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Abstract

A central challenge for improving autoimmune therapy is preventing inflammatory pathology
without inducing generalized immunosuppression. T helper 17 (Ty17) cells, characterized by their
production of interleukin-17, have emerged as important and broad mediators of autoimmunity. Here
we show that the small molecule halofuginone (HF) selectively inhibits mouse and human Ty17
differentiation by activating a cytoprotective signaling pathway, the amino acid starvation response
(AAR). Inhibition of Ty17 differentiation by HF is rescued by the addition of excess amino acids
and is mimicked by AAR activation after selective amino acid depletion. HF also induces the AAR
in vivo and protects mice from Ty17-associated experimental autoimmune encephalomyelitis. These
results indicate that the AAR pathway is a potent and selective regulator of inflammatory T cell
differentiation in vivo.
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Naive CD4* T cells differentiate into diverse effector and regulatory subsets to coordinate
immunity to pathogens while establishing peripheral tolerance. Besides Tyl and T2 effector
subsets, which produce interferon-y (IFN-y) and interleukin-4 (I1L-4), respectively, naive T
cells can differentiate into proinflammatory T helper 17 (Ty17) cells or tissue-protective
induced T regulatory (iTyeg) cells (1,2). TH17 cells are key regulators of autoimmune
inflammation; characteristically produce IL-17 (IL-17A), IL-17F, and I1L-22; and differentiate
in the presence of inflammatory cytokines, such as IL-6 or IL-21, together with transforming
growth factor- (TGF-B) (1,2).

The small molecule halofuginone (HF) is a derivative of the plant alkaloid febrifugine (3). HF
has shown therapeutic promise in animal models of fibrotic disease and a clinical trial for
scleroderma (3-5), but its mechanism of action is unclear. To investigate whether HF could
modulate T cell differentiation, we stimulated murine T cells to induce Ty1, T2, iTeg, OF
Tw17 differentiation and treated these cells with HF or an inactive derivative, MAZ1310 (fig.
S1, A and B) (6). HF selectively inhibited the development of Ty17 cells with a median
inhibitory concentration (ICgg) of 3.6 + 0.4 nM (Fig. 1A and fig. S2A). Low concentrations of
HF that impaired T17 differentiation did not influence Ty1, Th2, or iT g differentiation (Fig.
1A and fig. S2A) and had no impact on T cell receptor (TCR)-induced cytokine secretion by
naive T cells (fig. S2B). HF also repressed IL-17 expression by human T cells without
influencing IFN-y production (Fig. 1B). Consistent with a previous report (7), 10-fold higher
concentrations of HF broadly impaired lymphocyte function (Fig. 1A and fig. S2C). Inhibition
of TH17 differentiation by HF was most pronounced when added within the first 24 hours of
culture (Fig. 1C), was stereospecific (fig. S2D), and was not cytotoxic below 100 nM (fig.
S2E). Although HF treatment delayed S-phase entry within 24 hours of TCR activation, these
T cells recovered thereafter, showing no defect in expansion Kinetics between days 2 and 4
postactivation (fig. S3). Moreover, HF suppressed Ty17 differentiation, irrespective of the
number of cell divisions completed (Fig. 1D), and reduced T17 differentiation when IFN-y
and IL-4, cytokines that inhibit Ty17 differentiation (8), were neutralized by antibodies (fig.
S4A).

HF inhibited 1117a and 1117f mRNA production without affecting the expression of IL-2 and
tumor necrosis factor, cytokines expressed by all effector T cells (fig. S4B). HF treatment did
not affect the induction of RORyt and RORa, two orphan nuclear receptors induced by Ty17
polarizing cytokines that mediate lineage commitment (9,10) (fig. S4C). Ectopic expression
of RORyt in T cells did not override the inhibitory effects of HF on T17 differentiation (fig.
S4D), confirming that RORyt is not sufficient to drive the effector function of Ty17 cells
(12).

HF did not directly inhibit signaling induced by TGF-f or IL-6, the two principal cytokines
that instruct Ty17 differentiation. Although high concentrations (>50 nM) of HF were reported
to impair TGF-f signaling in fibroblasts (4), low doses of HF that repress Ty17 differentiation
inhibited neither TGF-B-induced R-Smad2 phosphorylation (fig. S5A) nor a variety of other
lymphocyte responses to TGF-f (fig. S5, B to D) (12). In contrast, the type 1 TGF-p receptor
kinase inhibitor SB-431542 (fig. S1C) abrogated all responses to TGF- (fig. S5). Additionally,
HF did not inhibit early IL-6-induced STAT3 phosphorylation (where STAT proteins are
signal transducers and activators of transcription) (fig. S6), but it did reduce sustained STAT3
activation beginning 12 hours poststimulation (fig. S6), indicating that HF indirectly modulates
factors that maintain STAT3 signaling. Consistent with decreased STAT3 activity (13), HF-
treated T17 cells displayed a reciprocal increase in Foxp3 expression (fig. S7A). However,
retroviral expression of FOXP3 in T cells did not decrease T 17 differentiation (fig. S7B), and
HF repressed I1L-17 expression in T cells lacking Foxp3 (fig. S7C). Thus, changes in Foxp3
expression are not necessary or sufficient for the effects of HF on T17 differentiation.
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HF-treated T cells stimulated in Ty17 polarizing conditions for 3 or 6 hours showed differential
expression of 81 annotated genes, the majority of which were up-regulated (Fig. 2A and table
S1). Among HF-inducible transcripts, many were functionally associated with amino acid
transport and biogenesis, as well as protein synthesis (table S1), a pattern characteristic of an
amino acid starvation response (AAR, also called general amino acid control in yeast) (14).
The AAR pathway is physiologically induced by unaminoacylated (i.e., uncharged) tRNAs,
which accumulate during amino acid insufficiency and bind to the protein kinase GCN2 (15,
16). Activated GCN2 phosphorylates and inhibits eukaryotic translation initiation factor 2A
(elF2ay), leading to a transient reduction in protein synthesis, while enhancing the translation
of ATF4 (fig. S8), a transcription factor that activates stress-induced gene expression (15—
17). HF treatment activated ATF4 target genes (Fig. 2A;fig. S9A, red and blue dots,
respectively; and table S2) (14,17), including Asns, Gpt2, and elF4Ebp1, as confirmed by
quantitative real-time fluorescence polymerase chain reaction(QPCR) (Fig. 2B).

HF treatment rapidly induced elF20 phosphorylation and ATF4 expression (Fig. 2, C and D)
and did so independent of stimulation and polarization conditions (fig. S9B), indicating that
AAR activation by HF is not restricted to Ty17 cells. Phosphorylation of elF2a. and ATF4
expression can be initiated by multiple upstream kinases through a shared signaling cassette
termed the integrated stress response (fig. S8) (15). GCN2 autophosphorylation was activated
in response to HF treatment (Fig. 3A), indicating that HF activates the AAR pathway.
Furthermore, neither HF nor depletion of cysteine and methionine (Cys/Met) activated IRE-1-
dependent splicing of the transcription factor Xbp-1, a response characteristic of endoplasmic
reticulum (ER) stress (18), in contrast to a known inducer of ER stress, tunicamycin (Fig. 3B)
(17). Microarray analyses indicated that HF does not activate gene expression associated with
ER or oxidative stress (e.g., GRP78/BiP, calreticulin) (table S1) (18, 19). HF also activated
the AAR in fibroblasts and epithelial cells (fig. S10) (20), establishing that AAR activation by
HF is not limited to T cells. HF activated the AAR without concomitantly altering signaling
through the nutrient sensor mTOR as determined by p70-S6K phosphorylation (fig. S11)
(21).

We next tested whether AAR activation induced by selective amino acid deprivation (fig. S12,
A and B) could mimic the effects of HF on T cell differentiation. Decreasing Cys/Met
concentrations in differentiating T cell cultures impaired Ty17 cell development in a dose-
dependent manner without affecting CD25 up-regulation or the differentiation of Ty1, T2,
or iTyeq cells (Fig. 3C and fig. S12C). As with HF, amino acid restriction reduced Ty17
differentiation, independent of cell survival or proliferation (fig. S12D). Deprivation of leucine,
or treatment with .-tryptophanol, an inhibitor of tryptophanyl-tRNA charging (fig. S12E), also
diminished T17 differentiation, indicating that AAR activation restricts Ty17 differentiation
in a manner not specific to individual amino acids. In contrast to amino acid deprivation,
tunicamycin-induced ER stress suppressed the differentiation of both Tyl and T2 cells at
doses that did not affect Ty17 differentiation (Fig. 3D and fig. S12C). To establish whether
AAR activation is required for the inhibition of Ty17 differentiation by HF, we added excess
free amino acids to abrogate activation of the AAR in HF-treated cells. Under these conditions
HF failed to induce elF20 phosphorylation, up-regulate ATF4 protein expression, or prevent
Tw17 differentiation (Fig. 3, E and F). Thus, activation of the AAR by HF is both necessary
and sufficient for the repression of T17 differentiation.

Selective inhibition of Ty17 differentiation in vivo may have broad therapeutic implications.
We used two distinct models of experimental autoimmune encephalomyelitis (EAE) to
investigate whether systemic HF treatment could inhibit Ty17 differentiation and associated
autoimmune inflammation in mice. Adjuvant-driven EAE was induced by immunizing wild-
type mice with the immunodominant myelin antigen MOG33-55 emulsified in complete
Freund’s adjuvant (CFA) and was associated with infiltration of both Ty17- and IFN-y—
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expressing Ty1 cells into central nervous system (CNS) tissue (fig. S13A). This model of EAE
is sensitive to modulation of Ty17 responses (9, 22, 23). Low-dose HF treatment significantly
reduced both the frequency and severity of adjuvant-driven EAE (Fig. 4A and fig. S13B). In
contrast, passive EAE was initiated by transferring myelin proteolipid protein (PLP)-specific
T cells into recombination activating gene-2~/~ (Rag2~/~) hosts (24), and this disease was
associated with a predominant Ty response in the CNS (fig. S13C). HF-treated recipients
developed passive EAE similar to control animals (Fig. 4B), indicating that HF specifically
blunts autoimmune inflammation associated with T 17 differentiation without inducing global
immunosuppression. Both Tyl and T17 cells are capable of inducing EAE upon adoptive
transfer (25), but only adjuvant-driven, and not passive, EAE initiates a substantial T417
response. Thus, the protective specificity of HF in EAE is probably due to selective inhibition
of TH17, but not Tyl differentiation.

Protection from adjuvant-driven EAE by HF was associated with fewer T17 cells, both in the
periphery before disease onset and the CNS during active disease (Fig. 4C). Ty17 cells initiate
mononuclear cell recruitment into the CNS during adjuvant-driven EAE (22,26). HF treatment
reduced T cell infiltration into the CNS (fig. S14) but did not change the proportion of Tyl
cells in the periphery or CNS (fig. S14). Moreover, splenocytes from HF-injected mice
displayed increased elF2a phosphorylation and expression of AAR-associated transcripts (Fig.
4D). Thus, HF treatment activates the AAR and selectively impairs both T17 differentiation
and autoimmune inflammation in vivo.

In conclusion, HF selectively inhibits Ty17 differentiation and associated autoimmune
inflammation via the cytoprotective AAR pathway. Endogenous amino acid restriction has
been suggested to regulate inflammation (27). Indoleamine 2,3-dioxygenase (IDO), an IFN-
y—induced enzyme expressed by dendritic cells (DCs), metabolizes tryptophan, causes local
amino acid depletion, and inhibits the proliferation of bystander T cells viathe AAR (28). Local
IDO expression also has been reported to expand, convert, and directly activate FoXp3+ Tyegs
(29,30). Thus, AAR activation may protect against pathophysiologic inflammation by
enforcing the tolerogenic effects of IDO-expressing DCs and concomitantly blunting TH17
differentiation. Although the mechanism by which AAR activation constrains Ty17
differentiation remains unclear, these results highlight a previously unknown link between the
AAR pathway and Ty17-mediated immune-pathology.
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Fig. 1.

Selective inhibition of Ty17 differentiation by HF. (A) Carboxyfluorescein diacetate
succinimidyl ester (CFSE)—labeled T cells were activated in the presence of dimethyl sulfoxide
(DMSO0), 40 nM MAZ1310, or titrating concentrations of HF. CFSE dilution and the
percentages of cells expressing CD25, IFN-y* IL-4~ (Th1 cells), IL-4* IFN-y~ (TH2 cells), or
IL-17* IFNy™ (TH17 cells) cells are displayed as mean values + SD normalized to MAZ1310-
treated cells. 1ICgq values are listed next to corresponding lines + SD. (B) Intracellular cytokine
expression in primary human T cells treated with DMSO, HF, or MAZ1310. (C) Differentiating
TH17 cell cultures were incubated with HF at the indicated times after activation. Intracellular
cytokine expression was determined on day four. The mean percentage of Ty17 cells is shown
+ SD (error bars). *P < 0.005, relative to MAZ1310-treated T cells. (D) CFSE-labeled T cells
were differentiated to TH17 in the presence of HF or MAZ1310. After intracellular cytokine
staining, CFSE peaks were gated and mean percentages of IL-17* T cells within each peak are
displayed + SD (error bars). All data represent at least three similar experiments.
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Fig. 2.

HF activates the AAR pathway. (A) Histogram of microarray data from differentiating Tq17
cells treated with HF or MAZ1310 for 3 or 6 hours. Red dots indicate transcripts increased
greater than twofold by HF-treatment at both 3 and 6 hours. Text and arrows denote several
defined AAR genes (27). (B) Quantitative real-time PCR was performed on cDNA from
unstimulated T cells or those activated for 4 hours in the presence of MAZ1310 or HF. Asns,
Gpt2, or elF4Ebpl mRNA expression was normalized to Hprt levels and are shown as mean
values + SD. (C) Unstimulated or TCR-activated T cells were treated with DMSO, 40 nM
MAZ1310, or HF and were lysed for Western blotting after 4 hours. (D) Activated T cells were
lysed at the indicated times after treatment with MAZ1310 or HF. ATF4 protein is indicated
by an arrow. NS, nonspecific band. Microarray data were generated from three biological
replicates. Other data represent two to three experiments.
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Fig. 3.

Regulation of Ty17 differentiation by amino acids. (A) Lysates from TCR-activated T cells
treated with MAZ1310 or HF for 4 hours were analyzed by Western blotting. (B) Unstimulated
or activated T cells were cultured in complete medium, medium lacking Cys/Met (-Cys/Met),
or complete medium containing tunicamycin, HF, or MAZ1310 and lysed after 4 hours for
Western blot analysis. Xbp-1 splicing assay was performed on isolated cDNA (6). (C)
Activated T cells were cultured without cytokines or polarized to Ty1, Ty2, iTreg, Or TH17
cells. Titrating concentrations of Cys/Met are indicated. The percentages of Tyl, T2, and
Tn17 cells, and those expressing CD25 or Foxp3, were determined as in Fig. 1A and are
displayed as mean values + SD, normalized to cells cultured in complete medium. (D) T cells
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differentiated as in (C) were treated with tunicamycin as indicated. T cell activation and
differentiation was determined as in (C). (E) Activated T cells were treated with DMSO or HF.
Some cultures were supplemented with 5x or 10x amino acids (6), and lysates were analyzed
after 4 hours by Western blotting. (F) T cells activated in Ty17 polarizing conditions were
treated with DMSO or HF plus amino acids, as indicated, and stained for intracellular cytokine
expression. These data represent three experiments.
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Fig. 4.

HF inhibits Ty17-associated autoimmune inflammation in vivo. (A) Wild-type mice were
immunized with phosphate-buffered saline or MOG33-55 emulsified in CFA and treated daily
with DMSO or HF, and disease was monitored (6). (B) After PLP-specific T cell transfer,
recipients were treated daily with DMSO or HF, and disease was monitored. Mean EAE scores
are displayed. (C) (Left) Paraaortic lymph nodes from MOG-immunized mice treated with
DMSO or HF were harvested on day 6. Mononuclear cells were cultured without (top) or with
(bottom) PMA and ionomycin and stained for intracellular cytokines. (Right) Mononuclear
cells isolated from CNS tissue of DMSO-treated (score = 2) or HF-treated (score = 0) mice
were cultured and stained for intracellular cytokines as above. TCRB* CD4™* cells were gated
on for analyses. (D) (Top) Splenocyte lysates were prepared from DMSO- or HF-treated mice
and analyzed by Western blotting. (Bottom) AAR-associated gene expression (Asns, Gpt2,
elF4Ebp1) was analyzed by QPCR on cDNA from spleens of mice treated with DMSO or HF.
Transcript levels were normalized to Hprt and are displayed as mean expression + SD (error
bars) from triplicate samples. EAE data are cumulative from three independent experiments;
other data represent two to three similar experiments.
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