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Abstract:

The aim of this work was to map E-selectin exprmssn a traumatic brain injury model
using a newly-designed MR contrast agent. Iron soresponsible for susceptibility effects
and therefore used as T2* contrast agents, neld toated in order to be stabilized and need
to be targeted to be useful. We have designed aaulel coating composed, at one end, of
bisphosphonate to ensure anchorage of the coatirigeoiron core and, at the other end, of
Fukuda’'s defined heptapeptide known to target #alesinding sites. The synthesized
nanoparticles were able to non-invasively targetttaumatic brain lesion, inducing a specific
T2* decrease of about 25% up to at least 70 minptes-injection of the targeted contrast
agent.
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Abbreviations:

IL1- and TNFe : Interleukin-1f and tumor necrosis factor-

IELLQAR: Isoleucine-glutamate-leucine-leucine-gluiae-alanine-arginine heptapeptide

BP: bisphosphonate

99Mre-BP: Technetium chelated to bisphosphonate

EG3: Ethylene glycol block repeated 3 times.

Hd: Hydrodynamic diameter.

{: zeta potential.

e: polyelectrolyte accessible layer depth

dq:charge density (in C/fn

RARE: Rapid Acquisition with Relaxation Enhancement

ADC: Apparent Diffusion Coefficient

3DmMGE : 3D multi-Gradient Echos sequence
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| ntroduction:

Traumatic brain injury is a worldwide problem thasults in death and disability for millions
of people every year. Currently, in developed coesi it is estimated that traumatic brain
injury is responsible for 1.5-2%. of deaths and tBe®%. of the population lives with
permanent disabilities[1-3]. The most common amdbss consequence of traumatic brain
injury is brain edema, or more precisely, brainneds. Indeed, on one hand, one can depict a
cytotoxic edema that results from an osmoticallyeir shift of water from the extracellular
space into the cell [4] as a consequence of celaddium influx and potassium efflux [5, 6]
and on the other hand, a vasogenic edema occuiithgtive extravasation of fluid into the
extracellular space following transient blood—-brharrier permeation that may also promote
or aggravate cell swelling. Associated to theseewshifts, recent brain injury studies have
indicated that resident brain cells are capablgyothesizing a wide variety of cytokines and
chemokines as well as promoting the expressionntraellular adhesion molecules that
attract peripheral inflammatory leukocytes to tite sf injury [7-10] and may contribute to
the injury process [7, 11]. Among the intercellugthesion molecules, E-Selectin (CD62E
and ELAM-1), a C-type lectin of 97 kDa, is involvedthe leukocyte rolling and recruitment
phases [12-15] and could then be a potential phaological target [16]. Although mapping
of selectin expressiom vivo has been performed using MR imaging [4, 17-23]EGP
imaging [24, 25], optical imaging [21, 26] and akound imaging [27-29] in well-established
inflammatory models after injection of pro-inflamtoey molecules (IL-B or TNF-a) [18,
27], or oxazolone [22], selectin mapping in bramumas has not yet been explored.
Currently, targeting properties can be given to timaging probes via three types of
molecules linked to those probes. Thus, eithervik#-known carbohydrate antigen or its

synthetic mimetic molecule, Sialyl LewisX (sLeX)8R0, 30], or an anti E-selectin
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monoclonal antibody F(abk)[17, 21, 22, 24-27] or short amino-acid chains,[25] are
grafted.

For all these imaging techniques and targeting dppties, the present research focuses on
1) the design of a new USPIO, coated with a sheptdpeptide, as defined by Fukuda [31],
and 2) the mapping of E-selectin expressiomivo with a high resolution as accessible with
MRI in a traumatic brain injury model.

M ethods

Fluid percussion—induced brain injury

Animal care was carried out in compliance with theevant European Community
regulations Qfficial Journal of European Community358 12/18/1986). Female Sprague-
Dawley rats (230-270 g) were supplied by Angersversity Hospital animal facility; they
were anaesthetized with isoflurane via a stereigtacimpatible nose cone (Minerve,
Esternay, France), being induced at 5% and maedaiat 1.5% throughout the entire
procedure. Once induced, the animal was placedsteraotactic frame. A scalp incision was
made, the scalp and temporal muscles were refleatetia 2.5mm-diameter craniotomy was
carried out above the left auditory cortex, 2mmt@oagr to the lateral suture. A fitting tube,
connected to the fluid lateral percussion devicas wemented into the open craniotomy site.
A 20-msec pulse at a pressure of 2.0 £ 0.1atm eddltid lateral-percussion brain injury.
Immediately after fluid lateral percussion, thelgdacision was sutured and the rats were
allowed to recover from anaesthesia. Normothernaa maintained at 36.5-37.5°C by using
a heating pad placed under the animal during aflisal procedures and in the acute, post-

injury period. Thereafter, the rats were housegimperature- and light controlled conditions,
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with food and waterd libitum Sham-operated rats underwent the same surgeepeiar

percussion.

Synthesis of a radiolabeled peptide

IELLQAR was proven to efficiently inhibit the bimiy of sialyl Lewis X or sialyl Lewis A
oligosaccharides to E-selectin [31] or leukocytéltmation in heart transplants [32] and
therefore may be a relevant heptapeptide for EcBel@éargeting. Thus, this peptide was
grafted on an aminobisphosphonate (Surfactis Tdobes, Angers, France) capable of
chelating®™Tc. The synthesized molecule was then called BR-EAR (MW: 1,345g.mal

1. Radiolabeling was performed by incubating 27M€Tc with 3umole of BP-IELLQAR.

Radiochemical purity of the radiolabeled peptide

The radiochemical purity was measured by thin-lagtomatography (TLC). The method
used a 10*2.5cm? strip of silica gel impregnatedss| fiber sheet, ITL SG, (Pall
corporation, Saint Germain en Laye, France) asstiie phase and dimethyl ketone as the
mobile phase. 2 pL of™Tc-BP-IELLQAR were spotted on the strip and elutéHe strip
was then imaged using a Cyclone Storage Phospremn8c (Perkin Elmer, Courtaboeuf,
France). Using TLC assay, radiolabef®8Tc-BP-IELLQAR is not eluted by the mobile
phase whereas fréé™Tc moves in the dimethyl ketone solvent front. Ratiemical purity
was calculated as the ratio of activity at theiori§®Tc-BP-IELLQAR) to the whole activity

of the strip (°"Tc-BP-IELLQAR +%°™Tc).

Gamma-counting protocol
Sham-operated rats (n =6) and traumatized rats injeted via the tail vein witA*"Tc-BP-

IELLQAR (1.3mCi), 1h (n=6), 24 h (n=3) or 72h (n=Ppst-trauma. The animals were
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sacrificed under deep anaesthesia 1h post-injecih their brains were sliced in 2mm

sections for gamma-counting. Activity was normalize sample weights.

Synthesis of the targeted and non-targeted MR aeh#igents

Iron oxide can be used as an MR contrast agent.eMery in order to be stable in
physiological conditions, the iron core, obtaingdcb-precipitation of an aqueous solution of
Fe'/Fe* iron salts in a tetramethylammonium hydroxide siotu [33], has to be coated.
Numerous coatings have been developed among whieh molecules carrying

bisphosphonate groups [34, 35]. Therefore, thelsation of the iron cores was performed
with either 100% BP-EG3, BP-EG3 (MW = 342g.fMpbeing a bisphosphonate on which 3
ethyleneglycol blocks were grafted (Surfactis Texdbgies, Angers, France) for the non-
targeting coating or a mixture of BP-IELLQAR/ BP-EG10%/90% mol/mol) for the

targeted nanoparticular contrast agent.

Size, zeta potential, charge density, polyelecteofccessible layer, R2 relaxivity and iron
load of the targeted and non-targeted MR contragstrds

The nano-emulsion characterization, hydrodynamaenditer (Hd in nm), zeta potentidli(Q
mV), polyelectrolyte accessible layer depth (e m)rand its related charge density {al
C/m®) measurements were carried out by dynamic lighttsing using a Nano ZS apparatus,
Malvern Instruments (Orsay, France). The Helium4Néser, 4 mW, operates at 633 nm,
with the scatter angle fixed at 173°, and the taatpee at 25 °C. fdand e were obtained by
measuring the electrophoretic mobility of the naartiples at varying NaCl concentrations
and after fitting to the so called ‘soft particl@salysis’ model [36, 37]. R2 relaxivities were

defined at 7T on a Bruker DRX300 (Bruker, Wiesseurgp France) using a CPMG
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sequence. The iron load was determined by a spédtometric method after acidic

digestion of the iron core as previously descrif33].

Magnetic Resonance Imaging protocol

Experiments were performed with a Bruker Avance DROD (Bruker, Wiessembourg,
France) equipped with a vertical superwide-bore mea@nd shielded gradient insert. The
resonant circuit of the NMR probe was a 38-mm-di@mbirdcage. Body temperature was
maintained at 36.5-37.5°C by using a feedback-ed¢gdl heating pad. A 3-mm-thick
diffusion-weighted image was taken, located atadetre of the lesion. In order to reach an
acceptable signal-to-noise ratio without dramalyaalcreasing the acquisition time, a 96 * 96
matrix for FOV = 3 * 3cm was used, leading to arplane resolution of 312 pum. Diffusion-
weighted images were obtained using a Stejskal-d@ratype pulsed gradient stimulated echo
sequence [38] with three diffusion weighting factatues (b)= 95, 503 and 1,303 sec/mm?2 [b
= (yG0)? (A-0/3)], wherey = gyromagnetic ratio; gradient strength G = 100snTGfradient
durationd = 5msec; duration between the leading edgesd00ms. The diffusion-sensitizing
gradient was placed only along the direction of #fiee selection gradient (i.e., rostro-
caudally) regardless of the usual practice of datmg the Apparent Diffusion Coefficient
(ADC) from a set of at least three orthogonal dimexs in order to reduce potential pitfalls
due to brain anisotropy. We based our decisionatoycout ADC calculations on a single
direction on Van Putten’s results in a TraumatiaiBrinjury model showing no anisotropy
[39], and on Lythogoe’s results showing that, im parietal cortex [40], the trace value
calculated from the three orthogonal sets was diogbe value measured with the diffusion

gradient positioned rostrocaudally. In order tgiove image quality, ECG synchronisation
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was performed (Rapid Biomed, Wurzburg, Gernamy) taval averages were recorded. The
minimal TR was set to 1,500msec whereas TE andngpittime (TM) were set at TE/TM =
22.7/88.1msec. The imaging time was then limiteditout 10 minutes.

3D multi-Gradient Echo (3DmGE) imaging[41] was penied prior to and after BP-
IELLQAR coated nanoparticles (n=5) or BP-EG3 coatadoparticles (n=5) injection via the
tail vein. Acquisitions were performed prior to afmk 70 min after injection with the
following parameters: FOV 30*30*15nmnmatrix 128*128*32, TR= 110ms, 6 TEs, TE
3ms, InterEchoTime = 3.14ms. The total acquisitiore was then set to 8minutes.

ADC and T2* maps were calculated by mono-exponkfittang of the experimental points
using Bruker Paravision 4.0® software. Reportedieslfor ADC and T2* were measured
from manually drawn ROIs (15-30 pixels) definedtba diffusion maps before being pasted
on each data set. With respect to the spreadifi@bialues from one individual to another,
each lesion was defined as its own control andnitial T2* values were then set to 100%.
Rats were injected 2h post trauma, via the taih waih either the non-targeted MR contrast

agent (n = 5) or with the targeted MR contrast ager 5).

Statistical Analysis
Data are expressed as mean + SEM. Statistical fsealas performed using a bi-factorial

analysis of variance (ANOVA) with a multiple-leasquare analysis.

Results
Radiochemical purity of the radiolabeled probe;iRtkthe probe
TLC analysis revealed that > 99% of tH&8Tc radioactivity was peptide-bound. Tail vein

injection of ™ Tc BP-IELLQAR in sham-operated rats induced alteéin activity of 152 +
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21cpm/mg fresh tissue 1h post-injection. At the esdmme, activity in the right brain was
measured at 154 + 16 cpm/mg fresh tissue.

Brain counts in traumatized animals are presentdelgure 1. Briefly, brain activity in the
ipsilateral hemisphere of rats experiencing traigriaain injury always increases compared
to the contralateral hemisphere (p =0.041). Theeefarhen injections were performed 1h,
24h or 72 h post trauma, 220 £ 69, 240 £ 14 and B@%0cpm/mg of fresh tissue was
measured in the left hemisphere which had expesiknice trauma, compared to 122 + 35,

182 + 36 and 132 + 14cpm/mg of fresh tissue incthr@ralateral hemisphere.

15888

cpm/mg fresh tissue

Rl -
ol W I
04 T T T 1
1h 24h 72h

normal brain

time post-trauma

Figure 1: Comparison of selectin expression in shachtraumatized rat brains as a function
of time usingy-counting after injection o™Tc BP-IELLQAR.
*p < 0.05 compared to untraumatized brains.
# p < 0.05 compared to contralateral brain atstmme time point. The black boxes
correspond to the traumatized hemisphere, the wbib&es to contralateral
hemisphere.
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Physical properties of the MR contrast agents

BP-IELLQAR coated MR contrast agent had a hydrodyicadiameter Hd = 25.3 £ 1.3nm, a
zeta potential = -34.1 + 0.3mV, a charge density d - 6.4*10C/n?, a polyelectrolyte
accessible layer (e) = 1nm, a longitudinal relayiR2 = 149 + 9mmét.s’.L and an iron
load of 1.4 + 0.1mg/ml. The coating of the ironearith BP-EG3 led to nanoparticles whose
Hd = 16.7 + 0.1nm, = - 26.8 + 1.0mV, gl= - 6.4*10C/n?, e = 1nm, R2 = 150 + 17mmbk

! L and an iron load of 1.2 + 0.3mg/ml.

MR imaging with non-targeted MR contrast agent

Rat brain traumas were confirmed by a standardigldh-weighted imaging sequence and
were limited to the cortexF{gure 2a). Brain lesions were characterised by a signitigan
reduced apparent diffusion coefficient ARG, = 0.38 + 0.02 * 1) mm2.se? (n = 5)
compared to the contralateral cortex, Alex= 0.71 + 0.05 * 16 mm2.set (n = 5), (p
<0,001). Prior to MR contrast agent injection, 3DEh@ere acquired Higure 2c¢) and
allowed the calculation of T2* values in the entlyein and specifically in the area of
reduced ADC where a value of Tgk, = 30.9 £ 3.0 ms (n = 5) was measured, value
significantly reduced compared to the contralateaatex, T2*:otex= 39.4 £ 3.3 ms (n = 5),
(p < 0.02). However, with respect to the spreadhgr2* values from one individual to
another, each lesion was defined as its own coatrdlthe initial T2* values was then set to
100%. T2* evolution with time after the injectioh BP-EG3-coated nanoparticles is shown
in Figure 3a. At the first time point, post BP-EG3 coated naartiples injection, a significant
30% reduction in T2* values, both in the lesior=(p.0024) and the contralateral cortex (p =
0.0005) was observed. The signal smoothly recovehed pre-injection value after an

additional 30 minutes, both in the non-traumatiaed traumatized cortice$ éble 1).
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A) - B) .
C) ! D)

E) F)

Figure 2: Typical ADC maps of rat brains about fteratraumatic brain injury (A & B).
Frame C presents the T2* map corresponding to frAmaior to BP-EG3 (non-
targeted nanoparticles) and frame E 70 min affjeciion. Frame D presents the T2*
maps corresponding to frame B prior to BP-IELLQAfrdgeted nanoparticles) and
frame F, 70 min after injection.
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MR imaging with targeted MR contrast agent

Standard diffusion-weighted imaging sequence wss ased to depict the traumatized brain
and showed that the lesions were limited to théegoin this second group of ratBigure
2b). ADC in the lesioned cortex was measured at ARE= 0.35 + 0.05 * 1dmm2.sed (n =

5), a significantly reduced level compared to tlmntralateral cortex where a value of
ADCortex= 0.65 * 0.02 * 1& mm2.set¢ (n = 5) was measured (p < 0.001). 3DMGE imges
acquired prior to MR contrast agent injectidigre 2d) allowed the calculation of the T2*
value within the lesion at T2%.n = 29.7 £ 3.0 ms (n = 5) and in the contralatematex, at
T2* cotex= 39.4 £ 1.8 ms (n = 5) (p < 0.05). T2* evolutiover time after injection with BP-
IELLQAR-coated nanoparticles is shownRigure 3b.

0 20 40 60 80

A) 10

Signal Variation (%)

-50 4

time (min)

80

B)

Signal Variation (%)

time (min)

Figure 3: Quantitative assessment of T2* chang&dnmatized &; plain line) and
contralateral hemisphereo;( dashed line) after injection of non vectorized
nanoparticles (A) or BP-IELLQAR vectorized nanopaes (B). * p < 0.05 and ** p <
0.01 compared to initial T2* value of the considktissue.
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At the first time point post BP-IELLQAR coated ngaoticles injection, a significant 30%
reduction in T2* values, both in the lesion (p ¥@1) and the contralateral cortex (p =
0.0011) was observed. The T2* value smoothly reaxeéhe pre-injection value after an
additional 30 minutes in the non-traumatized coltekremained under its initial value during
the same period of time in the traumatized bramdeéd, at the 70min. time point, signal

intensity is still significantly reduced (-20%) cpared to the pre-injection values (p = 0.013)

(table 1).
Time (min) Time course of signal reduction| Time course of signal reduction
after BP-EG3 after BP-IELLQAR

Contralateral cortex Traumatized cortex Contralateral cortex Traumatized cortex

10 -30.3 £ 3.5** -25.8 £ 3.9** -34.2 + 8.3** -304 4.2*

20 -23.3+x4.7* -16.7 £ 6.2* -30.1 £10.1** -32.4H6**

30 -17.4 + 4.6* -18.3 + 8.0* -13.1 £ 5.6* -29.7 13%*
40 -7.7+4.8 -15.4 + 8.8* -3.8x£4.0 -23.4 £ 5.2%
50 59+3.0 -3.1+6.0 -5.2+35 -17.0 £ 6.4%
70 -7.2+2.8 -5.9+6.6 6.7£25 -19.9 £ 3.6%

Table 1: Variation with time of the T2* of traumagid or contralateral non-traumatized rat
cortex after injection of targeted (BP-IELLQAR) non-targeted (BP-EG3) contrast
agents expressed as the percentage of T2* valaegny injection. * p < 0.05 and **

p < 0.01 compared to initial T2* value of the calesed tissue.

Discussion

The binding of E-selectin to its ligand expressedtite surface of circulating neutrophils is

known to initiate rolling, an early step in the m@itment of these cells to a site of injury or

inflammation[42, 43]. Starting from this point, namus biomolecules are produced to
interfere with this recruitment[14, 31, 44]. Amoribge peptides produced, the shortest

sequence tested and proven efficient to interattt sglectin binding sites, with angg~ 10

UM, was IELLQAR[31]. Moreoverin vivo, this sequence has been shown to significantly

reduce the metastatic capability of B16-FTlllz nmelaa cells that constitutively produced

sialyl Lewis X [45].
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As the present study aimed at the mapping of EcBeleexpressionin vivo using MR
enhanced imaging using a specifically designed SBi@eted contrast agent, we first had to
test that the grafting of a bisphosphonate-beamio¢ecule on the peptide did not impact its
binding properties in an animal model of brain mgjin which over-expression of this protein
has been described [46] . Indeed, this chemical ifmation was necessary for the
stabilization of the iron core in physiological citons[34, 35]. Another advantage of this
grafting was that®"Tc can be linked to the peptide by chelation vihifsphosphonate group
[47] and therefore offers a fast and efficient apaity to test the modified peptide binding
capabilitiesin vivo usingy-counting. Thus, the injection 81" Tc BP-IELLQAR into rats that
have experienced traumatic brain injury inducedgaiicant accumulation of the peptide in
the traumatized hemispher€&igure 1) suggesting that the chemical modification of the
peptide did not dramatically impact its targetirapabilities. Indeed, the 2-fold increase in
activity observed as soon as 1 hour post-traumaegoonds to specific binding since the
leakage of the small radioactive peptide withinititerstitial space can be excluded, as in this
model, the Blood Brain Barrier is not disruptedtlzt time[48, 49]. On the contrary, the
increase in activity observed at 72h may be attedbiat least in part to the Blood Brain
Barrier disruption that was shown to take placehat phase of development of the brain
trauma [48]. With respect to the fact th&f"Tc BP-IELLQAR accumulated within the
traumatized brain, planar scintigraphy imaging wtempted in some rats. However, due to
the low activity measured in the brain, ca. 200€g00/mg fresh tissues, no images were
produced. Moreover, according to the rati8Tc colloid/peptide, it could be calculated that
only about 1 over 1Gmolecules of peptide were labelled which could miet most of the
selectin binding sites were targeted by non-radiea®P-1ELLQAR.

Nevertheless, imaging selectin binding siiesvivo could be attempted, with a better

resolution, using MR imaging since BP-IELLQAR canused to stabilize iron oxide cores to
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produce superparamagnetic nanoparticles, as ogrdsphonates do [34, 35]. Prior to the
vivo testing of the nanoparticles, their physical cbemazation was performed. First of all,
targeted nanoparticles were larger than the najetad ones and the difference in
hydrodynamic diameter could be explained by thgtlerof the peptide grafted on the iron
core compared to the length of the BP-EG3. Secor#igpite a slight global difference in
zeta potential, the charge distribution and theessibility of the salt ions were identical for
both nanoparticles. Therefore, and except for tlze difference, both particles may be
considered as equivalent in terms of their physigedperties; thereforen vivo and
behavioural differences may not be attributed ftedénces in electro-physical properties. As
shown inFigure 2, the efficient targeting of selectin was achiewath nanoparticles coated
with a mixture of only 10% BP-IELLQAR and 90% BP-BGrIhe use of 3DmGE sequence
with a temporal resolution of ca. 10 min., allowedlynamic follow up of contrast agent
behaviour after injection Fgure 3). Thus, the injection of BP-IELLQAR-coated
nanoparticles induced a susceptibility effect tlaatthe early time point, could correspond to
tissue perfusion, and was observed in both normdl teaumatized brains. Afterwards, a
complete clearance of the contrast agent was obderithin the contralateral brain whereas
the traumatized brain still retained the contrast.

Nevertheless, with respect to this persistent sigethuction in the traumatized brain after BP-
IELLQAR injection, two potential limitations need te highlighted, i.e. the non-specific
accumulation of SPIO and the haemorrhagic naturtdeflesion and its evolution that may
contribute to signal reduction. Indeed, brain traumduces[7-10] an inflammatory response
and, as observed in some inflammatory pathologieb ss arthritis or infection [50, 51] a
non specific accumulation of SPIO may occur. Exeugh no direct proof may be given that
such a phenomenon did not occur in the study ufiegtargeted SPIO, the lack of long-

lasting signal reduction in the group using nomésed SPIO does not tend to sustain this
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hypothesis. Similarly, the signal reduction is @bly not due to the worsening of the
haemorrhagic status of the lesion, since the remtucs only observed in the lesion of the BP-

IELLQAR injected group.

Conclusion:

IELLQAR, a peptide that targets selectin binditg & vivo andin vitro [31] preserved its
binding properties when grafted on SPIO nanopasdiclhe synthesized contrast agent can be
used to map non-invasively the selectin expressicam traumatic brain injury model. If the
nanoparticles are endocytosed in this model insémae way as FITC-E-selectin targeting
nanoparticles were endocytosed inimwitro tumor model[21], it may be possible to modify

the core of the object or the object itself to delirelevant therapeutics[52].
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Figure 1: Comparison of selectin expression in shachtraumatized rat brains as a function
of time usingy-counting after injection o ™Tc BP-IELLQAR.
*p < 0.05 compared to untraumatized brains.
# p < 0.05 compared to contralateral brain atstmme time point. The black boxes
correspond to the traumatized hemisphere, the wbibges to contralateral
hemisphere.

Figure 2: Typical ADC maps of rat brains about fteratraumatic brain injury (A & B).
Frame C presents the T2* map corresponding to frAmaior to BP-EG3 (non-
targeted nanoparticles) and frame E 70 min affjeciion. Frame D presents the T2*
maps corresponding to frame B prior to BP-IELLQAfrdgeted nanoparticles) and
frame F, 70 min after injection.

Figure 3: Quantitative assessment of T2* changetraumatized «; plain line) and
contralateral hemisphereo;( dashed line) after injection of non vectorized
nanoparticles (A) or BP-IELLQAR vectorized nanopaes (B). * p < 0.05 and ** p <
0.01 compared to initial T2* value of the considktissue.

Table 1: Variation with time of the T2* of traumzgid or contralateral non-traumatized rat
cortex after injection of targeted (BP-IELLQAR) non-targeted (BP-EG3) contrast
agents expressed as the percentage of T2* valoeany injection. * p < 0.05 and **
p < 0.01 compared to initial T2* value of the calesied tissue.



