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In brief

Kulkarni et al. show that L-phenylalanine 

reprograms energy metabolism and 

restrains growth and differentiation of 

human Th2 cells. Patients with severe 

allergic diseases feature reduced 

L-phenylalanine transport into CD4 +

T cells, leading to expansion of 

pathogenic Th2 cells.
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SUMMARY

After the primary response, circulating memory CD4 + T effector and T regulatory (Treg) cells regulate recall 
responses, typically impaired in allergy. We discovered distinct metabolomes of these cells in humans, differ-

entially enriched in phenylalanine-related metabolites. Energy metabolism assessment in in vitro and ex vivo 
single-cell analyses revealed that increased intracellular L-phenylalanine boosts glycolysis while limiting 
oxidative phosphorylation (OXPHOS) in CD4 + T, memory CD4 + T, and Th2 cells, but not in Th1, Th17, or 
Treg cells. L-phenylalanine also restrains proliferation of memory CD4 + T, Th2, and Th17 cells in an IL4I1-

dependent manner and limits Th2 differentiation via inhibition of STAT6 and mechanistic target of rapamycin 
(mTOR) signaling. RNA sequencing, metabolomics, flow cytometry, and proteomics, validated both in vitro 
and across patient cohorts, revealed impaired LAT1-dependent transport of L-phenylalanine into Th2 cells 
in allergy, with increased intracellular processing accompanied by expansion of pathogenic Th2 cells. 
Thus, our study identifies L-phenylalanine as a checkpoint in Th2 cell development, energy metabolism, 
and function.

INTRODUCTION

Upon activation, naive CD4 + T cells clonally expand and differen-

tiate into several specialized effector (Teff) subsets, including T 

helper (Th) 1, Th2, and Th17, depending on the nature of antigen 

challenge and cues from the microenvironment. 1 Regulatory 

CD4 + CD25 + T (Treg) cells arise either from thymus or from pe-

ripheral conversion of conventional T cells. 2,3 After initial clonal

expansion, majority of CD4 + Teff cells are removed in absence 

of antigen, but a fraction of them form long-lived memory 

T cells, persisting in tissues, lymphatic organs, and, importantly, 

circulation. 1,4,5 Memory CD4 + T cell subsets mount quicker 

and greater recall Teff and Treg responses after subsequent 

encounter with the antigen. 1 Quiescent naive and memory 

CD4 + T cells and Treg cells tend to primarily use fatty acid 

oxidation (FAO) and oxidative phosphorylation (OXPHOS), 6–9
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Figure 1. Metabolomics of circulating human memory CD4 + T effector and T regulatory cells reveals distinct metabolic profiles, enriched in 

phenylalanine and arginine metabolic pathways

(A and B) Intermediate gate depicting memory (CD45RA − ) and naive (CD45RA + ) CD3 + CD4 + T cells (A) and final sorting gate (B) of circulating memory CD4 + T 

effector and T regulatory cells.

(legend continued on next page)

2 Cell Reports Medicine 6, 102466, December 16, 2025

Article
ll

OPEN ACCESS



although, in human Treg cells, glycolysis and fatty acid meta-

bolism are also active and needed for their suppressive func-

tions. 10,11 Post-antigen encounter, co-stimulation, and cytokine 

signaling, CD4 + Teff and Treg subsets undergo further changes in 

their glucose, amino acid, and fatty acid metabolism fueling sub-

set-specific proliferation and function. 7,12–16 Maintaining equilib-

rium among memory CD4 + Teff and Treg subsets is essential for 

homeostasis and prevention of inflammatory or autoimmune dis-

eases. However, while metabolic requirements of naive CD4 + T 

cells upon initial activation and differentiation into effector and 

regulatory subsets are well studied, 17,18 much less is known 

about metabolic programs of circulating human memory 

CD4 + Teff and Treg cells. T cell function and metabolism are 

controlled by amino acids via acquisition from extracellular 

milieu through cellular transporters, intracellular storage, and re-

cycling within different metabolic pathways, especially glycol-

ysis, tricarboxylic acid cycle, and OXPHOS. 13,19–21 Expression 

of amino acid transporters such as LAT1 (SLC7A5), LAT2 

(SLC7A8), CD98 (SLC3A2), SLC1A5, SLC38A2, and SLC7A1, 

and others transporting key amino acids, increases upon T cell 

activation. 13,22 Expression of these transporters, sensing extra-

cellular amino acids in a mechanistic target of rapamycin 

(mTOR)-dependent way, as well as their intracellular utilization, 

regulates CD4 + Teff and Treg cells’ metabolic reprogramming 

and subsequently their proliferation, differentiation, and func-

tion. 13,20,21,23–25 Amino acid metabolizing enzymes, such as 

interleukin 4 induced gene 1 (IL4I1) 26–29 or glutamate oxaloace-

tate transaminase 1 (GOT1), 30 also affect Teff and Treg cells. 

L-Phenylalanine (Phe), transported by the same transporters 

might be partly metabolized by the same enzymes, but its role 

in metabolism, proliferation, and differentiation of memory 

CD4 + T cells has not been explored.

Allergic diseases are common type 2 inflammatory diseases, 

characterized by skewed Teff-Treg responses, where patho-

genic Th2 cells cannot be efficiently suppressed by impaired 

Treg cells. In humans, pathogenic CRTH2 + or CD161 + Th2 cells, 

overexpressing GATA3 and PPARγ and producing interleukin 

(IL)-4, IL-5, IL-9, and IL-13, are predominantly involved in the 

onset and maintenance phase. 31–35 Th2 cells require mTORC1 

for engagement of glycolysis and cell-cycle entry, 36 mTORC2 

for cell survival and migratory functions, 23,37 and fatty acid syn-

thesis for lineage development. 38 We and others demonstrated 

that, in severe forms of allergic diseases, there are systemic 

and cellular alterations in amino acids, fatty acids, and glycol-

ysis. 39–42 In patients with severe allergic asthma, many amino

acids including arginine, phenylalanine, taurine, and xanthine 

are increased in plasma, 43 but how it affects metabolism and 

functions of memory Th2 and Treg cells remains elusive.

Here, we report that Phe constitutes a previously unknown 

checkpoint in the development, energy metabolism, and func-

tion of Th2 cells. We discovered that metabolome profiles of 

ex vivo-sorted circulating human memory CD4 + Teff and Treg 

cells clearly differentiate these cell types and are enriched 

in Phe and Arg metabolites. Combining in vitro functional 

experiments, RNA sequencing (RNA-seq), and knockdown ap-

proaches in primary human CD4 + T cells; memory CD4 + T cells; 

and Th1, Th2, Th17, and Treg cells, with ex vivo single-cell en-

ergy metabolism profiling, we discovered that high level of intra-

cellular Phe increases glycolysis but restricts OXPHOS, as well 

as affects memory CD4 + T and Th2 cells proliferation in IL4I1-

dependent manner. Phe also decreased phosphorylation of 

mTOR and STAT6 in Th2 cells, leading to the decrease in cell 

activation and type 2 cytokines production. Finally, multi-omics 

analysis of five independent allergic patient cohorts revealed 

that in severe allergy there is an impairment of SLC7A5-depen-

dent transport of Phe into Th2 cells and an increase in its intracel-

lular processing, leading to expansion of pathogenic Th2 cells.

RESULTS

Circulating human memory CD4 + T effector and Treg 

cells have different metabolic profiles and are enriched 

in phenylalanine and arginine metabolites

We first aimed to assess the metabolome of circulating human 

memory T cells in an unbiased manner after ex vivo cell sorting. 

We focused on analyzing the memory T effector (Teff) and mem-

ory Treg cells by untargeted metabolomics and lipidomics 

(Figures 1A, 1B, and S1; Table S1). We obtained a total of 195 

and 233 metabolites for Teff and Treg cells, respectively, of 

which 133 (45%) were shared (Figure 1C; Table S2). Principal-

component analysis (PCA; Figure 1D) and orthogonal partial-

least discriminant analysis (Figure S2A) models revealed a com-

plete separation between these populations even though their 

metabolites belonged to similar families (Figure 1E). Carboxylic 

acids, which include major amino acids, such as phenylalanine 

(Phe) and arginine (Arg), represented the largest group in 

both cell types (Figure 1E). Fatty acyls, glycerophospholipids, 

and organooxygen compounds were the other major classes 

(Figure 1E; Table S3). The metabolomes of both cell subsets 

were enriched in metabolites related to pathways such as amino

(C) Venn diagram representing intracellular metabolites (n = 295) detected by untargeted mass spectrometry metabolomics and lipidomics in memory CD4 + Teff 

(red) and Treg (blue) cells from healthy individuals.

(D) PCA model of memory CD4 + Teff and Treg cells, based on all (shared and unique) metabolites. Data were logarithmic transformed and pareto scaled 

(log x Par).

(E) Pie charts representing biochemical composition of all (shared and unique) metabolites detected in Teff and Treg cells, ordered by abundance.

(F) Metabolic pathways analysis in memory CD4 + Teff and Treg cells. Significant (− log 10 (p value) > 1.3) and corresponding pathways (n = 25) are shown for either 

Teff, Treg, or both. Over-representation analysis was performed by IMPaLA 44 including shared and unique metabolites. Pathways related to Phe and Arg 

metabolism are highlighted in bold.

(G) PCA model of memory CD4 + Teff and Treg cells of shared metabolites only (n = 133). Data were log x Par.

(H) Heatmap (left) and bar graph of fold changes (Log 2 FC) (right) of identified shared metabolites in memory CD4 + Teff vs. Treg cells. Data were logarithmic 

transformed and unit variance scaled. *p < 0.05. Metabolites related to Phe and Arg metabolism are highlighted in bold.

(A–H) Analysis done in n = 6 different healthy donors. (E) Metabolites are organized in main biochemical classes according to Human Metabolome Database 

(HMDB v.2022). 45 Examples of metabolites are shown in major classes (>5%). See also Figures S1 and S2 and Tables S1, S2, S3, S4, S5, S6, and S7.
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acids biosynthesis and metabolism, vitamin synthesis, and 

energy metabolism (Figure 1F). Among ten overrepresented 

amino-acid-related pathways, six were related to Phe and Arg 

metabolism (Figure 1F, bold). Moreover, memory Teff and Treg 

cells were uniquely enriched in glycerophospholipid metabolism 

and fatty acid biosynthesis, respectively. (Figure 1F; Tables S4 

and S5).

Since the strongest over-representation in both cell types was 

present due to highly abundant shared metabolites, we focused 

primarily on these compounds. Interestingly, we found that shared 

metabolites can also clearly separate Teff cells from Treg cells 

(Figures 1G and S2B), suggesting different abundance of these 

metabolites. Regarding their biochemical classes, likewise, car-

boxylic acids, including many amino acids, organooxygen com-

pounds, and fatty acyls, represented the biggest fractions 

(Figure S2C; Table S6). Among these, we found some organooxy-

gen compounds, such as pantothenic acid, and glycerophospho-

lipids, such as lysophosphatidic acid, to be significantly elevated 

in Teff cells, while fatty acyls like N-palmitoyl histidine//PGH2-EA 

and carboxylic acids, such as Arg, phenylpyruvic acid, histidine, 

and citrulline, were significantly higher in Treg cells (Figures 1H; 

Table S7). Interestingly, several of these differentially abundant 

metabolites are also linked to Phe and Arg metabolism 

(Figure 1H, bold).

L-Phenylalanine increases glycolysis and inhibits 

OXPHOS in CD4 + T cells

Since we observed enrichment in energy metabolism and Phe and 

Arg metabolism-related pathways in memory CD4 + Teff and Treg 

cells, we aimed to assess their effects on energy metabolism of 

CD4 + T cells at baseline and after activation. As expected, acti-

vated total CD4 + T cells displayed higher levels of inducible and 

compensatory glycolysis, and these parameters were further 

elevated after 72 h incubation with increasing concentrations of 

Arg (base medium contains 1.149 mM of Arg) (Figure 2A). We 

also observed increased levels of maximum respiratory capacity 

with higher concentrations of Arg (Figure 2B). Similarly, activated 

total CD4 + T cells incubated in additional 0.1 and 1 mM Phe (base 

medium contains 90.9 μM of Phe) for 72 h had higher inducible 

and compensatory glycolysis (Figure 2C). Interestingly, the 

maximum respiratory capacity of cells incubated in additional

1 mM of Phe was significantly lower compared to that of cells 

incubated in 0.1 mM Phe-supplemented media (Figure 2D) sug-

gesting that elevated Phe negatively influences OXPHOS. When 

the same experimental setup was repeated in memory CD4 + T 

cells treated with Phe, we observed again increased inducible 

and compensatory glycolysis with increasing doses of Phe. Like-

wise, the maximum respiratory capacity was reduced in cells 

incubated in 1 mM Phe-supplemented media (Figure 2E).

To sum up, we observed that, while Arg induces both glycol-

ysis and OXPHOS in human CD4 + T cells, Phe enhances glycol-

ysis but impairs OXPHOS at higher doses in total and memory 

human CD4 + T cells.

L-Phenylalanine controls CD4 + T cell proliferation via 

induction of IL4I1 enzyme

Considering the ability of Phe to differentially influence glycolysis 

and OXPHOS in memory CD4 + T cells upon activation, we sought

to determine if Phe also affects their proliferation. Memory 

CD4 + T cells incubated in full media (base medium contains 

90.9 μM of Phe) supplemented additionally with 1 mM Phe 

showed reduced proliferation (Figures 3A and S3) with no differ-

ence in viability (Figure 3B). To gain insight into the involved 

mechanism, we assessed the mRNA expression of IL4I1 that 

has been reported to limit effector T cell proliferation (total, mem-

ory, CD8 + T, CD4 + T, and Th17) and catalyzes the conversion of 

Phe to phenylpyruvate. 29,46,47 We found that supplementation 

of CD4 + T cells with high levels of Phe tended to upregulate 

mRNA expression of IL4I1 (Figure 3C). To confirm that Phe-

induced IL4I1 blocks memory CD4 + T cell proliferation, we car-

ried out small interfering RNA (siRNA)-based knockdown. We 

observed significant knockdown of IL4I1 in these donors 

(Figure 3D). We found a significant increase in memory CD4 + T 

cells proliferation when IL4I1 was knocked down and cells 

were either activated (Figure 3E) (base medium contains 

90.9 μM of Phe) or non-activated (Figure S4A), which was not 

decreased by additional Phe in IL4I1 knockdown. IL4I1 knock-

down did not affect cell viability (Figures 3F and S4B). Next, 

we were curious if this effect was specific to certain T helper 

(Th) cell subsets. Hence, we differentiated human naive helper 

CD4 + T cells into Th1, Th2, Th17, and Treg cells (Figure S5; 

Table S8) and knocked down IL4I1 in these cells (Figure 3G). 

We observed that IL4I1 knockdown significantly increased Th2 

cell and Th17 cell proliferation (Figure 3H).

In short, Phe in OXPHOS-impairing doses also limits prolifera-

tion of memory CD4 + T cells and of in vitro-differentiated Th2 and 

Th17 cells via an IL4I1-dependent mechanism.

L-Phenylalanine inhibits translation, induces glycolysis, 

and represses OXPHOS in activated human Th2 cells, 

analyzed on a single-cell level

Next, we studied the effect of Phe on energy metabolism of Th1, 

Th2, Th17, and Treg cells in ex vivo-isolated total CD4 + T cells and 

peripheral blood mononuclear cells (PBMCs) on a single-cell level. 

We employed single-cell energetic metabolism by profiling trans-

lation inhibition (SCENITH), 48 (Figure 4A; Tables S8 and S9). Acti-

vation-induced translation of Th1 cells was highest among the 

subsets and was not affected by Phe (Figure 4B). In contrast, 

Phe significantly decreased total translation in activated Th2 

(Figure 4C). In Treg cells, Phe tended to limit total translation 

(Figure 4D). The SCENITH assessment of Th17 cells was unreli-

able due to the limited number of cells. Similarly, we did not see 

an effect of Phe on glycoATP and mitoATP production in 

in vitro-differentiated Th1, Th17, and Treg cells (Figures S6A– 

S6F). In PBMCs, assessed as a more physiological compartment, 

we included additional markers to further analyze Th2 and Treg 

cells in more detail (Figure S6G). Again, both subsets highly 

increased the level of translation upon activation (Figures 4E– 

4G). In Th2 cells, an increase in translation (Figure 4G), glucose 

dependence (Figure 4H), and glycolytic capacity (Figure 4I) was 

observed upon activation, paired with a significant decrease in 

mitochondrial dependence (Figure 4J) as well as FAO and 

amino acid oxidation (AAO) capacity (Figure 4K). Addition of Phe 

significantly increased glycolytic capacity of activated Th2 cells 

(Figure 4I) and decreased their mitochondrial dependence 

(Figure 4J), which was reflected in a decrease of translation
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(Figure 4G). In Treg cells, upon activation, we observed an in-

crease in translation, which was lower than that in Th2 cells 

(Figures 4F and 4G). There was also an activation-induced in-

crease in their glycolytic capacity (Figure 4M) and a reduction in

Figure 2. High level of L-phenylalanine enhances activa-

tion-induced glycolysis but inhibits OXPHOS, while arginine 

enhances activation-induced glycolysis and OXPHOS in hu-

man CD4 + T and memory CD4 + T cells

(A) Representative glycolytic proton efflux rate (glycoPER) graph of 

Seahorse glycolytic rate assay (left); quantification of inducible and 

compensatory glycolysis (right) of CD4 + T cells treated in full medium 

(containing 1.149 mM Arg) with additional 0.1 (blue) and 1 mM (red) 

Arg supplementation or vehicle (gray) for 72 h with/without acute 

CD2, CD3, and CD28 activation.

(B) Representative oxygen consumption rate (OCR) graph of Sea-

horse Mito Stress test (left); quantification of maximum respiratory 

capacity (right) of CD4 + T cells treated with Arg as in (A).

(C) Representative glycoPER graph of Seahorse glycolytic rate assay 

(left); quantification of inducible and compensatory glycolysis (right) 

of CD4 + T cells treated in full medium (containing 90.9 μM of Phe) 

additionally supplemented Phe at concentrations of 0.1 (violet) and

1 mM (green) or vehicle (gray) for 72 h, with/without acute CD2, CD3, 

and CD28 activation.

(D) Representative OCR graph of Seahorse Mito Stress test (left); 

quantification of maximum respiratory capacity (right) of CD4 + T cells 

treated with Phe as in (C).

(E) Quantification of induced glycolysis, compensatory glycolysis, 

and maximum respiratory capacity of memory CD4 + T cells treated 

with Phe as in (C) and (D).

(A–D) Data are representative of three independent experiments 

in three different donors or (E) in one donor. Data were analyzed 

by one-way ANOVA with Fisher LSD test. Bar graphs represent 

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001. Arg, L-arginine; Phe, L-phenylalanine; Rot/AA, rote-

none/antimycin A; 2DG, 2-deoxyglucose; FCCP, carbonyl cyanide-

p-trifluoromethoxyphenylhydrazone. All Seahorse measurements 

were normalized to total protein concentration.

mitochondrial dependence (Figure 4N) but no changes 

in glucose dependence (Figure 4L) or FAO and AAO ca-

pacity (Figure 4O). Interestingly, in Treg cells, Phe did 

not significantly affect any of the glycolytic or mitochon-

drial processes (Figures 4L–4O).

These data suggest that high intracellular levels of Phe 

repress the global ability of activated Th2 cells to pro-

duce ATP by inducing metabolic reprogramming toward 

increased glycolytic capacity and completely blocked 

mitochondrial dependence.

L-Phenylalanine inhibits Th2 cell proliferation; 

reduces mTOR and STAT6 phosphorylation; and 

inhibits Th2 transcription factors, cytokines, and 

activation markers 

Following the effect of Phe on energy metabolism and 

proliferation of human CD4 + T cells, out of which Th2 

was the most Phe-sensitive subset, we next studied in 

detail effect of Phe on in vitro highly/long differentiated hu-

man Th2 cells 49 (Figure S7). To confirm that extracellular 

Phe enters the cells, we measured intracellular Phe in 

activated Th2 cells incubated in Phe-supplemented 

media, observing its significant increase (Figure 5A). Similar to 

Phe-treated, SCENITH-assessed Th2 cells (Figure 4I), here, we 

observed increased levels of inducible glycoATP in activated 

in vitro-differentiated Th2 cells incubated in 1 mM of additional
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Phe (Figure S8A). However, we did not note any major influence of 

Phe on mitoATP levels (Figure S8B), demonstrating superior 

sensitivity of SCENITH in assessing mitochondrial dependence. 

In contrast, additional Arg did not have any effect on in vitro-differ-

entiated Th2 cell energy metabolism (Figures S8C and S8D). Sup-

plementation with 1 mM of additional Phe significantly reduced 

proliferation of activated Th2 cells (Figure 5B) while increasing 

their viability (Figure 5C). In non-activated conditions, Phe 

increased proliferation of Th2 cells (Figure S9A), with no effect 

on their viability (Figure S9B). We observed an increase in the

Figure 3. L-phenylalanine inhibits proliferation of human memory CD4 + T cells by induction of interleukin 4 induced gene 1 enzyme

(A) Proliferation of memory CD4 + T cells incubated in full medium (containing 90.9 μM of Phe) supplemented with vehicle or 1 mM Phe and activated with CD2, 

CD3, and CD28 antibody-coated beads for 72 h. n = 3 different subjects.

(B) Frequency of live memory CD4 + T cells in the same experiments as in (A).

(C) Expression of IL4I1 mRNA in memory CD4 + T cells following similar treatment as in (A). Data from 6 independent experiments in 6 different subjects.

(D) IL4I1 mRNA expression (left) and representative WB image of IL4I1 (right) in siRNA knockdown experiments in memory CD4 + T cells. Data show 3 independent 

experiments in 6 different subjects. One outlier was identified using Grubbs’ test with α = 0.05. One donor was included in two experiments.

(E) Proliferation of control siRNA (Ctrl)- and IL4I1 siRNA-treated memory CD4 + T cells from 2 independent experiments in 5 different subjects. One donor was 

included in both experiments.

(F) Viability of control siRNA (Ctrl)- and IL4I1 siRNA-treated memory CD4 + T cells in the same experiments as in (E).

(G) Expression of IL4I1 mRNA in in vitro-differentiated human Th1, Th2, Th17, and Treg cells in siRNA knockdown experiments following similar treatment as in (D) 

(n = 3 different donors).

(H) Proliferation of control siRNA (Ctrl)- and IL4I1 siRNA-treated Th1, Th2, Th17, and Treg cells, incubated in full medium (containing 90.9 μM of Phe) with 1 mM 

additional Phe and treated with CD2, CD3, and CD28 activation antibody-coated beads for 48 h before flow cytometry (n = 3 different donors).

(A–H) Each dot represents one donor. (E and F) Bar graph shows fold change as compared to activated vehicle-treated cells. Paired t test was used in (A), (B), (C), (G), 

and (H); Wilcoxon test was used in (D)–(F). All data are presented as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. See also Figures S3, S4, and S5 and Table S8.
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protein expression of IL4I1 (Figures 5D, 5E, and S9C), upon sup-

plementation of 1 mM Phe suggesting IL4I1 involvement in limiting 

Th2 cell proliferation in agreement with our knockdown results 

(Figure 3H). To gain unbiased insights into the effect of Phe on 

Th2 cells, we conducted RNA sequencing. A total of 406 genes 

were significantly altered in activated 1 mM Phe-treated Th2 cells 

in comparison to Veh-treated activated cells (Figure S10; 

Table S10). Among these, we observed differential expression 

of several genes related to STAT6, mTOR, and AMP-activated 

protein kinase (AMPK) signaling pathways (Figure 5F), resulting 

in downregulation of cytokine and cell activation pathways 

(Figure 5G) and upregulation of lipid synthesis and glycolysis path-

ways (Figure 5H). Consequently, we observed that Phe signifi-

cantly decreased STAT6 and mTOR phosphorylation within 30 

and 60 min, respectively, after activation (Figures 5I, 5J, and 

S11A), which was followed by the decrease in mTOR protein 

(Figures 5K–5M and S11B). In agreement with RNA-seq data, 

we observed a gradual decrease in the mRNA expression of key 

type 2 cytokines such as IL-4, IL-5, and IL-13 only upon treatment 

with increasing doses of Phe, but not Arg (Figures 5N and S12; 

Table S11). Similarly, mRNA levels of important type 2 transcrip-

tion factors including mTOR, RAPTOR, RICTOR, BACH2, and 

BATF and activation markers such as CD69 and PTGDR2 were 

significantly reduced in Phe- but not Arg-treated activated Th2 

cells (Figures 5N and S12). Expression of GATA3, STAT6, IFNG, 

IL2RA, and PDCD1 was unchanged (Figure 5N). Phe also reduced 

frequency of IL4 + Th2 cells (Figure 5O). Finally, since it has been 

previously reported that CD161 is an important marker associated 

with pathogenicity of Th2 cells (so-called Th2a cells) in humans, 50 

we assessed if CD161 expression is influenced by Phe. Indeed, 

we observed a significant reduction of CD3 + CD4 + CCR4 + GATA3 + 

CD161 + Th2 cell frequency in activated conditions upon treatment 

with Phe (Figures 5P and S13).

In summary, in in vitro-differentiated human Th2 cells, Phe, but 

not Arg, affects T cell receptor (TCR) activation-induced glycol-

ysis, proliferation, phosphorylation, transcription, and translation 

of key molecules involved in differentiation and function of Th2 

cells, including markers of their pathogenicity.

Low intracellular levels of L-Phenylalanine in human 

memory CD4 + T effector cells characterize severe 

allergic patients with systemic type 2 inflammation 

Having observed an influence of Phe on Th2 cells and knowing 

that patients with severe forms of type 2 diseases exhibit alter-

ations in memory Teff cells and Treg cells, 51–53 we hypothesized

that the metabolomes of these cells in allergy might reflect, to 

some extent, their changed functionality.

We recruited non-allergic, mild, and severe allergic individuals 

to olive pollen out of the pollen season (Cohort A) (Tables S12 

and S13). Cohort A consisted of clinically well-described sub-

jects at different stages of allergic sensitization and symp-

toms. 54,55 Severe allergic patients had higher number of patho-

genic memory CRTH2 + CD161 + Th2a cells 32,50 (Figure 6A), 

although, their total CRTH2 + Th2 and Treg cells were not signifi-

cantly different (Figure S14A). Interestingly, they also had higher 

number of CRTH2 + Treg and PD1 + Treg cells (Figure 6B), which 

have been reported to have Th2-like phenotype and inefficient 

regulatory capacity. 56–58 In addition, severe allergic patients 

had high numbers of ILC2 and ILC3 (Figures 6C and S14B), in 

agreement with previous reports. 59–61 By performing targeted 

proteomics, we found several proteins to be differentially ex-

pressed in serum of severe allergic patients (Figures 6D; S15). 

IL-5 and proteins involved in cell proliferation, namely brother 

of CDO (BOC) and pappalysin-1 (PAPPA), were significantly 

elevated in severe allergic patients (Figure 6D). These patients 

also had lower concentration of Th1-related cytokines such as 

IL-12, colony-stimulating factor-1 (CSF-1), or granzyme H 

(GZMH) and Treg-associated hepatocyte growth factor 

(Figure S15).

Next, we sorted the circulating memory CD4 + Teff and Treg cells 

from a subset of Cohort A patients and compared them to non-

atopic, non-allergic healthy controls and analyzed their metabo-

lomes. Metabolomic profiling of memory Th2 cells was not techni-

cally possible due to the limited abundance of these cells. We did 

not find any significant differences between healthy and allergic 

patients either in Teff or in Treg cells metabolomes (Tables S14 

and S15). However, we identified two groups of subjects, whose 

samples clustered together (Figure 6E). Most metabolites in group 

1, consisting of 80% of severe allergy patients, were less abundant 

than those in group 2, consisting of 50% of severe patients. These 

findings suggest that there are two distinctive cellular metabolic 

phenotypes in both cell subsets. Interestingly, group 1 and 2 con-

sisted of mostly the same subjects in both cell types potentially 

suggesting their metabolic profiles are linked. Among them, Teff 

cells from allergic patients in group 1 had significantly lower levels 

of Phe (Figure 6F), Arg, and Leu/Ile (Figure S16). To understand this 

grouping, amid memory CD4 + Teff cells heterogeneity, we per-

formed unbiased multidimensional phenotyping. We identified 

seven different populations within Teff cells in allergic patients 

(Figure 6G) and eight in healthy controls (Figures S17A and

Figure 4. Single-cell energy metabolism profiling revealing that L-phenylalanine increases glycolytic capacity and decreases mitochondrial 

dependence in activated human Th2 cells

(A) Schematic explaining workflow of single-cell energetic metabolism by profiling translation inhibition (SCENITH). 48 Created with Biorender.com.

(B–D) Total translation in activated Th1 (B), Th2 (C), and Treg (D) cells assessed in MACS-isolated total CD4 + T cells. Each dot represents one technical replicate 

per donor (n = 4 donors, 2 replicates each).

(E and F) Uniform manifold approximation and projection (UMAP) contour plots demonstrating activated and non-activated CD4 + T (E) and Th2 and Treg (F) cells. 

FlowJo plugin UMAP (version 4.0.4) was used for analysis.

(G) Total translation in Th2 and Treg cells assessed in whole PBMCs. One-way ANOVA with Fisher’s LSD test was used for analysis.

(H–O) (H–L) Glucose dependence (I and M), glycolytic capacity (J and N), mitochondrial dependence (J and N), and (K and O) FAO and AAO capacity in Th2 and 

Treg cells, respectively.

(G–O) Each dot represents one technical replicate per donor (n = 3 donors, 2 replicates each). (B–D) Paired t test was used for analysis. (H–O) For comparing 

dependencies and capacities, one-way ANOVA with Sidak’s multiple comparison correction was used. Bars represent mean ± SEM. *p < 0.05, **p < 0.01, 

***p < 0.001, and ****p < 0.0001. See also Figure S6 and Tables S8 and S9.
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Figure 5. L-phenylalanine inhibits Th2 cell proliferation and mTOR and STAT6 phosphorylation as well as expression of type 2 transcription 

factors, cytokines, activation, and pathogenicity markers

(A) Phe uptake into Th2 cells. In vitro-differentiated Th2 cells from 3 different donors were incubated in indicated conditions for 6 h, and intracellular Phe was 

colorimetrically quantified in lysates.

(legend continued on next page)
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S17B). As CRTH2 was expressed at low levels in sorting-activated 

cells, 62 and CRTH2 + cells were both rare after down-sampling and 

heterogeneous, clustering was performed based on PD1 and 

CD161 expression. Notably, in allergic patients, we found strong 

negative correlations between levels of intracellular Phe and 

counts of CD161 + populations (Figures 6H; Tables S16 and S17), 

but not CD161 − populations (Figure S17C; Tables S16 and S17), 

which was not the case in healthy controls (Figure S17D; 

Tables S18 and S19). We observed that CD3 + CD4 + CD45RA − 

CD127 ++ CD25 − CD161 + cells (pool of populations 2, 3, 4, and 6; 

Figure 6H left), CD3 + CD4 + CD45RA − CD127 ++ CD25 − CD161 + PD1 + 

cells (pool of populations 3 and 4; Figure 6H center), and 

CD3 + CD4 + CD45RA − CD127 ++ CD25 − CD161 + PD1 - cells (pool of 

populations 2 and 6; Figure 6H right) correlated negatively with 

intracellular abundance of Phe.

In summary, severe allergy is associated with reduced intra-

cellular phenylalanine in memory CD4 + Teff cells, most notably 

in CD161 + Th2a enriched cells.

Extracellular L-phenylalanine decreases expression of 

large neutral amino acid transporters in Th2 cells

in vitro, which is reflected in vivo in allergic patients 

Prompted by these findings, we next explored expression of 

main molecules involved in Phe metabolism and transport in in-

dependent cohorts of patients with allergic diseases.

First, we analyzed Phe metabolism and transport in previously 

published RNA-seq data from Th2 cells sorted from patients with 

allergic asthma and allergic rhinitis or healthy controls (Cohort 

B). 63 We found that several of the top significant Gene Ontology 

(GO) processes enriched in Th2 cells were related with metabolic 

processes in patients with allergic asthma (Figure 7A; Table S20) 

and allergic rhinitis (Figure S18A; Table S21). There was an upre-

gulation of amino acid metabolism (Figures 7B and S18B; 

Tables S22 and S23) and downregulation of L-threonine and 

Arg pathways and transport in allergic asthma (Figures 7C; 

Table S24) and allergic rhinitis patients (Figure S18C; 

Table S25), respectively. Several genes responsible for Phe 

metabolism and transport were present in these pathways 

(Table S26). We noted that SLC7A5 (LAT1), SLC7A8 (LAT2), 

and SLC3A2 (CD98), part of LAT1 and LAT2 heterodimer com-

plexes, were significantly downregulated in allergic asthma but

not in allergic rhinitis (Figures 7D, 7E, and S18D), suggesting 

decreased transport of Phe into the Th2 cells in more advanced 

allergic disease. In addition, we noted that GOT1 and GOT2 were 

significantly upregulated in allergic asthma patients in Th2 cells 

(Figures 7D and 7E). Also, other genes encoding for enzymes 

indirectly involved in metabolism of Phe, such as pterin-4-

alpha-carbinolamine dehydratase 2 (PCBD2), catechol-O-meth-

yltransferase (COMT), and kynurenine aminotransferase 1 

(KYAT1), were significantly upregulated, altogether suggesting 

potentially faster turnover of intracellular Phe in Th2 cells of pa-

tients with allergic asthma. We also analyzed gene expression 

of molecules belonging to Phe metabolism and amino acid trans-

port in total CD3 + T cells in our own previously reported cohort 

(Cohort C) 64 consisting of healthy non-allergic controls and pa-

tients with mild and severe allergic asthma (GEO: GSE224253). 

We observed significantly reduced expression of multiple key 

genes involved in Phe transport and metabolism in total CD3 + T 

cells from severe, but not mild, allergy patients in comparison 

to controls (Figures S18E and S18F).

Next, to determine if serum levels of Phe were altered, we 

measured Phe concentration in a new, large cohort of subjects 

including healthy controls and mild and severe allergic patients 

enrolled in the same hospital and with the same clinical criteria 

as those from the Cohort A (Cohort D, Table S27). We observed 

that mild and severe allergic patients had higher levels of Phe in 

serum compared to non-allergic individuals (Figure 7F). To un-

derstand the relationship between the lower abundance of intra-

cellular Phe and higher concentration of Phe in the serum of se-

vere allergic patients, we analyzed an influence of extracellular 

Phe on gene expression of all parts of the LAT complexes. We 

found that increasing concentrations of extracellular Phe, but 

not Arg, significantly decreases mRNA expression of SLC7A5 

and SLC7A8, but not SLC3A2, in in vitro-cultured Th2 cells 

(Figures 7G and S19A–S19C). These observations were corrob-

orated by our RNA-seq analysis wherein SLC7A5 was signifi-

cantly downregulated in Phe-treated activated Th2 cells 

(Figures 5F; Table S10). We confirmed this finding, demon-

strating decreasing expression of LAT1 protein with increasing 

doses of Phe in the culture medium (Figures 7H and 7I). In addi-

tion, we confirmed that LAT1 is needed for the transport of 

Phe into the activated Th2 cells, since LAT1 inhibitor KYT0353

(B and C) Proliferation (B) and viability (C) of in vitro differentiated Th2 cells subjected to high doses of additional Phe. Bar graphs show fold changes compared to 

vehicle-treated, activated cells. n = 3 different donors.

(D and E) IL4I1 mRNA expression (D) and representative WB image of IL4I1 protein expression (E) in in vitro-differentiated Th2 cells following incubation in 

increasing doses of Phe with/without concurrent activation. mRNA (n = 6–8 different donors) and protein expression (n = 3 different donors).

(F) Volcano plot of differentially expressed genes (DEGs, raw p value < 0.05) between activated Th2 cells treated with Phe (1mM) vs. vehicle for 24 h, obtained by 

RNA-seq analysis (n = 5 different donors). Genes related to STAT6/mTOR/AMPK signaling, critical for T cell activity, are highlighted in boxes.

(G and H) Significantly enriched downregulated (G) and upregulated (H) GO processes in Th2 cells following treatment as in (F). STRING analysis was conducted 

with significantly changed DEGs (raw p value < 0.05), and relevant enriched pathways are presented.

(I–M) Representative WB image (I and K) and quantification (J, L, and M) of phosphorylation of STAT6 and mTOR, respectively, in in vitro-differentiated Th2 cells 

(n = 3 different donors) treated with CD2, CD3, and CD28 activation antibodies with/without additional supplementation of 1 mM of Phe for indicated time points.

(N) Heatmap of mRNA expression of critical transcription factors, cytokines, and activation markers in activated in vitro-differentiated Th2 cells treated with 

increasing doses of Phe. mRNA expression was determined using RT-qPCR. n = 6–8 different donors. Data are analyzed using one-way ANOVA with Dunnett’s 

correction. Z scores were determined and plotted as heatmap with different genes mentioned as rows. Data are row normalized.

(O) Frequency of activated IL4 + Th2 cells with/without additional supplementation of 1 mM of Phe (n = 4 different donors).

(P) Frequency of activated CD3 + CD4 + CCR4 + GATA3 + CD161 + Th2 cells following incubation with/without supplementation of 1 mM Phe for 24 h (n = 3 different 

donors).

(A–D, J, L, M, N, O, and P) Each dot represents one donor. (A–C, J, L, M, O, and P) Paired t test was used for analysis. Bars represent mean ± SEM. *p < 0.05, 

**p < 0.01, and ***p < 0.001. See also Figures S7–S13 and Tables S9, S10, and S11.
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decreased uptake of Phe (Figure 7J). Finally, we measured LAT1 

expression in CD4 + T cells and Phe levels in serum from patients 

with allergic asthma and healthy controls from our previous 

study 66 (Cohort E, Table S28). We found a negative correlation

Figure 6. Low intracellular L-phenylalanine levels in patho-

genic memory CD4 + T effector cell populations in severe 

allergic patients

(A–C) Representative flow cytometry dot plots of Th2a cells (A-left) 

and ILC1, ILC2, and ILC3 (C-left). Number of Th2a cells (A-right); 

memory CRTH2 + Treg cells and PD1 + Treg cells (B); and ILC1, ILC2, 

and ILC3 (C-right) in controls (n = 9) and patients with mild (n = 7) and 

severe (n = 11) allergy (Cohort A).

(D) Differentially expressed proteins in serum of controls (n = 10) and 

mild (n = 9) and severe (n = 10) allergic patients (Cohort A) assessed 

with PEA technology and presented as NPX.

(E) Heatmaps with hierarchical clustering analysis of all metabolites 

measured in memory CD4 + Teff (n = 195, left) and Treg (n = 233, right) 

cells in controls (n = 6) and allergic (n = 11) subjects. A, controls; B, 

mild allergy; C, severe allergy (from Cohort A).

(F) Normalized abundance of Phe in Teff cells in group 1 (control, n = 

1; severe allergy, n = 4) and 2 (control, n = 5; mild allergy, n = 1, severe 

allergy, n = 6) (from Cohort A).

(G) t-distributed stochastic neighbor embedding (tSNE) plot of un-

biased 2-dimensional flow cytometric analysis of memory CD4 + Teff 

cells (CD3 + CD4 + CD45RA − CD127 + CD25 − ) from patients with severe 

allergy (subset of cohort A, n = 9) identifying seven subpopulations 

based on CD161 and PD-1.

(H) Pearson correlation of normalized abundance of intracellular Phe, 

in memory CD4 + Teff cells from patients with severe allergy (n = 9), 

with counts of CD161 + populations within memory CD4 + Teff cells 

(from Cohort A).

Mann-Whitney U test (A–C), one-way ANOVA with Fisher’s LSD test 

(D), and unpaired t test (F) were used to compare differences among 

groups. Graphs represent mean ± SEM. *p < 0.05, **p < 0.01, and 

***p < 0.001. Clinical characteristics of Cohort A are shown in 

Tables S12 and S13. NPX, normalized protein expression; Pop, 

population. See also Figures S14–S17 and Tables S1, S2, S12, S13, 

S14, S15, S16, S17, S18, and S19.

between serum Phe and LAT1 expression only in allergic 

asthma patients (Figure 7K).

In summary, severe allergy shows high serum Phe with 

LAT1 downregulation and increased Phe catabolism in 

Th2 cells, which likely reduces intracellular Phe and 

drives pathogenic Th2 expansion.

DISCUSSION

Metabolic specialization of human and mouse Teff sub-

sets and Treg cells upon activation has been continu-

ously demonstrated, showing higher dependence on 

glycolysis in Teff subsets and on FAO and OXPHOS in 

Treg cells, 6,9,67 although recent studies demonstrate 

that this metabolic reprogramming is tissue, nutrient, 

and context dependent. 10,11 In fact, T cells show 

metabolic plasticity depending on the environment 

and accessibility of nutrients. In vivo, when glucose 

level is much lower than in in vitro experiments, their en-

ergy metabolism, proliferative capacity, and effector 

response depend on other nutrients, such as amino 

acids or fatty acids. 12,20,68,69 Such experiments, however, have 

limited use in humans. Therefore, employing a combination of 

ex vivo cell sorting with high-resolution metabolomics and 

flow cytometry-based single-cell energy metabolism profiling
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Figure 7. Decreased expression of large amino acid transporters in Th2 cells of allergic patients correlates with elevated serum levels of 

L-phenylalanine

(A–C) Top significantly enriched pathways (A) and upregulated (B) and downregulated (C) metabolic networks within differentially expressed genes (DEG, 

p < 0.05) in allergic asthma patients compared to controls (control n = 15, allergic asthma n = 37) from GEO: GSE75011 (Cohort B). 63 Black line represents ratio of 

genes in experiment over complete pathway set.

(D) Phe metabolism and transport pathway heatmap showing fold change (Log 2 FC) of DEGs in allergic asthma patients (n = 37) compared to controls (n = 15) from 

GEO: GSE75011 (Cohort B). 63 *p < 0.05. Pathway curated and adapted from GSEA and MSigDB Database (Table S26).

(legend continued on next page)
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methods has a potential to explore the metabolism of human 

T cells. Hence, we first utilized ex vivo cell sorting and metabolo-

mics to study circulating human memory CD4 + T cell compart-

ment, focusing on the previously unexplored comparison be-

tween human memory Teff and Treg cells. Our finding that 

metabolomes of these cells at the steady state differ substan-

tially is quite striking. This adds to the previous findings 

showing that metabolome of ex vivo-purified human naive 

CD4 + T cells differs from metabolome of naturally occurring 

CD4 + CD25 + Treg 10 or thymus-derived Treg cells. 70 We found 

enrichment in various amino acids in both cell types. The stron-

gest enrichment was observed in the phenylalanine and arginine 

metabolic pathways. In each cell type, however, particular amino 

acids might be used by different metabolic pathway, 19 consid-

ering their significantly different abundance. This is in line with 

previous observations of differential enrichment in amino acids 

in Th1, Th17, and T follicular helper cells. 71 Likewise, we 

observed a reduction in Phe- and Arg-related metabolites in 

CD4 + Teff compared to Treg cells, suggesting their faster utiliza-

tion. 20 We also confirmed in the single-cell energy profiling ex-

periments that ex vivo-activated Th1 and Th2 cells tended to 

have higher translation-used ATP production than Treg cells, 

suggesting differential anabolic and catabolic usage of available 

amino acids in both cell types.

Amino acids guide cellular functions through their selective 

sensing and acquisition. 19 Here, we showed that supplementa-

tion of Arg during activation increases glycolysis and maximum 

respiratory capacity in freshly sorted human CD4 + T cells but 

does not change glycoATP or mitoATP production in in vitro-

differentiated human Th2 cells. Arg is transported in T cells via 

cationic amino acid transporter CAT-1 (SLC7A1). 20,72 Interest-

ingly, in naive human CD4 + T cells upon activation, in the condi-

tions of very high extracellular Arg supply (4 mM), Arg is quickly 

metabolized, feeding gluconeogenesis, limiting glucose uptake, 

and increasing OXPHOS. 20 This, in turn, limits differentiation but 

increases survival and maintains them in the memory like state. 20 

In contrast, Phe, transported via LAT1 or LAT2, 73,74 in the same 

concentrations increased activation-induced glycolysis in total 

and memory human CD4 + T cells, glycoATP production in 

in vitro-differentiated Th2 cells, and glycolytic capacity in sin-

gle-cell-assessed Th2 cells. It underlines Phe-induced glycolysis 

importance at different stages of CD4 + T cells differentiation. In 

highest concentrations, however, in total and memory CD4 + T 

cells Phe blocked activation-induced OXPHOS and downregu-

lated mitochondrial dependence in ex vivo-treated Th2 cells. 

This observation is interesting, especially since we noted that 

the same concentrations of Phe limited memory CD4 + T cell 

and Th2 cell proliferation and type 2 cytokine production, while 

increasing their viability. It all suggests that during recall re-

sponses Phe might regulate the human memory Th2 cells by 

shifting its metabolites between OXPHOS and glycolysis.

In human T cells, phenylalanine hydroxylase, the main enzyme 

in Phe metabolism, is not expressed. 63,75 We found, however, 

that they express other enzymes metabolizing Phe. GOT1 and 

GOT2, 76 as well as IL4I1, 77 can catalyze conversion of Phe to 

phenylpyruvate. We also found phenylpyruvate in the memory 

Teff and Treg cells, as well as upregulated expression of GOT1 

and GOT2 in Th2 cells of allergic asthma patients, suggesting 

that they might be involved in faster turnover of Phe driving path-

ogenic Th2 cell activity. IL4I1 can catalyze the conversion of Phe 

to phenylpyruvate liberating H 2 O 2 and ammonia, 46 as well as can 

convert tryptophan to indoles and kynurenic acid activating aryl 

hydrocarbon receptor (AHR). 29 In CD8 + T and CD4 + T cells, 

external IL4I1 or intracellular upregulation of IL4I1 can limit their 

proliferation via temporary downregulation of TCR com-

plex. 29,46,47 In CD4 + T cells, along with inhibition of proliferation, 46 

external IL4I1 also facilitates differentiation of naive CD4 + T cells 

into Treg cells. 28 Here, we found that high levels of Phe increased 

expression of IL4I1 in memory CD4 + T cells and in Th2 cells and, 

in agreement with previous findings 47 that genetic inhibition of 

IL4I1 increased proliferation of memory CD4 + T cells and, among 

CD4 + Teff cells, Th2 and Th17 cells were most affected. 

Amino-acid-induced Raptor-mTORC1 activity is required in 

CD4 + T cells to regulate TCR-induced glycolysis, lipid biosyn-

thesis, and OXPHOS, needed to exit from quiescence and 

initiate differentiation into various T helper subsets. 36 Lack of 

Raptor decreases IL-4 production by Th2 cells in vitro and 

diminishes allergic airway inflammation in vivo. 36 Also, Rictor-

mTORC2 pathway is important for Th2 cells reprogramming. 23,37 

Amino acids also regulate Treg function via licensing TCR-

induced mTORC1 activation. 78 Accordingly, we noted an over-

representation of mTOR pathway in metabolomes of human 

ex vivo memory CD4 + Teff and in Treg cells, paired with the 

enrichment of many amino acid pathways. In addition, we 

found that increased concentrations of Phe, but not Arg, upon 

TCR activation decreased phosphorylation of mTOR 23,79 and 

STAT6 80 and expression of MTOR, RPTOR, and RICTOR essen-

tial for their function, under established Th2 conditions, which

(E) Phe metabolism and transport schematic highlighting DEGs in Th2 cells of allergic asthma and controls (GEO: GSE75011) (Cohort B). 63 Significantly upre-

gulated (red) and downregulated (blue) genes; detected but not significantly different (black); not detected in original dataset (black and underlined). Adapted from 

KEGG pathway.

(F) Serum Phe concentration in controls (n = 8) and mild (n = 30) and severe (n = 37) allergic patients (Cohort D) quantified by targeted metabolomics. 65 Kruskal-

Wallis test was used for analysis.

(G) SLC7A5 (LAT1), SLC7A8 (LAT2), and SLC3A2 (CD98; LAT3) mRNA expression in in vitro-differentiated Th2 cells treated with additional Phe with/without CD2, 

CD3, and CD28 activation for 24 h. Following incubation, mRNA expression was determined using RT-qPCR (n = 6–8 different donors).

(H and I) Representative WB image of LAT1 expression (H) and LAT1 protein quantification in 8 different donors (I) in in vitro-differentiated Th2 cells treated with 

additional Phe with/without CD2, CD3, and CD28 activation for 24 h. Expression of LAT1 presented as relative ratio normalized to β-actin.

(J) Phe uptake into in vitro-differentiated Th2 cells was quantified colorimetrically. Cells were incubated in full medium with/without SLC7A5 inhibitor (KYT0353) 

and activation of CD2, CD3, and CD28 for 6 h. Data were analyzed using paired t test (n = 3 different donors).

(K) Spearman correlation of serum Phe concentration and relative LAT1 expression in CD4 + T cells in allergic asthma patients (left) and controls (right) (Cohort E). 

(G–I) Data are analyzed by one-way ANOVA with Dunnett’s correction. (F–J) Bars represent mean ± SEM. Each dot represents one donor. *p < 0.05, **p < 0.01, 

and ***p < 0.001. See also Figures S18 and S19 and Tables S20, S21, S22, S23, S24, S25, S26, S27, and S28.
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was coupled with decreases in expression of all type 2 cytokines, 

IL4, IL5, and IL13, surface activation marker CD69, and Th2-

pathogenicity markers such as CD161 protein. Since these phe-

nomena were coupled with an induction of IL4I1 pathway by Phe, 

they might result from the negative impact of IL4I1 on mTORC1 

signaling, 28 potentially via activation of AHR. 29,47 Additionally, 

high doses of Phe also increased glycolysis and survival in Th2 

cells in vitro, as well as increased glycolytic capacity, but 

decreased OXPHOS and translation in ex vivo-studied human 

Th2 cells, suggesting activation of AMPK signaling. Accordingly, 

we observed an increase in mRNA expression of IL2, 6-phos-

phofructo-2-kinase/fructose-2,6-biphosphatase 4 (PFKFB4), 

and lactate dehydrogenase A (LDHA), in RNA-seq analysis, 

which are critical factors facilitating survival and glycolysis in 

T cells, 81 as well as increase of 3-hydroxy-3-methylglutaryl-

CoA reductase (HMGCR), and insulin-induced gene 1 (INSIG1), 

but downregulation of insulin-like growth factor (IGF1), further 

supporting activation of AMPK and subsequent repression of 

mTORC2. 82 It all suggests that high intracellular concentration 

of Phe present during TCR activation of Th2 cells reduced 

mTORC1, mTORC2, and STAT6 signaling via IL4I1 and reduced 

OXPHOS and/or AMPK activation. This leads to decreased pro-

liferation, transcription, and translation of type 2 cytokines along-

side of enhanced glycolysis and survival.

The increase in amino acid demand following T cell activation 

is satisfied via the upregulation of transporters among which het-

erodimers SLC7A5/SLC3A2 (LAT1) or SLC7A8/SLC3A2 (LAT2) 

mediate transport of large neutral amino acids, including 

Phe. 13 Without SLC7A5, 22 naive T cells are unable to proliferate, 

differentiate, or function properly, displaying profound defects in 

metabolic reprogramming. 13 Here, by analyzing different cohorts 

of allergic patients, we observed a reduction of LAT1 and LAT2 in 

circulating Th2 cells. It might lead to a decrease in intracellular 

concentration of Phe in memory Th2a subpopulations, which 

we observed in the most severe cases, paired with an increase 

of circulating type 2 inflammatory cells (Th2a, CRTH2 + Treg cells, 

and ILC2) and type 2 cytokines. This decrease in LAT1 expres-

sion on Th2a cells might result from the increased concentration 

of Phe in the plasma, as we noted here in patients from different 

groups and confirmed its causality in vitro. The physiological 

concentration of Phe in sera of healthy subjects has been re-

ported to be between 16 and 166 μM 83 with daily variations of 

50% 84 and in phenylketonuria (PKU) can be greater than 

1.2 mM. 85 However, increased systemic levels of Phe and other 

amino acids in allergic patients 43,86 or in animal models of 

allergic inflammation and helminth infection have been reported 

previously. 87,88 Increased incidence of asthma and other type 2 

diseases has also been reported in patients with PKU. 89 

Decrease in LAT1 expression in circulating Th2 cells at the 

beginning of allergic disease may serve as a mechanism pre-

venting excessive activation of Th2 cells, regulating the influx 

of several amino acids, thus limiting local Th2 and ILC2 cell acti-

vation. 87,88 However, in more severe allergic disease, when it is 

paired with overexpression of other enzymes metabolizing 

Phe, it leads to a decrease of intracellular Phe levels in Th2 cells, 

which cannot then block OXPHOS, activate IL4I1, or inhibit 

proliferation, which results in unleashed expansion of patho-

genic Th2a cells.

Limitations and future directions

This study highlights the pleiotropic effects of Phe metabolism 

on proliferation, metabolic reprogramming, and function of hu-

man memory CD4 + T cell and Th2 cells and provides description 

of its impairment in severe allergic diseases in humans. Howev-

er, it does not deliver mechanistic in vivo data in animal models of 

allergic airway inflammation. Although circulating memory 

CD4 + T cells often reflect tissue inflammation, 90–92 metabolic 

assessment of nasal or lung tissue-resident memory CD4 + T 

cells 93 and their subsets in in vivo and ex vivo models would be 

important to better understand immunometabolic dependencies 

in the tissue. Our metabolomics, proteomics, RNA-seq, and flow 

cytometry analyses, while conducted on relatively small cohorts 

of allergic patients and healthy controls, are mutually validated 

across each of all studied groups, underscoring the robustness 

and reliability of our findings. Nonetheless, studies in larger pa-

tient cohorts of different disease severity should follow to further 

explore the observed phenomena. Moreover, similar studies in 

other diseases such as cancer and diabetes would be beneficial.
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Antibodies

Mouse anti-GATA3-BUV395 BD Biosciences Cat#565448; RRID: AB_2739241

Mouse anti-human CD4-BUV737 BD Biosciences Cat#612748; RRID: AB_2870079

Rat anti-human IL4-BV421 BD Biosciences Cat#564110; RRID: AB_2738599

Mouse anti-human CD3-BV510 BD Biosciences Cat#563109; RRID: AB_2732053

Mouse anti-human CD161-BV605 BD Biosciences Cat#747762; RRID: AB_2872229

Rat anti-human and viral IL10-BV711 BD Biosciences Cat#564050; RRID: AB_2738564

Mouse anti-human CD127-BV786 BD Biosciences Cat#563324; RRID: AB_2738138

Mouse anti-human CD25-BB515 BD Biosciences Cat#565096; RRID: AB_2739065

Mouse anti-human FoxP3-RB705 BD Biosciences Cat#570239; RRID: AB_3685601

Mouse anti-human IL17A-PE BD Biosciences Cat#560436; RRID: AB_1645514

Mouse anti-human RORγt-PE-CF594 BD Biosciences Cat#567532; RRID: AB_2916639

Mouse anti-human T-bet-RY703 BD Biosciences Cat#571477; RRID: AB_3686550

Mouse anti-human IFN-γ-RY775 BD Biosciences Cat#571386; RRID: AB_3686466

Mouse anti-human CD45RA-R718 BD Biosciences Cat#567073; RRID: AB_2916420

Mouse anti-human CD4-BV786 BD Biosciences Cat#563877; RRID: AB_2738462

Mouse anti-human GATA3-BV711 BD Biosciences Cat#565449; RRID: AB_2739242

Mouse anti-human CD161-BV650 BD Biosciences Cat#748283; RRID: AB_2872711

Mouse anti-human CD45RA-BV510 BD Biosciences Cat#563031; RRID: AB_2722499

Mouse anti-human CD25-BV421 BD Biosciences Cat#564033; RRID: AB_2738555

Mouse anti-human FOXP3-BB700 BD Biosciences Cat#566526; RRID: AB_2744476

Mouse anti-human CD3-FITC BD Biosciences Cat#555332; RRID: AB_395739

Mouse anti-human CCR4-PE-Cy7 BD Biosciences Cat#557864; RRID: AB_396907

Rat anti-human CRTH2-PE-CF594 BD Biosciences Cat#563501; RRID: AB_2738244

Mouse anti-human CD127-R718 BD Biosciences Cat#566967; RRID: AB_2869977

Mouse anti-human CD8-APC-Cy7 BioLegend Cat#344714; RRID: AB_2044006

Mouse anti-human CD14-APC-Cy7 BioLegend Cat#325620; RRID: AB_830693

Mouse anti-human CD16-APC-Cy7 BioLegend Cat#302018; RRID: AB_314218

Mouse anti-human CD19-APC-Cy7 BioLegend Cat#302218; RRID: AB_314248

Mouse anti-human CD1a-FITC BioLegend Cat#300104; RRID: AB_314018

Mouse anti-human CD11c-FITC BioLegend Cat#301604; RRID: AB_314174

Mouse anti-human CD34-FITC BioLegend Cat#343504; RRID: AB_1731852

Mouse anti-human CD94-FITC BioLegend Cat#305504; RRID: AB_314534

Mouse anti-human CD123-FITC BioLegend Cat#306014; RRID: AB_2124259

Mouse anti-human CD303-FITC BioLegend Cat#354208; RRID: AB_2561364

Mouse anti-human FceR1a-FITC BioLegend Cat#334608; RRID: AB_1227653

Rat anti-human CRTH2-PE BD Biosciences Cat#563665; RRID: AB_2738360

Mouse anti-human CD117-PE-CF594 BD Biosciences Cat#562407; RRID: AB_11154595

Mouse anti-human CD8-PerCP-Cy5.5 BioLegend Cat#344710; RRID: AB_2044010

Mouse anti-human CD45RA-PE-Cy7 BD Biosciences Cat#568557; RRID: AB_3166166

Mouse anti-human CD161-AF647 BioLegend Cat#339910; RRID: AB_1574977

Mouse anti-human CD4-AF700 BioLegend Cat#344622; RRID: AB_2563150

Mouse anti-human CD25-BV421 BioLegend Cat#302630; RRID: AB_11126749

Mouse anti-human CD3-V500 BD Biosciences Cat#561416; RRID: AB_10611584
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Continued
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Mouse anti-human CD127-BV605 BioLegend Cat#351334; RRID: AB_2562022

Mouse anti-human PD1-BV785 BioLegend Cat#329930; RRID: AB_2563443

Mouse anti-human CD45-BV510 BD Biosciences Cat#563204; RRID: AB_2738067

Mouse anti-human CD45-FITC BioLegend Cat#304038; RRID: AB_2562050

Rat anti-human IL10 (JES3-9D7) Thermo Fisher Scientific Cat#16-7108-85; RRID: AB_469228

Mouse anti-human IFNγ (NIB42) Thermo Fisher Scientific Cat#16-7318-85; RRID: AB_469251

Rat anti-human IL4 (MP4-25D2) Thermo Fisher Scientific Cat#16-7048-85; RRID: AB_469210

Rabbit anti-human LAT1 Cell Signaling Technology Cat#5347; RRID: AB_10695104

Rabbit anti-human IL4I1 Thermo Fisher Scientific Cat#PA5-113266; RRID: AB_2868000

mTOR (7C10) Rabbit mAb Cell Signaling Technology Cat#2983; RRID: AB_2105622

Stat6 (D3H4) Rabbit mAb Cell Signaling Technology Cat#5397; RRID: AB_11220421

Phospho-mTOR (Ser2448) (D9C2) XP® 

Rabbit mAb

Cell Signaling Technology Cat#5536; RRID: AB_10691552

Phospho-Stat6 (Tyr641) Antibody Cell Signaling Technology Cat#9361; RRID: AB_331595

HRP conjugated goat anti-rabbit IgG (H + L) Jackson Laboratories Cat#111-035-144; RRID: AB_2307391

HRP conjugated anti-beta actin Thermo Fisher Scientific Cat#MA5-15739-HRP; RRID: AB_2537667

Chemicals, peptides, and recombinant proteins

Heat inactivated Fetal Calf Serum Sigma-Aldrich Cat#F7524

DMSO Sigma-Aldrich Cat#D2650-100ML

Bovine Serum Albumin Sigma-Aldrich Cat#A3294-500G

EDTA Sigma-Aldrich Cat# 60-00-4

RPMI1640 Lonza Cat#12-115Q/12

100X Penicillin/Streptomycin Sigma-Aldrich Cat#P4333-100ML

100X MEM Vitamins Sigma-Aldrich Cat#M6895-100ML

MEM non-essential amino acids Sigma-Aldrich Cat#M7145-100ML

Sodium Pyruvate Sigma-Aldrich Cat#S8636-100ML

Recombinant human IL2 PeproTech Cat#200-02

Recombinant human IL4 PeproTech Cat#200-04

Recombinant human IL6 PeproTech Cat#200-06

Recombinant human IL12 STEMCELL Technologies Cat#78027

Recombinant human TGF-β1 PeproTech Cat#100-21C

ImmunoCult Human CD3/CD28 T cell 

Activator

STEMCELL Technologies Cat#10990

Ficoll Paque Bio & Sell GmbH Cat#BS.L6115

BD Pharm Lyse BD Biosciences Cat#555899

Trypan blue Thermo Fisher Scientific Cat#15250061

eBioscience fixable viability dye eFluor 780 Thermo Fisher Scientific Cat#65-0865-18

Fixable Viability Stain 780 BD Biosciences Cat#565388

MeOH (Methanol), LC-MS grade Thermo Fisher Scientific Cat# A456212

ACN (acetonitrile), LC-MS grade Thermo Fisher Scientific Cat# A955212

IPA (isopropanol), LC-MS grade Thermo Fisher Scientific Cat# A461212

MTBE (methyl tert-butyl ether), LC-MS 

grade

Sigma-Aldrich Cat# 34875

Chloroform, LC-MS grade Sigma-Aldrich Cat# 366927

NH 4 F (ammonium florade), ACS reagent 

≥98%

Sigma-Aldrich Cat# 216011

Ammonia, analytical grade (28%) VWR Chemicals Cat# 21182.294

Acetic acid glacial VWR Chemicals Cat# 20104.298

L-arginine Sigma-Aldrich Cat#A8094-25G
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Continued
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L-phenylalanine Sigma-Aldrich Cat#P5482-25G

Poly-D-Lysine Sigma-Aldrich Cat#P7280-5MG

SMARTPOOL ON-TARGETplus human 

IL4I1 siRNA

Horizon Discovery Cat#L-008109-00-0005

ON-TARGETplus Non-targeting control 

pool

Horizon Discovery Cat#D-001810-10-05

BD Horizon Fixable Viability Stain 780 BD Biosciences Cat#565388

Acetone Sigma-Aldrich Cat#32201-1L

4X Laemlli buffer Bio-Rad Laboratories Cat#1610747

β-mercatopethanol Sigma-Aldrich Cat#63689-100ML

Precision Plus Protein Dual Color Standards Bio-Rad Laboratories Cat# #1610374

WesternBright Quantum - HRP Substrate Advansta Corporation Cat#K-12042-D10

Restore PLUS Western Blot Stripping buffer Thermo Fisher Scientific Cat#46430

KYT0353 Tocris Bioscience Cat#5026

RIPA Lysis and Extraction buffer Thermo Fisher Scientific Cat#89901

Pierce Protease and Phosphatase inhibitor Thermo Fisher Scientific Cat#A32959

Critical commercial assays

Naive CD4+T cell isolation Kit II, human Miltenyi Biotec Cat#130-094-131

eBioscience TM Foxp3/Transcription Factor 

Staining Buffer Set

Thermo Fisher Scientific Cat#00-5523-00

CD4+T cell Isolation Kit, human Miltenyi Biotec Cat#130-096-533

Memory CD4+T cell Isolation Kit, human Miltenyi Biotec Cat#130-091-893

Seahorse Glycolytic Rate Assay kit Agilent Technologies Cat#103344-100

Seahorse Mito-stress Assay kit Agilent Technologies Cat#103015-100

Seahorse ATP-Rate Assay kit Agilent Technologies Cat#103592-100

Olink Target 96 Immuno-Oncology panel Olink Cat#95311

Olink Target 96 Cardiovascular II panel Olink Cat#95500

Olink Target 96 Cardiometabolic panel Olink Cat#95360

T cell Activation/Expansion Kit, human Miltenyi Biotec Cat#130-091-441

Pierce BCA protein quantification Thermo Fisher Scientific Cat#23227

RNeasy Mini Kit QIAGEN Cat#74104

RNeasy Micro kit QIAGEN Cat#74004

RevertAid RT kit Thermo Fisher Scientific Cat#K1691

Maxima SYBR Green/ROX qPCR Master 

Mix (2X)

Thermo Fisher Scientific Cat#K0223

Human T cell Nucleofector Kit Lonza Cat#VPA-1002

SCENITH kit Argü ello et al. 48 N/A

Phenylalanine Assay Kit Abcam Cat#ab241000

CFSE (CellTrace TM CFSE Cell Proliferation 

Kit, for flow cytometry)

Thermo Fisher Scientific Cat#C34554

CellTrace TM Violet Cell Proliferation Kit Thermo Fisher Scientific Cat#C34557

P3 Primary Cell 4D-Nucleofector® X Kit L Lonza Cat#V4XP-3024

Deposited data

Metabolomics data This paper NMDR: ST003135; Table S2

Transcriptomics data This paper GEO: GSE291310

PEA Proteomics data This paper DOI: https://doi.org/10.17632/ 

9b64psp627.1

Th2 cell transcriptomics data Seumois G et al. 63 GEO: GSE75011

CD3+T cell Microarray data Pablo-Torres et al. 64 GEO: GSE224253

(Continued on next page)
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Study participants recruitment

Cohort A

The study was approved by the ethical committee of the Hospital Universitario Reina Sofia, Cordoba, Spain (registration number: 

5029). Written informed consent was signed by all participants and the study followed all the directives from the Declaration of Hel-

sinki. Study participants were recruited out of the olive pollen season. The Inclusion criteria were: individuals above the age of 

18 years, continuously living for a minimum of 10 years in the Cordoba region (one of the areas with a highest seasonal exposure 

to olive pollen (10.000 pollen grains/m 3 )) and, in case of patients, clinically diagnosed with allergic asthma and/or allergic rhinitis 

for at least 2 consecutive years along with olive pollen specific IgE (sIgE) ≥ 0.35 KU/L. Lack of signed consent, incomplete under-

standing of the nature of study, pregnancy and oncological and other inflammatory diseases constituted as the exclusion criteria. 

Upon recruitment, the participants were divided into 3 groups, namely non allergic controls, mild, and severe allergic patients 

depending on their sensitization profile and accompanying symptoms 54,55 as listed.

(1) Non allergic controls (n = 10) – no sensitization to allergens and absence of symptoms.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Healthy adult buffy coats (male/female) Chur Blutspendezentrum, Switzerland N/A

Oligonucleotides

Please see Table S11 for primers. N/A N/A

Software and algorithms

Agilent MassHunter Profinder B.10.0.2 

software

Agilent Technologies RRID:SCR_017026

CEU Mass Mediator (CEUMM) Gil-de-la-Fuente et al. 95 http://ceumass.eps.uspceu.es/

mediator/RRID:SCR_022090

Lipid Annotator Agilent Technologies N/A

MS-DIAL software N/A RRID:SCR_023076

Agilent MassHunter Qualitative Analysis Agilent Technologies SCR_019081

FlowJo X v.10.7.1. BD Biosciences RRID:SCR_008520

FlowClean algorithm Fletez-Brant et al. 96 N/A

DownSample v3.3.1. BD Biosciences RRID:SCR_021056

FlowSOM v4.0. BD Biosciences RRID:SCR_016899

Cluster Profiler 1.7.4. Yu et al. 2012 97 N/A

Seahorse Wave Desktop Software Agilent Technologies RRID:SCR_024491

Prism GraphPad RRID:SCR_002798

GEO2R interactive web tool NCBI www.ncbi.nlm.nih.gov/geo/

geo2r/RRID:SCR_016569

Metacore software version 23.4.71500 Clarivate RRID:SCR_008125

Fiji 2.14.0/1.54f NIH/Schindelin et al. 98 RRID:SCR_002285

MetaboAnalyst 5.0 MetaboAnalyst https://www.metaboanalyst.ca/home.

xhtml

RRID:SCR_015539

IMPaLA Kamburov et al. 44 http://impala.molgen.mpg.de/

SIMCA 16.0 Umetrics http://umetrics.com/products/simca

RRID:SCR_014688

MATLAB R2018b Mathworks https://es.mathworks.com/products/

matlab.html

RRID:SCR_001622

R 4.1.0. R project https://www.r-project.

org/RRID:SCR_001905

R pack ‘Hmisc’ v4.5-0 Harrell et al. https://hbiostat.org/R/Hmisc/

Venny 2.0 Oliveros, J.C https://bioinfogp.cnb.csic.es/tools/venny/
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(2) Mild allergy (n = 9) – olive pollen sensitization with IgE against Ole e 7 < 15 kU/L and mild respiratory symptoms.

(3) Severe allergy (n = 11) – olive pollen sensitization with IgE against Ole e 7 > 15 kU/L with severe respiratory symptoms during 

pollen season.

De-identified patients’ demographics and clinical characteristics are available in Tables S12 and S13. Memory CD4 + Teff and Treg 

cells from this cohort were analyzed by metabolomics, lipidomics and flow cytometry, whereas serum samples were analyzed by 

Proximity Extension Assay (PEA) technology (Olink, Uppsala, Sweden), as described below.

Cohort B

This previously published cohort by Seumois et al., 2016 63 comprised of allergic asthma patients (n = 37), allergic rhinitis patients (n = 

25) and healthy controls (n = 15). Patients were classified depending on Global Initiative for Asthma (GINA) and skin test reactivity to a 

total of 32 seasonal and perennial allergens. The study was approved by the Institutional Review Board of La Jolla Institute for Allergy 

and Immunology, La Jolla, California, USA. Written informed consent was provided by all participants. Participants’ Th2 cells, char-

acterized as CD3 + CD4 + CD45RA − CD25 − CCR4 + cells were sorted by FACS from peripheral blood mononuclear cells (PBMCs) and 

their RNA was isolated, amplified and sequenced by HiSeq2500 (Illumina, San Diego, CA, USA). Additional information is available in 

Seumois et al., 2016. 63 RNA-seq data of Th2 cells from this cohort were accessed using GEO: GSE75011 and re-analyzed by us, as 

described below.

Cohort C

This cohort, previously published by our group, comprised of 16 patients suffering from allergic asthma (mild n = 9, severe n = 7, 

classified by GINA) and 8 non-allergic healthy controls with sensitization being defined by Skin Prick Test for aeroallergens. The study 

was approved by the Committees of Research and Ethics from the Hospital Universitario Puerta de Hierro Majadahonda. Written 

informed consent was signed by all participants. RNA was isolated from participants’ CD3 + T cells and subjected to transcriptomics 

analysis using GeneChip Human Gene 2.1 ST strips (Affymetrix, Thermo Fisher Scientific, Waltham, MA, USA) and manufacturer in-

structions. Further details can be found in Pablo-Torres et al., 2023 64 (GEO: GSE224253). Microarray data from CD3 + T cells from this 

cohort were re-analyzed by us, as described below.

Cohort D

To analyze the systemic level of L-phenylalanine, an additional cohort of olive-pollen allergic patients with the same characteristics as 

Cohort A was recruited. 8 non-allergic subjects and 67 allergic patients (30 classified as mild and 37 as severe, as in Cohort A) were 

recruited to analyze L-phenylalanine in serum. The study was approved by the ethical committee of Hospital Clı́nico San Carlos (date 

of approval: 19th December 2019; code: 19/552-E_BC). Written informed consent was signed by all participants and the study fol-

lowed all the directives from the Declaration of Helsinki. Clinical characteristics of this cohort are presented in Table S27. Serum sam-

ples from this cohort were analyzed by targeted metabolomics, as described below.

Cohort E

This cohort, previously published by our group, 66 consisted of patients allergic to grass and/or birch pollen (n = 13) that underwent 

allergen immunotherapy, and non-sensitized, non-allergic healthy controls (n = 12) which were followed at the same time points. The 

study was approved by the Ethics Committee of the Canton of Bern (Switzerland). Written informed consent was signed by all par-

ticipants. The baseline samples, prior to allergen immunotherapy in patients and controls (same time point), were analyzed in the 

current study. Their allergen sensitization status was concluded using Skin Prick Test and detection of allergen specific IgE. Clinical 

characteristics of this cohort are presented in Table S28. Further information pertaining to the cohort has been described in Eljasze-

wicz et al., 2021. 66

Buffy coats and human primary CD4 + T cell subsets

Buffy coats were obtained from healthy human donors from Chur Blutspendezentrum (Chur, Switzerland) and stored at room tem-

perature prior to processing. Age, gender, and ethnicity of these donors is unknown as these buffy coats were ordered and this in-

formation was not requested. Next, PBMCs were isolated using the protocols provided below. Depending on requirements, specific 

number of PBMCs were further processed while the excess was frozen in freezing medium (90% Heat inactivated Fetal Calf Serum 

(FCS, Merck, Darmstadt, Germany) + 10% DMSO (Sigma-Aldrich, St. Louis, MO, USA) and stored in liquid nitrogen until future use. 

Total CD4 + T, memory CD4 + T and naive CD4 + T cells were always isolated from PBMCs obtained from buffy coats of healthy donors. 

Total CD4 + T cells were used in Seahorse Glycolytic Rate and Mito-stress assays and assessment of SLC7A5/LAT1 expression in 

patient samples. Similarly, human memory CD4 + T cells were utilized in metabolomics and lipidomics, Seahorse Glycolytic Rate 

and Mito-stress assays, proliferation and IL4I1 knockdown studies, and flow cytometric analyses. Naive CD4 + T cells were isolated 

from PBMCs and subjected to the Th2 differentiation protocol provided below. Following differentiation, they were used in the RT-

qPCR analyses, proliferation, Seahorse ATP-Rate assays, phenotypic characterization, and SLC7A5/LAT1 studies.

In vitro short differentiation of helper T cell subsets

Previously published differentiation protocols by Yang et al. 99 were used. In short, naive CD4 + T cells were isolated from PBMCs by 

using the Naive human CD4 + T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) on the autoMACS Pro Separator (Mil-

tenyi Biotec, Bergisch Gladbach, Germany). Subsequently, they were transferred to appropriate differentiation media containing 

ImmunoCult Human CD3/CD28 T cell Activator (STEMCELL Technologies, Vancouver, Canada) (25μL/mL) and below mentioned
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cytokines prepared in RPMI+10%FCS. Th0 cells – no cytokine stimulation. Th1 cells – 10ng/ml IL-12 (Peprotech, Thermo Fisher Sci-

entific, Waltham, MA, USA) and 10μg/ml anti-IL-4 antibody (Thermo Fisher Scientific). Th2 cells – 20ng/ml IL-4 (Peprotech, Thermo 

Fisher Scientific, Waltham, MA, USA) and 10μg/ml anti-IFN-γ antibody (Thermo Fisher Scientific). Th17 cells – 2.5ng/ml TGF-β (Pe-

protech, Thermo Fisher Scientific, Waltham, MA, USA), 15ng/ml IL-6 (Peprotech, Thermo Fisher Scientific, Waltham, MA, USA), 

10μg/ml anti-IFN-γ and 10μg/ml anti-IL-4 antibodies (Thermo Fisher Scientific). Treg cells – 1.5ng/ml TGF-β (Peprotech, Thermo 

Fisher Scientific, Waltham, MA, USA), 10μg/ml anti-IFNγ and 10μg/ml anti-IL-4 antibodies (Thermo Fisher Scientific, Waltham, 

MA, USA). On day 5 of differentiation, cells were harvested and tested for their respective status. Following confirmation of expres-

sion of transcription factor (Th1 – T-bet; Th2 – GATA3; Th17 – RORγt; Treg – FOXP3), cells were used in experiments (Figure S5).

In vitro long differentiation of human Th2 cells

Fresh PBMCs were isolated from buffy coats of healthy donors and resuspended in PBS containing 0.5% BSA (Sigma-Aldrich, St. 

Louis, MO, USA) and 2mM EDTA (Sigma-Aldrich, St. Louis, MO, USA), as stated previously. Complete RPMI (cRPMI) consists of 10% 

heat inactivated FCS (Merck, Darmstadt, Germany), 1X Penicillin/Streptomycin (Sigma-Aldrich, St. Louis, MO, USA), 1X Vitamins 

(Sigma-Aldrich, St. Louis, MO, USA), 1X Sodium pyruvate solution (Sigma-Aldrich, St. Louis, MO, USA), and 1% MEM Non-essential 

Amino Acid (NEA) (Sigma-Aldrich, St. Louis, MO, USA) solution prepared in RPMI1640 (Lonza, Basel, Switzerland). Naive CD4 + T cells 

were isolated from PBMCs with the autoMACS Pro Separator (Miltenyi Biotec, Bergisch Gladbach, Germany) using the Naive human 

CD4 + T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and resuspended in cRPMI containing recombinant human 

IL-2 (rhIL-2, 10ng/mL, PeproTech, Thermo Fisher Scientific, Waltham, MA, USA), recombinant human IL-4 (rhIL-4, 12.5ng/mL, 

PeproTech, Thermo Fisher Scientific, Waltham, MA, USA), anti-IFNγ antibody (5μg/mL, Thermo Fisher Scientific), anti-IL-10 antibody 

(5μg/mL, Thermo Fisher Scientific) and ImmunoCult Human CD3/CD28 T cell Activator (25μL/mL, STEMCELL Technologies, Vancou-

ver, Canada) and incubated at 37 ◦ C and 5% CO 2 . Cells were maintained at a frequency of 1 million/mL and stimulated every 7 days 

for a period of 21 days with the activation mix and mentioned antibodies at specified concentrations. cRPMI containing rhIL-2 (10ng/ 

mL, PeproTech, Thermo Fisher Scientific, Waltham, MA, USA), and rhIL-4 (12.5ng/mL, PeproTech, Thermo Fisher Scientific, Wal-

tham, MA, USA) was added between stimulations as per requirement. On day 21, cells were tested for expression of classical 

Th2 markers, namely, GATA3, CCR4 and CRTH2 by conventional Flow Cytometry to determine their status. Panel provided as in 

Table S7 and FACSAria III (BD Biosciences, Franklin Lakes, NJ, USA) were used for staining and detection, respectively. Upon confir-

mation, cells were used for further analyses. This differentiation protocol was adapted from Cousins, Lee, Staynov, 2002. 49 The com-

plete differentiation program is shown in Figure S7.

METHOD DETAILS

Isolation of peripheral blood mononuclear cells (PBMCs)

Whole blood was drawn from the study participants into heparin and serum in silica tubes (Vacutainer, BD Biosciences, Franklin 

Lakes, NJ, USA). Next, PBMCs were isolated using standard Ficoll Paque (Bio & Sell GmbH, Feucht, Germany) by density gradient 

centrifugation according to the manufacturer instructions. The sera were obtained by centrifugation at 2000g for 10min and collecting 

the supernatant. Sera and isolated PMBCs were immediately frozen and stored at − 80 ◦ C until further analysis.

To isolate PBMCs from buffy coats, obtained buffy coats were transferred to sterile flasks and diluted 1:1 in PBS. 30mL of diluted 

buffy coat was subjected to density gradient centrifugation using Ficoll Paque (Bio & Sell GmbH, Feucht, Germany) and washing 

steps with cold PBS containing 2mM EDTA. Subsequently, 1X BD Pharm Lyse lysing solution (BD Biosciences, Franklin Lakes, 

NJ, USA) was used for red blood cell lysis according to manufacturer instructions. PBMCs were washed and resuspended in 

PBS containing 2mM EDTA for determining counts using trypan blue (Thermo Fisher Scientific, Waltham, MA, USA) and LUNA-II 

Automated Cell Counter (Logos Biosystems, Gyeonggi-do, South Korea) prior to subsequent processing.

Flow cytometry and fluorescence-activated cell sorting (FACS)

To confirm the status of in vitro differentiated Th1, Th2, Th17 and Treg subsets, we harvested the cells on day 5 of differentiation and 

tested for the expression of subset specific transcription factors. In detail, harvested cells were washed with PBS and stained for 

viability with fixable viability stain 780 (FV780, 1:1000, BD Biosciences) for 15min in the dark at room temperature. Next, surface stain-

ing was carried out with BV510 conjugated anti-CD3 (1:100) and BUV737 conjugated anti-CD4 (1:100) antibodies. Antibody staining 

was done for 30min at 4 ◦ C in the dark. Following staining, cells were washed once and subjected to fixation, permeabilization and 

staining using the eBioscience Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, Waltham, MA, USA) accord-

ing to manufacturer instructions. Cells were washed and stained with fluorochrome conjugated antibodies specific for a given subset 

(Th1 – RY703-anti-T-bet; Th2 – BUV395-anti-GATA3; Th17 – PE-CF594-anti-RORgT; Treg – RB705-anti-FOXP3; 1:100). Intracellular 

antibody staining was done for 30-45min at 4 ◦ C. Post staining, cells were washed as per kit instructions and resuspended in PBS. 

After sample preparation, data was acquired on the BD LSRFortessa Cell Analyzer and analyzed with FlowJo v10.

To assess the expression of IL4, in vitro long differentiated Th2 cells were incubated in media additionally supplemented with 1mM 

Phe or Veh at a concentration of 1million cells/mL of media. Cells were simultaneously stimulated with anti-CD2, anti-CD3 and anti-

CD28 antibody coated beads. Cells were incubated at 37 ◦ C, 5% CO 2 for 48h. Post incubation, cells were harvested and washed with 

PBS. Subsequently, cells were stained with Fixable Viability stain 780 (1:1000, BD Biosciences, Franklin Lakes, NJ, USA) for 15min in
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the dark. Next, cells were stained with BV510 conjugated anti-CD3 and BUV737 conjugated anti-CD4 antibodies as part of surface 

staining. Cells were then fixed and permeabilized using the eBioscience Foxp3/Transcription Factor Staining Buffer Set (Thermo 

Fisher Scientific, Waltham, MA, USA) and stained with BUV395 conjugated anti-GATA3, and BV421 conjugated anti-IL4 antibodies 

as per manufacturer instructions. Cells were washed and data was acquired on the BD LSRFortessa Cell Analyzer and analyzed with 

FlowJo v10.

For sorting, frozen PBMCs were thawed, washed with warm RPMI1640 medium (Lonza, Basel, Switzerland) and incubated on a 

gentle roller for 2h at 37 ◦ C and 5% CO 2 . Following incubation, cells were washed and stained with eBioscience fixable viability dye 

eFluor 780 (Thermo Fisher Scientific, Waltham, MA, USA) (1:1000) in the dark at 4 ◦ C for 20min. After washing, cells were stained with 

the antibody panel for T and ILC cells for 30min at room temperature (RT) in the dark. The complete panel of antibodies and isotype 

controls is presented in Table S1. Cells were then sorted using BD FACSAria III (BD Biosciences, Franklin Lakes, NJ, USA) as follows:

Memory CD4 + Teff cells: Lineage − , CD3 + , CD4 + , CD8 − , CD45RA − , CD127 + , CD25 − ; and Memory Treg cells: Lineage − , CD3 + , CD4 + ,

CD8 − , CD45RA − , CD127 - , CD25 + . Gating strategy used for sorting and subsequent analyses is shown in Figure S1. For metabolo-

mics and lipidomics, cells were sorted to serum free RPMI medium at 4 ◦ C. Cells were centrifuged to discard media following which 

they were immediately fixed with HPLC grade Methanol (MeOH) (Thermo Fisher Scientific, Waltham, MA, USA), following centrifu-

gation at 370g for 5min, and frozen at − 80 ◦ C until metabolomics analysis was performed. Samples collected from healthy controls 

(n = 6) and allergic patients (n = 11) underwent T cell sorting and metabolomics analysis. Samples from additionally recruited partic-

ipants were analyzed in the same settings, equipment and protocol as described above.

Flow cytometry data analyses

Flow cytometry data were analyzed with classical gating (Figures S1, S3, S5, S13, S14, S17) and two-dimensional reduction using 

t-distributed stochastic neighbor embedding (tSNE) algorithms using FlowJo X v.10.7.1. (BD Biosciences, Franklin Lakes, NJ, USA) 

(Figures S17). First, the data were cleaned by using the FlowClean algorithm. 96 Next, classical gating was applied for T cell popula-

tions and ILCs (for representative gating strategy, please see Figure S13). For two-dimensional reduction, memory CD4 + Teff cells 

(CD3 + CD4 + CD45RA − CD127 ++ CD25 − ) were gated and downsampled using DownSample v3.3.1. to ensure that analyses are per-

formed with the same number of events, namely, the highest event number in the available gate. Next, all files were concatenated 

into a new data file (separate for allergic individuals and controls). Finally, the FlowJo tSNE algorithm 100 was applied (Iterations: 

1000 Perplexity: 30 Eta: 9100 KNN: Exact, Gradient algorithm: Barnes-Hut) and analyzed with FlowSOM v4.0. 101 and clusterProfiler 97 

1.7.4. based on CD161, CRTH2, cKit, CD127, CD25 and PD1 expression. Differential clustering was successfully generated mostly 

based on expression of CD161 and PD1 whereas cKit and CRTH2 did not generate any separate clusters due to low counts of pos-

itive cells post down sampling and relative heterogeneity (Figure S17). The populations obtained with FlowSOM were back-gated in 

the original files to obtain the total frequency of the population of interest in each sample.

Metabolomics

Sample preparation

As previously published, 102,103 frozen cells in MeOH were thawed at 4 ◦ C. Then, a first extraction targeted at lipid metabolites was 

performed by adding Methyl tert-butyl ether (MTBE) (Sigma-Aldrich, St. Louis, MO, USA) to a final concentration of MTBE:MeOH 

(1:4). Samples were then sonicated for a total of 15min at 15W (3 rounds of 5min sonication), thoroughly vortexed, and centrifuged 

for 10min at 16000g to remove any debris. The supernatant was collected. Then a second extraction took place to obtain the most 

polar metabolites in the sample. To that extent, 100μL of a mixture of H 2 O:MeOH (1:4) was added and the sample was sonicated 

again for a total of 15min at 15W (3 rounds of 5min sonication), thoroughly vortexed and centrifuged for 10min at 16000g to remove 

any debris. The supernatant was collected. Polar samples were kept at 4 ◦ C until analysis. Extraction solvents were used as a blank 

and followed the same procedure as the samples. Both, memory CD4 + T effector and regulatory T cells were analyzed as one batch 

suggesting real biological differences.

Quality control (QC) samples were prepared by pooling equal volumes of samples from the same cell type separately. Then, the QC 

was aliquoted into different tubes to preserve them from freezing-thawing cycles. Every time a new QC was needed, a fresh QC 

aliquot was extracted. The QCs clean-up steps followed the same procedure applied to the experimental samples. QCs were 

analyzed throughout the run to provide a measurement of system stability, performance, and reproducibility of the system. 

Additionally, to select features produced only by cells, a calibration curve was made of Teff or Treg cells, respectively. The curve 

consisted of 4 points that were prepared by seriated dilutions. The number of cells for each point of the Teff cell curve were: 100000, 

250000, 500000, and 1500000 cells. For the Treg cells, they were: 10000, 25000, 50000 and 100000 cells. Each cell curve was 

measured at the beginning, in the middle, and at the end of the analysis of each experimental sample set.

Samples were divided into 2 groups depending on the type of subpopulation they belong to either Teff or Treg. Samples were ran-

domized in 2 consecutive injection sets, analyzing first Treg followed by Teff samples. All samples were measured in duplicate.

Analysis by RP-UHPLC-ESI-QTOF-MS analysis

Cell samples were measured using an Agilent HPLC system (1200 series) coupled with quadrupole-time of flight analyzer system 

(Q-ToF MS 6545) (Agilent Technologies, Waldbronn, Germany).
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Lipidomics. Data from cell samples were acquired using an Agilent 1290 Infinity II UHPLC system coupled to an Agilent 6550 quad-

rupole time-of-flight (QTOF) mass spectrometer. The Agilent 1290 Infinity II Multisampler system, equipped with a multi-wash option, 

was used to uptake 1 and 2μL of extracted samples in positive and negative ionization modes, respectively. The multisampler tem-

perature was maintained at 15 ◦ C to preserve lipids in a stable environment and avoid precipitation. An Agilent InfinityLab Poroshell 

120 EC C18 (3.0 × 100mm, 2.7μm) (Agilent Technologies, Waldbronn, Germany) column and a compatible guard column (Agilent 

InfinityLab Poroshell 120 EC C18, 3.0 × 5mm, 2.7μm) were used and maintained at 50 ◦ C. The chromatography gradient started 

at 70% of B at 0 – 1min, 86% at 3.5–10min, 100% B at 11–17min. The starting conditions were recovered by minute 17, followed 

by a 2min re-equilibration time; the total running time was 19min. The mobile phases used for both positive and negative ionization 

modes consisted of (A) 10mM ammonium acetate, 0.2mM ammonium fluoride in 9:1 water/methanol and (B) 10mM ammonium ac-

etate, 0.2mM ammonium fluoride in 2:3:5 acetonitrile/methanol/isopropanol. The flow rate was held constant, set at 0.6mL/min. The 

multi-wash strategy consisted of a mixture of methanol:isopropanol (50:50, v/v) with the wash time set at 15s, and aqueous phase:or-

ganic phase (30:70, v/v) mixture to assist in the starting conditions.

The Agilent 6550 QTOF mass spectrometer equipped with a dual AJS ESI ion source was set with the following parameters: 150V 

fragmentor, 65V skimmer, 3500V capillary voltage, 750V octopole radio frequency voltage, 10L/min nebulizer gas flow, 200 ◦ C gas 

temperature, 50psi nebulizer gas pressure, 12L/min sheath gas flow, and 300 ◦ C sheath gas temperature. Data were collected in 

centroid in positive and negative ESI modes in separate runs, operated in full scan mode from 50 to 1700m/z with a scan rate of

3 spectra/s. A solution consisting of two reference mass compounds was used throughout the whole analysis: purine (C 5 H 4 N 4 ) at 

m/z 121.0509 for the positive and m/z 119.0363 for the negative ionization modes; and HP-0921 (C 18 H 18 O 6 N 3 P 3 F 24 ) at m/z 

922.0098 for the positive and m/z 980.0163 (HP-0921+acetate) for the negative ionization modes. These masses were continuously 

infused into the system through an Agilent 1260 Iso Pump at a 1mL/min (split ratio 1:100) to provide a constant mass correction. Ten 

Iterative-MS/MS runs were performed for both ion modes at the end of the analytical run. They were operated with an MS and MS/MS 

scan rates of 3spectra/s, 40–1700m/z mass window, a narrow (∼1.3amu) MS/MS isolation width, 3 precursors per cycle, 5000 

counts, and 0.001% of MS/MS threshold. Five iterative-MS/MS runs were set with a collision energy of 20eV, and the subsequent 

five runs were performed at 40eV. References masses and contaminants detected in blank samples were excluded from the analysis 

to avoid inclusion in the iterative-MS/MS.

Additionally, confirmation of some compounds was performed by LC-MS/MS experiments using 20V for fragmentation.

Polar extraction metabolomics. The HPLC system was equipped with a degasser, two binary pumps, and a thermostated au-

tosampler. Briefly, 2μL of the sample were injected into an Agilent Zorbax Extend C18 (2.1 × 50mm, 1.8μm; Agilent, Waldbronn, 

Germany), with a guard column Zorbax Extend C18 (3 × 5mm, 1.8μm; Agilent, Waldbronn, Germany), both maintained at 60 ◦ C. 

The flow rate was set at 0.6mL/min. The elution gradient involved a mobile phase consisting of: (A) water containing 0.1% of 

formic acid and (B) acetonitrile containing 0.1% of formic acid. The initial conditions were set at 5% phase B for 1min, which 

increased linearly to 80% phase B in 7min. Then in 4.5min it increased until 100% of phase. Then the equipment returned to the 

initial condition in 0.5min, which was held for 3min for column reconditioning. Samples were analyzed in both ESI+ and ESI-

modes in separate injections. The capillary voltage was set at 3000 for both polarities. The drying gas flow rate was 12L/min 

at 250 ◦ C and gas nebulizer at 52psi; fragmentor voltage was set at 175V in ESI+ and 250 in ESI-; skimmer and octupole radio 

frequency voltages were set to 65 and 750V, respectively. MS spectra were collected in the centroid mode at a scan rate of 

3spectra/s. The MS detection window was performed in a full scan from 100 to 1200m/z for both modes. Automatic MS recali-

bration during batch analysis was carried out by introducing a reference standard into the source via a reference sprayer valve. 

Reference masses for ESI+ were purine (m/z = 121.0508) and HP-0921 (m/z = 922.0097), whereas for ESI− TFA NH 4 (m/z = 

112.9855) and HP-0921 (m/z = 966.0007).

Data processing

Memory CD4 + Teff and Treg raw data were re-processed together so they could be compared, as each feature has an average mass 

and an average retention time (unique ID in both cell types). The data collected after the LC-MS analyses in both positive and negative 

ion modes were reprocessed with the Agilent MassHunter Profinder B.10.0.2 software. The datasets were extracted using the Batch 

Recursive Feature Extraction (RFE) workflow integrated into the software. This workflow comprises two steps: the Batch Molecular 

Feature Extraction (MFE) and the Batch Find by Ion Feature extraction (FbI). The MFE algorithm consists in removing unwanted in-

formation, including the background noise, and then creating a list of possible components that represent the full range of TOF mass 

spectral data features, which are the sum of coeluting ions that are related by charge-state envelope, isotope pattern, and/or the 

presence of different adducts and dimers. Additionally, in the case of lipidomics, the MFE is intended to detect coeluting adducts 

of the same feature, selecting the following adducts: [M + H] + , [M+Na] + , [M + K] + , [M + NH4] + and [M + C2H6N2+H] + in LC-MS positive 

ionization; [M-H] − , [M + CH3COOH-H] − , and [M + Cl] − in LC-MS negative ion mode. Whereas, in polar analysis, the following ad-

ducts: [M + H] + , [M+Na] + , [M + K] + , and [M + NH4] + in LC-MS positive ionization; [M-H] − , [M+HCOOH-H] − , and [M + Cl] − in LC-

MS negative were selected. The neutral loss (NL) of water is also considered for both ion modes in the two methods (lipidomics 

and polar analysis). The algorithm then aligns the molecular features across the study samples using the mass and retention time 

(RT) to build a single spectrum for each compound group. The next step involves FbI, using the median values derived from the 

MFE process to perform a targeted extraction to improve the reliability of finding and reporting features from complex datasets 

used for differential analysis.
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After data pre-processing, the quality assurance (QA) of the datasets were reprocessed independently according to their blank 

samples, experimental samples, QC samples, and their specific cell calibration curve. This consisted of raw data filtration by keep-

ing all features that were present after blank subtraction and were detected in >75% of QCs and >75% in at least one sample 

group (A (controls), B (mild allergy), C (severe allergy)) and had Relative Standard Deviation (RSD) < 30% in the QCs. The rest 

of the signals were excluded from the analyses. Finally, features were kept if they had a significant correlation (ρ) with the number 

of cells in the curve (|ρ| > 0.6 and p value <0.05), leading to 109 and 190 chemical entities were obtained that passed LC-MS qual-

ity control for lipidomics and polar analysis, respectively. It is important to note that some of the metabolites that are present only 

in one of the cell subsets might also be present in the other, and the absence only indicates that it does not comply with the QA. 

Missing values were replaced using the k-nearest neighbors (kNN) algorithm 104 using an in-house script developed in MATLAB 

(v.R2018b, MathWorks). Data were normalized using the number of cells obtained from the cell sorter. The quality of the analyses 

was tested using principal component analysis (PCA) models. 105

Workflow for lipid annotation

The annotation process was carried out in three steps: the first one was an initial tentative identification of lipid features, based on the 

MS1 data, using our online tool CEU Mass Mediator (CEUMM) (http://ceumass.eps.uspceu.es/mediator/). 95,103,106 This tool for 

mass-based compound annotation comprises the information available in different databases (KEGG, HMDB, LIPID MAPS, Metlin, 

MINE, and an in-house library). This stage started with the tentative assignment based on (i) accurate mass (maximum mass error 

tolerance 20 ppm); (ii) RT; (iii) isotopic pattern distribution; (iv) the possibility of cation and anion formation; and (v) adduct formation 

pattern.

Secondly, to increase the level of annotation confidence, the raw LC-MS/MS data from lipidomics was imported to a Lipid Anno-

tator software (Agilent Technologies, Waldbronn, Germany) to build a fragmentation-based (MS/MS) library comprising the m/z of all 

the precursors identified as lipids by the software, together with their corresponding RT. The Lipid Annotator method 107 was set as 

follows: ion species [M + H] + , [M+Na] + , and [M + NH4] + for positive; and [M-H] − , and [M + CH3COOH-H] − for negative ionization 

mode. Then, for both ion modes, the Q-Score was set at ≥ 50; all the lipid classes were selected, the mass deviation was established 

as ≤20ppm, fragment score threshold was fixed as ≥30, and the total score was set at ≥60. Additionally, MS-DIAL software 108 was

used for lipidomics and polar analysis iteratives. For this software, analytical parameters were set as described: ion species [M + H] + ,

[M-H2O + H] + , [M+Na] + , [M + K] + , [M + NH4] + and [M + C2H6N2+H] + in positive ionization mode; and [M-H] − , [M-H2O-H] − , [M + Cl] −, 

[M+HCOOH-H] − and [M + CH3COOH-H] − in negative mode for lipidomics. Adduct formation with formic acid was observed exper-

imentally in this study even though the mobile phases used for LC are lacking this compound. Formic acid presence was considered 

due to trace amount contamination levels of formate in acetate salts of LC-MS grade, or methanol oxidation during ESI (https:// 

lipidomicstandards.org/isomeric-overlap/). In the case of polar analysis, ion species [M + H] + , [M-H2O + H] + , [M+Na] + , [M + K] + 

and [M + NH4] + in positive mode; and [M-H] − , [M-H2O-H] − , [M + Cl] − , and [M+HCOOH-H] − in negative were selected. Regardless 

of the analytical method or ionization mode, the search was fixed to be performed across a mass range from 50 to 1500Da (for both 

MS1 and MS/MS levels), the mass deviation accepted was ≤0.01Da and ≤0.025 for MS1 and MS/MS levels respectively, and the 

identification score cut off was also set at ≥60. Metabolites identification was performed against inside MS-DIAL lipidomic data-

base 108 and MassBank of North America (MoNA) database for polar compounds (https://mona.fiehnlab.ucdavis.edu/downloads). 

Finally, for targeted LC-MS/MS experiments, manual spectral interpretation 109 was carried out using the software Agilent 

MassHunter (version 10.0), matching the retention time and MS/MS fragmentation to the available spectral data included in 

MetFrag and Lipid Maps.

Metabolomics data have been deposited in National Metabolomics Data Repository (NMDR)/Metabolomics workbench 94 repos-

itory with the accession number ST003135 and they are also available in Table S2.

Targeted analysis of phenylalanine

Phenylalanine concentration was analyzed in Cohort D using an adaptation of the previously published method. 65 In brief, serum 

samples were prepared in a randomized order and measured in batches using dynamic molecular reaction monitoring on a liquid 

chromatography system (1260 Infinity II, Agilent Technologies, Waldbronn, Germany) coupled to a triple quadrupole mass spectrom-

eter with electrospray ionization Agilent Jet Stream source, 6470 Agilent Technologies.

To analyze Phenylalanine, a gradient elution on a Kinetex HILIC (150 mm × 2.1 mm × 100 A ˚ ) column maintained at 25 ◦ C was used.

The mobile phases were (A) water, and (B) Acetonitrile, both with 5.5mM ammonium acetate and 0.1% acetic acid. The flow rate was 

0.5mL/min, and the gradient started with 5% of A for 2min, increased up to 50% until 12min, and went back to initial conditions until 

22min. The MS conditions were: 5500V of capillary voltage in positive ESI mode, a nebulizer gas flow rate of 11.0L/min, a source 

temperature of 250 ◦ C; and a source pressure of 60psi.

For sample preparation, 50μL of serum were mixed with 150μL of cold (− 20 ◦ C) methanol: ethanol mix (MeOH:EtOH) (1:1). Then, 

serum samples were vortex-mixed for 20s, placed on ice for 20min and centrifuged at 16000g for 20min at 4 ◦ C. Then, 70μL of the 

supernatant was transferred into an LC vial and mixed with 50μL of ISTD mix] 65 and 440μL of the initial conditions of the mobile 

phases (95% B + 5% A). QC and blank samples, prepared as described above, were also measured through the run.
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Serum Protein Extension Assay (PEA) proteomics and targeted immunoassays

Protein expression in the sera of patients from Cohort A was measured using the human Protein Extension Assay technology (Olink, 

Uppsala, Sweden). Olink Target 96 Immuno-Oncology, Cardiovascular II and Cardiometabolic panels were used according to man-

ufacturer’s instructions. Olink data in normalized protein expression (NPX) format were imported, processed, and compared between 

groups with OlinkR package (https://github.com/ge11232002/OlinkR). A protein was considered expressed if it was above the detec-

tion limit in more than half of the samples in either of the two compared groups.

Hepatic growth factor (HGF) was measured following manufacturers’ instruction in serum samples diluted 1:2 in PBS. The plate 

was analyzed on LUMINEX 200 (Luminex Corporation, Austin, TX, USA) and Bio-Plex Manager 6.1 (Bio-Rad Laboratories, Hercules, 

CA, USA). The data have been deposited in Mendeley data repository (doi: https://doi.org/10.17632/9b64psp627.1).

Seahorse flux analyses

For Seahorse flux analysis, fresh PMBCs were isolated from buffy coats as described previously. Next, total CD3 + CD4 + T cells or 

memory CD3 + CD4 + T cells were isolated using the human CD4 + T cell Isolation Kit or Memory CD4 + T cell Isolation Kit (Miltenyi Biotec, 

Bergisch Gladbach, Germany), for respective cell types, according to manufacturer instructions on the autoMACS Pro Separator 

(Miltenyi Biotec, Bergisch Gladbach, Germany). Isolated cells were then transferred to RPMI1640 medium (Lonza, Basel, 

Switzerland) with 10% heat inactivated FCS (Merck, Darmstadt, Germany), 1% NEA (Merck, Darmstadt, Germany) and 100U/mL 

rhIL-2 (PeproTech, Thermo Fisher Scientific, Waltham, MA, USA) (R10+IL2). R10+IL2 contains 1.149mM of Arg and 90.9μM of 

Phe in its base form. This medium was used for all assays unless stated otherwise. Cells were then incubated for 24, 48 or 72h in 

this culture medium additionally supplemented with either 0.1mM or 1mM Arg or Phe or Vehicle (Merck, Darmstadt, Germany). After 

incubation, cells where washed and their energy metabolism was assessed using Glycolytic rate and Mito stress Seahorse flux anal-

ysis assays (Agilent Technologies, Santa Clara, CA, USA) according to manufacturer instructions. Acute activation of T cells was per-

formed directly during these assays, before the injection of any inhibitor, using anti-CD2, anti-CD3, and anti-CD28 antibody coated 

beads (Miltenyi Biotec, Bergisch Gladbach, Germany) at a ratio of 3:1 (beads:cells). A similar protocol was used for in vitro short 

differentiated Th1, Th2, Th17 and Treg cells and in vitro long differentiated Th2 cells wherein cells were incubated in appropriate cul-

ture medium for 24h, washed, and seeded in a Seahorse plate pre-coated with Poly-D-Lysine (50μg/mL) at a concentration of 1x10 5 

cells/well, after which Seahorse ATP rate assay was performed as per manufacturer instructions. Following completion of the assay, 

the supernatant in each well was discarded and the plate was frozen at − 80 ◦ C for normalization purposes. Data normalization was 

done either by quantifying the total protein content using the Pierce BCA protein quantification assay (Thermo Fisher Scientific, Wal-

tham, MA, USA) by manufacturer instructions or by cell count since they were seeded on the day of analysis. Preliminary data analysis 

was performed on the Seahorse Wave Desktop Software (Agilent Technologies, Santa Clara, CA, USA) following which data were 

exported and further analysis was done using Prism (GraphPad Software Inc., Boston, MA, USA).

Proliferation assay

Memory CD3 + CD4 + T cells were isolated from buffy coats as described before and cultured in R10+IL2. Cells were stained with 5μM 

CellTrace Violet Cell Proliferation Kit (Thermo Fisher Scientific, Waltham, MA, USA) following manufacturer instructions and seeded at 

a concentration of 10 6 /mL in R10+IL2 supplemented additionally with 1 mM of Phe (Merck, Darmstadt, Germany) or vehicle and stim-

ulated with anti-CD2, anti-CD3 and anti-CD28 antibody coated beads (Sigma Aldrich, St. Louis, MO, USA) and incubated at 37 ◦ C and 

5% CO 2 . Following 72h incubation, cells were harvested and stained with BD Horizon Fixable Viability Stain 780 (FV780; 1:1000; BD 

Biosciences, Franklin Lakes, NJ, USA) in the dark for 20min. Subsequently, cells were stained with FITC conjugated anti-CD45 anti-

body for 30min at 4 ◦ C in the dark. Cells were washed, resuspended in PBS and acquired on a BD Fortessa flow cytometer (BD Bio-

sciences, Franklin Lakes, NJ, USA). Frequency of live cells was quantified based on negative selection in the FV780 gate post 

discrimination of lymphocytes and singlets (Figure S3).

Proliferation of Th2 cells was also assessed by flow cytometry. In vitro long differentiated Th2 cells were washed and stained with 

CFSE (5uM) according to manufacturer instructions (Thermo Fisher Scientific, Waltham, MA, USA). Stained Th2 cells were incubated 

in R10+IL2 additionally supplemented with 1mM Phe or vehicle and stimulated with/without anti-CD2, anti-CD3 and anti-CD28 anti-

body coated beads for 24h. Post incubation, cells were washed and stained with eBioscience viability dye eFlour 780 (1:1000; 

Thermo Fisher Scientific, Waltham, MA, USA) at 4 ◦ C in the dark for 20min. Cells were washed, resuspended in PBS and data was 

acquired on BD LSRFortessa Cell Analyzer (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo v10.

Quantitative reverse transcription-polymerase chain reaction (RT-qPCR)

Memory CD3 + CD4 + T cells were isolated, cultured and treated with Phe or Vehicle as mentioned above. In vitro long differentiated Th2 

cells were incubated in R10+IL2 supplemented with 0.05mM, 0.1mM, 0.5mM and 1mM Phe or Vehicle with or without bead-based 

T cell stimulation for 24h. The base medium contains approximately 1.14mM of L-arginine and 90.9μM of L-phenylalanine. The final 

concentration of phenylalanine in these media are 0.1454mM, 0.1909mM, 0.59mM and 1.09mM, respectively. Similarly, the final con-

centration following supplementation of 0.05mM, 0.1mM, 0.5mM and 1mM Arg are 1.18mM, 1.23mM, 1.63mM and 2.13mM, respec-

tively. Cells were harvested and lysed on ice with RLT buffer (QIAGEN, Hilden, Germany) containing β-mercaptoethanol (10μL/mL of 

RLT buffer) (Sigma Aldrich, St. Louis, MO, USA), and stored at − 80 ◦ C until analyses. RNA isolation was performed using RNeasy 

Micro kits (QIAGEN, Hilden, Germany) according to manufacturer’s instructions. Quality and quantity of isolated RNA was assessed
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by Nanodrop 2000 (Thermo Fisher Scientific, Waltham, USA). The flow-through from the RNeasy spin column was saved and stored 

at − 80 ◦ C for protein precipitation. Reverse transcription was performed with RevertAid RT kit (Thermo Fisher Scientific, Waltham, 

MA, USA) and random hexamers according to the manufacturer’s recommendations. Gene expression (5ng cDNA per well) was as-

sessed by RT-qPCR using 5μM of appropriate primers and SYBR Green/ROX qPCR Master Mix (Thermo Fisher Scientific, Waltham, 

MA, USA), performed on QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Genes expres-

sion was normalized to either elongation factor 1α (EEFA1) or 18S rRNA and presented as relative quantification calculated with the 

ΔΔC t formula using the Vehicle-treated cells as a calibrator. A complete list of the primers used is available in the key resources table.

IL4I1 knockdown in human memory CD4 + T cells and proliferation

IL4I1 knockdown was carried out using siRNA methodology and Human T cell Nucleofector Kit (Lonza, Basel, Switzerland) using 

manufacturer instructions. Memory CD4 + T cells from PBMCs of healthy donors were isolated using MACS technology as described 

previously and allowed to rest overnight in R10+IL2 at 37 ◦ C and 5% CO 2 . On the next day, 5 million cells were washed and resus-

pended in 100μL of prepared nucleofection reagent, and SMARTPOOL ON-TARGETplus human IL4I1 siRNA or Negative Control 

siRNA (final concentration 300nM) (Horizon Discovery, Cambridge, UK) and added to the supplied cuvettes and subjected to elec-

troporation using the U-14 program on Amaxa Nucleofector I device (Lonza, Basel, Switzerland). Following electroporation, cells 

were incubated in warm RPMI1640 for 4h at 37 ◦ C and 5% CO 2 and then transferred to R10+IL2 and incubated overnight at 37 ◦ C 

and 5% CO 2 . Post incubation, 24h following siRNA treatment, cells were washed and stained with 5μM CFSE (Thermo Fisher Sci-

entific, Waltham, MA, USA) according to manufacturer’s instructions. Cells were then transferred to R10+IL2 (base medium contains 

90.9μM of L-phenylalanine) supplemented with 1mM Phe or Vehicle with or without anti-CD2, anti-CD3 and anti-CD28 antibody 

coated bead (Merck, Darmstadt, Germany) (1:1 cells:beads). 24h and 48h after incubation in supplemented medium, cells were har-

vested and stained with BD Horizon Fixable Viability Stain 780 (1:1000) (BD Biosciences, Franklin Lakes, NJ, USA) for 15min at RT in 

the dark following which they were stained with BV510 conjugated anti-CD45 antibody (1:100, clone H130, BioLegend, San Diego, 

CA, USA) and incubated for 30min at 4 ◦ C in the dark. Cells were then washed, and data was acquired on BD FACS Aria III (BD Bio-

sciences, Franklin Lakes, NJ, USA).

IL4I1 knockdown in human in vitro short-differentiated T helper cell subsets and proliferation

In vitro short-differentiated helper T cells (Th1, Th2, Th17 and Treg) from 3 donors were obtained using the protocol mentioned pre-

viously. Cells were electroporated using the 4D-Nucleofector system and P3 Primary Cell 4D-Nucleofector X Kit L (Lonza) as per 

manufacturer instructions and rested temporarily in serum-free RPMI at 37 ◦ C and 5% CO 2 for 4 h. Subsequently, they were trans-

ferred to R10+IL2 and rested overnight. On the next day, Th cell subsets from each donor were labeled using the CellTrace Violet Cell 

Proliferation Kit (5μM, Thermo Fisher Scientific, Waltham, MA, USA) following manufacturer instructions and incubated in media addi-

tionally supplemented with 1mM Phe along with anti-CD2, anti-CD3 and anti-CD28 antibody coated bead (Merck, Darmstadt, Ger-

many) stimulation for 48h. Subsequently, they were harvested, washed and stained for viability using the Fixable Viability stain 780 

(1:1000, BD Biosciences, Franklin Lakes, NJ, USA) for 15min in the dark at room temperature. Next, cells were washed and stained 

with FITC conjugated anti-CD45 antibody (1:100) for 30min in the dark at 4 ◦ C. After processing for flow cytometry, samples were 

washed and acquired on BD LSRFortessa Cell Analyzer and analyzed using FlowJo v10.

SCENITH: Single cell ENergetIc metabolism by profilIng translation inHibition

SCENITH is a flow cytometry-based technique used to assess cellular metabolism, developed by Arguello et al., 2020. 48 Frozen 

PBMCs were thawed, resuspended in RPMI1640 containing 10% FBS and 1X NEA and allowed to recover for a minimum of 2h. After 

incubation, PBMCs were washed and added to R10+IL2 supplemented with 1mM Phe or Vehicle, with or without simultaneous acti-

vation with anti-CD2, anti-CD3 and anti-CD28 antibody coated beads (1 cells:1 beads), and incubated for 12-14h. Post this incuba-

tion, cells were harvested and subjected to the SCENITH protocol. 48 In short, cells were treated with Control, 2-DG, Oligomycin, 

2-DG and Oligomycin and Harringtonine inhibitors at recommended dilution for 15min at 37 ◦ C. Puromycin was added following in-

cubation to block protein translation and incubated at 37 ◦ C for 30min. Following incubation, cells were first washed and stained with 

Fixable Viability stain 780 (1:1000, BD Biosciences, Franklin Lakes, NJ, USA) for 15min in the dark. After incubation, they were stained 

with a panel of antibodies specific for Th2 and Treg surface markers (Table S9) for 30min at 4 ◦ C. Cells were washed subjected to 

intranuclear staining using the FOXP3 intranuclear staining kit (Thermo Fisher Scientific, Waltham, MA, USA) to detect levels of pu-

romycin incorporation along with intranuclear flow antibodies. Samples were then washed and read on the BD FACS Aria III and 

analyzed according to formulas mentioned in the original publication. 48 For ex vivo analysis of helper T cell subsets, total CD4 + T cells 

were isolated from 3 donors using the CD4 + T cell Isolation Kit, human (Miltenyi Biotec) on the autoMACS Pro Separator from freshly 

thawed and rested PBMCs. Cells were rested overnight. On the next day, they were transferred to Veh or 1mM Phe supplemented 

R10+IL2 and incubated for 12–16 h. Following incubation, cells were subjected to the SCENITH protocol as mentioned above and 

summarised in Figure 4A using the panel listed in Table S8.

RNA sequencing sample preparation and analysis

One million in vitro long differentiated Th2 cells from 5 different healthy donors were incubated for 24h in R10+IL2 additionally sup-

plemented with 1mM of Phe or Veh with or without concurrent anti-CD2, anti-CD3 and anti-CD28 antibody coated bead (1:1) based
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activation. Cells were subsequently harvested, lysed in RLT buffer containing 10μL/mL of beta-mercaptoethanol, and stored at

− 80 ◦ C until further processing. Total RNA was isolated using RNEasy micro kit and the RNA integrity (RIN) score was determined 

using the High Sensitivity RNA ScreenTape Analysis (Agilent Technologies, Santa Clara, United States) on the 4200 TapeStation Sys-

tem (Agilent Technologies, Santa Clara, United States) using manufacturer instructions. All samples had a RIN score of 9.8 or higher. 

Following the assessment of RNA quality, library preparation was performed at the Functional Genomics Center Zurich using the Il-

lumina Stranded mRNA Prep Ligation library protocol (Illumina Inc, San Diego, Unite States) and high throughput sequencing was 

done on the Illumina NovaSeq X Plus. RNA sequencing analysis was performed using the SUSHI framework, 110 which encompassed 

the following steps: Read quality was inspected using FastQC, 111 and sequencing adaptors removed using fastp 112 ; expression data 

were generated using kallisto 113 with the GENCODE human genome build GRCh38 (Release 42) as the reference. 114 ; differential 

expression using the generalised linear model as implemented by the DESeq2 Bioconductor R package. 115 All R functions were 

executed on R version 4.4.2 and Bioconductor version 3.20. The threshold for a gene to be considered significantly expressed 

was set to Raw p-value <0.05. Gene Ontology Enrichment was done by selecting down and up regulated genes based on the 

raw p-value filtering (p < 0.05). The selected genes were then submitted to STRING, and GO enrichment was done using standard 

parameters set in STRING. Relevant pathways have been included in Figures 5G and 5H.

RNA-seq and microarray data analysis of previously published datasets

Previously published RNA-seq data of Th2 cells and microarray data of total CD3 + T cells were downloaded from the publicly available 

Gene Expression Omnibus platform under accession numbers GEO: GSE75011 (Cohort B) and GSE224253 (Cohort C), respectively. 

Data were analyzed with the GEO2R interactive web tool available here: www.ncbi.nlm.nih.gov/geo/geo2r/. Enrichment analysis of 

the most significant process networks in Th2 cells from patients with allergic asthma and allergic rhinitis, when compared to Th2 cells 

of non-allergic individuals, was performed with Metacore software version 23.4.71500 (Thomson Reuters, Toronto, Canada) using 

enrichment by GO Processess (all significantly changed genes) and by Metabolic Networks (significantly upregulated and signifi-

cantly downregulated genes) based on p - value<0.05 (Tables S20, S21, S22, S23, S24 and S25). The phenylalanine pathway 

gene set was curated and adapted from GSEA and MSigDB Database (Broad Institute, MIT and Reagent of the University of Cali-

fornia, USA) (Table S26) available under systematic names: M29207, M37685, M46134, M16650, M27835, M27850, M45537. 

Only genes present in the Th2 RNA-seq dataset analysis were shown in Figures 7D and S18D. The same genes were followed in 

our previously published CD3 + T cell microarray dataset and are shown in Figures S18E and S18F.

Western blotting

The flow through from the RNeasy spin column during RNA isolation, saved and stored at − 80 ◦ C, was thawed and processed ac-

cording to the manufacturer’s instructions to obtain total protein. Briefly, 4 volumes of ice-cold acetone (Sigma-Aldrich, St. Louis, 

MO, USA) was added to 1 volume of flow through and incubated at − 20 ◦ C for 30min. After incubation, the mix was centrifuged at 

maximum speed for 10min at 4 ◦ C in a benchtop ultracentrifuge and the supernatant was discarded. The pellet was washed with 

100μL of ice-cold ethanol, centrifuged, and allowed to air dry after the supernatant was discarded. Then, the pellet was resuspended 

in 45μL 1X Laemlli buffer (270μL of 4X Laemmli buffer, 30μL of β-mercatopethanol, 900μL of water) and heated at 95 ◦ C for 5min. After 

heating, the samples were cooled and loaded onto a SurePAGE Bis-Tris 4-12% gel (GenScript, Piscataway, NJ, USA) with Protein 

Precision Plus dual color ladder (Bio-Rad laboratories, Hercules, CA, USA) and subjected to electrophoresis at 100V. Then, by means 

of the eBlot L1 Protein Transfer System (Genscript, Piscataway, NJ, USA), proteins were transferred from the gel onto a prepared 

WesternBright NC nitrocellulose membrane (Advansta Inc., San Jose, CA, USA) as per supplier instructions. The membrane was 

washed and blocked for 2h at room temperature with buffer containing 5% milk, and 0.05% Tween 20 prepared in PBS. Following 

blocking, we probed the membrane with either Rabbit anti-LAT1 (1:1000, Cell Signaling Technologies, Danvers, MA, USA) or Rabbit 

anti-IL4I1 antibody (1:1000, Thermo Fisher Scientific, Waltham, MA, USA) prepared in blocking buffer and incubated it overnight at

4 ◦ C. After incubation, the membrane was washed with PBS containing 0.05% Tween 20 (PBS-T) and probed with HRP conjugated 

goat anti-rabbit IgG (H + L) antibody (1:10000, Jackson Laboratories, Bar Harbor, ME, USA) for 1h at RT. The membrane was washed 

and developed with WesternBright Quantum reagent (Advansta Corporation, Menlo Park, CA, USA) per manufacturer instructions 

and read on Fusion FX 7 imaging system (Vilber Lourmat, Eberhardzell, Germany). The membrane was stripped with Restore 

PLUS Western Blot Stripping buffer (Thermo Fisher Scientific, Waltham, MA, USA), washed, blocked and probed with anti-human 

beta actin antibody (1:1000, Thermo Fisher Scientific, Waltham, MA, USA) and processed with the same steps. Relative protein 

expression of LAT1 and IL4I1 were calculated based on their intensity levels determined using Fiji 98 2.14.0/1.54f (NIH, Bethesda, 

MD, USA) using beta-actin as a calibrator.

To assess the expression of phosphorylated and total mTOR and STAT6, in vitro differentiated Th2 cells were transferred to 

R10+IL2 supplemented with Veh or 1mM Phe with/without bead based CD2, CD3, and CD28 activation antibodies. At time points, 

1min, 3min, 5min, 10min, 15min, 30min, 60min, 6h and 24h, cells were harvested and centrifuged at 370g. The supernatant was dis-

carded, and cells were immediately lysed in RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific, Waltham, MA, USA) contain-

ing Pierce Protease and Phosphatase Inhibitor (Thermo Fisher Scientific, Waltham, MA, USA). Lysed cells were immediately frozen 

and stored at − 80 ◦ C until analysis. Western blotting was carried out as stated previously. The primary antibodies used are Rabbit 

anti-phospho-mTOR mAb (Ser2448, D9C2), Rabbit anti-mTOR mAb (7C10), and Rabbit anti-phospho-STAT6 mAb (Tyr641), and
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Rabbit anti-STAT6 mAb (D3H4). Relative protein expression of phosphorylated and total transcription factors was calculated based 

on their intensity levels determined using Fiji 2.14.0/1.54f (NIH, Bethesda, MD, USA) and β-actin as a calibrator.

Phenylalanine quantification in in vitro experiments

In vitro differentiated Th2 cells were transferred to R10+IL2 supplemented with additional 1mM Phe or Vehicle. Importantly, 10μM of 

LAT1 inhibitor KYT0353 (Tocris Bioscience, Avonmouth, UK) was also added for selective inhibition and incubated for 6h. Upon 

completion of incubation, cells were harvested and immediately lysed in the Phenylalanine Assay buffer as per Phenylalanine Assay 

kit (Abcam, Cambridge, UK) instructions which was used to quantify Phe levels in cell lysates. Samples were processed according to 

manufacturer instructions and OD was measured at 450nm on the Mithras LB 940 plate reader (Berthold Technologies, Bad Wildbad, 

Germany) after incubation. Phe quantification in these samples and subsequent data analysis and calculations were carried out by 

following manufacturer instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Multivariate analysis was performed using SIMCA v.16.0 (Sartorius Stedim Data Analytics). The PCA models were used to evaluate 

data quality and find patterns in the experimental samples. The cross-validated Orthogonal Partial Least Square Discriminant Anal-

ysis (OPLS-DA) models were performed to confirm the separation between the metabolism of memory CD4 + Teff and Tregs. The 

models were evaluated using R 2 and Q 2 parameters which are the classification and prediction capacity, respectively. 

Complementary, univariate analysis was performed in MATLAB (v.R2018b, MathWorks) to obtain the significance of each feature 

in the study between studied groups. Thus, non-parametric Mann-Whitney U was used to determine statistical significance between 

pair groups, and the statistical significance was set at p - value<0.05. Additionally, for multiple comparison correction, False Discov-

ery Rate (FDR) was performed by using Benjamini-Hochberg correction for these p - values, and statistical significance was set as 

well at FDR<0.05 for the adjusted p-value. 116 Bar representations were obtained in GraphPad Prism version 9.0.0.

Venny online tool (v. 2.0) was used to construct the Venn diagrams; and the MetaboAnalyst online tool (v. 5.0) was used to produce 

heatmaps graphs where data was logarithmic transformed and auto scaled. When hierarchical clustering was applied, Euclidean dis-

tance measure and Ward’s clustering method were chosen as the clustering parameters. Moreover, enrichment pathway analysis 

was performed with IMPaLA pathway over-representation analysis tool. Two analyses, one for Teff cells and Treg cells each, 

were performed using those identified metabolites with an associated HMDB ID number found in both and in the specific cell subset 

(n = 48 metabolites for Teff cells and n = 51 for Treg cells). Only routes from KEGG database were considered.

For comparisons between two groups, t-tests either unpaired or paired t test, or Mann-Whitney U or Wilcoxon tests were used 

depending on data distribution and variable. Similarly, One-way ANOVA with Fisher’s LSD, or Tukey, or Sidak’s, or Dunnett correction 

were used for comparison of 3 or more groups depending on distribution and variable type. For all data analysis, sample sizes and 

appropriate analysis parameters including tests used are indicated in respective figure legends. GraphPad Prism v10.2.0 was used 

for analysis. Significance was concluded at *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Correlation analyses

For the correlation analyses, we used an in-house developed MATLAB script. Briefly, the number of cells of each memory CD4 + Teff 

population determined by unbiased flow cytometry analysis of severe patient samples was correlated with the abundance of the an-

notated compounds. Normality of cell counts and metabolite abundances was checked using the Kolmogó rov-Smirnov-Lilliefors 

test. For normally-distributed data, Pearson correlation was used. Statistical significance was set at pcorr <0.05 and |rho| ≥ 0.7.
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