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c-Chl deficiency leads to diminished lymphocyte
development and functions in an age-

dependent manner
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Aging is broadly defined as a progressive decline of tissue and organ
functions due to deregulation of various cell intrinsic and extrinsic
factors. In the immune system, aging preferentially affects lymphopoi-
esis and thus results in the reduced competence of the adaptive
immune system in the elderly. Despite recent discoveries that shed
light on the molecular basis of aging, pathways that lead to diminished
lymphoid development in aging individuals remain largely unknown.
In the present study, we document that a deficiency of the E3 ubiquitin
ligase c-Cbl in lymphocytes results in an age-dependent lymphopenia.
c-Cbl-deficient mice show normal frequencies of lymphocytes at
12 weeks of age; however, their development and functions were
remarkably diminished at 24 weeks after birth. Intriguingly, c-Cbl
mutant lymphocytes displayed increased responses to IL7 in vitro and
failed to down-regulate surface levels of IL7Ra. Further, our biochem-
ical studies have identified an interaction of ¢-Cbl with IL7Rx and have
unraveled the involvement of c¢-Cbl in the ubiquitylation of IL7Ra. In
essence, our studies demonstrate that a lack of signaling events medi-
ated by c¢-Cbl might result in diminished lymphocyte development and
functions, particularly, at the later stages of life.
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ematopoietic stem cells (HSCs) have the ability to strike a

balance between self-renewal and lineage commitment (1).
Lymphocyte development begins with the differentiation of
HSCs into lymphoid primed multipotent progenitors (LMPPs) in
the bone marrow (BM) (2). Subsequent lineage differentiation
steps result in the differentiation of LMPPs into earliest lym-
phocyte progenitors (ELPs) (3). Further ELPs differentiate into
common lymphoid progenitors (CLPs) and early thymic pro-
genitors (ETPs) from which B and T cell development occurs in
the BM and thymus, respectively.

Whereas there is an increasing wealth of knowledge available
on the importance of transcription factors and cytokines in the
differentiation of HSCs into lymphoid lineage cells (4-6), the
roles of posttranslational modifications of proteins, such as
ubiquitylation and glycosylation, in hematopoiesis remain elusive.

Casitas B lineage lymphoma (Cbl) family of proteins functions
as E3 ubiquitin ligases that participate in the ubiquitylation of
various cellular proteins (7-14). Despite much available knowl-
edge on the biochemistry of c-Cbl, mainly based on in vitro
studies, the physiological significance and in vivo functions of
c-Cbl protein are largely unknown. In particular, the importance
of c-Cbl in the development of the immune system has not been
studied. Earlier analysis of c-Cbl deficient mice did not reveal
any major developmental abnormalities, although c-Cbl deficient
thymocytes show marked activation of ZAP70 in response to
TCR stimulation (15, 16). Recently, we have identified c-Cbl as a
unique factor restricting the self-renewal of HSCs (17, 18).

In the present study, we establish an unexpected role for c-Cblin
development of lymphocytes. Cbl-deficient mice show accelerated
thymic involution and reduced B cell development in the bone
marrow starting at 6 months of age. Intriguingly, our data identify a
unique function of ¢-Cbl in the ubiquitylation of IL7Ra protein in
lymphocytes.
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Results

Reduced B Cell Differentiation in Older c-Cbl-Deficient Mice. In an
attempt to understand the specific role of c-Cbl in hematopoi-
esis, we made use of the c-Cbl™~ mice that were generated and
reported earlier (15). In accordance with the earlier report (15),
a thorough analysis of various hematopoietic lineages revealed
no significant difference between c¢-Cbl™~ and wild type (WT)
littermates at 4 weeks of age. However, an augmented HSC pool
size was observed in c-Cbl™~ mice (17).

Next, we assessed whether lymphopoiesis is affected in older
c-Cbl”~ mice. First, we quantified the absolute numbers of
CD19*B220™" B lineage cells of the BM at 4, 8, 12, 24, and 48 weeks
of age. Although both the absolute and relative numbers of
CD19*B220* B cells were comparable between c-Cbl™~ and WT
animals at younger ages (4, 8, and 12 weeks), their numbers were
significantly reduced in the older (24 and 48 weeks) c-Cbl™~ mice
(Fig. 1 A and B). Nevertheless, the frequencies of B220*CD19~
progenitor B cells were comparable, between c-Cbl™~ and WT mice,
at all indicated time points (Fig. 1B and Fig. S14). To identify
whether the reduction of B cell numbers in older c-Cbl ™~ mice is due
to perturbed B cell development, BM B220™ cells of 24-week-old
mice were subjected to “Hardy fractions” analysis (19). Interestingly,
this revealed an abnormal developmental pattern of B cells in c-
Cbl™~ mice when compared to WT animals (Fig. S1 B and C). In
essence, a significant reduction of fractions B, D, E, and F and an
increase of fraction C were observed in c-Cbl™~ mice. Interestingly,
the frequency of B lineage cells in fraction A was comparable
between c-Cbl™~ and WT mice (Fig. S1 B-E). As expected, Hardy
fractions analysis of 4-week-old animals did not reveal any significant
differences between c-Cbl™~ and WT. Further, we quantified the
numbers of pro B (B220*CD43* AA4.1*CD19™) cells in 4- and 24-
week-old c-Cbl-deficient mice. Interestingly, the frequencies of pro B
cells were significantly reduced in 24-week-old c-Cbl-deficient mice,
although their numbers were normal at 4 weeks of age (Fig. S1F).

Augmented Thymic Involution in the Absence of c-Cbl. To check
whether the T cell development is also perturbed in older c-Cbl-
deficient mice, absolute numbers of thymocytes from 4-, 8-, 12-, 24-,
32-, and 48-week-old c-Cbl™~ and WT littermates were enumerated.
Strikingly, the total numbers of thymocytes in c-Cbl™”~ mice were
significantly reduced at 24, 32, and 48 weeks of age, even though their
numbers were comparable between c-Cbl ™~ and WT mice at 4, 8, and
12 weeks of age (Fig. 1C). Next, we checked whether thymic T cell
development is intact in older c-Cbl-deficient mice. T cell develop-
ment in the thymus has been identified to pass through defined stages
of development (20). Even though all developmental stages of T cells
were represented in older c-Cbl-deficient thymus, the numbers and
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Fig. 1. Diminished lymphocyte development in older c-Cbl”~ mice. (A) Absolute
numbers of CD19* B cells of the BM were determined as average per animal (two
tibia and fibula) at indicated weeks of age. Each group contains n =5 mice. Data are
representative of five independent experiments. Data are presented as mean +
SEM. *, P values <0.05. (B) FACS plots indicating relative frequencies of B cells at 4
(Upper) and 24 weeks (Lower) of age. Data are representative of 10 independent
experiments. (C) Absolute numbers of thymocytes at indicated weeks of age. Each
group contains n =5 mice. Data are representative of 10 independent experiments.
Data are presented as mean + SEM. *, P values <0.05. (D) Analysis of thymic T cell
development at 4 (Upper) and 24 weeks of age (Lower) in c-Cbl™~ mice.
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distribution of CD4*CD8* (DP), CD4*CD8~ (SP4), and CD4~
CD8™ (SP8) subsets were significantly altered (Fig. 1D and Fig. S2 4
and B). Surprisingly, the absolute numbers of CD4-CDS- (DN) pro-
genitor T cells were normal in older c-Cbl™”~ thymus. However, fur-
ther dissection of DN cells into distinct subsets (DN1-DN4), based on
the expression of CD44 and CD25, revealed an increased frequency
of the DN1 fraction and decreased frequencies of DN2, DN3, and
DN4 subsets in older ¢-Cbl™™ mice. Of note, the transition between
DN1 and DN2 was significantly affected. Intriguingly, an altered
distribution of DN1 and DN2 cells was also observed in younger
¢-Cbl™~ mice (Fig. S2 C-E and Fig. $3 A4 and B). Together, these data
suggest that the B cell development in the BM and T cell development
in the thymus are selectively affected in older c-Cbl mutant mice.

Perturbed Secondary Lymphocyte Development in Older c-Chl-
Deficient Mice. To evaluate whether the secondary B cell develop-
ment is intact in older ¢-Cbl™ mice, first the total numbers of
CD19" B cells of the spleen were calculated. Interestingly, our
analyses revealed normal relative numbers of B cells at 4 weeks of age
and a reduced relative frequency of B cells in 24-week-old mice (Fig.
S3C). However, the absolute numbers of splenic CD19" cells were
significantly increased in 24-week-old mice (Fig. S3C). However, the
absolute numbers of splenic CD19™ cells were significantly increased
in 24-week-old mice (Fig. S3D). Next, we determined the frequen-
cies of marginal zone (B220"CD19*CD21*CD237) B cells and
follicular (B220*CD19*CD21*"°¥CD23™) B cells in the spleens of
older ¢-Cbl™~ mice. A detailed analysis of the peripheral B cells
indicated a decline in follicular B cell production and undisturbed
frequencies of marginal zone B cell subset in the spleens of older

Fig. 2. Reduced B and T cell responses in
older c-Cbl™~ mice. (A) FACS plots indicating
frequencies of marginal zone B cells (MZB)
and follicular B cells (FCB) at 4 (Upper) and
24 weeks (Lower) of age. Analysis was per-
formed on pregated CD19"B220* cells. Data
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are representative of three independent
experiments. (B and C) Reduced IgM and
IgG antibody responses in older c-Cbl”~ mice.
Five mice per group were injected s.c. with
10 pg of TNP KLH in CFA. At indicated time
points after immunization, mice were bled,
and the IgM (B) and IgG (C) antibody titers
in the serum were determined by ELISA.
Error bars indicate the standard errors of the
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mean. (D) FACS plots indicating frequencies
of naive (CD62LM9"CD44"°"~) and memory
(CD44M9hCDB2L'°") CDA* T cells of the spleen
at 4 (Upper) and 24 weeks (Lower) of age.
Analysis was performed on pregated CD4*
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cells. Data are representative of five inde-
pendent experiments. (E) T cell proliferation
assays. Sorted naive CD4 T cells of 4- and 24-
week-old c-Col** (filled) and c-Cbl™~ (open)
were CFSE labeled and stimulated with
plate bound CD3e (5 pg/mL) and soluble CD28

(2 pg/mL). Three days after stimulation (Lef?),
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cells were analyzed by flow cytometry. (F) IL2
secretion assay. Sorted naive CD4 T cells of 4-
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and 24-week-old c-CbI”* and c-Cbl”~ were
stimulated with plate bound CD3e (5 pg/mL)
and soluble CD28 (2 pg/mL). Supernatants
were collected at 48 hours after stimulation,
and IL2 cytokine levels were determined by
ELISA. Data are representative of two inde-
pendent experiments. Shown are the mean
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Fig. 3. Perturbed lymphocyte development in older c-Cbl™~ mice is cell
intrinsic. (A and B) Sorted HSCs (2 x 10% from 24-week-old ¢-Cbl™~ and WT mice
were injected into lethally irradiated CD45.1 WT recipients. Twelve weeks after
transplantation, analysis of recipient BM (A) and thymus (B) was performed by
flow cytometry. (A) Donor derived (CD45.2") cells were pregated and analyzed
for B220 and CD19 expression (Upper). CD45.2*B220*CD43™ cells were pregated
and analyzed for IgD and IgM expression (Lower). (B) FACS plots indicating CD4
and CD8 expression in pregated CD45.2* thymocytes (Upper). CD44 and CD25
expression in donor derived DN thymocytes (Lower). Cells were pregated on
CD45.2*CD4~CD8~ fraction. (C and D) Sorted HSCs (2 x 10% of 24-week-old
(CD45.1) WT mice were injected into lethally irradiated either c-Cbl™ or WT
(CD45.2) recipients. Twelve weeks after transplantation, BM (C) and thymi (D) of
recipients were analyzed by flow cytometry. (C) B220 and CD19 expression
in pregated CD45.1* BM cells (Upper). IgD and IgM expression in CD45.1+B220+
CD43- cells (Lower). (D) CD4 and CD8 expression in pregated CD45.1* thymo-
cytes (Upper). CD44 and CD25 expression in pregated CD45.1*CD4~CD8~ thy-
mocytes (Lower). (E and F) Mixed BM chimera experiments. Varying proportions
of WT (CD45.1) and c-Cbl (CD45.2) deficient BM cells were mixed and injected
into lethally irradiated CD45.1 congenic recipients. After 16 weeks of trans-
plantation, recipients (n = 5) were sacrificed, thymi were harvested, single cell
suspensions were made, and WT vs. KO chimera was assessed by flow cytometry
based on differential expression of CD45.1 vs. CD45.2. Analysis of chimera
revealed recipients with three different ratios of WT vs. KO cells as indicated (E).
WT (CD45.1; Upper) and KO (CD45.2; Lower) derived thymocytes were pregated
and further discriminated based on the CD4 and CD8 expression (F).

c-Cbl-deficient mice (Fig. 24 and Fig. S3E). Moreover, the capacity
to generate high affinity antibodies by peripheral B cells was com-
promised in older c-Cbl-deficient animals (Fig. 2 B and C).

Next, we focused on the T cell compartment in the periphery of
¢-Cbl™~ mice. Analysis of splenic CD4 and CDS8 T cells revealed
comparable frequencies between c-Cbl™~ and WT animals at 4
weeks of age (Fig. S3 F and G). Even though the relative frequencies
of the CD4 subset were comparable, and of the CD8 subset were
slightly reduced in c-Cbl-deficient mice at 24 weeks of age, their
absolute numbers were significantly increased in c-Cbl ™~ mice due
to overall increase of splenic cellularity. Nevertheless, the fre-
quencies of naive T cells of both CD4 (Fig. ) and CDS8 (Fig. S3H)
subsets were significantly decreased in c-Cbl™ ™ mice at 24 weeks of
age, although their frequencies were comparable at 4 weeks of age.
Moreover, naive T cells of 24-week-old ¢-Cbl™~ mice exhibited a
severe defect in proliferation upon stimulation with a«CD3 and
aCD28 (Fig. 2F) and showed diminished responses to secondary
stimulation (Fig. S37). In addition, the viability of CD4 T cells from
24-week-old c-Cbl™~ mice was significantly reduced when stimu-
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lated with «CD3 and «CD28 (Fig. S3/). In line with these obser-
Vat10ns the capacity to secrete IL2 upon activation by 24-week-old
¢-Cbl™~ T cells was significantly reduced when compared to the T
cells of WT mice (Fig. 2F).

Cell Intrinsic Role of c-Chl in Lymphopoiesis. To assess whether the
reduced B and T cell development in older c-Cbl™~ mice is due to a
cell intrinsic phenomenon, HSC transplantation experiments were
performed. In the first set of experiments, purified HSCs (Lin™
c-kit*Scal *CD34") of 24-week-old c-Cbl 7~ and WT mice (CD45.2)
were transplanted into lethally (11 Gy) irradiated congenic (CD45.1)
WT recipients. Twelve weeks after transplantation, donor-derived
hematopoiesis was confirmed in the peripheral blood (Fig. S44) and
the recipients were euthanized to analyze B and T cell development.
As observed in c-Cbl-deficient BM, the frequencies of CD19*B220™"
and B220*CD43 IgD*IgM™* (fraction F) cells were significantly
reduced in recipients that received c-Cbl-deficient HSCs (Fig. 34
and Fig. S4B). Similarly, analysis of thymus revealed a severe
reduction of total thymoc/ytes DP, SP4, and SP8 T cells in recipients
transplanted with c-Cbl™~ HSCs. On the other hand, the absolute
numbers of DN1, DN2, DN3, and DN4 T cell progenitor subsets
were increased in mice that received c-Cbl™'~ HSCs (Fig. 3B and
Fig. S4 C and D). Nevertheless, as we observed in c-Cbl-deficient
mice, the relative frequency of DN2 cells is affected in WT recipients
that were transplanted with c-Cbl™~ cells. Conversely, sorted WT
(CD45.1) HSCs were transplanted into lethally irradiated 24-week-
old either c-Cbl™~ or WT recipients (CD45.2). Interestingly, anal-
ysis of donor-derived B and T cell development, 12 weeks after
transplantatwn did not show any significant differences between
¢-Cbl™~ and WT recipients (Fig. 3 C and D and Fig. S5).

To further substantiate the cell intrinsic role of ¢-Cbl and to
exclude the possible involvement of other hematopoietic cells in
the observed phenotype, WT mice with mixed (WT and KO) BM
chimera were generated as described earlier (17). Overall, three
groups of mice with three different ratios (~20:70%, ~40:40%,
and ~70:20%) of WT (CD45.1): c-Cbl™~ (CD45.2) cells were
obtained (Fig. 3E). After 16 weeks of transplantation, analysis of
thymocytes of recipient mice with a chimera of ~20:70% (WT:
¢-Cbl ™~ cells, respectively), revealed an impairment of both WT
(CD45.1) and c-Cbl™~ (CD45.2) T cell development Similarly,
analysis of chimera with ~40:40%, (WT: c-Cbl~"~, respectively),
suggested a decline in T cell development of both WT (CD45.1)
and c-Cbl™~ (CD45.2) orlgm Intriguingly, analysis of chimera
with ~70:20%, (WT: c-Cbl™'~, respectively), revealed an intact T
cell development of both WT (CD45.1) and c-Cbl™~ (CD45.2)
or1g1n although the ratio between DN and DP cells was altered
in c-Cbl™~ thymocytes (Fig. 3F).

Taken together, the data of HSC transplantation and mixed
BM chimera experiments, essentially, rule out the possible
involvement of cell extrinsic factors that might contribute to
diminished lymphopoiesis in older c-Cbl-deficient mice.

Normal Progenitor Numbers and Reduced Expression of Transcription
Factors. A possible explanation for the reduced lymphocyte devel-
opment in older ¢-Cbl mutant animals might be due to reduced
numbers of lymphocyte progenitors at 24 weeks of age. Thus,
analysis of common lymphoid progenitors (CLP; Lin IL7Ra*
Scal*c-Kit'") of the BM and early thymlc progenitors (ETP;
Lin"CD25~CD44*NK1.1"IL7Ra¢-Kit") of the thymus was per-
formed, as CLPs and ETPs are the precursors of B and T cells,
respectively (21). Interestingly, an increased numbers of CLPs (Fig.
S6 A4 and B) and normal numbers of ETPs (Fig. S6 C and D) were
observed in older c-Cbl~'~ mice. The increase of CLPs in the BM of
c-Cbl-deficient mice could be a consequence of an increased fre-
quency of HSCs as reported earlier (17). These data suggest that the
defective lymphocyte differentiation in c-Cbl-deficient mice might
not be due to reduced lymphoid progenitors.
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Development of B cells in the BM critically depends on tran-
scription factors (TF) such as E2A, EBF, and PAXS (4) and the
early development of T cells in the thymus is instructed by TFs
such as TCF1, LEF1, and RORYyT (22, 23). Of note, earlier
studies have documented an age-related decline in the expression
of E2A in B cells (24). To check whether the diminished lym-
phocyte development in older c-Cbl™'~ mice is due to reduced
expression levels of key transcription factors, real-time PCR
analysis was performed. Surprisingly, expression levels of both B
cell lineage (E2A, EBF, and Pax5) and T lineage (TCF1, LEF1,
and RORYT) transcription factors were significantly reduced in
lymphocytes of older c-Cbl-deficient mice (Fig. S7 4 and B).

IL7-Mediated Signals in c-Cbl~'~ Lymphocytes. Interleukin 7 (IL7) is
a nonredundant and crucial cytokine for the development of both
B and T cells (25, 26). IL7 signals through IL7R, which consists of
two chains, IL7Ra and common cytokine receptor y-chain (27, 28).
Cross linking of IL7R with IL7 results in the phosphorylation of
STATS through JAKI1 and JAK3. Phosphorylated STATS then
dimerizes and translocates to the nucleus, where it induces tran-
scription of target genes (29). In view of our recent finding that
c-Cbl deficiency leads to augmented STATS signaling in response
to thrombopoietin in HSCs (17), we hypothesized that IL7 sig-
naling events might be augmented in c-Cbl-deficient lymphocytes.
To assess the importance of c-Cbl in orchestrating IL7 signal
cascades, we analyzed trophic and proliferative effects of IL7
signaling. Interestingly both B and T cell progenitors of c-Cbl-
deficient mice exhibited increased viability in response to IL7 (Fig.
44 and B and Fig. S7 C and D). Similar results were obtained using
HSCs (Fig. 4C). Next, we measured the proliferative responses of
c-Cbl-deficient HSCs in response to IL7. CFSE dilution analysis
indicated an augmented proliferation associated with c-Cbl defi-
ciency (Fig. 4D). Furthermore, we tested whether the HSCs of older
¢-Cbl™~ mice have the potential to differentiate into Ig positive B

No cytokine

A D

cells in vitro. Interestingly, flow cytometric analysis revealed a
comparable in vitro B cell differentiation potential between older
c-Cbl-deficient and WT HSCs (Fig. 4E). To understand the hyper-
responsiveness of c-Cbl-deficient cells to IL7 at a molecular level,
STATS phosphorylation levels in B and T cells were quantified by
the phosflow technique. In line with our previous observations in
HSCs (17), p-STATS levels were higher in c-Cbl-deficient lym-
phocytes (Fig. 4F). Collectively, these data suggest that, in the
presence of unlimited amounts of IL7, the lymphocyte development
potential of c-Cbl-deficient HSC:s is not affected.

Deficiency of IL7Rx Down-Regulation in c-Cbl~'~ Lymphocytes. Fi-
nally, we sought to understand the mechanism behind diminished
lymphocyte development in older ¢-Cbl™~ mice. In light of our
observation that lymphopoiesis in general, both B and T cell
development, is perturbed in older c-Cbl ™~ mice, we hypothesized
that a deregulated IL7 signal cascade might be responsible for the
phenotype. Previous studies have demonstrated that IL7 pro-
duction by stromal cells and lymphopoietic support potential of
hematopoietic microenvironment decrease with age (21, 30, 31).
However, the data of our transplantation experiments rule out the
possibility that diminished IL7 production might be responsible
for the defective lymphocyte development in older c-Cbl-deficient
mice. Moreover, previous studies have reported earlier that
coordinated lymphocyte development is not only dependent on
IL7-mediated signals but also on dynamic and developmental-
stage-specific regulation of the IL7Ra chain expression (5, 32-34).
We therefore hypothesized that the defective lymphoid develop-
ment in older c-Cbl-deficient mice might be due to deregulated
IL7Ra expression. We therefore checked IL7Ra expression levels
in Hardy fractions of the BM. Although the expression levels were
comparable between c-Cbl™~ and WT at earlier stages of B cell
development (Fr. B and Fr. C), IL7Ra expression levels in Fr. D,
Fr. E, and Fr. F of c-Cbl™~ mice were higher (Fig. 54). Similarly,

L7

100
[Jc-Cbl+/+
Emc-Cbl--

Cell counts —

Fig. 4. c-Cbl deficient lymphocytes exhibit increased re-
sponses to IL7. (A and B) Hardy Fractions of BM B cells (A)
and DN subsets (DN1-DN4) of thymocytes (B) were sorted
from 24-week-old mice and cultured for 48 hours in the
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SCF* IL3* IL6" FIt3L and TPO for 36 hours. (C) Cells were
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for 48 hours. Viability was measured by flow cytometry
based on Pl exclusion. Data are representative of two inde-
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cultured in the presence of IL7 for 48 hours. CFSE dilution in
proliferating cells was measured by flow cytometry. Filled
histograms represent c-Cbl** cells and open histograms
represent c-Cbl ™~ cells. (E) Cells were washed and cultured in
the presence of IL7 for 14 days. Cells were washed and
stained with CD19 and IgM antibodies and measured by
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flow cytometry. (F) Sorted B220*CD43*CD24*BP1™ (Fr.B) cells
of BM (Upper) and CD44*CD25*CD4'CD8~ (DN2) cells of
thymus (Lower) of 24-week-old mice were stimulated with
IL7 for 30 minutes. Cells were fixed and permeabilized, and
phospho-STATS5 levels were measured by flow cytometry.
Filled histograms represent WT cells and open histograms

represent c-Cbl deficient cells. Cells at time point 0 served as
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controls. Data are presented as mean + SEM and *, P < 0.05.
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Fig. 5. Defective IL7R down-regulation in c-Cbl™~ cells. (A and B) Surface
expression of IL7R in Hardy Fractions of the BM (A) and T cell subsets of the
thymus (B) of 24-week-old mice. Filled histograms represent c-Cbl** cells and
open histograms represent c-Cbl™~ cells. (C) Surface expression of IL7R in in vitro
differentiated B cells from HSCs. Filled histograms represent c-Cbl*** cells and
open histograms represent c-Cbl™~ cells. (D) Surface expression of IL7R in pre-
gated B220*CD4371gM*IgD* (Fraction F) cells of the BM (Left) and CD4*CD8*
(DP) cells of the thymus (Right) of 24-week-old mice. Filled histograms represent
c-Cbl*™ cells and open histograms represent c-Cbl"/~ cells. (E) Coimmunopreci-
pitation studies. 293T cells were cotransfected with plasmids expressing c-Cbl
and IL7R proteins. Cell lysates were coimmunoprecipitated using myc antibodies.
Precipitates were subjected toimmunoblotting and detected using c-Cbl (Upper)
and IL7R (Lower) antibodies. (F) Ubiquitylation assays. 293T cells were cotrans-
fected with plasmids expressing ¢-Cbl, IL7R, and ubiquitin proteins. Cell lysates
were immunoprecipitated using IL7R antibodies. Precipitates were subjected to
immunoblotting and detected using ubiquitin antibodies.

the expression levels of IL7Ra were quantified at various stages of
T cell development. Interestingly, the surface expression levels of
IL7Rawere significantly higher at DN2, DN3, DN4, and DP stages
of T cell differentiation in c-Cbl-deficient mice (Fig. 5B). Next, we
analyzed whether the augmented expression of IL7R is specific to
the a-subunit. Intriguingly, expression levels of yc (CD132) sub-
unit were comparable, between c-Cbl '~ and WT mice, at all stages
of B and T cell development (Fig. S8).

To investigate whether the increased surface level of IL7Ra is
due to their increased transcription, mRNA levels of IL7Ra were
measured by real-time PCR. At all stages of B and T cell
development, the IL7Ra mRNA levels were comparable
between c-Cbl™~ and WT mice (Fig. S9 4 and B). To rule out
any possible impact of the “niche” in this phenomenon, sorted
HSCs were differentiated in vitro into B cells and surface levels
of IL7Ra were measured. A direct comparison revealed an
increase of IL7Ra surface levels in c-Cbl-deficient cells (Fig. 5C).

Involvement of c-Cbl in the Ubiquitylation of IL7R«x Protein. As c-Cbl
mainly functions as E3 ubiquitin ligase and targets various
receptors for degradation (11, 12, 14), we speculated that c-Cbl
might be involved in the ubiquitylation of IL7Ra. Recently,
transgenic mice (referred as c-Cbl*") with a loss-of-function
mutation in the c-Cbl RING finger domain have been generated

8320 | www.pnas.org/cgi/doi/10.1073/pnas.0914496107

and reported (35). Although the E3 ligase functions of c-Cbl
protein are perturbed, the expression levels and functions of
tyrosine kinase binding domain of ¢-Cbl protein are normal in c-
Cbl*~ mice. Thus, the cells of ¢-Cbl*'~ mice, only, lack c-Cbl-
mediated ubiquitylation of target proteins. Next, we quantified the
surface levels of IL7Ra in lymphocytes of c-Cbl™~ mice. As
observed in c-Cbl ™'~ cells, B and T cells of c-Cbl'~ mice exhibited
increased surface levels of IL7Ra (Fig. 5D), suggesting that the
augmented IL7Ra levels is due to deficient c-Cbl-mediated
ubiquitylation. Of note, both age-dependent thymic loss (35) and
diminished B cell development in the BM have been observed in c-
Cbl*~ mice. To exclude the possible involvement of Cbl-b, a
homolog of ¢-Cbl, in this phenomenon, B and T cell development
of 24- and 42-week-old Cbl-b™~ mice was analyzed. As expected,
both the lymphocyte numbers and IL7Ra expression levels were
comparable between Cbl-b™'~ and WT animals (Fig. S9 C and D).

Finally, using coimmunoprecipitation and ubiquitylation ex-
periments, we formally demonstrated an interaction between c-Cbl
and IL7Ra proteins (Fig. SE) and the involvement of c-Cbl in the
ubiquitylation of IL7Ra (Fig. 5F). Taken together, these experi-
ments suggest that c-Cbl might be involved in the ubiquitylation
of IL7Ra.

Discussion

In keeping with our findings, it has been recently proposed (29)
that IL7 is regulated by consumption rather than production. In
contrast to constitutive production of IL7, mounting evidence
documents that IL7Ra expression is strictly modulated, either
increased or decreased, during lymphocyte development (5, 29,
32-34,36,37). Although, IL7Ra is expressed as early as DN1 stage
of thymocyte development, IL7Ra signaling is critically required at
the DN2 and DN3 stages, where most thymocyte division occurs
(38). Massive expansion of DN4 and early DP cells results in the
complete loss of IL7Ra expression. Once thymic selection is
completed, IL7Ra is reexpressed in thymocytes that undergo
positive selection. A profound expression of IL7Ra is documented
at CD4 and CDS8 single positive cells, as IL7 signals are required
for their survival (39, 40). Mounting evidence underlines the
importance of transient down-regulation of IL7Ra between DN3
and DP stages of thymocyte development (29). A pioneering study
by Munitic et al. has demonstrated that transgenic expression of
IL7Ra, under the control of CD2 promoter, throughout thymo-
cyte development results in overall reduction in the cellularity of
the thymus and accelerated thymic involution (34).

Similarly, IL7Ra expression is crucial for murine B cell devel-
opment in the bone marrow. IL7Ra is expressed in B cells from
the earliest CLP stage to the early surface IgM* stage; however,
it is absent in mature B cells (41, 42). Consistent with T cell
development, retroviral-mediated overexpression of IL7Ra in
hematopoietic progenitor cells leads to perturbed B cell devel-
opment (37). Earlier, we have reported that deregulated ex-
pression of IL7Ra in B lymphocytes leads to incomplete blockade
of B cell development (5). Taken together, it has become evident
that perturbed down-regulation of IL7Ra during lymphocyte
development results in reduced differentiation of B and T cells.

Aging is broadly defined as a progressive decline of tissue and
organ functions due to deregulation of various cell intrinsic and
extrinsic factors. One of the hallmark features of the aging immune
system is reduced B cell development in the bone marrow and T cell
development in the thymus (21, 31). The reduction of lymphocyte
development in aging animals results in fewer naive cells available to
replenish the peripheral lymphocyte pool and ultimately leading to
constriction of B and T cell repertoire. This results in deterioration
of immune functions and contributes to the increased incidence of
morbidity and mortality from infectious diseases, autoimmunity and
cancer (21). Studies over many decades have suggested a number
of critical factors involved in the aging process. These include
cell intrinsic factors such as oxidative stress, telomere shortening,
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accumulation of mutations, mitochondrial dysfunction, altered
composition of lipid bilayer and changes in receptor binding affin-
ities, and cell extrinsic factors such as failed generation of one or
more stromal derived cytokines (31). Recently, it has been proposed
that a more likely cause for the defective lymphoid differentiation of
aging HSCs is the age dependent acquisition of defects in the
genomic DNA (31).

Intriguingly, our analysis suggested that the perturbed lymphocyte
development in older ¢-Cbl mutants might be due to impaired down
regulation of IL7Ra in lymphocytes. Of note, c-Cbl deficiency results
in lymphopenia and reduced lymphocyte functions, exclusively, in
older animals. In view of this fact, it is tempting to hypothesize that
c-Cbl deficiency might result in accelerated aging of the immune
system. Although c-Cbl deficiency results in a phenotype that is very
similar to the “immune aging” phenotype seen in wild type mice, it
should be emphasized here that, the “immune aging” phenomenon of
wild type mice might be caused by mechanisms other than c-Cbl
deficiency, since c-Cbl expression in lymphocytes is comparable
between young and aging wild type mice. This is not surprising,
as aging is complex and, most likely, is the result of defects in multiple
cell intrinsic and extrinsic pathways. Recently, several human patients
have been identified to harbor mutations in the c-CBL gene, which
abolish its E3 ligase functions. Even though there is no information
available yet on the lymphocyte development and functions in these
patients, our study suggests consideration of this possibility.

We believe that the insights obtained from the current study
might open a new perspective in the understanding of aging
biology. In addition, it provides evidence that the modulation of
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cytokine receptor expression through post-translational mod-
ifications, such as ubiquitylation, is one of the key determinants
of cytokine signaling in hematopoiesis.

Methods

Mice. c-Cbl™'~ mice and c-Cbl*~ (c-Cbl Ring finger mutant) mice were gen-
erated and reported earlier (15, 35). c-Cbl™~, c-CbI**, ¢-CbI”/~, and CD45.1
mice were kept under specific pathogen-free conditions in the animal care
facility at Yale University. All mouse experiments were approved by the
Institutional Animal Care and Use Committee of Yale University.

Immunization Studies. Four- and 24-week-old ¢-Cbl™~ and WT mice (n = 5)
were injected s.c. with 10 ug of TNP KLH in CFA. Five, 10, and 15 days after
immunization, mice were bled and the IgM and IgG antibody titers in the
serum were determined by ELISA.

Cell Culture. In vitro cultures were performed using purified B and T cells. For
viability assays, sorted cells were cultured for 48 h in the presence of 10 ng/mL
IL7 (PeproTech) in RPMI medium supplemented with 10% FCS, 2 mM
L-glutamine, 1% penicillin-streptomycin, and 1 mM nonessential amino acids.

T Cell Proliferation Studies. Naive (CD62L"9" CD44'°%'~) CD4 T cells were
sorted and labeled with CFSE (3 uM) at 37 °C for 10 min. Cells were stimu-
lated with plate-bound aCD3e (5 pg/mL) and soluble «CD28 (2 pg/mL).
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