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a b s t r a c t

In this study, we have shown for the first time the effectiveness of a non-viral gene transfection strategy
to re-polarize macrophages from M1 to M2 functional sub-type for the treatment of rheumatoid arthritis
(RA). An anti-inflammatory (IL-10) cytokine encoding plasmid DNA was successfully encapsulated into
non-condensing alginate based nanoparticles and the surface of the nano-carriers was modified with
tuftsin peptide to achieve active macrophage targeting. Enhanced localization of tuftsin-modified algi-
nate nanoparticles was observed in the inflamed paws of arthritic rats upon intraperitoneal adminis-
tration. Importantly, targeted nanoparticle treatment was successful in reprogramming macrophage
phenotype balance as ~66% of total synovial macrophages from arthritic rats treated with the IL-10
plasmid DNA loaded tuftsin/alginate nanoparticles were in the M2 state compared to ~9% of macro-
phages in the M2 state from untreated arthritic rats. Treatment significantly reduced systemic and joint
tissue pro-inflammatory cytokines (TNF-a, IL-1b, and IL-6) expression and prevented the progression of
inflammation and joint damage as revealed by magnetic resonance imaging and histology. Treatment
enabled animals to retain their mobility throughout the course of study, whereas untreated animals
suffered from impaired mobility. Overall, this study demonstrates that targeted alginate nanoparticles
loaded with IL-10 plasmid DNA can efficiently re-polarize macrophages from an M1 to an M2 state,
offering a novel treatment paradigm for treatment of chronic inflammatory diseases.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Rheumatoid arthritis (RA) is an autoimmune systemic disease
associated with stiffness, pain, and swelling of several joints [1].
The disease is marked an infiltration of macrophages, T- and B-cells,
dendritic cells, neutrophils, osteoclasts, fibroblasts, and chon-
drocytes, and over-expression of endothelial adhesion molecules
[2,3]. Severity of rheumatoid arthritis has been directly linked to
the number of macrophages present in the arthritic synovium [4].
Macrophages from arthritic synovium secret inflammation pro-
moting cytokines (e.g., IL-1b, IL-6, and TNF-a), growth factors (e.g.,
granulocyte macrophage colony stimulating factor, GM-CSF), and
chemokines that contribute to bone erosion and tissue destruction
[5,6]. Such pro-inflammatory macrophage activation in the
g, Rm156, 360 Huntington
diseased state has been termed as M1-macrophage phenotype.
Alternatively, macrophages involved with anti-inflammatory pro-
cesses are considered to be depicting M2-state. Therefore, strate-
gies that can effectively switch macrophage from predominant M1
in the synovium to M2 state may be potential for the treatment of
rheumatoid arthritis.

Therapies involving macrophages have primarily focused on
depletion of systemic and joint macrophages with clodronate-
loaded liposomes [7]. However, this is not a viable strategy given
the key role of these cells in immuno-surveillance. Towards that
end, we decided to selectively modify the macrophage phenotype
by delivering an anti-inflammatory cytokine (Interleukin 10)
encoding plasmid DNA encapsulated into a nanoparticle system.
Rationale for selecting gene therapy over conventional treatment
was based on much safety profile of non-viral gene delivery plat-
forms, limited success with disease modifying anti-rheumatic
agents, and considerable side effects associated with biologics
[8,9]. Interleukin-10 (mIL-10) was chosen because of its pleiotropic
anti-inflammatory properties [10,11]. The efficacy of IL-10 gene
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delivery for the treatment of rheumatoid arthritis has been estab-
lished in animal models using viral vectors [12,13]. However,
inherent problems associated with viral vectors, such as immuno-
genicity, oncogenic potential, and the relatively high cost of pro-
duction has prompted researchers to design novel non-viral vectors
[14]. We have previously reported the design of a novel gene de-
livery system using alginate, a natural occurring biocompatible
polymer [15]. Alginate is a random block copolymer that is made up
of (1 / 4) linked b-D-mannuronic acid (M) and a-L-guluronic acid
(G) residues of widely varying composition and sequences,
depending on the source of algae [16,17]. An external gelation
method was adopted and optimized to make alginate nano-
particles. To actively target macrophages, the surface of the
alginate-based nanoparticle was decorated with tuftsin, a four
amino acid peptide (with amino acid sequence L-threonine-lysine-
proline-arginine), that interacts with macrophages and promotes
phagocytosis by binding with Fc and neuropilin-1 receptors on
macrophages [18,19]. Tuftsin is formed by the enzymatic cleavage
of the Fc portion of the immunoglobulin (IgG) molecule [20,21].
Scrambled peptide (with amino acid sequence L-proline-threonine-
lysine-arginine) modified nanoparticles along with additional
treatment groups (listed in Table 1) were also used as for assess-
ment of efficacy. Lastly, intra-peritoneal route was chosen as the
preferredmode of administration to allow delivery into a blood free
macrophage rich environment. Upon successful delivery, macro-
phages can act as Trojan horse vectors for the particles and ferry
particles to the site of inflammation-arthritic joints (in this case).
Previous study conducted by Howard et al. [22] also conferred the
effectiveness of such a strategy by demonstrating the superiority of
chitosan polymer/TNF-a siRNA polyplex system in treatment of
murine arthritis. In addition, the group mentioned that serum-
protein induced polyplex aggregation was also avoided upon
intra-peritoneal administration.

Collectively, our studies demonstrate that mIL-10 gene therapy
targeted to macrophages in a tuftsin/alginate system reprog-
rammed the macrophage phenotype from a predominantly M1
(pro-inflammatory) to M2 (anti-inflammatory) phenotype, pre-
venting the joint damage associated with adjuvant-induced
arthritis.

2. Experimental materials and methods

2.1. Materials

Medium viscosity grade sodium alginate (80e120 KDa), calcium
chloride dihydrate, and indocyanine green (ICG) were purchased
from Sigma Aldrich (St. Louis, MO). The peptide (M.W. ~1666 Da)
sequences containing tuftsin and scrambled motifs were custom
synthesized at the Tufts University's Peptide Synthesis Core Facility
(Boston, MA). A disk of lyophilized GT100 E. coli transformed with
pORF5-mIL-10 plasmid DNA (3.7 kb) encoding the murine cytokine
IL-10 (mIL-10) was obtained from Invitrogen (San Diego, CA). The
transformed E. coli were grown in culture and the plasmid was
harvested and purified using HiSpeed® plasmid purification Giga
kit supplied by Qiagen (Valencia, CA). Primers specific for IL-1b,
Table 1
Highlighting alginate polymer based nanoparticle treatments for assessment of therapeu

Type of treatment Description

Blank-Tuftsin Modified Nanoparticles Particle has the macrophage targeting pe
Unmodified Nanoparticle Particles without peptide on surface but
Scrambled-Peptide Modified Nanoparticle Particles with scrambled-peptide sequen
Tuftsin-Peptide Modified Nanoparticle Particles with macrophage targeting-pep
TNF-a, and b-actin were purchased from Eurofins MWG Operon
(Huntsville, AL). The J774A.1 adherent murine macrophage cell line
obtained from the American Type Culture Collection (ATCC; Man-
assas, VA) was cultured in Dulbecco's modified Eagle medium
(DMEM) (Cellgro, Manassas, VA) containing 10% fetal bovine serum
(FBS) (HyClone, Logan, UT), and penicillin/streptomycin antibiotics
(Gibco Invitrogen, Woburn, MA) at 37 �C and 5% CO2. Rabbit anti-
CD163/M130 polyclonal antibody conjugated with Alexa Fluor
488 dye was purchased from Bioss Antibodies (Woburn, MA).
Lipopolysaccharide (LPS) was purchased from Sigma (St. Louis, MO,
USA) and murine interferon-gamma (IFN-g) was obtained from
PeproTech (Rocky Hill, NJ).

2.2. Induction of the adjuvant-arthritis in Male Lewis rats upon
intra-dermal route of administration

All animal studies were performed according to an approved
protocol by Institutional Animal Care and Use Committee (IACUC)
at Northeastern University. Male Lewis rats (150e170 g) were
procured from Charles River Laboratories (Wilmington, MA) and
allowed to acclimatize for two days. Arthritis was induced via
inoculating the rats with 0.05 mL of the 10 mg/mL heat-killed
Mycobacterium butyricum suspended in incomplete Freund's
adjuvant as described previously [23e25]. The suspension was
injected at the base of the tail via intra-dermal administration. The
animals were distributed randomly in various treatment groups
once the first signs of inflammation (red spots across the paws)
were observed at day 10. The rats were euthanized via thoracotomy
as per the guidelines set forth by the Institutional Animal Care and
Utilization Committee (IACUC) at Northeastern University. Nano-
particles containing 100 mg of mIL-10 pDNA dose were adminis-
tered via intra-peritoneal route on day 12, post-adjuvant
administration. Scheme 1 below highlights the time course of
arthritis development and assessment time points.

2.3. Preparation and surface modification of DNA-Encapsulated
alginate nanoparticles

An external gelation method was used to form the optimized
blank and DNA-encapsulated calcium alginate nanoparticles.
Briefly,10mL of sodium-alginate (0.1%w/v) solutionwas pre-mixed
with the plasmid DNA (mIL-10) and 2 mL of 9 mM calcium chloride
solution was added drop-wise to the alginate solution using a
peristaltic pumpwhile stirring at 800 rpm. After an hour of Ca2þ ion
induced cross-linking, the nanoparticles were dialyzed overnight
and freeze-dried. Blank nanoparticles were prepared similarly
without the addition of any plasmid DNA. Following the prepara-
tion of blank and DNA-encapsulated nanoparticles, the surface of
the nanoparticles was modified using 1 mg/mL of the peptide se-
quences with tuftsin and scrambled amino acid residues. The
peptides had six positively charged L-arginine (i.e., RRRRRR) resi-
dues for anchoring to the negatively charged alginate nanoparticle
surface, four L-glycine (i.e., GGGG) spacer residues, and either TKPR
residues of tuftsin or PTKR residues of the scrambled sequence. The
morphology of the targeted NPs was imaged by Transmission
tic efficacy.

ptide (tuftsin) but does not contain the therapeutic IL-10 encoding plasmid DNA
contain therapeutic IL-10 encoding plasmid DNA
ce containing therapeutic IL-10 encoding plasmid DNA
tide sequence containing therapeutic IL-10 encoding plasmid DNA



Scheme 1. Depicting adjuvant-arthritis induced inflammation development profile
including time point for administration of nanoparticle versions presented below and
end point of the study for therapeutic evaluations.
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Electron Microscopy (TEM) (JEOL, Peabody, MA). Specimens were
prepared by adding a suspension of the nanoparticles dropwise to a
Formvar/carbon film grid followed by negative staining with 1%
phosphoric tungstic acid and air drying.

2.4. In vitro study to analyze CD163 expression on macrophages
using FACS analysis

J774A1 macrophages at 80% confluency were plated in T25
flasks (400,000 cells per flask) and cultured at 37 �C and 5% CO2.
The cells were polarized to M1 phenotype by incubating with LPS
(100 ng/mL) and IFN-g (100 ng/mL) for 6 h. The M1 macrophages
were then transfected with plasmid IL10-encapsulated unmodified,
scrambled, and tuftsin modified NPs at 40 mg equivalent dose of
plasmid IL10 for 48 h. The transfected M1 macrophages were then
fixed in 4% formalin, followed by blocking non-specific binding
with bovine albumin serum (3% w/v) at room temperature for
30 min. The cells were stained with anti-CD163 antibody conju-
gated with Alexa Fluor 488 dye for 1 h at room temperature at a
dilution of 1:200. The cells were then washed thrice with PBS for
FACS analysis in FL1 channel using a BD FACScalibur instrument
(San Jose, CA). The data were analyzed using Cell-Quest Pro
software.

2.5. In vivo imaging of control and tuftsin-modified alginate
nanoparticles following intraperitoneal administration

Biodistribution of control (unmodified and scrambled peptide-
modified alginate nanoparticles) and tuftsin-modified alginate
nanoparticles was assessed upon performing in vivo near-infrared
(NIR) imaging. A NIR fluorophore, indocyanine green (ICG), was
encapsulated into the alginate nanoparticles at 5% (w/w), followed
by surface modification as described above. The ICG-loaded algi-
nate nanoparticles were obtained after ultracentrifugation at
30,000 rpm for 30 min at 4 �C, followed by lyophilization. The
loading content of ICG was determined spectrophotometrically at a
wavelength of 750 nm. The ICG-loaded control and tuftsin-
modified nanoparticles in phosphate buffer saline (pH 7.4) (3 mL
of 1 mg/mL nanoparticles) were injected intraperitoneally into
naïve rats and arthritic rats at day 19 post-adjuvant administration.
Whole body images were obtained from 1 h to 24 h after injection
using the IVIS in vivo imaging system (Perkin Elmer Inc., Hopkinton,
MA, USA). Images of various organs, including heart, kidney, liver,
spleen, lung, and paws were also obtained after sacrifice of the rat
24 h after injection.
2.6. Extraction, collection, and separation of primary synovial
macrophages from joint tissue

Joint samples were processed and synovial macrophages were
extracted according to the previously established methods with
slight modification [26,27]. Upon sacrificing the animals, the hind
paw tissues were excised, phalanges were removed, and tissue
samples were collected from a total of five animals and cut into
small pieces. Then, these hind paw pieces were placed into a 50 mL
centrifuge tube containing 10 mL of sterile-filtered complete
DMEM 1X media containing collagenase solution (collagenase type
I/II (250 U/mL) and DNase-10 mg/mL (purchased fromWorthington
biochemical corporation)) as per previously described methods.
The samples were then brought into a biosafety cabinet and placed
into a 50 mm petri-dish containing 5 mL of the same media. The
samples were further cut into smaller pieces to the best of the
ability. The excised samples from the five animals were then placed
into 15 mL conical tube containing sterile-filtered complete DMEM
1X media (15 mL) containing collagenase solution (collagenase
type I/II (250 U/ml) and DNase-10 mg/ml (purchased from Wor-
thington biochemical corporation)). Hind paws (right and left)
were placed in separate tubes to ensure complete digestion. The
samples were then placed on a shaker incubator at 37 �C and
agitated at 250 rpm for 2e2.5 h. Thereafter, the digested tissue was
passed through a 70 mm cell strainer fitted into a 50ml conical tube.
The cell suspensionwas then centrifuged at 2500 rpm for 10 min to
collect the cell pellet. The tube and strainer were then washed
twice with 10 mL DMEM 1X complete without collagenase.

The cells were then treated with 3 mL of ACK lysis buffer
(Invitrogen, CA) for 5 min to remove red blood cells. Then, 9 mL of
complete DMEM media was added to the buffer. The suspension
was then pelleted upon centrifugation (2500 rpm/8 min). The
pellet was washed twice with complete DMEM 1X media. At this
point, the cells collected from the five animals (10 paws) were
combined and placed in a T-75 tissue culture flask, and incubated at
37 �C for 1 h. Following incubation, non-adherent cells were
removed. The flask was washed twice with cold 1X PBS and once
with complete DMEM 1X. Then, the adherent cells were removed
upon treatment with Accutase solution (Invitrogen, CA) as per the
manufacturer's instructions. The suspension was then centrifuged
to collect the pellet. The pellet was then washed twice with cold
PBS 1X and subjected to magnetic bead separation using Miltenyi
Biotec system (Auburn, CA). Collected cell pellet was then re-
suspended in 90 mL of proprietary Miltenyi buffer and stained
with the 10 mL of CD11b-FITC-conjugated antibody according to the
manufacturer's recommendations (AbD Serotec, NC). The suspen-
sion was mixed and incubated for 20 min at 4 �C in a refrigerator
under dark condition. Subsequently, the cells were washed wells to
remove unbound primary antibody by adding 1mL of buffer per 107

cells and centrifuge at 3000 rpm for 10 min. Supernatant was
completely removed and cell pellet was re-suspended in 90 mL of
buffer per one million cells. Afterwards, 10 mL of anti-FITC coated
magnetic micro beads (Miltenyi Biotec, CA) was added and mixed
well. The suspension was again incubated for 20 min at 4 �C in a
refrigerator under dark condition. Cells were then washed by
adding 1 mL of buffer and centrifuged at 3000 rpms for 10 min.
Supernatant was then removed and cells were re-suspended in
500 mL of buffer. The cells were then separated using magnetic cell
sorting (MACS) apparatus (Miltenyi Biotec, CA) as per the manu-
facturer's instructions.
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2.7. RT-PCR analysis to evaluate macrophage polarity profile

Macrophages collected via this process were subjected to RT-
PCR analysis to evaluate the expression of M1 (CD86) and M2
(CD163) state markers. CD11b was used as a general marker for
macrophages. b-actin was used as the internal control in the PCR
experiments. Briefly, total RNA was isolated from the cell lysates
with High Pure RNA Isolation Kit from Roche Applied Sc. (Indian-
apolis, IN). The reagents for first cDNA strand synthesis and DNA
amplificationwere all purchased from Invitrogen and samples were
processed as per guidelines mentioned in the respective kits. The
validated primer sequences for b eactin (Refseq No. NM_031144)
[28] were as follows:

Rat beactin Forward Primer: ATGGTGGGTATGGGTCAGAA.
Rat beactin Reverse Primer: TCCATATCGTCCCAGTTGGT.
Rat CD11b (NM_012711), CD86 (NM_020081), and CD163 (NM_

001107887) primers were purchased from SA Biosciences (Valencia,
CA).

The PCR was performed with the cDNA and primers. The
samples were heated at 94 �C for 5 min and 35 cycles of 94 �C for
30 s, 56 �C for 30 s, and 72 �C for 30 s. The samples were subjected
to gel electrophoresis and agarose gels were visualized using
Kodak FX imager. Semi-quantitative analysis depicting the per-
centage of M1/CD11b and M2/CD11b across all treatment groups
was obtained by calculating the band intensity values using NIH
Image J software.

2.8. In vivo magnetic resonance imaging (MRI)

Imaging was performed to visualize the presence of edema in
the joints as a function of day's post-adjuvant administration. For
this set of experiments, naïve rats, arthritic rats-no treatment, un-
modified nanoparticles, and tuftsin-peptide modified nanoparticle
treatment groups were considered as rest of the control groups
were rendered ineffective. Three rats were used for each group.
Prior to MRI scanning, each rat was anesthetized by 1.5e2.0% iso-
flurane carried by oxygen flowing at 1 L/min. A 7.0 T spectrometer
was used for image acquisition (Biospec® 70/20 USR, Bruker, Bill-
erica, MA, USA). The scanner was equipped with a 72-mm Bruker
quadrature transmitter/receiver coil. T1-weighted images were
taken by the RARE Variable TR (RAREVTR) pulse sequence, and the
parameters were as follows: multiple repetition time
(TR) ¼ 254.32 ms, 681.86 ms, 1282.121 ms, 2298.27 ms, and
7500.00 ms; Echo Time (TE) ¼ 12.5 ms; field of view (FOV)-,
120 mm � 40 mm; number of slices-12; slice thickness-1.5 mm;
matrix-128 � 256. The imaging was performed at day 0 (pre-
arthritis induction scan), 18, 23, and 28 post-adjuvant administra-
tion. Quantitative analysis of the edema profile was done to obtain
the T1 relaxivity measurements in milliseconds using MIVA® and
ITKSNAP® softwares.

2.9. Tissue histopathology analysis

Tissue histopathology was conducted to determine the classical
features of arthritis such as pannus formation, narrowing of the
joint space, osteoclast infiltration, bone resorption, and cellular
infiltration. The paws were fixed for 5 days in 10% neutral buffered
formalin (Fisher Scientific) and then placed in CALFOR® decal-
cifying solution (Cancer Diagnostics, Inc.) for another six days.
Forepaws were decaled for 2 days and the hind limbs were decaled
for 3 days. They were then rinsed in water, trimmed of any extra
tissue and processed overnight using a Tissue Tek® Vacuum Infil-
tration Processor (VIP). Processed samples were embedded in
paraffin and sectioned on a microtome at 5 mm. Slides were stained
with Masson tri-Chrome dye to determine the features of arthritis.
After the slides were prepared, bright field images were acquired
with a BX51-TRF Olympus (Center Valley, PA) inverted microscope
at 4X original magnification. The joint sections were provided to a
certified histotechnician at Tufts University Veterinary School,
Grafton, MA in a blinded fashion for processing sections and
staining the slides. The images are representative of n ¼ 3 rats per
treatment group.
2.10. Cytokine determination in synovial tissue using qPCR

All the paws of the animals were excised and placed in the RNA
later® solution (Invitrogen, Carlsbad, CA) in RNAse/DNAse free
conical tubes and stored in �80 �C refrigerator. Next day, the paws
were thawed on ice and were flash frozen in liquid nitrogen. The
pawswere then grinded using an alloy steel mortar/pestle to obtain
the joint powder, while maintaining the samples in liquid nitrogen
contained in a styro-foam box. The tissue samples obtained were
homogenized along with 1 mL of Trizol™ (Invitrogen) in 4 mL
sterile homogenization tubes. After letting sample sit on ice for
5 min, 200 mL of chloroform was added to each tube and the tubes
were vortexed for 30 s and then left on ice for another 10 min.
Finally the tubes were centrifuged at 13,000 rpms for 20min at 4 �C
to separate the aqueous layer containing the mRNA from the
organic layer containing the tissue proteins. The aqueous layer was
carefully taken out of the tubes and added to another eppendorf
tube containing equal volume of 70% (v/v) ethanol and gently
mixed by swirling the tube up and down few times. Total RNA was
then further purified using PureLink® RNA Mini Kit (Invitrogen,
Carlsbad, CA). The isolated mRNA from the tissue samples
described abovewas quantified by UV spectrophotometry using the
Nano-Drop Instrument (Thermo Fisher Corp.). Briefly, the mRNA
samples were diluted 1:100 with nuclease treated water and 3 mL of
this sample was placed on the pedestal of the instrument. Optical
density of the samples was then determined at 260 and 280 nm for
RNA concentration. The absorbance ratio of 260/280 was used to
calculate the purity of the obtained RNA sample. A range of 1.9e2
was considered as a quality check mark.

The cDNA synthesis was then carried out as per the guidelines
provided in the First Strand cDNA Synthesis Kit (Invitrogen, Carls-
bad, CA). In order to perform the DNA amplification, the tubes
containing the cDNA were placed on ice-bath and these used for
real time PCR. Real time PCR procedure was carried out in the
following manner. Five mL of cDNA sample was added to new
Eppendorf tubes to which was added 12.5 mL of Light-cycler® 480
SYBR Green I Master mix (Roche Applied Sc., Indianapolis, IN). To
this mixture were added 7.5 mL of PCR grade water and 0.2 mM of
primer set(s). b-actin was used as the internal control in the PCR
experiments. The validated primer sequences for TNF-a
(NM_012675) [29], IL-1b (NM_031512) [30], and b eactin were as
follows:

Rat TNF-a Forward Primer: ACTCCCAGAAAAGCAAGCAA.
Rat TNF-a Reverse Primer: CAGTTCCACATCTCGGATCA.
Rat IL-1b Forward Primer: TGACCCATGTGAGCTGAAAG.
Rat IL-1b Reverse Primer: AGGGATTTTGTCGTTGCTTG.
Rat beactin Forward Primer: ATGGTGGGTATGGGTCAGAA.
Rat beactin Reverse Primer: TCCATATCGTCCCAGTTGGT.
Rat IL-10 (NM_012854) and IL-6 (NM_012589) primers were

purchased from SA Biosciences (Valencia, CA).
The samples were heated at 95 �C for 10 min and 45 cycles of

95 �C for 10 s, 60 �C for 10 s, and 72 �C for 10 s. The samples were
run in a barcoded 96-well format compatiblewith Light cycler® 480
PCR instrument. The samples were run in triplicates, analyzed via
established DCt method, and expressed as relative cytokine:
beactin.

http://NM_012711
http://NM_020081
http://NM_001107887
http://NM_001107887
http://NM_012854
http://NM_012589
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2.11. Serum cytokine ELISA

Rat specific-cytokine kits for TNF-a, IL-1b, IL-6, and IL-10 were
purchased from R&D Systems (Minneapolis, MN). The blood sam-
ples collected upon cardiac puncture at the end of study on day 18
and 28, post-adjuvant administration. The samples were allowed to
sit at room temperature for 30 min and then centrifuged at
3500 rpm to collect the serum. The samples were then diluted as
per the manufacturer's instruction to determine the cytokine
levels. The samples were tested with n ¼ 5 samples/group. The
results were reported as mean ± standard deviation.

2.12. Measuring body weight changes and liver histopathology

Periodic measurements of the body weight were performed
upon injecting the control and macrophage-targeted nanoparticles
containing IL-10 plasmid DNA via intra-peritoneal route of
administration on day 12. Frequent body weight measurements
were made through the course of the study. A total of 5 animals/
group were used. The results were plotted as percent change in
body weight as a function of day's post-adjuvant administration for
all the treatment groups.

Liver samples were also collected for histo pathological analysis
from animals under various treatment groups at the end of study
on day 18. Tissue samples were fixed in 10% formalin and sent out
to Tufts University Veterinary School, Grafton for H&E staining and
analysis (n ¼ 3/treatment) in a blinded manner. The conclusions
were made by the histotechnician in an independent fashion.

2.13. Statistical analysis

Statistical significance of results was determined using one-way
ANOVA and Tukey's Multiple Comparison Test with a 95% confi-
dence interval (p < 0.05).

3. Results

The particle size and morphology of plasmid IL10-encapsulated
unmodified, scrambled, and tuftsin modified NPs measured by DLS
and TEM, respectively. The average particle size of the unmodified
NPs was 470 nm with a broad size distribution. The size was
significantly decreased with narrow size distribution when the
nanoparticle surface was modified with scrambled and tuftsin
peptides, showing the values of 327.5 ± 3.5 nm and 299.7 ± 2.2 nm
for scrambled-NPs and tuftsin-NPs, respectively (Fig. 1A). The TEM
images showed that all nanoparticles were spherical in shape with
diameters of 180e250 nm (Fig. 1B). The particle sizes determined
by TEM were slightly smaller than the size measured by DLS. As
reported previously, based on this method, mIL-10 encoding
Plasmid DNA encapsulation efficiency into the nanoparticle matrix
was reported to be ~60% [15]. Fig. 1C shows uptake of plasmid IL10-
encapsulated tuftsin-NPs in J774A.1 macrophages after 2 h of in-
cubation. Strong green (FITC) signal of plasmid IL10 and red signal
(Cy5.5) of tuftsin-NPs were visible in the cytoplasm, indicating that
plasmid IL10-encapsulated tuftsin-NPs were effectively internal-
ized by J774A.1 macrophages.

3.1. CD163 surface expression as M2 state marker in cultured
macrophages

To confirm the macrophage polarizing effect by plasmid IL10-
encapsulated alginate NPs, we evaluated the change in the
expression of CD163, a surface marker for M2 macrophages [31], of
J774A.1 macrophages treated with plasmid IL10-encapsulated
control (unmodified and scrambled-NPs) and tuftsin-NPs by FACS
analysis. The histograms in Fig. 2A showed CD163 expression in
J774A.1 macrophages (M1 state) transfected with plasmid IL10-
encapsulated control and tuftsin-NPs. Compared to untreated
macrophages, there was a shift in the histogram of the cells treated
with plasmid IL10-encapsulated alginate NPs, indicating upregu-
lation of M2 surface marker CD163 in macrophages treated with
the NPs for 48 h. The tuftsin-NPs showed significant higher mean
fluorescence intensity than the scrambled-NPs (Fig. 2B), indicating
superior effect of the targeted NPs. However, themean fluorescence
intensity of unmodified NPs was insignificantly different from that
of the tuftsin-NPs, indicating similar effect of unmodified and
tuftsin-NPs in regulating M2 surface marker expression.

3.2. In vivo Near-IR imaging of control and tuftsin-modified
alginate nanoparticles in arthritic and naïve rats following
intraperitoneal administration

To evaluate the biodistribution of alginate nanoparticles in
arthritic rats following intraperitoneal administration, indocyanine
green (ICG) was encapsulated inside the nanoparticles (5% w/w)
followed by surface modification with tuftsin or scrambled pep-
tides. Fig. 3A shows near infrared (NIR) images of naïve and arthritic
rats at different time points from 1 h to 24 h post-IP injection of
ICG-encapsulated control (unmodified and scrambled peptide-
modified alginate nanoparticles) and tuftsin-modified alginate
nanoparticles. At 1 h post-injection, fluorescence signal could be
detected in the paws of arthritic rats injected with tuftsin-modified
alginate nanoparticles while no signal was seen in the arthritic rat
injected with control nanoparticles, indicating fast accumulation of
tuftsin-modified alginate nanoparticles in the inflamed paws. At 2 h
post-injection, an enhanced fluorescence signal was observed in
the paws of the arthritic rats injected with the tuftsin-modified
nanoparticles and this strong signal was retained up to 24 h post-
injection. On the contrary, fluorescence signal was low in the
arthritic rat injected with the control nanoparticles during 24 h of
the study. At 24 h post-injection, the rats were sacrificed for ex vivo
imaging of the paws and tissues (Fig. 3BeC). The arthritic rat
treated with tuftsin-modified nanoparticles showed strong fluo-
rescence signal in the paws and livers. The fluorescence intensity in
the paw was about 8-fold higher for tuftsin-modified nanoparticles
compared to the control nanoparticles in arthritic rats. In arthritic
rats treated with control nanoparticles, highest fluorescence signal
was observed in liver while low signal was seen in other tissues and
the paws. The results indicated that upon IP administration, the
tuftsin-modified alginate nanoparticles were effectively accumu-
lated in the inflamed paws of the arthritic rats. In contrast, very low
fluorescence signal was observed in naïve rats injected with ICG-
loaded control and tuftsin-modified nanoparticles, indicating that
the nanoparticle accumulation was negligible following IP admin-
istration in naïve rats.

3.3. Synovial macrophage Re-polarization in adjuvant-induced
arthritis model

Assessing macrophage polarity and determining if treatment
reprogrammed the macrophage phenotype from the pro-
inflammatory M1 phenotype to the anti-inflammatory M2 pheno-
type was central to our studies. To this end, we extracted synovial
macrophages from the joints of naive and arthritic rats and per-
formed PCR analysis, using CD11b as a general macrophage marker,
CD86 as a M1 specific marker, and CD163 as a M2 specific marker.
Fig. 4 (top panel) shows the agarose gel image depicting theM1/M2
macrophage phenotype profile for various treatment groups. A very
faint band for CD11b (Fig. 4A) was observed in naïve rats, indicating
that the macrophage population is not abundant in the synovial



Fig. 1. Tuftsin-modified alginate nanoparticles. Characterization of plasmid IL10-encapsulated targeted alginate nanoparticles: size distribution (A), TEM image (B), and cellular
uptake in J774A.1 macrophages after 2 h of incubation in which plasmid DNA was labeled with FITC (green), and alginate nanoparticles were conjugated with Cy5.5 (red) (C).

Fig. 2. FACS analysis of M2 surface marker (CD163): Histogram plot (A) and mean fluorescence intensity (B) of CD163 expression in J774A.1 macrophages transfected with plasmid
IL10-encapsulated control (unmodified NPs and scrambled NPs) and targeted alginate nanoparticles.
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joint; there was low expression of both macrophage phenotypes.
Semi-quantitative analysis revealed a similar percentage of about
16e19% for both CD86: CD11b (M1) and CD163: CD11b (M2) (bot-
tom panel). In arthritic rats (Fig. 4B), band intensity of the M1
marker (CD86) was significantly higher than that of the M2 marker
(CD163). The semi-quantitative data showed that ~80% of the total
macrophages (CD11bþ) were the M1 phenotype and ~9% of mac-
rophages were the M2 phenotype.
Similarly, out of the total macrophages (CD11bþ), M1-state
percentages ranged between 78 and 83% and M2 state percent-
ages ranged from 9 to 13% for arthritic rats treated with naked IL-10
plasmid DNA (Fig. 4C), treated with blank-tuftsin peptide modified
nanoparticles without IL-10 plasmid DNA (Fig. 4D) and treatedwith
scrambledesequence-peptide modified nanoparticles loaded with
IL-10 plasmid DNA (Fig. 4F). Approximately 46% of the total
macrophage (CD11bþ) cells were in the M2 state and 24% of
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CD11bþ cells in the M1-state for the unmodified (no tuftsin)
nanoparticles loaded with IL-10 plasmid DNA treatment group
(Fig. 4E). This increase in M2 phenotype subsequent to effective IL-
10 delivery was further extenuated after treatment with tuftsin-
modified nanoparticles loaded with IL-10 plasmid DNA (Fig. 4G);
a very high percentage of macrophages expressed the M2 marker
(~66%) and ~15% of CD11bþ cells expressed the M1 marker.
Fig. 3. Near-IR imaging and biodistribution of control and tuftsin-modified alginate nanopa
after IP administration at day 19 post-adjuvant administration of ICG-loaded control and tu
and 24 h post-administration. (B) Ex vivo images of paws (P) and tissues (Lv: Liver, Lg: Lu
intensity of the paws collected from arthritic and naïve rats at 24 h post-administration. N
3.4. Caliper measurements of paw width and depth upon treatment
with nanoparticles containing IL-10 plasmid DNA

Changes in paw width and depth were used as an assessment of
inflammation in the adjuvant induced RA model that was devel-
oped for these studies. Fig. 5A and B shows the paw width and
depth of arthritic rats treated with different nanoparticle
rticles in arthritis bearing and naïve rats. (A) In vivo images of arthritic and naïve rats
ftsin-modified alginate nanoparticles. The images were taken at pre-injection, 1 h, 2 h,
ngs, K: Kidneys, H: Heart, S: Spleen) at 24 h post-IP administration (C) Fluorescence
P ¼ nanoparticle formulation.



Fig. 4. Synovial macrophage polarity profile for various control and targeted nanoparticle treatments containing murine IL-10 plasmid DNA evaluated via RT-PCR analysis. Top Panel
represents the agarose gel image of the PCR products for CD11b, CD86, CD163 and b-actin. The PCR product sizes are 146 bp, 99 bp, 98 bp, and 119 bp, respectively. b-Actin served as
an internal control. Bottom Panel represents the ratio of the CD86: CD11b and CD163:CD11b to semi-quantitatively analyze the M1 and M2% of total macrophages (positive for
CD11b), respectively. The band intensity was calculated via NIH ImageJ software. The data is representative of macrophage population that was obtained by pooling together cells
collected from hind paws of five animals per treatment group.

S. Jain et al. / Biomaterials 61 (2015) 162e177 169
formulations as a function of day's post-adjuvant administration.
The treatment was given at day 12 post-adjuvant administration.
The data has been reported as the cumulative measurement of all
the four paws of the animal. As per the figure, average percent
increase in terms of paw width and depth of the arthritic-rat
without treatment, and arthritic-rats treated with naked plasmid
DNA, blank-tuftsin nanoparticle, and scrambled-peptide nano-
particle, showing the values in the range of 72e77% and 140e200%,
respectively. At day 18, the percent increase for the unmodified
nanoparticle treated animals were 17.9 ± 3.0% (width) and
41.6 ± 3.5% (depth), which was significantly increased to
68.2 ± 11.7% and 129.9 ± 10.3%, respectively, at day 28 post-
adjuvant administration. In the tuftsin-peptide modified nano-
particle treated animals, the percent increase in paw width and
depth at day 18 and 28 were 5.3 ± 1.5% and 10.1 ± 2.2% vs.
17.8 ± 5.1% and 36.7 ± 6.8%, respectively. The results indicated that
pawwidth and depth for the tuftsin-peptide modified nanoparticle
treated rats were significantly lower than those for unmodified
nanoparticle treated group at day 18 and day 28, post adjuvant-
administration (p < 0.0001).

Paw width and depth values from the fore and hind limbs were
combined to calculate the cumulative percent increase and re-
ported as % Mean ± Standard Deviation (n ¼ 20 paws/group). Dif-
ferences between the arthritis-bearing rats with no treatment and
control groups (naked IL-10 plasmid DNA, blank-tuftsin particles,
and scrambled-peptide modified IL-10 containing plasmid DNA
particles) were not significant. ***p < 0.0001 represents significant
levels of differences while comparing arthritic rats (no treatment)
to tuftsin-peptide modified IL-10 plasmid DNA containing nano-
particle treatment group and unmodified IL-10 plasmid DNA con-
taining nanoparticle to tuftsin-modified IL-10 plasmid DNA
containing nanoparticles. Corresponding images in panels A and B
represent paw width and depth profiles for the IL-10 plasmid
containing unmodified nanoparticle treatment, tuftsin-modified
peptide nanoparticle treatment, and naïve rats (No Arthritis) (top
to bottom), respectively.

3.5. Beam walking test

A beamwalking test was conducted to assess animal mobility at
various time intervals in the naïve rat (disease free), after adjuvant
induced RA, and following treatment with the different formula-
tions. Video file shows the average time of conditioned animals to
cross the beam at various time points spanning from 7 to 28 says
post-adjuvant administration. Progressive inflammation adversely
effects animal mobility. As shown in Fig. 5C, on day 10 post-
adjuvant administration, the animals in all treatment groups were
able to traverse the entire length of the beam from 3 to 5 s. How-
ever, after day 12, arthritic rats without treatment and control
treatment groups (blank tuftsin nanoparticles, scrambled-peptide
nanoparticle, and naked plasmid DNA) suffered from reduced
mobility. The average time for the rats to cross the beam in the
above groups was 11e16 s. Subsequently, animals started crawling
on their fore paws to cross the beam by day 14, to accommodate for
their more severely affected hind limbs. The average times at day 14
were 42e56 s. From day 16, these animals completely stopped
walking on the beam and struggled tomaintain balance. In contrast,
for the unmodified nanoparticle and targeted nanoparticle treated
groups, the values on day 18 were 3e5 s, which was comparable to
naïve rats. By day 23, the unmodified nanoparticle treatment group
had developed inflammation and as a result animals struggled to
walk on the beam. However, in the targeted nanoparticle treated
group, the animals retained their mobility throughout the course of
the study and crossed the beam in about 3e5sec.



Fig. 5. Qualitative assessment of treatment efficacy in terms of change in paw width (A) and depth (B) and animal mobility (C) due to inflammation in rats as a function of days
post-adjuvant administration. Paw width and depth values from the fore and hind limbs were combined to calculate the cumulative percent increase and reported as %
Mean ± Standard Deviation (n ¼ 20 paws/group). Differences between the arthritis-bearing rats with no treatment and control groups (naked IL-10 plasmid DNA, blank-tuftsin
particles, scrambled-peptide modified IL-10 containing plasmid DNA particles) were not significant. ***p < 0.0001 represents significant levels of differences while comparing
arthritic rats (no treatment) to tuftsin-peptide modified IL-10 plasmid DNA containing nanoparticle treatment group and unmodified IL-10 plasmid DNA containing nanoparticle to
tuftsin-modified IL-10 plasmid DNA containing nanoparticles. Corresponding images in panels A and B represent paw width and depth profiles for (a) arthritic rat (no treatment) at
day 18 and IL-10 plasmid containing (b) unmodified nanoparticle treatment (day 28), (c) tuftsin-modified peptide nanoparticle treatment (day 28), and (d) naïve rats (No Arthritis-
day 28) (top to bottom), respectively. (C) Beam-Walking Test -Average time to cross the 40 cm beamwas recorded and plotted against days post-adjuvant administration. The values
represented here are Mean ± Standard deviation (n ¼ 5 rats/group). Animals in all the groups were conditioned to get used to the beam set-up on days 1, 3, and 5. The average
values to cross the beam for rats within each treatment groups were recorded from day 7 onwards. Progression of inflammation in the arthritis-bearing rats hindered the animal
movement. Animals treated with unmodified IL-10 plasmid containing particles maintained mobility till day 18, post-adjuvant administration and struggled to walk on the beam
thereafter. Tuftsin-peptide modified IL-10 plasmid DNA containing nanoparticle treated rats maintained mobility till the end of study (day 28).
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Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.biomaterials.2015.05.028.
3.6. T1-weighted magnetic resonance imaging

Imaging was performed to visualize the presence of edema in
the joints as a function of day's post-adjuvant administration.
Fig. 6A shows the T1-weighted magnetic resonance images of
representative paws for the treatment groups as a function of days
post adjuvant administration. Naïve rats did not show accumula-
tion of fluid or the presence of edema in the paws. On the other
hand, as indicated with dotted lines (high contrast), arthritic rats
without treatment suffered from uncontrolled inflammation and
significant fluid accumulation/edema. On day 18 post-adjuvant
administration, there were no signs of edema in the paw of rat
treated with unmodified nanoparticle and targeted nanoparticle,
indicating the resistance of inflammation in these groups. Fig. 6D
compares the tissue relaxivity profile (T1-values in milliseconds) of
the joints in various treatment groups. The relaxivity profile shows
that baseline levels in the naïve animals were 1856.8 ± 30.3 ms [22]
indicating the water proton spin relaxation time in a normal joint
tissue of the rat. This value was used a guideline to compare the
water relaxivity in other treatment groups. The average values
observed in the arthritic rat-no treatment, unmodified nano-
particle, and tuftsin-modified nanoparticle treated groups were
2576.2 ± 110.5 ms, 2184.6 ± 84.9 ms, and 1858.5 ± 29.3 ms,
respectively. Higher relaxivity values were considered as an indi-
cator of higher water content or edema in the joint tissues.

At day 23 (Fig. 6B), unmodified nanoparticle treated group had
significant contrast coming from the paws, which was indicative of
the massive inflammation/edema in the joints (fore and hind) of
the rats. tuftsin-modified nanoparticle treated rats did not have any
significant contrast in the paws. The relaxivity values for the un-
modified nanoparticle and targeted nanoparticle groups were
2478 ± 65.4 ms and 1899 ± 48.6 ms, respectively.

Lastly, animals imaged on day 28 (Fig. 6C) shows significantly
enhanced contrast in the unmodified nanoparticleenanoparticle
treated rats were even more pronounced on day 18, indicating
pronounced inflammation. The quantitative values for this group
were observed to be 2636.8 ± 44.2 ms. On the other hand, targeted

http://dx.doi.org/10.1016/j.biomaterials.2015.05.028


Fig. 6. T1-weighted magnetic resonance imaging showing the presence of edema. The scans were performed at days 18 (A), 23 (B), and 28 (C) post-adjuvant administration.
Absence of bright contrast in paw scans of naïve rats (no disease) indicated no edema in the paws. At day 18, paw scans of arthritis-bearing animals (no treatment) showed bright
contrast in both fore/hind paws (highlighted by dotted circles), which is indicative of marked edema or fluid accumulation. Similar pattern was observed for IL-10 plasmid DNA
containing unmodified nanoparticles at days 23 and 28. Tuftsin-peptide modified nanoparticles containing IL-10 plasmid DNA showed pattern very similar to naïve rats till day 23.
From day 28 onwards, edema was evident in the upper extremities of rats paws treated with tuftsin nanoparticles. (D) Quantitative analysis of the edema profile was performed by
calculating the T1 relaxivity measurements in milliseconds using MIVA and ITKSNAP software. These value represent the water proton spin relaxation times in the biological tissue.
T1 value calculated for joint samples in case of naïve rats (no arthritis) was found to be ~1850 ms. In the case of arthritic-bearing rats (no treatment), these values were relatively
higher indicating more water content or edema in paws of these animals. The cumulative values for fore and hind paws were reported as Mean ± Std. Dev (n ¼ 3 rats/group).
NP ¼ nanoparticle formulation.

S. Jain et al. / Biomaterials 61 (2015) 162e177 171
nanoparticle treated animals showed a slight increase in the
contrast, especially from the upper extremities of the hind paws.
T1-values for this data point were found to be 2047 ± 75.6 ms.

3.7. Histo-pathological analysis to evaluate tissue damage

The histology of excised paws was conducted to determine the
classical features of arthritis such as pannus formation, narrowing
of the joint space, osteoclast infiltration, bone resorption, and
cellular infiltration. Fig. 7A summarizes the histology results that
were conducted on the excised paw samples upon euthanizing the
animals on day 18, post-adjuvant administration. The histo-
epathology profile shows that classical features of arthritis
including cellular infiltration (C), narrowing of the joint space or
pannus formation (P), high osteoclast activity (O) and subsequent
bone resorption in arthritic rats, naked plasmid DNA treated rats,
and scrambled-peptide modified treated rats, whereas no damage
was observed in the naive rats. Similar arthritic features were also
observed in the case of blank tuftsin-modified nanoparticles
without the therapeutic IL-10 plasmid DNA (Data not shown).
Similarly, the features of arthritis were not apparent in the paw
samples collected from unmodified and tuftsin-peptide modified
nanoparticle treated groups. Fig. 7B depicts the day 28 histology
profile for the naïve and the two nanoparticle treatments groups.
Evidently, in the case of unmodified nanoparticle treatment group,
it was observed that once the effect of plasmid DNA is exhausted,
the inflammatory processes become more predominant causing
swelling and subsequent joint damage. Joint tissues were marked
by the presence of high osteoclast activity, pannus formation, and
massive cellular infiltration. However, only initial signs of inflam-
mation (mostly cellular infiltration) were observed in the tuftsin IL-
10 nanoparticle treatment group.

3.8. Local joint tissue cytokine profile

To assess the anti-inflammatory effect of IL-10 plasmid DNA
therapy, levels of IL-10 and pro-inflammatory cytokines (TNF-a, IL-
1b, IL-6) were measured in the joint tissue of the treatment groups.
Fig. 8AeD represents the relative cytokine: b-actin ratios for the
different treatment groups at days 18 and 28, post-adjuvant
administration. Samples were not collected post day 28 as signs
of inflammation were observed in targeted nanoparticle group.
Levels of pro-inflammatory cytokines for the arthritic rats with no
treatment and control groups (naked IL-10 plasmid DNA, blank
tuftsin nanoparticle, and scrambled-peptide modified IL-10
plasmid DNA containing nanoparticle) was significantly higher



Fig. 7. Histology images evaluating features of arthritis. Represents the Masson Trichrome stained sections of the fore and hind paws of the rats dosed i.p. with various treatment
groups containing 100 mg of murine IL-10 plasmid DNA at day 18 (A) and day 28 (B), post-adjuvant administration. Classical features of arthritis such as pannus formation (P), high
osteoclast activity (O), cellular infiltration (C), and joint space narrowing (JS) are indicated with arrows/symbols in the two panels. pDNA-Plasmid DNA. Images are representive of
n ¼ 3 rats per treatment group. NP ¼ nanoparticle formulation. Scale Bar ¼ 400 mm.
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compared to treated groups. For example, ratios of TNF-a: b-actin,
IL-1b: b-actin, and IL-6: b-actin were 8.5 ± 0.8, 13.2 ± 1.1, and
1.1 ± 0.6, respectively in arthritic rats while the ratio of IL-10: b-
actin was 0.25 ± 0.05. The levels of pro-inflammatory cytokines
were significantly reduced in the unmodified IL-10 nanoparticle
and tuftsin-IL-10 nanoparticle treated rats (***p < 0.0001). The
ratios of TNF-a: b-actin, IL-1b: b-actin, and IL-6: b-actin were
0.55 ± 0.29, 0.30 ± 0.12, and 0.49 ± 0.26, respectively for the un-
modified IL-10 nanoparticle treated group. Similarly, the ratios
were 0.24 ± 0.05, 0.24 ± 0.05, and 0.13 ± 0.11 for the tuftsin IL-10
nanoparticle treated group. In contrast, the ratio of IL-10: b-actin
was found to be 2.19 ± 0.49 and 3.82 ± 0.43 for the unmodified
nanoparticle and targeted nanoparticle treated group, respectively.
This is indicative of successful and prolonged genetic therapy with
IL-10 plasmid DNA delivered in these two systems.

At day 28, the ratio of IL-1b: b-actin (3.92 ± 0.33) and IL-6:b-
actin (1.70 ± 0.38) were significantly higher in the case of un-
modified nanoparticles as compared to tuftsin-modified particles
(***p < 0.0001). Accordingly, the ratio of IL-10:b-actin was also
significantly lower in the unmodified nanoparticle (0.21 ± 0.06) vs.
tuftsin-modified nanoparticle (1.41 ± 0.15) treated group. This im-
plies that surface modification of the nanoparticles with tuftsin is
beneficial in prolonging the IL-10 transgene expression relative to
the unmodified nanoparticles.
3.9. Serum cytokine analysis

Serum cytokine analysis of IL-10 and pro-inflammatory markers
was performed to assess the effects of genetic therapy beyond local
joint tissue. Fig. 9AeD represents the serum cytokine profile for
different groups at days 18 and 28. Samples were not collected post
day 28 as signs of inflammation were observed in targeted nano-
particle group. The TNF-a (121.2 ± 6.2 pg/mL), IL-1b (183.7 ± 1.7 pg/
mL), and IL-6 (166.4 ± 16.7 pg/mL) levels for the arthritis group (no
treatment) were in accordance with the qPCR data. The range for
these cytokines for the control groups (naked IL-10 plasmid DNA,
blank tuftsin nanoparticle, and scrambled-peptide modified IL-10
plasmid DNA containing nanoparticle) was 102e143 pg/mL (TNF-
a), 125e177 pg/mL (IL-1b), and 174e182 pg/mL (IL-6). The levels of
IL-10 (54.6 ± 2.31 pg/mL) were suppressed and comparable to
normal rats. Similar, IL-10 levels were observed for control groups
including arthritis-bearing rats (no-treatment). The levels of TNF-a,
IL-1b, and IL-6 for the unmodified IL-10 nanoparticle treatment
group were calculated to be 81.2 ± 12.8 pg/mL, 95.9 ± 3.64 pg/mL,
and 97.2 ± 14.6 pg/mL, respectively. Serum IL-10 was calculated to
be 108.4 ± 1.96 pg/mL. For tuftsin-IL-10 nanoparticle's, the levels of
TNF-a, IL-1b, IL-6, and IL-10 were 56.9 ± 6.30 pg/mL, 62.4 ± 5.60 pg/
mL, 76.5 ± 14.8 pg/mL, and 155.4 ± 5.74 pg/mL, respectively. Suc-
cessful transfection of IL-10 plasmid DNA using the unmodified IL-



Fig. 8. Comparison of joint tissue cytokine profile by quantitative PCR. Joint tissue sections were excised at days 18 (indicated in black bars) and 28 (indicated in gray bars), post-
adjuvant administration and analyzed for local cytokine expression. The levels are expressed as ratio of TNF-a (A), IL-1b (B), IL-6 (C), and IL-10 (D) cytokines to b-actin and reported
as arbitrary units (a.u.). Beta-actin was used as an internal loading control. The values are presented as Mean ± S.D. (n ¼ 12 paws/group). ***p < 0.0001. Treatment with tuftsin-
modified nanoparticles containing murine IL-10 cytokine plasmid DNA at 100 mg dose resulted in sustained transgene expression at the local site and accordingly, expression of pro-
inflammatory markers were alleviated. Samples were not collected past day 28, post-adjuvant administration as the signs of inflammation were observed in the targeted nano-
particle group accompanied with loss of body weight.
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10 nanoparticle and tuftsin modified delivery systems was
apparent with the significant reduction in pro-inflammatory cyto-
kine levels relative to control groups (***p < 0.0001).

The levels of pro- and anti-inflammatory cytokines were also
calculated for the unmodified IL-10 nanoparticle and tuftsin IL-10
nanoparticle groups at day 28. Levels of TNF-a (28.9 ± 0.99 pg/mL
and 30.7 ± 1.55 pg/mL) were comparable; however, the levels of IL-
1b and IL-6 were significantly higher in the unmodified IL-10
nanoparticle group as compared to the tuftsin IL-10 nanoparticle
group due to inflammation associated with the disease state
(***p < 0.0001). This was marked by significantly lower expression
of the transgene IL-10 in the unmodified nanoparticle IL-10
(38.1 ± 2.63 pg/mL) treatment group as compared to tuftsin IL-10
nanoparticle (67.9 ± 5.73 pg/mL) treatment. Similar to the local
joint tissue analysis, serum cytokine analysis demonstrates that
surface modification of the nanoparticles with tuftsin enables a
prolonged effect and sustained IL-10 genetic therapy compared to
unmodified nanoparticles.

3.10. Changes in body weight measurements and liver toxicity

Fig. 10 (Left) shows that the arthritis-induced rats tend to lose
weight rapidly once the disease starts to progress from day 9e10
onwards. As per the IACUC guidelines, one of the main reasons of
curtailing the studies at day 18 (post-adjuvant administration) was
that the disease-induced animals lose 15% of their body weight.
Similar phenomenonwas observed in the case of control treatment
groups, where the average percentage loss was found to be be-
tween 12 and 15%. Unmodified nanoparticle containing IL-10
plasmid DNA treatment caused a transient stabilization of the
body weight. On the other hand, animals treated with tuftsin-
modified nanoparticles gained weight till day 23. Although; to-
wards the end of the study, the body weight started to decline and
between day 23 and 28, the rats lost ~4.3% of the bodyweight as the
transient therapeutic effect of anti-inflammatory IL-10 cytokine
started to diminish. Consequently, inflammation started to prog-
ress, which explains the dramatic loss in body weight for the
tuftsin-modified nanoparticle treated rats.

With regards to liver histology shown in Fig. 10 (Right), it was
interesting to note that disease-induced animals (Panel B) without
treatment had number of scattered mild to moderate multifocal
nodules, and consisting of histio-cytic and fibrous proliferation
(indicated by black arrowheads). These nodules were comprised of
lymphocytes and few plasma cells and occasional neutrophils
present. As indicated in Panels CeF, the same pattern was also
observed regardless of the nanoparticle treatment. These nodules



Fig. 9. Serum Cytokine-Specific ELISA. Represents the serum levels of the pro/anti-inflammatory cytokines expression in different treatment groups at Day 18 (indicated in black
bars) and 28 (indicated in gray bars), post-adjuvant administration. The values are presented as Mean ± S.D. (n ¼ 5 animals/group). Elevated levels of pro-inflammatory cytokines
(AeC) were observed in arthritis-bearing rats (no treatment), naked plasmid DNA, blank-tuftsin-peptide modified nanoparticle, and scrambled-peptide modified nanoparticle
treatment groups. Significant higher serum levels of IL-10 obtained in case of tuftsin-modified nanoparticle treatment led to delay in the onset of inflammation. ***p < 0.0001,
*p < 0.01. Samples were not collected past day 28, post-adjuvant administration when the signs of inflammation were observed in the targeted nanoparticle group accompanied
with loss of body weight.
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were considered to be a common anamoly of the adjuvant-induced
arthritis model and nanoparticles (regardless of treatment) were
not found to be contributing to this observation. In comparison,
liver sections from the naïve rats (Panel A) appeared normal and
did not show any signs of lesions or damage.

4. Discussion

Our previous in vitro polarization study showed that treatment
of J774A1 macrophages with tuftsin-modified nanoparticles con-
taining mIL-10 plasmid DNA led to enhanced levels of IL-10 cyto-
kine (M2 marker) at both transcriptional and translational level.
Furthermore, treatment also resulted in successfully alleviating
levels of TNF-a (M1marker) cytokine, indicating an effective switch
fromM1 state (high TNF-a expression and low IL-10 expression) to
M2 state (high IL-10 expression and low TNF-a expression) [15]. To
further support our claims, it was decided to also evaluate CD163
expression using FACS analysis. Results obtained in Fig. 2 clearly
show polarization effect as significant differences were found be-
tween untreated (LPS stimulated) and plasmid DNA containing
alginate nanoparticles. Although, levels of CD163 were not signifi-
cantly different between unmodified and tuftsin-peptide modified
nanoparticles, the results were nevertheless encouraging and
paved the path for in-vivo biodistribution and efficacy studies.
As stated before, the main objective of the pre-clinical studies

was to investigate qualitative biodistribution and efficacy of the
macrophage-targeted alginate based nanoparticles containing IL-
10 encoding plasmid DNA in a model of adjuvant-induced
arthritis. Both physical and molecular aspects of nanoparticle
treatment in ameliorating inflammation were analyzed. Based on
the in-vitro study results, the first goal was to establish the ability of
the nanoparticle system-containing gene of interest to revert the
macrophage to an anti-inflammatory state. Next, the therapeutic
efficacy studies were conducted in two rounds. For the initial
round, the efficacy was evaluated at day 18, post-adjuvant admin-
istration. The next sets of experiments were conducted up-till day
28, post-adjuvant administration. These studies were curtailed at
day 28 as initial signs of inflammationwere detected at this point in
the targeted formulation group.

As evident from the bio-distribution study (Fig. 3), i.p. admin-
istration of tuftsin-modified alginate nanoparticles led to superior
uptake by murine peritoneal macrophages and subsequent locali-
zation in the inflamed paws of arthritic rats due to continuous
recruitment of systemic monocytes/macrophages to the inflamed
tissues in RA. Next, the ability of our gene delivery platform to alter
the macrophage state from an M1 to M2 anti-inflammatory



Fig. 10. Safety and tolerability of the control and macrophage-targeted nanoparticles containing IL-10 plasmid DNA. (Left)-Body weight measurements reported as percent change
in body weight as a function of day's post-adjuvant administration. The data is representative as %Mean ± S.D. (n ¼ 5 animals/group). Dramatic loss in body weight was observed for
arthritis bearing animals (no treatment), and control treatments. Effective therapy with tuftsin-peptide modified nanoparticles encapsulating IL-10 plasmid DNA ameliorated signs
of arthritis and accordingly, the treated rats survived for an extended period. Drastic drop in weight after day 23 was attributed to exhaustion of the transient therapeutic effect of
IL-10 gene expression. (Right)-H&E staining of the liver to determine alginate based nanoparticles particle-mediated toxicity in arthritis-induced male Lewis rats. The liver samples
were collected on day 18, post-adjuvant administration for all the treatment groups. Panel (A) represents Naïve Rats with normal hepatocellular architecture illustrating a central
vein (star) and a portal area (arrow). (B)-Arthritis-No Treatment, (C)-Blank-Tuft NP Treatment, (D)-Unmodified Nanoparticle Treatment, (E)-Scrambled-Peptide modified Nano-
particle Treatment, (F) Tuftsin-Peptide modified Nanoparticle Treatment. (n ¼ 3 rats/group). Arrow heads in panels AeF represent fibro-histocytic nodules comprising of lym-
phocytes and plasma cells. These are considered to be common findings observed in the liver of arthritis-bearing rats and are not attributed to nanoparticle administration. Scale
Bar ¼ 400 mm.
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phenotype was established (Fig. 4). As observed in the case of naïve
rats, under homoeostatic conditions, macrophages do not comprise
a major part of synovial cell population. This was evident based on
the relatively low CD11b expression. Moreover, macrophages may
not even exist as M1 or M2-sub type as shown by low expression of
CD86 and CD163 markers, respectively and may attain a resting
unpolarized state (M0). However, the synovial joints in arthritic rats
(no treatment) had a significantly higher percentage of CD11bþ

macrophages in the pro-inflammatory state (M1). This observation
is in accordance with the disease pathophysiology as macrophages
are found in abundance in the arthritis-bearing synovial joint,
driving the inflammatory cascade and subsequent joint damage.
The inability of the naked IL-10 plasmid DNA (Fig. 4C) and
scrambled-IL-10 nanoparticles (Fig. 4F) to repolarize macrophages
from an M1 to M2 phenotype was also observed in a previously
conducted in-vitro study [15]. Largely, the lack of effectiveness in
the case of scrambled-peptide modified nanoparticles was attrib-
uted to cell-toxicity due to positive charge on the nanoparticle
surface. Blank tuftsin modified nanoparticles (Fig. 4D) were
included as a control to demonstrate that tuftsin peptide alone does
not have a therapeutic effect. Unmodified IL-10 plasmid DNA con-
taining nanoparticles illustrated the ability to switch the macro-
phage phenotype in the disease model. Since the particles are being
injected into the macrophage-rich peritoneal cavity and because
these cells are phagocytic in nature the nanoparticles are also
engulfed by the target population of macrophages and are capable
of repolarizing the cells. However, tuftsin-modified nanoparticles
encapsulating the mIL-10 plasmid DNA were the most effective in
reprogramming the target macrophages to the M2 anti-
inflammatory state.

Caliper measurement data (Fig. 5A and B) and the beam-walk
test indicated that swelling in the paws increased in the arthritis-
induced rats and control groups from day 12 onwards. These
findings were complemented by the histology studies and T1-
weighted MRI images. Unmodified nanoparticles containing IL-10
plasmid DNA had comparable therapeutic efficacy to tuftsin-
modified IL-10 nanoparticles at day 18. To further compare the
two formulations, the studies were extended until day 28 post-
adjuvant administration. Since the arthritic rats, naked IL-10
plasmid DNA, blank tuftsin nanoparticle, and scrambled-peptide
modified IL-10 plasmid DNA containing nanoparticle approached
pre-determined ethical and safety standards for termination (per-
centage of weight loss) and the treatments did not demonstrate
efficacy throughout the study, these groups were not considered for
the extended time point therapeutic efficacy studies. Naïve rats
were used as controls for this data set. By day 28, significant
swelling was evident in the case of the unmodified IL-10 nano-
particle treatment group (Figs. 6C and 7B). There were no appre-
ciable physical changes in the paw swelling/edema profile in the
tuftsin IL-10 nanoparticle treated animals but molecular analysis
did reveal the first signs of inflammation, which indicates that the
effect of anti-inflammatory IL-10 plasmid DNA therapy had
declined by this time point.

The q-PCR (Fig. 8AeD) analysis conducted on the excised joint
samples showed that induction of arthritis (disease only, no treat-
ment) causes a significant increase in the production of pro-
inflammatory cytokines such as TNF-a, IL-1b, and IL-6. At the
same time, IL-10 ratios were diminished because of the prevalence
of theM1-macrophage phenotype. Treatment with the tuftsin IL-10
nanoparticles resulted in a direct elevation of the IL-10 transgene
product and significant therapeutic effect. A 15-fold difference
existed between the IL-10 ratios of the tuftsin IL-10 nanoparticles
compared to the arthritis-bearing rats (no-treatment) at day 18. A
similar trend was observed for the unmodified nanoparticle IL-10
treatment group. At day 28, once inflammation was apparent in
the unmodified IL-10 nanoparticle treated group, a rapid increase in
the ratios of IL-1b: b-actin and IL-6: b-actin at the diseased sites was
observed. The ratio of IL-10: b-actin also declined as the effect of
plasmid DNA subsided. Interestingly, it was also observed that by
day 28, the levels of TNF-a at both transciptional and translational
level returned to baseline values in both the treatment groups
(Figs. 8A and 9A). Cai et al. also reported such a pattern with regard
to this particular RA model, whereby alleviation in serum levels of
TNF-a to baseline levels by day 30 [32].

In addition, at day 28, the levels of IL-1b and IL-6 were signifi-
cantly higher in relation to TNF-a in the group treated with un-
modified IL-10 nanoparticles. This synergy between the pro-
inflammatory cytokine expressions at various states of the
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disease progression suggests that TNF-a may be predominant
during the early phase of disease onset and other cytokines such as
IL-1b and IL-6 propel the inflammatory processes at later time
points. Lastly, together with the body weight measurements and
liver histology profile, it was concluded that nanoparticle admin-
istration itself did not induce any overt toxicity, as the percent
decrease in the body weight between the arthritis (no treatment)
and control nanoparticle groups (blank-tuftsin modified and
scrambled-peptide modified was insignificant). Although, liver
histology data revealed the presence of mild lesions regardless of
the treatment, this pattern was considered as an inert consequence
of treatment as it did not correlate to the other safety parameter
(body weight change).

5. Conclusions

Macrophages are phagocytic cells with critical functions in
orchestrating an immune response to infection/inflammation.
Macrophage plasticity has been implicated to play a significant role
in progression of inflammatory autoimmune diseases like RA. As
mentioned earlier, the side effects associated with biologics and
cost of the treatment are some of the major drawbacks that have
prompted researchers to develop other treatment options. Gene
therapy has been considered as an alternative treatment modality
to address multiple types of diseases, including autoimmune dis-
orders such as RA. However, from the perspective of gene therapy,
the biggest bottleneck is safe and efficient delivery in conjunction
with target specific intracellular localization of the nucleic acid
construct.

In this study, the main focus was to address above-mentioned
issues by employing a non-viral natural occurring polymer based
gene delivery system encapsulating IL-10 plasmid DNA targeted
towards macrophages with an intent to shift the macrophage
phenotype balance and assess the efficacy in adjuvant-induced
arthritis model. Combination of targeted therapy along with
administration into macrophage-rich peritoneal cavity was proven
to be the key factors in effectively controlling the progression of
arthritis. Enhanced localization of tuftsin-peptidemodified alginate
nanoparticles was observed into the limbs of arthritic animals in
comparison to unmodified and scrambled-peptide modified
nanoparticles. Consequently, single dose of the targeted formula-
tion loaded with IL-10 plasmid DNA demonstrated superior trans-
fection efficiency, sustained local and systemic IL-10 expression
(leading to alleviation in levels of pro-inflammatory cytokines), and
reduction in paw edema. More importantly, the therapeutic effects
observed with targeted formulation prevented joint damage and
delayed the onset of inflammation. Lastly, preliminary safety as-
sessments showed that nanoparticles were very well tolerated in
pre-clinical animal model of rheumatoid arthritis and signs of overt
particle mediated toxicity were not observed in animals.

Overall, current results provide a solid foundation for a rheu-
matoid arthritis treatment that could be administered as a monthly
i.p. injection. Future studies will focus on using this system to
deliver other biologics such as miRNA [33,34].
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