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Microbiota-mediated skewing of tryptophan
catabolism modulates CD4+ T cells
in lupus-prone mice

Josephine Brown,1 Georges Abboud,1 Longhuan Ma,1 Seung-Chul Choi,1 Nathalie Kanda,1

Leilani Zeumer-Spataro,1 Jean Lee,3 Weidan Peng,2 Joy Cagmat,1 Tamas Faludi,5 Mansour Mohamadzadeh,4

Timothy Garrett,1 Laura Mandik-Nayak,2 Alexander Chervonsky,3 Andras Perl,5 and Laurence Morel1,6,*

SUMMARY

A skewed tryptophanmetabolism has been reported in patients with lupus. Here,
we investigated the mechanisms by which it occurs in lupus-susceptible mice, and
how tryptophan metabolites exacerbate T cell activation. Metabolomic analyses
demonstrated that tryptophan is differentially catabolized in lupus mice
compared to controls and that the microbiota played a role in this skewing. There
was no evidence for differential expression of tryptophan catabolic enzymes in
lupus mice, further supporting amajor contribution of the microbiota to skewing.
However, isolated lupus T cells processed tryptophan differently, suggesting a
contribution of T cell intrinsic factors. Functionally, tryptophan and its microbial
product tryptamine increased T cell metabolism and mTOR activation, while ky-
nurenine promoted interferon gamma production, all of which have been associ-
ated with lupus. These results showed that a combination of microbial and T cell
intrinsic factors promotes the production of tryptophan metabolites that
enhance inflammatory phenotypes in lupus T cells.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease of complex etiology characterized by

multi-organ damage and heterogeneous clinical manifestations, driven by an interplay between genetic

susceptibility and environmental triggers. The impact of the microbiota on host immune reactivity (Belkaid

and Harrison, 2017; Blander et al., 2017) has been a topic of great interest in the field of autoimmunity.

Mounting evidence suggest that the microbiota plays a role in lupus, with intestinal dysbiosis reported

in patients with SLE (Azzouz et al., 2019; He et al., 2016; Hevia et al., 2014; Zhang et al., 2014) and several

mouse models of the disease (Choi et al., 2020; Luo et al., 2018; Manfredo Vieira et al., 2018; Zegarra-Ruiz

et al., 2019; Zhang et al., 2014). We found perturbed gut microbial communities in the lupus-prone B6.Sle1.

Sle2.Sle3 triple congenic (TC) mousemodel, whereby it amplifies disease, at least in part, throughmicrobial

utilization of tryptophan and an imbalanced distribution of its catabolites (Choi et al., 2020). Therefore, spe-

cific microbial tryptophanmetabolites may play an important role in disease pathogenesis in the TCmodel.

Tryptophan is an essential amino acid that is the precursor for the synthesis of numerous metabolites

derived from both endogenous (i.e. host) and microbial enzymes. Microbes produce bioactive catabolites

from dietary tryptophan (Agus et al., 2018; Gao et al., 2018; Roager and Licht, 2018), such as indole via the

tryptophanase enzyme (TnaA), and various indole derivatives through separate pathways (Agus et al., 2018;

Roager and Licht, 2018). Furthermore, some bacteria use tryptophan decarboxylase to produce tryptamine

(Williams et al., 2014), which regulates intestinal transit by binding to serotonin receptors (Bhattarai et al.,

2020 2018). Kynurenine, indoles, and tryptamine are AhR ligands (Cheng et al., 2015; Zelante et al., 2013)

and thus have an immunomodulatory capacity in the context of autoimmunity (Rothhammer et al., 2016,

2018). We have previously reported that high dietary tryptophan exacerbated autoimmune phenotypes

in TC mice, whereas low dietary tryptophan conferred protection (Choi et al., 2020). Although the mecha-

nism by which it occurs remained elusive, our data suggested that this modulation was, at least to some

extent, mediated by the gut microbiota (Choi et al., 2020). B6 and TC mice presented a differential distri-

bution of fecal tryptophan metabolites, which was normalized by cohousing (Choi et al., 2020), suggesting
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Figure 1. Dietary tryptophan is processed differently in lupus-prone and control mice

(A) PLS-DA plots of serum and fecal metabolites from B6 and TC mice fed high or low tryptophan for 1 month (N = 4 per group). For simplicity, only the

positive mode is shown.
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that the TC microbiota has an altered capacity for tryptophan catabolism. In support of this hypothesis, TC

mice responded with acute weight loss to dietary tryptophan deficiency compared to B6 controls (Choi

et al., 2020), suggesting a higher abundance of microbes that catabolize tryptophan in the gut of TC

mice. Indeed, some species of Prevotella, Paraprevotella, and Lactobacillus, which can catabolize trypto-

phan (Roager and Licht, 2018; Sasaki-Imamura et al., 2011; Zelante et al., 2013), were enriched in the TC gut

microbiota. Moreover, fecal microbiota transfers from TC mice fed high tryptophan were more immuno-

genic in germ-free (GF) B6 recipients than transfers from TC mice fed low tryptophan (Choi et al., 2020).

Skewed tryptophan metabolism toward the kynurenine pathway (KP) has been observed in patients with

SLE (Lood et al., 2015; Pertovaara et al., 2007; Widner et al., 1999, 2000; Åkesson et al., 2018), and its pos-

itive correlation with disease activity (Pertovaara et al., 2007; Åkesson et al., 2018) suggests that it plays a

role in lupus pathogenesis. Kynurenine was one of the most prominently increased metabolites in the pe-

ripheral blood lymphocytes of patients with SLE, and its abundance was predictive of the clinical response

to a treatment with N-acetylcysteine (Perl et al., 2015). Although kynurenine is primarily considered an

immunosuppressive metabolite, its physiological role in lupus is not well understood. Exogenous kynure-

nine enhanced Th1 polarization in B6 and TC CD4+ T cells, and reduced Treg cell polarization in TC T cells

(Choi et al., 2020), suggesting that kynureninemay promote pro-inflammatory T cell phenotypes, especially

in a lupus-prone setting. Moreover, kynurenine promoted mTOR activation in human T cells (Perl et al.,

2015), suggesting that it may contribute to the high level of mTOR activation that characterizes CD4+

T cells of patients with SLE (Perl, 2016) and lupus-prone mice (Choi et al., 2018; Yin et al., 2015).

It has been proposed that the increased kynurenine production in patients with SLE results from the upre-

gulation of IDO by type 1 interferon (IFN), which plays a major role in lupus pathogenesis (Lood et al., 2015).

However, the numerous enzymes and downstream catabolites in this pathway, including those of microbial

origin, have not been assessed. Additional catabolites derived from endogenous or microbial processing

of tryptophan may also exacerbate pro-inflammatory immune cell phenotypes. In the present study, we

investigated the source of tryptophan metabolite skewing and the mechanisms by which tryptophan me-

tabolites exacerbate CD4+ T cell phenotypes in lupus-susceptible TC mice. We demonstrated that trypto-

phan is differentially metabolized in TC mice and their CD4+ T cells, as compared to non-autoimmune B6

controls. We did not find evidence for differential expression of tryptophan catabolic enzymes in TC mice,

suggesting that tryptophan metabolite skewing in this model is largely mediated by the intestinal micro-

biota. The differential effect of tryptophan on isolated TC T cells also suggests the existence of intrinsic

factors. Furthermore, we showed that high tryptophan and tryptamine, but not kynurenine, activated

mTOR in TC T cells. Finally, we showed that dietary tryptophan as well as exogenous tryptamine promoted

glycolysis in TC T cells. These results suggest that tryptophan metabolites may modulate CD4+ T cell func-

tions in lupus.

RESULTS

Dietary tryptophan is differentially metabolized in lupus-prone TC mice

To understand how dietary tryptophan is metabolized in TC and B6 mice, we assessed serum and fecal me-

tabolites from B6 and TC mice consuming high or low tryptophan for one month beginning at 3 months of

age, before the onset of autoantibody production. This age was selected to exclude potential secondary

effects of autoimmune activation. Global differences in metabolite profiles were observed between tryp-

tophan diets and between strains for both serum and feces (Figures 1A and S1, and Tables S1 and S2).

Among these, the abundance of 19 serum and 20 fecal tryptophan metabolites differed between high

and low dietary tryptophan, the majority of which were shared between serum and feces (Figure 1B).

Some metabolites, such as nicotinamide, responded similarly to tryptophan variations in both strains.

Figure 1. Continued

(B) Heatmaps of tryptophan metabolites differently represented in serum and feces among the 4 groups (p < 0.05 analyzed by ANOVA). Data are shown as

Log10 transformed mean for each group ordered from the highest to lowest in the B6 Trp low group. Metabolites below the red horizontal lines were

changed by dietary tryptophan to a similar extent in both strains. Metabolites above the red lines were affected differently by tryptophan between the two

strains, i.e. there was a significant difference between the Trp high groups with no difference between Trp low groups, or there was a difference between Trp

low and high in only one of the strains.

(C) Top 5 serum and fecal tryptophan metabolites ranked separately for B6 and TC as the most changed by high dietary tryptophan. The values show the

difference between high and low tryptophan as a percentage of the low tryptophan value, all Log10-transformed, as shown in the heatmaps.

(D–G) Values for tryptophan and endogenous metabolites.

(H–J) Values for microbial metabolites. C–J: Graphs show individual mice with mean G SEM t tests, *p < 0.05, **p < 0.01.
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Most metabolites, however, responded differently between strains. Three out of the top 5 tryptophan

serum and fecal metabolites that were the most changed by dietary tryptophan differed between the

two strains (Figure 1C). Fecal kynurenine was increased in mice fed with high tryptophan in both strains,

but to a greater extent in B6 than TC mice (Figure 1D). Many metabolites showed a more exaggerated

response in TC mice. Only TC mice fed high tryptophan showed increased tryptophan in the serum, while

only B6 mice fed with high tryptophan showed increased tryptophan in feces (Figure 1E). In addition, me-

tabolites of endogenous origin, such as 3-hydroxykynurenine (Figure 1F) and 3-hydroxyanthranilate (Fig-

ure 1G), were increased by dietary tryptophan to a greater extent in TC mice. Tryptophan metabolites

of microbial origin were also differentially affected by dietary tryptophan between the two strains, including

increased tryptamine (Figure 1H) and indole-3-acetate (I3A, Figure 1I) in TC sera and increased serum and

fecal indole-3-acetaldehyde in TC mice (Figure 1J). No differences were observed for tryptophan, trypt-

amine, or I3A in TC feces, while high tryptophan increased their abundance in B6 feces (Figures 1E and

1H–1I, p < 0.05 in B6 for all 3 metabolites). Collectively, these data suggest that dietary tryptophan is differ-

entially metabolized in TC mice compared to non-autoimmune B6 controls.

Intestinal microbes contribute to tryptophan metabolite skewing in lupus-prone TC mice

To elucidate whether the intestinal microbiota contributes to skewed tryptophan metabolites in TC mice,

we compared serum and fecal metabolites between TC mice raised under GF and specific pathogen-free

(SPF) conditions, with SPF B6 samples as controls, all obtained from the same institution (UC). As previously

reported at the UF site (Choi et al., 2020), serum and fecal metabolites differ between TC and B6 SPF mice

at the UC site, and, as expected, large differences were observed between GF and SPF TC samples (Fig-

ure 2A and S2 and Tables S4 and S5). More interestingly, the abundance of several tryptophan catabolites

of microbial and endogenous origin were different in the serum and feces between groups (Figure 2B).

Many catabolites that differed between SPF TC and B6 serum and fecal samples were also significantly

altered in GF TC mice, indicating a major microbial contribution.

The level of fecal tryptophan was dramatically reduced in SPF TC mice as compared to GF TC mice, which

had a tryptophan concentration comparable to SPF B6 mice (Figure 2C), suggesting that the TCmicrobiota

metabolizes more tryptophan than B6 intestinal microbes. On the other hand, fecal tryptamine (Figure 2D)

and serum I3A (Figure 2E) were increased in SPF TC mice compared to GF TC mice and SPF B6 controls,

suggesting that the TC microbiota produces more microbial-derived tryptophan metabolites than the B6

microbiota. Interestingly, tryptamine and I3A were also increased in the serum of TC mice fed high trypto-

phan (Figure 1). Indoxyl sulfate was also increased in the serum of SPF TCmice compared to GF TC and SPF

B6 controls (Figure 2F), suggesting that more indole is produced by the TCmicrobiota, since indoxyl sulfate

is an endogenous metabolite synthesized from bacterial indole in the liver. In addition to microbial trypto-

phan metabolites, we confirmed an increased level of serum kynurenine in SPF TC as compared to B6 (Choi

et al., 2020), but contrary to results previously reported, fecal kynurenine was higher in SPF B6 than in SPF

TC mice (Figure 2G). These differences may reflect environmental factors between the two institutions

(UF and UC) that strongly impact fecal kynurenine levels. Serum kynurenine was unchanged in TC mice un-

der GF relative to SPF conditions, but the fecal kynurenine concentration was decreased in SPF relative to

GF TCmice (Figure 2G). This may reflect the expansion of bacteria in TC gut that canmetabolize kynurenine

into hydroxyanthranilic acid (Agus et al., 2018). Overall, these results strongly suggest that the intestinal

microbiota contributes to the alteration of tryptophanmetabolism in TCmice but not to their accumulation

of kynurenine.

TC mice express normal levels of endogenous tryptophan metabolism enzymes

Endogenous enzymes in the tryptophan catabolism pathway (Figure 3A) could also contribute to the skew-

ing of tryptophan metabolites in TC mice if their expression is modified by the inflammatory milieu, such as

the high levels of type I and II IFN. Additionally, the genes for two of these enzymes, Kmo and Tph1, are

located in the Sle1 and Sle3 loci, respectively, and genetic polymorphisms could lead to differential expres-

sion. To investigate whether endogenous enzymes contributed to the alterations in tryptophan meta-

bolism in TC mice, we first focused on IDO1, which is expressed in numerous tissues, including immune

cells, most notably dendritic cells (DCs) (Fallarino et al., 2002), and in the gut epithelium. We have previ-

ously reported a decreased Ido1 expression in DCs and no difference in the gut of TC compared to B6

mice (Choi et al., 2020). Here, we show a similar Ido1 expression in B6 and TC CD4+ T cells (Figure 3B).

We confirmed by flow cytometry that IDO1 protein levels were similar between TC and B6 plasmacytoid

DCs (pDCs), classical DCs (cDCs), and CD4+ T cells. However, eosinophils, a cell type that constitutively
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expresses IDO1 (Odemuyiwa et al., 2004), showed reduced levels of this enzyme in TCmice (Figures 3C–3D

and S3A for gating strategy). The previously reported absence of IDO1 expression in T cells byWestern blot

analysis (Merlo et al., 2020) was confirmed in TC CD4+ T cells (Figure 3E). In addition, we found no differ-

ence in Ido2 expression between B6 and TC CD4+ T cells (Figure S3B), and IDO2 protein was not detected

in CD4+ T cells from either strain (Figure S3C), which also aligns with a previous report (Merlo et al., 2020).

Hepatocytes express another major kynurenine synthesizing enzyme, TDO (encoded by Tdo2, Figure 3A),

and accounts for a large part of tryptophan catabolism through the KP (Cervenka et al., 2017). We observed

no difference in gene expression of any KP enzymes between TC and B6 livers (Figure 3F). We observed a

trend for reduced Kmo expression in TC livers compared to B6 (Figure 3F), but KMO protein levels were
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Figure 2. Microbial contribution to serum and feces metabolites in TC mice

(A) PLS-DA plots of serum and fecal metabolite profiles in GF TC, SPF TC, and SPF B6 mice. For simplicity, only the positive mode is shown.

(B) Tryptophan metabolites in the serum and feces of GF and SPF TC as well as SPF B6 mice. All metabolites represented were significantly different between

GF and SPF TC samples (microbiome effect shown by the lower brackets). Above the horizontal lines, samples were also different between SPF TC and SPF

B6 samples (strain effect shown by the upper brackets). Data show Log10 transformed means for each group ordered from the highest to lowest in GF TC

group (serum: N = 9 GF TC, 13 SPF TC, and 5 SPF B6; feces: N = 5 per group).

(C–G) Serum and fecal values in GF TC, SPF TC, and SPF B6 mice for tryptophan (C), tryptamine (D), indole-3-acetate (I3A) (E), indoxyl sulfate (F), and

kynurenine (G). B–G: Graphs show individual mice with mean G SEM 1-way ANOVA with T3 Dunnett’s multiple comparisons tests. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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Figure 3. Endogenous enzymes are not responsible for elevated kynurenine in TC mice

(A) Depiction of the endogenous enzymes and metabolites (blue) in the kynurenine and serotonin pathways.

(B) Ido1 gene expression in B6 and TC CD4+ T cells.

(C) Representative flow cytometry histogram overlays of IDO1 mean fluorescence intensity (MFI) in immune cell subsets from B6 and TC mice.
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similar between strains (Figure 3G). This indicates the buildup of kynurenine in TC mice is not due to its

reduced catabolism by KMO. Overall, these results suggest that conventional endogenous enzymes are

not responsible for the skewing of tryptophan metabolism in TC mice.

Tryptophan directly modifies the metabolism of CD4+ T cells

Because variations in dietary tryptophan altered the phenotypes of CD4+ cells from lupus-prone TC mice

(Choi et al., 2020), we then assessed whether these phenotypes corresponded to changes in the metabo-

lome of these cells. The abundance of 201 named metabolites differed between the CD4+ T cells from TC

mice fed high or low tryptophan for 1 month (Table S3). We focused on the tryptophan, glycolysis, and

tricarboxylic acid (TCA)/oxidative phosphorylation (OXPHOS) pathways because of relevance to T cell acti-

vation and previous results obtained in this model. The variation in dietary tryptophan resulted in differ-

ences in 15 tryptophan catabolites from both microbial and endogenous origins (Figure 4A). Increased

amounts of tryptophan, kynurenine, serotonin, and I3A were found in CD4+ T cells from TC mice fed

high tryptophan compared to those fed low tryptophan (Figure 4B). In these cells, we also observed a pro-

found increase in metabolites associated with glycolysis and the pentose phosphate pathway (PPP) as well

as the Krebs cycle (Figure 4C), which are depicted within their respective pathways (Figures 4D and 4E). Fig-

ure 4F summarizes these findings by showing the top 5 most differentially represented metabolites be-

tween low and high dietary tryptophan in TC CD4+ T cells for each of these three metabolic pathways.

These results indicate that the distribution of tryptophan metabolites within TC CD4+ T cells is altered

by high dietary tryptophan, which increased their glycolytic and mitochondria metabolism.

Because we observed that high dietary tryptophan promotes increased glycolysis and mitochondrial meta-

bolism in T cells from TCmice, we then sought to determine if exogenous tryptophan and kynurenine had a

direct effect on CD4+ T cells. We compared the metabolome of CD4+ T cells purified from B6 and TC mice

on a standard diet and activated in vitro in the presence of exogenous tryptophan or kynurenine for 24 h. At

baseline in medium alone (15 uM tryptophan, no kynurenine), B6 and TC CD4+ T cells differed by 16 me-

tabolites that belong to a variety of pathways (Table S6). Only one tryptophan metabolite,

3-hydroxyanthranilate, was found at a higher level in B6 T cells. The addition of tryptophan increased

the number of metabolites that differed between strains to 48 (Figure 5A), which was higher than the num-

ber at baseline (X2 = 8.53, p = 0.0035). TC CD4+ T cells differed between baseline and high tryptophan at 32

metabolites, 27 of which were not affected by tryptophan in B6 CD4+ T cells (Figure 5B). Comparatively,

only 10 metabolites differed between B6 CD4+ T cells at baseline and high tryptophan (X2 = 6.04,

p = 0.012), 4 of which were unique to B6 (data not shown). Only 5 metabolites differed between strains

at both baseline and high tryptophan, including 3-hydroxy anthranilate (Figure 5C). High tryptophan

increased lactate levels and decreased the production of most glycolytic intermediates in TC but not in

B6 T cells (Figure 5C). An increase in TCA cycle activity was also observed in TC T cells exposed to high

tryptophan, with high levels of 3-hydroxyhexadecanoylcarnitine indicating an increased b-oxidation.

High levels of malate and decreased levels of oxaloacetate suggest an active malate-aspartate shuttle,

which is critical for CD4+ T cell activation, especially IFNg production (Bailis et al., 2019). Overall, these re-

sults show that tryptophan is metabolized differently between B6 and TC CD4+ T cells in an intrinsic

manner, and that, high levels of tryptophan increase glycolytic and TCA metabolites in TC CD4+ T cells.

Kynurenine was not detected in CD4+ T cells from either strain in control medium but it was found in CD4+

T cells activated in the presence of kynurenine at similar levels between the two strains (Figure 5D). This

confirmed that CD4+ T cells import kynurenine (Sinclair et al., 2018). Exogenous kynurenine altered the

amounts of 15 and 28 metabolites in B6 and TC T cells, respectively, but most of them showed the same

trends in both strains (Table S6). A small number of metabolites were uniquely changed by kynurenine

in either TC or B6 cells (Figure 5E), but, contrary to tryptophan, none of them formed a coherent signature.

These results suggest that kynurenine does not alter the metabolism of CD4+ T cells to the same extent as

tryptophan, and that there was no specific metabolic enhancement of TC CD4+ T cells in response to ky-

nurenine as observed for tryptophan.

Figure 3. Continued

(D) Quantitation of (C), N = 6.

(E) Western blot analysis of B6 and TC CD4+ T cells (N = 3) for IDO1 and b-actin. Epididymis (Ep) from B6 and B6.Ido1�/� mice were used as positive and

negative controls, respectively.

(F) Expression of KP genes in B6 and TC livers relative to Ppia, N = 8–13.

(G) Concentration of KMO protein in B6 and TC liver, N = 8. B, D–G: C–J: Graphs show individual mice with mean G SEM t tests, ***p < 0.001.
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High dietary tryptophan increases mTOR activation in lupus-prone CD4+ T cells

Kynurenine has been shown to activate mTOR in human T cells (Perl et al., 2015). mTOR activation regulates

T cell metabolism by supporting glycolysis and mitochondrial respiration (Linke et al., 2017). Furthermore,

mTOR activation as well as increased glycolysis and OXPHOS play a significant role in the expansion of

A

C

F

E

B D

Figure 4. Dietary tryptophan alters the metabolism of TC CD4+ T cells

(A) Heatmap of tryptophan metabolites in CD4+ T cells from TC mice fed with high or low tryptophan for 1 month (N = 5 per group).

(B) Values from (A) shown for selected metabolites. Graphs show individual mice with mean G SEM t tests, **p < 0.01, **p < 0.001, ***p < 0.0001.

(C) Heatmaps of metabolites in the glycolysis/PPP and TCA cycle/OXPHOS pathways showing Log10 transformed means for each group ordered from the

highest to lowest in the Trp high group (N = 5).

(D) Representation of the glycolysis/PPP pathway.

(E) Representation of the TCA cycle. In (D) and (E), the metabolites present in the heatmaps in (C) are shown in red.

(F) Top 5 CD4+ T cells most changed by high dietary tryptophan in TC mice for the tryptophan, glycolysis, and TC/OXPHOS pathways. The values show the

difference between high and low tryptophan as a percentage of the low tryptophan value, all Log10-transformed, as shown in the heatmaps.
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pathogenic T cells in lupus (Yin et al., 2015). We hypothesized that the pathogenic effect of high dietary

tryptophan in TC mice may be mediated at least in part through mTOR activation in T cells.

High dietary tryptophan increased mTORC1 activation in CD4+CD44+CD62L� effector memory (Tem)

T cells and CD4+Foxp3+ regulatory (Treg) T cells from TC mice (Figure S4A), as demonstrated by increased

p4EBP1 (Figures 6A and 6D) and pS6 (Figures 6B and 6E) expression. pAKTSer473 expression was unchanged

in Tem cells (Figure 6C) but increased in Treg cells from TC mice fed high tryptophan (Figure 6F). Because

AKT is phosphorylated by mTORC2 at the Ser473 site (Linke et al., 2017), this suggests that high dietary

tryptophan activates mTORC1 in TC Tem cells, but that it promotes activation of both mTORC1 and

mTORC2 in TC Treg cells. A Western blot analysis confirmed that p4EBP1 expression was increased in

sorted CD4+CD25�CD44+ effector T (Teff) cells and CD4+CD25+ Treg cells from TC mice consuming

A B

D E

C

Figure 5. Exogenous tryptophan enhanced glycolysis and TCA cycle activity in TC CD4+ T cells in vitro

(A) Heatmaps of metabolites differentially represented between B6 and TC CD4+ T cells after 24 h activation with the addition of 50 uM tryptophan (Trp hi).

Metabolites that differed between strains only at basal level of tryptophan were excluded.

(B) Heatmaps of metabolites differently represented between TC CD4+ T cells at baseline and with 50 uM tryptophan.

(C) Subsets of metabolites from A and B in the tryptophan, glycolysis, and TCA pathways.

(D) Kynurenine levels in B6 and TC CD4+ T cells after 24 h activation without or with the addition 50 uM kynurenine. Graphs show individual mice with

mean G SEM.

(E) Heatmap showing metabolites differently represented in TC and B6 T cells above and below the horizontal line respectively, with the addition of

kynurenine. Data show Log10 transformed means for each group ordered from the highest to lowest in the B6 control group (N = 3 per group).
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high tryptophan (Figures 6G–6I and S4B–S4G). Finally, a high tryptophan diet increased the expression of

mTOR in the spleen of TC mice, some of which co-localized to CD4+ T cells (Figure 6J). High dietary tryp-

tophan did not promote mTOR activation in B6 CD4+T cells (Figures S4H–S4M), suggesting that the effect

of high tryptophan on mTOR does not occur in the absence of autoimmune genetic predisposition. There-

fore, our results show that dietary tryptophan increases mTOR activation in CD4+ T cells in TC mice.

Tryptamine promotes mTOR activation and glycolysis in TC CD4+ T cells

To explore the effects of specific tryptophan metabolites on lupus CD4+ T cells, we tested the ability of

kynurenine, tryptamine, and I3A to activate mTOR in CD4+ T cells in vitro. Tryptamine increased p4EBP1

expression in TC naive CD4+CD44� (Tn), Tem, and Treg cells (Figures 7A–7C), but only in Tn cells from

B6mice (Figure 7A). Tryptamine also increased pS6 expression in TC Tem cells (Figure 7B) but had no effect

on pS6 in TC Tn and Treg cells (Figures 7A and 7C). In contrast, kynurenine reduced p4EBP1 expression in

all TC T cell subsets, and it had no effect on pS6 expression (Figures S5A–S5C). However, kynurenine (Fig-

ure 7D), but not tryptamine (Figure S5D), increased IFNɣ production in activated B6 and TC CD4+ T cells.
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Figure 6. High dietary tryptophan promotes mTOR activation in CD4+ T cells

(A–F) MFI of p4EBP1, pS6, and pAKTSer473 in Tem (A–C) and Treg (D–F) cells from TC mice fed low or high tryptophan for 1 month, N = 4.

(G) Representative Western blot analysis of TC Teff and Treg cells for p4EBP1 and b-actin. For Teff samples, high tryptophan group is on the left. For Treg

samples, high tryptophan group is on the right.

(H–I) Quantification of Western blot results for p4EBP1 relative to b-actin, N = 5.

(J) Representative immunofluorescence staining for CD4, mTOR, and IgD in spleen sections from TC mice fed high or low tryptophan for 2 months. Arrow

heads indicate mTOR+ CD4+ T cells. Graphs show individual mice with mean G SEM t tests, *p < 0.05, **p < 0.01, ***p < 0.001.
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Therefore, tryptamine promoted mTORC1 activation in vitro across all TC CD4+ T cell subsets examined,

whereas kynurenine promotes IFNɣ production from CD4+ T cells, both of which are pathogenic in lupus.

The addition of I3A showed no effect on IFNɣ production and no effect (B6) or a decreased (TC) mTOR acti-

vation in CD4+ T cells (Figure S6). This suggests that individual tryptophan metabolites exert differential

effects on the immune system, overall resulting in a more inflammatory setting.

To further understand the effects of tryptamine on T cell phenotypes, we administered tryptamine to pre-

autoimmune TCmice for onemonth. Contrary to direct exposure on isolated CD4+ T cells, tryptamine treat-

ment did not increasemTOR activation in CD4+ T cells in vivo (Figures S5E–S5G), whichmay indicate either a

dose effect or the interference of other cell types. However, the tryptamine treatment increased glucose

metabolism in TC CD4+ T cells measured by a glycolysis stress test (Figure 7E), including basal extracellular

acidification rate (ECAR) and glycolysis (Figures 7F and 7G). Furthermore, the basal oxygen consumption

rate (OCR) to ECAR ratio was reduced in the CD4+ T cells of tryptamine-treated mice (Figure 7H). Taken

together, these results show that tryptamine increases glycolysis in CD4+ T cells from TC mice.

DISCUSSION

It has been proposed that microbial dysbiosis contributes to lupus pathogenesis through molecular mim-

icry between bacterial and auto-antigens (Azzouz et al., 2019; Greiling et al., 2018), or through bacterial

translocation across a disrupted intestinal barrier to promote immune activation (Azzouz et al., 2019; Deh-

ner et al., 2019; Manfredo Vieira et al., 2018; Zegarra-Ruiz et al., 2019). The lack of evidence for ‘‘leaky gut’’

and bacterial translocation in TCmice (Choi et al., 2020) suggested that microbial dysbiosis may contribute

to autoimmune activation through metabolites. Indeed, TC mice present an altered tryptophan meta-

bolism that was associated with their intestinal microbiota and that impacted autoimmune pathogenesis
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Figure 7. Tryptamine promotes mTOR activation in vitro and glycolysis in vivo in TC CD4+ T cells

(A–C) p4EBP1 and pS6 expression (MFI) in Tn (A), Tem (B), and Treg (C) cells gated from TC and B6 total CD4+ T cells incubated for 24 h with and without

tryptamine.

(D) Frequency of IFNg-producing CD4+ T cells after 96 h activation with and without kynurenine.

(E–H) Glycolysis stress assay on total CD4+ T cells from vehicle or tryptamine-treated TC mice.

(E) Complete assay with indications of the glucose, oligomycin, and 2DG injections.

(F) Basal ECAR before glucose injection. (F) Glycolysis: mean 3 values after glucose minus before glucose injections.

(H) Ratio of basal OCR and ECAR. (A–D) Graphs show paired t-tests between treated and control cells for each strain and subset (n = 5 for A-C, n = 8 for D).

(F–H) t tests (n = 9–12 from 2 cohorts). Graphs show individual mice with mean G SEM *p < 0.05, **p < 0.01, ****p < 0.0001.
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(Choi et al., 2020). This corresponded to numerous reports of skewed tryptophan catabolites favoring the

kynurenine pathway in correlation with disease activity in patients with SLE (Brown et al., 2020). Although

evidence suggests that type 1 IFN-mediated IDO1 upregulation increases kynurenine production in pa-

tients with SLE (Lood et al., 2015; Pertovaara et al., 2007), the TC lupus-prone mouse provided a model

to perform a comprehensive evaluation of the microbial and endogenous contributions to the skewing

of tryptophan catabolism in lupus. In addition, this model allowed the evaluation of the role of individual

tryptophan metabolites to autoimmune activation.

The response of TCmice to variations in dietary tryptophan suggested that theymetabolize this amino acid

differently than controls (Choi et al., 2020). This hypothesis was validated by the finding that increased tryp-

tophan intake resulted in different serum and fecal metabolite profiles between B6 and TC mice. These re-

sults demonstrated the expression of lupus-susceptible genes present in TC mice modulates tryptophan

metabolism. Importantly, specific microbial tryptophan metabolites such as tryptamine and some indole

compounds were increased by high dietary tryptophan only in TC mice. Therefore, these metabolites

may promote pathogenesis in TC mice. High dietary tryptophan also induced a distinct profile of trypto-

phan metabolites in TC CD4+ T cells, including an increased amount of tryptophan, kynurenine, indole,

and I3A, demonstrating that CD4+ T cells import some microbial tryptophan metabolites. Tryptophan

also induced specific changes in isolated TC CD4+ T cells relative to B6 CD4+ T cells, further supporting

altered tryptophan metabolism in that strain. Interestingly, we also observed an increased amount of tryp-

tophan metabolites in the serum and CD4+ T cells from TC mice, while B6 feces presented an increased

amount of tryptophan metabolites. These differences may reflect differences in tryptophan catabolism in-

tegrated with metabolite consumption by the host and its microbiota. The significance of the differential

distribution of these metabolites in the general circulation (serum), in cells, or in association with the micro-

biota in feces is unknown. Tracer studies to compare the processing of dietary tryptophan between the two

strains in various anatomic locations can provide some answers about the metabolic processes that are

involved. The functional significance of these differences in term of impact on the immune system will

be however more difficult to define.

We showed here that, as in B6mice (Merlo et al., 2020), CD4+ T cells from TCmice do not express IDO1or IDO2,

even in presence of high amounts of tryptophan.We confirmedhowever that isolatedCD4+ T cells import kynur-

enine (Sinclair et al., 2018). We also found no evidence of elevated IDO1 protein or mRNA expression in other

immune cells of TC mice that could account for elevated kynurenine levels. In fact, we found a reduced IDO1

expression in TC eosinophils, and trends for decreased IDO1 in the remaining cell subsets examined. This obser-

vation is surprising considering the high type 1 and 2 IFN activity in TCmice (Choi et al., 2018; Sang et al., 2014),

which should upregulate Ido1 expression (Lood et al., 2015; Pertovaara et al., 2007).

The TCmicrobiota synthesizes more indole compounds and tryptamine than the B6microbiota in response

to dietary tryptophan. The comparison of GF and SPF TCmetabolites and the lack of differential expression

of endogenous enzymes collectively suggest that tryptophanmetabolite skewing in TCmice results largely

from microbial enzymes. Therefore, as in a mouse model of multiple sclerosis (Sonner et al., 2019), dietary

tryptophan potentiates pathogenic T cell responses largely through the intestinal microbiota in lupus-

prone TC mice. Although some bacteria synthesize kynurenine from tryptophan using analogs of mamma-

lian KP enzymes (Vujkovic-Cvijin et al., 2013), there was no difference in serum kynurenine between GF and

SPF TC mice, suggesting that gut microbes do not directly contribute to elevated kynurenine in TC

mice. The observation that fecal kynurenine was higher in GF TC mice relative to SPF TC mice also

supports this conclusion. In addition, other endogenous KP metabolites, 3-hydroxykynurenine and

3-hydroxyanthranilate, were elevated only in TC mice consuming high dietary tryptophan, suggesting

that there are other enzymes or cell types responsible for endogenous metabolite skewing. Finally, the

different metabolite profiles between TC and B6 T cells directly exposed to tryptophan however indicate

that tryptophan-catabolizing enzymes other than the classical KP enzymes must be differentially expressed

in TC T cells. Therefore, in addition to a microbial origin, endogenous enzymes yet to be identified

contribute to the increased KP activity in TC mice.

Besides theoriginof skewed tryptophanmetabolites,we investigatedhow theycontribute toTcell activation.We

showed using several approaches that mTOR activation is increased in Tn, Tem, and Treg cells from TC mice

consuming high dietary tryptophan compared to those fed low tryptophan, while dietary tryptophan had a

muchweaker effect onmTOR inB6Tcells. This suggests thatmTORactivation isamechanismbywhich increased

ll
OPEN ACCESS

12 iScience 25, 104241, May 20, 2022

iScience
Article



dietary tryptophan exacerbates disease in the TC model. Tryptamine activated mTOR in TC effector T cells and

Treg cells in vitro, suggesting that tryptophanmay activatemTOR through thismetabolite directly. The observa-

tion that, contrary to human T cells, kynurenine did not activatemTOR in TCCD4+ T cells may be due to the spe-

cific mouse strain, or it may indicate that mouse T cells are less sensitive to kynurenine. However, we confirmed

that kynureninepromotes IFNgproduction inTCTcells (Choi et al., 2020), and it therefore alsoplays apro-inflam-

matory role. mTOR activation by tryptamine in TC effector T cells was not sufficient to induce IFNg production,

while kynurenine promoted IFNg production without mTOR activation, suggesting that these pathways are un-

coupled in response to these metabolites.

High tryptophan either supplied systemically through diet or directly to CD4+ T cells from TCmice induced

a pronounced increase in metabolites involved in glycolysis and the TCA cycle. We have shown that these

two metabolic pathways were tightly linked with pathogenic T cells in lupus (Yin et al., 2015). Furthermore,

we showed that exogenous tryptamine increased glycolysis in TC CD4+ T cells. These energy-producing

metabolic pathways may be linked to the increased mTOR activation, and they may correspond to the

mechanisms by which tryptophan increased T cell pathogenicity in TC mice. Tryptamine was not detected

in CD4+ T cells from TC mice fed high tryptophan, which suggests that this metabolite is not imported but

binds to a cell surface receptor to exert its effects on mTOR activation and glycolysis. Tryptamine binds to

serotonin receptors (Bhattarai et al., 2020), including on T cells (Wu et al., 2020). Furthermore, serotonin

activates T cells through some of these receptors (León-Ponte et al., 2007; Nordlind et al., 1992), and pro-

motes IFNɣ production by natural killer cells (Hellstrand et al., 1993). Thus, it is possible that tryptamine

activates TC CD4+ T cells by binding to serotonin receptors, or to a yet-to-be identified receptor.

It is unknown whether microbial tryptophan metabolites are increased in patients with SLE, or if these me-

tabolites would have similar effects on CD4+ T cells in human subjects. Only a small number of bacteria

have been specifically associated with lupus (Azzouz et al., 2019; Greiling et al., 2018; Manfredo Vieira

et al., 2018; Zegarra-Ruiz et al., 2019). Among them, Ruminococcus gnavus, which is increased in patients

with lupus nephritis (Azzouz et al., 2019), expresses tryptophan decarboxylase, the enzyme that synthesizes

tryptamine from tryptophan. Therefore, it is possible that R. gnavusmay contribute to elevated tryptamine

levels, including in TC mice.

In summary, we showed that tryptophan metabolite skewing in murine lupus is affected by intestinal mi-

crobes but also by yet-to-be identified endogenous enzymes. We found that tryptophan increases the

pathogenicity of TC CD4+ T cells directly and through the downstream metabolites kynurenine and trypt-

amine with non-overlapping functions. There is a growing interest to target the tryptophan pathway in mul-

tiple diseases, including cancer, with an increasing number of specific inhibitors for many enzymes in this

pathway (Modoux et al., 2021). Thus, there is a need to better define how tryptophan availability may regu-

late autoreactive pathogenic CD4+ T cells in a variety of autoimmune settings.

Limitations of the study

We investigated the source of skewed tryptophan metabolites in the lupus-prone TC model and identified

mechanisms by which some of these metabolites contribute to CD4+ T cell activation. One limitation to this

study was that it did not identify specific cell types and enzymes that are responsible for the increased ky-

nurenine found in TC mice, since neither the gut microbes, which skew the production of other tryptophan

metabolites in TC mice, nor endogenous enzymes directly alter the production of kynurenine. Future

studies should include a tracer approach to understand the production and utilization of kynurenine as

part of the global metabolic fate of dietary tryptophan in lupus mice. The differential distribution of

numerous tryptophan catabolites in isolated TC CD4+ T cells stimulated in presence of tryptophan sug-

gests that they process tryptophan differently through enzyme that have not been yet identified. It is

also possible that these metabolites are produced by non-T cells carried over in the culture, and then im-

ported by T cells. In addition to the specific metabolites that were identified and tested in this study, it is

possible that other tryptophanmetabolites could individually or additively influence the functions of T cells

or other immune cell types contributing to lupus pathogenesis.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

p4E-BP1 Cell Signaling RRID:AB_560835

4E-BP1 Cell Signaling RRID:AB_2097841

p70S6K Cell Signaling RRID:AB_2265913

IDO1 Sigma RRID:AB_1846221

IDO2 Sant Cruz RRID:AB_374159

beta-Actin Cell Signaling RRID:AB_2242334

IDO1 eBioscience RRID:AB_831071

CD4 eBioscience RRID:AB_10718983

CD8 Biolegend RRID:AB_962672

B220/CD45R BD Bioscience RRID:AB_394619

CD11c Biolegend RRID:AB_959596

CD11b BD Bioscience RRID:AB_1727421

PDCA-1 eBioscience RRID:AB_763417

CD45.2 Biolegend RRID:AB_492872

Foxp3 eBioscience RRID:AB_465936

p4EBP1 Cell Signaling RRID:AB_2097838

pS6 Cell Signaling RRID:AB_2797646

pAKT eBioscience RRID:AB_2574125

IFNg Biolegend RRID:AB_893526

CD28 BD Bioscience RRID: AB_2737780

CD3e BD Bioscience RRID:AB_394728

mTOR Invitrogen RRID:AB_11155001

IgDb BD Bioscience RRID:AB_394894

AF594-donkey anti-rabbit IgG secondary ThermoFisher RRID:AB_141359

HRP-anti-rabbit IgG secondary Cell Signaling RRID:AB_2099233

HRP-anti-mouse IgG secondary Cell Signaling RRID:AB_330924

hFAB� Rhodamine Anti-GAPDH Bio-Rad Cat# 12004168

Chemicals, peptides, and recombinant proteins

L-Tryptophan Sigma T0254

L-Kynurenine Sigma K8625

Indole-3-acetate Sigma I5148-2G

5-Thio-D-Glucose Sigma 88635

Tryptamine Sigma 193747

Signal Fire Luminol Reagent Cell Signaling 6883

HyGLO� Chemiluminescent HRP Detection

Reagent

Denville Scientific E2500

PVDF Stripping Buffer ThermoFisher 46430

dsDNA Sigma D8515

p-nitrophenol phosphate (PNPP) substrate ThermoFisher 34045

McCoy’s 5A media ThermoFisher 16600082

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and reasonable requests for resources and reagents should be directed to the lead

contact: morel@ufl.edu.

Materials availability

This study did not generate any unique materials.

Data and code availability

This study did not generate any new codes. Metabolomics data have been included as Tables S1–S6. Any

additional information required to reanalyze the data reported in this paper is available from the lead con-

tact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tryptophan synthetic chows Research Diets A11022501-03

CD4 microbeads (mouse) Miltenyi Biotech 130-104-454

CD11c microbeads (mouse) Miltenyi Biotech 130-125-835

Rneasy mini kit Qiagen 74104

Critical commercial assays

Xbridge Amide 3.5 mm 3 2.1 mm x 100 mm

chromatography column

Waters 186004860

Mouse KMO ELISA kit Aviva Systems Biology OKEH05543

Experimental models: Organisms/strains

Specific Pathogen Free Adult C57BL/6J UF Rodent Colony N/A

Specific Pathogen Free Adult

B6.Sle1.Sle2.Sle3

UF Rodent Colony N/A

Germ Free Adult C57BL/6J UC Rodent Colony N/A

Germ Free Adult B6.Sle1.Sle2.Sle3 UC Rodent Colony N/A

Oligonucleotides

Ido1 (F: CCCACACTGAGCACGGACGG;

R: TTGCGGGGCAGCACCTTTCG)

Metz et al. (2014) N/A

Tdo2 (F: CATGGCTGGAAAGAACAC;

R: GGAGTGCACGGTATGAC)

Pilotte et al. (2012). N/A

Ppia (F: GCTGTTTGCAGACAAAGTTCCA;

R: CGTGTAAAGTCACCACCCTGG)

This Paper N/A

Kmo (F: ATGGCATCGTCTGATACTCAGG;

R: CCCTAGCTTCGTACACATCAACT)

Wang et al. (2018) N/A

Kat2 (F: ATGAATTACTCACGGTTCCTCAC;

R: AACATGCTCGGGTTTGGAGAT)

Wang et al. (2018) N/A

3Hao (F: GAACGCCGTGTGAGAGTGAA;

R: CCAACGAACATGATTTTGAGCTG)

Wang et al. (2018) N/A

Software and algorithms

FlowJo V10 Tree Star https://www.flowjo.com/solutions/flowjo/

downloads

Prism 9.0 Graphpad https://www.graphpad.com/scientific-

software/prism/

ImageJ NIH https://imagej.nih.gov/ij/
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and treatments

C57BL/6J (B6) mice were purchased from the Jackson Laboratory and maintained at the University of Flor-

ida (UF). The TC, B6.Ido1-/- and B6.Ido2�/� strains have been described previously (Merlo et al., 2020; Morel

et al., 2000). Only female mice were used, and they were housed in the same SPF conditions at UF unless

indicated otherwise. For metabolite measurements in GF TC mice, SPF TC mice, and SPF B6 controls,

serum and fecal samples were obtained from mice housed at the University of Chicago in either GF or

SPF conditions. Mice were kept under SPF and GF conditions at the University of Chicago (UC) Animal

Resource Center. GF status was monitored by aerobic and anaerobic fecal cultures and PCR amplification

of bacterial 16S rRNA genes from fecal DNA as previously described (Kane et al., 2011).

All groups within an experiment were age-matched and tested at the same time. Mice were provided with

autoclaved drinking water and fed with either standard chow (Envigo 7912) or with synthetic chows that

differ only by their tryptophan concentration (A11022501-03 Research Diets, Inc.) for the indicated amount

of time. Tryptophan high chow corresponded to 1.19% tryptophan, while the tryptophan low regimen cor-

responded to a tryptophan-deficient chow on week days and recharge with 0.19% tryptophan on week-end

days, averaging 0.08% tryptophan as previously described (Choi et al., 2020). For in vivo assessment of

exogenous tryptamine, mice were injected intraperitoneally with 0.5 mg of tryptamine three times per

week for 1 month. All experiments were conducted according to approved protocols by the IACUC at

UF and UC.

METHOD DETAILS

Gene expression

Total CD4+ T cells and CD11c+ DCs were purified from spleens with microbeads using negative and pos-

itive selection, respectively. Proximal colon and duodenum were collected after flushing contents with PBS

and were homogenized separately in lysis buffer along with liver. RNA was isolated with RNeasy Mini Kit

and cDNA was synthesized using ImProm II Reverse Transcriptase. Gene expression was quantified using

SYBR Green Dye on the BioRad CFX Connect, with qRT-PCR primers listed in the STARMethods table. The

thermo-cycling protocol consisted of 30 s at 95�C, 30 s at 60�C, and 30 s at 72�C repeated for 40 cycles.

Relative expression was calculated using the DDCq method with difference in Cq values taken between

the Ppia gene against the gene of interest.

Protein analyses

Lysates were prepared from either purified total CD4+ T cells, or from sorted Tem cells (CD4+CD44+CD25�)
and Treg cells (CD4+ CD25+) from TC mice fed tryptophan high or tryptophan low chow for 1 month. Cells

in lysis buffer and protease inhibitor cocktail were sonicated for 30 s. Total protein was quantified in super-

natants using the Bradford Coomassie assay against a standard curve. Lysates were normalized to 30–40

ug/ul using a cocktail of DTT/dye solution at a ratio of 1:10 before heat denaturation. Protein lysates

were separated by SDS-PAGE and transferred onto a PVDF membrane using the BioRad transblot mini-

gel system. After blocking with 5% milk proteins in TBS-T at room temperature, the membrane was incu-

bated serially with primary antibodies (1:1000) against p4E-BP1, 4E-BP1, p70S6K, IDO1, IDO2, b-Actin

and GAPDH at 4cC. HRP-conjugated anti-rabbit or anti-mouse IgG were used as secondary antibodies

(1:2000 in TBS-T with 5% milk proteins). Signal was detected using Signal-Fire, Signal-Fire-Elite or

HYGLO Quickspray chemiluminescent HRP reagents. For repeated measurements of different proteins

on the same membrane, PVDF stripping buffer was applied for 15 min and the membrane was re-blocked

before re-probing. Band intensities were quantified using ImageJ software. Mouse hepatic KMOwas quan-

tified in liver lysates using an ELISA kit.

Flow cytometry

Single cell suspensions were prepared from spleens using standard procedures. Red blood cells were

lysed, followed by fluorochrome-conjugated antibody staining in FACS buffer (2.5% FBS, 0.05% sodium

azide in PBS). Dead cells were excluded with fixable viability dye. For intracellular staining, cells were fixed

and permeabilized using the FOXP3/Transcription Factor Staining Buffer Set. Staining for IFNg was pre-

ceded by a 4h incubation with Leukocyte Activation Cocktail. Data were acquired on an LSRFortessa

and analyzed with FlowJo V10.
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Cellular assays

Purified B6 and TC CD4+ T cells were activated with 2 mg/mL plate-bound anti-CD3 and 1 mg/mL soluble

anti-CD28 antibody for 24 h. The complete McCoy’s 5A media (10% FBS, 10003 penicillin/streptomycin,

0.1 mM sodium pyruvate, 1 mM Hepes) containing 15 mM tryptophan was supplemented or not with tryp-

tophan, L-kynurenine, I3A, or tryptamine (50 mM each). Intracellular IFNg, p4EBP1, pS6 were assessed by

flow cytometry.

Extracellular flux assays

CD4+ T cells were purified by negative selection with magnetic beads. Glycolysis assessed as Extracellular

Acidification Rate (ECAR) and the Oxygen Consumption Rate (OCR) were measured using an XF96 Extra-

cellular Flux Analyzer (Agilent) in a standard mitochondrial stress assay with non-buffered RPMI medium

supplemented with 2.5 mM dextrose, 2 mM glutamine and 1 mM sodium pyruvate. Samples were assayed

at least in triplicates for 3 successive 8 min time intervals between inhibitor injections. Baseline ECAR and

OCR values were averaged between replicates for the first 3 time points before the oligomycin injection.

Immunofluorescence staining

Immunofluorescence staining of frozen spleen sections was performed as previously described (Choi et al.,

2018) using an mTOR polyclonal antibody followed by AF594-conjugated donkey anti-rabbit IgG second-

ary antibody, anti-IgDb-PE and anti-CD4-APC. Images were acquired on an EVOS fluorescent microscope.

C-MS metabolomics

Metabolomic analysis of T cell lysates

Three million cells were washed in 1 mL of PBS, pelleted at 1500 rpm in an Eppendorf centrifuge at 4�C, and
resuspended in 100 mL of 80% methanol (�80�C) and 10 mL of 0.3 mM 5-thio-glucose, used as internal stan-

dard to allow correction for sample recovery. After freezing at �80�C and thawing once, the sample was

centrifuged at 13,0003 g for 30min at 4�C, and 100mL of supernatant was saved. A 2nd 100 mL of 80%meth-

anol (�80�C) was added to the pellet, the sample was vortexed, centrifuged at 13,0003 g for 30 min at 4�C,
and the 2nd 100 mL of supernatant was saved. The two 100-mL supernatants were combined, dried and

stored �80�C until analysis. Each sample was resuspended in 20 mL of LC/MS grade water, and 10 mL

per sample was injected into a ThermoFisher Q-Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer

attached to a Vanquish Horizon UHPLC System, using a Waters Xbridge Amide chromatography column

and quantitative polar metabolomics profiling platform with selected reaction monitoring (SRM) that

covers all major metabolic pathways. The platform uses hydrophilic interaction liquid chromatography

(HILIC) method with positive/negative ion switching to analyze �516 metabolites from a single 25-min

acquisition run with a 3-ms dwell time and a 1.55-s duty cycle time. The HESI probe parameters were

the following in both polarity modes: sheath gas flow rate 30, aux gas flow rate 10, sweep gas flow rate

0, spray voltage 3.60 kV, aux gas heater temp 120�C, S-lens RF level 55, ion transfer capillary temp

320�C. In positive mode, the instrument acquired Full Scan spectra with a m/z range of 61–915, while in

negative mode, the Full Scan mass range was m/z 70–920. The resolution of the scans was 70,000, the

AGC target was 3e6, while maximum IT was 200 ms. Mobile phase component A was 10 mM ammonium

acetate and 7.5 mM ammonium hydroxide in water with 3% (v/v) acetonitrile (pH 9.0) while mobile phase

component B was 100% acetonitrile. The 25-minute-long gradient was as follows: 0 min, 85% B; 1.5 min,

85% B; 5.5 min, 35% B; 14.5 min, 35% B; 15.0 min, 85% B; 25.0 min, 85% B. The mobile phase flow rate

was the following: 0 min, 0.150 mL/min; 10.0 min, 0.150 mL/min; 10.5 min, 0.300 mL/min; 14.5 min,

0.300 mL/min; 15.0 min, 0.150 mL/min, 25.0 min, 0.150 mL/min. Metabolites were identified with retention

time and m/z value to a reference standard, such as kynurenine.

Metabolomic analysis of sera and feces

All samples were thawed on ice to preserve sample quality. Serum samples were aliquoted at 25 mL into

Eppendorf tubes for extraction without pre-normalization. Fecal homogenates in 5 mM ammonium

formate were pre-normalized to lowest protein concentration (47 mg/mL) and aliquoted at 150 mL into clean

Eppendorf tubes for extraction. All samples were spiked with internal standards (IS) solution that consisted

of creatine-D3 (4 mg/mL), leucine-D10 (4 mg/mL), L-tryptophan-2,3,3D3 (40 mg/mL), L-tyrosine Ring-13C6

(4 mg/mL), L-leucine-13C6 (4 mg/mL), L-phenylalanine 13C6 (4 mg/mL), N-BOC-L-tert-leucine (4 mg/mL),

N-BOC-L-aspartic acid (4 mg/mL), succinic acid-2,2,3,3D4 (4 mg/mL), salicylic acid D6 (4 mg/mL), and

caffeine-D3 (4 mg/mL). Metabolites were extracted by protein precipitation with a solution of 8/1/1
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(v/v/v) Acetonitrile/Methanol/Acetone. IS spiked serum and fecal samples were precipitated with 200 and

800 mL; respectively. Further protein precipitation was allowed by incubating the samples at 4�C for 20 min.

Samples were centrifuged at 20,000 3 g for 10 min at 4�C to pellet the protein. Supernatants were trans-

ferred into clean Eppendorf tube and dried under a gentle stream of nitrogen at 30�C. The dried

extracts were resuspended with 25 mL reconstitution solution consisting of 10 ug/mL injection standards

(BOC-L-Tyrosine, BOC-L-Tryptophan and BOC-D-Phenylalanine). Resuspension was allowed at 4�C for

10–15 min then samples were centrifuged at 20,000 3 g for 10 min at 4�C. Supernatants were collected

into clean LC-vials for LC-MS analysis. Global metabolomics was performed using high resolution mass

spectrometry coupled with ultra-high performance liquid chromatography (UHPLC) as previously

described (Yazd et al., 2021). Briefly, samples were analyzed in positive and negative heated electrospray

ionization with the following source parameters: spray voltage = 3500 V (+mode) and 3000 V (�mode), aux

gas = 10, sheath gas = 50, capillary temperature = 325�C, spray gas = 1, and S-lens RF level = 30. Separation

was achieved on an ACE 18-PFP 100 3 2.1 mm, 2 mm column (Mac-Mod Analytical, Chadds Ford, PA) using

a gradient with mobile phase A as 0.1% formic acid in water and mobile phase B as acetonitrile with a col-

umn temperature of 25�C. Gradient elution was ramped from 0% B to 80% B over 13.0 min at 350 mL/min,

which increased to 600 mL/min between 16.80 and 17.50 min for column flush and re-equilibration. The run-

time was 20.50 min and full scan at 35 000 mass resolution was acquired from 2 mL injection in positive and

4 mL injection in negative ion mode. Metabolites from this method level 1 identified as they are matched

with retention time and m/z value to a reference standard.

QUANTIFICATION AND STATISTICAL ANALYSIS

Metabolomics analysis

Metabolite identification of named metabolites was performed through reference to metabolite library of

1,000 compounds, curated by running each standard at the Southeast Center for Integrated Metabolomics

(www.secim.ufl.edu). Feature alignment and curation were performed by MZmine through an automated

routine developed in-house. From the same type of global metabolite profiling from serum and fecal sam-

ples, we quantified six tryptophan metabolites (tryptophan, serotonin, kynurenine, kynurenic acid, xanthur-

enic acid, and anthranilic acid), which were referenced to an external calibration curve covering the

expected concentration range. The metabolomics data were first log2-transformed and then centered.

They were further examined to ensure that the normality assumption was satisfied. All groups were first

analyzed using principal components analysis, to obtain a global viewpoint of the data and the groups.

Subsequently, individual tryptophan metabolites were compared between groups by ANOVA.

Statistical analysis

Statistical analyses were performed using the GraphPad Prism 9.0 software. Unless indicated, data were

normally distributed, and graphs show means and standard deviations of the mean (SEM) for each group.

Unless indicated, results were compared with 1-way ANOVA with correction for multiple tests comparisons

or with 2-tailed t tests with a minimal level of significance set at p < 0.05.
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