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ABSTRACT Spinal cord injury (SCI) can lead to permanent motor and sensory deficits. Following the initial

traumatic insult, secondary injury mechanisms characterized by persistent heightened inflammation are
initiated and lead to continued and pervasive cell death and tissue damage. Anti-inflammatory drugs such as
methylprednisolone (MP) used clinically have ambiguous benefits with debilitating side effects. Typically,

Nanoparticles Target
Inflammation At Injury Site

these drugs are administered systemically at high doses, resulting in toxicity and paradoxically increased
inflammation. Furthermore, these drugs have a small time window postinjury (few hours) during which they
need to be infused to be effective. As an alternative to MP, we investigated the effect of a small molecule
inhibitor (Chicago sky blue, CSB) of macrophage migration inhibitory factor (MIF) for treating SCl. The pleiotropic

Anti-Inflammatory Nanoparticles
Injected Systemically

cytokine MIF is known to contribute to upregulation of several pro-inflammatory cytokines in various disease and
injury states. In vitro, CSB administration alleviated endotoxin-mediated inflammation in primary microglia and macrophages. Nanocarriers such as
liposomes can potentially alleviate systemic side effects of high-dose therapy by enabling site-specific drug delivery to the spinal cord. However, the
therapeutic window of 100 nm scale nanoparticle localization to the spinal cord after contusion injury is not fully known. Thus, we first investigated the
ability of nanocarriers of different sizes to localize to the injured spinal cord up to 2 weeks postinjury. Results from the study showed that nanocarriers as
large as 200 nm in diameter could extravasate into the injured spinal cord up to 96 h postinjury. We then formulated nanocarriers (liposomes)
encapsulating (SB and administered them intravenously 48 h postinjury, within the previously determined 96 h therapeutic window. /n vivo, in this
clinically relevant contusion injury model in rats, CSB administration led to preservation of vascular and white matter integrity, improved wound healing,
and an increase in levels of arginase and other transcripts indicative of a resolution phase of wound healing. This study demonstrates the potential of MIF

inhibition in SCI and the utility of nanocarrier-mediated drug delivery selectively to the injured cord.
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acute compression, impact due to acci-

dents, or lacerations due to knife and
bullet wounds. While this primary trauma
leads to immediate cell death and tissue
damage, its sequelae initiate secondary in-
jury, which can last from hours to weeks.'?
Secondary injury mechanisms are mediated
in part by vascular changes such as reperfu-
sion and hemorrhage, breakdown of the
blood—spinal cord barrier (BSB), electrolyte
imbalances such as increased intracellular
calcium, biochemical changes such as ex-
citotoxicity due to neurotransmitter accu-
mulation as in glutamate excitotoxicity, and

Injury to the spinal cord can result from
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various other stimuli such as lipid peroxida-
tion, free radical production, and edema.>~>
A hallmark of secondary injury is heigh-
tened inflammation. This inflammation is
largely mediated by resident glial cells
(astrocytes and microglia) that become “ac-
tivated” upon injury and also by incoming
myeloid immune cells such as neutrophils
and T-cells>%” Activated glia and other
infiltrating cells proliferate and produce
both inflammatory and anti-inflammatory
cytokines; however, the balance is skewed
in favor of inflammatory cytokines and stim-
uli.g'° As time proceeds, over a few weeks,
the activated glia and other infiltrating cells
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form a glial scar to wall off the injury site and prevent
damage to the adjacent tissue.'

Inflammation due to secondary injury leads to con-
tinued cell death, demyelination, and tissue damage.*
A critical intervention point in the treatment of SCI,
therefore, is to stem the inflammation, as it is poten-
tially preventable and/or reversible."" The current
clinical treatment consists of using high-dose gluco-
corticoids such as methylprednisolone (MP). To be
effective, MP has to be injected systemically at high
doses within 8 h of SCI, with continued treatment
over the next 24 h.'>~ ' Treatment with MP has been
controversial, and the high doses result in deleterious
side effects. Thus, there are two immediate challenges
in acute SCl treatment: to find alternatives to MP and to
control inflammation in situ, at the site of SCI without
inducing systemic side effects such as those from high-
dose corticosteroid therapy.

Glucocorticoids such as MP can paradoxically in-
crease inflammation by increasing the levels of migra-
tion inhibitory factor (MIF), a pro-inflammatory cyto-
kine which is a key regulator of innate immunity.'>~"”
MIF is rapidly released by immune cells and other cell
types in the central nervous system upon exposure
to inflammatory cytokines and, in general, counter-
regulates the action of glucocorticoids. Elevated levels
of MIF have been observed in injured spinal cords
acutely'® and in the serum of human SCI patients
chronically.'® Because MIF modulates, directly or indir-
ectly, the production of various pro-inflammatory
cytokines such as interferon-y (IFN-y), tumor necrosis
factor (TNF), the interleukins (IL) 2, 6, and 8, and
several other cytokines and matrix metalloproteinases
(MMPs),”” all of which are implicated in secondary
injury after SCL,° MIF inhibition is potentially an im-
portant target in SCI.'82°~22 Furthermore, several small
molecule inhibitors of MIF already exist,>>~2° thereby
providing alternatives to glucocorticoids such as MP. In
this study, we tested the potential of Chicago sky blue
(CSB),*® a potent allosteric inhibitor of MIF activity, as
an anti-inflammatory drug. By noncovalently interact-
ing with MIF protein trimers, a single molecule of CSB
occupies the interface of two MIF trimers, leading to
the loss of the pro-inflammatory activities of MIF and
prevents MIF from binding to its receptor, CD74.%
Additionally, CSB has also been shown to have anti-
nociceptive effects in mice®® and rescues neurons
from glutamate excitotoxicity by competitively bind-
ing to glutamate receptors and preventing glutamate
uptake.?®~28 |n vitro, CSB is nontoxic to primary human
fibroblasts at concentrations as high as 100 «M and has
an ICs that is at least 100 times lower than that of the
prototypical MIF inhibitor 1SO-1.2>

Nanoparticle-based drug carriers are ideal candi-
dates to modulate inflammation in situ, at the site of
SCI without inducing systemic side effects such as
those from high-dose corticosteroid therapy.?**° By
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engineering nanoparticles that have enhanced circula-
tion times,*2 and taking advantage of the disrupted
vasculature at the site of SCI,>* the enhanced perme-
ability and retention effect**~3® can be leveraged to
obtain site-specific drug delivery while reducing
systemic drug levels.>”~*° Elucidating the therapeutic
window after SCl during which nanoparticles can
extravasate into the injured cord and how this “nano-
particle permeability” changes with nanoparticle size®’
can provide information about nanocarrier-based ther-
apeutic intervention in SCI.

In this study, we assessed the anti-inflammatory
properties of CSB in vitro. We then determined the
time and size dependency of nanoparticle extravasa-
tion into the injured spinal cord. Finally, we designed
poly(ethylene glycol) (PEG)-coated liposomal stealth
nanocarriers of CSB and evaluated their effect in vivo,
via intravenous injection 48 h postinjury. Additional
investigations were carried out to assess the acute anti-
inflammatory effects of CSB therapy to determine if
nanocarrier-mediated CSB therapy was a viable ther-
apeutic approach after SCI.

RESULTS

In Vitro Anti-inflammatory Activity of (SB. In this study,
we wanted to determine the anti-inflammatory effects
of a recently discovered small molecule inhibitor of
MIF, CSB. We hypothesized that MIF inhibition can be
beneficial in mitigating secondary injury in SCI. To
determine the toxicity of CSB, primary glial cells such
as microglia and astrocytes and the murine macro-
phage cell line, RAW 264.7, were incubated with
CSB for 24 h at a dose of 10 uM. Using a colorimetric
assay to measure cell viability,*? it was determined
that CSB was nontoxic to both primary cells
(Figure 1A) and cell lines at a concentration of 10 uM.
We then assessed the anti-inflammatory activity of CSB
in both primary cells and cell lines. To create an
inflammatory environment, we activated the cells
with lipopolysaccharide (LPS) after priming cells with
IFN-y.%344 This preparation is known to upregulate MIF,
as well as other inflammatory cytokines such as TNF-a,
which can further elevate MIF levels.'>** After treating
cells overnight with LPS and IFN-y, we treated cells
with 10 uM CSB for 24 h, following which cells and cell
media were collected for gene and protein analysis,
respectively. Using a colorimetric assay (Griess assay™®)
for nitrite production (as MIF synergizes with cytokines
to increase nitrite production®’), we observed that CSB
addition attenuated nitrite production in both pri-
mary cells and cell lines (Figure 1B). Furthermore, CSB
addition reduced TNF-a. production along with other
inflammatory cytokines in these cells, as assessed by
ELISA (Figure S1A,B, Supporting Information). Impor-
tantly, the addition of CSB alone did not lead to the up-
regulation of any inflammatory transcripts (Figure S1C,
Supporting Information). Taken together, these data
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Figure 1. In vitro cytotoxicity and anti-inflammatory activity of Chicago sky blue (CSB). (A) CSB is nontoxic to primary glial cells
(mixed astrocyte and microglial cultures) at a concentration of 10 M, after 24 h of incubation. CSB addition leads to decrease
in nitrite levels in (B) RAW 264.7 macrophages and primary glial cells. Cells were activated by the addition of 10 ng/mL
lipopolysaccharide in the presence or absence of 100 U/mL IFN-y for 24 h, following which the cells were incubated with 1 mL
of fresh medium with or without 10 xM CSB. Data are represented as mean + SD, and means with *p < 0.05 are significantly
different from the appropriate controls. (C) Micrograph showing that macrophage migration inhibitory factor (red) is present
in SCl lesions in spinal cord sections obtained 96 h post-SCl. Cell nuclei are stained with DAPI (blue). Scale bar in (C) is 20 um.

demonstrate the anti-inflammatory potential of CSB
in vitro.

Time and Size Dependency of Nanoparticle Extravasation
Post-SCl. Adult male Sprague—Dawley rats were sub-
jected to a clinically relevant contusion SCI at the
thoracic-9 (T9) vertebral level using a force-controlled
impaction device.*” To determine the permeability of
the injured spinal cord to nanoparticles as a function of
time postinjury and as a function of nanoparticle size,
we intravenously injected a nanoparticle cocktail com-
prising nanoparticles of three distinct sizes (40, 200,
and 1000 nm) and fluorescent spectra at different
times postinjury (48 h, 96 h, 1 week, and 2 weeks).
These sizes of nanoparticles were chosen to span three
different orders of magnitude in size. Equal amounts
(by % solids)*' of nanoparticles were injected at each of
the indicated time points. These particles were chosen
because they have long circulation times, similar to
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stealth liposomes, and allow for tight control over
size with easy spectral detection. The particles were
allowed to circulate for 6 h, after which the animals
were thoroughly perfused and their spinal cords dis-
sected and prepared for fluorescence microscopy. We
observed that, at all time points, the 1000 nm particles
never extravasated into the spinal cord parenchyma,
although particles were observed circulating in the
blood (data not shown). At both 48 h (Figure 2Ai) and
96 h (Figure 2Aii) postinjury, nanoparticles (40 and
200 nm) extravasated into the cord parenchyma at
the injury epicenter and were located adjacent to the
disrupted vasculature (as assessed by rat endothelial
cell antigen staining). However, at 1 week (Figure 2Aiii)
and 2 weeks (Figure 2Aiv) postinjury, very few particles
were observed, and the particles observed were
trapped within the blood vessels and could not extra-
vasate into the spinal cord tissue. We further observed

AR
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Figure 2. Nanoparticle extravasation is dependent on par-
ticle size and time post-SCl. (A) Micrographs of lesion
epicenter as depicted in cartoon (dashed line) at (i) 48 h
postinjury (P1); (ii) 96 h PI; (iii) 1 week PI; and (iv) 2 weeks PI.
Particles with diameters of 40 nm (green) and 200 nm (red),
but not 1000 nm (not shown), were able to extravasate into
the spinal cord parenchyma for up to 96 h Pl. Examples of
particles in spinal cord tissue are indicated by white arrows.
At 1 week and 2 weeks PI, particles were trapped in blood
vessels (rat endothelial cell antigen staining, blue), as
indicated by white arrows. (B) Nanoparticles are endocy-
tosed by microglia/macrophages (i). Micrograph depicts
that CD68-+ (cyan) cells engulf extravasated nanoparticles,
indicated by white arrow in (ii). Cell nuclei are stained with
DAPI (blue). Dashed box represents zoomed-in region
showed in (ii). Scale bars: (A,Bi) 50 um; (Bii) 20 um.

that some of the extravasated nanoparticles were
phagocytosed by reactive microglia (CD68 staining)
in the injured spinal cord (Figure 2Bi,ii). Taken together,
these data indicate a 96 h time window of nanocarrier
extravasation into the injured spinal cord for particles
as large as 200 nm.

(SB Stealth Liposome Synthesis and Characterization. To
deliver CSB in vivo, we synthesized liposomal nano-
particles encapsulating CSB (nano-CSB). We have pre-
viously delivered imaging agents*?*®4° and chemo-
therapeutic drugs®'*° using stealth liposomes that
have PEG chains on their surface to enable their
evasion of the reticuloendothelial system (RES). Using
similar techniques, we developed stealth liposomes
with a mean diameter of ~110 nm and a polydispersity
index of 0.02, as assessed by dynamic light scattering
(DLS, Figure 3A). Transmission electron microscopy
confirmed the results obtained by DLS (Figure 3B). To
ensure no free dye remained in solution, the liposomes
were thoroughly washed and dialyzed. The liposomes
stably encapsulated CSB in their aqueous phase at a
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concentration of 18 mg/mL. In vitro, the liposomes
were engulfed by macrophages (Figure 3C), and blank
liposome administration to cells in culture did not lead
to inflammation over 48 h (Figure S2, Supporting
Information).

In Vivo Effects of Liposomally Encapsulated (SB. Toxicity.
Adult male Sprague—Dawley rats were subjected to a
clinically relevant contusion SCI at the T9 vertebral
level using a force-controlled impaction device.*’ To
evaluate the effects of CSB delivery in rats with SCI, we
delivered liposomal CSB (nano-CSB, 25 mg/kg) intra-
venously, 48 h postinjury. Since there is no prior
information available for the in vivo dosage of CSB in
rats, we determined a maximum dosage of 40 mg/kg,
based on a lowest toxic dose (TD,,) value of 200 mg/kg
in rats (as supplied by the manufacturer, Tocris Bio-
sciences). The injury parameters of impact force and
velocity were consistent across all groups (data not
shown) and produced a well-defined injury over 96 h
(Figure S3A,B, Supporting Information). Control ani-
mals received SCl but no interventions, and sham
animals received a laminectomy but no injury. The
nano-CSB was allowed to circulate for an additional
48 h, after which the animals were sacrificed for
genomic analyses and immunofluorescence and his-
tology. In order to determine if nano-CSB administra-
tion led to toxicity in vivo, we measured the level of
TNF-a in the serum of control and drug-treated
animals from blood collected at the time of sacrifice.
The circulating levels of CSB in the serum of animals
injected with nano-CSB (Figure S3C, Supporting
Information) were ~2 uM. No differences were ob-
served in the serum levels of TNF-o. between nano-
CSB-treated and control animals (Figure S3D, Support-
ing Information). The levels of TNF-a were close to the
lower limits of detection, indicating no TNF-a. elevation
in the animals treated with our liposomal preparations
and the CSB.

In Vivo Quantitative Gene Analysis. To assess the
changes in the expression of various inflammation
related proteins, chemokines, and cytokines known
to be regulated by MIF, we performed cytokine gene
analysis on the spinal cords of the control and nano-
CSB-treated animals using quantitative reverse tran-
scription polymerase chain reaction (qQRT-PCR). Five
millimeter segments centered on the injury site were
used for the genomic analysis.>' Inflammation-asso-
ciated transcripts were upregulated in the spinal cords
of animals with SClin comparison with sham-operated
animals (Figure S4A, Supporting Information). Because
MIF inhibition should modulate inflammation and
wound healing, we assessed transcript levels of inflam-
matory mediators and those associated with resolution
phase macrophages®>® (since macrophages and
microglia are a major inflammation-associated cell
type in SCI and nanoparticles are engulfed by these
cells, Figure 2Bi,ii). Treatment with nano-CSB led to
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Figure 3. Size characterization and in vitro uptake of CSB liposomes. (A) Dynamic light scattering shows narrow size range of
CSB liposomes with a mean diameter of 110 nm. (B) Transmission electron micrograph of CSB liposomes. Scale bar is 200 nm.
(C) RAW 264.7 cells (i) engulf CSB liposomes (ii) labeled with rhodamine (red) and overlaid in (iii). Scale bar for (C) is 20 um.

an increase in the expression of anti-inflammatory
markers arginase | (Arg-l, p < 0.05) and tissue growth
factor beta (TGF-3, p < 0.1, p = 0.053) and pro-
inflammatory markers IL-153 (p < 0.1, p = 0.052), che-
mokine (C—C motif) ligand 2 (CCL2, p < 0.05), and
induced nitric oxide synthase (iNOS, p < 0.05, Figure 4).
In vitro cytokine analysis showed a similar profile in
LPS-IFN-y-activated macrophages treated with CSB
(Figure S1B, Supporting Information). No differences
were observed between groups for transcript levels
of suppressors of cytokine signaling (SOCS) SOCST,
SOCS2, and SOCS3 (Figure S4B, Supporting Information).
Furthermore, nano-CSB-treated animals showed a
tendency for higher downregulation of MMP-1b
transcripts, and the Toll-like receptors (TLR) TLR-2
(p < 0.1, p = 0.052) and TLR-4 (p < 0.1, p = 0.066)
tended to show higher transcription in nano-CSB-
treated animals (Figure S4C, Supporting Information).
Finally, control animals showed a downregulation of
NF-«B (nuclear factor-kappa B) transcripts, while nano-
CSB treatment led to no change in NF-«B transcript
levels in comparison with sham animals (Figure S4D,
Supporting Information). Taken together, these data
suggest that nano-CSB administration led to a hybrid
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inflammatory milieu comprising both pro- and anti-
inflammatory transcripts.

In Vivo Immunohistochemistry. Because MIF plays a
critical role in wound healing,®” and MIF knockout mice
show improved neuronal survival and locomotor re-
covery after SCI,"®?° we wanted to determine the effect
of nano-CSB delivery on axonal integrity. To do this,
we stained spinal cord tissue using luxol fast blue, a
myelin-specific stain. Animals receiving nano-CSB had
a higher amount of white matter sparing (p < 0.05) at
the lesion site (Figure 5A,B) in comparison with the
controls, while no differences were observed at other
regions rostro-caudally. Significantly, animals receiving
nano-CSB also showed an overall smaller rostro-
caudal spread of injury in comparison with controls
(Figure 5C,D). Next, we assessed blood vessel integrity
and inflammation, as they are responsible for second-
ary degeneration following SCI>** and resolution of
vascular integrity leads to better functional outcomes.
Blood vessel integrity was evaluated by staining for
laminin.3® Animals treated with nano-CSB showed bet-
ter preservation of vascular integrity (Figure 6A—C) at
the epicenter and at sites away from the injury (p < 0.05).
To confirm the integrity of the vasculature, we assessed
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Figure 4. Nano-CSB alters the inflammatory milieu after SCl and leads to a hybrid inflammatory state. Five millimeter spinal
segments centered on the injury site were excised for mRNA extraction. Data are normalized to internal housekeeping gene
(HRPT-1) and expressed as fold change over sham animals that received laminectomy only. Quantitative RT-PCR reveals that
nano-CSB treatment alters both pro- and anti-inflammatory mRNA levels at 96 h post-SCI. Nano-CSB treatment significantly
increases pro-inflammatory markers CCL2, IL-153, and iNOS levels while simultaneously increasing anti-inflammatory markers
such as arginase | and TGF-3. Data are represented as mean (black bar) and individual data points. Means with *p < 0.05 are
significantly different and means with +p < 0.1 tend to be different from controls.

the levels of extravasated plasma protein IgG>®°° and
found that animals treated with nano-CSB had sig-
nificantly lower leakage of serum IgG into the spinal
cord (p < 0.05, Figure 6D,E). Further, animals treated
with nano-CSB tended to show higher levels of argi-
nase staining (p < 0.1, p = 0.07), although no differ-
ence in total number of microglia/macrophages (as
assessed by CD68 staining) was noted. Significantly,
the ratio of arginase to CD68" cells was higher
(p < 0.05) in nano-CSB-treated animals (Figure S5A—D,
Supporting Information). Taken together, histological
assessment of SCl animals showed that nano-CSB treat-
ment led to improved tissue sparing, limited the spread
of injury, improved the preservation of vascular integ-
rity, and reduced IgG leakage.

SAXENA ET AL.

DISCUSSION

Attenuation of secondary injury related inflamma-
tion is a critical treatment metric in SCI."" Therapeutic
delivery systems that cause minimal trauma and en-
able site-specific drug delivery to reduce systemic side
effects are important for achieving this goal in SCI
treatment. While it has been reported that the BSB
might be compromised for periods up to 4 weeks post-
SCl, as assessed using small dyes or tracers,*®%° per-
meability of the BSB to nanocarriers is not well-
understood. Our results suggest that particles as large
as 200 nm in diameter can extravasate into the injured
spinal cord parenchyma up to 96 h post-SCl, but
not beyond 1 week post-SCI. This indicates that using
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Figure 5. Nano-CSB leads to preservation of tissue and white matter integrity. (A) Spread of injury/tissue integrity visualized
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wound area is smaller in nano-CSB-treated animals. Data are represented as mean + SEM. Means with *p < 0.05 are

significantly different from control animals.

long-circulating nanocarriers such as liposomes can
achieve site-specific drug delivery up to 96 h post-SCl
through passive targeting.

Secondary injury is characterized by intense inflam-
mation, and current clinical guidelines recommend the
use of potent anti-inflammatory drugs which can lead
to deleterious side effects.'? Thus, there is a need to
develop new, anti-inflammatory drug candidates. We
chose a recently discovered MIF inhibitor, CSB, as an
anti-inflammatory agent.?> MIF is a pleiotropic cytokine
that is an upstream mediator of pro-inflammatory
processes. MIF secreted by macrophages is induced
by glucocorticoids and counteracts the inhibitory
effects of glucocorticoids on macrophage cytokine
secretion, thereby maintaining a balance in immune
function when glucocorticoid production is high, for
example, in trauma.>” This indicates that in situations
where glucocorticoids are prescribed as therapeutics
(inflammatory diseases such as multiple sclerosis,

SAXENA ET AL.

Alzheimer's disease, and SCl), MIF inhibition may play
a pivotal role in potentiating the therapy.'®'”*’

Koda et al.'® demonstrated that MIF expression is
upregulated after compression-induced SCI in rats,
and Nishio et al. demonstrated that deletion of MIF
attenuates neuronal death and promotes functional
recovery after SCl in mice, while MIF exacerbated
glutamate-induced cell death of cerebellar granular
neurons.® Furthermore, Alexander et al.%' reported
that MIF null mice fail to develop pain-like behaviors
in response to inflammatory stimuli or nerve injury.
Recent reports have shown that serum levels of
MIF are significantly higher even in humans with
chronic SCL'® Thus, blocking the activity of MIF
might be beneficial in SCI because it could confer
neuroprotection, aid in functional recovery, provide
analgesia, and potentiate the action of glucocorti-
coids (both endogenously produced and externally
administered).
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nano-CSB-treated animals and quantified in (E). The dashed box in the inset shows regions where the data were quantified
from. Data are mean + SEM, and means with *p < 0.05 are significantly different.

We investigated CSB's effectiveness in targeting
inflammation after SCI because CSB is a potent inhi-
bitor of MIF tautomerase activity.?> Additionally, CSB is
a vesicular glutamate transporter inhibitor preventing
uptake of glutamate by neurons®®~?% and has been
shown to exert anti-nociceptive effects without affect-
ing spontaneous locomotor activity of mice.?® Thus,
CSB can potentially target and alleviate MIF-mediated
inflammation, glutamate-mediated excitotoxicity, and
provide analgesia after SCI, although we did not

SAXENA ET AL.

evaluate the latter two aspects in this study. Further-
more, CSB is highly water-soluble, making it an ideal
candidate for drug delivery and liposomal encapsula-
tion. Consistent with the results of Bai et al.® and
others® who have studied the effects of MIF inhibition
in vitro, we observed that CSB demonstrated anti-
inflammatory effects on a variety of macrophage cell
types including primary macrophages and microglia,
while exhibiting little cytotoxicity even at high doses
in vitro.
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In vivo administration of nano-CSB in rats with SCI
led to preservation of tissue and blood vessel integrity.
MIF plays a critical role in diseases such as stroke,
cancer, rheumatoid arthritis, sepsis, colitis, and multi-
ple sclerosis (MS)."”?*%2 |n the context of MS, MIF
inhibition reduced the severity of the disease, im-
proved remyelination, and prevented entry of immune
cells in the brain and spinal cord of mice by modulating
blood—brain barrier function in a mouse model of
MS.536 Because inflammatory cytokines and MMPs
lead to BSB disruption®®® and MIF inhibition is anti-
inflammatory and blocks MMP activity,'” MIF inhibition
can lead to restoring BSB integrity, as can targeted
anti-inflammatory therapy.®” Accordingly, our in vivo
results also showed improved white matter integ-
rity and reduced BSB leakage in nano-CSB-treated
animals.

However, quantitative gene analysis showed that
animals receiving nano-CSB exhibited a hybrid inflam-
matory milieu. Transcript levels of arginase |, iNOS,
IL-18, and CCL2 were significantly higher in compar-
ison with control animals with SCI, while MMP-1b levels
tended to be lower. While it is known that arginase lis a
marker for alternatively activated macrophages, which
are anti-inflammatory in nature, iNOS, IL-14, and CCL2
(which were downregulated by CSB in vitro) are
typically considered to be inflammatory.>3*5585% Wwe
postulate that the unexpected promiscuity in inflam-
matory transcript expression in vivo is likely due to the
timing of nano-CSB administration. CSB was adminis-
tered 48 h postinjury, when inflammation was already
established. One reason to intervene late after SCI
onset in this study was to take advantage of the
homeostasis-promoting effect of inflammation, where-
in early suppression of inflammation has been shown
to have negative effects on wound healing after
SCL7%7" Recent work>*%%%8 has shown that an intact
inflammatory response by microglia may be protective
in the context of SCI.

Additionally, CSB could have differential potential
toward downregulating MIF activity, which means
that, while CSB actively prevents the inflammatory
activity of MIF, it may only partially block the chemo-
kine activity of MIF.2> Indeed, our in vitro results show
that, while CSB can potently suppress secretion of
inflammatory mediators like TNF-q, IL-6, and nitrite, it
only partially suppresses chemokines like CCL2 and
macrophage inhibitory protein (MIP)-1a. and MIP-15
(Supporting Information Figure S1) responsible for
recruitment of monocytes and other myeloid cells,
which could lead to incomplete suppression of inflam-
mation but may also lead to homeostasis.”’”? Since the
SCl environment is quite complex with multiple acti-
vated inflammatory pathways, inflammation may only
be partially suppressed by MIF inhibition. Therefore,
CSB-mediated MIF inhibition remains a potentially
attractive approach as discussed below.
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Regarding the promiscuous triggering of both anti-
and pro-inflammatory signals after CSB administration,
it has been shown that macrophages respond dynami-
cally to their microenvironment and can exhibit
hybrid phenotypical states (termed as M2C/M2D
macrophages®®’3), wherein they express both pro-
and anti-inflammatory markers and are reparative in
nature.>*’* Indeed, Fenn et al.>® showed that adult
mice that exhibited better wound repair after SCI in
comparison with aged mice had enhanced IL-13 and
CCL2 mRNA expression. Similarly, Stirling et al.®® de-
monstrated that a mixed microglial activation state
(expressing both pro- and anti-inflammatory markers)
is beneficial and prevents secondary injury induced
demyelination of white matter tracts. Significantly,
Stirling et al.®® showed that treatments aimed at
suppressing macrophage activation (by inhibition of
CCL2, IL-13, and iNOS) were ineffective and exacer-
bated tissue damage in SCI.”®> Both Fenn et al.>® and
Stirling et al.%® demonstrated restriction of tissue
pathology in a microenvironment that favored a
hybrid inflammatory state, and this result was also
observed by us. In support of this wound resolution
state,”® we also observed that TGF-4 transcript levels
tended to be elevated in nano-CSB-treated rats. The
pleiotropic cytokine TGF-3 positively regulates argi-
nase activity in macrophages,”’ is important for the
constitution of a normal vascular network in the
healing wound,”® and is expressed by the wound-
healing M2C phenotype of macrophages,®%°>>¢79
and exogenous administration of TGF- has been
shown to reduce the lesion size in SCl animals.®® Since
we did not specifically isolate mRNA from microglia in
the injured spinal cord, we cannot ascribe our results
solely to microglia or macrophages, and we expect
that other glial cells are involved.®” However, since
nanoparticles are engulfed by phagocytic cells such
as macrophages, microglia, and neutrophils, it is
reasonable to expect that the effects observed are
in part also mediated by these cells. Animals treated
with nano-CSB also showed a tendency for higher
transcription of TLR2 and 4. Signaling via the TLRs is
important for regulating the pathophysiology of SCI
and TLR2, and TLR4-deficient mice show excessive
myelin loss.®® Furthermore, control animals showed
a downregulation of NF«B (nuclear factor kappa-B)
transcripts, while nano-CSB treatment led to no
change in NF«B transcript levels in comparison
with sham animals. The precise roles of NF«B signal-
ing in traumatic CNS injury are complicated and un-
resolved.8" "8 However, NFkB downregulation has
been shown to lead to increased MIF levels and
oxidative stress®* Thus, return of NF«B transcript
levels to a basal state may be beneficial. Taken
together, nano-CSB administration led to an overall
hybrid pro-resolution inflammatory state which may
be beneficial in treating SCI.
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While the results from this acute study are promis-
ing, the long-term effects of CSB administration and
dosing on functional recovery post-SCl and toxicity
need further evaluation. We observed low levels of CSB
in the serum of animals even after 48 h postinjection.
Sustained presence of glutamate uptake blockers
such as CSB may cause neurotoxicity chronically,®
thereby making a case against the use of free CSB. The
use of liposomal forms of CSB will certainly alleviate
systemic toxicity associated with free drugs while
providing site-specific delivery. Stealth liposomes
coated by PEG have improved circulation time be-
cause the PEG stabilizes and protects the liposomes
from opsonization and are cleared by the liver and
spleen or blood macrophages over time.>*#%%7 Lipo-
somes, by virtue of being biocompatible, biodegrad-
able, nontoxic, having long circulation times, and

EXPERIMENTAL SECTION

Animal Model of Spinal Cord Injury. All procedures were ap-
proved by the Institutional Animal Care and Use Committee
at the Georgia Institute of Technology. Adult male Sprague—
Dawley rats (2—4 months old, 300—350 g, Charles River) were
used for all studies (n = 4—6 animals per experimental group).
Surgeries were performed in sterile conditions as described
before.® Briefly, rats were deeply anesthetized using isoflurane
and received a laminectomy at vertebral level T9 (sham experi-
mental group) or a laminectomy followed by a moderate spinal
cord contusion using the force control mode on an Infinite
Horizons device (150 kdyne; Precision Systems and Instru-
mentation).2° Rats were allowed to recover under a warming
lamp and administered 3 mL of sterile saline and slow release
buprenorphine intramuscularly. Rats were then single housed
until further interventions and had access to food and water
ad libitum. Rats receiving a spinal cord contusion underwent
bladder expression twice daily for the duration of the
experiment.

Nanoparticle Extravasation Study. Latex nanoparticles coated
with carboxylic acid terminal groups for long circulation times
were purchased from Invitrogen (Fluospheres, 2—5% solids).
The particles were 40 nm (ex/em: 505/515 nm), 200 nm (ex/em:
580/605 nm), and 1000 nm (ex/em: 350/440 nm) in size to span
3 orders of magnitude of diameter and had distinct fluorescent
spectra. Beads were administered according to methods de-
scribed by Sawyer et al.*' Briefly, at 48 h, 96 h, 1 week, or 2 weeks
postinjury, animals were intravenously (via the tail vein) admi-
nistered a 200 uL solution cocktail with three different sized
(40, 200, and 1000 nm) nanoparticles each at 0.5%, brought up
to 1 mL in sterile saline. Animals were transcardially perfused
and fixed with 500 mL each of PBS and 4% paraformaldehyde
(PFA) 6 h after the injection of nanoparticles. Spinal cords
were dissected out and postfixed overnight in 4% PFA in PBS
and subsequently in 30% sucrose solution in PBS for 48 h for
cryoprotection, after which spinal cords were frozen and pre-
pared for cryosectioning.

Preparation and Characterization of (SB-Encapsulating Liposomes. 1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC, Genzyme),
cholesterol (Sigma-Aldrich), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(poly(ethylene glycol))-2000]
(MPEG2000-DSPE, Genzyme) were used for preparing the
liposomes3>*° Dialysis tubing with a 3500 Da molecular weight
cutoff (MWCO) was obtained from Spectra/Por (Dominguez,
CA, USA). Chicago sky blue was purchased from Tocris Bio-
sciences. Liposomes containing CSB were prepared according
methods described previously.>**° Briefly, DPPC, cholesterol, and
DSPE-PEG were dissolved in ethanol in a molar ratio of 65:30:5,
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being approved by the FDA, are ideal drug delivery
vehicles for sites of trauma such as the brain and
spinal cord, where implantable devices can cause
irreversible damage.

CONCLUSIONS

In this study, we have demonstrated that the BSB is
permeable to nanoparticles as large as 200 nm for up to
96 h post-SCl, providing a long time window for
therapeutic administration using nanoparticles. Using
long circulating liposomes as drug nanocarriers that fit
this size profile, we demonstrated the beneficial effects
of a novel small molecule inhibitor of MIF (CSB) in a
clinically relevant rat model of SCI. Liposomal CSB
improved BSB integrity, protected axons from demye-
lination, and modulated the inflammatory milieu to a
hybrid pro-resolution reparative state.

respectively. In some cases, to fluorescently label the liposomes,
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (Liss rhodamine PE, Avanti Polar Lipids)
was added at a molar ratio of 0.1. After the lipids were dissolved in
ethanol at 65 °C, CSB (72 mg/mL) dissolved in PBS was added to
the lipids. The ratio of ethanol to PBS was 1:10 by volume. The
lipid—CSB solution was gently stirred at 65 °C for 1 h to allow for
hydration. At the end of 1 h, the liposome—CSB solution was
washed five times with excess PBS by centrifugation at 20 000g
for 20 min to remove excess free dye at 4 °C. Subsequently,
liposomes were resuspended in the original volume of PBS and
sonicated for 1 h at 65 °C. After sonication, liposomes were
sequentially extruded at high pressure at 65 °C on a Lipex
Thermoline extruder (Northern Lipids, Vancouver, Canada) with
three passes through a 1.0 um nucleopore membrane, three
passes through 0.8 um nucleopore membrane, five passes
through a 0.4 um nucleopore membrane, five passes through a
0.2 um nucleopore membrane, and 10 passes through a 0.1 um
nucleopore membrane, followed by exhaustive dialysis against
sterile PBS solution in a 3500 Da MWCO dialysis membrane to
remove any remaining free CSB. This method of liposome pre-
paration was adopted to ensure that there would be no leakage
of CSB, which was completely encapsulated in the stealth
liposomes.>**° Blank liposomes were made similarly by hydrating
the lipid mixture with PBS. The stealth nature of liposomes
bestows a long circulatory nature to this contrast agent since
the PEG in the liposomal system prevents uptake by the RES
system. The particle size of the liposomes was determined by
dynamic light scattering at 25 °C (Zetasizer, Malvern Instruments).
For morphological characterization of the liposomes, the lipo-
somes were frozen at —80 °C, lyophilized overnight using a
Labconco freeze-drier system, and prepared for transmission
electron microscopy (TEM) on a Zeiss-Ultra 60 field emission
TEM. To determine the amount of CSB encapsulated within the
liposomes, liposomes were lysed by dissolving the lipid phase in
ethanol and extracting the aqueous phase containing CSB by
centrifugation. The aqueous phase was then lyophilized, and the
amount of encapsulated CSB (adjusted for weight of salts in PBS)
was estimated.

Drug Delivery Post-SCl. At 48 h postinjury, liposomal CSB (nano-
CSB, 25 mg/kg) was delivered intravenously via the tail vein as
described above. At 48 h postinjection (96 h postinjury), animals
were transcardially perfused and spinal cord sections saved for
genomic analysis and immunohistochemical and immunofluo-
rescent staining.

qRT-PCR Analysis of Spinal Cords Following Injury. Spinal Cord
Segment Collection. Spinal cord segments were collected 96 h
postinjury according to methods described by Butt et al.>'
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To minimize degradation of spinal cord samples, anesthetized
rats were transcardially perfused with 1000 mL of ice-cold sterile
PBS. The rats were then placed on a metal block cooled by ice,
and a laminectomy of the entire thoracic and lumbar spinal cord
was performed. The isolated spinal cord was kept on ice while a
5 mm segment centered on the injury site was excised. The
excised segments were placed in precooled (4 °C) sterile RNase/
DNase-free microcentrifuge tubes and immediately flash frozen
in liquid nitrogen. All cord segments were stored at —80 °C until
further processing.

Ribonucleic Acid (RNA) and Protein Extraction. RNA was
extracted from the spinal cord segments according to methods
described by Butt et al.>' with minor modifications. Briefly,
RiboZol RNA extraction reagent mediated extraction of total
RNA, and subsequent extraction of protein was carried out
essentially according to the manufacturer's specifications
(Amresco) with minor modifications. To a 5.0 mm spinal cord
segment was added 0.5 mL of RiboZol, and the sample was
homogenized with an RNase-free pestle for 30 s manually, after
which 0.5 mL more of RiboZol was added. The sample was
further homogenized by passing through a 20 gauge needle
and syringe. Following incubation for 5—10 min at room tem-
perature, 0.2 mL of chloroform/mL of RiboZol was added, and
the tubes were shaken vigorously for 15 s and then incubated
for 2—3 min at room temperature. This mixture was then
centrifuged at 12000g for 15 min at 4 °C. The aqueous phase
was transferred to a new tube; an equal volume of 200 proof
anhydrous ethanol was added, and the solutions were mixed
and immediately transferred to an RNeasy spin column (RNeasy
Plus Mini Kit, QIAGEN); RNA was extracted according to the kit's
instructions along with an on-column DNase treatment. RNA
was eluted in water and stored at —80 °C until further analysis.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis.
RNA concentration and quality was determined using a UV
spectrophotometer (Nanodrop, Thermo Scientific, Waltham,
MA) and denaturing agarose RNA gel electrophoresis.
qRT-PCR primers for the genes listed in Table S1 (Supporting
Information) were purchased from SA Biosciences. cDNA was
prepared using the RT? first strand cDNA synthesis kit (QIAGEN,
CA) according to the manufacturer's directions. qRT-PCR was
carried out using the Fluidigm BioMark Genetic Analysis Plat-
form utilizing Dynamic Array Integrated Fluidic Chip technol-
ogy. Each sample was run in triplicate, and expression of the
genes listed in Table S1 (Supporting Information) was calculated
(n = 5—6 animals/condition). Data were normalized to the
reference gene (HRPT-1) and expressed as fold change over
sham animals that received laminectomy only, using the AACt
calculation method.*®

Immunohistochemistry and Immunofluorescence. Immunohisto-
chemistry and immunofluorescent staining was perfor-
med according to methods described previously.®® Briefly,
animals were anesthetized using ketamine (50 mg/kg)/xylazine
(10 mg/kg)/acepromazine (1.67 mg/kg) and transcardially per-
fused with 0.1 M PBS followed by 4% PFA. Following laminect-
omy, a 10 mm segment centered on the injury epicenter was
cut, and the tissue was cryoprotected with 30% sucrose for 48 h
following postfixation. Spinal cord segments were rapidly fro-
zen in OCT compound. Serial transverse/coronal or longitudinal
sections (18 um thick) were cut using a Microm HM550 cryostat
(Mikron Instruments) and collected on glass slides. For immu-
nofluorescent staining, sections were stained with antibodies
listed in Table S2 (Supporting Information). Briefly, serial sec-
tions were blocked with blocking buffer (PBS containing 10%
BSA, 4% goat serum, and 0.5% Triton-X100) for 1 h and incu-
bated overnight in blocking buffer containing groups of anti-
bodies (Table S2, Supporting Information). Following primary
antibody incubation, the sections were washed three times
with PBS and blocked for 1 h in PBS containing 1:220 dilutions
of appropriate secondary antibodies (Table S2, Supporting
Information). After 1 h, sections were washed several times
with PBS and stained for 15 min with 4’,6-diamidino-2-pheny-
lindole (DAPI) nuclear stain (Life Technologies, NY). Tissue
sections were subsequently washed three times with PBS and
coverslipped with Fluormount-G (Southern Biotech, AL). Sec-
tions were stored at 4 °C until imaged. For histological staining,
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samples were stained with hematoxylin and eosin to assess
gross tissue structure and integrity, and with luxol fast blue (LFB)
counterstained with cresyl violet (CV) for assessing white matter
sparing. To measure epicenter tissue sparing, images were
taken at the epicenter and up to 200 um rostral and caudal of
the epicenter. For all tissues, three representative images from
each sample were taken for analysis. Fluorescent images were
taken with a Zeiss 710 NLO confocal microscope, or tissue
sections were imaged on a Zeiss Axiovert 200 M (Carl Zeiss,
NY) using equal exposure times for all fluorescent markers
across all groups. Hematoxylin and eosin, LFB, and CV images
were taken with a Carl Zeiss Axioplan 2 Imaging microscope.
Quantification of fluorescent and phase images was done using
Image) NIH software®’ according to previously published
methods.>*3 For fluorescent image quantification (laminin,
1gG, CD68, and arginase), images from four locations (1.5 or
2 mm rostral to lesion site, at the lesion site, 1.5 or 2 mm caudal
to lesion site, and 2 or 2.5 mm caudal to lesion site; please see
figure legends for appropriate distances) for each animal (n =3
animals/condition) were imported into ImagelJ, and a region of
interest (ROI, consistent across all images) was selected. ROIs for
CD68, arginase, and laminin ecompassed the dorsal and ventral
horns of the gray matter and the adjacent white matter,
whereas the ROI for IgG encompassed only the ventral horn
and the ventral funiculus. The ROI was analyzed using the plot
profile tool in ImageJ, which creates a “column average plot”,
where the x-axis represents the horizontal distance through the
selection and the y-axis represents the vertically averaged pixel
intensity. The averaged pixel intensities were imported into
spreadsheet software (Microsoft Excel), and an integrated inten-
sity value at each rostrocaudal distance was obtained by sum-
ming the ordinate values. These values were averaged across an
animal to provide a final average intensity value per animal. In
cases where only the lesion site was analyzed, three images per
animal at the lesion site were taken and subjected to the same
procedure. Average intensity values were statistically analyzed.

In Vitro Cell Culture Studies. Primary Cell Culture. Primary astro-
cytes and microglia were obtained according to methods
previously published.” Briefly, postnatal day 1 (P1) Sprague—
Dawley pups were anesthetized using 4% isoflurane and quickly
decapitated. The brains were removed and freed of the asso-
ciated meninges. The cerebral cortices were carefully dissected,
rinsed three times in ice-cold Hank's balanced salt solution
(HBSS) (Mediatech, Inc., VA) and minced in a Petri dish. The
minced tissue obtained from 3 to 5 pups was trypsinized using
3.5 mL of 0.25% trypsin EDTA (Mediatech, Inc., VA) at 37 °C for
10 min, following which trypsin was inactivated by the addition
of ice-cold DMEM F12 50/50 (Mediatech, Inc., VA) with 10% FBS
(Gemini Bio-Products, CA). The trypsinized tissue was washed
three times with ice-cold HBSS and finally resuspended in
3.5 mL of HBSS. Then 300—500 uL of DNase (1.5 mg/mL)
(Sigma-Aldrich, MO) was added and triturated gently until the
tissue clumps disappeared. The cell suspension was centrifuged
at 1000g for 3 min, and the supernatant was discarded. The cell
pellet was resuspended in plating media (DMEM F12 50/50
containing 10% FBS and 1% penicillin/streptomycin) and plated
in a T-75 flask. Twenty-four hours after plating, the flask was
shaken to dislodge microglia, which were plated in a separate
T-75 flask. The first flask was rinsed with prewarmed HBSS and
replenished with plating media. The process was repeated
again on day 2, resulting in >95% pure astrocytes which gained
confluence in approximately 1 week. Microglial cultures were
isolated 10—14 days after shaking the second flask for 1 h at
37 °C. Mixed glial cultures containing astrocytes and microglia
were also maintained. Furthermore, pure astrocyte cultures
from e18 rats were also purchased from BrainBits LLC and
cultured according to provided instructions.

Primary bone marrow derived macrophages were obtained
according to methods described previously” Briefly, 6—10
week old BALB/c mice (The Jackson Laboratory) were sacrificed
by CO, asphyxiation, and the abdomen and hind legs were
sterilized with 70% ethanol. The femurs and tibias were col-
lected, and muscle tissue was removed from the bones. Ends of
the bones were cut, and the bone marrow was flushed into
sterile Petri dishes with cell culture media using a syringe and a
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25-gauge needle. The cells were suspended by pipetting up and
down and passing the cells through a 70 um cell strainer. Red
blood cells were lysed with red blood cell lysis buffer (Sigma),
washed two times with 2% fetal bovine serum (FBS) (Atlanta
Biologicals) in phosphate buffered saline, and cultured in
RPMI 1640 (HyClone) supplemented with 10% FBS, penicillin/
streptomycin (100 U/mL), and recombinant murine M-CSF
(20 ng/mL; Peprotech). Every 2 days, half of the cell media
was replaced with fresh media. Experiments were performed on
the adherent cells after 8 days of culture.

Cell Lines. The RAW 264.7 macrophage cell line from mouse
was purchased from ATCC and cultured according to supplied
instructions in DMEM supplemented with 10% FBS, 100 U/mL
penicillin/streptomycin, and 1% L-glutamine.

Cell Activation. Primary cells and cell lines were activated
with lipopolysaccharide according to methods described
previously.">*3 Briefly, cells were plated at 150 000—200 000
cells/well of a 12-well plate in respective complete media and
allowed to attach overnight. The next day, cells were pretreated
with recombinant mouse or rat IFN-y (100 U/mL, R and D
Systems) in low serum containing DMEM (0.5% serum for
macrophages, and 2% serum for glial cells) for 1 h at 37 °C,
following which LPS was added at 10 ng/mL. Cells were
activated for 24 h, after which the medium was aspirated out
and replaced with fresh low serum media with or without CSB
(10 uM). Cells were incubated with CSB containing media for
24 h following which cells and conditioned media were col-
lected for gRT-PCR and cytokine assays.

Statistical Analysis. A F-test was run to determine if the
variances between the two groups being tested was equal, and
based on the outcome, the appropriate Student's t test was
used to assess significance between the means of nano-CSB-
treated and control animals. Values were considered significant
at p < 0.05 and a tendency at p < 0.1.>3
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