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Abstract

Natural regulatory T (nTreg) cells are important for maintaining tolerance to self and foreign
antigens, and they are thought to develop from thymocytes that receive strong T cell receptor
(TCR)-mediated signals in the thymus. TCR engagement leads to the activation of phospholipase
C v1, which generates the lipid second messenger diacylglycerol (DAG) from
phosphatidylinositol-4,5-bisphosphate. Here, we used mice that lack the { isoform of DAG kinase
(DGKY), which metabolizes DAG to terminate its signaling, to enhance TCR-mediated signaling
and identify critical signaling events in nTreg cell development. Loss of DGKC resulted in
increased numbers of thymic CD25"Foxp3~CD4" nTreg cell precursors and Foxp3*CD4* nTreg
cells in a cell-autonomous manner. DGKZ-deficient T cells exhibited increased nuclear
translocation of the nuclear factor xB subunit c-Rel, as well as enhanced extracellular signal—-
regulated kinase (ERK) phosphorylation in response to TCR stimulation, suggesting that these
downstream pathways may contribute to nTreg cell development. Indeed, reducing c-Rel
abundance or blocking ERK phosphorylation abrogated the increased generation of nTreg cells by
DGKC-deficient thymocytes. The extent of ERK phosphorylation correlated with TCR-mediated
acquisition of Foxp3 in immature thymocytes in vitro. Furthermore, the development of nTreg
cells was augmented in mice in which ERK activation was selectively enhanced in T cells.
Together, these data suggest that DGKC regulates the development of nTreg cells by limiting the
extent of activation of the ERK and c-Rel signaling pathways.
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Introduction

Immune tolerance to self and foreign antigens must be actively maintained by CD4*Foxp3*
regulatory T (Treg) cells (1, 2). The importance of these cells has been described in various
human and murine disorders in which a lack of Treg cells results in fatal autoimmune
pathology because of unregulated activation of T cells (3-7). Treg cells also infiltrate tumors
and block beneficial T cell-mediated anti-tumor responses (8). In addition to opposing
immune responses to self, Treg cells also dampen excessive immune responses to foreign
and commensal antigens that may otherwise lead to tissue damage (9-11). For example,
depletion of Treg cells elicits inflammatory bowel disease that is caused by an unopposed
immune response to commensal organisms in the gut (12). Thus, an understanding of the
developmental requirements of these cells is paramount for devising effective therapeutic
strategies in settings of autoimmunity, cancer, and infection.

Treg cells are defined by the presence of their lineage-determining transcription factor
Foxp3, and they are divided into two subsets: natural Treg (nTreg) cells and inducible Treg
(iTreg) cells. Whereas iTreg cells are generated from Foxp3~ conventional T cells that
acquire Foxp3 in the periphery (13), nTreg cells acquire Foxp3 during thymic development
as the final result of a sophisticated and highly regulated maturation process (14). During T
cell development in the thymus, survival signals generated through the recognition of self
peptide-bound major histocompatibility complex (MHC) by the T cell receptor (TCR)
stimulates the positive selection of CD4 CD8 double positive (DP) thymocytes. However, T
cells bearing TCRs with excessive affinity for self peptide—bound MHC are purged through
the process of negative selection. These developmental phases enable the selection of a
highly diverse population of T cells that are not overtly self-reactive, but can still recognize
foreign peptides presented by self MHC molecules. Although interaction with strong agonist
peptides stimulates negative selection in many developing T cells, it can also induce the
development of CD4 single positive (SP) thymocytes into nTreg cells (15). This
phenomenon was demonstrated primarily through the use of TCR transgenic mouse models
in which almost all T cells express a TCR of single specificity. Such studies have found that
an unusually high percentage of T cells expressing a fixed TCR become Treg cells when
their cognate antigen is present in the thymus during development (16-20). Additionally,
when T cells express a TCR with an intrinsically lower affinity for this thymically expressed
antigen, fewer Treg cells are generated, which suggests that strong TCR-mediated signals
stimulate the development of nTreg cells (19, 21). However, the specific TCR-driven
signaling events that induce the development of nTreg cells upon recognition of a TCR
agonist have yet to be defined.

Engagement of the TCR on T cells leads to the formation of a multimolecular proximal
signaling complex, which brings key signaling molecules in close proximity to each other
and to the plasma membrane (22). One important event that results from the organization of
this signaling complex is the activation and membrane localization of phospholipase C y1
(PLC-v1), which cleaves the plasma membrane—associated lipid molecule
phosphatidylinositol-4,5-bisphosphate (PIP,) to form the second messengers inositol-1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG). IP3 molecules initiate the release of Ca?*
from intracellular stores, whereas DAG promotes activation of the RAS guanine nucleotide—
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releasing protein (Ras-GRP) and protein kinase C (PKC) signaling pathways. Activation of
PLC-v1, and the subsequent generation of IP3 and DAG, represents a highly important step
in TCR signal transduction, because a large array of gene expression outcomes important for
T cell activation arise from this event (23).

Here, we evaluated the role of the { isoform of DAG kinase (DGKJC) in the development of
nTreg cells. DGK{ metabolizes DAG into phosphatidic acid (PA), thereby terminating
DAG-mediated signaling downstream of the TCR (24). Accordingly, T cells that lack DGK{
exhibit decreased conversion of DAG to PA upon TCR stimulation, which leads to the
enhanced activation of TCR-stimulated T cells in DGK{ knockout (DGK(™~) mice (24-27)).
These observations prompted us to investigate Treg cell development in DGK{mice to
determine how it might be affected by the decreased conversion of DAG to PA. We
demonstrated that a deficiency in DGKC led to the increased production of nTreg cell
precursors and nTreg cells in a cell-intrinsic manner through a mechanism that depended on
extracellular signal-regulated kinase (ERK) and the nuclear factor kB (NF-xB) subunit c-
Rel. These findings identify DGKC as a critical molecule downstream of TCR signaling that
regulates the development of nTreg cells.

DGKC(-deficient thymocytes perceive enhanced signaling upon TCR engagement

Previous studies showed that the development of Treg cells results from strong signals
received through the TCR during T cell maturation (16-20). To examine whether the
selective enhancement of DAG-mediated signals is perceived by thymocytes as a strong
TCR signal, we isolated thymocytes from DGKZ~~ mice and assessed them ex vivo for the
abundance of Nur77 upon TCR stimulation. The abundance of Nur77 protein positively
correlates with TCR signal strength (28-30). DGK{ - thymocytes stimulated through the
TCR in the absence or presence of costimulation of CD28 exhibited a more rapid increase in
Nur77 abundance than did wild-type thymocytes (Fig. 1A), which was true for both DP
thymocytes and CD4 SP thymocytes. These data suggest that for a given stimulus, DGKZ7~
thymocytes perceive enhanced TCR signals compared to wild-type thymocytes.

The percentages and numbers of thymic and peripheral Treg cells in DGK{~~ mice are
increased compared to those in wild-type mice

We next examined the numbers and percentages of Treg cells in DGK{~~ mice. Compared
to those of age-matched wild-type mice, the percentages of Treg cells within all CD4* SP T
cells and the absolute numbers of Treg cells were statistically significantly increased in the
thymus and spleen of DGKZ~~ mice (Fig. 1, B and C). DGKZ~~ mice did not exhibit a
substantial reduction in the absolute numbers of Foxp3~ CD4 SP thymocytes or of
Foxp3~CD4* splenic T cells (Fig. 1C), which suggested that the enhanced percentages of
Treg cells were not a result of decreased numbers of Foxp3-CD4* T cells. In addition to
Foxp3*CD4* Treg cells in the thymus, DGKZ~~ mice also had increased percentages of
CD25"Foxp3~ CD4 SP thymocytes, a population that is highly enriched for nTreg cell
precursors (Fig. 1D) (31). Similar to adult mice, 3-week-old DGKZ~~ mice had increased
percentages and numbers of Treg cells in the thymus and spleen compared to those of age-
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matched wild-type mice (fig. S1, A and B). Moreover, DGKZ~~ mice exhibited increased
percentages of Foxp3* cells within the fraction of CD4 SP T cells that had not yet decreased
the abundance of heat stable antigen (HSA), a protein present on the cell surface of
developing T cells (Fig. 1E) (32). Together, these data suggest that a deficiency in DGK{
leads to the increased generation of nTreg cell precursors and nTreg cells in the thymus.

To ensure that the CD4*Foxp3* T cells generated in DGK( ™~ mice were bona fide Treg
cells with suppressive function, we compared the phenotypes and functions of Treg cells in
wild-type and DGK{ ™~ mice. We found that the amounts of CD25, Foxp3, and the
glucocorticoid-induced tumor necrosis factor receptor (TNFR) family related gene (GITR), a
molecule constitutively present on the surface of Treg cells, were similar between wild-type
and DGK = Treg cells (fig. S2). We then crossed DGK{ ™~ mice to Foxp3 green
fluorescent protein (GFP) reporter mice, and then compared the suppressive abilities of
sorted DGK{ ™~ Treg cells with those of wild-type Treg cells in vitro. DGK{ = Treg cells
suppressed the TCR-stimulated division of CD4" T cells at least as well as did wild-type
Treg cells, suggesting that DGKZ =~ Treg cells are bona fide Treg cells with normal function
(Fig. 1F).

Loss of DGK( enhances the generation of Treg cell precursors and Treg cells in a cell-
autonomous manner

Because both the development and peripheral homeostasis of thymic Treg cells are
dependent on extrinsic factors such as interleukin-2 (IL-2) (1, 33), we next tested whether
the enhanced generation of Treg cells in DGK{ ™~ mice was a result of a cell-intrinsic or a
cell-extrinsic effect. To this end, we generated competitive bone marrow chimeric mice with
bone marrow cells from DGK{ ™~ or wild-type mice mixed with competitor bone marrow
cells from congenically disparate wild-type mice. We then analyzed the development of
thymic Treg cells and CD25*Foxp3-CD4 SP nTreg cell precursors from the wild-type or
DGK™~ bone marrow cells, as well as from their respective competitor wild-type bone
marrow cells. We found that there was a statistically significant increase in the percentages
of thymic Treg cells and Treg cell precursors derived from DGKZ ™~ bone marrow cells
compared to those that originated from wild-type bone marrow cells (Fig. 2A). In contrast,
we observed a slight, but statistically significant, decrease in the number of wild-type
competitor Treg cells in the DGK{ ™~ chimeras compared to that in the wild-type bone
marrow chimeras (Fig. 2A). This decrease was to be expected because of the increased
occupancy of the Treg cell niche by the DGK=~ Treg cells. DGKZ ™~ bone marrow cells
also gave rise to an increased percentage of Treg cells within the splenic T cell compartment
(Fig. 2B).

To further investigate whether developing DGK( '~ thymocytes had an increased intrinsic
ability to become Treg cells upon TCR stimulation, we used an in vitro Treg cell
differentiation assay that was free of antigen-presenting cells (APCs). A small, but
reproducible, percentage of sorted immature CD4 SP thymocytes
(Foxp3-CD25-CD44!°CD69M) were previously shown to express Foxp3 when provided
with only a TCR stimulus in the presence of IL-2 (34). This method enabled us to
completely remove additional costimulatory or environmental cues that might contribute to
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the enhanced percentage of Foxp3* CD4 SP thymocytes in DGK{ ™~ mice. After a 72-hour
stimulation with anti-CD3 antibody (to stimulate the TCR) and IL-2, sorted immature CD4
SP T cells from the thymi of DGKZ~~ mice consistently produced statistically significantly
more Foxp3* T cells than did their wild-type counterparts (Fig. 2C). This difference in the
percentage of Foxp3* thymocytes was not a result of differences in the proliferation or
viability of the cultured wild-type and DGK{ ™~ thymocytes (fig. S3, A and B). These data
suggest that the increased development of Treg cells exhibited by DGK{™~ CD4 SP T cells
occurs in a T cell- intrinsic manner.

DGKQ—/— thymocytes require CD28 costimulation for the enhanced development of Treg

cells

Deficiency in one or more isoforms of DGK compensates for certain costimulation
requirements in T cell activation and division (24, 26). Because developing thymocytes
require CD28 costimulation to develop into Treg cells (35-38), we wondered whether a
deficiency in DGKC could compensate for this necessity and restore the developmental
defect in nTreg cells in CD28~"~ mice. To test this notion, we crossed DGK{ ™~ mice to
CD287"~ mice to generate DGK{ ™~ CD28~~ mice. To avoid potential cell-extrinsic factors,
we assessed Treg cell development in a competitive bone marrow chimeric setting with
wild-type, DGK{ -, CD287"-, or DGK({7~CD28~~ bone marrow cells mixed with
competitor bone marrow cells from congenically disparate wild-type mice. As expected,
nTreg cell development from DGKZ~~ bone marrow cells was enhanced compared to that of
wild-type bone marrow cells (Fig. 3, A to C). However, Treg cell development from
DGK{~-CD28~~ bone marrow, although increased in comparison to that from CD28~/~
bone marrow, was decreased compared to that from wild-type bone marrow in the thymus
and spleen (Fig. 3, A to C). Therefore, DGK{ deficiency did not simply replace the need for
costimulation in the development of nTreg cells.

c-Rel-mediated signals are required for the enhanced development of nTreg cells in
DGKC ™~ mice

We next sought to determine the specific downstream signals regulated by DGK( that might
be involved in the enhanced generation of nTreg cells. We first assessed the NF-xB
pathway, in particular the NF-xB subunit c-Rel, because numerous studies have described
an essential role for c-Rel in the development of Treg cells (35, 39-44). Activation of NF-xB
family transcription factors requires phosphorylation of the inhibitory molecule inhibitor of
kB a (IxBa), leading to its proteasomal degradation, which enables c-Rel and other
sequestered NF-xB family members to shuttle to the nucleus and activate gene expression
(45). Thus, we examined the phosphorylation and degradation of 1xBa and the nuclear
translocation of c-Rel in CD4* T cells from wild-type and DGKZ~~ mice. Upon TCR
stimulation, both the phosphorylation and degradation of IxBa were enhanced in DGK{™~ T
cells compared to in wild-type CD4* T cells (Fig. 4A). Moreover, the nuclear translocation
of c-Rel was augmented in cells lacking DGK{ compared to that in wild-type cells (Fig.
4A). These data suggest that DGKZ ™~ mice exhibit enhanced NF-kB signaling, including
that of c-Rel.
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To test whether c-Rel was involved in the enhanced development of nTreg cells in DGK{ ™~
mice, we crossed these mice with c-Rel”~ mice to generate DGK(/~c-Rel~ mice. Because
nTreg development is markedly reduced in c-Rel~~ mice (39-41) and the nuclear
translocation of c-Rel is enhanced in DGK{ '~ mice compared to that in wild-type mice, we
predicted that the absence of DGKZ would not increase the extent of Treg cell generation in
the absence of c-Rel. As described earlier, we assessed Treg cell development in a
competitive bone marrow chimeric setting with wild-type, DGK -, c-Rel~~, or DGK{¢c-
Rel~"~ bone marrow cells mixed with competitor bone marrow cells from congenically
different wild-type mice. As expected, Treg cell development from DGK{ - bone marrow
cells was enhanced compared to that from wild-type bone marrow cells (Fig. 4, B to D). In
contrast, the extent of Treg cell development from DGK{-c-Rel~~ bone marrow cells was
similar to that from c-Rel~"~ bone marrow cells, which was markedly and statistically
significantly less than that from wild-type bone marrow cells in the thymus and spleen (Fig.
4, B to D). These data suggest that signals through c-Rel are required for appreciable Treg
cell development, even in the absence of DGKCZ.

We next tested whether Treg cell development in the context of DGK( deficiency was
attenuated in mice with reduced amounts of c-Rel. To this end, we additionally created
competitive bone marrow chimeras with bone marrow cells from c-Rel™~ mice or
DGK{~c-Rel*"~ mice mixed with competitor bone marrow cells from congenically
disparate wild-type mice. The extent of Treg cell generation from DGKZ~c-Rel*”~ bone
marrow was similar to that from wild-type bone marrow, which was statistically
significantly reduced compared to that from DGK{ - bone marrow (Fig. 4, B to D). Thus, in
the absence of DGKC, the augmented generation of Treg cells was dependent on the amount
of c-Rel available, with both alleles of Rel required for maximal Treg cell development.

The extent of TCR-dependent ERK phosphorylation directly correlates with the amount of
Foxp3™* cell generation by thymocytes from wild-type and DGK(~~ mice

Another major downstream signaling pathway regulated by DGKC involves activation of
ERK (46). Consistent with previous reports (24, 25), we found that DGK{™~ CD4* T cells
exhibited increased phosphorylation (and activation) of mitogen-activated and extracellular
signal- regulated kinase (MEK) and ERK compared to that in wild-type CD4* T cells upon
TCR stimulation (Fig. 5, A and B). To investigate whether the enhanced ERK activation in
DGK ™~ cells had an effect on the development of Treg cells, we performed an in vitro Treg
cell development assay in the presence of the MEK1/2 inhibitor U0126 (47). ERK
phosphorylation, but not upstream signaling events [for example, phosphorylation of the
adaptor protein SLP-76 [Src homology 2 (SH2) domain—containing leukocyte
phosphoprotein of 76 kD] was completely inhibited in both wild-type and DGK{ ™~ CD4* T
cells treated with 30 uM U0126 (Fig. 5B). The same concentration of U0126 prevented the
generation of Foxp3* cells by both wild-type and DGK~ immature CD4 SP thymocytes in
vitro (Fig. 5C). These data suggest that ERK phosphorylation is required for the generation
of Foxp3* cells by immature CD4 SP thymocytes.

Because IL-2 also leads to ERK activation (48), we wondered whether IL-2—dependent ERK
signaling was required to generate Foxp3* cells. To this end, we performed a two-step Treg
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cell differentiation assay in vitro in which the TCR stimulus and I1L-2 were provided
separately and sequentially. Immature thymocytes were stimulated through their TCR in the
absence of IL-2 for 20 hours and re-sorted to obtain CD25* thymocytes, which were then
cultured for an additional 60 hours in the presence of IL-2 alone. Approximately 25% of
CD25" thymocytes gave rise to Foxp3* cells upon addition of exogenous IL-2, even in the
presence of U0126 (Fig. 5D). These data suggest that ERK activation is dispensable for
IL-2—dependent Foxp3* cell generation by CD25* CD4 SP thymocytes.

Next, to correlate the extent of ERK phosphorylation to the generation of Foxp3* cells, we
titrated the concentration of U0126 used in the experiments. As expected because of the
enhanced activation of MEK observed in DGK{ ™~ cells (Fig. 5A), a greater concentration of
U0126 was required to inhibit ERK phosphorylation in DGK{~ CD4* T cells than was
required for wild-type CD4* T cells (Fig. 5E). Moreover, Foxp3™* cell generation was
inhibited by U0126 in a dose-dependent manner in both DGKZ~~ and wild-type immature
CD4 SP thymocytes (Fig. 5F). We next quantified the amount of phosphorylated ERK
(PERK) at various U0126 concentrations, and plotted these against the percentage of Foxp3™*
cells in the nTreg cell development assays in which the same concentration of U0126 was
used. When normalized to pERK amounts, the percentage of CD4 SP thymocytes that were
Foxp3* was no longer increased in TCR-stimulated DGKZ~~ immature CD4 SP thymocytes
compared to that in wild-type cells (Fig. 5G). Additionally, there was a linear correlation
between pERK abundance and the percentage of Foxp3* cells, which suggested that TCR-
dependent ERK activation promotes Foxp3* cell generation from developing CD4" SP
thymocytes. However, at increased amounts of pERK, the generation of Foxp3™* cells
reached an upper limit such that beyond a certain amount, increased pERK abundance was
no longer associated with enhanced percentages of Foxp3™ cells (Fig. 5G). These findings
suggest that the increased abundance of pERK seen in the absence of DGK{ promotes
Foxp3 production in immature thymocytes in a dose-dependent manner.

Enhanced TCR-mediated activation of ERK promotes Treg cell development in vivo

To further test the role of ERK signaling in the development of nTreg cells, we assessed
Treg cell development in transgenic mice bearing the gain-of-function ERK mutation known
as sevenmaker (ERKSEM), The sevenmaker mutation renders pERK less sensitive to
deactivation by phosphatases, which leads to prolonged activation of ERK (49). Compared
to wild-type mice, ERKSEM mice exhibited a substantially increased percentage of Treg
cells within the CD4* T cell population in both the thymus and the spleen (Fig. 6A). As was
observed for DGKZ~~ mice, the absolute numbers of Treg cells were also increased in both
the thymus and the spleen of ERKSEM mice compared to those of wild-type mice, whereas
the absolute numbers of Foxp3~CD4* T cells remained unchanged (Fig 6B). Additionally,
there was a statistically significantly increase in the percentage of CD25* CD4 SP
thymocytes (which are enriched in Treg cell precursors) in ERKSEM mice compared to that
in wild-type mice (Fig. 6C). Together, our in vitro and in vivo findings support a positive
role for ERK in the generation of nTreg cells, and suggest that the enhanced ERK activation
intrinsic to DGK{™~ T cells contributes to the increased nTreg cell development observed in
DGK{ = mice.
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The NF-xB and ERK signaling pathways are not interdependently activated upon TCR
stimulation of DGKC™~ T cells

Given that both the NF-xB and ERK signaling pathways downstream of the TCR
contributed to the increased development of Treg cells in DGKZ™~ mice, it was possible that
the two pathways were interdependent. To test this, we performed biochemical analyses of
the activation of NF-kB signaling in DGK{ ™~ CD4* T cells that were stimulated in the
presence of a large concentration of U0126. Both the phosphorylation and degradation of
IxBa were unaffected in these cells, despite the complete abrogation of ERK
phosphorylation by U0126 (fig. S4A). Next, we assessed TCR-mediated ERK
phosphorylation in c-Rel”~ CD4* T cells. Western blotting analysis revealed that TCR-
dependent ERK phosphorylation in c-Rel”~ CD4* T cells was similar to, if not greater than
that observed in wild-type CD4* T cells (fig. S4B). These findings suggest that the ERK and
NF-xB signaling pathways do not substantially influence each other in CD4* T cells
stimulated through the TCR. These data suggest that the c-Rel and ERK pathways are likely
two independent signaling pathways downstream of TCR-dependent DAG activation that
contribute to the enhanced development of Treg cells in DGK{™~ mice.

Discussion

Here, we used mice lacking DGKC to identify signaling pathways downstream of the TCR
that affected the development of nTreg cells. We found that TCR-stimulated DGK{ ™~
thymocytes more rapidly increased the abundance of Nur77 than did wild-type thymocytes,
suggesting that stronger signals are perceived by thymocytes in the absence of DGKC.
Consistent with the notion that strong TCR signaling leads to the development of nTreg cells
in the thymus, loss of DGK{ promoted Treg cell development in a cell-intrinsic manner. The
absence of DGKC resulted in increased activation of the NF-xB (including c-Rel) and ERK
signaling pathways, each of which contributed to the enhanced development of Treg cells in
DGK~ mice. Together, our data suggest that DGKZ, inhibits nTreg cell development by
attenuating signals that lead to the activation of c-Rel and ERK (Fig. 7).

Loss of DGK( appears to promote Treg cell development at least in part by enhancing the
generation of Treg cell precursors. Compared to wild-type mice, DGK{~ mice and
DGK™~ bone marrow chimeric mice exhibited increased percentages of CD25*Foxp3~
CD4 SP thymocytes in the thymus. The development of Treg cells from the CD4 SP
thymocyte stage is thought to occur in two separate steps (31, 36). First, thymic CD4 SP T
cells increase their abundance of the high-affinity 1L-2 receptor (IL-2R) subunit CD25 in a
TCR-dependent manner to generate CD25*Foxp3~ CD4 SP T cells, which are highly
enriched in Treg cell progenitors (31, 36, 50). The second step, which involves the induction
of Foxp3 expression by CD25*Foxp3~ CD4 SP T cells, is dependent on IL-2, but not on
TCR stimulation (31, 36). Thus, it is likely that enhanced TCR-mediated signaling in the
setting of DGKC deficiency would exert its effect during the TCR-dependent phase, leading
to the cell-surface expression of CD25 and increased generation of Treg cell progenitors.
Indeed, c-Rel, NF-xB1, and activating protein 1 (AP-1, a key transcription factor activated
by ERK) can bind within the promoter and enhancer regions of 112ra, the gene encoding
CD25, and serve to enhance IL2ra expression upon T cell stimulation (51-54). In support of
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this notion, we observed that the enhancement of TCR-mediated ERK activation in vivo by
itself caused an increase in the numbers of Treg cells and Treg cell progenitors in ERKSEM
mice similar to that observed in DGKZ~~ mice. Thus, these data suggest that increased
TCR-dependent cell-surface expression of CD25 by immature thymocytes in the context of
a lack of DGKC contributes to the augmented generation of Treg cells.

In addition to promoting the generation of Treg cell precursors, the absence of DGK{ might
enhance the transition of Treg cell precursors to Treg cells by promoting the nuclear
translocation of c-Rel. Not all CD25"Foxp3~ CD4 SP thymocytes convert to Foxp3*CD4* T
cells upon stimulation with IL-2 (31). Thus, although the generation of Treg cells from Treg
cell precursors is TCR-independent, transcriptional programs activated at the TCR-
dependent stage might determine the likelihood that IL-2 can convert Treg cell precursors
into Treg cells. Consistent with this notion, c-Rel is required for the initial TCR-mediated
opening of the Foxp3 locus by binding to a conserved non-coding DNA sequence element
(CNS3) (44). Furthermore, c-Rel cooperates with other transcription factors to form an
enhanceosome that binds to the Foxp3 promoter to drive gene expression (43). Accordingly,
c-Rel"~ mice exhibit a severe deficiency in Treg cells (35, 39-41), whereas mice bearing a
constitutively active form of inhibitor of 1xB kinase p (IKKp) display increased numbers of
Treg cells (42). Our data demonstrate that CD4* T cells from DGKZ ™~ mice display
increased NF-xB signaling, including enhanced nuclear translocation of c-Rel, suggesting
that c-Rel translocation is one likely mechanism contributing to augmented nTreg cell
development in these mice. Indeed, DGK{7~c-Rel~'~ mice and c-Rel”~ mice exhibited a
similar and marked reduction in nTreg cell generation. Additionally, the development of
nTreg cells in the absence of DGK{ was normalized similar to that in wild-type mice when
only one allele of c-Rel was present. Thus, the increased generation of nTreg cells in
DGKZ™~ mice was dependent on the number of Rel alleles, supporting the notion that DAG-
mediated signals contribute to the generation of nTreg cells by activation of c-Rel.

In addition to exhibiting enhanced NF-xB signaling compared to wild-type CD4* T cells,
DGK{~ CD4* T cells showed markedly augmented ERK activation. The addition of a
MEK1/2 inhibitor blocked ERK phosphorylation and Foxp3 production by immature
thymocytes in a dose-dependent manner. Furthermore, a linear and positive correlation was
established between the degree of ERK phosphorylation and the percentage of immature
thymocytes expressing Foxp3. Together with the increase in Treg cell generation that we
observed in ERKSEM mice, these data suggest that the enhancement of ERK activation is
another mechanism that promotes nTreg cell development in DGK{ ™~ mice. How ERK
promotes the generation of nTreg cells is unclear. As suggested earlier, ERK activation may
increase the number of Treg cell precursors by promoting the cell-surface expression of
CD25 on CD4 SP thymocytes through the activation of AP-1 family transcription factors
(51). Both TCR-mediated DAG production and IL-2R signaling lead to ERK activation;
however, we found that ERK activation was dispensable for Foxp3 production in
thymocytes that already had increased CD25 abundance. Still, it is possible that the AP-1
transcription factors activated during the initial TCR stimulus promoted Foxp3 expression
during Treg cell development. Several AP-1-binding sites are present in the Foxp3
promoter, and reporter-based assays have shown that these sites are necessary for efficient
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Foxp3 induction in peripheral human T cells (55). In addition to AP-1, ERK may promote
Foxp3 expression by phosphorylating the transcription factor Runx1, which enables the
interaction of Runx1 with its binding partners and enhances its transcriptional activity (56,
57). Runx1 and its transcriptional coactivator Cbf-f§ associate with Foxp3 to form a complex
that binds to the CNS2 region of the Foxp3 locus, which is required for the stable expression
of Foxp3in dividing nTreg cells (44, 58, 59). Therefore, TCR-mediated activation of ERK
can act at multiple developmental steps leading to the generation of nTreg cells.

During our analyses comparing quantitative ERK phosphorylation versus Foxp3 expression
(Fig. 5G), we found that the y-intercepts of the lines were substantially different between
wild-type and DGKZ =~ thymocytes, such that the line corresponding to the DGKZ = cells
was shifted to the right of that corresponding to the wild-type cells. These data suggest that,
for a given amount of pERK, immature DGK{ ™~ T cells are less likely to give rise to Treg
cells than are their wild-type counterparts. This finding suggests the presence of DGK{-
regulated signaling pathways that antagonize Foxp3 expression. For example, DGKZ inhibits
the DAG-mediated activation of Ras-GRP that leads to activation of the Akt—-mammalian
target of rapamycin (mTOR) pathway (60). Consistent with this finding, TCR-mediated
phosphorylation of Akt and the mTOR pathway component S6 is markedly enhanced in
DGK{~ CD4* T cells compared to that in wild-type CD4+ T cells (27). Numerous studies
have demonstrated that the Akt pathway inhibits Foxp3 expression both in developing
thymocytes and in peripheral CD4* T cells (61, 62). Thus, DGK{ may concurrently regulate
signaling pathways that both promote and inhibit the development of nTreg cells, with the
overall balance biased towards increased nTreg cell generation. The inhibition of the
positive regulator (ERK) by the MEK1/2 inhibitor might have unmasked the negative
regulatory pathway (Akt). Unfortunately, the toxicity of Akt inhibitors has precluded us
from performing experiments to compare how concurrent inhibition of Akt and ERK alters
Treg cell generation by wild-type and DGK( ™~ thymocytes.

In addition to DGKC, another isoform of DGK, DGKa, is also found in T cells. Like DGKC,
DGKa phosphorylates DAG to convert it to PA and terminates DAG-mediated signaling
(63). Despite DGKa being three-fold more abundant than DGKZ in T cells, mice lacking
DGKa do not exhibit enhanced nTreg cell generation (27). This lack of enhancement nTreg
cell generation correlates with the reduced ability of DGKa™= T cells to phosphorylate ERK
(27), highlighting the importance of ERK activation in enhancing Treg cell generation.

Costimulatory signals from CD28 also are critical in the generation of nTreg cells (35-38).
CD28 activation is important for the recruitment of PKCO to the immunological synapse
upon TCR stimulation, which enables the downstream NF-xB pathway to be fully activated
(64, 65). Because DAG additionally recruits PKCO to the immunological synapse (66),
TCR-dependent DAG signals intersect with the CD28 signaling pathway at this step. CD28
costimulation is also thought to increase the hydrolysis of PIP,, leading to the enhanced
accumulation of DAG molecules simultaneous to TCR engagement (26). Thus, it is likely
that the increased accumulation of DAG that occurs in DGK{™~ T cells might either be
perceived as or may contribute to CD28 costimulation. Indeed, T cells from DGK{ ™~ mice,
but not wild-type mice, proliferate in the absence of CD28 costimulation (26). Moreover, we
found that the severe developmental defect in Treg cells normally observed in CD28~~ mice

Sci Sgnal. Author manuscript; available in PMC 2014 July 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Schmidt et al.

Page 11

was partially rescued when CD28~/~ mice were crossed to DGK{ - mice. Although the
extent of this rescue was modest, these data suggest that the TCR and co-stimulatory signals
at least in part converge upon the DAG signaling pathway to stimulate efficient development
of Treg cells. This could enable developing DGKZ™~ T cells to generate enhanced output
from a given TCR and costimulatory signal, leading to increased nTreg cell development.

The notion that strong TCR-dependent signals drive the thymic development of Treg cells is
supported by several mouse models, most of which assess Treg cell development under
circumstances of TCR restriction or provision of transgenically expressed self-antigen
within the thymus (16-21). Although such models have been highly informative, it has been
unclear which TCR signals influence the development of Treg cells in the unrestricted TCR
setting where a full repertoire of TCR specificities exist. Our study demonstrated that
enhanced TCR signaling caused by the absence of DGKZ led to an increase in the
percentage of Treg cells in the setting of a full TCR repertoire. . Such a finding might be
unexpected, because one might predict that T cell subset niches are fixed and that T cells
would adjust their signals accordingly to fill these niches by selecting lower affinity TCRs in
DGKZ™~ mice. In other words, T cells that would normally fail to undergo positive selection
would now be positively selected, and cells that would otherwise enter into the population
(or pool) of conventional T cells (Tconv) would instead become Treg cells or would be
negatively selected in DGKZ~~ mice. However, the increased numbers of Treg cells that we
observed in DGK{ ™~ mice suggests that the Treg niche is expandable and that it may be
augmented by generating more Treg cell precursors and Treg cells through the enhancement
of TCR signaling. Studies performed by tracking the development of T cells bearing a fixed
TCR B chain in the presence of transgenically expressed self-antigen have shown that the
responsiveness of the TCR to self-antigen in vitro can be directly correlated with the
frequency and absolute number of Treg cells produced in vivo (21). These findings and ours
suggest that increased TCR affinity can effectively stimulate more developing T cells to
become Treg cells.

Here, we demonstrated that the selective enhancement of TCR-dependent, DAG-mediated
signals by loss of DGKZ stimulated the robust activation of c-Rel and ERK signaling, both
of which promoted the generation of nTreg cells from developing thymocytes (Fig. 7). Our
data support the role of strong TCR signals in directing developing T cells into the nTreg
cell fate, and identify DGKC as a key signaling molecule regulating this process.
Manipulation of these signaling pathways might be beneficial in therapeutically enhancing
the generation of Treg cells in the thymus.

Materials and Methods

Mice

C57BL/6, B6.SJL (CD45.1%), B6.PL (CD90.1*), B6 Foxp3.GFP reporter mice, and B6
CD28~"~ mice were purchased from The Jackson Laboratory. DGKZ~~ mice that were
backcrossed seven times to C57BL/6 mice were a gift of G. Koretzky and X. P. Zhong (24).
c-Rel~"~ mice were obtained from Dr. H.-C. Liou at Cornell University (67). ERKSEM mice
were provided by Dr. Stephen Hedrick (49). DGK{~CD28~"~ mice were generated by
crossing DGK{ ™~ mice with CD28~~ mice. DGK{~c-Rel~ mice and DGK{/-cRel*"-
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mice were generated by crossing DGK( ™~ mice with c-Rel~~ mice. Unless otherwise
specified, all mice were 6 to 16 weeks of age at the time of use, and were housed in
pathogen-free conditions and treated in strict compliance with the Institutional Animal Care
and Use Committee regulations of the University of Pennsylvania.

Reagents and antibodies

U0126 was purchased from Cell Signaling Technologies. All other chemicals were
purchased from Sigma-Aldrich, unless otherwise specified. Streptavidin and LIVE/DEAD
Fixable Dead Cell stain were purchased from Molecular Probes, Invitrogen. Anti-CD4
(RM4-5), anti-CD25 (PC61), anti-CD90.1 (OX-7), anti-CD8a (53-6.7), anti-SLP-76 pY128
(J141-668.36.58), anti-CD3 (2C11), and anti-CD28 (37.51) antibodies were purchased from
BD Pharmingen; anti-CD45.2 (104), anti-CD45.1 (A20), anti-CD4 (GK1.5), anti-CD3
(2C11), anti-CD28 (37.51), and anti-CD24 (M1/69) antibodies were from Biolegend; anti-
Nur77 (12.14), anti-CD44 (IM7), anti-CD69 (H1.2F3), anti-Foxp3 (FIJK-16s), and anti-
GITR (DTA-1) antibodies were from eBioscience; anti-PLC-y1 (2822), anti-p44/42 MAPK
(3A7), anti-phospho-p44/42 MAPK (9101), anti-lxBa (L35A5), anti-plxBa (14D4), anti-
pPMEK (41G9), anti-B-tubulin (9F3), and anti-histone H3 (9715) antibodies were purchased
from Cell Signaling Technologies; horseradish peroxidase (HRP)-conjugated goat anti-
rabbit immunoglobulin G (IgG) and goat anti-mouse 1gG-HRP were from Bio-Rad; and goat
anti-mouse 1gG 680RD and goat anti-rabbit 1gG 800CW were from LI-COR Biosciences.

Flow cytometry, cell sorting, and data analysis

For flow cytometric analyses, cells were stained with antibodies against cell-surface
antigens at 4°C for 20 min in phosphate-buffered saline (PBS). Intracellular Nur77 and
Foxp3 staining was performed with the Foxp3 Staining Set (eBioscience) according to the
manufacturer's protocol. Flow cytometry was performed with an LSR 11 or FACSCanto flow
cytometer (BD Biosciences). For cell sorting, T cells were purified with either CD4 or
CD90.2 magnetic beads with MACS columns (Miltenyi Biotec) according to the
manufacturer's protocol before undergoing cell-surface staining. FACS (sorting) was
performed with a FACSAria cell sorter (BD Biosciences). FACS-sorted populations were
typically of 96 to 99% purity. Data were analyzed with FlowJo software (TreeStar). Cell
division data from analysis of the dilution of carboxyfluorescein succinimidyl ester (CFSE)
in Treg cells, gated on live CD4"Foxp3™ cells, were transformed into “Division Index” data
with the “Proliferation” function of FlowJo software. The “Division Index” measures the
average number of divisions per cell.

Measuring Nur77 protein in thymocytes

Tissue culture plates were coated with anti-CD3 antibody (50 pug/ml) and anti-CD28
antibody (50 pg/ml) or with anti-CD3 antibody alone (25 pg/ml) for 3 hours at 37°C. Coated
plates were washed, and freshly isolated thymocytes were added to wells in T cell medium
[RPMI 1640 (Mediatech) with 10% fetal bovine serum (FBS, Atlanta Biologicals), penicillin
(100 U/ml), streptomycin (100 pg/ml), 3 mM L-glutamine, 1% sodium pyruvate
(Mediatech), 10 mM Hepes, 1% NEAA (Invitrogen), and 10 pM 2-ME (Bio-Rad)]. After
incubation at 37°C for the times indicated in the figure legends, CD4* cells were analyzed
for the presence of intracellular Nur77 by flow cytometry.
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In vitro Treg differentiation assays

CD8™ cells were depleted from freshly isolated thymocytes by MACS beads, which was
followed by FACS-based sorting of immature thymocytes (characterized as:
CD4*CD44!°CD69*CD25 Foxp3~). 5 x 10° immature thymocytes were cultured in tissue
culture plates coated with anti-CD3 antibody (2 pg/ml) in the presence of recombinant
human IL-2 (100 U/ml, Peprotech) for 20 or 72 hours. The 20-hour time point was chosen to
avoid a two-fold increase in cellular toxicity that was observed for both wild-type and
DGK ™~ thymocytes after 72 hours in the presence of 30 uM U0126 (a MEK1/2 inhibitor).
Such toxicity was not observed at lower concentrations of U1026. For the 20-hour time
point, the culture plates were additionally coated with anti-CD28 antibody (2 pg/ml) to
expedite Foxp3 induction within the shorter time period. In some experiments, immobilized
anti-CD3 antibody was provided alone for the first 20 hours of culture, CD4*CD25* cells
were then resorted by FACS, and these cells were cultured with soluble 1L-2 alone for an
additional 60 hours. In experiments involving MEK1/2 inhibition, cells were pretreated for
one hour at 37°C with U0126 at various concentrations or with DMSO as a control, which
was maintained throughout the assay. Cultured cells were analyzed for viability and for
CD4, FoxP3, and CD25 abundance by flow cytometry.

Treg cell suppression assays

MACS-enriched CD90.2* T cells were sorted by FACS for CD4*Foxp3* Treg cells from
either wild-type or DGK{™~ Foxp3.GFP reporter mice (CD45.2%) or were sorted by FACS
for CD4*Foxp3~ conventional T cells (Tconvs) from wild-type B6.SJL Foxp3.GFP reporter
mice (CD45.1%). The Tconvs were labeled with carboxyfluorescein succinimidyl ester
(CFSE) and cultured at various ratios with Treg cells in the presence of irradiated, T cell-
depleted CD45.2* feeder cells and soluble anti-CD3 antibody (1 pg/ml). CFSE labeling was
performed by resuspending the cells with PBS containing CFSE (5 mM) at 37°C followed
by continuous shaking for 9 min. The reaction was then immediately quenched with 100%
FBS, and the cells were washed before being cultured. The extent of CFSE dilution in
Tconvs (CD4*CD45.1*%) was assessed by flow cytometry after 4 days in culture.

Generation of mixed bone marrow chimeric mice

Donor bone marrow cells were depleted of T cells by CD4 and CD8 magnetic bead
depletion (Miltenyi). T cell-depleted bone marrow cells from CD90.1* or CD45.1*CD45.2*
wild-type donor (competitor) mice were mixed at a 1:1 ratio with CD90.2*CD45.2* donor
bone marrow cells (from wild-type, DGK{~-, CD28~~, DGK{/~-CD28~~, c-Rel™, c-Rel*,
DGK{¢c-Rel~~, or DGK{7~c-Rel*"~ mice) and a total of 3 to 4 x 10% bone marrow cells
were injected intravenously (i.v.) into lethally irradiated (11 Gy) CD45.1* recipient mice.
The spleens and thymi of the mixed bone marrow chimeric mice were analyzed by flow
cytometry 9 to 11 weeks after the bone marrow transplant. The percentage of nTreg cells
(Foxp3*CD4™ cells as a percentage of all CD4 SP thymocytes) and the percentage of nTreg
cell precursors (CD25*Foxp3-CD4™ cells as a percentage of all CD4 SP thymocytes) of the
experimental group (CD90.2*CD45.2%) and of the wild-type competitor (CD90.1" or
CD45.1*CD45.2*) were determined for each mouse.
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Western blotting analysis

MACS-sorted CD4* T cells from freshly isolated splenocytes were rested in serum-free
RPMI for 2 hours. Alternatively, FACS-sorted CD4*Foxp3~CD44!° T cells were rested in T
cell medium for 12 to 15 hours. Rested cells were incubated with biotinylated anti-CD3,
anti-CD4, and anti-CD28 antibodies (all at 5 pg/ml) for 1 min in a 37°C water bath. Soluble
streptavidin (25 ug/ml) was added immediately to crosslink the biotinylated antibodies for
the times indicated in the figure legends. Stimulations were quenched by the addition of 1
ml of ice-cold PBS, followed by immediate lysis, as previously described (68). For
inhibition of MEK1/2, cells were pretreated for one hour at 37°C with U0126 at various
concentrations or with DMSO as a control, which was maintained throughout the assay. In
some experiments, nuclear fractions were purified with NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Scientific) according to the manufacturer's directions. The
lysates were resolved by SDS polyacrylamide gel electrophoresis (SDS-PAGE, Bio-Rad),
and transferred to nitrocellulose membranes (Bio-Rad). The membranes were blocked for 1
hour with blocking reagent (Roche) and incubated with the appropriate primary antibody
overnight at 4°C on a cell shaker. HRP-conjugated secondary antibodies (Bio-Rad) were
used in combination with ECL reagents (GE Healthcare) to visualize the Western blots. The
intensities of bands corresponding to total PLC-y1 and plxBa were quantified in Photoshop
(Adobe Systems) by multiplying mean pixel intensity by the number of pixels within each
band and subtracting the background intensity. The intensities of bands corresponding to
plkBa were normalized to those corresponding to PLC-y1 and the resulting values were
then divided by the normalized intensity of bands corresponding to plkBa from WT T cells.
Total ERK and pERK proteins were quantified with fluorescent secondary antibodies and
the Odyssey imager and LI-COR imaging software (LI-COR Biosciences). The fluorescence
intensity of the pERK band was divided by that of the total ERK band for each condition for
normalization to the loading control. Each of the normalized pERK band intensities was
divided by the normalized band intensity of pERK from WT T cells (DMSO control) to
obtain relative pERK intensities. The relative pERK intensities were then plotted against the
percentages of Treg cells obtained at each concentration of U0126. Linear regression
analysis was performed on the linear portion of the curve with Prism software (GraphPad).

Statistical analyses

All values were graphed and analyzed for statistical significance with Prism software. Paired
or unpaired two-tailed Student's t-tests were used to calculate each P value as indicated in
the legends. P values < 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. DGKC‘/‘ mice exhibit increased percentages of thymic and peripheral Treg cells
(A\) Freshly isolated thymocytes from wild-type (WT) and DGK{~~ [DGK( knockout (KO)]

mice were stimulated with anti-CD3 antibody alone or in the presence of anti-CD28
antibody for the indicated times, and then were analyzed by flow cytometry to assess Nur77
abundance in DP thymocytes and CD4 SP thymocytes. Plots show intracellular staining for
Nur77 in WT (shaded histogram) and DGK~~ (open histogram) thymocytes from one
experiment, and are representative of three independent experiments. (B and C) The thymi
(top) and spleens (bottom) of WT (open circles) and DGKZ~~ (closed circles) mice were
analyzed by flow cytometry to detect Foxp3 and CD25. Representative flow cytometric
profiles (gated on CD4" live singlets) and scatter plots with means + SEM of (B) the
percentages of Treg cells within live CD4 SP T cells and (C) the absolute numbers of Treg
cells (left) and Foxp3=CD4™" T cells (right) from five compiled experiments are shown, with
each circle representative of a single mouse. (D) Scatter plots showing means + SEM of the
percentages of CD25*Foxp3-CD4* Treg cell precursors within the population of live CD4
SP T cells in the thymi of the indicated mice. Data from five compiled experiments are
shown, with each circle representative of a single mouse. (E) Scatter plots showing means +
SEM of the percentages of HSANFoxp3+*CD4* T cells in the thymi of the indicated mice.
Data from two compiled experiments are shown, with each circle representative of a single
mouse. (F) CFSE-labeled, FACS-sorted splenic Foxp3=CD4™ T cells (conventional T cells,
Tconv) were co-cultured with FACS-sorted WT or DGK{ ™~ Treg cells at various ratios of
Tconv:Treg for four days in the presence of irradiated, T cell-depleted splenocytes and anti-
CD3 antibody. The division index of Tconvs is represented as the mean + SEM of three
independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired two-tailed
student's t-test. n.s., not significant.
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Fig. 2. The enhanced generation of nTreg cells in DGKC‘/‘ mice is cell-intrinsic
(A and B) Mixed bone marrow chimeric mice were generated by reconstitution of lethally

irradiated recipient mice with a 1:1 ratio of WT or DGKZ ™~ bone marrow cells with
congenically disparate WT competitor bone marrow cells, and were analyzed 9 to 11 weeks
after transplant by flow cytometry. Scatter plots show means + SEM of (A) the percentages
of Foxp3*CD4™" Treg cells (left) and CD25*Foxp3~CD4™ cells (right) within the total
population of CD4 SP thymocytes, and (B) the percentages of Foxp3*CD4* Treg cells
within the total population of CD4* T cells within the experimental (CD45.2*) or the WT
competitor fraction (CD45.1*). Data from six compiled experiments are shown, with each
symbol representative of a single chimera. (C) Immature CD4 SP thymocytes
(Foxp3~CD25-CD44'°CD69M) were sorted from the thymi of WT and DGK{ 7~ Foxp3.GFP
reporter mice and were cultured in the presence of IL-2 and anti-CD3 antibody. Foxp3
abundance was assessed 72 hours later by flow cytometry. Left: Flow cytometric profiles
showing Foxp3 and CD25 staining in cells that were previously gated on CD4™ live singlets.
Plots are from a single experiment and are representative of four independent experiments.
Right: Compiled data from four independent experiments showing the percentages of CD4
SP cells that are Foxp3*. *P < 0.05, **P < 0.01, and ***P < 0.001, by unpaired [for (A) and
(B)] or paired [for (C)] two-tailed student's t-test.
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Fig. 3. Loss of DGK(E cannot rescue the developmental defect in Treg cells intrinsic to CD287-
mice

(A to C) Mixed bone marrow chimeric mice were generated by reconstitution of lethally
irradiated recipient mice with a 1:1 ratio of WT, DGK{™-, CD28~"~, or DGK{/-CD28~~
bone marrow cells with congenically disparate WT competitor bone marrow cells, and were
analyzed 9 to 11 weeks later by flow cytometry. Flow cytometric profiles of cells from the
thymi of the indicated mice, gated on experimental (CD45.2*) or competitor (CD45.1)
CD4" live singlets, are shown and are representative of six individual chimeric mice per
group. Scatter plots show means + SEM of the percentages of total CD4 SP T cells that are
Foxp3+*CD4" Treg cells within the experimental fraction in (B) the thymus and (C) the
spleen. Data are compiled from one experiment, with each symbol representative of a single
chimeric mouse. *** P < 0.001 by unpaired two-tailed student's t-test.
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Fig. 4. c-Rel signaling is augmented in DGKZ;‘" T cells and is required for the enhanced
development of Treg cells in DGKC" mice

(A) MACS-sorted CD4* T cells (for the analysis of IxBa) or FACS-sorted
Foxp3-CD44!°CD4* T cells (for the analysis of c-Rel) from the spleens of WT and DGK{ 7~
mice were stimulated through the TCR and CD28 for the indicated times. Total cell lysates
were analyzed by Western blotting to detect the phosphorylation (top) and degradation
(middle) of 1xBa. Total PLC-y1 served as a loading control for these blots. PLC-y1 and
plkBa band intensities were quantified with imaging software, plkBa bands were
normalized to the corresponding PLC-y1 bands, and all values were then divided by the

normalized plkBa intensity calculated for unstimulated WT T cells. Nuclear extracts of the
indicated cells were analyzed by Western blotting to detect c-Rel (bottom). Histone H3 was
used as a nuclear protein loading control, whereas B-tubulin was used to assess cytoplasmic
contamination. Western blots and quantifications shown are from a single experiment and
are representative of at least three independent experiments. (B) Mixed bone marrow
chimeric mice were generated with a 1:1 ratio of WT, DGK{ -, c-Rel~'~, DGK{7-¢c-Rel~,
c-Rel*/~, or DGK{ ™~ c-Rel*/~ mice with congenically disparate WT competitor bone
marrow cells, and were analyzed 9 to 11 weeks later by flow cytometry. Flow cytometric
profiles from the thymus, gated on experimental (CD45.2*) or competitor (CD45.1*/
CD45.2%) CD4" live singlets from a single experiment are shown and are representative of
chimeras generated in three independent experiments. (C and D) Scatter plots show the
mean + SEM percentages of total CD4 SP T cells that are Foxp3*CD4* Treg cells within the
experimental fraction in (C) the thymus and (D) the spleen. Data are compiled from three
experiments, with each symbol representative of a single chimeric mouse. *P < 0.05, **P <
0.01, and ***P < 0.001, by unpaired two-tailed student's t-test.
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Fig. 5. ERK phosphorylation is required for the enhanced development of Treg cells in DGKZ;‘/‘
mice

(A and B) FACS-sorted Foxp3-CD44!°CD4™* T cells were pretreated with or without 30 pM
U0126 for 1 hour and then were stimulated through the TCR and CD28 for the indicated
times. Cell lysates were analyzed by Western blotting to detect the phosphorylation of (A)
MEK or (B) SLP-76 and ERK. Total PLC-y1 protein served as a loading control. Western
blots are representative of three independent experiments. (C) FACS-sorted immature CD4
SP thymocytes (Foxp3-CD25-CD44!°CD69M) from the thymi of WT or DGK{ 7~
Foxp3.GFP reporter mice were pretreated with or without 30 UM U0126 for 1 hour and then
were stimulated with IL-2 together with anti-CD3 and anti-CD28 antibodies in the presence
of U0126 for 20 hours. Scatter plots shown the mean + SEM of the percentages of CD4*
cells that were Foxp3™. Data are from three independent experiments. (D) FACS-sorted
immature CD4 SP thymocytes (Foxp3-CD25-CD44!°CD69M) from the thymi of WT
Foxp3.GFP reporter mice were stimulated with IL-2 for 20 hours. CD25* cells were then
FACS-sorted from these cultures, pretreated with or without 3.33 pM U0126 for 1 hour, and
then were stimulated with IL-2 alone for an additional 60 hours. Scatter plots shown the
mean + SEM of the percentages of CD4* cells that were Foxp3*. Data are from three
independent experiments. (E) FACS-sorted Foxp3~CD44!°CD4* T cells were pretreated
with or without the indicated concentrations of U0126 for 1 hour and then stimulated
through their TCR in the presence of U0126 for 5 min. Cell lysates were analyzed by
Western blotting with antibodies specific for total ERK and pERK, which were quantified
by the Odyssey imaging system. The normalized values for pERK represent the intensities
of the bands corresponding to pERK p42 divided by the intensities of the bands
corresponding to total ERK (p42) and normalized to the value for the DMSO-treated WT
CD4* T cells (which was set at 100%). US, unstimulated; DM, DMSO-treated. Western
blots and quantifications shown are from a single experiment and are representative of three
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independent experiments. (F) FACS-sorted immature CD4 SP thymocytes from the thymi of
WT or DGK - Foxp3.GFP reporter mice were pretreated with or without the indicated
concentrations of U0126 for 1 hour, and then were stimulated with I1L-2 and anti-CD3
antibody in the presence of U0126 for 72 hours. Scatter plot shows means = SEM of the
percentages of CD4* cells that were Foxp3* for each concentration of U0126, and are from
three independent experiments. (G) Normalized pERK values obtained from three
independent experiments were averaged and plotted against the fraction of CD4* cells that
were Foxp3* (normalized to DMSO-treated WT immature thymocytes for each experiment
from three independent experiments) at each concentration of U0126 for WT (open circles)
and DGK{~ T cells (closed circles). Linear regression analysis was performed on the linear
portion of the curve to assess the relationship between the extent of ERK phosphorylation
and the percentage of Foxp3* T cells for WT and DGKZ™~ T mice. *P < 0.05, **P < 0.01,
by paired two-tailed student's t-test.
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Fig. 6. Selective enhancement of ERK pathway activation leads to the increased development of
Treg cells in vivo

(A) The thymi (top) and spleens (bottom) of WT (open circles) and ERKSEM (closed
diamonds) mice were analyzed by flow cytometry to detect Foxp3 and CD25. Left: Flow
cytometric profiles (gated on CD4* live singlets) of Foxp3 and CD25 staining are
representative of all mice within a single experiment. Right: Scatter plots show means +
SEM of the percentages of live CD4 SP T cells that were Treg cells for all mice compiled
from one experiment, with each symbol representative of a single mouse. (B) Absolute
numbers of Treg cells (left) and Foxp3—CD4* T cells (right) in the thymi (top) and spleens
(bottom) of the indicated mice from the experiments shown in (A). (C) Scatter plots show
means + SEM of the percentages of CD25"Foxp3~CD4" T cell precursors within the
population of live CD4 SP T cells in thymus for all mice compiled from one experiment,
with each symbol representative of a single mouse. *P < 0.05, ***P < 0.001, by unpaired
two-tailed student's t-test.
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Fig. 7. DGKE inhibits the expression of CD25 and Foxp3 in developing T cells
In the absence of DGKG, intracellular DAG accumulates and leads to prolonged activation of

Ras-GRP and PKC6. Consequently, activation of the ERK and c-Rel pathways is enhanced,
resulting in the increased cell-surface abundance of CD25 and induction of Foxp3
expression in developing thymocytes. Prolonged DAG-mediated activation of PKCO may
mimic, but cannot replace, costimulation of CD28 by increasing the extent of c-Rel
activation. The generation of Treg cells is partially countered by Akt-mediated signals that
are simultaneously enhanced by the accumulation of DAG. Overall, there is a net gain in the
extent of Treg cell generation in the context of DGKC deficiency.
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