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INTRODUCTION. Osteoarthritis (OA) is a painful disease that causes the progressive destruction of joint
structures, and is the most common cause of disability among military service members who are removed
from active duty for medical reasons. The progressive period in PTOA provides a target for therapeutic
intervention. In preliminary work with a small number of animals, we have found that the natural product
derivative halofuginone (HF) shows promise with respect to reducing cartilage damage in the destabilized
medial meniscus (DMM) mouse model of PTOA. HF inhibits glutamyl- prolyl-tRNA synthetase (EPRS), the
enzyme responsible for charging tRNAs with the amino acid proline. Low-level inhibition of EPRS triggers a
metabolic sensor, a stress signal that initiates a sustained adaptive response across affected tissues. The
goal of this grant is to test the hypothesis that EPRS inhibitors, acting to suppress a multi-cellular cytokine-
driven tissue destructive program, will provide the basis for a new therapeutic strategy for PTOA. The Aims
of this grant are to: 1) Characterize the therapeutic timing and functional effects of HF, or novel related EPRS
inhibitors, on PTOA in mice, using the DMM model; 2) Examine the early time course of cellular and molecular
responses to EPRS inhibitor treatment in the DMM mouse model, as well as in ex vivo in chondrocytes and
synoviocytes. We believe that these studies both will establish the molecular and cellular basis for the benefit
of a new drug class for PTOA treatment, and provide tools to evaluate different therapeutic strategies (e.g.
novel compounds, delivery methods) prior to the appearance of joint pain or dysfunction.; 3) Develop and
apply tools for testing the efficacy of EPRS inhibitors following drug delivery to the joint in DMM mice.

KEYWORDS: Post Traumatic Osteoarthitis (PTOA), Halofuginone (HF), tRNA synthetase inhibitor,
chondrocyte, MMP, GCN2, Destabilized Medial Meniscus (DMM) model.

ACCOMPLISHMENTS Over the grant funding period, we have examined and compared the action of HF
and the novel HF derivative HFol on osteoarthritis in vivo and the catabolic responses of joint structural cells
in vitro as outlined in the original Aims. We have completed two sets of in vivo experiments to establish the
efficacy of HF and Hfol in the DMM model of PTOA, and a third set of in vivo studies in which we harvested
joints from treated or control animals at early time points during the development of PTOA to allow
examination of the molecular effects of Hfol during early stages of post damage response. In addition, we
have identified a novel mechanism by which HF/HFol act to inhibit transcription of a catabolic program induced
by inflammatory cytokines in synovial fibroblasts, and shown that a similar program exists in chondrocytes as
well. These observations provide a fundamentally novel link between local amino acid levels in tissues and
the activation of catabolic effectors by cytokines in the joint. This work points to a new set of approaches to
thinking about how nutrients and metabolism are linked to chronic tissue remodeling in PTOA and other
chronic degenerative diseases. The work in synoviocytes has been submitted to the journal eLife (Kim et al
submitted, included as appendix); the manuscript on chondrocyte gene expression, efficacy of HF vs HFol in
vivo, and effects of HFol treatment on early gene expression in the joint following traumatic damage is
currently in the final stages of data analysis and manuscript preparation. .

A) Major activities: i. Completion of a new DMM study with HFol treatment, in this case harvesting
samples at early time points to allow us to identify the earliest molecular changes underlying the
therapeutic effects of EPRS inhibitors. All surgeries and treatment courses are completed, joints
have been harvested and analysis is in progress. ii. Analysis of effects of HF/Hfol on expression of
key arthritis effectors in joints; iii. Analysis of mechanism of HF/Hfol action on arthritis effectors in
joint cells in vitro.

B) Specific objectives: i. to identify and quantify molecular changes in joints from DMM animals
following treatment with HF ol at time points before the development of frank arthritis. We are using
immunohistochemistry and Q-RT-PCR to assess early changes in arthritis effectors. ii: to develop
and test HF/HFol responsive markers and effectors of arthritic damage as tools for assessing
treatment efficacy in vivo, and to test role of signaling molecules mediating HF/HFol action in
articular cells. iii.to test HF ol effects on DMM in vivo at early time points (2-4 weeks). iv. to develop
and apply ex vivo tools for the study of arthritogenic responses to cytokines and the effects of
HF/HFol on these responses, enabling correlation of early effects of HF/HFol in vivo to mechanistic
understanding gained from studies of joint cells in culture.

C) Significant results: Major activity i; (Principal effort, Li and Whitman Labs) :
Objective 1: To determine whether HF and HFOL can prevent/delay the progression of articular cartilage
degeneration resulting from DMM surgery.



Rationale: In our previous studies, we found that it took about 16 weeks for mice to develop a typical OA
knee joint after DMM surgery. Therefore, we planned to use 16 weeks after DMM surgery as the end point
to characterize mouse knee joints for evidence of articular cartilage degeneration.

Methods and results:
Experiment 1. Treatment of mice with HF or HFOL

There are four groups of mice: sham surgery treated with PBS, DMM surgery treated with PBS,
DMM surgery treated with HF and DMM surgery treated with HFOL. There are 8 mice in each group. Mice
(C57BL/6j) at the age of 10 weeks old were subjected to the surgery. Two weeks after surgery, mice were
treated either with PBS or HF (0.2 mg/kg body weight) or HFOL (1 mg/kg body weight) every other day. At 8
weeks after the surgery, one set of four groups of mice was euthanized for the collection of knee joints.
Another set of four groups of mice was kept alive to the age of 16 weeks after the surgery and then the mice
were euthanized for the collection of knee joints.

Experiment 2. Measurement of mouse body weights

We measured the body weight of the mice during the drug
treatment. Body weight changes (%) were calculated. There was no
difference in body weight gain among the groups at 8 weeks following the
surgery. However, the DMM/HF group showed a significantly less body
weight gain compared with that of the DMM/PBS group, p<0.01, at 16
weeks after the surgery. There was no difference between DMM/HFol and
DMM/PBS, p>0.05.

Body weight change (%)
16 weeks post-operation

Experiment 3. Measurement of bone volume in epiphysis of tibia in mice by
micro-computed tomography (LCT)

A high-resolution desktop micro-tomographic imaging system (uCT40, Scanco Medical AG,
Brittisellen, Switzerland) was used to assess trabecular bone microarchitecture, total and bone volumes,
and mineral densities of the tibial epiphysis. Scans were acquired using a 10 um? isotropic voxel size, 70
kVP, 114 mAs, 200 ms integration time, and were subjected to Gaussian filtration and segmentation.
Images and results were shown below.
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indicated in the image and the figure, the bone volume is reduced in DMM/HF group, compared with that in
the sham (p=0.0040) and DMM (p=0.0056).
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% We have completed the histological analyses of mouse knee joints. In
§ 40 the experiment, there were four groups of mice: sham surgery treated with
S 30 PBS, DMM surgery treated with PBS, DMM surgery treated with HF and

DMM surgery treated with HFOL. There are 7-8 mice in each group. Mice
(C57BL/6j) at the age of 10 weeks old were subject to the surgery. Two
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Figure 1. Articular cartilage of mouse knee joints at 8 weeks after DMM

No overt morphological changes were observed in mice with sham surgery (A) Small fibrillations were seen
in mice with DMM (see arrow in B). However, there were only slight proteoglycan degradations observed in
DMM/HF (see arrow in C) and DMM/HFol (see arrow in D) treatment groups. This indicates that HF and
HFol treatments delay the progressive process of articular cartilage degeneration induced by DMM. Bar =

100 mm

Figure 2. Articular cartilage of mouse knee joints at 16 weeks after DMM
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Slightly localized proteoglycan degradations were seen in mice with sham surgery (A). Loss of articular
cartilages were observed in mice after DMM (see arrow in B). However, only fibrillations were seen in
DMM/HF (see arrow in C) and DMM/HFol (see arrow in D) treatment groups. This indicates that HF and
HFol treatments delay the progressive process of articular cartilage degeneration induced by DMM. Bar =
100 mm

The condition of articular cartilages was also evaluated by a modified Mankin Score system for
mouse articular cartilage, recommended by Osteoarthritis Research Society International (Glasson et. al.,
The OARSI histopathology initiative e recommendations for histological assessments of osteoarthritis in the
mouse. Osteoarthritis and Cartilage, 2010, 18:S17-S23).

Table 1. Scores of articular cartilages of mouse knee joints after DMM

Time (weeks Sham-PBS DMM-PBS DMM-HF DMM-HFol
after the surgery)| n |Means+SD | n |Means+SD | n [Means+SD | n | Means * SD
8 7 | 014£023 7 | 200£053 | 7 | 0.57+017 | 7 | 0.71£0.52
16 8 | 094+£030 | 7 | 414+£083 | 8 | 213£0.78 | 7 | 214 £0.99

Figure 3. Evaluation of articular cartilage of mouse knee joints at 8 weeks after surgery
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Figure 4. Evaluation of articular cartilage of mouse knee joints at 16 weeks after surgery




=¢=Sham-PBS

={=DMM-PBS
DMM-HF

=>&=DMM-HFol

Scores

Animals

Figure 5. Comparison of scores between the experimental groups at 8 weeks after surgery
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Figure 6. Comparison of scores between the experimental groups at 16 weeks after surgery
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***: p<0.0001

Conclusion: HF and HFol can significantly delay the progressive process of articular cartilage degeneration
induced by DMM.

Objective 2: To analyze gene expression associated with cartilage damage in articular cartilage of knee
joints by the treatment of HF/Hfol

Rationale: A number of genes have been shown to involve in articular cartilage degeneration, which
eventually leads to OA, genes such as MMP-13, Zip8, TGF-B1, HTRA1 and DDR2. We analyzed whether or
not the expression of these genes was affected by treatment with HF/Hfol in articular cartilage of mouse
knee joints.

Methods and results:

We performed immunohistostaining to examine the expressions of genes, including MMP-13), ZIPS,
TGF-B1, HTRA1 and DDR2 in the articular cartilage of mouse knee joints. Four knee joints were randomly
selected from each group of mice at 8 weeks after DMM. Eight to ten paraffin sections, distributed
throughout each knee joint, of articular cartilage were selected for immunohistostaining. Paraffin
sections were incubated with a polyclonal antibody against the genes. An appropriate
concentration of each primary antibody for the experiment was determined by the examination of a
serial dilution of the antibody on the sections. After overnight incubation with a primary antibody at
4°C, the sections were washed and incubated with a biotinylated secondary antibody. Color
development was performed using a peroxidase substrate (VECTOR Laboratories, Burlingame,
CA). Staining without primary antibody was performed as a negative control.

Figure 7. The expression of Mmp-13 in mouse knee articular cartilages
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A rabbit polyclonal antibody (1ug/ul at the final concentration of 1:400 dilution) against Mmp-13 (Abcam,
Cambridge, MA) was used in this experiment. The expression of Mmp-13 was increased in the DMM/PBS
group (see the arrow in figure 7). There were no positive staining cells detected in other groups. This
suggests that HF or HFol inhibits the induction of Mmp-13 in the articular cartilage of mouse knee joints
induced by DMM.
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To understand possible mechanisms responsible for the down-regulation expression of Mmp-13 by
HF or HFol, we investigated whether or not two regulatory molecular pathways were involved in the
induction of Mmp-13 in the articular chondrocytes of mouse knee joints. The result from a study indicates
that the zinc-ZIP8-MTF1 (metal regulatory transcription factor-1) axis induces expression of MMP-13 in
chondrocytes. Data from several independent research groups demonstrate that the TGF-f1-HTRA1-DDR2
forms a molecular pathway to induce the expression of MMP-13 in chondrocytes.

Figure 8. The expression of Zip 8 in mouse knee articular cartilage

Zip8
Sham/PBS DMM/PBS
DMM/HF DMM/HFol

A rabbit polyclonal antibody (the final concentration of 1:150 dilution) against Zip 8 was used. The
expression of Zip8 was increased in DMM/PBS group (see brown-color staining cells in figure 8). The
expression of Zip8 was also detected in DMM/HF and DMM/HFol groups.

Figure 9. The expression of TGF-B1 in mouse knee articular cartilage
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Tgf-1
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A rabbit polyclonal antibody (the final concentration of 1:200 dilution) against Tgf-B1 was used. The expression of
Tgf-B1 was increased in DMM/PBS group (see brown-color staining cells in figure 9). The expression of Tgf-p1
was also detected in DMM/HF and DMM/HFol groups.

Figure 10. The expression of HtrA1 in mouse knee articular cartilages

HtrA1
Sham/PBS DMM/PBS
DMM/HF DMM/HFol

A rabbit polyclonal antibody (the final concentration of 1:200 dilution) against HtrA1 was used. We found the
similar expression of patterns of HtrA1 to what was observed in the expression pattern of Tgf-81 group, see
figure 10).

Figure 11. The expression of Ddr2 in mouse knee articular cartilage
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A rabbit polyclonal antibody against Ddr2 (a final concentration of 1:200 dilution) was used in this
experiment. We found the similar expression of patterns of Ddr2 to what were observed in the expression
patterns of Tgf-B1 and HtrA1 groups, see figures 10 and 11).

Conclusion: HF or HFol inhibits the up-regulation expression of Mmp-13 in the articular cartilage of mouse
knee joints at 8 weeks after DMM. However, no evidence indicates that zinc-ZIP8-MTF1 axis and the TGF-
B1-HTRA1-DDR2 pathway are involved in the inhibition expression of Mmp-13 by HF or HFol with the
exception of one remaining question, whether or not HF or HFol inhibits induction of MMP-13 by DDR2.

Objective 3: To elucidate a possible mechanism by which the expression of Mmp-13 was inhibited in
chondrocytes by HF/Hfol in vitro

Rationale: By immunohistostaining, no evidence indicates that HF or HFol inhibit the increased expression
of Ddr2 in the joints. We are aware that the immunohistostaining technique that we used may not be
sensitive enough to detect a subtle change of Ddr2 expression by HF or HFol treatment. Thus, we decided
to carry out in vitro experiments to know whether or not HF or HFol could inhibit the expression of Ddr2,
which leads to the down-regulated expression of Mm-13.

Methods and results:

Preparation of type Il collagen coated plates: make a type Il collagen solution at the concentration of
10ug/ml. Add 1.5 ml of the above solution to each well of a 6-well plate and dry up in hood overnight.
Preparation of HFol: make the stock solution at the concentration of 0.1uM in media. Add 4 or 8 pl of the
stock solution to each well containing 2, 000 ul media to make a final concentration of HFol is 200 nM or
400 nM in each well.

Articular chondrocyte culture: Mouse articular chondrocytes of knee joints from 6 days old mice were used
in the experiment. Briefly, articular chondrocytes were isolated by digestion with Collagenase D at a
concentration of 3mg/ml overnight. The chondrocytes were then collected and cultured on a cell-culture
dish. The cells were harvested at about 90-100% confluence and seeded at a density of 2.5 x 10%well on
6-well collagen type ll-coated plate with 2 ml of culture media. 20 ug of collagen type |l was added to the
culture media in each well. The cells were treated with or without HFol inhibitor for 18 hr.

Real time-PCR analysis: Total RNAs were isolated for cDNA synthesis. The cDNA was synthesized with
oligo(dT). Real-time PCR conditions were optimized for maximal PCR efficiency by the adjustment of
concentrations of PCR primers for Ddr2, forward 5-CTGTCGGATGAGCAGGTTAT-3’ and reverse 5'-
CTCGGCTCCTTGCTGAAGAA-3’ and for Mmp-13, forward 5-GTGTGGAGTTATGATGATGT-3’ and

reverse 5-TGCGATTACTCCAGATACTG-3’ and for Gapdh 5-ACTGAGGACCAGGTTGTC-3’ and reverse
12




5-TGCTGTAGCCGTATTCATTG-3'. Real-time PCR was performed using the StepOnePlus, Applied
Biosystems. PCR reaction was carried out at 95°C for 3 minutes followed by 50 cycles of 95°C for 30
seconds, 60°C for 30 seconds, and 72°C for 30 seconds, with a final extension at 72°C for 4 min. At the
end of the PCR cycles, a melting curve, using a temperature range between 550C to 950C with +0.5°C
intervals, was generated to test the specificity of the PCR product. A cDNA sample in the experiment was
tested in triplicate.

This experiment was performed twice independently.

O B N W A U O N
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Figure 12. The level of Ddr2 mRNAs in mouse chondrocytes. As shown in figure 12, the level of
Ddr2 mRNA was increased in HFol treatment, which indicates that HFol cannot inhibit up-regulation
expression of Ddr2 in chondrocytes cultured on type Il collagen-coated plates by HFol treatment, at both
200 nM and 400 nM. NT: non type Il collagen-coated well and no HFol treatment, CNT: type Il collagen-
coated well and no HFol treatment, C200: type |l collagen-coated well with HFol at 200 nM and C400: type
Il collagen-coated well with HFol at 400 nM.

NT CNT C200 C400

Figure 13. The level of Mmp-13 mRNAs in mouse chondrocytes. As shown in figure 13, the level of
Mmp-13 mRNA was also increased in HFol treatment, which indicates that HFol cannot inhibit up-regulation
expression of Mmp-13 in chondrocytes on type Il collagen-coated plates by HFol treatment, at both 200 nM
and 400 nM.

Conclusion: Results from this experiment are consistent with our previous observation that the level of
DDR2 mRNA is increased in chondrocytes cultured on type Il collagen-coated plates. This, in turn, induces
MMP-13 in chondrocytes. However, HFol does not inhibit the increase in the levels of Ddr2 and Mmp-13
mMRNAs in chondrocytes cultured on type Il collagen-coated plates. This suggests that DDR2 may not be
responsible for the down-regulation expression of MMP-13 in the articular cartilage of mouse knee joints at
8 weeks following DMM surgery by HFol treatment, which we observed in our previous histologic
examination.

Objective iii. (Joint effort, Whitman and Li labs). To examine effects of HFol on early (2-4 week)changes in
gene expression following DMM surgery, before frank cartilage changes are apparent. We performed DMM
on the medial condyle of the right knee join of mice at the age of 10 weeks old. We started to administer
HFol (10 ug/10g body weight) subcutaneously four days after the surgery. We treated the mice with either
vehicle (PBS) or HFol every other day. The mice were then sacrificed at 2 or 4 weeks after DMM surgery.

13



There are ten mice in each experimental group, four groups at each time point. There were eighty mice in
total.

Sham DMM
post surgery NT HFol NT HFol
2 weeks 10 10 10 10
4 weeks 10 10 10 10

Two days after the last injection, knee joints of the mice were harvested and processed in RNALater
solution. Articular cartilage was sliced off from the medial condyles of tibia and femur. The cartilage was
stored in RNALater at -80°C. In order to get enough RNA from the articular cartilage, we pooled the
cartilage from two mice, so there were five sets of tissues in each group. For RNA isolation, the cartilage
was homogenized in Trizol with a motor-driven plastic pestle. Total RNAs were then isolated by using
RNeasy Micro Kit (Qiagen). Gene-expression profile will be analyzed by real time-PCR.

Results: preliminary characterization of gene expression indicated overall consistency in RNA recovery
among samples, but analysis of gene expression of genes of interest showed such great variability that
significant changes could not be observed (Fig. 14, Fig. 15).
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Figure 14. RT-Q-PCR analysis of mRNA from joints 2 weeks post DMM surgery
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Figure 15. RT-Q-PCR analysis of mRNA from joints 2 weeks post DMM surgery

Objective iv. (Principal effort, Whitman Lab). Ex vivo assays for HF/Hfol action on the induction of tissue
destruction effectors in chondrocytes and synovial cells. As outlined in previous reports, we have shown
that HF and HFol block cytokine induction of tissue destructive effectors in primary chondrocytes and
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synovial fibroblasts, two cell types with a central role in arthritis. Although we have found that HF and HFol
substantially inhibit cytokines in primary chondrocytes or freshly isolated femoral cap cartilage, we have
found that primary or established chondrocytes rapidly lose their cytokine responsiveness when place in
tissue culture. We have also found that freshly isolated femoral caps are highly variable in their response to
cytokines, and despite considerable effort we have not succeeded in making this a reliably reproducible test
system. In contrast, both primary and established synoviocytes, from human and from mouse, maintain
robust cytokine responses even after many passages in culture, making them much more amenable to
mechanistic analyses than chondrocytes. Typical data from fresh primary mouse chondrocyte preparations
are shown below, and are planned for inclusion in a manuscript in preparation on the efficacy of HF and
Hfol for PTOA (Fig. 16). Despite promising initial results with isolated femoral caps (Fig.17,18), we have not
found reproducibility in this system to be adequate for publication. For primary and established
synoviocytes, however, we have successfully delineated a novel pathway by which tRNA synthetase
inhibitors or depletion of amino acids dramatically inhibit a broad pro-inflammatory, tissue destructive
transcriptional program that is activated by cytokines and central to joint destruction in arthritis. These
findings are described in detail in a manuscript to the journal eLife and appended to this report (Kim et al.),
and are not restated here.
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Chondrocytes were pretreated for 6 hours with indicated concentration of Hfol, then for 24
hours with IL1B and analyzed by Q-RT-PCR. PGK1 was used as a housekeeping gene control
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Fig. 17. Hfol Inhibits Cytokine Induced MMP expression in Isolated femoral cap articular
cartilage. Fresh femoral cap joints (the femoral side of the hip joint) were surgically excised
from 8 week old mice and culture for 24 hours, then treated overnight with Hfol, then for 48
hours and harvested for Q-RT-PCR analysis of gene expression

Training and professional development:
What opportunities for training and professional development has the project provided
Post-doctoral fellow training
Dr. Yeonijin Kim (Whitman lab), a postdoc who had a significant role in the first two years of the
project, has now secured a research scientist position at a major pharmaceutical venture (Biocon)
in her home country of South Korea.
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Dr. Chenlu Liu was a post-doctoral fellow from West China University of Chengdu, China. She had
been working on this project since Oct 1, 2016. She finished her training by the end of April, 2018.
She carried out the experiments and joined the discussion and interpretation of the results. During
this training, she learned how to design and perform experiments to test a hypothesis.

Dissemination of results to communities of interest? Results to date were presented at the
CDMRP IPR meeting at Ft. Detrick in May 2017 to scientific and military participants associated
with the CDMRP program . Key findings have also been presented as an invited platform
presentation at: the 10th International Conference on Aminoacyl-tRNA Synthetases (Barcelona,
Spain, 2016) and the 2017 IUBMB Focused Meeting on Aminoacyl-tRNA Synthetases (Clearwater
Fl, 2017).

IMPACT: Our finding that HFol has a >4-fold improvement in therapeutic index over

HF establishes Hfol as a new lead compound for the study of EPRS inhibitors as therapeutics in
PTOA. We do not find, however, that maximal efficacy of Hfol is improved relative to HF, which was
disappointing. Our manuscript (Kim et al.Appendix) regarding the mechanism of action of HF/HFol
on cytokine responses in synoviocytes establishes a new class of potential drug targets for future
mechanism based therapeutics for PTOA. Work in this manuscript establishes that the effects of
pharmacological treatment with tRNA synthetase inhibitors on inflammotry responses mirrors the
immunoregulatory/anti-inflammatory effects of local amino acid degradation in tissues. These
findings have fundamental importance for our understanding of the mechanisms linking nutrient
availability to inflammatory pathology and tissue destruction, in arthritis as well as other chronic
disease states.

CHANGES/PROBLEMS. Despite the success of significant aspects of the planned work, a number

of factors have contributed to the low publication productivity associated with this grant. These are:

1) The large number of surgeries and associated animal care for the second phase of in vivo
studies took significantly longer than originally planned, thereby delaying achievement of
milestones as originally planned. Unexpected departure of several personnel on the project
(Kim, Jie) also delayed progress significantly as the labs involved are small and identifying and
training new personnel has been problematic.

2) Difficulties in obtaining suitable HFol for these studies has also introduced a major delay (a
Chinese CRO spent 6 months failing to produce usable material). Suitable HFol has
subsequently been obtained, and all surgeries and treatments have now been completed.

3) Technical problems with the study of chondrocytes ex vivo. These cells appear to be quite
vulnerable to stresses that change their behavior in culture, making them poorly reproducible
tools for studying mechanism of HF/Hfol action. While we had hoped that freshly isolated
chondrons would solve this problem, variability inherent to fresh surgical isolates has also made
these problematic. For these reasons we have continued to focus on synoviocytes as the
primary joint tissue for study ex vivo. Since a growing body of data point to synoviocytes as a
key source of tissue damaging factors in arthritis, we feel that the study of these cells effectively
advances our study of PTOA therapeutics.

4) Submission of a manuscript on the in vivo efficacy of HF/Hfol in the DMM model has been
substantially complicated by the publication of several papers describing the efficacy of HF in
OA, proposing a mechanism of HF action based on its effects on TGFR signaling. While these
publications confirm our findings that HF is efficacious in models of arthritis, we believe their
proposed model for HF action to be incorrect. The need for us to address this published model
in our own publication significantly raises the bar for the data we will need to present regarding
HF mechanism in our own publication. In addition, we have found that while the effects of Hfol
on joint damage in the DMM model are statistically significant, they do not represent a
statistically significant improvement in efficacy over HF, reducing impact of a potential
publication.

5) An important component of the planned studies of HFol in vivo was the effect of Hfol on early
markers of tissue damage following DMM surgery. We have found severe variability in RNA
expression analysis across tissue samples (both sham and DMM operated, treated and
untreated) that it will not be possible to publish statistically significant analysis of gene
expression in these samples. This severely reduces the novel mechanistic component of our
planned analyses of in vivo samples

6) The manuscript currently submitted to eLife encompasses an unusually large amount of data
and broad body of work. Ordinarily this might have led to several smaller publications that would
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already have been completed. Because of the fundamental importance of this work in
identifying a novel mechanism by which nutrient sensing modifies inflammatory responses, we
have chosen to pool these data into one high impact manuscript that is now submitted.

PRODUCTS. Data described above reflect work product that are a component of one manuscript
(Kim et al. “Therapeutic tRNA Synthetase-inhibition Activates a Novel Pathway that Branches from
the Canonical Amino Acid Response “) that has been submitted for publication (appended), and a

second manuscript currently being prepared for submission.

PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

The following individuals have participated in the project.

Name: Malcolm Whitman, Ph.D NO CHANGE
Project Role: Principal Investigator

Name: Tracy Keller NO CHANGE
Project Role: Co-Investigator

Name: Yefu Li MD/PhD. NO CHANGE
Project Role: Principal Investigator

Name: Lin Xu, MD/PhD. NO CHANGE
Project Role: Co-Investigator

Name: Fan Jie, PhD NO CHANGE
Project Role Research Assistant

Name: Kristen Powers NO CHANGE
Project Role Research Scientist

Name: Yeon Jin Kim, PhD. NO CHANGE
Project Role Postdoctoral scientist

Name: Edenius Maja, PhD.

Project Role: Postdoctoral scientist

Researcher Identifier: (leave blank):

Nearest person month worked: 10.0

Contribution to Project: Design and execution of experiments on HF effects in vitro, development of Q-PCR
assays and execution of transcriptomics.

Funding Support:

Name: Chenlu Liu, DDS/PhD

Project Role: research scientist

Research Identifier: (leave Blank)

Nearest Person-Month Worked: 5

Contribution to Project Assist on surgery, care for mice and HF injections, tissues harvesting and
subsequent analysis of tissues.

Finding Support:

Name: Beiyu Wang, MD/PhD
Project Role: research scientist
Research Identifier: (leave Blank)
Nearest Person-Month Worked: 5
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Contribution to Project Assist on care for mouse tissues harvesting and subsequent analysis of tissues.
Funding Support:

1.) Special Reporting Requirements

None

2.) Appendices: Manuscript submitted to eLife is appended
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Therapeutic tRNA Synthetase-inhibition Activates a Novel Pathway that

Branches from the Canonical Amino Acid Response

Yeonjin Kim*, Mark S Sundrud*, Maja Edenius, Davide Zocco, Changqgian Zhou, Kristen Powers, Erika H Noss,
Michael B Brenner, Anjana Rao, Ralph Mazitschek, Chang-Yeol Yeo, Malcolm Whitman**, and Tracy L Keller™

ABSTRACT (154)

Signaling pathways that sense amino acid (aa) abundance are integral to tissue homeostasis and cellular
defense. Our lab previously has shown that halofuginone (HF) inhibits the PRS catalytic activity of glutamyl-
prolyl-tRNA synthetase (EPRS), thereby activating the Amino Acid Response (AAR). We now show that HF
treatment selectively inhibits inflammatory responses in diverse cell types and that these therapeutic benefits
occur in cells that lack GCN2, the signature effector of the AAR. Other aminoacyl-tRNA synthetase (aaRS)
inhibitors also mimic key aspects of HF treatment in the absence of GCN2. We show here that HF-induced
inflammatory suppression occurs without GCN2, but that this immunoregulation is sensitive to depletion of
GCN1, an upstream AAR pathway component required for GCN2 activation. Together, these observations
indicate that GCN1 constitutes a branch-point from the canonical AAR, and that aaRS inhibition activates a
previously unrecognized aa sensor pathway that can modulate immune responses in diverse tissues without the
AAR/GCNZ2 signaling cassette.

INTRODUCTION (~1320)

The ability to successfully respond to environmental stimuli, such as changing nutrient conditions, is
essential to an organism’s survival. Stringent control, a well-recognized example of programmatic adaption to
nutrient limitation occurs in bacteria and utilizes the protein synthetic machinery for signal generation (Hauryliuk
et al., 2015; Liu et al., 2015). Stringent control detects amino acid (aa) stress by sensing non-aminoacylated
(uncharged) tRNA and responds by comprehensive transcriptional reprogramming that induces growth arrest,
upregulates survival genes and increases virulence in pathogenic bacteria (Brown et al., 2016; Liu et al., 2015).
In both prokaryotic and eukaryotic cells, aa-insufficiency leads to depletion of available aminoacylated tRNA for
addition to growing peptide chains, resulting in the accumulation of stalled ribosomes that have an uncharged
tRNA occupying the ribosomal A site (Brown et al., 2016; Sattlegger, 2005; Srivatsan and Wang, 2008). In
mammalian cells, this uncharged tRNA accumulation signals aa-insufficiency through an arm of the Integrated
Stress Response (ISR), called the Amino Acid Response (AAR) (Harding et al., 2003; Wek, 2018) (Baird and
Wek, 2012; Brown et al., 2010). Our lab showed that the natural product derivative halofuginone (HF) targets
human glutamyl-prolyl-tRNA synthetase (EPRS) and inhibits its proly-tRNA synthetase (PRS) activity to confer
therapeutic benefits (Keller et al., 2012). Aminoacyl-tRNA synthetases (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 cellular aa-insufficiency reduce aminoacyl tRNA levels, resulting in the concomitant accumulation of
uncharged tRNA (Keller et al., 2012). HF is a therapeutic that prevents tissue damage in a wide variety of disease
settings ((Carlson et al., 2014; Guo et al., 2014; Park et al., 2013; Pines, 2014) (Peng et al., 2012; Sundrud et
al., 2009)). In our effort to understand how HF’s inhibition of EPRS mediates a programmatic change in diverse
inflamed tissues, we considered the evolutionarily conserved utilization of the protein synthetic apparatus for
cellular adaptive signaling, as well as the immune motif of regulated aa-catabolism for inflammatory suppression.

Metabolic stress pathways and nutrient availability instruct immunity (Chang and Pearce, 2016; Walls et
al., 2016) (Grohmann et al., 2017; Murray, 2016) (Hotamisligil, 2017; Tsalikis et al., 2013). Immune cells operate
in both nutrient-rich and -restricted niches, such as the gut and tumor microenvironment, which impact their
function (Buck et al., 2017). Competition for resources is intense in both inflamed and cancerous tissues, but, in
each of these settings, multiple types of immune cells upregulate amino acid catabolizing enzymes, such as
indoleamine 2,3-dioxygenase (IDO1) or arginase 1 (Arg1) (Lemos et al., 2019; Munn and Mellor, 2016; Murray,
2016) (Ravishankar et al., 2012). Amino acid depletion at sites of inflammation and in the tumor
microenvironment, suppresses inflammation and antitumor immunity (Lemos et al., 2019) (Sharma et al., 2007)
(Mondanelli et al., 2017) (Munn and Mellor, 2016). The mammalian immune system balances protective wound
healing inflammatory responses with their timely resolution to safeguard tissue and organ integrity. It utilizes the

20



induced breakdown of amino acids to temper hyper-inflammatory innate responses, foster tolerance to self
and promote tissue integrity (Cobbold et al., 2009; Grohmann et al., 2017; Murray, 2016; Walls et al., 2016).
Amino acid availability is monitored by two recognized sensors: the AAR, and the mechanistic Target of
Rapamycin Complex 1 (mTORC1) pathway (Walls et al., 2016; Wolfson and Sabatini, 2017). The AAR and
mTORC1 pathways each have important regulatory roles in immune response and healthspan (Cobbold et al.,
2009) (Munn et al., 2005) (Jones and Pearce, 2017) (Gallinetti et al., 2013) (Saxton and Sabatini, 2017) (Haigis
and Yankner, 2019) (Kapahi et al., 2010). Both pathways sense and respond to cellular aa-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 (Wolfson and Sabatini, 2017) and is inhibited by aa-limitation,
the AAR pathway is activated by insufficiency of any aa (Palii et al., 2009) (Tang et al., 2015), and is initiated by
the accumulation of uncharged tRNAs (Zaborske et al., 2009) (Wek et al., 1989). Uncharged tRNAs bind to and
activate the protein kinase GCN2 (Wek et al., 1989), resulting in GCN2 autophosphorylation and the
phosphorylation of elF2a, the shared component of the integrated stress response (ISR) (Harding et al., 2003;
Hinnebusch, 1993) (Wek, 2018). Cellular treatment with an aaRS-inhibitor activates the AAR (Kilberg et al.,
2005) (Keller et al., 2012), but does not affect mMTORC1 signaling directly (Wang et al., 2008) (Sundrud et al.,
2009), making it a useful means to distinguish between cellular responses that are triggered by uncharged tRNA
accumulation and those that result from inhibition of the mTORC1 pathway.

The breadth of conditions for which HF has demonstrated therapeutic value, coupled with the fact that
EPRS is a ubiquitous enzyme, suggest that this compound could act directly upon multiple tissue targets in an
in vivo disease setting. HF is an effective therapy in animal models of autoimmune disease, ischemia-
reperfusion, and fibrotic disease, including rheumatoid arthritis (RA) (Park et al., 2014), cardiac stress (Qin et al.,
2017), scleroderma (Pines, 2003; Pines et al., 2001) and graft rejection (Levi-Schaffer et al., 1996; Oishi et al.,
2016). HF also has progressed to Phase Il clinical trials for the treatment of Duchenne muscular dystrophy (DMD)
(Huebner et al., 2008; Turgeman et al., 2008). Because HF competes with proline for binding to PRS, addition
of excess proline can reverse the effects of HF that are due to PRS inhibition (Keller et al., 2012). Using HF
treatment coupled with proline rescue, we have shown that HF’s inhibition of PRS catalytic activity is necessary
for, and sufficient to explain, the therapeutic action of this compound in vitro (Keller et al., 2012). In prior studies,
our labs found that HF treatment, or selective aa-depletion, potently inhibited the in vitro differentiation of CD4*
T helper 17 (Tu17) cells, inhibited the pro-inflammatory function of mature Ty17 memory cells (Carlson et al.,
2014), and inhibited progression of Ty17-driven experimental autoimmune encephalomyelitis (EAE), a mouse
model of multiple sclerosis (Sundrud et al., 2009) (Carlson et al., 2014). In vitro studies using HF treatment of
cytokine-stimulated cells clearly demonstrate that HF can act directly upon fibroblastic and immune cells to
suppress tissue remodeling and inflammatory responses (McGaha et al., 2002; O'Connell et al., 2016; Pines,
2014; Qin et al., 2017; Xavier et al., 2004) (Keller et al., 2012). So, work from us, and others, shows that HF’s
therapeutic mechanism cannot be readily explained by the inhibition of a single cytokine or action upon a specific
tissue (Guo et al., 2014; O'Connell et al., 2016; Peng et al., 2012; Qin et al., 2017).

We began this work wanting to better understand HF’s therapeutic mechanism in structural cells.
Structural and stromal cells play a key role in the tissue inflammatory process, contributing to the pathogenesis
of disease both directly, through destructive remodeling of tissues, and indirectly, through the attraction and
stimulation of immune cells (Nowarski et al., 2017) (Nguyen et al., 2017) (Valin and Pablos, 2015) (Buckley,
2011; Duffield et al., 2013). Characterized as an anti-fibrotic drug that can act directly upon stromal fibroblasts,
HF suppresses extracellular matrix (ECM) production and deposition (Pines and Nagler, 1998). Much has been
made of HF’s ability to inhibit collagen deposition, and others have proposed the inhibition of TGFp-stimulated
Smad-signaling to be its primary mechanism of tissue action in this setting (Song et al., 2018) (McGaha et al.,
2002; Pines, 2014; Xavier et al., 2004). To study how HF might mediate a programmatic change in inflamed
structural tissues, our lab utilized an in vitro culture system of TNFa-stimulated fibroblast-like synoviocytes (FLS).
FLS are the resident mesenchymal cells in the lining of synovial joints, which play a key role in the pathogenesis
of rheumatoid arthritis (RA) (Noss and Brenner, 2008) (Bottini and Firestein, 2013). In the RA synovium, FLS
become activated, expressing a well-characterized program of matrix metalloproteinases, inflammatory
cytokines, and chemokines that attract and activate immune cells, promoting ongoing inflammation and tissue
destruction (Bottini and Firestein, 2013) (Chang et al., 2010; Noss and Brenner, 2008) (Nguyen et al., 2017).
FLS maintain their differentiated characteristics and distinctive responses to inflammatory cytokines after
establishment in culture (Bottini and Firestein, 2013). Reflecting key differences in the disease pathologies of
arthritis and fibrosis, activated FLS induce net collagen destruction, rather than collagen deposition in inflamed
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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 TGFB-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 TNFa-
stimulated responses, mirroring HF’s suppression of pro-inflammatory functions in mature Tu17 memory cells
(Carlson et al., 2014). Importantly, we show here that HF-mediated suppression of diverse inflammatory
programs, whether in TNFa-stimulated FLS, or IL-23-stimulated Ty17 memory cells, can occur in cells that lack
GCN2, the signature effector of the AAR. We further show that treatment with borrelidin, a catalytic site inhibitor
of threonyl-tRNA synthetase (TRS) (Ruan, 2004), recapitulates key aspects of HF treatment in activated FLS,
also in the absence of GCN2. These data indicate that the inflammatory suppressive tissue benefits of HF
treatment are a general property of aaRS inhibition, rather than a singular feature of EPRS inhibition. The durable
capacity of multiple aaRS inhibitors to signal in cells that lack GCN2 indicates the presence of a previously
unrecognized cellular pathway that senses the accumulation of uncharged tRNAs (Fig. S1). When FLS are
depleted of the upstream AAR pathway component GCN1 (Marton et al., 1993), HF’s suppression of the
inflammatory response largely disappears. Therefore, transduction of an aa-insufficiency signal that regulates
programmatic inflammatory suppression is unaffected by the removal of GCN2, but sensitive to the removal of
GCN1-- thus defining a novel pathway that branches from the canonical AAR.

RESULTS

HF Suppresses a Distinct Subset of the TNFa-induced Program in FLS. To study the effects of HF treatment on
cytokine-stimulated structural cells, we first treated primary RA-FLS with TNFa in the presence or absence of
HF, and assayed for matrix metalloproteinase 13 (MMP13) expression, using Q-RT-PCR. In RA-FLS, TNFa
strongly induced the expression of MMP13, a collagenase involved in the pathophysiology of arthritis (Goldring
et al.,, 2011) (Fig.1A), and HF potently suppressed this induction. The suppression of TNFa-induced MMP13
expression was reversed by the addition of excess L-proline to culture medium (Fig.1A), 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 hours (Fig $2), and cells that were pre-treated with HF remained refractory to TNFa-induced
MMP13 upregulation for up at least 72 hours (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 TNFa-driven
tissue destructive response in arthritis.

To examine whether HF treatment could modify cellular response to other cytokines in our in vitro model
of arthritis tissue response, we stimulated RA-FLS with IL-1R3, with or without HF. As in TNFa-stimulated RA-
FLS, HF treatment inhibited IL-13-induced upregulation of MMP13, and this inhibition was alleviated by proline
supplementation (Fig. 1A). Expanding our observations to the cytokine-stimulation of other structural cells, we
treated TNFa- or IL-1R- stimulated primary human endothelial cells (HUVEC) with HF, and saw HF inhibition of
the cytokine-induction of VCAM-1 and E-selectin (Fig. 1A, S4), two critical mediators of vascular inflammation
(Agarwal and Brenner, 2006; Kakkar and Lefer, 2004) (Marcos-Ramiro et al., 2014). Likewise, in lung fibroblasts,
HF inhibited TGFR-driven induction of smooth muscle actin (SMA) and CTGF (Fig. 1A, Fig. S4), two key pro-
fibrotic factors (Leask, 2008) (Krieg et al., 2007). In each of these cases, HF’s suppression of pro-inflammatory
and/or pro-fibrotic structural cell responses was opposed by the presence of excess proline (Fig. 1A, S4). These
data demonstrate that HF acts via PRS inhibition to suppress the cytokine induction of key inflammatory and/or
tissue remodeling responses in diverse cells.

To provide an unbiased look at the effects of HF on a program of inflammatory response, we performed
RNA-seq and differential expression analysis on RA-FLS treated with TNFa, HF, or both. More than 80% (10/12)
of genes induced > 1000-fold by TNFa stimulation were suppressed at least 5-fold in HF-treated FLS, whereas
only half (83/171) of the genes induced between 16- and 64-fold by TNFa stimulation, and only 5% of the total
FLS transcriptome were similarly sensitive to HF treatment (Fig. 1B, S5A). Examples of TNFa-inducible genes
in FLS that were inhibited by HF included: 1) several matrix degrading proteases (MMP1, MMP3, MMP9,
MMP13, CTSS, CTSK), 2) a series of pro-inflammatory chemokines and cytokines (e.g. TNFa, IL-33, CXCL9,
CXCL10), 3) SLC39A8/ZIP8, a zinc transporter implicated in RA-associated joint damage (Kim et al., 2014), and
4) the serum amyloids SAA1 and SAA2, secreted factors known to promote Tu17 cell activation (Sano et al.,
2016) (Atarashi et al., 2015) that we confirmed by Q-RT-PCR (Fig. S$6). Conversely, HF treatment of RA-FLS
induced the expression of a smaller number of genes that were repressed by TNFa (e.g., 65 genes inhibited by
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TNFa > 10-fold) (Fig. 1B, S5A; Supplementary File 1). HES1, a repressor of transcriptional elongation that
suppresses CXCL1 production and, consequently, neutrophil recruitment (Shang et al., 2016) is one notable
example from this group. Underscoring a specificity of action, HF had no effect on the expression of several
TNFa-inducible genes, including PTGS2 and CXCL3, and enhanced the induction of IL6. These genes, like
most of the TNFa-induced genes inhibited by HF, are transcriptional targets of NFkB-activation downstream of
both TNFa and IL-1R signaling (Supplementary File 1, Fig. 1B, S5) (Mestre et al., 2001) (Vanden Berghe et
al., 1998), indicating that HF’s inhibition of cytokine signaling is not associated with global inhibition of NF«xB
activation. Accordingly, gene ontology (GO)-based pathway enrichment analysis of TNFa-inducible genes in
FLS that are either HF-sensitive or HF-insensitive revealed that HF treatment preferentially represses the subset
of TNFa-induced genes that promote chronic inflammatory responses (i.e., recruitment/activation of leukocytes),
compared to the TNFo-driven gene expression modules that increase innate immunity to bacterial and viral
pathogens (Fig. 1C). Taken together, these observations indicate that HF can act therapeutically to suppress a
cytokine-mediated program of inflammatory responses in quiescent structural cells.

HF treatment shares features with immunoregulated aa-catabolism. HF and aa-catabolism each trigger

the accumulation of uncharged tRNA, which activates GCN2 signaling. Once considered to be the mechanistic
core of IDO1 immunosuppression (Munn et al., 2005), the role of GCN2 signaling in this process has been
challenged (Van de Velde et al., 2016) (Cobbold et al., 2009) (Jasperson et al., 2009). Because HF treatment
overlaps with IDO1-induction, both in mechanism and therapeutic tissue response, we next asked: do TNFa-
stimulated FLS respond to HF treatment in the absence of GCN2 signaling?
HF Suppression of TNFa-induced Responses Can Occur Without GCN2 Signaling. To address this point, we
examined the effect of HF treatment on TNFa-induced responses in GCN2” or GCN2-depleted FLS.
Phosphorylation of elF2a 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 (Donnelly et
al., 2013) (Harding et al., 2000). Whereas, broad translational inhibition conserves cellular amino acid stores,
upregulated translation of ATF4 mediates expression of genes involved in amino acid transport and biosynthesis
that constitute the adaptive response to aa-stress, such as TRIB3, ASNS, and SESN2 (Kilberg et al., 2005) (Ye
et al., 2015) (Ohoka et al., 2005). To assess the presence or absence of intact AAR signaling, we assayed
several AAR responses and genes. We show here that HF does not promote phosphorylation eif2a or induction
of ATF4 in Gen2" FLS (Fig.S7), confirming that HF activation of the elF2a signaling cassette is strictly GCN2-
dependent (Fig.S7). Surprisingly, the ability of HF to suppress TNFa-induction of Mmp 13 or Mmp1a expression
was unaffected in primary FLS from Gcn2’ (also known as Eif2ak4™) mice (Fig.2A). Furthermore, HF-
suppression of MMP13- and MMP1a-expression in TNFa-stimulated Gen2”- FLS was reversed by the addition
of excess proline (Fig.2), validating PRS inhibition as the mechanism of action. HF effects on TNFa-induced
responses were, likewise, unaffected by shRNA-mediated depletion of GCN2 in primary human RA-FLS
(Fig.S8), and depletion of GCN2 did not affect HF-dependent suppression of TGFR-induced Col1A1 upregulation
in dermal fibroblasts (Fig.S9). To confirm that the GCN2-eif2a-ATF4 signaling cassette is dispensable for many
HF effects on cytokine responses, we ectopically expressed GADD34, a constitutively-active fragment eif2a
phosphatase regulatory subunit (Novoa et al., 2001), in immortalized K4 human FLS (Haas et al., 1997).
GADD34 expression eliminated both baseline and HF-stimulated eif2a. phosphorylation, but had no effect on
HF’s capacity to suppress TNFa-induction of MMP13 and CXCI10 (Fig.S10), confirming that GCN2 signaling is
not required for key HF-treatment responses in FLS.

Transcriptomic analysis of wild-type vs. GCN2-depleted K4 FLS that were treated with TNFa, HF, or both
(Fig.2B, C; Supplementary File S2), revealed that GCN2 is broadly dispensable for HF action on TNFa-induced
responses. GCN2-depletion markedly reduced HF-induction of AAR response genes (Fig.3B left panel),
confirming an effective functional knockdown of GCN2. HF-mediated inhibition of TNFa-responsive genes, in
contrast, was either unaffected or slightly enhanced following GCN2 knockdown (Fig.2C). Furthermore, GCN2-
depletion had no systematic impacts on TNFa-induced gene expression in the absence of HF (Fig.2B, right
panel). Together, these findings indicate that GCN2 is not required for HF-mediated inflammatory suppression
in FLS.
aaRS-inhibition Recapitulates HF-treatment in GCN2-depleted Cells. Inhibition of the catalytic activity of any
aaRS, such as PRS, leads to the accumulation of non-aminoacylated tRNA, activating the AAR via GCN2
phosphorylation (Kilberg et al., 2005) (Keller et al., 2012) (Sundrud et al., 2009). We demonstrate here, however,
that HF inhibition of PRS, as confirmed by proline rescue, suppresses a TNFa-mediated program of inflammatory
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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 non-
canonical EPRS activity (Mukhopadhyay et al., 2009) (Guo and Schimmel, 2013) 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 (Fang
et al., 2015) inhibits Ty17 cell differentiation comparably to HF (Sundrud et al., 2009). Recently, others have
shown that borrelidin, or leucinol, treatment mimics the anti-fibrotic effects of HF in human cardiac fibroblasts,
inhibiting type | collagen deposition, as well as Col1A1 gene and protein expression (Qin et al., 2017). 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 TNFa-induction of MMP13 and CXCL10 (Fig.3A) at doses matched to
reflect similar activation of the AAR pathway (Fig.S11). Borrelidin treatment, like HF treatment, enhanced TNFa.-
induction of IL6 (Fig.S12), confirming that the distinctive specificity of HF action to inhibit some TNFa-stimulated
responses, but not others is shared by a different aaRS inhibitor. We then compared the effects of borrelidin and
HF treatment in GCN2-depleted K4 FLS; depletion of GCN2 was confirmed by a substantial reduction in
borrelidin-induced TRIB3 compared to control K4 cells. Like HF treatment, borrelidin treatment suppressed
TNFa-induction of MMP13 and CXCL10 in these cells, as in control K4s (Fig.3B). Additionally, we demonstrated
inhibition of TNFa-induced gene expression in FLS following histidine deprivation (Fig S13). Collectively, these
findings establish that any number of cellular treatments that cause the accumulation of uncharged tRNAs can
suppress TNFa-stimulated responses in FLS, in the absence of GCN2 signaling. HF’s therapeutic program of
inflammatory suppression, therefore, is a general feature of aaRS-inhibition, shared with aa-catabolism, and the
cellular aa-insufficiency signal of uncharged tRNA accumulation can be sensed and transduced without the
canonical AAR/GCN2 signaling cassette.

HF effects on Pro-inflammatory Ty17 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 Tu17 differentiation, and 2) inhibition of pro-inflammatory functions in mature Ty17 memory
cells. Using T cells obtained from Gcn2 " mice (Munn et al., 2005), we confirmed that, in these cells, HF neither
induces eif2a. phosphorylation (Fig. S14A), nor does HF induce of a cluster of adaptive AAR-associated
responses, including expression aa-transport and -biosynthesis genes. (Fig. S14B). Strikingly, HF treatment
inhibits T17 differentiation with similar potency in wild type and Gen2"" cells (Fig. 4A,C); this inhibition is rescued
by addition of proline (Fig. 4B). Naive CD4"* T cells from Gcn2~ mice show no overt functional defects in vitro
(Fig, S14), indicating that, consistent with prior work, Gcn2 is dispensable for most basic T cell functions , in
vitro. (Sundrud) (Munn et al., 2005).

In addition to blocking the differentiation of naive T cell precursors into Tu17 cells, we have previously
shown that HF suppresses the pro-inflammatory response of already-differentiated Tu17 ‘memory’ cells to IL-23
(Carlson et al., 2014). In vivo, Ty17 memory cells are distinguished from other memory T cell subsets by the
expression of the mucosal chemokine receptor, CCR®6, and, unlike in naive T cells, TCR stimulation is sufficient
to induce basal IL-17A expression in Tyv17 memory cells (Ramesh et al., 2014) (Carlson et al., 2014) (Acosta-
Rodriguez et al., 2007). IL-23 stimulation further enhances pro-inflammatory function of Tv17 memory cells, and
is required for Tu17 cell-driven autoimmunity in vivo (Cua et al., 2003) (Lee et al., 2012). Wild type and Gen2 ™
mice harbored similar numbers and percentages of endogenous Tu17 memory cells (data not shown), which
allowed us to address the role of Gen2 in HF-dependent regulation of Tv17 memory cell function. As in wild type
Th17 memory cells (Carlson et al., 2014), those lacking GCN2 expressed IL-17A following TCR stimulation, and
upregulated IL-17A further in the presence of IL-23 (Fig. 4C). HF suppressed IL-23-induced IL-17A expression
in Gen2 ™" Tu17 memory cells, leaving intact basal IL-17A expression, and this suppression was again abolished
by provision of excess proline. (Fig. 4C).

Both IL-6-mediated Ty17 differentiation and IL-23-dependent memory Tn17 cell function proceeds
through the transcription factor Stat3 (Durant et al., 2010). We have previously shown that HF inhibits Stat3
activation (i.e., Tyr705 phosphorylation) downstream of multiple cytokines in wild type T cells, including IL-6,
IL-23 and IL-27, and that this inhibition is associated with decreased Stat3 protein, but not mRNA, levels
(Carlson et al., 2014). Indeed, HF also decreased Stat3 protein levels in Gen2 " Tu17 cells in both dose-
dependent and proline-responsive manners (Fig. 4D, left; data not shown). Consistent with post-transcriptional
regulation, HF reduced Stat3 protein abundance in Gen2 ”~ Th17 cells without impacting Stat3 mRNA levels
(Fig. 4D, right). Thus, all aspects of HF-dependent Th17 regulation that we have previously described in wild
type cells occur in cells lacking GCN2.
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To better understand the relative contribution of GCN2-dependent and GCN2-independent pathways in

the response of Tu17 cells to HF, we performed microarray time-course experiments, in which wild type or Gen2
naive CD4" T cells were stimulated in Ty17-polarizing conditions +/- HF, and RNA was isolated at various time-
points post-activation (e.g., 4, 18, 72 hr). Whereas more than half of all genes acutely affected by HF-treatment
in wild type cells at 4 hr (39/71) represented canonical AAR-associated genes that were induced by HF in wild
type, but not Gen2 ", T cells, the vast majority of HF-regulated genes evident at 18 hr (120/177) and 72 hr
(122/143) were suppressed equivalently in wild type and Gen2 - Tu17 cells (Fig. 4E, 4F) (Table S3). Key
molecules involved in Ty17 cell differentiation and pro-inflammatory function—I/123r, Tgfb3, II17a—were among
these genes suppressed by HF in the absence of GCN2 (Fig. 4E, 4F) (Lee et al., 2012). These findings indicate
that, in the absence of GCN2 signaling, HF-mediated inhibition of EPRS suppresses key aspects of pro-
inflammatory cytokine programs responsible for the differentiation of Ty17 cells.
HF effects 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 (Marton et al., 1993). We, therefore, examined whether
mammalian GCN1 (GCN1L1) might have a role in mediating the effects of HF inhibition on TNFa-stimulated
infammatory responses, distinct from its recognized 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 therapeutic responses (Fig. 5A). Depletion of GCN1
or GCN2, each with 2 independently targeted shRNAs (Fig. 5A), reduced HF-induced GCN2 phosphorylation
(Fig. 5A), 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 TNFa-responsive
genes (Fig. 5B), with either of two independently targeted shRNAs. To date, our CRISPR-mediated inactivation
of GCN1 drastically reduced proliferation of K4 synovial cells to an extent that made them unsuitable for
comparison to control cells (data not shown), which is consistent with findings in other cell types (Wang et al.,
2015) (Hart et al., 2015). These knockdown data indicate that GCN1 mediates an inflammatory-suppressive
response to HF inhibition, distinct from its role in the activation of GCNZ2, and points to a novel upstream branch-
point in the canonical AAR pathway (Fig.S1).

DISCUSSION (2270, 43 in Headings)

In our effort to understand how the EPRS-inhibitor HF mediates programmatic change in diverse inflamed
tissues, we discovered a novel nutrient stress pathway that senses aa-limitation using the cell’s protein synthetic
apparatus to induce a program of inflammatory suppression. This pathway, which we call the Amino Acid Immune
Regulating (AAIR) pathway, branches from the canonical AAR, as demonstrated by data that it signals in cells
that lack GCN2, but is sensitive to the removal of the upstream AAR pathway component GCN1(Fig. S1). aaRS-
inhibitors, like HF, act as aa-restriction mimetics by triggering the cellular accumulation of uncharged tRNAs.
This new pathway shares the activation mechanism of the AAR, which means that it is ubiquitous and can be
induced by inhibition of any aaRS or the limitation of any single amino acid.

HF Treatment Shares Features with Immunoregulated aa-catabolism. A tissue’s nutrient environment,
specifically amino acid availability, influences immune function (Buck et al., 2017) (Grohmann et al., 2017)
(Murray, 2016 {Hotamisligil, 2017 #3805) (Walls et al., 2016) (Lemos et al., 2019) (Chang and Pearce, 2016)
(Tsalikis et al., 2013). Immune cell activation, differentiation and expansion of effector populations, and the
production and release of cytokines are metabolically demanding processes; immune cells are uniquely sensitive
to the presence or absence of nutrients to meet their functional needs (Buck et al., 2017) (Johnson et al., 2016)
(Chang and Pearce, 2016). As well as being sensitive to the nutrient microenvironment, however, the immune
system creates aa-insufficiency by upregulating the expression of aa-catabolizing enzymes to effect
infammatory suppression (Murray, 2016) (Grohmann et al., 2017) (Lemos et al., 2019). In mammalian cells,
catabolism of tryptophan and arginine is fundamental to this immunoregulation (Grohmann et al., 2017; Murray,
2016) (Grohmann et al., 2017; Lemos et al., 2019) (Geiger et al., 2016) Mellor, 2008 #732}. Multiple immune cell
types upregulate IDO1 (which catalyzes the rate-limiting step of tryptophan catabolism), or Arg1 (which degrades
arginine) at sites of pathological inflammation or wounding (Fouda et al., 2018; Gause et al., 2013; Herbert et
al., 2010; Murray, 2016; Pesce et al., 2009). The molecular mechanism of IDO1-induced immunosuppression is
incompletely understood, but it involves both the generation of bioactive kynurenines (tryptophan catabolites that
are aryl hydrocarbon receptor ligands) and signaling through aa-stress pathways, like the AAR and mTORCH1,
each of which contribute to IDO’s physiological impact, to unknown extents (Belladonna et al., 2009; Fallarino et
al., 2012; Munn et al., 2005; Munn and Mellor, 2013). In Interferon-y-stimulated dendritic cells (DCs), induction
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of IDO1 dampens tissue inflammation and confers immunosuppressive and tolerogenic properties. Depletion of
tryptophan in the DC and local environment causes potent suppression of pro-inflammatory effector T cell
proliferation and functional anergy (Cobbold et al., 2009; Munn et al., 2005; Van de Velde et al., 2016). Signaling
through aa-stress pathways, triggered by amino acid depletion, is thought to collaborate with kynurenine-
activated aryl hydrocarbon receptor (AhR) signaling to promote de novo Treg differentiation and expansion
(Belladonna et al., 2009; Fallarino et al., 2012; Munn and Mellor, 2013). Conversely, the upregulation of IDO1
and several other aa-catabolizing enzymes can be induced DC subsets (Cobbold et al., 2009; Mellor and Munn,
2004) via ligation of Trec-expressed CTLA-4 with CD80/CD86. These IDO-competent, aa-catabolizing DCs lose
their T cell stimulatory properties and instead acquire potent regulatory and suppressive functions, comprising
an important component of peripheral tolerance (Belladonna et al., 2009; Cobbold et al., 2009; Fallarino et al.,
2012; Mellor and Munn, 2004; Munn and Mellor, 2013).

HF treatment and aa-catabolizing enzymes, such as IDO1, have overlapping mechanisms of action and
shared tissue consequences. Previously, we showed that HF treatment potently inhibits cytokine-directed Tu17
differentiation (Keller et al., 2012) and suppresses |L-23-stimulated pro-inflammatory functions in mature Ty17
memory cells (Carlson et al., 2014). 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 aa-catabolic signal; they act
as aa-restriction mimetics by triggering the cellular accumulation of uncharged tRNA, but, unlike aa-catabolism,
they neither generate bioactive catabolites, nor do they directly inhibit the mTORC1 pathway. Although GCN2
signaling plays several distinct and-impertant roles in the immune system (McGaha, 2015; Ravindran et al.,
2014; Ravindran et al., 2016; Van de Velde et al., 2016; Walls et al., 2016) (Rodriguez et al., 2007), GCN2-
independent responses both to IDO1-induced tryptophan catabolism (Cobbold et al., 2009; Jasperson et al.,
2008; Van de Velde et al., 2016), and to general amino acid restriction have been reported (Chaveroux et al.,
2009; De Vito et al., 2018; Deval et al., 2009; Shan et al., 2014). Furthermore, evidence that IDO-induced
tryptophan depletion has a central role in local immunosuppression (Muller et al., 2008; Munn et al., 2005), 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 (Cobbold et al., 2009; Murray, 2016). It has been noted that this
discrepancy suggests redundancy in the signaling networks that govern these processes (Cobbold et al., 2009).
One example of such redundancy is the observation that Tregs stimulate the expression of multiple aa-
consuming enzymes within dendritic cells (DCs) and successful skin grafts (Cobbold et al., 2009). Whereas
GCN2 kinase signaling was once thought to be the core mechanism that mediates proliferative arrest and anergy
in T cells (Munn et al., 2005), several studies now directly challenge the notion that immunoregulated aa-
catabolism acts through AAR pathway activation (Cobbold et al., 2009; Jasperson et al., 2009), or that GCN2 is
required for sensing aa-depletion in T cells (Cobbold et al., 2009) (Van de Velde et al., 2017). Cobbold et al
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 (Cobbold et al., 2009). Likewise,
Van de Velde et al (Van de Velde et al., 2017) demonstrated that GCN2-deficient T cells retain the capacity to
sense and respond to tryptophan limitation. To date, studies of aa-depletion- or [DO1-induced
immunosuppression in the GCN2-null context have focused on the mechanism of mMTORC1 pathway inhibition
(Cobbold et al., 2009; Murray, 2016; Van de Velde et al., 2017), and on tissue responses to kynurenine
metabolites (Jasperson et al., 2009). Our discovery of a novel aa-sensor pathway that doesn’t signal through
GCNZ2 activation provides an additional potential explanation for observed immunoregulation in the GCN2-null
context, and prompts further study of the IDO1 mechanism in critical pathological contexts, such as the chronic
inflammatory or tumor microenvironment. Knocking down GCN1 in key immune cell populations will be important
future work.

Structural Cells Respond to aaRS-treatment. Over the last 25 years, HF has been studied extensively as an anti-
fibrotic drug (Pines and Nagler, 1998) (Pines, 2014), and used to treat a variety of fibrotic manifestations in animal
models (Qishi et al., 2016; Pines et al., 2001; Qin et al., 2017; Turgeman et al., 2008; Xavier et al., 2004). More
recently, HF has been used effectively for the treatment of autoimmune disease in animal models of EAE, RA,
psoriasis and scleroderma, consistent with its activity as a potent inhibitor of Ty17 differentiation. We’ve used
the competition between HF and proline for binding to their common target, the PRS catalytic site, to demonstrate
that HF’s therapeutic effects in immune and structural tissues are solely attributable to EPRS target inhibition
(Fig.2) (Keller et al., 2012). In vitro experiments demonstrate that HF acts directly upon structural cells. HF
treatment of fibroblasts decreases collagen deposition, suppresses collagen transcription and protein levels
(McGaha et al., 2002; Qin et al., 2017), and inhibits TGFp-stimulated induction of fibrotic markers, such as
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smooth muscle actin and CTGF(Fig.2). We now show that HF potently, and selectively, inhibits a TNFa-driven
tissue remodeling program that involves collagen destruction in cultured FLS. These data demonstrate that
EPRS inhibition can modulate different inflammatory and/or tissue remodeling programs in diverse cell types, as
indicated by: 1) HF’s inhibition of Th17 cell differentiation, 2) HF’s inhibition of ECM deposition and TGFj-
stimulated induction of fibrotic markers in fibroblastic cells, and 3) HF’s inhibition of TNFa-mediated inflammatory
and matrix-degrading program in cultured FLS.

HF is not the only aaRS-inhibitor that can elicit these characteristic tissue effects. Borrelidin treatment
both inhibits the differentiation of Tu17 cells (Keller et al., 2012), and suppresses pro-fibrotic markers in lung
fibroblasts (Whitman lab, unpub). Qin et al (Qin et al., 2017) 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, and leucine, respectively. We show here that treatment of cytokine-stimulated FLS with borrelidin, or
starvation for the amino acid histidine, can mimic key aspects of HF’s inflammatory suppression program in FLS.
These data demonstrate that the effects of HF, whether inhibiting the deposition of ECM, the degradation of
cartilage, or the differentiation and function of a pro-inflammatory T helper cell subset, are part of broader
homeostatic signal that is a shared feature of other aaRS-inhibitors, and of aa-restriction, in general. For this
reason, we looked for evidence that endogenously-regulated aa-catabolism can impact structural cells and
instruct tissue remodeling behavior.

Immunoregulated Arginine-depletion Drives Fibrosis Resolution. Type 2 (Th2) immune responses provide host
protection against parasites, such as helminth infection, control inflammation, and promote wound repair (Gause
et al., 2013). In wild-type mice, infection with Schistosoma mansoni results in a protective granuloma formation,
and a Tw2 response sufficient to kill schistosome eggs (Allen and Sutherland, 2014). This Tu2 response is
associated with a strong activation of the arginine-degrading enzyme Arg1 in M2 macrophages by Th2 cytokines
(Herbert et al., 2010). This potent induction of Arg1, combined with upregulation of arginine import, make M2
macrophages a big sink for the tissue-depletion of arginine. In mice that are deficient in macrophage-specific
Arg1 (Arg1*™), however, schistosomiasis results in a non-resolving granulomatous pathology, unrestricted Th2
cell proliferation and marked liver fibrosis (Pesce et al., 2009). These data demonstrate that Arg1-expressing
macrophages function as suppressors of fibrosis, and governors of Th2-dependent inflammation (Murray, 2016).
We surmise that aaRS-inhibitors mimic the endogenous effects of upregulated aa-catabolism, suppressing T cell
proliferation and fibrosis, by inducing aa-stress pathway signals, including the novel pathway described here.
aaRS-inhibition Suppresses Inflammatory Programs in T cells and FLS without GCN2. The convergence of
findings in T cells and FLS points strongly to a common pathway linking HF inhibition of EPRS to the suppression
of inflammatory programs in both immune and structural cells. Transcriptomic analyses of HF-treated T cells
cultured under Ty17-polarizing conditions establish that HF inhibits a broad program of genes in these cells
(Supplementary File 3). HF’s inhibition of pro-inflammatory function of mature Ty17 memory cells proceeds via
post-transcriptional and transcriptional suppression mechanisms. Using either primary RA-FLS or established
FLS cultures, we show that HF also potently suppresses key IL13- and/or TNFa-driven transcriptional responses.
In T cells cultured under Tu17-polarizing conditions, IL-23-stimulated Tw17 memory cells and cytokine-stimulated
FLS, HF exerts its inflammatory suppressive effects in cells that lack GCN2. RNA-Seq analyses of TNFa-
stimulated FLS, show that HF suppresses a distinct subset of TNFa’s fully-induced transcriptome, potently
inhibiting some genes, while inducing or not affecting others. Gene ontology analysis indicates that HF
preferentially suppresses gene programs that are involved in chronic inflammation, over those regulating acute
response to pathogens (Fig 1C), further demonstrating patterned specificity.

In multiple cell types, stimulated with different cytokines that produce diverse programmatic outputs, we
see that aa-restriction (histidine deprivation) and the application of aa-restriction mimetics (HF, borrelidin)
directed toward different aaRS targets (HRS, EPRS, TRS, respectively) leads to the potent suppression of
infammatory and tissue remodeling parameters. The dose for onset of HF-induced tissue benefit tracks reliably
with AAR pathway activation, but can occur 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. So, we considered AAR pathway components upstream from GCN2 as potential candidates to
transduce the observed inflammatory-suppressive signal.

How are uncharged tRNAs sensed in cells without GCN2? Currently, GCN2 is the only protein in mammalian
cells that is known to sense and transduce an uncharged tRNA-based signal (Castilho et al., 2014). The AAR
detects aa-stress through the build-up of uncharged tRNAs that activate GCN2, by binding to a histidyl-tRNA
synthetase (HRS)-like domain in its C-terminus (Wek et al., 1989). GCN2 then responds by autophosphorylation
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and phosphorylation of elF2a (Harding et al., 2003) (Kilberg et al., 2005). Our findings demonstrate that
perturbations that cause the cellular accumulation of uncharged tRNAs also induce an inflammatory suppressive
program in cells that lack GCN2, thus indicating the presence of a novel pathway that must sense and respond
to this stress signal.

In Saccharomyces cerevisiae, as in E. coli (Brown et al., 2016), uncharged tRNA is detected in the context
of the stalled ribosome (Sattlegger and Hinnebusch, 2000) (Sattlegger, 2005). In aa-starved yeast, neither
general amino acid control nor GCN2 signaling can be activated in response to uncharged tRNA, without GCN2
binding to GCN1 (Marton et al., 1993), which forms a complex with GCN20 (Marton et al., 1997). The GCN1-
GCN20 complex binds the ribosome and is positioned near its A-site where GCN1 is thought to alter its function,
possibly facilitating the transfer of uncharged tRNA to GCN2 for binding and activation of the AAR/ISR pathway
(Sattlegger and Hinnebusch, 2000). The requirement of GCN1 for GCN2 activation also has been demonstrated
recently in mammalian cells (Silva et al., 2016). Consistent with these data, we show here that GCN1 is required
for GCN2/AAR pathway activation in K4 human FLS cells. In mice, GCN1-null germline mutation results in early
embryonic lethality (K.ltoh, H. Yamazaki, Hirosaki University Graduate School of Medicine, personal
communication), whereas GCN2-null mice survive to fertile maturity (Munn et al., 2005), pointing to a critical role
for GCN1 in mammals distinct from its function in GCN2 regulation. Because GCN1 is genetically upstream from
GCN2 in the mammalian AAR pathway, it is a potential candidate for a branch-point and transducer of the HF-
induced inflammatory-suppressive signal. Significantly, we find that therapeutic HF-suppression of TNFa-
stimulated FLS is sensitive to the removal of GCN1, indicating that GCN1 constitutes a branch-point in the
canonical AAR pathway. GCN1 lacks any recognized enzymatic activity or tRNA-binding motif, and may act as
a scaffold to bind a sensor of A-site-resident tRNA, transducing an aa-stress signal that broadly alters tissue
inflammation and remodeling. Determining exactly how uncharged tRNA is sensed and coupled to downstream
signaling will be important future work.

Do People and Plants Share an Immune Pathway? The AAR is the oldest arm of the ISR, conserved to plants
(Zhang et al., 2003), worms (Hirose and Horvitz, 2014), and yeast (Hinnebusch, 1993). Studies in Arabidopsis
thaliana (A. thaliana) also point to branching in the AAR pathway, and a GCN2-independent role for GCN1 in
pathogen defense and abiotic stress (Izquierdo et al., 2018) (Faus et al., 2018) (Luna et al., 2014). In 2014, Luna
et al (Luna et al., 2014) established that aspartyl-tRNA synthetase (AtDRS) is the critical target for the defense
priming agent B-aminobutyric acid (BABA), a non-proteinogenic amino acid that is widely used to protect
agricultural yield against a broad range of crop stress. This group showed that BABA inhibits the catalytic activity
of AtDRS, leading both to defense priming and to the major undesirable effect of BABA-treatment, inhibition of
plant growth. Strikingly, growth-inhibition was relieved in BABA-treated plants that lack AtGCNZ2, but BABA-
priming of immune defense was unaffected by loss of AtGCN2. Like animals and fungi, A. thaliana have a GCN1
orthologue, AtGCN1/ILITHYIA (ILA) that is required for AtGCNZ2 activation (Izquierdo et al., 2018) (Faus et al.,
2018) (Wang et al., 2017). Although Luna et al did not examine the possible involvement of AtGCN1 in BABA-
primed immunity, two independent lines of investigation have generated AtGCN1 mutants (Izquierdo et al., 2018)
(Faus et al., 2018). In addition to mediating adaptation to aa-deprivation and the activation of GCN2/elF2a-
phosphorylation, various other AtGCN1 mutants fail to phenocopy the loss of AtAGCN2, and impact plantimmunity
and defense, as well as adaptation to several abiotic stress responses (lzquierdo et al., 2018) (Faus et al., 2018;
Monaghan and Li, 2010).Considered together, these observations suggest that the signaling apparatus that
allows amino acid deprivation to modulate immune function and cellular defense through GCN1 arose early in
the evolution of immunity in multicellular organisms. Studies addressing this topic will be exciting future work.

Impact. We report here the identification of a novel mammalian pathway that senses aa-insufficiency, and has
regulatory impact on cellular immune and inflammatory responses. Like stringent control and the AAR, this
pathway utilizes the cell's protein synthetic machinery to signal via the accumulation of uncharged tRNA. We
previously showed that HF inhibition of PRS catalytic activity is sufficient to explain the therapeutic action of this
compound (Keller et al., 2012), and now we show that HF’s tissue effects cannot be attributed solely to canonical
AAR pathway activation. Our work, and an important body of work by others, demonstrate that perturbations
which cause the cellular accumulation of uncharged tRNAs, aa-restriction and the inhibition of aaRSs, can
reproduce key features of HF’s therapeutic action (Peng et al., 2012; Sundrud et al., 2009) (Keller et al., 2012)
(Qin et al., 2017). Using Ty17-polarized T cells and TNFa-stimulated FLS, we now establish that HF treatment
mediates suppression of distinct inflammatory programs in immune and structural cells, notably in cells that lack
the signature AAR effector GCN2. We provide here a fuller understanding of the tissue mechanism of aaRS-
inhibitors for the treatment of human disease, both by characterizing HF’s suppression of disease-relevant
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infammatory and tissue remodeling programs, and by identifying a novel mode of therapeutic action, activation
of a pathway we call the AAIR (Fig S1). Our work points to the tremendous therapeutic potential of aaRS-
inhibitors due to their capacity to promote restoration of immune and tissue homeostasis in diverse cell types.
We identify here a branch-point in the AAR at GCN1 that is important for transduction of a novel
immunoregulatory signal. Future work is required, however, to discover how signaling pathway components that
are common to all cells transduce an aa-insufficiency signal that regulates diverse tissue-specific inflammatory
and remodeling programs.

MATERIAL and METHODS

Cell culture and media.

Human RA synoviocytes were provided by Dr Erika Noss (Brighman and Women'’s Hospital). Briefly, human synovial tissues
from patients with RA were obtained by after synoviectomy or joint replacement surgery performed as part of indicated
clinical care at Brigham and Women'’s Hospital. Synovial fibroblasts were released from synovial tissue by mincing followed
by collagenase digestion (1mg/ml, collagenase type IV, Worthington Biochemicals) were purified by serial passage as
previously described (Agarwal et al.), and were used in experiments between passages 6 and 10. Primary synoviocytes
were cultured at 37°C under an atmosphere containing 10% CO2 in DMEM supplemented with 10% FBS, 2mM L-Glutamine,
1mM Sodium Pyruvate (Lonza), 1X MEM Non-Essential Amino Acid (Lonza), 1X MEM Amino Acid (Hyclone), 55uM 2-
Mercaptoethanol (Gibco), 50ug/mL Gentamycin (Amresco) and 1X Penicillin/Streptomycin/Amphotericin B (Lonza). For
gene expression analysis, 80% sub-confluent cells were left in serum reduced media (0.2% FBS) for 24-48 hours, treated
with HF (300 nM) and/or proline (2mM) for 16 hours and treated with TNFa (10ng/ml) for 4 hours.

Immortalized K4 synoviocytes were a kind gift from Dr Evelyn Murphy (University College Dublin). Cells were cultured at
5% CO2 at 37°C in DMEM supplemented with 10% FBS, L-glutamine, sodium pyruvated, and antibiotics. For TNFa-
stimulated experiments, cells were shifted into K4 cell media with 0.2% FBS instead of 10%FBS 24 hours before the HF
treatment.

Human lung fibroblasts (LL29, AnHa), were purchased from the American Type Culture Collection (ATCC,
Manassas, VA) and cultured DMEM + 10%FBS. Cells were put into DMEM with reduced (0.2%) FBS 24
hours before treatment with 200nM HF-/+ 2mM proline for 6 hours, and then TGFR for 16 hours. Cells
were used before 12t passage.

Human Vascular Endothelial Cells (HUVEC, Lonza EGM (CC-2517)) were cultured in EGM-2 (CC-3162,
Lonza). For experiments, cells were serum starved in 0.2% FBS for 24hr, treated with 200nM HF and 2mM

proline for 16hr, and then treated 10ng/mL TNFa for 4hr.

Normal human dermal fibroblasts (NHDF) were purchased from Lonza (CC-2511) and according to the manufacturer’s
instructions. For later passages, cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS, Gibco), 2mM L-glutamine (Life Technologies) and 1X of penicillin and streptomycin (Lonza).
For gene expression experiments, NHDF cells were plated on collagen type 1 plates (BD biosciences), serum-starved in
serum-reduced media (0.2 % FBS) for 24 hours, treated with HF and/or proline (2mM; Sigma-Aldrich) and/or TGF beta
(10ng/ml; R&D Systems) for 48 hours and re-treated for additional 48 hours. NHDF cells were used between passage 4
and 12.

GCN2" FLS isolation and culture. Primary cell cultures were obtained from wild type and general control
nonderepressible 2 GCN2" (eif2ak4"-) mice purchased from Jackson Laboratories (Bar Harbor, Maine) (stock no. 008240).
Primary murine synoviocytes isolated as previously described (Agarwal et al, 2006). Murine synoviocytes were cultured in
the same media used for human primary synoviocytes. For treatment, murine synoviocytes were cultured in serum-reduced
media (2%) for 72 hours , as further lowering FBS concentration reduced cell viability.

Primary CD4* T cells from wild type (C57BI/6J; stock no. 000664) or Gen2 (eif2ak4”) mice were isolated, treated +/- HF
+/- L-proline, and cultured as previously described (Carlson et al., 2014). Briefly, “naive” CD4+CD25- T cells were
magnetically isolated from single cell splenocyte suspensions using an EasySep mouse CD4+ T cell enrichment kit (Stem
Cell Technologies, Cat. #: 19752). A biotinylated anti-mouse CD25 antibody (clone PC61.5, from eBioscience) was added
at 1 ug/mL to the biotinylated antibody cocktail prior to incubation with streptavidin beads. These cells were activated with
plate-coated anti-CD3¢ (Clone: 145-2C11, 0.3 pg/mL) and anti-CD28 (Clone: 37.51, 0.5 ng/mL) antibodies (both from Bio
X Cell), and treated with additives (HF, L-proline) and/or Th17 polarizing cytokines (TGFp + IL-6) at the time of activation.
For Th17 polarization, activated T cells were cultured with recombinant human TGFf (0.3 pg/mL; cat #: 240-B) and
recombinant mouse IL-6 (3 pg/mL; cat. #: 406-ML) (both from R&D systems). Activated T cells were removed from antibody-
coated wells after 48 hours; non-polarized cells (no cytokines) were expanded in media containing 10 pg/mL recombinant
human IL-2 (eBioscience, cat. #: BMS334). TGFf and IL-6 were re-added to Th17-polarized cell cultures at 48 hours, and
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these cells were expanded in the absence of IL-2. Cells were expanded until day 4, and cytokine expression was determined
by intracellular staining as previously described (Carlson et al., 2014) following 3-4 hr stimulation with phorbol 12-myristate
13-acetate (PMA, 10 nM,, cat. #: P8139) and ionomycin (1 uM, cat. #: 13909) in the presence of brefeldin A (10 png/mL, cat.
#: B7651) (all from Sigma-Aldrich). For some experiments, CD4+CD25- T cells activated in Th17-polarizing conditions were
collected at different time points for analysis of protein or mRNA expression. CCR6+ memory (CD3+CD4+CD25-
CD62LIoCD44hi) T cells were FACS-sorted from single cell splenocyte suspensions as previously described (Carlson et
al.,, 2014). These cells were activated in 96-well round-bottom tissue culture plates (Corning) with anti-CD3/anti-CD28-
coated beads (Invitrogen; 3 beads:1 cell) plus 10 ug/mL recombinant human IL-2. Recombinant human IL-23 (20 ng/ml;
R&D Systems, cat. #: 1290), as well as HF and/or L-proline were added as indicated. These cells were stimulated for 3-4
hr with PMA and ionomycin in the presence of brefeldin A after 48 hours for analysis of intracellular cytokine expression.

Cell lysates and Western blot

Primary or established FLS were harvested in RIPA buffer (150 mM NaCl, 1% NP40, 0.5% Sodium deoxycholate, 0.1%
SDS, 50 mM Tris-HCI pH 8.0) plus 1X complete protease and phosphatase inhibitors (Roche Applied Science). Cultured T
cells were harvested at the indicated time points, washed once in PBS, and lysed on ice at 5-10 x 107 cells/ml in Laemmli
sample buffer (Bio- Rad) supplemented with protease inhibitor tablets (Roche) and phosphatase inhibitors. T cell lysates
were cleared by centrifugation at 12,000 x g for 10 min at 4°C, and stored at -80°C. Cell lysates were quantified by BCA
(Pierce) or Bradford (Bio-Rad) assays according to manufacturer’s instructions. Blotted nitrocellulose membranes were
blocked with 5% non-fat milk for 1 hour and probed with for primary antibodies as described (Keller et al., 2012).

Antibodies and Q-RT-PCR probes

Antibodies against total GCN2 (Cat. #3302), total eif2 (Cat#5324) and peif2 (Cat #3398) were purchased from Cell Signaling
Technologies (Danvers, MA). Antibody against ATF4 (10835-1-AP) was from ProteinTech. Antibody against cytoplasmic
actin was from Sigma (Clone AC-40). Anti-GCN1L1 was from Novus (NB100-97851). HF and HFol were prepared as
described previously (Keller et al., 2012). Amino acids L-proline, L-threonine and the threonyl-tRNA synthetase inhibitor
borrelidin were purchased from Sigma-Aldrich (Cat #5607, #T8625 and #B1936 respectively). The selective inhibitor of c-
jun N-terminal kinase (JNK) SP600125 and the mTOR inhibitor Torin1 were purchased from Sigma-Aldrich (Cat. #55567)
and Tocris (Cat. #4247) respectively.

Quantitative reverse polymerase chain reaction (qQPCR) and high-density qPCR microarray.

For gene expression studies, RNA was extracted using Trizol reagent according to 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) on a LightCycler 480 Real-
Time PCR machine. The following primers and probes were used:

Human ACTAZ2 (a-SMA): probe 21. FW primer: gcactgccttggtgtgtg; RW primer: tcccattcccaccatcac

Human COL1A1: probe 21. FW primer: ccctctggagcctctggt; RW primer: gagtccatctttgccaggag

Human CXCL2: probe 69. FW primer: cccatggttaagaaaatcatcg; RW primer: cttcaggaacagccaccaat

Human CXCL9: probe 56. FW primer: ttgaatcactgctcacactgc; RW primer: gacgttcgggtgggatct

Human CXCL10: probe 34. FW primer: gaaagcagttagcaaggaaaggt; RW primer: gacatatactccatgtagggaagtga
Human MMP1: probe 7. FW primer: gctaacctttgatgctataactacga; RW primer: tttgtgcgcatgtagaatctg

Human MMP3: probe 46. FW primer: ctccaaccgtgaggaaaatc; RW primer: catggaatttctcttctcatcaaa

Human MMP13: probe 73. FW primer: ccagtctccgaggagaaaca; RW primer: aaaaacagctccgcatcaac

Human MMP14: probe 15. FW primer: tggtctcggaccatgtctc; RW primer: aggtagccatattgctgtagcc

Human PGK1 (control for primary cells): probe 56. FW primer: ggaagcgggtcgttatgag; RW primer:
attgtccaagcagaatttgatg

Human GAPDH (control for Immortalized cells): probe 60. FW primer: agccacatcgctcagacac; RW primer:
gcccaatacgaccaaatcc

Human TRB3: probe16. FW primer: tccagatcgtgcaactgct. RW primer: cttcctggacggggtaca

Human ACTAZ2: probe 21. FW primer: gcactgccttggtgtgtg. RW primer: tcccattcccaccatcac

Mouse ACTAZ2 (a-SMA): probe 56. FW primer: caaccgggagaaaatgacc; RW primer: cagttgtacgtccagaggcata
Mouse COL1A1: probe 15. FW primer: catgttcagctttgtggacct; RW primer: gcagctgacttcagggatgt.

Mouse CXCL9: probe 1. FW primer: cttttcctctigggcatcat; RW primer: gcatcgtgcattccttatca.

Mouse CXCL10: probe 56. FW primer: aatgaaagcgtttagccaaaaa; RW primer: aggggagtgatggagagagg.

Mouse MMP1a: probe 69. FW primer: tgacaccacttacgttccaaa; RW primer: tcaaatgggttgttgtcacc

Mouse MMP13: probe 89. FW primer: gccagaacttcccaaccat; FW primer: tcagagcccagaattttctcc

Mouse TBP1 (control): probe 107. primer FW: ggcggtttggctaggttt; primer RW: gggttatcticacacaccatga

30



Probe and primers were designed using the ProbeFinder software (https://www.roche-applied-
science.com/sis/rtpcr/upl/index.jsp?id=uplct 030000). Relative gene expression (fold change) levels were obtained using
the AACt method and normalizing to the control genes.

For high-density gPCR microarray assay, 1ug of RNA was retro-transcribed as previously described, mixed with SIBR
Green Master Mix (Roche) and loaded on the Oncology SmartChip (Wafergen). The Oncology SmartChip contains over
1200 cancer-related genes, 10 endogenous and 5 exogenous control genes for RT-PCR analysis. After 30 cycles of
amplification, results were collected and analyzed using the Bio-Gazzelle software for cluster analysis. Relative gene
expression (fold change) levels were obtained using the AACt method and normalizing to the control gene GAPDH.

Stable knock-down of GCN1 and GCN2 in K4 synoviocytes and human RA synoviocytes

Lentiviral-transduction was performed using the following pLKO.1 lentiviral constructs encoding shRNA against human
GCN2: Clone ID: TRCN0000078652 (Open Biosystems); human GCN1: Clone ID: TRCN0000154964 (Open Biosystems).
Scrambled shRNA (Addgene plasmid #1864). Lentiviruses were generated in 293T cells by Effectene (Qiagen) mediated
co-transfection of the pLKO.1 plasmid, the psPAX2 packaging vector and the pMD2.G, VSV-G envelope expressing plasmid
in a 2:1.5:1 ratio. 16 hours after transfection, the transfected 293T cells rinsed with PBS, and then they grew in the growth
media for K4 synoviocytes or RA synoviocytes. At 48 hours post transfection, the lentiviral supernatant was harvested, spun

at 2000xg for 5 mimutes at 4°C, filtered with 0.45uM syringe filter. K4 synoviocytes or RA synoviocytes were treated with

the lentiviral suprnatant with 5ug/mL polybrene. 6 hours after infection, the transduced cells rinsed with PBS, and then they
grew in the fresh growth media. Next day, the lentiviral infection process was repeated. The transduced cells were selected

with 2pg/mL puromycin for 48~72 hours. After selection, cells grew in growth media with 0.25ug/mL puromycin.

Transduced K4 synoviocytes or RA synoviocytes were left in serum-reduced media (0.2% FBS) for 24 hours, treated with
HF (100nM or 200nM, respectively) for 16 hours and with TNFa (10ng/ml) for additional 6 hours. Western blot and gene
expression analyses were performed as previously described. Results are representative of three independent experiments.

Stable cells expressing GADD34 in K4 synoviocytes

Retroviral-transduction was performed using the retroviral constructs encoding GADD34 C-terminal: haA1.pBABEpu was a
gift from David Ron (Addgene plasmid # 21813 ; http://n2t.net/addgene:21813 ; RRID:Addgene_21813). eGFP gene was
used for negative control. Retroviruses were generated in 293T cells by Effectene (Qiagen) mediated co-transfection of the
retrovial plasmid, the MLV gal-pol packaging vector and the pCMV-VSVG envelope expressing plasmid in a 4.5:4.5:1 ratio.
16 hours after transfection, the transfected 293T cells rinsed with PBS, and then they grew in the growth media for K4
synoviocytes. At 48 hours post transfection, the retroviral supernatant was harvested, spun at 2000xg for 5 mimutes at 4°C,
filtered with 0.45 1 M syringe filter. K4 synoviocytes were treated with the retroviral suprnatant with 5ug/mL polybrene. 6
hours after infection, the transduced cells rinsed with PBS, and then they grew in the fresh growth media. Next day, the
retroviral infection process was repeated. The transduced cells were selected with 2ug/mL puromycin for 48~72 hours. After
selection, cells grew in growth media with 0.25ug/mL puromycin. Transduced K4 synoviocytes were left in serum-reduced
media (0.2% FBS) for 24 hours, treated with HF (100nM~200nM) for 16 hours and with TNF-a(10ng/ml) for additional 6
hours.

RNA-seq. RNA-seq was performed on primary human FLS (Supplementary File 1) or K4 FLS (Supplementary File 2).
Primary FLS were left in serum-reduced media (0.2% FBS) for 24hours, pre-treated for 16 hrs with 300 nM HF or vehicle,
and then treated for 8 or 24 hours with 10 ng/ml TNFa 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 hours, then
treated for 24 hours with 250 nM halofuginol, an HF derivative with similar activity to HF as an EPRS inhibitor (Keller et al.,
2012), or vehicle, and then with 10 ng/ml TNFa for 8 hours. Biological duplicates were collected for each condition. RNA
quantity and quality was checked using a Bioanalyzer at the Biopolymers Facility, Harvard Medical School. Poly-A enriched
libraries were prepared with the TruSeq Stranded mRNA Library Prep Kit, sequenced using a single-end approach with 100
bp reads at a total sequencing depth of 30 million reads on an lllumina 4000 instrument, and mapped to the genome by the
JP Sulzberger Columbia Genome Center. Pairwise DEseq2 analysis of differentially expressed genes was performed on
the Galaxy web platform (4) Normalized gene expression was analyzed using the GenePattern software suite
(http://genepattern.broadinstitute.org), and visualized via the MultiPlot module. For analysis, only annotated genes
displaying real normalized expression values (> 0) in all replicate samples were used (n = 12,973). Effects of HF treatment
on genes that were decreased, not affected, or increased by TNFa. treatment (>10-fold) were analyzed in Prism (GraphPad);
statistical significance was determined by One-way ANOVA.
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T cell Microarrays and data analyses. Total RNA was sent to the Boston University Microarray Resource Facility. All
procedures were performed as described in GeneChip® Whole Transcript (WT) Sense Target Labeling Assay Manual
(Affymetrix, Santa Clara, CA, current version available at www.affymetrix.com) and Ambion® WT Expression Kit Protocol
(Life Technologies, current version available at http://tools.invitrogen.com/content/sfs/manuals/cms_064619.pdf).
Differentially expressed genes (> 2.5-fold) were analyzed using the Hieracrchical Clustering module in GenePattern
(http://www.broadinstitute.org/cancer/software/genepattern). Microarray data are publically available at Gene Expression
Omnibus (GEO, Accession: GSE47478).

35S Methionine Experiments

Primary human RA synoviocytes were seeded in each well of a 6 well-plate, serum starved as described for TNF treatment
studies above, pre-treated with HF and labelled with 1 puCi/well S*-labelled methionine in DMEM containing 0.2% FBS for
24 hours. Incorporation of S%-methionine. Label incorporated into protein was isolated by total protein precipitation
with trichloroacetic acid as described (Link and LaBaer, 2011), and incorporated radioactivity determined as counts per
minute using a liquid scintillation counter. Cell labelings were performed in triplicate. Background (unincorporated S
methionine) was measured in parallel trichloroacetic acid precipitations using an identical amount of *S methionine added
to TCA/cell mixture after harvest.

Statistical analysis

Analysis was performed using Prism Graphpad software. The unpaired Student’s t-test and the one-way ANOVA with
Bonferroni’s post hoc analysis were used to determine statistically significant differences between groups. P-Values of less
than 0.05 were considered statistically significant.
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Fig.1. HF inhibits multiple cytokine responses in a range of primary cell types. A) top
row: HF inhibition of MMP13 induction by TNFa (left) or IL1R (right) in human fibroblast
like synoviocytes (RA-FLS). Human RA-FLS were pre-treated with 200 nM HF and/or
proline (2 mM) (Pro) overnight and treated with 10ng/mL TNFa for 6 hours and mRNA
analyzed for MMP13 expression by Q-RT-PCR Bottom row : left panel, HUVEC were
treated and analyzed for gene expression as described for FLS above; right panel, human
LL29 lung fibroblasts were pre-treated with HF and/or proline (Pro) for 6 hours and treated
with TGFR for 24 hours and analyzed for gene expression as above. Results are
representative of three independent experiments. Statistical Analysis: significance was
analyzed using 1 way ANOVA — multiple comparisons (Dunnett test); comparisons are
indicated by brackets. *: P<0.1; **:P<0.01; ***:P<0.001; ****:P<0.0001.

B. RNA-seq analysis of HF effects on TNFa responses. Left — selective regulation of
TNFa -inducible pro-inflammatory gene expression in FLS, determined by RNA -seq. after
24 hr culture in media alone, TNFa, or TNFa plus HF. Data are presented as fold-
change/fold-change plot; x-axis shows the change (D) in normalized gene expression (reads
per kilobase per million reads, RPKM) in TNFa-treated vs. untreated FLS (TNF/medium); y-
axis shows A gene expression in FLS treated with TNFa plus HF vs. TNFa alone
(TNF+HF/TNF). Only genes with real RPKM values (> 0) are shown (n = 12,973). Blue- and
green-highlighted genes are reduced or increased by TNFa treatment (10-fold), respectively.
Examples of TNFa-inducible genes that are not affected (highlighted red) or suppressed
(highlighted orange) by HF treatment are indicated by arrowhead and text. C. Analysis of
TNFa -induced pathways in FLS that are sensitive or insensitive to HF treatment.
Gene ontology (GO) term enrichment analysis, presented as Log2 fold-change in P adjusted
values of TNFa -induced pathways that are repressed or not repressed in the presence of
HF. 554 GO terms (i.e., pathways) were enriched in either or both gene sets (see
Supplementary file x for details); examples of GO terms more strongly enriched in the
“repressed by HF” (i.e., leukocyte migration/chemotaxis—red; T cell activation—orange) or
“not repressed by HF” (response to virus/bacteria—blue; type 1 interferon response—green)
gene sets are highlighted.
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Fig.2. HF regulates cytokine responses in cells lacking GCN2. A) FLS from Wt and GCN2-/-
mice were pre-treated with HF and/or proline (Pro) and treated with TNFa for 6 hours. Transcript
levels of target genes were quantified by gPCR . Results are representative of three independent
experiments. B) Summary of results from RNA-Seq transcriptomics comparing HF and TNF action
in wild type and GCN2 depleted K4 synoviocytes. Left panel: GCN2 depletion reduces HF induction
of canonical AAR genes (highlighted in green); right panel: GCN2 depletion has no significant effect
on TNFa induced genes (highlighted in red); C) GCN2 depletion either has no effect, or enhances,
HF effects on TNFa induced genes.
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Fig.3. Borrelidin blocks responses to TNFa in wild type and GCN2 depleted cells. A)
Human RA-FLS were pre-treated with 300 nM HF or 1uM Borrelidin (Borr) for 16 hours , and
treated with 10ng/mL TNFa. Transcript levels of MMP13 and CXCL10 were quantified by
gRT-PCR and normalized to PGK1. Results are representative of three independent
experiments. Statistical analysis: significance was evaluated by 1 way ANOVA test for the
comparisons indicated. B) wt or shRNA GCN2 depleted K4 fibroblasts were pre-treated with
1000 nM Borrelidin or 200 nM HF for 16 hours, and then treated with 10 ng/mL TNFa for 6
hours. Transcript levels were quantified by qRT-PCR and normalized to GAPDH levels.
Statistical Analysis: P values were determined as follows: For MMP13 and TRIB3: Means of
biological triplicates were analyzed by ANOVA followed by post hoc analysis for multiple
group comparisons with the level of significance for comparison set at p<0.05. For CXCL10:
Means of biological triplicates were analyzed by a student’s T-test comparing HF or Borrelidin
treatment to untreated in the presence of cytokine stimulation. #: In indicated sample for at

least one replicate gene expression was undetectable in the absence of cytokine stimulation.
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Fig. 4. HF regulates Th17 differentiation and effector function in the absence of Gen2. (A) FACS
analysis of IL-17A and IFNy expression in Gcn2-deficient CD4+ T cells 4 days after activation in the
absence (no cytokines) or presence of Th17-polarizing cytokines (TGF + IL-6). Th17-polarized cells were
treated with vehicle (DMSO), 10 nM HF, or 10 nM HF plus 50 uM L-proline (HF/Pro) as indicated.
Representative of 3 experiments. (B) Dose-response of HF on wild type (red) or Gen2-deficient (blue) Th17
differentiation. Percentages of IL-17A+ cells (+ SEM; n = 3) were determined by intracellular staining and
FACS analysis as in (A) and are normalized to DMSO-treated cells. (C) FACS analysis of cytokine (IL-17A,
IFNy) expression in Gcn2-deficient CCR6+ memory Th17 cells 2 days after in vitro-stimulation (anti-
CD3/anti-CD28) in the presence or absence of IL-23. Cells were treated with vehicle (DMSO), 10 nM HF, or
10 nM HF plus 50 UM L-proline (HF/Pro) as indicated. Representative of 3 experiments. (D) Left, Stat
protein levels, determined by western blot, in Gen2-deficient CD4+ T cells stimulated in Th17-polarizing
conditions as in (A) for 18 hr. Cells were treated with titrating concentrations of HF. Representative of 3
experiments. Right, relative abundance (+ SEM; n = 3) of Stat3 protein or Stat3 mRNA in Gcn2-deficient
CD4+ T cells stimulated in Th17-polarizing conditions for 18 hr +/- 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. (E) Hierarchical clustering of differentially-
expressed genes (> 2.5-fold change) in wild type and Gen2-deficient CD4+ T cells cultured for the indicated
times in Th17-polarizing conditions +/- 10 nM HF. Gene clusters (1, 2, 3) are indicated by text; examples of
genes within clusters are indicated by text and arrowhead; 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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Figure 5. HF Inhibition of cytokine responses is sensitive to depletion of GCN1, but not
GCN2. A) Characterization of protein expression and GCN2 phosphorylation in GCN1 and
GCN2 depleted K4 cells. K4 were transfected with a lentiviral vector carrying two independently
targeted shRNAs against GCN2 (#2 or #3) or GCN1 (#698 or #699), and protein expression and
GCN2 phosphorylation examined by Western blot 15’ after HF treatment. Scrambled shRNA
(SC) infected cells and uninfected cells were used as a negative controls. B) Evaluation of
knockdown effects on induction of the AAR marker Trib3. GCN2 or GCN1 knockdown cells were
treated with HF (100 nM) and/or TNFa (10 ng/mL). For transcript levels of TRIB3, cells treated
with HF for 6 hours. B) Evaluation of knockdown effects on HF inhibition of TNF induced
genes. For transcript levels of MMP13 (top, or CXCL10 (bottom), cells were pre-treated with HF
and treated with TNFa for 6 hours. Transcript levels of target genes were quantified by qPCR,
and normalized to GAPDH. Results are representative of three independent experiments.
Statistical analysis: significance was analyzed using 2 way ANOVA for multiple comparisons
(Bonferroni test); comparison indicated with brackets.
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AA-insufficiency AARS-inhibition
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Fig. S1. (Related to Fig.5). Model of Novel Pathway responsive to uncharged tRNA
accumulation. AA-insufficiency or AARS-inhibition leads to accumulation of uncharged tRNAs,
which, in turn, activate downstream signals to inhibit cytokine-induced inflammatory responses
(dashed line indicates proposed new pathway.) GCN1 is a shared component of both pathways,
being required for GCN2 activation by uncharged tRNA.
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Fig.S2 (related to Fig.1). HF does not significantly inhibit general protein translation over
24 hours in quiescent cells. Human RA FLS were rendered quiescent by serum reduction as in
Figure 1, and labelled with 3°S-labelled methionine in DMEM+0.2% FBS for 24 hours in the
presence of indicated concentrations of HF. TCA precipitable counts per minute were measured in
triplicate.
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Figure S3 (related to Fig.1). HF induces a sustained change in cell responses. Human RA
synoviocytes were serum starved as before, pre-treated with a single or multiple 24-hour doses of
HF (200 nM) at the time indicated and treated with TNFa (10 ng/ml) for 6 hours. Results were
normalized to control gene (PGK1) and reproduced in triplicate in 4 different cell lines from RA

patients.
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Fig.S4 (Related to Fig.1). HF affects multiple effectors of
inflammation and remodeling in different primary cell
types. Cells were treated and analyzed as described in

legend to Fig.1A.
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Figure S5 (related to Fig.1). HF inhibits TNFa induction of mediators of
arthritis in synoviocytes. A) HF inhibition of ZIP8 mRNA and protein induction by
TNFa. Human RA-FLS were pre-treated with 200 nM HF and/or 2 mM proline (Pro) for 16
hours, and treated with TNFa or IL1R for 6 hours. Transcript levels were quantified by
gRT-PCR and normalized to phosphoglycerate kinase 1 (PGK1) levels. Protein levels were
measured by Western Blot. Results are representative of three independent experiments.
B) HF inhibition of TNF induced SAA1 and SAA2 in K4 fibroblasts. Cells were treated as
described in Figure 1; normalized RPKM values from biological replicate RNAseq analyses
are shown. C) Validation of RNAseq data in Iéél synoviocytes by Q-RT-PCR.
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Fig. S6 (related to Fig.1B). HF effects on TNFa induced
genes in RA-FLS. A) Opposing effects of TNFa and HF on

FLS gene expression. Effects of HF treatment on the
expression of genes that are strongly decreased (> 10-fold,

blue), not affected (within 10-fold, grey), or strong induced
((> 10-fold, green) by TNFa stimulation after 24 hr

(compared to cells cultured in media alone). Data are

presented as fold-change in TNFa + HF- vs. TNFa only-
treated cells. B) HF effects on top 100 most TNFa. responsive

genes. Data summarized from transcriptomics (Supp. Table 1), 8
hr time point. Red highlights mark TNFa induced genes

inhibited >30 fold, yellow marks genes inhibited <3 fold, and
green marks genes enhanced by HF. *No readssdetected under

+HF condition, fold inhibition therefore undefined.
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Fig. S7 (related to Fig.3). Mouse GCN2-/- synoviocytes lack canonical
GCN2 signaling. Mouse primary fibroblast-like synoviocytes from wild
type (WT) and GCN2 knockout (GCN2-/-) were serum starved (2% FBS)
for 72 hours, treated with 40 nM HF for 2 hours (for GCN2 and elF2a) or
5 hours (for ATF4), and analyzed by western blotting for total GCN2,
phosphorylated GCN2 (on Thr899), total elF2a, phosphorylated elF2a
(on Ser51), and ATFA4.
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Fig. S8 (related to Fig.2). HF Inhibits TNFa induction of MMP13 in GCN2 depleted primary
RA synoviocytes. A) HF does not activate the AAR pathway in GCN2-knock down RA
synoviocytes. Human RA synoviocytes were transfected with a lentiviral vector carrying shRNA
against GCN2 or scrambled. Following antibiotic selection, GCN2-knock down synoviocytes treated
with HF (100-200nM) for 6 hours. Western blot analysis was performed as previously described.
Results are representative of three independent experiments. B) GCN2 knockdown does not affect
inhibition of TNFa induced MMP13 by HF. GCN2-knock down synoviocytes treated with HF (200
nM) for 16 hours, followed by TNFa for 6 hours. Transcript levels of target genes were quantified
by gPCR and standardized to a housekeeping gene (PGK1) . Results are representative of three
independent experiments.
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Fig.S9 (Related to Fig.2). HF inhibits TGFR effects in GCN2 null
cells. . Mouse primary dermal fibroblasts from wild type (WT) and GCN2
knockout (GCN2-/-) were treated with HF and/or TGFb. Transcript levels of
target genes were quantified by qPCR and normalized to a housekeeping
gene control (GAPDH) . Results are representative of three independent
experiments.
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Fig.S10 (related to Fig.2).GCN2 independent effects of HF are not dependent
on elF2a phosphorylation . K4 were transfected with a retroviral vector carrying
the C-terminal portion of the elF2a phosphatase GADD34 (haA1) gene. eGFP gene
was used for negative control. GADD34-overexpressed cells were serum starved
(0.2% FBS) for 24 hours, treated with HF for 15 mins, and assayed by western
blotting for phosphorylated-GCN2 and elF2a. For transcript levels of MMP13 and
CXCL10, cells were serum starved (0.2% FBS) for 24 hours, pretreated with HF,
and treated with TNFa for 6 hours. Transcript levels were quantified by gPCR, and
normalized to GAPDH.
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Fig. S11 (related to Fig.3). Matching of HF and Borrelidin effects on AAR markers Human RA-
FLS were serum starved (0.2% FBS) for 24 hours, treated with 300 nM HF or Borrelidin for 2 or 6 h
ours, and analyzed by western blotting for total GCN2, phosphorylated GCN2 (on Thr899), and AT
F4. Cytoplasmic actin (Actin) was used as a loading control for Western blotting.
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Fig. S12 (Related to Fig.3). Borrelidin and HF enhance IL6 induction by TNFa. Primary hu
man RA-FLS were treated with 300 nM HF or 1uM of Borrelidin for 16 hours, treated with TNFa f
or 4 hours, and analyzed by qRT-PCR. The transcript levels were normalized PGK1 levels. Resu
Its are representative of three independent experiments.
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Fig. S13 (Related to Fig.3).Histidine deprivation activates the AAR and mimics
effects of HF. To examine for induction of the AAR, human RA-FLS were serum
starved (0.2% FBS) for 24 hours, treated with 300 nM HF or Histidine depletion (w/o
His) for 2 hours, and analyzed by western blotting for total GCN2 and
phosphorylated GCN2 (on Thr899). Cytoplasmic actin (Actin) was used as a loading
control for Western blotting. For transcript levels, human RA-FLS were serum
starved (0.2% FBS) for 24 hours, treated with 300 nM HF or Histidine depletion (w/o
His) for 16 hours, treated with TNFa for 8 or 24 hours (8 hours for CXCL9), and
analyzed by qRT-PCR. The transcript levels were normalized to PGK1.
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Figure S14 (Related to Fig.4). HF responses and function of Gen2-deficient T cells. (A) elF2a
phosphorylation (serine 51) in wild type or Gen2-deficient CD4+ T cells stimulated for 4 hr with
anti-CD3/anti-CD28 antibodies +/- 10 nM HF was determined by western blot. (B) Differential
gene expression, determined by microarray, in wild type or Gen2-deficient CD4+ T cells
stimulated for 4 hr in Th17-polarizing cytokine conditions (anti-CD3/anti-CD28 plus TGFf and
IL-6) in the absence or presence of 10 nM HF. Data are presented as fold-change, fold-
change plot; gene expression in HF- vs. DMSO-treated wild type (WT, y-axis) and Gcn2-
deficient (x-axis) T cells. Canonical Gen2-dependent amino acid starvation response genes are
highlighted in red and labeled. (C) CD25 expression (MFI, mean fluorescence intensity),
determined by FACS analysis, in wild type or Gen2-deficient CD4+ T cells stimulated for 24 hr
with anti-CD3/anti-CD28 antibodies. (D) Anti-CD3/anti-CD28-induced proliferation in wild type
or Gen2-deficient CD4+ T cells determined by BrdU incorporation and FACS analysis.
Efficiency of induced T regulatory (iTreg) cell (E) or Th17 (F) differentiation in wild type or
Gcen2-deficient CD4+ T cells. iTreg and Th17 differentiation was assessed by FACS analysis of
Foxp3+ or IL-17A+ cells, respectively. All data are representative of 2-3 independent
experiments; microarray analysis incorporates data from biological duplicate samples. The
number of genes affected by HF vs. DMSO treatment at each timepoint at least 2.5-fold are

shown above the bar for each timepoint.
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