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Antigen-stimulated T cells require elevated importation of
essential and non-essential amino acids to generate large num-
bers of daughter cells necessary for effective immunity to patho-
gens. When amino acids are limiting, T cells arrest in the G,
phase of the cell cycle, suggesting that they have specific sensing
mechanisms to ensure sufficient amino acids are available for
multiple rounds of daughter generation. We found that activa-
tion of mTORC1, which is regulated by amino acid amounts,
was uncoupled from limiting amino acids in the G, phase of the
cell cycle. Instead, we found that Rictor/mTORC?2 has an essen-
tial role in T cell amino acid sensing. In the absence of Rictor,
CD4™" T cells proliferate normally in limiting arginine or leu-
cine. Our data suggest that Rictor/mTORC2 controls an amino
acid-sensitive checkpoint that allows T cells to determine
whether the microenvironment contains sufficient resources for
daughter cell generation.

T cells, like all immune cells, are auxotrophs for the nine
essential amino acids (1). Proliferating T cells also require
external supplies of non-essential amino acids including argi-
nine, cysteine, asparagine, and glutamine. Following T cell
activation, amino acid transport increases, primarily by up-reg-
ulation of specific T cell receptor-regulated amino acid trans-
porters (2, 3). Other immune cells exert regulatory control over
T cell proliferation and function by exploiting amino acid aux-
otrophy of T cells. For example, regulated degradation of argi-
nine and tryptophan by myeloid cells depletes these amino
acids and blocks T cell proliferation (1).

Despite the importance of amino acids for lymphocyte pro-
liferation, little is known about how these cells estimate what
quantities are required for daughter cell generation (4). Once
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activated by antigen, the first CD4™ T division is preceded by a
long G, phase taking up ~30-35 h in vitro. Once the irrevers-
ible commitment to cell division is made, 5- 8 divisions occur
over the subsequent 24 —36 h. In vivo tracking of CD8™ division
has confirmed that a similar situation occurs, with some frac-
tions of the CD8™ T cell population dividing slowly, and others
exhibiting rapid division kinetics observed in vitro (5, 6). Pre-
sumably, T cells need to determine whether sufficient resources
are available for the generation of many daughter cells or
whether they will not commit to cell cycle entry. How T cells
measure the environmental concentrations of essential amino
acids is unclear. The recognition and utilization of essential
amino acids in T cell proliferation are also unresolved at the
molecular level. For example, T cells have a specific way of
determining the amount of glutamine in media; below 500 um,
T cells will not enter the cell cycle (7).

Recently, specific amino acid “sensors” have been described
to integrate information about amino acid availability to the
mTORCI1 complex. mTORCI1 is vital for T cell division, pre-
sumably because it signals the production of biopolymers and
molecular machines needed for daughter generation (8). For
example, sestrin2 was described to bind leucine, whereas Gatsl3
(also called Castorl) binds arginine, leading to inactivation of
the GATOR-1 complex and eventual activation of mTORC1
(9-11). However, the precise roles of Gatsl3 and sestrin2 have
yet to be evaluated in primary cells or in vivo settings where
amino acid sensing is required (12). Other proteins have been
implicated in amino acid detection including leucyl-tRNA syn-
thase, SLC38A9, the TSC (tuberous sclerosis complex) com-
plex, and various other modes of amino acid communication to
DEPTOR (DEP domain-containing mTOR-interacting pro-
tein) and Rag GTPases (13-23). How these proteins assess
information about amino acid amounts remains unclear.
Another amino acid-sensing pathway is mediated by the stress
kinase GCN2. However, in T cells, GCN2 is not required for
integrating information about environmental amino acid
amounts and cell cycle decision, and is instead essential for the
efficiency and fidelity of cytotoxic, but not helper T cell prolif-
eration (24).

Here we used quantitative cellular biochemistry and genetics
to evaluate how activated CD4" T cells use essential amino
acids, focusing on arginine and leucine. This experimental plat-
form exclusively employs primary cells. Our results indicate
that although T cells require mTORC]1 for completing the cell
cycle, mTORCI activation is uncoupled from the amino acid-
sensing event(s) that license cell cycle progression in G;. We
found that T cells use a threshold amino acid-sensing mecha-
nism that has veto power over cell cycle entry; this mechanism
has an obligatory requirement for Rictor, the defining subunit
of the mTORC2 complex. Helper T cells lacking Rictor engage
in proliferation at sub-threshold essential amino acid amounts.

Results

We developed a primary cell-based biochemistry platform to
quantify the effects of environmental amino acids on pathways
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FIGURE 1. Kinetic responses of T cells to amino acid limitation. A, design of the MLR co-culture platforms. The optimal APC:T cell ratio differs, as defined by
CFSE labeling experiments designed to induce maximal T cell proliferation in a 72-h period. B and C, viable cell numbers of CD4* or CD8™ T cells recovered at
24,48, or 72 h using the optimized MLR ratios in A. D, cell size differences between CD4* and CD8" T cells following exposure to antigen in the MLR co-culture
systems. The time point of the first division, defined by parallel CFSE dye dilution assays, is shown by the dotted line. % of Max, percentage of maximum. £, T cell
proliferation is dependent on threshold amino acid concentrations. DO11.10 CD4™" T cells were used in an MLR assay where the medium was adjusted to
contain 10, 1, or 0% of the normal concentration of arginine, leucine, or lysine in RPMI medium. FSC-A, forward scatter area. F, microarray analysis of canonical
mRNAs induced by TCR and co-stimulation stimulation (48-h time point) in purified CD4™* T cells. Shown are T cells in medium containing 1% of the normal
concentration of amino acids, in both the presence and absence of antigen. Data in B-E are representative of 3-5 experiments. All MLR experiments also
contain a separate CFSE control experiment to measure proliferation. Data in F represent individual 3 experiments (each column). One of the samples cultured

in 1% Arg was excluded for quality control reasons.

linked to cell cycle entry. The design used an antigen-specific 48 h (Fig. 1, B-D). In contrast to CD4" cells, antigen-specific
equivalent of a “mixed lymphocyte reaction” (MLR)* where ~CD8™ cells first divided at ~24 h (Fig. 1, C and D). The differ-
CD3-depleted splenocytes and non-mesenteric lymph node ences in time to the first division between CD4 " and CD8"* T
cells were mixed in defined ratios with ovalbumin (OVA)-spe-  ceJs suggested that each population uses distinct modes of
cific purified CD4" DO11.10 T cells with the presence or decision-making to enter the cell cycle and for subsequent
absence of the specific OVA peptide recognized by DO11.10 T daughter generation. For this reason, the remainder of the

cells in the context of H-2K® using Balb/c T cell-depleted . . + . .
splenocytes (Fig. 14). CD4™ T cells first divided between 32 and Zzﬁle;rlments herein focuses on CD4 T cell detection of amino

As expected, CD4™" T cells were sensitive to the amounts of
% The abbreviations used are: MLR, mixed lymphocyte reaction; mTOR, mam- arginine, leucine, and lysine in the medium (Fig. 1F). No cell
malian target of rapamycin; OVA, ovalbumin; TCR, T cell receptor; p, phos- division occurred at 1% of the normal RPMI concentration of

phorylated; APC, antigen-presenting cell; CFSE, carboxyfluorescein succin-
imidyl ester. arginine (1148 um), leucine (381 um), or lysine (218 um). As a
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first step to understand how T cells determine the amount of
amino acids they need for division, we performed transcrip-
tomic studies on CD4™" T cells from co-cultures with antigen-
presenting cells after 48 h of exposure to limiting arginine, leu-
cine, or lysine and in the presence or absence of antigen
stimulation (Fig. 1F). Two unexpected findings emerged from
analysis of the transcriptomes of each population. First, there
were no specific transcriptional differences when cells starved
for each amino acid were compared in the presence or absence
antigen. Therefore, we concluded that CD4™ T cells did not
induce specific transcriptional responses in response to indi-
vidual limiting amino acids.? In other words, the transcriptional
response to leucine, arginine, or lysine was indistinguishable
between the three amino acids. Second, antigen signaling,
which induces the coordinate regulation of thousands of genes
(Fig. 1E, example of canonical T cell activation mRNAs), was
unaffected by the limiting amino acids. Therefore, amino acid
deprivation did not blunt gene activation downstream of the
TCR and costimulatory pathways within the time frame of the
assay. Therefore, amino acid amounts blocked cell cycle pro-
gression, but did not affect TCR and co-stimulatory signaling to
the mRNAs required for CD4™ T cell activation.

mTORCI1 is a key signaling hub necessary for T cell division,
and is involved in amino acid sensing at multiple levels (9, 11,
19,21). To investigate links between cell cycle entry, amino acid
amounts, and mTORCI activity, we adapted the MLR cultures
to quantify different mTORC1-dependent events across time,
and in the presence of limiting amino acids in the culture sys-
tem. When we measured phosphorylated S6 (p-S6, a key
mTORCI target downstream of S6 kinase), total S6 (as a sur-
rogate for ribosome number and biogenesis), and phospho-
mTOR (p-mTOR) across time after antigen stimulation, we
observed a biphasic response where p-S6 and p-mTOR were
initially activated by exposure to antigen in the G, phase of the
cell cycle. After the first division, p-S6, S6, and p-mTOR
increased substantially (Fig. 2, A and B). These data suggest that
mTORCI activity in CD4" T cells is differentially activated at
different points in the cell cycle.

Because limiting amino acids block cell cycle entry in G, (25,
26), connections between mTORC]1 activity and amino acids
are likely to be first integrated in the G, phase of the cell cycle.
To test whether mTORCI1 activity was blocked in G, by limiting
amino acids, we used the MLR system in control normal RPMI,
or in RPMI containing 1% arginine or 1% leucine of the normal
RPMI concentration. We measured p-S6, p-4E-BP1, and
p-mTOR activity, which are collectively used as markers of
mTORCI activity. Following antigen stimulation, phosphory-
lation of S6, 4E-BP1, and mTOR was similar to RPMI controls
regardless of the amino acid amounts, up to the time window of
the first division (Fig. 2, C-E). These data indicate that overall
mTORCI1 activity measured by activation of key substrates was
uncoupled from the decision-making process that connects cell
cycle entry to available amino acids. Once cell division began
(between 32 and 48 h), the secondary phase of mMTORCI activ-

3 Details and statistical analysis of this microarray data set will be reported in
a separate manuscript (L.-A. Van de Velde et al., submitted for publication).
Data can be retrieved in GEO (GSE68804).
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ity (Fig. 24, 48 —72 h) was not observed in non-dividing, amino
acid-restricted, CD4™" T cells. When considered with the
kinetic studies in Fig. 24, these data suggest that mMTORC1 may
play a more complex role in T cell amino acid sensing than
previously appreciated.

A key question about the relationship between T cell division
and amino acid availability concerns the threshold amount
required to enter the cell cycle after activation. To estimate this
concentration, we titrated the amount of arginine in the MLR
system in single percentage increments from 10% to 1% of the
normal RPMI concentration (Fig. 34). The results of these
experiments indicated that the minimum amount of arginine
necessary for one division is ~2% (23 um). To identify mecha-
nisms linking amino acids to cell cycle entry, we took a candi-
date approach to focus on links between antigen and mitogen
(IL-2) signaling and cell cycle entry. Our goal was to identify a
mutant(s) that permitted antigen-stimulated cell cycle entry in
low amino acid environments. For example, we used T cells
from transgenic mice engineered to express a constitutive ver-
sion of STATS5 (27), which is a key IL-2-activated transcription
factor required for T cell division. However, T cells constitu-
tively expressing active STATS5 failed to proliferate to the same
extent as controls in any ix vitro conditions we tested.* Simi-
larly, T cells from phosphatase and tensin homolog (PTEN)-
deficient mice, which regulates a key negative step in IL-2
receptor signaling (28) did not show differences in amino acid
starvation responses.* Another protein complex that could be
linked to antigen or mitogen signaling regulation is Rictor/
mTORC?2, as this complex phosphorylates AKT, a key kinase in
T cell proliferation (29). We therefore generated Rictor™*/"°%;
CD4-Cre; DO11.10 mice (CD4"). Unlike all other mutants
tested, we observed that T cells from these mice proliferated in
1% arginine (Fig. 3, B and C). Rictor-deficient CD4" T cells
proliferated at all concentrations of arginine tested. Therefore,
Rictor is involved in conveying information to antigen-stimu-
lated T cells about how much arginine is available. To deter-
mine whether the effects of Rictor deficiency were specific to
arginine or more general in nature, we used the MLR culture
system to test growth in 1% leucine. Again, loss of Rictor was
permissive for T cell growth in limiting amino acids (Fig. 3D).
Therefore, loss of Rictor/mTORC2 bypasses the amino acid-
sensing mechanisms used by CD4" T cells to block cell cycle
entry. These data also indicate that 1% arginine or leucine is not
limiting for T cell proliferation so long as mTORC?2 signaling is
disabled.

Discussion

T cells programmed to engage in proliferation have obligate
requirements for essential and non-essential amino acids.
When environmental amino acids become limiting, T cells
arrest at a point in approximately mid-G; (26). We found that
Rictor controls this process, because in the absence of Rictor,
CD4 " T cells divide in limiting arginine or leucine. Therefore,
we postulate that Rictor, and presumably mTORC?2, is part of
an amino acid-sensing mechanism that regulates the uptake of
amino acids at their source: the extracellular milieu.

4L.-A.Van de Velde and P. J. Murray, unpublished observations.
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FIGURE 3. Loss of Rictor in T cells bypasses the amino acid depletion signal that blocks entry into cell cycle. A, quantification of the limiting amount of
arginine needed for cell cycle entry. CD4 ™" T cells were stimulated in the MLR assay where arginine was titrated from 10 to 0% of the normal RPMI concentration.
CD4™ proliferation was assessed at 72 h. B, CD4™ T cells from control or T cell-specific Rictor-deficient mice on a DO11.10 background were used in an MLR assay
where arginine was 4, 3, 2, or 1% of the normal RPMI concentration. CD4™ T cell proliferation was assessed at 72 h. C, summary data of 4 independent
experiments comparing proliferation in 1% arginine between control cells (WT) and Rictor-deficient CD4 ™ T cells (KO). ***, p = 0.0005 two-tailed t test. D, as in
B, but using limiting leucine. Data are representative of two independent experiments.

role in modulating the efficiency of CD8" but not CD4™" pro-
liferation, and regulates CD8" T cell trafficking in vivo (24).

Different mechanisms have been proposed to mediate amino
acid sensing. GCN2 plays a key role in detecting uncharged

tRNAs and activates stress-dependent transcription in limiting
amino acids. In T cells, GCN2 is required to activate transcrip-
tion factors ATF3, ATF4, and CHOP (CCAAT-enhancer-
binding homologous protein) in response to low amino acid
environments. However, it is dispensable for coupling this
information to cell division, as GCN2-deficient T cells are
blocked from entering into cell division cycles in a manner
identical to wild-type controls (24). Instead, GCN2 has a key

Other pathways have been specifically linked to mTORC1 in
transformed cells including Rag GTPases, sestrin2, Gatsl3 (Cas-
torl), leucyl tRNA synthase, and the lysosomal transporter
SLC38A09 (10, 11, 13, 18, 21, 30, 31). However, definitive evi-
dence that these pathways are required for amino acid sensing
in normal physiology is lacking (12). One possibility is that the
different pathways implicated in direct and indirect amino acid
sensing are diversified across different cell types. For example,

FIGURE 2. mTORC1 regulation in T cells in low amino acid environments. A and B, time course of pS6, S6, or p-mTOR in gated CD4™ cells from an MLR assay.
The dotted line indicates the time zone of the first division defined by the independently performed CFSE dye dilution assay (B). C, time course of p-4E-BP1 in
gated CD4™" T cells as in A where cultures were in normal RPMI or RPMI with 1% arginine or 1% leucine. D, time course of pS6 in gated CD4" T cells asin C. E,
quantification of flow data from the experiment in panels C and D. Experiments were done 3 independent times for arginine starvation. Panel B is the internal
CFSE control experiment for data in panel A. Data in panel E is a summary figure from a single representative experiment.
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amino acid sensors upstream of mTORCI may be active in T
cells and may modulate mTORCI activity, but have less impor-
tant roles when rapid cell division is programmed by antigen
stimulation; there Rictor has a key modulating role in CD4™"
cells. One study has shown that mTORC2 is activated by exog-
enous amino acids (32). However, how these data correlate to
our work is unclear at present as the authors’ experimental
approach is considerably different from our experiments in pri-
mary T cells.

Previous work on mTOR signaling in T cells has revealed a
complex and obligate requirement for mTORC1 in emergence
from quiescence following antigen stimulation, Treg (regula-
tory T cell) proliferation, and normal homeostasis of the T cell
compartment (8, 33—35). However, mTOR can be eliminated
from the entire T cell compartment, a genetic alteration that
causes shifts in T cell phenotype (33). Through the measure-
ment of mMTORCI substrates by flow cytometry, our experi-
ments revealed additional aspects of mTORCI activity in anti-
gen-stimulated T cells. We observed that antigen stimulation
provokes early and heterogeneous activation of p-S6 and p-4E-
BP1, which would be expected for cells preparing to expand
biomass in preparation for division. However, this early activa-
tion of mTORCI is independent of extracellular amino acid
amounts. Closer to the first division (32 h) and after the first
division when CD4™" T cells engage in rapid division, mnTORC1
activity was increased and more uniform within the dividing T
cells. At this point, amino acid-starved T cells did not increase
mTORCI1 activity. We interpret these data in the context of the
cell cycle, as the amino acid-starved T cells are G;-arrested at
this point, and have no requirement for the “second” phase of
mTORCI1 activity. These data suggest that mTORCI activity
may have differential roles across the different phases of the cell
cycle, which requires further exploration using proteomic and
metabolomics approaches. We further speculate that the pre-
viously identified amino acid-sensitive mTORC1 modulators
may have differential roles across the cell cycle.

Limitations of our work concern the role of mTORC?2 acti-
vation and its subsequent substrate range. In our study, we
could not detect the most widely used readout of mTORC2
kinase activity, Ser-473 phosphorylation of AKT (36), which
meant that we could not track when mTORC2 was active in
control MLR cultures. This may be a technical issue, or a con-
sequence of the cell type used or the amount of p-AKT in T
cells. A second limitation concerns the molecular connections
between mTORC2 and the events leading to cell cycle entry.
For example, recent proteomic data have shown that the IL-2
receptor activates a wide range of pathways involving hundreds
of downstream effects (37). Thus, it is possible that a proteomic
approach could connect mTORC2 and specific mediators
downstream from the IL-2 receptor, the T cell receptor, or
other costimulatory receptors that eventually trigger the events
leading to the irreversible commitment to cell cycle entry. Nev-
ertheless, our data indicate that Rictor/mTORC2 is an essential
component of a pathway that determines external amino acid
amounts.

In T cells with genetically disabled Rictor/mTORC2, the
sensing system that determines whether sufficient amino acid
amounts are available is bypassed, and CD4™" T cells divide in
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amino acid amounts normally limiting for proliferation. How
Rictor/mTORC controls the uptake of amino acids is unclear,
and may be through direct modulation of another sensing path-
way, or an indirect mechanism that affects other pathways
involved in amino acid metabolism. Munder and colleagues
(38) have previously proposed that activated T cells might have
a counting mechanism to ensure that enough material is avail-
able for both the present and future needs. However, how such
a mechanism would work at the molecular level is unknown.
Our data suggest that Rictor/mTORC2 comprises an essential
component of the way T cells measure amino acid availability.

Experimental Procedures

Mice—Rictor™/1°*  (Rictor'™!**'8/Sjm]), CD4-Cre (B6.
Cg-Tg(CD4-cre)1Cwi/Bflu]), OT-1 (C57BL/6-Tg(TcraTcrb)
1100Mjb/J), DO11.10 (C.Cg-Tg(DO11.10)10Dlo/J), C57BL/6J,
and Balb/c mice were purchased from The Jackson Laboratory.
Rictor™/1°* mice were crossed with CD4-Cre and DO11.10
mice and genotyped according to Jackson Laboratory geno-
typing protocols. All animals were maintained and used
according to the policies and procedures of the St. Jude Chi-
ldren’s Research Hospital Institutional Animal Care and Use
committee.

Formulations and Modifications of Media—For non-titra-
tion-related experiments, RPMI 1640 (Corning) was supple-
mented with 10% FBS (Thermo Fisher) and penicillin/strepto-
mycin (Gibco). For L-arginine, L-leucine, and L-lysine titration
experiments, stable isotope labeling with amino acids in cell
culture (SILAC) RPMI 1640 medium (Sigma) was supple-
mented with 10% dialyzed FBS (Gibco) and penicillin/strepto-
mycin solution. Cell culture grade amino acids were purchased
from Sigma.

Cell Purification and Cell Culture Systems—Spleens and
non-mesenteric lymph nodes were isolated, and single cell sus-
pensions were obtained by grinding through a 70-um nylon
mesh. Red blood cells were removed with RBC Lysis buffer
(BioLegend) prior to purification. Antigen-presenting cells
(APCs) were obtained by using the CD3e MicroBead Kit (Milte-
nyi) according to the manufacturer’s instructions. Purified
CD4™" or CD8* populations were obtained by negative selec-
tion. Briefly, cells were incubated with biotinylated anti-CD45R
(B220, clone RA3-6B2), anti-I-A/I-E (clone M5/114.15-2), anti-
CD11b (clone M1/70), anti-CD49b (clone DX5), and either
anti-CD4 (clone GK1.5) or anti-CD8« (clone 53-607) (Bio-
Legend). Cells were washed and incubated with streptavidin
microbeads (Miltenyi), and then washed and passed over a
magnetic column (Miltenyi). Purified T cells were then labeled
with 2 um carboxyfluorescein diacetate succinimidyl ester
(CFDA-SE) (Invitrogen) and resuspended in the appropriate
medium for the given assay. 5 X 10* (OT-I system) or 2 X 10°
(DO11.10 system) APCs were mixed with 5 X 10° T cells in
medium containing 0.1 um OVA peptide. Proliferation was
assessed at 72 h by flow cytometry.

Flow Cytometry—Cultured cells were harvested and surface-
stained with anti-CD4 antibody prior to fixation with 4% para-
formaldehyde for 10 min at 37 °C. Cells were washed and resus-
pended in ice-cold methanol and incubated on ice for a
minimum of 1 h. Cells were washed and resuspended in PBS, 1%
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FBS containing a 1:50 dilution of phospho-antibody and incu-
bated at room temperature for 1 h. Data were acquired with a
FACS Canto II (BD Biosciences) and analyzed using Flow]Jo
software version 9 (TreeStar).

Additional Antibodies—Anti-CD4 (clone RM4-5) and anti-
CD8a« (clone 53-6.7) were purchased from BioLegend. The fol-
lowing intracellular antibodies were used: anti-S6 ribosomal
protein (clone 54D2, Cell Signaling), anti-phospho-S6 ribo-
somal protein (Ser-235/236) (clone D57.2.2E, Cell Signaling),
anti-phospho-4E-BP1 (Thr-37/46) (clone 236B4, Cell Signal-
ing), and anti-phospho-mTOR (clone MRRBY, eBioscience).

Author Contributions—L. V. d. V. did the experiments. P.J. M and
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