displayed the same intracellular localization as
wild-type Rhes. Biochemical studies revealed a
substantial reduction of Rhes-C263S binding to
Ubc9 and mHtt (Fig. 4D). Finally, Rhes-induced
mHtt sumoylation occurred both in the soluble
and membrane fractions (fig. S9).
In summary, Rhes binds to mHtt and elicits its
sumoylation, which is associated with mHtt disaggregation and cell death. In some animal models overexpression of full-length mHtt augments
aggregates in the striatum (20, 21), although, in
other models, the overexpression leads to fewer
or no aggregates (22, 23). In human HD patients
and several animal models, aggregates are not
correlated with cell death (5, 20, 24–26).
Sumoylated mHtt represses nuclear transcription (8). We observed caspase-3 activation in
Rhes-mHtt cells, and mHtt is known to induce
cytochrome c release (27).
Rhes elicits sumoylation of mHtt via a mechanism independent of its GTPase activity but
which does require cysteine at CXXX domains
presumably for farnesylation and membrane attachment. Sumoylation of mHtt, RanGAP1, and
SP100 occurs in the absence of Rhes but is
markedly augmented by Rhes. The three wellstudied SUMO E3 ligases, the PIASy family,
Pc2, and RanBP2, do not share obvious sequence
homology with each other (28) or with Rhes, the
only G protein with demonstrated E3 ligase
activity.
Dexras1, a close homolog of Rhes, displays
the highest levels in the brain, but with no marked
regional differences (29). Dexras1 mediates linking of nitric oxide (NO) signaling by CAPON, a
scaffolding protein, which links Dexras1 to neuronal NO synthase (29). NO serves as a guanine

nucleotide–exchange factor to activate Dexras1.
Dexras1 also mediates neurotoxic iron influx
following glutamate–N-methyl-D-aspartate neurotransmission (30).
Our discovery that the striatal-selective protein Rhes partners with mHtt to elicit cytotoxicity
can account for the striatal pathophysiology of
HD. Although Rhes is uniquely enriched in the
striatum, it displays detectable cerebral cortical
levels with negligible values in the cerebellum
(9, 31). Cortical damage presumably elicits dementia; however, the cerebellum is relatively impervious to neurotoxic damage. Because HD can
be diagnosed many years before the onset of
symptoms, prophylactic therapy could, in principle, prevent or delay the onset of symptoms.
Drugs that block the binding of Rhes and mHtt
may thus have therapeutic potential.
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Von Willebrand factor (VWF) is secreted as ultralarge multimers that are cleaved in the A2 domain by
the metalloprotease ADAMTS13 to give smaller multimers. Cleaved VWF is activated by hydrodynamic
forces found in arteriolar bleeding to promote hemostasis, whereas uncleaved VWF is activated at
lower, physiologic shear stresses and causes thrombosis. Single-molecule experiments demonstrate that
elongational forces in the range experienced by VWF in the vasculature unfold the A2 domain, and
only the unfolded A2 domain is cleaved by ADAMTS13. In shear flow, tensile force on a VWF multimer
increases with the square of multimer length and is highest at the middle, providing an efficient
mechanism for homeostatic regulation of VWF size distribution by force-induced A2 unfolding and
cleavage by ADAMTS13, as well as providing a counterbalance for VWF-mediated platelet aggregation.
on Willebrand factor (VWF) is the key
shear-sensing protein in hemostasis and
is especially important in arterial bleeding where shear is high (1). VWF is biosynthesized and stored in the Weibel-Palade bodies of
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endothelial cells in an ultralarge form (ULVWF).
The VWF 240,000 Mr monomer (Fig. 1A) is
concatenated through specific disulfide bonds at
both its N and C termini into multimers of up to
~50 × 106 Mr in ULVWF (1, 2). ULVWF is
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secreted in response to thrombogenic stimuli. A
portion of secreted ULVWF is bound locally to
endothelial cells from which it is released and also
through its A3 domain to collagen at sites of tissue
injury. Vessel wall–bound VWF multimers, as
well as multimers free in the bloodstream, are
extended to a length of up to 15 mm by the hydrodynamic forces in shear flow (2). These forces
induce a conformational change in VWF that exposes a binding site in the A1 domain for the platelet glycoprotein Ib (GPIb) molecule, which enables
formation of a hemostatic platelet plug (1, 3).
Within 2 hours after release from endothelium
into the circulation, ULVWF is converted by
ADAMTS13 to smaller multimers with a wide
range of size distributions that are characteristic
of the circulating pool of VWF (4). Because the
length of VWF multimers strongly correlates with
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hemostatic potential, cleavage by ADAMTS13 is
an important regulatory mechanism. Absence of
ADAMTS13 results in increased thrombogenic
potential of VWF and thrombotic thrombocytopenic purpura, a life-threatening disease caused by
uncontrolled microvascular thrombosis (5). On
the other hand, mutations in the A2 domain that
presumably destabilize it cause excessive cleavage
by ADAMTS13 and a shift in the size distribution
to smaller VWF multimers with less hemostatic
potential, resulting in the bleeding disorder known
as type 2A von Willebrand disease (3, 6).
VWF is cleaved by ADAMTS13 within the A2
domain at its Tyr1605-Met1606 bond (1, 3, 5, 7, 8).
Cleavage is activated by shear when A2 is present
in large VWF concatamers, but not when present
as the much smaller, isolated domain (5–7). Presumably, this is because the tensile forces acting

on proteins in shear flow increase with protein
length (9). Shear flow elongates VWF (2), and
tensile force exerted on the concatamer is thought
to cause conformational changes in A2 domains
that enable cleavage (3, 5, 8); the scissile bond is
likely buried in the native state (10, 11). Therefore, partial or complete unfolding may be the
mechanism for substrate activation (6). Here, by
directly applying force with laser tweezers (12, 13)
to a single A2 domain, we test the hypothesis that
unfolding and folding of the A2 domain may
occur at forces that might be experienced by
VWF in its transit through the circulation or at
sites of hemostasis and thrombosis, and that force
acts as a cofactor to unfold A2 for cleavage by
ADAMTS13.
Single, N-glycosylated A2 domains coupled
to DNA handles through N- and C-terminal Cys

Fig. 1. A2 domain unfolding and refolding with laser tweezers. (A) Domain organization of VWF.
Cysteines and disulfide bonds are shown beneath, and N- and O-linked sites above as filled and open
lollipops, respectively. (B) Experimental setup. A2 domain (enlarged in inset with ADAMTS13 cleavage
site indicated by an arrow) is coupled to double-stranded DNA handles, which are bound through tags
at their other ends to beads held by a laser trap and a translatable (double arrow) micropipette. (C)
Force on a molecular tether during representative cycles of force increase, decrease, and clamping at a
constant low level. (D) Force-extension traces during force loading in cycles ii and iii from panel (C).

Fig. 2. Unfolding of the A2 domain. (A) A2 domain force-extension data with
an error-weighted least squares fit to the WLC model (line) (14). Extension
distances were sorted by unfolding force into 2-pN bins. A histogram of
extensions for each bin (inset) was fitted to a Gaussian curve (inset, solid line)
to find peak extension, and force was averaged for that bin. Uncertainty in
extension is shown as the half width of the Gaussian fit, and uncertainty in
force is shown as 1 SD. (B) Unfolding force as a function of loading rate.
Unfolding forces were binned by loading rate and plotted as histograms
www.sciencemag.org

tags (fig. S1) were suspended between beads held
in a laser trap and micropipette (Fig. 1B). A2 domains were subjected to cycles of force increase,
force decrease, and clamping at a low force to
enable refolding before the next cycle (Fig. 1C).
A2 domain unfolding was marked by abrupt
increase in length of the tether between the two
beads (Fig. 1C, inset, and 1D, cycle ii). The
increase in length at different forces was fitted to
the wormlike chain (WLC) model (14) (Fig. 2A),
which yielded an A2 contour length of 57 T 5 nm
and a persistence length of 1.1 T 0.4 nm. A2
N-terminal and C-terminal residues Met1495 and
Ser1671 are 1 nm apart in the folded state (15).
The total length of 58 T 5 nm divided by an extension length of 0.36 nm per residue yields
unfolding of 161 T 14 residues. This corresponds
well to complete unfolding of the predicted 177residue A2 domain.
Over a range of force loading rates, unfolding force was determined and plotted against the
logarithm of the loading rate (Fig. 2B). The fit
to a single-barrier kinetic model (16) yields an
unfolding rate in the absence of force, ku0, of
0.0007 s–1 (confidence band of 0.0002 s–1 to
0.003 s–1), and a force scale, fb, which exponentially increases the unfolding rate ku = ku0exp( f/fb),
of 1.1 T 0.2 pN.
A subset of about 20% of unfolding events
included a discernible pause [defined by four or
more data points at a short-lived (fig. S3), partially unfolded intermediate state], which was
directly observed in force-extension curves (Fig.
2C). Fit to the WLC model of the A2 extension
distances (Fig. 2C, inset) shows that the intermediate state usually lies 40% of the distance
between the fully folded and unfolded states.
During the pause at a clamped force between
each cycle of force decrease and increase, the A2
domain had the opportunity to refold (Fig. 1C).
Subsequent unfolding revealed folding during the
pause (Fig. 1, C and D, cycle ii), whereas a lack
of unfolding suggested an absence of refolding
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(inset). The peak of each histogram was plotted against the loading rate;
uncertainty in y is shown as half of the bin width. A linear fit to the data (line)
predicts the distributions of unfolding force (inset, lines), which agree well
with the histograms (inset). (C) Representative force-extension trace for a
tether pausing at an intermediate state, with three WLC curves (solid lines)
representing DNA + folded A2, DNA + partially unfolded A2, and DNA + fully
unfolded A2. (Inset) Extensions of A2 to intermediate (I) and unfolded (U)
lengths fit to the WLC model (lines).
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(Fig. 1, C and D, cycle iii). The binary state of the
domain was further confirmed with force extension
curves, which have distinct branches for the unfolded
and folded states (Fig. 1D). The force dependence
of refolding (Fig. 3) was fitted by using maximum
likelihood to an f 2 model, which takes into account the soft compliance of the unfolded state
(16–18): kf = kf0exp(–f 2/2kkBT) (where k is defined as the effective compliance of the unfolded
state, kB is the Boltzmann constant, and T is the
absolute temperature) (see also fig. S3). We
found a refolding rate in the absence of force,
kf0 = 0.54 T 0.05 s–1, and compliance, k = 0.18 T
0.04 pN/nm.
Using the folding and unfolding rates in the
absence of force, we can estimate the free energy
difference between the two states: DG = –kBT ∙
ln(ku0/kf0) = 6.6 T 1.5 kBT (3.9 T 0.9 kcal/mol). This
is close to the DG of 5.9 T 0.8 kBT (3.5 T 0.5 kcal/mol)
estimated from urea-induced unfolding of an
Escherichia coli A2 fragment (19).
To test the hypothesis that A2 unfolding is
required for cleavage by ADAMTS13, A2 was mechanically unfolded in the absence or presence of
ADAMTS13 and relaxed to a clamped force of
5 pN (Fig. 4A). At this force, the lifetime of the
unfolded state is >140 s, which makes refolding
unlikely during the incubation with ADAMTS13.
Cleavage by ADAMTS13 was detected as a drop
in force on the tether to 0 pN (Fig. 4A, left). Spontaneous rupture at 5 pN, i.e., the background with
no enzyme (Fig. 4A, right), was rare (Fig. 4B,
inset). In experiments with a lower force ramp,
unfolding sometimes did not occur, as shown by
lack of the characteristic force-extension signature.
No cleavage of folded A2 at 5 pN with 100 nM or
1 mM enzyme was observed.
With unfolded A2 in the presence of enzyme,
the fraction of surviving tethers decreased exponentially with time, which demonstrated first-order
reaction kinetics and yielded the time constant t
for cleavage at three different enzyme concen-

Fig. 3. A2 domain refolding kinetics. Binary
refolding events were binned by clamp force and
time. Standard errors (bars) were calculated as
(p ∙ (1 – p)/n)0.5, where p is fraction refolded and
n is number of events. Overlaid on the data are
the exponential curves predicted by maximum
likelihood estimation (i.e., on the data without
binning) using the t ≈ exp(f2) model.
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trations (Fig. 4B, inset). The observed enzymatic
rate, i.e., reciprocal of t, was fitted with the singlemolecule Michaelis-Menten equation (20), 1/t =
kcat[ADAMTS13]/([ADAMTS13] + KM) (Fig. 4B).
As the largest known soluble protein, VWF
has more force exerted on it than any other free
protein in the vasculature. Hydrodynamics and
the overall shape and orientation of VWF multimers in flow are relevant to understanding the
tensile force exerted on A2 domains within ULVWF
and trimming by ADAMTS13 (5). In shear flow,
the rate of fluid flow increases from the wall
toward the center (Fig. 5, A and B). The product
of shear rate and viscosity, shear stress (in units of
force per area) imparts force to particles in shear
flow that is related to their surface area. Compared with VWF free in flow, the hydrodynamic
force at a given shear is much higher on VWF
immobilized on a vessel wall or bridging two
platelets free in flow and, at intermediate levels,
for VWF bound to a single platelet free in flow
(9, 21). Because of weak attractive interactions
between domains within each multimer, VWF
multimers have an overall compact, yarn ball–like
shape in stasis (2, 22–24). Above a critical shear
stress of 50 dyn/cm2 (13), the attractive forces are
overcome by hydrodynamic drag, and VWF free
in flow periodically elongates and contracts (2, 24)
(Fig. 5C). Shear flow can be conceptualized as the
superposition of rotational flow and elongational
flow (Fig. 5B). The rotational flow causes particles
to tumble (Fig. 5C). Tumbling is more evident for
polymers such as DNA (25); the attractive forces
between VWF monomers appear to keep it largely zipped up during tumbling, with alternating
cycles of elongation and compaction that demonstrate tumbling (Fig. 5C) (2, 24).
We apply concepts from the field of polymer
dynamics to VWF. For an extended VWF multimer with N monomers, the tensile force on a
monomer increases with distance from the
nearest end of the multimer (Fig. 5D), and force
at the middle of the multimer is proportional to
N 2 (Fig. 5D) [see estimation of force within
VWF (13)] (26). Force increases with the square
of length because both multimer size and the

difference in velocity between shear lamina, in
which the two ends of the multimer find themselves, increase with length (9, 13, 26). This
second-power dependence not only has important
implications for unfolding of the A2 domain and
cleavage by ADAMTS13 (Fig. 5D), but also explains the much greater potency of longer than
shorter VWF multimers in shear-induced aggregation of platelets in hemostasis and thrombosis
(1, 5).
Could the tensile force on VWF free in the
circulation reach levels in vivo sufficient to explain unfolding of the A2 domain and cleavage
by ADAMTS13? The tensile force is estimated
[see tumbling time scale (13)] to reach 10 pN in
the middle of a VWF 200-monomer multimer at
the maximal shear stress of 100 dyn/cm2 (shear
rate of 5000 s–1) found in healthy vessels in vivo
(5, 27) (Fig. 5D). Using a loading rate of 25 pN/s
estimated from the VWF tumbling rate in shear
(13), the A2 domain typically unfolds at about
11 pN (peak of the unfolding force distribution)
(Fig. 2B). The upper size limit of VWF in the
circulation is variously estimated to correspond to
a 100-monomer multimer (1) or a 200-monomer
multimer (2, 13, 22, 23). Thus, our singlemolecule data on the A2 domain successfully
predicts the observed upper size limit of VWF
multimers in vivo as ~200 monomers (Fig. 5D).
Caveats include uncertainty in the angle of
maximally extended VWF with respect to flow
direction, which could influence the magnitude of
the peak force estimate by several fold [see peak
force on relaxing, extending VWF (13)], simplifying assumptions made in the calculations, and a
possible contribution of platelets to VWF trimming (21, 28). The dynamics of VWF in shear
flow is an important area of future investigation for
understanding susceptibility to ADAMTS13, as
well as activation in hemostasis.
The existence of a clear threshold for the
lengths of VWF multimers has been shown in vivo;
a bolus of ULVWF released from endothelium
into the circulation is trimmed to the preexisting
equilibrium length distribution of circulating VWF
multimers within 2 hours by ADAMTS13 (4). Our

Fig. 4. Mechanoenzymatic cleavage of A2 by ADAMTS13. (A) Representative traces showing cleavage in
the presence of enzyme (left) and no cleavage in the absence of enzyme (right). (B) Enzyme kinetics. The
hyperbolic dependence of catalytic rate on enzyme concentration was fitted with the single-molecule
Michaelis-Menten equation (20) (solid line). Data points and standard error were determined from singleparameter exponential fits to the survival fraction as a function of time (inset).
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Fig. 5. Model for mechanoenzymatic cleavage of ULVWF in the circulation. (A) Shear flow in a vessel and
elongational flow at a site of bleeding. (B) Shear flow may be represented as elongational flow
superimposed on rotational flow [modified from (25)]. (C) Cartoon of VWF elongating, compressing, and
tumbling in shear flow. (D) Peak force as function of monomer position in a VWF multimer chain of 200,
100, or 50 monomers at 100 dyn/cm2. Dashed line shows the most likely unfolding force for the A2
domain at a loading rate of 25 pN/s. (E) Schematic of VWF, with N-terminal end as triangle, A2 as spring,
and C-terminal end as circle. Elongation results in unfolding of some A2 domains, some of which are
cleaved (arrows). The resulting fragments are shown.
analysis illustrates the principles that dictate the
maximum length of circulating VWF multimers in
vivo and suggests that the force on VWF free in the
circulation is sufficient to induce unfolding of the
A2 domain and cleavage by ADAMTS13.
Another concept from polymer dynamics (25)
important for VWF is elongational flow (Fig. 5,
A and B). Close to a site of hemorrhage, flow will
transition from shear flow, which has both rotational and elongational components (Fig. 5A,
left), to elongational flow (Fig. 5A, right). Although the actual flow pattern would be complex,
the overall picture is that tumbling and alternating
cycles of compression will tend to cease, and VWF
will only experience elongation. Alignment of
VWF with the principal direction of elongational
strain could increase peak tensile force to about
10 times that experienced in shear flow [see force
on VWF in elongational flow (13)].
We have definitively established that unfolding is required for cleavage of the A2 domain by
ADAMTS13. In a portion of unfolding events,
we observed an intriguing transient intermediate
state. In VWF A2, the N-terminal b1 strand is
central in the fold, whereas the C-terminal a6
helix is peripheral. Therefore, unfolding induced
by elongational force will begin at the C terminus
(15). Unfolding of 40% of the contour length in
the intermediate state would thus correspond to the
unfolding of about 70 C-terminal residues, up to

and including the b4 strand, which contains the
scissile Tyr1605-Met1606 peptide bond. Studies
with peptide fragments show that C-terminal, but
not N-terminal, segments distal from the cleavage
site are recognized by ADAMTS13 (29). Thus, it
is possible that ADAMTS13 could recognize and
cleave the intermediate unfolded state.
Our single-molecule kcat for the ADAMTS13
enzyme of 0.14 s–1 is in the range of 0.14 to 1.3 s–1,
determined in bulk phase with unfolded peptide
substrates corresponding to the C-terminal 70 residues of A2 (11, 30). However, our KM of 0.16 mM
is lower than previous estimates of 1.7 and 1.6 mM
(11, 30). The lower KM value determined here
may reflect a more physiologic state of the substrate. Notably, different domains within ADAMTS13
recognize different portions of the unfolded peptide substrate that are far apart in sequence (29, 30).
Whereas peptide substrates have essentially random configurations, tension applied to the unfolded A2 domain partially orders it in one dimension,
and this more linear configuration may improve
recognition by the different domains within
ADAMTS13.
VWF will only be exposed to peak shear intermittently during each tumbling cycle and only
to high shear during transit through arterioles and
capillaries. The lifetime of about 2 s of the unfolded state in the absence of force is longer than
the time period of peak force exposure (9, 13)
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and provides a window of opportunity for cleavage by ADAMTS13. Refolding to the correct lowenergy state of the A2 domain after tension is
released is another property important for function
in vivo. Aberrant refolding could permit cleavage
by ADAMTS13, as is observed with some A2domain preparations from E. coli (31).
Our single-molecule enzyme assays suggest that
the rate of VWF cleavage is limited by ADAMTS13
concentration in vivo, which, at 6 nM (32), is
substantially below the KM of 160 nM and yields
a time scale for cleavage in vivo of ~200 s. Although the numbers may be altered for cleavage
of unfolded A2 within intact VWF, these rough
estimates are relevant to understanding events in
vivo. Thus, over the short time periods of <1 s
important in hemostasis, binding of VWF through
the A1 domain to GPIb on platelets and through
the A3 domain to collagen on the subendothelium
should win out over cleavage of the A2 domain by
ADAMTS13.
A further wrinkle is added by a cis-proline
recently discovered in the A2 structure (15) consistent with a small number of A2 tethers that
suddenly stopped refolding and, after a long delay,
resumed refolding (13). VWF, bound to platelets
at sites of hemorrhage, would be exposed to forces
sufficient to accelerate cis-to-trans peptide isomerization (33) in unfolded A2. A trans-proline
would be a long-lasting (100- to 1000-s) impediment to refolding that would enhance cleavage by
ADAMTS13 during wound repair.
The A2 domain’s unique lack of protection
by disulfide bonds within VWF (Fig. 1A) and
low resistance to unfolding suggest that A2 has
evolved to be the shear bolt domain of VWF. A
shear bolt breaks above a designed force threshold, so as to protect other parts of a machine from
accidental damage. Similarly, the A2 domain
unfolds when present in VWF multimers that
experience high-tensile force and is cleaved by
ADAMTS13, which results in down-regulation
of hemostatic activity.
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Halofuginone Inhibits TH17
Cell Differentiation by Activating
the Amino Acid Starvation Response
Mark S. Sundrud,1 Sergei B. Koralov,1 Markus Feuerer,2 Dinis Pedro Calado,1
Aimee ElHed Kozhaya,3 Ava Rhule-Smith,4 Rachel E. Lefebvre,1 Derya Unutmaz,3
Ralph Mazitschek,5,6,7 Hanspeter Waldner,4 Malcolm Whitman,8* Tracy Keller,8* Anjana Rao1*
A central challenge for improving autoimmune therapy is preventing inflammatory pathology
without inducing generalized immunosuppression. T helper 17 (TH17) 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 TH17 differentiation by activating a cytoprotective signaling pathway, the amino acid
starvation response (AAR). Inhibition of TH17 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 TH17-associated experimental autoimmune
encephalomyelitis. These results indicate that the AAR pathway is a potent and selective regulator
of inflammatory T cell differentiation in vivo.
aïve CD4+ T cells differentiate into diverse effector and regulatory subsets to
coordinate immunity to pathogens while
establishing peripheral tolerance. Besides TH1 and
TH2 effector subsets, which produce interferon-g
(IFN-g) and interleukin-4 (IL-4), respectively, naïve
T cells can differentiate into proinflammatory T
helper 17 (TH17) cells or tissue-protective induced
T regulatory (iTreg) cells (1, 2). TH17 cells are key
regulators of autoimmune inflammation; charac-
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teristically produce IL-17 (IL-17A), IL-17F, and
IL-22; and differentiate in the presence of inflammatory cytokines, such as IL-6 or IL-21, together
with transforming growth factor–b (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 TH1, TH2, iTreg, or TH17 differentiation
and treated these cells with HF or an inactive
derivative, MAZ1310 (fig. S1, A and B) (6). HF
selectively inhibited the development of TH17
cells with a median inhibitory concentration (IC50)
of 3.6 T 0.4 nM (Fig. 1A and fig. S2A). Low
concentrations of HF that impaired TH17 differentiation did not influence TH1, TH2, or iTreg
differentiation (Fig. 1A and fig. S2A) and had no
impact on T cell receptor (TCR)–induced cytokine secretion by naïve T cells (fig. S2B). HF also
repressed IL-17 expression by human T cells without influencing IFN-g production (Fig. 1B). Consistent with a previous report (7), 10-fold higher
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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 TH17 differentiation, irrespective of the number of cell
divisions completed (Fig. 1D), and reduced TH17
differentiation when IFN-g and IL-4, cytokines that
inhibit TH17 differentiation (8), were neutralized
by antibodies (fig. S4A).
HF inhibited Il17a and Il17f 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 RORgt and RORa, two
orphan nuclear receptors induced by TH17 polarizing cytokines that mediate lineage commitment
(9, 10) (fig. S4C). Ectopic expression of RORgt
in T cells did not override the inhibitory effects of
HF on TH17 differentiation (fig. S4D), confirming that RORgt is not sufficient to drive the
effector function of TH17 cells (11).
HF did not directly inhibit signaling induced
by TGF-b or IL-6, the two principal cytokines
that instruct TH17 differentiation. Although high
concentrations (>50 nM) of HF were reported to
impair TGF-b signaling in fibroblasts (4), low
doses of HF that repress TH17 differentiation
inhibited neither TGF-b–induced R-Smad2 phosphorylation (fig. S5A) nor a variety of other lymphocyte responses to TGF-b (fig. S5, B to D) (12).
In contrast, the type 1 TGF-b receptor kinase inhibitor SB-431542 (fig. S1C) abrogated all responses to TGF-b (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 TH17 cells
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