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Highlights
e Bioorthogonal amino acids AHA and HPG are transported by
SLC1A5, a key glutamine transporter

e Click chemistry-targeted fluorophores report SLC1A5
transport with single-cell resolution

e HPG uptake in vivo by immune cells, visualized by ex vivo
fluorophore conjugation

e An assay to report glutamine uptake of individual cells in
complex immune microenvironments
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In brief

Pelgrom et al. describe a method with
which to monitor glutamine uptake at a
single-cell level. This assay reveals and
unlocks the cellular heterogeneity in
glutamine metabolism that is currently
unreachable. This is a significant
advancement for the field, allowing
accurate studies of nutrient uptake in
complex microenvironments.
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SUMMARY

System-level analysis of single-cell data is rapidly transforming the field of immunometabolism. Given the
competitive demand for nutrients in immune microenvironments, there is a need to understand how and
when immune cells access these nutrients. Here, we describe a new approach for single-cell analysis of
nutrient uptake where we use in-cell biorthogonal labeling of a functionalized amino acid after transport
into the cell. In this manner, the bona fide active uptake of glutamine via SLC1A5/ASCT2 could be quantified.
We used this assay to interrogate the transport capacity of complex immune subpopulations, both in vitro
and in vivo. Taken together, our findings provide an easy sensitive single-cell assay to assess which cells
support their function via SLC1A5-mediated uptake. This is a significant addition to the single-cell metabolic
toolbox required to decode the metabolic landscape of complex immune microenvironments.

INTRODUCTION

Immune cells have a highly dynamic physiology whereby their
metabolic and biosynthetic capacities are dramatically regulated
in response to immune stimulation.” Immune activated T cells,
for example, clonally expand and differentiate into effector cells
capable of producing cytokines and/or cytolytic molecules that
help to clear pathogen-infected or tumor cells. These critical
functions of diverse immune cells must be fueled, both in ener-
getic terms as well as through the provision of raw building
materials.

The metabolic processes that underpin these dynamic
changes in immune cell activity and function have become a
focus of research since it became clear that metabolic interven-
tions can have real therapeutic benefits.>> Modulating immune
cell metabolism has the potential to support beneficial immune
function, prevent dysfunctional responses, or even restore
correct immune function in pathological settings. For example,
inhibition of glutamine metabolism within the tumor microenvi-
ronment has been shown to benefit antitumor CD8 T cell
responses.” One issue that hampers the development of new
metabolism-targeting treatments is that metabolic measure-
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ments on whole populations of immune cells cultured in vitro
do not accurately reflect immune cell metabolism, as it occurs
in vivo. Therefore, we need technologies to measure cellular
metabolism at single-cell resolution either in vivo or directly
ex vivo. The lack of such technologies represents a major barrier
to understanding the actual immunometabolic processes occur-
ring in complex immune populations in vivo.

Protein synthesis is a highly energy-dependent process reliant
on the supply of ATP and amino acids and is finely balanced with
concurrent cellular protein degradation processes. Cellular up-
take of nutrients is essential for the elevated protein synthesis
associated with dynamic immune responses; this uptake pro-
vides catabolites for energy production and anabolites used
for protein synthesis and proliferation. In the context of T cell
activation, multiple high-resolution proteomics studies have
demonstrated that naive T cells have low levels of nutrient trans-
porter expression and correspondingly low levels of nutrient
uptake.®™ A critical early feature of T cell activation is the coor-
dinated increase in the expression of multiple nutrient trans-
porters, including amino acid transporters SLC7A5 (also called
L-type amino acid transporter 1; LAT1) and SLC1A5 (also called
alanine, serine, cysteine transporter 2; ASCT2).%° Indeed, we
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Figure 1. Activated T cells take up bioorthogonal amino acids

(A) Bioorthogonal amino acids homopropargylglycine (HPG) and azidohomoalanine (AHA).
(B) HPG (200 uM) or AHA (100 uM) was provided to ex vivo (naive) or activated (anti-CD3/CD28; 24 h) T cells for 15 min prior to fixation and subsequent copper-
click reaction with alkyne-AF488 or azide-AF488. No click reaction (HPG or AHA alone) or fluorophore-alone controls are shown.
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know that limiting amounts of key nutrients including glucose,
methionine, arginine, and glutamine alter and dampen the
T cell effector responses.®®'?

Therefore, measuring and quantifying nutrient uptake at a
single-cell resolution directly ex vivo would provide valuable
insight into immunometabolic activity or potential, thereby
generating the high-resolution data required to resolve meta-
bolic heterogeneity within complex immune environments. To
date, this has been largely unachievable because conventional
nutrient uptake assays involve tracking uptake of radiolabeled
substrates into cells, which is not compatible with single-cell
approaches such as flow cytometry and microscopy. One
approach has been the use of fluorophore-labeled nutrient ana-
logs as markers for transporter activity, such as bodipy-labeled
lipids or 7-nitrobenzofurazan-labeled glucose (NBDG). However,
attaching a fluorophore to a nutrient will, in most cases, dramat-
ically change the transport characteristics of that nutrient, and so
this approach is largely inaccurate. For instance, fluorophore-
modified lipids accumulate in different compartments than lipids
modified with smaller detectable groups,'® and fluorescently
tagged glucose (2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)
amino]-p-glucose [2NBDG]) is not transported by the glucose
transporters expressed on immune cells, SLC2A1 and
SLC2A3.""'® For amino acids, various fluorescent analogs
have been synthesized. However, the transporter specificity of
these have not been ascertained. The only well-characterized
fluorescent reagent for measuring transporter activity has been
the naturally fluorescent kynurenine. This tryptophan metabolite
provides a convenient method to measure activity of the system
L amino acid transporter SLC7A5."” However, for most trans-
porters, a convenient fluorescent cargo has not been identified.

One approach that has been gaining traction in carbohydrate
and lipid studies has been the use of bioorthogonal reagents
in combination with cell-compatible click chemistry.'®2° In
BONCAT (bioorthogonal non-canonical amino acid tagging), a
metabolite is modified with a functional chemical group that is
both small and stable within the conditions found in a cell.”’
Then, at the end of a labeling period, this metabolite is visualized
within the cell by the highly selective ligation of a fluorophore (or
other detection mode) that is itself modified with a chemical
group that can selectively react with the chemical group that
was introduced in the metabolite. This approach has been
extensively used to label many cellular components, such as
glycans,?'?? lipids,?*?* DNA?® and RNAZ® from bacteria,?” cell
lines, and even whole animals, such as =zebrafish and
mice.”®?° In 2002, it was reported that amino acids carrying
such bioorthogonal groups (in this case, azidohomoalanine)
could be incorporated into the E. coli proteome in place of methi-
onine and be used to ligate a protein with a Staudinger ligation
reaction,®” and later, the alkyne-containing homopropargylgly-
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cine was used and ligated via a copper-catalyzed Huisgen
azide-alkyne cycloaddition (CCAAC) reaction.®' In 2006, Tirrell
and co-workers reported the use of this same approach to label
methionine throughout the entire proteome of a mammalian cell
line.® This approach has since been applied to the study of pro-
tein synthesis in many species.*® Yet, despite the broad applica-
tion of the BONCAT approach, the transporter specificity of
these two “functionalized” amino acids has never been speci-
fied. Whether they are transported by the same route as the
unmodified methionine is unknown.

Herein, we investigated whether certain bioorthogonal amino
acids can be used to achieve rapid, sensitive uptake measure-
ments for a defined amino acid transporter with single-cell
resolution. We characterize the uptake of the bioorthogonally
reactive amino acids azidohomoalanine (AHA) and homopropar-
gylglycine (HPG) and—to our surprise—find it to be through
SLC1A5/ASCT2, the major glutamine transporter expressed in
immune cells. We then demonstrate that this bioorthogonal
amino acid uptake approach delivers an accurate and quantita-
tive single-cell measure of SLC1A5-mediated amino acid uptake
capacity. Furthermore, we validate the ability of this assay to
resolve metabolically distinct cells in a complex, multipopulation
immune scenario through studying the SLC1A5-mediated amino
acid uptake capacity of developing T cells in the thymus and of
immune populations in the spleen.

RESULTS

Activated T cells take up bioorthogonal amino acids

It is well established that bioorthogonal amino acids can also be
taken up by mammalian cells in vitro. For instance, AHA and HPG
have been shown to be taken up by mammalian cells and incor-
porated into proteins at the positions of methionine.*>** HPG
contains an alkyne functional group, whereas AHA contains an
azide functional group (Figure 1A). However, the transporters
that mediate cellular uptake of these bioorthogonal amino acids
are unknown. We first confirmed that immune activated T cells
take up bioorthogonal amino acids, HPG and AHA. Unstimulated
or immune activated (anti-CD3/CD28) T cells were incubated
with HPG or AHA for 15 min, followed by cell fixation and perme-
abilization. The abundance of HPG/AHA inside the cell was
detected by ligating azido-AF488 or alkyne-AF488 to the HPG
and AHA, respectively. Background fluorescence of azido-
AF488 or alkyne-AF488 was determined by using T cells that
were not provided with HPG or AHA but were treated equiva-
lently thereafter (Figure 1B). Activated T cells take significantly
more HPG or AHA than naive T cells (Figures 1B and 1C). There
was also a difference in background staining with azido-AF488/
alkyne-AF488 compounds between unstimulated and activated
cells. This highlighted the importance of including these

(C) Uptakes performed as in (B) with increasing concentrations of HPG or AHA as indicated; data are presented as adjusted uptake MFI (total MFI — background

MFI).

(D and E) Uptakes performed as in (B) using HPG (100 uM) or AHA (100 uM) but for intervals of 0-15 min and at either 4°C (filled histograms) or 37°C (open
histograms). Data are shown separately for CD4 and CD8 T cells as representative histograms (D) and pooled adjusted MFI data (MFI — MFI from no click controls)

from 3 biological replicates (E).

Data are representative of 3 independent experiments (B-D) or mean + SD of 3 biological replicates (E). Data are analyzed using multiple unpaired t tests (E)

(*p < 0.05; **p < 0.01; **p < 0.001).
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Figure 2. Type 1 dendritic cells and human NK cells take up bioorthogonal amino acids

(A) Splenocytes were stained with surface antibodies prior to 2 min uptake of HPG (200 uM) at either 37°C or 4°C, followed by fixation and copper-click addition of
azide-AF488. Representative histogram (left) and pooled data (right) for major histocompatibility complex (MHC) class 1I"9", CD11¢* Xcri1* cDC1s.

(B) Parallel microscopy images of splenocytes, as in (A), co-stained with nuclear stain DAPI (blue) and cDC1 marker Xcr1-AF647 (red), with corresponding images
showing HPG-AF488 uptake in green. Scale bars: 20 um. Quantification of pooled data is shown in the bar chart (right).

(C) HPG uptakes performed at 37°C, as in (A), gating on Xcr1~ and Xcr1* splenocytes. Representative histogram (left) and pooled data (right).

(D) Confocal microscopy images, as in (B), showing Xcr1* and Xcr1~ splenocytes (right) and quantification (right). Scale bars: 10 um.

(E) HPG (200 pM) uptake into human NK92 cells, as in (A), showing a representative histogram (left) and pooled data (right).

Data are mean + SEM or representative of 3 (A-C and E) and 5 (D) independent experiments. Data points in bar charts indicate biological replicates. Data are
analyzed using a one-way ANOVA with a Dunnet’s post-test (A, B, and E) or a Student’s t test (C and D) (“p < 0.05; **p < 0.01; ***p < 0.001).

conditions in the assay and adjusting the mean fluorescence in-
tensity (MFI) values to evaluate the uptake accordingly: uptake
MFI = total MFI — background MFI (Figure 1C). Naive T cells
show very low uptake, while there was a clear uptake of HPG
and AHA in activated T cells when provided at concentrations
greater than or equal to 10 uM (Figure 1B). Neither HPG nor
AHA was toxic to T cells at any of the concentrations used (Fig-
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ure S1). Next, the uptake was measured over time into activated
CD4 and CD8 T cells at either 37°C or 4°C to determine kinetics
of the bioorthogonal amino acid transport. Consistent with active
transporter-mediated uptake, there was a rapid accumulation of
biorthogonal amino acids in both activated CD4 and CD8 T cells
within 2 min that was blocked when the assay was performed at
4°C (Figures 1D and 1E). Short incubation (2-3 min) times were
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Figure 3. Identification of SLC1A5 as the transporter of HPG and AHA in immune cells

(A) Heatmap showing protein expression of amino acid transporters in murine naive and TCR activated CD4 T cells, naive and TCR activated CD8 T cells, and IL-
2/-12 activated NK cells. Blue (low) to yellow (high) with corresponding protein copy numbers indicated. Data are from immpres.co.uk.*”*”

(B) Activated (anti-CD3/CD28 treated; 24 h) CD8 T cells were provided HPG (100 uM) or AHA (100 uM) in Na*-containing or Na-free media at 37°C or 4°C for
indicated times. Data are background adjusted MFI values.

(C) 2 min HPG (400 pM, top panel) or AHA (100 uM; bottom panel) uptake into activated CD8 T cells + alanine (5 mM). Uptake at 4°C also shown.

(legend continued on next page)
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used as the basis for the standard uptake assay from here on-
ward. We wanted to verify the efficiency of the fixation conditions
regarding retention of the bioorthogonal amino acids within the
cells. When activated T cells were fixed after 3 min of bio-
orthogonal amino acid uptake and then kept for up to 14 days
at 4°C before permeabilization and subsequent click reaction
and detection, no signal loss was observed (Figure S1B).

In separate experiments the uptake of HPG into type 1 den-
dritic cells (cDC1) was measured by both flow cytometry and
confocal microscopy (Figures 2A and 2B). As a tool to expand
DCs in vivo, C57BI/6 mice were injected with FIt3-secreting
B16 cells subcutaneously in the flank, and spleens were har-
vested after 8 days.***® Splenocytes were stained with surface
antibodies to identify cDC1**"'* and then provided with HPG
for 2 min at either 37°C or 4°C before fixation and permeabiliza-
tion. Uptake of HPG was visualized as described above using
azido-AF488 and the copper-click conjugation reaction. There
was a significant HPG uptake signal detected by flow cytometry
in cDC1s at 37°C that was prevented when the uptake was
performed at 4°C (Figure 2A). In parallel, we performed uptake
assays on ex vivo splenocytes allowed to settle on coverslips.
The splenocytes were fixed and stained with Xcr1 and the cop-
per-click conjugation with azido-AF488 to detect HPG uptake.
Similar to the flow cytometry assay, HPG uptake in cDC1*°""*
splenocytes was inhibited at 4°C (Figure 2B). Furthermore, up-
take of HPG into cDC1*"™* was found to be significantly greater
than that of non-cDC1 splenocytes (Xcr1™ cells) both by flow cy-
tometry and confocal microscopy (Figures 2C and 2D).

While murine and human amino acid transporters share sub-
stantial protein homology, it was nevertheless important to test
whether the bioorthogonal amino acid HPG is similarly trans-
ported into human immune cells. To investigate this, we used
the human NK cell line, NK92, and measured a significant uptake
signal when cells were provided HPG for 2 min at 37°C, and this
signal was largely reduced when the uptake was performed at
4°C (Figure 2E).

HPG and AHA are transported by the glutamine
transporter SLC1A5

Activated lymphocytes express multiple amino acid transporters
(Figure 3A), and so experiments were designed to define which
transporter is responsible for the uptake of HPG and AHA. Amino
acid transporters can be identified based upon biochemical and
biophysical transport parameters. For example, system L trans-
porters are sodium independent, whereas substrate transport
via system ASC and system N and A transporters (SNATSs) are
sodium dependent. As previously mentioned, the bioorthogonal
amino acids AHA and HPG are incorporated into proteins in
place of methionine, which means that they bind to the methio-
nine-specific tRNA for use during protein translation.>>%* If
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AHA and HPG are also transported similarly to methionine,
they would be transported by the sodium-independent amino
acid transporter SLC7A5, the primary methionine transporter in
activated T cells.® It was, therefore, surprising that the uptake
of HPG and AHA into CD8 T cells was sodium dependent (Fig-
ure 3B). Uptake was measured in sodium-containing and so-
dium-free buffers, and the data showed that uptake of both
HPG and AHA was reduced to the level of the 4°C control in
the sodium-free buffer (Figure 3B). Similar data were obtained
with activated CD4 T cells (Figure S2A). This indicates that trans-
port is not via SLC7A5 but is instead mediated via a sodium-
dependent amino acid transporter. To further explore what
transporter is required for AHA and HPG uptake, competition
experiments were performed with amino acids known to be sub-
strates for sodium-dependent transporters. It was found that up-
take of both HPG and AHA was inhibited by competition with
alanine (Figure 3C). Activated T cells increase the expression
of two sodium-dependent alanine transporter families: SLC1
(SLC1A5) and SLC38 (SLC38A1 and A2) (Figure 3A).>” Uptake
via SLC38A1 and A2 can be distinguished from uptake via
SLC1A5 by use of the SLC38-competitive substrate methylami-
noisobutyric acid (MeAlIB). Hence, uptake via SLC1A5 would be
unaffected by competition with MeAIB, whereas uptake via
SLC38A1 and A2 would be impaired. Figure 3D shows that
HPG and AHA uptake is competitively blocked by alanine with
ICso values of 825 and 540 uM, respectively. In contrast,
MeAIB did not inhibit uptake at any concentration assayed.
Lysine was used as a control amino acid that is not a substrate
for either SLC1A5 or SLC38A1/2 and also did not inhibit AHA
or HPG uptake (Figures 3D and 3E). Taken together, these
data argue that SLC1A5 is the predominant transporter involved
in HPG and AHA transport into activated T cells.

To confirm the results obtained in murine T cells, we per-
formed similar uptake experiments for murine cDC1 and human
NK92 cells. The data show that competition with alanine reduced
the uptake of HPG into cDC1s as measured by flow cytometry
(Figure 3F). The ImmGen RNA sequencing (RNA-seq) dataset
GEO: GSE127267 shows that SLC1A5 is the most highly ex-
pressed glutamine transporter in cDC1s (Figure S2B). Similarly,
RNA-seq data from GEO: GSE26876 show that SLC1A5 is ex-
pressed in NK92 cells (Figure S2C). Consistent with SLC1A5-
mediated uptake of HPG into NK92 cells, the data showed that
the uptake of HPG was inhibited by competition with alanine
(Figure 3G).

Uptake of AHA and HPG uptake into activated CD8 and CD4
T cells is also competitively inhibited by increasing glutamine
concentrations with an 1Csq value of <1 mM (Figures 4A and
S3A). Glutamine also potently competes for HPG uptake into
cDC1s and NK92 cells, providing strong evidence that these bio-
orthogonal amino acids are accurate reporters of glutamine

(D and E) AHA and HPG uptakes, performed as in (A), in the presence of increasing concentrations of alanine, lysine, or MeAIB. Data are background adjusted MFI
values for a representative experiment (D) and pooled data (E) showing competition with 3.3 mM of alanine, lysine, or MeAIB.
(F and G) Representative histogram (left) and pooled data (right) showing 2 min HPG (200 uM) uptake into splenic cDC1*°"™* + 5 mM alanine (F) or NK92 cells +

increasing alanine concentrations (G).

Data are mean + SEM of 4 (D and E, top), 2 (D and E, bottom), 3 (C and G), or 5 (F) independent experiments; data points represent biological replicates. In (B), data
are mean + SD of technical triplicates and representative of 3 independent experiments. Data are analyzed using a two-way ANOVA (B) or one-way ANOVA
(E) with Tukey post-tests or a one-sample t test (against a value of 1) (F) (*p < 0.05; **p < 0.01; ***p < 0.001).
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uptake (Figures 4B and 4C). The gold-standard approach for
measuring transporter-mediated nutrient uptake is to use radio-
labeled substrates. Therefore, we used this approach to provide
definitive evidence of SLC1A5-mediated uptake of HPG and
AHA. Firstly, we confirmed that both alanine and glutamine
would compete with radiolabeled glutamine (*H-glutamine) for
uptake in activated CD8 T cells. For these radiolabeled uptakes,
we used in-vitro-generated interleukin-2 (IL-2)-maintained
effector CD8 T cells, cytotoxic T cells (CTLs). CTLs can be
expanded into a large, homogeneous population, which is
appropriate for this population-based uptake approach. Further-
more, as with T cell receptor (TCR) activated T cells, SLC1A5 is
the predominant glutamine transporter expressed by IL-2-main-
tained CTLs.*” The data in Figure 4D show that glutamine effec-
tively competes for the uptake of *H-glutamine into CTLs, with an
ICso of 142 uM, while alanine competes for 2H-glutamine uptake
with an IC5 of 85 uM. These values are in line with previously
published glutamine affinities for SLC1A5/ASCT2.%® Next, we
challenged the specificity of HPG and AHA uptake by deter-
mining whether each biorthogonal amino acid could act as
competitive inhibitor to block the uptake of *H-glutamine. We
found that both HPG (IC50 of 386 puM) and AHA (IC50 of
74 1M) compete for *H-glutamine uptake. In contrast, the uptake
of SH-glutamine was not affected by the presence of
2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) or
MeAIB, which are competitive substrates for SLC7A5 and
SLC38A1/2, respectively (Figure 4E).

We also tested another biorthogonal amino acid that we orig-
inally predicted would be taken up by SLC1A5, as it was reported
to be an isostere of glutamine. Interestingly, this a-azido-gluta-
mine was not taken up by activated T cells. It required very
high concentrations (>1 mM) and long (>15 min) incubation for
any signal to be seen (Figures S3B and S3C). Therefore, we
conclude that a-azido-glutamine is not a suitable substrate for
use as a reporter for glutamine uptake capacity with this assay.

Taken together, our findings provide an easy procedure to
assess which cells support their function via SLC1A5-mediated
uptake of amino acids in a sensitive single-cell assay, wherein
click-functionalized reporter molecules, with either an azide or
an alkyne group, can be introduced to match the preferred
detection method.

Resolving SLC1A5 uptake capacity in complex immune
populations

One barrier to applying this approach for use in complex multi-
parametric flow cytometry analysis is the fact that copper-click
chemistry has the potential to significantly quench the fluores-
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cence of protein fluorophores, such as phycoerythrin (PE) and
peridinin-chlorophyll-protein  (PerCP), thereby significantly
reducing the multiplexing power of this assay.*%*°

We confirmed that copper sulfate, especially in combination
with sodium ascorbate (the “click mix”) significantly quenches
PE, PE-Cy7, and PerCP fluorescent signals (Figures 5A and
5B). Addition of the Cu(l)-stabilizing ligand Tris(3-hydroxypropyl-
triazolylmethyl)amine (THPTA)*' and aminoguanidine, some-
times used to prevent unwanted side reactions,*'** was able
to restore the signal (Figures 5B and 5C), plateauing at
160 mM aminoguanidine (Figure 5C). Neither the click mix nor
increasing aminoguanidine concentrations affected the fluores-
cent signals for fluorescein isothiocyanate (FITC) or APC (Fig-
ure 5C). Preservation of the signal worked best when the
click-mix components were prepared fresh for the experiment
(Figure 5D). A simplified overview of the workflow can be found
in Figure S4.

We next analyzed murine thymocytes directly ex vivo. T cell
development occurs in the thymus and involves tightly regulated
stages of biosynthesis, proliferation, and contraction. Conven-
tional thymocyte populations are categorized according to their
expression of CD4 and CD8. Early T cell progenitors do not
express CD4 or CD8 and are termed double-negative (DN) thy-
mocytes. Thymocytes that successfully express a functional
pre-TCR at the DN3 to DN4 transition undergo robust expansion
and differentiate into CD4, CD8 double-positives (DPs). Only a
small fraction of DP thymocytes are selected for further differen-
tiation to generate mature CD4 or CD8 T cells.

As very little is known about the nutrient uptake of these
different thymocyte populations, we used our bioorthogonal up-
take assay to interrogate SLC1A5-mediated uptake capacity of
thymocytes. The overall HPG uptake of total thymocytes is low
(Figures 6A and S5A). However, there is substantial heterogene-
ity, with a small proportion of thymocytes that have high HPG up-
take, which is sensitive to alanine competition and inhibited at
4°C (Figures 6A and S5A). Subgating reveals that HPG uptake
levels are distinct for each thymocyte subset (Figures 6B and
6C). Uptake into DN thymocytes is high but heterogeneous,
whereas uptake into DP thymocytes is low, consistent with the
low metabolic demands known for the DP population
(Figures 6B, 6C, and S5A). Uptake into CD8 single positive
(CD8SP) or CD4SP was intermediate between DN and DP thy-
mocytes (Figures 6C and S5A). The heterogeneity within DN thy-
mocytes was further probed through separating out DN3 and
DN4 thymocytes based on the expression of CD25 and CD44.
Large metabolic changes occur as thymocytes transition from
DN3 to DN4, as the thymocytes undergo robust growth and

Figure 4. HPG and AHA report glutamine transport capacity in immune cells
(A) Activated (anti-CD3/CD28 treated; 24 h) CD8 T cells were provided HPG (400 uM) or AHA (100 uM) with increasing concentrations of glutamine. Background

adjusted MFI values are shown. Blue line indicates signal at 4°C control.

(B and C) Representative histogram (left) and pooled data (right) showing 2 min HPG (200 uM) uptake into splenic cDC1*°"™* + 5 mM glutamine (B) or NK92 cells +

increasing glutamine concentrations (C). 4°C controls also shown.

(D and E) ®H-glutamine uptake in effector cytotoxic CD8 T cells (CTLs) showing representative experiment in the presence of increasing concentrations of
glutamine, alanine, AHA, and HPG (D) and pooled data for uptake + 5 mM multiple competitive substrates.

(A) Data are representative of 3 independent experiments (mean + SD, technical triplicates). Data are representative of (B-D) 3 biological replicates, (B and C)
mean + SEM. (E) Data are mean + SD 2 independent experiments performed in duplicate. Data are analyzed using (B and C) one-sample t tests (against a value of
1) and (E) a one-way ANOVA with a Dunnet’s post-test (*p < 0.05; **p < 0.01; ***p < 0.001).
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proliferation.”® In agreement, the data show large increases in
SLC1A5-mediated uptake in these proliferative DN4 thymocytes
(Figure 6D). This analysis resolved clear differences in the
SLC1A5 uptake capacity of thymocyte subpopulations that
closely align to the mRNA expression pattern of SLC1A5 as re-
ported on ImmGen (Figures 6E and S5A).

Finally, we probed the glutamine transporter uptake patterns
within splenocytes when provided HPG directly ex vivo and com-
bined with multiparametric flow cytometry to identify immune cell
populations. The staining panel used identified T cells®P3*, B
cells®P*®*, and multiple antigen-presenting cells including plas-
macytoid DCCD317+, monocyteSCDﬂC’/CDﬁb*, DCCD11c+/CD11b+,
and cDC1%o+,

The data show distinct patterns of HPG uptake with the high-
est levels identified in the cDC1*°"'*, as well as several unknown
populations, which were not identified by the antibody panel
used (Figure 6F).

Increased amino acid uptake often correlates with increased
rates of protein translation. Puromycin can be used as a probe
for quantifying the rate of protein synthesis, as it is incorporated
into newly formed polypeptide chains in the ribosome.® This
incorporation can be visualized with single-cell resolution when
a bioorthogonal puromycin analog that contains an alkyne is
used, O-propargyl-puromycin (OPP). The copper-catalyzed
click reaction can then be used to attach a fluorophore to
OPP. Importantly, this probe does not require transporters to
enter the cell. We used this approach to measure protein synthe-
sis rates in splenocytes and show that Xcr1* DCs have high rates
of de novo protein synthesis, which is blocked by an inhibitor of
protein synthesis, cycloheximide (Figure 6G).

One powerful aspect of using the copper-catalyzed click re-
action to reveal amino acid uptake is that it can easily be multi-
plexed.***® With this in mind, we investigated whether we
could simultaneously measure amino acid uptake and protein
synthesis rates in single cells. We used alkyne-AF488 to detect
azide-modified AHA uptake and azide-AF594 to detect alkyne-
OPP incorporation into nascent protein chains. As expected,
cDC1*""* with high SLC1A5-mediated AHA uptake were the
same cells that stained brightly for protein synthesis
(Figures 6H and 6l). Importantly, inhibition of protein synthesis
with cycloheximide had no effect on the rate of AHA uptake
during the time frame of the assays, confirming that protein
synthesis rates do not affect the measurement of SLC1A5-
mediated amino acid uptake (Figures 6H and 6l). Two addi-
tional questions remained relating to whether the addition of
OPP and AHA together would affect the magnitude of the sig-
nals observed with either alone. The data show that the
measured signal for AHA uptake was not affected by the
addition of OPP (Figures 6J and 6L) and that the addition of
AHA does not affect the measured signal for OPP incorporation
(Figures 6K and 6L). We also performed this double-click
assay for SLC1A5-mediated uptake and protein synthesis in
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human NK92 cells, confirming the versatility of these assays
(Figures S6A and S6B).

Altogether, the data presented in Figure 6 highlight the poten-
tial for using bioorthogonal amino acid uptake assays to reveal
metabolic features of ex vivo immune cells that were, until
now, unreachable.

Tracking SLC1A5 uptake capacity in vivo

Many metabolic measurements made in vitro do not faithfully
reflect immune cell metabolism, as it occurs in vivo.*® In vivo
application of HPG and AHA has previously been described
either through muscular injection (xenopus) or dietary uptake
(murine) or in environmental water (zebrafish) to label pro-
teins.*”~*° To track in vivo HPG uptake during immune activation,
we injected CPG (unmethylated-cytosine-phosphate-guanine)
plus ovalbumin (OVA) subcutaneously into the ankle of OTI
TCR transgenic mice (which have transgenic expression of an
OVA-specific TCR), waited for 24 h, and then injected either
HPG or PBS into the same mice by the same route. After waiting
40 min to permit HPG drainage into the lymph node and uptake
into immune cells, the mice were sacrificed, and the draining
popliteal lymph nodes (PLN) harvested. The cervical LNs
(CLNs) were harvested as control LNs, distal to the site of injec-
tion (Figure 7A). Cells recovered from the CLNs showed no signal
in the mice receiving HPG above mice receiving PBS injection
(Figures 7A and 7B). In contrast, in cells recovered from the
draining PLNs, there was a clear and significant increase in fluo-
rescence in mice receiving HPG versus PBS. These data show
that the immune cells in the draining, but not distal, LNs are
exposed to HPG (Figures 7B and 7C). CD8 T cells in an OTI
TCR transgenic mouse express a TCR specific for the OVA-
derived peptide SIINFEKL. Injection of CPG/OVA primes anti-
gen-presenting cells to take up and process OVA, migrate, and
present the OVA-derived peptides to T cells in the proximal
LNs, resulting in T cell activation. The CLNs have low numbers
of activated T cells, based on the expression of the early activa-
tion marker CD69 (Figure 7D). In contrast, the PLN contains a
large population of CD69* CD8 T cells (Figure 7D). Interrogation
of the HPG uptake shows there was significant HPG uptake in
CD69" CD8 T cells within the PLN (Figures 7D and 7E).
CPG will also act upon other immune cells such as B cells.
Indeed, there was increased expression of CD69 in some B cells
in the PLN, but not the CLN, and these activated B cells
also show enhanced uptake of HPG (Figures 7D and 7E). To
exclude the possibility that the increased HPG signal is due to
increased autofluorescence of larger cells, we measured the
HPG uptake of CD69" activated CD8 T cells that had increased
in size as determined by forward scatter (FSC-A"9") from mice
that received HPG and from those that had received PBS (Fig-
ure 7F). The data show a substantial increase in HPG uptake
signal into CD69* FSC-AM" CD8 T cells compared with the
matched PBS controls (Figure 7F). Importantly, the HPG uptake

(D) Splenocytes stained with CD4-FITC and CD8-PE and then incubated with PBS (no click) or click mix + THPA (1 mM) + aminoguanidine (160 mM) prepared

fresh or after multiple freeze thaws.

Data are mean + SEM (C) or are representative (A, B, and D) of 4 independent experiments. Data are analyzed using a two-way ANOVA with a Dunnet’s post-test

(*p < 0.05; **p < 0.01; **p < 0.001).
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into the naive CD8 T cells, as determined by CD69~ and FSC-
A°Y profiles, was significantly less that the activated CD69*
FSC-AMS" CD8 T cells (Figure 7G).

The in vitro and ex vivo data described herein define the regu-
lated uptake of AHA and HPG inimmune cells as being through a
sodium-dependent, alanine- and glutamine-sensitive trans-
porter. These biophysical parameters, in combination with trans-
porter expression data from quantitative mass spectrometry,
support AHA and HPG transport through SLC1A5 (ASCT2).
Furthermore, we show that in vivo immune stimulation and sub-
sequent in vivo HPG loading identifies HPG uptake in activated
CD8 T cells. Together, these data demonstrate that in vivo
HPG uptake, followed by ex vivo click resolution, can be used
to identify cell populations with increased capacity of SLC1A5-
mediated transport.

DISCUSSION

It is now clear that the metabolic features of immune cells are
substantially altered after in vitro culture compared with those
of immune cells in vivo.“® This highlights the importance of study-
ing immune metabolism in vivo or directly ex vivo. However, the
lack of robust technologies to measure metabolic fluxes at a sin-
gle-cell level represents a barrier preventing such in vivo, or
directly ex vivo, analysis. This barrier is limiting our understand-
ing of the metabolic demands, constraints, and heterogeneity
within complex immune populations.

The research described herein provides a robust assay for
amino acid transport through SLC1A5, the predominant gluta-
mine transporter expressed in many immune cells (https://
www.immgen.org and immpres.co.uk).’” Glutamine acts as
both a fuel for energy generation and a carbon source for
biosynthesis. Through using radiolabeled uptake competition,
Na* dependence, and substrate competition approaches, we
demonstrate that AHA and HPG are taken up by primary mu-
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rine T cells and cDC1s and by human NK92 cells through
SLC1A5. This assay is unique, as transport occurs first, fol-
lowed by the attachment of a fluorophore to the bioorthogonal
amino acid inside the cell using click chemistry. This innovative
approach underpins the accuracy of this assay by avoiding the
pitfalls common to other nutrient uptake assays based on
assuming that transporter fidelity is retained with bulky fluoro-
phores, such as with 2NBDG."®

Harnessing the single-cell resolution of this metabolic assay
allowed the measurement of SLC1A5 amino acid flux in
various thymocyte subsets. The uptake capacity of the thymo-
cyte subsets was found to correlate closely with the expres-
sion pattern of SLC1A5 mRNA shown in the ImnmGen dataset
GEO: GSE15907. Clear heterogeneity in glutamine uptake
capacity was also observed in immune cell subsets within
the spleen, highlighting that DC1s have high SLC1A5-medi-
ated uptake compared with other splenic lymphocyte
populations.

We further expanded our interrogation of these cells by
combining our new SLC1A5 uptake assay with measuring pro-
tein synthesis. This double-click assay revealed that cDC1
splenic cells that had high SLC1A5 transport capacity also
showed high protein synthesis levels. Furthermore, during the
time frame of this assay, inclusion of the bioorthogonal uptake
amino acids had no impact on the rate of protein translation,
nor did inhibition of translation with cycloheximide inhibit the up-
take capacity of the transporter. These experiments also offer
the tantalizing opportunity for a broader application of dual-click
labeling. For instance, the AHA SLC1A5 uptake assay could be
combined with an ethynyldeoxyuridine (EdU)-based click assay
to correlate amino acid uptake to cell division®° or the uptake of
any of the other available alkyne-containing biomolecules.®"

Finally, we demonstrate robust in vivo uptake of the bio-
rthogonal amino acid HPG at the single-cell level, previously
not achievable using radiolabeled whole-cell populations.

Figure 6. Resolving SLC1A5 uptake capacity in complex immune populations
Thymocytes (A-E) or splenocytes (F and H-K) were provided HPG (400 uM) or AHA (100 uM) for 2 min at 4°C or 37°C and then fixed, and an AF488 fluorophore

was conjugated with a copper- click reaction.
(A) HPG uptake into total thymocytes + alanine (5 mM).

(B) Gating strategy to separate thymocytes based on CD4 and CD8 expression.

(C and D) HPG uptake into DN, DP, CD4SP, and CD8SP thymocytes (C) and following further subgating into DN3 (CD25* CD44~) and DN4 (CD25~ CD44")
populations (D).

(E) HPG (top) and AHA (middle) uptake MFI (37°C—4°C) in thymocytes subsets, aligned with SLC1A5 mRNA expression data (bottom) from GEO: GSE15907
(Immgen.org). Each data point represents a biological replicate.

(F) Dimensionality reduction using t-distributed stochastic neighbor embedding (t-SNE) was performed on splenocytes for HPG uptake. Top panel shows
splenocytes population including CD11c¢*MHCII*XCR1*CD11b~ ¢cDC1s; CD11¢*MHCII*XCR1~CD11b* ¢cDC2s; CD11c™CD317*SiglecH* pDCs; CD3*CD19™~
T cells; and CD19*CD3™ B cells. Bottom panel shows the corresponding HPG uptake.

(G) Protein synthesis rates were measured by providing splenocytes with the puromycin analogue OPP (25 uM) + the protein synthesis inhibitor cycloheximide
(CHX; 100 pg/mL) for 20 min. Cells were then fixed, and an azide-AF594 fluorophore was conjugated with a copper-click reaction. Histogram (left) and pooled
data (right) showing protein synthesis rates in cDC1*°"™* with AF594 background indicated (red line).

(H) Histogram (left) and pooled MFI data (right) showing AHA uptake into cDC1*°"'* & CHX (100 pg/mL).

(I-K) To measure SLC1A5-mediated AHA uptake and protein synthesis rates concurrently, cDC1*°"* were cultured with OPP (25 M, 20 min, 37°C) with AHA
added for the final 2 min of this incubation.

() AHA uptake and OPP incorporation in cDC1*°"'* + CHX (100 pg/mL).

(J and K) Histogram of AHA uptake (J) or OPP incorporation (K) in cDC1*°"'* when performed alone or concurrently.

(L) Pooled data for AHA uptake (top) or OPP incorporation (bottom) corresponding to (J) and (K).

(A-E) Data are representative or mean + SEM of 2 individual experiments and 6 biological replicates. (F) Data are representative of 3 biological replicates. (G-L)
Data are mean + SEM or are representative of 2 individual experiments and 4 biological replicates. Data are analyzed using a Student’s t test (G) or one-way
ANOVA with a Sidak’s post-test (A, H, and L) (*p < 0.05; ***p < 0.001).
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Together, these data demonstrate the power of this novel meta-
bolic analysis in identifying differences in the metabolic activities
of immune cells in complex populations.

This work has validated two distinct bioorthogonal amino
acids as substrates for SLC1A5. AHA contains an azide to
allow it to be visualized using an alkyne-fluorophore, while
HPG contains an alkyne and can be visualized using an
azide-fluorophore. This provides flexibility, where SLC1A5
flux analysis can be multiplexed to other assays that utilize
bioorthogonal chemical reactions with a different bio-
orthogonal structure. This would involve a double-copper-click
reaction using two separate fluorophores, one with an azide
and the other with an alkyne, as demonstrated by our
combining azide-containing AHA uptake with an alkyne-puro-
mycin to monitor protein synthesis. Similarly, as additional
assays of nutrient transporters become available, using this
bioorthogonal strategy, it will become possible to measure
two nutrient uptake fluxes simultaneously into a single cell.
Altogether, our glutamine uptake assay with single-cell resolu-
tion (QUAS-R) represents a powerful addition to the ever-
growing single-cell metabolic toolkit.

Limitations of the study

The key concept that underpins this work is that the alkyne-/
azide-modified amino acids AHA and HPG “mimic” Gin to
the SLC1A5 transporter. This may, however, not always be
the case. For broadening of the scope of the reaction to
other amino acids, such as the recently reported alkyne-thre-
onine analogues,® the optimization and transporter specificity
will have to be reevaluated for each species, as the data in
this article show that no easy structure-uptake relationship
can be drawn. These limitations have also restricted us to
the use of the copper-catalyzed click conjugation,®® which
is hampered by its use of a toxic catalyst. Whereas some re-
action conditions have been described that minimize this
toxicity in a variety of cell lines,®" we have found that great
care has to be taken when applying these reactions to live
primary immune cell populations.>® Alternative live-cell-
compatible bioorthogonal amino acids have also been
described®; however, to date, they tend to give weaker
signal-to-noise ratios and require long reaction times. It is
also important to note that the signal reports on the uptake
capacity of the cells but cannot distinguish ultimate anabolic
destination of these amino acids.
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Furthermore, some immune cells, such as immature cDC1s,
may actively uptake material through transporter-independent
mechanisms such as pinocytosis. Indeed, it is worth noting in
these cells that the level of HPG uptake in the presence of compe-
tition with alanine or glutamine does not come down to that of the
4°C control, suggesting that the difference in fluorescence be-
tween the competition control and the 4°C control might reflect up-
take by transporter-independent mechanisms. This highlights the
importance of including the correct controls for all experiments.
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Figure 7. In vivo HPG uptake into activated CD8 T cells

(A) OTI transgenic mice were injected with CPG (25 png) plus OVA (25 pg) in 25 pL PBS by subcutaneous injection in the ankle. After 24 h, the mice were
administered HPG (25 uL 10 mg/mL HPG) or PBS by subcutaneous injection at the same site. After 40 min, the mice were sacrificed, and the draining popliteal
lymph nodes (PLNs) and distal cervical lymph nodes (CLNs) were harvested. HPG uptake was visualized by ex vivo attachment of azido-AF488 with Cu®* click
reaction.

(B and C) Total cells from the CLNs and PLNs were analyzed for AF488 fluorescence (B) and quantified (MFI HPG — MFI PBS) (C).

(D) CD8 T cells (top) and B cells (below) were analyzed for CD69 expression and fluorescence in the AF488 channel in CLNs and PLNs.

(E) Pooled data showing the percentage of activated cells with increased HPG uptake in CLNs and PLNs.

(F) CD8 T cells from PLNs were gated on activated (CD69*) T cells that were engaging in blastogenesis (FSC"9") (green box). Fluorescence in the AF488 channel
was compared for activated T cells in mice that received HPG versus those that received PBS.

(G) The HPG-specific signal for CDB9*FSCM" and CDE9~FSC'®" CD8 T cells was quantified by subtracting the MFI for the PBS condition from the MFI for the
HPG condition.

Data are representative (B, D, F) or are mean + SEM (C, E, and G) of 6 individual PLNs and 3—4 individual CLNs. Data are analyzed using a Student’s t test (C and G)
or a one-way ANOVA with a Sidak’s post-test (E) (“p < 0.05; **p < 0.01; ***p < 0.001).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3e (hamster anti-mouse, clone 145-2C11, BioLegend Cat. #100340;

pure, Ultra-LEAF) RRID: AB_11149115

CD8e (hamster anti-mouse, clone 145-2C11, APC) BioLegend Cat. # 100312; RRID: AB_312677

CD8e (hamster anti-mouse, clone 145-2C11, FITC)
CD4 (rat anti-mouse, clone GK1.5, PE-Cy7)

CD4 (rat anti-mouse/human, clone RM4-5, PE-Cy7)
CD4 (rat anti-mouse/human, clone RM4-5, APC)
CD8a (rat anti-mouse, clone 53-6.7, APC-Cy7)

CD8a (rat anti-mouse, clone 53-6.7, PerCP-Cy5.5)

CD11b (rat anti-mouse, clone M1/70, BV605)

CD11b (rat anti-mouse, clone M1/70, PE)
CD11b (rat anti-mouse, clone M1/70, BV510)

CD11c (hamster anti-mouse, clone HL3, BV421)

CD16/32 (TrueStain FcX, rat anti-mouse,
clone S17011E, pure)

CD16/32 (FC block, rat anti-mouse, clone 2.4G2, pure)
CD19 (rat anti-mouse, clone 1D3, PE-Cy7)

CD19 (mouse anti-mouse, clone MB19-1, PE)
CD19 (rat anti-mouse, clone 1D3, BV650)

CD24 (rat anti-mouse, clone M1/69, BV421)

CD25 (rat anti-mouse, clone PC61, PerCP-Cy5.5)

CD28 (hamster anti-mouse, clone 37.51, pure,
Ultra-LEAF)

CD44 (rat anti-mouse/human, clone IM7, PE-Cy7)
CD317 (PDCAT1, rat anti-mouse, clone 927, BV650)

B220 (CD45R, rat anti-mouse, clone RA3-6B2,
PerCP-Cy5.5)

I-A/I-E (MHCII, rat anti-mouse, clone M5/114.15.2, APC)

I-A/I-E (MHCII, rat anti-mouse, clone M5/114.15.2, FITC)

I-A/I-E (MHCII, rat anti-mouse, clone M5/114.15.2,
APC-eF780)

F4/80 (rat anti-mouse, clone Cl:A3-1, AF700
Gr-1 (Ly6G/Ly6C, rat anti-mouse, clone RB6-8C5, PE)

18 Cell Reports 42, 112828, August 29, 2023

eBiosciences
BioLegend

BD Pharmingen
eBioscience
BioLegend

BD Pharmingen

BioLegend

eBioscience
BD Horizon

BD Horizon

BioLegend

BD Pharmingen
BD Pharmingen

eBioscience
BD Horizon

BioLegend

BD Pharmingen

BioLegend

eBioscience
BioLegend

BioLegend

BioLegend

eBioscience
eBioscience

Bio-Rad
eBioscience

Cat. #11-0031-85; RRID: AB_464882

Cat. #100422;
RRID: AB_312707

Cat. # 552775; RRID: AB_394461
Cat. #17-0042-83; RRID: AB_469324

Cat #100714;
RRID: AB_312753

Cat. #551162;
RRID: AB_394081

Cat. #101257;
RRID: AB_2565431

Cat. #12-0112-81; RRID: AB_465546

Cat. #562950;
RRID: AB_2737913

Cat. #562782;
RRID: AB_2737789

Cat. #156604;
RRID: AB_2783138

Cat. # 553142; RRID: AB_394656

Cat. #552854;
RRID: AB_394495

Cat. #12-0191-83; RRID: AB_465578

Cat. #563235;
RRID: AB_2738085

Cat. #101825;
RRID:AB_10901159

Cat. #561112;
RRID: AB_394031

Cat. #102116;
RRID: AB_11147170

Cat. #25-0441-81; RRID: AB_469622

Cat. #127019;
RRID: AB_2562477

Cat. #103236;
RRID: AB_893354

Cat. #107613;
RRID: AB_313328

Cat. #11-5321-82; RRID:AB_465232
Cat. # 47-5321-82; RRID: AB_1548783

Cat. #MCA497A700; RRID: AB_844537
Cat. #12-5931-82; RRID: AB_466045
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

NK1.1 (mouse anti-mouse, clone PK136, PE)

XCR1 (mouse anti-mouse/rat, clone ZET, BV785)

XCR1 (mouse anti-mouse/rat, clone ZET, AF647)

BD Pharmingen

BioLegend

BioLegend

Cat. # 557391;
RRID: AB_396674

Cat. #148225;
RRID: AB_2783119
Cat. #148213;
RRID: AB_2564368

Chemicals, peptides, and recombinant proteins

L-azidohomoalanine
I-homopropargylglycine
Tris-hydroxypropyltriazolylmethylamine
Aminoguanidine

Copper(ll) Sulfate pentahydrate

Synthesized in house
Synthesized in house
Synthesized in house
Cayman Chemicals
Sigma-Aldrich

CAS No. 942518-29-8

CAS No. 942518-19-6

CAS No. 760952-88-3

CAS No. 1937-19-5; Cat #81530
CAS No. 7758-99-8; Cat #209198

AZDye 488 Alkyne Click Chemistry Tools Cat. No. #1277
AZDye 488 Azide Click Chemistry Tools Cat. No. #1275
AZDye 594 Azide Click Chemistry Tools Cat. No #1295
AZDye 647 Alkyne Click Chemistry Tools Cat. No. #1301
AZDye 647 Azide Click Chemistry Tools Cat. No. #1299
Sodium Ascorbate Sigma-Aldrich CAS No. 134-03-2; Cat. #A7631
DAPI Invitrogen Cat. #D1306
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Thermo Cat. #L.34957
Zombie Yellow™ Fixable Viability Kit BioLegend Cat. #423103
paraformaldehyde solution Polysciences Cat. #18814-20
O-propargyl-puromycin Thermofisher Cat# C10459
IL-12 Peprotech #210-12
IL-2 Novartis Proleukin
HBSS Gibco #24020
Bovine Serum Albumin Sigma-Aldrich #A9467
RPMI 1640 Sigma-Aldrich #R5886
GlutaMAX Gibco #35050061
horse serum Sigma-Aldrich #H1270
folic acid Sigma-Aldrich #F8758
myoinositol Sigma-Aldrich #17508
penicillin-streptomycin Sigma-Aldrich #P4333
B-mercaptoethanol Gibco #31350
collagenase D Roche #11088866001
DNase | Sigma-Aldrich #D4263
red blood cell lysis buffer Gibco #A1049201
cycloheximide Sigma-Aldrich CAS No. 66-81-9;
Cat. #C4859
Experimental models: Cell lines
NK-92 ATCC CRL-2408
Flt3I-producing B16 melanoma (Mach et al.)*® Gift from Everts Lab N/A

Experimental models: Organisms/strains

Mouse/C57BL/6J
Mouse/OT | (C57BL/6-Tg(TcraTcrb)1100Mjb/Crl)

Charles River
Charles River

Strain code: 632
Strain code: 642

Software and algorithms

FlowdJo version 10.9
Prism 9

BD Biosciences
GraphPad

N/A
N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will befulfilled by the lead contact Linda Sin-
clair (l.v.sinclair@dundee.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® This study did not generate new datasets. This paper analyzes existing, publicly available data. These data are available at
www.ImmPres.co.uk®®.
® This paper does not report new code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contacts upon request.

EXPERIMENTAL MODEL

Mice

At the Leiden Institute of Chemistry (LIC), C57BL/6J male and female mice were bred under specific pathogen free (SPF) conditions.
Animal license number AVD1160020198832. Mice between 6 weeks and 6 months old were culled by cervical dislocation. Animal
experiments were approved by the Dutch Central Authority for Scientific Procedures on Animals (CCD) and performed in accordance
with European Union Directive 2010/63EU, Recommendation 2007/526/EC and local government regulations.

At the University of Dundee, OT-1 transgenic mice, whose T cell receptor (TCR) was designed to recognize OVAys7.064 peptide
(SIINFEKL), were bred and maintained in the Biological Resource Unit under SPF conditions. Procedures were approved by the Uni-
versity Ethical Review Committee and under the authorisation of the UK Home Office Animals (Scientific Procedures) Act 1986. Male
and female mice used were between 8 and 14 weeks old.

In Trinity College Dublin, C57BL/6J mice were bred in house and used between 6 and 12 weeks of age. Mice were housed under
12:12 light cycle in a relative humidity of 45-65% and a temperature between 20°C and 24°C. Mouse experiments were approved by
and in compliance with the Irish Health Products Regulatory Authority (Project licence AE19136_P091) and the Animal Research
Ethics Committee (AREC) at Trinity College Dublin.

NK92 cell culture

NK92 (ATCC CRL-2408) cells were cultured in RPMI 1640 supplemented with 2 mM glutamine (Gibco), 12.5% horse serum (Sigma),
12.5% fetal calf serum (Biosera), 0.02 mM folic acid (Sigma), 0.2 mM myoinositol (Sigma), 1% penicillin-streptomycin (Gibco) and
0.1 mM B-mercaptoethanol (Gibco). Cells were sub-cultured 1:2 every 2 days and fresh growth medium applied. NK92 cells were
gently triturated with a pasteur pipette, counted and seeded in 96-well U-bottomed plates at 0.5 million cells/well before further
experimentation.

METHOD DETAILS

T cell isolation and activation

Spleen from C57BL/6J mice were mechanically disrupted using the back-end of a syringe before addition of 50 pL 11x concentrated
collagenase D (Roche, #11088866001; end concentration = 1 mg/mL) and DNase | (Sigma, #D4263; end concentration = 2000 U/mL)
for 20 min at 37°C, 5% CO.. After collagenase digestion, the cell suspension was filtered through 70-100 um sterile filters and centri-
fuged. Red blood cells were lysed from the splenocyte suspension using red blood cell lysis buffer (Gibco, #A1049201) for 5 min at
room temperature. The resultant splenocyte cell suspension was resuspended in RPMI (Sigma, #R5886) supplemented with
GlutaMAX (Gibco, #35050061), 10% heat-inactivated fetal calf serum, 50 uM of B-mercaptoethanol (Gibco, #31350), 50 IU/mL peni-
cillin and 50 pg/mL streptomycin: (complete RPMI). To activate primary T cells, single-cell spleen suspensions from C57BL/6J mice
were cultured at 5 million cells/mL in complete RPMI with 1 pg/mL anti-CD3 (BioLegend, #100340) and 1 pg/mL anti-CD28
(BioLegend, #102116) for 24h. Naive T cells were seeded from the same spleen suspensions and kept under the same conditions
but without anti-CD3/28.

For generation of cytotoxic T cells (CTLs), single-cell suspensions were generated by mashing lymph nodes and/or spleens from
OT-1 mice through a 70 um strainer. Red blood cells in splenocyte suspension were lysed with 5 mls ACK buffer (150 mM NH,4CI,
10 mM KHCO3 and 110 uM Na,EDTA in mQ water (pH = 7.8)). Single-cell suspensions were activated using 10 ng/mL OVAus7.064
peptide (SIINFEKL peptide; in house) at a density of 5 million cells/mL and cultured at 37°C with 5% CO, in RPMI 1640 containing
glutamine (Invitrogen), supplemented with 10% FBS (Gibco), penicillin/streptomycin (Gibco) and 50 uM B-mercaptoethanol (Sigma)
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with cytokines IL-12 (2 ng/mL; Peprotech) and IL-2 (20 ng/mL; Proleukin Novartis). Cells were activated for 36 h, washed out of acti-
vation media and then expanded for a further 3-4 days in media supplemented with 20 ng/mL IL-2.

In vivo DC expansion

Flt3l-producing B16 melanoma cells®® were used to expand the DC population in vivo as previously described.*® Briefly, 2.5 million
melanoma cells in 100 pL PBS were injected subcutaneously into the right flank of the mouse. After 10 days of tumor growth, the
mouse was culled, and the spleens processed as described above.

Bioorthogonal amino acid uptake by flow cytometry
Maintain the temperature of the cells and buffers between 37°C and room temperature, except for those used for uptake at 4°C (cold
controls).

Cells were washed using equal parts HBSS (Gibco, #24020) and RPMI (HBSS:RPMI+GlutaMAX), and centrifuged again. After
removal of supernatant, the cell pellet was resuspend in HBSS:RPMI+GlutaMAX and counted. Cells were pre-stained with LIVE/
DEAD Fixable Aqua Dead Cell Stain (Thermo, #L.34957) in the dark for 20 min at room temperature. 500’000 cells in HBSS were
seeded into v-bottom 96-well plate wells.

In parallel, 80 uL of an HBSS solution with twice the concentration of bioorthogonal amino acid as indicated in the graphs (+/—
control competing amino acids as indicated) were added to 96-well plate wells and either warmed in a cell incubator (37°C) or chilled
onice (4°C = cold controls) for 15 min to equilibrate the temperature. 50 pL of this click AA 2x concentrate was then added to 50 pL of
cells and plates were returned to the incubator or ice to incubate for the designated amount of time. Afterward, 100 pL of 2% para-
formaldehyde solution (Polysciences, #18814-20; methanol free; final concentration = 1%) in HBSS was added to each well and the
plates were incubated in the dark for 30 min at room temperature. Plates were centrifuged, supernatant was removed, and cell pellets
were resuspended in phosphate-buffered saline (PBS). Cells were kept in this PBS and at 4°C for later click chemistry and flow
cytometry antibody staining.

For determining sodium dependence of amino acid uptake, buffers were prepared with 2 mM KCI (Sigma, # 60128), 1 mM CaCl,
(Merck, #1.02389), 1 mM MgCl, (Ambion, #AM9530) and 10 mM (HEPES; inhouse; pH = 7.5) in MQ water and with either 100 mM
NaCl (TJ Baker, #277) for the sodium-containing buffer or 100 mM tetramethylammonium chloride (TMACI) for the sodium-free buffer.

Azidohomoalanine (AHA) and homopropargylglycine (HPG) were synthesized as described previously.***° Azidoglutamine was
bought From Chiralix (#CX57717).

Click chemistry
Cells were permeabilized for 20 min at room temperature using 0.01% saponin (Sigma, #47036) in PBS after the plate was centrifuged
and supernatant was removed. Near the end of permeabilization the click-mixture was prepared.

In a sequential order sodium ascorbate (NaAsc), tris-hydroxypropyltriazolylmethylamine (THPTA), aminoguanidine, PBS and bio-
orthogonal fluorophore were added to copper sulfate (CuSQO,). This together is called the click-mixture, ‘click-mix’ and is used for
incubating the cells. Upon combination of light blue CuSO,4 and the light yellow NaAsc, the solution turns dark brown/black. Upon
subsequent addition of the THPTA, the solution turns pale yellow/colourless. We used 1 part of CuSO, (Sigma, #209198; stock
100 mM in Milli-Q [MQ] water, final concentration 1 mM) together with 1 part of NaAsc (Sigma, #A7631; stock 1 M in MQ, final con-
centration 10 mM), 1 part of THPTA (stock 100 mM in MQ, final concentration 1 mM), 1 part of aminoguanidine (Cayman Chemicals,
#81530; stock 1 M in MQ, final concentration 10 mM), 96 parts of PBS and 0.25 part of bioorthogonal fluorophore (AZDye 488 alkyne,
AZDye 488 azide, AZDye 647 alkyne, AZDye 647 azide; all Click Chemistry Tools, #1277, #1275, #1301 and #1299 respectively; 2 mM
in DMSO, final concentration 5 uM).

After permeabilization, the plate was centrifuged, supernatant was removed, and cell pellets were resuspended in 30 uL of click-
mix and incubated in the dark for 1 h at room temperature. The plate was centrifuged, copper-containing click-mix supernatant was
discarded in accordance with the institute recommendations for aqueous copper disposal, cell pellets were resuspended in 200 uL of
PBS supplemented with 0.5% bovine serum albumin [BSA; Sigma, #A9467] and 2 mM ethylenediaminetetraacetic acid [EDTA; from
inhouse stock of 0.5 M at pH = 8.0] (FACs buffer) and incubated for 30 min in the dark. The plate was centrifuged, any residual copper-
containing supernatant was discarded in the same manner as before and cells were washed one more time with FACS buffer before
antibody staining and normal washes and supernatant removal and acquisition on the flow cytometer. THPTA was synthesized as
described earlier.”’

Measuring protein synthesis

O-propargyl-puromycin (OPP, Thermofisher, Cat# C10459) was used to measure protein synthesis in NK92 and splenocytes. Incor-
poration was measured using the Cu-catalyzed click reaction as above to attach and azido-fluoorphore, fluorescence intensity re-
flects of the level of protein synthesis. OPP (25 uM) was incubated in complete medium for 20 min, then cells were fixed using 2% PFA
for 15 min, and permeabilized with 1% BSA/0.01% Saponin for 20 min. Cu-catalysed click reaction was performed for 1 h at room
temperature using an azide-AF594 as the probe. As a control to confirm OPP was measuring protein synthesis, cells were pre-treated
with cycloheximide (CHX, 100 ng/mL), a potent inhibitor of protein synthesis, for 10 min prior to incubation with OPP.
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Double click assay using OPP and AHA

To simultaneously measure protein synthesis and SLC1A5-mediated amino acid uptake a sequential double click reaction was per-
formed. Cells were harvested as previously described and surface stained, then resuspended in medium containing OPP (25 uM) for
20 min at 37°C. Cells were washed with PBS and resuspended in HBSS for 10 min at either 37°C or 4°C. AHA in HBSS was added to
the cells (final AHA concentration 100uM, HBSS:media ratio was 1:3) and incubated at 37°C or 4°C for 2 min. Cells were fixed by
adding 2% PFA (final concentration 1% PFA) for 15 min. Cells were washed with PBS and resuspended in permeabilization buffer
containing 1% BSA and 0.01% Saponin for 20 min. Click reactions were then performed for both OPP and AHA using respective
azide or alkyne probes, azide-AF594 and alkyne. Each click reaction was performed for 1 h at room temperature with 2X PBS washes
in between reactions. Finally the cells were washed x3 with PBS before analysis.

Flow cytometry

Antibody staining was done in the dark for 30 min at 4°C in 30 pL of FACS buffer with antibodies and anti-CD16/32 (TruStain FcX
PLUS; BioLegend, #156604; 1:100). Acquisition was done on a BD FACSCanto Il or BD LSRFortessa (both BD Biosciences). Anal-
ysis, including dimensionality reduction by t-distributed stochastic neighbor embedding (tSNE), was done using FlowJo (TreeStar,
version 10).

Flow cytometry antibodies

Spleen T cell staining panel

B220 - PerCP-Cyanine5.5 (BioLegend, #103236; 1:400), CD4 — PE-Cyanine7 (BioLegend, #100422; 1:400), I-A/I-E (MHC class Il) -
APC (BioLegend, #107613; 1:4000) and CD8a — APC-Cyanine7 (BioLegend, #100714; 1:400) was combined with AZDye 488 alkyne/
azide. When AZDye 647 alkyne/azide was used, MHCII - APC was replaced by MHCII - FITC (eBioscience, #11-5321-82; 1:2000). In
this panel, LIVE/DEAD Fixable Aqua was stained before the other markers using a 1:400 dilution.

Spleen cDC staining panel

CD3 - APC (BioLegend, #100312; 1:200), CD19 - PE-Cyanine7 (BD Horizon, #552854; 1:200), F4/80 — AF700 (Bio-Rad,
#MCA497A700; 1:200), I-A/I-E (MHCII)-APC-eFluor 780 (eBioscience, #47532182; 1:400), CD11c - Brilliant Violet 421 (BD Horizon,
#562782; 1:200), CD8a - PerCP-Cyanine5.5 (BD, #551162; 1:200), CD11b — Brilliant Violet 605 (BioLegend, #101257; 1:200), XCR1 -
Brilliant Violet 785 (BioLegend, #148225; 1:200) and CD317 - Birilliant Violet 650 (BioLegend, #127019; 1:200) combined with AZDye
488 alkyne/azide.

Thymocyte staining panel

CD24 - Brilliant Violet 421 (BioLegend, #101825; 1:400), Lineage cocktail — PE (Nk-1.1 — PE [BD Biosciences, #557391; 1:100], Gr-1 -
PE [eBioscience, #12-5931-82; 1:400], CD19 - PE [eBioscience, #12-0191-83; 1:100], CD11b - PE [eBioscience, #12-0112-81;
1:800]), CD25 — PerCP-Cyanine5.5 (BD Biosciencs, #561112; 1:100), CD44 — PE-Cyanine7 (eBiosciences, #25-0441-81; 1:600),
CD4 - APC (eBiosciences, #17-0042-83; 1:200) and CD8a — APC-Cyanine7 (BioLegend, #100714; 1:400) combined with AZDye
488 alkyne/azide. In this panel, LIVE/DEAD Fixable Aqua was stained before the other markers using a 1:400 dilution.

OPP staining panel

CD83 - FITC (eBiosciences, #464882), CD4-PE-Cyanine7 (BD Pharmingen, #552775), CD8-PerCP-Cyanine5.5 (BD Pharmingen,
#551162), MHCII-APC-eFluor 780 (eBiosciences), CD11c — Birilliant Violet 421 (BD Horizon, #562782), CD11b-Brillant Violet 510
(BD Horizon, #562950), CD19-Brilliant Violet 650 (BD Horizon, #563235) and XCR1-Brilliant Violet 785 (BioLegend, #148225) com-
bined with AZDye 594 azide (Click Chemistry Tools, #1295) and AZDye 488 alkyne for OPP and AHA detection respectively. In
this panel, Zombie Yellow Fixable Viability Kit (BioLegend, #423103) was stained before the other markers according to the manu-
facturer’s recommendations.

Confocal microscopy

Confocal microscopy was performed using a Leica SP8 scanning confocal microscope. After 10 min of FC block (BD Biosciences,
1:100), splenocytes were stained for 30 min at room temperature with anti-mouse XCR1 conjugated to AF647 (BioLegend) to identify
XCR1™ cells. Splenocytes were then washed with PBS, resuspended in HBSS for uptake assays and allowed to reach temperature
either in a 37°C incubator or on ice. The uptake assay was performed as described above. After HPG uptake, cells were immediately
fixed with 1% PFA for 30 min at room temperature. Splenocytes were permeabilised with PBS containing 1% BSA and 0.01%
saponin. The click reaction was performed as described above using azido-AF488 in the click-mix. Cells were washed 4 times
with PBS and resuspended in PBS containing 1% BSA and DAPI (1 pg/mL; Sigma) as a nuclear stain. Splenocytes were stained
for 45 min with DAPI before washing. Finally, cells were resuspended in a mounting medium (Mowiol, Sigma) and pipetted directly
onto high-resolution microscope slides. The mounting medium was allowed to set overnight at room temperature in the dark before
imaging. Quantification of mean pixel intensity was performed on IMARIS imaging software by generating a pixel mask for the green
fluorescence channel after setting a suitable threshold to negate background fluorescence.
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Radiolabeled ®H-glutamine uptake

Briefly, L-[3,4°H(N)]-glutamine (*H-glutamine; PerkinEimer, #NET551001MC) uptake was carried out using 1 million cells resus-
pended in 0.4 mL HBSS (Thermo, #14025092) containing *H-glutamine (0.5 uCi/mL) and layered over 0.5 mL of 1:1 silicone oil:dibutyl
phthalate (Sigma-Aldrich, #175633 and #524980 respectively). Uptake time was 3 min, after which cells were pelleted below the oil
via centrifugation, stopping uptake. The aqueous supernatant solution, followed by the silicone oil/dibutyl phthalate mixture, was
aspirated and the cell pellet resuspended in 200 uL of 1 M NaOH. B-radioactivity was measured by liquid scintillation counting in
a Beckman LS 6500 Multi-Purpose Scintillation Counter (scintillant Optiphase HiSafe 3; PerkinElmer, #1200.437). L-Alanine (Sigma,
#A7627), L-Glutamine (Sigma, #G8540), 2-Amino-2-norbornanecarboxylic acid (BCH; Sigma, #A7902), a-(Methylamino)isobutyric
acid (MeAlIB; Sigma, #M2383), AHA or HPG were used at titrating concentrations or 5 mM to inhibit radiolabeled ligand uptake as
indicated in the graphs.

In vivo administration of HPG

In vivo administration of HPG was performed using OT-I transgenic mice. Briefly, 25ug of ODN1826 (Invivogen, #tlrl-1826) and 25ug
of OVA protein (Invivogen) were resuspended in 25uL of PBS which was administered subcutaneously into the ankle by hock injec-
tion.%° After 24h, 25,1 of 10 mg/ml HPG was administered subcutaneously into the ankle of the same mice. After 40 min, mice were
culled and popliteal and cervical lymph nodes were harvested. Lymph nodes were mechanically digested into a single cell suspen-
sion by passing through a 70um cell filter before surface phenotype staining, fixing and click reaction as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were performed using Graphpad software, Prism version 9. Data was analyzed using students t-test, one way
ANOVA with a Dunnet’s, Tukey or Sidak’s post-test or two-way ANOVA with a Dunnet’s post-test as indicated.
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