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% Check for updates DNA origami is capable of spatially organizing molecules into sophisticated
geometric patterns with nanometric precision. Here we describe a
reconfigurable, two-dimensional DNA origami with geometrically
patterned CD95 ligands that regulates immune cell signalling to alleviate
rheumatoid arthritis. Inresponse to pH changes, the device reversibly
transforms from a closed to an open configuration, displaying a hexagonal
pattern of CD95 ligands with ~10 nm intermolecular spacing, precisely
mirroring the spatial arrangement of CD95 receptor clusters on the surface
ofimmune cells. Ina collagen-induced arthritis mouse model, DNA origami
elicits robust and selective activation of CD95 death-inducing signalling in
activated immune cells located in inflamed synovial tissues. Such localized
immune tolerance ameliorates joint damage with no noticeable side effects.
This device allows for the precise spatial control of cellular signalling,
expanding our understanding of ligand-receptor interactions and is a
promising platform for the development of pharmacological interventions
targeting these interactions.

Rheumatoid arthritis (RA) is a systemic autoimmune disease that rapid development of new treatment regimens, long-term disease
affects polyarticularjoints. The inflammatory processis character- remission without severe side effects has not yet been achieved for
ized by infiltration of various inflammatory/immune cells (including  most patients with RA. Effective treatment of RA may require the
T cells, B cells and macrophages)"* into the synovial hyperplasia, elimination of most activated immune cells in the inflamed syno-
leading to progressive destruction of joints and bone. Despite the  vialtissuestobluntautoimmune responses. The CD95/CD95 ligand
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Fig.1|Schematic and characterization of designer DNA origamiin spatial
control of CD95 signalling for reversal of RA. a, Schematic illustration of

the model of CD95 receptor resting state based on the hexagonal antiparallel
dimer network described by Vanamee and Faustman®*. b, Schematic showing
construction of the designer DNA origami nanodevice: (1) the rectangular DNA
origami nanosheet with poly-A strand overhang was hybridized with CD95L-
poly-T conjugates to form the DNA origami nanosheet with a hexagonal CD95L
array pattern. (2) I-motif-based fasteners were applied to lock the DNA origami
nanosheet to form the DNA origami nanodevice with the CD95L array on the
inner surface. (3) Under acidic conditions (pH 6.5) the DNA origami nanodevice
transformed into the opening structure to expose theinner CD95L array in
response to the pH-switchable structural transformation of fasteners. (4) With
pHincreased to 7.4, the opened DNA origami nanodevice reassembled into the
closing structure to shield the CD95L array. AFM images are representative of
three independent experiments; scale bars,100 nm.
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¢, Schematic showing the process of CD95 signalling activation mediated by
the DNA origami nanodevice (opening structure) with a hexagonal CD95L
array pattern. d, Followingintravenous (IV) administration, the DNA origami
nanodevice efficiently accumulated in inflamed synovial tissue owing to oedema
and neovascularization in the inflamed joints. The DNA origami nanodevice then
transformed into the opening structure to expose the inner CD95L array in the
acidic microenvironment. The exposed CD95L array bound to CD95 receptors
onactivated Band T lymphocytes and induced apoptosis of those cells. This was
followed by efferocytosis, which triggered the release ofimmunosuppressive
cytokine TGF-f to quench inflammation and induce localized immune tolerance
intheinflamed joints. Meanwhile, some of the opened DNA origami nanodevices
inthe inflamed joints that did not bind to the CD95 receptors may have re-entered
the bloodstream, where they would have undergone structural transformation
and reassembly into the closing structure, thereby sparing hepatocytes and thus
minimizing liver damage.

(CD95L) signalling pathway plays crucial roles in the elimination
of activated lymphocytes and induction of immune tolerance to
self-antigens®. Activation of CD95 death-inducing signalling to induce
apoptosis of activated immune cells in inflamed joints holds great
potential for the establishment of localized immune tolerance for
reversal of RA.

It has been demonstrated that transmembrane CD95 recep-
tors are prearranged in a ‘non-signalling’ resting state in hexagonal
patterns and, following binding of CD95L, they are further arrangedin
hexameric supramolecular clusters with anintermolecular distance of

approximately 10 nmto assembleintracellular complexes for signalling
transduction*”® (Fig. 1a). Efficient activation of CD95 death-inducing
signalling requires hexameric or membrane-bound CD95L with an
optimalintermolecular spacing of approximately 10 nm**’, Although
previous studies have shown that some synthetic scaffolds (polymers,
dendrimers, nanofibres and so on) have been employed to elucidate
cellular signalling behaviour, these offer limited control over ligand
spacing, valency and spatial arrangements. As an alternative, designer
DNA origami can be programmed to provide sophisticated geomet-
ric patterns of ligand array with nanometric precision®”, thereby
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enabling precise modulation of cellular signalling and subsequent
cellular responses.

Herein we describe a strategy that utilizes a programmable DNA
origami to regulate CD95 death-inducing signalling of activated
immune cellsininflamed synovial tissues to establishlocalized immune
tolerance for RA reversal. This DNA origami was designed to display
CD95L array in a two-dimensional hexagonal pattern with approxi-
mately 10 nm intermolecular spacing, fitting well with the geometric
arrangement of transmembrane CD95 receptor clusters (Fig. 1b,c).
I-motif DNA sequence-based fasteners were further coupled to the
DNA origami to enable reversible closing and opening transition of
conformation in response to a pH trigger. The designer DNA origami
maintained closing configuration under neutral conditions and trans-
formed into the opening configuration to expose the hexagonal pattern
ofthe CD95L array in aweakly acidic environment. This feature greatly
enhanced selective activation of CD95 death-inducing signalling in
activated immune cellsin inflamed synovial tissues (pH ~6.5)'52° while
sparing healthy hepatocytes expressing low levels of CD95 receptors
intheliver” (pH -7.4), thereby minimizing hepatotoxicity (Fig. 1d). We
demonstrate that, inacollagen-induced arthritis (CIA) mouse model,
local ablation ofimmune cells ininflamed synovial tissues significantly
alleviated chronic inflammation, promoted localized immune toler-
ance and ameliorated joint damage with no noticeable side effects.

Construction of the designer DNA origami

Initially the base design for the programmable DNA origamiwas arec-
tangular DNA origami nanosheet (referred to as NS-empty) of dimen-
sions 90 x 60 x 2 nm?, which was constructed by assembling an M13
circular DNA scaffold with multiple staple strands**** (Supplementary
Fig.1). Toanchor CD95L into a hexagonal pattern we modified this base
design to display six sets of protruding, single-stranded poly-A strands.
CD95L, which spontaneously forms the homotrimer, was conjugated
to the end of single-stranded poly-T strands designed to hybridize
with poly-A overhangs on the surface of the DNA origami nanosheet
(Fig. 1b and Supplementary Figs. 2 and 3). To investigate the effect of
CD95L nanoscale spacing on CD95 receptor activation, three sets of
DNA origaminanosheets were developed to display CD95L at 5,10 and
30 nmintermolecular distance (hereafter referred to as NS-5,NS-10 and
NS-30, respectively; Fig. 2d,e and Supplementary Figs. 4-7). Atomic
force microscopy (AFM) imaging revealed that approximately 70% of
the DNA origaminanosheet contained six anchored CD95L molecules
for NS-10 and NS-30 (Supplementary Fig. 8), demonstrating efficient
CDO95L capture at each binding site. For spatial control of the activity
of the CD95L array, six pairs of i-motif DNA sequence-based fasteners
were further applied to lock the DNA origaminanosheet into forming
ananodevice. These fasteners exhibited dynamic pH-switchable struc-
tural transformation (Supplementary Figs. 9-11), thereby enabling the
resulting DNA origami nanodevice with reversible closing and open-
ing features (Fig. 2a—c). Under neutral conditions (pH -7.4), the DNA
origaminanodevice was assembled into the closing structure thereby
shielding the CD95L array on the inner surface. By contrast, with pH
decreased to 6.5 the nanodevice showed a full opening structure to
expose theinner CD95L array.

Bothionicstrength and nucleases in biological fluids have amajor
effect on the stability of DNA origami nanostructures® %, We next
examined the effect of magnesiumion (Mg*"), pH and nuclease on the
integrity of DNA origaminanostructures. We found that the structures
of both DNA origaminanosheets and nanodevices remained fully intact
following incubation in buffer with Mg?* concentration at 1.0 mM (simi-
lartothatintheblood) foreither12 or 24 h (Supplementary Figs.12-14).
In addition, no substantial disintegration of DNA origami nanostruc-
turewas observedinbufferat pH7.4,6.50r 5.0 (Supplementary Fig.15).
Although mounting evidence suggests that DNA origami nanostruc-
tures exhibit enhanced resistance to nucleases**°, some evidence of
degradation was found in the presence of DNase I (Supplementary

Fig.16). Compared with the DNA origami nanosheet, the DNA origami
nanodevice appeared more stable in the buffer with DNase I, attributed
probablytoareductioninbindingto thisenzyme. Similar results were
observed inbuffer with non-inactivated serum (Supplementary Figs.17
and18).Importantly, the dynamic conformational transition of the DNA
origaminanodeviceinresponseto pHtrigger was detected in the buffer
with non-inactivated serum (Supplementary Fig. 19).

Designer DNA origamiregulates CD95 signalling
transduction

Toinvestigate whether the nanoscale arrangement of the CD95L array
affects CD95 signallinginitiation, we examined the apoptosis effectin
A20 (B lymphocyte cell line) and Jurkat (T lymphocyte cell line) cells
following treatment with either NS-5, NS-10 or NS-30. We observed that
soluble CD95L (sCD95L) did notinduce apoptosisinJurkat cells even at
concentrations as high as 500 ng ml™ (Fig. 2f). In A20 cells, which are
more sensitive to CD95L-mediated apoptosis, sSCD95L showed only a
slightincreaseinactivity. Theseresultsindicated that the soluble form
of CD95L is somewhatinactive and exhibits minimal apoptosis-inducing
ability, inagreement with a previous study®. In sharp contrast to this,
organization of sSCD95L on the DNA origami nanosheet to forma CD95L
array markedly increased its activity. Both NS-5 (half-maximal effect
(ECsp), 9.57 ng mI™) and NS-30 (ECs,, 11.23 ng mI™) led to a substantial
increase in the fraction of apoptotic A20 cells. Interestingly, NS-10
(ECso,5.00 ng mI™) was more efficient atinducing apoptosis than either
NS-50rNS-30in A20 cells. Analysis of Jurkat cells following treatment
revealed similar results (Fig. 2f). NS-10 (ECy,, 12.23 ngml ") ledto a
sevenfold increase in the fraction of apoptotic Jurkat cells compared
with both NS-5 (ECs,, 97.19 ng mI™) and NS-30 (ECs, 104.30 ng mi ™).
These results indicate that the nanometric spatial arrangements
of CD95L tune the apoptosis-inducing effect. This finding is in line
with ligand-receptor complex models of the tumour necrosis factor
(TNF) superfamily to which CD95 and CD95L belong®’. NS-10, with a
CD95L array pattern precisely matching this ligand-receptor complex
model, exhibited maximal potency. Next we sought to investigate the
apoptosis-inducing effect of ND-10 (DNA origami nanodevice with
CD95L at 10 nm intermolecular distance). Negligible apoptosis was
detected following ND-10 treatment under neutral conditions (Fig. 2g).
However, under acidic conditions, ND-10 markedly enhanced apop-
tosis in both A20 and Jurkat cells (Supplementary Fig. 20), with ECs,
comparable to that of NS-10.

According to the current model of CD95 signalling, binding of
active CD95L induces aggregation of CD95 receptors at the cell sur-
face to initiate signalling transduction®*** (Fig. 3a). To uncover the
mechanism underlying the superior performance of NS-10, we next
investigated CD95 receptor distribution following NS-10 stimulation.
We observed that A20 cells showed higher-order clustering of CD95
under NS-10 treatment (Fig. 3b). Following 2 h of NS-10 stimulation,
CD95 receptor distribution changed to a highly clustered spot pat-
tern; by contrast, treatment with NS-empty or sCD95L did not induce
detectable changesin CD95 distribution. The effect of ND-10 on CD95
receptor distribution was also monitored. Under neutral conditions,
CD95 receptor distribution showed no sign of clustering following
ND-10 treatment, further confirming the shielding effect of the nan-
odevice (Fig. 3b). In comparison, ND-10 mediated a marked increase
inthe magnitude of CD95 receptor clustering under acidic conditions.
These treatments revealed similar results in Jurkat cells (Extended
DataFig.1a).

Ingeneral, the clustering of CD95 receptors is followed by endocy-
tosis, whichleads to activation of downstream signalling (Fig. 3a). It was
observed that many of the spot patterns of CD95 receptors following
NS-10 stimulation appeared to be cytoplasmic rather than being clus-
tered on the cell surface (Fig. 3b). To this end, we further investigated
endocytosis of receptors in response to NS-10 treatment. Most CD95
receptors in A20 cells were internalized and translocated to early
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Fig.2| Characterization of the designer DNA origami. a, Schematic showing
the opening-closing conformational transition of the designer DNA origami.
Thei-motif strand of the fastener was labelled with Texas Red fluorophore, and
the complementary strand with BHQ2 quencher. b, pH-dependent fluorescence
emission spectra of the designer DNA origami in buffer under varying pH.

¢, Fluorescence intensity of the designer DNA origami following repeat pH
switching between 7.4 and 6.5.d, Schematic and representative AFM images

of NS-empty, NS-5,NS-10, NS-30, ND-empty and ND-10; scale bars, 50 nm. The
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experiment was performed five times, with similar results. e, Measurement of
the size of NS-10 and distances between CD95L molecules; scale bars, 50 nm.

f, Invitro cytotoxicity (CCK-8 assay) of sSCD95L, NS-5,NS-10 and NS-30in A20
andJurkat cells; n = 6 biologically independent samples. The experiment was
performed three times, with similar results. g, In vitro cytotoxicity (CCK-8
assay) of ND-10 in culture medium (pH 7.4 or 6.5) in A20 cells; n = 6 biologically
independent samples. The experiment was performed three times, with similar
results. f,g, Data presented as means * s.d.

endosomes 2 h following NS-10 stimulation (Fig. 3¢). Similarly, under
acidic conditions, ND-10 induced receptor endocytosis at levels com-
parabletothose following NS-10 stimulation (Supplementary Fig. 21).
Analysis of Jurkat cells revealed similar results (Extended DataFig.1b,c).
Dynamin inhibition substantially hampered the endocytosis of CD95
receptors in NS-10-treated cells (Supplementary Figs. 22 and 23),
indicating that dynamin plays a prominent role in CD95 endocyto-
sis following NS-10 stimulation. These findings suggest that NS-10
stimulation results in internalization of receptor-ligand complexes
following CD95 receptor clustering, which are then directed towards
anendosomal pathway.

To determine whether endocytosis of receptor-ligand complexes
could initiate signalling transduction, we examined downstream
caspase 8 activation. The results showed that neither NS-empty
nor sCD95L led to upregulation of cleaved caspase 8 expression in
A20 or Jurkat cells (Fig. 3d, Extended Data Fig. 1d and Supplemen-
tary Fig. 24). By contrast, the expression of cleaved caspase 8 was
substantially enhanced following NS-10 treatment, demonstrating
that theinternalization of receptor-ligand complexes triggers down-
stream signalling. NS-10 treatment led to extensive cell apoptosis,
and ND-10 induced cell apoptosis at a comparable level, under acidic
conditions (Supplementary Fig. 25). Furthermore, these apoptotic
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Fig. 3| Spatial arrangement of the CD95L array directs the activation of
CD95 signalling in A20 cells. a, Schematic showing the process of CD95
signalling activation. Hexagonal CD95L array binding to CD95 receptors via
precise spatial pattern recognitioninduced higher-order clustering of CD95
receptors (1), followed by internalization of these ligand-receptor complexes
through the endosomal pathway (2); the death-inducing signalling complex
was then recruited to this compartment to transduce downstream signalling
(3).b, Clustering of CD95 receptors in A20 cells at 2 h following treatment with
NS-empty (G2),sCD95L (G3), NS-10 (G4), ND-10 in culture medium (pH 7.4)
(G5) and ND-10in culture medium (pH 6.5) (G6), and untreated (G1); scale bar,
5 um. ¢, Colocalization of CD95 receptors with the endosomal marker EEA1
following NS-10 stimulation. A20 cells were stimulated for 2 h with NS-10; scale
bar, 5 um.d, Immunocytochemical analysis of cleaved caspase 8 in A20 cells

6 hfollowing treatment shown in b; scale bar, 5 um. e, Representative images of

G4 G6

phagocytic clearance of apoptotic A20 cells by BMDMs. A20 cells labelled with
carboxyfluorescein succinimidyl ester (CFSE) fluorophore were treated with
ND-10 in culture medium (pH 6.5); BMDMs were added to the medium following
treatment, with coculture for a further 0.5 h; scale bar, 5 pm. Experiments were
performed three times, with similar results. BF, bright field. f, Concentration

of TGF-B in supernatants following the indicated treatments; n = 3 biologically
independent samples per group. The experiment was performed three times,
with similar results. G1, BMDMs were cocultured with untreated A20 cells;
G2,BMDMs were cocultured with A20 cells pretreated with NS-empty; G4,
BMDMs were cocultured with A20 cells pretreated with NS-10; G6, BMDMs were
cocultured with A20 cells pretreated with ND-10 in culture medium (pH 6.5). Data
presented as means + s.d.; statistical significance was calculated via one-way
ANOVA with Tukey post hoc test.

cellsare readily phagocytosed by bone marrow-derived macrophages
(BMDMs) (Fig. 3e) and promote the release of TGF-f3 (Fig. 3f), a canoni-
cal anti-inflammatory cytokine.

Biodistribution and biosafety of the designer
DNA origami

In general, selective accumulation in diseased sites while sparing
healthy tissues is ideal for ensuring both efficacy and biosafety. To
assess whether the DNA origami nanodevice can efficiently accumu-
late in inflamed synovial tissue, we established a CIA model in mice.
Tovisualize the distribution of the DNA origami nanodevice in vivowe
modified staple strands to contain Cy5.5-labelled poly-A overhangs
(imaging strands; referred to as ND-CyS5.5). Near-infrared fluorescence
imaging revealed minimal fluorescence signal in the joints and paws
of healthy mice following ND-CyS5.5 injection (Fig. 4a and Supplemen-
tary Fig. 26). In stark contrast to this, ND-Cy5.5 progressively accu-
mulated in the inflamed joints and paws of CIA mice, peaking at12 h
postinjection (Fig. 4a and Supplementary Fig.27). We reasoned that
bothoedemaand neovascularizationininflamed joints had enhanced

the permeation and retention of ND-Cy5.5. Ex vivo imaging further
revealed a much stronger fluorescence signal in inflamed joints and
paws than thatin healthy joints and paws (Fig. 4b,c and Supplementary
Fig.28). We further investigated the conformational transition of the
DNA origaminanodevice in response to pH trigger in vivo. Substantial
fluorescence signal was detected in the joints and paws of CIAmice at
4 hpostinjectionwith the pH-sensitive nanodevice (w/Cy5.5 & BBQ650;
Extended Data Fig. 2 and Supplementary Figs. 29-31). By contrast,
little to no fluorescence signal was observed in the joints and paws
of CIA mice treated with the pH-non-sensitive nanodevice (w/Cy5.5
& BBQ650). These results showed that DNA origami nanostructures
effectively accumulated ininflamed tissues and that the pH-triggered
conformational transition feature of the DNA origami nanodevice was
strongly retained in vivo.

Next we examined whether the DNA origaminanodevice would be
capable of shielding the CD95L array from hepatocytes to prevent liver
damage. No elevated serum alanine transaminase (ALT) or aspartate
aminotransferase (AST) was detected following administration of
either ND-empty or ND-10 (Fig. 4d). Liver histology analysis revealed
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healthy mice following the indicated treatments; n = 4 biologically independent

no ssign of liver haemorrhage or hepatocyte apoptosis followingND-10  or BMDMs (Extended Data Fig. 3). Following intravenous injection,

administration (Fig. 4e). These data demonstrated that the DNA  ND-empty led to a negligible increase in the concentration of serum

origami nanodevice can indeed shield the inner CD95L array from  TNF-&,IL-6 and IL-1 over a48 hperiod (Fig. 4f). These results suggested

reaching hepatocytes and thereby preventing liver damage. that DNA origami in this study is immunologically inert, consistent
Because DNA origami is composed of DNA scaffold and large  with previous reports that nucleic acid nanoparticles used without a

amounts of DNA staple strands, we next assessed itsimmunomodula-  delivery carrier areimmunoquiescent™.

tion potential. All DNA origami nanodevice samples had endotoxin

levels <10 endotoxin units (EU) mI™ (Supplementary Figs.32and 33), Designer DNA origami triggers robust

satisfying the endotoxin limitsin formulations for biomedical applica- therapeutic efﬁcacy

tions>. ND-empty treatment over the tested range (0.2-2.0 nM) didnot  Rheumatoid arthritis is a multifaceted, immunologically mediated

induce the production of TNF-a, IL-6 or IL-13 in either RAW 264.7 cells  disease involving CD4" T cells, B cells and monocytes that infiltrate
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Fig. 5| Designer DNA origami triggers robust therapeutic efficacy in CIA
mice. a, Schematicillustration of the short-term treatment regimen. b, Clinical
arthritis scores of CIA mice following the indicated treatments; n = Sbiologically
independent mice per group. The experiment was performed twice, with similar
results. ¢, Measurement of paw swelling in CIA mice following the indicated
treatments. Healthy mice were used as controls; n = Sbiologically independent
mice per group. d, MicroCT images showing the paws of healthy and CIA mice
following the indicated treatments; scale bar, 2 mm. e, Histological examination
(H&E and Safranin O staining) of joints obtained from healthy and CIA mice

following the indicated treatments; scale bars, 100 pm. f, Serum concentrations
of TNF-a, IL-6 and IL-1f3 following the indicated treatments; n = 4 biologically
independent mice per group. g, Immunohistochemical analysis of synovial
tissues retrieved from mice following the indicated treatments; scale bars,

50 pm. h, Relative messenger RNA levels of inflammatory cytokines TNF-«,
IL-1B, IL-6, TGF-f and IL-10 in synovial tissues of mice following the indicated
treatments; n = 4 biologically independent mice per group. b,c,f,h, Data
presented as means + s.d.; statistical significance was calculated via one-way
ANOVA with Tukey post hoc test.

the synovial tissue and induce pathology. T and B lymphocytes have
importantrolesintheinitiationand progression of rheumatoid inflam-
mation®*%, We observed substantial enrichment of lymphocytes in
inflamed synovial tissue (Supplementary Fig. 34). Following intrave-
nous injection of the DNA origami nanodevice with Cy5 fluorophore

labelling (ND-Cy5), a high abundance of both T and B cells was found
to be Cy5* (Supplementary Figs. 35 and 36).

We next evaluated the therapeutic efficacy of the designer
DNA origami in CIA mice according to the treatment regimen pre-
sented in Fig. 5a. Mice treated with either methotrexate (MTX) or
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anti-TNF-a monoclonal antibody (mAb) served as positive controls.
As expected, the arthritis score for paws rapidly increased in the
PBS group. ND-empty treatment did not alleviate the progression of
arthritis (Fig. 5b). In sharp contrast to this, MTX, anti-TNF-a« mAb and
ND-10 all markedly delayed disease progression, accompanied by a
much slowerincreasein arthritis score. Notably, we observed that the
mice showed no weight loss during ND-10 treatment (Supplementary
Fig. 37), further confirming the biosafety of ND-10. Paw swelling in
mice treated with ND-10 was comparable to that in mice receiving
MTX or anti-TNF-a mAb treatment, substantially less than that in
the PBS and ND-empty groups (Fig. 5c and Supplementary Fig. 38).
Microcomputed tomography (microCT) imaging revealed that the
jointsof miceinthe PBS and ND-empty groups had undergone severe
bone erosion (Fig. 5d). Treatment with either MTX, anti-TNF-a mAb
or ND-10 markedly suppressed bone erosion, with joint morphology
being similar to that of healthy mice. Haematoxylin and eosin (H&E)
staining of joints showed serious bone destruction in mice receiving
PBS or ND-empty treatment, while those treated with MTX, anti-TNF-«
mAb or ND-10 exhibited minimal pathological features (Fig. 5e and
Supplementary Fig. 39). Meanwhile, minimal glycosaminoglycan was
observed in both the PBS and ND-empty groups, indicating severe
degradation of articular cartilage with disease progression. Of note,
no signs of cartilage degradation were noted in mice treated with
ND-10 (Fig. 5e). In addition, we observed that serum concentrations
of TNF-a,, IL-1B and IL-6 were significantly elevated in the PBS and
ND-empty groups (Fig. 5f). MTX, anti-TNF-a mAb and ND-10 treatment
all markedly decreased the concentration of these proinflammatory
cytokines to near-normal levels, indicating resolution of arthritis at
the systemiclevel.

Next we investigated immune cell profilesin inflamed synovial tis-
sue.Immunohistochemical analysis showed that massive inflammatory
cells expressing CD95 receptors were enriched in the synovial tissue
of mice in the PBS group (Fig. 5g and Supplementary Fig. 40). These
findings agree with a previous report in which rheumatoid synovial
tissue was infiltrated with variousinflammatory cells expressing CD95
(refs.39,40); CD19* B lymphocytesand CD3" T lymphocytes were also
detected in the synovial tissue of these mice. In sharp contrast to the
PBS group, few CD95" cells, CD19" B cells or CD3" T cells were observed
in the synovial tissue of mice receiving ND-10 treatment (Fig. 5g and
Supplementary Fig. 40). Typically, the proinflammatory cytokines
secreted by activated immune cells are critical for RA pathogenesis
and progression*"*2, We next examined inflammatory cytokine profiles
insynovial tissue following the inicated treatments. The expression of
proinflammatory cytokines considerably decreased in the synovial
tissue of mice treated with ND-10 (Fig. 5h). This finding indicates that
local ablation of activated immune cells had reduced proinflamma-
tory cytokine levels to ameliorate inflammation in synovial tissue. We
also observed that ND-10 treatment induced a substantial increase
in the expression of anti-inflammatory cytokines in synovial tissue.
Compared with the PBS group, ND-10 treatment elicited a 3.7-fold
increase in TGF-f expression and a3.4-fold increase in IL-10 expression
insynovial tissue (Fig. 5h). These findings suggest that the disposal of
apoptoticimmune cells by phagocytes (‘efferocytosis’) further estab-
lished alocalized immune tolerance milieuwithin thejoints, inline with
previous reports that efferocytosis promotesimmune suppression**,
Notably, mice treated with ND-10 showed no elevationin serum levels
of ALT or AST (Supplementary Fig. 41) and no evidence of liver damage
(Supplementary Fig.42), probably benefiting from the conformational
transition of the DNA origami nanodevice responding to pH trigger.

Encouraged by the substantial elevation of anti-inflammatory
cytokines in synovial tissue following ND-10 treatment, we next
explored its long-term therapeutic efficacy in a CIA mouse model.
Miceweretreated every 3 days from days 29-56 (Extended Data Fig. 4a).
Both MTX and anti-TNF-a mAb substantially delayed the increase
in arthritis score (Extended Data Fig. 4b). Of note, in those mice so

treated, arthritis scores increased rapidly following the last treatment.
In stark contrast to this, mice treated with ND-10 showed a sustained
alleviation of disease following cessation of treatment. At the end of
the observation period, paw swelling in mice receiving ND-10 treat-
ment was significantly less than that in both the MTX and anti-TNF-a
mAb groups (Extended Data Fig. 4c and Supplementary Fig. 43). These
results further support the sustained efficacy of ND-10 treatmentina
CIA mouse model.

Discussion

In this study we developed a designer DNA origami-arranging CD95L
array into atwo-dimensional hexagonal pattern with nanometric preci-
siontoregulate CD95 signalling of activated immune cellsininflamed
synovial tissues for reversal of RA. We identified that the activation
of CD95 signalling is spatially controlled by the nanoscale distribu-
tion of CD95L. DNA origami displaying a hexagonal CD95L array with
10 nmintermolecular spacing is optimal to triggering the activation
of CD95 signalling due to precise pattern recognition. I-motif DNA
sequence-based fasteners were further coupled to DNA origami to
render the DNA origami nanodevice withreversible closing and opening
features, thereby spatially controlling the activity of the CD95L array in
the body. Following systemic administration, ND-10 efficiently accu-
mulated in inflamed joints and specifically exposed the CD95L array
to activate CD95 signalling of the activated immune cells in inflamed
synovial tissues while sparing healthy hepatocytes, alleviating chronic
inflammation and promoting localized immune tolerance in a CIA
mouse model.

DNA origami enables the spatial arrangement of molecules into
programmable two- or three-dimensional geometric patterns with
nanometric precision. Unlike other nanoparticle systems, DNA origami
offers flexible control over molecular spacing, valency and spatial
arrangements. Mounting evidence suggests that dysregulation of
cellular signalling pathways mediates the pathogenesis and progres-
sion of many diseases such as cancer and autoimmune disease* . In
this study we used DNA origami as a potent tool in spatial regulation
of CD95 signalling for treatment of RA. Our research provides a typi-
cal paradigm for spatial regulation of cellular signalling towards the
development of pharmacological interventions against disease. The
designer DNA origami approach offers apromising strategy for precise
spatial control of cellular signalling to expand our understanding of
ligand-receptor interaction and develop pharmacological interven-
tions targeting these interactions.
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Methods

Materials and reagents

M13mp18 DNA was purchased from New England BioLabs and
BIORULER, staple strands and functional strands from Sangon and
MTX from Sigma-Aldrich. Immunization-grade bovine type Il collagen,
complete Freund’s adjuvant and incomplete Freund’s adjuvant were
provided by Chondrex. Sulfosuccinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (sulfo-SMCC), Tris-(2-carboxyethyl)phosphine
hydrochloride (TCEP) and Hoechst 33342 were purchased from Thermo
Fisher Scientific,and anti-mouse TNF-a monoclonal antibody from BioX-
Cell. Mouse TNF-a ELISA kit (catalogue no.1217202), mouse IL-6 ELISA kit
(catalogue no. 1210602), mouse IL-1p ELISA kit (catalogue no. 1210122)
and mouse TGF-f1Elisakit (catalogue no.1217102) were purchased from
DAKEWE. Mouse TNF-a Elisakit (catalogue no. EK282HS/3-96), mouse IL-6
ELISA kit (catalogue no. EK206HS-96) and mouse IL-13 ELISA kit (catalogue
no.EK201BHS-96) were purchased from MULTISCIENCES. Recombinant
anti-CD95 antibody (EPR21088, no. ab216991), recombinant anti-CD95
antibody (EPR5700, no.ab133619), anti-early endosome antigen-1(EEA1)
antibody (no.ab206860), goat anti-rabbit IgG H&L (Alexa Fluor 488, no.
ab150077), donkey anti-rabbit IgG H&L (Alexa Fluor 488, no. ab150073)
and donkey anti-goat IgG H&L (Alexa Fluor 594, no. ab150132) were pur-
chased fromabcam. Phalloidin-iFluor 594 conjugate (catalogue no.23122)
was purchased from AAT Bioquest. Cleaved caspase 8 rabbit monoclonal
antibody (catalogue no.8592,98134), CD3¢e (E4T1B) XPrabbit monoclonal
antibody (catalogue no. 78588), CD19 (Intracellular Domain, D4V4B)
XP rabbit monoclonal antibody (catalogue no. 90176) and anti-rabbit
IgG, horseradish peroxidase-linked antibody (catalogue no. 7074) were
provided by Cell Signaling Technology.

Celllines

A20isamurine B celllymphomaline, a gift from H. Liu at the National
University of Singapore. A20 cells were maintained in RPMI-1640
medium supplemented with fetal bovine serum (final concentration
10%) and 2-mercaptoethanol (final concentration 0.05 mM). Jurkat
cells were obtained from ATCC (clone E6-1, TIB-152) and maintained
in RPMI-1640 medium supplemented with fetal bovine serum (final
concentration 10%).

Preparation of DNA origami nanosheets

Rectangular DNA origami nanosheets were fabricated by mixing scaf-
fold strand M13mp18 (final concentration 10 nM) with staple strands
(final concentration 80 nM) and functional strands with poly-A over-
hangs (Supplementary Data1) in TAE-Mg?* buffer (40 mM Tris, 20 mM
aceticacid pH 8.0,2 mM EDTA and 12.5 mM magnesium acetate). The
mixture was then heated to 95 °C and annealed by cooling to 25 °C
using a Techne Prime thermal cycler (BIBBY), followed by a purification
step using Amicon Ultra-0.5 ml100 kDa centrifugalfilters (Millipore).

CD95L-poly-T conjugation

Poly-T strands were conjugated to CD95 ligand (CD95L) by reaction of
the terminal thiol group onto the terminal maleimide of CD95L. Soluble
CD95L (Acro Biosystems) was reacted with a fivefold molar excess of
Sulfo-SMCCfor1h, then excess sulfo-SMCC was removed using Amicon
Ultra-0.5 m110 kDa centrifugal filters (Millipore). Meanwhile, thiolated
poly-T strands were incubated with a tenfold molar excess of TCEP for
30 minfollowed by purification (Amicon Ultra-0.5 ml3 kDa centrifugal
filters, Millipore). A fivefold molar excess of poly-T strands was then
reacted with maleimide-CD95L overnight at4 °C. CD95L-poly-T conju-
gates were purified by Amicon Ultra-0.5 ml 30 kDa centrifugal filters
(Millipore) and analysed by SDS polyacrylamide gel electrophoresis.

Fastener preparation

Mixtures of i-motif structures (10 pM) (Supplementary Data 1) in
TAE-Mg? buffer were heated to 95 °C and then annealed by cooling
to25°Cfor2h.

Preparation of CD95L-loaded DNA origami nanodevice
CD95L-poly-T conjugates were mixed with the DNA origami nanosheet
with protruding single-stranded poly-A strands (molar ratio 18:1) in
PBS-Mg? buffer. The mixture was heated to 37 °C then cooled to 25 °C
tofacilitate annealing. The DNA origaminanodevice was constructed
by the addition of a 40-fold molar excess of i-motif-based fasteners to
the DNA origaminanosheet. The mixture was heated to 45 °C and then
cooledto 25 °Cfor five cycles to facilitate assembly.

pH-triggered opening and closing of DNA origami nanodevice
For opening characterization the pH value of the buffer solution was
adjustedto 6.5 through the addition of aceticacid (10% w/v), followed
byincubation of DNA origami nanodevice samples at 37 °C for 30 min.
For closing characterization the pH value of the buffer solution was
adjusted from 6.5to 7.4, followed by incubation of samples at 37 °C.

CD95 receptor clustering

Jurkat or A20 cells were treated for 2 h at 37 °C with either NS-empty,
sCD95L (40.0 ng ml™),NS-10 (the equivalent concentration of CD95L,
40.0 ng ml™) or ND-10 (the equivalent concentration of CD95L,
40.0 ng ml™) in the culture medium (pH 7.4) or ND-10 (the equivalent
concentration of CD95L,40.0 ng ml™) in the culture medium (pH 6.5).
Cells were then rinsed with PBS and fixed in 4% paraformaldehyde at
room temperature. Cells were washed three times with 0.1% Triton
X-100 and stained with anti-CD95 antibody overnight at 4 °C. Nuclei
were counterstained with Hoechst 33342 and examined by confocal
laser scanning microscopy (CLSM) imaging.

CD95 receptor internalization

Jurkator A20 cells were treated with NS-10 (the equivalent concentra-
tion of CD95L, 40.0 ng mI™) or ND-10 (the equivalent concentration
of CD95L, 40.0 ng ml™) in culture medium (pH 6.5) for 2 h at 37 °C.
For dynamin inhibition, Dyngo-4a (Selleckchem, final concentration
30 pM) was added to the medium. Cells were fixed in 4% paraformal-
dehyde and permeabilized with 0.1% Triton X-100, followed by staining
with anti-CD95 and anti-EEA1 antibodies. Samples were washed and
treated withsecondary antibodies. Finally, nuclei were counterstained
with Hoechst 33342 and examined by CLSM imaging.

Caspase 8 activation

Jurkat or A20 cells were treated with NS-empty, sCD95L (40.0 ng ml™),
NS-10 (the equivalent concentration of CD95L, 40.0 ng ml™) or ND-10
(the equivalent concentration of CD95L, 40.0 ng ml™) in culture
medium (pH 7.4) or ND-10 (the equivalent concentration of CD95L,
40.0 ng ml™) in culture medium (pH 6.5) for 6 h. Following treatment,
cellswere fixedin4% paraformaldehyde, washed with 0.3% Triton X-100
andthenstained with cleaved caspase 8 antibody and species-specific
secondary antibody. Samples were further counterstained with Hoe-
chst 33342 and examined by CLSM imaging.

In vitro phagocytic clearance by BMDMs

A20 cells were incubated with ND-10 (40.0 ng mlI™) in culture medium
(pH 6.5). Following 2 h of incubation, the culture medium was replaced
with fresh medium and cells cultured for a further 4 h. BMDMs were
then added with coculture for 0.5 h. Cells were harvested to assess
phagocytic clearance efficiency. For cytokine profile analysis, BMDMs
were cocultured with A20 cells pretreated with NS-empty, NS-10 or
ND-10 in culture medium (pH 6.5) for 24 h.

CIAmouse model

Male 8-week-old DBA/1mice were purchased from Vital River Laboratory
Animal Technology Co. and maintained in a pathogen-free animal
facility. All animal experiments were performed following guidelines
approved by the ethics committee of Fujian Normal University. The
CIA mouse model was established by a prime-boost immunization
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procedure with certain modifications***°. An equal volume of bovine
type-ll collagen solution (2 mg ml™) and complete Freund’s adjuvant
(4 mg ml™) was mixed and emulsified; mice were then intradermally
injected with 100 pl of this emulsion at the tail base (prime, day 0).
Twenty-one days following prime immunization the mice were given
aboosterimmunization of bovine type-ll collagen (100 pg) emulsified
inincomplete Freund’s adjuvant. Mice were examined every other day
for signs of joint inflammation. Each paw was scored from O to 4 as
previously described®. In general, most mice started to show features
of jointinflammation by days 28-30.

Invivo distribution of DNA origami nanodevice

Both CIA and healthy mice were used to examine in vivo distribution
of the DNA origami nanodevice. Functional strands with Cy5.5 fluoro-
phorelabelling were used to replace the corresponding original func-
tional strands in the fabrication step. The Cy5.5-labelled DNA origami
nanodevice (40 nM, 100 pl) was thenintravenously injected into both
CIA and healthy mice. Mice were imaged using the IVIS Lumina system
at 6,12,24 and 48 h post injection. For ex vivo imaging analysis, mice
were sacrificed 24 h following injection and the major organs (heart,
liver, spleen, lung, kidney) and forelimb and hindlimb were subjected to
imaging. CIA mice were used to investigate the conformational transi-
tion of the DNA origami nanodevice in response to pH trigger in vivo.
The pH-sensitive (w/ Cy5.5 & BBQ650; 40 nM, 100 pl), pH-non-sensitive
(w/ Cy5.5 & BBQ650; 40 nM, 100 pl) and pH-sensitive nanodevices
(w/Cy5.5;40 nM, 100 pl) were intravenously injected into CIA mice. At
4 hpostinjection, mice wereimaged using the IVIS Lumina system and
the major organs were subjected to ex vivo imaging.

Invivo biosafety of DNA origami nanodevices

DNA origaminanodevices loaded with CD95L (ND-10) (20 nM, 100 pl)
and ND-empty (20 nM, 100 pl) wereintravenously injected into healthy
mice; 48 hlater, blood was collected for biochemical analysis and the
liver for histological analysis.

Immunomodulation effect of DNA origami nanodevices

The endotoxin concentration of DNA origami nanodevice samples was
measured using the Pierce Chromogenic Endotoxin QuantKit (Thermo
Scientific). We used astandard curve with a range of 0.01-0.1 EU mI™.
DNA origami nanodevice samples were diluted 100-fold to fit within
the sensitivity range of the standard curve. ND-empty (20 nM, 100 pl)
was intravenously injected into healthy mice. Serum samples were
withdrawn frommiceat 6,12,24 and 48 h. Serum TNF-q, IL-6 and IL-1
were analysed using ELISA kits.

Therapeutic efficacy in CIA mice

The CIA mouse model was established as described above. When
mice showed features of joint inflammation they were divided into
five groups as follows: PBS (G1), ND-empty (4 nM, 100 pl) (G2), MTX
(5.0 mg kg™) (G3), anti-TNF-a monoclonal antibody (3.0 mg kg™) (G4)
and ND-10 (4 nM, 100 pl) (G5). For short-term therapeutic efficacy
evaluation, PBS, MTX, ND-empty or ND-10 was intravenously injected
every 3 days for a total of five times. Anti-TNF-a mAb was intraperito-
neally administered every 3 days, for a total of five times. The clinical
score, paw thickness and body weight of mice were monitored every
other day. Following treatment, serum was isolated and subjected
to biochemical and cytokine profile analyses. The paws of the mice
were collected for microCT imaging. The joints of the forelimb and
hindlimb were harvested for H&E and safranin O staining and immu-
nohistochemical and RT-PCR analyses. To investigate long-term
therapeutic efficacy, CIA mice were divided into four groups: either
PBS, MTX (5.0 mg kg™), anti-TNF-a mAb (3.0 mg kg™) or ND-10
(4 nM, 100 pl) was intravenously injected every 3 days, for a total of
ten times. Clinical score and paw thickness were monitored every
other day following treatment.

Statistical analysis

Data are presented as mean + s.d. unless otherwise indicated. Sam-
ple variance was tested using the F-test. Significance between two
groups was analysed by two-tailed Student’s t-test. One-way analysis
of variance (ANOVA) with Tukey post hoc test was applied for multi-
ple comparisons. Statistical analysis was performed using GraphPad
Prism v.8.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available within
the Article and its Supplementary Information files. Source data can
befoundonfigshareat https://doi.org/10.6084/m9.figshare.25111502
(ref. 51). Source data are provided with this paper.
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Extended Data Fig. 1| The spatial arrangement of the CD95L array directs the
activation of CD95 signaling in Jurkat cells. a, Clustering of CD95 receptors
inJurkat cells 2 h following treatment with NS-empty (G2), sCD95L (G3), NS-10
(G4),ND-10 in the culture medium (pH 7.4) (G5), ND-10 in the culture medium

(pH 6.5) (G6). Untreated (G1); Scale bar, 5 pm. The experiment was performed
three times with similar results. (b, ), Colocalization of CD95 with the endosomal
marker-early endosome antigen (EEA1) following NS-10 stimulation (b) or ND-10

stimulation in the culture medium (pH 6.5) (c). Scale bar, 5 pm. The experiment
was performed three times with similar results. d, Immunocytochemistry
analysis of Cleaved Caspase-8inJurkat cells 6 h following treatment with NS-
empty (G2), sCDI5L (G3), NS-10 (G4), ND-10 in the culture medium (pH 7.4) (G5),
ND-10 in the culture medium (pH 6.5) (G6). Untreated (G1); Scale bar, 5 um. The
experiment was performed three times with similar results.
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Extended Data Fig. 2| DNA origami nanodevice exhibits conformational and BBQ650 quencher (w/ Cy5.5 & BBQ650), pH-sensitive nanodevice with
transition in response to pH trigger in vivo. Representative in vivo i-motif-based fasteners labeled with Cy5.5 fluorophore (w/ CyS5.5), or pH-non-
fluorescence images of CIA mice after intravenous injection with pH-sensitive sensitive nanodevice with the pH-non-sensitive fasteners labeled with both Cy5.5
nanodevice with i-motif-based fasteners labeled with both CyS5.5 fluorophore fluorophore and BBQ650 quencher (w/ Cy5.5 & BBQ650).
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Extended Data Fig. 3 | Designer DNA origami shows minimal
immunomodulation potential. (a, b) Concentration of TNF-a, IL-6, and IL-1B
inthe supernatants of RAW 264.7 cells (a) and BMDMs (b) following ND-empty
treatment atindicated concentration. LPS (lipopolysaccharide, Invitrogen) was
used as a control. n =3 biologically independent samples per group. Note that

the cytokine concentrations in some samples were below the threshold of the
assay range and they were determined by extrapolating from the standard curve.
Data presented as means + s.d. Statistical significance was calculated via One-way
ANOVA with Tukey post-hoc test (a, b).
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Extended Data Fig. 4 | Designer DNA origami yields long-term therapeutic measurement of the CIA mice following indicated treatments. n =12 biologically
efficacy in CIA mice. a, Schematic illustration of the long-term treatment independent mice per group. Data presented as means +s.d. Statistical
regimen. b, Clinical arthritis scores of the CIA mice following indicated significance was calculated via One-way ANOVA with Tukey post-hoc test (b, ¢).
treatments. n =12 biologically independent mice per group. ¢, The paw swelling The experiment was performed twice with similar results.
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Antibodies used

Validation

cat: ab216991, dilution: 1:100); Recombinant Anti-CD95 antibody [EPR5700] (Abcam, cat: ab133619, dilution: 1:500); Anti-EEAL
Antibody (Abcam, cat: ab206860, dilution: 1:200); Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488) (Abcam, cat: ab150077, dilution:
1:800); Donkey Anti-Rabbit 1gG H&L (Alexa Fluor® 488) (Abcam, cat: ab150073, dilution: 1:800); Donkey Anti-Goat 1gG H&L (Alexa
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Caspase-8 (Asp374) (E6H8S) Rabbit (Cell Signaling Technology, cat: 98134, dilution: 1:200); CD3¢e (E4T1B) XP® Rabbit monoclonal
antibody (Cell Signaling Technology, cat: 78588, dilution: 1:200); CD19 (Intracellular Domain) (D4V4B) XP® Rabbit monoclonal
antibody (Cell Signaling Technology, cat: 90176, dilution: 1:3000); Anti-rabbit 1gG, HRP-linked Antibody (Cell Signaling Technology,
cat: 7074, dilution: 1:1000).

All antibodies were verified by the supplier, and each lot was quality-tested. These antibodies were used based on the instruction of
the manufacturers without additional validation.
https://www.abcam.com/products/primary-antibodies/fas-antibody-epr21088-ab216991.html;
https://www.abcam.com/products/primary-antibodies/fas-antibody-epr5700-ab133619.html;
https://www.abcam.com/products/primary-antibodies/eeal-antibody-early-endosome-marker-ab206860.html;
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A20 (ATCC) is a murine B cell lymphoma line, which was a gift from Prof. Haiyan Liu at the National University of Singapore.
A20 cells were maintained in RPMI-1640 Medium supplemented with fetal bovine serum (final concentration, 10%) and 2-
mercaptoethanol (final concentration, 0.05 mM). Jurkat cells were obtained from ATCC (Clone E6-1, TIB-152) and maintained
in RPMI-1640 Medium supplemented with fetal bovine serum (final concentration, 10%). RAW 264.7 cells were obtained
from ATCC (TIB-71) and maintained in Dulbecco's Modified Eagle's Medium with fetal bovine serum (final concentration,
10%).

Cell lines were authenticated by using PCR assays with species-specific primers.

Mycoplasma contamination Cell lines were tested negative for mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used.
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Wild animals
Reporting on sex
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Ethics oversight

Male 8-week-old DBA/1 mice were purchased from Vital River Laboratory Animal Technology. All mice were housed in 12 light/12
dark cycle at room temperatures ranging between 20 °C and 25 °C with 40-60% humidity.

No wild animals were used in the study.
Male.
No field-collected samples were used in the study.

The animal experiments were carried out in accordance with the guidelines approved by the ethics committee of Fujian Normal
University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Methodology

Sample preparation For tissue samples, the tissue was first mechanically disrupted from mice, divided into small pieces, and homogenized in cold
staining buffer to form single cell suspensions in the presence of digestive enzyme (Collagenase IV (1 mg/ml),
deoxyribonuclease (100 pg/ml)). The cell suspension was passed through a 70-um cell strainer and treated with ACK lysis
buffer (Gibco). The single cell suspension was washed with FACS buffer, incubated with anti-CD16/32 antibodies, and then
stained with the indicated antibodies.

Instrument BD Accuri C6 Plus Flow cytometer (BD Biosciences)

Software FlowJo (v10; BD Biosciences, USA)

Cell population abundance No purification.

Gating strategy The cells were first gated based on FSC-A/SSC-A and SSC-A/SSC-H to select for single cells. Single-color and FMO

(fluorescence minus one) stains were used to determine positive populations.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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