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ARTICLE INFO ABSTRACT
Keywords: Rheumatoid arthritis (RA) is an autoimmune disease that has a complex pathogenesis and remains tough to treat.
Rheumatoid arthritis The clinical treatments with e.g. methotrexate (MTX) and TNF-a antibodies show fractional responses and lessen

Combination therapy

RNA interference
Macrophage-targeted delivery
Polymeric vesicles

the symptoms only to a certain extent. Here, we developed inflammation-targeted vesicles codelivering meth-
otrexate and TNF-a small interfering RNA (siTNFa) (ITV-MT) for effective ablation of collagen-induced arthritis
(CIA) in mice. ITV-MT with tetra-mannose ligand and high loading of MTX (17.1 wt%) and siTNFx (9.0 wt%)
displayed a small and uniform size (53 nm) and augmented uptake by inflammatory macrophages leading to
superior regulation of macrophage phenotype from M1 to M2 in vitro compared to monotherapies. The intra-
venous injection of ITV-MT revealed clearly enhanced accretion in the inflamed joints. Interestingly, ITV-MT
effectively repolarized M1 macrophages to M2 type, markedly reduced proinflammatory cytokine levels, and
significantly attenuated symptoms including joint swelling, arthritis scores and bone damage in the CIA mouse
models, by concurrently downregulating both adenosine and TNF-o pathways. This study highlights
inflammation-targeted vesicles codelivering methotrexate and TNFu siRNA as a potential strategy to improved
RA treatment.

Statement of significance: Rheumatoid arthritis (RA) is regarded as an incurable disease, often referred to as an
"incurable cancer". Current therapies, such as methotrexate (MTX) and anti-TNFa monoclonal antibodies, exhibit
limited efficacy and severe adverse effects. The distinct physiochemical properties of MTX and siTNFa hinder
their codelivery to RA joints and inflammatory cells. Here, we engineered inflammation-targeted vesicles (ITV-
MT) for the codelivery of MTX and siTNFa to enhance therapeutic outcomes. Our findings reveal that ITV-MT
significantly improves the drug uptake by macrophages, facilitating repolarization from M1 to M2 pheno-
types. In CIA models, ITV-MT effectively downregulated proinflammatory cytokines while upregulating anti-
inflammatory cytokines in RA joints, inhibited inflammatory cell infiltration in the synovium and protected
against bone erosion. This study highlights that inflammation-targeted co-delivery of small molecular anti-RA
agents and RNAI therapeutics may offer a compelling alternative to existing RA treatments, representing a
promising strategy for RA treatment.

1. Introduction characterized by chronic inflammation, in which inflammatory cells
such as macrophages, neutrophils, and lymphocytes play critical roles in
Rheumatoid arthritis (RA) is a multifactorial autoimmune disorder its onset and progression [1-3]. The elevated secretion of
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proinflammatory cytokines leads to irreversible damage to the joint
synovium and cartilage [4,5]. Both proinflammatory molecules and in-
flammatory cells significantly influence the severity and underlying
mechanisms of RA [6,7]. Current clinical interventions primarily
include methotrexate (MTX) and anti-TNFa monoclonal antibodies
(infliximab, adalimumab ect.) [8]. As an anti-metabolic drug, MTX
modulates the adenosine pathway and inhibits the conversion of folic
acid to tetrahydrofolate during DNA synthesis in immune cells. These
can lead to the polarization of proinflammatory M1 type macrophage
(M1M) into anti-inflammatory M2 type macrophage (M2M) or induce
direct cytotoxicity in M1 M in RA lesions at high concentrations,
achieving anti-inflammatory effects [9,10]. Anti-TNFa mAb treats RA by
blocking TNF-« signaling pathway, which is central to RA pathogenesis
[11-13]. Unfortunately, both MTX and anti-TNFa mAb exhibit frac-
tional responses and lessen the symptoms only to a certain extent [14,
15]. Moreover, MTX often shows slow-onset and severe adverse effects
upon long-term use [16,17], while anti-TNFo mAb may provoke
off-target adverse reactions and lose activity after repeated use [18].
The work from different groups has shown that macrophage-targeted
nanodelivery of MTX can enhance its anti-RA effects and safety by
improving its pharmacokinetics and uptake in the inflamed joints
[19-23]. To solve the problems of anti-TNFa mAb, small interfering
RNA targeting TNFo mRNA (siTNFa) has been actively explored [24,
25]. The previous studies showed that siTNFa can downregulate TNF-a
level and relieve the inflammatory symptoms of RA joints [26,27].
siTNFo monotherapy leads, however, only to moderate and transient
anti-RA effects [11,28,29], which is in part due to inefficient delivery.
The combination of siRNA therapeutics with small-molecule drugs like
MTX might provide a better treatment for RA by simultaneously tar-
geting two pathways [30-34]. There are, however, rare systems that are
able to stably coload and codeliver siRNA therapeutics and
water-soluble small drugs as MTX, which have completely different
physiochemical properties, to RA joints and inflammatory cells. Severe
drug leakage was observed for the nanosystems at pH 7.4 within 12 h
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[31,34].

Here, we designed and investigated inflammation-targeted poly-
meric vesicles for the co-delivery of MTX and siTNFa (ITV-MT) for
effective ablation of collagen-induced arthritis (CIA) in mice (Scheme 1).
To increase inflammation-targetability, tetra-mannose ligands were
equipped at the outer surface of the vesicles to target M1Ms that pre-
dominate at RA lesions [35,36]. To efficiently load MTX and siTNFa,
chimaeric polymersomes with short polyethylenimine (PEI, 1200
g/mol) in the watery core was employed. Interestingly, ITV-MT showed
favorable biophysical features, evident macrophage targetability, and
enhanced regulation of the inflammatory microenvironment, leading to
marked alleviation of RA symptoms. To our knowledge, this study rep-
resents the first report on the targeted co-delivery of small molecular
anti-RA agents and RNAI therapeutics to the same inflammatory mac-
rophages at prescribed fixed ratio via chimaeric disulfide-crosslinked
polymersomes, providing a potential treatment strategy for RA.

2. Experimental section
2.1. Synthesis and characterization of TM-PEG-P(TMC-DTC)

The tetra-mannose-modified copolymer polyethylene glycol-b-poly
(trimethylene carbonate-co-diothiolane-trimethylene carbonate) (TM-
PEG-P(TMC-DTC)) was synthesized through a two-step process. First,
maleimide-functionalized copolymer Mal-PEG-P(TMC-DTC) (MW: 7.5-
(15.0-2.0) kg/mol; 158 mg, 0.0064 mmol) in 1 mL of DMSO was added
dropwise to a stirred peptide solution of Ac-CGGEGEGE (10 mg, 0.013
mmol) in 100 pL of DMSO at room temperature for 2 h. The reaction
solution was subsequently dialyzed (MWCO: 3500 Da) in 100 mL of
DMSO for 16 h (four times dialysate change) and 100 mL of DCM for 8 h
(twice dialysate change) before precipitation in 30-fold volume cold
ether. This was followed by filtration and vacuum drying at 25 °C for 48
h to obtain the Ac-CGGEGEGE modified polymer. Second, the obtained
polymer (140 mg, 5.75 pmol) was dissolved in 1.2 mL of DMSO and
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Scheme 1. Schematic illustration of tetra-mannose containing ligands functionalized polymersomes (ITV-MT) for the codelivery of MTX and siTNFa to CD206-

overexpressing macrophages in the inflammatory joints of CIA mice.
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mixed with N-hydroxysuccinimide (NHS, 5.3 mg, 0.046 mmol) and
dicyclohexylcarbodiimide (DCC, 9.5 mg, 0.046 mmol) at 25 °C to acti-
vate the carboxylate groups for 12 h. The mixture was then added
dropwise to triethylamine-desalted mannose (10.2 mg, 0.046 mmol)
under stirring. After 24 h, TM-PEG-P(TMC-DTC) was purified and
recovered using the same procedure as above involving dialysis, pre-
cipitation and vacuum-drying. 'H NMR spectrum (DMSO-dg, 600 MHz,
ppm) of TM-PEG-P(TMC-DTC): § 1.94 (e, -OCOCH,>CH,CH>CO-), 3.07 (f,
-C(CH2SSCH)C-), 3.51 (b, -CH2CH30-), 4.13 (c, -OCOCHCH,CH,0-),
4.14 (d, -OCOCH2(CH2SSCH2)CH20-) and & 4.64-4.90 (mannose).

2.2. Preparation of inflammation-targeted vesicles codelivering MTX and
siTNFa (ITV-MT)

To prepare ITV-MT, TM-PEG-P(TMC-DTC) and PEG-P(TMC-DTC)-
PEI (MW: 5-(14.9-2.2)—1.2 kg/mol) were mixed at a mass ratio of 1:9
in DMF (10 mg/mL, 100 pL), and added into 900 uL of HEPES buffer (5
mM, pH 6.0) containing MTX (300 pg) and siTNFa (0.1 mg) under mild
magnetic stirring (280 rpm) for 1 h. The formed polymersomes were
dialyzed (MWCO: 3500 Da) in the buffer for 4 h and in phosphate buffer
(PB, 5 mM, pH 7.4) for 2 h, with dialysate changes every hour. Single
drug-loaded polymersomes, ITV-M and ITV-T, were prepared in the
same way but with only one drug (MTX or siTNFa) added. V-MT was
prepared without addition of TM-PEG-P(TMC-DTC). Drug loading effi-
ciency (DLE) and drug loading content (DLC) of MTX were measured by
UV spectrometer (298 nm), and those data of siTNFa were determined
by NanoDrop spectrometer. To determine the loading contents of MTX
and siRNA in coloaded polymersomes, ITV-MT (containing 3 % Cy5-
siRNA as a probe) was measured using UV-vis spectroscopy at ex. 298
and 647 nm, respectively, and DLCs were calculated based standard
curves of MTX or Cy5 from known concentrations. The colloidal stability
of ITV-MT during storage and in the presence 10 % serum as well as drug
leakage during storage were studied.

2.3. In vitro repolarization of macrophages

RAW 264.7 cells were seeded in 12-well plates (5 x 10%/well) and
treated with ITV-M, ITV-T, or ITV-MT (MTX: 20 ug/mL, siTNFa: 100 nM,
n = 3) for 24 h. The medium was supplemented with LPS (100 ng/mL)
and incubated for an additional 4 h. The concentrations of TNF-a, IL-18,
IL-6 and IL-10 in the medium were measured using ELISA Kkits.

Bone marrow derived macrophages (BMDMs) were cultured in 12-
well plates (1 x 10%/well), and treated with PBS, ITV-M, ITV-T, or
ITV-MT (MTX: 20 pg/mL, siTNFa: 100 nM) for 24 h. The medium was
then supplemented with LPS (100 ng/mL) and IFN-y (20 ng/mL) and
incubated for an additional 4 h. The concentrations of TNF-a and IL-1§
in the medium were measured using ELISA Kkits.

2.4. In vivo and ex vivo fluorescence images of CIA mice

All animal experiments were approved by the Animal Care and Use
Committee of Soochow University (P. R. China) and all protocols for the
animal studies conformed to the Guide for the Care and Use of Labora-
tory Animals. The collagen-induced arthritis (CIA) mouse model was
established on male DBA/1 mice (6-8 weeks, 16-18 g) as previously
reported [37]. An emulsion of bovine type II collagen and Freund’s
Complete Adjuvant was intradermally injected into the tail base of the
mice for initial immunization. After 21 days, these mice were boosted
with an emulsion of bovine type II collagen and Freund’s incomplete
adjuvant. Disease progression was monitored by measuring hind paw
thickness and the arthritis score, with each limb scored on a scale of 0-4
(maximum score: 16).

In vivo live imaging was performed when the four paws became
swollen. CIA mice were intravenously injected with 200 uL of Cy5-
labeled V-MT or ITV-MT (Cy5: 0.3 pg/mouse, siTNFo: 0.5 mg/kg
(mpk), MTX: 4 mpk) via tail veins. At predetermined time points, the
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mice were scanned using an IVIS imaging system to study the bio-
distribution of the nanodrugs (n = 3). At 24 h post-injection, the mice
were sacrificed, and their hind legs were collected for ex vivo imaging
and semiquantitative analysis.

2.5. In vivo therapeutic efficacy of ITV-MT in RA mice

When the arthritis score reached 2 - 3, the CIA mice were randomly
divided into five groups (n = 8): PBS, a mixture of free MTX and siTNFa
(siTNFa: 1 mpk, MTX: 4 mpk), ITV-M (MTX: 4 mpk), ITV-T (siTNFa: 1
mpk), or ITV-MT (siTNFa: 0.5 mpk, MTX: 4 mpk). Each group received
200 pL i.v. injection every 4 days for a total four injections, with the first
injection day designated as day 0. Arthritis score and paw thickness were
evaluated every two days. On day 16, the fore and hind limbs of the mice
were photographed. Five mice of each group were then sacrificed, and
blood samples were collected to measure cytokine concentrations using
ELISA kits (n = 5). Ankle tissues were collected and divided into two
parts for cytokines and mRNA analysis. Cytokine concentrations were
measured using ELISA kits and normalized to pg/mg protein, with
protein content quantified using BCA assays (n = 5). For the second part
of ankle tissue, total RNA was extracted from the synovium and cartilage
using TRIzol extract, purified, dried and analyzed via real-time PCR
(RT-PCR) for mRNA expression of TNF-a and IL-6 genes, normalized to
the PBS group (n = 5). The main organs of one mouse from each group
were sliced and stained with H&E. The ankle tissue of hind limb of one
mouse was used for western blotting to determine TNF-a expression.

Additionally, on day 16, three mice from each group were sacrificed
and six hind leg bones were collected for histological analysis. Three
hind leg bones including knee joints and ankle joints were fixed,
decalcified, and sliced for staining with TNF-a antibody, H&E, or
safranin O/fast green (n = 3). Images were observed via light micro-
scopy, and pathological scores for inflammation, pannus and bone
erosion were determined using a reported scoring method [38]
(Table S1). The remaining three hind leg bones were fixed for one week
and scanned with a small animal micro CT (uCT) instrument for imaging
of the tibia and femur. The data were analyzed and 3D images were
reconstructed using NRecon software (n = 3).

2.6. Statistical analysis

Data are presented as the mean + standard deviation (SD) unless
otherwise stated. Significant differences among groups were determined
by one-way ANOVA with Tukey’s multiple comparison test using
GraphPad Prism 9 software. * p < 0.05 indicated a significant difference,
and ** p < 0.01, *** p < 0.001, **** p < 0.0001 indicated highly sig-
nificant differences.

3. Results and discussion
3.1. Preparation of ITV-MT

Inflammation-targeted vesicles for the codelivery of MTX and siTNFa
(ITV-MT) were facilely produced from the co-self-assembly of 10 % TM-
PEG-P(TMC-DTC) (M, = 7.5-(15.0-2.0) kg/mol) and 90 % PEG-P(TMC-
DTC)-PEI triblock copolymer (M;, = 5.0-(14.9-2.2)—1.2 kg/mol) in the
presence of MTX and siTNFa (Fig. 1A). TM-PEG-P(TMC-DTC) was ob-
tained by conjugating Mal-PEG-P(TMC-DTC) with Ac-CGGEGEGE pep-
tide, followed by the coupling of mannose via an amidation reaction
(Fig. $1). 'H NMR spectrum of TM-PEG-P(TMC-DTC) displayed char-
acteristic peaks of mannose moieties at 5 4.64-4.90 with a TM func-
tionality exceeding 90 % as determined by end-group analysis (Fig. S2).
The resulting polymersomes, self-assembled from PEG-P(TMC-DTC)-PEI
triblock copolymer, possessed an asymmetric membrane structure. The
inner shell, composed of the short hydrophilic PEI, faced the cavity
allowing for complexation with MTX and siTNFa through electrostatic
interactions. The long PEG outer shell ensured extended circulation



Acta Biomaterialia 195 (2025) 338-349

L. Yang et al.
A B
201
FSNH, M ] 3
L& L ]
p M N sl °\° 15-
\ S’
HN R N (0] \1[\ >‘ p
) TNMC-DTC ). > o v TY™ -~
I ] (1-P( I \1( I)l( ) I)Il >W Sl-l.\l'a -g 10_
—’ )
Self-assembly 3
= E s
TM-PEG-P(TMC-DTC) ITV-MT 0 l| _|I .
J 20 200
C D E Size (nm)
1000 RAW 264.7 10000 RAW 264.7 4000 RAW 264.7
- =) ] * -~ ok
[= % %k k — )
= ~ (=] B P £ 3
5 800 L A 5 2001 - £ 3000- "
E = &

S 600 ~ 60004 S

5 2 - S 2000-

S 400+ o | 8 40004 g "

3 - )

£ 200- ~ 20004 © 1000
2 . 2
0 M ol Ao 0 1—see.
>S5 SN DS > S SN DS Y S N DK
O N SR AT D S QSN
AT D SERMRIPRY & Q70
o IR S & NN J &L &
LPS+ LPS+ LPS+
F G H
RAW 264.7 150 BMDM BMDM

) x% ) ¢ ok ; ok ok

= 3001 ook = * = ks

5 t ) . "2 2000 s o

= [ £ 100+ e =

S 2004 * 2 2

2 S v[ ...| S 1000-

S 100- 3 01 @

) &3 )

o z NI
NI RO IO RO dF S DS
SR LD LR AT D SIS

& VO SIS XL & L&A
Oy AN RN S
LPS+ LPS+ IFN-y+ LPS+ IFN-y+

Fig. 1. Size distribution and in vitro repolarization of ITV-MT. (A) Schematic illustration of the preparation of ITV-MT and (B) its size distribution profile. Con-
centrations of (C) TNF-a, (D) IL-1p, (E) IL-6, and (F) IL-10 secreted by LPS-stimulated RAW 264.7 cells after 24 h of incubation with ITV-T, ITV-M and ITV-MT.
Concentrations of (G) TNF-a and (H) IL-1P secreted by LPS- and IFN-y-stimulated BMDMs. PBS, ITV-T, and ITV-M were used as controls (MTX: 20 pg/mL,

siTNFa: 100 nM, n = 3). For Fig. 1G, n = 4.

time, while the disulfide-crosslinked hydrophobic membrane made of P
(TMC-DTC) served as a barrier, effectively separating the inner
compartment from the external environment [39]. This structural design
enabled high and stable loading of both highly water-soluble MTX and
siRNA, which is generally challenging to achieve. The surface density of
TM on the vesicle could be tailored by varying the copolymer
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composition. Of note, ITV-MT displayed a high loading for both MTX
and siTNFo (Table S2) with uniform hydrodynamice sizes. Typically,
ITV-MT was obtained with a TM density of 10 %, an MTX loading
content of 17.1 wt% and a siTNFa loading content of 9.0 wt% (Fig. 1B),
and they appeared as small nanoparticles with a spherical vesicular
structure as seen from scanning electron microscope (SEM) and
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transmission electron microscope (TEM) images, respectively
(Fig. S3A). Non-targeted controls (V-MT, V-M and V-T), single-drug
counterparts (ITV-M and ITV-T) were prepared similarly. Dynamic
light scattering (DLS) measurements indicated that all formulations had
similar and small size (49-53 nm) and low polydispersity (PDIL:
0.08-0.15) (Fig. S3B), indicating a minimal influence of payload and
surface mannose. Interestingly, the spontaneously formed
disulfide-crosslinks in the hydrophobic P(TMC-DTC) membrane during
the polymersome workup served as a dense barrier to mitigate leakage
of MTX and siRNA, in addition to the effects of electrostatic interactions.
ITV-MT exhibited good stability in 10 % FBS or during storage at 4 °C
with minor drug leakage observed over a period of at least four weeks
(Fig. S3C,D,E). The encapsulated MTX and siTNFa may be triggered to
release in cytoplasm-mimicking reductive conditions through cleavage
of disulfide bonds. This disulfide-crosslinking mechanism effectively
prevents drug leakage during circulation and enhances the drug release
efficacy within the cytoplasm. Furthermore, ITV-MT, V-MT and mono-
therapies, with MTX conc. of 200 pg/mL and siTNFa conc. of 100 pg/mlL,
which were used for subsequent in vivo investigations, did not show
hemolysis (Fig. S3F), implying their safety as intravenous formulation.

3.2. Anti-inflammatory effect of ITV-MT

We evaluated the cellular uptake and anti-inflammatory effects of
IVT-MT in vitro inflammation models using M1M-dominant macro-
phages, specifically RAW 264.7 cells or BMDMs stimulated with lipo-
polysaccharide (LPS). To investigate the influence of tetra-mannose
(TM) density on the uptake of IVT-MT by LPS-stimulated BMDMs, we
employed Cy5-labeled polymersomes. Flow cytometry results demon-
strated that IVT-MT containing 10 % TM exhibited the highest uptake
compared to formulations with 0 %, 5 % and 20 % TM densities
(Fig. S4A). Notably, the uptake at 10 % TM density was 1.6-fold greater
than that observed with formulations containing either 10 % or 40 %
mannose (Fig. S4B). This increased uptake is attributed to the multi-
valent binding of tetra-mannose to mannose receptors on macrophages.
Consequently, IVT-MT with 10 % TM density was selected for subse-
quent studies.

The levels of the proinflammatory cytokines TNF-a, IL-1p, and IL-6
and the anti-inflammatory cytokine IL-10 were measured. ELISA re-
sults demonstrated a reduction in TNF-a concentration in both ITV-M
and ITV-T groups compared to the PBS group, and TNF-a was further
significantly reduced by ITV-MT treatment (Fig. 1C). Similarly, IL-6 and
IL-1p concentrations were notably lower in the ITV-MT group than in
other groups (Fig. 1D&E). Moreover, IL-10 levels were significantly
higher in the ITV-MT group compared to the PBS (***) and ITV-T (**)
groups (Fig. 1F). BMDMs treated with ITV-MT followed similar trends
and secreted lower levels of TNF-a and IL-1p than those from the ITV-M
and ITV-T groups, and significantly lower levels than the PBS group
(Fig. 1G&H). It is known that M1Ms secrete proinflammatory cytokines
(TNF-a, IL-1f and IL-6 are key markers), while M2Ms secrete anti-
inflammatory cytokines (IL-10 is a key marker). These results suggest
that ITV-MT effectively reduces M1Ms and increases M2Ms, demon-
strating a superior ability to regulate macrophage phenotype from
M1Ms to M2Ms.

3.3. Targeting of ITV-MT to RA joints

To investigate the inflammation-targetability of ITV-MT in collagen-
induced arthritis (CIA) mice, the biodistribution and its accumulation in
RA inflammatory joints were studied using Cy5-labeled ITV-MT or V-MT
for tracking. In vivo imaging demonstrated a significant increase in Cy5
fluorescence in the limbs for both groups at 2 h post intravenous (i.v.)
injection, attributed to the enhanced vascular permeability and reten-
tion (ELVIS) effect at the site of inflammation. Remarkably, from 2 to 8
h, the accumulation of ITV-MT in the RA joints progressively increased,
maintaining a high level from 12 to 24 h, in contrast to the lower

342

Acta Biomaterialia 195 (2025) 338-349

accumulation of V-MT (Fig. 2A). In particular, Cy5 intensity in the joints
of the ITV-MT group was 3.2-fold higher than that of the V-MT group at
24 h (**). Ex vivo fluorescence images of the limbs at 24 h confirmed an
enhanced enrichment of Cy5 in the inflammatory feet and ankle joints of
ITV-MT-treated mice, with fluorescence intensity twice that of the V-MT
group (*) (Fig. 2B). In particular, radiant efficiencies of inflamed ankle
joints of hind legs (A) in ITV-MT group were significantly higher than
those in healthy muscles (M, **) of the same mice, while such difference
was not observed for V-MT group (Fig. 2B). These results confirmed the
macrophage-targeting effect of the TM cluster due to the multivalent
binding to CD206 on macrophages. It is reported that polysaccharides
with branched structures exhibit improved binding affinity for CD206
compared to those with linear structures [40,41] and mono mannose
[42,43], attributed to the strong binding of long-chain branched sugars
to the CRD4-8 on CD206 [35]. The active targeting and long retention of
ITV-MT in the inflammatory joints of CIA mice, providing a basis for
drug release at inflammatory sites and anti-inflammatory effects for
anti-CIA treatment.

3.4. Therapeutic efficacy of ITV-MT in ZIA mice

The therapeutic effect of ITV-MT was preliminarily evaluated using a
zymosan A-induced RA (ZIA) mouse model with a single i.v. injection
(MTX: 4 mg/kg, siTNFa: 1 mg/kg). ZIA model generally serves as a
primary model for innate immunity in RA, simulating the role of mac-
rophages in activating inflammation and damaging articular cartilage
during the early stages of RA, thus suitable for preliminary and rapid
screening of anti-inflammatory effects. Changes in body weight, knee
diameter and circumference, and cytokine concentrations in the plasma
were monitored over time (Fig. 3A). With no significant changes in body
weight observed all groups (Fig. 3B), ITV-MT group at half the dose of
siTNFa showed a substantial reduction in leg swelling and knee diam-
eter/circumference compared to the two monotherapy groups (Fig. 3C
and D). Moreover, the plasma concentration of IL-6 was greatly lower in
the ITV-MT group than in the two monotherapy groups (**) on day 3,
despite no significant difference on days 1 and 2 (Fig. 3E). These results
validate that a single injection of ITV-MT could downregulate proin-
flammatory cytokines expression in ZIA mice, demonstrating synergistic
effects. This finding is consistent with reports on the benefit of
combining MTX with TNF inhibitors in seropositive RA patients [12].

3.5. Therapeutic efficacy of ITV-MT in CIA mice

The anti-RA efficacy of ITV-MT was further systematically evaluated
in CIA mouse model, which is characterized by an autoimmune response
against type II collagen in articular cartilage with prolonged joint
inflammation and tissue damage. CIA models built in DBA/1J mice
contain MHC II H-29 genotype that increases the susceptibility to type II
collagen, closely resembling the pathogenesis and immunological situ-
ation in RA patients associated with specific HLA-DRB1 alleles that
predispose them to autoantigen-related disease mechanisms [44-46].
These features distinguish it from the CIA and adjuvant-induced arthritis
(AIA) rat models.

At arthritis scores of 2-3 (designated as day 0), the mice were i.v.
administered with ITV-MT (MTX: 4 mg/kg, siTNFa: 0.5 mg/kg, Fig. 4A).
Changes in the arthritis score, paw thickness, cytokine secretion, and
bone status were assessed. Results showed that the arthritis scores and
paw thickness in the free MTX+siRNA group were only slightly lower
than those in the PBS group, due to the short circulation time and easy
degradation of naked siRNA in vivo (Fig. 4B-D). Treatments with ITV-M
and ITV-T slightly improved the arthritis scores and reduced paw
swelling. In contrast, ITV-MT significantly decreased the arthritis score
and swelling (Fig. 4B), effectively preventing RA progression. On day
16, paw thickness was reduced to a level comparable to that of healthy
mice (Fig. 4C, D). Images of the hind and forelimbs showing no visible
redness or swelling of the paw pads, similar as healthy mice, confirmed
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Fig. 2. In vivo biodistribution of Cy5-labeled V-MT and ITV-MT (Cy5: 0.3 ug/mouse, n = 3). (A) In vivo imaging and semiquantification of the mice. (B) Ex vivo
images and semiquantification of total radiant efficiency of four limbs as well as radiant efficiency of inflammatory ankles of hind legs (A) and healthy muscles (M) at

24 h post-injection.

the anti-inflammatory capacity of ITV-MT (Fig. 4E).

Hematoxylin and eosin (H&E) staining revealed no significant
toxicity to the major organs in treated mice compared to the PBS-treated
RA mice (Fig. S5), indicating favorable biosafety profiles for ITV-MT. It
is important to note that off-target effects of siTNFa can lead to reduced
efficacy and inaccurate gene knockout, potentially resulting in systemic
toxicity. The targeted delivery capability of ITV-MT for M1M substan-
tially mitigates off-target effects, minimizing damage to normal stromal
cells. Studies have shown that MTX synergizes with TNF-a antagonists in
seropositive RA patients [12,47], while siTNFa-loaded lipid nano-
particles could not reduce hind leg paw thickness in a CAIA mouse
model at high doses (2 mg siRNA/kg) [27]. The better anti-RA effect of
ITV-MT signifies the importance of siTNFa and MTX co-delivery at a
prescribed ratio.

3.6. Immunological analyses of inflammatory joints of CIA mice

Immunological analyses of the microenvironment of CIA mice were
conducted on day 16. The results confirm the considerably elevated
TNF-a and IL-6 in serum and RA joint for the PBS group (model group)
compared to healthy mice. On day 16, ITV-MT treatment significantly
reduced the serum levels of IL-6 while hardly influenced serum levels of
TNF-a, possibly due to very low concentrations close to the detection
limit of ELISA kit (Fig. 5A and B). To further examine the anti-
inflammatory ability of ITV-MT in situ, the synovium and cartilage of
the limbs of CIA mice on day 16 were homogenized for ELISA analysis of
cytokines. The results showed that compared to the PBS group, ITV-MT
group exhibited significantly lower concentrations of TNF-a, IL-6 and IL-
1p (Fig. 5C-E), and higher IL-10 levels and IL-10/IL-6 ratio (Fig. 5F-G),
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closely resembling the levels in the healthy group. The discrepancy in
TNF-a trend in serum and RA joint by ITV-MT treatment may indicate
the migration of TNF-q, as an early marker, from peripheral blood to the
inflammatory sites in CIA model, causing tissue damage. Additionally,
compared with two monotherapies, ITV-MT treatment strongly sup-
pressed expression of TNF-o mRNA and IL-6 mRNA in RA joints, as
detected by RT-PCR, effectively regulating the inflammatory microen-
vironment of RA (Fig. 5G, H). Western blotting revealed that TNF-o
protein levels in the RA joint tissues followed a trend similar to that of
the ELISA and RT-PCR results (Fig. S6). These findings confirm that
ITV-MT is more effective at reducing the expression of proinflammatory
genes and proteins and remodeling the immune microenvironment in
RA joints than single-drug counterparts.

3.7. Joint tissue analyses of CIA mice

Bone injury or destruction is a common occurrence during RA
pathogenesis. To evaluate the therapeutic effects of ITV-MT on the joint
bone and cartilage tissue of CIA mice, knee and ankle sections were
stained with H&E, safranin O fast green (SO-FG), or subjected to TNF-a
immunohistochemical (IHC) staining. Analysis of bone and cartilage
destruction, immune cell infiltration, and TNF-a distribution was per-
formed (Fig. 6A). H&E-staining revealed severe synovium destruction
and presence of a large number of infiltrating immune cells (orange
arrows point to severe inflammation areas) in the knee and ankle joints
in the PBS group. Inflammation in these joints and damage to articular
cartilage were reduced in the monotherapies and free drug groups. In
contrast, the ITV-MT group exhibited nearly no inflammation, a smooth
synovium, and a complete ankle joint structure resembling that of
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Fig. 3. Anti-RA effects of ITV-M (4 mg/kg), ITV-T (siTNFa: 1 mg/kg) and ITV-MT (MTX: 4 mg/kg, siTNFa: 0.5 mg/kg) on ZIA mice (n = 5). (A) Experimental
schedule. (B) Relative body weight of the mice. Changes in the knee (C) diameter and (D) circumference of the RA joints. (E) Plasma IL-6 concentrations on days 1, 2

and 3 (n = 5).

healthy mice. Moreover, TNF-a IHC staining of ITV-MT group revealed
very small TNF-a-positive regions (similar to those in the healthy group)
and a reduction in immune cell infiltration within the synovium, in
contrast to the significant joint damage and large TNF-a-positive areas in
the synovium (white arrows point to high TNF-a positive areas) of the
free drug, ITV-M and ITV-T groups (Fig. 6A). Semi-quantitative analyses
of synovial inflammation arthritis score and pannus score of ITV-MT
group decreased from 3 to 0.5, indicating the great capacity to reduce
inflammation and new pannus formation (Fig. 6B).

SO-FG stained images showed that compared to the bones of PBS,
free drugs and ITV-T group exhibiting severe loss of bone integrity and
cartilage (red arrows point to damaged cartilage), the bone structure in
the ITV-M group remained intact despite significant loss of
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glycosaminoglycans in the cartilage (Fig. 6A), consistent with reports of
some protective effects of MTX on RA bone tissue [48]. Remarkably, the
bone tissue of the ITV-MT group was well protected, and the cartilage
had integrity and was essentially the same as that of the healthy group,
yielding the lowest bone erosion score (Fig. 6B).

Furthermore, the protective effect of ITV-MT against bone erosion in
the periarticular region and systemic bone loss was analyzed via micro-
computed tomography (uCT) (Fig. 7). 3D reconstructed pCT images of
the cross-sections of tibias and femurs revealed severe damage in the
PBS group, while ITV-MT treatment significantly alleviated bone erosion
(Fig. 7A, C). The bone structure parameters supported this observation,
showing significantly increased bone volume fraction (BV/TV), trabec-
ular thickness (Tb.Th), trabecular number (Tb.N) and bone mineral
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density (BMD), as well as decreased trabecular separation (Tb.Sp) and
bone surface/volume ratio (BS/BV) in both tibias and femurs (Fig. 7B,
D). Based on the significant reduction in pro-inflammatory immune cell
infiltration and the associated damage to cartilages and bones within RA
joints, it is reasonable to anticipate that ITV-MT therapy has the po-
tential to prevent inflammatory relapse, preserving joint health and
function over the long term.

Despite the promising results of ITV-MT, complete remission in CIA
mice has not yet been achieved. Future investigations should address
several critical aspects: (1) The complex interplay of various immune
cell types and the intricate immune microenvironment in RA lesions [49,
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50] necessitates the development of innovative therapies that integrate
multiple drugs to effectively target the diverse pathogenic cell pop-
ulations involved. (2) Given the multifactorial nature of RA, combina-
tion therapies should rationally balance anti-inflammatory responses
with tissue repair needs at different disease stages. This requires
comprehensive nanomedicine designs that enable precise spatiotem-
poral coordination in drug delivery, allowing for the release of drugs
tailored to specific cell types or tissues at optimal times. (3) While CIA
murine models have been instrumental in studying RA, their trans-
lational relevance to human patients may be limited. Utilizing human
tumor necrosis factor transgenic (hTNFtg) mice [51] may provide a
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346



L. Yang et al. Acta Biomaterialia 195 (2025) 338-349

A PBS MTX+siTNFa ITV-M ITV-T ITV-MT Healthy

/S

Inflammation score
e w8
— |*|
Pannus score
o b
Bone erosion score
—_ 2

T T T T ! ! 0= T T T T T (e T T T T
S & DA S & 5 N 5 <

SL IO FLS S PPN E
IS FETADS FI LTS
ESRNIENRS S SE O

Fig. 6. Histological analysis of knee and ankle joints of the RA mice on day 16, as shown in Fig. 4A. (A) Representative H&E stained images, immunohistochemistry
images of TNF-a and SO-FG stained images (scale bars: 200 pm). Orange arrows in H&E images point to severe inflammation areas, white arrows in IHC images point
to highly TNF-« positive areas, and red arrows in SO-FG images point to damaged synovial cartilage. (B) Semiquantitative scoring of synovial inflammation, pannus
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more accurate model that reflects the RA patient scenario. vesicles codelivering MTX and siTNFa (ITV-MT) achieve synergistic ef-
ficacy in the ablation of CIA in mice. By combining a low dose of MTX
4. Conclusion with siTNFa to inhibit the TNF-a pathway, ITV-MT offers an effective

therapeutic strategy for CIA mice that are insensitive to MTX mono-
This study demonstrates that inflammation-targeted polymeric therapy. ITV-MT exhibited robust co-loading capacities for MTX and
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Fig. 7. Bone damage analysis of the tibias and femurs of CIA mice on day 16 after treatment, as shown in Fig. 4A (n = 3). (A) uCT images of the cross-section and (B)
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density (BMD), bone surface/volume ratio (BS/BV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp)).

siTNFa, maintained a uniform size, and demonstrated efficient code-
livery of both drugs to RA sites following intravenous injection in CIA
mice. Notably, ITV-MT effectively downregulated proinflammatory cy-
tokines while enhancing anti-inflammatory cytokine within the RA
joints. This led to a substantial reduction in arthritis score and symptom
relief compared to single drug-loaded polymersomes. Furthermore, ITV-
MT effectively inhibited inflammatory cell infiltration in the RA syno-
vium and protected against bone erosion and joint damage. This strategy
leverages the synergistic effects of both drugs to modulate the inflam-
matory microenvironment. This inflammation-targeted codelivery of
MTX and siTNFa provides a potential treatment strategy for RA patients
and warrants further investigation.
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