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Cyclodextrin-Derived Intrinsically Bioactive Nanoparticles
for Treatment of Acute and Chronic Inflammatory Diseases

Jiawei Guo, Dandan Li, Hui Tao, Gang Li, Renfeng Liu, Yin Dou, Taotao Jin, Lanlan Li,
Jun Huang, Houyuan Hu,* and Jianxiang Zhang*

Inflammation is a common cause of many acute and chronic inflammatory
diseases. A major limitation of existing anti-inflammatory therapeutics is
that they cannot simultaneously regulate pro-inflammatory cytokine produc-
tion, oxidative stress, and recruitment of neutrophils and macrophages. To
overcome this limitation, nanoparticles (NPs) with multiple pharmacological
activities are synthesized, using a chemically modified cyclic oligosaccharide.
The manufacture of this type of bioactive, saccharide material-based NPs
(defined as LCD NP) is straightforward, cost-effective, and scalable. Func-
tionally, LCD NP effectively inhibits inflammatory response, oxidative stress,
and cell migration for both neutrophils and macrophages, two major players
of inflammation. Therapeutically, LCD NP shows desirable efficacies for the
treatment of acute and chronic inflammatory diseases in mouse models of
peritonitis, acute lung injury, and atherosclerosis. Mechanistically, the thera-
peutic benefits of LCD NP are achieved by inhibiting neutrophil-mediated
inflammatory macrophage recruitment and by preventing subsequent
pro-inflammatory events. In addition, LCD NP shows good safety profile in
a mouse model. Thus, LCD NP can serve as an effective anti-inflammatory
nanotherapy for the treatment of inflammatory diseases mainly associated

with neutrophil and macrophage infiltration.

Inflammation, a complex set of interactions between soluble
factors and cells, arises in damaged tissues in response to
infection and injury.!!. Whereas inflammation is a defense
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mechanism of the body,? uncontrolled/
unresolved inflammation directly contrib-
utes to the pathogenesis of a diverse array
of chronic diseases, such as diabetes,!
inflammatory bowel disease, infectious
diseases,’! neurodegenerative disease, %]
cardiovascular disease,”) and immuno-
metabolic disorders.®l Anti-inflammatory
therapy is considered as a promising
strategy for the prevention and treatment
of these aforementioned diseases.!%
Nonsteroidal anti-inflammatory drugs and
corticosteroids have been broadly used
for the treatment of different inflamma-
tory diseases,!!!l despite severe side effects
such as gastrointestinal complications,!'?
cardiovascular risk,'3! osteoporosis,['l and
aseptic joint necrosis.[”! Biological thera-
peutics, such as monoclonal antibodies
and cytokines, have been used to treat
rheumatoid arthritis,!'! Crohn'’s disease, ']
colitis,*®  atherosclerotic disease,'”) and
asthma,?! Dby interfering inflamma-
tion-associated molecular and cellular
processes. Unfortunately, the clinical
applications of the biological therapeutics
are severely compromised by high cost,?!] loss of response,?2
and risk of serious infections and malignancies.”?! In addi-
tion, pro-resolving mediators, including lipoxins, resolvins,
protectins, and analogue agents, have been tested in preclinical
models of acute and chronic inflammatory diseases.'%24 How-
ever, most of these candidate drugs are still in the proof-of-con-
cept stage and their therapeutic benefits and efficacy remain to
be established for disease treatment.'%2%] Therefore, developing
innovative strategies and effective new therapies to treat inflam-
matory diseases is of critical importance.

Recently, anti-inflammatory materials have been investi-
gated as therapeutics against inflammation-associated diseases.
For example, nanoparticles (NPs) capable of eliminating reac-
tive oxygen species (ROS) have demonstrated their efficacy
in animal models of peritonitis,?®l rheumatoid arthritis,!?”]
colitis,?®l nonalcoholic steatohepatitis,?”! acute lung injury,?”!
sepsis,BY  atherosclerosis,? and ischemic stroke.**l NPs
assembled by PEGylated bilirubin can function as a potent
anti-inflammatory nanotherapy for the treatment of colitis
and asthma,3* by effectively scavenging ROS and modulating
the immune system. Polymer-based NPs that can release free
antioxidant molecules by hydrolysis are also efficacious for
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the treatment of inflammatory diseases in animal models.?’!

Phosphorus-conjugated dendrimers have shown desirable effi-
cacy in treating experimental arthritis and subchronic inflam-
mation induced by zymosan air pouch in mice,*®l by selectively
targeting monocytes/macrophages and shaping them toward
anti-inflammatory activation. Synthetic dendritic polyglycerol
sulfates inhibited leukocyte migration and extravasation to the
inflamed tissue, by perturbing adhesive interactions between
leukocytes and endothelial cells.?”) In addition, NPs derived
from sugar-based amphiphilic polymers could suppress the
progression of atherosclerosis, a chronic inflammatory dis-
ease.*® Despite the preliminary success of these anti-inflam-
matory nanotherapies, their translational applications are still
very limited. There are critical needs for developing NPs with
defined structure, high quality, and satisfactory safety profile in
vivo. Also, mass production of stable, safe, effective, affordable,
and pro-resolving NPs for treating inflammation-associated dis-
eases remains a significant challenge.*”!

Herein, we set out to make new NPs for the treatment
of inflammation-driven diseases. Because neutrophils and
macrophages are major players of both acute and chronic
inflammatory diseases,*” modulating the inflammatory
responses of neutrophils and macrophages using NPs rep-
resents an intriguing strategy for disease treatment. The
mentioned intrinsically bioactive NPs were prepared from a
luminol-conjugated B-cyclodextrin (8-CD) (LCD) material using
a facile, cost-effective, and scalable approach (Figure 1a,b). This
nanotherapy (LCD NP) significantly suppressed the produc-
tion of pro-inflammatory cytokines and oxidative mediators by
neutrophils and macrophages as well as dramatically inhibited
their migration in vitro. In mouse models of acute and chronic
inflammation, including peritonitis, acute lung injury, and ath-
erosclerosis, LCD NP effectively attenuated neutrophil/mac-
rophage-mediated inflammation and demonstrated desirable
efficacies and biosafety in treating these inflammatory diseases
(Figure 1a).

LCD was synthesized by chemical modification of B-CD
(Figure 1b), a cyclic oligosaccharide with seven glucose units
linked by o-1,4-glycosidic linkage, which has demonstrated
excellent in vivo safety!! To this end, B-CD was first acti-
vated via 1,1’-carbonyldiimidazole (CDI), and then followed
by nucleophilic reaction between luminol and CDI-activated
B-CD (Figure S1, Supporting Information). The final product,
defined as LCD, was systematically characterized by different
measurements. Both Fourier-transform infrared (FTIR) and 'H
NMR spectrometry confirmed covalent conjugation of luminol
in B-CD (Figure S2a,b, Supporting Information). Additional
characterization by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry assured the successful syn-
thesis of LCD (Figure S2c, Supporting Information). According
to the 'TH NMR spectrum, each LCD molecule has =1 luminol
and 3 imidazole units. Subsequently, LCD NP was prepared by
a nanoprecipitation technique, giving rise to nanoscale parti-
cles with spherical shape as illustrated by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
(Figure 1c,d). LCD NP showed a relatively narrow size distribu-
tion profile (Figure 1le), with the average hydrodynamic diam-
eter of 238 + 26 nm and {-potential of =31 £ 1 mV in deionized
water. In the presence of excessive hydrogen peroxide (H,0,),
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LCD NP was completely hydrolyzed to water-soluble products,
including B-CD, imidazole, and 3-aminophthalic acid (Figure S3,
Supporting Information). Consequently, LCD NP is degradable
under oxidative conditions.

Next, we examined the cellular uptake profiles of LCD NP.
Neutrophils isolated from the peritoneal cavity of mice were
incubated with Cy5-labeled LCD NP (Cy5/LCD NP). Time-lapse
fluorescence microscopy showed a time-dependent cellular
internalization profile (Figure 2a and Figure S4, Supporting
Information). Cellularly, the internalized NPs were mainly
transported through the endolysosomal pathways, since the flu-
orescent signal of Cy5/LCD NP (red) was primarily colocalized
with that of LysoTracker (green), which stains late endosomes
and lysosomes of cells. As expected, a dose-response uptake
profile was observed in neutrophils (Figure S5, Supporting
Information). Both time and dose-dependent cellular uptakes
were further confirmed by flow cytometric quantification
(Figure S6, Supporting Information, and Figure 2b). Similarly,
the uptake of Cy5/LCD NP by RAW264.7 murine macrophages
was dose and time dependent, as quantified by flow cytometry
(Figure S7a,b). Consistently, the endocytosis of Cy5/LCD NP by
peritoneal macrophages also showed a dose and time-response
pattern (Figure S8, Supporting Information, and Figure 2c,d).
Collectively, these results demonstrated that LCD NP could be
efficiently internalized by inflammatory cells.

We then investigated the anti-inflammatory activity of LCD
NP in vitro. Whereas stimulation of mouse peritoneal neutro-
phils with phorbol 12-myristate 13-acetate (PMA) led to the
production of high-level pro-inflammatory cytokines, such as
tumor necrosis factor (INF)-o0 and interleukin (IL)-1f, their
levels greatly reduced after pretreating neutrophils with LCD
NP (Figure 2e,f). Also, pretreatment of neutrophils with LCD
NP significantly reduced the generation of oxidative mediators
myeloperoxidase (MPO) and ROS stimulated by PMA, respec-
tively (Figure 2g,h and Figure S9a, Supporting Information).
Similarly, lipopolysaccharide (LPS)-stimulated inflammatory
response and PMA-induced oxidative stress in peritoneal mac-
rophages were significantly attenuated by LCD NP, as shown by
the large reduction of TNF-q, IL-1f, and ROS (Figure 2i-k and
Figure S9b, Supporting Information) after treatment. For both
neutrophils and macrophages, the suppression of inflammatory
response by LCD NP was dose dependent (Figure 2e-k). These
results showed that LCD NP can effectively inhibit inflamma-
tory response and oxidative stress in inflammatory cells.

Furthermore, LCD NP pretreatment significantly inhibited
the migration of RAW264.7 macrophages induced by mono-
cyte chemoattractant protein-1 (MCP-1), in a dose-dependent
manner in Transwell assay (Figure 3a). Consistently, LCD NP
greatly suppressed the migration of RAW264.7 macrophages
induced by activated neutrophils (Figure 3b). A similar anti-
migration role of LCD NP was also observed in peritoneal
macrophages stimulated by either MCP-1 or activated neu-
trophils (Figure 3c,d). Previous studies have found that the
migration and accumulation of inflammatory cells lead to a
wide variety of inflammatory diseases.[*?l Therefore, pharmaco-
logical inhibition of neutrophil-mediated inflammatory mono-
cyte/macrophage recruitment represents a promising approach
against both acute and chronic diseases.¥! The results
above together implied that LCD NP can serve as an effective
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Figure 1. Engineering of anti-inflammatory nanoparticles using f-cyclodextrin. a) A sketch showing the facile development of a nanotherapy for inflam-
matory diseases by simultaneously regulating neutrophils and macrophages. b) Schematic illustration of the chemical structure of luminol-modified
B-cyclodextrin (LCD) and preparation of LCD-derived nanoparticles (LCD NP). c—e) TEM and SEM images as well as the size distribution profile of

LCD NP. Scale bars, 200 nm.

anti-inflammatory nanotherapy. Next, we performed in vivo
experiments in animal models to test the efficacy and safety of
LCD NP.

We first examined the therapeutic potential of LCD NP in
typical animal models of acute inflammation. In a zymosan-
induced peritonitis mouse model, after 1 h initiation of
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inflammation, LCD NP was intraperitoneally (i.p.) adminis-
tered at 4 mg to each mouse (0.12 mmol kg™!). Compared to
the saline treated control, LCD NP treatment significantly
reduced the production of ROS and inflammatory cytokines
TNF-o and IL-18 (Figure 4a). We further tested in vivo efficacy
of LCD NP in another acute inflammation model of acute lung
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Figure 2. Cellular uptake and in vitro biological effects of LCD NP in peritoneal neutrophils and macrophages. a) Fluorescence images of time-
dependent endocytosis of Cy5/LCD NP (red) in neutrophils. Neutrophils were incubated with 50 g mL™" of Cy5/LCD NP for different times. The
endolysosomes were stained with LysoTracker (green) and nuclei were stained with DAPI (blue). Scale bars, 20 um. b) Intracellular fluorescence
intensities of Cy5/LCD NP in neutrophils quantified by flow cytometry. c,d) The cellular internalization of Cy5/LCD NP in peritoneal macrophages in
a dose and time-dependent manner. The incubation time was 2 h for dose-response experiments in (c), and 50 pg mL™' Cy5/LCD NP was used for
time-dependent studies in (d). e-h) The levels of TNF-¢, IL-13, MPO, and ROS in neutrophils after treatment with fresh medium (control), PMA alone
(model), and PMA and various doses of LCD NP (LCD NP), respectively. The relative ROS levels in neutrophils were quantified by flow cytometry using
DCFH-DA as a fluorescent probe. i-k) The levels of TNF-o, IL-1, and ROS in macrophages subjected to various treatments. The treatment protocols
were the same as those used for neutrophils. In (e)—(k), the concentration of TPCD NP is expressed as g mL™". Data are presented at mean * s.d.

(n=5). %P < 0.05, ¥*P < 0.01, #*%P < 0.001.

injury (ALI), which is a major cause of respiratory failure in
critically ill patients.* ALI in mice was induced by intratra-
cheal inoculation of LPS. After intravenous (i.v.) injection of
LCD NP labeled with a near-infrared fluorescent dye Cy7.5,
we observed considerable accumulation of Cy7.5 fluorescence
in the lung of ALI mice (Figure S10, Supporting Information),
indicating that LCD NP targeted the injured lung after iw.
delivery. After treatment with LCD NP via i.v. injection at 2 mg
in each mouse (0.06 mmol kg™!), inflammatory responses in
the lung were significantly attenuated, as shown by the reduced
levels of TNF-¢c and IL-18 (Figure 4b). Also, LCD NP treatment
dramatically reduced the wet-to-dry weight ratio of lung tissues,
compared to the model group (Figure 4c). Staining of lungs
with Evans Blue further revealed that LCD NP ameliorated
pulmonary vascular permeability resulting from local inflam-
mation (Figure 4d). Correspondingly, hematoxylin and eosin
(H&E) stained sections also showed attenuated inflammatory
cell infiltration and pulmonary edema in mice treated with
LCD NP (Figure 4e). These results demonstrated that LCD NP
can be used as a nanotherapy for acute inflammation in vivo.
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Based on the above promising findings on acute inflam-
mation, we subsequently examined the efficacy of LCD NP
for the treatment of atherosclerosis. Increasing evidences
have revealed the role of inflammatory cells (such as macro-
phages and neutrophils) at various stages of atherosclerosis, a
chronic inflammatory disorder in the artery.*! Experimental
atherosclerosis was established in apolipoprotein E-deficient
(ApoE~") mice by feeding with a Western diet. Immunofluo-
rescence analysis clearly showed good colocalization between
MPO and neutrophils in sections of aortas isolated from mice
with atherosclerotic plaques (Figure S11a, Supporting Infor-
mation). Further flow cytometric quantification indicated that
neutrophils significantly increased in the aortic tissue isolated
from lesion-bearing ApoE~/~ mice (Figure S11b, Supporting
Information). Also, the levels of ROS and MPO increased in
aortic tissues of the diseased mice (Figure S1lc, Supporting
Information).

After i.p. administration of Cy7.5-labeled LCD NP, ex
vivo imaging revealed strong focal fluorescent signals in the
aortic arch and abdominal aorta that are susceptible to the
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Figure 3. Inhibition of macrophage migration by LCD NP in vitro. a) LCD NP inhibited the in vitro migration of RAW264.7 macrophages induced by
MCP-1. Cells were treated by fresh medium (negative), MCP-1 (positive), and the combination of MCP-1 and LCD NP at the concentration of 50, 100, or
200 ug mL~". b) LCD NP suppressed the migration of RAW264.7 macrophages induced by activated neutrophils. The migration of macrophages in the
upper chamber was induced by medium (negative), neutrophils (positive), and the combination of neutrophils and 200 g mL™' LCD NP in the lower
chamber. c) Pretreatment with LCD NP inhibited the migration of peritoneal macrophages induced with MCP-1. d) LCD NP reduced the migration of
peritoneal macrophages induced by activated neutrophils. The treatment procedures were the same as those used for RAW264.7 macrophages in (b).
Both representative optical microscopy images and quantitative data are presented in each panel. In histograms (a,c), the concentration of TPCD NP
is expressed as g mL™". Scale bars: 100 um (a,b), 50 um (c,d). Data are presented as mean + s.d. (n =5). **P < 0.01, ***P < 0.001.

development atherosclerosis in ApoE~/~ mice (Figure 5a), analysis indicated that the plaque areas of LCD NP-treated
due to the combined effects of low shear stress and dis- mice were significantly smaller than those of control ani-
turbed blood flow.*?l This suggested that LCD NP accumu-  mals (Figure 5b, right panel). Examination on ORO-stained
lated in atherosclerotic plaques after i.p. delivery. We then  cryosections of the aortic root also showed the reduced
examined the therapeutic effects of LCD NP in ApoE~/~ mice.  plaque formation after LCD NP treatment (Figure 5c).
After two months of treatment with LCD NP by i.p. admin- Immunohistochemistry analysis of the plaque compo-
istration at 0.6 mg in each mouse (about 18.5 umol kg™'), sition showed the reduced macrophage number and
we found relatively lowered Oil Red O (ORO)-stained area  increased collagen content around plaques in the LCD
in the whole aorta (Figure 5b, left panel). Quantitative NP group (Figure 5d,e), while immunofluorescence assay
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Figure 4. Therapy of acute inflammatory diseases by LCD NP. a) The levels of H,0,, TNF-e, and IL-1f in peritoneal exudates of healthy mice
(normal), mice with zymosan-induced peritonitis treated with saline (model), and mice with zymosan-induced peritonitis treated with LCD NP (the
LCD NP group), respectively. After 1 h zymosan induction, mice were i.p. administered with either saline or LCD NP at 4 mg in each mouse. After
6 h treatment, peritoneal cell-free exudates were analyzed. b) The expression of TNF-¢ and IL-1J3 in bronchoalveolar lavage of untreated healthy
mice (normal), mice with LPS-induced acute lung injury (ALI) treated with i.v. injected saline (model), and mice with LPS-induced ALI treated with
LCD NP (the LCD NP group). c) The lung wet-to-dry weight ratios of mice subjected to different treatments. d) Digital photos of Evans Blue-stained
lungs subjected to different treatments. e) H&E sections of lung tissues. 1 h after intratracheal administration of LPS, mice were i.v. administered
with LCD NP at 2 mg in each mouse. After 6 h treatment, bronchoalveolar lavage was collected for quantification of different cytokines. In separate
experiments, lungs were isolated for additional staining, histological, and quantitative analyses. Data are mean +s.d. (n=6). *P < 0.05, **P < 0.01,

<P < 0.001.

further revealed remarkably reduced neutrophils and MPO
after LCD NP treatment (Figure 5f). Flow cytometry also
found significantly reduced neutrophils and macrophages
(Figure 5g). As well documented, neutrophils may weaken
the fibrous cap by releasing and/or activating different
proteinases,*’! and macrophages also positively contribute
to the formation of vulnerable plaques.*’! By contrast, the
increased content of collagen around plaques is beneficial
to plaque stabilization.*¥] Taken together, our data demon-
strated that LCD NP effectively delayed the development of
atherosclerosis and notably enhanced the stability of ather-
omatous lesions.

Collectively, the above results substantiated that LCD NP
may serve as a potential nanotherapy for the treatment of both
acute and chronic inflammatory diseases resulting from neu-
trophil and macrophage infiltration. In addition to systemic
delivery, LCD NP can be administered by local injection, such
as for the treatment of periodontal disease (a set of inflamma-
tory conditions in periodontal tissues), since previous studies
have demonstrated therapeutic advantages of several nanoplat-
forms.*! Also, the periodontal treatment might be beneficial
for therapy of systemic inflammatory diseases such as diabetes
and atherosclerosis in view of their close link with periodontal
disease.” Moreover, it is possible to further potentiate efficacy
of LCD NP by combination therapy with other anti-inflamma-
tory agents.
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Finally, we tested the safety profile of LCD NP. During 60 d
treatment, LCD NP-treated mice displayed normal body
weight gains indistinguishable to those of the untreated con-
trol mice (Figure S12a, Supporting Information). Further,
the organ index of typical major organs of LCD NP-treated
animals was comparable to that of the saline-treated group
(Figure S12b, Supporting Information). Representative
hematological parameters and biomarkers relevant to liver
and kidney functions were in normal levels for all treated
mice (Figure S12¢,d, Supporting Information), compared to
those untreated controls. Additionally, plasma lipids of LCD
NP-treated mice were not statistically different from those
of the control mice (Figure S12e, Supporting Information).
Moreover, H&E staining of major organ pathological sections
revealed no discernible destruction of microstructure or
inflammatory cell infiltration after LCD NP treatment, com-
pared to untreated controls (Figure S13, Supporting Informa-
tion). These preliminary results substantiated that LCD NP
is safe for long-term administration at the examined dose,
although comprehensive studies are necessary to fully dem-
onstrate its in vivo safety.

In conclusion, we have demonstrated that LCD NP is a prom-
ising nanotherapy for the treatment of both acute and chronic
inflammatory diseases associated with the infiltration of neu-
trophils and macrophages. Elucidation of molecular and cel-
lular mechanisms underpinning pharmacological activities of

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Treatment of atherosclerosis by LCD NP in ApoE™/~ mice. a) Ex vivo images showing the accumulation of Cy7.5-labeled LCD NP in the aorta.
b) Representative photographs of en face Oil Red O (ORO)-stained total aortas (left) and the corresponding quantification of the lesion area (right).
The whole aortas were isolated for analyses after two months of treatment with LCD NP. c¢) ORO-stained cryosections of aortic roots. d) Representative
images (left) and quantification (right) of the macrophage densities by immunohistochemistry analysis of aortic root sections. €) Microscopy images
(left) and quantification (right) of the collagen level in the Masson’s trichrome-stained sections of aortic roots. f) Immunofluorescence analysis of MPO
(green) and neutrophils (red) in aortic sections after treatment with LCD NP. Scale bars, 20 um. g) Representative flow plots (left) and quantitative his-
tograms (right) showing neutrophil and macrophage frequencies in aortic tissues after treatment with LCD NP. Data are mean + s.d. (n=5). *P < 0.05.

LCD NP can facilitate the development of a new type of anti-
inflammatory nanotherapies.
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Supporting Information is available from the Wiley Online Library or
from the author.
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