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Abstract

DEPTOR is an evolutionarily conserved cell-intrinsic binding partner of mTOR that functions as a
negative regulator of signaling responses. In this study, we show that DEPTOR is expressed within
CD4* T cells, and we observed that its relative level of expression modulates differentiation as

well as glucose utilization within CD4* T effectors /n vitro. Using knockin mice, we also find that
induced expression of DEPTOR within CD4* T regulatory cells stabilizes Foxp3 expression, shifts
metabolism towards oxidative phosphorylation and increases survival and suppressive function. /n
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vivo, fully MHC mismatched cardiac allograft survival is significantly prolonged in knockin
recipients and sustained recipient expression of DEPTOR in combination with costimulatory
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blockade induces long-term graft survival. Furthermore, we show that the induced expression of
DEPTOR in CD4* T effectors fails to inhibit acute allograft rejection. Rather, prolonged survival
is dominantly mediated via induced expression and function of DEPTOR within recipient CD4* T
regulatory cells. These collective findings identify DEPTOR as a novel protein that functions in
CD4* T cells to augment immunoregulation /n vitroand in vivo.

1 Introduction

Alloimmunity is characterized by the expansion and differentiation of CD4* T cells into
effector (Teff) and/or memory subsets in response to donor alloantigen.> However, the
simultaneous expansion of alloantigen-responsive CD4*Foxp3* T regulatory cells (Tregs)
controls effector immunity, and recent findings indicate that relative Treg activity may
inhibit the progression of allograft rejection.2:3 Indeed, enhancing signals and events that
promote CD4* Treg expansion, function and/or subset stability has emerged as a key area for
future therapeutic development.*® Thus, insights into mechanisms of CD4*Foxp3* Treg cell
function are of great significance in the field of transplantation.

Multiple studies indicate that the mechanistic target of rapamycin (mTOR) kinase functions
in CD4* T cell activation responses, protein translation and cellular metabolism to augment
proliferation, differentiation and survival of Teff subsets.6~10 Importantly, mTOR signaling
activity negatively regulates Foxp3 expression in CD4* T cells!! and inhibits Treg cell
differentiation, metabolism and function.®° Indeed, the inhibition and/or control of mTOR
activity is currently established to result in the expansion and enhanced function of CD4*
Treg cells.1112 mTOR is a serine/threonine kinase that serves as a critical sensor of cellular
energy status'314 and as an intermediary in diverse intracellular signaling responses.
6-9.15-19 It forms two distinct multiprotein complexes called mTORC120 and mTORC2,2!
characterized by the association between mTOR and the scaffold proteins raptor and rictor
respectively. In general, mMTORCL1 controls cell growth in part via the phosphorylation of
S6K122 and 4E-BP1,20 key regulators of protein synthesis, whereas mTORC2 modulates
activation and cell survival by the phosphorylation of the Akt?! and SGK?23 kinases.
mTORC1 and mTORC2 regulate glycolytic as well as oxidative metabolism?42° in as much
as the intensity of the signaling response is thought to be associated with increased aerobic
glycolysis and fatty acid synthesis.2® In contrast, low mTOR activity favors mitochondrial B-
oxidation of free fatty acids and the inhibition of glucose utilization.26 Nevertheless, despite
its importance in CD4* T cell biology and its potential to regulate metabolism, little is
known about the regulation of mTOR itself. However, there is increasing evidence that
negative modulatory cell-intrinsic proteins are of biological significance in CD4* T cell
homeostasis.” 81819

DEPTOR (Dishevelled, EGL-10, Pleckstrin [DEP]-domain containing mTOR interacting
protein, also called DEPDCS; reviewed in 27) is an evolutionary conserved mTOR-binding
partner that was originally described to modulate mTOR signaling in multiple myeloma
cells.28 We previously identified a potent function for DEPTOR within vascular endothelial
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cells, 2% and it has been found to function in several other normal cell types including adipose
tissue, myocytes and hepatocytes.3%-32 DEPTOR is rapidly phosphorylated and targeted for
ubiquitination and degradation following cellular activation,33 suggesting that it may
function to sustain cellular quiescence and/or to regulate mMTORC1/C2 interactions.

In this study, we find that DEPTOR is expressed by CD4* T cells and that its level of
expression is reduced upon cellular activation. In addition, we find that sustained expression
of CD4" T cell DEPTOR influences Teff cell differentiation in vitro, but it has minimal
effects on effector immunity /n vivo. In contrast, we find that DEPTOR stabilizes Foxp3
expression, enhances Treg function and immunoregulation /n vitroand in vivo. Furthermore,
we find that induced expression of DEPTOR within CD4* T cells, and specifically within
Tregs, is sufficient to prolong allograft survival. Collectively, these studies identify DEPTOR
as a key intracellular regulatory component of the CD4* T cell activation response.

2 Materials and Methods

2.1 Mice

Male 6-8 week old C57BL/6 (H-2P), BALB/c (H-29), C3H, B6.C-H-2PM12 and Prorc?
transgenic (CD45.1) mice were purchased from the Jackson Laboratory (Bar Harbor, ME),
and C57BL/6 Rag2~"IL2Ry™~ (ARag) double knock-out mice were purchased from
Taconic (Germantown, NY). The rtTA TetOn DEPTOR mouse (DEP, on the C57BL/6
background) was generated in the laboratory of Dr. David M. Sabatini.3? DEP mice were fed
with dox chow (200 mg dox/kg; Bio-Serv, Flemington, NJ) to induce DEPTOR /n vivo. All
protocols using mice were approved by the Institutional Animal Care and Use Committee at
Boston Children’s Hospital, and comply with the NIH Guide for the Care and Use of
Laboratory Animals.

2.2 Isolation and culture of CD4* T cell subsets

CD4* T cells were isolated from splenocytes using the EasySep mouse CD4*, naive CD4*
(CD25°CD44"CD45R"CD49b"TCR/67) and CD4*CD25* T Cell Isolation Kits (Stemcell
Technologies, Vancouver, Canada) according the manufacturer’s instructions. Cell culture
and experiments were performed using established and standardized protocols3* and as
outlined in the Supplemental Material. As indicated, CD4" T cells were isolated from WT
C57BL/6 mice as a control for analyses performed using DEP and iDEP mice.

2.3 TSDR methylation analysis

FACS-sorted cells were pelleted, frozen and processed for pyrosequencing by EpigenDx
(Hopkinton, MA). Briefly, genomic DNA was isolated and bisulfite-modified. All 14 CpG
islands within the promoter and intron 1 of the Foxp3 gene were amplified by PCR and
pyrosequenced. Sequences were aligned to a reference mouse genome database and the
percent converted (demethylated) cytosine to uracil/thymidine for each CpG site was
determined.
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2.4 Cardiac and skin transplantation

Heterotopic intraabdominal cardiac transplantation was performed as described by Corry et
al3 Following transplantation, graft survival was monitored by palpation of the heartbeat.
Tail skin grafts were transplanted onto the thoracic wall as described3® and were secured
with an adhesive bandage for the initial 5-6 days. Graft survival was monitored by daily
inspection, and rejection was defined as >90% of the skin having evidence of necrosis, was
crusted or had lifted. Recipients receiving dox chow were pretreated for at least one week
prior to transplantation. In experiments where Treg cells were depleted peri-transplant via
the injection of anti-CD25 (BioXcell, West Lebanon, NH, clone PC-61.5.3, 250 pg/i.p. on
days -5, -2 and +2), efficacy of depletion was evaluated by flow cytometry. Recipients
treated with anti-CD154 (CD40L; clone MR-1, BioXcell, West Lebanon, NH) received 200
ug/i.p. on days 0 and 2 post-transplantation.

2.5 Adoptive transfer studies

In general, adoptive transfer of Teff or Treg cells into ARag recipients of fully MHC
mismatched BALB/c hearts was performed by tail vein injection (3x10% CD4* T cells/
animal) on day 2 post-transplantation. The function of DEPTOR in Tregs and/or Teffs was
evaluated using congenic CD4*CD45.1* T cells which were mixed in a 1:1 ratio with
CD4*CD45.2* DEP/iDEP T cells. Following adoptive transfer, the relative expansion of
CD45.1/CD45.2 cells (from recipient splenocytes) was assessed by flow cytometry. Foxp3
stability was investigated following the adoptive transfer of CD4*CD25M9" T cells into
ARag mice; the frequency of CD3*CD4*Foxp3* cells within splenocytes was assessed after
3 and 5 weeks by flow cytometry.

2.6 Statistics

3 Results

Statistical analyses were performed using the One-sample t-test, two-tailed Student’s t-test,
One-way or Two-way ANOVA as indicated with previous testing of equality of variances.
The Mann-Whitney test or Kruskal-Wallis test were used if variances were significantly
different. ~-values of less than 0.05 were considered significant. Statistical analysis of RNA-
seq data used a more stringent adjusted ~value of <0.005 to identify genes that were
considered differentially expressed. Heatmaps were generated using the heatmap.2 function
in the gplots package (version 3.0.1) using the R Statistical Computing Environment
(version 3.3.2).

3.1 Expression of DEPTOR by CD4* T cells

In initial studies, we observed that DEPTOR is expressed at high levels in unactivated wild
type (WT) CD4* T cells, and that its level of expression decreases at both mRNA and
protein levels upon mitogen-activation (Figure 1A). We also found that DEPTOR is readily
visualized by immunofluorescence and confocal microscopy both within unactivated CD4*
T cells (Figure 1B) as well as in sorted populations of both Foxp3* Treg and CD4* Teff
subsets (data not shown). To determine the function of DEPTOR within each subset, we
used doxycycline-inducible DEPTOR transgenic knockin mice3C (called DEP mice) in
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which DEPTOR is inducible in multiple cell types. CD4* T cells were isolated from DEP
mice and their response to doxycycline (dox, 0-3 ug/ml) was evaluated in cell culture. We
found that dox treatment consistently resulted in an increase in DEPTOR mRNA and protein
levels (which we call iDEP cells), and increased expression of DEPTOR was sustained
following activation (Figure 1C-D). In contrast, treatment of WT CD4* T cells with dox
failed to alter intrinsic DEPTOR expression patterns (Supplemental Figure 1A). By Western
blot analysis (Figure 1D), we found reduced levels of pS6K(T389) and induced levels of
pAkt(S473) in activated iDEP CD4* T cells vs. DEP CD4™ T cells, suggesting that
DEPTOR is functional to modulate mTORCL1 and induce associated negative feedback
loops, as previous reported.28:29 These collective findings indicate that DEPTOR is
expressed by CD4* T cells and that it functions to modulate mMTORC1/mTORC?2 interplay.

We next fed DEP mice with dox chow (Supplemental Figure 1A) and performed a time-
dependent analysis of the resultant CD4* T cell phenotype. All mice remained
physiologically normal, and the relative numbers of CD3*, CD4*, CD8" T cells, as well as
naive and memory CD4* subsets were similar to the numbers in DEP and WT mice
(Supplemental Figure 1B). However, 6 to 12 weeks following dox treatment, we found a
consistent increase in the number of CD4*Foxp3* cells within the spleen of iDEP vs. DEP
or WT mice (Figure 1E-F). These observations are suggestive that cell intrinsic DEPTOR
may function in CD4* T cells to regulate the expansion and/or survival of Tregs in vivo.

3.2 Levels of DEPTOR are of functional consequence in the differentiation of CD4* Teff

cells

mTORC1/C2 kinase activity is potent to regulate T helper cell (Th) differentiation and
proliferation.?:10 To next test whether DEPTOR modulates Teff activity, naive CD4* T cells
from DEP mice were cultured with mitogen in Teff polarizing conditions and Th
differentiation was evaluated by qPCR and by ELISPOT (Figure 2A). While iDEP Th2 and
Th17 cells produce lower amounts of IL-4 and IL-17 respectively vs. control DEP cells,
induced DEPTOR in Th1 cells fails to inhibit, and rather increases IFN-y production (Figure
2A). This latter finding is suggestive that DEPTOR may regulate mTOR-independent
mechanisms of IFN-y responsiveness in differentiated cells,3” for example STAT signaling
as we reported in endothelial cells.2® However, by Western blot analysis, we failed to detect
any appreciable effect of DEPTOR on cytokine-inducible STAT activity in CD4* cells
(Supplemental Figure 2).

To further examine if DEPTOR modulates Teff cell responses, DEP CD4* T cells were
activated with anti-CD3 alone in the absence or presence of dox (3 pg/ml), and phenotypic
activation markers (CD25 and CD69), the expansion of memory subpopulations and
cytokine production were evaluated. Overall, the phenotype of iDEP CD4" Teff cells was
unchanged from that observed in DEP cells following activation (Figure 2B and
Supplemental Figure 3A). Also, mitogen-induced proliferation of naive CD4" T cells was
not different among DEP and iDEP CD4* T cells as assessed by CFSE dilution (Figure 2C)
and 3H-thymidine incorporation (Supplemental Figure 3B), and there was no demonstrable
effect of DEPTOR on IL-4, IL-17 and IFN-y production (Supplemental Figure 3C) or
activation-induced cell death as assessed by analysis of cleaved caspase-3 or Annexin V and
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Pl staining (Supplemental Figure 3D-E). Nevertheless, induced DEPTOR levels in iDEP
CD4* T cells was associated with an inhibition of glycolytic metabolism, as assessed by
uptake of the fluorescent D-glucose analog 2-NBDG (Figure 2D). Thus, the marked
reduction in intracellular DEPTOR levels observed following mitogen-dependent activation
(Figure 1A) supports glycolytic metabolism, which enhances CD4* Teff differentiation and
function.38:39

3.3 DEPTOR modulates CD4*Foxp3* Treg cell activity

To identify the function of DEPTOR in CD4* Tregs, we examined its effects on the
epigenetic regulation of Foxp3transcriptional activity. We performed pyrosequencing of
CpG motifs within the Treg-specific demethylated region (TSDR) of the Foxp3locus and
found significant demethylation of CpG regions 9-14 within iDEP CD4*Foxp3* Tregs vs.
DEP Tregs (Figure 3A). This finding is suggestive that induced DEPTOR may enhance the
stability of Foxp3 expression and CD4* Treg immunomodulatory activity. We next cultured
naive CD4* T cells from DEP mice in rapamycin-free iTreg-inducing conditions in the
absence or presence of dox (3 pug/ml; Supplemental Figure 4). These /in vitro-generated
Tregs (which we call “iTregs’) were evaluated in parallel with Tregs isolated from the
spleens of mice (called simply “Tregs’). Consistently, iDEP iTregs were found to be more
efficient than DEP iTregs in the suppression of responder proliferation (P<0.01; Figure 3B-
D). Furthermore, we observed that cell survival was significantly higher, and Foxp3
expression persisted in iDEP iTregs following reactivation (Figure 3E-G).

To examine the molecular mechanisms underlying the increased suppressive function of
iDEP Tregs, we evaluated the expression of known immunoregulatory molecules including
CD25, CTLA4, Lag3, ICOS and CD39 (Figure 4A), chemokine and other cell surface
receptors (Supplemental Figure 5A) as well as effector/memory phenotypes by flow
cytometry on iDEP vs. DEP Foxp3* Treg cells. As illustrated in Figure 4A and
Supplemental Figure 5A, we failed to observe any phenotypic differences by flow
cytometry. However, by whole transcriptome RNA-sequencing (RNA-seq) we identified
significant differences in the expression of 163 genes (adjusted A-value of <0.005; Figure
4B-E and Supplemental Data File 1). Gene ontology analysis (Supplemental Figure 5B)
demonstrated that differentially expressed genes participate in PI-3K/Akt, MAPK and NF-
xB signaling. Furthermore, analysis of RNA-seq profiles suggested that induced DEPTOR
expression inhibits the production and response to proinflammatory cytokines as well as
molecular networks associated with antigen presentation in Tregs. Also the expression of
DEPTOR was found to be associated with an increased number of genes associated with
oxidative phoshorylation vs. genes associated with glycolytic metabolism (Supplemental
Figure 5C-D). These latter findings indicate that the biological effects of DEPTOR in CD4*
Tregs are likely associated with the modulation of intracellular signaling and/or shifts in
cellular metabolism.

To confirm the effects of cell intrinsic DEPTOR on the modulation of cell metabolism,
CD4*CD25* Tregs were isolated from DEP and iDEP mice, stimulated with anti-CD3/anti-
CD28 and IL-2 for 24 hours, and glycolysis and mitochondrial oxidative phosphorylation
were evaluated by extracellular flux technology (Figure 4F-H). As illustrated in Figure 4F,
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there was no difference in glycolytic activity (as assessed by the extracellular acidification
rate, ECAR) in iDEP vs. DEP Tregs. In contrast, iDEP Tregs were found to have a
significantly higher (£<0.05) basal oxygen consumption rate (OCR), and blockade of
mitochondrial respiration with oligomycin decreased the OCR to levels observed in DEP
Tregs (Figure 4G). Furthermore, the OCR was higher (/£<0.001) in iDEP Tregs following
addition of carbonyl cyanide-4-trifluoromethoxy phenylhydrazone (FCCP; Figure 4G), and
was reduced following the addition of etomoxir (to inhibit mitochondrial fatty acid p-
oxidation). These findings indicate that DEPTOR is potent to shift metabolism in Tregs
towards oxidative phosphorylation (Figure 4H) and suggest that higher levels of cell intrinsic
DEPTOR may increase Treg stability and function by enhancing mitochondrial p-oxidation.

3.4 Sustained expression of DEPTOR in CD4"* T cells inhibits allograft rejection via the
augmentation of Treg function in vivo

We next evaluated the function of CD4* T cell DEPTOR Jn vivo using either WT C57BL/6
mice or DEP transgenics as recipients of fully MHC mismatched BALB/c heterotopic heart
transplants. Groups of mice were fed with either control or dox chow for at least one week
pre-transplant and at all times post-transplantation. As illustrated in Figure 5A, we found
that dox treatment of WT recipients had no effect on graft survival; all grafts failed by day 7
post-transplantation. In contrast, dox treatment of DEP recipients (to sustain the iDEP
phenotype post-transplantation) resulted in a striking prolongation of graft survival with a
median survival time (MST) of 35 days vs. 7 days in control chow treated DEP recipients
(P<0.05). At the time of graft rejection, we found that DEPTOR expression was induced in
iDEP recipients (data not shown). Nevertheless, there were fewer infiltrates and a most
notable reduction in CD3* T cells within allografts harvested from iDEP vs. DEP recipients
on day 6 post-transplantation (Figure 5B). In addition, there was a trend for increased
numbers of CD4*Foxp3* Tregs and an overall decrease in the Teff/Treg ratio in iDEP vs.
DEP recipients (Figure 5C-D), although this reduction was not as striking as the effect of
DEPTOR on graft survival. Furthermore, induced expression of DEPTOR in iDEP recipients
did not inhibit T cell priming as assessed by IFN-y production following reactivation of
recipient CD4* T cells with donor antigen presenting cells (Figure 5E). Also, donor-specific
IgM production was slightly reduced while donor-specific 1gG antibody titers were not
affected following induced expression of recipient DEPTOR (Figure 5F).

To determine the function of DEPTOR within the CD4" T cell compartment, BALB/c hearts
were transplanted into C57BL/6 Rag2~/~IL2Ry ™/~ (ARag) recipients that were fed either
control or dox chow. Subsequently, DEP or iDEP CD4* T cells were adoptively transferred
into recipients on day 2 post-transplantation. As illustrated in Figure 6A, we found that
induced expression of DEPTOR within the transferred CD4* T cells prolongs allograft
survival. To next dissect the select function of DEPTOR in recipient CD4* Teff and Treg
subsets, we used a congenic approach where the relative function of DEPTOR in Tregs vs.
Teff cells was evaluated /n7 vivo. Congenic CD45.1* WT CD4* T cells and CD45.2* DEP
CD4* T cells (in a ratio of 1:1) were adoptively transferred into recipients on day 2 post-
transplantation and the relative expansion of each subset was assessed by flow cytometry
(Figure 6B and C). We found that the ratio of CD45.2*/CD45.1* cells remained unchanged
over a 10-day period, suggesting that DEPTOR primarily functions via the augmentation of
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CD4™ Treg activity (/.e. limiting the expansion of alloreactive WT CD45.1* cells). To further
investigate DEPTOR function in CD4* Teffs /n vivo, we adoptively transferred either DEP/
iDEP CD4*CD25" Teffs alone, or a combination of DEP/iDEP CD4*CD25" Teffs with WT
CD4*CD25M9" Treg cells, into ARag recipients of BALB/c heart transplants and graft
survival was monitored (Figure 6D). As illustrated, sustained DEPTOR expression in iDEP
CD4*CD25" Teff cells had a minimal effect on the prolongation of allograft survival vs. DEP
Teffs. We also evaluated the survival of B6.C-H-2PM12 skin allografts transplanted onto
DEP/iDEP recipients where rejection is dependent on Teff activity. As illustrated in
Supplemental Figure 6A, we found that survival was not different in DEP vs. iDEP
recipients. Collectively, these findings suggest that induced expression of DEPTOR in Teff
cells has minimal biological effects on their expansion and activity, and fails to impact
allograft rejection in vivo.

To further identify the in vivo function of induced DEPTOR within Tregs, DEP
CD4*CD25M9" cells were transferred in combination with WT CD4*CD25" Teffs into ARag
recipients of fully MHC mismatched BALB/c heart transplants (Figure 6E). While
cotransfer resulted in early graft failure in recipients fed control chow (MST of 13 days),
dox-treatment of recipients again resulted in prolonged graft survival (MST 27 days,
P<0.01). We also transferred CD4*CD25M9" DEP or iDEP Tregs into ARag mice fed either
control or dox chow respectively, and we assessed the persistence of Foxp3™* cells by
sequential flow cytometric analysis. Similar numbers of CD3*CD4*Foxp3* Tregs were
recovered from spleens after 3 weeks, but significantly more iDEP Tregs were recovered
after 5 weeks (Figure 6F) and Foxp3 expression was sustained in these surviving iDEP Tregs
(Figure 6G).

In a final series of experiments, we treated DEP and iDEP recipients of fully MHC
mismatched BALBI/c allografts with anti-CD154 (CD40L) on days 0 and 2. This treatment is
well established to inhibit Teff expansion,*0 and we postulated that induced expression of
DEPTOR will support long-term graft survival. We found that anti-CD40L prolonged graft
survival in DEP recipients fed control chow (vs. untreated recipients), but all grafts were
rejected by day 30 post-transplantation. In contrast, long-term graft survival was most
notable in dox-treated iDEP recipient mice that received anti-CD40L (Figure 6H; all >100
days, £<0.0001). We evaluated tolerance induction in these recipients by transplanting skin
grafts from either donor (BALB/c; H-29) or third party (C3H; H-2K) in combination with
recipient isografts (C57BL/6; H-2P) onto day 60 long-term survivors. While all isografts
were accepted, both donor and third party skins were rejected (Supplemental Figure 6B).
Furthermore, we observed that the long term surviving cardiac allografts were rejected
within 2 days of the donor skin graft rejection (data not shown). Collectively, these data
suggest that induced expression of recipient DEPTOR fails to inhibit alloimmune Teff
activity, and that rejection is dependent of the relative ability of iDEP Tregs to inhibit the
clonal size and/or relative expansion of alloreactive Teff subpopulations.

We also treated iDEP recipient mice with anti-CD25 on days -5, —2 and +2 pre/post-
transplantation to reduce the number of recipient circulating CD4*Foxp3™* T cells (Figure
61-J). In this physiological model, we observed that peri-transplant reduction of the Treg
frequency with anti-CD25 completely abolished the graft prolonging effect of induced
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recipient DEPTOR (Figure 61, £<0.05), while having no effect on graft survival in control
recipients fed control chow. These collective findings indicate that intracellular DEPTOR
functions to promote immunoregulation /in vivo, and its biological effects in Tregs have
significant implications for graft survival following transplantation.

4 Discussion

In these studies, we show that endogenous DEPTOR regulates Teff and Treg activity /n vitro
and /n vivo, and we find that its relative level of expression is associated with shifts in
cellular metabolism. Notably, we find that sustained DEPTOR expression stabilizes CD4*
Tregs by inducing oxidative metabolism and Foxp3 promoter activity /in vitro, and enhances
Treg function /n vivo. Sustained CD4™ T cell DEPTOR expression is associated with
prolonged graft survival and enhanced immunoregulation following transplantation. In this
manner, our findings identify an essential role for DEPTOR in CD4* T cell homeostasis and
indicate that it may be critical to augment Treg activity and stability.

Since DEPTOR regulates both mTORC1 and mTORC2 in CD4* T cells, we had anticipated
that sustained expression would inhibit Teff cell activation and differentiation, as described
using rapamycin as well as genetic approaches that target mTORC1 activity.%10:37 Indeed,
its effect to modulate Th2 and Th17 effector differentiation is consistent with these reports.
However, our findings that increased DEPTOR expression fails to inhibit Thl
differentiation/activity or the activation of naive CD4* T cells with anti-CD3 suggests that
its biology is more complex. The modulation of MTORC1 alone in CD4* T cells may have
no detectable effect3’ or it may reducel® Th1 activity. It has been proposed that DEPTOR is
of minimal consequence once mTOR activity is high,30-32 and thus it is not surprising that it
has minimal effects to inhibit IFN-y production. It is however possible that its modulatory
effects on cytokine production may only occur under conditions where mTORCL activity is
restrained.3%32 In this manner, DEPTOR may modulate Thi responses in CD4* T cells
under conditions where mTOR activity is in resolution and/or at low levels (e.g. following
rapamycin treatment). Nevertheless, selective overexpression of DEPTOR in Teff
populations had a minimal effect on the alloimmune response /n vivo. Thus, it is not
surprising that graft survival is unchanged following transplantation when the expression of
DEPTOR is regulated selectively within Teff cells.

The biological effects of DEPTOR resemble those observed following partial inhibition of
mTORCL activity by rapamycin.1® Moreover, since DEPTOR is induced following
mTORCT inhibition,2728 its effects seen in this report may be reflective of its primary role
to augment CD4* Treg activity. Alternatively, DEPTOR may function via interactions with
other molecules and/or signaling pathways independent of mTOR. Indeed, DEPTOR
regulates STAT12% or MAPK4142 signaling, indicating that its expression is associated with
a general modulation of pro-inflammatory responses. However, we did not observe any
significant effect of DEPTOR on STAT or MAPK activity in CD4* T cells. Since DEPTOR
is reduced in expression upon mitogen-activation, we interpret our collective findings to
indicate that it does not function in the course of an active pro-inflammatory response or
under conditions where mTOR activity is high. Once re-expressed during inflammation
resolution, we propose that DEPTOR shifts metabolism within the CD4* T cell population
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that in turn supports a return to basal homeostasis. In this manner, the primary function of
DEPTOR in CD4* T cells is to realign multiple regulatory signaling networks in the course
of inflammation resolution that ultimately enhance Treg activity, survival and lineage
stability.

DEPTOR also targets mTORC?2 signaling,?8 which has been linked to Treg lineage stability
through epigenetic changes within the TSDR of the Foxp3 promoter.6:7:19 Consistent with
this interaction, induced expression of DEPTOR is associated with a reduction in the
methylation status of the TSDR, which also explains its potent biological effects on Treg
activity. Increased transcriptional Foxp3activity through epigenetic changes can itself shift
cellular metabolism towards oxidative phosphorylation®344 that influences Teff and Treg
responses. 4546

Overall, there are multiple mechanisms whereby cell intrinsic DEPTOR interfaces with
immunity to ultimately promote CD4* Treg function and immunoregulation /n vitroand in
vivo. In this report, we show that its biology within the CD4* T cell is of great significance
to prolong allograft survival following transplantation. However, DEPTOR is likely of
functional importance in other immune cell types, including for example, B cells, antigen
presenting and stromal cells, and where sustained expression may also inhibit pro-
inflammation/rejection and/or promote an immunoregulatory phenotype. Although an
analysis of its expression and function in other immune cells is beyond the scope of this
report, they will likely become the subject of additional studies in the future.

The translational implications of these findings are that pharmacologics that target
activation-induced degradation of DEPTOR (for example, MLN492433.47.48) may serve as
pro-tolerogenic agents post-transplantation. Recent strategies to augment transplant
tolerance using novel therapeutics,*® cellular therapy®C and/or the development of bone
marrow chimerism® are limited by the instability of Tregs and their potential to
dedifferentiate into effectors that cause rejection. Our findings in this report indicate that
pharmacological augmentation of intracellular DEPTOR has the potential to stabilize Tregs,
thereby enhancing the long-term efficacy of new immunomodulatory therapeutics following
solid organ transplantation.

In summary, we identify DEPTOR as a cell intrinsic modulator of CD4* T cell activation,
and we show that its expression shapes metabolic programming to enhance
immunoregulatory function. Our findings have novel mechanistic implications in the control
of alloimmunity and provide insight into the regulation of CD4* Treg cell function that has
broad biological significance /n vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) WT CD4+ T cells were activated with anti-CD3 (1 pg/ml) for 3—24 hours /in vitro.
DEPTOR mRNA (upper panel) and protein (lower panel) expression was evaluated by gPCR
and Western blot analysis, respectively. Bars represent mean + SD of 3 independent
experiments (Kruskal-Wallis test; */<0.05). (B) DEPTOR (red) and CD3 (green) were
visualized in unactivated CD4+ T cells by immunofluorescence staining and imaging by
confocal microscopy (scale bar represents 2 um). Representative of 3 independent

experiments. (C) mRNA expression of DEPTOR in CD4+ T cells isolated from DEPTOR

knockin mice (DEP cells) following dox treatment. Bars represent the mean + SD of 3
independent experiments (Kruskal-Wallis test). (D) DEP CD4+ T cells were isolated and
pretreated with dox, and subsequently activated with anti-CD3 (1 pg/ml) for 6 hours; Left:

Representative Western blot analysis; Right: Densitometric analysis of 4 independent blots

(One-way ANOVA). (E and F) The frequency of CD4+Foxp3+ Tregs from DEP/iDEP mice
receiving control or dox chow for 12 weeks was evaluated by flow cytometry. (E)
Representative dotplots and (F) bar graphs (mean + SD, Student’s t-test) of findings in n=8

animals/group.
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Figure 2. CD4+ DEPTOR modulates T effector differentiation and glucose metabolism.
(A) Naive DEP CD4+ T cells were cultured in Thl (IFN-y), Th2 (IL-4) or Th17 (IL-17A)

polarizing conditions in the absence or presence of dox (3 pg/ml). Differentiation was
assessed by ELISPOT (upper panels) and by gPCR (lower panels). Bars represent the mean
number of spots + SD of 3 independent experiments (Upper Panel. Student’s t-test; Lower
Panel: One-sample t-test). (B and C) DEP CD4+ T cells were pretreated with dox (3 pg/ml)
and subsequently activated with anti-CD3 alone or in combination with anti-CD28 (both at 1
ug/ml) for 3 days. (B) The expression of CD25 and CD69 were evaluated by flow cytometry.
Bar graphs illustrate the mean expression = SD of 3 independent experiments (One-way
ANOVA,; P=n.5.). (C) The proliferation of DEP/iDEP CD4+ T cells was assessed by CFSE
dilution and expansion indices were calculated (n=3, Student’s t-test; 2~=n.s.). The grey
histograms represent unstimulated DEP cells. (D) DEP CD4+ T cells were pretreated with
dox (3 pg/ml) and with anti-CD3 and anti-CD28 (both at 1 pg/ml) for 24 hours.
Subsequently, glucose uptake was evaluated by 2-NBDG flow cytometry. Statistics was
performed on a mean of 3 independent experiments (Bar graphs, One-way ANOVA).
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Figure 3. DEPTOR augments Treg stability and function in vitro.
(A) CD4+Foxp3- Teffs and CD4+Foxp3+ Tregs were isolated from DEP/iDEP mice and

methylation of the TSDR was assessed by bisulfite-conversion and pyrosequencing. Heat
maps represent the methylation of 14 CpG islands. One of 2 experiments with similar results
is depicted. (B-D) DEP and iDEP Treg function was assessed in suppression assays using
CFSE-labeled naive CD4+ cells as responders (Tresp) with increasing ratios of DEP/iDEP
iTregs. Tresp proliferation was assessed by CFSE-dilution using flow cytometry. (B)
Representative histograms of 3 independent experiments. (C) Expansion indices normalized
for Treg suppressive capacity + SD (Two-way ANOVA). (D) The area-under-the-curve
(AUC) of normalized suppression for each experiment. Statistics were performed using the
mean AUC £ SD (Student’s t-test). (E-G) Foxp3 expression was evaluated for up to 7 days
following the activation of DEP/iDEP iTregs with anti-CD3 and anti-CD28 (both at 1 pg/ml)
in the absence or presence of dox (3 pg/ml). (E) Representative dotplots and (F) statistical
analysis showing the relative change in Foxp3 expression within CD4+ T cell cultures = SD
over a 7 day period. (G) Bars represent the percentage of living cells + SD (Two-way
ANOVA,; 0 pg/ml vs. 3 pg/ml dox: *£<0.05, **A<0.01, ***P<0.001; n=3).
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Figure 4. Induced expression of DEPTOR in Tregs increases oxidative phosphorylation through
mitochondrial B-oxidation.
(A) The effector/memory phenotype of CD4+Foxp3+ Tregs from DEP/iDEP mice; Upper

Panels: Representative histograms and dotplots; Lower Panels: Mean fluorescence intensity
(MF1)/positivity = SD in 7 animals per group (Student’s t-test; 2~=n.s.). (B) Bland-Altman
plot, and (C) Volcano plot of RNA-seq transcriptomes comparing iDEP vs, DEP
CD4+CD25high Tregs. Differentially expressed genes (adjusted P<0.005) are highlighted in
red. (D) Heatmaps of selected genes that were either downregulated (left) or upregulated
(right) following induced expression of DEPTOR in iDEP Tregs. (E) Functional protein-
protein interaction network analysis of significant downregulated genes. (F-H) Metabolic
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capacity of DEP and iDEP CD4+CD25high Tregs as assessed by extracellular flux
technology. (F) Glycolysis was evaluated by measuring the extracellular acidification rate
(ECAR) following the sequential addition of glucose (Gluc), oligomycin (Oligo) and 2-
deoxy glucose (2-DG). (G) Oxidative phosphorylation was evaluated by measuring the
oxygen consumption rate (OCR) following the sequential addition of oligomycin (Oligo),
carbonyl cyanide-4-trifluoromethoxy-phenylhydrazone (FCCP), etomoxir, and antimycin A
and rotenone into cultures. (H) The metabolic phenotype as a ratio of glycolytic and
oxidative activity at baseline and in maximal stressed cells (FCCP and oligomycin). One
representative of 2 independent experiments is depicted (mean ECAR/OCR + SD of
triplicate conditions, Two-way ANOVA *F<0.05, **/<0.01, ***F<0.0001).
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Figure 5. Sustained expression of DEPTOR within CD4+ T cells prolongs cardiac allograft
survival.

(A) Graft survival following the transplantation of fully MHC mismatched BALB/c hearts
into DEP/iDEP recipient mice. Wild type C57BL/6 mice (WT) served as controls. (B)
Representative images of allograft histology on day 6 post-transplantation (bars represent
100 pm). (C and D) DEP/iDEP recipient splenocytes were isolated on day 6 post-
transplantation and the relative expansion of naive/memory Teffs and Foxp3+ Tregs was
evaluated by flow cytometry. (C) Representative dotplots and (D) bar graphs of CD44 and
CD62L expression on Teffs and Foxp3+ Tregs gated within the CD4+ cell population (n=4
animals/group); Left Panel: mean + SD, Student’s t-test; Right Panel: mean ratio of
CD44highCD62Llow Teffs to Foxp3+ Tregs + SD, Student’s t-test. (E) CD4+ T cells were
isolated on day 6 post-transplantation, co-cultured with irradiated BALB/c splenocytes and
IFN-y production was evaluated by ELISPOT. Bars represent the mean spots/well = SD in 4
animals (n=2 animals/group per experiment, performed twice in triplicate; Student’s ttest).
(F) Serum from DEP/iDEP recipients on day 6 post-transplantation was evaluated for the
production of donor-specific antibody production using flow cytometry. Bar graphs
represent the mean antibody titer + SD (n=4 animals/group; Student’s t-test).
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Figure 6. DEPTOR enhances immunoregulation to prolong allograft survival.
(A) Kaplan-Meier graft survival curves following the adoptive transfer of DEP/iDEP CD4+

T cells into ARag recipients of BALB/c hearts on day 2 post-transplantation. (B and C)
Congenic CD4+CD45.1+ T cells (C57BL/6) in a 1:1 ratio with CD4+CD45.2+ DEP/iDEP T
cells were adoptively transferred into ARag recipients of BALB/c hearts on day 2 post-
transplantation. The ratio of CD45.2+/CD45.1+ CD3+CD4+ T cells was assessed by flow

cytometry on day 10 post-transfer. (B) Representative dotplots and (C) bar graphs
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illustrating the mean CD45.1+/CD45.2+ ratio + SD of 4 animals/group (Student’s t-test;
P=n.s)). (D) Kaplan-Meier graft survival curves following the adoptive transfer of DEP/
iDEP CD4+CD25- Teffs alone or in combination with WT CD4+CD25high Tregs (ina 1:4
ratio) into ARag recipients of BALB/c hearts on day 2 post-transplantation. (E) Kaplan-
Meier graft survival curves following the adoptive transfer of DEP/iDEP CD4+CD25high
Tregs and WT CD4+CD25- Teffs (in a 1:4 ratio) into ARag recipients of BALB/c hearts on
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day 2 post-transplantation. (F and G) DEP/iDEP CD4+CD25high Tregs were transferred
into ARag mice, and (F) the mean number of CD3+CD4+Foxp3+ cells per spleen + SD was
evaluated by flow cytometry at 3 and 5 weeks post-transfer (n=3, One-way ANOVA). (G)
Representative histograms of Foxp3 expression within transferred cells. (H) Kaplan-Meier
graft survival curves following the transplantation of fully MHC mismatched BALB/c
allografts into DEP/iDEP recipient mice treated with anti-CD154 (CD40L) on days 0 and 2
post-transplantation. (1) Kaplan-Meier graft survival curves of controls and iDEP recipient
mice following anti-CD25 treatment peritransplantation. (J) Dotplots of splenic Foxp3+
cells following treatment of recipients with anti-CD25. In (AJ), recipients received either
control or dox chow.
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