67 (Clone: B56; Fluorophore: AlexaFluor700),

anti-BCL2 (Clone: Bcl-2/100; Fluorophore: V450), anti-β7-
integrin (Clone: FIB504; Fluorophore: APC), anti-CD19
(Clone: HIB19; Fluorophore: FITC), anti-CD14 (Clone:
MɸP9; Fluorophore: BV711), anti-CD123 (clone: 7G3;
Fluorophore: PerCP-Cy5.5), anti-CD11c (Clone: B-ly6,
Fluorophore: PE-CF594) (BD Biosciences, USA), anti-
CD27 (Clone: O323; Fluorophore: AlexaFluor700)
(eBiocience, USA), anti-HLA−DR (Clone: L243, Fluor-
ophore=BV570) (Biolegend, USA). Fluorescence Minus
One (FMO) and isotype controls were included when
necessary. A schematic diagram of the gating strategy used
is shown in Fig. 2. CD4 T-cell subsets were defined as
follows: naive (TN; CD45RA+CD27+), central memory
(TCM; CD45RA−CD27+CCR7+), transitional memory
(TTM; CD45RA−CD27+CCR7−), effector memory (TEM;
CD45RA−CD27−) and terminally differentiated (TEMRA;
CD45RA+CD27−). Different APC subsets were defined as
B cells (CD3−CD19+), monocytes (HLA-DR+CD14+),
mDCs (HLA-DR+CD14−CD11c+) and pDCs (HLA-DR+

CD14−CD11c−CD123+). Fast homeostatic proliferation
was defined as viable CD4 T-cells which fully diluted CFSE
and acquired memory phenotype (CD45RA−), while slow
homeostatic proliferation was defined as viable naïve CD4
T-cells (CD45RA+) which partially diluted CFSE. Treg
subsets were defined as follows: total Treg (CD25highFox-
P3high), resting Treg (CD45RA+FoxP3+) and activated Treg
(CD45RA−FoxP3high). TGF-β production by Treg gener-
ated in the cell culture was also determined. Flow cytometry
was performed on a LSR Fortessa (BD, USA). Analysis was
performed using FlowJo version 9.2 (Tree Star) and data is
expressed as mean values and standard deviation (σ) of the
frequencies and as MFI (Mean Fluorescence Intensity).
Graphs were generated using Prism version 5.0 (Grapho-
meostatic proliferationad Software, USA).

Results

Effects of homeostatic stimuli on cellular viability
and proliferation of human naive CD4 T-cells

We first explored the effects of each stimulus on cellular
viability and proliferation over time. For this purpose, we
first tried each individual stimulus separately (aAPC or
rIL7). When naive CD4 T-cells were only stimulated with
aAPC (1/1 aAPC/Naive ratio), we found that cellular pro-
liferation at day 5 was negligible, though at days 10 and 15
we observed the occurrence of fast homeostatic prolifera-
tion (Fig. 3a left panel) and generation of memory cells
(CD45RA−) (Fig. 3a right panel). On the other hand, when
naive CD4 T-cells were stimulated only with rIL7 (10 ng/
ml), we did not see proliferation at day10 nor day 15 of
culture (Fig. 3b left panel); however, it was observed at a

Fig. 4 Effect of different aAPC/Naive ratios and rIL7 concentrations
on both types of homeostatic proliferation. a effect of different aAPC/
Naive ratios on homeostatic proliferation process (with 2.5 ng/ml
rIL7); b effect of different concentrations of rIL7 (0–10 ng/ml) on
homeostatic proliferation process (with 1/1 ratio aAPC/Naive). Data
were obtained at 10th day of culture of at least 3 independent
experiments (a different donor each experiment) and are represented as
median value and standard deviation (SD)
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very low level after 22 days of culture (Fig. 3b left-right
panels). Eventually, a third condition including both stimuli
was tested. Under these conditions, naive CD4 T-cells
underwent fast and slow homeostatic proliferation at the
10th and 15th days of culture (Fig. 3c left panel), generating
both memory and naive T-cells (Fig. 3c right panel).
Interestingly, fast homeostatic proliferation did not come
earlier when rIL7 was added together with aAPC. In con-
trast, slow homeostatic proliferation was detected sig-
nificantly sooner when naive CD4 T-cells were
simultaneously stimulated with both stimuli.

Effect of aAPC/Naive ratio and rIL7 concentration on
both types of homeostatic proliferation

First, we performed the culture using different aAPC/Naive
ratios (1/1, 1/10, 1/20, and 1/30 ratios). We found that fast
homeostatic proliferation decreased at a ratio of 1:10 in the

absence of IL-7, but at a ratio of 1:20 in the presence of the
cytokine (Fig. 4a), denoting that when aAPC/Naive ratio
decreased, the presence of rIL7 enhanced fast homeostatic
proliferation.

In order to study the effect of rIL7 concentration on
homeostatic proliferation, we used a range of rIL7 (0–10 ng/
ml) in our culture (1/1 aAPC/Naive ratio). We observed that
low rIL7 concentrations were sufficient to induce slow
homeostatic proliferation (Fig. 4b), but small differences were
found between the various rIL7 concentrations. Similarly, no
effect of different rIL7 concentrations was observed over fast
homeostatic proliferation with 1/1 aAPC/Naive ratio.

Fast homeostatic proliferation of human naive CD4
T-cells mainly generates central memory T-cells

To explore the usefulness of our in vitro system, we
performed immunophenotyping of cells undergoing

Fig. 5 CD4 T-cell subsets generation and upregulation of cellular mar-
kers during homeostatic proliferation. a) Ki67 upregulation during
homeostatic proliferation; b) BCL2 upregulation during homeostatic
proliferation; c) CD4 T-cell subsets generation during homeostatic pro-
liferation (2.5 ng/ml rIL7). Similar results were observed with other rIL7
concentrations (data not shown); d) β7-integrin upregulation during

homeostatic proliferation; e) HLA-DR upregulation during homeostatic
proliferation; f) CD25 upregulation during homeostatic proliferation.
Data were obtained at 10th day of a 1/1 ratio aAPC/Naive culture and are
represented as median value and standard deviation (SD). Fast homeo-
static proliferation, slow homeostatic proliferation and non-proliferating
T-cells are highlighted using red, green and blue dots, respectively
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homeostatic proliferation. As expected, cells that diluted
CFSE upregulated the cellular-cycling marker Ki67 while
cells that did not diluted CFSE barely expressed this marker
(Fig. 5a). The upregulation of Ki67 was higher in fast

homeostatic proliferation than in slow homeostatic pro-
liferation in all culture conditions. Moreover, Ki67
expression was slightly increased in non-proliferating cells
in the presence of rIL7. Likewise, we observed a rIL7 dose-

Fig. 6 Treg generation during human homeostatic proliferation. a
Representative gating plot of generated total Treg (CD25highFox-
P3high), resting and activated Treg (CD45RA+FoxP3+ and CD45RA-

FoxP3high, respectively). Plot are representative of at least 6 indepen-
dent experiments (a different donor each experiment). b Total Treg
(CD25highFoxP3high) generation with different aAPC/Naive ratios and
different concentrations of IL-7 (1:1 aAPC/Naive ratio); c activated
Treg (CD45RA-FoxP3high) generation with different aAPC/Naive
ratios and different concentrations of IL-7 (1:1 aAPC/Naive ratio); d

resting Treg (CD45RA+FoxP3+) generation with different aAPC/
Naive ratios and different concentrations of IL-7 (1:1 aAPC/Naive
ratio). Data were obtained at 10th day of culture and are represented as
median value and standard deviation (SD). # Outlier value has been
excluded. Culture conditions with and without rIL7 are highlighted in
purple and orange dots, whereas non-proliferating naive T-cells, slow
proliferated T-cells and fast proliferated T-cells are highlighted in blue,
green and red dots, respectively
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dependent upregulation of the anti-apoptotic molecule Bcl2
in non-proliferating naive CD4 T-cells and cells that
underwent slow homeostatic proliferation (Fig. 5b), though
this effect seemed to be absent in cells undergoing fast
homeostatic proliferation.

Next, we explored the maturational profile of cells under-
going homeostatic proliferation in our in vitro system. Cells
undergoing slow homeostatic proliferation maintained their
naive phenotype (CD45RA+ CD27+), whereas cells under-
going fast homeostatic proliferation acquired mostly central
memory phenotype (CD45RA− CD27+ CCR7+) (Fig. 5c).

Homing and activation-related markers are
up-regulated during homeostatic proliferation
process

On the one hand, we found a strong upregulation of β7-
integrin in cells undergoing fast homeostatic proliferation in
a rIL7-independent manner (Fig. 5d). Otherwise, cells that
underwent slow homeostatic proliferation as well as non-
proliferating cells also upregulated β7-integrin but only in
the presence of rIL7 (Fig. 5d). Additionally, we observed
that cells undergoing fast homeostatic proliferation strongly
upregulated HLA-DR, whereas no effect was observed in
non-proliferating naive T-cells and a negligible upregula-
tion seemed to occur in cells undergoing slow homeostatic
proliferation (Fig. 5e). This effect was independent of the
rIL7 concentration. Similarly, cells undergoing fast
homeostatic proliferation strongly upregulated CD25 in a

rIL7-independent manner (Fig. 5f). However, a rIL7-
dependent upregulation of CD25 in non-proliferating cells
and cells undergoing slow homeostatic proliferation was
observed (Fig. 5f).

Different types of regulatory T-cells are generated
during the human homeostatic proliferation process

We seeded Treg-depleted naive CD4 T-cells, and after 10
and 15 days of culture, we observed the generation of Treg
cells (CD25highFoxp3high) (Fig. 6a left). Next, we char-
acterized the generation of such Treg in different aAPC/
Naive ratios and rIL7 concentrations. We found that Treg
(CD25highFoxp3high) generation during homeostatic pro-
liferation was highly hampered when the aAPC/Naive ratio
was decreased (Fig. 6b left) denoting that such process is
highly dependent on the contact with aAPC. Differently, no
effect of the rIL7 exposure on Treg generation was
observed (Fig. 6b right). Moreover, we found that Treg
(CD25highFoxp3high) were mainly generated in the cellular
fraction that underwent fast homeostatic proliferation
(Fig. 6b right). In addition, we observed the generation of
different subsets of Tregs, as resting Treg (CD45RA+Foxp3
+) and activated Treg (CD45RA−Foxp3high) during
homeostatic proliferation (Fig. 6a right). Similar results
were found regarding aAPC/Naive ratio and rIL7 exposure
impact on the generation of these subsets (Fig. 6c, d),
excepting for resting Treg which seems not to be affected
by the aAPC/Naive ratio reduction. Finally, in order to

Fig. 7 Tregs generated during homeostatic proliferation are able to
produce TGFβ. a representative histogram of TGF-β production by
different Treg subsets. Isotype control is shown as a shaded histogram
whereas TGF-β production is shown as an empty histogram; b TGF-β
production by resting, activated and total Treg generated by

homeostatic proliferation; c negative correlation between the fre-
quencies of generated activated Tregs and the size of fast homeostatic
proliferation. Data were obtained at 10th day of culture and are
represented as median value and standard deviation (SD)
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explore whether such generated Treg could be functionally
suppressive, we analyzed the production of transforming
growth factor (TGF-β) by these cells. Interestingly, all gener-
ated Treg subsets were able to produce such cytokine (Fig. 7a),
but activated Treg produced higher levels than resting Treg
(Fig. 7b). Furthermore, we observed a negative trend between
the size of fast homeostatic proliferation and the frequency of
activated Treg (Fig. 7c), but not with resting or total Treg (rho
=−0.371, p= 0.5; rho=−0.657, p= 0.2; respectively).

Discussion

We have designed and characterized an in vitro experimental
procedure useful for the study of the homeostatic proliferation
process of human naive CD4 T-cells. Our in vitro model is
based on a cell culture of autologous human leukocytes that
allows simultaneously exploring fast and slow homeostatic
proliferation in response to homeostatic stimuli.

It is well-known that human peripheral lymphocyte pools
are maintained at constant levels througout life [1, 2].
However, the decline of lymphocyte numbers is a feature of
several human disorders in which the homeostatic pro-
liferation process is of crucial importance [11]. In order to
study such process many in vitro and in vivo models have
been developed. Nevertheless, these different models have
often reported different results depending on their metho-
dology. For instance, Cimbro et al, studied the effects of
IL7-exposure on the T-cell expression of α4β7-integrin
using different models: wild-type and humanized mice
models, and samples of HIV-infected subjects from a clin-
ical trial with IL7-treatment [12]. Interestingly, they
observed that naive T-cells from humanized mice model
and from HIV-infected subjects treated with IL7 strongly
upregulated the α4β7-integrin. However, the T-cells from
wild-type mice model did not increase their α4β7-integrin
levels after IL7-treatment. Similarly, other studies about
IL7-exposure in different animal models as rhesus maca-
ques showed that IL7-treatment increased the expression of
both activation-markers HLA-DR and CD25 on naive T-
cells [13], however Cimbro et al, conversely found that only
CD25 was modestly upregulated on IL7-treated naive T-
cells from HIV-infected subjects. These and others dis-
crepancies are probably due to the use of different animal
models, and also to the use of strong stimuli, like anti-CD3/
CD28 beads. Trying to address this issue, we have gener-
ated an in vitro model that allows the simultaneous study of
both types of homeostatic proliferation. The employment of
more natural homeostatic stimuli like autologous APC,
rather than the use of stimuli like in vitro generated APC or
antiCD3/CD28 beads, allows exploring into the model the
natural inter-individual variability in the antigen-presenta-
tion, which has been reported to notably impact the

homeostatic proliferation process [7]. This is particularly
relevant considering that different lymphopenia-related
disorders could be associated with a different distribution
of APCs and different phenotypic profiles. Thus, different
donor-associated characteristics of aAPC could determinate
both, the extension of homeostatic proliferation and the
phenotypic and functional properties of cells that had pro-
liferated. Along the same line, the use of the autologous
fraction of naive CD4 T-cells constitutes another advantage
of our design, since this fraction also includes CD4 recent
thymic emigrants (RTE) (CD45RO- selected cells), which are
largely dependent of age of donors and could also undergo
homeostatic proliferation, though generally slowly, since they
are highly unresponsive to TCR signals but show high
expression of CD127 (IL-7R) [14]. These characteristics could
make our approach a useful tool to explore specific features of
human homeostatic proliferation process in different human
lymphopenia-related disorders as HIV-infection, aging, che-
motherapy and pre-transplantation drug-treatment [15–17].

Using our model, we confirmed that both rIL7 exposure
and aAPC are survival signals that ultimately lead to
homeostatic proliferation of human naive CD4 T-cells.
Moreover, we found that, while fast and slow homeostatic
proliferation were respectively antigen- and rIL7-driven,
both homeostatic stimuli can synergize, enhancing both
types of homeostatic proliferation. Finally, we observed that
both fast and slow homeostatic proliferation are generated at
the same time in our culture, though fast homeostatic pro-
liferation showed a more exponential proliferation. Impor-
tantly, our results confirm previous observations regarding
the homeostatic stimuli triggering such process [8, 18, 19].

The homeostatic proliferation process has been asso-
ciated with cellular differentiation. We have observed in our
model that fast homeostatic proliferation ultimately gen-
erates mostly central and transitional memories in all stu-
died culture conditions. However, most in vivo studies
using animal models have described that fast homeostatic
proliferation mainly generates effector memory cells [20,
21]. It is reasonable to suppose that humans and other
animals could have differences in the cellular differentiation
process related to homeostatic proliferation. Similarly, using
our in vitro model we analyzed the expression of activation
markers (HLA-DR/CD25) in both types of homeostatic
proliferation. We observed that fast homeostatic prolifera-
tion upregulated both activation markers (CD25/HLA-DR),
indicating that fast homeostatic proliferation can generate
activated memory-cells which could be involved in the level
of systemic activation reported in some human
lymphopenia-related diseases as HIV-infection [22]. On the
other hand, we also observed a milder upregulation of
CD25 but not of HLA-DR in T-cells that underwent slow
homeostatic proliferation, suggesting that slow homeostatic
proliferation generates cells with a lesser activated

Human homeostatic proliferation model



phenotype. Interestingly, whereas no effect of IL7 admin-
istration was found in the HLA-DR modulation during
homeostatic proliferation, an IL7 dose-dependence effect
was observed in CD25 upregulation in the non-proliferating
naive T-cells and in slow homeostatic proliferation, though
not in fast homeostatic proliferation.

Under physiologic conditions, β7-integrin mediates the
T-cell homing to mucosal surfaces; this process is of pivotal
importance in the maintenance of immune homeostasis
[23]. The disturbance of such balance has been associated
with diverse pathologies in humans and animal models [24,
25]. In murine models, it has been reported that homeostatic
proliferation can generate homing-imprinted T-cells [21].
Similarly, it has been reported that human T-cells also
upregulates such homing molecules after a IL7-exposure
[12], though it has not been explored in the human fast
homeostatic proliferation. Using our in vitro model, we
have explored this process more deeply, finding that fast
homeostatic proliferation also upregulates the expression of
β7-integrin but in a IL7-independent manner, being in
accordance with other in vivo animal models [21]. In con-
trast, we also found an upregulation of β7-integrin in an
IL7-dependent manner in the non-proliferated naive T-cells
and in slow-proliferated T-cells. Collectively, our results
indicate that the main target of most homeostatically pro-
liferated human CD4 T-cells are the mucosal surfaces,
probably the gut lymphoid-associated tissue (GALT),
denoting the importance of immune reconstitution of such
structures to immune homeostasis.

The reconstitution of regulatory T-cell pool is also cru-
cial for the immune homeostasis after immunodepletion
[26, 27]. The homeostatic proliferation process was shown
to be an intrinsic source of these suppressive T-cells during
the immune reconstitution in animal models [28]. Accord-
ingly, we have observed a generation of Treg (CD25high-

FoxP3high) during homeostatic proliferation of human T-
cells in our system. Specifically, these Tregs were generated
by fast homeostatic proliferation, which is driven by self-
and commensal-antigens. It is relevant to note that our
system allows exploring the contribution of a particular
aAPC fraction on Treg generation, considering that the
maturation profile and the expression of tolerogenic
enzymes in these cells are determinant in this process [29].
Importantly, we have performed a characterization of such
process exploring how IL7 exposure and aAPC/Naive ratio
impact on it. Whereas no effect of IL7 exposure was
observed, a high dependence on aAPC/Naive ratio was
found on Treg generation. Additionally, we also observed
the generation of different subsets of Treg, resting
(CD45RA+FoxP3+) and activated Treg (CD45RA-Fox-
P3high). The role of such generated Treg cells during
homeostatic proliferation could be the suppression of the
excessive cellular proliferation [30], trying to ensure the

control of the immune reconstitution process [26].
In fact, homeostatic proliferation-generated Treg cells in our
culture were able to produce TGF-β, and a pivotal role
of such cytokine in the control of fast homeostatic
proliferation and prevention of autoimmunity has been
previously reported [31, 32]. Interestingly, a strong neg-
ative trend between the frequency of activated Treg and the
size of fast homeostatic proliferation was observed in our
culture system. Consistently, in murine models, it has been
reported that Treg can regulate the extension of homeostatic
proliferation through the specific suppression of fast
homeostatic proliferation [30]. Accordingly, others have
reported a protective role of Treg over the development of
graft-vs.-host disease (GVHD) during immune reconstitu-
tion both in animal models and humans [26, 27]. All these
observations suggest that Treg, suppressing the excessive
proliferation of CD4 T-cells, are crucial for correct immune
reconstitution after immunodepletion, preventing auto-
immunity disease or even the failure of such T-cell recon-
stitution [33].

Our in vitro system has also limitations. Homeostatic
proliferation process takes place in secondary lymphoid
tissues [34], but such a structure is not present into our
model. Thus, even though we have observed that T-cells
that underwent homeostatic proliferation upregulated hom-
ing markers, these cells cannot migrate to their target tissue.
However, the specific concentrations of IL7 and ratios with
APC in the lymphoid tissue can vary among different
subjects and among different scenarios. Thus, this limita-
tion affects not only ours but also most used models.
Nevertheless, the in vitro condition of our model confers
plasticity to the study of homeostatic proliferation in dif-
ferent degrees of lymphopenia pressure, which can be per-
formed modifying the rIL7 concentration and the ratio
aAPC/Naive T-cells. In addition, the use of autologous APC
provides the natural inter-individual variability in the anti-
gen presentation of each subject and could also allow
exploring potential associations between the composition of
the APC fraction and homeostatic proliferation in particular
scenarios. Another question is whether the fraction of
(CD45RO−) CD4 naive T-cells could be contaminated with
TEMRA cells, which constitute a negligible fraction in
healthy donors, but could accumulate in different patho-
genic scenarios (such as infections). Nevertheless, a poten-
tial contamination with TEMRA cells would not interfere in
our system since these cells: (a) show a replicative senes-
cence phenotype (CD28-CD57+), (b) would not loss
CD45RA with further cell divisions and (c) show low
expression of CD127 (IL-7R). Thus, they could only appear
as a new pool of CFSE-CD45RA+, which has not been
observed in our cultures.

In summary, our in vitro model is able to reproduce
simultaneously both types of homeostatic proliferation
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process of human naive CD4 T-cells, as well as to repro-
duce several in vivo observed phenomena related to such
homeostatic proliferation. Hence, our in vitro model can be
a useful tool to explore specific features of human homeo-
static proliferation process in different human lymphopenia
conditions and diseases and could be used as a cell therapy
approach.
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