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Abstract—As intense and prolonged inflammation correlates
with the progression of various inflammatory diseases,
locating specific regions of the body with dysregulated levels
of inflammation could provide crucial information for
effective medical diagnosis and treatment. In this study,
we demonstrate high resolution spatiotemporal imaging of
inflammation in mice treated with systemic injection of
lipopolysaccharides (LPS) to mimic systemic inflammatory
response or sepsis. Diagnosis of organ-level inflammation
was achieved by magnetic resonance imaging (MRI) of
inflammation-sensitive ~ superparamagnetic  iron  oxide
(SPIO)-based nanomicelle termed leukocyte-mimetic nano-
particle (LMN), designed to preferentially localize to cells
with inflammation-induced overexpression of intercellular
adhesion molecule (ICAM)-1. Using a novel MRI quantita-
tive susceptibility mapping (QSM) technique for non-inva-
sive quantification of SPIO nanoparticles, we observed
greater accumulation of LMN in the liver, specific to
ICAM-1 induction due to LPS-induced inflammation. How-
ever, the accumulation of nanoparticles into the spleen
appeared to be due to an ICAM-1 independent, phagocytic
activity, resulting in higher levels of both LMN and control
nanoparticles in the spleen of LPS-treated than untreated
mice. Overall, the amounts of nanoparticles in liver and
spleen estimated by QSM were in a good agreement with the
values directly measured by radioactivity, presenting an idea
that spatiotemporal mapping of LMN by MRI QSM may
provide a reliable, rapid, non-invasive method for identifying
organ-specific inflammation not offered by existing diagnos-
tic techniques.
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INTRODUCTION

Nonresolving inflammation contributes significantly
to the pathogenesis of a variety of human diseases and
represents one of the most significant factors of med-
ical burden worldwide.*> While inflammation is typi-
cally initiated in response to harmful stimuli,
dysregulation of the inflammation pathways can result
in prolonged and excessive inflammation, leading to
host damage that can surpass the harm inflicted by the
original pathogen.’’ Indeed, unresolving chronic
inflammation has been linked to atherosclerosis,’
obesity,* and cancer,'® prolonged acute inflammation
has been closely associated with sepsis' and local
infections,** and the cyclic coexistence of acute and
chronic inflammation has been implicated in rheuma-
toid arthritis,® asthma,4 multiple sclerosis, Crohn’s
disease, and ulcerative colitis.*®> Of particular concern
of inflammatory dysregulation is the intense localized
recruitment of macrophages, lymphocytes, and neu-
trophils to otherwise healthy tissue, resulting in
necrosis of wvital tissues and organs, contributing
greatly to increased patient morbidity and mortality."'
Thus, identifying localized inflammation in the context
of broader inflammation-driven diseases can aid in
isolating regions at risk of host-response necrosis and
can provide a valuable insight into the progression and
severity of the condition.

Current approaches to inflammation detection
employ various markers as targets for biospecificity,
including soluble extracellular molecules, such as
ﬁbrinogen,29 factor XII1,>! and collagen,45 as well as
cell surface molecules, such as tissue factor,”* chon-
droitin sulfate proteoglycans,”® vascular adhesion
molecule (VCAM-1),*>" and intercellular adhesion
molecule (ICAM)-12.%3%3 Of particular interest is
ICAM-1, a transmembrane molecule that displays
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a distinct spatiotemporal response to inflammation.
While basally expressed at low levels throughout the
body under normal conditions, ICAM-1 is highly
inducible under inflammatory stimuli*> and exhibits
highly localized cell surface expression on immune and
non-immune cells, such as endothelial cells, fibroblasts,
lymphocytes, and myeloid cells.'> Furthermore, cell
surface ICAM-1 overexpression has been linked to
various diseases and conditions, and correlates well
with inflammation-related tissue and organ damage
resulting from hepatic ischemia,'®!” intestinal and
colon ischemias, hepatitis, cirrhosis, Wilson’s disease,
transplantation rejection,* pancreatitis,* type 1 dia-
betes,'” and multiple organ dysfunction syndrome in
sepsis.! To target cell surface ICAM-1, we previously
employed a high affinity variant of the domain called
inserted (I) domain,* present in the o subunit of the
integrin  lymphocyte function-associated antigen
(LFA)-1 and solely responsible for LFA-1 interaction
with ICAM-1.%

One potential application for specific inflammation
imaging is for the detection of sepsis. Sepsis is the
leading cause of death in critically ill patients admitted
to the medical intensive care unit (ICU) in the United
States,’ defined as a systemic inflammatory response to
infection manifested by two or more systemic inflam-
matory response syndrome (SIRS) criteria (such as
changes in body temperature, tachycardia, and chan-
ges in the number and/or immaturity of white blood
cells).! Under sepsis, the endothelium experiences
sustained and generalized activation, resulting in
procoagulant phenotype, increased endothelial cell
apoptosis, increased expression of adhesion molecules,
and ultimately organ-specific coagulation and dys-
function.! As ICAM-1 plays a significant role in
mediating leukocyte adhesion as a part of inflamma-
tory response and has been linked to organ-specific
inflammation-driven necrosis, identifying sites of high
ICAM-1 expression may offer detection or even addi-
tional insight into the progression of sepsis or other
systemic inflammatory response not offered by existing
diagnostic techniques.

In this study, we demonstrate that high resolution
spatiotemporal imaging of lipopolysaccharides (LPS)-
induced systemic inflammation through the use of
inflammation-specific nanoparticles termed leukocyte-
mimetic nanoparticles (LMNs),® a fluorescently tagged
ICAM-1 specific nanomicelle encapsulating super-
paramagnetic iron oxide (SPIO) nanoparticle as a
targeted bimodal near-infrared (IR) optical/magnetic
resonance imaging (MRI) contrast agent. Using opti-
cal imaging and a novel MRI quantitative suscepti-
bility mapping (QSM) technique,” and directly
corroborated by radiolabeled isotope measurement, we
utilize LMN to quantitatively observe the degree of
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localized acute inflammation as an indicator of sepsis
progression. By tracking the biodistribution of nano-
particles using whole body imaging techniques, we
have found greater accumulation of LMN than that of
non-ICAM-1 specific controls in the liver of septic
mice, while this difference in accumulation was absent
in the liver of non-septic mice. In contrast, greater
accumulation of nanoparticles irrespective of ICAM-1
targeting was observed in the spleen of septic mice than
that of non-septic control, suggesting that localization
into the spleen was mainly a result of ICAM-1 inde-
pendent phagocytic activity. Our study demonstrates
the utility of quantitative MRI-based detection of
ICAM-1 specific nanoparticles in the major organs
including the liver and spleen, organs closely associ-
ated with systemic inflammatory response, as a diag-
nosis method for systemic inflammation through the
imaging and quantification of localized inflammation.

MATERIALS AND METHODS

Preparation of ICAM-1 Specific Nanoparticles
( Leukocyte-Mimetic Nanoparticles (LM Ns))

Details in the synthesis of LMN were described
previously.® Briefly, oleic acid-capped SPIO nano-
crystals (15 nm in diameter, Ocean Nanotech, LLC)
were additionally coated with an outer layer of
phospholipid, consisting of 1,2-dipalmitoyl-snglycero-
3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DPPE-PEG) and 1,2-dioleoyl-sn-glycero-
3-[(NV-(5-amino-1-carboxypentyl)iminodiacetic  acid)
succinyl] nickel salt (DOGS-NTA) (Avanti Polar Lip-
ids, Inc.). Radiolabeled lipid-coated SPIO nanoparti-
cles were synthesized by addition of *H-DPPC (L-a-
dipalmitoyl-phosphatidylcholine) (Perkin Elmer) at
less than 5% of the total phospholipid to the mixture
of DPPE-PEG and DOGS-NTA. The lipid layer on
SPIO nanoparticles was formed by hydration of the
mixture of lipid-film and SPIO, and lipid-coated SPIO
were then purified by density centrifugation, followed
by a gel filtration technique. LFA-1 I domains con-
taining mutations of Aspl37 — Ala (D137A; non-
ICAM-1 specific) and Phe265 — Ser/Phe292 —
Gly (F265S/F292G; ICAM-1 specific) fused to His tag
(6 histidine residues) at the N-terminal were produced
as previously described.® Conjugation of lipid-SPIO
with His-tagged I domains was obtained by incubation
of nanoparticles with I domains at 4 °C overnight,
forming LMN (with F265S/F292G) and non-targeting
nanoparticle (NTN) (with D137A). All fluorescently
labeled nanoparticles were prepared by covalently
conjugating Alexa Fluor 750 (AF750) (succinimidyl
esters (Invitrogen) to the I domains.
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Animal Model of Acute Inflammation

All animal experiments were conducted in compli-
ance with the regulations defined by the Institutional
Laboratory Animal Use and Care Committee of Cor-
nell University. 1 mg/mL LPS in 100 uL. PBS were
injected intravenously through retro-orbital vein into
8-week-old female BALB/c mice 12 h before nano-
particle administration. Prior to imaging hair was
removed to reduce background fluorescence. Mice
with no treatment were used as negative control. Three
mice per group were used for each treatment and
imaging regimen.

Near-IR Optical and MR Imaging of Mice

Animals were anesthetized with isoflurane mixed
with oxygen at 5% and maintained at 2% isoflurane
during whole body imaging (Olympus, OV100). After
12 h treatment with LPS or no-treatment control, mice
were administered with 100 ug of nanoparticles coated
with AF750-conjugated I domains in 150 uL. pH 7.4
PBS via retro-orbital injection. Near-IR images of the
same mice were taken three times at 1, 8, and 25 h after
nanoparticle injection. Image analysis was performed
with Matlab R2007a (MathWorks). Mice were eutha-
nized at 1, 8, or 25 h after injection of nanoparticles for
MRI by intraperitoneal injection of 2.5% tribromo-
ethanol (20 pl/g), transcardially perfused with pH 7.4
PBS, and fixed in 4% paraformaldehyde. Prepared
mice were scanned on a 3T scanner (GE Signa Excite)
with 3D multi-echo enhanced fast gradient echo
(EFGRE) sequence. Imaging parameters were as fol-
lows: TEs 3.696, 4.196, 5.696, 11.696, and 35.696 ms;
TR 40 ms; flip angle 30°; matrix size 256 x 64 x 64,
voxel size 500 um isotropic. A 3D Fourier transform
was applied to the raw k-space data to reconstruct the
images. QSMs were reconstructed using the COSMOS
technique, as previously described.® Regions of interest
were segmented for the liver, spleen, and kidneys, and
SPIO localization was estimated using QSM, normal-
ized to a calibration standard.

Histological Sections

At 1h post-nanoparticle injections, mice were
euthanized and perfused with PBS transcardially. Liver
tissues were then collected from animals. Part of the
tissues were fixed in 4% paraformaldehyde, embedded
in paraffin, sliced into 4 um slides, and stained with
hematoxylin and ecosin (H&E) or with Perl’s Prussian
blue. The rest of the tissues were frozen in OCT
compounds (Sakura Finetek), sectioned to 10 um
slides, and immunostained with rat anti-mouse CD68
(BioLegend) for detection of macrophages.

Quantification of Radiolabeled LM N

Animals were anesthetized with isoflurane and each
was administered with 100 ug *H-labeled SPIO (600
nCi per mouse) in 100 uL PBS via retro-orbital injec-
tion. At 1 h post-injection, blood samples were first
collected and mice were perfused with PBS and
euthanized. Major organs were harvested, homoge-
nized, lysed in tissue solubilizer (Fisher), and then
mixed with scintillation counter fluid for radioactivity
measurement (Beckman Coulter). Percent distribution
into the major organs was obtained after normaliza-
tion to the total counts of radioisotope decay per
animal.

Surface Plasmon Resonance (SPR) Analysis

The affinity of human LFA-1 T domains, F265S/
F292G and DI137A, to murine ICAM-1 was deter-
mined by SPR using BIAcore (BIA2000), as previously
described.*? In brief, a CMS5 sensor chip was prepared
using an amine coupling kit (BIAcore) to immobilize
recombinant murine [ICAM-1 fusion with human IgG1
Fc (R & D Systems). Then F265S/F292G and D137A
were injected over the chip in injection buffer (20 mM
Tris HCI, pH 8.0, 150 mM NaCl, 10 mM MgCl,) at a
flow rate of 10 uL/min at RT. In order to examine the
specificity of nanoparticle to the level of ICAM-1
expression, CM5 sensor chip was immobilized with
three different concentrations of ICAM-1, representing
basal to highly induced cell surface density (200, 1000,
and 3250 mol/um?)."> Nanoparticles were then flowed
over the chip at a flow rate of 15 uL/min to approxi-
mate the shear force on nanoparticles in vivo."”

Statistical Analysis

Statistical analysis was performed using two-way
analysis of variance and one-way analysis of variance
with Tukey’s HSD post hoc test at 95% confidence
interval (GraphPad Prism).

RESULTS

Previously, we validated the suitability of I domain
as a targeting moiety for selective binding of nano-
particles to ICAM-1 overexpression.**** In order to
design control nanoparticles, termed non-targeted
nanoparticle (NTN), we used the same LFA-1 1
domain but containing a mutation of D137A, which
abolished a ligand-binding site called a metal-ion
adhesion site (MIDAS) and subsequently its binding to
ICAM-1 (Fig. 1a). SPR measurement confirmed our
previous observation with cell staining® that human I

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



WONG et al.

ICAM-1 D1

\ (b)
; 500+ F265S/F292G
(2 nM)
£ 400-
2
@ 300-
&
8 200-
o
r 1004 D137A
0 (N.D.)

0 200 400 600 800 1000 1200
Time (s)

(c) 60 nm

Fzsss.*Fzgze/
D137A --
DPPE-PEG

DOGS-NTA

SPIO
6 x His

Leukocyte-Mimetic Nanopaticle Non-Targeting Nanoparticle
(LMN) (NTN)
d
(d) 100 4 100 4 NTN
= 801 = 804
= [ =
oo 2
o 604 o 604
0 2]
c c
2 401 8 404
w 7]
@ ']
r o4 X 201
0 04
0 50 100 150 200 0 50 100 150 200
Time (s) Time (s)

wonn [CAM-1 (low) === ICAM-1 (intermediate) — ICAM-1 (high)

FIGURE 1. Construction of ICAM-1 specific leukocyte-mimetic nanoparticles. (a) Structural model of the complex of ICAM-1
domain 1 and LFA-1 | domain. White spheres depict allosteric activation sites along the peptide backbone. Metal ion and two
oxygen atoms of water molecules are depicted as colored spheres. Residues that coordinate to the metal ion are shown as sticks.
Mutations of Phe265 — Ser (F265S), Phe292 — Gly (F292G), and Asp137 — Ala (D137A), and N and C termini are indicated.
Figure adapted from Fig. 5 of Hu et al.?° (b) SPR measurement of the binding kinetics of | domain variants F265S/F292G and D137A
to immobilized murine ICAM-1. F265S/F292G exhibits high ICAM-1 binding affinity (Kp = 2 nM), while variant D137A indicates no
(not determinable) binding affinity. (c) Schematic diagram of LMN and NTN. LMN (ICAM-1 specific) and NTN (non-ICAM-1 specific)
differ only in surface-conjugated targeting moiety. (d) SPR measurement of the binding kinetics of LMN and NTN to varyinzg
concentrations of immobilized ICAM-1 (low, intermediate, and high correspond to approximately 200, 1000, and 3250 mol/um*,
respectively). LMN binding was limited to the surface coating with higher than normal ICAM-1 site density, while LMN binding to
the basal ICAM-1 surface was the same as the background levels seen with NTN.
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domain cross-reacted with murine ICAM-1 with
comparable affinity to human ICAM-1 (Kp = 2 nM
to murine ICAM-1 vs. 6 nM to human ICAM-1%2;
Fig. 1b). Subsequent conjugation of F265S/F292G
and DI137A to prepared lipid-coated SPIO nanoparti-
cles produced LMN and NTN, respectively, through
spontaneous assembly from binding of His tag (6x
histidine residues) to Nickel-NTA (Fig. 1c).

Prior studies demonstrated that the number of tar-
geting moieties on nanoparticles affected selectivity
and targeting efficiency of nanoparticles in binding
to cells.*'® In order to preferentially target ICAM-1
induced under inflammation but not basally expressed
ICAM-1, an optimal ratio of I domain to nanoparticle
was empirically determined (~100 molecules per
nanoparticle®?). When an SPR chip was prepared with
varying ICAM-1 densities representing basal to high
levels of ICAM-1 expression (200, 1000, and 3250 mol/
pm?), LMN binding was limited to the surface coating
with higher than normal ICAM-1 site density, while
LMN binding to the basal ICAM-1 surface was
the same as the background levels seen with NTN
(Fig. 1d).

To obtain qualitative assessment of nanoparticle
biodistribution, we first imaged each mouse using
near-IR optical fluorescence camera. Near-IR optical
temporal mapping of the nanoparticle distribution
demonstrated greater localization of LMN into the
liver in mice treated with LPS (Figs. 2a, 3a). Control
nanoparticles (NTN) also exhibited slightly higher
accumulation into the liver of LPS-treated mice, which

might be attributed to increased ICAM-1 independent
phagocytic activity of immune cells or increased blood
pool retention due to the inflammation in the liver.
Higher fluorescence in the bladder was found to be due
to some degree of shedding of the I domains from the
nanoparticles, which would be small enough to pass
through glomerular capillaries in the kidney and col-
lected into the bladder. After optical imaging, mice
were euthanized, transcardially perfused with PBS to
remove nanoparticles in the blood, and subjected to
MRI to quantitatively map nanoparticle distribution
by QSM. Full body temporal mapping of the SPIO
distribution was conducted and individual organs were
segmented for analysis (Figs. 2b, 2c; S1A, S1B). Spe-
cific SPIO quantification of each organ revealed a
greater localization of LMN in the liver compared to
that of NTN in mice with LPS treatments (Figs. 2b;
S1A), peaking at 1 h and progressively diminishing at
each subsequent time point. In contrast to higher
accumulation of NTN by optical imaging in the liver
of LPS-treated mice (Fig. 2a), QSM quantification
(Figs. 2b, 3b; S1A, S1B) and radioisotope measure-
ment (Fig. 3c) performed after perfusion revealed that
NTN accumulation in the liver was not augmented by
LPS treatment, indicating that the higher fluorescence
with LPS treatment is due to the increase in the blood
pool retention of NTN. While the presence of LPS or
the type of nanoparticles administered each indepen-
dently influenced the magnitude of observable nano-
particle accumulation in the liver, the simultancous
interaction of LMN and LPS had a statistically
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FIGURE 2. Representative images for each treatment regimen obtained using near-IR optical imaging and MRI QSM. (a) Fluo-
rescent heat maps (color) are superimposed over brightfield images (gray scale), indicating greater nanoparticle localization in the
liver in LPS/LMN-treated mice compared to that of negative controls, with observable localization diminishing over time. (b—c) MRI
QSM reconstructions of the (b) liver and (c) spleen. QSM technique reveals greater nanoparticle localization in the liver of LMN/
LPS-treated mice compared to that of negative controls, while greater nanoparticle localization is observed in the spleen in LPS-
treated mice, regardless of injected nanoparticle. Portions of these results were previously described in Chen et al.,% and repro-
duced here. Representative QSM maps at each time point post-injection (p.i.) of nanoparticles are shown: organ-specmc QSM heat
maps (color) are superimposed over MRI T2* weighted EFGRE scans used for navigational reference (gray).
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significant effect in all measured time points (Table 1).
In the spleen, higher amounts of nanoparticle accu-
mulation were detected for LPS-treated mice vs. un-
treated controls, regardless of the type of nanoparticles
used (Figs. 2c, 3b; S1B). Therefore, LPS treatment was
the predominant differentiating factor in observable
nanoparticle accumulation in the spleen, independent
of the targeting moiety or the interaction between LPS
treatment and type of nanoparticle injected (Table 1).
Negligible amounts of SPIO were detected in the kid-
neys, supporting the speculation that nanoparticles of
~60 nm in size® would be too large for renal filtration.

To further validate MRI quantification of nano-
particles, the values obtained with QSM technique

were directly compared to those quantified by mea-
suring radioisotope decay of *H-labeled nanoparticles.
Mice were treated with LPS for 12 h and subsequently
injected with *H-labeled LMN or NTN. At 1 h post-
nanoparticle injection, blood was collected and after
perfusion and sacrifice of the mice, organs were har-
vested. Radioactivities of the blood and major organs
such as liver, kidney, and spleen were measured and
normalized to the total radioactivity of each mouse in
order to quantify percent nanoparticle biodistribution
in the major organs (Fig. 3c). Highest radioactivity,
irrespective of LMN vs. NTN and LPS vs. no treat-
ment, was observed in the blood with a mean radio-
activity of ~40%, followed by the levels in the liver
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FIGURE 3. Multi-modal quantification of organ-specific nanoparticle localization. (a) Fluorescence detected in the liver region of
mice analyzed using near-IR optical imaging at 1, 8, and 25 h post-nanoparticle injection. (b) Measurement of nanoparticle
accumulation in the liver, spleen, and kidneys from MRI QSM analysis. (c) Radioactivity measurement of *H labeled nanoparticles
from the liver, kidney, spleen, and blood 1 h post-nanoparticle injection, normalized to the total counts of radioisotope decay per
mouse. All modalities measured high liver-specific nanoparticle localization in LPS/LMN-treated mice 1 h post-nanoparticle
injection over controls. QSM measured high spleen-specific nanoparticle localization in LPS-treated mice, regardless of nano-
particle injected. Trends persist through 25 h post-nanoparticle injection. Portions of these results were previously described in
Chen et al.,® and reproduced here. One-way analysis of variance with Tukey HSD post-test at 95% confidence interval are sum-
marized in each figure (***p<0.001, **0.001 < p<0.01, *0.01 < p<0.05). (d) Measurements of nanoparticles in the spleen and liver
obtained from by radioisotope measurement and by QSM are linearly related. Error bars indicate 95% confidence interval. Dotted
line indicates 95% confidence interval for linear regression fitting. n = 3 for each treatment and imaging regimen.

TABLE 1. Two-way analysis of variance of organ-specific nanoparticle accumulation resulting from the treatment of LPS, the type
of nanoparticle administered, or due to the interaction between both factors, quantified by QSM technique.

Liver Spleen Right kidney Left kidney
Factors 1h 8 h 25 h 1h 8 h 25 h 1h 8 h 25 h 1h 8 h 25h
LPS *kk *% ns *kk *kk *k nS ns * nS nS *
Nanoparticle bl ** bl > > ns ns ns ns * * ns
Interaction i ** * ns ns ns ns ns ns ns * ns

***p < 0.001; **0.001 < p < 0.01; *0.01 < p < 0.05; ns no significance.
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with significantly higher radioactivity detected in LPS/
LMN-treated mice (31.3 £ 6.7%) than those in non-
LPS/LMN-treated (14.8 £ 9.9%), LPS/NTN-treated
(13.6 £ 6.6%), or non-LPS/NTN-treated controls
(17.2 £ 5.7%). Significantly lower amounts (less than
10% of the total) were detected in the lung, kidney,
and spleen (Fig. 3¢ and not shown). Consistent with
the QSM measurement of nanoparticle distribution in
the spleen, slightly higher amounts of radioactivity
were observed in the spleen of LPS-treated (2.7 +
0.7%) than non-treated (1.5 + 0.5%) mice. Values
obtained by radioisotope measurement and by QSM
showed overall an excellent linear relationship (syx =
1.60%), with QSM overestimating radioisotope mea-
surements by approximately 25% (Fig. 3d).

In order to examine cellular basis for the increase in
LMN accumulation into the liver in LPS-treated mice,
selected liver tissues were stained for identification of

50 pm

Control

different types of cells (hepatocyte, endothelium, and
Kupffer cells) and localization of nanoparticles
(Fig. 4). Vasculature dilatation was apparent in LPS-
treated liver tissue (Fig. 4a) with LMN deposited pri-
marily on endothelial cells and Kupffer cells (Fig. 4b).
Simultaneous detection of Kupffer cells (CD68) and
nanoparticles by Prussian Blue staining revealed that
most large deposits of LMN were accumulated into
Kupffer cells, implying that higher accumulation of
LMN over NTN in the liver of LPS-treated mice is
mainly due to ICAM-1 induction and uptake by
Kupffer cells.

DISCUSSION

With developments in quantitative MRI techniques,
this study presents a clinically adaptable method for
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FIGURE 4. Histological sections of liver tissue. (a) H&E stain of liver tissue sections show distinct dilation of liver tissue,
characteristic of sepsis. (b) Prussian Blue staining of liver tissue sections shows SPIO accumulation primarily in the endothelial
cells and Kupffer cells, with markedly more staining in LPS-treated subjects with injected LMN. (c) CD68 (brown) and Prussian Blue
(blue) staining indicates primary localization of iron deposition in Kupffer cells. Examples of hepatocytes (arrow), endothelium

(double-headed arrow), and Kupffer cells (arrowhead) are marked.
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organ-level mapping of inflammation by quantifying
the susceptibility of SPIO-based contrast agents, a
measure directly proportional to SPIO concentration.
While existing methods for detecting inflammation
exist in the context of sepsis diagnosis, such detection
methods typically rely on bulk measurements of the
presence of pathogens, blood-borne cytokines, and
other inflammatory markers, lacking in the spatio-
temporal progression and detection of inflammation
locally in the body. Central to inflammation is the
adhesion of leukocytes to vascular endothelium, a
process mediated by molecular interactions between
cell adhesion molecules such as integrins and ICAM-1.
Toward a sensitive molecular imaging of inflamma-
tion, we designed nanoparticles to mimic the ability of
leukocyte to preferentially adhere to inflamed vascu-
lature, which was achieved by attaching the high
affinity I domain of LFA-1 to nanoparticles. Despite
the fact that ICAM-1 is basally expressed in many
different types of cells including endothelium and
immune cells, our nanoparticles were shown to be
selective to vasculature under inflammation with
upregulated ICAM-1 expression.® Capable of in vivo
detection by optical imaging and MRI techniques,
LMN has previously been shown to specifically
localize to the areas of acutely induced local inflam-
mation and to the vasculature within and in the
vicinity of the tumor growth, providing spatial and
temporal insight into various inflammation-related
diseases and conditions. In this study, we demon-
strated the potential use of LMN as a bimodal diag-
nostic agent for the early detection of sepsis or
systemic inflammatory response using quantitative
MRI techniques.

Previously, we have described a tunable approach to
creating nanoparticles that mimic an intrinsic behavior
of leukocytes that bind selectively to inflammatory
sites.”> By modulating the affinity and avidity of sur-
face-bound I domains for targeting inflammation, we
were able to construct nanoparticles that can resist
thermal diffusion and detachment forces exerted by
fluid-induced shear stress, while allowing little binding
to cells with only basal levels of ICAM-1 expression.
Approximately 100 I domains were conjugated to the
surface of each LMN, roughly comparable to that of a
surface density-optimized approach to ICAM-1 spe-
cific nanoparticle design.'®* While prior approaches
have demonstrated the appeal of employing both
selectin ligands and anti-ICAM-1 antibodies to more
accurately mimic the rolling and adhesion character-
istics of leukocytes,'*3” we chose to utilize as the tar-
geting moiety for LMN the I domain of LFA-I
integrin, which has been engineered to engage with
ICAM-1 with high affinity without prior dependence
on interaction with selectins. We found that a targeting
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moiety derived from physiological molecules, opti-
mized for affinity and avidity, gave superior selectivity
and targeting efficiency to inflamed cells in in vitro and
in vivo settings.®>*

In treating mice with ICAM-1 specific LMN, we
were able to readily differentiate between mice, either
pre-treated with LPS or left untreated, by quantita-
tively measuring nanoparticle localization in various
abdominal organs in each of the subjects. This dif-
ferential effect is most apparent when measuring
nanoparticle localization in the liver; a temporal
mapping of nanoparticle distribution through MRI
QSM demonstrated significantly greater localization
of LMN into the liver of sepsis-induced mice com-
pared to that of non-septic subjects, or of those treated
with ICAM-1 independent NTN. The observed dif-
ferences by QSM, corroborated qualitatively by near-
IR optometry, were most pronounced 1 h after the
treatment of nanoparticles, gradually decaying over
time while persisting through at least 24 h after
nanoparticle injection. While particles of ~100 nm in
diameter in systemic circulation may accumulate in the
liver regardless of targeting moiety due to phagocytic
activity of immune cells within the liver, the ICAM-1
specificity conferred by the surface conjugation of high
affinity I domain (F265S/F292G) of LFA-1 on LMN
led to a close to a 2-fold increase in the accumulation
in the liver to enable quantitative differentiation. NTN
nanoparticles, conjugated with the same LFA-1 I
domain but with an inactivating mutation, D137A,
did not exhibit higher accumulation into the inflamed
liver. This observation was corroborated through
histology using iron stating of tissue sections of the
liver, revealing a greater degree of nanoparticle accu-
mulation in LPS-treated LMN cases with specific
staining observed in both endothelial cells and Kupffer
cells with the most significant nanoparticle accumula-
tions co-localized in the Kupffer cells. Thus, while
ICAM-1 is basally expressed in all endothelium and
utilizing it as a molecular target for inflammation and
sepsis imaging techniques may lead to a background
signal, it was found that this background binding was
negligible, judging from no difference between LMN
and NTN accumulations into the liver by radioactivity
measurement and QSM. The relationship between
LMN biodistribution independent of ICAM-I
expression can be further characterized through the
use of ICAM-1 knockout mice or through the use of
blocking antibodies to systemically eliminate available
ICAM-1 binding sites.

A high degree of nanoparticle localization was also
observed in the spleen of LPS-treated mice through
optical imaging and QSM. However, unlike the
observations in the liver, increases in nanoparticle
accumulations to the spleen were observed in all
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LPS-treated subjects, regardless of the targeting moiety
employed, suggesting that localization is a result of
phagocytic activity rather than ICAM-1 biospecificity.
Severe and pervasive inflammation, such as that
prompted by LPS-induced systemic endotoxic shock,
may result in increased phagocytic uptake of nano-
particles in areas in the immediate proximity of major
monocyte sources in the spleen, an organ that func-
tions as a major reservoir for undifferentiated mono-
cytes before inflammation-initiated recruitment,*® and
is responsible for the release of splenic lymphokines
necessary for the increase of phagocytic activity of
macrophages cells in response to inflammatory stim-
uli.>*>*" While studies have indicated high ICAM-1
expression in the epithelial cells of the lungs due to
endotoxin-induced inflammation,”*® MRI-based tech-
niques such as QSM cannot quantitatively differentiate
between signal voids resulting from SPIO-based spin
dephasing and signal voids created by air. This diffi-
culty with reliably differentiating QSM-based quanti-
fication of SPIO deposits and air may be overcome by
multiple data acquisition at differing magnetic field
strengths.®

Using radiolabeled SPIO nanoparticles, we were
able to provide a quantitative mapping of nanoparticle
distribution by the measurement of radioactivity and
at the same time clinically relevant QSM technique
based on MRI. At 1 h post-nanoparticle injection,
QSM determined that ~39% of injected nanoparticles
were localized into the liver of LPS/LMN mice, a value
70% greater than that of negative controls. In com-
parison, radioisotope quantification found ~31% of
the total body radioactivity was located in the liver of
LPS/LMN-treated mice, a value 81% greater than that
of negative controls. However, some difference in
QSM quantification vs. radioactivity measurement of
nanoparticles was unavoidable as it was found that the
lipid layer outside of SPIO was subject to some degree
of shedding during circulation. This may explain, in
the course of optical imaging, varying degrees of
fluorescence (conjugated to the I domains) observed in
the bladder of each subject, regardless of the nano-
particle targeting moiety. The decoupling of the fluo-
rescence or protein from nanoparticles was found to be
caused by shedding of the phospholipid lipid layer
from SPIO or lipid degradation by phospholipase
activity in the plasma, but not due to dissociation
between His tag and Ni-NTA, judging from a dra-
matic decrease in decoupling when crosslinkable fatty
acids were used to cage SPIO (data not shown).

Sepsis represents a continuum in clinical-pathologic
severity with definable phases that characterize
patients at risk for increased mortality. Current diag-
nosis techniques have limited windows of detection
and may rely on transient biology and physiological

conditions that may not persist across all phases of
sepsis progression. Moreover, the onset of sepsis can
be linked to a widely heterogeneous set of initial risk
factors, further complicating diagnosis and delaying
treatment. In particular, the endothelium is crucial in
regulating a local balance between pro-inflammatory
and anti-inflammatory mediators; under sepsis, endo-
thelium undergoes excessive, sustained, and general-
ized activation, resulting in unregulated expression
of inflammation-associated products. Among these,
adhesion molecule ICAM-1 has been implicated as a
highly localized biomarker for inflammation induced
under organ damage,'”**** one of the most significant
mortality risks in septic patients.! By specifically tar-
geting ICAM-1 using bimodal LMN, we were able to
readily differentiate septic and non-septic mice using
optical imaging and quantitative MRI techniques,
both non-invasive modalities. Most significantly, the
observed differences were pronounced as soon as 1 h
after the treatment of the nanoparticle, and persist
through at least 25 h after injection. In this study, our
temporal mapping of inflammation was focused on
following nanoparticle distribution over 25 h in mice
exposed to LPS for 12 h. However, as surface-
expressed ICAM-1 is induced rapidly under inflam-
mation, with some studies observing peak expression
as quickly as 1-2 h after the introduction of stimuli,
additional information on spatiotemporal dynamics of
inflammation can be obtained by subjecting mice to
different durations of LPS while maintaining similar
post-treatment imaging protocols. Such information
on spatiotemporal dynamics of inflammation would be
necessary to better understand the distinct yet common
processes of inflammation in reticuloendothelial sys-
tems such as the liver and spleen.

This study also reveals the strength of MRI QSM in
quantitatively measuring contrast agent localization
into specific structures within the body. While optical
imaging provides a gross view of the overall biodistri-
bution of a fluorescent marker, the results are coarse,
qualitative in nature, and prone to confounding effects
due to the relatively shallow penetration depth of com-
mon fluorescent wavelengths, and the technique is not
ideal for most clinical applications. Alternatively, tra-
ditional MRI techniques, such as typical T2* weighted
imaging, provide significantly greater spatial resolution,
but visualization is hindered by large obscuring signal
voids resulting from SPIO use, and the resulting images
are largely qualitative in nature, making it difficult to
precisely estimate SPIO localization. In contrast, QSM
technique offers a quantitative, high resolution method
of tracking the biodistribution of paramagnetic contrast
agents to specific organs and structures through map-
ping of magnetic susceptibility, a physical property of
paramagnetic materials that relates linearly to its
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concentration, allowing for direct determination of the
amount and spatial location of contrast agent accumu-
lation. Moreover, while SPIO-based contrast agents
may result in signal voids in traditional T2* imaging and
obscured underlying structure, QSM reconstruction
techniques enable unimpeded analysis of the distribu-
tion of contrast agent and spatiotemporal mapping of
inflammation. Given the speed and robustness by which
these differences can be observed after administration of
LMN, this technique offers temporal flexibility ideal for
clinical applications, while granting dramatically
increased spatial fidelity not offered by existing bulk
measurement diagnostic techniques.

ELECTRONIC SUPPLEMENTARY MATERIAL
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