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Glutamine promotes human CD8" T cells
and counteracts imiquimod-induced
T cell hyporesponsiveness

Luisa Bopp,' Maria Lopéz Martinez,' Clara Schumacher,! Robert Seitz,” Manuel Huerta Arana,’
Henning Klapproth,” Dominika Lukas,! Ju Hee Oh,?? Daniela Neumayer,' Jan W. Lackmann,* Stefan Mueller,>
Esther von Stebut,” Bent Brachvogel,>¢/:% Susanne Brodesser,® Ramon |. Klein Geltink,?3 and Mario Fabri’>7*

SUMMARY

T cells protect tissues from cancer. Although investigations in mice showed that amino acids (AA) critically
regulate T cell immunity, this remains poorly understood in humans. Here, we describe the AA composi-
tion of interstitial fluids in keratinocyte-derived skin cancers (KDSCs) and study the effect of AA on T cells
using models of primary human cells and tissues. GIn contributed to ~15% of interstitial AAs and pro-
moted interferon gamma (IFN-y), but not granzyme B (GzB) expression, in CD8" T cells. Furthermore,
the Toll-like receptor 7 agonist imiquimod (IMQ), a common treatment for KDSCs, down-regulated the
metabolic gatekeepers c-MYC and mTORC1, as well as the AA transporter ASCT2 and intracellular Gin,
Asn, Ala, and Asp in T cells. Reduced proliferation and IFN-y expression, yet increased GzB, paralleled
IMQ effects on AA. Finally, Gln was sufficient to promote IFN-y-production in IMQ-treated T cells. Our
findings indicate that Gln metabolism can be harnessed for treating KDSCs.

INTRODUCTION

The ability of CD8" T cells to fight in situ and invasive cancer is pivotal to human skin homeostasis. Amino acids (AA) constitute key nutrients
not only for tumor cells but also for T cells. They have essential roles in numerous cellular pathways, including activation of key signaling cas-
cades, building blocks for protein synthesis, energy regeneration, redox homeostasis, and posttranscriptional modifications. It has become
increasingly clear that AA support T cell function in cancer immunity.'~'® Meanwhile, competition for nutrients between tumor cells and im-
mune cells shapes the functionality of immune cell subsets in tissues,”” and increasing evidence shows that the composition and quantity of
intracellular and extracellular AA pools determines T cell fate and function.'”'® Although the vast majority of evidence comes from investiga-
tions in mouse models, there is limited knowledge regarding AA availability and those factors regulating AA utilization by human CD8" T cells
in skin malignancies.

Basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) constitute keratinocyte-derived skin cancers (KDSCs), which, in sum, repre-
sent the most common human cancer.”’ At an early stage, KDSCs show a slowly progressive course. Moreover, the sequential development
from pre-cancer lesions, termed actinic keratosis, to invasive cancer is highly characteristic for SCC.'? In early KDSCs, imiquimod (IMQ), a syn-
thetic Toll-like receptor 7 (TLR7) agonist, constitutes a frequently used destructive local therapy.'”"* Although keratinocytes do not express
TLR7,"*"'® the TLR7-mediated activation of plasmacytoid dendritic cells (pDCs) results in the induction of a strong inflammatory response.'’
Meanwhile, we recently showed that a coordinated expression of AA transporters and their function plays an essential role in the TLR-medi-
ated activation of human pDCs."® Ultimately, the innate inflammatory response induced in IMQ-treated skin triggers the recruitment of
effector T cells, among which CD8" T cells are of special importance for achieving cancer control.'”?° Like pDCs, T cells express TLR7 and
directly respond to its activation.”’

In this project, we studied the role of AA in regulating T cell responses in the context of KDSCs using models of primary human cells and
tissues. We found that, next to Lys, Gln represents the second most abundant AA in human actinic keratosis and established KDSCs.
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Figure 1. GIn supports IFN-y production by human CD8* T cells

Proteinogenic AA in interstitial tissue fluids of freshly excised biopsies from (A-B) actinically damaged skin and (C-D) KDSCs (each n = 6) were quantified by mass
spectrometry.

(A and C) Heatmap plot showing 20 endogenous AA in six individual patients.

(B and D) Pie chart showing the relative contribution of individual AA to the complete pool of 20 AA detected (mean of the n = 6).

(E) CD8" IL-2 T cells were incubated with different concentrations of GPNA for 21 h. IFN-y expression was measured by flow cytometry after restimulation with
PMA/ionomycin for 5 h.
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Figure 1. Continued

(F) IFN-y expression was assessed by flow cytometry in CD8" IL-2 T cells cultured in Gln-free medium supplemented with 4 mM GIn or not for 21 h after
restimulation with PMA/ionomycin for 5 h.

(G) IFN-y expression after restimulation with PMA/ionomycin for 5 h and (H) GzB expression in CD8" IL-2 T cells cultured in Gln-free medium supplemented with
4 mM Gln or not for 21 h were measured by flow cytometry. *p < 0.05, **p < 0.01, ****p < 0.0001. All data are shown as mean + SEM. AA, amino acids; CLA,
cutaneous lymphocyte antigen; GPNA, L-y-glutamyl-p-nitroanilide; GzB, granzyme B; KDSC, keratinocyte-derived skin cancer.

Consistent with previous findings in mice,'?* Gln supported production of interferon gamma (IFN-y), a pivotal effector anti-tumor cytokine,
in human CD8" T cells. However, GIn did not regulate granzyme B (GzB) expression in these cells. Furthermore, we investigated how IMQ
shapes AA metabolism in human CD8"* T cells. We found that T cells in human KDSCs express TLR7. IMQ down-regulated expression of
the alanine serine cysteine transporter 2 (ASCT2, also known as SLC1A5), an important AA transporter in human peripheral blood and
CD8* tumor-infiltrating T cells (T-TILs). Moreover, IMQ reduced intracellular levels of GIn and three other AA, namely Asn, Ala, and Asp,
among which Gln, Asn, and Ala can be transported by ASCT2. The observed changes in AA in IMQ-treated CD8" T cells were linked to a
reduced expression of IFN-y and proliferation, a paradoxical effect that has been demonstrated for human CD4™ T cells before.”' GzB expres-
sion, in contrast, was not altered by IMQ treatment. Finally, we observed that GIn was sufficient to promote IFN-y expression in IMQ-treated
human CD8" T cells.

RESULTS
GIn promotes effector functions of human CD8" T cells

AA shape T cell responses,' ' but little is known about the AA composition in human tissues, such as the skin. This prompted us to investigate
the AA microenvironment in (pre-) cancerous skin. Specifically, we measured proteinogenic AA in interstitial tissue fluids of freshly excised
biopsies from actinically damaged human skin and established KDSCs using liquid chromatography/mass spectrometry. We calculated
the relative proportion of individual AA (Figures 1A-1D). Our analyses did not detect significant AA differences between pre-cancer lesions
and fully established tumors, which could suggest a similar AA microenvironment in both stages of cancer progression. Gln and Lys were the
most abundant AA (relative contributions of 14.05% and 35.47% in pre-cancerous skin [Figures 1A and 1B] and 15.12% and 32.01% in estab-
lished KDSCs [Figures 1C and 1D], respectively). Given that previous studies in murine models have demonstrated that GIn directly supports
T cell effector functions,'**” we asked about the effect of GIn on human CD8* T cells. To approach this question, we used a model of primary
blood-derived human CD8* T effector cells expanded with CD3/CD28/CD2 tetramers and interleukin-2 (IL-2) (CD8" IL-2 T cells). These cells
were incubated with different concentrations of the Gln analogue L-y-glutamyl-p-nitroanilide (GPNA), an inhibitor of central cellular gluta-
mine transporters.”>** After incubating for 21 h, we restimulated T cells with phorbol 12-myristate 13-acetate (PMA)/ionomycin for 5 h and
measured production of IFN-y, a cytokine that is intimately linked to T cell anti-tumor functions.”>*” We found that GPNA decreased
IFN-y production in a dose-dependent manner (Figure 1E). To further elaborate the role of GIn on T cell IFN-y production, we cultured
CD8" IL-2 T cells in GIn-free medium, which is lacking GIn, Arg, and Lys, yet otherwise containing a standard cell-culture AA composition.
Specifically, CD8" IL-2 T cells were cultured in GIn-free medium supplemented with GIn for not over 21 h and then restimulated with
PMA/ionomycin. CD8" IL-2 T cells cultured with Gln produced significantly more IFN-y than control T cells (Figure 1F, p < 0.01). We also
stained cells with a monoclonal antibody directed against the cutaneous lymphocyte-associated antigen (CLA), a marker for skin-homing
T cells in peripheral blood.'”?*?® We found that Gln supported IFN-y production in both CLA* and CLA™ CD8" T cell fractions (Figure 1F,
p < 0.01). In contrast to IFN-y, GzB expression was not regulated by Gln in CD8" T cells (Figure 1G). In sum, our data demonstrate that GIn
promotes IFN-y expression in both CLA™ non-skin-homing and CLA" skin-homing CD8" T cells.

IMQ perturbs AA metabolism in T cells

AA and their transporters are crucially involved in the TLR9- and TLR7-mediated activation of pDCs.'® Specifically, SLC3A2 (CD98), a chap-
erone of AA transporters belonging to the SLC family, and SLC7A5 (LAT1) prime pDCs for activation via TLR ligands. Subsequent stimulation
with TLR9 or TLR7 agonists triggers SCL7A11 expression in pDCs, driving enhanced pro-inflammatory activation.'® T cells express TLR7, as we
and others have shown for peripheral blood T cells (Figure $1;%"), and can directly respond to its activation.”’ Thus, we asked if IMQ regulates
AA metabolism in T cells. We approached this question by analyzing intracellular levels of proteinogenic AA in IMQ-treated and control CD8*
IL-2 T cells. Quantification of intracellular AA by mass spectrometry revealed significantly lower levels of intracellular Ala, Asn, Asp, and Gln
and a significantly higher level of Pro in IMQ-treated CD8" IL-2 T cells (Figure 2A, p < 0.01, p < 0.05, p < 0.0001, and p < 0.05, respectively). All
other proteinogenic AA were not significantly different (Figures 2A and S2).

The reduction in intracellular levels of several AA corroborated our idea that IMQ shapes AA metabolism in human T cells. Given that regu-
lating the expression of metabolic enzymes and transporters constitutes a major determinant of cellular metabolic adaptations, we performed
proteomics analyses to screen for differentially expressed proteins involved in AA metabolism in IMQ-treated versus control T cells. CD8" IL-2
T cells were cultured with and without IMQ, and total cellular proteins were extracted after 24 h. By mass spectrometry we detected 4,216
proteins. Applying a statistical cutoff of p < 0.05, we identified 64 significantly down- and 41 significantly upregulated proteins (Figure 2B;
Table S1). Among these significantly regulated proteins, ASCT2 was downregulated by 50% in IMQ-treated as compared with control
CD8" T cells (Figure 2C, p < 0.01). Meanwhile, the expression of another AA transporter (ASCT1), the AA transporter chaperon SLC3A2
and glutaminase, which is an amidohydrolase that generates Glu from Gln, were reduced in five out of six donors (Figure S3). We confirmed
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Figure 2. IMQ perturbs AA metabolism in CD8" IL-2 T cells

CD8" IL-2 T cells were treated with IMQ for 21 h.

(A) Quantification of intracellular AA by mass spectrometry (n = 5).

(B and C) Proteomics analyses (n = 6). (B) Red dots in volcano plot indicate significantly downregulated, green dots significantly upregulated, and black dots
indicate all other proteins. (C) Relative protein expression of ASCT2.

(D) ASCT2 expression measured by flow cytometry (n = 6).

(E) c-MYC mRNA expression evaluated by gPCR (n = 6).

(F) p-S6 expression measured by flow cytometry (n = 3). *p < 0.05, **p < 0.01, ****p < 0.0001. All data are shown as mean + SEM. See also Figures S1-S3, and
Table S1. AA, amino acids; ASCT, alanine serine cysteine transporter; IMQ, imiquimod; MFI, mean fluorescence intensity; p-56, phospho-S6 ribosomal protein.

reduced expression of ASCT2 in blood-derived CD8" IL-2 T cells treated with IMQ vs. control cells at 21 h by flow cytometry (Figure 2D,
p < 0.01). ASCT2 expression is regulated by the transcription factor c-MYC,”” a downstream target of mammalian target of rapamycin com-
plex 1 (MTORC1).?>*° Consistent with a repressed ASCT2 expression, we found reduced mRNA expression of c-MYC in CD8" IL-2 T cells
treated with IMQ for 21 h compared with the untreated counterparts (Figure 2E, p < 0.05). Moreover, flow cytometry experiments showed
that expression of phospho-S6 ribosomal protein (p-S6), a marker for mTORC1-induced activation of the serine/threonine p70S6 kinase,
was suppressed in CD8" IL-2 T cells (Figure 2F) upon IMQ treatment. In sum, our data show that IMQ repressed expression of ASCT2, its
central upstream regulators c-MYC and mTORC1, as well as intracellular levels of several proteinogenic AA, indicating that IMQ alters AA
homeostasis in human CD8" T cells.

To here, our investigations were based on peripheral-blood-derived T cells, yet we wondered if skin-derived T-TILs respond to IMQ treat-
ment in the same way. Therefore, we established cell lines of T-TILs from human KDSC samples. We demonstrated that skin-derived T-TILs
expressed TLR7 (Figure 3A). After treatment for 21 h with IMQ, CD8" T-TILs showed reduced expression of ASCT2 when compared with non-
IMQ-treated controls (Figure 3B, p < 0.05), as well as p-Sé expression (Figure 3D, p < 0.001). Moreover, c-MYC mRNA levels (Figure 3C,
p < 0.0001) were reduced after IMQ treatment for 4 h.

To investigate the effect of IMQ on T cells with regard to ASCT2 expression in a physiologic environment, we established a human skin
cancer model for IMQ treatment. Therefore, full-thickness 8-mm punch biopsies from KDSCs were cut in half and placed each into culture
plates. Cultures were left untreated or treated on day 1, 3, and 5 with IMQ, which corresponds to the standard treatment schedule in patients,
who self-apply IMQ on day 1, 3, and 5 per week for few weeks. On day 7, we analyzed ASCT2 expression in CD8" T cells in this model. Flow
cytometry staining showed that ASCT2 was downregulated by 73.3% in CD8" T cells treated with IMQ compared with control T cells (Fig-
ure 3E). In contrast, TLR7 expression was enhanced in the presence of IMQ (Figure 3F), which excludes a global suppressive effect on protein
expression by IMQ in our model. Together, these data indicated a suppressive effect of IMQ on ASCT2 expression in CD8" T-TILs of human
KDSCs.

IMQ reduces IFN-y expression and proliferation in CD8" T cells

Given that metabolism and the function of T cells are fundamentally intertwined, we hypothesized that the altered AA metabolism in IMQ-
treated CD8" T cells parallels changes in T cell function. To test this hypothesis, we measured IFN-y production in both CD8" blood-derived
IL-2 T cells as well as skin-derived T-TlLs treated with IMQ for 21 h. We found that IMQ inhibits IFN-y production in CLA* and CLA™ blood-
derived CD8" IL-2 T cells after restimulation with PMA/ionomycin when compared with non-IMQ-treated cells (Figure 4A, p < 0.05). Further-
more, IMQ reduced IFN-y production by skin-derived T-TlILs triggered by PMA/ionomycin (Figure 4B, p < 0.001) and also triggered by
concomitant TCR activation with CD3/C28/CD2 activation tetramers during the 21-h culture period (Figure 4C, p < 0.05). In these experiments
with human-skin-derived T-TILs, we additionally used CD39 co-staining, allowing the differentiation of CD39~ bystander and CD39* tumor-
reactive CD8" T cell subsets.”’*? Subgating demonstrated a suppressive effect of IMQ on IFN-y production in both CD8*CD39~ and
CD8'CD39" T cells (Figures 4B and 4C). In contrast to the observed repression of IFN-y levels, GzB was enhanced by IMQ treatment, as
demonstrated by flow cytometry and mass spectrometry analyses (Figures 4D and 4E, p < 0.05). Meanwhile, IL-10 and FoxP3 expression,
markers of regulatory T cells, were sustained in T-TILs, in both CD8"CD39~ and CD8"CD39" subsets after IMQ treatment (Figure S4,
p < 0.05). Given that cytokine production has been linked to IMQ-triggered ROS production in several cell types,****
drial ROS using mitoSOX (staining mitochondrially accumulated O2-—), and cellular oxidative damage using cellROX in IMQ-treated CD8*
IL-2 T cells and T-TlLs. Nevertheless, we detected no changes in mitoSOX and cellROXin IMQ-treated IL-2 T cells and T-TILs when compared
with corresponding control counterparts (Figure S5).

To test how IMQ regulates T cell proliferation, CD8" IL-2 T cells were labeled with 5(6)-carboxyfluorescein-diacetate-N-succinimidy! ester
(CFSE) and treated with IMQ or not in the presence of IL-2 for 5 days. Flow cytometry analyses of CFSE dilution, without exogenous re-stim-
ulation, revealed that IMQ reduced ex vivo T cell divisions (Figure 4F). Analyses of intracellular Ki-67 expression by flow cytometry, an addi-
tional method for measuring cell proliferation, confirmed reduced proliferation in IMQ-treated compared with control CD8" T cells after 21 h
of culture (Figure 4G, p < 0.01). Suppressed proliferation was seen in both CLA™ skin-homing and CLA™ non-skin-homing CD8" T cell subsets
(Figure 3G, both p < 0.05). To assess the effect of IMQ on proliferation of TCR-restimulated T cells, IL-2 T cells were reactivated using CD3/
CD28/CD2 tetramers during IMQ treatment. After 21 h, IMQ-treated IL-2 T cells displayed reduced restimulation-mediated proliferation as
compared with control cells (Figure 4H, p < 0.01). Again, a reduction in proliferation was seen in both the CLA* and CLA™ fractions (Figure 4H,
p < 0.05, and p < 0.01, respectively). Likewise, IMQ-treated skin-derived T-TILs cultured either with IL-2 alone (Figure 41, p < 0.01) or cultured
with IL-2 and reactivating CD3/CD28/CD2 tetramers (Figure 4J, p < 0.01) showed reduced Ki-67 expression after 21 h. Together, these
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Figure 3. IMQ represses ASCT2 expression in CD8* T-TiLs

(A) TLR7 expression in CD8" T-TIL lines assessed by flow cytometry (n = 4).

(B-D) CD8" T-TIL were treated with or without IMQ. (B) ASCT2 expression measured by flow cytometry after 21 h (n = 4). (C) c-MYC mRNA expression evaluated
by qPCR after 4 h (n = 3). (D) p-S6 expression measured by flow cytometry after 21 h (n = 4).

(E and F) Full-thickness biopsies from KDSCs were cultured and left untreated or treated on day 1, 3, and 5 with IMQ. (E) ASCT2 and (F) TLR7 expression in CD8"
T cells were determined by flow cytometry analyses on day 7. *p < 0.05, ***p < 0.001, ***p < 0.0001. All data are shown as mean + SEM. ASCT, alanine serine
cysteine transporter; IMQ, imiquimod; p-S6, phospho-Sé ribosomal protein; TLR7, toll-like receptor 7; unst., unstained.
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Figure 4. IMQ reduces IFN-y expression and proliferation of CD8" T cells

T cells were treated with IMQ or not for 21 h (A—E and G-J) or for 5 days (F) and analyzed by flow cytometry (A-D and F-J) and proteomics (E). IFN-y expression in
(A) CD8" IL-2 T cells and (B) T-TILs reactivated with PMA/ionomycin and (C) in T-TILs reactivated with CD3/CD28/CD2 tetramers during IMQ treatment.

(D and E) GzB expression in CD8" IL-2 T cells.

(F) CD8" IL-2 T cells were analyzed for cell divisions using the CFSE dilution method. Representative histogram plot of one out of five donors.

(G) Ki-67 expression in CD8" IL-2 T cells cultured with IL-2 only (n = 7) or (H) reactivated with tetramers and IL-2 (n = 6).

(I) Ki-67 expression in CD8" T-TlLs cultured with IL-2 only (n = 4) or (J) reactivated with tetramers and IL-2 (n = 5). *p < 0.05, **p < 0.01. All data are shown as
mean + SEM. See also Figures S4 and S5. CFSE, 5(6)-carboxyfluorescein-diacetate-N-succinimidyl ester; CLA, cutaneous lymphocyte antigen; GzB,
granzyme B; IMQ, imiquimod; IFN-y, Interferon-gamma; PMA, phorbol-12-myristat-13-acetat.

experiments showed that IMQ suppresses IFN-y production and proliferation in blood-derived CD8" T cells, including those expressing the
skin-homing marker CLA, as well as in skin-derived human T-TILs. These data demonstrate that IMQ induces CD8" T cell hyporesponsiveness
in terms of proliferation and IFN-y production.

Gln is sufficient to promote IFN-y expression in IMQ-treated human CD8* T cells

Our data indicated that IMQ dysregulates AA metabolism, and this altered AA metabolism was paralleled by reduced IFN-y production
and proliferation. Given that intracellular GIn, Ala, Asn, and Asp were lowered upon IMQ-treatment (Figure 2A), we wondered if these AA
alone or a pool of all four AA would counteract IFN-y suppression in T cells treated with IMQ. We cultured IMQ-treated and untreated
control CD8" IL-2 T cells in complete AA-free medium supplemented with either Gin, Ala, Asn, and Asp (each 2 mM) alone or a pool of all
four AA for 21 h. After restimulation with PMA/ionomycin, IFN-y expression was measured. We found that GIn alone and the pool of Gln,
Ala, Asn, and Asp were sufficient in supporting IFN-y production in control T cells and also in IMQ-treated CD8" IL-2 T cells (Figure 5A,
p < 0.01, p <0.05, and p < 0.01, p < 0.001, respectively). Asn and Ala alone also had some effect in non-IMQ-treated cells (Figure 5A,
p < 0.05), yet this effect was absent in IMQ-treated cells. Furthermore, we found that Gln was as sufficient and as effective as the pool
of the four AA to promote IFN-y expression in T-TILs that were cultured in complete AA-free medium (Figure 5B). Moreover, Gin increased
IFN-y, but not GzB expression, in IMQ-treated CD8" IL-2 T cells in the GIn-free medium (also lacking Arg and Lys, yet otherwise containing
a standard cell culture AA composition) (Figures 5C, p < 0.01, and 5D, respectively). Next, we investigated the effect of Gln on IFN-y
expression in IMQ-treated T cells in our skin cancer model. Halves of 8-mm punch biopsies were cultured in Gln-free medium with
2 mM GIn or not. Cultures were treated on day 1, 3, and 5 with IMQ together with 2 mM GIn or not. On day 6, cultures were harvested
and T cells were re-stimulated with activation tetramers. After 21 h, flow cytometry analyses showed that IFN-y expression was increased by
Gln in CD8" T cells (Figure 5E, p < 0.05). In sum, these data demonstrate that GlIn is sufficient to promote CD8" T cell effector responses,
also in the context of IMQ-induced metabolic disturbances. The latter indicates that Gln can counteract the IMQ-induced IFN-y hypores-
ponsiveness in human CD8" T cells.

DISCUSSION

In this study, we demonstrated a critical role of GIn in promoting IFN-y production in human CD8" T cells. Furthermore, we showed that
IMQ treatment of human CD8" T cells induces changes in AA metabolism. IMQ treatment resulted in a reduction of the intracellular AA
Gln, Ala, Asn, and Asp. Moreover, the AA transporter ASCT2, involved in Gin, Ala, and Asn import, was reduced upon IMQ treatment.
These changes were paralleled by a reduction in proliferation and IFN-y expression, a paradoxical effect of IMQ, which was defined
for CD4* T cells by others in the past.”’ Albeit we found reduced mTORC1 activity, which indicates profound metabolic adaptations of
IMQ-treated T cells, the pool of four AA, Glin, Ala, Asn, and Asp, as well as GIn alone were sufficient in supporting IFN-y production in
IMQ-treated CD8" T cells. Together, these data define an important role of AA, in particular Gln, in T-cell-mediated immunity in
KDSCs. Furthermore, our data indicate that GIn can improve T cell function and overcome paradoxical effects on T cell function in the
context of IMQ-based therapies.

Out of the regulated AA in CD8" T cells after IMQ treatment, GIn, Ala, Asn, and Asp are intimately connected. GIn, Ala, and Asn are trans-
ported by ASCT2.>* In T cells, ASCT2 represents a key transporter for GIn import.>*” Although Asp was the most strongly IMQ-regulated
AA, GIn had the strongest functional impact on CD8" T cell IFN-y production, as evident from experiments in which we limited AA availability.
Furthermore, the GIn transport inhibitor GPNA reduced IFN-y production by T cells. This is consistent with a large body of evidence that GInis
critical for T cell activation and effector function in mice.'*?* GIn is a key fuel of the tricarboxylic acid cycle. Asp can be generated from the
tricarboxylic acid cycle intermediate oxaloacetate via the Asp aminotransferase or hydrolyzed from Asn by asparaginase. Therefore, a reduc-
tion of Asp can, for instance, represent a secondary effect of Gin alterations, as the Asp generation from oxaloacetate represents a major
contributor to AA homeostasis. In future studies, metabolic tracing experiments will be crucial for investigating the detailed metabolic events
occurring under Gln substitution in IMQ-treated and untreated T cells, e.g., to which extent Gin is assimilated into the tricarboxylic acid cycle,
contributes to enhance energy production and/or biosynthesis, or is directed to replenish Asp levels and other AA pools. Notably, GIn was
sufficient to promote IFN-y production in IMQ-treated cells, in which ASCT2 is downregulated. It is possible that increased substrate avail-
ability drives enhanced GIn uptake facilitated by remaining ASCT2 transporters and/or that other AA transporters, e.g., sodium-transported
neutral AA transporter 1 or 2,"?** are important in promoting Gln uptake in this situation.
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Figure 5. Gln is sufficient to promote IFN-y expression in IMQ-treated CD8" T cells

(A) Control and IMQ-treated CD8" IL-2 T cells cultured in AA-free medium supplemented or not with Gln, Asn, Asp, or Ala alone or a pool of all four AA (each
2 mM) (n = 4). IFN-y expression was assessed by flow cytometry.

(B) T-TILs were treated with IMQ and cultured in AA-free medium supplemented or not with GIn alone or a pool of all four AA over 21 h (n = 3). IFN-y expression
was assessed by flow cytometry.

(C and D) IMQ-treated CD8" IL-2 T cells were cultured in Gln-free medium supplemented with 4 mM Gln or not for 21 h. (C) IFN-y expression and (D) GzB
expression were measured by flow cytometry.

(E) Full-thickness biopsies from KDSCs were treated on day 1, 3, and 5 with IMQ together with or without GIn. After stimulation with activation tetramers on day 6
for 21 h, IFN-y expression in CD8" T cells was determined by flow cytometry analyses on day 7 (n = 4).*p < 0.05, **p < 0.01 (in (E) values were log transformed to
align data points to normal distribution). All data are shown as mean + SEM. AA, amino acids; CLA, cutaneous lymphocyte antigen; T-TlLs, tumor-infiltrating T
lymphocytes.

Our finding that key metabolic regulators, mTORC1 and ¢-MYC, were regulated upon IMQ treatment suggests profound cellular
metabolic adaptations in TLR7-agonist-treated T cells. This idea is supported by a previously published study on mouse and human
T cells.>” However, this recent study stands in contrast to our data as well as to other published data for CD4* T cells,”! as it reports
increased activation of CD8" T cells after TLR7/8-mediated activation, linked to enhanced glycolysis.”” The exact reasons for these
opposing results are not clear. However, the predominant use of mouse T cells in contrast to skin and blood human T cells, the predom-
inant use of TLR7/8 agonist, opposed to the clinically used TLR7 agonist IMQ in our study, as well as the usage of a different IMQ con-
centration (1 pg/mL in the recent vs. 5 pg/mL in our study) might have contributed to this point.”'*” Furthermore, differences in readouts
for human T cells (early surface activation markers in the recent publication vs. T cell proliferation and IFN-y production in our study) may
well explain these apparent differences. Along these lines, in our model GzB expression was enhanced by IMQ treatment and was also not
regulated by GIn. Of further relevance in this regard is a report showing that IMQ triggered perforin expression in CD8* T cells."’
Together, these data suggest that the metabolic regulation of IFN-y and other effector functions, such as GzB expression and perforin,
substantially differ.

KDSCs, such as BCC and SCC, represent the most common human cancer worldwide, and their incidence is continuously increasing
due to demographic change and sun exposure. From a clinical perspective, there is thus a need for improving local therapies against
KDSCs. Albeit local treatments are often successful in pre-cancer and initial forms of KDSCs, recurrence is not uncommon and they fail
to control more established cancer.”’** In a similar clinical condition, a-human papillomavirus (HPV)-induced peri- and intra-anal intrae-
pithelial neoplasia (AIN), an anal pre-cancer, IMQ represents a standard, patient-applied topical treatment.*>** AIN causes significant
morbidity in men who have sex with men living with HIV, and these patients suffer from high recurrence rates after treatment.”>*’*® Partic-
ularly in the anal canal, where surgical therapy is limited due to the risk of scar contractures and anal stenosis, there is a clear need for
effective topical therapies. Importantly, a central limiting side effect of IMQ both in skin and mucosal (pre-) cancer stems from the induction
of overwhelming local and even systemic inflammation.'”*"® Noteworthy, IMQ is a potent trigger of innate inflammation, which is crucially
mediated by TLR7 receptor activation in pDCs.*”" In a murine melanoma model, recruited pDCs have been shown to contribute directly
to tumor killing via TNF-related apoptosis-inducing ligand and GzB secretion.” In this melanoma model, T cells were dispensable for anti-
tumor effects.”” Nevertheless, in human SCC treated with IMQ, the inflammatory responses readily result in T cell infiltration, and it is well
accepted that T cells conduce to tumor control.'”?% In any case, a simultaneously occurring suppressive effect of IMQ on effector functions
of CD8" T cells, during the pDC-driven induction of innate immune responses, seems counterproductive. In the murine melanoma model,
this potentially contributes to the diminished effect of T cells.”” In humans, the idea of improving T cell responses by harnessing AA meta-
bolism in the context of IMQ treatment, maybe even allowing to reduce IMQ doses and thus toxicity, constitutes an appealing therapeutic
concept.

There is evidence that IMQ directly induces cell-cycle arrest/apoptosis in keratinocytes and different cancer cell lines in vitro,
in murine keratinocytes and cancers in vivo.””** This effect is partly dependent on TLR7-independent inflammasome activation.”” Induction
of apoptosis by IMQ in skin cancer cells can be mediated by ROS.>*® Nevertheless, in our experiments with IMQ-treated T cells, we did not
detect an increased ROS production, suggesting that the observed effect of IMQ on T cells is not mediated via ROS induction. Furthermore, it
has been shown that topical use of IMQ 5% cream in vivo induces a plethora of inflammatory responses by keratinocytes, which are largely
TLR7-independent and even independent of the major active compound IMQ in the cream.”” In contrast, IMQ-induced T cell un-responsive-
ness was previously shown to be TLR7-dependent.”’ Thus, future human studies testing the effect of AA on the interplay of innate and adap-
tive immune responses as well as cancer cells in IMQ-based treatment modalities and their clinical efficacy in vivo are warranted. Likewise, it
will be interesting to also evaluate the effect of GIn and IMQ on HPV-specific immunity in AIN and other mucosal cancers. For a-HPV-induced

mucosal cancers, a direct causal relationship between infection and cancer is accepted.””° Albeit a link of B-HPV and SCC of the skin has
| 61-63

52—
5257 as well as

been extensively documented, a causal relation awaits its definite approva

In conclusion, we define GIn as a crucial regulator of T cell immunity in the context of KDSCs. We demonstrated that IMQ-treated
CD8" T cells show reduced mTORC1 activity and dysregulated AA metabolism. Nevertheless, GIn was sufficient to counteract the IMQ-
induced reduction of IFN-y production by CD8" T cells. Therefore, our study underscores the importance of Gln in supporting T cells in
their anti-tumor function, defining GIn metabolism as a general therapeutic target. Finally, we deepen our molecular understanding of
the complex, multifactorial effects of IMQ in anti-cancer treatments. Given that IMQ-induced paradoxical, suppressive effects on CD8"
T cell responses are counterproductive in the context of immunologically driven cancer treatment, we provide a rationale for studying if
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harnessing AA metabolism in vitro and in vivo, e.g., by high-dose exogenous AA, such as Gln, can improve effectiveness of IMQ-based
cancer therapies.

Limitations of study

Our study has several limitations. Albeit a strength of our work is that we use primary human cells and human skin cancer samples, our inves-
tigations do not include in vivo animal models. Our study cannot identify potential differences in sex and gender due to small sample sizes.
Because of a small sample size and the lack of matched healthy controls, our analyses on the AA composition in interstitial fluids do not allow
us addressing general alterations in AA homeostasis in KDSCs. Furthermore, it remains to be determined, if reduced GlIn levels in IMQ-treated
cells represent a direct cause of ASCT2 downregulation.
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Anti-rabbit IgG (H+L), F(ab")2 Fragment
(Alexa Fluor® 647 Conjugate)
5(6)-Carboxyfluorescein-diacetat-
N-succinimidylester (CFSE)

Becton Dickinson

Cell Signaling Technologies

Cell Signaling Technologies

Thermo Fisher Scientific

Cell Signaling Technology

Sigma-Aldrich

Catalog No. 561493, RRID:AB_10714077
Catalog No. 8057, RRID:AB_10891440

Catalog No. 2211, RRID:AB_331679

Catalog No. A-11034, RRID:AB_2576217

Product No. 4414S

Product No. 21888

Biological samples

Human blood (buffy coats from healthy blood donors)
Skin biopsies from patients with KDSC

Blood donor center, University of Cologne
Department of Dermatology and
Venereology at the University of Cologne

N/A
N/A

Chemicals, peptides, and recombinant proteins

CD8 MicroBeads, human

Human IL-2 IS research grade

ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator
D-Glucose solution

L-Glutamine solution

L-Alanine

L-Asparagine monohydrat

L-Aspartic Acid

Imiquimod (R837)

GPNA (L-y-Glutamyl-p-Nitroanilide)

eBioscience™ Foxp3/Transcription Factor Staining Buffer Set
Cytofix/Cytoperm Permeabilization Kit

FcR blocking reagent, human

Fixable Viability Dye eFluor™ 780

mitoSOX™ red

cellROX green

eBioscience™ Brefeldin A-Lésung

Miltenyi Biotec

Miltenyi Biotec
Stemcell Technologies
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Roth

Sigma-Aldrich
InvivoGen

Absource Diagnostics GmbH
Thermo Fisher Scientific
BD Biosciences

Miltenyi Biotec
Invitrogen

Invitrogen

Invitrogen

ThermoFisher Scientific

Order No. 130-045-201
Order No. 130-097-743
Catalog No. 10970
Product No. G8644
Product No. G7513
Product No. A7469
Product No. KK37.1
Product No. A7219

CAS No. 99011-78-6
Product No. S6670-0005
Catalog No. 00-5523-00
Catalog No. 554714
Order No. 130-059-901
Catalog No. 65-0865-14
Catalog No. M36008
Catalog No. C10444
Catalog No. 00-4506-51

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Phorbol 12-myristate 13-acetate (PMA) Sigma Aldrich CAS No. 16561-29-8
lonomycin Sigma Aldrich SKU No. 19657
Critical commercial assays

RNEasy Mini Kit Qiagen Catalog No. 74106

iScript™ cDNA Synthesis Kit

Bio-Rad Laboratories

Order No. 1708891

Hs_MYC_1_SQ QuantiTect Primer Assay Qiagen QT00035406

Deposited data

Mass spectrometry proteomics data This paper ProteomeXchange Consortium:
accession no. PXD038621
https://www.ebi.ac.uk/pride/

Software and algorithms

FlowJo version 10.7.1 FlowJo https://www.flowjo.com/

Prism 10.1.2 software GraphPad

Perseus 1.6.15 Perseus https://www.maxquant.org/perseus/

MultiQuant 3.0.2 software SCIEX https://sciex.com/products/software/

multiquant-software

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mario Fabri (mario.

fabri@uk-koeln.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The mass spectrometry proteomics data are available under accession no. PXD038621 in the ProteomeXchange Consortium (https://

www.ebi.ac.uk/pride/). All other data are included in this article and its Supplemental Materials.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Punch biopsies from patients with established KDSCs, who underwent surgery for their tumors were collected at the Department of Derma-
tology and Venereology at the University of Cologne. We obtained tissue biopsies from n=9 SCCs, n=9 BCCs, n= 2 Morbus Bowen, and n=9
actinically damaged skin samples from 6 female and 13 male patients. The mean age of the patients was 73 years (range 31— 89). The tissues
were used for generation of human T-TIL lines, experiments with the human skin cancer model, and extraction of metabolites.

Human blood was collected from healthy blood donors at the blood donor center, University of Cologne. Age and sex of the blood donors
were blinded to us. The blood was used to generate CD8" IL-2 T cell lines.

We did not perform sex-and-gender-based analyses. The availability of human samples is limited and our cohort size is too small to
perform such analyses. In the experiments, in which we used buffy coats, we do not have, and are not allowed to have, any information on
the gender and sex of the donors. We only included biopsies from white European patients, as they represent the main risk group for devel-
oping KDSCs and account for almost 100% of our patient cohorts.

This study was conducted according to the principles expressed in the Declaration of Helsinki and approved by the local Ethic Committee
(Ethikkommission) of the University of Cologne (votes #08-144, #20-1082 and #19-1146). All donors provided written informed consent for the
collection of blood and tissue and subsequent analyses.
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METHOD DETAILS
T cell isolation, expansion and culture

IL-2 T cell lines were generated from buffy coats of healthy donors. Therefore, peripheral blood mononuclear cells were extracted by using
Ficoll Paque. CD8" T cells were isolated from peripheral blood mononuclear cells through MidiMACS cell separation system using CD8
MicroBeads according to manufacturer’s instructions.

T-TIL lines were generated out of 4-mm punch biopsies from patients with established KDSC and pre-cancer (n=3 SCCs, n= 4 BCCs, n=5
actinically damaged skin). Tissue pieces were placed into 48-well plates and incubated with 1 mL enriched medium (RPMI 1640 with
L-glutamine, 1% sodium pyruvate, 1% penicillin/streptomycin, and 55 pmol/L 2-mercaptoethanol), and 10% human serum plus 10 U/mL
IL-2 at 37°C, 5% CO2. After two days, 10 U/mL fresh IL-2 were added. On day 4, the tissue piece was removed, and the migrated T cells
were collected and expanded.

For expansion, IL-2 T cell and T-TIL lines were stimulated with ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator (T cell activation
tetramers) for up to 36 hours in T cell enriched medium containing IL-2 according to the manufacturer’s protocol. Enriched medium supple-
mented with IL-2 was replaced every third to fourth day. IMQ treatment experiments were performed in two-weeks-old T cell cultures. The
concentration of IMQ was 5 pg/ml.

During IMQ treatment, T cells were maintained with 10% FCS and 10 U/ml IL-2 in regular RPMI medium or SILAC RPMI Flex Media (both
Thermo Fisher Scientific) containing 10 mM glucose with or without Gln, or in AA-free Dulbecco’s MEM complemented with individual AA, as
indicated in figure legends. In GIn-supplementation experiments with complete AA-free Dulbecco’s MEM 2 mM Gln were used, and in ex-
periments with Gln-free SILAC RPMI Flex Media 4mM GIn were used. Because of the difference in the technical setup, IFN-y expression was
compared in CD8" IL-2 T cells cultured in GIn-free medium supplemented with either 2 or 4 mM Gln and no differences were found (data not
shown).

Flow cytometry

The fluorochrome-conjugated monoclonal antibodies used for surface staining are found in the key features table. Staining was performed in
FACS buffer for 20 min at 4°C. Dead cells were excluded by staining with Fixable Viability Dye and unspecific binding was blocked with FcR
Blocking Reagent. After staining with surface markers and dyes, cells were fixed and permeabilized. For ASCT2 staining, eBioscience™ Foxp3/
Transcription Factor Staining Buffer Set was used according to manufacturer’s instructions. Cells were first stained with unconjugated anti-
ASCT2 monoclonal antibody for 1 hour at room temperature (RT), and then with Alexa Fluor™ 488-conjugated IgG (H+L) secondary Ab
for 30 min at RT. For Ki-67 and Foxp3 staining, eBioscience™ Foxp3/Transcription Factor Staining Buffer Set was used according to manufac-
turer’s protocol. Cells were stained with anti-Ki-67 or anti-FoxP3 for 30 min at RT. For pSé-ribosomal protein staining, Cytofix/Cytoperm Per-
meabilization Kit was used. Cells were first stained with unconjugated polyclonal anti-pSé Ab for 30 min at RT, and then with Alexa Fluor®
647-conjugated anti-lgG (H+L), F(ab")2 Fragment secondary Ab for 30 min at 4°C. For TLR7 and GzB staining, cells were fixed and permea-
bilized with Cytofix/Cytoperm Permeabilization Kit. Staining was performed with anti-TLR7- and anti-GzB-antibodies according to manufac-
turer’s instructions.

For intracellular cytokine staining, cells were restimulated with 50 ng/mL PMA plus 0-5 pg/mL ionomycin for 5 hours in fresh medium or
with T cell activation tetramers and IL-2 for 21 hours. Brefeldin A was added for the final 2-5 hours. After the boosting step, cells were fixed and
permeabilized with Cytofix/Cytoperm Permeabilization Kit. Staining was performed with anti-IFN-y and anti-IL-10 monoclonal antibodies.
IFN-y expression was evaluated by the MFI of IFN-y in all CD8" T cells, when reactivated with T cell activation tetramers and IL-2, or in
the IFN-y" cells, when reactivated with PMA/ionomycin. IL-10 expression was evaluated by the MFI of IL-10 in all T cells. For analysis of
T cell proliferation by means of CFSE staining, IL-2 T cells were stained with CFSE.®* After five days, surface staining was performed and pro-
liferation was assessed as the percentage of CFSE-negative cells (% dividing cells).

For evaluation of ROS, cells were stained with 2.5 uM mitoSOX red and 5 uM cellROX green (incubation for 30 minutes at 37°C) before
surface staining.

For flow cytometry acquisition, cells were resuspended in FACS buffer and put on ice. Acquisition of cells was performed on an Attune NxT
Flow Cytometer (Thermo Fisher Scientific). Data were analyzed using FlowJo software (Tree Star, Ashland OR).

Full-thickness human skin cancer model

For ASCT2 and TLR7 analyses, full-thickness 8-mm punch biopsies from KDSC (n=2 SCCs, n=1 BCC) were cut in half and placed each into
48-well plates containing 1 ml enriched medium and 10% human serum plus 10U/m IL-2. Cultures were treated with 5ug/ml IMQ or not
onday 1, 3, and 5. In both conditions, cultures were supplemented with 10 U/mlIL-2 on day 1, 3, and 5. On day 7, the tumor piece was removed
and ASCT2 and TLR7 expression was analyzed in migrated CD8" T cells by flow cytometry. For evaluation of T cell IFN-y expression, 8-mm
punch biopsies from KDSC (n=3 BCC, n=1 Morbus Bowen) were cut in half and placed each into 48-well plates containing 1 ml GIn-free
RPMI1640 (Thermo Fisher Scientific) with 2mM Gln or not, and 10% human serum plus 10 U/m IL-2. Cultures were treated with 5 pg/ml
IMQ on day 1, 3, and 5, and supplemented with 10 U/ml IL-2 and 2 mM GIn or not on day 1, 3, and 5. On day 6, migrated cells were washed,
resuspended in fresh Gln-free media containing 10% human serum and IL-2 and stimulated with T cell activation tetramers over 21 hours.
Brefeldin A was added for the final 2-5 hours. Then, cells were fixed and stained for IFN-y (see above) after surface staining for CD3 and
CD8 and permeabilisation/fixation with Cytofix/Cytoperm Permeabilization Kit.
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Real-time quantitative PCR
mRNA was prepared from T cells using the RNEasy Mini Kit according to the manufacturer’s instructions. cDNA was synthesized from mRNA
using iScript cDNA Synthesis Kit and c-MYC mRNA levels were calculated by quantitative PCR as previously described.®>*

Proteomic analyses using data independent acquisition using DIA-NN MBR

For sample preparation, pellets were lysed in 8 M urea, reduced and alkylated with Dithiothreitol and Chloroacetamide (both from Sigma
Aldrich), respectively, followed digestion with Lysyl Endopeptidase (Wako) and trypsin (Serva) overnight. Afterwards, samples were purified
using self-packed styrenedivinyl benzene (SDB)-StageTips.

For data acquisition, samples were analyzed by the CECAD Proteomics Facility on an Orbitrap Exploris 480 mass spectrometer equipped
with a FAIMS pro differential ion mobility device that was coupled to an UltiMate 3000 (all from Thermo Scientific). Samples were loaded onto
a precolumn (Acclaim 5pm PepMap 300 p Cartridge) for 2 min at 15 pl flow with eluent a (0- 1% formic acid) before reverse-flushed onto an in-
house packed analytical column (30 cm length, 75 um inner diameter, filled with 2-7 um Poroshell EC120 C18, Agilent). Peptides were chro-
matographically separated at a constant flow rate of 300 nL/min and the following gradient: initial 2% B (0- 1% formic acid in 80 % acetonitrile),
up to 6% B in 1 min, up to 32% B in 72 min, up to 55% B within 7-0 min and up to 95% solvent B within 2-0 min, followed by column wash with
95% solvent B and reequilibration to initial condition. The FAIMS pro was operated at -50V compensation voltage and electrode temperatures
of 99-5°C for the inner and 85°C for the outer electrode.

MS1 scans were acquired from 399 m/z to 1001 m/z at 15k resolution. Maximum injection time was set to 22 ms and the AGC target to
100%. MS2 scans ranged from 400 m/z to 1000 m/z and were acquired at 15 k resolution with a maximum injection time of 22 ms and an
AGC target of 100%. DIA scans covering the precursor range from 400 - 1000 m/z and were acquired in 75 x 8 m/z staggered windows, re-
sulting in nominal windows of 4 m/z after deconvolution using Proteowizard.®” All scans were stored as centroid.

For processing, samples were analyzed in DIA-NN 1.8.°® A human Swissprot canonical database (UP5640, downloaded 18/06/20) was used
for library building with settings matching acquisition parameters and the match-between-runs function enabled. Here, samples are directly
used to refine the library for a second search of the sample data. DIA-NN was run with the additional command line prompts “—report-lib-
info” and "—relaxed-prot-inf”. Further output settings were: filtered at 0-01 FDR, N-terminal methionine excision enabled, maximum number
of missed cleavages set to 1, min peptide length set to 7, max peptide length set to 30, min precursor m/z set to 400, max precursor m/z set to
1000, cysteine carbamidomethylation enabled as a fixed modification. Afterwards, DIA-NN output was further filtered on library g-value and
global g-value <= 0-01 and at least two identified peptides per protein and at least 4 fragments per precursor using R (4.1.3). Finally, LFQ
values calculated using the DIA-NN R-package. Afterwards, analysis of results was performed in Perseus 1.6.15.%

Quantification of AA

For quantitative analysis of intracellular AA, T cells were treated with IMQ overnight. Then, cells were washed twice with ice-cold PBS. Dry
pellets were snap-frozen and stored at -80°C. For extraction of metabolites from human skin samples, 4-mm punch biopsies were collected
and immediately stored in PBS at 4°C. Samples were wrapped in 20uM Nylon mesh. The wrap was centrifuged and the flow-through was
diluted with super cold Methanol. Supernatants were collected and stored at -80°C.

Endogenous AA were derivatized with benzoyl chloride and analyzed by Liquid Chromatography coupled to Electrospray lonization Tan-
dem Mass Spectrometry (LC-ESI-MS/MS) using a procedure previously described’® with several modifications: One million frozen T cells were
homogenized in 200 ul of acetonitrile/water 4:1 (v/v, pre-cooled at -20 °C) using the Precellys 24 Homogenisator at 6,400 rpm (twice 10 sec
with 5 sec break) and directly put on ice again. Between 60 and 90 ul of tissue fluids were diluted with 100 ul of pre-cooled acetonitrile/meth-
anol/water 2:2:1 (v/v/v). After centrifugation (16,100 RCF, 10 min, 4 °C), 20 pl of the supernatant were mixed with 10 pl of the MassChrom In-
ternal Standard Mixture Amino acids and Acylcarnitines from Dried Blood (Chromsystems, Gréfelfing, Germany), reconstituted in 5 ml water/
methanol 2:1 (v/v). Endogenous and isotope-labeled AA were derivatized by adding 10 pl of freshly prepared 2 % benzoyl chloride in aceto-
nitrile and 10 pl of 100 mM sodium carbonate in water and thorough mixing. After addition of 50 ul of Milli-Q water and centrifugation (16,100
RCF, 5 min, 4°C), 80 pl of the supernatant were transferred to autoinjector vials.”?

LC-MS/MS analysis was performed by injection of 5 pl of sample onto a Core-Shell Kinetex C18 column (100 mm X 2:1 mm ID, 2:6 um
particle size, 100 A pore size, Phenomenex) and detection using a QTRAP 6500 triple quadrupole/linear ion trap mass spectrometer
(SCIEX). The LC (Nexera X2 UHPLC System, Shimadzu) was operated at 30°C and at a flow rate of 0-4 ml/min with a mobile phase of
10 mM ammonium formate and 0-15 % formic acid in water (solvent A) and acetonitrile (solvent B). Benzoylated AA were eluted with the
following gradient: initial, 0 % B; 0-01 min, 15 % B; 0-5 min, 17 % B; 14 min, 55 % B; 14-5 min, 100 % B; 16-5 min, 100 % B; 16.6 min, 0 %
B; and 20 min, 0 % B. Benzoylated endogenous and isotope-labeled AA were monitored in the positive ion mode using their specific Multiple
Reaction Monitoring (MRM) transitions. The instrument settings for nebulizer gas (Gas 1), turbogas (Gas 2), curtain gas, and collision gas were
50 psi, 70 psi, 40 psi, and medium, respectively. The Turbo V ESI source temperature was 500°C, and the ionspray voltage was 5-5 kV. For all
MRM transitions the values for declustering potential, entrance potential, and cell exit potential were 80V, 10V, and 10V, respectively. The
collision energies ranged from 10 to 30 V.”°

The LC chromatogram peaks of benzoylated endogenous and isotope-labeled AA were integrated using the MultiQuant 3.0.2 software
(SCIEX). Intracellular AA were quantified by normalizing their peak areas to those of the internal standards (area ratio). For analyzing AA in
tissue fluids, the area ratios of all AA of the respective sample were summed up. This sum was set equal to 100% and the proportion of
each individual AA in this 100% was calculated.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

For proteomics experiments, statistical analyses were performed using Perseus 1.6.15.°” Significantly regulated proteins were determined by
Student's t-test on static p-value. All other statistical analysis was performed using Prism 10.1.2 software (GraphPad) and results are repre-
sented as mean +/- SEM. In case of strong donor inter-individual differences in raw values, values were normalized to control cells for analysis.
P-values were calculated using two-tailed Student’s t-tests. In some cases, as indicated in figure legends, measured values were log trans-
formed to align data points to normal distribution. * p<0-05, ** p<0-01, *** p<0-001. n refers to the number of biological replicates.
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