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Adoptive T,.4 therapy with metabolic intervention via
perforated microneedles ameliorates psoriasis
syndrome

Wentao Zhang't, Yingxin Chen'%t, Zhengjie Zhao', Hanqi Zheng', Shengiang Wang’, Ziyan Liao',
Tao Sheng’, Sheng Zhao', Wenhui Hou', Xinmin Yu', Fang He?, Jicheng Yu'*>%7,
Yuqi Zhang'>7*, Zhen Gu'*>67:5+

Regulatory T (T,g) cells underlie multiple autoimmune disorders and potentialize an anti-inflammation treat-
ment with adoptive cell therapy. However, systemic delivery of cellular therapeutics often lacks tissue targeting
and accumulation for localized autoimmune diseases. Besides, the instability and plasticity of T4 cells also
induce phenotype transition and functional loss, impeding clinical translation. Here, we developed a perforated
microneedle (PMN) with favorable mechanical performance and a spacious encapsulation cavity to support cell
survival, as well as tunable channels to facilitate cell migration for local T4 therapy of psoriasis. In addition, the
enzyme-degradable microneedle matrix could release fatty acid in the hyperinflammatory area of psoriasis, en-
hancing the T4 suppressive functions via the fatty acid oxidation (FAO)-mediated metabolic intervention. T,q
cells administered through PMN substantially ameliorated psoriasis syndrome with the assistance of fatty acid—
mediated metabolic intervention in a psoriasis mouse model. This tailorable PMN could offer a transformative
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platform for local cell therapy to treat a variety of diseases.

INTRODUCTION

Autoimmune diseases subvert immune homeostasis partially by
disrupting the balance of autoreactive T cells and suppressive regu-
latory T (Tg) cells (1). For example, T, cells have been implicated
as numerical and functional defects in the pathogenesis of multiple
autoimmune diseases including psoriasis, type 1 diabetes, rheuma-
toid arthritis, and multiple sclerosis (2, 3). Targeting Tieg cells for
immunotherapy has emerged as a focus for curing or controlling
autoimmune diseases, which could take advantage of the functional
adaptability of T cells to inhibit the activation and proliferation of
immune effector cells, thereby restoring immunological self-toler-
ance and homeostasis (4). However, the survival of adoptive cells is
challenged by external damages throughout the cell delivery process
(5, 6). In addition, the intrinsic unstable nature of T, cells further
hinders the translation of T,, therapy: The instability and plasticity
of T cells readily induce T,.; phenotype transition, thus compro-
mising the related suppressive functions (1). Therefore, Teg therapy

that maintains cell survival, as well as restores and amplifies T,
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suppressive functions could offer a promising strategy for the treat-
ment of autoimmune diseases (3, 7-9).

Here, we develop a perforated microneedle (PMN) featured with
channels on the shell and T, cell-loaded gel inside to ensure the
cell survival and function for adoptive cell therapy in psoriasis
(Fig. 1A). The clinical investigations of T,., therapy have witnessed
incremental therapeutic potential in psoriasis, a localized autoim-
mune skin disorder (9-11), acting as an alternative method to
address the limited remission rate and lifelong management associ-
ated with the conventional medications or photo-based therapies
(8). However, systemically administered T,y cells usually have
limited accumulation in the pathological epidermis due to sparse
expression of skin-homing receptors, which could also cause off-
target effects on other organs (12, 13). Conversely, local T,
therapy encounters impediments in treating dermatological disor-
ders, primarily the challenge of transdermal cell delivery due to the
impermeable nature of the stratum corneum barrier. In this study,
the hydrophobic shell of PMN endows a spacious cavity for cell en-
capsulation to avoid nutrient depletion and unfavorable environ-
ment, thereby extending the lifespan of loaded cells. The PMN
also offers sufficient mechanical strength to pierce through the des-
quamated skin and effectively deliver therapeutic cells into the path-
ological lesion, where the encapsulated cells spontaneously migrate
out of the PMN through the designed channels on the shell. More-
over, the polymeric microneedle (MN) matrix made of poly(vinyl
propionate-co-methyl methacrylate) [poly(VP-co-MMA)], an
enzyme-degradable material, could release propionate in the in-
flammatory environment to enhance T,., suppressive functions
via the fatty acid oxidation (FAO)-mediated metabolic intervention
(14, 15). The PMN-mediated adoptive T, therapy increased the
local Foxp3™ T,, population and strengthened the anti-inflamma-
tion responses through decreasing leukocyte infiltration, suppress-
ing inflammatory cytokines expression, and mediating the balance
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Fig. 1. Design of PMN-mediated adoptive T, therapy to alleviate psoriasis.. (A) Schematic illustration of the PMN patch in treating psoriasis: The loaded T4 cells
could migrate out of the PMN through designed channels into psoriasis skin and increase the number of suppressive T4 cells; meanwhile, the PMN matrix [poly(VP-co-
MMA)] could be degraded by esterase to generate fatty acid for enhanced expression of Foxp3 in T4 cells, thereby strengthening the suppressive immunotherapy to
ameliorate psoriasis syndrome. (B) The manufacturing processes of PMN with 3D printed molds via a sandwich molding method. T417, T helper 17; IL-10, interleukin-10;

PDMS, polydimethylsiloxane.

of immune homeostasis. In vivo results demonstrated that Tys-
loaded PMN with fatty acid-releasing properties substantially mit-
igated the psoriasis syndrome in an imiquimod-induced psoriasis
mouse model. This PMN system could also serve as a broad plat-
form for local delivery of therapeutic cells such as stem cells and
chimeric antigen receptor (CAR)-T cells to potentiate treatment ef-
ficacy and alleviate systemic side effects.

RESULTS

Design and characterization of the PMN

Noticeable advances in biomaterials have been witnessed in manip-
ulating cell fates, modulating immune responses, and
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troubleshooting off-target side effects through tunable properties
and controlled delivery by injectable hydrogel, implantable scaffold,
and MN (16, 17). In terms of MN, porous MN, cryo-MN, and core-
shell MN have been explored for transdermal administration of
adoptive cells, taking advantage of their preeminent penetration
ability (5, 6, 18). However, porous MNs are usually limited by inad-
equate cell-residing capacity (19), whereas core-shell MN may
hinder the release of inner cells due to the slow degradation of
the hydrophobic shell, accounting for the inevitable cell death
(20). To this end, we designed core-shell-structured PMN featured
with tunable channels on the shell, granting desired mechanical
properties, spacious loading cavity, and free cell migration for
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transdermal delivery of therapeutic cells with sustainable viability
and bioactivity.

To achieve the delicate MN designs, stereolithography three-di-
mensional (3D) printing technique, which exhibits high stability
and resolution in microscale fabrication was used (21). However,
the materials of 3D printer-generating MN often limit to photocur-
ative resin, which can be toxic to the living cells (fig. S1). To take
advantage of the 3D printing resolution but overcome the material
limitation, PMN was fabricated through a “sandwich” molding
method via squeezing two polydimethylsiloxane (PDMS) molds to-
gether with biocompatible polymer in between to generate the per-
forated MN (Fig. 1B). We assessed four different 3D designs for the
feasibility and reproducibility in micromolding processes (fig. S2),
wherein the design II exhibited desirable properties in 3D printer
resolution and demolding process (fig. S3). The resulting PMN
has four rectangular channels on the shell (length:145.9 + 10.1
pm, width: 82.6 + 4.6 um), and the needles are designed as 300
pm in radius, 1100 pm in height, and 1400 pm in center-to-
center distance (Fig. 2A). The hollow structure of PMN was evi-
denced by the section views at different layers, suggesting the
regular shell structure and a spacious cavity (calculated as 0.148 pl
per MN) (Fig. 2, B and C). This sandwich molding technique could
be applied to multiple polymerized materials that conventionally

can hardly yield a well-defined 3D structure, including poly(lac-
tic-co-glycolic acid), polylactic acid, poly(methyl methacrylate)
(PMMA), and polystyrene (fig. S4).

To support the hydrophilic culture medium, which helps main-
tain cell viability, an immiscible hydrophobic shell was preferred for
PMN to avoid structural defects during administration. In addition
to providing a favorable culture environment, it remains challeng-
ing to sustain the suppressive functionality of T, cells given its in-
stability and plasticity. Recently, a preference for FAO over
glycolysis at activating state in T,., cells was characterized (22,
23). Therefore, manipulating fatty acid availability could be a poten-
tial approach to implementing T,., metabolic programming for
treatments of autoimmune diseases or cancers (22, 24, 25). There-
fore, we synthesized a hydrophobic copolymer [poly(VP-co-
MMA)] of VP and MMA as the PMN matrix via bulk polymeriza-
tion, which could not only tolerate the aqueous cell medium but
also release propionate during the degradation by esterase
enzyme, further enhancing T, function (fig. S5). The ratio of the
monomers was adjusted to balance the mechanical properties and
the amount of enzyme-degradable moieties of the MN (table S1).
The addition of MMA could increase the stiffness of PMN up to
1.04 (+0.06) N per needle, while a higher percentage of VP
tended to soften the structure (table S2). The ratio of the monomers
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Fig. 2. The fabrication and characterization of PMNs. (A) Representative photograph and scanning electron microscopy (SEM) images of the PMNs. Scale bars, 300 um,
200 pm, 300 pm, 200 pm (left to right). (B) SEM images displaying the cross-section of PMN at different layers. Scale bar, 300 um. (C) Dimensions of channels on the PMN
shell. n = 7. (D) Mechanical properties of the blank PMN and gel-loaded PMN. (E) Trypan blue staining image of mouse dorsal skin after administration of the PMN patch.
Scale bar, 2 mm. (F) In vitro accumulated release of fatty acid from PMN in esterase (100 IU/ml). n = 5. ***P < 0.001. Data are means + SD.
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also influenced the glass transition temperature and therefore the
manufacturing feasibility (fig. S6). Last, the volume ratio of VP to
MMA in the copolymer poly(VP-co-MMA) was determined as 7:3
for the fabrication of PMN, the core-shell structure of which re-
tained a strong penetration ability even with the hydrogel loaded
inside (0.376 N per needle), also evidenced by the trypan blue stain-
ing image of PMN patch—pierced mouse skin (Fig. 2, D and E).
Noteworthy, the cell toxicity test suggested an insignificant influ-
ence on cell viability compared to a widely used 3D printing mate-
rial, the commercialized resin, demonstrating desired
biocompatibility of poly(VP-co-MMA) for further cell delivery
(figs. S1 and S7). To investigate the release behavior of fatty acid
from the copolymer, esterase enzyme (100 IU/ml) was selected
for in vitro release study to simulate the inflammatory microenvi-
ronment in the murine skin infected with psoriasis (14, 15, 26). The
release profile indicated that the PMN could achieve a gradual
release of propionate in an enzyme-mediated manner while remain-
ing stable in the enzyme-free medium (Fig. 2F) (15).

Loading and release of T,.4 cells from PMN

For loading therapeutic cells in the PMN system, a suitable medium
should be determined to ensure cell survival, thereby endowing a
prolonged therapeutic time window. Thermo-reversible gelatin
was selected as the cell loading matrix, which maintained the sur-
vival of Tieg cells for 48 hours (fig. $8). T cells (3.6 x 10°) in 2%
gelatin—RPMI-1640 medium were loaded into the PMN array (8 x
8) through vacuum. The successful loading was visualized by the
confocal images of carboxyfluorescein diacetate succinimidyl ester
(CFSE)-labeled T, cells embedded in PMN (Fig. 3A). Moreover,
the viability of loaded cells in 2% gelatin remained at a comparative
level (~82%) to those in RPMI 1640 medium throughout the
loading process (Fig. 3B and fig. S9).

Next, we explored the release behavior of T,, cells from the
PMN. The channels on the shell were designed to allow the
prompt migration of cells out of the PMN upon insertion into the
release medium as observed in the video (movie S1), wherein most
of the cells released in 1.5 hours (Fig. 3C). The migration rate slowed
down in the Purecol hydrogel, indicated by the time-lapse images of
the same layer of one PMN (Fig. 3, D and E). Accordingly, the
release kinetics in vivo was even slower given the compact structure
of skin tissue (fig. S10). The channel structure was preserved during
the application as observed by the scanning electron microscopy
(SEM) image, suggesting a constant cell release ability (fig. S11).
The T, cells could also reside in the dorsal skin for an extended
period after the patch removal (fig. S12). Together, PMN had
desired cell loading capacity and delivery efficiency both in vitro
and in vivo.

Enhanced T,.q4 cell suppression by PMN-derived fatty acid

Although the current understanding of psoriasis etiology remains
ambiguous, abnormal autoreactive T cell activities were described
in cutaneous immune homeostasis. In detail, suppressive Theg cells
that express Foxp3, the master regulator, can be converted to inter-
leukin-17 (IL-17) releasing T helper 17 (T 17)-like Ty.q cells due to
plasticity and instability, therefore further exacerbating the psoriasis
syndrome (27-29). Previous research suggested that an unstable ex-
pression of Foxp3 might dampen the suppressive activity of T,
cells, particularly during in vitro culture and stimulation (30, 31).
The in vitro culture results corresponded with previous findings
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that the Foxp3 expression decreased to 43.84 (+ 8.45) % on day 3
and 16.68 (+ 4.32) % on day 7 despite that the cell number
climbed to 1.03 (+0.12)—fold and 1.95 (+0.22)-fold, respectively
(Fig. 3, F and G).

To stabilize T,z suppressive functions, FAO was introduced to
manipulate T cell metabolism (23). Previous studies suggested
that increased lipid oxidation could stabilize Foxp3 expression
and enhance T,y suppressive functions by Foxp3 acylation and
other yet-to-be-established mechanisms (32, 33). To explore the in-
fluence of exogenous fatty acid on Foxp3 stability, T,s cells were
cocultured with sodium propionate in different mediums. It was
demonstrated that, with a daily refreshing medium, the insignificant
difference of Foxp3 expression in T, cells was observed in 3 days
(fig. S13A). On the contrary, in the condition without medium re-
freshment, the limited nutrients supplemented with sodium propi-
onate triggered an elevated Foxp3 expression from day 2 (Fig. 3H),
and this elevation manifested even earlier when culturing in a sparse
nutrient medium (fig. S13B). These results could be attributed to
the competition between fatty acid and glucose in nutrient supply
and their respective roles in suppressive functions and proliferation
of cells (23, 24, 34). In addition to stabilizing Foxp3 expression, we
further assessed the effect of fatty acid on T, suppressive function.
The T, suppression assays indicated that 2 mM sodium propionate
augmented the suppression ability of T, on conventional T (Tcon)
cells, especially at Teop:Tyeg ratios of 4:1 and 8:1 (Fig. 31). This effect
was even more pronounced for sodium butyrate (fig. S14). Notably,
coincubation tests indicated that T, cells relied more on fatty acid
compared to T, wherein fatty acids hindered T, proliferation
but not T, about two- to fourfold for sodium propionate and 6-
to 10-fold for sodium butyrate depending on the concentrations
(Fig. 3] and fig. S15).

Inspired by the above results, we further validated whether the
fatty acid derived from PMN could achieve similar effects as sodium
propionate. Consistently, an increase of Foxp3 expression from day
2 and an enhanced suppression ability for all Tcon: Treg ratios were
observed (Fig. 3, K and L). Notably, the esterase-mediated gradual
release could avoid the enriched fatty acid concentration that may
impose osmotic stress on T, cells (fig. S16).

In vivo evaluation of therapeutic efficacy in a mouse
psoriasis model

We next evaluated the therapeutic efficacy of T,4 cell-loaded PMN
(Tieg-PMN) in an imiquimod-induced psoriasis mouse model
(Fig. 4A). BALB/c male mice at age around 8 to 9 weeks were select-
ed. The mice were randomly divided into seven groups (n =5 to 6),
with one group applied with Vaseline as a healthy control group
(normal) and six groups induced with psoriasis by imiquimod.
Then, the psoriasis-bearing mice were treated with different formu-
lations to evaluate the treatment efficiency: One group was chosen
as a negative control without treatment (untreated), and the other
five treatment groups were administered with blank MN (B-PMN),
systematic injection of Ty (i.v. Treg), intradermal injection of Ti.g
(i.d. Treg)s Treg-loaded perforated MN made of PMMA (T.cs-
MMN), and Tz-loaded PMN made of poly(VP-co-MMA) (Tcq-
PMN). Typical clinical manifestations of psoriasis involved well-de-
marcated, thickened, erythematous scaly plaques on the skin
surface, generated from uncontrolled keratinocytes hyperprolifera-
tion and massive immune cell infiltration (10). With the treatment
of 6 days, Tr.g-PMN substantially ameliorated psoriasis syndrome in
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Fig. 3. The enhancement of T, functions by fatty acid derived from PMN. (A) Representative confocal images of the cross-section of T4 cell-loaded PMN showing
the CFSE-labeled T, cells. Scale bar, 200 um. (B) T4 cells viability throughout the loading process, as compared to the cells in 0% gelatin—-RPMI 1640 medium at the same
time point. n = 4. (C) In vitro accumulated release of T,q cells from PMN into RPMI 1640 culture medium. n = 4. (D) Schematic showing the release of T4 cells from PMN to
the Purecol hydrogel. (E) Representative time-lapse images of PMN loaded with CFSE-labeled T, cells in the hydrogel and the 3D construct 2 hours after PMN admin-
istration. Scale bar, 200 um. (F) Schematic of the in vitro enhancement of Foxp3 expression and suppressive ability of T,eq cells to Tco,, cells by PMN-derived fatty acid. FAO,
fatty acid oxidation. (G) Foxp3 percentage and fold expansion of g cells along with culture time extension. n = 4. (H) Foxp3 percentage in total T,.q cell population when
culturing in a medium without refreshment. (I) T,eq suppression assay with or without sodium propionate (2 mM) supplement. (J) Proliferation index of T, and Tyeq when
cocultured with different concentrations of sodium propionate. SP, sodium propionate. n = 4. (K) Foxp3 percentage in total T4 cells population when culturing in a
medium with PMN-derived fatty acid. (L) T,eq Suppression assay with or without PMN-derived fatty acid. The proliferation index is calculated by the number of proliferated
cells to the unproliferated cells. n = 5 for (H), (I), (K), and (L). All comparisons were made with 0 mM fatty acid. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are means + SD.

mice compared to those without treatments who experienced severe  and resisted the daily imiquimod induction, none of them per-

inflammation and keratinocytes hyperplasia (Fig. 4B). The Psoriasis
Area and Severity Index (PASI) and heatmap were also consistent
with the symptom observed from the images that the overall perfor-
mance of Ty, cells administered via PMN was superior to other
groups (Fig. 4, C and D, and fig. S17).

Specifically, the blank PMN exhibited inconspicuous curative
effects compared to the untreated group, indicating that PMN-
derived fatty acids alone could hardly reverse the disease. Although
other treatment groups (i.v. Treg, i.d. Treg, and Tree-MMN) except
for Tye,-PMN also exhibited a deceleration in psoriasis progression
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formed equivalent effects compared to the group administered
with T,e,-PMN. The systematically administered T, cells per-
formed the least satisfied mitigation among the treatment groups
even with a higher dosage (4 x 107 cells/kg) than the clinical-
related standard (1 x 107 to 3 x 107 cells/kg) (35, 36). Intradermal
injection of T, cells exhibited competitive therapeutics efficacy in
relieving epidermis thickness (induration) but not in erythema and
desquamation, probably due to restricted cell migration and con-
fined effective area compared to those treated with T,;-PMN and
Treg-MMN. Compared to the systematic and the intradermal
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Fig. 4. Psoriasis alleviation by T,.g-PMN. (A) Schematic illustration of PMN-mediated psoriasis treatment. (B) Representative images of mice dorsal skins in different
groups from days 0 to 6. n = 4 for the normal group, n = 5 for the untreated group and B-PMN, and n = 6 for the others. (C) Heatmap of PASI score (total) of each individual.
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MRNA expression in mice dorsal skin measured by qRT-PCR 8 hours after PMN administration. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are means + SD. ns, not

significant. TGF-B, transforming growth factor—p. TNFa, tumor necrosis factor—a.

injection, T, cells administered via PMN presented significant al-
leviation in erythema at days 4 and 5, improved in desquamation
and total indexes at days 4 and 5, and equal in induration index
from day 3.

To distinguish the effects of fatty acid in ameliorating psoriasis
syndrome, T, cells were encapsulated in MMN made of PMMA,
which was deprived of the ability to release fatty acids. Mice treated
with T,eg-PMN revealed more considerable suppressive effects com-
pared to those with MMN, especially in erythema index from days 3
to 5, but not in induration and desquamation. The differences could
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also be perceived by images from three representative individuals in
both groups (fig. S18).

The possibility of psoriasis relapse was further excluded by mon-
itoring the long-term psoriasis induction in T,ee-PMN and untreat-
ed psoriasis groups. The T,.,-PMN group resisted the continuous
imiquimod application and remained in a less-severe skin condi-
tion, while the untreated psoriasis group slowly returned to the
normal stage at around day 12 (fig. S19). These findings were con-
sistent with previous report of self-recovery in the imiquimod-
induced psoriasis mice model (37).
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To further investigate the immunomodulatory effects of Tyg-
PMN, we characterized the evolution of the immunological envi-
ronment before and after the MN application. The adoptive transfer
of Ty, cells was verified by fluorescence-activated cell sorting
(FACS) analysis of mice dorsal skin 8 hours after PMN administra-
tion, wherein the CD4"Foxp3™ T\, percentages increased from 5.44
to 30.2% (fig. S20). The mRNA expression levels of several cytokines
were also measured by quantitative reverse transcription polymer-
ase chain reaction (QRT-PCR) (Fig. 4E). Significantly elevated ex-
pressions during psoriasis deterioration and noticeable declines
after the T,.,-PMN treatment were observed in IL-1p, IL-6, and
IL-17A. The IL-10, conventionally perceived as anti-inflammatory
and a major tool for T, suppression, was highly increased in pso-
riasis progression but declined after the treatment. This phenome-
non was also observed in patients, and we attributed this to the pro-
inflammatory aspect of IL-10, especially a role in CD8" functions
and maintenance (38-40). The suppressive transforming growth
factor—f (TGF-P) was significantly lower in the psoriasis group
but recovered after the treatment (P = 0.0723). Slight differences
were detected in IL-23R and IL-12b expression, probably due to
the disease stage and negligible expression in the skin (fig. S21)
(41, 42).

The therapeutic efficacy was further evaluated on day 6, when all
mice were euthanized for analysis of immune population and cyto-
kines concentration. A holistic recovery from intense inflammation
to a chronic stage was achieved via the treatment of T,es-PMN as
indicated by FACS and enzyme-linked immunosorbent assay
(ELISA). It was found that a remarkable decrease of CD45" cells
in the skin lesion administered with T.,-PMN (2.81%) compared
with the untreated group (6.44%) or the B-PMN group (5.08%)
(Fig. 5A). There were also mild decreases in mice treated with
Tyeg cells intradermally and systematically, measured as 5.58 and
4.04%, respectively. In contrast to untreated psoriasis, Tyee-PMN
was marked as fewer neutrophil infiltration and higher percentage
of Foxp3™ Tieg (Fig. 5B and fig. $22).

The amelioration effects of T,.,-PMN were also examined in the
cytokine milieu (Fig. 5C). The higher levels of IL-10 and TGF-f1
and a lower IL-6 level were observed in the T,,-PMN group,
which were consistent with the higher percentage of Foxp3™ Tieg
cells and better overall performance (10). The moderate level of
tumor necrosis factor—a in all treated groups indicated chronic pso-
riasis pathology (43). The concentrations of several psoriasis-asso-
ciated cytokines (interferon-y, IL-17A, IL-22, and IL-23) were
statistically insignificant among the normal, untreated psoriasis,
and Ty.,-PMN groups, probably due to their overexpression in
the exacerbating middle stage but not the recovering late stage of
the psoriasis model (Fig. 5C and fig. S23) (37, 44). The amelioration
of keratinocyte hyperproliferation via Tye,-PMN could also be re-
vealed by representative hematoxylin and eosin (H&E)-stained
images. The dorsal skins from the untreated psoriasis and blank
PMN groups experienced keratinocytes hyperplasia from 20.58
(£3.57) um to 118.10 (£25.27) um, but those of T,e-PMN group
only exacerbated to 66.24 (+9.72) um (Fig. 5D). Despite other treat-
ments alleviated the epidermal thickening, the mitigation effects of
T\eg-PMN on hyperplasia was significantly distinguished, measured
as 83.35 (+10.90) um for i.d. Tyeg, 83.13 (£12.39) um for i.v. T;eg, and
88.29 (+15.11) pum for T,,-MMN. Furthermore, we observed that
the PMN-mediated Treg therapy exhibited reinforced mitigation
effects on the local lesion rather than systemic syndrome (fig. S24).
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DISCUSSION

Psoriasis affects more than 100 million individuals worldwide with
negative impacts on quality of life and serious comorbidities in me-
tabolism, arthritis, and cardiovascular system (10, 11). Convention-
al treatments for autoimmune diseases such as psoriasis have
longstanding clinical applications, but their effects remained
erratic due to complicated disease triggers (4, 8, 11). The nonspecif-
ic immune-modulatory drugs are often accompanied by systematic
side effects, mortalities, and low response rates (4). Upon the disclo-
sure of Ty suppressive roles in autoimmune diseases, T, therapy
holds unprecedented promises in their managements by restoring
immune self-tolerance (I, 7). An adequate administration route that
enables efficient T, cell delivery and an enriched population with
retained survival and functions could expand the therapeutic poten-
tials of T, therapy. MN provides feasible transdermal administra-
tion for the delivery of small molecules, peptides, genes, and
proteins (13, 45). However, limited investigations of MN-mediated
cell delivery have been reported, given the volatile feature of living
cells. In our study, the dedicatedly designed PMN fulfilled rein-
forced T, therapy for psoriasis by preserving cell viability, mean-
while promoting suppressive ability through fatty acid-mediated
metabolic manipulation. In the psoriasis mouse model, the spacious
cavity and sufficient penetration ability provided by PMN rendered
feasibility for transdermal cell delivery. The tunable channels
enabled desired cell release to achieve optimal therapeutic effects.
Moreover, adoptive T, therapy mediated via PMN managed to
strengthen anti-inflammation responses through decreasing leuko-
cyte infiltration, especially the neutrophils; suppressing the secre-
tion of inflammatory cytokines and enhancing the expression of
anti-inflammatory cytokines; mediating the immune homeostasis
and converting the disease to a mild state.

In addition, the sandwich molding fabrication offered extended
selectivity of MN materials and tailored structure in terms of varied
applications, such as combining the penetration ability of MN with
the CAR-T cell immunotherapy in solid tumors or with stem cell
therapy in regeneration medicine (6, 18). Furthermore, PMN-assis-
ted cell administration could also strengthen local therapeutic effi-
cacy particularly for dermatological disorders, potentially reducing
systematic side effects.

T cell metabolic programming holds promise to extend cell
therapy by adjusting or maintaining the cell functions. Reported
strategies such as fatty acid-releasing particles or direct fatty acid
supplements to restore the mucosal homeostasis highlighted the
vital role of short-chain fatty acid in T, cells (15, 32, 46, 47). Me-
tabolism could also affect the survival of cancer cells (Warburg
effect) and the persistence of cytotoxic T cells, suggesting the poten-
tial of metabolic treatment in cancer immunotherapy (48, 49). In
addition, other approaches to extending the T, cell therapy have
been proposed, such as T cell receptor—engineered T, cells to spe-
cialized anti-inflammation effects and IL-2/rapamycin as the stabi-
lizers to maintain Foxp3 expression (3, 7, 16, 50). Methods of ex vivo
expanding T, cells, gene-engineered T, cells or “off-the-shelf”
Theg cells are also under intensive research (3, 7). A holistic stabili-
zation of suppressive functions of T cells through multiple inter-
ventions could be combined and expected in the future. In
summary, this PMN system offers a general platform for cell
therapy in the treatment of autoimmune diseases, cancer therapy,
and tissue engineering (3, 16, 51, 52).
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Fig. 5. The mitigation effects of T,.,;-PMN to inflammatory environment in psoriasis. (A) Representative flow cytometry charts of CD45" cells, T cells (CD3"), neu-
trophils (Ly6G*CD11b*), CD8" T cells, CD4" T cells, and CD4"Foxp3* T,eq cells (all gated on CD45" or CD45"CD3"). (B) Quantification of leukocytes analyzed by flow
cytometry. Comparisons are made with the untreated psoriasis group. n = 2; each sample represents a mixture of three independent mice. (C) Cytokine concentrations
in the psoriasis lesion on day 6 as determined by ELISA. (D) Hematoxylin and eosin staining of the mice dorsal skin after different treatments on day 6 and corresponding
epidermis thickness. Scale bar, 500 pm, n = 9. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are means * SD. SSC-A, side scatter area; IFN-y, interferon-y;

MATERIALS AND METHODS

Materials

All materials were purchased from Sinopharm Chemical Reagent
Co. Ltd. unless specified elsewhere. 3D printing material, HTL,
was purchased from BMF (Boston Micro Fabrication) Nano Mate-
rials Technology Co. Ltd. PDMS was purchased from Dow Inc. All
cell culture reagents were purchased from Thermo Fisher Scientific.

Zhang et al., Sci. Adv. 9, eadg6007 (2023) 17 May 2023

All primers (table S3) were synthesized by GenScript Biotech. All
FACS antibodies were purchased from Univ-Bio. ELISA kits were
purchased from MultiSciences Biotech Co. Ltd.

Synthesis of poly(VP-co-MMA)

VP and MMA were distilled to remove 4-methoxyphenol inhibitor
and mixed in a volume ratio of 7:3 (VP:MMA) with 1% weight ratio
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of azodiisobutyronitrile. The mixture (1 ml) was aspirated and
sealed in a 3-ml vial and reacted for 48 hours at 60°C to obtain
poly(VP-co-MMA).

Fabrication of PMN

The top and the bottom molds were 3D printed by BMF nanoArch
S140 (BMF Nano Materials Technology Co. Ltd) with HTL resin
and 10-pm resolution in z-axis. The MNs were placed in a 1.4-
mm center-to-center spacing and arranged in an 8 x 8 array. The
resulting molds were soaked in isopropanol overnight and dried
in 90°C oven for 12 hours. Later, an ultraviolet (wavelength = 406
nm) light was projected to each facet of the two molds for at least 2
hours. Then, PDMS molds were obtained by demolding SYLGARD
184 Silicone from the treated molds. To obtain PMN, around 150
mg of poly(VP-co-MMA) was placed on the bottom PDMS mold in
the vacuum oven at 160°C to remove excess air in the tip. The liq-
uified material should be flat within 20 min and allowed to cool
down at the ambient condition to form MN. The top PDMS
mold was placed on the MN patch to make a sandwich. The sand-
wich later returned to 160°C oven, and the extrusion part of the top
mold will slowly sink into the MN via gravity and gentle pressing.
Last, PMN was obtained after cooling down to room temperature by
peeling off the top mold.

Mechanical strength test

The mechanical strength of MN was tested by a compression testing
machine (ZQ-990B, Zhiqu Precision Instrument, China) with de-
scending force through a cylindrical tip with <10 mm in diameter.
The moving speed of the cylindrical tip was set to 0.1 mm min™",

and the recording threshold is >0.025 N.

Analysis of propionate released from poly(VP-co-MMA)
Poly(VP-co-MMA) was immersed into esterase PBS solution (100
IU/ml) at 158 mg/ml. The reaction was performed at 37°C for dif-
ferent time periods. At each time point, all medium was removed for
analysis and replaced with the same amount of esterase solution.
The release amount of propionate was determined by liquid chro-
matography with tandem mass spectrometry as the literature de-
scribed (53).

T cell culture and suppression assay

T cells were isolated from the spleen by EasySep Mouse
CD4"CD25" Regulatory T Cell Isolation Kit II and Mouse T Cell
Isolation Kit (STEMCELL Technologies) as the manufacturer in-
structed. For regular culture, all cells were cultured in the complete
T cells culture medium (RPMI 1640 with 10% heat-inactivated FBS,
1x penicillin/streptomycin, 1x sodium pyruvate, 1x nonessential
amino acids, 20 mM Hepes, and 50 pM B-mercaptoethanol) with
IL-2 (30 IU/ml; PeproTech, catalog no. 200-02) for CD3" T, and
IL-2 (1500 IU/ml) for Tyeg cells. The T Cell Activation/Expansion
Kit (Miltenyi Biotec) was administrated at a cell-to-bead ratio of
3:1. Cell viability was determined by calcein AM and propidium
iodide (PI) (Beyotime Biotech.). Cell number was counted by hemo-
cytometer. For the T, suppression assay, Tc,, Was dyed by CFSE
and calculated as proliferation index (the number of proliferated
cells to the unproliferated cells). For the sodium propionate sup-
pression assay, different volumes of 50 mM sodium propionate
were added to 10° T cell in 100-pl system to reach a final concentra-
tion of 1, 2, or 4 mM. For PMN-derived propionate suppression
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assay, PMN was immersed into esterase RPMI 1640 culture
medium (100 IU/ml) at 158 mg/ml for 24 hours. Esterase was
removed from the releasing medium by ultrafiltration. The propio-
nate concentration was determined as previously described and
supplemented with IL-2 and heat-inactivated fetal bovine serum.
The Foxp3 expression was determined by FACS with anti-CD4
and anti-Foxp3 antibodies.

Cell loading

To obtain T,cg-loaded PMN, 2 x 107 Theg cells were resuspended in
500 pl of T cell culture medium with 2% gelatin solution at 37°C,
and then 100 pl of the Treg-gelatin medium was placed on the
base of PMN patch in a vacuum oven for 2 min. The temperature
37°C should be constant, and water vapor should be saturated at the
vacuum condition. The excessive medium can be recycled by piping
off. Then, the T,.,-loaded PMN was stored at 4°C for 15 min to
allow the gel formation before peeling off the bottom mold. For
the animal experiments, T.., cells were freshly isolated to avoid
Foxp3 loss.

Cell release

Complete T cell culture medium was used as the releasing medium.
For in vitro cell release, 200 pl of culture medium (1.7 ml in total)
was extracted from the system at each time point, and the same
amount of fresh medium was supplemented. The cell number in
the extracted medium was calculated by a cell counter (Countess
3, Thermo Fisher Scientific) or hemocytometer five times to yield
an average result. For release into 3D culture gel, 300 ul of Pure-
col-RPMI 1640 hydrogel was preseeded into the confocal dish
and allowed for 4 hours to crosslink. T,.-loaded PMN was
pierced into the gel, and confocal images were taken at each time
point without the MN removal. The in vivo live imaging was con-
ducted by applying T.,-loaded PMN to mice dorsal skin for differ-
ent time periods (2, 4, or 6 hours), and the images were taken
immediately after the patch removal. The long-term T, cell reten-
tion was observed by imaging the same mouse at different time
points after the removal of patch (0, 24, and 72 hours).

Animal experiment

All studies were conducted according to ethical regulations and pro-
tocols approved by the Zhejiang University and Laboratory Animal
Center. BALB/c male mice (8 to 9 weeks of age) were purchased
from Hangzhou Medical College. The dorsal skin of mice (3 cm
by 6 cm) was shaved and recovered for 2 days. The mice that expe-
rienced hair regrowth were excluded. From days 0 to 6, 40 mg of
Vaseline cream for the control group or 40 mg of 5% imiquimod
cream for the other groups was topically administrated once a day
by cotton swab in a constrained area (3 cm by 2.5 cm). On day 2, 4
hours after the cream application, different groups underwent fol-
lowing procedures: Healthy mice (normal), no action; untreated
psoriasis (untreated), adhesive tape over the naked skin; blank
PMN (B-PMN)/T,., cell-loaded PMN (T,eg-PMN)/T ey cell-
loaded MMN (T,.,-MMN), MNs (2 cm?, 126 needles in total)
applied on dorsum and fixed with adhesive tape; i.d. Treg, 2 x 20
ul of medium of T, cells (8 x 10° cells/ml) intradermally injected
on the dorsum of the mice, anesthetized with isoflurane; and i.v.
Theg> the medium of Teg cells (1 x 107 cells/kg) systematically inject-
ed through the tail vein. The MN patches were removed 6 hours
after administration. The PASI score was recorded by visual
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inspection each day. On day 6, all mice were harvested for FACS,
ELISA, and H&E stain analysis.

Fluorescence-activated cell sorting

FACS experiments were prepared as following: Fixable Viability
Stain 510 (BD Horizon,564406), allophycocyanin-Cy7 Rat Anti-
Mouse CD45 (BD Pharmingen, 30-F11,557659), fluorescein iso-
thiocyanate (FITC) Hamster Anti-Mouse CD3e (BD Pharmin-
gen,145-2C11,553061), BV421 Rat Anti-Mouse CD4 (BD
Horizon,GK1.5,562891), Alexa Fluor 647 Rat anti-Mouse Foxp3
(BD Pharmingen, MF23,560401), peridinin-chlorophyll-protein
(PerCP)-Cy5.5 Rat Anti-Mouse CD8a (BD Pharmingen,53-
6.7,551162), FITC Rat Anti-CD11b (BD Pharmingen, M1/70,
557396), BV421 Hamster Anti-Mouse CD11c¢ (BD Horizon, HL3,
562782), phycoerythrin (PE) Rat Anti-Mouse Ly-6G (BD Pharmin-
gen, 1A8, 551461), PerCP-Cy5.5 Hamster Anti-Mouse CD3e (BD
Pharmingen, 145-2C11, 551163), Alexa Fluor 647 Rat Anti-
Mouse F4/80 (BD Pharmingen, T45-2342, 565853), and PE-
CF594 Hamster Anti-Mouse y0T-Cell Receptor (BD Horizon,
GL3,563532). All antibodies were titrated according to the guidance
from manufacturer. Three skin sections (1.5 cm by 2 cm) from the
same treatment group were mixed as one FACS sample to ensure
sufficient cells for analysis. All flow cytometry data were processed
by Beckman CytoFlex S and analyzed by FlowJo software.

Enzyme-linked immunosorbent assay

ELISA kits (MultiSciences Biotech Co. Ltd.) were conducted as the
manufacturer instructed. Briefly, 100 to 200 mg of mouse dorsal
skin was ground in radioimmunoprecipitation assay buffer and an-
alyzed without dilution.

Statistical analysis

All results are presented as mean + SD unless specified elsewhere.
Statistical analysis was evaluated by GraphPad Prism7 with two-
tailed Student's ¢ test for group-to-group comparison and two-
way analysis of variance (ANOVA) for multiple groups. The differ-
ences among groups were considered statistically significant when
*P < 0.05, **P < 0.01, and ***P < 0.001.
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