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In health, T lymphocytes are in a resting
state. However, stimulation with their
cognate antigen induces massive growth
and proliferation. Ron-Harel et al.
demonstrate that T cells rely on
extracellular alanine for activation.
Consumed alanine is used primarily for
protein synthesis, and alanine deprivation
inhibits T cell metabolism and effector
functions.
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SUMMARY

T cell stimulation is metabolically demanding. To exit
quiescence, T cells rely on environmental nutrients,
including glucose and the amino acids glutamine,
leucine, serine, and arginine. The expression of trans-
porters for these nutrients is tightly regulated and
required for T cell activation. In contrast to these
amino acids, which are essential or require multi-
step biosynthesis, alanine can be made from pyru-
vate by a single transamination. Here, we show that
extracellular alanine is nevertheless required for
efficient exit from quiescence during naive T cell acti-
vation and memory T cell restimulation. Alanine depri-
vation leads to metabolic and functional impairments.
Mechanistically, this vulnerability reflects the low
expression of alanine aminotransferase, the enzyme
required for interconverting pyruvate and alanine,
whereas activated T cells instead induce alanine
transporters. Stable isotope tracing reveals that
alanine is not catabolized but instead supports pro-
tein synthesis. Thus, T cells depend on exogenous
alanine for protein synthesis and normal activation.

INTRODUCTION

In health, naive and memory T cells are retained in a quiescent
state. In response to pathogen exposure, these cells quickly
exit quiescence and enter a cycle of rapid cell growth and robust
proliferation to generate large numbers of effector cells to fight
off threats and restore homeostasis. The transition from quies-
cence to activation is driven by metabolic adaptation of these
cells to meet their changing needs. With activation, glycolysis
is highly induced, and glucose-derived carbon fuels multiple
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synthetic pathways, including the pentose phosphate and serine
biosynthetic pathways, both of which contribute to de novo gen-
eration of nucleotides. In parallel, glucose-derived pyruvate
feeds into the tricarboxylic acid (TCA) cycle, where it supplies
a carbon source for lipid synthesis and electrons for ATP synthe-
sis by the generation of citrate (Berod et al., 2014) and the elec-
tron transport chain, respectively.

To adequately fuel these metabolic pathways, which often
share common resources, activated T cells rely on extracellular
pools of precursor nutrients. For example, glutamine-derived
carbon feeds into the TCA cycle to compensate for the export
of citrate from the mitochondria to the cytosol, where it is used
for fat synthesis (Berod et al., 2014). Although glutamine is not
an essential amino acid and can, therefore, be synthesized by
mammalian cells, successful T cell activation depends on access
to extracellular glutamine and its uptake (Carr et al., 2010; Nakaya
et al., 2014). Similarly, although serine can be synthesized
from the glycolytic intermediate 3-phosphoglycerate, extracel-
lular serine remains the primary carbon source for mitochondrial
one-carbon metabolism, the main pathway in T cells for supplying
one-carbon units for purine and thymidine biosynthesis (Ron-
Harel et al., 2016). Accordingly, serine deprivation from the diet
is sufficient to impair T cell proliferation and effector functions
(Ma et al., 2017). These studies emphasize how T cells depend
on extracellular nutrients, including nonessential amino acids,
to meet their rapidly changing metabolic needs upon activation.

Controlling the uptake of these nutrients is a key mechanism
for regulating T cell activation (Geiger et al., 2016; Patsoukis
et al., 2015; Ramsay and Cantrell, 2015; Rodriguez et al., 2007;
Rollings et al., 2018; Wieman et al., 2007; Wofford et al., 2008).
In this study, building on work done nearly 40 years ago
describing a role for alanine in supporting T cell activation (Rotter
et al., 1979), we identify alanine as an extracellular nutrient crit-
ical for T cells to transition from quiescence to activation. Our
findings show that the nonessential amino acid alanine is not
synthesized by T cells during early activation. Instead, naive
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T cells rely on extracellular alanine pools for their initial activation,
and memory T cells need extracellular alanine for successful re-
stimulation. Alanine deprivation negatively affects cell growth,
proliferation and effector functions, and skews activation-
induced metabolic reprogramming. Interestingly, in contrast to
certain cancer cells that catabolize alanine (Sousa et al., 2016),
T cells appear to exclusively use extracellular alanine for protein
synthesis.

RESULTS

Extracellular Alanine Is Essential for Initial Activation of
Naive T Cells
We discovered T cell reliance on extracellular alanine for activa-
tion while investigating why dialyzed serum inhibited the activa-
tion of T cells in vitro. To identify extracellular nutrients that are
required for T cell activation, we utilized a well-established sys-
tem for ex vivo stimulation. Sorted naive CD62L*CD25~CD44'°
CD4" T cells were cultured with soluble anti-CD3 and antigen
presenting cells (APCs) to stimulate the T cell receptor (TCR)
and co-stimulatory signals required for proper activation (Fig-
ure 1A) in the presence of standard “complete” fetal bovine
serum (cFBS) or dialyzed FBS (dFBS). As expected, T cell stim-
ulation resulted in increased T cell size in cFBS. However, the in-
crease in cell size was blunted in dFBS (Figure 1B). To assess
changes in effector function, we quantified secreted cytokine
levels in spent culture media after cells were activated and
cultured for 72 h. The concentrations of the proinflammatory cy-
tokines interleukin-17 (IL-17), interferon y (IFNvy), and IL-6 were
all significantly reduced in the spent media from cells activated
in the presence of dFBS (Figure 1C). Moreover, cells cultured
in dFBS media proliferated less in the 72 h following activation
(Figure 1D). These findings suggest that at least one factor that
is important for T cell stimulation is lost through FBS dialysis.
To validate these findings in an orthogonal system, we stimu-
lated sorted naive CD4" T cells with plate-bound anti-CD3 and
anti-CD28 (Figure S1A). As with APC-driven stimulation, culture
in dFBS media impaired cell growth (Figure S1B) and prolifera-
tion (Figure S1C). Notably, alanine deprivation did not have a
profound effect on the expression of early activation markers,
as demonstrated with CD69 (Figure S1D). Because this simpli-
fied system proved suitable for ex vivo analysis of purified
T cell cultures, it was used for all subsequent experiments.
Standard T cell culture media contains 10% serum. Reducing
the cFBS portion to 2.5% (offsetting with 7.5% dFBS to maintain
total serum concentration) led to no observable effect on post-
activation proliferation. However, further dilution of the cFBS
fraction caused a substantial delay in proliferation (Figure 1E).
Our findings suggest that early T cell activation requires one or
more components found in cFBS that are reduced by >75% by
dialysis. To identify this unknown component(s), growth media
(RPMI) prepared with either 10% cFBS or 10% dFBS was
analyzed by liquid chromatography mass spectrometry (LC-
MS) in negative ionization mode. Chromatographic separation
was achieved by two approaches: reverse-phase ion-pairing
chromatography (Figure 1F) and hydrophilic interaction liquid
chromatography (HILIC) chromatography (Figure S1E), with me-
tabolites identified based on exact mass and retention time
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matched to authenticated standards. A set of 12 metabolites
was independently identified by both LC-MS methods as being
reduced by >75% in the dFBS media (Figure S1F).

To determine which of the identified metabolites is essential
for early T cell activation, naive T cells were activated using me-
dia containing cFBS, dFBS, or dFBS supplemented with each of
the 12 candidate metabolites. Cells were collected at 24 h post-
activation for the analysis of cell growth by flow cytometry. Strik-
ingly, only alanine supplementation effectively rescued cell
growth in dFBS media (Figure 1G). Although dialysis depletes
every amino acid from serum, alanine is the only one of the 20
proteogenic amino acids not present in commercial RPMI me-
dia. Thus, serum supplementation supplies all of the alanine pre-
sent in growth media.

To further investigate the dependency of proper T cell activa-
tion on extracellular alanine, naive T cells were stimulated in
media made with cFBS, dFBS, or dFBS + alanine (Figure S1G).
Results were confirmed across four different lots of dFBS. The
concentration of alanine for supplementation was selected
based on its normal serum concentration in humans (140-
580 uM) and measurement of 1.5-mM alanine in pure FBS by us-
ing an isotopic internal standard (Figure 1H; Figure S1H),
implying an alanine concentration in medium with 10% cFBS
of 150 uM. A total of 100-uM alanine completely rescued activa-
tion-induced growth and proliferation (Figures 11 and 1J,
respectively).

Alanine Is Not an Important Catabolic Substrate

T cell activation causes dramatic metabolic upregulation,
including simultaneous increases in aerobic glycolysis and mito-
chondrial metabolism. Therefore, we hypothesized that alanine
could be an essential source of pyruvate for feeding into the
TCA cycle during early T cell activation (Figure 2A). To test the ef-
fect of alanine deprivation on metabolic reprogramming, naive
T cells were stimulated using the different media conditions
and collected at 24 h post-activation for analysis of metabolic
activity (Figure 2B). Cellular alanine and metabolic intermediates
in glycolysis, the pentose phosphate pathway, and the TCA
cycle (Figure 2C) were lower in T cells activated in dFBS-only
media compared to media supplemented with cFBS and were
rescued by alanine supplementation. Consistent with these find-
ings, at 24 h post-activation, extracellular acidification rate
(ECAR; Figure 2D), mitochondrial basal respiration, and maximal
respiratory capacity (Figures 2E-2G) were suppressed in T cells
stimulated in dFBS media and rescued by alanine. Notably, the
effect of alanine deprivation on metabolic reprogramming was
not immediate, as at 9 h post-activation, which precedes most
activation-induced protein synthesis, concentrations of cellular
metabolites were similar in T cells activated with and without
alanine (Figure S2A). Thus, the widespread metabolic reprog-
ramming that arises from T cell activation is impaired in the
absence of extracellular alanine.

To directly test the catabolic fate of alanine, we cultured T cells
in dFBS media with two different isotopically labeled forms of
alanine ([U-"3C]-alanine or ['®N]-alanine; Figure 3A). Transamina-
tion of [U-'3C]-alanine will give rise to ([U-'3C]-pyruvate), which
can subsequently be reduced to lactate or oxidized to enter
the TCA cycle, in both cases giving rise to '3C-labeled products.
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Figure 1. Alanine Deprivation Delays Early T Cell Activation

(A) Scheme of experimental design. Purified naive CD4* T cells were activated in vitro in growth media containing 10% of either complete or dialyzed FBS (cFBS
or dFBS, respectively).

(B) A representative flow-cytometry plot and its quantitation, showing activation-induced growth in cell size.

(C) Cytokine secretion into growth media was analyzed by flow cytometry at 72 h post-activation (n = 3).

(D and E) Proliferation (number of cell divisions detected by dilution of CellTrace) was assessed in cells activated under conditions described in (A) (D) and in cells
activated for 48 h in media prepared with various fractions of cFBS and dFBS (n = 4) (E).

(F) Growth media prepared with either 10% cFBS or dFBS was analyzed by LC-MS (using reverse-phase chromatography; n = 2). Metabolites highlighted in
yellow have reduced concentrations in dFBS media.

(G) Rescue cell growth experiments at 24 h post-activation using media supplemented with selected metabolites absent in dFBS media (at final concentrations of
100 uM; n = 3).

(H) Calculated alanine concentration in cFBS and dFBS as determined by LC-MS by using an internal standard (['°N]-alanine, n = 3 for three different standard
concentrations).

() Activation-induced growth in cell size in different media conditions (n = 3).

(J) Proliferation in different media conditions with alanine supplementation (n = 3).

Results are mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test comparing each of the conditions to dFBS media). All results are representatives of
two or more independent experiments.

Similarly, transamination of [*°N]-alanine will give rise to ["°N]-
glutamate (Figure 3B). Interestingly, no '*C-labeling from alanine
was detected in pyruvate or lactate, TCA cycle intermediates, or
glutamate. Indeed, the only substantially '*C-labeled aqueous
metabolites detected in these tracing experiments were alanine
itself and its acetylated derivative (N-acetyl-L-alanine) (Figure 3C;
Figure S2B). As positive controls, we detected extensive labeling

of TCA cycle intermediates and glutamate from both pyruvate
(Figure 3C; Figure S2B) and glutamine (Figures S2C and S2D).
Although a significant amount of alanine is labeled from '3C-py-
ruvate, this likely arises from exaggerated transaminase activity
driven by the artificially high concentration of media pyruvate
(1 mM), which is not present in the media for any other condition.
To rule out the possibility that alanine catabolism is defective
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Figure 2. Alanine Deprivation Skews T Cell Metabolism
(A) Schematic showing metabolic fates of alanine in T cells.

(B) Experimental design for evaluating metabolic impact of alanine in T cell activation. Media were supplemented with 10% of either dFBS, a mix of cFBS/dFBS

(1:3), or dFBS with 100 pM alanine.

(C) Changes in metabolite abundance in activated CD4" T cells, normalized to levels in cells activated in dFBS.

(D-G) Evaluation of T cell metabolic function by the Seahorse extracellular flux analyzer (n = 8-10 replicates/condition): (D) extracellular acidification rate under
blockade of mitochondrial respiration (measure of maximal glycolytic capacity); (E) changes in oxygen consumption rate (OCR) in activated T cells; (F) quanti-
fication of basal respiration; and (G) OCR following mitochondrial uncoupling (maximal respiratory capacity).

Results are mean + SEM of at least 2 individual experiments. ***p < 0.001 (Student’s t test comparing each of the conditions to dFBS media).

selectively in dFBS media, we performed alanine tracing exper-
iments in cFBS media. Again, we found no evidence of alanine
catabolism by the recently activated T cells (Figure S2E). The
lack of pyruvate and TCA intermediate labeling from '3C-alanine
(at concentrations that fully rescue activation) implies the
absence of meaningful alanine to pyruvate transaminase activity.
We, therefore, concluded that T cells do not substantially catab-
olize alanine, and the decreased levels of central carbon metab-
olites in cells deprived of alanine were mediated, at least in part,
by a reduction in glucose uptake (Figures S2F and S2G).

T Cells Are Low in Alanine Transaminase, the Enzyme
Required for Both Alanine Catabolism and Synthesis
Alanine can be synthesized from glucose through pyruvate
transamination by the enzyme alanine aminotransferase, also
known as glutamate-pyruvate transaminase (GPT; Figure 3C).

3014 Cell Reports 28, 3011-3021, September 17, 2019

To examine the extent of alanine production, naive T cells were
activated in standard cFBS media, supplemented with uniformly
labeled glucose [U-'3C-glc]. At 5 h post-activation, only 1%-2%
of cellular alanine was labeled (Figure S3A). Thus, newly synthe-
sized alanine is not a major source of alanine during early activa-
tion. Interestingly, in an independent experiment, we observed a
small amount of alanine accumulation in the media over time
(Figure S3B). However, it is unclear if this apparent excretion of
de novo alanine is deliberate or is an artifact arising from the
diffusion of intracellular alanine into the alanine-free (because
dFBS lacks alanine) culture media. In addition to alanine synthe-
sis, the major fates of pyruvate are oxidation to acetyl-coenzyme
A (CoA) by pyruvate dehydrogenase (PDH) and reduction to
lactate by lactate dehydrogenase (LDH) (Figure 3C). gPCR anal-
ysis showed massive upregulation of genes in the PDH and LDH
complexes with T cell activation but a slight suppression or low
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Figure 3. Activated T Cells Do Not Catabolize Alanine

(A) Experimental design for tracing the catabolic fate of alanine in activated T cells. Media were supplemented with dFBS and either of the following isotopic
tracers: [3-'3C4]-pyr (1mM), [U-"3C]-ala (100 pM), or ['°N-ala] (100 uM).

(B) Schematic of anticipated incorporation of the tracers into relevant metabolic pathways.

(C) Graphs summarize the normalized total ion counts of different isotopomers of representative metabolites in T cells activated in the presence of different tracers
(A) (n = 2). Isotope labeling data have been corrected for 'C natural abundance. LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase; GPT, glutamate-
pyruvate transaminase (also known as alanine transaminase).

(D) Expression of LDH (Ldha) and PDH (Pdha) complex subunits and of GPT isoforms (Gpt71 and Gpt2) were measured by qPCR. Fold-change in induced
expression (activated versus naive T cells) was normalized to Rpl13a (n = 3).

(E) Protein quantitation of GPT1 and GPT2 by western blot, comparing naive and activated T cells. Samples of mouse liver were used as positive control.

(F) Cellular alanine concentration determined by LC-MS by using an internal standard ([U-'3C]-alanine) (n = 3).

Results are representative of at least 2 independent experiments.
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induction in Gpt1 and Gpt2 mRNA, respectively (Figure 3D).
Notably, Gpt2 mRNA was induced later in the activation process,
and its levels were significantly higher at 48 and 72 h post-acti-
vation compared to naive T cells (Figure S3C). Our recently pub-
lished proteomic data showed a greater than 5-fold induction in
protein levels of subunits in the PDH and LDH complexes during
T cell activation (Ron-Harel et al., 2016), whereas GPT levels re-
mained undetectable throughout (Figure S3D). Western blot
analysis further verified that neither GPT1 nor GPT2 were
induced during T cell activation (Figure 3E). Consistent with
this observation, T cell activation in dFBS resulted in a decrease
in cellular alanine pools (Figure 3F). Although GPT protein levels
remain low even at 72 h post-activation, we detected some
alanine synthesis from glucose at 24 h (Figure S3A) and saw a
slight increase in cellular alanine concentrations over time in cells
activated in dFBS (Figure 3F), possibly driven by the increase in
cellular pyruvate pool size by 24 h post-activation (Figure S3E).
These results suggest that during early activation, low alanine
transaminase activity does not meet the cellular needs for
alanine, and therefore, T cells depend on extracellular alanine
pools for proper activation.

Extracellular Alanine Is Used for Protein Synthesis

In contrast to the small changes in alanine transaminase expres-
sion, we measured a large induction of some of the alanine trans-
porters during T cell activation, supporting the observation that
T cells depend on extracellular alanine. Alanine is classified as
a neutral amino acid. Of the five neutral amino acid transporters,
two were highly induced upon T cell activation based on an anal-
ysis of our T cell proteome dataset: SLC1A5 (also known as
ASCT2) and sodium-dependent neutral amino acid transporter
1 (SNAT1) (Figure S3F). In T cells, ASCT2 mainly regulates gluta-
mine uptake (Nakaya et al., 2014), whereas the net effect of
SNAT1 deletion in human CD4* T cells is reduced alanine uptake
(Matheson et al., 2015). Therefore, we focused our validation on
SNAT1 as the major mediator of alanine uptake in CD4* T cells.
SNAT1 expression and protein levels were highly induced with
T cell activation (Figures S3G and S3H).

As T cell activation did not substantially engage in alanine
catabolism, we hypothesized that T cells take up alanine
by SNAT1 to support the large boost in protein synthesis that
occurs upon T cell activation (Figure 2A). To validate the incor-
poration of extracellular alanine into proteins, naive T cells
were activated ex vivo in dFBS media supplemented with
[U- "SN'3C]-alanine. Cells were collected at different time points
post-activation, followed by protein hydrolysis and analysis of
protein-derived alanine by LC/MS (Figure 4A). Strikingly, the
contribution of extracellular alanine to total protein remains low
for the first 6 h, but by 24 h, over 50% of alanine in proteins
was labeled. Furthermore, the labeled alanine was exclusively
of the m+4 isotopomer, indicating direct incorporation of extra-
cellular alanine (Figure 4B). Thus, extracellular alanine is taken
up by T cells upon activation and is directly used for protein syn-
thesis without metabolic interconversion by transamination.

To evaluate whether extracellular alanine is also needed for
protein synthesis during the first 6 h of activation, we grew cells
initially in dFBS, before adding back alanine. Statistically signif-
icant decreases in cell size were observed for any delay of 3 h
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or more (Figures S3l and S3J). Thus, T cells require extracellular
alanine, possibly for protein synthesis, after only a few hours
post-activation.

To provide further evidence for the requirement of alanine for
protein synthesis, we quantified the number of actively trans-
lating ribosomes, taking advantage of the fact that puromycin
selectively binds to actively translating ribosomes, and its bind-
ing can be quantified using fluorescent anti-puromycin antibody
(Arguello et al., 2018; Dadehbeigi and Dickson, 2013; Goodman
and Hornberger, 2013) (Figure 4C). Our analysis demonstrated a
reduction in active protein translation in T cells stimulated in me-
dia containing dFBS compared to cFBS and a complete rescue
with alanine supplementation (Figures 4D and 4E). The speci-
ficity of the fluorescent signal was validated by the addition of
harringtonine, an inhibitor of translation that disrupts ribosome-
mRNA complexes. Treatment with harringtonine abolished the
signal (Figure 4D).

Uncharged tRNAs activate GCN2 to inhibit translation (Har-
ding et al., 2000; Pakos-Zebrucka et al., 2016). GCN2 induces
expression of ATF4 that upregulates the expression of amino
acid transporters and metabolic genes (Yang et al., 2018). To
test whether this stress response is activated by alanine depriva-
tion, naive CD4" T cells were stimulated in media containing
either cFBS, dFBS, or dFBS + alanine. Glutamine-deprived me-
dia and naive cells were used as positive and negative controls,
respectively. Cells were collected 3 h post-activation and
analyzed by western blot. ATF4 levels were induced in cells
deprived of alanine (dFBS media) and completely reversed by
alanine supplementation (Figure 4F). In sum, upon activation,
naive T cells upregulate alanine uptake to fuel protein synthesis.

Alanine Depletion Inhibits Memory T Cell Restimulation
We further examined the role of alanine in supporting naive, acti-
vated, and memory CD8" T cells. To this end, we used a well-es-
tablished in vivo model of acute lymphocytic choriomeningitis
virus (LCMV) infection (Figure 5A). Because our initial observa-
tions were made in naive CD4* T cells, we first validated that
naive CD8"* T cells were similarly dependent on extracellular
alanine for initial activation. Naive CD8" T cells were stimulated
ex vivo with plate-bound anti-CD3/anti-CD28 in the indicated
media conditions (Figure S4A). Stimulation-induced cell growth
and proliferation were impaired in CD8" T cells activated in
dFBS media compared to cells activated in cFBS media and
rescued by alanine supplementation (Figures S4B and S4C,
respectively). CD8* T cells, like CD4* T cells, induced SNAT1
levels with activation (Figure S4D). Moreover, analysis by puro-
mycin treatment (as described in Figure 4C) indicated reduced
active translation in CD8" T cells deprived of alanine and a com-
plete rescue with alanine supplementation (Figure S4E).
Because T cells can eventually proliferate in dFBS (Figures 1D
and 1J), we hypothesized that extracellular alanine would not be
required for effector T cell function. To assess the need for extra-
cellular alanine during antigen-specific T cell activation, P14 TCR
transgenic CD8" T cells specific for LCMV peptide GP33_41 Were
transferred into wild-type C57BL/6 recipients and infected with
LCMV Armstrong, which causes an acute viral infection. Spleno-
cytes were harvested on day 8 after LCMV infection, during
the effector phase of the immune response to LCMV, cultured
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Figure 4. Alanine Deprivation Inhibits Activation-Induced Protein Synthesis
(A) Experimental design for measuring the incorporation of extracellular alanine into proteins during T cell activation.

(B) Alanine-labeled fraction in total cell proteome of activated T cells (n = 2).

(C) Experimental design to quantify active protein translation during T cell activation. Purified naive CD4* T cells were activated in different medium conditions and
were treated with puromycin (binds active translation complexes) at 10 and 24 h, followed by flow cytometry analysis.
(D) Representative flow cytometry plots of >3 experiments that measured active translation in the different conditions. T cells treated with harringtonine (to disrupt

translation) serve as negative controls.
(E) Quantitation of anti-puromycin median fluorescence intensity (MFI; n = 3).

(F) Representative western blot images measuring ATF4 levels in naive T cells, and T cells activated for 3 h in the indicated medium conditions. Cells activated in

glutamine-depleted media serve as a positive control.
Results are representative of at least 3 independent experiments.

in vitro for 5 h in dFBS or cFBS media with GP33.41 LCMV peptide
(Figure S5A), and effector functions assessed by flow cytometry
(see Figure S5B for gating strategy). No significant differences
were seen in the production of effector molecules granzyme B
(GzB), IFNy, and TNFa or proliferation (assessed by staining
against Ki67) as a function of alanine availability (Figures S5C-
S5F). Thus, once metabolically active, T cells do not depend
on extracellular alanine.

Unlike active effector T cells, memory cells are metabolically
quiescent. To explore their requirements for extracellular
alanine, we analyzed splenocytes from LCMV-infected mice at
day 30 post-infection (memory phase). The splenocytes were
incubated ex vivo for 5 h under the indicated media conditions
in the presence of the GP33_41 LCMV peptide (Figure 5A). Spleno-
cytes were then stained and analyzed by flow cytometry to
assess antigen-specific T cell responses. Restimulation of mem-
ory T cells under conditions of alanine deprivation (dFBS media)
caused a significant reduction in the production of the proinflam-
matory cytokines IFNy and TNFa. The inhibitory effect of alanine
deprivation manifested as a reduced percentage of cytokine-ex-
pressing T cells (Figures 5B and 5D for IFNy and TNFa, respec-

tively) and lower cytokine production per cell (Figures 5C and 5E
for IFNy and TNFa, respectively). The production of both cyto-
kines was completely restored with alanine supplementation
(Figures 5B-5E). Interestingly, GzB production was not nega-
tively affected by alanine deprivation and was even slightly
increased in dFBS media (Figures S5G and S5H), suggesting
that GzB might be pre-formed and stored in the cells prior to re-
stimulation. Proliferation rates, measured by staining against the
endogenous marker Ki67, were low among the restimulated
memory T cells under all media conditions (Figure 5F), potentially
due to the short stimulation (5 h). Yet, a minor reduction in Ki67*
cells was observed under alanine deprivation (Figure 5F). Thus,
extracellular alanine is required for effector cytokine production
by memory CD8" T cells upon restimulation.

DISCUSSION
In this study, we identify alanine as a semi-essential amino acid
for T cells during activation. Extracellular alanine is needed early

in the activation program (3-6 h) of both naive and memory
T cells, and failure to meet this requirement leads to impaired
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Figure 5. Extracellular Alanine Is Essential for Memory T Cell Restimulation

(A) Experimental design for assessing the need for extracellular alanine during memory T cell restimulation.

(B) Representative flow cytometry plots showing intracellular IFNy staining following restimulation, and quantification of IFNy-positive cells.

(C) Representative flow cytometry histograms and quantification of IFNy MFI.

(D) Representative flow cytometry plots showing intracellular TNFa. staining following restimulation and quantification of TNFa. positive cells.

(E) Representative flow cytometry histograms and quantification of TNFo. MFI.

(F) Representative flow cytometry plots showing intracellular Ki67 staining following restimulation, and quantification of Ki67-positive cells.

Representative plots of two independent experiments, n = 5 mice. Results are mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test comparing each of

the conditions to dFBS media).

metabolic reprogramming, including reduced glucose uptake
and decreased levels of metabolites in central carbon meta-
bolism. This demand for extracellular alanine stems mainly
from the requirement for alanine monomers for protein produc-
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tion, as alanine taken up during T cell stimulation is not catabo-
lized and is directly incorporated into proteins.

How does nutrient availability control T cell activation? T cell
activation induces rapid cell growth and proliferation and



secretion of effector molecules. To fuel these biosynthetic and
energy demands, T cells evolve to rely on the resources in their
environment: activation signals induce expression of glucose
and amino acid transporters as the cells require sustained up-
take of nutrients (Rollings et al., 2018; Sinclair et al., 2013). More-
over, nutrient-sensitive signaling pathways such as mTOR,
O-linked B-N-acetylgluocosamine (O-GIcNAC), and cMYC regu-
late T cell activation and differentiation (Hukelmann et al., 2016;
Sinclair et al., 2013; Swamy et al., 2016), thus connecting metab-
olite availability with function. Reliance on extracellular alanine
joins other nutrient dependencies of activated T cells established
in recent years, including glucose (Cham and Gajewski, 2005),
glutamine (Nakaya et al., 2014), leucine (Ananieva et al., 2016),
serine (Ma et al., 2017), and arginine (Geiger et al., 2016; Rodri-
guez et al., 2007). In all cases, restriction of the specific metab-
olite inhibited T cell activation and/or effector functions. Recent
studies suggest that metabolic restriction helps cancer cells
escape immune surveillance. Specifically, low glucose availabil-
ity within the tumor microenvironment inhibits anti-tumor immu-
nity (Chang et al., 2015).

Alanine is the second most abundant amino acid in the
circulation, after glutamine, which makes it very accessible
to T cells, especially those in organs with ample blood
supply. Interestingly, an analysis of changes in the abundance
of cell surface proteins during HIV infection of human CD4*
T cells identified a specific downregulation of SNAT1 on in-
fected T cells and subsequent reduction of alanine uptake
(Matheson et al., 2015). That study further suggested that
alanine is catabolized by T cells and that downregulation of
SNAT1 reduced glutamate pools. Similarly, a study in pancre-
atic cancer cells showed reliance on extracellular alanine as a
source of carbon for the TCA cycle (Sousa et al., 2016). In
our studies, we could not detect any evidence of alanine catab-
olism by T cells.

Our finding that T cells depend on extracellular pools of alanine
is surprising, especially because alanine is a nonessential amino
acid, for which mammalian cells possess the necessary syn-
thetic machinery. Moreover, activated T cells are highly engaged
in glycolysis and glutaminolysis, resulting in significant flux
through pyruvate and glutamate, respectively, the immediate
substrates for alanine production. Using estimated mammalian
cell concentrations of pyruvate and glutamate under standard
tissue culture conditions, we found that the production of alanine
from pyruvate is thermodynamically favorable, with delta G
~—10 KJ/mol by using the Weizmann equilibrium calculator
(Flamholz et al., 2012; Park et al., 2016). This suggests that
appreciable GPT expression during early activation would
facilitate alanine production. Therefore, we speculate that
GPT expression may be intentionally suppressed during T cell
activation.

It is possible that T cells sacrifice the ability to produce alanine
early in activation to avoid depleting cellular pyruvate pools,
which may be more critical for fueling the mitochondrial biosyn-
thetic program (Buck et al., 2017; Ron-Harel et al., 2016) and/or
for accepting electrons from NADH to allow regeneration of
NAD™. In this respect, it is important to note that glycolysis in-
duces flux through pyruvate without increasing net pyruvate.
The production of pyruvate requires a transfer of electrons

from NADH into the mitochondrion and ultimately to molecular
oxygen. Although an efficient source of ATP, this process can
bottleneck due to low oxygen availability (as can occur in
ischemic infection sites or tumors) or inefficient machinery for
electron transfer from the cytosol to mitochondrion (as may
occur early in T cell activation, when mitochondria are relatively
scarce). Indeed, increasing evidence identifies oxidized carbon
as a limiting reagent in multiple cellular contexts (Birsoy et al.,
2015; Gui et al., 2016). By taking in exogenous alanine, T cells
may conserve oxidized carbon for more pressing needs,
including synthesis of aspartate, the amino acid that is least
abundant in the circulation.

In sum, we find that access to extracellular alanine is essential
during early T cell activation and memory T cell restimulation to
fuel protein synthesis. Serum alanine concentrations are known
to fluctuate in mammals by as much as 2- to 3-fold depending on
the fed-state, dietary composition, and feeding schedule for the
animal (Knipfel et al., 1972; Krebs, 1972). The local concentra-
tions of alanine in different tissue niches have not been thor-
oughly annotated. Moreover, alanine is depleted in some tumors
(Kamphorst et al., 2015). It is possible that the control of local
alanine levels through the uptake or secretion of alanine by resi-
dent cells in the lymphatic tissue, or other tissues where resident
memory T cells get re-activated (such as the skin, the lungs, or
the brain), may impact T cell activation. Similarly, alanine avail-
ability in tumors may affect anti-tumor immunity. Taken together,
our findings suggest that T cells may be sensitive to changing
alanine concentrations during physiological or disease states.
Thus, interventions that target alanine uptake may provide a
therapeutic strategy for modulating T cell activation or memory
function.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-mouse CD3e (145-2C11) BioXCell BE0001-1
Anti-mouse CD28 (37.51) BioXCell BE0015-1
APC/cy7 anti-mouse CD8b (YTS156.7.7) Biolegend 126619

PE anti-mouse CD45.1 (H1.2F3) Biolegend 110707
PerCP/cy5.5 anti-mouse CD69 (H1.2F3) Biolegend 104521
APC anti-mouse IFNy (XMG1.2) Biolegend 505809
FITC anti-mouse GzB (GB11) Biolegend 515403
PerCP/cy5.5 anti-mouse TNFo (MP6-XT22) Biolegend 506321
PerCP/cy5.5 anti-mouse Ki67 (16A8) Biolegend 652423
BV421 donkey anti-rabbit IgG (Poly4064) Biolegend 406410
Rabbit anti-GPT1 Proteintech 16897-1-AP
Rabbit anti-GPT2 Proteintech 16757-1-AP
Rabbit anti-ATF4 (D4B8) Proteintech 11815
Rabbit anti-SNAT1 (D9L2P) Cell Signaling 36057
Rabbit anti-ACTB Sigma Aldrich A2066

HRP conjugated rabbit anti-ACTB (13EB) Cell signaling 5125

AF604 anti-puromycin

EMD Millipore Corp

MABE343-AF647

Chemicals, Peptides, and Recombinant Proteins

L-Alanine Sigma Aldrich A7627-100G
15N labeled alanine Cambridge Isotope Laboratories, Inc. NLM-454
3-13C labeled pyruvate Cambridge Isotope Laboratories, Inc. CLM-1575
U-13C-15N glutamine Cambridge Isotope Laboratories, Inc. CNLM-1275
RPMI 1640 Thermo Fisher 11875-119
RPMI 1640 (no glutamine) Thermo Fisher 21870100
FBS Corning 45000-734
Dialyzed FBS (1698218, 1743489) Thermo Fisher 26400044
Oligomycin A Sigma Aldrich 75351

FCCP Sigma Aldrich C2920
Rotenone Sigma Aldrich R8875
Antimycin A Sigma Aldrich A8674
2-NBDG Thermo Fisher N13195
Puromycin InvivoGen ant-pr-1
CellTrace violet Thermo Fisher C34557
Golgi stop BD Biosciences 554724
Complete Mini Protease Inhibitor Roche 11873580001
Recombinant IL-7 R&D systems 407-ML
Critical Commercial Assays

CD4 (L3T4) Microbeads, mouse Miltenyi Biotec 130-117-043
CD8 (Ly-2) Microbeads, mouse Miltenyi Biotec 130-117-044
Foxp3/transcription factor staining buffer set eBioscience 00-5523-00
Th1/Th2/Th17 cytometric bead array, mouse BD Biosciences 560485
iScript cDNA synthesis kit BioRad 1708891
DNeasy blood and tissue kit QIAGEN 69506
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/Strains

C57BL/6J The Jackson Laboratory 000664
B6.Cg-Tcra™'M°™ Tg(TcrL.CMV)327Sdz/TacMmjax The Jackson Laboratory 37394-JAX
B6.SJL-Ptprc? Pepc®/BoydJ The Jackson Laboratory 002014
Oligonucleotides

Primer Snat1, F: TGAGACTGCCCAAATGCCTAAGGA, This paper N/A

R: TCTCTGTTGCAGAAAGCTGGTGGA

Primer Pdha, F: CCACCTCATCACTGCCTATC, This paper N/A

R: CCTTTAGCACAACCTCCTCTT

Primer Ldha, F: ACAAACTCAAGGGCGAGATG, This paper N/A

R: GGAGTTCGCAGTTACACAGTAG

Primer Gpt1, F: GGAAGGTGCTAACTCTGGATAC, This paper N/A

R: GGCACGGATAACCTCAGTAAA

Primer Gpt2, F: AACTGTATCCGTGAAGATGTGGC, This paper N/A

R: CAGGTAAATGTTGTCTGGGTCTG
Software and Algorithms

Prism GraphPad Sofwate https://www.graphpad.com/
scientific-software/prism/

FlowJo FlowJo https://www.flowjo.com

MAVEN software suite Clasquin et al., 2012 https://maven.apache.org

LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new reagents. Further information and requests for resources and reagents should be directed to and will
be fulfilled by the Lead Contact, Marcia Haigis (marcia_haigis@nhms.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Wild-type C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). P14 (Taconic B6.Cg-Tcratm1Mom
Tg(TcrLCMV)327Sdz) were backcrossed 10 generations to Jackson C57BL/6J and crossed to the CD45.1 congenic background
(B6.SJL-Ptprca Pepcb/Boyd). 7-10-week-old female mice were used for all experiments. Mice were housed in specific pathogen-
free conditions at Harvard Medical School and used in accordance with animal care guidelines from the Harvard Medical School
Standing Committee on Animals and the National Institutes of Health.

METHOD DETAILS

Culture and stimulation of naive CD4* T cells

Naive CD4*CD62L"'CD44'°CD25™ or CD8*CD62L"CD44'°CD25" cells were purified from splenocytes using CD4* or CD8* magnetic
beads (Miltenyi Biotec) and sorted by flow cytometry (purity > 99%) as previously described (Ron-Harel et al., 2016). Naive T cells
were cultured at 37°C and 5% CO, in complete RPMI media (RPMI, supplemented with 10% FBS, 10 mM HEPES, 10 U/mi
penicillin/streptomycin, and 50 uM 2-mercaptoethanol (all from Life Technologies)). When indicated, dialyzed FBS was used in
combination or as a replacement of standard FBS, and alanine (Sigma Aldrich), isotopically labeled alanine (Cambridge Isotope Lab-
oratories, Inc.) or isotopically labeled pyruvate (Cambridge Isotope Laboratories, Inc.) was added to achieve the denoted concen-
trations. For glutamine labeling experiments, glutamine-free RPMI (GIBCO) was supplemented with [U-"3C,"®N]-Glutamine (2 mM,
Cambridge Isotope Laboratories, Inc.). Cells were activated in vitro with 4 pg/mL plate-bound anti-CD3 (clone 145-2C11;
BioXCell) and anti-CD28 (clone 37.51; BioXCell), or co-cultured with antigen presenting cells (splenocytes that were depleted of
T cells using anti-CD4 and anti-CD8 magnetic beads (Miltenyi Biotec.), with 2 pg/mL soluble anti-CD3. 50K T cells were incubated
with 250K APCs per well, in a 96 well plate. In some experiments, IL-7 (5 ng/mL; R&D Systems) was added to culture media. In metab-
olite rescue experiments, media containing 10% dFBS was supplemented with denoted metabolites (achieving a final concentration
of 100 uM, which was chosen to exceed the likely concentrations of these metabolites in media prepared with 10% cFBS, based on
reported estimates of these metabolites in serum). Identical results were obtained when supplementing dFBS media with 10 uM of
the same metabolites, except for alanine, which failed to rescue T cell activation at this concentration.
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Metabolite measurements by LC-MS

For analysis of intracellular metabolites by liquid chromatography mass spectrometry, activated CD4* T cells were collected into
Eppendorf tubes, centrifuged at 9,500 g for 20 s at room temperature, resuspended in 1 mL PBS, and promptly centrifuged again
under the same conditions. The supernatant was quickly removed and the pellets were extracted with 50-100 puL extraction buffer
(either 80% methanol/ 20% water or 40% acetonitrile/40% methanol/20% water + 0.5% formic acid). Total time from perturbation
of the cells to quenching was ~1 min. Samples extracted w/ formic acid buffer were incubated 5 min on ice following by pH neutral-
ization with 15% w/v ammonium hydroxide. Samples were stored at —80°C, followed by centrifugation at 4°C (~15,000 g) to remove
insoluble cell components. For serum and media metabolite analysis, 10 puL of sample was diluted into 40 uL of methanol cooled on
dry ice. The mixture was centrifuged at 17,000 g for 5 min at 4°C, and the resulting supernatants were diluted and analyzed directly by
LC-MS. For experiments where absolute metabolite concentrations were obtained, isotopically labeled internal standards were
added to the extraction buffer.

Metabolites were analyzed using a quadrupole-orbitrap mass spectrometer (Q Exactive Plus, Thermo Fisher Scientific, Waltham,
MA), coupled to hydrophilic interaction chromatography (HILIC) with LC separation on a XBridge BEH Amide column, or a stand-
alone orbitrap (Thermo-Fisher Exactive) coupled to reversed-phase ion-pairing chromatography with LC separation on a Waters col-
umn. Both mass spectrometers were operating in negative ion mode and were coupled to their respective liquid chromatography
methods via electronspray-ionization. Data were analyzed using the MAVEN software suite (Clasquin et al., 2012). Metabolite abun-
dances were normalized to cell count. Unless otherwise indicated, isotopic labeling of metabolites arising from incubation with *3C or
8N labeled nutrients were corrected for natural abundance, as previously described (Su et al., 2017).

Isolation of protein and hydrolysis into amino acid monomers

Cell pellets were mixed in 200 pL of lysis buffer (2% SDS, 150mM NaCl, 50mM Tris (pH 8.5), proteinase inhibitor mix (Roche, South
San Francisco, CA, USA), 5mM DTT, and incubated on ice for 10 min, followed by incubation at 60°C for 45 min. Samples were
allowed to cool to room temperature and incubated for 45 min with iodoacetamide to a final concentration of 14 mM. Samples
were mixed with 3 parts ice-cold methanol, 1 part chloroform and 2.5 parts H,O, and centrifuged at 4000 g for 10 min. Following
removal of the top layer, 3 parts of ice-cold methanol were added, followed by centrifugation at 4000 g for 5 min. Following removal
of the top layer, the samples were mixed with 3 parts of ice-cold acetone, vortexed, and centrifuged at 4000 g for 5 min. The pellet
was then washed one more time in 2 mL ice-cold acetone, and stored at (—80°C) prior to chemical hydrolysis. The resulting protein
pellet was resuspended in 6 N HCl/acetic acid (50:50, 100 pL) and was heated at 95°C for one hour, using a slightly modified version
of a reported protocol for protein hydrolysis (Tsugita and Scheffler, 1982). The resulting aqueous solution was diluted into 40% aceto-
nitrile/40% methanol/20% water and analyzed by LC-MS.

LCMV infection and ex vivo stimulation of effector and memory T cells

Spleens were isolated from P14 TCR transgenic mice and naive CD8" T cells were purified using the naive CD8* MACS kit (> 95%
purity; Miltenyi Biotec). Cells were transferred intravenously (500 cells) to C57BL/6 wild-type mice on day 0. The following day (day 1),
the mice were intraperitoneally infected with 2x10% PFU LCMV Armstrong, and sacrificed at day 8 or 30 post infection for analysis.
Spleens were isolated from LCMV-infected mice, dissociated, and ACK-lysed to remove red blood cells. Two million cells/well were
plated in a 96 U bottom plate and incubated at 37°C for 4 hr with Golgi Stop (BD Biosciences) at 0.06% and LCMV GP33_41 peptide at
1 ng/mL. Cells were then harvested and processed for analysis by flow cytometry.

Flow cytometry

In vitro activated cells or cells isolated from LCMV-infected mice were collected, resuspended in staining buffer (PBS containing 1%
fetal bovine serum and 2 mM EDTA), and stained directly with labeled antibodies from Biolegend against CD8 (YTS156.7.7), CD45.1
(A20), and CD69 (H1.2F3). For intracellular staining, the FoxP3 fix/perm kit (eBioscience) was used after surface staining, followed by
staining against: IFNy (XMG1.2), GzB (GB11), TNFa (MP6-XT22) and Ki67 (16A8). For assessment of proliferation, cells were loaded
with CellTrace violet (Molecular Probes), according to the manufacturer’s protocol. Analysis of cytokine levels in growth media was
performed using the Th1/Th2/Th17 cytometric bead array (BD Biosciences), following the manufacturer’s protocol. All flow cytometry
was analyzed with an LSRII (BD biosciences) using standard filter sets, and FlowJo software (TreeStar).

Glucose uptake

Naive CD4* T cells were activated with anti-CD3/CD28 antibodies in complete RPMI media supplemented with either 10% dialyzed
FBS or 10% complete FBS. After 24 hours, cells were washed and starved of glucose by incubation in glucose-free, serum-free RPMI
media for 30 minutes before incubation with 50 ng/mL 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)Jamino]-d-glucose (2-NBDG) for
20 min. Uptake was measured by flow cytometric evaluation of signal in the FITC channel. Fluorescence intensity was normalized to
cell size, using the forward-side scatter.
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Real-time PCR

Total DNA was isolated using DNeasy kit (QIAGEN). cDNA was synthesized using the iSCRIPT kit (BioRad). Quantitative PCR
analysis was performed with SYBR green, using a LightCycler 480 (Roche). Primers used: Snat1: F: 5'- TGAGACTGCCCAAATGCCT
AAGGA-3/, R: 5'- TCTCTGTTGCAGAAAGCTGGTGGA —3'; Pdha: F: 5- CCACCTCATCACTGCCTATC-3/, R: 5'- CCTTTAGCA
CAACCTCCTCTT-3'; Ldha: F: 5-ACAAACTCAAGGGCGAGATG-3, R: 5'- GGAGTTCGCAGTTACACAGTAG-3; Gpt1: 5'- GGAAGG
TGCTAACTCTGGATAC-3, R: 5'- GGCACGGATAACCTCAGTAAA-3'; Gpt2: F: 5'-AACTGTATCCGTGAAGATGTGGC-3, R: 5'-CA
GGTAAATGTTGTCTGGGTCTG-3;

Protein content analysis by western blot

Cells were lysed in lysis buffer (150 mM NaCl, 50 mM Tris-HCI, pH 7.5 and 0.5% NP-40) supplemented with protease inhibitor cocktail
(Roche). Lysates were mixed with sample buffer (Tris-HCL pH 6.8, 30% glycerol, 10% SDS, 0.012% bromophenol blue) under
reducing conditions, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and transferred to nitrocellulose
membrane. The membranes were incubated for 1 hr in Tris-Buffered Saline (TBS) containing 0.1% Tween-20 and 5% nonfat milk,
followed by an overnight incubation with the respective primary antibodies at 4°C. The membranes were then washed and incubated
with horseradish peroxidase-conjugated secondary antibody for 1 hr, washed and developed using an enhanced chemilumines-
cence reagent (Thermo Scientific). Primary antibodies used: rabbit anti-GPT1 (16897-1-AP, Proteintech), rabbit anti-GPT2
(16757-1-AP, Proteintech), rabbit anti-ATF4 (D4B8, #11815, Cell Signaling), rabbit anti SNAT1 (D9L2P, #36057, Cell Signaling), rabbit
anti-ACTB (A2066, Sigma-Aldrich), HRP conjugated rabbit anti-ACTB (13E5, Cell Signaling).

Mitochondrial respiration and glycolysis

Oxygen consumption rate and extracellular acidification rate were measured from cells in non-buffered DMEM containing 5 mM
glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate, under basal conditions and in response to mitochondrial inhibitors:
1 uM oligomycin, 1 uM FCCP, 100 nM rotenone, and 1 uM antimycin A (All from Sigma) on the XFe96 Extracellular Flux Analyzer (Agi-
lent Technologies).

Analysis of active protein synthesis with puromycin treatment

T cells were activated in vitro for up to 24 hr at the indicated times, puromycin (10 ug/mL) was added to the culture for 10 min at 37°C.
Some cells were treated with harringtonine (1 pg/mL) for 15 min at 37°C, prior to addition of puromycin. Cells were then washed with
cold PBS, processed for intracellular staining of puromycin (AF604 anti-puromycin, EMD Millipore Corp), and immediately analyzed
by flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

All statistical analyses were performed using Prism (Graphpad Software). We used unpaired Student’s t test when comparing two
groups, and one-way analysis of variance (ANOVA) followed by Tukey-Kramer’s post hoc analysis, when comparing 3 groups.

DATA AND CODE AVAILABILITY

The proteomics dataset used in this study is available at Ron-Harel et al. (2016). All used software is available and listed in the Key
Resources Table. This study did not generate code or new datasets.
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