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Abstract
Activins and inhibins are members of the transforming growth factor β superfamily that act on
different cell types and regulate a broad range of cellular processes including proliferation,
differentiation, and apoptosis. Here, we provide the first evidence that activins and inhibins regulate
specific checkpoints during thymocyte development. We demonstrate that both activin A and inhibin
A promote the DN3-DN4 transition in vitro, although they differentially control the transition to the
DP stage. Whereas activin A induces the accumulation of a CD8+CD24hiTCRβlo intermediate
subpopulation, inhibin A promotes the differentiation of DN4 to DP. In addition, both activin A and
inhibin A appear to promote CD8+SP differentiation Moreover, Inhibin α null mice have delayed in
vitro T cell development, showing both a decrease in the DN-DP transition and reduced thymocyte
numbers, further supporting a role for inhibins in the control of developmental signals taking place
during T cell differentiation in vivo.
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Introduction
T cell development occurs in the thymus and involves the close interaction between developing
thymocytes and stromal cells. This interaction defines discrete anatomical microenvironments
known as subcapsular, cortical, and medullary regions [1,2]. Thymocytes mature from double
negative (DN, CD4−CD8−), to double positive (DP, CD4+CD8+) and finally to single positive
(SP, CD4+ or CD8+) cells. Immature DN thymocytes, have been subdivided into four
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subpopulations based on the expression of CD44 and CD25 surface markers: DN1
(CD44+CD25−), DN2 (CD44+CD25+), DN3 (CD44−CD25+) and DN4 (CD44−CD25−) [3–
5]. At the DN3 stage, thymocytes that express an immature T cell receptor (pre-TCR) undergo
the first developmental checkpoint (β selection) in thymocyte development, which leads to
survival signals, proliferation, allelic exclusion, initiation of TCRα chain rearrangement, and
expression of the CD4 and CD8 co-receptors [6,7]. In addition, the DN4 subpopulation may
pass through an intermediate stage where only CD8 is expressed (intermediate single positive,
ISP) before the CD4+CD8+ double positive (DP) stage [8–10]. At the DP stage, αβ TCR
recognition of self-peptides expressed on MHC-bearing stromal cells promotes positive or
negative selection depending on the TCR avidity for the ligand [11,12]. Those thymocytes
surviving selection, give rise to CD4+ or CD8+ single positive thymocytes (SP) that migrate
into the medulla and exit the thymus, homing to secondary lymphoid organs [13].

The molecular events regulating thymocyte differentiation are tightly controlled by the stromal
cell compartment, not only through cell-cell contacts with thymocytes, but also through the
production of soluble molecules such as chemokines, cytokines, and growth factors [14–16].
Transforming growth factor-β (TGF-β) superfamily members are recognized as important
regulators of the immune system [17]; however, detailed studies characterizing their roles
during thymocyte differentiation have only recently been suggested [18]. The TGF-β
superfamily includes TGF-βs, BMPs (Bone morphogenetic proteins), activins and inhibins.
These ligands share the same signaling mechanism, which involves binding of dimeric ligands
to type I and type II receptors with serine/threonine kinase activity, leading to the
phosphorylation of cytoplasmic proteins known as receptor SMADs (R-SMADs), which then
heterodimerize with the co-SMAD (common SMAD, SMAD4) and translocate to the nucleus
to regulate gene expression [19]. Among the subfamily members of TGF-β superfamily, TGF-
βs and BMPs have been shown to regulate specific stages during T cell development More
specifically, TGF-β1 appears to negatively regulate the transition DN1-DN2, but also promote
the differentiation of mature CD8SP thymocytes, while BMPs inhibit thymocyte differentiation
by regulating the DN1-DN2 and DN3-DN4 transitions, and therefore play roles in the control
of the β selection checkpoint [20–23]. Nevertheless, recent evidence has demonstrated that
activins and inhibins, as well as their receptors, are also expressed in the murine thymus [24].
In addition, activins are able to induce phosphorylation of Smad-2 (R-Smad) in thymocytes
[25], suggesting that these molecules could also modulate thymocyte differentiation. Here, we
present the first evidence demonstrating that activins and inhibins regulate and affect T cell
differentiation. While both activins and inhibins promote DN3-DN4 transition, they
differentially control the transition to the DP stage: activin A induces accumulation of
CD8+ISP, whereas inhibin A promotes the differentiation of DN4 to the DP stage. Furthermore,
activin A and inhibin A appear to promote CD8+ T cell differentiation at day 7 of culture,
suggesting that they may regulate CD8 versus CD4 T lineage commitment. Finally, analysis
of inhibin α null mice uncovered a delay in early thymocyte development and decreased
thymocyte numbers in vitro, supporting the role of activins and inhibins during T cell
development in vivo.

Materials and methods
Mice

C57BL/6 mice were bred and maintained in the mouse facility at the Instituto de
Investigaciones Biomédicas, UNAM, in accordance with institutional guidelines. Eight to ten
week old breeding pairs were used to obtain pregnant females, from which fetuses were
harvested for fetal thymic organ cultures.
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Inhibin α heterozygous mice (Inh α+/−) mutant mice were created as described previously
[26]. Inh α+/− males and females were intercrossed to generate homozygous mutant mice (Inh
α−/−) lacking all inhibins.

Fetal thymic organ cultures (FTOCs)
Fetal thymi were dissected from C57BL/6 mice on E14 and cultured on Millipore filters (8
μm pore size) in 10% SFB supplemented DMEM medium. Fetal thymi were cultured with or
without human recombinant ligands, activin A (500 ng/ml Preprotech, Rocky Hill, NJ) or
inhibin A (500 ng/ml DSL, Webster, TX) for 3–7 days, and medium was refreshed every third
day. Fetal lobes were mechanically disaggregated and thymocytes stained for flow cytometric
analysis. A 10 μl aliquot was taken from each sample before staining to calculate the total cell
number at the end of each culture.

Flow cytometry
Cell suspensions of thymocytes were stained using a combination of the following directly
conjugated antibodies (Pharmingen, BD Biosciences, San Jose, CA): anti-CD4APC, anti-
CD4PE, anti-CD8FITC, anti-CD8Cy5, anti-CD25FITC, anti-CD44PE, anti-CD24FITC, and/
or TCRβ PE and analyzed on a FACScalibur (BD Biosciences) with standard Flowjo software®
(Tree Star, Inc., Ashland, OR).

Statistical Analysis
For FTOC using recombinant ligands, individual lobes from each fetus were compared (control
lobe versus treated lobe), and Student’s T test for paired samples was used. P values ≤ 0.05
(**) were considered to be statistically significant. For the analysis of samples from inhibin
α null mice (adult and fetal), unpaired Student’s T test was used. P values ≤0.1 (*) were
considered to be statistically significant.

Results and Discussion
Activin A and inhibin A promote DN3 to DN4 thymocyte differentiation

We have recently shown that activin and inhibin subunits are expressed in fetal and adult murine
thymus, and that DN precursors are the subpopulation expressing higher levels of activin
receptors [24]. In this study, we investigated the role of these ligands during early T cell
development using fetal thymic organ cultures (FTOCs). We cultured 14-day fetal thymic lobes
for 3 days in the presence of recombinant activin A or inhibin A, and performed surface staining
using anti-CD44 and anti-CD25 to identify the DN thymocyte subpopulations generated in
vitro. Although inhibins were initially described as antagonists of activin-mediated signals in
the brain [27,28], analysis of DN thymocyte subpopulations obtained after 3 days of treatment,
showed that both activin A and inhibin A promoted DN3 to DN4 transition, significantly
decreasing the DN3 subpopulation from 50 to 40 % and increasing DN4 subpopulation from
30 to 40% (Figure 1A). The percentage of each subpopulation correlated with cell numbers,
as total thymocyte numbers did not show any statistically significant change in treated lobes
compared with control lobes (not shown). This finding is relevant because it is the first evidence
supporting a positive role for TGF-β superfamily members in mediating the earliest checkpoint
during T cell differentiation (β-selection). In addition, our data supports previous reports where
inhibins do not antagonize activin-mediated functions [29]. This observed promotion of early
T cell development by activins and inhibins, is contrary to the reported roles of BMPs in the
regulation of β-selection, similar to what has been previously described during dorso-ventral
specification in Xenopus laevis [30]. According to previous reports, activin A and inhibin A
have been shown to modulate proliferative responses as well as apoptosis in thymocytes and
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T cells [31–34]; therefore the possibility that treatment with the recombinant ligands is
affecting these cellular processes, will need to be addressed in the future.

Activin A and inhibin A differentially regulate the transition from DN4 to DP
The ability of activin A and inhibin A to promote early T cell development was further analyzed
using the CD4 and CD8 markers at day 3 of culture. Activin A treatment leads to a significant
reduction in the percentage of DN precursors from 33 to 30%, while DP and CD4+

subpopulations were not significantly affected. At the same time, we observed an increase from
10% to 15% in CD8SP cells (Figure 1B, left panel). Characterization of this CD8+

subpopulation with anti-CD24 and anti-TCRβ specific antibodies identified these precursors
as TCRβlow/CD24high expressing cells, corresponding to ISP precursors (Figure 1C). Inhibin
A-treated lobes also resulted in a reduction from 60 to 55 in the percentage of total DNs.
However, in contrast to activin A, inhibin A favoured the transition to the DP stage, increasing
this subpopulation from 20% in the control to 25% in the inhibin A treated lobe (Figure 1B,
right panel). Our data indicate that while inhibin A promoted DN4-DP transition, activin A
delays this transition, promoting the accummulation of CD8+ ISPs. Thus, although both ligands
seem to promote DN3 to DN4 transition, their mechanisms were different and only inhibin A
induced increased maturation to the DP stage at day 3 of culture, providing a functional role
for inhibin A, which presumably is the most likely physiological ligand present in the thymus
as we previously reported [24].

Role of activin A and inhibin A in CD4 versus CD8 T cell commitment
To determine the roles of activin A and inhibin A during positive selection, we analyzed the
generation of SP thymocytes at day 7 of culture. Consistent with the data obtained at day 3 of
culture, treatment of thymic lobes with activin A or inhibin A also promoted T cell development
(Figure 2A). Interestingly, activin A treatment led to an increase in CD8+ T cells (15% in
control cultures to 25% in treated cultures) which was accompanied by a decrease in DPs and
CD4+ SPs. CD8+ cells generated in these cultures were mostly mature CD8SP thymocytes as
determined by CD24 and TCRβ expression (CD24low TCRhigh) (Figure 2B), suggesting that
activin A might be promoting CD8+ T lineage commitment. In addition, analysis of inhibin A-
treated lobes also showed a significant increase (two-fold) in CD8SP cells, although it did not
significantly reduce the percentages of DPs and CD4SP (Figure 2A). Finally, no statistically
significant differences in total cell numbers were observed between treated and untreated lobes
after 7 days of culture (data not shown). Altogether, our data demonstrate that activin A (and
potentially inhibin A) promotes thymocyte differentiation towards the CD8 SP lineage similar
to TGF-βs [20].

Inhibin α null mice show impaired early T cell development
We have previously reported that inhibins appear to be the major ligands expressed during
early thymocyte development [24]. To confirm the role of inhibins during T cell development
in vivo, we analyzed the thymi of inhibin α null mice. All inhibins are dimeric proteins that
share a common inhibin α subunit, and thus, inhibin α knockout mice are deficient in all inhibin
ligands [26]. As shown in Figure 3A, the absence of inhibins in adult mice did not affect the
percentage or the cell number of thymic precursors. However, since inhibin α−/− female mice
are sterile [26], and expression of the ligand has been reported in the placenta of heterozygous
pregnant females [35,36], it is possible that the roles of inhibins during T cell differentiation
was masked by the presence of the ligand from a maternal source. Therefore, we performed
FTOCs using fetal thymus from inhibin α−/− and wild type mice. As shown in Figure 3B (upper
panel), analysis of thymocyte subpopulations from E14 fetal thymus (Day 0 of culture) with
CD44 and CD25 markers, showed an increase from 10 to 15% in early DN1 and from 14 to
27% in DN2, as well as a decrease from 36 to 17% in DN3 precursors in the thymus of Inhibin
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α−/− mice compared with wild type littermates. After 7 days of culture (in the absence of an
exogenous source of inhibin), a significant increase (three-fold) in DN2 thymocytes was also
observed (Figure 3B, lower panel). Analysis of E14 thymic lobes (day 0 of culture) with CD4
and CD8 markers, showed that the percentages of thymocyte subpopulations were equivalent
in wild type thymi compared with Inhibin α−/− thymi (Figure 3C, upper panel). However, after
7 days of culture, Inhibin α−/− thymi demonstrated impaired in vitro development, showing an
increase from 21% to 39% in DNs, accompanied by a decrease from 50% to 20% in DP
precursors (Figure 3C, lower panel). Additionally, the absence of inhibins led to a significant
reduction in the absolute thymocyte numbers generated after 7 days of culture compared to
wild type thymi (Figure 3D). The impaired early thymocyte development observed in inhibin
α−/− fetal thymi provides further evidence in support of the role of inhibins in the promotion
of thymocyte differentiation in vivo, and corroborates the in vitro studies with these ligands
(see Figure 1B).

In summary, we provide the first evidence that activins and inhibins regulate T cell
development (Figure 4). Moreover, inhibins do not appear to antagonize activin-mediated
functions in thymocytes. On the contrary, during early thymocyte development, both activin
A and inhibin A positively regulate the DN3 to DN4 transition, potentially antagonizing the
effect of BMPs at this developmental checkpoint [21–23]. However, in later stages of
thymocyte development, both activin A and inhibin A promote CD8 SP differentiation,
similarly to what was previously reported for TGF-β1[20]. It is worth noting that activin/inhibin
receptors are also expressed on thymic stromal cells [24], and, therefore, we cannot exclude
the possibility that these ligands may also control stromal cell development and/or function.
Our data provides a model in which a balance between BMPs, TGFβs, activins, and inhibins,
as well as their controlled receptor expression, regulates different processes taking place during
thymocyte development. Finally, the work presented here, together with previous evidence,
supports non-redundant roles of TGF-β family members in the regulation of T cell
differentiation, despite their highly conserved signaling mechanisms.

In the future, it will be interesting to address the roles of activins and inhibins in the regulation
of cellular responses in thymocytes, including proliferation, cell cycle progression, and
apoptosis. A more detailed study of the interactions between TGF-β superfamily members with
other morphogens (i.e, Sonic Hedgehog, Wnt) expressed in the thymus [37] is required to have
an integrated understanding of the signals controlling thymocyte differentiation in vivo.
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Figure 1.
Activin A and inhibin A regulate early thymocyte development. E14 FTOC were performed
for three days with 500 ng/ml of activin A or inhibin A and analyzed by flow cytometry. A,
thymocytes were stained with anti CD25-FITC and anti CD44-PE coupled antibodies to
differentiate between DN1, DN2, DN3, and DN4 subpopulations. Data represents percentage
of DN thymocytes. B, Thymocytes stained with anti CD4-PE and anti CD8-Cy coupled
antibodies. Data represents percentage of DN, DP, CD4 and CD8 thymocyte subpopulations.
The average (−) of ten individual mice from at least four independent experiments is shown.
** Statistical differences (p ≤ 0.05) using paired T-test between control and treated lobes. C,
Representative dot plot of thymic precursors from day 3 FTOCs with or without 500 ng/ml of
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activin A. Thymocytes were stained with anti CD4-APC, anti CD8-Cy, anti CD24-FITC and
anti TCRβ-PE. Histograms represent CD24 and TCRβ expression of FTOC-derived and adult
thymus CD8+ gated cells. Data obtained from a representative mouse (n= 10), from two
independent experiments.
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Figure 2.
Activin A and inhibin A promote CD8 SP. A, E14 FTOC were performed for seven days with
500 ng/ml of activin A or inhibin A and analyzed by flow cytometry. Thymocytes were stained
with anti CD4-PE and anti CD8-Cy coupled antibodies. Data represents percentage of
thymocytes. The average (−) of ten individual mice from at least four independent experiments
is shown. ** Statistical differences (p ≤ 0.05) using paired T-test between control and treated
lobes. B, Representative dot plot of thymic precursors from 7 day FTOCs, with or without 500
ng/ml of activin A. Thymocytes were stained with anti CD4-APC, anti CD8-Cy, anti CD24-
FITC and anti TCRβ-PE. Histogram represents CD24 and TCRβ expression of FTOC derived
and adult CD8+ gated cells, data from a representative mouse (n=10) from two independent
experiments.
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Figure 3.
Inhibin α−/− mice show impaired early T cell development. A, Phenotypic analysis of
thymocytes from 6–8 week old inhibin α−/− mice and wild type littermates, after staining with
anti CD4-PE and anti CD8-Cy coupled antibodies. Data represents percentage and total cell
number of thymocytes in inhibin α−/− mice and wild type littermates. The average and standard
error of twelve individual mice from six independent experiments is shown. B, and C, E14
FTOC were performed for seven days with thymic lobes from inhibin α−/− mice and control
littermates, thymocytes were stained with anti CD44-PE, anti CD25-FITC (B) anti CD4-APC
and anti CD8-Cy (C). D, Total thymocyte numbers obtained from inhibin α−/− or wild type
FTOC at day 0 and day 7 of culture. The average and standard error of seven individual mice,
from four independent experiments is shown. * Statistical differences (p ≤ 0.1) using unpaired
T-test.

Licona-Limón et al. Page 17

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 April 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Schematic representation of the proposed role of activins and inhibins during thymocyte
development. Activin A and inhibin A promote the transition from DN3 to DN4, potentially
antagonizing the previously reported effects of BMPs at this developmental checkpoint. Inhibin
A promotes the transition to the DP stage while activin A induces the accumulation of an ISP
subpopulation. At later stages of development, both activin A and inhibin A promote thymocyte
maturation, favouring the differentiation of CD8SP mature thymocytes. During early fetal
stages, the absence of inhibins delays the DN2-DN3 and DN-DP transitions and also reduces
the total number of thymocytes.

Licona-Limón et al. Page 18

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 April 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


