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Abstract

The severity of allergic asthma is dependent, in part, on the intensity of peribronchial inflammation.
P-selectin is known to play arole in the development of allergen-induced peribronchial inflammation
and airway hyperreactivity. Selective inhibitors of P-selectin-mediated leukocyte endothelial-cell
interactions may therefore attenuate the inflammatory processes associated with allergic airway
disease. Novel P-selectin inhibitors were created using a polyvalent polymer nanoparticle capable
of displaying multiple synthetic, low molecular weight ligands. By assembling a particle that presents
an array of groups, which as monomers interact with only low affinity, we created a construct that
binds extremely efficiently to P-selectin. The ligands acted as mimetics of the key binding elements
responsible for the high-avidity adhesion of P-selectin to the physiologic ligand, PSGL-1. The
inhibitors were initially evaluated using an in vitro shear assay system in which interactions between
circulating cells and P-selectin-coated capillary tubes were measured. The nanoparticles were shown
to preferentially bind to selectins expressed on activated endothelial cells. We subsequently
demonstrated that nanoparticles displaying P-selectin blocking arrays were functionally active in
vivo, significantly reducing allergen-induced airway hyperreactivity and peribronchial eosinophilic
inflammation in a murine model of asthma.
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The incidence of asthma worldwide has increased dramatically in recent years, and it is now
considered to be the most common chronic childhood illness (1,2). A disproportionate increase
in asthma incidence has been identified in inner-city children, and this may be partly due to
cockroach allergen sensitivity, which affects a significant proportion of urban asthmatics (3,
4). In comparison, the incidence of asthma is significantly lower in rural communities where
sensitivity to the allergen is almost nonexistent (5).

The widespread belief that selectin inhibition will deliver therapeutic benefits in a variety of
inflammatory diseases is based on the observation that leukocyte rolling mediated by selectins
represents a first step in leukocyte recruitment to sites of inflammation (6,7). The severity of
allergic airway disease is primarily dependent on the extent of the inflammatory response and
attenuation of leukocyte infiltration in the lung is frequently correlated with clinical
improvement (8,9). The current preferred treatment for severe asthma is the use of
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corticosteroids, which although effective, are associated with significant systemic side effects,
including growth suppression in children (10).

Recent research has focused on more specific methods of inhibiting eosinophil and lymphocyte
recruitment into the lungs. Several studies have demonstrated a role for adhesion molecules in
the attenuation of allergic airway inflammation. ICAM-1/LFA-1, E-, L- and P-selectins have
all been shown to play a role in the development of peribronchial inflammation and airway
hyperreactivity associated with allergic inflammation (11-15). Among the selectins, P-selectin
may be a particularly useful target in allergic inflammation because expression of this adhesion
molecule is up-regulated by physiological levels of Th2 cytokines, including IL-4 and IL-13
(16). In addition, eosinophils have been shown to express more PSGL-1 than neutrophils, and
as a result, eosinophils bind preferentially to the P-selectin found at low concentrations on
airway endothelium during allergen challenge (17,18).

Numerous studies have attempted to identify the structural features required for high-affinity
selectin binding in order to generate specific polyvalent antagonists (19), although some low
molecular weight, noncarbohydrate, nonpeptide inhibitors of P-selectin have also been
identified (20-22). The novel inhibitors described in this report are based on polymerized
liposome nanoparticles (PLNP) that display multiple copies of ligand mimetics simulating
PSGL-1. In our efforts to simplify the mimetic to only the elements in PSGL-1 responsible for
the adhesion to P-selectin, we removed from the sialyl Lewis X (sLeX) carbohydrate all but the
key carbohydrate unit fucose. This carbohydrate was displayed on the PLNP along with
polyvalent sulfate ester groups and emulates the sLe*/sulfated tyrosine super ligand motif
shown to be critical for P-selectin binding (23). An essential component in any successful drug
discovery/development program is the use of in vitro assays that recreate the conditions present
in vivo. To optimize the design of P-selectin inhibitors, which block the interaction of
circulating leukocytes to blood vessel endothelial cells, the screening assay must duplicate the
forces encountered in the blood. In this study, we used an in vitro recirculating loop assay
(ProteoFlow, LigoCyte Pharmaceuticals, Bozeman, MT) that rolls PSGL-1-expressing human
leukocytes (U-937 cells) over P-selectin-coated capillary surfaces at physiological shear rates
to identify potent selectin antagonists. Potent selectin PLNP were identified in vitro, and their
ability to bind preferentially to selectins on activated endothelial cells was confirmed in vivo.
We subsequently demonstrated that the selectin-targeted nanoparticles are functionally active
in a murine model of allergic airway disease, attenuating both peribronchial inflammation and
airway hyperreactivity induced by allergen challenge.

Materials and Methods

Animals

Balb/c and C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME) and
maintained under specific pathogen-free conditions in the University of Michigan animal
facility. E/P-selectin-deficient mice were a gift from Daniel Bullard at the University of
Alabama.

Preparation of PLNP

The detailed chemical synthesis of the fucose-containing and polyethyline glycol (PEG)-
containing lipid monomers will be reported elsewhere. In brief, the a-C-allyl-glycoside of .-
fucose was prepared according to procedures in the literature. This molecule was elaborated
into an amine-terminated glycoside by the sequential addition of 3-mercaptoproprionic acid
followed by ethylene diamine. The amino group of this fucose glycoside was condensed with
the carboxylic acid of 10,12-pentacosyadiynoic acid to yield the amide-linked fucosylated
lipid. The PEG-containing lipid was likewise synthesized by condensing amine-terminated and
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MeO (methoxyl)-terminated PEGsqgqq With the carboxylic acid of 10,12-pentacosadiynoic acid
to yield the amide-linked PEGylated lipid. The other lipids and the PLNP were prepared as
described previously (24). In brief, liposomes were prepared from a solution containing 5 mol
% of the a-C-fucose terminated lipid, 25 mol% of the sulfate ester lipid, 69 mol% of the matrix
lipid (ethanolamide of pentacosadiynoic acid: EAPDA), and 1 mol% polyethylene glycol
(PEG) terminated lipid by the probe sonication method (25). After cooling, the PLNP were
polymerized by UV irradiation (254 nm) and passed through a 0.2 um cellulose acetate filter
to remove trace large aggregates. Particle size analysis showed the remaining material to have
an effective diameter of 73 nm (with a particle size range from ~30 to 140 nm). Negative
control PLNP was also prepared in which PEG lipid was increased from 1 to 15 mol%, and
matrix lipid decreased from 69 to 55 mol%.

In vitro Proteoflow shear assays

A closed loop, recirculating, in vitro shear assay system (ProteoFlow) was used to evaluate the
ability of PLNP to block tethering and rolling of the human promonocytic cell line, U937, on
E- and P-selectin as described previously (26). Mouse P- or E-selectin/human IgM chimera
(27) was bound to glass capillary tubes (100 ul “microcaps,” Drummond Scientific Company,
Broomall, PA). U937 cells (ATCC) (4 x 106 in 3 ml RPMI containing 10% fetal calf serum
[FCS]) were infused into the ProteoFlow system under high flow rate (4-5 dynes/cm?). After
1 min, the flow rate was reduced to physiologically relevant 2 dynes/cm? (28,29), and video
recording was initiated. Cells tether and roll on P- or E-selectin 1-2 min after reduction of flow
rate and plateau 6—7 min later. Leukocyte P- or E-selectin interaction was established 8 min
before injection of PLNP, and the interaction was recorded for an additional 8 min. Video
recordings were analyzed by freezing frames and counting numbers of cells interacting at 30-
s intervals. Data are representative of results obtained in 3—4 independent experiments.

PLNP binding to lung vessels of mice in LPS-induced inflammation

Mice were injected i.v. with 2 mg/kg LPS (serotype 0111:B4) 2 h before PLNP injection.
Selectin PLNP were diluted in FCS or phosphate-buffered saline (PBS) (5 ul of a 12 mg/ml
suspension) and injected i.v. in a final volume of 200 ul. Mice were killed 3 h later, and lung
samples were collected.

Sensitization and induction of the allergic airway response

Histological

Normal mice were sensitized and challenged with cockroach antigen (CRA) to induce a Th2-
type response (30,31). Mice were injected i.v. with 5 pl of a 12 mg/ml suspension of either
selectin PLNP or control PLNP in PBS 2 h after CRA challenge on day 21 of the sensitization
protocol. Airway hyperreactivity was assessed in mice 24 h after the final i.t. CRA challenge.
Airway hyperreactivity (AHR) was measured in ventilated, anaesthetized mice using a Buxco
(Troy, NY) mouse plethysmograph as described previously (32). Baseline and methacholine-
induced peak airway resistance (optimal i.v methacholine dose, 312.5 pg/kg) were determined,
and the change in AHR was calculated by subtracting baseline readings from the peak
methacholine-induced airway resistance. Data are means + SE change in airway resistance (cm
H,O/ml/sec) for 4-5 animals per group.

analysis of lung inflammation

Whole lungs were fixed by inflation with formalin and processed into paraffin by using
standard histological techniques. Tissue sections (5 um) were stained with hematoxylin and
eosin for analysis of peribronchial eosinophil accumulation (x200) or remained unstained for
examination of the distribution of the autofluorescent PLNP by fluorescence microscopy
(x400). Peribronchial eosinophil counts were analyzed by counting the number of eosinophils
surrounding the airways in 50 high power fields (x1000).
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Statistical analysis

Results are expressed as mean * SE. Statistical significance was calculated by ANOVA or
unpaired Student's t test to calculate the two-tailed P value. Significance was determined as
values of P < 0.05.

Results

Blockade of P-selectin-dependent rolling in vitro

Potent selectin inhibitors were identified following in vitro testing of formulations in which
the ratio of fucose, sulfate and PEG groups were varied. The total polymerizable lipid content
was kept constant by the addition of neutral matrix lipid. The optimal ratios of the four lipids
were found to be fucose:sulfate:PEG:matrix 5:25:1:69. A schematic diagram of the P-selectin
blocking PLNP is shown in Figure 1. To assess formulation changes, we used the ProteoFlow
assay system in which glass capillary surfaces were directly coated with chimeric selectin
proteins. PSGL-1-expressing U-937 cells were introduced to the closed system, and
interactions with the adhesion proteins were monitored. In the absence of PLNP, the number
of U-937 cells interacting with the coated capillary tubes gradually increased with time to 100—
200 interactions/field after 6-7 min of flow. Administration of PLNP, after establishing the
leukocyte-selectin rolling interaction, reversed the existing rolling completely inhibiting new
cell attachment, as evidenced by the return of U-937 cells to circulation (Fig. 2A). By increasing
the PEG lipid level from 1 to 15%, selectin inhibitory activity of the PLNP was abolished (Fig.
2A), providing a nanoparticle that could be used as a negative control PLNP in further
experiments. The leukocyte/P-selectin inhibition activity of the PLNP showed a dose-
dependent decrease (Fig. 2B), with no effect on leukocyte/E-selectin interactions (Fig. 2C).

Binding of nanoparticles in LPS-induced inflammation

To evaluate PLNP binding in lung tissue and establish the pattern of PLNP distribution within
the lungs following i.v. administration (Fig. 3), we used an endotoxin model of systemic
activation in which E- and P-selectin expression is up-regulated (33). Wild-type (WT) C57BI6
mice and mice deficient in E- and P-selectin (E/P /") expression were injected with i.v. LPS
and then received PLNP by i.v. injection 2 h later. Tissue samples were collected for
histological analysis 3 h after PLNP injection. PLNP have a bright fluorescence in the rodamine
channel, a unique property specific to this type of polymer backbone, making the particles easy
to visualize in tissue sections. In the absence of LPS, very few of the PLNP were found in
contact with the endothelium of blood vessels in the lungs of WT mice (data not shown).
Following i.v. LPS treatment for 2 h, extensive PLNP binding was visible mainly on the
endothelial cells within the lung vasculature (Fig. 3A). In E/P~/~ mice stimulated with LPS,
there appeared to be little or no direct binding of the PLNP to the endothelial cells, although
some PLNP did appear to be associated with a small number of cells near the wall of blood
vessels in the peribronchial regions of the lungs (Fig. 3B). The cells were identified as
leukocytes by analysis of hematoxylin and eosin-stained serial histological sections of the lung.

Attenuation of allergic inflammation by selectin PLNP

To evaluate PLNP activity in allergic asthma, we examined the pattern of PLNP binding in the
murine model in which animals are sensitized with cockroach allergen (CRA) (30,31).
Nanoparticles were infused i.v. (5 ul of 12 mg/ml PLNP suspension in 200 pl of PBS) 2 h after
the final airway CRA challenge and distribution of P-selectin-specific PLNP or control PLNP
was assessed in lungs collected 24 h later. Negative control PLNP were not detected in the
lungs either in association with leukocytes or endothelial cells within the vasculature (Fig. 4A).
In contrast, the P-selectin-specific PLNP were visible on the endothelial cell surface of several
different sized blood vessels in peribronchial regions of the lungs almost 24 h after
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administration, indicating the continued presence of selectin expression in this model (Fig.
4B). These PLNP were also seen in association with the alveolar walls but were not present in
large airways.

We next examined whether a single administration of the P-selectin-specific PLNP was
effective in altering the responses in CRA-induced lung inflammation. Balb/c mice received
PLNP by i.v. administration 2 h after the final i.t. CRA challenge. AHR was assessed 24 h
later. There was no significant difference in the level of AHR detected in mice receiving
negative control PLNP or CRA in the absence of PLNP (Fig. 5). Methacholine-induced AHR
was significantly decreased in mice treated with P-selectin-specific PLNP compared with those
treated with CRA alone or control PLNP. The reduction in AHR was accompanied by a
significant reduction in peribronchial inflammation in PLNP-treated mice (Fig. 6B) compared
with control mice (Fig. 6A). Assessment of peribronchial eosinophilia showed a significant
decrease in the recruitment of these cells around the airway following selectin PLNP treatment
(Fig. 7). Thus, selectin PLNP administration attenuates the level of both peribronchial
inflammation and pulmonary hyperresponsiveness associated with allergen challenge.

Discussion

Several studies have identified selectins as potential targets for the design of novel anti-
inflammatory agents, including selectin antagonists (19-22,24,34-42) and selectin-targeted
immunoliposomes designed for local delivery of compounds to the endothelium (43-46).
Research has focused on identifying the structural features required for high selectin binding
affinity, and based on these studies, some low molecular weight, noncarbohydrate, nonpeptide
inhibitors of P-selectin have been identified (34-37,40). Therapeutically viable P-selectin
inhibitors have proven difficult to realize due to the weak binding of the monovalent ligands
and extreme cost associated with the production of physiological ligand-based inhibitors such
as sLe* or PSGL-1. Advances in this area have also been hampered by the lack of high-
throughput physiologic assays that rigorously measure the potency of potential inhibitors under
conditions that truly mimic blood flow. Many reported selectin inhibitors have typically been
assayed under static conditions. Although this may give a starting point from which to design
inhibitors, the inhibition measured under static conditions with this type of adhesion protein
can be completely irrelevant when subjected to shear forces (20). Antiquated in vitro assays
primarily measure adhesion in static assays, but we now know that interactions must be
measured under shear forces that approximate those defined in vivo to gain a full appreciation
of an interaction that takes place in the blood.

To simulate the microenvironment a drug and leukocyte would experience in vivo, we used an
in vitro system in which the luminal surfaces of capillary tubes were coated with P-selectin
proteins. The “vessels” are integrated into a loop system in which fluid can be recirculated via
a peristaltic pump. PSGL-1-expressing U-937 cells were injected into the system, and their
interaction with the protein monolayer was monitored by videomicroscopy. Potential P-selectin
inhibitors are infused into the assay, and their effect on leukocyte-protein interactions are
readily measured.

Identification of critical interactions that occur between P-selectin and the physiologic ligand
PSGL-1 served as a starting point for the design of our inhibitor. In examining the crystal
structure of this complex, fucose (in the sLeX tetrasaccharide) makes several critical hydrogen
bonds to the calcium and protein backbone in the binding site of the lectin domain (23). In
addition, strong ionic interactions are facilitated by sulfated tyrosine residues neighboring the
glycosylation site on the N terminus of PSGL-1 with the P-selectin His and Arg groups.
Although fucose as the unmodified monosaccharide has no reported P-selectin blocking
activity, several sulfated carbohydrates (47,48) and sulfated fucooligosaccharides (40) do show
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inhibition. Therefore, if fucose and sulfate could be presented to P-selectin in the proper
orientation on a synthetic carrier, a relatively simple inhibitor could be designed. Several
studies have shown that multimerizing selectin ligands increases the potency of the displayed
ligand orders of magnitude over the monovalent form (20-22,24,38,39,49). In this
methodology, the optimal distance between the binding sites need not be accurately known.
With a random distribution of ligands on a polyvalent surface, the selectin protein can find an
orientation that binds with high affinity.

We and others have found that polyvalent display of fucose or fucosylated oligosaccharides in
proximity to multiple sulfate ester groups creates a potent inhibitor for P-selectin-mediated
adhesion (21,22,24,49). Our PLNP display fucose and sulfate groups on a macromolecular
structure created by mixing lipids functionalized with these molecules to direct self-assembly
into liposome bilayers. The liposomes are stabilized by photochemically cross-linking the lipid
monomers into polydiacetylene polymers maintaining the size and shape as the precursor
liposome, increasing stability (50). The resulting PLNP have a size and composition that can
be easily controlled, and, as a result of polymerization, they are less likely to fuse with
themselves or other lipid membranes. The nonspecific effect of nanoparticle administration on
peripheral blood granulocyte and mononuclear cell counts was examined in control untreated
mice. Intravenous administration of negative control PLNP, selectin-specific PLNP, or vehicle
alone (PBS) had no significant effect on the number of leukocytes in the circulation either 8
or 24 h later (data not shown). We have demonstrated that the PLNP are targeted primarily to
P-selectin on the endothelium and preferentially inhibit established P-selectin-dependent, but
not E-selectin-dependent, leukocyte rolling/attachment in vitro. The inhibition of cell rolling
is dose-dependent, with a total particle weight ICsq of ~2 ug/ml. This represents a carbohydrate
concentration of 34 ng/ml.

The severity of allergic airway disease is primarily dependent on the extent of the inflammatory
response, and attenuation of leukocyte infiltration in the lung is frequently correlated with
clinical improvement (8,9). Several studies have demonstrated a role for adhesion molecules
inthe attenuation of allergic airway inflammation. ICAM-1/LFA-1 as well as E- and P-selectins
have all been shown to play arole in the development of peribronchial inflammation and airway
hyperreactivity (11,12,14). When administered 2 h after an intratracheal CRA challenge, the
P-selectin-specific PLNP significantly attenuated both methacholine-induced airway
hyperresponsiveness and peribronchial eosinophilia measured 24 h later. At this time point,
PLNP could still be identified in association with the endothelial cell surface of blood vessels
found throughout the lung, although we concentrated primarily on the vessels in peribronchial
regions of the lung. Because 24 h was the only time point at which nanoparticle binding was
assessed, the maximum length of time the PLNP remained attached to selectins on the
endothelium has yet to be determined. Although P-selectin expression is generally considered
to be a transient feature of acute inflammation, prolonged expression of this adhesion molecule
in the lung vasculature has previously been demonstrated in lung injury models (51,52). It is
possible that a single administration of PLNP may inhibit leukocyte recruitment for
significantly longer than 24 h.

Our studies indicate that binding of nanoparticles to the endothelium is selectin-specific in both
LPS- and CRA-induced inflammation. In the absence of an inflammatory stimulus, very few
nanoparticles could be identified in direct contact with the endothelium. Furthermore, in the
same lung inflammation models in E/P selectin™/~ mice, PLNP binding to the endothelium was
not observed. Some nanoparticles were found in association with leukocytes either in contact
with the endothelium or in the vessel lumen in these mice. It was not possible to distinguish
whether the PLNP were binding to the surface of the marginated leukocytes or had been
phagocytosed. Additional studies are underway to examine this latter aspect.
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In summary, these studies demonstrate the discovery of a P-selectin inhibitor with potent in
Vvivo activity by using a physiologically relevant in vitro shear assay system. The use of novel
glycomimetics to specifically deliver sterically inhibitory P-selectin binding nanoparticles to
the endothelium may have therapeutic potential for allergies and asthma, as well as other
inflammatory diseases.
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Figure 1.
Interior and exterior surfaces of the polymerized lipid nanoparticle displaying the polyvalent
ligands (fucose and sulfate ester groups) that mimic the physiological P-selectin super ligand:
PSGL-1.
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—s=—no PLNP
—&— selectin PLNP
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Figure 2. Inhibition of P-selectin-mediated, but not E-selectin-mediated, leukocyte cell tethering/

rolling by PLNP under shear in vitro

A) Selectin-blocking PLNP (1% PEG) or negative control PLNP (15% PEG) were administered
after U-937 cell rolling was established on P-selectin-coated capillary tubes, and the number
of cells interacting with the wall of the capillary tube was determined. B) Rolling of U937 cells
was established on P-selectin chimera-coated capillary tubes, and the dose-dependent effect
of P-selectin blocking PLNP was determined. C) Comparison of the inhibitory effect of
selectin-blocking PLNP on U-937 interactions with P- or E-selectin chimera-coated capillary
tubes. All data are representative of three to four independent experiments showing similar

results.
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Figure 3. Selectin-specific PLNP binding to endothelium in the lungs following LPS treatment
WT C57/BL6 (A) or E/P—/— (B) mice received selectin PLNP intravenously 2 h after LPS
administration, and lung tissues were collected 3 h later. The pattern of binding of fluorescent
PLNP was examined by fluorescence microscopy (x400). Data is representative of three
independent experiments. PLNP, nanoparticles; e, endothelium; bv, blood vessel; L, leukocyte.
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Figure 4. Binding of selectin PLNP in lungs following allergen challenge

Negative control PLNP (a) or selectin-specific PLNP (b) were administered i.v. to Balb/c mice
2 h after the final intratracheal CRA challenge (day 20). The presence of PLNP in lungs
collected 24 h later was established by fluorescence microscopy (x400). PLN, nanoparticles;
e, endothelium; bv, blood vessel.
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Figure 6. Reduction of cockroach allergen-induced peribronchial inflammation by selectin PLNP
Peribronchial inflammation was assessed in hematoxylin and eosin-stained lung sections
collected 24 h after administration of (A) CRA alone or (B) CRA with selectin PLNP (x200).
Data are representative of images obtained in three independent experiments.
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Figure 7. Inhibition of peribronchial eosinophil recruitment by selectin PLNP

The number of peribronchial eosinophils was determined in 50 high power fields from each
hematoxylin and eosin-stained lung section (x1000). Data are representative of three
independent experiments and expressed as mean £SE (n=5-6 mice per group).
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