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Transplant Outcomes in Leukodystrophies 

Paril J. Orchard and Jakub Tolar 

Hematopoietic stem cell tmlsplantation (HSCl) has been used for three decades as therapy for 
lysosomal storage diseases. Stable engraftment follOwing transplantation ha~ the potential to 
provide a sautee of an enzyme for the life of a patient. Recombinant enzyme Is available for 
disorders that do not. have a primary neurologic component. However, for diseases affecting the 
central nervous system (CNS), intravenous enzyme Is ineffective due to its inability to cross the 
blood-brain barrier. For selected lysosomal disorders, including metachromatic leukodystrophy and 
g1oboid ,-ell leukodystrophy, disease phenotype and thc extent of disease at the time of tranSplan. 
tation are of fundamental importance in determining outcomes. AdrenoIeukodystrophy is an 
X·linked, peroxisomal dL~order, and in approximately 40% of cases a progressive, inflammatory 
condition develops in the eNS. Early in the course of the disease, allogeneic transplantation can 
arrest the disease process incercbroll adrenoleukodystrophy, while more advanced patients do 
poorly. In many of these cases, the utilization of cord blood grafts allows expedient tf".m.splantation, 
which can be critical in achieving optimal outcomes. 
Scmln Hematol 47:70-18. © 2010 Published by Elsevier Inc. 

Leukodystrophies .have been defined as inherited, 
metabolic disorders of myelin resulting in the 
ptogressive destruction of, 0, the failure to de· 

velop, normal white matter.1 Oligodendrocytes are re
sponsible for the productiOn ot myelin in the central 
nervous system (eNS), and oligodendrocyte dysfunc
tion or 1058 is at the heart of the leukodystrophies.' 
However, in many of the leukodystrophies, abnormal
ities are also observed in the peripheral nervous system 
(PNS), contributing to the morbidity of th~s" disor
ders.5 The majority of these genetic diseases are asso
ciated with speclJic enzyme defects, with each enzyme 
responsible for the degradation of particular substrates. 
These enzymatic detidencies lead to the accumulation 
of substrate, which directly or indire~'tly contributeS to 
toxidty. Disordc:n> such as metachromatic leukodystro
phy and globoid cell leukodystrophy ar<: caused by 
lysosomal enzyme defiCiencies (Figure 1). and are in
herited in an autosomal recessive fashion. In contrast, 
adrenoleukodystrophy Is a peroxisomal disorder and Is 
X·linked in inheritance. These three conditions arc: the 
primary disorders currently treated with allogeneic he
matopoietic stem cell transplantation (HSCl), although 
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transplantation has been explored for a number of 
others as well. . 

In 1971 Porter et aI demonstrated that the accumu
lation of sulfatide in cells derived from a patient with 
metachromatic: leukodystrophy was corrected when 
a;yisulfatase A (ARSA) was provided in the culture 
medium.' These experiments were similar to those 
peribrmed by Neufeld's group several years earlier """ 
ing Hurler and Hunter fibroblasts,' which were funda
mentally important in demonstf",lting tbat lysosomal 
enzymes provided within the environment can be used 
by the cells from affected individuals, allowing the 
dellNdation of accumulated substrate. These stucUc:s 
provided the basis for the clinical use of tNnSplantation 
for lysosomal diseases. In addition, ScaNviIli and Jacobs 
documented tbat the abnormal myelination of the pe
ripheral nerves of twitcher mice, a model of globoid 
cell l=kodystrophy, can be improved following trans
plantation into trembll!f animals, another model of pe
ripheral nerve disease." Enzyme provided environmen· 
tally appeared to correct nerve tissue deficient in a 
lysosomal enzyme. FollOwing the early success of a11o
genelc transplantation in HUrler syndrome,' transplant 
was aplored as thc:rapy for the leukodystrophies. The 
clinical and biologic chaNctc:rlstics of the various di~ 
eases will be discussc:d individlla1ly, including issues 
related to therapy using HSCT. 

METACHROMATIC LEUKODYSTROPHY 

The term "metachtomatic" refers to the staining pat
. tern of suJfatldes that accumulate in the cells of Indi'lidu-
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Figure 1. Lysosomal enzyme deficiencies associated with 
globold cell leukodystrophy (GLD) and metachromatic leu· 
kodystrophy (MLD). Disorders resulting from various en
zyme deficien<ies are shown in italics. 

aI$ with Pl<'tachromatic leukodystrophy.s Metachromatic 
lelllcodystropby is an autosomal recessive lysosomal 
disord.,.. caused by a defect in ARSA activity. Dcf~c::tS in 
the ARSA gene result in accumulation of tbe substrate 
cerebroside 3-suIfate, which Is found primarily in my
elin membranes.o The inability to degrade substrate 
leads to demyelination of the white matter of the eNS, 
as well as the peripheral nerves.'o ARSA defiCiency 
leading to metachromatic leukodystrophy has an inci
dence of approximately 1 :40,000 births, while a higher 
frequency may be observed in specific popula
tions.IO -12 The gene has been mapped to chromosome 
22q13.31, and a large number of mutations within the 
gene have been described.'o." The diagnosis of meta
chromatic leukodystrophy is complicated due to the 
relatively high frequency of pseudodeficicncy, a condi
tion in which measured ARSA levels app~~dr low due to 
a structural alteration within tbe ARSA gene, which 
may occur in up to 15% of the popUlation.'4.IS While 
tbese modifications lead to abnormal ARSA testing in 
Vitro, enzyme activity in regards to naturally occurring 
substrates is prescrvcd.16 P5<:udodclicienCy can be dis
tinguished from metachromatic leukody~trophy by 
measuring the excretion of sulfatides in urine:, as an 
abnormal level of sulfatide is observed in metachr<>
matic leukodystrophy and not in pseudodc:ficic:ncy. Ad. 
diiionally, as sapo.in 8 is required to solubilize lipid to 
make it accessible to ARSA, a deficiency in saposin B 
can resUlt in a phenotype similar to metachromatic 
leukodystrophy, while ARSA activity in leukocyteli or 
fibroblasts is nonnal.'7 

The clinical manifestations of metachromatic leuk<>
dystrophy are varied, amI they are categorized based on 
age of onset. The most common phenotype i. the: 
late:-inf.mtUe: form of the disease, which affects children 
in the first years of life.'s Affected childr<:n develop 
increasing diffiCUlty with walking, and as the disease 

. progresses, with standing and sittinil. Later, increasing 
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motor deficits are observed, including indi~tinet speech, 
swaUowing c:lifficultie.., and an inability to IWldle secre
tionS. Eventually, death ocr.:urs, usually in 2- 4 years from 
onset, although with more aggressive treatment patients 
can live significantly longer. Symptoms are associated 
with both central and peripheral demyelination, and 
mQtor-related difficulties may bewme apparent earlier 
than loss of cogal!ion and language skills. PeriphC:I".l1 
nerve dysfunction can be: demonstrolled with nerve 
conduction studies. The juvenile form of the disease 
has an onset from 4 years of age through adokS<.'Cnce. 
The features of the disease are Simllar to the infantile 
form, although the: rate of progreSSion is slower. In 
some cases a distinction is made between the e3rIy and 
later forms of juvenile: metachromatic leukodystrophy, 
depending on whether the onset of disease OCCIIrs before 
or after 6 years of age.'"-,9 The adult form of mctacJ:u-o. 
malic leukodystrophy represents approximately 20% of 
cases, and the cIinical .. pects of the disorder =y become 
apparent as late as the seventh decade." However, r.tther 
than presenting with mutor-related difficulties, alJected 
patients may have emotional lability, progressive demen
tia, psy<hosis, and difficUlties with substance abuse. 
There is a phenotype-genotype correlation in meta
chromatic lelllcodystrophy, with more severe muta
tions resulting in more rapid accumulation of sulfatides 
and disease progression; in contrast, ilone of the allc:b:s 
allows limited amounts of enzyme to be produced, 
later-onset phenotypes can be observed. n 

The results of the: first transplant for metachromatic 
Jc:ukodYStrophy was reponed by Krivit et al." Many of 
the subsequent publications regarding transplantation 
for metachromatic leukodystrophy provide informa
tion for only a limited number of patients, and these 
may vary in phenotype (late-infantile, juvenile, Or adult 
form), as well as the: state of the disease at the time of 
transplantation. '0 In addition, there Is no universal stan
dard for assessing patients prior to transplantation, nor 
for fonowing their neurologic status after stcm cell 
replacement. Such data are nec<:s5ary to define the 
benefits and limitations of thi.. therapy. As one would 
expect, patients early in th<:ir disease course, including 
those that are asymptomatic at tran.'plantation, are 
more likely to have better outcomes, and similarly 
those with less severe phenotypes may respond better 
w therapy. It seems clear that HSCT has the ability to alter 
the course of later-<>nset disease. liowever, the available 
data do not support transplantation for symptomatic late
infantile d;'.ea<;e: it seems likely that insuflicient enzyme i~ 
delivered quiddy enough to alter the rapid progrc:s.sioo of 
disease:, as the CXtcnt of CNS disease is dependent on 
engraftment of cells such as the microglial population in 
the brain. 19•2I ,22 

While the use of cord blood grafts can d~C"..se the 
time fr(.m diagnosis to transplant, It is not clear that 
donor cell de:Uv~ry to the eNS Or PNS is difl'eretlt, 
either in the proportion of cells delivered or the kinet-
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Ics of engraftment than with the use of a bone marrow 
gnift. In addition, while it is possible that cord blood
detived cells better differentiate within the CNS than 
marrow, this is currently speculative. Whether trans· 
plant provides a benefit in asymptomatic patients pre· 
dicted to have a late-infantile phenotype is unclear; 
avallable data suggest that these patients continue to 
have progressive motor disabilitic:s, while cognitive pa
rameters may be rdatively spared.'·")'" Similarly. "" 
portS of the outcome of transplantation in patients With 
later-oll5c:t dl..:ase describe varied results. Older patients 
transplanted with symptomatic disease can achieve stabi· 
lization of the CNS,25,2. aJthough many continue to have 
peripheral nerve disease leading to progn.'5sive mOtor· 
related morbidity. ReportS on the use of cord blood as a 
graft source have described disease stahilizlltion, although 
outcome. may vary, even within a family." 

GLOBOID CELL LEUKODYSTROPHY 

The disorder known as globoid cell leukodystrophy 
was initially described in 1916 by Krabbe, and hence i. 
also called Krabbe disease.~ The term 'globoid cell" 
refers to multinuclear macrophages present within the 
brain characteristically seen in this disorder. In 1970 
the enzyme defect responsible for globoid cell leuko
dystrophy was identified as galacrocerebroside (J-galac· 
tosidase (GALe), a lyse.omal en%)'ll1e;29 this enzyme is 
also commonly referred to as galactoccrebrosidase, 
The gene was localized to chrornosonle 14 in 1990,'0 
and was doned by Wenger's laboratory in 1993." The 
primary substrate that accumulates in globoid cell leu
kodystrophy is gaia<."tocerebroside, which is degraded 
by GAle to ceramide and galactose." PsychOsine is 
another metabolite accumulating in g1oboid cC.'lIleuko
dystrophy that has been thought to be important in 
contributing to cytotoXicity of cells in the CNS, includ
ing oligodC.'ndrocytes. '3-j, Globoid cell leukodystrophy 
ha. a varied phenotype, and in this respect in similar to 
metachromatic leukodystrophy. The most comnion 
presentation is in early infancy, With an incidence of 
1:70,000-100,000; patients characteristically become 
increasingly irritable, with developmental arrest and 
subsequent regression, and increased sensitivity to 
stimuli.36 Protein determinations in the cerebral spinal 
fluid are high. Hypertonidty is apparent, with fceding 
dillicultles and visual· ehanges; incl'I:a<;ed deep tendon 
reflexes and seizures may be observed. Death generally 
results within a few years after the onset of "-ymptoms. 
Other patientS have lc:ss scvc:re disease and have been 
dMded into late-infantile (onset from 6 rnontlui-3 years) 
and juvenile fOmIs (ages 3-8 years), while some patients 
are not diagnosed until their second or third decades, and 
occasioruIlly later. iI6 NJ might be o<pected, later-onsel 
patients have a less rapidly progressive disease course. 

Krivit reported the results of allogeneiC transplanta· 
tion for five patients with globoid cc:1I lL"Ukodystrophy 
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in 1998." Four of thl! .patients had later-onset disease, 
while one had typical infantile globold cell leukodys
trophy, For the older patients, transplant appeared to 
stabilize, or even improve, their conditioll_ The patient 
with infantile disease was transplanted at 2 months of 
age, and had a much different course than did a prior 
Sibling who died of glOboid cell leukodystrophy. There 
is now sufficient experirnce with transplantation of. 
symptomatic patients with infantile disease to state that 
transplantation Is not effectivc_ In addressing this ques
tion, EscoIar reported a means of clinically assessing 
patients with gioboid cell leukodystrophy in the pre
transplant period, and correlated these assessments to 
outcomes." There has recently been great interest in 
the outcomes of patients predicted to have: infantile 
globoid cell leukodystrophy if transplantation is per· 
lormed in the neonatal period. Very young, as yet 
asymptomatic, palients predicted to have a se>'ere phe
nOtype clearly have had a less severe clinical course 
than what would have been anticipated without tranS
plantation." Newborn screening has been proposed as 
a means of identifying patients prior to the onset of 
symptoms.40,41 Ifowever, the long-term outcome of pa
tient> with severe genotypes who are IIOnsplanted in 
the first weeks remains uncertain." TIleir significant 
motor limitations are likc:ly at least in part to be due to 
periphc:\"~1 nerve demyelination, as is observed in the 
twitcher mice:, a mOOc:l for globoid ceU leukodystl'CJoo 
phy.4>-45 l'bere bas not been universal agreement in 
favor of neonatal testing for globoid cell leukodystro· 
phy, although screening is currently done in New York 
and is likely to be in place soon in several other slates. 
Due to the severe time limitations in attempting to 
transplant asymptomatic neonates, a large proportion 
of these Infants Will require cord blood grafts. 

The efficacy of transplantation in patients with 
latcr-onset glohoid cell leukodystrophy remains less 
well delineated than would be expected. Patients 
with later-onset disease are likely to benefit from 
transplantation if undertaken early in the course: of 
their disease_'6 However, data derived from a large 
series of patient. that focused on function and neu
rocognitive outcomes arc not avallable. It would be 
important to revIew the genotypiC findings of an 
individual diagnosed by GALC activity to determine 
whether it is re-.... s:onable to pursue transplantation in 
an asymptomatic patient, as it is not necessarily clear 
wbat the anticipated course will be- However, if a 
patient with Iater-onset disease i. in the early stages 
of the disease, transplantation seems a reasonable 
option. FOI' a number of the.., diseases, multi·institu
tional trials with standard methods of analysis would 
prove very beneficial," despite the difftculties inher. 
ent in developing and funding these large trials that 
could require decades to complete_ 

Sonya's
Highlight

Sonya's
Highlight

Sonya's
Highlight

Sonya's
Highlight

Sonya's
Highlight

Sonya's
Highlight

Sonya's
Highlight

Sonya's
Highlight



JUL-02-2010 13:03 LOYOLA UNIVERSITY 
I' WI! I~#"r"""" .................... ~ ... r~ .............. , ... ~· .... r· .. _-

ADRENOlEUKODYSTROPHY 

Clinical Manifestations of Adrenoleukodystrophy . 

Adrenoleukodystrophy was initiaUy described in 
1925 by Siemerling and Creut2fe1d as a condition char
actenzed by hyperpigmentation and central nervous 
sys~m demyelination. In 1976lgarashi and colleagues 
observed that saturated vety-long-chain fatty acids, 
such as hexacosanoic acid (C:26:0), accumulate in the 
brain and adrenal tissue of patient.. with adrenoJeu
kodystrophy. ~ later, it was shown that "'a."egs very
J~ fatty acids an: aJso present ill pla5ma," espe
cially C24 and C26 fatty acids."" The inability to degrade 
very-long-chain fatty acids in patientS with adrenoleu
kodystrophy is due to mutations in a gene that encodes 
for a peroxisomal membrane protein, now designated 
ABCD1 ,or adrenoleukodystrophy. The cClDdition is X
linked in inheritance, and in males the Jinding of elevated 
very-long-chain falty acids in the serum is sUllicient to 
make the diagnosis. The: disorder is seen in approxi
mately 1 in 17,000 males, and seems to be similar in 
distribution across ethnic and racial groups. 51." Within 
a kindred, there is substantial clinical valiability despite 
a single genotype. In the pediatric population (up to 
age 20), approximately 50% of boys devclop adrenal 
insufficiency, while in 35% to 40% an acutt:, inflamma-
1My, demyelinating condition develops, termed cert:-
bral a<lrenoleukodystrophy."ln others, generally in the 
third or founh decade of life, an axonal process devel
ops in the Spinal cord long tracts, termed adrenomy
eloneuropathy.5z 'This "adult form" of the dL",ase is 
generally assodated with a slow deterioration of motor 
function. '. 

The rea.'\Ons for phenotypic variability within a funlily 
are unclear. Accumulation of very-iong-chllln fauy acids 
seems to be foJ1ow~-d by another insult of unknown eti
ology that initia~ the inflammatory response character
ized by increased synthesis of nitric oxide, cytokines. 
cbemokines, and infiltration of inflammatory cells S1.1ch 
as macrophages and T cells.,3-,. The "two·hit' hypoth
esis for l:erebraI adrenoleukodystrophy propos<:d by 
Eichler suggests that after the vcry-Ioog<hain fatty 
acids accumulation has made the cell membrane vul-
nerable (fint hit). additional injury occurs as a result of 
environmental changcs (trauma, seizure, infection, etc) 
to stimulatc the inllammatory changes. Alternatively. 
polymorphisms of immune response genes could un
derlie the varied spectrum of clinical presentation in 
hemizygoteS with ABCDJ mutations: froQl a..ymptom· 
atic to the severe childhood cerebral form of adreno
leukodystrophy. 

Rationale for Allogeneic 
Stem Cell Transplantation 
for Cerebral Adrenoleukodystrophy 

The median age of development of the cerebral form 
of adrenoleukodyotrophY is 7 years old: No factors have 
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yet been ideritilied that influence itS emergence in a 
panicular individual. The use of g1yceryl trioleate-trieu
ruate oil (lorenzo's oil) ill being Studied as a means of 
decreasing the levels of very-Ioog-chain fatty aCids, 
potentially redUCing the propanion of patientS devel
oping the cerebral form of the disease. However, it is 
ck-ar that when cerebral adrenoleukodystrophy devcl
ops, Lorenzo's oil is not of benefit in modifying the 
course of the disease.'7 A characteristic finding associ
ated with cerebral adrenoleukodystrophy is inflamma
tion of the 'white matter of the brain, with changes 
suggestive of a<.'1ive oxidative damage thought to be 
related to the inllammation." In the vast majority of 
c.,es, cerebral disease is progressive once it has begun, 
leading to a vegetative state or death within several 
years of its ons<.'1. The only available therapy for cere
bral adrenoleukodystrophy is allogeneiC HScr. Au
bourg et alfirst reponed the beneficial effect of HSCf 
in a boy with early-stage cerebral a<lrenoleukodystro
phy in 1990,S9 following the earlier repan of a patient 
with advanced disease who was transplanted and had a 
poor outcome." The mechanism by which transplan
tation arrests the disease process is unknown. Trans
plantation may <:Iiminate the inflammatory response, 
and this is respon.~ble at least In pan for the alte .... tion 
in the course of the disease; after successful transplan
tation, progression of the disease can be arrested. Sha
piro et al noted that disease stabilization persists for at 
least 5 to 10 years after transplantation.OI At present, 
transplantation is the standard of care for boys with 
early-stage cerebral adrenoleukodystrophY. However, it 
is not clear that transplantation of an asymptomatic 
individual eliminates the possibility oc'the development 
of cel'ebral adrcnolc:ukodystrophy, nor has it been dem
onstrated that HSCT prevents adrenomyelom:uropathy, 
as there arc not b'Uflicient numbers of patients in their 
second or third decade to address this issue. Based on 
this information, there is currently no rationale to trans
plant patients who do not have active cerebral a<lreno
leukodystrophy, as defined by white matter changes 
characteristic of cerebral adrenoleukodystrophy, with 
demonstrated gadolinium enhancement, which is 
thought to provide evidence of active inflammation. 

Physiologic Considerations 
of Transplantation for 
Cerebral Adrenoleukodystrophy 

While the accumulation of vety-Iong-chain fatty aC
ids remains the biochemical ha11mark of adrenolc:u
kodystrophy and a useful diagno.'tic tool, it is not elear 
how very-Iong-chain fatty acid accumulation leads to 
the demyelini • .ation and inflammation of the eNS of 
boys with adrenoleukodystrophy, Accumulation of 
very-long-chain fatty acids leads to their incorporation 
int<) the phospholipid bllayerofihe cellular'membrane, 
which in some cases triggers an immune response 
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leading to the dassic destructive lesions observed in 
adrenoleukodystrophy' patients. While transplantation 
of metabolic lysoaomal diseases such as metachromatic 
Icukodysuephy ancl globoid cell leukodystrophy re
sults in enzymatic delivery to deficient cdls, the dys
functional protein in adrenoleukodysuophy is not an 
enzyme; rather the product of the ABCDI gene is a 
structural protein-a peroxiliOmal transporter. As the 
ABCDI gene product ·is not expected to be freely 
secreted by ceUs, it is unlikely that there would be 
cross correction with adrenolc:ukodystrophy as occurs 
in the lysosomal disorders such as metachromatic leu
kodystrophy or g1oboid cell leukodystrophy. Animal 
models of adrenoleukodystrophy exist but do not de
velop cerebral pathology similar to human disease.G2•63 

Thus, while one of the mechanisms by which tran .. 
plantation arrests progression of adrenoleukodystto
phy is assumed to be the elimination of cellular infil
tration and inflammation.... the role of allogeneiC, 
hematopoietic cells in conueUing disease progression 
is not weU understood. There may be cellulal"'based 
correction." Microglial ceU apoptosis also may be of 
importance in cerebral adrenoleukodystrophy, 66 and 
HSCT donor-derived microglial cells might provide a 
protective effect to the oligodendrocyte or other cell 
types. However, a better understanding of the etiology 
of the disease: and the mechanisms by which therapy 
proves beneficial are clearly needed to design more 
effective strategies for improved outcomes ill patientS 
with ad~oleukodystrophy. 

Of interest, Aubourg's group In Paris has had an 
open gene therapy protocol to treat boys with early 
cerebral disease USing autologous bone marrow- de
rivc:d CD34 + ceUs that have been troUlsduced with Wi/d
typeABCDl gene In a lentiviral backbone. This is based 
on prior studies suggesting viral-mediated gene transfer 
can result in a dc:crc:asc: in very-long-challl fatty acids in 
actrenoleukodysuephy fibroblasts·7 In the clinical stud
ies, according to data presented at national meetings, 
approximately 20% of cells expressed the transgene In 
a stable fashion and, after early progreSSion, disease 
stabilization was achi~c:d (p. Aubourg, personal com
munication). Assuming that some: of the progeny of 
these ceUs arc: microglia capable of honting to the 
brain, such stem cell gene therapy may provide a treat
ment option in future. In addition, these experiments 
provide clata that complete correction of the hemato
poietic cell population is not necessary. 

Outcomes of Transplantation 
for Cerebral Adrenoleukodystrophy 

It has ~ well estabUshed that the outcomes of 
HSCT have ~ dramatically different in patients with 
early disease compared to results in those with more 
advanced dlsease."" .. ",,61.68-70 When evaluated by a 
ncuroimaging severity method <L?es score),71 patjcnts 
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with a score <9 and a performance intelllgence quo
tient >80 had a 5-year survival rate of 92%.1S8 This 
sharply contrasted to the patic:nts with higher Loes 
score. who had a 5-year survival rate of about 45%. 
Patients who w"rc transplanted very late in the course 
of their di$<:ase, with l,ocs scores > 13, have not SUI'" 

vived with standard uansplant techniques.70 Our group 
has shown that peritransplant anti-oxidant therapy. 
with N-acctyl-.-cysteine (NAC) has promise in the treat
ment of patients with advanced adrenoleukodystro
phy.'o TIlls is in contraSt to the overwhelming evidence 
from previous de~'ades when HSGf alone kd to no 
change in th~ rapidly deteriorating natural history of late 
cercbrod adrenoleukodysuophy. More experience i. 
clc:arly needed to improve outConlCS of patients with 
more advanced disease. Whether cord blood gr.Ift sources 
will prove advantageous in comparison to marrow grafts 
is as yet tmclear. There has been specuIation, yet un. 
proven, that cord blood ceUs inay havr a greater abiUty 
to provide an undifferentiated cell population. There 
are no clinical clata that outcomes are better with cord 
blood grafts than other sources. However, for patients 
with rapidly progressive disease, there arc advantages 
in expedient acces.. [0 cord blood gr.tfts, which could 
intluence outcomes. 

CURRENT CONTROVERSIES 
IN HEMATOPOIETIC CELL 
THERAPY OF LEUKODYSTROPHIES 

Despite the experience of several decades in the use 
of transplantation for inherited metabolic disorders af
fecting the eNS, there Is much that remains unclear, 
inclUding the foUowing: 

1. The majority of physicians transplanting these pa
tients would agree that, with current tcdmiques, 
outcomes are poor for transplantation for symptom
atic infantile globoid cell leukodysttophy and meta
chromatic leukodystrophy. However, whether pa
tients transplantc:d very. early in life (several weeks 
of age) will have acceptable outcOmes is not yet 
clcar. Resolving this has important implications, 
as there has been a movement towards newborn 
screening for these disorders,"- c; and the usc of 
screening generally assumes an adequate therapy 
is available. For newborn screening for adrenoleu
kodysuephy, in contrast, it has been demon
strated that patients with early cerebral adrcno
lcukmly>trophy h.ve very good outcomes with 
transplantation, but the current accepted practice 
i. that only those with active cerebral disease 
should be uansplanted . 

2. The ol\tcomes of uansplanted patients with later 
onset globoid ceq leukodysuophy and metachro
matic leukodystrophy are much less clear than 
would be expected, in part due to the rare nature 
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of the$e diseases. 1bis is due to !he variability of 
disease status at transplant, the rate of progre ... 
sion, and difJiculty in defining !he neurologic end
points. EsIlII>Iishin& collabor.uive Snldies !hat have 
well defined outcomes will be a key factor ill better 
delennining the role of transplanlalion, and In order 
to coWlSeI families making treatment decisions. 

3. There is no consensus as to how grafts should be 
chosen for transpJants. Clearly, for rapidly pro
gressive disease, cord blood transplantation pro
vides great advantages in contrast to unrelated 
donor grafts. However, if timing is less important, 
there is no compelling information to assist in 
choosilli between an unreIated graft and a cord 
blood unit. White, with an unrelated donor, there 
is generally a reassuring clinical hiStory, it is pos· 
sible, although highly unlikely, that a cord could 
be chosen that is also deficient in the therapeutic 
gene of interest. We have adopted the Strategy of 
testing a cord blood unit under consideration for 
transplantation for activity of !he enzyme in ques
tion. However, we have not chosen cords based 
on enzyme levels, as these tests are very difficult 
to interpret given the variability in quality of the 
samples available for analysis. With these testing 
limitations. choosing a cord unit based on enzyme 
expression could lead to the use of a graft that is 
less well matched, or contalns a lower cell dose, 
which could be counterproductive in relation to 

engr.Utment, grafi-Yersu .. host di.c:ase, and other 
factors. Another important issue related to the: 
choice of graft source concerns sibling donor. 
that are carriers. Would using 0 heterozygous do
nor, with a probable lower enzyme level, result in 
a worse outcome? While this may be presumed, 
data to support this l188umption are lacking. 

4. Will there be advantages in using reduced intensity 
regimens? For patients with ongoing neurologic in. 
jury, a preparative regimen that contributes to CNS 
tollicity L~ COunrerprod\lCtivc. However, achieving 
rapid engraftment of microglia in the CNS may be 
criti<;aJ in ach;evJng disease: Slabilization, as it io 
thought that this population plays a therapeutic role 
in transplantation for these disorders."·?) The use of 
various techniques may assist in achieving mi~r<> 
glial ~ent;··7S although there is little infor
mation to allow us to design preparative regimens 
that are non-toxlc but effective in achieving expedi
ent, full replacement of microglia with donor-<ie
rived cells. 

5. Is there a role for transplantation ;I.' the ..... py for 
other metabolic discases affecting the CNS? These 
disorders include Tay-Sachs and the related Sand· 
hoff disease, which gene ... ,uly are rapidly progres
sive disorders, and symptomatic patients l12ve done 
poorly with transplant. N'temann-Pick A, GM1 gan. 
gliosidosis, and neuropathogcnic 'Hunter and Gau-

ch"" syndromes could also be considered in this 
category. Again, whether transplantation very early 
in life can lead to acceptable outcomes is unclear. In 
addition, as novel thc:rapics become OYailable, ~uch 
as enzyme replacement, substrate inhibition, anti
inflammatory agents, chaperone therapy, and oth· 
ers. improved results may be obtained in compar
ison to any single m,lClality of therapy, including 
transplantation. 

In summary, a large amount of. dara confum that allo
geneic transplantation can alter neurologic progression of 
inherited lcukodysuophics, including metachromatic leu
kodystrophy, globoid cell leukodystrophy, and adn:no1cu
kodystrophy. For example, allogeneiC transplantation is 
considered the s"",dard of care for boys with early cere
bral adrenoleukodystrophy. However, wbile there is 
agreement that symptomatic infants with metachro
matic leukodystrophy and g1oboid ccllieukodystrophy 
do poorly. specific recommendations for the. usc: of 
transplantation for metachromatic leukodystrophy and 
globoid cell leukodystrophy an: more difficult. Addi
tional information regarding outcomes in patients with 
later-onset metachromatic leukodystrophy/globoid cell 
leukodystrophy undergoing HSCf is lacking. The field 
would greatly benefit from multi·instimtionallltUdies or 
regiStry data. assuming there is a relatively uniform 
means of assessing the neurologic status of these po
ti<:nts. Much remains to be understood in regards to 
factors aft'e~ting disease progre58lon, in~lucling CNS 
versus PNS disease, !he utility of combination therapy, 
and protective agents such as NAC. PrOviding answers 
through basic and clinical research will prove impor· 
tant for the treatment of these rare but devastating 
discmkrs. 

REFERENCES 
I. Berger}, Moser HW, !lorss-Petter S. Leukodystrophies: 

recent developments In genetics, mo1ccular biology, 
pathogenesis and lreallnent. CUrt Opln Neurol. 2001,14: 
305-12. 

2. Goldman SA. Schanz S, Wlndrem MS. Stem ceJl.b .... d 
.,,,,Iegie. for treating pediatric disorders of myelin. Hum 
Mol Genet. 200s,17:R76-83. 

3. Aleardi]. The: Inherited leukodystrophies: a clinical over
view. ] Inherit MeIKb Dis. 1993,16:733- 43. 

4. Porter MT. Fluharty AL, Klhara H. Correction of abnor
m,lI cerebroside 5ulfate metabolism in cultured meta
chromalic leukodystrophy fibroblast.. Science. 1971; 
172;12~-5. 

5. ""'tanronl Je, Hall CW, Neufeld lll'. Hurler and Hunt..
syndromes: mutual corrcc:tion of the d<:f<:ct in cultured 
fibroblasts. 5~ience. 19611,162:570-2. 

6. Scaravilli F. Jacobs 1M. Improved myellnation in nerve 
grafts from the h:ucodystrophic twitcher into trembler 
mice: eVidence for enzyme replacement. BraIn Res. 1982, 
237:160-12. 

7. Hobbs JR. Bone: marrow tranSplantation for inbom er
rors. l.aru;;ct. 1981;2:735-9. 

Sonya's
Highlight

Sonya's
Highlight



,. ;. 

, . .. 

.',' 

'" 

':., 
<', 

! 

" .! 

JUL-02-2010 13:04 LOYOLR UNIVERSITY 

76 

8. Suzuki K. Chen G. Metachromatic lcucodys<rophy: is. 
tion and chemical arudysis of metachromatic l!r3nules. 
Science. 1966;151:1231-3. 

9. Gieselrnann v, Pollen A, Kmysiog ],von Figura K. Mo· 
le,:ular aenetics of metachromatic Jeukodystrophy. J In· 
herit Metab Dis. 1994;17:500-9. 

10. Eng B. Nakamura LN. O'Reilly N. Scholanan N, Nowac
zyk MM, Krivit W, et aI. Identification of nine novel 
arylsulfawe • (ARSA) gene mutations In patients wlth 
mctachtomatk: leukodystrophy (melllChromatic leuko
dystrophy). Hwn Mutat. 2003;22:418-9. 

II. Heinisch U, ZlotollOraJ, Kafett S, GiellC!1mann V. Multiple 
murations are l'e$ponsiblc for the: high frequency of 
metachromatic leukodystrophy in a small geographic 
area. Am J Hum Genet. 1995;56:51-7. 

12. ZlotogoraJ, Bach G, BoIIC!obcrg C, BarAk Y. I'OlI Figlll'll K. 
Gicoc:inwm v. Molecular basi. of late Infantlk metachro
matic leukodystrophy in the: Hobbanite Jews. Hum Mil
tat. 1995;5:137-43. 

13. Gieseinwm v. Metachromatic leukodystrophy: genetics, 
pathogenesis and therapeutic options. Acta Paediatr 
SuppllOO8;97:15-21. 

14. PIuharty AL, Meek WE, Kihara H. Pseudo aryl.ulfatasc A 
deJicjcncy: e.iden<:e for a structurally altIi!red euzyme. 
Biochem Biophys Res Collllnun. 1983;112:191-7. 

15. SedeIF, TourbabA, Fontaine B, LubelZ~i C. Baumann N. 
Saudubray lM. et a1. Leukoencephalopathies "SOCiated 
with inborn etfOtS of metabollsm in adults. ] Inherit 
Metab Dis. 2008;31:295-307. 

16. Hen B, Sacl, G. AryIsulfatasc A in p.eudodeficiency. 
Hwn Genet. 1984;66:147-50. 

17. Gieselmann V, ZlolOgora J, Harris A, Wenger DA, Monis 

ep. Molecular genetics of metllcilromatic leukodystro
phy. Human Mutllt. 1994;4:~33-42. 

18. Scriver CR, Sly WS, Chllds B, Beaudet AL. Valle D. Kin~.r 
KW, ct a1. The meCabolic and molecular bases of inber
iled dlse:is<:. 8th ed. New York: McGraw·Hill Profes
sional; 2001. p. 3695-724. 

19. Bifli A, Lucchini G, Ro\l'elli 1>., S .... M. Mctaehromatie 
Jeukodystrophy: an overview of current and prospecliv. 
treatmentS. Bone Marrow Transplant. 2U08;42 Suppl 2: 
82-6. 

20. Kn'vit W, Shapiro E, Kennedy W. Lipton M, Lockman L. 
Sm.ith S, et aI. Treatment of late infantile metachromatic 
leukodystrophy by bone marrow transplantation. N BngI 
J Med. I 99O;321:28 -32. 

21. Orchard PJ, m-r BR. Wagner J, Charnas 1., Kmit W, 
Tolar J. Hematopolctlc ccll therapy for metabolic dis
ca5C.) Pedlatr. 2007;151:~40-6. 

22. Peters C, Kriviit W; Metabolic diseue,. In: Ball E, editor. 
HeOlapolctlc stem ccll therapy. Philadelphia: Churchill 
Liviogatonc; 2000. p. 169-83. 

23. Pete ... C, S.eward CG. Hematopoietic cell transplanta
tion for _ted metabolic disease.;: an overview of 
outcOmes and practice guJdeUnes. Bone Marrow Trans
plan'. 2003;31:229-39. 

24. Pet... C. Hematopoietic stem ccll tran.plantation for 
storage disease, In: Appelbaum FR Forman!iJ Negrin as. 
editot:S- 'Thomas' hemaropolctlc cdl transplantation: stem 
ccll tranoplamation. 4th ed. Oxford, UK: Wllcy; 2009. p. 
1136-62. 

773 508 2993 P.08 

P.J. Orchard and J. Tolar 

25. Gorg M, Wilck W, Granittny B, Suerken A, l.ukacs 7.', 
Dina X, et ~. StabWutlon of juvcnilc: metachromatic 
leukodystrophy after bone marrow transplantation: a 
13-year follow.up. J ChiW Neural. 2007;22:1139-42. 

26. Solders G. Cclsing G, Hagenfeldt L, Ljungman P.lsberg B. 
R1ngdeo O. Improved pc:ripher.ll Jlen!e conduction, EEG 
and _ IQ after bone !narrow Il'aIlsplantatlou for adult 
metachl'OlllAlic leukodymophy. Bone Maaow Transplant. 
1998;22:1119-22. 

27. Pierson TM, Bonncmann eG, Pinkel as, Bunin N, Ten· 
nekoon GI. UmbllicaJ cord blood trmsp!antation for j ...... 
Dilc metacbrumatic leukodystrophy. Ann Neurol. 2008; 
64:583-7. 

lB. Krabbe K. A new familial, infantile form of dlffu<e brain 
sclerosis. Brain. 1916;39:74-114. 

29. SU1.uki K, Suzuki Y. Globow ccllleucodyStrophy (Krab
be's disease): deficiency of gaJactocerebroside beta-gal· 
aaostdosc:. Proc Nail Acad Sci USA. 1970;66:302-9. 

3D. Zlotogora], Chakraborty S, Koowlton RG, Wenger D"-. 
Krabbe disease locus mapped to cnromosome 14 by 
genetic IlnkaSC. Am J Hum Genet. 1990:47:37-44. 

31. Cben YQ, Rafi MA, de Gala G, Wcogcr DA. Cloning and 
expression of eDNA encoding human galactocetebrosi
dRse, the enzyme de1iclent in globoid cell 1cukodystto
phy. Hum Mol Genet. 1993;2:1841-5. 

'2. Tatoumi N, In .. ; K. SaItai N, Fukushima H, Nlsblmoto ], 
Yanagihara I. '" aI. Molecular defects in Krabbe dlse_. 
Hlim Mol Genet. 1995;4:1865-8. 

53. 19i.!iU H, S,,;:LIki K. Progressive accumulation of toxic 
metabolitc: in • genetic le~odystrophy. Selene.. 1984; 
224:753-5. 

34. Suzuki K. Twenty five years of the "psychosine hypoth
esiS': a personal perspectlve of Its history and p1aCnt 
status. Neurochem Re.. 1998;23:251-9. 

35. White AB, G~ri MI, Lopez-Rosas A, cao H, van Bre<· 
men R, Thin~n G, .t aI. Psychosinc accumulates in 
mcmlmme microdomains in the brain ofkrabbe pallents, 
disrupting tbe raft architecture. J Neurosci. 2009;29: 
6068-77. 

36. ScrivcrCR, Sly WS, Childs 8, Beaudet AL. Valle D. Kinzler 
KW, et aI. The metabolic and molecular basco of inber
ited disease_ New York: McGraw..fli11 ProfesSional; 2001. 
p.3669-94. 

37. Krivit 'W. Shapiro EG, Peters C, Wagner JE, Cornu G, 
Kumbel1l J. et aI. Hematopoietic mm-ccll transplanta
tion In globoitkellle~dy.trophy. N Bn8IJ Med. 1998; 
338:Il19-z6. 

38. Escolar ML, Poe MD, Manin HR, KurtZberg J. A staging 
sy.tern for Infantik Kta1>be disease to predlct outcome 
after unrelated umJ>llical coro binod uansplantatloo. Pe
diatriCS. 2006;118:0879-89. 

39. /lSColar ML, Poo MD, Proveozale]M, IUcharda KC, Alllson 
J, Wood 5, et aI. Traosplantatlon of umbillcaJ-cord blood 
in babies with infantile Krabbe', dl5e .... N BngI J Med. 
2005;352:2069-81. 

40. Duffner PK, (',agpna M, Orsini)], Wenger DA, Patterson 
M(,. Crosley q, et aI. Newborn screening for Krabbe 
di.ease: the New York Sme modd. Pcdiatr NcuroJ. 
2009;40:245-52. 

41. Meikle l'I. Grosby OJ, Dean q. Lang DL, 80ckmann M. 
WhIttle AM, ct aI. Newborn sctCening fot lysosomal 
storage d;,'ordc .... Mol Genet Meiab. 2006;88:307-14. 



JUL-02-2010 13:04 LOYOLA UNIVERSITY 
IrOnsp,anr OUtc.:umel III ,~u,uJ{,"y~uup",r:~ 

42. Duffner PK. caviness VS, Jr,. Erbe RW, Patterson Me. 
Schult2: KR, Wenger DA, et ai, The long-term outcomes 
of presymptamatic infants transplanted (or Krabbe dis
ease: report of the workshop held on July II an!! 12. 
2008. Holiday Valley. New York. Genet Med, 2009;11: 
450-4. 

43. Kagitani-Sltimono K, Mohri I. Yagi T. T~niil<e M, Suzuki 
K. Peripheral ueuropathy in the twitcher mo....,: .ccu· 
mullllion of cxtraceIlular matrix In the endoneurium and 
aberrant expressIon of ion channels. Actll Nenropathol, 
2008;115:577-87. 

44. Kondo A, Hoogerbrugge PM, Suzuki K. Poorthui5 III. Van 
Beklaun OW, Sutuki K, Pathology of the peripheral 
nerve in tbe twitcher mouse following bone marrow 
transplantation. Brain Res, 1988;460:178-83. 

45. Lu>l P, RaIl MA. ZaI<a M. R.o HZ. Curtis M. Vanier MT. 
et aI. Biocbem;ca1.nd pathological evaluation of long
lived mice wilh globoid cell leukodystropby aftet 
bone marrow transplant.tion. Mol Gene, Metab, 2005; 
86:150-9, 

46. Urn ZV. lio AY, Abrahams 5, Fensom A, Aldourl M. 
Pagliuca A. et aI. SQstaIned neuroJogicallmpravcmcnt foI. 
lowing reduced-int.c:nsiIy conditioning allogeneic haemato
poletic stem cell tJansplantatiOn for la!eonset Krabbe <lis
ease, Bone Marrow Transplant, 2008;41:831-2. 

47. Cartier N, AuboUlll P. Hem.topoietic stem cell gene 
therapy in Hurler syndrome, globoid cell lcukndyslto
phy. metachromatic leulmdyslrophy and X ... drenolclJo 
kodystrophy, Curt Opin Mol Thor. 2008;10:471-8. 

48. Igaruhi M. Schaumburg HH. Powers J. Klshmoto Y. 
Kolodny E. Suzuki K. Fatty acid abnormality in adreno
leukodystrophy, J Ne\lrocbem. 1976;26:851-60, 

49. Moser AB. Krci.er N. Bezman L, Lu S. Raymond GV, 
Naldu S, el ai, Plasma very long chain fatty acid. in 3.000 
pcroxillOme discase pat.ients and 29,000 COntrols, Ann 
Neurol 1999;45;100-10. 

50. Moler HW. ClInical and therapeut.ic aspectS of ~dreno
Icukodysuopby anll a!lrenomycloneuropathy. J Neuro
pathol Exp Neurol. 1995;S4:740-5, 

51, Mahmood A, Dubey P, Moser HW. Moser A. X-linkell 
adrenolcukodyslropby: 11ler.tpeutic approaches to <listinct 
phenotypes. Pcdiatr Transplant. 200S;9 SIll'l'I:55-62, 

52, Moler HW. Raymond av. Dubey p, AdrcnoleukodystrD
phy: new approaches to a ncurodcgc:nerative disease. 
JAMA. 2005;294:3131-4, 

53, Powers 1M, Uu Y. MOler AB. Moser trw. The inflamma
tory myelinopathy of a<lferu>.leukodystrOphy: cens. cf· 
fecIOr molecules, and pathogenetic implications. J Nc: .... 
ropathol Exp Neural. 1992;51:630-43, 

54, McGuinncss MC. Grllfin DE, Raymond GV. Washington 
CA, Mooer HW, Smith lCD, Tumor necrosis factor.a1ph. 
and x-linked adrcnoleukextyotrophy. J Ncuroimmunol. 
1995;61:161-9. 

55. McGuinness Me, Smitb KD. Cerebra1 inIlammation in 
X-linked adrenoleukody5tropby. Arch Immunol Ther 
Exp. 1999;47:281-7. 

56. Painllia AS, Gilg AG, Khan M. Singh AK, Barbosa E. Singh 
I. Correlation of very long chain fAtty acid accumula.ion 
and InIIammatory disea$C: progrc5lion in .hildhood X
adrcnoleukodylll'Ophy: inlPUeations for potential thera
pies. Neurobiol Oil, ZOO3;I4:42S-39, 

773 508 2993 P.09 

57. Moser HW. Powas JM. Smith KD. AdrenoleukodysltO
phy: molecular genetics. pathology. anll Lorenzo'. oil. 
Brain Paihol. 1995;5:259-66. 

58. Powers JM. Pei Z. Hein%er AK. Deering R, Moser AB. 
Mo.er HW. et al. Adreno-leukodystrophy: oxidative 
Strc5S of mice and mc:n. J Neutopathol Bxp Neural. 
2005;64:1067-79. 

59. Aubourg p. Blanche: S, Jamllaque I, IIDcchicc;oli F, KaIIfa 
G. N.ud-Saudreau C. et aI. Reversal of early neurologic 
and neuraradioloSlc manifestations of X·linked a!lrene>
leukodyotrophy by bone. marrow transplantation. N Eng! 
J Med. 1990:322:1860-6. 

60. Moser HW, Tutschka PJ, Brown FR 3rd. Moser I.E. Yea· 
ger AM, Singh I. et aI. Bone marrow transplant in a!lre
noleukodyslrophy. Neurology. 1984;34:1410-7. 

61. Sltapiro Eo Krivit W, Lockman L, Jamb.que I. Peters C, 
Cowan M. et aI. u>ng·term dfect of bone-marrow trans
plantation for childhood-<lnset cerebrai X·linked adreno
leukodystrophy. I=ce~ 2000;356:713-8. 

62. Lu JF, Lawler AM. Watkins PI.. PD1I'en JM, M05er AB. 
Moser HW. CI aI. II mOllie modcl for X.Jinlred adn:noJc .... 
kodys!rophy. Proc Nat! Acad ScI USA. 1997;94:9366-7!. 

63, Yamada T, Shinnoh N, Kondo A, Uchiyama A. Sh~ 

mozawa N. Kin J, ct al. Very·long-cha1n fatry acid me
tabolism In adrenoleukodystrophy proteln-dcticient 
mice, CcIJ Biochem BlophY5. 2000;32:239-46, 

64, EiChler F. Van Haren K. Immune response in leukodys
trophies, i'cdiatric Neurology. 2007;37:235-44. 

65, Yamada T, OhY'Ag; Y, Shinnoh N, KIkuchi H; O5oc:gawa 
M. Ochi H. ct at Therapeutic effects of nonnal cells on 
ABeD 1 deficient cells in vitro and hematopOietic ccIJ 
transplantation in the X-adrcnoleukodyslrophy mouse 
model. J Neural Sci. 2004;218:91-7. 

66. Eichler FS. Rcn JQ, Cossoy M. RictsCh AM. Nagpal S. 
Maser AB, et al. 1& mlcroglial apoplools an early patho
genic change In cerehral X·linked a!lrcnoleukodyotrn· 
phy! Mn Neurol. 2008;63:729-42, 

67, FI.vigoy E, Sanhaj A, Aubourg p. cartier N, Retroviral
mediated adrc:noleukodystrophy-related gene transfer 
corrects very long chain fatty acid metabolism in a!Ire
noleukodystrophy fibroblasts: implications for therapy. 
FEllS Len. 1999;448:261-4, 

68. Pe,e .. C, Chamas LR, Tan Y, Ziegler RS. Sltapiro EG. 
DeFor T. et 01. Cerehral X-linl<ed adrenoleukodyllrophy; 
the International hematopoielic: cell transplantation ex· 
perience from 198210 1999, Blond. 2004;104:881-8. 

69. JloeICOll/. Trends in hacmatopoietic ceO tr.ln5plantalion 
for inborn errors of melaboHII\1, J Inherit Metab Dis, 
2006;29:413-20. 

70. Tolar J. Otehard Pl, Bjoraker IQ. Ziegler RS, Shapiro EG, 
Charnas L N ... cetyl-Lcystcine improves outcome of ad
VlUIced cerehral adrenoleulWdystrophy. Bone Marrow 
TransplallL 2007;39:211-5. 

71. LoeB OJ, StWman AE, HitC: S. Silapiro E, Lockman L, 
Lalchaw RE, et al, Childhood cen:bral fonn af a!lreno
leukodystrophy: shon·term dfect of bone marrow traJl50 

pl.nlation On brain MR abservadons. AJNR Am J Neuro
",dial. 1994;15:1767-71, 

72. Krivit W. SWIg JH. Shapiro EG. Lockman LA. Microglia: 
the effector cell for reconstitution of the central ncn'OUS 
system. folloWing bone marrow transplantation for Iyso-



:.' 

.. 

. ' 
· ~ 

.t', 
· ~ . 

· ,: 

, .... 

'," 

'. 

,'1 

JUL-02-2010 13:04 LOYOLA UNIVERSITY 

78 

somal and peroXIsomal storage disease •. CeO Transplant. 
1995;4:385-92. 

73. Kmmcdy DW, Abkowitz JL Kinetics of central nel"VOU5 
system rnlcrogiial and maaophage cngraftrnent: analysis 
Wling a transgenic bone marrow transplantation model. 
Blood. 1997;90:986-93. 

74. Prill .. ], PlUSel A, Wehner T, Boentc:rt M, Haas CA, Prinz 
M, et aI. Targeting gene-modified hematopoietic ccU. to 

7735082993 P.10 

P.I. Orchard and I. Tolar 

the cent:ra1 nervous syStem: UIC of green fluorescent 
protein 11fICOW:rS rnlc:roglial engraftrnent. Nat Mcd. 
2001;7:1356-61. 

75. 'fanaka R, KOmlnC-Kobayashi M, Mochizuki H, Yamada 
M, l'Uruya T, Miglta M, ct aI. Migration of enhanced green 
fluorescent protein expressing bone marrow-dcrivcd mi
croglia/macrophage into Ibe mowe braln following per
IIIlUlent focal ischemia. Neuroscience. 2003;117:531-9. 

TOTAL P.10 


