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Recombinant adeno-associated virus (AAV) vectors have become
promising platforms to deliver therapeutic transgenes for the treat-
ment of monogenic disorders. However, anti-AAV antibodies that
are released by B cells after AAV treatment create a substantial
barrier to their long-lasting safe and effective therapy, making AAV
gene therapy a “one-shot” treatment. Herein, we developed tol-
erogenic nano-adjuvants (named RICP) composed of rapamycin
(RAPA) and itaconate (ITA) to induce specific immune tolerance to
overcome the anti-drug antibodies (ADAs). This strategy blocked
the feedback loops of follicular helper T (Tfh) cells and germinal
center B cells via metabolic regulation, complementary to the
induction of regulatory T cells (Tregs) via mTORc1 inhibitor RAPA,
consequently preventing the secretion of anti-AAV antibodies. The
developed nano-adjuvants also significantly increased the expres-
sion of transgenes (such as luciferase, green fluorescent protein and
human embryonic alkaline phosphatase reporter transgene) in the
liver at re-dosing compared with mice treated with AAV alone,
which showed almost no change in transgene expression. This
emerging strategy provided an AAV re-administration schedule to
not only mitigate toxicities with high vector doses but also re-store
therapeutic benefits in children during significant cell proliferation.

1. Introduction

Recombinant adeno-associated virus (rAAV) vectors have
become promising platforms to deliver therapeutic transgenes
for monogenic disorders owing to their unique advantages such
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New concepts

We propose a novel approach to block the Tfh-B cell axis while expanding
Tregs to synergistically abolish memory humoral immune responses. By
leveraging recent insights into the metabolic reprogramming of immune
cells, we developed a nanoparticle-based tolerogenic adjuvant (RICP)
comprising RAPA and itaconate (ITA). RICP, combined with an AAVS
vector, effectively eliminated anti-AAV antibodies and enhanced transgene
expression in the liver upon AAV re-dosing. B cell-mediated immunity
precludes re-administrations, making AAV gene therapy a ‘“‘one-shot”
treatment. A common approach to overcome this obstacle has been to
use immunosuppressants, but it is associated with a high risk of infection.
Swamping neutralizing antibodies with decoys enables the treatment of
seropositive patients, but it is not efficient enough to overcome the high
neutralizing antibody titers and is associated with an increased
immunogenic risk. AAV capsid engineering can increase the number of
subjects eligible for the first-time treatment, but this does not overcome the
challenge of AAV re-administration. This study provided insights into the
development of AAV gene therapy with higher efficacy and the
establishment of a re-administration schedule suitable for re-storing
therapeutic benefits in patients not only with initial treatment failure but
also in the presence of significant cell proliferation, such as in children.

as the ability to transduce nondividing cells and long-term gene
expression." However, B cell-mediated immunity precludes any
re-administrations, making AAV gene therapy a ‘“one-shot”
treatment. Studies have shown that anti-AAV antibodies that
are released by B cells after AAV treatment create a substantial
barrier to their long-lasting safe and effective therapy.”® In
particular, anti-AAV antibodies neutralize the treatment by
direct circulation clearance or activate the complement system
by the formed immune complexes”'® (via binding antibodies
with AAV vector), which further increases the processing of AAV
by antigen-presenting cells (APCs) and the clearance of treated
cells by CD8" cytotoxic T lymphocytes.>*” Furthermore, com-
plement activation can trigger life-threatening inflammatory
responses including thrombotic microangiopathy, acute kidney
injury and immune-mediated myocardial inflammation. Most
importantly, some of these activated B cells differentiate into

Mater. Horiz., 2025,12, 6751-6764 | 6751


https://orcid.org/0000-0002-5907-3875
https://orcid.org/0000-0001-9648-7025
http://crossmark.crossref.org/dialog/?doi=10.1039/d5mh00203f&domain=pdf&date_stamp=2025-06-07
https://doi.org/10.1039/d5mh00203f
https://doi.org/10.1039/d5mh00203f
https://rsc.li/materials-horizons
https://doi.org/10.1039/d5mh00203f
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH012017

Published on 28 Mudyaxihi 2025. Downloaded on 2025-10-07 17:56:24.

Communication

long-lived memory cells. A second encounter with the AAV
results in the activation of memory B cells, leading to an
enhanced and accelerated antibody response.?*

A common approach to overcome this obstacle has been to
use immunosuppressants for a long term to reduce B cell
responses in humans; however, the evidence demonstrated that
it is only partly effective and is associated with a high risk of
infection."™* The modified AAV vector by chemical coupling
with polyethylene glycol has been shown to inhibit AAV
neutralization.”>'* Although multiple cycles of plasmapheresis
can significantly reduce the total IgG level nonspecifically, ulti-
mately it leaves the patients more vulnerable to infections.>'
Swamping neutralizing antibodies with decoys allows the treat-
ment of seropositive patients, but this strategy is not efficient
enough to overcome the high neutralizing antibody titers and is
associated with an increased immunogenic risk.>'® AAV capsid
engineering can increase the number of subjects eligible for the
first-time treatment, but this does not overcome the challenge of
AAV re-administration.'”*® A recently reported strategy to con-
jugate biologics to synthetic mannose polymers lowered antigen-
specific T follicular helper cell and B cell responses, resulting in
reduced anti-drug antibody (ADA) production.'® The applicability
of this strategy to AAV requires further verification for its safety
and efficacy.

Of the techniques explored, inducing specific immune toler-
ance represents a promising strategy that has the potential to
keep the normal immune response to the pathogens at a low
immune burden. For instance, the rapamycin (RAPA)-loaded
PLGA/PLA nanoparticles (NPs) have been investigated for inhibit-
ing the formation of ADAs and AAV vector immune responses by
selectively favoring the expansion and conversion of regulatory T
cells (Tregs) via the immune tolerance-primed APCs.>**' Recent
studies have highlighted that induced Tregs in the complex
inflammation environment failed to maintain the immunosup-
pressive ability and even transformed into the effector T
cells.**>* Hence, a strategy is needed to prevent other T cells
(follicular helper cells, Tth and T helper 2 cells, and Th2), many of
which not only help in the formation and control selection of
high-affinity germinal center B cells (GC B) but also function as
critical regulators for the development of long-term humoral
immunity via Bgc cell differentiation to memory B cells and
plasma cells (PCs).>>"?

In the present study, we hypothesize that nanoparticles that
both induce dendritic cell (DC)-Treg axis and inhibit Tfh-B cell
axis could overcome the immunity barrier of AAV re-
administration. Since metabolic reprogramming in immune cells
following activation is a recently appreciated regulator of their
development and differentiation, we chose the combination of
RAPA and itaconate (ITA) to be tolerogenic adjuvants. Specifically,
the mammalian target of rapamycin (mTOR) consists of two
distinct protein complexes, mMTORc1 and mTORc2, which can
inhibit Treg differentiation by suppressing Foxp3 expression.**
mTOR blockade by RAPA primarily inhibits mTORc1 to promote
the generation of Tregs but seems to cause secondary activation
of mTORc2, which favors the expansion of Tfh cells.>”*® Another
important issue is that mTOR is expressed ubiquitously in many
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cells. Environmental factors might override the intrinsic effect of
the RAPA on helper CD4" T cells, whose normal helper T cell
responses may have been mediated by other types of cells such as
innate immune cells. Furthermore, during initial activation, T
helper cells are more dependent on glycolysis, whereas Treg cells
mainly rely on fatty acid oxidation for their function.>*** There-
fore, inhibition of glycolysis can inhibit the proliferation of T
helper cells including Tth cells and Th2 cells without blocking
Tregs. ITA and its derivations have been recently shown to inhibit
glycolysis, block reactive oxygen species production and inhibit
Janus kinase 1 activation.*>™> The resulting immune tolerance-
inducing NPs ingeniously integrated both RAPA and ITA into the
facile carrier-free nano-system via coacervation technique and
abolished the undesired immune response during AAV treatment
by inducing synergistic effects on cellular regulatory pathways.

2. Materials and methods
2.1 Materials

RAPA was obtained from Xi’an Qiyue biotechnology Co. Ltd.
Itaconic anhydride, decanoic acid, myristic acid, stearic acid, 4-
decenoic acid, 9-decenoic acid, decanedioic acid, decyl alcohol,
myristyl alcohol and stearyl alcohol were obtained from Aladdin
Biochemical Technology Co. Ltd (Shanghai, China). TMB two-
component substrate solution and keyhole limpet hemocyanin
(KLH) were obtained from Beijing Solarbio Science & Technol-
ogy Co., Ltd. Ovalbumin was obtained from Sigma-Aldrich.
Uricase was obtained from MACKLIN. AAV8-luciferase (AAVS-
Luc), AAVS-green fluorescent protein (AAVS-GFP) and AAVS-
Human embryonic alkaline phosphatase reporter transgene
(AAVS-SEAP) were obtained from WZ Biosciences Inc. Glass
bottom cell culture dishes, cell culture dishes and plates were
purchased from Wuxi NEST Biotechnology Co., Ltd, China.

2.2 Synthesis of RAPA-aliphatic acid

A typical synthesis example is provided herein for RAPA-decanoic
acid. A mixture of decanoic acid and excess vinyl acetate was
placed in a reaction flask degassed with nitrogen. The catalyst
(Ir(cod)Cl],) and sodium acetate were added into the reaction
flask at 110 °C for 24 h. The reaction mixture was moved into cold
water and extracted with dichloromethane. Then, a mixture of
RAPA, vinyl decanoic acid and Novozyme 435 in methylbenzene
was stirred at 45 °C for 48 h. The concentration and purification
were determined by silica gel flash chromatography with dichlor-
omethane-methanol (20: 1) as the eluant. The other compounds
synthesized according to the above methods are as follows: RAPA
coupled with myristic acid (RAPA-C,,), stearic acid (RAPA-Cyg), 4-
decenoic acid (RAPA-C;q4), 9-decenoic acid (RAPA-C,yq) and
decanedioic acid (RAPA-C;gcoomn))-

2.3 Synthesis of ITA-aliphatic alcohols

A typical synthesis example is provided herein for ITA-stearic
alcohol. Stearyl alcohol was introduced in a glass flask at
110 °C. Then, equimolar itaconic anhydride was added. The
reaction mixture was kept under magnetic stirring at 110 °C for
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150 min. The reaction mixture was poured in cold heptane.
White crystals of ITA-stearic alcohol were obtained. The other
compounds synthesized according to the above-mentioned
methods are as follows: ITA coupled with decyl alcohol (-C;,)
and myristyl alcohol (ITA-Cy,).

2.4 Preparation of co-assembled NPs

The coacervation technique adopted was to disperse the
sodium salt of ITA-C;g into an aqueous solution in the presence
of 1% polyvinyl alcohol (PVA; Sigma Cat.360627) at an appro-
priate temperature, and to dissolve the RAPA-C;, with ethanol.
The two solutions were mixed to form a single-phase solution.
A selected coacervating solution (Dilute hydrochloric acid) was
then added drop-wise until reaching pH 4.0. The obtained
suspension was then poured in a cold water bath at 15 °C.

2.5 In vivo biodistribution

RAPA-Fluorescence (RAPA-Flu) probe was synthesized similarly
to the methods in Section 2.2. Specifically, we first synthesized
RAPA-C;gcoon)- Then, 5-aminofluorescein was coupled to the
carboxyl group of the RAPA-Cgcoon) via a simple amide reac-
tion, and RAPA was modified with fluorescein. Then, by the
coacervation technique discussed in Section 2.4, RAPA-Flu was
used to co-assemble with ITA-C;g to form Rgj,I;3CP. RgpylisCP
and free RAPA-Flu were intravenously injected into mice, respec-
tively. After 2 h, 6 h and 24 h post-injection, the major organs of
mice were harvested for analysis using an in vivo imaging
system (IVIS).

2.6 Cytotoxicity assay

Human umbilical vein endothelial cells (HUVECs) and
RAW264.7 cells were seeded into 96-well plates, respectively,
at a density of 5 x 10> cells per well and incubated for 24 h in a
cell incubator (37 °C, 5% CO,). Then, serial dilutions of RAPA
solution, ITA-C; g4 solution and RICP were added into wells. After
incubation for 24 h, a CCK8 solution was added to the 96-well
plate. After further 1 h incubation, the absorbance was mea-
sured at 450 nm.

To evaluate the potential hepatotoxicity, C57BL/6 mice were
administered with RICP intravenously at therapeutic doses every
other day for a total of five days. Serum samples were subse-
quently collected for the measurement of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) activities.

2.7 Isolation of BMDCs and tolerogenic induction in vitro

On day 0, bone marrow cells were isolated from the femur and
tibia of C57BL/6 mice. The cell medium contained 2-mercap-
toethanol, recombinant mouse GM-CSF and recombinant mouse
IL-4. On day 2 and day 4, the medium and cytokines were
replaced with fresh ones. Bone marrow-derived dendritic cells
(BMDCs) were collected on day 7.

BMDCs were planked in a 12-well plate at a density of
1 x 10° cells per well. For NP uptake evaluation, Rg ICPs or
free RAPA-Flu was incubated with BMDCs for 6 h. Then the
nuclei were stained with Hoechst 33342. The results were
examined using a confocal laser scanning microscope and a
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flow cytometer. For tolerant dendritic cell (tolDC) induction,
BMDCs were co-cultured with different components (equimolar
RAPA at a concentration of 100 nM and ITA-C;g at a concen-
tration of 250 puM) for 4 h and then activated by LPS
(100 ng mL™") for 24 h. CD40, anti-CD80, anti-CD86, MHC II
and IL-10 of treated BMDCs were examined by flow cytometry to
determine the efficacy of immune tolerance.

Naive CD4" T cells were isolated from the spleen of Balb/c
mice and purified using a MojoSort™ Mouse CD4 Naive T Cell
Isolation Kit (BioLegend, 480039). Purified T cells were stained
with 5,6-carboxyfluorescein diacetate (CFSE) and co-cultured
with BMDCs pre-treated with different treatment formulations
for 3 days. The proliferation results were examined using a flow
cytometer. Naive CD4" T cells (1 x 10° cells per well) and
Ryol15CP pre-treated BMDCs (1 x 10* cells per well) were
co-cultured in the presence of soluble anti-CD3g, anti-CD28
and recombinant mouse IL-2 (Cat. No.: CK24; Novoprotein,
Shanghai, China) for 5 days. Then, mixed lymphocytes were
stained with fluorochrome-conjugated anti-mouse Foxp3 and
examined using a flow cytometer.

For Th2 differentiation, naive CD4" T cells were co-cultured
with soluble anti-CD3g, anti-CD28, recombinant mouse IL-2,
recombinant mouse IL-4 and recombinant mouse IFN-y. Mean-
while, CD4" T cells were treated with various components for 5
days. In vitro-differentiated CD4" T cells were incubated with a
cell stimulation cocktail (eBioscience, 00-4975-93) for 4 h and
stained with eFluor 450 anti-IL13 antibodies and APC anti-IL4
antibodies for intracellular cytokine staining analysis.

2.8 Specific immune tolerance induced by RICP

To determine preferred formulations in our research studies,
we chose uricase as a model antigen, an enzyme limited by
immunogenicity. For the uricase experiment, the uricase-alone
control group and all other treated groups were injected with
625 pg kg™ * uricase per animal every 7 days. We set up four free
drug control groups: (1) ITA group (50 mg kg ', three times every
7 days), (2) RAPA group (5 mg kg™ ', three times every 7 days),
(3) RAPA + ITA group (RAPA 5 mg kg™ and ITA 50 mg kg™, three
times every 7 days) and (4) RAPA-C,, + ITA-C;5 group (RAPA
5 mg kg~ and ITA 50 mg kg™ ', three times every 7 days). Then,
we wanted to know the significance of nano-design for the
therapeutic effect of RAPA-C,, + ITA-C;5, so RICP group (equal
to 5 mg kg~ " RAPA and 50 mg kg™ ' ITA, once every 7 days), was
added. Sampling and injection timing are indicated in figures
legends.

To determine whether RICP could induce antigen-specific
immunological tolerance, we assessed whether mice tolerized
to KLH by RICP would maintain a normal immune response to
OVA. C57BL/6 mice were divided into two groups: KLH group
and KLH + RICP group. The KLH group was injected with KLH
(5 mg kg ') per animal every 7 days. The KLH + RICP group was
injected with KLH (5 mg kg ') and RICP (equal to 5 mg kg *
RAPA and 50 mg kg~ ' ITA, once every 7 days) per animal every
7 days. After three times, both groups were re-challenged three
times with KLH and OVA on day 21, day 28 and day 35.
Sampling is indicated in figure legends.
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Antibody levels were measured by indirect ELISA. Stripwell
microplates (Costar) were coated with 100 pL of KLH at
5 ug mL™', OVA at 10 ug mL™ ', and uricase at 1 pg mL*,
respectively. Nunc maxisorp plates (Invitrogen) contain 1 X
10° viral genomes per well. HRP-conjugated goat anti-mouse
IgG (abcam) and HRP-conjugated goat anti-mouse IgM (ZSGB-
BIO) were used to detect IgG and IgM antibodies, respectively.
The optical density (OD) of the wells was read at a wavelength
450 nm. A four-parameter logistic curve-fit graph was prepared
with the dilution on the x-axis (log scale) and the OD value on
the y-axis (linear scale) for each sample. The area under the
curve (AUC) for each sample was determined by the OD value
on the y-axis (linear scale) versus the dilution on the x-axis (log
scale).

2.9 AAVS efficacy studies by RICP

C57BL/6 mice were injected first using an AAVS8 vector encoding
Luc together with RICP on day 0, followed by the second admin-
istration of an AAV8 vector encoding for Luc to monitor the
transgene expression level by IVIS imaging and the activity of Luc
by luminescence or the second administration of an AAV8 vector
encoding for the green fluorescent protein (GFP) to visualize
transgene expression in the liver. RICP (equal to 5 mg kg™ RAPA
and 50 mg kg ' ITA) was dosed when co-administered with a
vector dose of 4 x 10" vg kg™ ' AAV8. Enzymatic Luc activity was
measured using a Promega Luciferase Assay System. Specifically,
the mice were euthanized, and equal liver tissues were weighed
on day 21 and day 42. The ONE-Glo™ Buffer from the ONE-Glo™
Luciferase Assay System was transferred into the ONE-Glo™
Substrate vial and mixed by inversion until the substrate was
completely dissolved. The lysed liver tissue was diluted 10 folds,
mixed thoroughly with the assay reagent, and transferred to a
96-well opaque white plate. After incubation for 3 minutes, the
luminescence signal was measured using a luminometer.

SEAP is a reporter protein that is secreted into the extra-
cellular space and detected by testing serum, leaving animals
healthy for further experimentation. C57BL/6 mice were injected
first with an AAV8 vector encoding SEAP (4 x 10" vg kg™ )
together with RICP on day 0, followed by the second adminis-
tration of an AAVS vector encoding SEAP with RICP on day 21.
Sampling was done weekly to monitor the anti-AAV8 IgG anti-
body and SEAP. Besides, anti-AAV8 IgM antibody on day 7 and
transcription of the mRNA on day 42 were detected. The SEAP
reporter gene activity was measured using a Phospha-Light
SEAP Reporter Gene Assay System (Invitrogen).

All animal experiments were approved by the Animal
Laboratory Ethics Committee of Shenyang Pharmaceutical Uni-
versity and performed under the guidelines for the care and use
of laboratory animals.

For RNA extraction, reverse transcription and qPCR, livers
were harvested from mice, lysed using Trizol Reagent, snap-
frozen in liquid nitrogen, and stored at —80 °C until processing.
Tissues were homogenized in Trizol using a homogenizer.
Reverse transcription and quantitative PCR (qPCR) analyses
were performed. The quantification of the transcript was per-
formed using a 2—AACt method with internal reference genes.
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2.10 Detection of anti-AAV neutralizing antibodies (Nab)

HEK-293T cells were seeded into 96-well plates at a density of
1 x 10* cells per panel and incubated for 12 h. Serum samples
at week 6 from the AAV-SEAP experiments were heated at 56 °C
for 30 minutes and diluted in fetal bovine serum (FBS) in a
range of ratios. The AAV-Luc vector was diluted in DMEM and
added to each serum tube with a multiplicity of infection of 1 x
10° for AAV-Luc. The virus was mixed with diluted serum
obtained from untreated mice as a positive control for Luc
expression. The mixtures were incubated for 1 h at 37 °C. After
incubation, an rAAV-serum complex was transferred to the
plated cells and incubated for 24 h. The level of anti-AAV NAb
was measured using a Luciferase Reporter Gene Assay Kit
(Beyotime).>*>* We also injected the mixture of AAV-Luc (1 x
10" vg mL™?, 20 pL) and undiluted serum (20 pL) into mice.
Seven days later, by administering p-luciferin potassium salt
and anesthetics to the mice, we observed their luciferase
transfection status using an in vivo imaging system (IVIS).

2.11 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9. The
analysis of statistical significance between two groups was
assessed using a two-tailed unpaired t-test. For multiple group
comparisons, one-way or two-way ANOVA with Tukey’s multiple
comparison test was performed.

3. Results

3.1 Preparation and characterizations of RICP

The nanoscale particulate form is an ideal strategy to specifically
deliver ingredients to APCs, as these cells are experts in capturing
and internalizing little pellets. Thus, we first evaluated whether 4-
octyl itaconate (4-OI), an endogenous ITA mimic, was co-
assembled with RAPA by the coacervation technique. The advan-
tage of the coacervation technique is that it avoids toxic organic
solvents in the production process. Unfortunately, 4-OI alone
could not be successfully prepared into co-assembled nano-
particles, which may be due to its unsuitable amphipathic
property. Hence, we synthesized ITA-C;, and ITA-Cy, sequentially,
and ITA-C;g ultimately (Fig. 1(A) and Fig. S1, ESIt). ITA-C;5 can
complete self-assembling due to its stronger hydrophobic force,
whereas cannot co-assemble with RAPA. Likewise, we modified
RAPA-C;, RAPA-C,, and RAPA-Cg, respectively (Fig. S2, ESIT), to
fabricate co-assembled nanoparticles in pairs with ITA-Cyg
(Fig. 1(B) and (C)) and named R;¢/I;3CP, R;4/I;3CP and Ryg/
I,4CP. The stability of these NPs was evaluated in PBS containing
10% FBS at pH 7.4 and under 37 °C. The results showed that Ry,/
I,5CP precipitated crystals rapidly, the particle size and polydis-
persity index (PDI) of Rys/I;3CP were significantly increased
within 4 days and only R,0/I,3CPs exhibited preferable colloidal
stability as to their minimal variation of the mean diameter and
PDI (Fig. 1(D) and Fig. S3, S4, ESIt). Next, based on the structure
of RAPA-C,,, we subsequently modified RAPA with 4-decenoic
acid, 9-decenoic acid and decanedioic acid and separately named
RAPA-C1p(4), RAPA-Cyg(9), and RAPA-C;o(coon) [Flg 1(B)). The

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Characterization of RICP. (A) Structures of ITA-Cyo, ITA-Cy4 and ITA-Cyg. (B) Structures of RAPA-Cyo, RAPA-Cy4, RAPA-C1g, RAPA-Cyo(4), RAPA-
Ci0(9) and RAPA-Cyocoon). (C) Preparation process of RICP. (D) Hydrodynamic sizes and PDI of Ryol;gCP. (E) C57BL/6 mice injected intravenously once

with KLH alone (100 pg) or with KLH + RICP (Ri0l18CP, Riocoom)l1sCP,

Rio(4)18CP and Rio9)l18CP, respectively). (F) Anti-KLH IgG antibody levels

determined on day 14 using ELISA (n = 3). (G)—(l) Size, TEM and long-time stability of RICP, respectively. (J) In vivo biodistribution of Rg ICP and RAPA-Flu

solutions at 2 h. (K) Ex vivo imaging of major organs.

structures of all the above-mentioned new compounds were
confirmed by LC-MS and "H NMR (Fig. S5-S19, ESIT). Expectedly,
there was no significant difference in the mean diameter and PDI
of these four NPs (Fig. S20, ESIt). We implemented a simplified
pharmacodynamic study by intravenous injection of KLH con-
comitantly with NPs (Fig. 1(E)). Indeed, the KLH-specific IgG
antibody responses were strongly decreased in Ry¢/I;5sCP, Ryo()/
I;5CP and Ry(9)/1;5CP compared to vehicle control mice except for
Riocoonyl1sCP (Fig. 1(F)). Considering the easy oxidation of
unsaturated bonds, we finally chose RAPA-C,, and ITA-C;5 as
the preferred components to prepare CPs, named RICP. As
shown in Fig. 1(G) and (H), RICP had a spherical structure with
an average particle size of 321.5 £+ 15.44 nm and a zeta potential
of —1.78 &+ 0.09 mV (Table S1, ESIt). This near-neutral surface
charge reflected the dense PVA layer on the particle surface,
which effectively shielded any underlying charge, allaying any
concerns about colloidal stability. The long-time storage stability
of RICP was evaluated for 30 days at 4 °C, and the size and PDI
are recorded in Fig. 1(I). Next, we synthesized RAPA coupled with

This journal is © The Royal Society of Chemistry 2025

5-aminofluorescein (RAPA-Flu) to prepare Rg;,, ICP for monitoring
the in vivo fate of NPs (Fig. S21 and S22, ESIt). The biodistribu-
tion of Rg,ICP in main tissues was investigated and detected
using an in vivo imaging system (IVIS) at different time points. As
shown in Fig. 1(J) and (K), Rg, ICP showed stronger fluorescence
signals in the liver after intravenous injection compared with the
RAPA-Flu solution. These results suggested that the nanoparti-
culate form could significantly enhance the accumulation in the
liver of Ry ICP.

3.2 Cellular uptake and tolerogenic induction in vitro

We used in vitro monocyte-derived DC differentiation models
(denoted BMDCs, Fig. 2(A)) to compare the uptake of free versus
nanoparticle-formulated rapamycin. Immature BMDCs were
incubated with either free RAPA-Flu or Rg,ICP at 37 °C for
6 h, and cellular internalization was first visualized by confocal
microscopy (Fig. 2(B)) and then quantified by flow cytometry
(Fig. 2(C)). BMDCs treated with Ry, JCP showed markedly
brighter intracellular green fluorescence than those treated
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with free RAPA-Flu, demonstrating that the nanoparticle for-
mulation greatly enhances uptake efficiency.

Unlike free rapamycin, which must enter cells via passive
diffusion and thus show relatively low and variable uptake,
Rp1,ICP nanoparticles are taken up actively by DCs and macro-
phages through scavenger receptors, and complement receptor-
mediated endocytosis. Their pathogen-mimetic size and sur-
face complement opsonization promoted efficient recognition
and internalization, ensuring a higher intracellular delivery of
cargo than the free drug.

Commonly, DCs with a stable, semi-mature phenotype and
tolerogenic attributes are designated as tolerogenic DCs
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(toIDCs). To investigate whether RICP can induce tolDC, imma-
ture BMDCs (iDCs) were cultured in the presence of various
formulations for 4 h and subsequently activated by LPS for 24 h
into mature BMDC state (mDCs) (Fig. 2(A)). It means that if
RICP had the ability to induce immune tolerance, the costimu-
latory signal of mDCs will be suppressed. Flow cytometry
analysis indicated that mDCs expressed costimulatory surface
molecules (CD80, CD86 and CD40) and MHC II at higher levels
than iDCs (Fig. 2(D)-(G)). The costimulatory molecule levels of
free RAPA- and RICP-treated BMDCs were significantly lower
than those of mDCs. In addition, free ITA-C,5 did not affect
costimulatory markers. IL-10 of RICP-treated BMDCs presented
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of immature BMDCs after incubation with free RAPA-Flu and RgICPs for 6 h, respectively. (C) Confocal microscopic images of immature BMDCs after
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a slightly raised trend compared to the mDC group although it
was not a significant difference (Fig. 2(H)). It might attribute to
possible insufficient time for incubation. Next, T cell prolifera-
tion was investigated by mixed leukocyte reaction (MLR) to
indirectly determine the tolerogenic property of BMDCs treated
with various formulations. Both RICP- and free RAPA-treated
BMDCs induced less T cell proliferation (~38%) than mDC-
treated T cells (~60%) but induced comparable proliferation to
that induced by iDC-treated T cells (~40%) (Fig. 2(I)). This
indicated that RAPA in RICP is the main ingredient of inducing
tolDC in phenotypic or proliferation experiments rather than ITA.
Furthermore, T cells with RICP-treated BMDC cultures contained
significantly higher proportions of regulatory T cells (Foxp3®
cells) compared to mDC-treated T cell cultures (Fig. 2(J)). Collec-
tively, RICP can induce tolDC in vitro and further promote Treg
maturation.

T follicular helper (Tfh) cells located in B cell follicles are
known to provide help for the formation and maintenance of
germinal center B cell reactions. Tfh cells produce the Th2
signature cytokine IL-4, indicating that Tfh cells and Th2 cells
display similar phenotypical and functional properties, and
both helper T cell subtypes are critical partners to exert full B
cell function.”>>° Since it is difficult to get in vitro real Tth cells,
only Th2 cells were used to evaluate RICP in vitro. Th2 cells
mediated the activation and maintenance of humoral immune
responses against extracellular antigens by producing various
cytokines such as IL-4, IL-5, and IL-13. Therefore, to verify
whether ITA can inhibit Th2 cell differentiation, we sorted
naive CD4" T cells, added suitable agents and examined the
proportion of Th2 cells in total T cells by flow cytometry. The
results indicated that the ITA-C,5 and RICP groups can effec-
tively inhibit the differentiation and maturation of naive CD4"
T cells into Th2 cells instead of the free RAPA group (Fig. 2(K)
and (L)). It may be due to mTORc2, which is indispensable for
Th2 differentiation, whereas mTOR blockade by RAPA seems to
primarily affect mTORc1 and might cause secondary activation
of mTORc2.**"3® Thus, it may not be adequate for RAPA alone to
inhibit Th2 differentiation.

To investigate the toxic effects of RICP, we performed in vitro
cytotoxicity studies of RICP (Fig. S23, ESIt). The results showed
that RICP did not exhibit significant toxicity to HUVEC and
RAW264.7 cells. Moreover, RICP administration did not cause
significant changes in serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels in mice, suggesting
negligible liver burden (Fig. S24, ESIT).

3.3 RICP-induced antigen-specific immune tolerance to
model antigens

Enzyme replacement therapy (ERT) has long been used to treat
the loss of function of specific proteins associated with rare
diseases.”” Data from clinical and preclinical animal models
suggest that high anti-drug antibody titers (ADAs) against
recombinant proteins affect efficacy. It is representative that
whether RICP would prevent antibody response against uricase,
an enzyme limited by immunogenicity. Mice were treated with
various formulations co-administrated with uricase and then

This journal is © The Royal Society of Chemistry 2025
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re-challenged with uricase after the tolerance period weekly
(Fig. 3(A)). Mice treated with free ITA exhibited no effect in the
total period, while the free RAPA group and the free RAPA plus
ITA group showed a slight antibody inhibition response on day
21 and day 28, but showed a rapid recovery antibody response
on day 35 and day 42 after three challenge injections of uricase
alone (Fig. 3(B)—(I)). This delayed response indicated that free
RAPA only exerted a transient immune suppression but not
durable immune tolerance. It is noteworthy that the free RAPA-
C,o plus ITA-C;g group exhibited positive effects to some extent
by reducing anti-uricase antibodies. This may be attributed to
their structure having a hydrophobic long chain that helps to
prolong its half-life. In contrast, mice treated with three weekly
injections of uricase plus RICP showed durable immune toler-
ance to uricase, which remained on day 42 at least compared to
the above-mentioned free drug groups (Fig. 3(B)—(I)).

To assess whether RICP could induce antigen-specific immu-
nological tolerance, and not just systemic immunosuppression,
mice were treated with three intravenous injections of RICP, co-
administrated with KLH, and then challenged with KLH and
unrelated protein ovalbumin (OVA) after the weekly tolerance
period (Fig. 4(A)). The results showed that the mice injected with
KLH alone had a strong immune response to KLH, with a high
level of anti-KLH IgG antibodies (Fig. 4(B)). The mice injected
with RICP and KLH significantly blocked the development of
anti-KLH responses. It demonstrated that this reduction in
antibody response is due to the RICP, which is consistent across
immunogenic antigens (Uricase and KLH). Yet, mice tolerant to
KLH by injections of RICP showed a normal response to OVA,
similar to that of the mice treated with three injections of KLH
alone, indicating that injections of RICP did not shown chronic
immunosuppression (Fig. 4(C)). Together these data show that
RICP, but not free RAPA or ITA or their free lipid derivatives,
could induce durable and specific immunological tolerance
when co-administered with the antigen.

3.4 RICP treatment allowed for AAV vector re-administration

The ability to re-dose AAV would be important for enabling
dose titration of AAV therapies to mitigate toxicities associated
with high vector doses. We next evaluated the ability of RICP to
enable a boost in transgene expression following a repeat dose
of AAV vector administered three weeks after the initial treat-
ment. Specifically, mice were injected first with an AAV8 vector
encoding Luc together with RICP on day 0, followed by the
second administration of an AAV8 vector encoding for Luc to
monitor the transgene expression level by IVIS imaging or the
second administration of an AAV8 vector encoding for the GFP
to visualize transgene expression in the liver (Fig. 4(D)). The
fluorescence expression results suggested that the animals
injected with AAV8-Luc alone showed little further expression
of the target transgene. Notably, coadministration of RICP with
AAVS-Luc resulted in a 2-fold increase in hepatic luciferase
expression compared to AAVS-Luc alone after the second dose
(Fig. 4(E) and (F)). Moreover, the quantitation of the Luc activity
quantification almost doubled after the second AAV stimula-
tion compared to the mice treated with AAVS alone (Fig. 4(G)).
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Fig. 3 RICP impaired anti-drug antibody responses to immunogenic therapeutic uricase. (A) C57/BL6 mice treated with uricase weekly for 3 weeks
combined with RICP (3 times), free ITA (9 times), free RAPA (9 times), RAPA + ITA (9 times), RAPA-Cyo + ITA-Cyg (9 times) or saline followed by a
therapeutic dose of uricase weekly for 3 weeks. (B)—(E) Anti-uricase IgG antibody levels (OD450 vs. dilution) showed on day 21, 28, 35 and 42 of various
formulations, respectively. (F)—(I) Time course of the anti-uricase IgG antibody response of various formulations represented as the area under the curve
of absorbance vs. log-transformed dilution (AUC) shown on day 21, 28, 35 and 42, respectively.

Hepatocytes positive for GFP were more detected in animals
injected withAAVS-GFP together with RICP for the second time
compared to the control animal (Fig. 4(H)).

Similar results were observed using AAVS-SEAP (Fig. 5(A)).
Mice treated with AAVS-SEAP plus RICP showed an increased
one-fold expression of SEAP, compared to mice treated with
AAVS-SEAP alone, which showed almost no change in trans-
gene expression after repeated dosing at week 6 (Fig. 5(B)).
Furthermore, SEAP mRNA levels were quantified in the liver

6758 | Mater. Horiz.,, 2025, 12, 6751-6764

and were significantly elevated in mice treated with RICP com-
pared to animals treated with the AAVS-SEAP alone (Fig. 5(C)).

3.5 RICP induces the differentiation of Treg and inhibits the
maturation of B cells through Tfh cells

As Fig. 5(D) and Fig. S25 (ESIt) show, RICP substantially
suppressed anti-AAV IgG antibodies and remained low through
Day 42 compared to control mice treated with AAV8 alone. More
importantly, RICP demonstrated sustained and significant
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(B) and (C) Time course of anti-KLH IgG and anti-OVA IgG antibody response

represented as the area under the curve of absorbance vs. log-transformed

dilution (AUC), respectively. (D) C57BL/6 mice were treated intravenously with 4 x 10*2 vg kg~* of AAV8-Luc together with RICP or with saline control.
Three weeks later, animals were administered with 4 x 102 vg kg™ of AAV8-Luc or AAV8-GFP vector together with either RICP or saline control. (E) and
(F) In vivo bioluminescence imaging and quantification of mice on week 3 and week 4. (G) Luc expression levels in groups treated with AAV-Luc + RICP or
with AAV-Luc alone. Gray bar represents that the Luc expression of wild mice. (H) Fluorescence of GFP and DAPI in the livers from mice treated with

AAV8 vectors together with RICP or saline.

suppression of Nabs (Fig. S26 and S27, ESIt). Marginal zone B
cells and B1 B cells in the mouse can produce IgM antibodies,
which were demonstrated to be capable of neutralizing AAV
transduction both in vitro and in vivo in the early stage of
immune responses. Therefore, we also tested the anti-AAVS8
IgM level in both RICP-treated and untreated animals. The
treatment group showed partial inhibitory effect of IgM antibo-
dies compared to the control group on day 7 after the first dose
(Fig. 5(E)). These results indicated that RICP efficiently inhibited
the anti-AAV8 antibody formation, allowing for vector re-dosing
and effectively enhancing the gene expression.

To further investigate the mechanism responsible for the
antibody inhibition effects triggered by RICP, the immune cells
in the peripheral immune organ were analyzed by flow cyto-
metry (FACS) on day 42 after the initial injection. We observed
that the population of Tregs significantly increased after the
administration of RICP in the lymph nodes and spleen
compared to that in either the untreated group or the vector
alone group (Fig. 5(F) and (G)). Moreover, the frequency of

This journal is © The Royal Society of Chemistry 2025

CXCR5'PD1" follicular helper T cells showed a decrease in
RICP-mediated immunomodulation (Fig. 5(H)). Previous
reports revealed that the inhibition of mTORc1 activity had a
minimal impact on the generation of Tth cells. Although a few
research groups observed the suppression of Tfh cells after
RAPA-treatment, further experiments revealed that reduced Tfh
cell formation in rapamycin-treated mice was due to lower GC B
cell responses, rather than acting directly on Tth cells.>®

We next evaluated the effect of RICP on B cells in vivo.
Compared to untreated animals, mice treated with RICP showed
a distinct reduction in the number of GC B cells, memory B cells
and plasma cells (Fig. 5(I)-(K)) relative to the mice injected with
AAVS alone. The observed reduction in B-cell differentiation
implies a potential impairment in antibody production capacity
in RICP-treated mice, as evidenced by significantly diminished
AAVS vector-specific IgM and IgG antibody responses compared
to vehicle-treated controls. Taken together, these data demon-
strate that RICP can effectively inhibit B-cell differentiation and
antibody production.
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Fig. 5 Prevention of anti-AAV antibodies and cellular response to RICP in mice. (A) C57BL/6 mice treated intravenously with 4 x 10%? vg kg™t of AAVS-
SEAP together with RICP or with saline control. Three weeks later, animals were administered with 4 x 102 vg kg~ of AAV8-SEAP vector together with
either RICP or saline control. (B) Quantification of SEAP activity level represented in groups treated with AAV-SEAP + RICP or with AAV-SEAP alone. (C)
Viral mRNA from the second injection of AAV-SEAP measured in the liver. (D) Anti-AAV8 IgG antibody levels at indicated time points measured using
ELISA. (E) Anti-AAV8 IgM antibody levels at week 1. (F) Quantitative analysis of CD25*Foxp3™ T cells in the lymph node. (G) Quantitative analysis of
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4. Discussion

The therapeutic strategies described in this study take advan-
tage of impairing CD4" T follicular helper cell collaboration by
ITA and the formation of the Treg cells relying on inducing a
tolerogenic phenotype in APCs by RAPA, by a facile carrier-free
nano-system for synergistically inhibiting humoral immune
response against AAV vectors.

Although previous reports have showed that the co-
administration of RAPA-loaded PLGA/PLA NPs with pegloticase
was evaluated to prevent the formation of antibodies in the clinic
trials (NCT02464605, NCT02648269, NCT03905512), it is not clear
whether RAPA NPs works in enabling re-dosing of AAV in
human.”®®® Several pathways including the TLR9/MyD88-IFN-y
cascade, complement activation, pre-existing antibody responses
and T-cell response are shown to impact a wide range of
biological processes for AAV administration. In addition, Li
et al. have recently highlighted that unstable Treg cells transform

6760 | Mater. Horiz., 2025, 12, 6751-6764

a effector-like phenotype in response to inflammation.”* In
human patients with a complex inflammation environment, such
as infection, inflammation or tissue damage, the formation of the
Treg cells by inducing a tolerogenic phenotype in APCs by RAPA
alone is not as reliable as once thought.

The feedback loops of Tfh cells and GC B cells are central
aspects of proper regulation of humoral immunity. Tfh cells are
critical regulators of long-term humoral immunity via GC B cell
differentiation to memory B cells. Immunological memory is a
critical factor primed to overcome the challenge of AAV re-
administration, essentially acting as a vaccine against re-
administration of the AAV therapy if required and reducing
the therapeutic transduction efficiency. Besides, the activation
of this memory response does not require an innate immune
response. Herein, we provide a proof of concept to block T
helper cells (Tth cells and Th2 cells) and B cell collaboration as
an emerging immune regulation to replenish the method of
expansion of Tregs by RAPA to act synergistically to abolish
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memory humoral immune responses for enabling AAV re-
administration. While IL-10 upregulation and iz vivo immuno-
modulatory effects support Treg functionality, future work will
include direct suppression assays (e.g., effector T-cell prolifera-
tion) and in vivo depletion or adoptive-transfer studies to
conclusively define the stability and suppressive capacity of
RICP-induced Tregs.

Indeed, CD4" T helper cells remain a promising target for
regulating humoral immune response. For instance, Alameh
et al. indicated that induction of strong T follicular helper cells
was associated with durable and protective antibodies in
mice.®" In humans, Norihide et al. attributed the lower peak
IgG levels and compromised immune response to the delayed
induction of CD4" helper T cell responses after the mRNA
COVID-19 vaccination.®® However, it is unclear whether CD4"
helper T cells play a more critical role in enabling AAV re-
administration. Our studies revealed that RICP not only block
the formation of the Th2 cells in vitro, but also inhibit the
generation of the Tth cells in vivo after injection of the AAV. We
also showed that RICP together with AAV vectors can signifi-
cantly increase the expression of a transgene (such as Luc, GFP
and SEAP) in the liver at re-dosing, compared to mice treated
with AAV alone, which showed almost no change in transgene
expression.

This study has several limitations. First, we did not analyze
APCs that are also critical for AAV re-administration in vivo,
although this has been well demonstrated in other studies.
Second, since it is difficult to obtain in vitro real Tfh cells, only
Th2 cells were used to evaluate RICP in vitro. Third, we
evaluated only anti-AAV IgG and IgM antibody titers but not
neutralizing activity, although these two parameters are highly
correlated.

In conclusion, we showed that RICP can abolish the unde-
sired humoral immune response against AAV vectors through
acting synergistically on DC-Treg and Tfh-B cell axis. Specifi-
cally, the decreased induction of Tfh cells may provide a useful
(although incomplete) proxy for the lower memory B cells,
which are critical for the development of long-term humoral
immunity and obstacle for AAV re-administration. This study
provided insights into the development of AAV gene therapy
with higher efficacy and the establishment of a re-
administration schedule suitable for re-storing therapeutic
benefits in patients not only with initial treatment failure, but
also in the presence of significant cell proliferation, such as in
children. In summary, the convergence of nanotechnology and
immune tolerance exhibits remarkable technical merits and
holds immense potential for practical applications.®*%*
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