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Despite continuing advances in the development of novel cellular-, antibody-, and
chemotherapeutic-based strategies to enhance immune reactivity, the presence of regu-
latory T cells (Treg cells) remains a complicating factor for their clinical efficacy. To
overcome dosing limitations and off-target effects from antibody-based Treg cell dele-
tional strategies or small molecule drugging, we investigated the ability of hydrocarbon
stapled alpha-helical (SAH) peptides to target FOXP3, the master transcription factor
regulator of Treg cell development, maintenance, and suppressive function. Using the
crystal structure of the FOXP3 homodimer as a guide, we developed SAHs in the like-
ness of a portion of the native FOXP3 antiparallel coiled-coil homodimerization
domain (SAH-FOXP3) to block this key FOXP3 protein-protein interaction (PPI)
through molecular mimicry. We describe the design, synthesis, and biochemical evalua-
tion of single- and double-stapled SAHs covering the entire coiled-coil expanse. We
show that lead SAH-FOXP3s bind FOXP3, are cell permeable and nontoxic to T cells,
induce dose-dependent transcript and protein level alterations of FOXP3 target genes,
impede Treg cell function, and lead to Treg cell gene expression changes in vivo consis-
tent with FOXP3 dysfunction. These results demonstrate a proof of concept for ratio-
nally designed FOXP3-directed peptide therapeutics that could be used as approaches
to amplify endogenous immune responsiveness.

stapled peptide j FOXP3 j coiled-coil domain j inhibitor

Regulatory T cells (Treg cells) have been a therapeutic target of interest for decades
based on early work showing that their depletion amplifies antitumor immune reactiv-
ity (1, 2). Poor clinical outcomes are predicted by increased peripheral and intratu-
moral Treg cells in a number of settings, including in patients who receive adoptive
cellular therapies and immune checkpoint blockade (3–6). Although discovering effec-
tive approaches to modulate Treg cells remains a high priority, clinically meaningful
progress has been hampered by small molecule or deletional anti-Treg cell-focused ther-
apies lacking sufficient cellular specificity to avoid inadvertent targeting of other T cell
populations (7–11). Despite clinical success in reactivating antitumor immune
responses, current immune checkpoint blockades targeting PD-1, PD-L1, and CTLA-4
are not exempt from off-target effects and toxicities. In some cases, up to 60% of
patients treated with checkpoint inhibitors incur severe immune-related toxicities, gen-
erally considered to result from reactivation of dormant or suppressed immune
responses (12). Thus, identification and modulation of intracellular molecular targets
unique to a more specific cellular immune population like Treg cells, and associated
with their immunosuppressive function, should theoretically find increased success.
Efforts to identify the mechanisms responsible for Treg cell-specific immunologic

function led to the discovery of disease-defining mutations in X chromosome-encoded
transcription factor, FOXP3, in patients with IPEX (immunodysregulation, polyendoc-
rinopathy, enteropathy, X-linked syndrome) and scurfy mice (13, 14). FOXP3 homodi-
merization, DNA binding, and its interaction with other cotranscriptional regulators
are essential for Treg cell function (15). Several features of FOXP3 make it a poten-
tially favorable drug target: (1) FOXP3 is expressed in Treg cells with little to no
expression in other cells (16); (2) reduction and not absence of FOXP3 leads to dose-
dependent non-Treg cell immune reactivation in mice and humans, suggesting that a
fraction of FOXP3 in a cell needs to be inhibited to alter Treg cell function (17–19);
(3) naturally occurring mutations within the coding region of FOXP3 in IPEX patients
are primarily located in the two distinct protein-protein interaction (PPI) interfaces,
highlighting critical structure/function relationships (20, 21); (4) FOXP3 sequence,
structure, and overall function are highly conserved in humans and mice, reflecting
shared mechanisms of action allowing for meaningful preclinical testing (13, 22–24);
(5) known FOXP3 crystal structures allow for correlation between structure and drug
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design (25, 26); and (6) recent evidence has confirmed that the
loss of FOXP3 expression in postthymic Treg cells leads to
reprogramming of Treg cells into a T effector cell-like pheno-
type (27). Lastly, although Treg cell loss of any kind could lead
to unwanted immune activation, Treg cell depletion alone in
patients and adult mice does not result in autoimmunity, sup-
porting that transient Treg cell inhibition remains a clinically
viable therapeutic strategy (1, 8, 9). Given these points, we set
out to develop a hydrocarbon stapled alpha-helical (SAH) pep-
tide that would impair Treg cell activity via disruption of a key
PPI domain of FOXP3 through molecular mimicry.
Transcription factor targets have traditionally been difficult

to drug. Their successful pharmacological inhibition is usually
achieved through targeting of upstream kinases or nuclear
receptors, or through indirect or direct modulation of their
expression, all of which lack specificity (28, 29). Additionally,
while transcription factor modulation can also occur by altering
the direct interaction with cognate DNA, this has been histori-
cally difficult to accomplish due to the highly positively charged
DNA binding interfaces (30). Another option to target tran-
scription factors is through blocking their ability to interact
with specific partner proteins. Despite some successes, small
molecules with drug-like properties are best at targeting PPIs
with well-defined “hot spot” regions or concentrated binding
foci. They often fail to target those, like transcription factor
PPIs, mediated by large interfaces where binding is the summa-
tion of geographically distinct, relatively flat, or low affinity
interactions and not by pocketed areas or grooves suitable for
high affinity small molecule binding (31). In contrast, peptides
synthesized in the likeness of their native sequence are natural
choices to target such PPIs due to the fidelity of structural con-
tact points between binding partners. However, as is often the
case with alpha-helical peptides, they typically have poor sec-
ondary structure in solution and are rapidly proteolytically
degraded (32). In part to overcome these hurdles, hydrocarbon-
“stapled” peptides have shown great promise for disrupting
alpha-helical PPIs through stabilization of a protein fragment’s
natural secondary structure and imparting it with drug-like
properties, including enhanced target specificity, affinity, prote-
ase resistance, and cellular uptake (33–35). Importantly, this
approach has shown promise targeting other transcription fac-
tors, including NOTCH and p53 (36–38).
In light of these data, we reasoned that targeting an

“undruggable” coiled-coil alpha-helical homodimerization domain
(DD) of FOXP3 using hydrocarbon stapled peptides would
enable pharmacologic disruption of FOXP3 activity in Treg cells.
Here, we report the design, synthesis, and biochemical evaluation
of single- and double-stapled SAHs of the FOXP3DD domain.
Optimized SAHs bind FOXP3, inhibit FOXP3 binding to
DNA, are cell permeable and nontoxic, inhibit Treg cell suppres-
sion ex vivo, and alter Treg cell expression in vivo.

Results

Design and Synthesis of SAH Peptides Targeting FOXP3. The
leucine zipper coiled-coil (LZCC) of FOXP3 is necessary and
sufficient for FOXP3 homodimerization and heterodimeriza-
tion with FOXP1 and is critical for FOXP3’s ability to regulate
transcription (39, 40). FOXP3 homodimerization is mediated
by a two-stranded antiparallel alpha-helical coiled-coil interac-
tion within this domain. Each contiguous helix is made up of
the zinc finger and leucine zipper regions of FOXP3 (Fig. 1A).
Within this contiguous helix, only a portion of the leucine
zipper constitutes the LZCC. This antiparallel arrangement

produces a generally hydrophobic coiled-coil core with flanking
charged and polar residues necessary for dimer stabilization
while solvent exposed polar residues enhance solubility (26).
Sequence alignment of murine and human FOXP3 demon-
strates that this helix is highly conserved between species
(∼90%), with only five unique residues spanning the entirety
of the contiguous zinc finger and leucine zipper regions (23).
Most importantly, key core binding residues, Q235, E249, and
K252, are 100% conserved between human and murine
sequences, suggesting the ability to target both murine and
human FOXP3 by drugging this region (26). Using the crystal
structure of murine FOXP3 zinc finger and leucine zipper
regions, additional examination of this portion of the FOXP3
sequence finds, like other coiled-coil interactions, a buried
motif with amino acids (a.a.s) of a and d resonance (Fig. 1A).
These a.a.s are involved in binding to an identical antiparallel
helix, aligned on the hydrophobic interface of each respective
helix (SI Appendix, Fig. S1). Within this helix, the terminal end
residues that define the homodimer interaction are R229 and
Q244 on one helix with Q244 and H259 on the corresponding
antiparallel helix of another FOXP3 monomer. The interface
accessible surface area of the FOXP3 coiled-coil is 966 Å2

(16% of total), compared with the average of 1,492 Å2 in other
similar protein dimers, thereby classifying it as a rather flexible
and dynamic interaction (26, 41).

To determine the feasibility of blocking FOXP3 homodimeriza-
tion through peptide-based molecular mimicry, a library of acetyl-
capped SAHs incorporating residues within the core coiled-coil
domain and N-terminal flanking region corresponding to hFOXP3
(214–262) were synthesized with identical staples but with varying
peptide length, charge, and staple positioning (Fig. 1B). Three dif-
ferently positioned i, i + 7 hydrocarbon staples (B, C, and D)
were inserted in such a way that they would extend along the pep-
tide’s exposed face in an effort to avoid disruption of critical
coiled-coil a.a. contact points (Fig. 1B and SI Appendix, Figs.
S1–S3). These peptides additionally have a range of isoelectric
points reflecting potential differences in solubility in various set-
tings (e.g., in vitro versus in vivo) despite overlapping a.a. usage.
Hydrocarbon staples spanning seven residues (i, i + 7) were chosen
over shorter staples (e.g., i, i + 4), as longer staples have been gen-
erally shown to better stabilize alpha-helicity along long peptide
fragments and can allow for increased protection against proteolysis
(42). Variation of peptide length and staple positions greatly
affected overall alpha-helicity as measured by circular dichroism
spectroscopy (Fig. 1B). Importantly, circular dichroism was per-
formed without the addition of organic solvent (e.g., acetonitrile),
as this has been shown to enhance the estimated alpha-helical con-
tent of amphipathic helical peptides (43). Calculated alpha-helicity
among these SAHs generally ranged from 10 to 40% in solution
and showed only variably improved alpha-helicity compared with
their sequence-matched native unstapled peptide controls (SI
Appendix, Fig. S4). One notable exception was SAH(229–259)C,
which was 67% alpha-helical, ∼2× greater than its native,
unstapled counterpart (SI Appendix, Fig. S4). We hypothesized
that greater helical stabilization would be advantageous and lead to
increased mimicry of the natural FOXP3:FOXP3 PPI in addition
to potential improvements in cellular permeability. To evaluate
these assumptions, SAHs were next screened to measure how a.a.
sequence, peptide length, and staple position affected their ability
to bind FOXP3 and enter target cells.

Helicity, Peptide Length, and Staple Position Contribute to
Optimized SAH-FOXP3 Target Binding. Fluorescence polariza-
tion analysis (FPA) was first used to assess binding affinities to
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two forms of truncated recombinant FOXP3, LZCC FOXP3
(T182-M337), and ΔN FOXP3 (T182-P431). Here, molecular
binding events were measured in solution, allowing for deter-
mination of equilibrium constants reflective of specific
receptor-target binding of protein and stapled peptide. While
none of the native unstapled peptide controls bound LZCC
FOXP3 or ΔN FOXP3, all SAHs bound LZCC FOXP3 and
ΔN FOXP3 with affinities ranging from 84 nM to 226 nM
(Fig. 2A). Furthermore, relative affinities were conserved for
most SAHs between binding of LZCC FOXP3 and ΔN
FOXP3, indicating that the measured binding activity was not
restricted to the least complex target binding versions of
FOXP3. SAHs and their corresponding native peptide controls
were next tested for their ability to disrupt FOXP3 binding to
cognate DNA using electrophoretic mobility shift assays
(EMSAs). Here, a dose titration of individual SAHs was mixed
with recombinant ΔN FOXP3 and a well-defined consensus
FOXP3-binding oligonucleotide A’GT25 probe (25, 44). Dis-
sociation or prevention of FOXP3 binding to DNA by
SAH(229–259)C resulted in a greater dose-responsive inhibi-
tion of FOXP3:DNA binding compared with other SAHs
(Fig. 2B and SI Appendix, Fig. S5). The overall charges of
all SAHs ranged from �1 to +2. One possible pitfall of
using stapled peptides in EMSAs is the possibility of measuring
false positive DNA:target protein dissociation secondary to

nonspecific binding of stapled peptides to free probe (45). This
was not the case at the doses of SAH used in this assay, as there
were no differences in free probe availability despite charge dif-
ferences between SAHs (Fig. 2B). This is particularly interest-
ing given that SAH(227–259)C has an overall charge of +2 and
resulted in no apparent FOXP3:DNA dissociation. Thus, pep-
tide sequence and staple position rather than overall charge
appeared to drive the disruption of FOXP3:DNA binding,
with potency appearing to coincide with increased alpha-helical
content (SI Appendix, Fig. S4).

Prior to investigating further SAH optimization, all SAHs
were next tested to ensure that, despite their amphipathic and
helical nature, they could be incubated with cells and not cause
nonspecific plasma membrane disruption or induce apoptosis.
Indeed, we measured no cytoplasmic lactate dehydrogenase
(LDH) release above background for any SAH tested at a broad
range of doses (0–10 μM) in treated murine CD4+ T cells; nor
did we detect increased apoptosis or loss of membrane integrity
compared with vehicle-treated cells, as measured by annexin
V/propidium iodide staining and flow cytometry (Fig. 2C and
SI Appendix, Fig. S6). Cumulatively, these results indicate that
a combination of sequence, staple position, and peptide length
determine optimal alpha-helicity, that staple position is critical
for on-target binding to FOXP3, and that SAHs are not overtly
toxic to T cells.

Fig. 1. Design and synthesis of stapled alpha-
helical peptides targeting FOXP3. (A) Human
FOXP3 sequence. Residues F214–K263 repre-
sent the entirety of a helix constituting the zinc
finger (F214–L224; shown in green) and leucine
zipper (D225–K263; shown in blue) regions.
Within the leucine zipper, the coiled-coil
(R229–H259; shown in orange) represents an
area that is highly conserved between human
and murine FOXP3. Underlined residues indi-
cate a and d core residues, which bind each
other on an identical antiparallel helix and are
key contact points for homodimerization. The
homodimerized FOXP3 helix is labeled accord-
ing to the color codes in the sequence above.
(B) Design strategy for SAHs targeting FOXP3.
SAHs differing in sequence, length, staple posi-
tion, overall charge, pI, and alpha-helicity are
represented. Each three-dimensional structure
shown is based on the crystal structure
(PDB: 4I1L (26)); the upper helix represents
each SAH (shown in tan) and hydrocarbon
staple (insertion sites shown in red).
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Double Stapling of Peptides Modeled after SAH(229-259)C. We
selected SAH(229–259)C for further development based in part
on its solubility profile in tissue culture media, overall charge,
increased alpha-helicity compared with its unstapled analog,
nanomolar binding to recombinant FOXP3 isoforms, and its
ability to dose-dependently block the interaction between
dimerized FOXP3 and cognate DNA. Additionally, unlike
most of the other SAHs tested, SAH(229–259)C covers more
core a and d resonant a.a.s and nearly the entire LZCC region
of FOXP3, without encroaching on the zinc finger region.
We next wondered whether insertion of additional staples
N-terminally to the “C” position would increase binding to

FOXP3 via induction of increased alpha-helicity or whether
increased rigidity would decrease its interaction with immobi-
lized FOXP3 (33). We therefore synthesized additional SAHs
in the likeness of SAH(229–259)C, namely SAH(229–259)AC
and SAH(229–259)BC with second staple positions in the “A”
(a.a. 233 and 240) and “B” (a.a. 234 and 241) positions (SI
Appendix, Fig. S7). We also designed a negative control point
mutant that incorporated the single C staple position,
SAH(229–259)C(K252D), based on a known IPEX mutation
and critical contact point for FOXP3 homodimerization and
function (26) (Fig. 3). Similar to our previous design strategy,
staples were placed either opposite or adjacent to, but not

Fig. 2. Helicity, peptide length, and staple position contribute to optimized SAH-FOXP3 target binding. (A) Fluorescence polarization analysis (FPA) binding
curves of SAHs targeting FOXP3 (maroon) and their corresponding native unstapled peptide (black) bound to either LZCC FOXP3 or ΔN FOXP3. SAHs bind
truncated FOXP3 with high affinity (KD values in the nanomolar range); native unstapled peptides are unable to bind truncated FOXP3 constructs. (B) Electro-
phoretic mobility shift assays (EMSAs) demonstrate that SAHs with staple position “C” are best able to disrupt FOXP3 binding to cognate DNA. Native
unstapled peptides minimally bind even at high concentrations. (C) The absence of nonspecific murine CD4+ cell lysis upon SAH treatment, as assessed by
LDH release at 4 h and normalized to vehicle.
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within, the interaction interface (SI Appendix, Fig. S8A). We
observed that SAH(229–259)BC had slightly improved alpha-
helicity (74%) relative to the parent SAH(229–259)C (67%) as
measured by circular dichroism (SI Appendix, Fig. S8B). Sup-
porting our previous data, all SAH(229–259)C variants had sig-
nificantly improved alpha-helicity relative to previously tested
single-stapled SAHs, ranging from 60 to 80% compared with
10 to 37%, respectively, and continued to exhibit greatly
improved alpha-helicity compared with their native, unstapled
peptide controls. While the double-stapled SAHs had an identi-
cal overall charge compared with SAH(229–259)C, they had
slightly different pIs based on the specific a.a.s replaced by
the staples.

Biochemical Characterization of SAH(229–259)C Constructs.
SAH(229–259)C, SAH(229–259)AC, and SAH(229–259)BC
bound to LZCC FOXP3 and ΔN FOXP3 with affinities ranging
from 98 nM to 204 nM, as measured by FPA (Fig. 4A).
Unstapled FOXP3(229–259)Native and the point mutant control
SAH(229–259)C(K252D) showed no binding to either FOXP3 iso-
form, reinforcing the importance of inherent helicity and sequence
specificity for the SAH:FOXP3 interaction. Here, the addition of
two hydrocarbon staples maintained similar high affinity,
on-target binding to FOXP3 in solution. Furthermore,
SAH(229–259)C and SAH(229–259)AC dose-dependently inhib-
ited FOXP3 binding to a cognate oligonucleotide, while
SAH(229–259)BC resulted in a blockade of the FOXP3:DNA
interaction without a clear dose response. The point mutant and
native peptide controls showed no effect (Fig. 4B and
SI Appendix, Fig. S9). Again, none of the SAH(229–259)C

derivatives, irrespective of overall charge, showed any nonspecific
binding to the DNA probe. The natural FOXP3:FOXP3 leucine
zipper interaction is thought to be rather transient and flexible.
This is supported by data showing that recombinant leucine zip-
pers of FOXP3 must be chemically crosslinked in vitro to observe
durable homodimerization (26). Therefore, surface plasmon reso-
nance (SPR) was next performed to orthogonally determine
whether the binding of SAHs could be measured using a solid
support approach and to determine whether double hydrocarbon
stapling limited stepwise, dose-dependent binding to FOXP3 (Fig.
4C). We sought to determine whether binding changes across
truncated and full-length immobilized forms of FOXP3 would
identify candidate SAHs capable of drugging this dynamic PPI in
a more biologically relevant cellular system. Single-stapled
SAH(229–259)C dose-dependently bound to all forms of FOXP3
with the largest dynamic range, reflecting its more stable binding
to FOXP3 compared with the double-stapled SAHs. The shape of
the response curves to each FOXP3 construct indicated two-step,
target-specific binding with fast on/off rates as measured by rapid
decays in dissociations (Fig. 4C). Here, double-stapling did not
improve the stability of SAH binding to FOXP3. While
SAH(229–259)AC bound all forms of FOXP3, the magnitude of
the interaction was approximately half that of SAH(229–259)C.
The shape of the SAH(229–259)AC binding curves also indicated
slower FOXP3 association at identical doses compared with
SAH(229–259)C, likely reflective of its more rigid nature, as has
been found in other stapled coiled-coil interactions (46). Despite
promising results in EMSA testing, SAH(229–259)BC had no
measurable binding to immobilized FOXP3, similar to unstapled
FOXP3(229–259)Native. SAH(229–259)C(K252D) dose-dependently

Fig. 3. Double stapling of peptides modeled
after SAH(229–259)C. (A) Human FOXP3
sequence. Residues F214–K263 represent the
entirety of a helix constituting the zinc finger
(F214–L224; shown in green) and leucine zipper
(D225–K263; shown in blue) regions. Within the
leucine zipper, the coiled-coil (R229–H259;
shown in orange) represents an area that is
highly conserved between human and murine
FOXP3. Underlined residues indicate a and d
core residues, which bind each other on an
identical antiparallel helix and are key contact
points for homodimerization. The homodimer-
ized FOXP3 helix is labeled according to
the color codes in the sequence above. (B)
Design strategy for SAHs modeled after
SAH(229–259)C. SAHs share sequence and
length, differing in position and number of sta-
ples. These changes influence overall charge,
pI, and alpha-helicity. Each three-dimensional
structure shown is based on the crystal struc-
ture [PDB: 4I1L (26)]; the upper helix represents
each SAH (shown in tan) and hydrocarbon sta-
ple (insertion sites shown in red).
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bound full-length FOXP3 but had a much lower dose–response
compared with that of SAH(229–259)C (Fig. 4C). Thus,
SAH(229–259)C appeared to strike an optimal balance of helic-
ity and target binding in vitro and fulfilled a dual requirement
for flexibility and specificity for binding as has been measured
for other coiled-coil interactions (47–49).

Lead SAH(229–259)C Constructs Are Cell Permeable and Nontoxic
to T Cells. The ability of appropriately designed SAHs to penetrate
cells is well established (35, 50, 51). Staple placement, alpha-
helicity, and charge have been shown to confer differences
between stapled peptides in their ability to interact with plasma
membranes, directly penetrate cells, and traffic via microvesicles or

Fig. 4. Biochemical characterization of SAH(229–259)C constructs. (A) FPA binding curves of SAHs (maroon), their point mutant control (blue), and native
unstapled peptide (black) bound to either LZCC FOXP3 or ΔN FOXP3. SAHs bind to protein (KD) in the nanomolar range. Point mutant control and native
unstapled peptides do not bind either FOXP3 construct. (B) Reduction in ΔN FOXP3 binding to consensus DNA was observed following treatment with
SAH(229–259)C derivatives, but not native peptide or point mutant control, as measured by EMSAs. (C) Surface plasmon resonance (SPR) of SAHs shows
differences in binding kinetics between single- and double-stapled peptides against LZCC FOXP3, ΔN FOXP3, and full-length FOXP3.
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endosomes (45, 52, 53). The dominant mechanism of SAH cellu-
lar uptake is thought to involve energy-dependent pinocytosis
(51). Confocal microscopy found that all SAH(229–259)C com-
pounds localized to the cytosol and nuclei of human in vitro
induced Treg cells (iTreg cells) (Fig. 5A). Interestingly, staple posi-
tion appeared to, at least in part, influence the intracellular
patterning of individual SAHs. Treatment of cells with
SAH(229–259)C, SAH(229–259)AC, and SAH(229–259)C(K252D)

resulted in diffuse cellular staining, while SAH(229–259)BC
resulted in more punctate patterning, perhaps reflecting aggrega-
tion or vesicular entrapment compared with SAH(229–259)C,
SAH(229–259)AC, and SAH(229–259)C(K252D). In contrast,
unstapled FOXP3(229–259)Native peptide showed no ability to
penetrate or be retained in treated cells. FOXP3 is known to traf-
fic from the cytosol and into the nucleus through binding addi-
tional cofactors, making these patterns biologically relevant (54).
Importantly, human iTreg cells were morphologically unaltered
following SAH treatment and maintained their round shape and
high nuclear-to-cytoplasmic ratio. Treatment of murine thymo-
cytes with these SAHs at a wide dose titration resulted in no
LDH release or apoptotic cell death above background control-
treated cells (Fig. 5 B and C).

Single-Stapled SAH(229–259)C Induces Greater Gene and Protein
Expression Alterations in Treg Cells Compared with Double-
Stapled SAHs.We next sought to determine whether single- and
double-stapled SAH(229–259)C constructs could perturb nor-
mal FOXP3-regulated genetic changes in Treg cells through
analysis of key FOXP3 transcriptional targets. Consistent with
FOXP3 inhibition, SAH(229–259)C resulted in a dose-
dependent decrease in Il2rα and increase in Foxp3 mRNA

expression in Treg cells, but not in conventional CD4+ T cells
(Tcon cells) (Fig. 6 A and B). Treatment with double-stapled
SAH(229–259)AC and SAH(229–259)BC did not produce statis-
tically significant changes in Il2rα and Foxp3 expression, consis-
tent with their differences in binding to FOXP3 and despite their
ability to block FOXP3:FOXP:DNA association extracellularly
compared with SAH(229–259)C, again highlighting the impor-
tance for multimodal and orthogonal testing of developmental
therapeutics (Fig. 4B). We anticipate that these differences
are due in part to disparate binding kinetic and association
behaviors when comparing the different SAHs. For example,
SAH(229–259)BC appears to block FOXP3 binding to DNA
effectively in EMSAs, but these results are not completely dose-
dependent, suggesting a nonspecific interaction may complicate
these results. This is supported by the lack of measurable bind-
ing in SPR and modest gene expression changes in treated Treg
cells compared with SAH(229–259)C. Further, our data suggest
that, despite improved binding against recombinant protein in
EMSAs, the increased rigidity may not recapitulate the native
PPI, making them ultimately poorer at regulating more finely
tuned PPI-based regulation of target gene expression. As pre-
dicted, no changes were observed in cells treated with the
single-stapled SAH(229–259)C(K252D) point mutant control,
confirming on-target binding of SAH(229–259)C. These results
support superior intracellular on-target efficacy of single-stapled
SAH(229–259)C compared with its double-stapled counterparts.
We next wanted to determine whether these genetic changes
would extend to protein-level alterations in ex vivo expanded Treg
cells. Reflecting our observed transcriptional changes, dose-
dependent decreases in IL-2Rα and increases in FOXP3 protein
expression were measured in SAH(229–259)C-treated Treg cells

Fig. 5. Lead SAH(229–259)C constructs are
cell permeable and nontoxic to T cells. (A) Cel-
lular uptake by human iTreg cells incubated
with FITC-labeled SAHs. Hoechst was used as
a nuclear dye. SAH uptake exhibits distinct
patterns, ranging from diffuse to more punc-
tate fluorescence within the cell, including the
nuclei and cytoplasm. (B and C) Absence of
disruptive membrane lysis by (B) lack of non-
specific murine thymocyte membrane lysis as
measured by LDH release at 4 h and normal-
ized to vehicle and (C) apoptosis as measured
by annexin V (APC) and Propidium Iodide (PI)
staining and flow cytometry.
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and not in double-stapled or point mutant control peptides (Fig.
6C). Expanded Tcon cells showed no changes in IL-2Rα or
FOXP3 protein levels following treatment with any SAH at equiv-
alent doses (Fig. 6D). The changes in FOXP3 expression in
treated Treg cells is particularly intriguing, as FOXP3 is known to
bind its own promoter and participate in the regulation of its own
gene expression (27, 55).

SAH(229-259)C Results in Greater Dampening of Treg Cell–Mediated
Immune Suppression Compared with Double-Stapled SAHs. Given
that SAH(229–259)C resulted in greater Treg cell transcript
and protein expression compared with its double-stapled
iterations, we next assessed whether similar differences would
be reflected in their ability to induce dysfunctional Treg
cell–mediated suppression ex vivo. To measure this, we assessed
whether pretreatment of Treg cells with SAH(229–259)C con-
structs would inhibit proliferation of stimulated Tcon cells in
culture. Pretreatment of Treg cells with single- and double-
stapled SAH(229–259)C peptides dampened Treg cell-
mediated ability to control target proliferation over the course
of seven generations of proliferation (represented by individual
peaks in each graph) compared with vehicle-treated Treg cells

(Fig. 7). However, SAH(229–259)C exerted the greatest effect
by completely inhibiting Treg cell-mediated suppression of tar-
get proliferation when mixed at a 1:1 ratio. Stark contrasts exist
not only when comparing total proliferation relative to a
vehicle-treated control but also in comparing the pace of expan-
sion where SAH(229–259)C treatment resulted in the greatest
proportion of target cells in later generations. Here, Tcon cell
proliferation incubated with SAH-treated Treg cells equaled that of
Tcon cells incubated in the absence of Treg cells (90.7% and
89.8%, respectively), while Tcon cells incubated with untreated
Treg cells had far less proliferation (56.5%), reflecting normal Treg
cell-mediated suppression. While SAH(229–259)AC and
SAH(229–259)BC also inhibited Treg cell–mediated suppression
(74.1% and 79.1% proliferation, respectively), they were nearly
13–20% less effective than SAH(229–259)C. Importantly, Treg
cells pretreated with SAH(229–259)C(K252D) point mutant control
and unstapled peptide showed no ability to prevent Treg
cell–mediated suppression of Tcon cell proliferation (Fig. 7). In all
cases, the SAH-induced inhibition of Treg cells was most measur-
able when Treg cells were cocultured with Tcon cells at equal
ratios (1:1), though differences between SAH-treated and vehicle-
treated Treg cells at higher titrations of Treg cells:Tcon cells

Fig. 6. Single-stapled SAH(229–259)C induces
greater gene and protein expression alterations
in Treg cells compared with double-stapled
SAHs. (A and B) SAH(229–259)C dose depen-
dently altered expression of (A) Il2rα and (B)
Foxp3 in Treg cells (red), but not in Tcon cells
(black) isolated from C57BL/6FOXP3-IRES-GFP mice
measured by qRT-PCR. Double-stapled SAHs
trended toward similar expression patterns,
while point mutant and native peptide controls
did not alter transcript expression in Treg cells
or Tcon cells. (C and D) SAH(229–259)C treat-
ment dose dependently altered IL-2Rα and
FOXP3 protein in Treg cells (C), but not Tcon
cells (D) as measured by flow cytometry. Aster-
isks indicate P < 0.05 determined by an ordi-
nary one-way ANOVA with multiple compari-
sons. *P < 0.05, **P < 0.005, ***P < 0.001,
***P < 0.0001.
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indicated that there was measurable potency and durability to
SAH-induced Treg cell dysfunction. While SAH(229–259)AC and
SAH(229–259)BC resulted in less Treg cell transcriptional and pro-
tein expression changes compared with SAH(229–259)C in
shorter-term cultures (6 h), they were able, albeit to a lesser degree,
to still negatively impact Treg cell-mediated suppressive function
following longer-term incubation (72 h). This supported our previ-
ous data showing that double-stapled SAHs resulted in muted
trends in transcript expression compared with SAH(229–259)C.
Collectively, these data indicate that specific inhibition of FOXP3
is feasible using stapled peptides, resulting in reduced acute Treg
cell suppressive function in vitro.

SAH(229–259)C Alters Treg Cell mRNA Expression in vivo. Based
on correlation between target binding, genetic and protein altera-
tions, intracellular localization, and functional Treg cell inhibition,
we next tested the ability of SAH(229–259)C to alter Treg cell
and Tcon cell expression patterns in vivo. Mice were treated with
four daily intraperitoneal injections of SAH(229–259)C (Fig. 8A).
Twenty-four hours following the final dose, Treg cells and Tcon
cells were sorted and subjected to comprehensive transcriptional
profiling. Gene set enrichment analysis (GSEA) found that Treg
cells from SAH(229–259)C-treated animals had expression profiles
that mirrored murine Foxp3-deficient hybridomas (56) (Fig. 8B).
Further, GSEA also indicated that the transcriptional profiles of
Treg cells from SAH(229–259)C-treated animals were more simi-
lar to induced rather than natural Treg cells (57), Tcon cells rather
than Treg cells (58), and activated Tcon cells as opposed to acti-
vated Treg cells (57). Collectively, these data demonstrated that
SAH(229–259)C led to transcriptional changes in Treg cells that
made them inherently less like natural, thymic-derived Treg cells
and more like Tcon cells. Interestingly, Tcon cells isolated from
SAH(229–259)C-treated animals had enrichment of gene sets

corresponding to proinflammatory responses and T cell activation
(59) (Biocarta, Hallmark) (Fig. 8C). These expression patterns
support that treatment with stapled peptides targeting FOXP3 are
capable of inducing transcriptional reprogramming in Treg cells,
at least in the short term, which may, in turn, induce a bystander
T cell proinflammatory state as has been measured in patients
with Treg cell dysfunction.

Discussion

Despite great interest in the therapeutic targeting of Treg cells
as a modality to improve antitumor immunity, major barriers
have prevented effective clinical use of a number of compounds
targeting molecules associated with Treg cell function (60).
Challenges have included a combination of hurdles, such as a
lack of specificity for Treg cells, compensation by other inhibi-
tory molecules and inhibitory cytokines expressed by Treg cells,
and off-target cellular toxicity in non-Treg T cells (61). Fur-
thermore, many theoretical ideal targets include large PPIs that
current small molecule approaches have been extremely difficult
to target due to their more complex topographies and expansive
geographies (62, 63).

Previous work targeting a separate FOXP3 PPI, that between
FOXP3 and NFAT, demonstrated that nonstructured peptides
spanning a loop domain and the Wing1 region of the FKH
domain of FOXP3 (FOXP3 393–403) could partially inhibit
FOXP3:NFAT and decrease tumor burden in mice coin-
cidentally treated with chemotherapy or a tumor adjuvant
vaccine (64). While encouraging, this peptide was not cell per-
meable and required plasmid transfection for cellular introduc-
tion. In another study, the same group utilized phage display to
identify a random 15-mer peptide, P60, able to putatively
bind somewhere within the contiguous FOXP3 ZF-LZ helix
(a.a. 177–331) (65). While P60 showed some efficacy at doses
of 100 μM, greater than an order of magnitude above doses
used here, treated cells had indicators of apoptosis with observ-
ably higher cytoplasm:nucleus ratios and condensed chromatin.
Treatment of mice with murine colon carcinoma with a cyclized
version of the peptide emulsified in Freund adjuvant showed effi-
cacy in a fraction of mice (66). We believe that the SAHs
described in this study provide several promising advancements
beyond this previous work, including inhibition of a new PPI,
identification of specific binding location, improvement on
required ex vivo dosage, and conclusive evidence of impacted
FOXP3-mediated transcription.

In the present study, hydrocarbon stapling created stabilized
alpha-helical peptide mimetics targeting the FOXP3 homodimer.
Interestingly, while double-stapled SAHs may confer biophysical
advantages in other systems, including reduced proteolytic degra-
dation and helical stability compared with single-stapled peptides,
our data suggest that increased rigidity may be detrimental
depending upon the native PPI. In the case of FOXP3:FOXP3,
the coiled-coil appears to be best recapitulated through mimicry
with a more flexible SAH, as measured in other coiled-coil inter-
actions. Whether such SAHs would result in ideal in vivo bio-
availability is currently an area of active study.

One important area for future study also includes better
understanding of details surrounding cellular localization of
SAHs following uptake. We intend to confirm whether or not
SAHs are getting trapped to some degree in cytoplasmic organ-
elles, such as endosomes or lysosomes, and thus limiting their
action. FOXP3 requires binding of various cofactors in order to
traffic into the nucleus (54). It is important to understand
whether SAHs are preferentially binding FOXP3 in the

Fig. 7. SAH(229–259)C results in greater dampening of Treg cell–mediated
immune suppression compared with double-stapled SAHs. Ex vivo suppres-
sion assays demonstrate dampened suppressive capacity of Treg cells
treated with SAHs (maroon) compared with vehicle (black) in inhibiting tar-
get cell proliferation at a series of cell titrations. SAH(229–259)K252D had no
effect on Treg cell suppressive function. Respective Tcon cell target prolifer-
ation is listed in the Top Corner of each plot. Stimulated and unstimulated
target cell controls with numbered generations of cells are shown in the
Bottom Right histogram.
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cytoplasm or nucleus and whether this has distinct effects on
the ability of FOXP3 to bind nuclear factors or traffic to the
nucleus. The findings of this current study also warrant further
biochemical and cellular studies in order to elucidate how these
SAHs may perturb other signaling pathways and identify their
downstream mechanism(s) of action. For example, while not
expressing FOXP3 to sufficient levels that induce a suppressive
phenotype, both CD4+ Tcon cells and CD8+ cytotoxic T cells
express low levels of FOXP3 that are transiently upregulated
upon activation. Thus, it is conceivable that signaling pathways
could also be dysregulated in these cells in some cases. Addi-
tionally, FOXP3 does not exist solely as a homodimer; thus, it
is also reasonable to focus efforts on resultant transcriptional
changes due to reduced or inhibited FOXP3, both as a homo-
dimer or in interactions with other binding partners. One such
PPI that could prove interesting is the heterodimer FOXP1:
FOXP3, which binds in a similar location (FOXP3 LZDD)
and could also be impacted by our SAHs.
Furthermore, the studies reported here involved normal mice.

Additional studies exploring antitumor efficacy in preclinical
tumor-bearing models would provide further justification for the
continued study and exploration of SAHs targeting FOXP3,
where reprogramming of Treg cells within the tumor may lead to
a more proinflammatory environment. As has been discovered
across a wide variety of targets and cancer types, Treg cell targeted
therapy alone may not be effective against all tumors, particularly
those with low neoantigen loads. This has been identified in
murine models, where tumors derived from certain cell lines do
not regress following Treg cell depletion (1). A critical next step
will be identifying biomarkers of tumors in which Treg cells play
an essential role in dampening antitumor immunity in order to
better increase the chance of a successful Treg cell targeting
therapy. As with many other therapeutic strategies, rational combi-
nation regimens are likely to be another reasonable approach, per-
haps as in this case, the combination of FOXP3 SAHs with
immune checkpoint blockade, or tumor-cell vaccination strategies.
SAHs targeting FOXP3:FOXP3 represent active preclinical

probes of FOXP3 signaling pathways that have been demon-
strated to reduce Treg cell suppressive function and alter global

transcriptional profiles, reprogramming the immune system
toward immune activation and away from suppression. We
believe that these mimetics will enable future studies of FOXP3
domain-specific and protein partner-specific control of expression
programs, many of which have not been fully elucidated. Current
challenges that may also need to be overcome include determining
optimal delivery mechanisms and application of medicinal chem-
istry approaches to facilitate clinical translation. To this end, we
are currently developing methods of delivering stapled peptides
into target cells using antibody-laden nanoparticles.

These challenges are not unique to SAHs. Indeed, prototype
small molecules can often have initial low affinity (micromolar)
that can be improved orders of magnitude through structure-
based optimization. It is reasonable to expect that similar medici-
nal chemistry approaches could further improve SAH affinity.
This has precedent, based on the evolution of SAHs targeting
p53 (36, 67). Following subsequent iterations, there are currently
a number of clinical trials utilizing this targeting strategy in adult
and pediatric cancer patients (NCT02264613, NCT02909972,
NCT03654716, NCT03725436, and NCT04022876). We are
actively assessing additional sequences against this PPI to improve
upon their activity, specifically developing peptides that are nono-
verlapping and thus may be presumably less likely to dimerize in
solution or within treated cells, and may improve their efficacy.
One could also use in silico screening to help identify high-
affinity hot-spot minimal peptide epitopes and maximize com-
pound solubility through tools such as Druggable Protein-Protein
Interaction Assessment System (68, 69) and ANCHOR (70, 71)
and through the use of databases such as Search Tool for the
Retrieval of Interacting Genes/Proteins (72), TIMBAL (73), and
PICCOLO (74). Other approaches that can be taken to improve
activity include addition of charged a.a.s or targeting domains.
However, while such manipulations may improve solubility,
we have also found that they may significantly dampen target
affinity (75).

We have shown that designing peptide mimetics after known
FOXP3 PPI crystal structures provides a promising starting
point for the future development of similar transcription factor
inhibitors, a class of drug targets that continues to be largely
considered undruggable. Similarly designed molecular tools
may also enable novel preclinical interrogation of other intracel-
lular signaling pathways, leading to new areas of discovery.

Materials and Methods

Mice. Ex vivo–treated Tcon cells and Treg cells were isolated from Foxp3IRES-GFP

or C57BL/6 mice originally purchased from the Jackson Laboratory
(C.Cg-Foxp3tm2Tch/J, C57BL/6J). All animal experiments were approved by and
performed in accordance with the guidelines and regulations set forth by the
Institutional Animal Care and Use Committee of the University of Chicago.

Murine T Cell Isolation and Expansion. Foxp3IRES-GFP mice were sacrificed
and their spleen, thymi, and lymph nodes removed, and single-cell suspensions
were prepared via disruption of organs through a 40-μM filter. CD4+ cells were
enriched through negative selection using a CD4+ T cell isolation kit following the
manufacturer’s protocol (Miltenyi Biotec No. 130–104-454). CD4+ cells were
stained with CD4-phycoerythrin (PE) (BD Biosciences) and CD25-allophycocyanin
(APC) (BD Biosciences) flow cytometric antibodies diluted 1:100 in phosphate-
buffered saline (PBS); Tcon cells (CD4+ CD25�) and Treg cells (CD4+CD25+ GFP+)
were sorted on a BD FACSAria (University of Chicago Flow Cytometry Core). Sorted
populations were >98% pure. Ex vivo–sorted Tcon cells and Treg cells were main-
tained and expanded in Advanced Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 100 U/mL penicillin/streptomycin, 5 μg/mL
gentamicin solution, 2 mM L-glutamine, 1× nonessential a.a.s, 10 mM Hepes,

Fig. 8. SAH(229–259)C alters Treg cell mRNA expression in vivo. (A) Treat-
ment and isolation strategy of C57BL/6FOXP3-IRES-GFP mice with SAH(229–259)C
in preparation for RNA sequencing. (B and C) Treatments of SAH(229–259)C
altered global gene expression programs in (B) Treg cells and (C) Tcon cells
with P < 0.0001. Following RNA sequencing analysis and subsequent GSEA,
Treg cell gene expression mimicked gene sets corresponding to FOXP3 loss,
among others. Tcon gene expression alterations mimicked gene sets corre-
sponding to increased inflammatory responses, among others. NES, normal-
ized enrichment score; GO, gene ontology.
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human IL-2 (500 U/mL Tcon cells, 2,000 U/mL Treg cells), and CD3/CD28 Dyna-
beads at a ratio of 1 bead:1 cell (Tcon cells) or 3 beads:1 cell (Treg cells).

Human T Cell Isolation and iTreg Cell Induction. Blood was drawn from
healthy donors (University of Chicago institutional review board–approved proto-
col IRB14-0221) and was diluted 1:1 with PBS and layered over Ficoll–Paque
PLUS density gradient media (GE Life Sciences). All donors signed informed con-
sent prior to collection, and samples were deidentified prior to use. Following
centrifugation for 30 min at 400g at 20 °C with brakes off, the peripheral blood
mononuclear cell layer was removed and CD4+ cells were isolated using the
CD4+ T Cell Isolation Kit (Miltenyi Biotec No. 130–045-101) per manufacturer’s
directions. In order to induce Treg cells (iTreg cells), CD4+ cells were expanded
in TEXMACS (Miltenyi Biotec No. 130–097-196) media containing 1,500 U IL-2,
100 nM all-trans retinoic acid, 2 ng/mL transforming growth factor-β, and anti-
CD28 (Biolegend No. 302914) at 1:1,000 on CD3-coated (Biolegend No.
317302) 6-well plates (5 μg/mL).

Stapled Peptide Synthetic Reagents. Fluorenylmethoxycarbonyl (Fmoc)-
protected natural a.a.s, N-methyl-2-pyrrolidone (NMP), dichloromethane (DCM),
and N,N-dimethylformamide (DMF) were purchased from Gyros Protein Tech-
nologies. The activating reagent (1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate [HATU]) was purchased
from GenScript. The following were obtained from Sigma Aldrich: Rink
amide AM resin LL (0.26 mmol/g), Grubbs Catalyst First Generation, anhydrous
1,2-dichloroethane (DCE), acetic anhydride (Ac2O), N,N-diisopropylethylamine
(DIPEA), piperidine, and artificial a.a.s Fmoc-(R)-2-(7-octenyl)alanine (“R8”)
paired with S5 to produce i, i+7 staples. Chemical reagents and solvents were
used as received.

Stapled Peptide Synthesis and Purification. Native and hydrocarbon sta-
pled peptides were synthesized by Fmoc-based solid-phase peptide synthesis as
described (35). Briefly, resin was swollen with DCM followed by DMF. Piperidine
(20% vol/vol) in NMP was used for Fmoc deprotection with 2 × 10 min treat-
ments. To the resin beads, an equal volume was added of a 0.3 M solution of
a.a. in NMP, followed by a 0.285 M solution of HATU coupling agent in NMP
and finally a 0.6 M solution of DIPEA in NMP. Typically, for standard couplings, a
10× excess of a.a.s relative to resin loading was used, and the reaction was
allowed to proceed for 30 min. For addition of S5 or R8, a 5× excess of a.a.s
were used for 1 h of coupling. For the a.a.s immediately following S5 or R8, the
N terminus was deprotected with 4 × 10 min piperidine treatments followed by
4 × 1 h coupling reactions. After completion of synthesis, the amino terminus
was either acetylated by reaction with capping solution (4:1:0.1 NMP:Ac2O:
DIPEA) or left with an Fmoc-protected amine for fluorescein isothiocyanate (FITC)
derivatization (see below). The olefin metathesis step was carried out by first
swelling resin with anhydrous DCE, followed by exposure to 20 mol % Grubbs
first-generation catalyst in DCE at 4 mg/mL for 3 × 2 h under nitrogen bubbling.
Of note, native methionines were replaced with norleucine to optimize activity of
the ruthenium catalyst. For FITC-functionalized peptides, resin was deprotected,
and beta-alanine and FITC were added to the N terminus. The resin was then
washed extensively with DCM and dried, and the peptides were then cleaved off
the resin and deprotected using 95% trifluoroacetic acid (TFA), 2.5% water, and
2.5% triisopropylsilane. Double-stapled peptides were synthesized similarly, as

described previously (33). Following synthesis, peptides were purified to >95%
purity with high-performance liquid chromatography/mass spectrometry using a
C18 column with mobile phases of water + 0.1% formic acid and acetonitrile.
Acetonitrile was reduced in the pure fractions by rotary evaporation, and the pep-
tides were then lyophilized. Aliquots were quantified by amino acid analysis.

Circular Dichroism Spectroscopy. Dimethyl sulfoxide (DMSO) stock solutions
of peptide were diluted in Milli-Q water. Each stock was aliquoted to two vials,
then lyophilized for 2 d. Each sample was dissolved in 1 mL 5 mM sodium ace-
tate buffer (pH 3.6) to bring samples to 2.5–10 μM. Each sample was put
through 1 h of heated sonication to assist in dissolution. A blank sample follow-
ing the same protocol was prepared to take the blank background reading for
all samples. Data were acquired in five repetitions at 20 °C from 260 nm to
190 nm in a 1-mm path length quartz cell using 1-nm wavelength increments
and a response time of 4 s on a Jasco J-815 Circular Dichroism Spectropolarime-
ter (Easton, MD, USA). The data were converted to per-residue molar ellipticity,
and percent alpha-helicity was calculated as described previously (35).

Additional detailed methods can be found in (SI Appendix, SI Materials and
Methods).

Data, Materials, and Software Availability. The RNA sequencing data that
support the findings in this study are available in the National Center for Bio-
technology Information Gene Expression Omnibus (GEO) and are accessible
through accession No. GSE201116.

RNAseq data have been deposited in NCBI GEO (GSE201116) (76).
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