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SUMMARY

Serine is a substrate for nucleotides, NADPH and glutathione (GSH) synthesis. Previous studies in
cancer cells and lymphocytes have shown that serine-dependent one-carbon units are necessary for
nucleotide production to support proliferation. Presently, it is unknown whether serine metabolism
impacts the function of non-proliferative cells, such as inflammatory macrophages. We find that in
macrophages, serine is required for optimal lipopolysaccharide (LPS) induction of IL-18 mRNA
expression, but not inflammasome activation. The mechanism involves a requirement for glycine,
which is made from serine, to support macrophage glutathione (GSH) synthesis. Cell-permeable
GSH, but not the one-carbon donor formate, rescues IL-1p mRNA expression. Pharmacological
inhibition of de novo serine synthesis in vivo decreased LPS induction of IL-1p levels and
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improved survival in an LPS-driven model of sepsis in mice. Our study reveals that serine
metabolism is necessary for GSH synthesis to support IL- 1p cytokine production.

eTOC:

Rodriguez et al. show that serine metabolism controls the inflammatory response in macrophages

in vitro and in vivo. They demonstrate that serine metabolism is required for glutathione synthesis
which is necessary for optimal IL-18 mRNA expression. Inhibition of de novo serine synthesis is

protective in a mouse model of endotoxemia.
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INTRODUCTION

Macrophages exhibit a phenotypic plasticity that allows them to alter their function in
response to diverse micro-environmental cues (Glass and Natoli, 2016). For example,
macrophages initiate the early promotion of an immune response through the secretion of
pro-inflammatory cytokines, as well as the resolution of inflammation after the insult. It is
well established that changes in cellular metabolism are required for Toll-like receptor
(TLR) driven pro-inflammatory cytokine production (Jha et al. 2015; O’Neil and Pearce,
2016; Langston et al., 2017; Mehta et al., 2017). Specifically, an increase in glycolytic flux
is required for macrophages to produce inflammatory cytokines, including IL-1p, in
response to TLR4-ligand lipopolysaccharide (LPS). Inhibition of glycolysis through
treatment with 2-deoxyglucose (2-DG), a glycolytic inhibitor, results in a decrease in pro-
inflammatory cytokine production (Tannahill et al., 2013; Mills et al.,2016). Furthermore,
IL-10, an anti-inflammatory cytokine, has been shown to reduce inflammation by inhibiting
LPS-induced glycolytic flux and suppressing mTOR activity (Ip et al.,2017). Most recently,
it has been reported that inhibition of the pentose phosphate pathway, a branch off of
glycolysis, decreases the inflammatory phenotype of macrophages in response to high
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cholesterol (Baardman et al. 2018). Combined, these studies suggest that glycolytic flux may
regulate inflammatory cytokine production in pathological circumstances.

Mitochondrial function, including the turning of the TCA cycle and reactive oxygen species
(ROS) generated by the electron transport chain, is also required for a robust LPS response
in macrophages (Michelucci et al., 2013; Lampropoulou et al., 2016; Cordes et al., 2016;
Mills et al. 2016). Multiple studies have demonstrated that macrophages increase their
mitochondrial reactive oxygen species in response to LPS. When macrophages are treated
with mitochondrial-targeted antioxidants such as MitoQ, the production of inflammatory
cytokines is diminished (West et al., 2011; Kelly et al., 2015).

LPS also induces the accumulation of the metabolite itaconate to limit IL-1p production by
inducing Irgl (Cordes et al. 2016; Lampropoulou et al. 2016). Recent studies indicate that
itaconate activates the transcription factor NRF2 and also directly binds glutathione (GSH)
(Bambouskova et al., 2018). Furthermore, itaconate binds to IKBC to decrease cytokine
production in activated macrophages (Bambouskova et al., 2018). Furthermore, derivatives
of itaconate such as dimethyl-itaconate or octyl-itaconate that are strong electrophiles limit
pro- inflammatory cytokine production in vitro and in vivo (Bambouskova et al., 2018, Mills
et al.,2018). Despite these well-described itaconate dependent metabolic changes that occur
upon macrophage activation, it is not fully understood which metabolic pathways support
GSH balance for optimal cytokine production.

Serine is a non-essential amino acid that is required for cellular proliferation. Serine
supports one-carbon metabolism, a complex network of metabolic pathways that includes:
synthesis of nucleotides, s-adenosyl-methionine (SAM), NADPH, and glutathione (GSH)
(YYang and Vousden, 2016; Locasale, 2013). One-carbon metabolism is sustained by uptake
of serine from the microenvironment or by de novo synthesis. During de novo synthesis, 3-
phosphoglycerate is shunted out of the glycolytic pathway and converted to
phosphohydroxypyruvate by phosphoglycerate dehydrogenase (PHGDH) in the first of a
series of enzymatic reactions to ultimately generate serine. Subsequently, serine
hydroxymethyltransferases (SHMT) 1 and 2 catalyze the reversible reaction of serine to
glycine coupled with the generation of 5,10- methylene tetrahydrofolate (5,10-meTHF) from
tetrahydrofolate (THF in the cytosol or mitochondria, respectively). 5,10-meTHF is used as
a one-carbon donor in multiple reactions including nucleotide synthesis. Reduction of 5,10
meTHF to 5-methyl THF provides the substrate for the remethylation of homocysteine to
methionine catalyzed by the cobalamin- dependent enzyme methionine synthase. Serine can
contribute to the production of the tripeptide glutathione (GSH) through the generation of
glycine, one of its component amino acids, via the SHMT reaction (Lu, S. 2009).

Recent studies have demonstrated that serine-dependent one-carbon metabolism is necessary
for nucleotide synthesis to support both cancer and T cell proliferation (Labuschagne et al.,
2014; Maddocks et al., 2017; Ma et al., 2017; Ron-Harel et al., 2016). One-carbon
metabolism also contributes to redox balance in growing cancer cells through GSH synthesis
and folate- dependent NADPH production (Ye et al., 2014; Fan et al., 2014; Ducker et al.,
2016; Lewis et al., 2014). In cells with limited intrinsic glycine uptake capacity or poor
access to environmental glycine, the SHMT reaction can also support glycine and thereby
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GSH synthesis (Ducker et al. 2017; Pikman et al. 2016). Presently, it is unknown whether
serine-dependent one-carbon metabolism dictates cell fate or function in anabolic, non-
proliferating cells such as inflammatory macrophages.

In the present study, we observed that serine deprivation diminished LPS induction of the
pro- inflammatory cytokine IL-1p and GSH synthesis in murine peritoneal macrophages.
Serine metabolism-dependent GSH synthesis was necessary for optimal LPS induction of
IL-1B mRNA expression. Furthermore inhibition of PHGDH, the first step in de novo serine
synthesis, decreased LPS induction of pro-inflammatory cytokine levels in mice and
improved their survival in a LPS-driven model of sepsis. Our results indicate that serine
metabolism supports LPS induction of pro-inflammatory cytokines by generating GSH to
maintain cellular redox balance.

RESULTS AND DISCUSSION

Serine metabolism is required for LPS induction of IL-1p.

To determine whether serine metabolism is necessary for LPS induction of pro-
inflammatory IL- 1 production, we exposed murine peritoneal macrophages to LPS for 4
hours in media depleted of serine. Serine deprivation did not alter the gross metabolic
properties of the macrophages. Oxygen consumption rate and extracellular acidification
(glycolytic flux) were unchanged (Figure 1A and 1B). Serine deprivation has previously
been shown to decrease mitochondrial mass in HCT116 cells (Gao et al. 2018). Consistent
with our OCR data, mitochondrial mass and NAD+/NADH ratio was unaffected by loss of
serine in media (Supplemental Figure 1A and 1B). However, serine deprivation decreased
mRNA expression of the pro-inflammatory cytokine iL-1p, but not the anti-inflammatory
cytokine IL-10 upon LPS stimulation (Figure 1C and1D). Previous studies in cancer and T
cells have demonstrated that the addition of formate to serine-depleted media rescues
cellular proliferation (Ducker et al. 2016; Ma et al., 2017; Ron-Harel et al., 2016). Formate
is a one-carbon metabolite used in the folate cycle, which can produce 10-formyl THf, a
donor for purine nucleotide biosynthesis. Interestingly, in the absence of serine, formate did
not rescue IL-1p mRNA expression (Figure 1A). Interferon and IRF signaling are ultimately
required for LPS responses. (Honda and Taniguchi, 2006). Therefore, we also measured
expression of interferon genes and interferon regulated factors (IRFs) upon LPS stimulation
for 2 hours and found that type 1 interferons Ifnp and Ifna, as well as IRF1 and IRF7 were
unaffected by serine deprivation (Supplementary Figure 1C). CEBPA gene expression, a key
early transcriptional regulator of LPS induced inflammation (Medzhitov and Horng, 2009),
was also unaffected by serine depletion (Supplementary Figure 1C).

Next, to determine the fate of serine carbons upon LPS stimulation, we cultured murine
peritoneal macrophages in media containing [U-13C]-serine (Figure 1E) or [2,3,3-2H]-serine
(Supplemental Figure 1D). Serine-derived carbons were incorporated into the nucleotides
IMP and ADP (Figure 1F and1G; Supplemental Figures 1E and 1F) in macrophages exposed
to LPS. This one-carbon flux could also be observed in enhanced labeling of S-adenosyl-
methionine (SAM) (Figure 1H). This labeling confirms that LPS stimulation up-regulates
serine flux through folate one-carbon metabolism.
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Finally, upon LPS stimulation an increased fraction of serine-derived carbons were
incorporated into GSH (Figure 11; Supplemental Figure 1G). GSH is synthesized from three
components: cysteine, glutamate, and glycine. The m+2 labeling of glutathione indicates
that serine contributes to glutathione synthesis through the production of glycine via the
SHMT reaction. The inability of formate to rescue this phenotype suggests that it is not
related to one-carbon units, but rather glycine. Since LPS stimulation increases ROS in
macrophages to regulate cytokine production, enhanced flux through the glutathione
synthesis pathway including serine derived glycine is likely needed to maintain GSH
balance.

Serine incorporation into glutathione is required for the LPS induction of IL-1p.

To determine whether serine is required for optimal GSH synthesis upon LPS stimulation,
we measured total levels of NEM-derivatized GSH and glutathione disulfide (GSSG), the
oxidized form of glutathione, in the presence or absence of serine. Consistent with the
known increase in ROS, LPS treatment increased oxidized glutathione (GSSG). Serine
depletion decreased both GSH and GSSG levels in LPS stimulated macrophages (Figure
2A). To establish whether serine-derived GSH is required for the induction of IL-18 mRNA
expression in response to LPS, we administered cell permeable GSH ethyl ester to LPS-
stimulated murine peritoneal macrophages cultured in media depleted of serine. Cell
permeable GSH increased intracellular GSH levels (Supplementary Figure 2A). Unlike
formate, the one-carbon product of serine catabolism, cell-permeable GSH rescued LPS
induction of IL-18 mRNA expression (Figure 2B). In contrast, IL-10 mRNA expression was
unaffected by the presence of cell permeable GSH (Figure 2C). These results indicate that
upon LPS stimulation, serine carbons are incorporated into GSH to maintain optimal mRNA
induction of IL-1B.

Serine generates glycine, which is a component of GSH. Serine and glycine can be
interconverted (Labuschagne et al., 2014). Serine deprivation decreased intracellular glycine
levels (Supplemental Figure 2B). LPS stimulated murine peritoneal macrophages cultured in
media containing [U-13C]-glycine revealed a marked attenuation of the incorporation of
glycine- derived carbons compared to serine derived carbons into GSH and IMP (Figure 2D
and2E). We hypothesized that glycine uptake may be limiting in macrophages. Indeed,
glycine uptake was limiting in untreated and LPS stimulated macrophages compared to
human lung cancer cell lines A549 and H460 (Figure 2F). Glycine lableling of serine was
greater in H460 cells compared to untreated or LPS stimulated macrophages (Supplementary
Figure 2C). Moreover, glycine depletion in serine containing media did not decrease IL-1p,
IL-10 or TNFa mRNA expression (Supplementary Figure 2D-F). Collectively our results
indicate that macrophages rely on intracellular serine-derived glycine to support glutathione
synthesis.

It is important to note that the increase in GSH upon LPS stimulation that we observe occurs
within the first few hours. This is in contrast to the itaconate-dependent increase in NRF2
mediated expression of antioxidants that occurs after expression of the first wave of LPS
induced pro-inflammatory genes (Bambouskova et al., 2018, Mills et al., 2018). Itaconate is
generated within mitochondria by IRG1 (Lampropoulou et al. 2016). LPS induces the IRG1
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gene after the induction of IL-18 mRNA (Lampropoulou et al. 2016). We propose that in
response to LPS, the increase in serine-dependent GSH synthesis is a fast non-transcriptional
response to the increase in LPS driven ROS. In contrast, production of itaconate promotes a
slower transcription-dependent up-regulation of NRF2 to increase GSH production.

Serine is required for the LPS induction of IL-1p mMRNA expression, but not inflammation
associated gene networks or inflammasome activation.

In order to determine whether serine is required in other macrophage cell types, we
generated bone marrow derived macrophages (BMDMs) from C57BI/6 mice and tested how
serine deprivation affects global LPS gene expression. We assessed global mRNA levels of
LPS- treated cells, with or without extracelluar serine using RNAseq. Serine deprivation
increased only a small subset of genes in untreated BMDMs (Supplementary Figure 3A).
BMDMs treated with LPS for 4 hours increased genes associated with the inflammatory
response (Supplementary Figure 3B). However, serine deprivation in LPS-treated BMDMSs
significantly decreased a total of 20 genes (Figure 3A; Supplementary Figure 3C).
Interestingly, I11b, the gene for IL-18 mRNA was the most significantly down-regulated
transcript (Figure 3A). Additionally, serine deprivation significantly increased 64 genes in
LPS stimulated BMDMs (Figure 3B; Supplementary Figure 3C). We verified the decrease in
IL-18 mRNA expression but did not observe a change in IL-10 or TNFa expression in LPS
stimulated BMDMs deprived of serine (Figure 3C-E). LPS stimulation did not significantly
change the mRNA expression of de novo serine synthesis enzymes PSAT or PHGDH, but
markedly diminished cytosolic SHMT1 mRNA expression compared to SHMT2.
(Supplementary Figure 3D-G). Additionally, we observed that when BMDMs were cultured
in various concentrations of serine, there was no concentration dependent effect of
extracelluar serine on IL-1p mRNA expression (Supplementary Figure 3H). These data
suggest that serine metabolism is specifically required for IL-1p mRNA expression, but not
for global inflammatory associated gene networks.

LPS stimulation of IL-1p production is tightly regulated at multiple steps beyond
transcription. Notably, pro-IL-1p is cleaved into mature IL-1p by inflammasome dependent
caspase-1 activation (Broz and Dixit, 2016). We tested whether serine deprivation decreases
inflammasome activation by measuring caspase 1 activation and its substrates IL-1p and
IL-18. Inflammasome activation results in cleavage of pro-caspase-1 to mature active
caspase 1. Serine deprivation did not affect caspase-1 activation (Supplementary Figure 3l
and 3J). Furthermore, serine deprivation decreased IL-1p, but not IL-18 protein production
(Figure 3F, G). These results indicate that serine does not affect inflammasome activation.
Thus, the decrease in LPS stimulation of IL-1p protein production is due to a decrease in
IL-1B mRNA expression. LPS stimulation of TNFa protein production was not affected
(Figure 3H). Previous studies have shown that buthionine sulphoximine (BSO)
adminstration decreases IL-1p production in an endotoxemia model in rats (Wrotek et al.
2017). BSO is an inhibitor of glutamylcysteine synthetase, the rate-limiting step in GSH
synthesis. Mito-paraquat (MPQ) generates superoxide within mitochondria (Robb et al.
2015). Indeed, BSO and MPQ both decrease IL-1p production in BMDM s indicating that
diminishing GSH or increasing mitochondrial superoxide generation decreases IL-1p
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production (Supplementary Figure 3K). Collectively, our results indicate that serine
deprivation diminishes IL-1p mRNA transcription, but not inflammasome activation.

De novo serine synthesis is required for IL-1p production in vivo.

Previous studies have shown that that 2-dexoxyglucose (2-DG), an inhibitor of glycolysis,
decreases the LPS-induced production of the inflammatory cytokine IL-1p in vivo (Tanahill
et al., 2013). 2-DG also promotes survival of mice exposed to LPS in a model of sepsis
(Wang et al.,2016). It is not known why inhibiting glycolysis decreases IL-1f production
and systemic inflammation. Due to our observations about the requirement for serine
catabolism for LPS activation, we hypothesized that glycolysis supports IL-1p production in
vivo by generating 3- phosphoglycerate, a precursor for de novo serine synthesis. PH-739—
005N is a small-molecule inhibitor of PHGDH (provided by RAZE Pharmaceuticals).
PH-739-005N potently blocks the de novo synthesis of serine as shown by the decrease in
glucose carbon labeling into serine (ECsg ~200 nM) (Figure 4A). PH-755-003N (a next
generation compound of PH-739-005N) prevented glucose cabon labeling into serine in
LPS stimulated peritoneal macrophages (Supplementary Figure 4A). Interestingly, PH-755—
003N did not affect LPS stimulated IL-1f or IL-10 mRNA expression in peritoneal
macrophages grown in mouse plasma-like media made as described in Cantor et al. 2017
(Supplementary Figure 4B and 4C), indicating that extracellular serine levels dictate IL-13
MRNA expression in vitro. Additionally, in BMDMs treated with PH-755-003N, we also
observed that LPS induced IL-1f and IL-10 mRNA expression was not diminished
(Supplementary Figure 4D-E). In vivo, PH-755-003N diminished incorporation of carbon
labeled glucose into plasma serine (Supplementary Figure 4F).

To assess the requirement of de novo serine synthesis for LPS-induced cytokine production
in vivo, C57BI/6 mice were intra-peritoneally injected with 100mg/kg of PH-739-005N or
PH-755—- 003N three hours prior to an i.p. administration of a sub-lethal dose of LPS. Intra-
peritoneal injection of PH-739-005N can achieve uM levels of the drug in the serum of mice
(Figure 4B). PH-739-005N decreased LPS induction of IL-1p and TNFa cytokine levels in
the serum of mice 1.5 hours post LPS stimulation (Figure 4C, D). Furthermore, inhibition of
PHGDH promoted survival of mice upon LPS-induced endotoxemia (Figure 4E). Our results
indicate that de novo synthesis of serine supports LPS induction of pro-inflammatory
cytokine levels in vivo. The necessity of de novo serine synthesis for optimal IL-1p
production in vivo versus in vitro likely reflects the differences in the in vivo
microenvironment compared to cell culture conditions.

To date, numerous studies have shown that pro-inflammatory macrophages upregulate their
glycolytic flux. However, it is still unknown why an increase in glycolytic flux is required
for cytokine production. In vivo, we have demonstrated that de novo serine synthesis
contributes to LPS responses. Since glycolytic intermediates are used for de novo serine
synthesis, it is interesting to speculate that one of the reasons that LPS stimulated
macrophages increase their glycolytic flux is for the purpose of generating de novo serine
from 3-phosphoglycerate. This serine can then be used to make glycine for GSH synthesis,
allowing cells to induce cytokine production and avoid cell death from oxidative stress.
Further understanding the mechanisms of how serine controls LPS induction of the pro-
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inflammatory cytokine IL-1f could lead to the discovery of new links between metabolism
and transcriptional changes, as well as potentially developing new therapeutic approaches of
treating sepsis.

Limitations of the Study

Our data highlight the importance of serine metabolism on IL-1p cytokine production in
vitro and in vivo. A key caveat of our study is that the decrease in IL-1p is dependent on
extracellular serine in vitro while in vivo it is dependent on de novo serine synthesis. It
remains unknown why monocytes require PHGDH dependent serine synthesis in vivo, even
though serine and glycine are present in blood. Thus, the precise reason for the in vitro
versus in vivo pathways of serine metabolism affecting IL-1p is not fully understood.
Nevertheless, our data highlight an emerging theme in the metabolism field that in vitro and
in vivo metabolism is different due to variances in the nutrient microenvironment.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6J mice from Jackson labs were bred at Northwestern University. Mice were
maintained at Northwestern University under specific pathogen-free conditions in
accordance with Federal and University guidelines and protocols approved by IACUC and
Northwestern University. Male and female mice were used at 8-12 weeks of age.

Peritoneal Macrophages Isolation and Cell Culture

Peritoneal macrophages were elicited using thioglycollate and isolated. C57BL/6J mice were
injected with 3mL of sterile 3.8% thioglycollate medium (Sigma T9032) i.p. On day 3, mice
were euthanized and peritoneal cells were collected via peritoneal lavage with 5SmL cold
PBS. Peritoneal lavage was spun down for 5mins at 300xg and re-suspended in 10mL
serum-free RPMI (1640) media (ThermoScientific 11090-081), HEPES, penicillin,
streptomycin, and glutamate. Cells were seeded in tissue culture plates at the desired cell
density. After 45 minutes, cells were washed twice with 1X sterile PBS to remove non-
adherent cells and cultured in our assay media (MEM (21090) supplemented with 10%
dialyzed FBS (Gibco 26400), glutamine, 17mM D-glucose (Sigma), MEM vitamins
(11120), penicillin-streptomycin and 400mM serine and glycine).

Peritoneal macrophages were treated with 100ng/mL O5:B55 ultrapure LPS (Invivogen).
Peritoneal macrophages that were not subject to amino acid deprivation were cultured with
400uM serine and/or 400uM glycine. Peritoneal macrophages supplemented with sodium
formate (Sigma 247596) were given 1mM formate. Peritoneal macrophages supplemented
with cell permeable GSH (ethyl ester glutathione Sigma G1404) were given 1mM or 5mM
cell permeable GSH. All supplementation was co-administered at the time of LPS treatment.
Additionally, peritoneal macrophages were seeded in mouse plasma-like media that
contained 95uM serine, 4.4mM glucose, and 217uM glycine (media based on the results
from Cantor et al. 2017) while treated with the PHGDH inhibitor PH-755-003N (RAZE
Therapeutics). Peritoneal macrophages were treated with PH-755-003N for 1 hour prior to
stimulation with 100ng/mL LPS for 4 hours.
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BMDM Isolation and cell culture

Bone marrow was isolated from C57BL/6J mice and subjected to red blood cell lysis with
ACK lysis buffer prior to neutralization and resupsension in RPMI media. Cells were
counted using a hemocytometer and plated in 10cm tissue culture plates at a density of 3-
million cells/ plate. Cells were cultured with 20ng/mL mCSF to induce differentiation into
BMDMs. Media was changed every 3 days and BMDMs were harvested by scraping on day
6 and plated in 24 well plates at a density of 800,000 cells/well. BMDMs were stimulated in
the same manner as peritoneal macrophages.

METHODS DETAILS

qRT-PCR

RNA was extracted from peritoneal macrophages or BMDMs using the Omega E.Z.N.A.
RNA Isolation Kit. RNA was quantified using a Nanodrop 2000 UV-visible
spectrophotometer and 300ng of RNA was reverse transcribed using RETROscript first-
strand synthesis kit (Ambion). Real-time PCR was performed on a BioRadCFX using iQ
SYBR green Supermix (Bio-Rad).For gPCR of cytokine expression, the following primers
were used: IL-1B (Fwd- TGGCAACTGTTCCTG Rev- GGAAGCAGCCCTTCATCTTT)
TNFa (Fwd- GCCTCTTCTCATTCCTGCTT Rev- TGGGAACTTCTCATCCCTTTG)
IL-10 (Fwd- AGGCGCTGTCATCGATTT Rev- CACCTTGGTCTTGGAGCTTAT) actin
(Fwd- GGAGGGGGTTGAGGTGTT Rev- GTGTGCACTTTTATTGGTCTCAA) Ifna
(Fwd- CAACACCTACACAGGTTACC Rev- AGTGGCTTCCCAGATGTTCC) Ifnp (Fwd-
AGCT CCAAGAAAG GACGAACAT Rev- GCCCTGTAGGT GAGGTT GAT CT) Irfl
(Fwd- CAGAGGAAAGAGAGAAAGTCC Rev- CACACGGTGACAGTGCTGG) Irf7
(Fwd- CTGGAGCCATGGGTATGCA Rev- AAGCACAAGCCGAGACTGCT) C/EBPBA
(Fwd- CCCCAAAGCTATGTGCCTTTC Rev- CCTGGAGGGTTTGTGTTTTCTG) Values
were normalized to actin expression levels, and measurements were done in triplicate. Data
were analyzed with LinRegPCR software. All expression changes are normalized to the
untreated control.

For gPCR of serine metabolism, the following primers were used: PSAT1 (Fwd-
GCTTGGTTCTGGAGTGGATT Rev- GTCCCACCAGCTTTACAG) PHGDH (Fwd-
AACTT CTT CCGCT CCCATTT Rev- GT CAT CAACGCAG CT GAGAA) SHMT1
(Fwd- AGGAAAGGAGTGAAAAGTGTGGAT Rev-
GACACCAGTGTCGCTCTGGATCTG) SHMT2 (L primer- ATGCTGT ACTT CT CTTT
GTTTT G G aL primer- AGT GAT CCT GAGATGTGGGGAGTT Rev-
AGGATAACCCTCCGAGTACTTGTT). Values were normalized to actin expression levels,
and measurements were done in triplicate. Fold change was determined by —2"AACt. All
expression changes are normalized to the untreated control.

RNA-Seq Analysis

RNAseq analysis was done on BMDMs. BMDMs were cultured in complete MEM, MEM
without serine, MEM with 100ng/mL LPS, MEM without serine but with 100ng/mL LPS.
RNA was isolated 4 hrs post LPS. Total RNA was isolated using RNeasy Plus Mini Kit
(Qiagen) following manufacturer’s protocol. RNA-seq library was prepared using NEBNext
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Ultra RNA Library Prep Kit from New England Biolabs. Libraries were pooled and
sequenced on an Illumina Nextseg500 platform using the 75bp high output sequencing kit
NextSeq 500/550 High Output Kit v2 (75 cycles) (Illu mina).

Raw fastq reads were trimmed to remove low quality base pairs using Trimmomatic-0.33
with the following parameters: SE -threads 20 -phred33 TRAILING:30 MINLEN:20. This
made sure that all the reads had base pairs with Phred scores above 30 and a minimum
length of 20. The reads were then aligned to the mouse genome mm10 using STAR with the
following parameters: —runThreadN 20 —readFilesCommand zcat -c —outSAMtype BAM
Unsorted — chimSegmentMin 20 —quantMode TranscriptomeSAM —outReadsUnmapped
Fastq — outMultimapperOrder Random —outFilterMultimapNmax 20 —
outFilterMismatchNmax 2. Aligned bam files were then sorted using samtools. Reads at
exons were counted using htseg-count with the following parameters: -f bam -q -m
intersection-nonempty -s no -t exon -i gene_id. Coverage tracks were generated using the R
package Rsamtools and the coverage function. Finally, gene differential analysis was done
using the EdgeR statistical package in R. Differentially expressed genes were called if they
had an FDR < 0.01.

Oxygen Consumption rate, lactate production and NAD+/NADH ratio.

OCR and ECAR were measured in a XF96 extracellular flux analyzer (Seahorse
Bioscience). Peritoneal macrophages were plated at 2.5x10° cells/well of a XF96 plate,
allowed to adhere for 45 minutes and washed 2 times with PBS. Cells were stimulated with
LPS (100ng/mL) for 4 hours in the Seahorse plate, with or without serine. Culture media
was removed from cells and replaced with Seahorse media (serine-free RPMI containing 1%
dialyzed serum, and 2 mM glutamine, lacking bicarbonate and HEPES according to
Seahorse Bioscience’s instructions). Where appropriate, seahorse media was supplemented
with 400uM serine. Basal mitochondrial respiration was measured by subtracting the OCR
values after treatment with 1 pM antimycin A and 1 pM piericidin A (Sigma) from OCR
levels after addition of 11mM glucose. Glycolytic flux was calculated from the difference of
ECAR values after glucose administration and treatment with 2-deoxyglucose (2-DG, 25
mM). Percent Basal ECAR and OCR were determined relative to basal readings of the
untreated un-stimulated control OCR and ECAR. We measured NAD+/NADH ratio in
peritoneal macrophages treated with or without LPS for 4 hours in the presence or absence
of serine using the Promega NAD+/NADH Glo-Kit (G9071) according to the manufacterers
instructions. Mitochondrial mass was measured in peritoneal macrophages treated with or
without LPS for 4 hours in the presence or absence of serine. After treatment, cells were
stained with 200nM Mitotracker Green (Thermofisher catalog M7514) and the mean
fluorescence intensity was determined using FACS.

Serine/Glycine Labeling and GSH measurements

Peritoneal macrophages were isolated from multiple mice and seeded at the desired density.
Cells were washed twice with PBS and stimulated with the following treatments: untreated,
serine deprivation (-serine), 100ng/mL LPS, serine deprivation and 100ng/mL LPS (-serine
LPS) for 4 hrs. For serine labeling experiments, MEM media was supplemented with 400uM
[U-13C]- Serine, [U-13C]-Glycine or 2,3,3-D3 Serine (Cambridge Isotope Laboratories)
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instead of unlabeled serine or glycine (Sigma). For glucose labeling experiments, glucose-
free MEM media supplemented with U-13C-glucose (4.4 mM final) was used. Absolute
glycine concentrations were determined by introduction of a 1,2-D2 glycine internal
standard during extraction. Labeled glycine uptake was measured over time in H460, A549,
and peritoneal macrophages at 1 and 4 hours post LPS treatment. No LPS was given to H460
or A549 cells.

To isolate polar metabolites including amino acids and nucleotide triphosphates, cells were
rinsed quickly with ice cold normal saline solution (0.9% NaCl) before they were suspended
in cold 80:20 methanol:water, scraped and transferred to a clean microcentrifuge tube.
Samples were immediately put on dry ice for 10 mins. Samples were spun down at 16000xg
minutes at 4C. Supernatant was collected in a new microcentrifuge tube and flash frozen in
liquid nitrogen.

To measure levels of GSH and GSSG, we performed NEM-derivitization. First, cells were
rinsed quickly with ice cold normal saline solution (0.9% NaCl) before they were suspended
in 40:40:20 methanol:acetonitrile:water with 0.1M Formic acid, scraped and transferred to a
clean microcentrifuge tube. After samples were stored on dry ice for 5 minutes, 15% (w/v)
NH4HCO3 in water was added. Next, 0.2 mM NEM solution was added and sampels were
incubated on ice for 30 minutes. Samples were spun at 16000xg for 10 minutes at 4 °C.
Supernatant was collected in a new microcentr ifuge tube. The supernatants were combined
and dried under N, and finally resuspended in 100 uL water per 106 cells.

Samples were analyzed by reversed-phase ion-pairing chromatography coupled with
negative-mode electrospray-ionization high-resolution MS on a stand-alone Orbitrap
(ThermoFisher Exactive) using the methods described in Lu et al., 2010. Peak intensities and
isotope labeling was quantified using the MAVEN software suite. Isotope correction was
performed following the method of Su et al., 2017.

Inflammasome activation

BMDMs were stimulated with O5:B55 LPS (Invivogen) for 6 hours with addition of 5mM
ATP (Sigma) for 30 minutes to activate the inflammasome. Cell supernatant was collected
and analysed by ELISA according to manufacturers instructions for IL-18 (R&D Duoset
DY401-05, R&D Quantikine MLB0OC), TNFa (R&D Quantikine MTA00B), and IL-18
ELISA (MBL 7625). Caspase-1 activation was by western blot analysis using the anti-
caspase 1 from Adipogen (AG-20B-0042), and the control was anti-vinculin (Fisher
NC1391571). Secondary antibodies were from LicCOR and the gel was imaged on LiCOR.
Densitometry was determined using SoftMax pro software. The ratio of cleaved caspase to
vinculin in serine-deprived cells was expessed as a percentage of the cleaved caspase-to-
vinculin ratio in cells stimulated with serine-replete media.

Endotoxin-Induced Model of Sepsis

LPS induced sepsis model in mice was approved by Northwestern University Institutional
Animal Care and Use Committee. C57/BI6 mice (aged 10-12 weeks) were treated i.p. +
PH-739- 005N (100 mg/kg) or vehicle (0.5% methylcellulose 0.5% tween80 in PBS) for 3
hours prior to stimulation with ultrapure O5:B55 LPS from Invivogen (15 mg/kg) i.p. for 1.5
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hours. Whole blood samples were harvested via retro-orbital bleed before mice were
euthanized in a CO2 chamber. Cytokine production in serum from whole blood was
measured using the Mouse IL-1p (MLBO00C) and TNFa (MTAOOB) Quantikine ELISAS
from R&D. For survival studies, PH-755-003N (100 mg/kg) or vehicle (0.5%
methylcellulose 0.5% tween80 in PBS) was administrated i.p. 3 hours pre and 15 hours-post
administration of a lethal dose of 25mg/kg crude O5:B55 LPS (Sigma).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS:
Serine deprivation diminishes LPS-induced IL-18 mRNA expression
LPS stimulates serine generation of glycine for glutathione synthesis
Glutathione is necessary to maintain LPS induction of IL-1p production

Inhibition of de novo serine synthesis promotes survival of mice exposed to
LPS
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Figure 1. Serine is necessary for optimal IL-1B gene expression.
(A) Oxygen consumption rate (OCR) in peritoneal macrophages stimulated with 100ng/mL

LPS for 4 hours with or without extracellular serine. Control is untreated macrophages.
(n=3)

(B) Extracellular acidification rate (ECAR) in peritoneal macrophages stimulated with
100ng/mL LPS for 4 hours with or without serine. Control is untreated macrophages. (n=3)
(C) IL-1B and (D) IL-10 mRNA expression in peritoneal macrophages stimulated with
100ng/mL LPS for 4 hours with or without extracellular serine. (n=8)
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(E) Schematic of U-[13C]-Serine labeling.

(F-1) U-[13C]-Serine labeling of IMP, ADP, SAM and GSH (n=3) in peritoneal macrophages
after stimulation with 100ng/mL LPS for 4 hours.

For A-D, Peritoneal macrophages were cultured in media with or without 400uM serine,
containing 400uM glycine, and supplemented with 1mM sodium formate where indicated.
Data are shown as mean + SEM or + SD (F-I). For A-D, p values were calculated using a
paired one-way ANOVA compared to untreated cells or LPS stimulated cells, respectively.
*p<0.05.
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Figure 2. Serine metabolism supports LPS induction of GSH synthesis, which is required for
IL-1P gene expression

(A) Total ion counts of NEM derivitized GSH and GSSG in peritoneal macrophages (n=3).
(B) IL-1p and (C) IL-10 mRNA expression in peritoneal macrophages stimulated with
100ng/mL LPS for 4 hours in control or serine-depleted media, supplemented with 1 mM or
5mM cell permeable glutathione (GSH) reduced ethyl ester. Data is normalized to LPS
treated macrophages with serine and glycine and without GSH (n=5).

(D) U-[*3C]-Glycine labeling of GSH in peritoneal macrophages (n=3) at 4 hours post LPS
treatment.
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(E) U-[13C]-Glycine labeling of IMP in peritoneal macrophages (n=3) at 4 hours post LPS
treatment.

(F) Glycine uptake over time as measured by the intracellular U-[13C]-Glycine fraction in
Ab549 cells, H460 cells, and peritoneal macrophages untreated or stimulated with LPS for 4
hours.

Data are shown as mean + SD (A, D-F) or £ SEM (B-C). For B-C, p values were calculated
using a one-way paired ANOVA compared to LPS stimulated cells. *p<0.05.
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Figure 3. Serine deprivation diminishes IL-1p gene expression of BMDMs without altering
inflammation-associated gene networks or inflammasome activation.

(A) Heat map of 20 down-regulated genes and (B) 20 up-regulated genes in serine deprived
bone marrow derived macrophages (BMDMs) stimulated with 100ng/mL LPS for 4 hours
with or without extracelluar serine.

(C) IL-1B, n=6 (D) IL-10, n=6 (E) TNFa, n=3 mRNA expression in BMDM s stimulated
with 100ng/mL LPS for 4 hours with or without extracellular serine. Data is hormalized to
LPS treated macrophages with serine and glycine.
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(F) Protein secretion of IL-1B, n=6 (G) IL-18, n=7 (H) TNFa, n=4 in BMDMs primed with
100ng/mL LPS for 6 hrs followed by 5mM ATP for 30mins.

For (A-B), BMDMs (n=4) were stimulated with 100ng/mL LPS for 4 hours in the presence
or absence of serine. See tables for complete RNAseq list of up-regulated and down-
regulated genes in serine deprived BMDMs stimulated with LPS compared to control
BMDMs stimulated with LPS.

For C-H, BMDMs were cultured in media with 400uM glycine, with or without 400uM
serine, and supplemented with 1mM sodium formate where indicated. Data are shown as
mean + SEM. p values were calculated using a one-way paired ANOVA compared to LPS
stimulated cells. *p<0.05.
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Figure 4. De novo serine synthesis is required for LPS responses in vivo.
(A) Percent inhibition of PHGDH activity by the inhibitor PH-739-005N as measured by

glucose incorporation into serine.
(B) Concentration of PH-739-005N in the serum of mice at 4.5 hours post i.p. injection with
100mg/kg PH-739-005N. Data are shown as mean £+ SEM (n=12).

(C) IL-1B and (D) TNFa protein concentrations in serum of mice at 1.5 hours post-LPS
administration. Mice were i.p. injected with 100mg/kg PH-739-005N for 3 hours followed

by i.p. injection of LPS (15mg/kg) for 1.5 hrs.
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(E) Survival curve of mice in a LPS-induced endotoxemia model. Mice were i.p. injected
with 100mg/kg PH-755-003N and 3 hours later i.p. injected with 25mg/kg of LPS (n=14).
Mice were again i.p. injected with 100mg/kg PH-755-003N 15 hours post-LPS
administration.

For B-D, data are shown as mean + SEM. p values were calculated using a two tailed
Student’s t test. For E, data was analyzed using a Log Rank (Mantel-Cox) statistical test for
survival (n=14). *p<0.05; **p<0.01.
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