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(57) ABSTRACT 

Methods of suppressing the activation of microglial cells in 
the Central Nervous System (CNS), methods of ameliorat 
ing or treating the neurological effects of cerebral ischemia 
or cerebral in?ammation, and methods of combating speci?c 
diseases that affect the CNS by administering a compound 
that binds to microglial receptors and prevents or reduces 
microglial activation are described. ApoE receptor binding 
peptides that may be used in the methods of the invention are 
also described, as are methods of using such peptides to treat 
peripheral in?ammatory conditions such as sepsis. Also 
described are methods of screening compounds for the 
ability to suppress or reduce microglial activation. 
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METHODS OF SUPPRESSING MICROGLIAL 
ACTIVATION AND SYSTEMIC INFLAMMATORY 

RESPONSES 

RELATED APPLICATION INFORMATION 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 09/957,909, ?led Sep. 21, 2001, 
Which in turn is a continuation-in-part of US. patent appli 
cation Ser. No. 09/260,430, ?led Mar. 1, 1999, noW aban 
doned, Which in turn claims the bene?t of US. Provisional 
Application No. 60/077,551, ?led Mar. 11, 1998, noW aban 
doned, the disclosures of Which are incorporated by refer 
ence herein in their entirety. 

GOVERNMENT SUPPORT 

[0002] This invention Was made With Government support 
under NIH grants NS368087-01A2, K08NS01949, and R03 
AG16507-01. The Government has certain rights to this 
invention. 

FIELD OF THE INVENTION 

[0003] The present invention relates to methods of sup 
pressing the activation of microglial cells in the Central 
Nervous System (CNS), methods of reducing or suppressing 
the activation of glial or microglial cells, methods of ame 
liorating or treating the neurological effects of cerebral 
ischemia or cerebral in?ammation, methods of combating 
speci?c diseases that affect the CNS by administering a 
compound that binds to microglial receptors and prevents or 
reduces microglial activation, and methods of screening 
compounds for the ability to prevent or reduce microglial 
activation. The invention further relates to the methods of 
suppressing glutamate eXcitotoXicity and neuronal cell death 
associated With N-methyl-D-aspartate (NMDA) exposure, 
as Well as methods for suppressing systemic in?ammatory 
responses such as those seen in sepsis. 

BACKGROUND OF THE INVENTION 

[0004] The Central Nervous System (CNS) has long been 
considered to be a site of relative immune privilege. HoW 
ever, it is increasingly recogniZed that CNS tissue injury in 
acute and chronic neurological disease may be mediated by 
the CNS in?ammatory response. The CNS in?ammatory 
response is primarily mediated by in?ammatory cytokines. 

[0005] The microglial cell is the primary immunocompe 
tent cell in the central nervous system. Microglia are mor 
phologically, immunophenotypically and functionally 
related to cells of the monocyte/macrophage lineage (Gehr 
menn et al., 1995). Acute CNS insult, as Well as chronic 
conditions such as HIV encephalopathy, epilepsy, and 
AlZheimer’s disease are associated With microglial 
activation (McGeer et al., 1993; RothWell and Relton, 1993; 
Giulian et al., 1996; Sheng et al., 1994). Microglial activa 
tion results in the production of nitric oXide (NO) and other 
free radical species, and the release of proteases, in?amma 
tory cytokines (including IL-1[3, IL-6 and TNFot), and a 
neurotoXin that Works through the NMDA receptor (Giulian 
et al., 1996). Microglial activation can be assessed by 
measuring the production of nitrite, a stable product of nitric 
oXide formation (Barger and Harmon, 1997). 

[0006] Apolipoprotein E (ApoE) plays a role in choles 
terol metabolism and has also been reported to have immu 
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nomodulatory properties. For instance, ApoE has been dem 
onstrated to have immunomodulatory effects in vitro, 
including suppression of lymphocyte proliferation and 
immunoglobulin synthesis after mitogenic challenge (Avila 
et al., 1982; Edgington and Curtiss, 1981). ApoE is secreted 
in large quantities by macrophage after peripheral nerve 
injury, and by astrocytes and oligodendrocytes (glial cells) 
after CNS injury (Stoll et al., 1989; Stoll and Mueller, 1986). 
The role that ApoE plays in glial activation and CNS injury, 
hoWever, remains controversial. 

[0007] The majority of ApoE is produced in the liver. 
HoWever, due to its large siZe, ApoE does not readily cross 
the blood-brain barrier. In fact, folloWing liver transplanta 
tion, peripheral apoE phenotype changes to that of the donor 
liver, While CSF (cerebrospinal ?uid) apoE phenotype 
remains unchanged (Linton et al., 1991). Thus, ApoE local 
iZed Within the nervous system represents a discrete pool 
from protein produced in the periphery (LaskoWitZ et al., 
January 2001). 
[0008] ApoE is a 299 amino acid lipid-carrying protein 
With a knoWn sequence (Rall et al., J. Biol. Chem. 257:4174 
(1982); McLean et al.,]. Biol. Chem. 259:6498 (1984)). The 
complete gene for human ApoE has also been sequenced 
(Paik et al., Proc. Natl. Acad. Sci. USA 82:3445 (1985). 
ApoE sequences from at least ten species have been deter 
mined, and shoW a high degree of conservations across 
species, eXcept at the amino and carboXyl termini. Weis 
graber, Advances in Protein Chemistry 45:249 (1994). 

[0009] Human ApoE is found in three major isoforms: 
ApoE2, ApoE3, and ApoE4; these isoforms differ by amino 
acid substitutions at positions 112 and 158. The most com 
mon isoform is ApoE3, Which contains cysteine at residue 
112 and arginine at residue 158; ApoE2 is the least common 
isoform and contains cysteine at residues 112 and 158; 
ApoE4 contains arginine at residues 112 and 158. Additional 
rare sequence mutations of human ApoE are knoWn (see, 
e.g., Weisgraber, Advances in Protein Chemistry 45:249 
(1994), at page 268-269). 

[0010] ApoE has tWo distinct functional domains, a 
10-kDa carboXyl terminus and a 22 k-Da amino terminus 
(Wetterau et al., 1988). The carboXyl terminus has a high 
af?nity for lipid and mediates the role of ApoE in cholesterol 
transport. The amino terminus is composed of four antipar 
allel alpha helices, Which includes the receptor binding 
region (Weisbarger et al., 1983; Innerarity et al., 1983). 
ApoE is knoWn to bind a family of cell surface receptors, 
including the LDL, VLDL, LRP/ot2M, ER-2, LR8 receptors, 
apoE receptor 2 (apoER2), and megalin/gp330 et al., 
1996; Novak et al., 1996; Veinbergs et al., 2001). The 
interaction of apolipoprotein E and the LDL receptor is 
important in lipoprotein metabolism. In studies of the LDL 
receptor-binding activity of ApoE, it is typically compleXed 
With phospholipid. The protein has been described as essen 
tially inactive in the lipid-free state (Innerarity et al., 1979). 

[0011] One region of ApoE Which is critical for the 
interaction With the LDL receptor lies betWeen residues 
140-160 (Mahley, 1988), and site-speci?c mutagenesis stud 
ies of this region have demonstrated that mutations affecting 
charge and conformation can result in defective binding 
(LalaZar, 1988). The receptor binding region of ApoE (i.e., 
amino acid residues 135-160) is rich in basic amino acids 
including arginine and lysine. Various amino acid substitu 
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tions in the receptor binding region of ApoE have been 
studied for their effects on ApoE-LDL receptor binding. 
Substitution of either arginine or lysine at residues 136, 142, 
145 and 146 With neutral residues decreased normal ApoE3 
binding activity (Weisgraber, 1988). No single substitution 
of a basic residue Within the receptor-binding region of 
ApoE3 completely disrupts LDL receptor binding, suggest 
ing that no one residue is critical for this interaction. It has 
been postulated that regions of ApoE outside the LDL 
binding region are necessary to maintain the receptor-bind 
ing region in an active binding conformation (Weisgraber, 
1994). Dyer et al. (1991) studied lipid-free synthetic peptide 
fragments comprising residues 141-155 of ApoE, and a 
dimeric peptide of this sequence. No binding activity Was 
observed With the monomer of this peptide, but loW levels 
of binding Were observed With the dimer (~1% of LDL 
activity). 

[0012] The receptors that bind ApoE have areas of high 
sequence similarity. The scavenger receptor is knoWn to be 
present on microglia, and preferentially binds acytylated and 
oxidiZed LDL. The scavenger receptor may be particularly 
relevant under in?ammatory (oxidiZing) conditions. Scav 
enger receptors are also knoWn to be upregulated in micro 
glia after injury (Bell et al., 1994). 

[00133] LRP receptors are knoWn to be present on mac 
rophages. In overvieW, folloWing modi?cation by lipopro 
tein lipase and the association of apolipoproteins, very large 
density lipoproteins (VLDL) and chylomicron become rem 
nants, and are cleared hepatically by a receptor-mediated 
mechanism. Although recogniZed as distinct from the loW 
density lipoprotein (LDL) receptor, the remnant receptor 
also has a high af?nity for ApoE, and recogniZes the remnant 
particles via incorporated ApoE moieties. In 1988, this 
remnant receptor Was cloned, and dubbed the LDL receptor 
related related protein, or “LRP”. 

[0014] The LRP is a large receptor, With a primary 
sequence of 4525 amino acids, and bears many structural 
similarities to other members of the LDL receptor family. 
Like the LDL receptor, the extracellular domain of LRP 
includes a cysteine-enriched ligand binding domain and 
EGF precursor homology domain Which are believed to play 
a role in the acid-dependent dissociation of ligand from the 
receptor. Unlike the LDL receptor, hoWever, the O-lined 
sugar domain is not present in the extracellular portion 
adjacent to the membrane. As With all of the members of the 
LDL receptor family, LRP is a transmembrane protein, and 
is anchored by a single transmembrane segment. The cyto 
plasmic tail of the protein is 100 amino acids, approximately 
tWice as long as the LDL receptor, and contains the NP><Y 
motif, Which is believed to be necessary for targeted coated 
pit mediated endocytosis (Krieger and HerZ, 1994; Misra et 
al., 1994). 
[0015] In addition to binding lipid, ApoE also binds 
lipopolysaccharide (LPS), Which is an endotoxin that medi 
ates Gram-negative sepsis by inducing the production of 
macrophage-derived cytokines. These cytokines, Which 
include TNFot, IL-1ot, IL-1[3 and IL-6, are responsible for 
the metabolic and physiologic changes that ultimately lead 
to pathology (Waage et al., 1987; Chensue et al., 1991: 
Henderson et al., 1996). ApoE redirects bound LPS from 
macrophages to parenchymal liver cells, Which mediate the 
subsequent secretion of LPS into the bile Where it is inac 
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tivated (Harris et al., 1993; Harris et al., 1998). Conse 
quently, macrophages become less activated and produce 
less of the proin?ammatory mediators. 

[0016] LaskoWitZ et al. (June 1997) described experiments 
in Which mixed neuronal-glial cell cultures from apoE 
de?cient mice Were stimulated With lipopolysaccharide 
(LPS). It Was found that preincubation of the cell cultures 
With apoE blocked glial secretion of TNFO. in a dose 
dependent manner. More recently, Van Oosten et al. dem 
onstrated that concomitant administration of ApoE With a 
lethal dose of LPS protected mice against LPS-induced 
mortality (Van Oosten et al., 2001). Rensen et al. demon 
strated that a free ApoE molecule binds approximately tWo 
molecules of LPS, possibly by an exposed hydrophilic 
domain involving arginine residues since selective elimina 
tion of the positive charge on arginine residues of apoE 
resulted in a largely reduced binding of LPS to ApoE and 
abolished the effect of ApoE on the in vivo behavior of LPS 
(Rensen et al., 1997). Interestingly, lactoferrin is a glyco 
protein With an arginine/lysine-rich sequence at positions 
25-31 resembling the receptor binding site (amino acids 
142-148) of ApoE, and has also been shoWn to bind LPS 
(Huettinger et al., 1988; Cohen et al., 1992; MiyaZaWa et al., 
1991). Although, he shoWing by LaskoWitZ et al. that 
preincubation of ApoE With neuronal-glial cell cultures 
blocked LPS-induced TNF-alpha tion Whereas coadminis 
tration of ApoE With LPS did not suggests that some other 
mechanism than LPS binding is involved (LaskoWitZ et al., 
June 1997). 

[0017] In addition to its roles in cholesterol metabolism 
and endotoxin clearance, ApoE may also play an important 
role in neurological disease. The presence of ApoE4 has 
been associated With risk of developing sporadic and late 
onset AlZheimer’s disease (Strittmatter et al., 1993). Barger 
and Harmon (August 1997) reported that treatment of micro 
glia With a secreted derivative of beta-amyloid precursor 
protein (sAPP-alpha) activated microglia, induced in?am 
matory reactions in microglia, and enhanced the production 
of neurotoxins by microglia. The ability of sAPP-alpha to 
activate microglia Was blocked by prior incubation of the 
sAPP-alpha protein With apolipoprotein E3 but not apoli 
poprotein E4. More recently, some researchers have pro 
posed an involvement of ApoE in regulating Tau phospho 
rylation, suggesting that ApoE is involved some Way in the 
development of the neuro?brillary ?brils associated With 
AlZheimer’s Disease (Flaherty et al., 1999; Tesseur et al., 
2000). HoWever, the link betWeen ApoE and Tau has 
remained controversial (Lovestone, 2001). 

[0018] There have also been numerous clinical and experi 
mental observations demonstrating that ApoE modi?es the 
response of brain to acute injury. For example, clinical 
observations suggest that the ApoE4 allele is associated With 
increased mortality and functional de?cit after acute and 
chronic closed head injury (Sorbi et al., 1995; Teasdale et al., 
1997; Jordan et al., 1997; Friedman et al., 1999). The ApoE4 
allele has also been associated With the extent of amyloid 
[3-protein deposition folloWing head injury (Mayeux et al., 
1995; Nicoll et al., 1995). 

[0019] The deleterious effects of the apoE4 isoform on 
neurological outcomes have also been observed in a variety 
of clinical settings associated With cerebral ischemia. These 
include stroke (Slooter et al., 1997), intracranial hemorrhage 
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(Alberts et al., 1995; McCarron et al., 1998), cognitive 
de?cit after cardiopulmonary bypass (Tardiff et al., 1997) 
and hypoxic brain injury following cardiac arrest resuscita 
tion (Schiefermeier et al., 2000). The role of ApoE following 
focal ischemia is less clear, however, with at least one 
clinical study failing to document an effect of apoE genotype 
on functional outcome following stroke (Broderick et al., 
2001). 
[0020] Clinical observations implicating a role for apoE in 
modifying the central nervous system response to ischemia 
have recently been extended to animal models. ApoE de? 
cient mice have larger infarcts and worse functional out 
comes following focal ischemia and reperfusion relative to 
control animals matched for age, sex, and genetic back 
ground (LaskowitZ et al., July 1997). This effect is indepen 
dent of cerebral blood ?ow or cerebrovascular anatomy 
(Bart et al., 1998). In models of transient forebrain ischemia, 
apoE de?cient animals also have increased injury to neu 
ronal populations that are selectively vulnerable to cerebral 
hypoperfusion, including hippocampus, caudoputamen, and 
cortex (Sheng et al., 1999; Horsburgh et al., 1999). This 
increased sensitivity to ischemia can be reversed by intra 
ventricular administration of human recombinant apoE 
(Horsburgh et al., 2000). Moreover, consistent with the 
clinical literature, apoE de?cient mice expressing the human 
apoE4 transgene have larger infarcts and worse functional 
outcomes than mice expressing the human apoE3 transgene 
(Sheng et al., 1998). 
[0021] Although there are multiple clinical reports dem 
onstrating that apoE genotype in?uences neurological 
recovery in isoform-speci?c fashion, the mechanisms by 
which this occur remain poorly de?ned. It has been proposed 
that endogenous apoE may in?uence the CNS response to 
injury by modifying oxidative stress (Miyata and Smith, 
1996), exerting direct neurotrophic effects (HoltZman et al., 
1995), down regulating the CNS in?ammatory response 
(Lynch et al., 2001), or serving as a pathological chaperone 
by promoting cerebral amyloid deposition (Wisniewski and 
Frangione, 1992). More recent studies, however, have failed 
to demonstrate any neuroprotective effect from the intact 
ApoE protein (Jordan et al., 1998; Lendon et al., 2000). 
[0022] Furthermore, several studies have suggested that 
ApoE derived peptide fragments may cause neuronal injury. 
For example, it has recently been demonstrated that car 
boxyl-terminal truncated forms of apoE occur in the brains 
of patients with AD, presumably as a result of intracellular 
processing. These fragments are bioactive and are capable of 
interacting with cytoskeletal proteins to induce inclusions 
resembling neuro?brillary tangles in cultured neurons 
(Huang et al., 2001). Moulder et al. recently reported that a 
dimer composed of the ApoE-derived peptide 141-155 has a 
neurotoxic effect, suggesting to the authors that ApoE itself 
could be a source of toxicity in AlZheimer’s disease brain 
(Moulder et al., 1999). Using a peptide comprised of a 
tandem repeat of residues 141-149, Tolar et al. demonstrated 
that exposure of primary hippocampal neurons to this pep 
tide induced neuronal cell death, an effect which was 
blocked by preincubation with MK-801, an NMDA antago 
nist (Tolar et al., 1999). These results predict that exposure 
with this tandem repeat peptide ampli?es NMDA-induced 
excitotoxicity by direct or indirect mechanisms. 

[0023] In summary, ApoE plays varied roles in different 
biological processes. While ApoE appears to provide a 
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protective effect in the periphery by removing LPS from 
macrophages, the role it plays in CNS injury and neurologi 
cal diseases such as AlZheimer’s Disease is far from clear. 
What is needed is a better understanding of how ApoE 
contributes to the CNS in?ammatory response, to aide in the 
formulation of reagents for use in the treatment of neuro 
logical injury and disease. 

SUMMARY OF THE INVENTION 

[0024] The present invention is based on the ?nding that 
microglial activation can be reduced or suppressed using 
peptides that comprise the receptor binding site sequence of 
Apolipoprotein E. Thus, the present invention provides 
methods and compositions for treating CNS disease states in 
which glial or microglial activation occurs, and in which 
glial or microglial activation contributes to the deleterious 
signs and/or symptoms associated with the speci?c disease 
state. 

[0025] The present invention is further based on the unex 
pected ?nding that peptides derived from the receptor 
binding region of ApoE completely suppress the neuronal 
cell death and calcium in?ux associated with N-methyl-D 
aspartate exposure. This result is in contrast to recent reports 
in the literature that ApoE enhances the NMDA-induced 
excitotoxicity, a surprising result which provides the basis 
for ApoE-based formulations and treatments for injury and 
diseases associated with activation of glutamate receptors 
such as the NMDA receptor. 

[0026] The present invention is further based on the unex 
pected ?nding that peptides derived from the receptor 
binding region of ApoE protect against LPS-induced pro 
duction of TNFO. and IL-6 in an in vivo sepsis model, a 
?nding that is surprising in view of the fact that the receptor 
binding fragments of the present invention contain only a 
small portion of the intact protein. Thus, the present inven 
tion provides methods and compositions for treating sepsis 
using the peptides of the present invention, as well as any 
compound identi?ed using the methods disclosed herein that 
binds to the same receptor as the peptides of the present 
invention. 

[0027] The present invention is further based upon the 
identi?cation and characteriZation of the LRP/ot2M as a high 
af?nity Apolipoprotein E receptor, a characteriZation which 
is the basis for several of the diagnostic assays and kits 
disclosed herein. The assays of the invention may be per 
formed using any ApoE receptor, including but not limited 
to the LRP/ot2M, LDL, VLDL, ER-2, LR8, apoER2 and 
megalin/gp 330 receptors. 

[0028] In view of the foregoing, one aspect of the present 
invention is a method of suppressing glial or microglial 
activation, either in vitro or in a mammalian subject, by 
administering a compound or composition containing a 
compound that binds to glial or microglial cells 0 other 
effector cells such as astrocytes at the receptor bound by the 
peptides of the present invention, and particularly the pep 
tides of SEQ ID Nos 3, 4, 5, 6 and 10. The compound or 
composition is administered in an amount that reduces glial 
or microglial activation compared to activation that would 
occur in the absence of the compound. Suitable compounds 
include the peptides of the present invention, which may be 
formulated into pharmaceutical compositions comprising 


























































