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Immuno-inflammatory diseases are critically influenced by overactive immune
attacks, but current therapeutic interventions have drawbacks of off-target side
effects and inadequate efficacy due to unitary targets. Nanoparticulate regulatory
T cells directly crosstalk with multiple immune targets for desirable efficacy in
immunosuppression and tissue protection, disclosing a biomimetic
immunomodulation strategy for the management of immuno-inflammatory
disorders.
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SUMMARY

Hyperactive immunity mediates the development and progression
of various immuno-inflammatory diseases. However, the use of
immunosuppressive or anti-inflammatory agents has been largely
restricted either by off-target side effects or by individual interac-
tion site. Here, we describe a biomimetic manipulation strategy
for immunosuppression by crosstalk with regulatory T (Treg) cell
membrane-coated nanoparticles. Due to the reservation of intrinsic
membrane proteins and function from Treg cells, coated nanopar-
ticles can directly interact with multifaceted overactive immune
cells. By virtue of this unique characteristic, nanoparticulate Treg
cells inhibit macrophage-osteoclast differentiation, the maturation
of dendritic cells, and the activation of effector T cells. In both mu-
rine and canine models of periodontitis, these nanoparticles suc-
cessfully suppress excessive immune responses, alleviating inflam-
mation and curbing alveolar bone resorption. Our work reveals
how dysregulated immune responses can be effectively manipu-
lated by biomimetic immunomodulation and proposes the utiliza-
tion of nanoparticulate Treg cells as a promising approach to treat
immuno-inflammatory diseases.

INTRODUCTION

The immune system plays a central role in maintaining tissue homeostasis and medi-
ating a wide range of disease processes. Autoimmune syndromes and chronic in-
flammatory diseases typically suffer from hyperactive immune responses at various
tissue sites.' ™ The intricate immune responses dictated by overactive innate and
adaptive immune cells tend to elicit a cascade of inflammatory activities to cause tis-
sue damage and disease progression.””’ As for current interventions, upstream ap-
proaches, such as systemic administration of wide-spectrum immunosuppressive
drugs, are inevitably limited by rapid clearance as well as systemic side effects,
including opportunistic infections and malignancy.® Conversely, downstream
methods such as anti-inflammatory agents interact solely with individual targets in
the complex and heterogeneous inflammatory network, eliciting only weak inhibi-
tory effects.”'? Therefore, alternative strategies that overcome these limitations
are necessary to improve the management of hyperactive immunity-related
disorders.

Recent advances in the fields of nanotechnology and bioengineering afford attrac-
tive opportunities to improve the safety and effectiveness of immunoregulation
and anti-inflammation by precision interventions.'” The development of nanoplat-
forms to deliver immunosuppressants or anti-inflammatory agents can considerably

4')

Progress and potential

A biomimetic strategy for
modulating various dysregulated
immune responses is
demonstrated by crosstalk with
regulatory T cell membrane-
coated nanoparticles. Biomimetic
immunomodulation suggests its
ability to alleviate immuno-
inflammatory responses and
protect inflamed tissue in a large
animal model of chronic
periodontitis. Nanoparticulate
regulatory T cells show clinical
translational potential for the
management of immuno-
inflammatory disorders.
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reduce their off-target effects and systemic toxicity.'> Nanoparticle (NP)-assisted im-
munomodulation has been explored to produce immune tolerance by modulating
the anti-inflammatory polarization of macrophages, inducing the expansion of reg-
ulatory T (Treg) cells, or generating tolerogenic dendritic cells."*'® Unfortunately,
NP-based delivery often requires frequent and long-term high dosing but is still
insufficient to bypass the innate shortcomings of immunosuppressive or anti-inflam-
matory agents.'’~'? On the other hand, emerging anti-inflammatory approaches
have been designed to exploit decorated NPs as decoys to neutralize proinflamma-
tory cytokines by specific ligand-receptor interactions.??' Despite the appeal of
decreasing the exposure of proinflammatory cytokines, immunomodulatory NPs
are not competent to interact directly with the upstream hyperresponsive immune
cells responsible for the production of various cytokines.”” Furthermore, such bio-
engineered NPs are intended for targeting a single immune cell type, and the eli-
cited tolerogenic phenotypes are subject to instability, given microenvironments
abounding with proinflammatory cytokines.?* > Thus, methods for modifying mul-
tiple dysregulated immune cell behaviors are of great importance for efficaciously
suppressing excess immune activation.

Maintenance of immune homeostasis relies on orchestrated immune responses.”
Treg cells, a dominant immunosuppressive T cell subset, provide immunological
balance by suppressing effector immune cells or by eliminating aberrant self-attack-
ing clones.”’ In addition to exploiting the mechanism of suppressive cytokine pro-
duction, Treg cells notably conferimmune tolerance in a contact-dependent manner
against various activated immune cells by virtue of functional ligands on their cell
surface. Inspired by the crosstalk between Treg cells and other immune cells, we
speculate that Treg cell membrane-coated NPs (TNPs) could be developed as a bio-
mimetic immune-engineering strategy to suppress broad-spectrum excessive im-
mune responses, which may be useful in treating immuno-inflammatory diseases.
Here, we report the use of nanoparticulate Treg cells to crosstalk with multiple pro-
voked immune cells, which mimics the immunoregulation normally mediated by
Treg cells. TNPs decorated with surface proteins and membrane function from
Treg cells exert multifaceted suppressive effects on target immune cells to dampen
overactive immune responses (Figure 1A). First, TNPs potently inhibit macrophage-
osteoclast differentiation via direct contact with costimulatory molecules, activating
downstream events that induce the apoptosis of macrophages. Furthermore, TNPs
bind to costimulatory signals on the surface of dendritic cells (DCs) to suppress their
maturation. In addition, TNPs exhibit regulatory effects on the proliferation and
cytokine secretion of effector T cells. In vivo administration of TNPs in murine models
of both early and advanced stages of periodontitis consistently validates the bene-
ficial effects of TNPs on mitigating immuno-inflammatory responses and reducing
alveolar bone resorption. Remarkably, TNPs also display anti-inflammatory and tis-
sue-protective effects in a preclinical canine model of periodontitis. The current
study highlights the impact of biomimetic immunoregulation and the therapeutic
potential of TNPs in immuno-inflammatory diseases.

RESULTS AND DISCUSSION

Preparation and characterization of TNPs

Cell membrane coating has recently emerged as a promising platform to leverage
functional antigens on natural cell membranes to endow NPs with specific bioactiv-
ities.”® To prepare TNPs, cluster of differentiation 4 (CD4), CD25, and forkhead box
P3 (Foxp3)-positive (CD4*CD25"Foxp3™) Treg cells were purified from mouse sple-
nocytes and expanded in vitro (Table S1; Figures 1A and S1A), after which Treg cell
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Figure 1. Preparation and characterization of TNPs

(A) Schematic illustration of nanoparticulate Treg cells designed for suppressing multiple excessive immune responses.

(B) Representative TEM images of NPs and TNPs stained with uranyl acetate. Scale bar: 200 nm. Inset: zoomed-in view of a single NP and TNP. Scale bar:
50 nm.

(C and D) Results of (C) hydrodynamic size and (D) zeta potential of TNPs measured by DLS.

(E) Characteristic membrane protein markers of Treg lysates, Treg membrane vesicles, and TNPs detected by western blot assay.

(F) MFls of Treg cells (1.5 x 10% cells suspended in 100 pL of PBS) and TNPs (100 pL of suspension with a protein concentration of 0.1 mg/mL) stained with
PE-labeled anti-mouse CTLA-4 antibody. Data are shown as mean + SD. Statistical significance was analyzed by the two-tailed t test. NS, no
significance.

membranes were harvested and coated onto poly(lactic-co-glycolic acid) (PLGA)
nanoparticulate cores via extrusion (Figure 1A; Table S2). Transmission electron mi-
croscopy (TEM) images of the synthesized TNPs after uranyl acetate staining demon-
strated that Treg membranes were fully wrapped around the PLGA cores (Figure 1B),
presenting a typical core-shell morphology”’ distinct from the bare core structure of
PLGA NPs. The structure of TNPs was further imaged by cryogenic TEM (cryo-TEM)
(Figure S2), showing a coating of unilamellar lipid layer with a thickness of 6-8 nm,
similar to that of cell membranes.*® Dynamic light scattering (DLS) results in Fig-
ure 1C revealed that the hydrodynamic size of NPs was increased after coating.
NP tracking analysis (NTA) further disclosed the size increment of TNPs compared
with NPs (Figure S3) and that there was ~8% of Treg vesicles within the TNP mixture.
The surface zeta potential of TNPs was less negative than that of NPs and resembled
that of Treg membrane-derived vesicles (Figure 1D). Moreover, TNPs exhibited
desirable colloidal stability with limited fluctuation in both size and size distribution
over a period of 28 days (Figure S4). In addition, western blot results corroborated
the presence of characteristic membrane proteins derived from Treg cell mem-
branes, including cytotoxic T lymphocyte-associated protein (CTLA-4), lympho-
cyte-activation gene 3 (LAG3), CD39, CD73, and CD27, further indicating the suc-
cessful coating of Treg membranes onto NPs (Figures 1E, S5, and Sé). Moreover,
the outward orientation of the surface proteins on TNPs was confirmed by immuno-
staining of CTLA-4 on TNPs and Treg cells with an equivalent amount of membrane
proteins. Quantitative median fluorescence intensity (MFI) results from flow cyto-
metric analysis showed no significant difference between these two groups (Fig-
ure 1F). Cell membrane glycoproteins on TNPs were verified to be right side out
as indicated by similar wheat germ agglutinin (WGA) fluorescence intensity to
Treg cells with equivalent membrane proteins (Figure S7). These results demon-
strated that the membrane proteins on TNPs were oriented outward, similarly to
those on Treg cells, due to the electrostatic effects between NP cores and the cell
membranes with abundant sialylated moieties on the surface.’’ Proper orientation
on TNPs would guarantee the exertion of the biological functions of the membrane
protein ligands.?*** In addition, TNPs presented satisfying storage stability at
—80°C with negligible loss of protein content and variation on functions within
4 weeks (Figure S8). Importantly, TNPs exhibited no apparent cytotoxicity in vitro
(Figure S9).

TNPs inhibit osteoclast differentiation of macrophages

A critical link has been documented between the adaptive immune system and bone
resorption.”*> To verify the interplay between TNPs and macrophages, fluores-
cently labeled TNPs and NPs were incubated with macrophages and subjected to
confocal observation. As shown in Figure 2A, many more TNPs adhered to the cell
membranes of macrophages compared with NPs. Flow cytometric analysis further
verified that macrophages treated with TNPs exhibited significantly more MFI
than their NP counterparts (Figure 2B). These results suggested the capacity of
TNPs to specifically bind to macrophages. Furthermore, macrophages were induced
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Figure 2. TNPs inhibit macrophage-osteoclast differentiation

(A) Typical confocal images of macrophages after incubation with TNPs or NPs. Blue, green, and red represents cell nuclei, cell membranes, and NPs,
respectively. Scale bar: 10 pm.

(B) Quantification of NPs bound to macrophages by flow cytometric analysis (n = 3, unpaired two-tailed t test).

(C) Representative TRAP staining images for osteoclasts after treatments with NPs, TNPs, and Treg cells with equivalent membrane proteins. Scale bar:
200 pm.

(D and E) (D) Quantification of TRAP* multinucleated osteoclast cells after various treatments (n = 4, one-way ANOVA with Tukey test). (E) Quantification
of apoptosis rate of macrophages after incubations with NPs, TNPs, and Treg cells with equivalent membrane proteins for 24 h by flow cytometric
analysis (n = 4, one-way ANOVA with Tukey test).

(F) Apoptosis rate of macrophages after incubation with TNPs in the absence or presence of CD80/86 blocking antibodies for 24 h by flow cytometric
analysis (n = 4, one-way ANOVA with Tukey test).

(G) Representative western blot images of IDO and B-actin protein expression in macrophages incubated with TNPs or NPs for 3 days.

(H-J) Relative mRNA expression levels of (H) IDO, (I) NFATc-1, and (J) RANKL in macrophages treated with TNPs or NPs for 3 days by gPCR analysis (n =
4, one-way ANOVA with Tukey test).

All data are represented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. NS, no significance.

for osteoclast differentiation in the presence of TNPs or NPs. After induction for
5 days, osteoclast formation was assessed by tartrate-resistant acid phosphatase
(TRAP) staining. TRAP staining images (Figure 2C) and quantitative analysis (Fig-
ure 2D) indicated that both TNPs and Treg cells robustly reduced the number of
TRAP™ multinucleated osteoclasts induced by macrophage colony stimulating factor
(MCSF) and receptor activator of nuclear factor kappa-B ligand (RANKL), compared
with phosphate-buffered saline (PBS) control and NP groups.

Next, we examined the effects of TNPs and Treg cells on the apoptosis of macro-
phages via flow cytometric analysis. Significantly increased staining intensity of an-
nexin V (Figure S10A) together with quantitative results (Figure 2E) reflected that
TNP- and Treg-cell-treated macrophages suffered a higher apoptosis rate than those
treated with NPs or PBS, indicating that TNPs inherited the membrane proteins from
source Treg cells to induce the apoptosis of macrophages. It was postulated that
TNPs could target CD80/86 on osteoclast precursors to inhibit osteoclastogenesis.*
To test this hypothesis, macrophages were pretreated with neutralization antibodies
CD80 and CD86 for binding site blockade and incubated with TNPs for 24 h. Flow cy-
tometry demonstrated that the distinctly increased apoptosis of macrophages result-
ing from TNP incubation was abrogated by CD80/86 blockade (Figures 2F and S10B),
implying that TNPs specifically targeted CD80/86 on macrophages to suppress os-
teoclastogenesis. To elucidate the downstream molecular mechanism, the gene
and protein expression in macrophages treated with TNPs or NPs were investigated
by real-time quantitative polymerase chain reaction (qQPCR) and western blot, respec-
tively. The protein expression (Figure 2G) and relative mRNA expression level (Fig-
ure 2H) of indoleamine 2,3-dioxygenase (IDO) were both substantially upregulated.
In addition, the IDO expression kinetics in macrophages after TNP treatment was
further examined. Compared with the control group (0 h), TNP treatment for 24,
48, and 72 h stimulated a constant upregulation of IDO expression in macrophages
(Figure S11). Such elevated tryptophan catabolism could be caused by the engage-
ment of CD80/86 on macrophages and CTLA-4 on TNPs, and thus lead to macro-
phage apoptosis as well as impaired osteoclast differentiation.?”-*® In addition, the
downregulation of osteoclast-related genes, including nuclear factor of activated
T cells 1 (NFATc-1) (Figure 21) and RANKL (Figure 2J), in macrophages treated with
TNPs further supports the inhibitory effect of TNPs on osteoclast differentiation.
Collectively, these results suggested that TNPs specifically targeting the costimula-
tory molecules CD80/86 on macrophages potently suppressed osteoclastogenesis
via upregulated expression of IDO to furtherinduce macrophage apoptosis, offering
an alternative strategy to modulate osteoclast differentiation of macrophages from
the osteoimmunology perspective.
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Figure 3. TNPs suppress the maturation of DCs

(A) Representative TEM images of DCs after incubation with TNPs or NPs at 4°C for 1 h. Orange arrowheads indicate the NPs around DCs. Scale bar:
500 nm.

(B) Flow cytometric analysis of the binding of TNPs or NPs to DCs (n = 3, unpaired two-tailed t test).

(C) Flow cytometric profiles of CD70, CD80, and CD86 on DCs after incubation with NPs, TNPs, and Treg cells with equivalent membrane proteins for
48 h.

(D-F) MFI quantification of (D) CD70, (E) CD80, and (F) CD86 on DCs after cultures with NPs, TNPs, and Treg cells with equivalent membrane proteins
(n = 3, one-way ANOVA with Tukey test).

(G) Immunofluorescence images of CD80 and CD86 on DCs and TNPs after coincubation at 4°C for 1 h observed via confocal imaging (top). Yellow
indicates the colocalization of TNPs (red) with CD80 or CD86 (both green). Typical colocalization patches were marked with white dashed circles in the
enlargement of the boxed area (bottom). Scale bar: 5 pm. All data are represented as means + SD. *p < 0.05, **p < 0.01. NS, no significance.

TNPs suppress the maturation of DCs

It is well established that Treg cells exert suppressive effects on antigen-presenting
cells (APCs) in a cell-contact-dependent manner through the interaction between
cell membrane pro‘ceins.39 Therefore, TNPs might also influence the behavior of
APCs, particularly DCs, through the interaction between cell membrane proteins
from both sides. To determine whether TNPs directly bind to DCs, cells incubated
with coated NPs or bare NPs for 1 h were imaged by TEM. The results indicated
that more TNPs were bound to the surface of DCs than to NPs (Figure 3A). More-
over, DCs were incubated with fluorescently labeled NPs to quantify binding by
flow cytometry. Compared with NPs, the higher MFI of DCs (p < 0.01) indicated
that TNPs specifically targeted the cell membrane of DCs (Figure 3B). To deter-
mine the effect of close contact, we attempted to examine the expression of cos-
timulatory molecules, including CD70, CD80, and CD86, on the membrane of DCs
after incubation with TNPs or NPs. Flow cytometric histogram (Figure 3C) and
quantitative MFI analysis (Figures 3D-3F) revealed that, similar to the immunosup-
pressive capacity of Treg cells on the costimulatory signals on DCs, TNPs signifi-
cantly downregulated the expressions of CD70 (Figure 3D), CD80 (Figure 3E),
and CD86 (Figure 3F) on DCs compared with NP and control groups. In addition,
there was no apparent difference between TNPs and Treg cells with equal mem-
brane proteins in inhibiting costimulatory signals. To explore the underlying mech-
anism and the downregulation of surface costimulatory molecules, immunofluores-
cence staining of CD80 and CD86 on DCs was conducted after incubation with
fluorescently labeled TNPs at 4°C for 1 h. As displayed in Figure 3G, the close
interaction between TNPs (red) and CD80 or CD86 (both green) could be inter-
preted by the colocalization (yellow) of fluorescence signals. The colocalization be-
tween TNPs and CD80 or CD86 was further quantitatively analyzed using the
metric of Manders’ colocalization coefficient (MCC). As demonstrated in Fig-
ure S12, the MCC values for TNPs/CD80 and TNPs/CD86 were both close to 1,
indicating a high colocalization and close contact between TNPs and CD80/
CD86.° Furthermore, we examined the gene expression of these costimulatory
molecules in DCs after treatment with TNPs for 48 h by gPCR. Results shown in Fig-
ure S13 demonstrated that only the mRNA level of CD80 exhibited an overt in-
crease compared with the other two groups, and there was a negligible difference
in the transcriptional levels of CD70 and CD86 among all groups. Taken together,
with the help of surface proteins conferred by Treg cell membranes, TNPs in-
hibited the maturation of DCs by directly binding with their membrane costimula-
tory molecules. We speculated that CTLA-4 on TNPs could capture the ligands
such as CD80 and CD86 on DCs by a process of trans-endocytosis, while surface
CD27 could also induce the internalization of CD70 into DCs,”"*? thus reducing
the membrane protein level of these costimulatory molecules and further inhibiting
the maturation of DCs. Meanwhile, LAG3 on TNPs could directly act on the major

3628 Matter 4, 3621-3645, November 3, 2021
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Figure 4. TNPs suppress the proliferation and activation of T cells
(A) Typical confocal images of CD3" T cells incubated with TNPs or NPs. Blue, green, and red represent cell nuclei, FITC-conjugated anti-CD3 antibody,
and the NPs, respectively. Scale bar: 2 um.
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Figure 4. Continued

(B) Representative flow cytometric plots of T cells bound with TNPs or NPs after coincubation at 4°C for 1 h.

(C-F) Representative flow cytometric plots and quantitative analysis of the CFSE dilution of (C, D) the labeled CD4" and (E, F) CD8" T cells after
incubation with NPs, TNPs, and Treg cells with equivalent membrane proteins in the presence of CD3, CD28, and IL-2 for 96 h.

(G-J) Fractions of (G) CD4"TNF-a." and (H) CD4"IFN-y" T cells of total CD4" T cells and percentages of () CD8 " TNF-a" and (J) CD8"IFN-y* T cells of
total CD8" T cells following cultivation with NPs, TNPs, and Treg cells with equivalent membrane proteins in the presence of CD3, CD28, and IL-2 for 96
h, as assessed by flow cytometric analysis. Error bars represent +SD. n = 4. Significance was assessed using one-way ANOVA with Tukey test. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. NS, no significance.

histocompatibility complex class [l (MHC 1I) to trigger the inhibitory pathway, sup-
pressing the maturation and immunostimulatory function of DCs.*

TNPs inhibit the proliferation and activation of T cells

To investigate whether TNPs could directly affect T cells, splenocytes isolated from
naive mice were incubated with fluorescently labeled TNPs or NPs for confocal im-
aging. Different from the limited nonspecific adherence of NPs to CD3" T cells, there
were many TNPs tightly bound to the membrane of T cells (Figure 4A), suggesting
specific interplay. The cells were also cultivated with the labeled TNPs or NPs to
quantify the binding of NPs with CD3" T cells. Flow cytometric analysis confirmed
that T cells treated with TNPs presented significantly higher MFI relative to NPs
(p < 0.001), further confirming their close communication (Figures 4B and S14).
We then assessed the immunosuppressive effects of TNPs toward effector T cells
activated with CD3 and CD28. The proliferation activity of T cells after TNP treat-
ment was analyzed by carboxyfluorescein succinimidyl ester (CFSE) assay. As shown
in Figures 4C-4F, both TNPs and Treg cells caused significantly lowered dilution ra-
tios of CFSE-labeled CD3"CD4" T subset (Figures 4C and 4D) and CD3"CD8" T
population (Figures 4E and 4F) in contrast to the control and NP groups. Flow cyto-
metric analysis further showed that, similar to Treg cells, TNPs markedly restricted
the fractions of Ki67" (Figures S15A and S15B) as well as tumor necrosis factor
alpha-positive (TNF-a.") and interferon-gamma-positive (IFN-y) cells among all
CD37CD4" cells compared with those treated with NPs and PBS (Figures 4G, 4H,
S16A, and S16B), implying that TNPs could reduce the proliferation and cytokine
production of CD4" T cells. Similar results were obtained for the proliferative and
activating responses of the CD3*CD8* compartment (Figures 41, 4J, S15C, S15D,
S16C, and S16D). It is worth noting that CD39 and CD73 are extracellular nucleo-
tide-catabolizing enzymes that endow Treg cells with suppressive function by
sequentially degrading extracellular adenosine triphosphate (ATP) leaking from acti-
vated cells.***> Therefore, it was assumed that TNPs carrying CD39 and CD73
tended to closely aggregate on effector T cells to hydrolyze ATP released to peri-
cellular sites, thereby potentially inhibiting the proliferation and inflammatory cyto-
kine secretion of T cells.

Immunoregulation mediated by TNPs in two murine models of periodontitis

The efficacy of TNPs to inhibit various immune responses to alleviate inflammation
and periodontal tissue damage was evaluated in mouse models of advanced and
early periodontitis induced by ligature placement for 30 days and 10 days, respec-
tively. The local retention and biodistribution of DiR-labeled TNPs were analyzed
by in vivo imaging system (IVIS), revealing that over 60% of TNPs remained in local
sites 48 h post injection, while part of the NPs distributed in the draining cervical
lymph nodes (CLNs) and major organs, including liver, lung, and spleen (Figure S17).

After the induction of advanced periodontitis, TNPs were injected into the inflamed

periodontal tissue at indicated time points to analyze the possible alleviation of peri-
odontal inflammation and tissue protection (Figures 5A and 5B). Mice treated with
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Figure 5. TNPs alleviate immuno-inflammatory responses and reduce alveolar bone resorption in a mouse model of advanced periodontitis

(A) Experimental design of the treatment regimen of TNPs for a mouse model of advanced periodontitis induced by the placement of ligature around
the maxillary first molar for 30 days. Mice dosed with PBS were used as a control.

(B) Schematic illustration of effects of local TNP administration on periodontal inflammation alleviation and tissue protection.

(C-F) Percentages of (C) CD4"TNF-a", (D) CD4"IFN-y*, (E) CD4"IL-17a", and (F) CD4"CD25"Foxp3™ T cells of total CD4" T cells in the gum of mice
treated with TNPs for 15 days by flow cytometric analysis (n = 6, one-way ANOVA with Tukey test).

(G) Representative 3D micro-CT images (from the buccal side) of the maxillary molar area harvested from mice after TNP treatment at day 16. Scale bar:
1 mm. The upper and lower red dashed lines represent CEJ and ABC, respectively.

(H) Representative TRAP staining images of tissue sections from mice treated with TNPs. Scale bar: 10 um. G, B, and T refer to gingiva, bone area, and
tooth, respectively.

(1) Typical H&E-stained sections of periodontal tissue after TNP treatment. Scale bar: 10 pm.

(J) Representative TNF-a immunohistochemical staining sections from tissue around ligature areas of the mice. Scale bar: 5 um.

(K) Average distance of ABC to CEJ determined from M1 and M2 (the maxillary first molar and second molar) (n = 6, one-way ANOVA with Tukey test).
(L) Numbers of TRAP™ cells in the above tissue sections (n = 5, one-way ANOVA with Tukey test).

M) Quantitative analysis of TNF-a" cells in the tissue sections (n = 5, one-way ANOVA with Tukey test). Error bars represent +SD. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. NS, no significance.

PBS and Treg cells were used as controls. After various treatments for 15 days, the
immunosuppressive function of TNPs in the periodontal microenvironment was eval-
uated by cytometric analysis of cells harvested from gum tissue and CLNs. Analysis
of gum cells revealed that TNPs robustly reduced the fractions of TNF-a-producing
CD4" T cells (Figures 5C and S18A), CD4"IFN-y™ T cells (Figures 5D and S18B), inter-
leukin (IL)-17a-secreting CD4" cells (Figures 5E and S18C) as well as the percentage
of CD4"CD25"Foxp3* Treg population (Figures 5F and S18D) in comparison with
the PBS group. However, gum samples from mice treated with TNPs exhibited
higher proportions of these CD4" subpopulations relative to naive mice. Analysis
of CLNs showed that TNPs significantly reduced the fraction of CD4*IFN-y" and
CDA47IL-17a™ T cells relative to the PBS group, while there was a slight difference
in CD4"TNF-o" and CD4"CD25%Foxp3™ T cells among all groups (Figure S19). It
is worth mentioning that in both the gum tissue and draining CLNs, Treg cells
enhanced the fraction of CD4"CD25"Foxp3™ Treg population, and significantly
decreased the fraction of CD4¥IL-17a* T cells compared with the PBS control (Fig-
ures S20A-S20H). Interestingly, TNPs exhibited superior performance over Treg
cells in inhibiting CD4*IL-17a" T cells, a pivotal CD4™ T cell population that deteri-
orates chronic inflammation and alveolar bone resorption.”® These results sug-
gested that TNPs had strong potential for mitigating immune responses in the
gum and CLNs of mice. To assess the efficacy of TNPs in ameliorating bone resorp-
tion, the molar area of maxillae was harvested from mice and scanned by micro-
computed tomography (micro-CT). Representative three-dimensional (3D) micro-
CT views from both the buccal side (Figure 5G) and lingual side (Figure S21A), as
well as coronal two-dimensional (2D) view (Figure S21B), showed severe alveolar
bone loss around the first molar (M1) and the second molar (M2) in the PBS group,
suggesting the successful establishment of the advanced periodontitis model.
Meanwhile, mice treated with TNPs had conspicuously higher alveolar bone levels
compared with both control groups. Measurements of the distance between the
alveolar bone crest (ABC) and cementoenamel junction (CEJ), an indicator of alve-
olar bone resorption,”” consistently confirmed that TNPs substantially inhibited
alveolar bone loss (Figure 5K). The negligible benefit of local injection of Treg cells
to periodontal bone resorption (Figures S201-S20J) suggested their ineffectiveness
in the management of periodontitis given that alveolar bone resorption is recog-
nized as a clinical diagnostic standard for the development and progression of peri-
odontitis.*® This might be because, under the periodontitis microenvironment pre-
senting various inflammatory cytokines, such as IL-6, IL-18, and TNF-a, locally
administered Treg cells could turn into Th17 cells, which are critically responsible
for bone resorption.””" In addition, maxillae were sectioned for histological
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analysis. Regarding osteoclast activity, representative TRAP staining images (Fig-
ure 5H) and quantitative analysis of TRAP* cells (Figure 5L) displayed similar trends:
TNP treatment led to a marked decrease in the number of TRAP* osteoclasts after
periodontitis development. These results verified the striking ability of TNPs to
hamper osteoclast activation and rescue bone loss in periodontitis. Following hema-
toxylin and eosin (H&E) staining, tissue sections from the PBS group showed gum tis-
sue destruction, disorder of periodontal tissue fibers, and attachment loss as well as
evident bone resorption (Figure 5I). These were in stark contrast to the amelioration
of tissue damage, reduced bone resorption, and limited attachment loss in sections
from the TNP group. As shown in Figures 5J and 5M, the TNP group presented a
limited stained area of TNF-a.* cells in the gum, whereas many diffuse cells were
observed in the sections of gum tissue from the PBS group. Gene expression analysis
of the gum tissue indicated that inflammation-related genes, including IL-18, IL-6,
TNF-o, IFN-v, and matrix metalloproteinase-8 (MMP-8), as well as osteoclast-related
genes such as monocyte chemoattractant protein-1 (MCP-1) and RANKL, were
significantly upregulated in PBS-treated mice, while the administration of TNPs
dramatically decreased the expression of these genes (Figure 522).

We further evaluated the immune-modulatory capacity and tissue-protective effi-
cacy of TNPs in a mouse model of early periodontitis (Figures S23-528). After local
TNP treatment of mice with early periodontitis (Figure S23A), the flow cytometric
analysis of the CD4™ T cell subpopulation in gum displayed similar results: the frac-
tions of CD4*TNF-a* (Figures S23B and S24A), CD4*IFN-y* (Figures S23C and
S24B), CD4"IL-17a" (Figures S23D and 524C), and CD4"CD25"Foxp3* cells (Figures
S23E and S24D) were consistently notably lower in the TNP group relative to the PBS
group. Analysis of the CD4" T cell responses in CLNs yielded results comparable
with those of advanced-stage periodontitis (Figure S25). As visualized from H&E-
staining images (Figure S23F), mitigated soft tissue damage and reduced bone
resorption were observed in mice that received TNP treatment. Micro-CT observa-
tions (Figure S26A) and quantitative bone resorption analysis (Figure S23G) reveal
that PBS-treated mice experienced moderate alveolar bone loss, indicating the
development of early-stage periodontitis.” As expected, TNP treatment potently
hindered the progression of bone resorption. TRAP staining (Figure S26B) and quan-
titative analysis (Figure S23H) of the tissue sections accordingly showed that TNPs
suppressed TRAP™ osteoclast activity near bone resorption frontier sites. Further-
more, although mice in the PBS group possessed numerous TNF-a" cells, TNP
administration effectively limited the infiltration of these inflammatory cells to peri-
odontitis sites (Figures S231 and S26C). In addition, the expression of inflammation-
and osteoclast-related genes in gum tissue sections from the TNP group was down-
regulated significantly relative to the PBS group (Figure S27).

Immunoregulation mediated by TNPs in a preclinical canine model

of periodontitis

A preclinical canine model of ligature-induced periodontitis was established to eval-
uate the effect of TNPs on the mitigation of periodontal inflammation and bone
resorption. Periodontitis was induced in the left mandibles and maxillae of beagle
dogs by ligature placement around the tooth cervix for 8 weeks. After the develop-
ment of periodontitis, dogs were treated with PBS, conventional clinical manage-
ment of periodontitis (plaque debridement and local chlorhexidine irrigation, desig-
nated as “De/ir” group), or TNPs (Table S3; Figures S1B and 6A). To determine
periodontal status and inflammation level, a set of clinical periodontal examinations,
including plaque index (Pl), sulcus bleeding index (SBI), periodontal pocket depth
(PPD), and clinical attachment loss (CAL), were performed at week O (as baseline)
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Figure 6. TNPs ameliorate progression of inflammation and diminish alveolar bone resorption in a preclinical canine model of periodontitis
(A) Experimental design for the treatment regimen of TNPs and clinical debridement and chlorhexidine irrigation in a canine model of chronic
periodontitis induced by ligature placement for 8 weeks. Beagle dogs treated with PBS were used as a control.
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Figure 6. Continued

(B—E) Clinical periodontal parameters including (B) PI, (C) SBI, (D) PPD, and (E) CAL of molar or premolar sites in dogs under different treatment
conditions as measured at week 0 and 4 (12 teeth per group, Kruskal-Wallis test and one-way ANOVA with Tukey test).

(F) Representative radiographs from mandibular ligature sites of different groups obtained at weeks 0 and 4. The upper red-lined segments and lower
dashed lines indicate the CEJ and ABC levels, respectively.

(G) Typical 3D micro-CT images from the buccal and lingual sides of the mandibular ligature area harvested from dogs at week 4. Scale bar: 3mm. The
upper and lower red dashed lines separately refer to the CEJ and ABC levels, respectively.

(H) Representative H&E-stained sections of tissue around ligature regions in dogs after different treatments. Scale bar: 250 pm.

G, B, and T refer to gingiva, bone area, and tooth, respectively. All data plotted as mean + SD. *p < 0.05, ***p < 0.001, ****p < 0.0001. NS, no
significance.

and week 4 after treatment. Baseline values (at week 0) of these periodontal param-
eters in dogs treated with PBS, De/ir, and TNPs showed no significant difference but
were remarkably higher than those in healthy naive dogs (Figures 6B-6E). As ex-
pected, the De/ir group exhibited a much lower Pl score than the other groups at
week 4 (Figure 6B), indicating robust control over plaque colonization on teeth.
The scores of SBI (Figure 6C), PPD (Figure éD), and CAL (Figure 6E) in TNP and De/
ir groups were markedly lower than those of the PBS group at week 4. Notably,
TNPs demonstrated superior performance in reducing all these parameters
compared with De/ir treatment. Clinical examinations suggested that both TNP
and De/ir were efficacious in ameliorating the severity of tissue inflammation and tis-
sue damage, but TNP treatment exhibited superior performance in recovering peri-
odontal health. The variation of alveolar bone level was also detected via periapical
radiographs at week 0 (baseline) and week 4 (Figure 6F). After periodontitis induc-
tion, dogsin PBS group, De/irgroup, and TNP group displayed a similar radiographic
alveolar bone level at week 0, which was conspicuously lower compared with that of
naive dogs, suggesting the development of periodontitis.”” At week 4, dogs admin-
istered TNPs showed bone levels comparable with baseline, which was in stark
contrast with the progression of bone resorption in both the PBS and De/ir groups.
After euthanasia of the dogs, the maxillae and mandible of dogs were harvested
and scanned by micro-CT. Representative 3D micro-CT views from both buccal
and lingual sides demonstrated that TNP-treated dogs presented remarkably less
alveolarbone resorption compared with dogs treated with PBS and De/ir (Figure 6G).
Quantitative analysis of ABC-CEJ distance further corroborated that TNP treatment
promoted greater suppression of bone loss than PBS (p < 0.001) or De/ir (p < 0.01)
treatments (Figure S29). Notably, De/ir treatment showed no apparent advantage
in controlling bone resorption over the PBS group. TRAP staining of tissue sections
further confirmed that TNPs effectively inhibited osteoclast activity at alveolar
bone around ligature sites (Figure S30). Histological differences in the periodontium
among these groups were observed from H&E-stained sections (Figure 6H).
Compared with the periodontium of naive dogs, the PBS group exhibited more
serious attachment loss and ulcerous lesions in periodontal tissue, including gingival
tissue loss, irregular arrangements of gingival tissue fibers, as well as severe and
widespread inflammatory cell infiltration. In contrast, the treated groups exhibited
fewer ulcerous phenomena and attachmentloss. TNP-treated dogs distinctly outper-
formed the De/ir group in restricting inflammation as well as mitigating gingival dam-
age and attachment loss. Gene expression evaluation in gum tissue revealed that
inflammation-related genes, including IL-1B, IL-6, IL-17a, and osteoclast-related
gene RANKL, were obviously upregulated in both the PBS and De/ir groups, whereas
TNP-treated dogs presented remarkably lower expression of these genes (Fig-
ure S31). Taken together, our findings provided robust evidence that TNPs alleviated
inflammatory responses and alveolar bone resorption in a preclinical canine model of
periodontitis, suggesting them as an alternative to manage chronic periodontitis and
highlighting their potential for further clinical translation.
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Conclusion

In summary, we report a biomimeticimmunomodulatory strategy based on nanopar-
ticulate Treg cells for manipulating the overactive immune microenvironment. Arti-
ficial nanoscale cells decorated with intrinsic membrane proteins and function to
suppress multiple overactive immune cells have been fabricated by coating nano-
particulate substrates with Treg cell membranes. This Treg cell biomimicry approach
confers NPs with multifaceted immunosuppressive capabilities through direct cross-
talk with target cells, including macrophages, DCs, and effector T cells, which corre-
spondingly inhibits the osteoclastogenesis of macrophages, the maturation of DCs,
and the function of effector T cells. Coated NPs exhibit multiple functions, including
curtailing hyperactive immune responses to ameliorate inflammation in periodontal
lesions and rescuing inflammatory alveolar bone loss in both murine and preclinical
canine models of periodontitis. Different from Treg cells, artificial nanoparticulate
Treg cells are less sensitive to the complex inflammatory microenvironment and
able to maintain the immunosuppressive capacity to regulate immuno-inflammatory
responses and to protect inflamed tissues. Furthermore, their viable storability and
transportability offer great potential for future translation. In addition, personalized
medicine could be pursued by exploiting customized Treg cell membranes, which
may also remarkably reduce immunogenicity. A range of diseases, such as arthritis,
inflammatory bowel disease, graft-versus-host disease, type 1 diabetes mellitus, and
systemic lupus erythematosus, suffer from excessive immune activation.””*¢ Given
the regulatory role of Treg cells in maintaining the homeostasis of the immune sys-
tem, we anticipate that NP-based biomimetic immunoregulation would become a
universal platform for manipulating the dysregulated immune microenvironment,
particularly in these diseases caused by immune system disorders. Regarding further
translation of these nanoparticulate Treg cells, a few challenges need to be tackled
in the future. To boost immunotherapeutic outcomes, drug payloads could be inte-
grated into the platform and comprehensive optimization of dosages is required to
ensure safety and efficacy. Meanwhile, targeting ability of these NPs would be
necessary, particularly for application in systemic administration. In addition, purifi-
cation procedures and the scale-up issue regarding source cells and TNPs both
entail further endeavors.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for materials should be directed to and will be ful-
filled by the lead contact, Jinyao Liu, jyliu@sjtu.edu.cn.

Materials availability
The materials generated in this study are available from the corresponding author
upon request.

Data and code availability
The data used to support the findings of this study are available from the corre-
sponding author upon request.

Animals

C57BL/6 mice were provided by and bred under specific pathogen-free (SPF) condi-
tions in the Animal Center at Renji Hospital. Eight- to 10-week-old female mice were
used for all murine experiments. Male beagle dogs (12-18 months) were used for
therapeutic experiments. All animal experiments were carried out according to
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ethical guidelines and approved by the Institutional Animal Care and Use Commit-
tee of Shanghai Jiao Tong University School of Medicine.

Isolation and expansion of Treg cells

Murine CD4"CD25" Treg cells were purified from the splenocytes of female C57BL/
6 mice via the MACS system (Miltenyi Biotec). Briefly, ~1 x 10® mouse splenocytes
were first subjected to indirect magnetic labeling of non-CD4* T cells with biotin-
antibody cocktail and anti-biotin microbeads, labeling of CD25* cells with CD25-
PE, and subsequent magnetic separation. Then the CD4*CD25™ cells were enriched
via positive magnetic selection after labeling of CD25" cells with anti-PE microbe-
ads. Approximately 1.6 x 10° CD4*CD25" Treg cells were enriched from these sple-
nocytes and exhibited a purity of at least 92% as analyzed by flow cytometry. After-
ward, the obtained Treg cells were seeded in a 24-well plate at 2.5% 10 cells per well
(Costar) and stimulated with anti-CD3/anti-CD28-coated microbeads (Miltenyi Bio-
tec) at a cell-to-bead ratio of 1:3 in Dulbecco’s modified eagle’s medium (Hyclone)
supplemented with 10% fetal bovine serum (FBS, Invitrogen), 1% penicillin/strepto-
mycin (Invitrogen), 50 uM B-mercaptoethanol, 2 mM L-glutamine, IL-2 (200 U/mL,
R&D Systems) for 9 days with culture medium refreshed every 2 days. Then cells
were subjected to re-stimulation with fresh beads at a ratio of 1:1. On day 14, the
beads were removed from the cells using a MACSIMAG Separator (Miltenyi Biotec)
and the cell counting indicated a ~16-fold of expansion. The phenotype of
expanded CD4"CD25™" Treg cells was analyzed by flow cytometry with cell surface
staining using CD4-fluorescein isothiocyanate (FITC) (BioLegend), CD25-PE (Bio-
Legend), and intracellular staining using Foxp3-APC (BioLegend) and Foxp3 staining
buffer set (eBioscience). To collect canine Treg cells, peripheral blood mononuclear
cells (PBMCs) were first isolated from fresh peripheral blood from beagle dogs by
density gradient centrifugation over Ficoll/Paque (GE Healthcare). The obtained
PBMCs were stained with FITC-conjugated anti-CD4 (eBioscience) and APC-labeled
anti-CD25 antibodies (eBioscience) and sorted by flow cytometry via BD FACSAria lll
cell sorter (BD Biosciences), yielding a purity of at least 98%. As for canine Treg cell
yield, approximately 4 x 10° CD4*CD25" cells were obtained from 10 mL of periph-
eral blood. The phenotype of the sorted cells was similarly determined using flow
cytometric analysis of CD4-FITC (eBioscience), CD25-APC (eBioscience), and
Foxp3-PE (eBioscience).

Cell membrane collection

Membranes of Treg cells were collected as previously described with slight modifi-
cations.”" Briefly, Treg cells were suspended in hypotonic lysis buffer supplemented
with protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific), 30 mM
Tris/HCI, 75 mM sucrose, 0.2 mM EDTA (the above components from Sigma-
Aldrich), and incubated on ice for 30 min. Then the cell suspension was carefully
ground and homogenized using a Dounce homogenizer with a tight-fitting pestle
(30 passes), followed by centrifugation at 800 x g for 5 min at 4°C to discard the
large debris and cell nuclei. The supernatant was subsequently centrifuged at
3,200 x g for 5 min at 4°C to collect supernatant. Meanwhile the obtained pellet
was resuspended in hypotonic lysis buffer, and the homogenization/centrifugation
process was repeated another three times until thorough lysis of the cells was deter-
mined by light microscopy. Lastly, the pooled supernatant was centrifuged at
21,000% g for 35 min at 4°C. The supernatant was discarded and the pellet was
collected. For purification, the cell membrane pellet was washed twice with PBS to
remove intracellular proteins and small organelles. The membrane protein concen-
tration was detected using a BCA kit (Beyotime). Approximately 150 million mouse
Treg cells or 110 million canine Treg cells yielded 1 mg of membrane material
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(protein weight). The murine and canine Treg cell membranes were suspended in
PBS containing 0.2 mM EDTA at a protein concentration of 4 mg/mL and stored
at —80°C for further use.

Preparation of NPs

PLGA NPs were synthesized according to previous methods.?® Briefly, 1 mL of PLGA
(50:50) in acetone (10 mg/mL) was added dropwise into 3 mL of water under mag-
netic stirring. Then the solution was subjected to rotary evaporation until the com-
plete evaporation of acetone. For fluorescent imaging assays, 2 plL of 1,1-diocta-
decyl-3,3,3",3'-tetramethylindodicarbocyanine,  4-chlorobenzenesulfonate  salt
(DiD) in ethanol (1 mg/mL, Thermo Fisher Scientific) was added to PLGA acetone so-
lution prior to PLGA NP synthesis. For cell membrane coating to prepare TNPs, the
harvested Treg plasma membranes were mixed with the PLGA cores at a membrane
protein-to-polymer weight ratio of 1:1. The mixture was extruded 11 times through
polycarbonate membranes (400 nm and 200 nm) using a mini-extruder (Avanti). The
as-synthesized NPs were resuspended in PBS for further experiments. The murine
and canine TNPs were suspended in PBS containing 0.2 mM EDTA (2 mg/mL) and
stored at —80°C for further use.

Characterization of NPs

TNPs were stained with uranyl acetate (1 wt %) and imaged with TEM (HT7700,
HITACHI) to assess morphology. Cyro-TEM observation for TNPs was conducted
as previously described.” Avolume of 10 uL of TNP sample was applied to lacey car-
bon grids (Ted Pella, 01824G) that were coated with 2-3-nm-thick continuous carbon
film and glow discharged with air using the Pelco easiGlowTM System. The grids were
blotted for 3 s at 4°C, plunged into liquid ethane by an FEI Vitroblot Mark IV at 100%
humidity, and loaded onto a Talos Arctica G2 transmission electron microscope
operated at 200 kV for data collection. Images were recorded by a Falcon 3 camera.

Hydrodynamic size and surface zeta potential of TNPs were assessed with DLS
(Zetasizer, Malvern) for further validation of the successful coating of cell mem-
brane onto polymeric cores. To detect specific surface markers on TNPs, samples
of Treg lysate, Treg vesicles, and TNPs were examined via western blot. For sam-
ple preparation, TNPs and Treg vesicles were prepared at a protein concentration
of 2 mg/mL in 60 pL of lithium dodecyl sulfate (LDS) sample loading buffer (Invitro-
gen) and 1.8 x 107 Treg cells with equal amount of membrane proteins were sus-
pended in 60 pL of LDS buffer, followed by sample heating at 70°C for 30 min.
Then 20 plL of each sample was used for SDS-PAGE electrophoresis at 150 V for
~1 h using 4%-12% Bolt Bis-Tris Plus gels in Bolt MES running buffer (Invitrogen).
The protein-transferred polyvinyl difluoride (PVDF) membranes (Millipore) were
then incubated with primary antibodies: rabbit anti-mouse CTLA-4 (Abcam),
LAG3 (Cell Signaling Technology [CSTI), CD39 (CST), CD73 (CST), and CD27 (Ab-
cam), followed by incubation with horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG secondary antibody (Beyotime). The PVDF membranes were then incu-
bated with enhanced chemiluminescence (ECL) substrate (Thermo Scientific) and
exposed in an Odyssey infrared imaging system (LI-COR) for protein band
observation.

Flow cytometric analysis was conducted to verify the outward orientation of surface
proteins on TNPs. TNPs (0.1 mg/mL, suspended in 100 pL of staining buffer) and
1.5 x 10° Treg cells with equal amount of membrane proteins (suspended in
100 pL of staining buffer) were incubated with PE-labeled CTLA-4 antibody
(diluted at 1:100, BioLegend) at 4°C for 30 min. After PBS rinse by centrifugation
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at 21,000 x g for 30 min at 4°C three times, samples were resuspended in 100 pL of
PBS for flow cytometric analysis.

Cell culture

All cells were cultured in medium supplemented with 10% FBS, 1% penicillin/strep-
tomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino
acids, and 10 mM HEPES at 37°C in a humidified environment with 5% CO,.

Adhesion assay of TNPs

Chamber slides (Thermo Fisher Scientific) were first coated with poly-L-lysine
(1 mg/mL, Sigma-Aldrich) at room temperature (RT) for 15 min and washed twice.
Then 1 mL of macrophage (2 X 10° per well) and splenocyte (4 x 10° per well)
suspensions were seeded onto the dishes and incubated with 100 pL of 0.2 mg/mL
DiD-labeled TNPs and NPs (equivalent concentration to that of TNPs as quantified
via fluorescence intensity) at 4°C for 1 h to block cellular uptake of NPs. Afterward,
the slides were washed with PBS three times and fixed with 4% paraformaldehyde
(PFA) at 4°C for 20 min. Subsequent procedures for various cell cultures were as fol-
lows: macrophage cocultures were stained with Hoechst 33342 and Neuro-DiO,
while splenocyte cocultures were incubated with 3% BSA (Sigma-Aldrich) for
30 min for blocking of nonspecific binding sites and subsequently stained with
FITC-labeled CD3 (BioLegend) and Hoechst 33342, followed by PBS washes and
visualization under confocal microscopy (Leica TSC SP8). For further analysis of tar-
geted adhesion capacity of TNPs onto macrophages, DCs, and T cells, TNPs and
NPs were similarly incubated with these cells in 48-well plates at 4°C for 1 h. Then
macrophage culture was stained with CD11b-FITC (BioLegend), DC culture was
stained with CD11¢c-FITC (BioLegend), and splenocyte culture was stained with
CD3-FITC (BioLegend). These cell cultures were subsequently analyzed via flow cy-
tometry for the medium fluorescence intensity of the bound TNPs and NPs.

In vitro macrophage-osteoclast differentiation

For osteoclast-related assays, bone marrow cells were isolated by flushing the bone
marrow of tibiae and femurs of naive C57BL/6 mice with culture medium (a-Minimum
Essential Medium [MEM] containing 10% FBS and 1% penicillin/streptomycin) and
seeded in plates overnight, followed by collecting the non-adherent bone marrow
monocytes (BMMs). After washing, BMMs were cultured in the above medium sup-
plemented with 30 ng/mL MCSF (Peprotech) for purification and expansion for
further use. For in vitro osteoclast differentiation assay, macrophage suspensions
were seeded in flat-bottomed 96-well plates (1 x 10* per well) in culture medium
supplemented with MCSF (30 ng/mL, Peprotech) and RANKL (50 ng/mL, Peprotech).
These cells were simultaneously treated with 20 pL of TNPs (0.2 mg/mL), NPs (equiv-
alent concentration), and 1 x 10° Treg cells, respectively, while the untreated group
served as the positive control. Five days later, TRAP staining using the leukocyte acid
phosphatase kit (Lianke Biotech) was conducted on the above samples to evaluate
osteoclast differentiation, in which multinucleated TRAP™ (purple color) cells were
identified as osteoclasts, and purple-colored cells with one or two nuclei were iden-
tified as macrophages. The number of TRAP™ osteoclasts per well was further quan-
tified. In addition, 1 mL of macrophage suspension was plated in 24-well plates (1 x
100 per well) and treated with 100 pL of TNPs (0.2 mg/mL) and NPs (equivalent con-
centration) in the presence of MCSF (30 ng/mL) and RANKL (50 ng/mL) for 3 days to
assess the relative mRNA expression of IDO and osteoclast-related genes via gPCR.
For western blot, similar osteoclast cultures treated with TNPs and NPs for 3 days
were lysed to collect proteins, followed by SDS-PAGE electrophoresis, PVDF mem-
brane transfer, incubation with monoclonal antibody against IDO (CST), and
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corresponding secondary antibody. B-actin was used as an internal control. The pro-
tein band was detected by exposure in an Odyssey infrared imaging system (LI-
COR).

Apoptosis assay of macrophages

A volume of 1 mL of macrophage suspension was seeded in 24-well plates (5 x 10°
per well) and treated with 100 pL of TNPs (0.2 mg/mL), NPs (equivalent concentra-
tion), and 3 x 10° Treg cells (with equivalent membrane protein content to TNPs)
in the presence of MCSF (30 ng/mL) and RANKL (50 ng/mL) for 24 h. Then the cells
were stained with annexin V-FITC and propidium iodide solution (both from BD Bio-
sciences) for 15 min at RT in the dark and immediately analyzed by flow cytometry.
The percentage of annexin V-positive cells was calculated to assess the apoptosis
rate. Furthermore, in order to ascertain that the inhibitory effects of TNPs exerted
on macrophages was attributable to the participation of CD80/86 molecules,
neutralization antibodies of CD80 and CD86 (10 ng/mL, both from R&D Systems)
were added into the cell culture for 24 h for CD80/CD86 blocking, followed by the
similar treatment with TNPs for another 24 h and collection for the apoptosis assay
mentioned above.

Flow cytometry

Cells were washed with PBS, incubated with murine anti-CD16/CD32 (BioLegend)
for 15 min at RT to block FcyR, and fixed with viability stain 780 (BD Biosciences)
for 15 min at RT to exclude dead cells. Then the surface of cells was stained with fluo-
rochrome-conjugated antibodies in staining buffer (eBioscience) at 4°C for 30 min in
the dark. As for intracellular staining, cells were fixed, permeabilized, and stained
with fluorochrome-labeled antibodies. The collected cells were then analyzed by
flow cytometry (CytoFLEX, Beckman Coulter) and statistically analyzed using FlowJo
software.

qPCR analysis

For real-time qPCR, RNA was isolated from various cells or murine gum tissue using
TRIzol (Invitrogen). Complementary DNA (cDNA) was synthesized using the tran-
scriptor first-strand cDNA synthesis kit (Roche) according to the manufacturer’s in-
structions. The obtained cDNA was amplified via real-time gqPCR using FastStart
Essential DNA Green Master (Roche) on LightCycler 480 (Roche). The cDNA expres-
sion levels were normalized to the housekeeping gene GAPDH. The primer
sequences are listed in Table S4.

Isolation and induction of DCs

DCs were harvested by inducing bone marrow cells isolated from femurs and tibiae
of naive C57BL/6 mice in DMEM (Hyclone) supplemented with 10% FBS, 50 uM 2-
mercaptoethanol (ME), 1% penicillin-streptomycin, and recombinant granulocyte-
macrophage colony stimulating factor (GM-CSF, 20 ng/mL, Peprotech). Culture me-
dium was replenished on days 3 and 6, and non-adherent cells were transferred to
new petri dishes to collect the purified non-adherent cells for further use.

Electron microscopy

To confirm the close contact between TNPs and DCs, poly-L-lysine-coated plates
with DC-TNP coculture were fixed and processed as previously described with slight
modifications.> Briefly, 1 mL of DC suspension (1 X 107 per well) was seeded onto
poly-L-lysine-coated 24-well plates and incubated with 100 pL of TNPs (0.2 mg/mL)
and NPs (equivalent concentration) at 4°C for 1 h. After PBS rinse, the samples were
prefixed with 2.5% glutaraldehyde in PBS buffer for 1 h at 4°C and three washes with
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PBS. Then cells were postfixed with 1% osmium tetroxide and three rinses with PBS.
Next, samples were dehydrated in a graded series of ethanol and embedded in
epoxy resin. The sections were cut and imaged with TEM.

Expression of surface costimulatory molecules on DCs

For analysis of the surface phenotype of DCs, 1 mL of DC suspension (1 x 10° per
well) was seeded into 24-well plates and separately treated with 100 uL of TNPs
(0.2 mg/mL), NPs (equivalent concentration), and 3 X 10° Treg cells (with equivalent
membrane protein content to TNPs) in the presence of LPS (100 ng/mL) for 48 h.
After PBS rinse, cells were stained with CD11c-FITC, CD80-PE, CD86-APC, and
CD70-PE antibodies (all from BioLegend) at 4°C for 30 min. Then the washed cell
cultures were subjected to flow cytometric analysis of the expression of these surface
ligands on CD11c-gated populations. To further assess the expression of these
costimulatory molecules in treated DCs on the mRNA level, the cocultures were sub-
jected to RNA extraction and qPCR analysis.

Immunofluorescence staining of DC-TNP coculture

To observe the interaction between TNPs and the co-stimulation ligands CD80 and
CD86 on DCs, 100 ulL of DiD-labeled TNPs (0.2 mg/mL) was incubated with 1 mL of
DC suspension seeded on poly-L-lysine-coated chamber slides (2 x 10° per well) at
4°C for 1 h. Then samples were fixed and rinsed, followed by blocking with 3% BSA
(Sigma-Aldrich) for 30 min at RT. After PBS rinse, DCs were stained with PE-conjugated
CD80 antibody (BioLegend), FITC-conjugated CD86 antibody (BioLegend), and
Hoechst. The samples were dried and mounted prior to confocal imaging. For the quan-
titative analysis of the colocalization between TNPs and CD80 or CD86 on DCs, Mander
colocalization coefficient between the fluorescence signals of TNPs and CD80 or CD86
was calculated using ImageJ with Coloc2 plugin, respectively. A total of 10 images were
analyzed for both groups. MCC refers to a metric between 0 and 1, where 0 indicates no
colocalization and >0.5 indicates colocalization. The MCC value is closer to 1 if the two
fluorescent signals are highly co-localized.

In vitro T cell proliferation and activation assay

For the functional assay of naive T cells, splenic cells isolated from naive C57BL/6
mice were seeded in flat-bottomed 96-well plates (1 X 10° per well, 200-pL suspen-
sion) and activated with plate-bound anti-CD3 (1.5 ng/mL, BD Biosciences), soluble
anti-CD28 (1 pg/mL, BD Biosciences) and IL-2 (200 U/mL) for 4 days; meanwhile
20 pL of TNPs (0.2 mg/mL), NPs (equal concentration), and 6 x 10° Treg cells
(with equivalent membrane protein content to TNPs) were added to the cell cultures
and replenished every other day considering NP consumption by cells. For the ex-
amination of the proliferation activity of T cells, the splenic cells were labeled with
CFSE (5 uM, Invitrogen) before the above-mentioned treatments. After different
treatments, the cells were collected, washed, and stained with CD3-BVé650 antibody
(BD Biosciences), CD4-PerCP-Cy5.5, and CD8-APC antibodies, followed by intracel-
lular staining of Ki67-FITC, TNF-a-PE, and IFN-y-PE-Cy7 antibodies (BioLegend) for
flow cytometric analysis. The fractions of CFSE dilution, Ki67* cells, and TNF-o.*/IFN-
v* cells in both CD3*CD4"* and CD3*CD8" subsets were assessed to evaluate the
proliferation and activation of naive T cells, respectively.

Treatment with TNPs in murine and canine models of periodontitis

All animal procedures were approved by the Institutional Animal Care and Use Com-
mittee of Shanghai Jiao Tong University School of Medicine. For murine models of
early and advanced periodontitis, female C57BL/6 mice 8-10 weeks old were
used for periodontitis induction by ligature placement around molars as described
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previously.”” Briefly, silk sutures (8-0, Jinhuan) were inserted into the subgingival
area of M1 of mice for 10 days and 30 days for the induction of early-stage and
advanced-stage periodontitis, respectively. The ligation was checked once a week
and was renewed in case of loosening or displacement. After the establishment of
the two periodontitis models as determined by alveolar bone resorption level of
the treated side of maxillae, the ligatures were removed, and the mice were used
to study the beneficial effects of TNPs. For early periodontitis, 20 uL of mouse
TNPs (2 mg/mL) was injected into the gingival tissue at the proximal side of M1,
the distal side of M2, and the interdental site between M1 and M2 on days 1, 3, 5,
7,9,11,13,and 15 after the removal of ligatures. Sterile PBS was injected according
to a similar regime as a negative control, and naive mice were bred as a healthy con-
trol group. For advanced periodontitis, 20 pL of mouse TNPs (2 mg/mL) was similarly
administered to the gingiva with the same dosing frequency for 15 days. The PBS-
treated group and naive group were also adopted as negative controls and healthy
controls, respectively. Establishment of the periodontitis model and treatment pro-
cess for mice was all performed under a binocular loupe. The canine model of peri-
odontitis was established in eight male beagle dogs (12-18 months old), which were
then used in treatment experiments of canine TNPs. Ligature-induced periodontitis
in beagle dogs was induced as previously depicted.”” For the preparation and main-
tenance of healthy periodontal tissue, all dogs received dental plaque debridement
using sterilized dental Gracey curettes (Hu-Friedy) and were given a hard pellet diet
for 2 weeks. Afterward, periodontitis was induced in six of the dogs on the left
mandibular third premolar (PM3), fourth premolar (PM4), and M1, as well as the
left maxillary PM2, PM3, and PM4 by placing 2-0 silk sutures around the cervix of
these teeth. To stabilize the ligation, shallow notches were created at the proximal
and distal sides of tooth cervix using a round bur, and a dental composite resin
was added around the ligatures. Soft-moistened diet was provided for the following
8 weeks to increase plaque formation. Ligatures were checked weekly, and those
loosened or lost were immediately repaired. After the periodontitis-induction
phase, the dogs were randomly divided into three groups: TNP group (n = 2, 12
teeth) was injected with 50 plL of canine TNPs (2 mg/mL) into the gingiva of each
tooth at the proximal side and the distal side; control group (n = 2, 12 teeth) received
sterile PBS treatment in a similar manner and was taken as the negative control; and
the De/ir group (n = 2, 12 teeth) received conventional clinical management for peri-
odontitis (dental plaque debridement and chlorhexidine irrigation in the periodontal
pocket), serving as the positive control. The above-mentioned treatments were all
given twice a week over a 4-week-period for the therapeutic efficacy study. The
two remaining dogs (n = 2, 12 teeth) that were not induced for periodontitis received
dental plaque scaling before the therapeutic experiments for the other groups and
then served as the healthy control group (designated the naive group) during
treatments.

Clinical periodontal examination and radiographic analysis

After dental ligature removal (week 0, baseline), clinical periodontal parameters
including PI, SBI, PPD, and CAL were examined utilizing a sterilized periodontal
probe (Hu-Friedy) to evaluate inflammation and tissue damage in the periodontium
(Table S5). Meanwhile, standardized periapical radiographs were also taken to
assess any change in alveolar bone level as indicated by the distance between
CEJ (as areference landmark on the tooth) and the marginal bone level. Clinical peri-
odontal status and radiographic analysis were re-evaluated for all dogs after 4 weeks
of various treatments, followed by the euthanasia of all dogs for tissue biopsy. All
periodontal parameter measurements were conducted in a blinded manner by the
same experienced clinician.
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Evaluation of local immuno-inflammatory responses in murine and canine
models

For murine investigations, mice were sacrificed and the gingival tissue around M1 and
M2 was carefully separated from the maxillae and cut into 1-mm? pieces. A single-cell
suspension was obtained via an enzymatic dissociation procedure using collagenase
IV, Dispase Il, and DNase | at 37°C for 3 h, followed by 70-um filtering to collect the sus-
pension. The draining CLNs were also harvested, homogenized in buffer for flow cytom-
etry (eBioscience), and filtered to collect the single-cell suspensions. For intracellular
cytokine analysis, the above cells were initially stimulated with leukocyte activation cock-
tail (BD Biosciences) for 5 h prior to FcyR blocking, viability staining, and surface
staining with antibodies against CD3-FITC, CD4-PerCP-Cy5.5, and CD25-PE (all from
BioLegend). Then the cells were fixed, permeabilized, and stained with antibodies to
IL-17a-APC, TNF-o.-PE, IFN-y-PE-Cy7, and Foxp3-APC for flow cytometric analysis. Cells
were first gated on forward scatter (FSC)/side scatter (SSC). Singlet cells were then gated
using FSC-Aand FSC-H. Further gating was conducted on singlet cells. CD4* T cells were
gated on the viable CD3" population. The fractions of TNF-a*, IFN-y", IL-17a", and
CD25*Foxp3™ populations were calculated on total CD4" T cells.

After biopsy, the murine and canine gum tissues surrounding the treated teeth were
immediately harvested and stored at —80°C for RNA extraction. The cDNA was syn-
thesized and used for real-time gPCR to analyze the gene expression in gum tissue.
The primers are listed in Table Sé.

Micro-CT analysis

To assess the extent of alveolar bone resorption, the resected murine maxillae were
fixed in 4% PFA for 24 h, while the harvested maxillae and mandibles of dogs were
fixed for 48 h, followed by micro-CT scanning (PerkinElmer). The 3D views from the
buccal side and the lingual side were reconstructed and the 2D view was generated
via the accompanying software. Based on the 3D images, the distance from the CEJ
to the ABC was measured at six sites for each tooth, including mesial, distal, and
middle points of both buccal and lingual sides using ImageJ. For murine analysis,
the value of CEJ-ABC distance for each sample derived from the average of the sites
of M1 and M2 and six samples was performed for each group. For canine analysis,
quantification of ABC-CEJ distance derived from the average of each treated tooth
and 12 teeth was performed for each group.

Histological analysis of murine and canine periodontium

After micro-CT analysis, the murine tissue specimens were decalcified in 10% EDTA
for 15 days, while the canine samples were decalcified for 4 months, followed by
embedment in paraffin. Then serial sections were cut along the mesio-distal direc-
tion, and murine and canine samples were stained with H&E and TRAP. TRAP™ multi-
nucleated cells were identified as osteoclasts and quantified via ImageJ. Immunohis-
tochemical staining was conducted on murine sections using anti-TNF-a antibody
(Abcam) and the number of TNF-a.* cells calculated.

Statistical analysis

All data were plotted as means + standard deviation (SD.). The statistics were
analyzed using GraphPad software by unpaired two-tailed Student's t test and
a one-way analysis of variance (ANOVA) with Tukey’s post hoc analysis for mul-
tiple comparisons. Scoring data involved in canine clinical periodontal examina-
tion were analyzed by the Kruskal-Wallis test. Differences were considered statis-
tically significant when p < 0.05 (*p < 0.05, **p < 0.01, **p < 0.001, and

werxg < 0,0001).
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