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Signaling pathways that sense amino acid abundance are integral
to tissue homeostasis and cellular defense. Our laboratory has
previously shown that halofuginone (HF) inhibits the prolyl-tRNA
synthetase catalytic activity of glutamyl-prolyl-tRNA synthetase
(EPRS), thereby activating the amino acid response (AAR). We
now show that HF treatment selectively inhibits inflammatory re-
sponses in diverse cell types and that these therapeutic benefits
occur in cells that lack GCN2, the signature effector of the AAR.
Depletion of arginine, histidine, or lysine from cultured fibroblast-
like synoviocytes recapitulates key aspects of HF treatment, with-
out utilizing GCN2 or mammalian target of rapamycin complex 1
pathway signaling. Like HF, the threonyl-tRNA synthetase inhibi-
tor borrelidin suppresses the induction of tissue remodeling and
inflammatory mediators in cytokine-stimulated fibroblast-like syn-
oviocytes without GCN2, but both aminoacyl-tRNA synthetase
(aaRS) inhibitors are sensitive to the removal of GCN1. GCN1, an
upstream component of the AAR pathway, binds to ribosomes and
is required for GCN2 activation. These observations indicate that
aaRs inhibitors, like HF, can modulate inflammatory response
without the AAR/GCN2 signaling cassette, and that GCN1 has a
role that is distinct from its activation of GCN2. We propose that
GCN1 participates in a previously unrecognized amino acid sensor
pathway that branches from the canonical AAR.
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he ability to successfully respond to environmental stimuli, such

as changing nutrient conditions, is essential to an organism’s
survival. Reprogramming of the transcriptome and proteome is an
evolutionarily conserved means of homeostatic adjustment to
stress (1-5). The protein synthetic apparatus senses and responds
to organismal and cellular stress by multiple means (6-10). Strin-
gent control, first described in bacteria, is a programmatic adaption
to nutrient limitation that utilizes the protein synthetic machinery
for signal generation (1, 11). The stringent response pathway
senses amino acid stress by detecting nonaminoacylated (un-
charged) tRNA and responds by inducing comprehensive tran-
scriptional reprogramming that elicits growth arrest, up-regulates
survival genes, and increases virulence in pathogenic bacteria
(10, 11). In both prokaryotic and eukaryotic cells, amino acid in-
sufficiency leads to depletion of available aminoacylated tRNA for
addition to nascent peptide chains, resulting in paused ribosomes
that have an uncharged tRNA occupying the ribosomal A site (10,
12, 13). Mammalian cells, like bacteria, sense amino acid limita-
tion through the accumulation of uncharged tRNA, but the
mammalian cell relays this signal through an arm of the integrated
stress response (ISR), called the amino acid response (AAR)
(2, 14-16). Our laboratory has shown that the natural product
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derivative halofuginone (HF) targets human glutamyl-prolyl-tRNA
synthetase (EPRS) and inhibits its proly-tRNA synthetase (PRS)
activity to confer therapeutic benefits (17). Aminoacyl-tRNA syn-
thetases (aaRSs), such as EPRS, are ubiquitous, essential protein
synthetic enzymes that fuse an amino acid to its cognate tRNA.
Both HF inhibition of EPRS and amino acid insufficiency reduce
the cell’s capacity to aminoacylate tRNA and, therefore, trigger the
accumulation of uncharged tRNA (5, 8, 17). HF prevents tissue
damage in a wide variety of disease settings (18-23). In our effort
to understand how HF’s inhibition of EPRS mediates a pro-
grammatic change in diverse inflamed tissues, we considered the
evolutionarily conserved utilization of the protein synthetic appa-
ratus for adaptive signaling, as well as the immune motif of regu-
lated amino acid catabolism for inflammatory suppression.
Metabolic stress pathways and nutrient availability instruct
immunity (24-31). To maintain tissue homeostasis and safeguard
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organ integrity, the mammalian immune system balances protective
wound healing and inflammatory responses with their timely res-
olution. It utilizes the induced breakdown of amino acids to temper
hyperinflammatory innate responses, foster tolerance to self, and
promote tissue integrity (26, 28, 29, 32). Immune cells operate in
both nutrient-rich and -restricted niches, such as the gut and tumor
microenvironment, which impact their function (33). Although
competition for resources is intense in both inflamed and cancer-
ous tissues, in each of these settings multiple types of immune cells
up-regulate amino acid catabolizing enzymes, such as indoleamine
2,3-dioxygenase (IDO1) or arginase 1 (Argl), to regulate their
environment (29, 34-36). Amino acid catabolism at sites of in-
flammation and in the tumor microenvironment suppresses tissue
inflammation, but impedes antitumor immunity (34, 35, 37, 38).
Amino acid availability is monitored by two recognized sensors:
The AAR and the mammalian target of rapamycin complex 1
(mTORC1) pathway (26, 39). The AAR and mTORCI pathways
each have important regulatory roles in immune response and
healthspan (32, 40-45). Both pathways sense and respond to cel-
lular amino acid restriction, but they are differentially activated and
elicit distinct sets of transcriptional responses and biological effects.
Whereas the mTORC1 pathway can sense amino acids directly
(39) and is inhibited by amino acid limitation, the AAR pathway
is activated by insufficiency of any amino acid (46, 47) and by
the proximal trigger of uncharged tRNA accumulation (48-50).
Uncharged tRNA binds and activates the protein kinase GCN2
(50-52), resulting in GCN2 autophosphorylation and the phos-
phorylation of eIF2a, the shared component of the ISR (2, 5, 14).
Cellular treatment with an aaRS-inhibitor activates the AAR (17,
53), but does not directly affect mTORC1 signaling (22, 54), making
it a useful means to distinguish between cellular responses that are
initiated by uncharged tRNA accumulation/ribosomal pausing and
those that result from inhibition of the mTORCI1 pathway.

Cross-talk between nonimmune cells and tissue resident or
recruited immune cells within organs or at barrier sites is essential
for response to injury and infection (55, 56). This communication
involves diverse cell types, both parenchymal and stromal con-
stituents of tissue structures (hereafter structural cells), and un-
derpins both response to damage, inflammatory resolution, and
the development of chronic disease (55, 57, 58). The language of
this cross-talk is incompletely understood, but amino acid levels in
the tissue microenvironment are central to the maintenance of
tissue and immune homeostasis (29), and amino acid sensor
pathways have crucial immunoregulatory functions (28, 42, 59).
HF mimics amino acid restriction by inhibiting EPRS, and acts
directly upon fibroblastic and immune cells to suppress tissue
remodeling and inflammatory responses (17, 21, 60-63). Because
HF competes with proline for binding to the active site of PRS, the
in vitro addition of excess proline reverses HF-mediated cellular
responses that are due to PRS inhibition (17). Using proline res-
cue of HF-treated cells, we've shown that HF’s suppression of
both collagen transcription in fibroblasts and differentiation
CD4* T helper 17 (Ty17) cells (22) is due to PRS inhibition (17).
In addition to in vitro studies, HF has been used to treat a wide
range of fibrotic manifestations in animal models (61, 63—-66) and
human disease. HF also has been used for the effective treatment
of autoimmune disease, consistent with its activity as an inhibitor
of Tyl7 cell differentiation and proinflammatory function (18).
Because HF has been studied extensively as an antifibrotic drug
(21, 67), much has been made of its ability to inhibit collagen
deposition. Others have proposed that HF’s primary mechanism of
action in this setting is the direct inhibition of TGF-B—stimulated
Smad signaling (21, 62, 63, 68). The observation that HF acts di-
rectly upon both nonimmune and immune cells via PRS inhibition,
regulating tissue homeostasis and immunity (69), strongly suggests
to us that mimicking amino acid stress is the basis of HF’s broad
tissue benefit.

To better understand how HF might mediate a programmatic
change in inflamed structural tissues, our laboratory utilized an
in vitro culture system of TNF-o—stimulated fibroblast-like syn-
oviocytes (FLS). FLS are the resident mesenchymal cells in the
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lining of synovial joints, which play a key role in the pathogenesis
of rtheumatoid arthritis (RA) (70-72). In the RA synovium, FLS
become activated, expressing a well-characterized program of
matrix metalloproteinases (MMPs), inflammatory cytokines, and
chemokines that attract and activate immune cells, promoting
ongoing inflammation and tissue destruction (71-74). Reflecting
key differences in the disease pathologies of RA and fibrosis,
activated FLS induce net collagen destruction, rather than colla-
gen deposition in inflamed tissues. This difference allows us to
study our proposed therapeutic mechanism of HF action—that
HF acts to suppress inflammatory tissue remodeling in structural
cells—apart from the more narrow, proposed mechanism, that HF
acts as an inhibitor of TGF-p-induced collagen deposition. For
these reasons, FLS are an ideal complement to stromal fibroblasts
for a broad study of HF’s therapeutic tissue mechanism.

Using either primary RA-FLS or established FLS cultures, we
find that HF suppresses a subset of TNF-a—stimulated responses,
mirroring HF’s suppression of proinflammatory functions in mature
Ty17 memory cells (18) and its suppression of TGF-B-stimulated
fibrotic tissue remodeling. Importantly, we show here that HF-
mediated suppression of diverse inflammatory programs can oc-
cur in cells that lack GCN2, the signature effector of the AAR. We
further show that amino acid deprivation and treatment with
borrelidin, a catalytic site inhibitor of threonyl-tRNA synthetase
(TRS) (75), each recapitulate significant aspects of HF treatment
in activated FLS, without utilizing GCN2 or mTORCT1 signaling.
The capacity of amino acid stress and aaRS inhibitors to signal in
cells that lack GCN2 indicates the presence of a previously un-
recognized cellular pathway that responds to a reduction in
aminoacyl-tRNA levels (SI Appendix, Fig. S1). We further find
that when FLS are depleted of the upstream AAR pathway
component GCN1 (76), HF- and borrelidin-mediated suppression
of the inflammatory response is impaired.

Results

HF Suppresses a Distinct Subset of the TNF-a~Induced Program in FLS.
To study the effects of HF treatment on cytokine-stimulated
structural cells, we first treated primary RA-FLS with either TNF-a
or IL-1f, in the presence or absence of HF, and assayed for
MMPI3 expression using qRT-PCR. In RA-FLS, both TNF-a and
IL-1p strongly induced the expression of MMPI3, a collagenase
involved in the pathophysiology of arthritis (77) (Fig. 14), and HF
potently suppressed this induction. The suppression of cytokine-
induced MMP13 expression was reversed by the addition of excess
proline to culture medium (Fig. 14), confirming the role of PRS
inhibition in this treatment model. HF treatment of RA-FLS at
therapeutic doses did not affect global protein synthesis over 24 h
(SI Appendix, Fig. S2), and cells that were pretreated with HF
remained refractory to TNF-a—induced MMPI3 up-regulation
for up at least 72 h (SI Appendix, Fig. S3). These results indicate
that EPRS-mediated HF treatment results in durable, selective
reprogramming of RA-FLS that suppresses a key participant in
the TNF-o— and IL-1p—driven, tissue-destructive response in RA.

To expand our observations to the cytokine stimulation of other
structural cells, we treated TNF-o— or IL-1p-stimulated primary
human endothelial cells (HUVEC) with HF, and saw HF in-
hibition of the cytokine-induction of VCAM-1 and E-selectin (Fig.
14 and SI Appendix, Fig. S4), two critical mediators of vascular
inflammation (78-80). Similarly, in lung fibroblasts HF inhibited
TGF-p—driven induction of smooth muscle actin and CTGF (Fig.
14 and SI Appendix, Fig. S4), two key profibrotic factors (81, 82).
In each of these cases, HF’s suppression of proinflammatory and
profibrotic structural cell responses was opposed by the presence
of excess proline (Fig. 14 and SI Appendix, Fig. S4). These data
demonstrate that HF acts via PRS inhibition to suppress the cy-
tokine induction of key inflammatory and tissue remodeling re-
sponses in diverse cell types.

To provide an unbiased look at the effects of HF on a program
of inflammatory response, we performed RNA sequencing (RNA-
seq) and differential expression analysis on RA-FLS treated
with TNF-a, HF, or both. More than 80% (10 of 12) of genes
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Fig. 1. HF inhibits multiple cytokine responses in a range of primary cell types. (A, Left two panels) HF inhibition of MMP13 induction by TNF-a or IL1-B in

human FLS (RA-FLS). Human RA-FLS were pretreated with 200 nM HF and/or proline (2 mM) overnight and treated with 10 ng/mL TNF-« for 6 h and mRNA
analyzed for MMP13 expression by qRT-PCR. (Right two panels) HUVEC were treated and analyzed for gene expression as described for FLS, above; human
LL29 lung fibroblasts were pretreated with HF and/or proline for 6 h and treated with TGF- for 24 h and analyzed for gene expression, as above. Results are
representative of three independent experiments (means + SD, n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. (B) RNA-seq analysis of HF effects on TNF-« re-
sponses. (B, Left) Selective regulation of TNF-a—inducible proinflammatory gene expression in FLS, determined by RNA-seq after 24-h culture in media alone,
TNF-a, or TNF-a plus HF. Limma-voom derived log,-fold transformed gene-expression changes for two comparisons are shown; treatment with TNF-a (x axis) as
compared to untreated (x axis) or combined TNF-a and HF treatment as compared to TNF-a treatment (y axis). Selected genes are highlighted in the figure
with lines connecting to their respective data points. Only genes with real reads per kilobase of transcript per million mapped reads (RPKM) values (>0) are
shown (n = 12,973). (Right) Representation of fold-changes following treatment with TNF-o or TNF-a and HF in specific genes referred to in the text. Log,-fold
transformed gene-expression changes and their respective 95% confidence intervals are shown for TNF-a versus untreated (UT, Left) and TNF-a and HF
treatment versus TNF-o alone treatment (Right) for genes of interest. The respective false-discovery rate-adjusted P values for the gene-expression changes
are shown via shading of the plotted values. The vertical black line represents no change (log, fold-change = 0, or fold-change = 1) with the dotted lines
representing twofold expression change in either direction of the comparison.

induced >1,000-fold by TNF-a stimulation were suppressed at
least 5-fold in HF-treated FLS, whereas only half (83 of 171) of
the genes induced between 16- and 64-fold by TNF-a stimulation,
and only 5% of the total FLS transcriptome were similarly sensi-
tive to HF treatment (Fig. 1B). Examples of TNF-a—inducible
genes in FLS that were inhibited by HF included: 1) Several
matrix degrading proteases (MMPI, MMP3, MMP9, MMP13,
CTSS, CTSK); 2) a series of proinflammatory chemokines and
cytokines (e.g., TNF-a, IL-33, CXCL9, CXCL10); 3) SLC39A48/
ZIP8, a zinc transporter implicated in RA-associated joint damage
(83); and 4) the serum amyloids SAA41 and SAA2, secreted factors
known to promote Ty17 cell activation (84, 85). Because cytokine
induced SLC39AS8/ZIPS has a key role in the regulation of tissue
damage in arthritis (83), we directly confirmed that HF treatment
dramatically reduces SLC39A8/ZIPS protein levels in TNF-
a-treated cells in parallel with mRNA inhibition (SI Appendix,
Fig. S5). Conversely, HF treatment of RA-FLS induced the ex-
pression of a smaller number of genes that were repressed by
TNF-a (e.g., 65 genes inhibited by TNF-a > 10-fold) (Fig. 1B and
Dataset S1) (86). HESI, a repressor of transcriptional elongation
that suppresses CXCL1 production and thus neutrophil
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recruitment (87), is one notable example from this group. Overall,
HF showed a broad pattern of inhibition of TNF-o—induced genes
or enhancement of TNF-a—inhibited genes, having less effect on
genes that were neither induced or inhibited by TNF-a (SI Ap-
pendix, Fig. S6). Notably, these effects were selective in that HF
somewhat enhanced or had no effect on the expression a distinct
subset of genes that were potently induced by TNF-a, including
PTGS2,1L6, and CXCLS (Fig. 1B). These HF-resistant genes, like
most of the HF-sensitive TNF-o—induced genes, are well
established transcriptional targets of NF-kB-activation down-
stream of both TNF-a and IL-1 signaling (88, 89), indicating that
HF’s inhibition of cytokine signaling is not associated with a global
inhibition of NF-kB activation by cytokines. Taken together, these
observations establish that HF can suppress a cytokine-mediated
program of inflammatory responses in nonimmune cells, and that
this mechanism of inhibition is selective for a subset of tran-
scriptional responses to cytokine treatment.

Both HF treatment and amino acid catabolism instigate the
accumulation of uncharged tRNA and resultant ribosomal stall-
ing, which activates GCN2 signaling (8, 52, 90). Once considered
to be the mechanistic core of IDO1 immunosuppression (40), the
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role of GCN2 signaling in this process has been challenged (32, 91,
92). Because HF treatment overlaps with IDO1-induction, both in
mechanism and therapeutic tissue response, we next asked: Do
TNF-a-stimulated FLS respond to HF treatment in the absence
of GCN2 signaling?

HF Suppression of TNF-a-Induced Responses Can Occur Without GCN2
Signaling. To address this point, we examined the effect of HF
treatment on TNF-a—induced responses in GCN27/~ or GCN2-
depleted FLS. Phosphorylation of eIF2a by GCN2 kinase leads
to transient reduction in cap-dependent mRNA translation, and a
concomitant increase in translation of a subset of mRNAs, notably
the transcription factor ATF4 (93, 94). Inhibition of mass protein
translation conserves cellular amino acids, while up-regulation of
ATF4 translation initiates an adaptive response to amino acid
stress that includes the expression of genes involved in amino acid
transport and biosynthesis, such as TRIB3, ASNS, and SESN2 (53,
95, 96). To assess the presence or absence of intact AAR signaling,
we assayed several AAR pathway responses. We show here that,
as expected, HF does not induce eif2a phosphorylation or the
translation of ATF4 in Gen2™~ FLS (SI Appendix, Fig. S7). Sur-
prisingly, the ability of HF to suppress TNF-a—induction of MmpI13
expression was not diminished in primary FLS from Gen27/~ (also
known as Eif2ak4~~) mice (Fig. 24). Furthermore, HF suppression
of MMP13 expression in TNF-o—stimulated Gen2™~ FLS was re-
versed by the addition of excess proline (Fig. 2), confirming PRS
inhibition as the mechanism of action. To further assess whether the
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GCN2-eif2a-ATF4 signaling cassette might be dispensable for
many of HF’s effects on cytokine-treated cells, we used shRNA-
mediated depletion to knock down GCN2 in primary human RA-
FLS and in dermal fibroblasts. HF effects on TNF-a—induced re-
sponses were unaffected by siRNA-mediated depletion of GCN2
in primary human RA-FLS (SI Appendix, Fig. S8), and depletion of
GCN2 did not affect HF suppression of TGF-B—stimulated Col1Al
induction in dermal fibroblasts (ST Appendix, Fig. S9).

We wanted to further examine, in an unbiased manner, the
effect of GCN2 on a PRS-inhibitor’s ability to suppress a TNF-a
program in the immortalized human FLS cell line K4. As such,
we performed, and compared, transcriptomic analysis of wild-type,
TNF-a-stimulated K4 cells with or without Halofuginol (HFol)
treatment to their GCN2-depleted, TNF-a—stimulated, +HFol, K4
companions (Fig. 2B and Dataset S2) (86). The PRS-inhibitor
HFol is closely chemically related to HF (17), with favorable
treatment parameters. GCN2-depletion in K4s markedly reduced
HFol induction of AAR pathway response genes (Fig. 2 B, Left),
such as TRIB3, SESN2, and the amino acid transporter SLC7A11
(97), confirming an effective functional knockdown of GCN2
signaling in these cells. In contrast, HFol-mediated suppression of
TNF-o-responsive genes was either unaffected or slightly en-
hanced following GCN2 knockdown (Fig. 2 B, Right). Fur-
thermore, GCN2-depletion had no systematic impact on TNF-
a—induced gene expression in the absence of HFol treatment (Fig.
2 B, Center). Together, these findings indicate that GCN2 is broadly
dispensable for HF/HFol action on TNF-o—induced responses.
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Fig. 2. HF regulates cytokine responses in cells lacking GCN2. (A) FLS from wild-type and gcn2™'~ mice were pretreated with HF and/or proline and treated
with TNF-a for 6 h. Transcript levels of target genes were quantified by qPCR. Results are representative of three independent experiments (means + SD, n =
3); ***P < 0.001. (B) Summary of results from RNA-seq transcriptomics comparing HFol and TNF-« action in wild-type and GCN2-depleted K4 FLS. (Left) GCN2
depletion reduces HFol induction of canonical AAR genes (highlighted in green). (Center) GCN2 depletion has no significant effect on TNF-o—induced genes
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correlation test.
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TRS Inhibition Recapitulates HF Treatment in GCN2-Depleted Cells.
Inhibition of the catalytic activity of any aaRS, such as PRS, leads
to the accumulation of nonaminoacylated tRNA, activating the
AAR via GCN2 phosphorylation (17, 22, 53). We demonstrate
here, however, that HF inhibition of PRS, as confirmed by proline
rescue, suppresses a TNF-a-mediated program of inflammatory
responses in the absence of GCN2 signaling, making the tissue
mechanism of HF action unclear. We, therefore, considered
whether the observed therapeutic effects were unique to EPRS,
possibly stemming from a noncanonical EPRS activity (98, 99)
incidental to catalytic PRS inhibition, or a general feature of aaRS
inhibition and, thus, elicited by uncharged tRNA accumulation.
Previously, we showed that selective amino acid depletion and
treatment with the TRS inhibitor borrelidin (100) inhibits Ty17
cell differentiation comparably to HF (22). Recently, others
have shown that borrelidin or leucinol treatment mimics the
antifibrotic effects of HF in human cardiac fibroblasts, inhibiting
type I collagen deposition, as well as CollAl gene and protein
expression (61). Therefore, we tested the effects of borrelidin on
cytokine responses in primary and established FLS. In primary
human RA-FLS, both HF and borrelidin inhibited TNF-a in-
duction of MMP13 and CXCL10 (SI Appendix, Fig. S10) at doses
matched to reflect similar activation of the AAR pathway (S
Appendix, Fig. S10). As in the case of HF treatment, borrelidin did
not inhibit TNF-a induction of IL-6 or IL-8 (SI Appendix, Fig.
S10), confirming that the distinctive specificity of HF action to
inhibit some TNF-a-stimulated responses, but not others is shared
by another aaRS inhibitor. We then compared the effects of
borrelidin and HF on GCN2-depleted K4 FLS; depletion of
GCN2 was confirmed by a substantial reduction in borrelidin-
induced TRIB3 compared to control K4 cells. Like HF treat-
ment, borrelidin treatment suppressed TNF-a induction of
MMP13 and CXCLI0 in these cells, as in non-GCN2-depleted
control Kds (SI Appendix, Fig. S10), indicating that the effects of
HF are a general property of aaRS inhibition and not specific to
EPRS inhibition.

Single Amino Acid Depletion Mimics HF Treatment, without Utilizing
GCN2 or mTORC1 Signaling. Next, we examined whether single
amino acid depletion can suppress inflammatory responses without
utilizing GCN2 or mTORCT signaling. Consistent with prior work
(17), HF did not inhibit mTORCI1-signaling (measured using S6
phosphorylation and EIF4E-BP1 migration as readouts) in K4
cells, and mTORCI1 signaling was completely blocked by 50 nM
rapamycin (Fig. 3). Although rapamycin did reduce MMP13 and
CXCLI0 activation by TNF-a, HF still clearly inhibited MMP13
and CXCL10 induction even when mTORCI1 signaling was com-
pletely blocked by rapamycin, indicating that HF does not require
mTORCI signaling to exert its effects (Fig. 34). This rapamycin-
insensitive effect of HF on inflammatory transcription was unaf-
fected by knockdown of GCN2 (Fig. 34), indicating that neither of
the known amino acid-sensing pathways is necessary for the action
of HF on inflammatory transcription. To test whether the same
was true for amino acid depletion, which can be directly coupled
to mTORCI regulation, we used DMEM lacking arginine (Arg
dropout [D/O] medium). Incubation of cells in Arg D/O medium
activated GCN2 comparably to HF, and consistent with prior
studies (39), substantially reduced mTORCI1 signaling (SI Ap-
pendix, Fig. S11). As in the case of HF treatment, incubation in
Arg D/O medium potently inhibited TNF-a induction of MMP13
and CXCLI10. This inhibition was unaffected by GCN2 knock-
down, and was still evident in the presence of 50 nM rapamycin
(Fig. 3C). Incubation of cells in histidine (His) or lysine (Lys) D/O
medium had effects identical to Arg D/O on TNF-a responses (S/
Appendix, Fig. S11), and these effects were still clear in rapamycin-
treated GCN2 knockdown cells (S Appendix, Fig. S11). In con-
trast to Arg D/O treatment, His D/O treatment had only a weak
effect on mTORCI1 activity, but depletion of either amino acid
inhibited inflammatory responses to a similar extent (SI Appendix,
Fig. S11). These findings further indicate that mMTORCI regulation
does not account for the effects of amino acid depletion on cytokine-
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induced transcriptional responses. Collectively, these observations
establish that depletion of any of several amino acids can, like
aaRS inhibitors, suppress TNF-a-stimulated responses in FLS,
and that this signal is transduced without requiring GCN2 or
mTORCT1 signaling pathways.

HF Effects on Proinflammatory T,;17 Cells Occur in Gen2~'~ Cells. Next,
we sought to establish whether GCN2 signaling is required for
each of our previously reported, HF-mediated observations in
T cells: 1) Inhibition of cytokine-directed Ti17 differentiation and 2)
inhibition of proinflammatory functions in mature Ty17 memory
cells. Using T cells obtained from Gen27~ mice (40), we confirmed
that, in these cells, HF neither induces eif2a phosphorylation (S
Appendix, Fig. S124), nor does HF induce of a cluster of adap-
tive AAR-associated responses, including expression amino acid
transport and biosynthesis genes. (SI Appendix, Fig. S12B). Strik-
ingly, HF treatment inhibits Ty17 differentiation with similar po-
tency in wild type and Gen27/~ cells (Fig. 4 A and C); this inhibition
is rescued b;r addition of proline (Fig. 4B). Naive CD4" T cells
from Gcn2™™ mice show no overt functional defects in vitro (S7
Appendix, Fig. S12), indicating that, consistent with prior work,
Gcn?2 is dispensable for most basic T cell functions in vitro (40).

In addition to blocking the differentiation of naive T cell pre-
cursors into Tyl7 cells, we previously have shown that HF sup-
presses the proinflammatory response of already-differentiated
Tyl7 “memory” cells to IL-23 (18). In vivo, Tiyl17 memory cells
are distinguished from other memory T cell subsets by the ex-
pression of the mucosal chemokine receptor, CCR6, and unlike in
naive T cells, T cell receptor stimulation is sufficient to induce
basal IL-17A expression in Ty17 memory cells (18, 101, 102).
IL-23 stimulation further enhances proinflammatory function of
Ty17 memory cells, and is required for Ty17 cell-driven autoim-
munity in vivo (103, 104). As in wild-type Ty17 memory cells (18),
those lacking GCN2 expressed IL-17A following T cell receptor
stimulation, and up-regulated IL-17A further in the presence of
IL-23 (Fig. 4C). HF suppressed IL-23-induced IL-17A expression
in Gen2™'~ Ty17 memory cells, leaving intact basal IL-17A
expression, and this suppression was reversed by provision of ex-
cess proline. (Fig. 4C).

Both IL-6-mediated Ty17 differentiation and IL-23—-dependent
memory Tyl7 cell function proceeds through the transcription
factor Stat3 (105). We previously have shown that HF inhibits
Stat3 activation (i.e., Tyr705 phosphorylation) downstream of
multiple cytokines in wild-type Ty cells, including IL-6, IL-23, and
IL-27, and that this inhibition is associated with decreased Stat3
protein but not mRNA levels (18). Indeed, HF also decreased
Stat3 protein levels in Gen2™™ Tyl7 cells in a dose-dependent
(Fig. 4 D, Left). Consistent with posttranscriptional regulation, HF
reduced Stat3 protein abundance in Gen2™'~ Tyl7 cells without
impacting Stat3 mRNA levels (Fig. 4 D, Right). Thus, all aspects of
HF-dependent Ty17 regulation that we previously have described
in wild-type cells occur in cells lacking GCN2.

To better understand the relative contribution of GCN2-
dependent and GCN2-independent pathways in the response of
Tyl7 cells to HF, we performed microarray time-course experi-
ments, in which wild-type or Gen27/~ naive CD4* T cells were
stimulated in Tyl7-polarizing conditions +HF, and RNA was
isolated at various time points postactivation (e.g., 4, 18, 72 h).
Whereas more than half of all genes acutely induced by HF-
treatment in wild-type cells at 4 h (39 of 71) represented GCN2-
dependent, AAR-associated genes, most HF-regulated genes ev-
ident at 18 h (120 of 177) and 72 h (122 of 143) were suppressed to
comparable levels in wild-type and Gen27/~ Tyl7 cells (Fig. 4 E
and F and Dataset S3) (106). Key molecules involved in Ty17 cell
differentiation and proinflammatory function—I123r, Tgfb3, Il17a—
were among the genes suppressed by HF in the absence of GCN2
(Fig. 4 E and F) (104). These findings indicate that, in the absence
of GCN2 signaling, HF-mediated inhibition of EPRS suppresses
key aspects of proinflammatory cytokine programs responsible for
the differentiation of Ty17 cells.
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Fig. 3. HF and amino acid limitation each inhibit inflammatory responses in the absence of mTORC1 signaling. (A) HF inhibits TNF-o induction of MMP13 in the
absence of detectable mTORC1 pathway activity. Wild-type or shRNA GCN2-depleted K4 fibroblasts were pretreated with 100 nM HF for 16 h, and then treated
with 10 ng/mL TNF-« for 6 h. Transcript levels of target genes (MMP13, CXCL10) were quantified by qPCR. (B) Effects of HF and rapamycin on AAR (p-GCN2, ATF4)
and mTORC1 (p-S6, 4E-BP1) pathway activation. (C) Arginine deprivation inhibits TNF-a induction of MMP13 or CXCL10 in the absence of detectable mTORC1
signaling, in both wild-type and GCN2 KD K4 cells. Wild-type or shRNA GCN2 depleted K4 fibroblasts were switched to arginine D/O DMEM for 16 h, and then
treated with 10 ng/mL TNF-a for 6 h. Results are representative of three independent experiments (means + SD, n = 3), *P < 0.05, **P < 0.01, ***P < 0.001.

Effects of aaRS Inhibition on Cytokine Responses Are Sensitive to
Depletion of GCN1. GCN1 was originally identified in yeast as
an AAR pathway gene required for activation of GCN2 (76).
We, therefore, examined whether mammalian GCN1 (GCN1L1)
might have a role in mediating the effects of HF inhibition on
TNF-o-stimulated inflammatory responses, distinct from its rec-
ognized role in GCN2 activation. To test this possibility, we used
shRNA-mediated knockdowns of GCN1 or GCN2, matched with
respect to their effects on AAR pathway readouts, to compare the
effects of each depletion on HF suppression of inflammatory re-
sponses (Fig. 5). Depletion of GCN1 or GCN2, each with two
independently targeted shRNAs, reduced HF-induced GCN2
phosphorylation (Fig. 54), and reduced HF induction of the AAR-
responsive transcription factor TRIB3 (Fig. 5B). GCN1-depletion,
but not GCN2-depletion, largely prevented the ability of HF to
suppress its characteristic subset TNF-a-responsive genes (Fig.
5C), using either of two independently targeted shRNAs. Similarly,
GCNI1 depletion impaired the capacity of borrelidin treatment to
inhibit key TNF-a-responsive genes (SI Appendix, Fig. S13). These
knockdown data indicate that GCN1 mediates an inflammatory-
suppressive response to aaR$ inhibition, distinct from its role in the
activation of GCN2, and points to an upstream branch-point in the
canonical AAR pathway (SI Appendix, Fig. S1).

Discussion

In our effort to understand how the EPRS inhibitor HF mediates
programmatic change in diverse, inflamed tissues, we discovered
a nutrient stress pathway that senses an amino acid restriction
signal via the cell’s protein synthetic apparatus to induce a program
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of inflammatory suppression in cultured FLS. aaRS inhibitors, like
HF, act as amino acid restriction mimetics by inducing the accu-
mulation of uncharged tRNA (5) and consequent ribosomal
pausing (8, 90, 107). This pathway, which we call the ribosome-
induced inflammatory suppressive pathway, branches from the
canonical AAR, as demonstrated by its capacity to signal in cells
that lack GCN2 and by its sensitivity to removal of the AAR
pathway component GCN1 (SI Appendix, Fig. S1). The AAR is the
oldest arm of the ISR, conserved to plants (108), worms (109), and
yeast (110), and GCN1 has orthologs that are conserved across all
eukaryotic phyla. Extensive work from the Hinnebusch laboratory
(5, 76, 111), and others, on general amino acid control in Sac-
charomyces cerevisiae shows that GCN1 is bound to the elongating
ribosome, and is necessary for the adaptive response to amino acid
starvation and GCN2 activation. In mammalian cells, as in yeast,
GCNI1 is required for activation of GCN2 (112). Interestingly,
studies in Caenorhabditis elegans and Arabidopsis thaliana each
point to roles for GCNI1 that are distinct from GCN2 activation
(109, 113). In A. thaliana, mutants in AtGCN1/ILITHYIA (ILA)
that impact plant defense and adaptation to abiotic stresses (114—
116) are not phenocopied by loss-of-function mutations in
AtGCN2 (113), suggesting that the signaling apparatus that allows
amino acid deprivation to modulate cellular defense through
GCN1, independently of GCN2, arose early in the evolution of
immunity in multicellular organisms. In mammalian cells, amino
acid stress is sensed both at the translating ribosome (5) and at the
lysosome via amino acid sensors upstream of mTORC1 (39). We
show here that HF treatment can suppress a TNF-a—driven tissue
remodeling program in cultured FLS, and that restriction of any of
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Fig. 4. HF regulates Ty17 differentiation and effector function in the absence of GCN2. (A) FACS analysis of IL-17A and IFN-y expression in gcn2-deficient
CD4* T cells 4 d after activation in the absence (no cytokines) or presence of Ty17-polarizing cytokines (TGF- + IL-6). Ty17-polarized cells were treated with
vehicle (UT), 10 nM HF, or 10 nM HF plus 50 mM c-proline (HF+Pro), as indicated. Representative of three experiments. (B) Dose-response of HF on wild-type
(red) or gcn2-deficient (blue) Ty17 differentiation. Percentages of IL-17A™ cells (+SEM; n = 3) were determined by intracellular staining and FACS analysis as in
A and are normalized UT cells. (C) FACS analysis of cytokine (IL-17A, IFN-y) expression in gcn2-deficient CCR6" memory Ty17 cells 2 d after in vitro stimulation
(anti-CD3/anti-CD28) in the presence or absence of IL-23. Cells were treated with vehicle (UT), 10 nM HF, or 10 nM HF plus 50 mM L-proline (HF+Pro), as
indicated. Representative of three experiments. (D, Left) STAT protein levels, determined by Western blot, in gcn2-deficient CD4* T cells stimulated in Ty17-
polarizing conditions as in A for 18 h. Cells were treated with titrating concentrations of HF. Representative of three experiments. (Right) Relative abundance
(+SEM; n = 3) of STAT3 protein or Stat3 mRNA in gcn2-deficient CD4* T cells stimulated in Ty 17-polarizing conditions for 18 h + 10 nM HF. STAT3 protein
levels determined by Western blot as above; Stat3 mRNA levels were determined by microarray. Abundance shown as fold-change in HF- vs. DMSO-treated
samples, *P < 0.05; paired two-tailed Student's t test. (E) Hierarchical clustering of differentially-expressed genes (>2.5-fold change) in wild-type and gcn2-
deficient CD4* T cells cultured for the indicated times in T, 17-polarizing conditions +10 nM HF. Gene clusters (1-3) are indicated by text; examples of genes
within clusters are indicated by text and arrows; figure based on mean gene expression values obtained from biological duplicates. (F) Proportion of genes
affected by HF (10 nM) in wild-type CD4" T cells, gcn2-deficient T cells, or both, determined by microarray as in E.
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several amino acids can mimic this inflammatory suppression even
when both GCN2 and mTORCI1 signaling have been abrogated.
This clearly demonstrates that, in mammals, an amino acid stress
signal can be sensed and transduced without GCN2 or mTORCI1
signaling, and suggests that HF may owe its therapeutic value to
regulation of stress pathways activated endogenously by amino
acid catabolism.

HF treatment and amino acid catabolizing enzymes, such as
IDO1 and Argl, have overlapping mechanisms of action and shared
tissue consequences. Previously, we showed that HF treatment
potently inhibits cytokine-directed Tyy17 differentiation (17) and
suppresses IL-23-stimulated proinflammatory functions in mature
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Ty17 memory cells (18). We now show that these HF-mediated
T cell effects can occur in cells that lack GCN2. HF and other
aaRS inhibitors are powerful tools with which to parse the amino
acid catabolic signal; they act as amino acid restriction mimetics by
causing the accumulation of uncharged tRNA but, unlike amino
acid catabolism, they neither generate bioactive catabolites nor do
they directly inhibit the mTORCI1 pathway. Although GCN2 sig-
naling plays distinct roles in the immune system (26, 91, 117-120),
GCN2-independent responses, both to IDO1-induced tryptophan
catabolism (32, 91, 121) and to general amino acid restriction, have
been reported (122-125). Moreover, evidence that IDO-induced
tryptophan depletion has a central role in local immunosuppression
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(40, 126), and reinforcement of peripheral tolerance is at apparent
odds with the absence of a prominent immunologic phenotype in
either IDO-null or GCN2-null mice (29, 32). It has been noted that
this discrepancy suggests redundancy in the signaling networks that
govern these processes (32). One example of such redundancy is
the observation that Trggs stimulate the expression of multiple
amino acid-consuming enzymes within dendritic cells and suc-
cessful skin grafts (32). Whereas GCN2 kinase signaling was once
thought to be the core mechanism that mediates proliferative ar-
rest and anergy in T cells (40), several studies now directly chal-
lenge the notion that immunoregulated amino acid catabolism acts
through AAR pathway activation (32, 92), or that GCN2 is re-
quired for sensing amino acid depletion in T cells (32, 127).
Cobbold et al. (32) showed that the in vitro restriction of a single
amino acid was sufficient to suppress the proliferation of T cells in
response to antigen, and that this response could occur in cells that
lack GCN2. Similarly, Van de Velde et al. (127) demonstrated that
GCN2-deficient T cells retain the capacity to sense and respond to
tryptophan limitation. To date, studies of amino acid depletion or
IDO1-induced immunosuppression in the GCN2-null context have
focused on the mechanism of mMTORCI pathway inhibition (29, 32,
127) and on tissue responses to kynurenine metabolites (92).
Our discovery of an amino acid sensor pathway that doesn’t signal
through GCN2 activation provides an additional potential expla-
nation for observed immunoregulation in the GCN2-null con-
text, and prompts further study of the IDO1 mechanism in
pathological contexts, such as the chronic inflammatory or tumor
microenvironment.

Type 2 (Ty2) immune responses provide host protection
against parasites, such as helminth infection, control inflamma-
tion, and promote wound repair (128). In wild-type mice, infection
with Schistosoma mansoni results in a protective granuloma for-
mation, and a Ty2 response sufficient to kill schistosome eggs
(129). This Ty2 response is associated with a strong activation of
the arginine-degrading enzyme Argl in M2 macrophages by T2
cytokines (130). This potent induction of Argl, combined with up-
regulation of arginine import, make M2 macrophages a big sink
for the tissue-depletion of arginine. In mice that are deficient in
macrophage-specific Argl (Argl*™); however, schistosomiasis
results in a nonresolving granulomatous pathology, unrestricted
Th2 cell proliferation, and marked liver fibrosis (131). These data
demonstrate that Argl-expressing macrophages function as sup-
pressors of fibrosis, and governors of Ty2-dependent inflamma-
tion (29). We surmise that aaRS inhibitors mimic the endogenous
effects of up-regulated amino acid catabolism, suppressing T cell
proliferation and fibrosis, by inducing amino acid stress pathway
signals, including the pathway described here.

Over the last 25 years, HF has been studied extensively as an
antifibrotic drug (21, 67) and, more recently, as a treatment in
animal models of autoimmune disease (18, 20, 22). The overarching
assumption has been that HF’s efficacy is due to action upon a key
cell or tissue, such as dermal fibroblasts or Ty17 cells. The breadth
of conditions for which HF has demonstrated therapeutic value,
however, coupled with the fact that HF targets a ubiquitous en-
zyme, suggested to us that HF could act directly upon multiple
cooperating cell types in vivo. The convergence of findings in
T cells and FLS reported here points strongly to a common pathway
linking HF inhibition of EPRS to the suppression of inflammatory
programs in immune and structural cells. In HF-treated T cells,
cultured under Ty17-polarizing conditions, transcriptomic analyses
demonstrate that HF inhibits a broad program of genes in these
cells, even in the absence of GCN2. Similarly, in human FLS, HF
and HFol potently suppress a TNF-o—stimulated transcriptional
program, irrespective of GCN2. HF further suppresses key proin-
flammatory responses, in IL-23-stimulated Tyy17 memory cells and
IL-1p-stimulated FLS, also in cells that lack GCN2. These findings
make HF, and its chemical derivatives, attractive drug candidates for
disease settings in which anti-TNF biologics have been successful,
such as RA and Crohn’s disease (132, 133). Small-molecule inhib-
itors of TNF-o tissue programs could be much needed adjuncts, or
alternatives to biologic therapies in instances of immunogenicity
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(133), while providing added tissue benefit via inhibition of both
Tyl7-driven inflammation and TGF-p-stimulated fibrosis.

Our work, and an important body of work by others, demon-
strate that perturbations that trigger the cellular accumulation of
uncharged tRNA, such as inhibition of aaRSs and amino acid
restriction, can reproduce key features of HF’s tissue action (17, 22,
23, 61). Borrelidin treatment inhibits the differentiation of Ty17 cells
(17) and suppresses inflammatory responses in TNF-o—stimulated
FLS (SI Appendix, Figs. S11 and S13). Qin et al. (61) recently
showed that HF, borrelidin, and leucinol inhibit collagen deposition
in cardiac fibroblasts, and that these effects can be rescued by the
addition of proline, threonine, or leucine, respectively. We addi-
tionally show that restriction of histidine, arginine, or lysine can
mimic key aspects of HF’s inflammatory suppression program in
FLS, and that these effects occur without GCN2 or mTORCI sig-
naling. These data indicate that the tissue action of HF, whether
inhibition of extracellular matrix deposition, inhibition of cartilage
destruction, or inhibition of differentiation and function of a proin-
flammatory T helper cell subset, is part of broader homeostatic signal
that is a shared feature of aaRS inhibition, and of amino acid re-
striction, in general. The dose for onset of HF-induced tissue benefit
tracks reliably with AAR pathway activation, but can occur in cells
that lack GCN2. Taken together, these data suggest the presence of
a signaling pathway that shares the AAR’s activation strategy, but
branches from the AAR upstream from GCN2. Thus, we considered
AAR pathway components upstream from GCN2 as potential can-
didates to transduce the observed inflammatory-suppressive signal.

The requirement of GCN1 for GCN2 activation in mammalian
cells (112) places it immediately genetically upstream from GCN2
in the AAR pathway. This makes GCN1 an attractive candidate
for involvement in detection and transduction of an HF-induced,
GCN2-independent, inflammatory-suppressive signal. Significantly,
we find that HF suppression of TNF-o—induced FLS inflammatory
mediators is sensitive to depletion of GCN1. Furthermore, we find
that borrelidin mimics HF in that borrelidin suppression of TNF-
a-stimulated inflammatory responses is intact in GCN2 knock-
down FLS, but impaired in GCN1 knockdown FLS cells. Currently,
GCN2 is the only protein in mammalian cells that is known to
sense and transduce an uncharged tRNA-based signal (134). The
AAR is believed to detect amino acid stress through the build-up
of uncharged tRNA that activates GCN2, by binding to a histidyl-
tRNA synthetase-like domain in its C terminus (50). GCN2 then
responds by autophosphorylation and phosphorylation of elF2a
(14, 53). In contrast, our findings indicate that treatment with aaRS
inhibitors or amino acid restriction, perturbations that generate the
accumulation of uncharged tRNA, can be sensed and transduced
without GCN2, but require the presence of GCNI1.

In yeast, as in Escherichia coli (10), uncharged tRNA is de-
tected in the context of the stalled ribosome (13, 135). Classic
work in yeast shows that GCNI1 is necessary for coupling amino
acid availability to GCN2 activation (76, 111). This work indi-
cates that GCN1 binds to elongating ribosomes and to GCN2
and facilitates the activation of GCN2 by uncharged tRNA (111).
Although GCNI1 is dispensable for GCN2 kinase activity per se
(76), physical interaction between GCN1 and GCN2 is necessary
for GCN2 activation and for general amino acid control in yeast
(111). More recent work shows that GCN2 can be potently
stimulated by direct interaction with the ribosomal P-stalk (90),
supporting the notion that ribosomes are an important link be-
tween translational stress and GCN2 activation. The Hinnebusch
model places GCNI1 at the ribosome and in proximity to sense
and resolve uncharged tRNA on a stalled ribosome. Consistent
with this model, we propose that GCN1 acts downstream of aaRS
inhibition to link the sensing of uncharged tRNA in the ribosomal
A site to signal transduction by non-GCN2 effectors. GCNI1 is
large protein that lacks any recognized enzymatic activity or
tRNA-binding motif, but instead contains a series of evolutionarily
conserved HEAT motif repeats (76, 136), through which it forms
complexes with other proteins (137). In addition to scaffolding the
ribosome to GCN2, we propose that GCN1 bridges the ribosome
to an unknown effector, or effectors, that couple amino acid stress
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to downstream regulation of inflammatory and tissue remodeling
programs.

The ribosome is a highly evolutionarily conserved signaling hub
that mediates responses to a wide range of cellular stressors (7, 8§,
10). Immunoregulated amino acid catabolism and the amino acid
stress pathways that sense and transduce these signals have im-
portant emerging roles in immunity and tissue homeostasis (26, 29,
35). We identify here a mammalian pathway that senses amino
acid limitation to regulate a program of immune and inflammatory
responses in FLS. Like stringent control and the AAR, this path-
way utilizes the cell’s protein synthetic machinery to signal via the
accumulation of uncharged tRNA to induce programmatic cellular
change. We previously showed that HF’s inhibition of PRS cata-
Iytic activity is sufficient to explain the therapeutic action of this
compound (17), and now we show that HF’s tissue effects cannot
be attributed solely to the activation of the canonical AAR path-
way. We establish that HF inhibition of PRS mediates suppression
of distinct inflammatory programs in immune and structural cells,
notably, even in cells that lack the signature AAR effector GCN2.
Furthermore, cellular treatment with other aaRS inhibitors or re-
striction of any of several amino acids reproduce inflammatory
suppression, also in the absence of GCN2 and mTORCT signaling.
We provide insight into the tissue mechanism of aaRS inhibitors
for the treatment of human disease, both by characterizing HF’s
suppression of disease-relevant inflammatory and tissue remodel-
ing programs, and by demonstrating the involvement of a pathway
that we call the ribosome-induced inflammatory suppressive
pathway (SI Appendix, Fig. S1). Future work will be required to
establish the tissue effects of GCNI knockdown in other cells
types, and to understand how signaling pathway components that
are highly conserved to all cells can transduce an amino acid
stress signal to regulate tissue remodeling and
inflammatory programs.

Materials and Methods

Cell Culture and Media.

Primary human synovial fibroblasts (RA-FLS). Human synovial tissues from patients
with RA were obtained as discarded tissue, de-identified, and FLS-isolated, as
previously described (74). For gene-expression analysis, 80% subconfluent cells
were left in serum reduced media (0.2% FBS) for 24 to 48 h, treated with HF
(300 nM) and/or proline (2 mM) for 16 h, and treated with TNF-a (10 ng/mL) for
4 h. Both TNF-a responsiveness and HF sensitivity were confirmed in FLS iso-
lates from multiple patients, with some variability in TNF-a responsiveness
between individual isolates. TNF-a—sensitivity also declined slowly over pas-
sage in culture; primary FLS were used before passage 10 to 12.

Immortalized K4 FLS. K4 FLS were a kind gift from Evelyn Murphy, University
College Dublin, Dublin, Ireland. For TNF-a-stimulated experiments, cells were
shifted into K4 cell media with 0.2% FBS instead of 10% FBS 24 h before the
HF treatment, pretreated with HF for 16 h, and then with TNF-a for times
indicated in the figure legends.

Human lung fibroblasts (LL29, AnHa). LL29 and AnHa were purchased from the
American Type Culture Collection.

HUVEC (Lonza EGM [CC-2517]). HUVECs were cultured in EGM-2 (CC-3162, Lonza).
For experiments, cells were serum-starved in 0.2% FBS for 24 h, treated with
200 nM HF and 2 mM proline for 16 h, and then treated 10 ng/mL TNF-a for 4 h.
Normal human dermal fibroblasts. Normal human dermal fibroblasts were pur-
chased from Lonza (CC-2511) and used in accordance with the manufacturer’s
instructions.

GCN2~'~ FLS isolation and culture. Primary cell cultures were obtained from
wild-type and general control nonderepressible 2 GCN27~ (eif2ak4™'~) mice
purchased from Jackson Laboratories (stock no. 008240). Primary murine FLS
were isolated as previously described (79). Murine FLS were cultured in the
same media used for human primary FLS. For treatment, murine FLS were
cultured in serum-reduced media (2%) for 72 h.

Primary CD4* T Cells Analysis. Primary CD4* T cells from wild-type (C57BL/6J;
stock no. 000664) or Gen2 ™'~ (eif2ak4~'~) mice were isolated, treated +HF +L-

1. V. Hauryliuk, G. C. Atkinson, K. S. Murakami, T. Tenson, K. Gerdes, Recent functional insights
into the role of (p)ppGpp in bacterial physiology. Nat. Rev. Microbiol. 13, 298-309 (2015).

2. R. C. Wek, Role of elF2a kinases in translational control and adaptation to cellular
stress. Cold Spring Harb. Perspect. Biol. 10, a032870 (2018).
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proline, and cultured as previously described (18). For T17 polarization, cells
were treated as described in detailed methods in S/ Appendix.

Cell Lysates and Western Blot. Primary or established FLS were harvested in
RIPA buffer supplemented with protease inhibitor tablets and phosphatase
inhibitors (Roche). Cultured T cells were harvested at the indicated time
points, washed once in PBS, and lysed on ice at 5 to 10 x 107 cells/mL in
Laemmli sample buffer (Bio-Rad) supplemented with protease inhibitor
tablets (Roche) and phosphatase inhibitors. Cell lysates were cleared by
centrifugation at 12,000 x g for 10 min at 4 °C, and stored at —80 °C. Ad-
ditional details are provided in S/ Appendix.

Quantitative Reverse-Transcription PCR. RNA was extracted using TRIzol re-
agent in accordance with the manufacturer’s instructions (Invitrogen), and
retro-transcribed to cDNA using the High Capacity cDNA Reverse Transcription
kit (Applied Biosystems). Transcriptional analysis was performed using the
Universal Probe Library System (UPL; Roche). Details and probes are provided
in SI Appendix.

Stable Knockdown of GCN1 and GCN2 in K4 FLS and Human RA-FLS. Lentiviral-
transduction was performed using the pLKO. 1 lentiviral constructs encoding shRNA
against human GCN2 or GCN1 in K4 FLS; details are provided in S/ Appendix.

RNA-Seq. RNA-seq was performed on primary human FLS (Dataset S1) or K4
FLS (Dataset S2). Primary FLS were left in serum-reduced media (0.2% FBS) for
24 h, pretreated for 16 h with 300 nM HF or vehicle, and then treated for 8 or
24 h with 10 ng/mL TNF-a or vehicle. K4 FLS stably transformed with lentiviral
shRNAs (scrambled or GCN2 shRNA #2), as described above, were cultured in
serum-reduced media (0.2% FBS) for 24 h, then treated for 24 h with 250 nM
HFol, an HF derivative with similar activity to HF as an EPRS inhibitor (17), or
vehicle, and then with 10 ng/mL TNF-« for 8 h. Biological duplicates were col-
lected for each condition. Details of data analysis are provided in S/ Appendix.

T Cell Microarrays and Data Analyses. Total RNA was isolated from Primary
CD4* T cells from wild-type or Gen2™~ (eif2ak4~"") mice treated +HF, as
described in S/ Appendix. RNA was sent to the Boston University Microarray
Resource Facility and analyzed, as described in S/ Appendiix.

Statistical Analysis. For qRT-PCR results, values were obtained from three
independent experiments and expressed as means + SD. Significant differences
were assessed using one-way ANOVA followed by Tukey’s honest significant
difference post hoc test or Welch’s ANOVA followed by Games-Howell post
hoc test. *P < 0.05, **P < 0.01, ***P < 0.001. All statistical data were calculated
using SPSS software.

Data Availability. All protocols and data supporting the findings of this study
are available within the main text and S/ Appendix. The primary sequencing
data and microarray information that were generated for this publication
have been deposited in the National Center for Biotechnology Information’s
Gene Expression Omnibus (GEO). Information for S/ Appendix, Tables S1 and
S2 are accessible through GEO Series accession no. GSE145205, https:/
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145205. Information for S/
Appendix, Table S3 are accessible through GEO accession no. GSE47478,
https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE47478.
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