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The hallmark of periodontal disease is the progressive destruction
of gingival soft tissue and alveolar bone, which is initiated by
inflammation in response to an invasive and persistent bacterial
insult. In recent years, it has become apparent that this tissue
destruction is associated with a decrease in local regulatory pro-
cesses, including a decrease of forkhead box P3-expressing regula-
tory lymphocytes. Accordingly, we developed a controlled release
system capable of generating a steady release of a known chemo-
attractant for regulatory lymphocytes, C-C motif chemokine ligand
22 (CCL22), composed of a degradable polymer with a proven track
record of clinical translation, poly(lactic-co-glycolic) acid. We have
previously shown that this sustained presentation of CCL22 from
a point source effectively recruits regulatory T cells (Tregs) to the site
of injection. Following administration of the Treg-recruiting formu-
lation to the gingivae in murine experimental periodontitis, we
observed increases in hallmark Treg-associated anti-inflammatory
molecules, a decrease of proinflammatory cytokines, and a marked
reduction in alveolar bone resorption. Furthermore, application of
the Treg-recruiting formulation (fabricated with human CCL22) in
ligature-induced periodontitis in beagle dogs leads to reduced
clinical measures of inflammation and less alveolar bone loss under
severe inflammatory conditions in the presence of a diverse
periodontopathogen milieu.

eriodontitis is characterized by destructive inflammation of

the periodontal tissue including the gingiva, periodontal lig-
ament, and alveolar bone, and it is considered the most pressing
oral health concern today, affecting more than 78 million indi-
viduals in the United States alone (1). Importantly, this disease
affects not only tooth loss, but also may impact the incidence of
diabetes; cardiovascular, kidney, rheumatologic, and respiratory
diseases; and even premature childbirth (2). To date, clinical
approaches have been focused on abrogation of invasive bacte-
rial species that trigger local and systemic inflammatory and
immune responses (3). Specifically, the current standard of care
involves debridement and is sometimes accompanied by local or
systemic administration of broad-spectrum antibiotic agents (4).
However, given that reestablishment of periodontal lesions is
common, patients must repetitively undergo these procedures. In
addition, treatment is ineffective in as much as 30% of the pop-
ulation (5, 6).

A large body of literature now suggests that bacterial species
(albeit protagonists) are secondary to the host immune response
in regard to the etiology of periodontal disease progression (7-9).
Specifically, various lymphocyte subsets can accumulate in the
periodontium, leading to the local expression of soft tissue-
destroying matrix metalloproteinases (10) (MMPs) and receptor
activator of NF-xB (RANK) ligand (RANKL) (11) (the primary
activation factor for osteoclasts), initiating alveolar bone resorption.
Several recent reports have also shown that another lymphocyte
subset called regulatory T cells (Tregs) can accumulate in the
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gingival tissues during periodontal disease in humans and in
experimental models (12-15), and helps protect the host from
harmful inflammation. However, it appears that, when Tregs are
present in insufficient numbers, progression of the disease is
accelerated (15).

Accordingly, we sought to develop a strategy for increasing
local numbers of regulatory lymphocytes through the recruitment
of endogenous Tregs (16) [mimicking a mechanism tumors use to
evade immune responses (17)]. Specifically, a natural gradient of
a known chemoattractant for regulatory lymphocytes, C-C motif
chemokine ligand 22 (CCL22) (16, 18), could be artificially
reproduced by using controlled release from a local site. Re-
cently, we developed polymer microspheres capable of steadily
releasing CCL22 by using a model-aided design process that
specifies the requisite formulation properties (such as porosity)
and polymer composition (16). Importantly, this process permits
the tuning of release behavior using degradable polymers such as
poly(lactic-co-glycolic) acid (PLGA) that are already known to
be safe and biocompatible and also exhibit a proven track record
of clinical translation (19, 20). This CCL22-releasing formulation
has been shown to be effective at recruiting Tregs in vitro and in
vivo (16). These recruited Tregs have the potential to influence
the local immunological milieu, shifting it toward homeostasis
(16). Based on these observations, we hypothesized that this
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biodegradable, controlled-release formulation of CCL22 admin-
istered locally in the periodontium, may recruit Tregs and effec-
tively abrogate periodontal disease symptoms without necessarily
reducing local bacterial numbers. Furthermore, the presence of
Tregs may actually help to balance the proinflammatory response
and generate an environment that is conducive to periodontal
tissue regeneration as well as bone regeneration, possibly through
expression of IL-10 and osteocalcin (15).

By using Actinobacillus actinomycetemcomitans (Aa)-induced
murine and ligature-induced canine models, we demonstrate that
the Treg recruiting formulation significantly halts the progression
of periodontitis as determined by significant decreases in alveolar
bone resorption (mice and dogs), as well as clinical scores of
disease progression (dogs). Furthermore, in mice, our Treg
recruiting formulation leads to a significant decrease in the
production of proinflammatory cytokines in the periodontal tis-
sues (along with an increase in anti-inflammatory cytokines) as
well as a decrease in markers of soft and hard tissue destruction
(along with an increase in markers of soft and hard tissue re-
generation). Overall, the Treg-recruiting formulations described
herein may serve as a tool for the study of the role of Treg in
periodontal disease, and even suggest a unique treatment mo-
dality that intends to harness the body’s own sophisticated im-
mune regulatory mechanisms through the recruitment of cells.

Results

CCL22-Releasing Microparticles Reduce Bone Resorption and Inflammatory
Cell Infiltration in Vivo. First, we tested the ability of the Treg-recruiting
formulation (16) to reduce alveolar bone resorption and decrease
inflammatory cell infiltration into the periodontium in an experi-
mental mouse model of periodontal disease. We observed that mice
receiving CCL22-releasing microparticles injected into the gingiva
[day —1 (before infection) and days 10 and 20 postinfection, based
on previous observations that a single treatment was effective in
mice for at least 10 d (16)] exhibited less alveolar bone resorption
(Fig. 14) as indicated by area measurements between the cemen-
toenamel junction (CEJ) and the alveolar bone crest (ABC; Fig. 1B).
Additionally, we observed a significant decrease in total inflammatory
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Fig. 1. The Treg-recruiting formulation significantly diminished inflammatory
cell infiltrate and alveolar bone resorption in mice, while not influencing
bacterial load. (A) Representative stereoscope images of defleshed maxilla
from C57BL/6 mice infected with Aa 30 d after inoculation. Results of treat-
ment with blank (unloaded) PLGA microparticles (Left) and CCL22 micro-
particles (Right) injected into maxillary gingiva on days —1, 10, and 20 relative
to the first Aa inoculation (Scale bar: 0.5 mm.) (B) Area measurement between
the CEJ and ABC on the buccal root surface. Untreated mice were infected but
did not receive microparticles, and no Aa served as uninfected controls. (C)
Inflammatory cell counts in the periodontal tissue following treatments. (D)
PCR expression of Aa-specific bacterial 16s ribosomal DNA in the periodontal
tissue normalized by palatal tissue weight following treatment (n = 5-8 mice;
**P < 0.05 by one-way ANOVA followed by Bonferroni multiple-comparisons
test). Untreated, CCL22, and blank groups were statistically different from no
Aa infection.
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cells within the periodontium of mice receiving the CCL22 formu-
lation (Fig. 1C). Notably, CCL22 microparticle administration did not
appear to affect the levels of periodontopathogen Aa (or total bac-
terial counts; Fig. S1) detected in the resected tissues 30 d after initial
colonization (Fig. 1D).

CCL22 Releasing Microparticles Recruit Tregs to the Periodontium.
We hypothesized that the observed reduction in alveolar bone loss
was a result of an increased presence of Tregs in the periodontium.
To test this hypothesis, expression of canonical Treg markers and
associated molecules (mRNA expression) were measured within
the palatal gingival tissues 30 d after disease induction. We ob-
served that mice receiving the CCL22-releasing formulation
expressed significantly higher mRNA levels of the hallmark Treg
markers forkhead box P3 (FOXP3), IL-10, TGF-p, and cytotoxic
T lymphocyte antigen 4 (CTLA-4; Fig. 24 and Fig. S24) com-
pared with untreated or blank (i.e., vehicle-only) controls. Fur-
thermore, CCL22 microparticle treatments led to observable
FOXP3* cell presence in the periodontium as revealed by im-
munohistochemistry analysis whereas controls produced no such
observable staining (Fig. S3 C and D). We did not observe any
residual PLGA microparticles (or remnants of particles) in the
histological sections 20 d after the last microparticle injection
(Fig. S3 C and D), which is to be expected given the relatively low
molecular weight distribution of polymer used (9-12 kDa).
Quantification of IL-10, CTLA-4, and TGF-p protein levels,
extracted from gingival tissue, confirmed the mRNA trends,
showing that mice receiving the CCL22-releasing formulation
produced higher levels of the anti-inflammatory proteins com-
pared with the untreated and blank controls (Fig. 2B and Fig.
S2B). Notably, the experimental administration of microparticles
had no significant effect on Th type 2 (Th2)-associated marker
IL-4 expression or endogenous CCL22 production within the
periodontium (Fig. S24), suggesting that the local release of
CCL22 primarily affected the presence of Tregs as opposed to
Th2 cells. Although many activated T cells will express some
level of C-C chemokine receptor type 4 (CCR4; the receptor for
CCL22), it has been previously shown that CCR4 expression in
Tregs is significantly higher than in other T-cell subsets (21),
possibly accounting for the preferential recruitment of Tregs
seen here and in our earlier studies (16).

Systemic Inhibition of Treg Reverses the Therapeutic Effects of CCL22
Microparticles. To confirm that Tregs are indeed responsible for
the decreased disease symptoms and anti-inflammatory cytokine
expression, endogenous Tregs were systemically inhibited by
using anti-glucocorticoid-induced tumor necrosis factor receptor
(GITR) antibodies during the onset of periodontitis. Anti-GITR
monoclonal antibodies bind to the GITR receptor (which is highly
expressed on the surface of Tregs), resulting in reduced Treg
functionality in mice (15, 22). Indeed, administration of anti-
GITR antibodies along with the application of CCL22-releasing
microparticles resulted in dramatically increased levels of alveolar
bone destruction and a corresponding statistical increase of in-
flammatory cells into the periodontal tissues 30 d after disease ini-
tiation (Fig. 3 4 and B). Furthermore, Treg-impaired mice exhibited
a marked decrease in the protein levels of anti-inflammatory cyto-
kines IL-10 and TGF-p found in the periodontal tissues after
CCL22 microparticle administration compared with mice with un-
altered Treg populations (Fig. 3C). Strikingly, Treg inhibition by
using anti-GITR appears to result in complete reversal (and, more
so, exacerbated disease symptoms) of the beneficial effects seen with
CCL22 microparticles.

Administration of the Treg-Recruiting Formulation Alters the
Expression of Osteogenic Markers, Cytokines, Chemokines, and
Growth Factors. To explore the underlying molecular mecha-
nisms responsible for disease amelioration after CCL22 micro-
particle administration, we screened for changes in the expression
of cytokines, chemokines, growth factors, and osteogenic markers
in the periodontal tissues. Results suggest that administration of
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Fig. 2. The Treg-recruiting formulation led to an increased expression of
Treg-associated markers and anti-inflammatory cytokines. Periodontal tis-
sues were resected from C57BL/6 mice infected with Aa 30 d after inoculation.
Microparticles were injected into maxillary gingiva on days —1, 10, and 20
relative to the first Aa inoculation. CCL22 microparticle-treated mice, blank
(unloaded) microparticle, and untreated mice served as infected experimental
and control groups, and uninfected no-Aa mice served as positive controls. (A)
mRNA expression of Foxp3, IL-10, and TGF-B in periodontal tissue as measured
by quantitative PCR. The mRNA expression levels were compared by the value
of 264¢H _ ¢q, compared with -actin reference. (B) IL-10 and TGF-§ protein
levels in periodontal tissues as determined by ELISA from digested peri-
odontal tissues of mice (n = 5 mice; **P < 0.05 by one-way ANOVA followed
by Bonferroni multiple-comparisons test). Untreated, CCL22, and blank
groups were statistically different from no Aa.

CCL22 microparticles is associated with up-regulation of anti-
inflammatory cytokine IL-10 and TGF-p (as previously shown in
Fig. 2) and a down-regulation of the proinflammatory cytokines
IL-1, IL-2, IL-12, IL-17, IFN-y, and TNF-a compared with un-
treated infected mice (Fig. 4). In line with evidence of the re-
cruitment of Tregs seen in Fig. 2 and Fig. S3, we observed that
the CCR4, the receptor for CCL22 [expressed highly by Tregs
(21)], was significantly up-regulated after CCL22 microparticle
treatments (Fig. S4).

Interestingly, the CCL22 microparticle formulation not only
led to an up-regulation of Treg-recruiting chemokine receptor
and associated anti-inflammatory molecules, but also a signifi-
cant and marked up-regulation of bone growth factors, i.e., bone
morphogenic proteins (BMPs) 4 and 7, and TGF-p (Fig. 4).
Furthermore, we observed a significant up-regulation of markers
of bone formation, including runt-related transcription factor 2
(RUNX2; an important transcription factor for bone forming
osteoblasts), alkaline phosphatase, and dentin matrix protein
1 (DMP1), in the CCL22-treated mice (Fig. 4). Correspondingly,
we recorded a significant down-regulation of RANK and RANKL,
the receptor and ligand important for osteoclastogenesis leading
to bone resorption, after CCL22 microparticle administration. In
correlation with the down-regulation of RANKL, the expression
of RANKL extracellular inhibitor osteoprotegerin (OPG) was
moderately up-regulated, although not significantly. Moreover,
mice receiving the CCL22 formulation exhibited a significant up-
regulation of ECM protein collagen type 1 (COL1Al and CO-
L1A2) and tissue inhibitors of metalloproteinase (TIMPs) TIMP1
and TIMP3 (Fig. 4). Again, correspondingly, mice receiving the
CCL22 formulation showed a down-regulation of ECM-degrading
enzymes MMP2, MMPS, and MMP9 compared with untreated
control mice 30 d after infection (Fig. 4).

To verify the most important results observed with the ex-
ploratory PCR array, we used a traditional quantitative PCR
assay that enables the confirmation of statistical significance.
Consistent with data obtained from the PCR array, we observed
marked decrease in proinflammatory cytokines IL-1, TNF (con-
firmed at the protein level; Fig. 5B), IFN-y, and IL-17 in the
CCL22 microparticle-treated animals compared with blank or
untreated controls (Fig. 54). Furthermore, CCL22 microparticle
administration led to statistical increases in proregenerative
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factors in ECM protein collagen type 1, osteoblast transcription
factor RUNX2, BMP7, and DMP1. Accordingly, a decrease in
osteoclast maturing RANKL at the transcription and protein
level (Fig. 5) was indeed observed in the CCL22 microparticle-
administered mice.

Administration of the Treg-Recruiting Formulation Diminishes Clinical
Severity of Inflammation and Reduces Alveolar Bone Resorption in
a Canine Periodontal Disease Model. To explore the potential for
clinical translatability of Treg-recruiting treatments, we used
a ligature-induced canine model that tested the ability of the
CCL22-releasing formulation to perform under severe inflam-
matory conditions and a diverse periodontopathogen milieu (23,
24). Specifically, disease was induced in nine beagle dogs (n = 3
dogs per group, left and right mandibles) by placement of ligature
at the gingival cervix. The study was terminated 8 wk subsequent
to ligature placement, and plaque had manifested on the ligatures
and cervical gingiva appeared inflamed in all animals (Fig. 64).
Whereas the mouse experiments relied on CCL22 microparticles
encapsulating recombinant mouse CCL22 (16), for canine ex-
periments, we used a formulation that released recombinant
human CCL22 (Fig. S5) deposited in the subgingival pocket at
time points 0 and 4 wk, which mirrors the duration of human
CCL22 release from the treatment (Fig. S5). To assess peri-
odontal health and the degree of inflammation, we measured the
gingival pocket probing depth and recorded the bleeding on
probing sites at 0, 4, and 8 wk after the ligature placement (Fig.
S6). CCL22 microparticle treatments administered during dis-
ease induction led to noticeable reduction in probing depths
compared with blank and untreated controls at 4 and 8 wk after
disease initiation (Fig. S64). Additionally, bleeding on probing
score was lower at 4 and 8 wk in dogs receiving CCL22 micro-
particles compared with controls (Fig. S6B).

CCL22 microparticle administration also appears to signifi-
cantly reduce alveolar bone resorption compared with controls
(Fig. 6 B-D). By using X-ray microtomography (i.e., microCT) at
the termination of the study 8 wk after ligature placement, we
quantified alveolar bone resorption. Substantial bone loss was
apparent on all dogs, particularly at the buccal side of fourth
premolar and first molar (Fig. 64 and Figs. S7 and S8). Quan-
tifying total alveolar bone loss (on a per-animal basis) as a sum-
mation of the linear distance between CEJ and ABC, CCL22-
treated dogs revealed significantly reduced bone resorption after
8 wk (Fig. 6D). More specifically, CCL22-treated dogs displayed
on average 0.5 to 1.0 mm less CEJ-ABC bone loss than controls
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Fig. 3. Anti-GITR induced ablation of Tregs increases inflammatory cell in-
filtrate and bone loss and decreases anti-inflammatory cytokine production.
Systemic blockage of Tregs was performed by i.p. injection of anti-GITR
antibodies in C57BL/6 mice infected with Aa, and disease indicators were
measured after 30 d. CCL22 microparticle-injected mice, CCL22 microparticle
plus anti-GITR, and untreated mice served as infected experimental and
control groups, and uninfected no-Aa mice served as positive controls.
Microparticles were delivered on days —1, 10, and 20 relative to the first Aa
inoculation. (A) Alveolar bone loss as determined by the measuring the area
between CEJ to the ABC of resected, defleshed maxilla. (B) The number of
inflammatory cells in the periodontal tissues was determined after digesting
the periodontal tissues. (C) IL-10 and TGF-p protein levels in digested palatal
tissues determined by ELISA (n = 5 mice; **P < 0.05 by one-way ANOVA
followed by Bonferroni multiple-comparisons test). Untreated, CCL22, and
CCL22 plus anti-GITR were statistically different from no Aa.
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Fig. 4. The Treg-recruiting formulation enhanced the expression of osteo-
genic, regenerative, and anti-inflammatory markers in the periodontium. The
expression mRNA in the periodontal tissue of mice 30 d after Aa inoculation
was analyzed by using a custom-designed, exploratory PCR array. Samples
were collected from periodontal tissue of C57BL/6 mice that were infected
with Aa without treatment (untreated control, solid bars) and also infected
with Aa and injected with CCL22-releasing microparticles (unfilled bars).
Microparticles were delivered on days —1, 10, and 20 relative to the first Aa
inoculation. The threshold for up-regulation (more than fivefold increase)
and down-regulation (less than 0.5 fold decrease) in the CCL22-treated group
compared with the control untreated group is indicated with lines.

at buccal and distal tooth sites (Fig. 6C), akin to the linear re-
duction in clinical attachment loss reported after clinical peri-
odontal flap surgery (25).

Discussion

As an alternate strategy to current antimicrobial treatments for
periodontal disease, we sought to explore the local enrichment of
regulatory T lymphocytes (i.e., Tregs) in the periodontal space.
Tregs have been known to balance inflammation through a number
of mechanisms, including anti-inflammatory cytokine secretion,
including, but not limited to, IL-10, TGF-p, and CTLA-4 (26—
28); the metabolic disruption of inflammatory cells; perforin-
mediated direct killing of inflammatory cells; and inhibiting
dendritic cell function (reviewed in ref. 28). Coincidentally, the
anti-inflammatory cytokine IL-10 appears to be associated with
less aggressive form of periodontitis in humans (29) and in mice
(7). Furthermore, the anti-inflammatory cytokine TGF-p has
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been studied as a therapeutic in context of periodontal healing
and bone regeneration (30). Previous attempts to harness Tregs
in situ involved the use of adenoviral vectors to induce the ex-
pression of CCL22 in murine autoimmune diabetes (18). Here
we describe a strategy to recruit Tregs via engineered release of
CCL22 protein by using biodegradable and biocompatible poly-
mers with an excellent track record of approval by the Food
and Drug Administration. More specifically, we used rationally
designed controlled-release systems to sustain presentation of
CCL22 chemokine from an injectable point source, which has
previously been shown to successfully localize Tregs in vivo (16).

Indeed, we observe that administration of the CCL22-releasing
formulation effectively recruits functional Tregs to the periodontium
(Fig. 2 and Fig. S3), leading to a net decrease of the local in-
flammatory response and a reduction in alveolar bone loss in
a mouse periodontitis model (Fig. 1). Interestingly, the Treg
recruiting formulation is able to achieve this tissue-protective
effect without a corresponding increase in bacterial load (4a or
total bacterial levels) in the gingival tissues (Fig. 1 and Fig. S1) or
increase in systemic inflammation to the infection (C-reactive
protein levels in serum; Fig. S1), whereas traditional blocking of
immune responses can impair the host’s protective defenses (31).

It was also apparent that impairing Treg function (via anti-
GITR administration) reverses the beneficial effects of the Treg-
recruiting formulation (Fig. 3). These results further underscore
the importance of Treg in periodontal health. It is also clear
from our data (Figs. 2 and 4) that Treg recruitment to the
periodontium is accompanied by an increase in IL-10 and TGF-f
expression. It is well known that these regulatory cytokines are
secreted by Tregs, and are a mode by which Tregs exert a pro-
tective effect (28). For instance, these Treg-associated mediators
are known to diminish the presence of inflammatory cytokines
such as IFN-y and IL-17 (32, 33). Notably, Th type 1 (Thl) and
Th17 cells, which are associated with high levels of IFN-y and
IL-17 expression, have been previously implicated to exacerbate
periodontal disease symptoms (31-35). Consistent with the idea
that recruited Tregs may regulate this process, our data (Figs. 4
and 5) reveal decreased levels of IFN-y and IL-17 in treated
mice. In addition, Treg secretion of IL-10 and TGF-§ are also
known to modulate the inflammatory markers TNF (36) and
IL1-p (37), which appear to also be down-regulated in CCL22
microparticle-treated mice (Figs. 4 and 5). Most importantly, it
is known that decreased levels of inflammatory cytokines such as
IFN-y, IL-17, TNF, and IL-1p are associated with reduced levels
of RANKL (also observed in Figs. 4 and 5), with decreasing
amounts of this maturation factor previously being correlated
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Fig. 5. The Treg recruiting formulation decreased inflammatory cytokine expression and increased the expression of proregenerative factors. Periodontal
tissues were resected from C57BL/6 mice infected with Aa 30 d after inoculation. CCL22 microparticle-injected mice, blank (unloaded) microparticle, and un-
treated mice served as infected experimental and control groups, and uninfected no-Aa mice served as positive controls. Microparticles were delivered on days
—1, 10, and 20 relative to the first Aa inoculation. (A) mRNA expression of TNF-o, IL-1, IFN-y, IL-17, RANKL, BMP7, DMP1, RUNX2, COL1A1, and OPG in
periodontal tissue was analyzed by quantitative PCR. mRNA expression levels were compared by the value of 202 — 1 with reference to g-actin. () TNF and
RANKL protein levels were measured in digested palatal tissues by ELISA (n = 5 mice; **P < 0.05 by one-way ANOVA followed by Bonferroni multiple-com-
parisons test). Untreated, CCL22, and blank groups were statistically different from no Aa except for the mRNA expression of BMP7, DMP1, and RUNX2.
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Fig. 6. Administration of the Treg-recruiting CCL22 formulation diminished
the clinical severity of inflammation in gingival tissue in a preclinical canine
model of periodontitis. Dogs received scaling and root planing followed by
ligature placement (untreated) or by ligature placement and CCL22 micro-
particle treatment or blank (unloaded) microparticle controls. Microparticles
were deposited into the subgingival pocket at 0 and 4 wk after ligature
placement. (A) Representative digital pictures as taken on the date of liga-
ture placement (0 wk) and after the 8 wk of treatment (terminal endpoint)
of the premolars and carnassial teeth of beagle dogs. (B) Representative 3D
images of left mandibular buccal surface of treated and control fourth
premolar and carnassial teeth taken postmortem with microCT scans. Red
lines illustrate representative CEJ-ABC distances, which were measured by
using 2D slices of the tooth as described in Fig. S8. (C) Quantification of the
average linear bone loss on the P4 and M1 distal and molar sites, calculated
on a per-tooth basis. (D) Quantification of overall alveolar bone loss per dog
determined as a summation of linear distances between the ABC and CEJ on
the buccal and distal sites of the fourth premolar (P4) and carnassial (first
molar, M1; n = 3 dogs per group; **P < 0.05 by ANOVA followed by Tukey
honestly significant difference multiple-comparisons posttest).

with decreased amounts of bone loss (8). Finally, we also ob-
served an increase in CTLA-4 expression in the periodontal
space of CCL22 microparticle-treated mice (Fig. S2), suggesting
that Tregs recruited to the periodontium may suppress in-
flammation via a cell-cell contact mechanism, as observed pre-
viously (38).

In conjunction with their ability to regulate inflammation,
Tregs are also being identified as effective promoters of tissue
regeneration (36, 39). For instance, Tregs negatively modulate
proinflammatory cytokines responsible for inhibiting various
processes during tissue regeneration (36). Accordingly, CCL22
microparticle treatments led to decreased levels of inflammatory
tissue destroying factors, and importantly led to the up-regula-
tion of tissue regenerative growth factors (Figs. 4 and 5). We also
observed that the C-X-C motif chemokine 12 (CXCL12; also
known as stromal cell-derived factor 1) is up-regulated upon
CCL22 microparticle treatment (Fig. S4), which may mediate the
migration of potentially regenerative stem cells into tissues (40).
This result may be particularly important given that the inhibition
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of CXCL12 or corresponding C-X-C chemokine receptor type 4
was recently reported to delay bone fracture repair (41). Sim-
ilarly, the parallel up-regulation of the C-X3-C chemokine
motif ligand 1 observed after CCL22 microparticle treatment
(Fig. S4) also could account for mesenchymal stem cell re-
cruitment (42). However, further studies would need to be
performed to evaluate whether stem cells play a role in the
effects observed in this study. Regardless, the results described
here suggest that recruitment of Tregs may not only halt de-
structive inflammation but also promote an environment ame-
nable to tissue regeneration.

To confirm the effects of the Treg recruiting formulation in
a model that is more representative of human disease, we used
a widely accepted canine model, in which disease is established
by placement of ligatures followed by a soft diet, encouraging
retention of a more diverse microbial insult and, correspond-
ingly, more complex disease progression (43). CCL22 micro-
particles were administered as a dry powder directly to the
periodontal pocket, much in the same way as minocycline-loaded
particles are delivered as adjunctive treatment to scaling and
root planing in the clinic today (6). Consistent with the results in
our mouse model, we observed slower disease progression with
reduced clinical measures of probing depth and bleeding on
probing in canine subjects treated with CCL22-releasing par-
ticles (Fig. S6). Clinical probing depths and bleeding on probing
scores are typically sufficient to determine the therapeutic effi-
cacy of potential treatments in large animal models (44). In
addition, we also quantified alveolar bone resorption by using
microCT image analysis (Fig. 6 and Fig. S8). By using these
methods, we observed that alveolar bone loss was significantly
reduced in groups treated with CCL22 microparticles (Fig. 6) by
as much as 1 mm, even at extremely low doses of active protein
(less than 1 pg of CCL22 per kilogram body weight). This
amount of bone loss is significant given that current clinical gold
standard periodontal flap surgeries appear to halt ~0.5 mm of
clinical attachment level after 1y (25). As possible limitations
of this study, one animal in the CCL22 treatment group exhib-
ited an abnormality (crookedness) of the fourth premolar that
likely contributed to the observed statistical variance with the
P4 distal sites (Fig. 6C). In addition, another animal in the
CCL22 treatment group arrived with a missing premolar as a
congenital defect. In this animal, an analysis was performed to
ensure that the plaque burden and bone resorption was not
reduced at adjacent sites, and, in fact, bone resorption was
actually the greatest at this site compared with other animals.
Overall, future studies using microCT analysis should prioritize
the selection of animals to exclude these sources of variance
before initiation of the study.

The treatment of inflammatory and autoimmune diseases
through the use of Tregs is an emerging trend with significant
potential (45). Indeed, several methods are currently being in-
vestigated in preclinical models (18) and clinical trials for auto-
immune disease such as type 1 diabetes and transplant rejection
(46). However, these current methods involve complicated ex
vivo Treg expansion protocols, and have been difficult to repli-
cate in humans (46). Here we describe a method to harness
endogenous Tregs and recruit them to specific sites of aberrant
inflammation in a stable, dry powder form that can be stored and
easily administered in the clinic. We also foresee that these Treg
recruiting microparticles may be useful for the in situ expansion
of Tregs (47) for a number of other inflammatory and autoim-
mune diseases in which local reestablishment of immune hypo-
responsiveness or inflammatory homeostasis would be beneficial
to halting destructive inflammation and even establishing a pro-
regenerative milieu.

Materials and Methods

More detailed descriptions of the experimental procedures are provided in S/
Materials and Methods.
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Fabrication, Characterization, and Administration of CCL22 Microparticles. PLGA
microparticles containing CCL22 were prepared as described (16). Micro-
particles were suspended in viscous saline solution and injected into the
maxillary periodontal tissue maxilla mice. Dogs received dry microparticles
deposited into subgingival pocket of teeth that had ligatures.

Periodontal Disease Induction. Periodontitis was induced by Aa or Porphyr-
omonas gingivalis bacterial inoculation in mice as described previously (15,
34). Periodontitis was induced in beagle dogs by placing silk ligatures
(sutures) at the cervix of the gingiva of mandibular teeth as described pre-
viously (44).

Murine Anti-GITR Treatment. Anti-GITR (DTA-1) hybridomas were purified as
described (15) and injected i.p. 15 d after bacterial inoculation in mice.

Assessment of Periodontal Disease. Murine maxillary alveolar bone loss was
quantified as the area between the CEJ and the ABC after defleshing resected
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tissues as described previously (15). Total RNA was extracted from murine
periodontal tissues as described previously (15), and fold change was calcu-
lated as 224D _ 1, Periodontal probing depths and bleeding upon probing
in beagle dogs was assessed at 0, 4, and 8 wk after ligature placement. After
8 wk, canine mandibles were resected, and the alveolar bone loss was de-
termined by using microCT as the linear distance between the CEJ and ABC.
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