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N-arachidonylglycine is a caloric
state-dependent circulating metabolite
which regulates human CD4+T cell responsiveness

Allison M. Meadows,1,2 Kim Han,1 Komudi Singh,1 Antonio Murgia,2 Ben D. McNally,2 James A. West,2

Rebecca D. Huffstutler,3 Tiffany M. Powell-Wiley,4 Yvonne Baumer,4 Julian L. Griffin,2,5 and Michael N. Sack1,3,6,*

SUMMARY

Caloric deprivation interventions such as intermittent fasting and caloric restric-
tion ameliorate metabolic and inflammatory disease. As a human model of caloric
deprivation, a 24-h fast blunts innate and adaptive immune cell responsiveness
relative to the refed state. Isolated serum at these time points confers these
same immunomodulatory effects on transformed cell lines. To identify serum
mediators orchestrating this, metabolomic and lipidomic analysis was performed
on serum extracted after a 24-h fast and re-feeding. Bioinformatic integration
with concurrent peripheral blood mononuclear cells RNA-seq analysis implicated
keymetabolite-sensingGPCRs in fasting-mediated immunomodulation. The puta-
tive GPR18 ligand N-arachidonylglycine (NAGly) was elevated during fasting and
attenuated CD4+T cell responsiveness via GPR18 MTORC1 signaling. In parallel,
NAGly reduced inflammatory Th1 and Th17 cytokines levels in CD4+T cells
isolated from obese subjects, identifying a fasting-responsive metabolic interme-
diate thatmay contribute to the regulation of nutrient-level dependent inflamma-
tion associated with metabolic disease.

INTRODUCTION

Nutrient excess has led to an epidemic of metabolic diseases, and caloric overconsumption gives rise to

diverse systemic diseases, e.g., type II diabetes, non-alcoholic steatohepatitis, and increased cancer sus-

ceptibility.1–3 Of interest, chronic inflammation is a common underlying pathophysiology linked to these

caloric excess-initiated conditions. In contrast, caloric restriction and intermittent fasting interventions

attenuate metabolic risk factors, reduce inflammation,4,5 and enhance tumor surveillance.6–11 Together,

these data implicate immune regulation as an integral caloric-intake sensing system with profound effects

on non-communicable degenerative disease development and/or prevention.

As intermittent fasting interventions are generally health-promoting, this acute dietary intervention is

emerging as a useful human experimental model system to begin to explore the underlying regulatory

mechanisms underpinning the anti-inflammatory effects of nutritional restriction. Diverse intracellular im-

mune cell mechanisms have been identified, e.g., via chromatin remodeling,12 gene transcription,13 altered

mitochondrial fidelity,14 and through the regulation of canonical immune signal transduction pathways.13

Paracrine or other extrinsic regulatory mechanisms following the release of regulatory proteins andmetab-

olites into the circulation in response to fasting interventions are less well characterized. Caloric-load-

dependent circulating metabolites, including the microbiome-generated short-chain fatty acid butyrate

and b-hydroxybutyrate, generated by hepatic ketogenesis, both blunt the intracellular immune sensing

NLRP3 inflammasome which is responsible for sterile inflammation,15,16 and fasting-mediated secretion

of IGFBP1 blunts T cell receptor (TCR) activated CD4+T cell cytokines including IFNg, IL-4 and IL-17.17

Ultimately, integration of cell-autonomous and extrinsic regulatory pathways likely function in concert to

alter the inflammatory milieu and contribute to the modulation of immune cell responsiveness to inflamma-

tory triggers.

The objective of this study was to employ serum metabolomics and lipidomics to uncover circulating

metabolites that may confer anti-inflammatory effects on CD4+T cells in subjects that had been exposed

to a fasting and re-feeding protocol, where our prior analyses focused on fasting-mediated blunting of
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intracellular CD4+ cell immune responsive gene regulation. Here, serum was secured from healthy volun-

teers exposed to a 24-h fast and 3 h of re-feeding as part of the initial clinical protocol where fasting was

found to blunt CD4+ T helper cell immune response via transcriptional regulatory mechanisms.13 In this

subsequent study, we aimed to identify fasting-induced circulating metabolites and characterize metabo-

lite-signaling pathways in CD4+T cells by integrating metabolomic and lipidomic analyses of collected

serum in parallel with transcriptomic analyses from peripheral blood mononuclear cells (PBMCs) from

the initial study at the same nutritional-load time points. Caloric load differentially regulated the levels

of many serum metabolites and lipid species and the expression of multiple putative metabolite-sensing

G-protein coupled receptors (GPCRs). By exploring identified ligands to metabolite-sensing GPCRs, we

uncovered a fasting-associated anti-inflammatory signaling effect of the GPR18 ligand

N-arachidonylglycine (NAGly) in CD4+T cells isolated from normal volunteers. As a validation study, we

demonstrated that this metabolite-derived anti-inflammatory effect was operational by comparing

CD4+T cells isolated from a separate cohort of lean versus obese subjects, indicating a potentially broader

role for NAGly in immune modulation in different nutrient-load-associated metabolic diseases. By charac-

terizing identified metabolites and metabolite-sensing pathways associated with prolonged fasting, we

have uncovered a mechanism underpinning CD4+T cell immune modulation, shed new light on the role

of nutrient load on inflammatory pathophysiology, and uncovered a putative GPCR target to modulate

CD4+T cell immune responsiveness.

RESULTS

Serummetabolomics/lipidomics identify distinct circulatorymetabolites comparing fasted to

refed state

The demographics of the study subjects and the biochemical markers, including glucose, insulin, and

growth hormone levels that support the distinct nutrient loads in the fasted versus the refed state are shown

in Table S1. To identify potential paracrine signaling effects which confer anti-inflammatory effects of a 24-h

fast, we employed a comprehensivemetabolomic and lipidomic approach to explore changes to the serum

metabolic profile after a 24-h fast compared to 3 h after re-feeding (Figure S1A). Serum LC-MS metabolo-

mic analysis identified 66 polar metabolites and 170 distinct lipid species, and pairwise hypothesis testing

identified significantly different levels of 26 polar metabolites and 44 lipids comparing fasting and re-

feeding (Figure 1A, Table S2). Network analysis of the potential impact of these nutrient-dependent serum

metabolite changes implicated differentially abundant metabolites in immunologic disease, inflammatory

disease, and inflammatory response (Figure 1B). These results support the hypothesis that nutrient loads

per se differentially modulate immune signaling and suggest an array of potential metabolite signaling

intermediates which may confer immunoregulatory effects.

To begin to investigate which fasting-regulated metabolites confer nutrient-dependent immunomodula-

tory effects, we first employed orthogonal partial least squares-discriminant analysis (OPLS-DA) of metab-

olomic/lipidomic data. Serum samples, represented as the composite of all measured metabolites for each

sample, were distinctly separated between fasted and refed groups (R2X = 0.31, R2Y = 0.85, Q2 = 0.76, and

cross-validation ANOVA p = 5.50 x 10�11), attributed to distinct fasting-mediated changes in the circulating

plasma metabolome during fasting (Figure 1C). The OPLS-DA model was validated using a permutation

plot (Figure S1B). Distinct metabolite biomarkers were identified using variable importance in prediction

(VIP). Of the 70 differentially abundant metabolites, 51 had a VIP score greater than 1 (Table S2). The

top VIP serummetabolites significantly increased by fasting were the long-chain fatty acids heptadecanoic

acid (HDA, C17:0), arachidonic acid (AA, C20:4), oleic acid (OA, C18:1), and eicosapentaenoic acid (EPA,

C20:5), as well as the polar metabolites uridine, acetyl-carnitine, and a-hydroxybutyrate (Figures 1D,

S1C, and S1D). These metabolites have previously been identified as fasting biomarkers,18–21 which

validates our experimental model.

Bioinformatic integration of metabolite and transcript levels uncover putative ligand-

receptor immunomodulatory signaling pathways

To identify putative immunomodulatory roles of fasting-induced metabolites, we then interrogated the

RNA-seq database from PBMC samples from the same subjects (GSE165149).13 Analysis at the 24-fast

and 3-h re-feeding time points revealed a subset of 971 differentially expressed (DE, pvalue <0.05) genes

(Figures S2A and S2B, Table S3). Gene Ontology (GO) enrichment analysis22,23 supported that the biolog-

ical process most significantly enriched pathway by fasting and re-feeding was the inflammatory response

(Figure 2A). Of interest, the next two most enriched biological processes revealed differences in G-protein
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coupled receptor signaling (GPCR) and small GTPase-mediated signal transduction (Figure 2A). This was

corroborated by GO molecular function analysis which showed enrichment in GPRC activity, GTP binding,

and guanyl nucleotide binding (Figure 2B). Given that multiple metabolites signal through GPCRs,24 these

results suggested that GPCR signaling pathways may confer immune-modulatory effects of fasting and re-

feeding. In this regard, 28 identified DE genes in the GPCR signaling pathway were identified (GO:

0007186) (Figure 2C). These included chemokine receptors, a known short-chain fatty acid receptor, and

several receptors classified as orphan GPCRs. The orphan GPCR most highly regulated between fasting

and re-feeding was GPR18 (Figures 2C and 2D), and emerging data support that GPR18 signaling may

have immunomodulatory effects.25–27

Fasting-induced N-arachidonylglycine downregulates Th1 and Th17 immune responsiveness

Of interest, the N-acyl amino acid (nAAA) N-arachidonylglycine (NAGly) has been identified as a potential

GPR18 ligand,28 and its lipid precursor arachidonic acid was identified as the topmetabolite distinguishing

the fasted from the refed state (Figure 1D). We therefore directly measured the levels of NAGly, which is a

conjugate of arachidonic acid with glycine,29 by LC-MS/MS. NAGly levels were markedly increased during

fasting compared to matched refed serum levels (Figure 3A). Significant correlation between the serum

abundance of NAGly and arachidonic acid (R2 = 0.53, p = 0.017) suggested that NAGly may be derived

Figure 1. Metabolomics of human serum during fasting and re-feeding

(A) Number of serummetabolites detected by metabolomic and lipidomic analyses, and number of significantly different

metabolites in fasted vs. refed pairwise comparisons. Hypothesis testing performed using a paired Wilcoxon signed-rank

test (n = 21).

(B) Fasted versus refed network analysis of differentially abundant metabolites. Top three networks shown, ranked by

enrichment score.

(C) OPLS-DA score scatterplot of serum samples from the fasted (blue) and refed (red) groups (n = 21 samples/group).

R2X = 0.31 R2Y = 0.85. Q2 = 0.76. P-value of the cross-validation ANOVA = 5.50x10�11.

(D) Top 10 VIP metabolites and heatmap of mean log abundance in fasted and refed serum samples.
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from or regulated in parallel with arachidonic acid during fasting (Figure 3B). To evaluate whether NAGly

could function as an extracellular signaling molecule, we assayed its stability in CD4+T cell culture media

over three days. NAGly levels remained relatively constant (Figures S3A and S3B), which could implicate its

role as a potential immunomodulatory signaling molecule.

As the 24-h fast has a robust effect on blunting CD4+ effector T cell signaling, in parallel with the induction

of NAGly and associated cytokine production, and given that GPR18 expression in primary CD4+T cells is

differentially regulated by fasting and re-feeding (Figure 3C), we sought to assess the potential immuno-

modulatory effects of the putative NAGly-GPR18 nexus on CD4+T cells. NAGly was studied at a concentra-

tion of 10 mM,30,31 which did not reduce the viability of primary CD4+T cells (Figure S3C). In parallel, NAGly

Figure 2. PBMC RNA-seq of PBMCs in the fasted and refed state

(A and B) Biological process and (B) molecular function GO analysis of 971 DE genes from PBMCs. Top 3 enriched

processes shown, ranked by the inverse log of the p-value.

(C) Relative expression of 28 DE genes (p < 0.05) enriched in the G-protein coupled receptor signaling pathway (GO:

0007186). Gene expression (FPKM, Fragments Per Kilobase of transcript per Million) indicated by row Z-score as relative

increase (red) or decrease (blue). Samples (x-axis) grouped by fasted and refed timepoints. Genes (y-axis) ranked by mean

fold change.

(D) GPR18 RNA expression in PBMCs collected at fasting and re-feeding timepoints (relative to the mean of fasted group,

n = 15/group). Significance using a paired t-test, * - p < 0.05.
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decreased transcript levels of genes encoding canonical T cell transcription factors (TF) TBX21 (T-bet, Th1

specific TF) and RORC (RORgt, Th17 specific TF), but not GATA3 (Th2 specific TF) (Figure S3D). Further-

more, NAGly administration significantly blunted IFNg and IL-17 secretion with a less robust effect on

Figure 3. Functional characterization of NAGly/GPR18 signaling in CD4+T cells

(A) Relative abundance of NAGly in human serum collected at fasted and refed timepoints (n = 5).

(B) Pearson correlation of NAGly and arachidonic acid relative abundance in matched serum samples (n = 10). Line of best

fit and 95% confidence intervals shown.

(C) RNA expression of GPR18 in CD4+T cells isolated from PBMC samples collected at fasted and refed timepoints

(relative to the mean of fasted group, n = 9/group).

(D) Release of IFNg, IL-4, and IL-17 cytokines from CD4+T cells treated with 10 mM NAGly relative to vehicle control

(n = 15).

(E) S6 protein and phosphoprotein abundance in CD4+T cells treated with 10 mM NAGly relative to vehicle control.

(F) Quantification of immunoblot: pS6/S6 (n = 11).

(G) P70S6K protein and phosphoprotein abundance in CD4+T cells treated with 10 mM NAGly relative to vehicle control.

(H) pP70S6K/P70S6K (n = 7).

(I) Release of IFNg, IL-4, and IL-17 cytokines from CD4+T cells treated with GPR18 shRNA or negative control +/� 10 mM

NAGly (n = 8). Significance using a paired Student’s t test, or by a two-way ANOVA with Tukey’s multiple comparisons

test. * - p < 0.05, ** - p < 0.01.
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IL-4 secretion (Figure 3D). Together, these data support a regulatory role of NAGly in blunting Th1/Th17

rather than Th2 inflammatory signaling.

Fasting-associated CD4+T cell inflammatory signaling is partly mediated by mTOR and the STAT family of

transcription and translation regulatory proteins, STAT1 and STAT3.13 Of interest, neither STAT1 nor

STAT3 phosphoprotein levels were significantly affected by NAGly, implicating that the potential anti-in-

flammatory mechanism was independent of the JAK-STAT signaling cascade (FiguresS3E–S3H). In

contrast, the administration of NAGly decreased phosphorylation of MTORC1 effectors P70S6K and ribo-

somal protein S6 (Figures 3E–3H), supporting that NAGly could blunt signaling downstream of MTORC1,

ultimately conferring reduced Th1 and Th17 immune responsiveness. To assess whether this NAGly effect

was via GPR18, the receptor agonist PSB-KD107 (KD107)32 was studied. KD107 incubation similarly blunted

IFNg and IL-17, but not IL-4 secretion (Figures S4A and S4B). In addition, KD107 significantly blunted phos-

phorylation of ribosomal protein S6 but not P70S6K (Figures S4C–S4F), suggesting that GPR18 agonism

partially reproduces the anti-inflammatory effect of NAGly by blunting MTORC1 signaling. Conversely,

antagonism of GPR18 with PSB-CB533,34 did notmodulate the release of IFNg and IL-17 cytokines, although

it did induce IL-4 secretion (Figures S4G and S4H). These findings support that GPR18 activation may repli-

cate the anti-inflammatory effect of NAGly in Th1 and Th17 cells and that GPR18 inhibition may have the

opposite effect with respect to Th2-linked cytokine release. To explore this further, lentiviral-transduced

short hairpin RNA (shRNA) targeting GPR18 was investigated. In primary CD4+T cells, az50% knockdown

of GPR18 transcript levels was achieved vs. scrambled control knockdown (Figure S4I). As may be expected,

NAGly significantly decreased IFNg and IL-17, but not IL-4, in scrambled control cells, whereas GPR18

knockdown blunted these effects. Of interest, knockdown of GPR18 alone diminished IFNg, IL-4, and IL-

17 release (Figure 3I).

NAGly levels correlate with chronic nutrient load states with parallel immunomodulatory

effects

As immune-modulatory changes associated with fasting and re-feeding may be relevant to the inflamma-

tory pathophysiology of metabolic disease, especially obesity,17 we then analyzed RNA-seq data of subcu-

taneous adipose tissue biopsies collected from human volunteers classified as lean or obese (GEO ID:

GSE166047)35 to investigate whether there was a parallel GPRC pathway regulation. Analysis revealed a

large subset of DE genes comparing lean and obese samples (Figure 4A). In line with our findings, GO anal-

ysis uncovered enrichment of DE genes linked to leukocyte and lymphocyte activation and inflammatory

response (Figure 4B) as well as enrichment in G-protein coupled receptor activity (Figure 4C). Based on

this, we then evaluated whether NAGly affected CD4+T cell responsiveness in lean and obese volunteers

we had previously studied.17 The subjects’ demographics and differences in body mass index (BMI) are

shown in Table S4. In CD4+T cells, GPR18 expression was upregulated in the obese cohort (Figure 4D),

which is interesting considering it is also upregulated by re-feeding. NAGly supplementation also signifi-

cantly blunted IFNg release in CD4+T cells isolated from obese individuals and IL-17 release in both lean

and obese samples, whereas it did not affect IL-4 release in either group (Figure 4E). At the same time, the

comparison of NAGly/GPR18 biology between an acute intervention (fasting/re-feeding) with a more

steady-state body weight (lean versus obese) is complex and does not account for a myriad of variables

that exist between the different cohorts. To uncover this, albeit, at a reductionist level, we subdivided

the fasting/re-feeding cohort into normal and increased BMI and compared GPR18 transcript levels and

circulating levels of arachidonic acid. Of interest, the differential expression of GPR18 and arachidonic level

between fasting and re-feeding were retained irrespective of the subjects’ BMI (Figures S5A and S5B).

Together, these findings further support that NAGly has the potential to blunt CD4+T cell activation in

different metabolic states, further reinforcing its regulatory role in an inflammatory milieu.

DISCUSSION

This study employed a 24-h fasting and 3-h re-feeding protocol in healthy volunteers to identify circulating

nutrient-level dependent metabolites that function as immune mediators. Integrating these data with

PBMC RNA-seq analysis from the same subjects and subsequent biologic pathway interrogation uncov-

ered that the caloric load-responsive metabolite NAGly, signaling via the orphan G-protein coupled recep-

tor GPR18, blunted Th1 and Th17 immune responsiveness in primary CD4+T cells from healthy subjects, a

finding then validated in obese subjects. These data add to our understanding of how a circulating conju-

gated lipid-amino acid species contributes through GPCR signaling to remodel CD4+T cell immune

responsiveness.
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Although the circulating levels of numerous hydrophilic and lipid metabolites differed in the fasted and

refed state, this study focused on NAGly given that its levels were induced by fasting and in that its immu-

nomodulatory role is not well established. In addition, its putative receptor GPR18 is expressed throughout

the body, with elevated levels in the spleen and other lymph tissue, indicating a potential role in regulating

immune activity.36 At the same time, genome-wide association studies identify GPR18 as a biomarker of

disease with immunologic involvement, including sepsis and asthma.37–40 Prior data had shown that NAGly

reduced PBMC IL-1b cytokine secretion.31 In addition, the NAGly/GPR18 nexus had been explored in the

context of innate immune cell survival and migration.30,41,42 In adaptive immunity, GPR18 was found to

maintain intestinal CD8+ intraepithelial lymphocyte integrity25,26 and modulate CD8+ effector-memory

T cell compartmentalization,27 although in those studies NAGly was not explored. NAGly has also been

identified as a ligand for GPR18,28 and GPR18 is necessary for NAGly signaling effects.30,41–46 The pharma-

cologic and GPR18 knockdown data in this study extends this knowledge showing that NAGly has distinct

Th1 and Th17 anti-inflammatory effects as a ligand for the GPR18 receptor. At the same time, GPR18 has

been found to be constitutively active.40,47 Of interest, a concept supported in our study suggests that

Figure 4. NAGly anti-inflammatory effects are GPR18-dependent and operational in obesity

(A) RNA sequencing of subcutaneous adipose tissue biopsy collected from 10 female volunteers without T2DM classified

as lean (n = 5) or obese (n = 5).

(B and C) Biological process and (C) molecular function GO analysis of DE genes. Top 3 enriched processes shown, ranked

by the inverse log of the p value.

(D) Relative expression of GPR18 in naive primary CD4+ T cells isolated from PBMCs collected from lean (n = 10) or obese

(n = 10) volunteers. RNA expression normalized to 18S ribosomal RNA (relative expression to the mean of the lean group).

Significance using an unpaired t-test.

(E) Release of IFNg, IL-4, and IL-17 cytokines from aCD3/aCD28 antibody-activated CD4+T cells treated with 10 mMNAGly

relative to vehicle control (n = 4–8). Cytokines measured by ELISA immunoassay and normalized to cell density by

CyQuant assay. Significance reported using a two-way ANOVA with �Sı́dák’s multiple comparisons test. [*] indicates

p < 0.05. [**] indicates p < 0.01.
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the constitutive effect of GPR18 is pro-inflammatory in CD4+T cells, given that its knockdown blunted IFNg,

IL-4, and IL-17 levels in the absence of NAGly supplementation. The finding that the transcript encoding

GPR18 was induced by re-feeding in CD4+T cells could be consistent with this regulation, although further

studies are required to explore this putative feedforward regulation. The pharmacologic data is less consis-

tent, though, given that the GPR18 agonist PSB-KD107 blunted IFNg and IL-17 release, whereas the

antagonist augmented IL-4 secretion. This latter finding does not align with either the global effect of

GPR18 KD or in opposition to the effect of NAGly administration.

At a signaling level, NAGly supplementation has been shown to increase levels of anti-inflammatory eicos-

anoids, including lipoxin A4 and prostaglandin J2 in GPR18-transfected HEK393 cells,45 suggesting that this

signaling cascade may function through these lipid mediators. In this study, we explored the effects of

NAGly on canonical T cell signaling by evaluating MTORC1 and STAT signaling. We found that NAGly

blunted the phosphorylation of p70S6K and ribosomal pS6. These replicated the fasting effect on Th1

and Th17 regulation and the role of the MTORC1 pathway,13 and is consistent with data showing that

the nutrient-sensingMTORC1 pathway promotes Th1/Th17 cell subsets activation while inhibiting Th2 cells

and Tregs.48 The GPR18 agonist did not faithfully replicate this data with a more robust effect on blunting

pS6 but not p70S6K. Why the ribosomal MTORC1 pathway was more responsive to this agonist remains

unclear. In contrast, NAGly did not blunt signaling through the STAT1 and STAT3 pathways, which are

also mechanistically linked to Th1 and Th17 immune responsiveness. However, genetic knockout studies

have shown that STAT1 and STAT3 independent mechanisms regulate Th1 and Th17 cytokines.49–51An

important caveat here is that these STAT1/3 independent mechanisms do not fully enable complete

immune fidelity of these cell types suggesting that the functional in vivo effect of NAGly and GPR18 would

need to be assessed more broadly in the context of CD4+ T helper cell immune functioning.

At the same time, the fact that NAGly reduced the production of IFNg and IL-17 in CD4+T cells isolated

from lean and obese volunteers further supports that NAGly confers anti-inflammatory effects. These

data point to an interesting putative GPCR-linked pathway that may be targeted in managing chronic

inflammation of metabolic syndrome-linked diseases and highlight that the role of the circulating metab-

olome in modulating metabolic-linked diseases needs to be understood in more detail to uncover poten-

tial mechanisms whereby nutritional intervention may improve health in these diseases. At the same time,

the finding that GPR18 levels were differentially expressed in the lean versus obese cohorts, implicates that

this signaling may be operational in more chronic nutrient-level dependent states linked to sterile inflam-

mation. However, the complexity of this regulation and potential dynamics linked to weight are completely

unexplored and would need to be addressed.

In conclusion, we have identified the NAGly-GPR18 nexus as a metabolite andmetabolite-sensing pathway

in CD4+T cell immunoregulation in response to fasting. Future studies should further uncover how endog-

enous signaling metabolites control inflammatory signaling to advance our understanding of mechanisms

underpinning fasting-mediated immunemodulation. This study reinforces the concept that circulating me-

tabolites effects of dietary manipulation, from either the gut microbiome response or by release from solid

organs such as the liver, skeletal muscle, and adipocytes, have immunomodulatory effects. Our advancing

appreciation of the signaling role of these metabolites will ultimately contribute to an improved

understanding of the integration of metabolism and immune health, informing a targeted nutritional

and therapeutic approach to treating metabolic and inflammatory diseases.

Limitations of the study

The limitations of this study were that we explored only one of many circulating metabolites altered by fast-

ing in modulating immune responsiveness and focused on one lymphocytic cell lineage. In addition, our

initial metabolomics screen examined only a limited number of metabolites, and other metabolites with

regulatory roles need to be defined. This study also uncovered the potential paradox of elevated NAGly

levels in the fasted state but elevated GPCR18 expression in the refed state, which will need to be explored

in greater depth to understand their interplay and regulatory effects. Further studies into NAGly-GPR18

signaling will need to be explored across different innate and adaptive immune cells known to be

nutrient-responsive. Furthermore, serum samples should be acquired from population studies

exploring nutrient-responsive diseases to evaluate if targeting this pathway could have immune-responsive

effects.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Purified anti-human CD3 Antibody BioLegend Cat#317301, RRID: AB_571926

Purified anti-human CD28 Antibody BioLegend Cat#302901, RRID: AB_314303

p70 S6 kinase antibody Cell Signaling Technology Cat#9202, RRID:AB_331676

Phospho-p70 S6 Kinase (Thr389) Antibody Cell Signaling Technology Cat#9205, RRID:AB_330944

S6 Ribosomal Protein (54D2) Mouse mAb Cell Signaling Technology Cat#2317, RRID:AB_2238583

Phospho-S6 Ribosomal Protein

(Ser240/244) Antibody

Cell Signaling Technology Cat#2215, RRID:AB_331682

Stat1 (9H2) Mouse mAb Cell Signaling Technology Cat#9176, RRID:AB_2240087

Phospho-Stat1 (Tyr701) (58D6) Rabbit mAb Cell Signaling Technology Cat#9167, RRID:AB_561284

Stat3 (124H6) Mouse mAb Cell Signaling Technology Cat#9139, RRID:AB_331757

Phospho-Stat3 (Tyr705) Antibody Cell Signaling Technology Cat#9131, RRID:AB_331586

b-Actin (8H10D10) Mouse mAb Cell Signaling Technology Cat#3700, RRID:AB_2242334

IRDye800CW Goat anti-rabbit IgG Li-Cor Bioscience Cat. #926-32211, RRID:AB_621843

IRDye680RD Donkey anti-mouse IgG Li-Cor Bioscience Cat. #926-68072, RRID: AB_10954628

IRDye680RD Goat anti-rabbit IgG Li-Cor Bioscience Cat. #926-68071, RRID: AB_10956166

Bacterial and virus strains

GPR18 Human shRNA Lentiviral

Particle (Locus ID 2841)

OriGene Technologies Cat#TL312655V

Lenti-shRNA Control Particles OriGene Technologies Cat#TR30021V

Biological samples

Human serum From subject cohort - ClinicalTrials.gov

ID-NCT02719899

N/A

Chemicals, peptides, and recombinant proteins

Arachidonoyl Glycine Cayman Chemical Company Cat#90051; CAS: 179113-91-8

PSB-KD107 Cayman Chemical Company Cat#31393; CAS: 955121-65-0

PSB-CB5 Tocris Cat#6372; CAS: 1627710-30-8

Human IL-2 Recombinant protein Peprotech Cat#200-02B

Critical commercial assays

Human CD4+T cell Isolation Kit Miltenyi Biotec Cat#130-091-155

CyQUANT� LDH Cytotoxicity Assay Invitrogen Cat#C20300

CyQUANT� Cell Proliferation Assay Invitrogen Cat#C7026

Human IFNg Duoset ELISA Kit R&D Systems Cat#DY285B

Human IL-4 Duoset ELISA Kit R&D Systems Cat#DY204

Human IL-17 Duoset ELISA Kit R&D Systems Cat#DY317

Deposited data

Human Metabolome Database

(HMDB, Version 4.0)

Wishart et al.52 https://hmdb.ca/

RNAseq of PBMCs This paper; Han et al.13 Table S3; GEO: GSE165149

RNAseq of subcutaneous adipose

tissue biopsies

Rey et al.35 GEO: GSE166047

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Michael N. Sack (sackm@nih.gov).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d This paper analyzes existing, publicly available RNA sequencing data. Metabolomic and lipidomic data

generated by this study was deposited in the Mendeley Data repository and the accession number for

the datasets are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Serum metabolomics data This paper; Mendeley Data:

https://data.mendeley.com/

datasets/zvzvd5f5cb/1

Table S2; https://doi.org/10.17632/zvzvd5f5cb.1

Experimental models: Organisms/strains

Human HealthyVolunteer NIH Clinical Center Blood Bank

(NCT00001846) and ClinicalTrials.gov

ID-NCT01143454

N/A

Oligonucleotides

GATA3 QIAGEN Cat#QT00095501

RORC QIAGEN Cat#QT00097888

TBX21 QIAGEN Cat#QT00042217

GPR18 QIAGEN Cat#QT01001504

18S QIAGEN Cat#QT00199367

Software and algorithms

Thermo Xcalibur (version 2.2) Thermo Scientific Cat#OPTON-30965

Image Studio (version 5.2) LI-COR https://www.licor.com/bio/image-studio/

MetaboAnalyst (version 5.0) Pang, et al.53 https://www.metaboanalyst.ca/

Prism (version 9) GraphPad Software https://www.graphpad.com/

Simca (version 17) Umetrics https://www.sartorius.com/en/products/

process-analytical-technology/data-analytics-

software/mvda-software/simca

Ingenuity Pathway Analysis QIAGEN https://digitalinsights.qiagen.com/products-

overview/discovery-insights-portfolio/analysis-

and-visualization/qiagen-ipa/

R and R Studio Free Software http://www.r-project.org/

Other

Code used to process and analyze

RNAseq data

Han et al.13 https://github.com/NHLBI-BCB/PTNA
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fasting/re-feeding study

A clinical study (NCT02719899) was conducted to assess the immunologic effects of a 24-hour fast and a re-

feeding period on normal volunteers, as previously described.13 The National Heart, Lung, and Blood Insti-

tute (NHLBI) Institutional Review Board approved this study, and volunteers signed informed consent

before participation. 10 males and 11 females, aged 2229, with no acute or chronic disease and a

normal-weight BMI were included in this study. Study participants then consumed a fixed 500-calorie morn-

ingmeal before 8 a.m. and began a 24-hour total fast before drawing fasting blood. Study participants then

consumed another 500-calorie morningmeal, and after 3 hours, the re-feeding serum and peripheral blood

mononuclear cells (PBMCs) samples were collected (t = 27 hours). A schematic of the clinical protocol is

shown in Figure S1A. The demographics of the study subjects and the biochemical markers, including

glucose, insulin, and growth hormone levels that support the distinct nutrient loads in the fasted versus

the refed state are shown in Table S1.

Lean/obese study

PBMCs from lean and obese volunteers were collected under the Disease Discovery Natural History Pro-

tocol (NCT01143454). The National Heart, Lung, and Blood Institute (NHLBI) Institutional Review Board

approved this study, and volunteers signed informed consent before participation. 30 African American fe-

male volunteers aged 24-78 were recruited for this study. 15 volunteers with an average BMI of 24.17G 2.17

and an average age of 53.73 G 18.49 were classified as lean. 15 volunteers with an average BMI of 40.29G

8.06 and an average age of 53.00 G 12.45 were classified as obese.

Healthy volunteers

The blood from healthy volunteers for functional validation of target proteins was obtained from either a

Disease Discovery Natural History (NCT01143454) or NIH Clinical Center blood bank (NCT00001846)

protocol.

METHOD DETAILS

LC-MS of serum samples

Sample processing

The samples were extracted using a standard methanol-chloroform-water extraction on ice.54 The aqueous

fraction and organic fraction were separated for use in the following experiments. All solvents were analyt-

ical grade or HPLC-MS quality for the following methods and sourced from Sigma-Aldrich.

Open profile lipidomics of serum

Serum lipidomics methods were adapted from the methods described by McNally et al.55 The extracted

organic fraction was reconstituted in 250 mL internal standard solution containing the following deuterated

standards at 2.5 mg/mL in 1:1 chloroform-methanol: C16-D31 Ceramide, 16:0-D31-18:1 PA, 16:0-D31-18:1 PC,

16:0-D31-18:1 PE, 16:0-D31-18:1 PG, 16:0-D31-18:1 PI, 14:0 PS-D54, and 16:0-D31 SM (Avanti Polar Lipids); and

18:0-D6 CE, 15:0-D29 FA, 17:0-D33 FA, 20:0-D39 FA, 14:0-D29 LPC-D13, 45:0-D87 TG, 48:0-D83 TG, and 54:0-

D105 TG (CDN Isotopes/QMX Laboratories). Samples with internal standards were dried under nitrogen

and re-solubilized in 100 mL 1:1 methanol-chloroform solution; 10 mL was then transferred to a 1.5 mL glass

vial containing 190 ml of 2:1:1 isopropanol-acetonitrile-water solution. 10 mM ammonium formate was

added to solvents in positive ionization mode, and 10 mM ammonium acetate was added to solvents in

negative ionization mode. Mass spectrometry was performed using an Orbitrap Velos Elite Mass Spec-

trometer (Thermo Scientific) in positive and negative ionization mode with electrospray ionization. 5 mL

of each sample was injected onto a 75 mMx 100mmC18 packed-tip column (Thermo Scientific) conditioned

at 55�C. The mobile phase consisted of: (A) a 60:40 acetonitrile-water solution and (B) a 10:90 acetonitrile-

isopropanol solution. Spectra were converted from Xcalibur .raw files into .mzML files for peak identifica-

tion and analysis within XCMS software using R studio.56 Annotation was performed with an R script using

accurate mass,57 and peak intensity was normalized to the corresponding internal standard for the lipid

species. Analytes that could not be annotated were excluded from further analysis. Missing values were

treated as the result of low signal intensity and thus imputed using 20% of the minimum value of the var-

iable. Lipid species containing more than one-third of missing variables were excluded from the dataset.
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Targeted detection of polar metabolites in serum

Serum metabolomics methods were adapted from the methods described by West et al.58 and Adebayo

et al.59 For reverse-phase analysis, the extracted aqueous fraction was reconstituted in 100 mL of a 10 mM

solution of ammonium acetate in water containing a mixture of internal standards at a concentration of

10 mM: proline, valine-D8, leucine-D10, lysine-U-13C, glutamic acid-13C, phenylalanine-D5, succinic

acid-D3, and serotonin-D4. Chromatography was performed with an ACE Excel 2 C18 PFP (100A. 150 x

2.1 mm 5mm) column conditioned at 30�C. The mobile phase consisted of: (A) a 0.1% solution of formic

acid in water and (B) a 0.1% formic acid solution in acetonitrile. For normal phase analysis, the aqueous frac-

tion was reconstituted in 100 mL of a 7:3 solution of acetonitrile and 10 mM ammonium carbonate in water

containing a mixture of internal standards at a concentration of 10 mM: glutamic acid-13C, succinic acid-D3,

and AMP. Chromatography was performed with a BEHAmide (150 x 2.1 mm 1.7 mm) column conditioned at

30�C. The mobile phase consisted of: (A) a 0.1% solution of ammonium carbonate in water and

(B) acetonitrile. Targeted MS/MS was performed with a Thermo Scientific Vanquish UHPLC+ coupled to

a TSQ Quantiva mass spectrometer (Thermo Fisher Scientific). The electrospray ionization (ESI) source

was operated in positive and negative ionization mode, with the electrospray voltage set to 3500 V for

the positive ionization and 2500 V for the negative ionization. Nitrogen at 48 mTorr and 420�C was used

as a drying gas for solvent evaporation. Data acquisition and processing were performed using Thermo

Xcalibur software (version 2.2; Thermo Scientific). Peak intensity was normalized to appropriate internal

standards.

Targeted detection of N-arachidonylglycine in serum

A targeted method of detecting NAGly by LC-MS/MS was performed as described by Han et al.60 Serum

samples from n = 5 volunteers were prepared with 1000 ppm of a D8-arachidonic acid internal standard in

acetonitrile. Samples were homogenized and centrifuged, and the supernatant was collected with 0.1% tri-

fluoroacetic acid in water. Solid-phase extraction with a Bond Elut-C8, 200 mg, 3MI SPE column (Agilent)

was used to improve detection sensitivity. Targeted analyses were performed with a Thermo Scientific

UHPLC+ coupled to a TSQ Quantiva Triple Quadrupole mass spectrometer. The sample was injected

into a CSH C18 (1.7 mM x 100 mm) HPLC column (Acquity) maintained at 45�C with an injection volume

of 10 ml. The mobile phase consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile.

The ESI source was operated in negative mode with an electrospray voltage of 2500 V. Data acquisition and

processing were performed as described for polar metabolites. Individual peaks were integrated and

normalized to the arachidonic acid internal standard.

Targeted detection of N-arachidonylglycine in cell culture media

Cell culture media was extracted with 10% acetic acid in 2:20:30 water/isopropanol/hexane as described by

Levison et al.61 The hexane layer was evaporated to dryness and reconstituted in 85% methanol in water.

Targeted detection was performed by the NHLBI Biochemistry Core using an Agilent 1100 HPLC coupled

to an Agilent G1956B single-quadrupole mass spectrometer. The sample was injected into a Zorbax XDB-

Phenyl, 2 mM x 50 mm column (Agilent) with an injection volume of 5 mM. The mobile phase consisted of (A)

0.1% formic acid in dH2O and (B) 0.1% formic acid in acetonitrile.

Computational analysis of metabolomics data

Univariate analysis of serummetabolomics and lipidomics data were performed in MetaboAnalyst (version

5.0, https://www.metaboanalyst.ca/)53 and Prism (version 9, GraphPad Software). Supervised multivariate

analysis was performed with orthogonal partial least squares-discriminant analysis (OPLS-DA) using

Simca� software (version 17; Umetrics), and model performance is reported using R2X, R2Y, and Q2. The

model was validated using cross-validation analysis of variance (CV-ANOVA) and permutation. Variables

important for prediction (VIP) were reported for the OPLS-DA model, and a heatmap of relative expression

in the fasted and refed sample groups was generated using Prism (version 9, GraphPad Software). Metab-

olites were annotated using the Human Metabolome Database (HMDB, Version 4.0, https://hmdb.ca/).52

Canonical pathway and network enrichment analysis of metabolites significantly different between fasting

and re-feeding (p < 0.05) was performed using the metabolomics analysis module in Ingenuity Pathway

Analysis (IPA, QIAGEN). Networks were generated using the Pathway Designer tool in IPA.
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Computational analysis of transcriptomics data

RNA sequencing (RNAseq) of PBMCs isolated from human volunteers that underwent the 24-hour fasting

and re-feeding study was performed as previously described by Han et al. (GSE165149).13 RNAseq analysis

of subcutaneous adipose tissue biopsies collected from human volunteers classified as lean or obese has

been previously described by Rey et al. (GSE166047).35 Data were accessed from the GEO repository. RNA-

seq data from both studies were processed and re-analyzed by the NHLBI Bioinformatics Core as

previously described,13 using a missing value cutoff of 50% for samples with FPKM greater than 1. Gene

expression levels were quantified using StringTie (https://github.com/gpertea/stringtie).62,63 Genes differ-

entially expressed between fasting and re-feeding samples or lean and obese samples were evaluated

using Ballgown (http://bioconductor.org/packages/release/bioc/html/ballgown.html).64 Functional

enrichment analysis of differentially expressed genes was performed using clusterProfiler (https://

bioconductor.org/packages/release/bioc/html/clusterProfiler.html).65,66 Differentially expressed genes

were mapped to biological process and molecular function enrichment using annotations provided by

the GO database (http://geneontology.org/).22,23 Genes annotated for the G-protein coupled receptor

signaling pathway (GO: 0007186) were extracted from the 24-hour fasting and re-feeding RNAseq dataset,

and a heatmap of log-transformed gene expression was generated in R (https://www.R-project.org/).

Functional validation in primary CD4+T cells

Primary CD4+T cells from whole blood

Functional validation was performed using blood from healthy volunteers donated to the National Insti-

tutes of Health Clinical Center blood bank (ClinicalTrials.gov ID: NCT00001846) as described previously.13

In brief, primary PBMCs were isolated from whole blood and CD4+T cells were isolated by negative using a

human CD4+T Cell Isolation Kit (Miltenyi Biotec). Primary CD4+T cells were cultured in Roswell Park Memo-

rial Institute (RPMI) 1640 medium (Invitrogen) supplemented with 25 mM of HEPES buffer, 10% heat-inac-

tivated FBS, and penicillin-streptomycin at a density of 2x106 cells/mL. T cell receptor (TCR) activation was

performed with a 3-day incubation on sterile cell culture plates that had been pre-coated with 5 mg/ml

aCD3 and 10 mg/ml aCD28 antibodies (BioLegend) overnight at 4�C.

NAGly and receptor ligand cell studies

Cells were treated with either 10 mM NAGly (Cayman Chemical) or ethanol control for 3 days. The GPR18

agonist PSB-KD107 (Cayman Chemical Company) and the GPR18 antagonist PSB-CB5 (Fischer Scientific)

were prepared as stock solutions in DMSO. Cells were treated with 10 mM PSB-KD107, 10 mM PSB-CB5,

or DMSO control for 3 days. On the third day, cells were centrifuged, and the supernatant was collected

for enzyme-linked immunosorbent assay (ELISA) assay. Cells were washed with PBS and used for subse-

quent Western blot or RNA extraction. Cytotoxicity was assessed using the CyQUANT� LDH Cytotoxicity

Assay (Invitrogen).

Genetic knockdown experiments

Lentiviral knockdown was performed using gene-specific human shRNA lentiviral particles (GPR18: Locus

ID 2841) or negative control scrambled shRNA lentiviral particles (Origene Technologies). A set of four

distinct 29-mer shRNA was provided, and the optimal selection for GPR18 mRNA knockdown efficiency

was assessed by qRT-PCR. Before lentiviral introduction, 2.5x106/mL of CD4+T cells were pre-conditioned

with cell culturemedia containing 8 ng/mL of DEAE-Dextran (Sigma-Aldrich), 8 ng/mL of polybrene (Sigma-

Aldrich), and 50 ng/mL of IL-2 (PeproTech) for 30 min. For every 5x106 cells, 25 mL of >107 TU/mL lentivirus

were introduced into the media. After a 24-hour incubation, cells were plated with fresh cell culture media

at 1x106 cells/mL on aCD3/aCD28 antibody-coated plates for 3 days. For GPR18 knockdown, cells were

treated with either 10 mM NAGly or ethanol control for the 3-day activation period.

ELISA immunoassay

After activation and treatment, cell supernatants were collected for cytokine assay, and cell pellets were

reserved for normalization. The cytokines IFNg, IL-4, and IL-17, weremeasured by ELISA kits (R&D Systems),

and results were collected using a microplate reader. Cytokine levels were normalized to cell density using

the CyQUANT� Cell Proliferation Assay (Invitrogen) or the bicinchoninic acid (BCA) protein assay (Pierce).
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Immunoblot analysis

Protein was extracted from CD4+T cells in radioimmunoprecipitation assay (RIPA) buffer and supple-

mented with protease and phosphatase inhibitors (Pierce) and kept on ice to maintain protein integrity.

Protein concentration was measured using the BCA protein assay (Pierce). Protein lysates were denatured

using Laemmli SDS sample buffer and boiled at 95�C for 5 min before separation on a NuPAGE� 4-12%

Bis-Tris gel (Invitrogen) in NuPAGE� MES SDS running buffer (Invitrogen). The gel was transferred to a

nitrocellulose membrane (Bio-Rad Laboratories) using a Trans-Blot Turbo Transfer System (Bio-Rad Labo-

ratories). Membranes were blocked with Intercept� Tris-buffered saline (TBS) Blocking Buffer (LI-COR) for 1

hour at room temperature. Overnight, membranes were then incubated in mouse or rabbit primary

antibody (1:1,000 dilution) on a 4�C shaker. The next day, membranes were washed using PBS-Tris and incu-

bated in anti-mouse or anti-rabbit secondary antibody (1:10,000 dilution) conjugated with IRDye 800CW or

IRDye 680RD (LI-COR) for 1 hour at room temperature. Membrane scanning and image capture were

performed using an Odyssey CLx Imaging System (LI-COR), and protein band intensity was quantified us-

ing Image Studio software (version 5.2, LI-COR). Primary antibodies for each steady-state protein and asso-

ciated phosphoprotein included P70S6 kinase and pP70S6 kinase (T389), S6 and pS6 (S240/244), STAT1 and

pSTAT1 (Y701), and STAT3 and pSTAT3 (Y705) (Cell Signaling Technology). b-actin (Cell Signaling Technol-

ogy) was used as a loading control. Western blots were quantified by normalizing band intensity to the

b-actin loading control, and phosphoprotein abundance was quantified relative to the associated

steady-state protein.

Quantitative RT-PCR

RNA was isolated fromCD4+T cells using the NucleoSpin RNA kit (Macherey-Nagel). Complementary DNA

(cDNA) was synthesized using the SuperScript III First-Strand Synthesis kit (Invitrogen). Quantitative real-

time PCR (qRT-PCR) was prepared using the SYBR Green FastStart Essential DNA Master Mix (Roche)

and performed on a LightCycler 96 (version 1.1; Roche). The following human gene specific QuantiTect

primer assays (QIAGEN) were used: GATA3 (QT00095501), RORC (QT00097888), TBX21 (QT00042217),

GPR18 (QT01001504), and 18S (QT00199367). Target gene Ct values were normalized to 18S expression

using the 2�DDCtmethod.

QUANTIFICATION AND STATISTICAL ANALYSIS

Pairwise hypothesis testing of metabolomics and transcriptomics data was performed using a Wilcoxon

signed-rank test. There were 21 paired samples in the fasting and re-feeding groups. Multiple testing cor-

rections were performed for metabolomics and transcriptomics analysis, and q-values are reported in

Tables S2 and S3. Biological study statistics were performed in Prism (version 9, GraphPad Software).

The number of biological replicates is reported as n in each figure legend, and each biological replicate

was performed on cells isolated from a distinct whole blood sample. Each biological replicate represents

the mean of technical replicates performed in duplicate. Dot plots contain every biological replicate, and

error bars show the standard error of the mean. Parametric hypothesis testing was performed using a

Student’s t-test when comparing two group means and an ANOVA with multiple comparisons test when

comparing three or more group means. Statistical tests and resulting p-values are reported in each figure

legend. Statistical significance was interpreted as a p-value < 0.05.

ADDITIONAL RESOURCES

Clinical study NCT02719899: https://clinicaltrials.gov/ct2/show/NCT02719899.
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