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Abstract

The hippocampus has bettre target ostem celltransplantationgn preclinical studiesocused
on Alzheimer’'s diseasewith results showing improvemenin histological and behavioral
outcomesThe corpus callosurs anotherstructure that igffected early in Alzheimer’disease
Therefore, .we, hypothesize that thsfructure isa noveltarget for human neuraktem cell
transplantation/irtransgenicAlzheimer’s diseasemouse modal This studydemonstrate the
feasibility "of‘targeting thecorpus callosumand identifies an effective immunosuppression
regimen for transplanted neural stem callrvival. These results support further geclinical

development of the corpus callosas a therapeutic target Alzheimer’s disease

Key Words*Alzheimer’s disease; corpus callosummunosuppressioK-506; tacrolimus;

stem cell transplantation

I ntroduction

Cellular therapiesepresenta potentialdiseasemodifying treatment forAlzheimer’s Disease
(AD), withmultifaceted therapeutic benefits including tissue replacement, secretion of
neuroprotectiVes trophic factorandbr modulation of inflammatioff. As such,transplantation

of stem cells*fromvarious source#nto the hippocampus improseognitive impairmentin
murine AD model§ " 8. With the succes®f hippocampaltargeting interest has grown in
identifying otherintracranial targetsuitablefor stem celltransplantationOne of the proposed
targets is/thearpus callosum (CCha large whitematter tract that includes the neural pathway
starting at.the.nucleus basalis of Meynemd connects the majority of frontal, parietal, and
occipital.cortical areas to corresponding regions in the contralateral hemisphere. Clasges
and atrophy=eecur in AD patients and correlate with progression of dementiaySevefihis,
coupled with the fact thatemcells migrate through large white matter tsfct!, makes the CC

a potentially effective targeWe therefore hypothesize that the @&Can ideal treatment target
for cellular therapies for ADHere, weassessedptimal immunosuppression atiek feasibility

of CC targetingwith a modified human neuraktem cell (NSC) line, which we previously

characterized and targeted to the fimbria fornix of AD Mice

Materialsand Methods
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Surgical Transplantation of NSCs to the CC

All procedures were approved by the University of MichigarMJInstitutional Animal Care
and Use CommitteeMale Tg-AD B6C3Tg(APPswe/PSENAEQ)85Dbo/J APP/PS) mice

were obtainedfrom the Jackson Laboratory (Bar HarbbtE). Research gradeuman NSG,

NSI-HK532-iGF-1, a modified line we previously characterizedvereprovided byNeuralstem,
Inc. (Germantown, MD). NSCw/ereadministeredo 12 week old micéy 3injections into the
CC bilaterally at 3 sites (total 6 injectionsgpresented by the followingtlascoordinategrom

the bregma(posterior, lateral, ventral):-0.82/(x)0.6/1.9, -1.82/(x)6/15, -2.3/(x)0.6/1.5mm

respectively Each 1 pL injection was administered over 60esonds with a 60 second elay

prior to needlewithdrawal, at a cell concentration of 30,000 cells/pdelivering a total of

180,000 cells per animal.

| Mmunosuppr.ession

Tacrolimus(EK-506, Prograf®, AstellasPharmas US Inc., Northbrook, )llwas administered
subcutaneously to all animals at 3 mg/&rting 2 days prior tosurgeryand daily until
postoperativerday6. On the day of the procedure and daily for 6 days I@eafoses total), 30
mg/kg of mycophenolatmofetil (CellCept Genentech USA Inc., South San Francisco) @As
administered subcutaneousiy conjunction withthe tacrolimus On postoperative dayt7,
CellCeptwas discontinuednd animals were randomly assigned to 3 groups (n = 5 per group) to
assess 3 tacrolimus dos8s3 mg/kg, 1.5 mg/kg, and 3 mg/kg.

| mmunohisteehemical Analyses

The following primary antibodies were applied overnight at §f@ble S1)and detected with
appropriate Alexa Fluor conjugated secondary antibodiber(no Fisher ScientificHampton,
NH): humanspecific antihuman nucle{HuNu; Millipore, Billerica, MA), dlial fibrillary acidic
protein (GEAP; Dako, Carpinteria, CAand digodendrocyte specific protein (OSP; Abcam,
CambridgeyUK)DAPI and Nissl stainsTihermo Fisher Scientifjovere used to visualize nuclei
and neuronsrespectively Fluorescent mages were captureldy an investigator blinded to
treatment groupssingLeica SP2 confocal (Leica Microsystems, Buffalo Grove,dhdNikon
Microphot+XA (Nikon Instruments,Chiyoda, Japanjnicroscopes Engrafted HuNupositive

NSCs werecounted in 10-1%oronal sectiogsper animal (n=2 per groupjor avera@ counts
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over ~140 um within the injection coordinateStatistical significance was determined by
oneway analysis of variance followed by Tukey’'s multiple comparison test using GraphPad
Prism (GraphPad Software Inc., La Jolla, CA).

Additional
detalls INto
experimental

procedures are
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described In the
Supplemental

Information

Additional detait on materials and methods are described in Supplemental Information.

Results

Survival, Migration and Differentiation of NSCs Targeted to the CC

There were no animal deatbr morbidity postoperatively, and alb mice were healthy until
study endat 4 weekspostiransplantationThe CC was successfully targetedsinjection tracts
were located.in all animals at the correct anatomical location (data not shown) and further
demonstrated by thpresence oHuNupositive engrafteatells within the CCof animalsthat
received adequatenmunosuppressionf 3 mg/kg tacrolimugFig. 1). Inthis group, extensive
graft survival,andmigrationwas observed, wittHuNu-positive NSCs present throughout and
adjacent to theCC. NSCs were located throughout the entile7 mminjection areaon average
migrating 1 mm beyond thajectionsite (data not shown)l'he largest distribution in one animal
spanned a total of 2.2 mamdicating a migration distance 0.5 mm(Fig. 1A-D). This shows
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that the CC can bsuccessfully, ecurately, and safely targeted12-weekold Tg-AD mice, and

that transplanted NS6urvive and migraten this brain structurd weeks postoperativelyhen
immunosuppression levels are adequdte also performed phenotypic analyses of transplanted
NSCs in the 3 _mg/kg group (Fig. Zvidence of neuronal and astrocytic differentiation was
noted, defined by Nissl and GFAP-laxalization with HuNu respectively We did not observe
oligodendrocytdifferentiation with no evidenHuNu and OSRo-localization.

Minimum Dose'of | mmunosuppression for Transplanted NSC Survival in the CC

Minimizing immunosuppression dosagesdesrable in order to mitigate drugelated side

effects that may affect health and subsequent behavior. We assessed the effect of 3 levels of
tacrolimusimmunosuppression on NSC survivld. animals treated witB.3 mg/kg, noHUNu-

positive cellswere detectabld weeks postoperativelFig. 3A). With 1.5 mg/kg,NSCswere
identified In4 of 5 mice HuNupositive NSCs were present iall 5 mice that received 3 mg/kg
tacrolimus,(Fig.3B-C). Qualitative cell countshow that 3.0 mg/kdacrolimus significantly
increasedSECsurvival compared to the other doses tested (B). These datandicate thathe
minimum ‘dose of tacrolimusequired to supportsurvival of this human NSC lineafter

transplantation to th€Cis 3 mg/kg dalily.

Discussion

With hippoacampatargetedstem celltherapies improvingAD-associated cognitive deficiia
preclinicalsmoedels comes an opportunity itentify novel targets that could be equally
increasinglyefficacious indiseasdreatment. The€Cis a prime targegiven that it is theargest
white matter tracaffected early in AB". Moreover, itconnecs numerous areas of the brain
including the nucleus basalis of Meyneat,cholinergicstructure affected iD®. Targeting the

CC canalsotheoreticallyfacilitate increased migration of transplanted cells, providohgjtional
trophic support and a&ourceof neuroglial tissueto larger ares, including the orbital and
prefrontal regions, thereby having a greater impact on AD pathology. The present study
demonstrateshe feasibility of targeting the Cdn a relevantpreclinical modelof AD and
identifies an effective tacrolimusbased immunosuppression regimefior survival and
engraftmenof a novel NSC linewhich we are currently exploring as a potential candidate for
therapeutic developmeént
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As shown in Figure 1, we sy and accurately targsd the CC with no complications
postoperatively throughotite study periodinterestingly transplantedNSCsmigrated along the
tractsof the CC, traversng distances up to 0.5 mm outside of injection poifités is in line with
many reports of stem cathigrationvia white matter tractd'*. Giventhat stem cell efficacy is
improved when coupled with trophic factor delivery '8, facilitating increase®SC migration
could provide_enhanced and widespread neurotrophic suppdocal brain areasMoreover,
targeting he"CCprovides thdargest migratonarea for transplanted stem cells, likely more than
any other“intracranial target, enablirfgrther enrichment throughouthe diseased brain
environmentWe also assessed tbdferentiation profileof transplanted NSCd$n our previous
studies, this NSC line differentiaténto neuronal and glial lineag@s vitro andin vivo in nude
rats (data motsshown). Althoughke observed similar resultsvith low levels of neuronal and
astrocytic differentiation, there wa® evidence of oligodendrocyte differentiation in this study.
Of course diversedifferentiation profilesareexpected depending upon transplantation location
and withthis short 4week study durationt is possible that many transplanted NSCs remained
in an undifferefitiatedr progenitorstaté’ °. Comprehensive graft characterizatinith early
and terminal“differentiation markers will be required uiufe longterm efficacy studiesto
disclosepossible therapeutic mechanisafell transplantatian

With.regard to immunosuppression, previous studhesur laboratory utilized3 mg/kg
tacrolimus, which is largely based on other rodent sp@cias further dosereduction could
potentially’.mitigate the toxic sideffects of prolonged immunosuppressiong assessed
dosing regimens. At 1.5 mg/kg tacrolimus, transplaiN8s were observed in only 4 of the 5
animals andduNu-positive cell counts were significantly reduced at thissd compared to 3
mg/kg. Given the reliability of cell targeting and preserved cell viability after the injection
procedurethe 1.5 mg/kgdoseis likely close to the threshold where the immune system could
still reject the transplanted human cells, even in the presence of tacrolimus. Based on these data,
we reportthat/3 mg/kg tacrolimus administered subcutaneouslythe minimum dosage
necessary.for reliable human NSC engraftment in thisADgmouse model. However, it is
possible that enly a minority ofgbFAD mice will reject cells at the 1.5 mg/kg dose of tacrolimus
and that we observed an enrichment of this phenomenon due to our small sample siz&igRepeati
both intermediate and high doses of tacrolimuadditionalanimals and for a longer duration is
necessarand should be addresseduure interventional studies targeting the CC.
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In summary the CC is affected early in the course of ADdd this pilot study assestthe
feasibility of targeting this white matter structur@s thishas not yet been determinea
preclinical Tg-AD mouse modelsHere, for the first time, we demonstrate that the APP/PS1
mouse CC can be accurately and safely targeted for stem cell transplantation. We also define an
effective immunosuppression regimen areport thatsubcutaneous injection of 3 mg/kg
tacrolimusis_the minimum dose necessary for survivathod human NSC line. Together, these
data demonstrate the feasibility of CC targeting and support further evaluatit@-tafgeted

stem cell therapieis AD.
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Figure Legends

Figure 1. Transplanted NSCs survive and migratein the CC of AD mice.

Accurate targeting oNSCs to the CC othe TgAD mouse brain (3.0 mg/kg tacrolimus)
Representativeonfocal imaging of transplanted NSC survival and migration along the white
matter tract.structur@A-D). High magnification of the grafted area showing clear migration of
NSCs beyond.the injection pointg). NSCs labeled with HuNu (reélsoshown inblack and
white); neurons labeled with Nissl (green). CC = corpus callofumaws indicatetargeted site

of injection.”"AD: scale bar 1.5 mm; E: scale bar 300.um

Figure 2. Differentiation profile of transplanted NSCs.

Representativ@henotypic analyses of transplanted NSCs (3 mg/kg tacrolimus). Differentiation
into neuronal and astrocytic lineages indicated by GFAP and Nidsicabization with HuNui;
examples are marked with arro(s-B). No oligodendrocyte differentiation was obssC).
NSCs labeled with HuNu (green); GFAP, Njssid OSP indicatdifferentiation (red)Scale bar
S50pum.

Figure 3. lmmunosuppression requirement for CC-targeted NSC survival in AD mice.
Representativeconfocal imagingof NSC 4 weeks afterCC targeting in Tg-AD mice
immunosuppressed wittacrolimus at0.3 mg/kg(A) and 3.0 mg/kgB). Immunosuppression
with 0.3 mg/kg shows no evidence safrviving NSCs in the targeted aréA). HuNu-positive
NSCs aregvisible in th€C at the 3.0 mg/kgdose with extensive NSC survival and migration
along the white matter tract structuf®-C). NSCs are labeled with HuNu (red); nuclei are
labeled with DAPI (blug)CC = corpus callosum; GS = greyscake-C: scale bar 20@um; D:
scale barl00 um. Cell counts expressed as average numbers of HhoNitive cells over a
distance of=140um within the injection coordinatesQ(8 to -1.6 mm from bregma) show

significantlysinereased NSCs with 3.0 mg/kg tacrolimus vs. other doses {@3t€tp<0.05).

Supplemental*File S1. Supplemental Materialsand M ethods

Detailed Materials and Methods including: Surgical Transplantation of NSCs to the CC, Tissue
Collection and Immunohistochemical Analyses.

Table S1. List ofprimary antibodies and stains used for immmohistochemical analyses
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including manufacturer, catalog number, dilution factor, and applied secondary antibody.
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