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1. Alzheimer Hastahig

Alzheimer Hastaligi (AH), tim diinyada demansin en yaygin formu olan,
kognitif disfonksiyon ve hafiza kaybi, motor fonksiyon bozukluklar: ile
karakterize, ilerleyici 6zellikte nérodejeneratif bir hastaliktir. Hastaligin heniiz
ilerleyisini durdurabilecek bir tedavi ydonteminin olmamasi, var olan tedavilerin
semptomatik olmasi sebebiyle AH aragtirmalari giiniimiizde olduk¢a 6nemli bir
arastirma konusu olma 6zelligini siirdiirmektedir. AH hem hasta yakinlarina hem
de saglik sistemine ciddi psikolojik ve ekonomik yiik olusturmaktadir. Diinya
Saglhk Orgiitii’niin Mart 2025 tarihli raporunda 2021 yili itibariyle diinya
genelinde 57 milyon demansl hastanin yasadigi, her yil bu sayiysa 10 milyon
yeni vakanin eklendigi ve bu hastalarin yaklasik %60-70’inin ise Alzheimer
hastas1 oldugu belirtilmistir (Diinya Saglik Orgiitii, 2021).

Hastaligin en onemli belirtileri arasinda ise yasanan olaylar1 unutmak,
konugma gii¢liigii, muhakeme zorlugu, zaman algisinda sorunlar, giinliik
aktiviteleri siirdiirmede zorluk sayilabilir (Arshavsky, 2020). Hastaligin temel
hiicresel belirtileri interseliiler alanda senil amiloid beta plak birikimi, intraseliiler
alanda hiperfosforile taudan olusan noérofibriler yumaklardir. Ayrica sinaps
fonksiyon bozuklugu, oksidatif strese bagli hasar, ndroinflamasyonda artma,
sinaps ve noron kaybi, mitokondriyal hasar ve beyin atrofisi de
gozlemlenmektedir (Jellinger, 2021; Monteiro vd., 2023).

Hastaligin en 6nemli risk faktorleri yaslanma, hipertansiyon, hiperglisemi,
obezite, asir1 sigara ve alkol kullanim, fiziksel aktivitede azlik ve diisiik egitim
seviyesidir (Abeysinghe vd., 2020; Nasb vd., 2023).

Alzheimer hastaliginin ailesel (erken baslangigli, early onset) ve sporadik (geg
baslangigli, late onset) olmak tizere iki tiiri bulunmaktadir. Ailesel AH’de
amiloid beta {retimini artiran APP, PSENI ve PSEN2 mutasyonlar
gozlemlenmektedir. Sporadik AH ise daha kompleks ve multifaktdriyel bir
hastaliktir (Roda vd., 2022; Sims vd., 2020).

Hastalik patolojisini agiklamak i¢in bir¢ok hipotez One siirlilmiistiir. Bu
hipotezlerden en fazla caligilan1 amiloid kaskad hipotezine goére amiloid beta
proteini AH’de ndrodejenerasyonu baglatan ve ardindan taunun fosforilasyonu,
oksidatif stres, inflamasyon gibi siiregleri tetikleyen ana faktordiir (Roda vd.,
2022). Tau hipotezine gore ise, tau fosforilasyonu amiloid beta plak olusumunu
takip eden bir siire¢ degil hastalig1 baslatan siireclerdendir. Hiperfosforile tau
proteinin beyindeki yayilim ile kognitif fonksiyonlardaki bozulma ve hafiza
problemleri paralel ilerlemektedir (Basheer vd., 2023; Garcia-Morales vd., 2021).
Kolinerjik hipoteze gore ise hastaliga yol agan patolojilerden birisi kolinerjik
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noronlardaki kayip sebebiyle hafiza ve kognitif fonksiyonlarda rol alan
asetilkolin nérotransmiterinin iiretimindeki azalmadir (Nasb vd., 2023).

Senil amiloid beta plaklari ve norofibriler yumaklar, néroinflamasyon, sinaps
kaybi ve oksidatif stresi tetiklemektedir. Noroinflamasyon AH’de ortaya en erken
¢ikan sonuglardan birisidir, toksik amiloid beta ve tau IL-6, TNF-a ve IL-1B gibi
sitokinlerin  salgilanmasimi uyararak mikroglialar1 aktiflestirerek kronik
inflamasyona ve ardindan norotoksisiteye sebep olur (Arshavsky, 2020; Wong-
guerra vd., 2023). Sinaps kaybi AH’deki kognitif bozulmanin en 6nemli
sebeplerindendir. Amiloid beta NMDR reseptorii, tau ise muskarinik reseptorler
tizerinden sinaptotoksisiteye sebep olur (Tzioras vd., 2023). Oksidatif stres
durumunda reaktif oksijen ve reaktif nitrojen tiirlerinin birikimi gézlemlenir.
Oksidatif stres mitokondriyal fonksiyonlarda bozulmaya, inflamasyona ve
apoptoza yol agmaktadir (Monteiro et al., 2023).

2. Eksozomlar

Ekstraseliiler vezikiiller, eksozom, mikrovezikiil ve apoptotik cisimlerden
olusan farkli biiyiiklilk ve yapida vezikiillerdir. Mikrovezikiiller 100-1000 nm
capinda hiicre membranindan direkt tomurcuklanma ile olusan vezikiillerdir.
Apoptotik cisimler 100-2000 nm ¢apinda apoptotik hiicrelerin membranlarindan
tiretilen vezikiillerdir. Eksozomlar lipit yapida membrandan olusan, hiicre
membranindan koken alan nano boyutta vezikiillerdir. Caplar1 30-150 nm
arasinda degisen eksozomlar, endozomal kokenli biyonanopartikiillerdir (Jan vd.,
2021; Sun & Chen, 2024).

Eksozomlar; sfingomyelin, kolesterol gibi membran lipitleri, CD9, CD81,
Alix, Tsgl01 gibi proteinler, siRNA, miRNA, IncRNA gibi kodlamaya
yapmayan RNAlar, mMRNA gibi makromolekiilleri tasimaktadir. Tasidiklar lipit,
protein ve niikleik asit kargolar1 sebebiyle hiicre-hiicre iletisiminde gorev
almaktadirlar. Eksozomlarin koken aldiklari hiicrelere gore icerdikleri molekiiller
degismektedir ve oldukga heterojen bir yap: sergilemektedirler. Kan, serum,
plazma, anne siiti, idrar, sinovial s1vi, beyin omurilik sivisi, gozyasi, tiikiiriik gibi
tim viicut sivilarinda bulunabilmektedirler (Huang vd., 2023; Mohamed vd.,
2025).

Kesfedildikleri 1980°1i yillarda eksozomlarin sadece hiicre i¢i istenmeyen
molekiillerin atilmasinda gorevli oldugu diistiniiliirken, ilerleyen yillarda
tagidiklar1  niikleik  asitlerle  hedef hiicrede ekspresyon degisikligini
tetikleyebildigi, igerdigi biyomolekiiller ile hiicre sinyalizasyonunda gorevli
oldugu anlasilmistir. Patolojik kosullarda kargo icerigi degisen eksozomlarin



hastalik patolojilerinin yayilmasinda gorevli oldugu da disiiniilmektedir
(Gurunathan vd., 2019).

2.1. Eksozom Biyogenezi

Eksozom biyogenezinde ilk adim hiicre membranimin hiicre ig¢ine dogru
tomurcuklanarak erken endozomlari olusturmasidir. Ardindan endozom
membrani invajinasyon yaparak multivezikiiler cisimciklerin iginde yer alan
intraluminal vezikiilleri olusturur. Multivezikiiler cisimcikler ya lizozomla
birlesir ya da hiicre membraniyla flizyon yaparak igerisindeki intraluminal
vezikiilleri eksozom olarak hiicre dis1 alana birakir (Satao & Doshi, 2025).

ESCRT (Endosomal Sorting Complex required for Transport) proteinleri
ESCRT-0, ESCRT-lI, ESCRT-Il, ESCRT-III eksozom olgunlagmasi,
tomurcuklanmasi, intraluminal veizkiillerin ayrilmast ve kesilmesi gibi
sireclerde yer alir. RAL- 1 GTPaz ve RAB proteinleri mutivezikiiler
cisimciklerin membran ile fiizyon yapmasinda gorevlidir. Tetraspaninler,
sfingomyelin ve seramid de eksozom biyogenezinin birincil mediatorleridir
(Hyenne vd., 2015; Satao & Doshi, 2025).

Eksozomlar hedef hiicreye makropinositoz, fagositoz, reseptor aracili
endositoz, lipit sali (raft) olusumu ve membran flizyonu ile alinabilir. Ayrica
hiicre ytizeyindeki reseptorler ile etkilesime girerek hiicre i¢ine alinmadan da
cesitli hiicre sinyalizasyon yolaklarim tetikleyebilmektedir (Van Niel vd., 2018).

3. Alzheimer Patolojisinde Eksozomlar

Kan beyin bariyerini gegme yetenegine sahip olan eksozomlar, bu 6zellikleri
sayesinde periferal maddeleri merkezi sinir sistemine (MSS) tasiyarak ve
MSS’deki hiicreler arasinda iletisimi saglayarak hiicre sinyalizasyonunda gorev
alir. Eksozomlar tasidiklari nérotransmiter, n6romodulatér ve sinaptik proteinler
ile MSS’de, norogenez, sinaptik aktivite, sinaptik plastisite, miyelinasyon ve
noronal rejenerasyonda goérev alir (Bir vd., 2024; Liu vd., 2024). MSS’de
eksozom iretimi GABA antagonistleriyle artarken, NMDA ve AMPA
antagonistleri ile eksozom iiretimi baskilanmaktadir. Eksozomlar nérodejeneratif
hastaliklarda toksik proteinleri ndronlardan glialara ya da ndronlardan néronlara
tasiyabilmektedir (Ashique vd., 2024).

Amiloid prekiirsor proteini (APP), APP metabolitleri ve APP islenmesinde
gorevli enzimler ndronal hiicre Kkiiltlirlerinde eksozomlar aracilifiyla
ekstraseliiler alana salinmaktadir (Satao & Doshi, 2025). Ayn1 sekilde amiloid
beta 1-42 proteinin de multivezikiiler cisimlerde birikmeye basladig
belirlenmistir (Ashique vd., 2024). Amiloid beta tiretiminde gorevli enzimlerden
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BACE1L, Presenilinl ve Presenilin2’nin de eksozomlara paketlendigi
bildirilmistir (Bir vd., 2024). Ayrica post-mortem hasta doku orneklerinde
amiloid beta plaklarinda eksozom belirteclerinden olan Alix proteinine
rastlanmustir (Rajendran vd., 2006).

Eksozomlarda kontrol grubuna kiyasla daha fazla oligomerik taunun
bulundugu, eksozomlardaki fosforile taunun hedef hiicrelerde tau agregasyonuna
sebep oldugu, boylece AH’de tau patolojisini yayginlastirdig tespit edilmistir
(Polanca vd., 2016).

Alzheimer hastalarinin kanlarindan elde edilen eksozomlarda APP
ekspresyonunu  baskilayan miRNA’lardan miR-20a-5p’nin  ekspresyonu
azalirken, bir bagka ¢aligmada hastalarin kan ve beyin omurilik sivisindan elde
edilen ekzosomlarda miR-193b’nin ekspresyonunun azaldigi gosterilmistir (Liu
vd., 2014; Wang vd., 2022).

Ayn1 zamana sinaptik proteinler olan sinaptofizin, Sinaptotagmin,
sinaptopodin, ndrogranin gibi proteinlerin Alzheimer hastalarinda plazmadan
izole edilen noronal kokenli eksozomlarda miktarlarinin azaldigi belirlenmistir
(Liu vd., 2024).

Bununla birlikte eksozomlar AH’de noéroinflamasyon siirecine de katki
sunmaktadir. Astrosit kokenli eksozomlarin Clq, C4b, ve faktor-B gibi
komplement proteinlerini ve IL-1, TNF-o, ve IL-1B gibi proinflamatuar
belirtegleri saglikli kontrollere kiyasla daha fazla tasidigi belirlenmistir (Goetzl
vd., 2018).

Mikroglialarin ¢ozebilir amiloid betay: internealize edip pargalamasinin
yaninda ¢0ziinebilir amiloid betalar1 igceren eksozomlari iiretip ekstraseliiler
alanda amiloid beta agregasyonuna katkida bulundugu gosterilmistir (Ashique
vd., 2024).

Oksidatif stres durumunda eksozomlarin salmimi artmakta ve igerikleri
degismektedir. Bu eksozomlarda hiicre sagkalimi ile ilgili genlerin ekspresyonu
azalirken apoptoz ile iligskili genlerin ekspresyonu artmaktadir. Ayrica
eksozomlarda yer alan lipit molekiillerinin de oksidasyonu ile, eksozomlar hedef
hiicrelerinde inflamatuar yaniti artirmaktadir. Bununla birlikte, artan oksidatif
stres eksozom tiretimini de artirmaktadir (Chiaradia vd., 2021; Mancek-Keber
vd., 2015; Yang vd., 2019).

Tiim bu sonuglarla birlikte eksozomlarin Alzheimer hastaliginin yayilmasina
ve ilerlemesine mi yoksa endositik yollar ile toksik proteinleri temizleme siirecine
katk1 mi1 sagladig1 halen tartisma konusudur (Huber & Wang, 2024). Eksozomlar
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tasidiklar1 sistatin C, neprilisin, insulin degrade eden enzim (IDE), endotelin
doniistiriicti enzim (ECE- endothelin converting enzyme) gibi proteinler ile
amiloid beta degradasyonunu saglayarak AH’de protektif rol oynayabilirler.
(Bulloj vd., 2010; Pacheco-Quinto vd., 2019; Sun & Chen, 2024)

4. Tamsal Biyobelirte¢ Olarak Eksozomlar

Alzheimer hastaligi 6zelinde biyobelirtegler, amiloid beta birikimi (A),
patolojik tau (T) ve norodejenerasyon (N) ile iligkili olmasina gore
siniflandirtlmistir. ANT siniflandirmasi goriintiileme yontemleri ve viicut sivilart
da dahil olmak iizere bircok biyobelirteci patolojik siireglerle ilintisine gore
siniflamaktadir. Halihazirdaki yontemler, beyindeki amiloid beta plak 6l¢timii
icin PET taramalari, beyin omurilik sivisinda tau analizi gibi yontemleri
icermektedir. Bu yontemler AH’nin erken evrelerini tespitte yetersiz olmakla
birlikte invaziv, pahali ve zor ulasilabilen yontemlerdir (Bir vd., 2024; Chapleau
vd., 2022).

Hastalik durumlarinda degisen igerikleri ve tiim viicut sivilarinda bulunmalari
sayesinde, eksozomlar gii¢lii biyobelirteg adaylari olarak 6ne ¢ikmaktadir.
Norodejeneratif hastaliklar 6zelinde ise kan beyin bariyerini gegmeleri sayesinde
eksozomlar MSS’den periferal dokulara, periferal dokulardan MSS’ye
eksozomal biyobelirteglerin gegisi anlamima gelmektedir (Liu vd., 2024).
Eksozomlar hem likit biyopsi materyalleri olarak hastalik teshisinin
konulmasinda; hem de hastalik olusumundan 6nce prediktif olarak ve hastaligin
ilerleyiginin/evresinin takip edilebilecegi biyobelirtecler olarak kullanilabilme
potansiyelindedir (Li vd., 2024).

Eksosomal AB, total ve fosforile tau dl¢timii, beyin omurilik s1visi dlgiimleri
gibi, kognitif fonksiyonlarda bozulmayi gosterebilmektedir (Liu vd., 2024).
Eksozomal amiloid beta olgiimlerinin, dolasimdaki serbest amiloid beta
Olgtimlerine kiyasla amiloid beta plaklari ve kognitif bozulma ile daha giiglii bir
korelasyon gosterdigi belirlenmistir  (Lim vd., 2019). Beyin kokenli
eksozomlardaki fosforile tau (p-S181-tau ve p-S396-tau) seviyelerinin dlgtimii de
hastalar1 kontrol grubundan ve hafif bilissel bozukluktan (MCI-mild cognitive
impairment) ayirmada etkili olmakta, hastalik baglamadan on yil 6nce bu
proteinlerin eksozomdaki ekspresyonlar1 artmakta ve erken teshise olanak
saglamaktadir (Fiandaca vd., 2015; Jia vd., 2019).

miRNAlarin biyobelirteg olarak hedeflendigi c¢alismalarda ise hasta
kanlarindan ya da beyin omurilik sivisindan elde edilen eksozomlarda
miRNA’larin  ekspresyon diizeyleri incelenmektedir. Ornegin Alzheimer
hastalarmin BOS kokenli eksozomlarinda miR-9 ve miR-598 ekspresyonun
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yiikseldigi belirlenmistir. Bu miRNA’larin eksozomdaki miktar1 BOS’taki
serbest formlarina gore ¢ok daha yiiksek oldugundan bu durum spesifik bir
eksozomal enkapsiilasyonunu gostermekte ve eksozomal miRNA’lar1 énemli
biyobelirte¢ adaylar1 olarak 6ne ¢ikarmaktadir (Riancho vd., 2017). Bir baska
calismada eksozomal miR-16-5p’nin erken baslangich AH’de ekspresyonunda
disregiilasyonu  belirlenmis ancak ge¢ baslangich AH’de bir fark
gozlemlenmemistir, bu durum sonucunda eksozomal miR-16-5p erken
baslangigli AH igin ayrici bir biyobelirte¢ aday1 olarak 6ne ¢ikmustir (McKeever
vd., 2018).

5. Eksozom Tabanh Tedavi Yaklasimlari

Biyolojik nanopartikiil yapisindaki eksozomlar, kan beyin bariyerini
gecebilmeleri, immiin yanit olusturmamalari ve tasidiklar1 kargo molekiillerini
hedef hiicreye tasiyabilme kapasitelerinden dolayi tedavi siireglerinde ilag tasima
sistemleri olarak da degerlendirilmeye baslanmustir. Eksozomlar intranazal,
intravendz, oral vb. olarak verilebilen bir¢ok ilag formiilasyonu hazirlamaya
uygun yapidadir (Chunhui vd., 2025).

Mezenkimal kok hiicreler tarafindan iiretilen eksozomlarin AH modellerinde
kullanilmasiyla hafiza ve bilissel fonksiyonlarda iyilesme; amiloid beta plak
olusumunda ve néroinflamasyonda azalma gozlemlenmistir (Ding vd., 2018).

llag tasima sistemi olarak eksozomlarm kullamldig1 calismalarda ise,
eksozomlara inkiibasyon, elektroporasyon, sonikasyon, membran gegirgenligini
artiran kimyasallar ile muamele, ekstriizyon ve klik kimyasi gibi ¢esitli yontemler
ile eksozom izolasyonu sonrasi ve inkiibasyon ve transfeksiyon gibi yontemlerle
eksozom izolasyonu dncesi ilag yiiklemesi yapilabilmektedir. Eksozomlara dogal
bilesikler, kii¢iik molekiiller, ilaclar, kodlama yapmayan RNA’lar gibi bir¢ok
molekiil terap6tik amaglh yiiklenebilmektedir (Vader vd., 2016). AH’de cesitli
calismalarda BACE1’i hedefleyen siRNA, kurkumin, kuersetin, neferin gibi
molekiiller yiiklenerek ndroprotektif etki, noroinflamasyonda azalma, kognitif
fonksiyonlarda iyilesme, amiloid beta yiikiinde azalma gdzlemlenmistir
(Alvarez-Erviti vd., 2011; Qi vd., 2020; Tang vd., 2022; Wang vd., 2019).

6. Sonuc

Alzheimer hastaligi, multifaktoriyel karakterde karmagsik ndrodejeneratif bir
hastalik olarak halihazirda tiim diinyada 6nemli bir halk sagligi sorunu olmaya
devam etmekte, bu sebeple tan1 ve tedavi gelistirme ¢alismalar1 ¢ok boyutlu bir
yaklagim gerektirmektedir.
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Son yillarda eksozomlar yapr ve fonksiyonlar: sebebiyle dikkat g¢eken
biyolojik yapilar olarak One c¢ikmaktadir. Alzheimer hastaligi 6zelinde
eksozomlarin hem patolojik siireclerin yayiliminda rol alabilecegi hem de toksik
proteinleri uzaklastirici protektif mekanizmalarla hastalifin progresyonunu
yavaglatabilecegi yoniinde bulgular mevcuttur. Ayrica, tasidiklart 6zgiil
biyomolekiiller sayesinde eksozomlar, tani siireglerinde likit biyopsi temelli non-
invaziv biyobelirte¢ adaylari olarak da degerlendirilmektedir. Ayni zamanda ilag
tagima sistemleri olarak da tedavi yaklagimlarinda klinik arastirma ¢alismalarinda
siklikla kullanilmaktadir.

Bu bulgular dogrultusunda, Alzheimer hastaligi patolojisinin anlasilmasi,
erken tanis1 ve hedefe yonelik tedavi gelistirilmesi siireglerinde eksozom temelli
yaklasimlar gelecek vaat etmektedir.

12



KAYNAKLAR

Abeysinghe, A. A. D. T., Deshapriya, R. D. U. S., & Udawatte, C. (2020).
Alzheimer’s disease; a review of the pathophysiological basis and
therapeutic  interventions.  Life  Sciences, 256(June), 117996.
https://doi.org/10.1016/j.1fs.2020.117996

Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., & Wood, M. J. A. (2011).
Delivery of siRNA to the mouse brain by systemic injection of targeted
exosomes. Nature Biotechnology, 29(4), 341-345.
https://doi.org/10.1038/nbt.1807

Arshavsky, Y. I. (2020). Alzheimer’s Disease: From Amyloid to Autoimmune
Hypothesis. Neuroscientist, 26(5-6), 455-470.
https://doi.org/10.1177/1073858420908189

Ashique, S., Kumar, N., Mishra, N., Muthu, S., Rajendran, R. L., Chandrasekaran, B.,
Obeng, B. F., Hong, C. M., Krishnan, A., Ahn, B. C., & Gangadaran, P.
(2024). Unveiling the role of exosomes as cellular messengers in
neurodegenerative diseases and their potential therapeutic implications.
Pathology Research and Practice (C. 260). Elsevier GmbH.
https://doi.org/10.1016/j.prp.2024.155451

Basheer, N., Smolek, T., Hassan, I., Liu, F., Igbal, K., Zilka, N., & Novak, P. (2023).
Does modulation of tau hyperphosphorylation represent a reasonable
therapeutic strategy for Alzheimer’s disease? From preclinical studies to the
clinical trials. Molecular Psychiatry, 28(6), 2197-2214.
https://doi.org/10.1038/s41380-023-02113-z

Bir, A., Ghosh, A., Chauhan, A., Saha, S., Saini, A. K., Bisaglia, M., & Chakrabarti,
S. (2024). Exosomal Dynamics and Brain Redox Imbalance: Implications in
Alzheimer’s Disease Pathology and Diagnosis. I¢inde Antioxidants (C. 13,
Sayt 3). Multidisciplinary Digital Publishing Institute (MDPI).
https://doi.org/10.3390/antiox13030316

Bulloj, A., Leal, M. C., Xu, H., Castafio, E. M., & Morelli, L. (2010). Insulin-
degrading enzyme sorting in exosomes: A secretory pathway for a key brain
amyloid-p degrading protease. Journal of Alzheimer’s Disease, 19(1), 79-95.
https://doi.org/10.3233/JAD-2010-1206

Chapleau, M., laccarino, L., Soleimani-Meigooni, D., & Rabinovici, G. D. (2022).
The Role of Amyloid PET in Imaging Neurodegenerative Disorders: A
Review. Journal of Nuclear Medicine, 63, 13S-19S.
https://doi.org/10.2967/JNUMED.121.263195

Chiaradia, E., Tancini, B., Emiliani, C., Delo, F., Pellegrino, R. M., Tognoloni, A.,
Urbanelli, L., & Buratta, S. (2021). Extracellular vesicles under oxidative

13



stress conditions: Biological properties and physiological roles. Cells (C. 10,
Say1 7). MDPI. https://doi.org/10.3390/cells10071763

Chunhui, G., Yangiu, Y., Jibing, C., Ning, L., & Fujun, L. (2025). Exosomes and non-
coding RNAs: bridging the gap in Alzheimer’s pathogenesis and
therapeutics. Metabolic brain disease, 40(1), 84.
https://doi.org/10.1007/s11011-024-01520-7

Ding, M., Shen, Y., Wang, P., Xie, Z., Xu, S., Zhu, Z. Y., Wang, Y., Lyu, Y., Wang,
D., Xu, L., Bi, J. Z., & Yang, H. (2018). Exosomes Isolated From Human
Umbilical Cord Mesenchymal Stem Cells Alleviate Neuroinflammation and
Reduce Amyloid-Beta Deposition by Modulating Microglial Activation in
Alzheimer’s Disease. Neurochemical Research, 43(11), 2165-2177.
https://doi.org/10.1007/s11064-018-2641-5

Diinya Saghk Orgiiti, (5 Haziran 2025). Dementia Fact Sheets,
https://www.who.int/news-room/fact-sheets/detail/dementia

Fiandaca, M. S., Kapogiannis, D., Mapstone, M., Boxer, A., Eitan, E., Schwartz, J.
B., Abner, E. L., Petersen, R. C., Federoff, H. J., Miller, B. L., & Goetzl, E.
J. (2015). Identification of preclinical Alzheimer’s disease by a profile of
pathogenic proteins in neurally derived blood exosomes: A case-control
study. Alzheimer’s and Dementia, 11(6), 600-607.e1l.
https://doi.org/10.1016/j.jalz.2014.06.008

Garcia-Morales, V., Gonzalez-Acedo, A., Melguizo-Rodriguez, L., Pardo-Moreno,
T., Costela-Ruiz, V. J., Montiel-Troya, M., & Ramos-Rodriguez, J. J. (2021).
Current understanding of the physiopathology, diagnosis and therapeutic
approach to alzheimer’s disease. Biomedicines, 9(12), 1-16.
https://doi.org/10.3390/biomedicines9121910

Goetzl, E. J., Schwartz, J. B., Abner, E. L., Jicha, G. A., & Kapogiannis, D. (2018).
High complement levels in astrocyte-derived exosomes of Alzheimer
disease. Annals of Neurology, 83(3), 544-552.
https://doi.org/10.1002/ana.25172

Gurunathan, S., Kang, M. H., Jeyaraj, M., Qasim, M., & Kim, J. H. (2019). Review
of the isolation, characterization, biological function, and multifarious
therapeutic approaches of exosomes. I¢inde Cells (C. 8, Say1 4). MDPI.
https://doi.org/10.3390/cells8040307

Huang, M., Ji, J., Xu, X., Jin, D., Wu, T., Lin, R., Huang, Y., Qian, J., Tan, Z., Jiang,
F., Hu, X., Xu, W., & Xiao, M. (2023). Known and unknown: Exosome
secretion in tumor microenvironment needs more exploration. Genes &
Diseases, 101175. https://doi.org/10.1016/j.gendis.2023.101175

14


https://doi.org/10.1007/s11064-018-2641-5

Huber, C. C., & Wang, H. (2024). Pathogenic and therapeutic role of exosomes in
neurodegenerative disorders. Neural Regeneration Research, 19(1), 75-79.
https://doi.org/10.4103/1673-5374.375320

Hyenne, V., Apaydin, A., Rodriguez, D., Spiegelhalter, C., Hoff-Yoessle, S., Diem,
M., Tak, S., Lefebvre, O., Schwab, Y., Goetz, J. G., & Labouesse, M. (2015).
RAL-1 controls multivesicular body biogenesis and exosome secretion.
Journal of Cell Biology, 211(1), 27-37.
https://doi.org/10.1083/jcb.201504136

Jan, A. T., Rahman, S., Badierah, R., Lee, E. J., Mattar, E. H., Redwan, E. M., & Choi,
I. (2021). Expedition into exosome biology: A perspective of progress from
discovery to therapeutic development. I¢inde Cancers (C. 13, Say1 5, ss. 1-
25). MDPI AG. https://doi.org/10.3390/cancers13051157

Jellinger, K. A. (2021). Pathobiological Subtypes of Alzheimer Disease. Dementia
and Geriatric Cognitive Disorders, 49(4), 321-333.
https://doi.org/10.1159/000508625

Jia, L., Qiu, Q., Zhang, H., Chu, L., Du, Y., Zhang, J., Zhou, C., Liang, F., Shi, S,
Wang, S., Qin, W., Wang, Q., Li, F., Wang, Q., Li, Y., Shen, L., Wei, Y., &
Jia, J. (2019). Concordance between the assessment of AB42, T-tau, and P-
T181-tau in peripheral blood neuronal-derived exosomes and cerebrospinal
fluid. Alzheimer’s and Dementia, 15(8), 1071-1080.
https://doi.org/10.1016/j.jalz.2019.05.002

Li, H., Yuan, Y., Xie, Q., & Dong, Z. (2024). Exosomes: potential targets for the
diagnosis and treatment of neuropsychiatric disorders. I¢inde Journal of
Translational Medicine (C. 22, Say1 1). BioMed Central Ltd.
https://doi.org/10.1186/s12967-024-04893-6

Lim, C. Z. J., Zhang, Y., Chen, Y., Zhao, H., Stephenson, M. C., Ho, N. R. Y., Chen,
Y., Chung, J., Reilhac, A., Loh, T. P, Chen, C. L. H., & Shao, H. (2019).
Subtyping of circulating exosome-bound amyloid B reflects brain plaque
deposition. Nature Communications, 10(1). https://doi.org/10.1038/s41467-
019-09030-2

Liu, C. G., Song, J., Zhang, Y. Q., & Wang, P. C. (2014). MicroRNA-193b is a
regulator of amyloid precursor protein in the blood and cerebrospinal fluid
derived exosomal microRNA-193b is a biomarker of Alzheimer’s disease.
Molecular Medicine Reports, 10(5), 2395-2400.
https://doi.org/10.3892/mmr.2014.2484

Liu, Z., Cheng, L., Cao, W., Shen, C., Qiu, Y., Li, C., Xiong, Y., Yang, S. B., Chen,
Z., Yin, X., & Zhang, X. (2024). Present and future use of exosomes
containing proteins and RNAs in neurodegenerative diseases for synaptic
function regulation: A comprehensive review. Iginde International Journal

15



of  Biological Macromolecules  (C.  280).  Elsevier  B.V.
https://doi.org/10.1016/j.ijbiomac.2024.135826

Mancek-Keber, M., Frank-Bertoncelj, M., Hafner-Bratkovi¢, 1., Smole, A., Zorko,
M., Pirher, N., Hayer, S., Kralj-Igli¢, V., Rozman, B., Ilc, N., Horvat, S., &
Jerala, R. (2015). Toll-like receptor 4 senses oxidative stress mediated by the
oxidation of phospholipids in extracellular vesicles. Science Signaling, 16(8).
doi: 10.1126/scisignal.2005860.

McKeever, P. M., Schneider, R., Taghdiri, F., Weichert, A., Multani, N., Brown, R.
A., Boxer, A. L., Karydas, A., Miller, B., Robertson, J., & Tartaglia, M. C.
(2018). MicroRNA Expression Levels Are Altered in the Cerebrospinal
Fluid of Patients with Young-Onset Alzheimer’s Disease. Molecular
Neurobiology, 55(12), 8826-8841. https://doi.org/10.1007/s12035-018-
1032-x

Mohamed, A. H., Abaza, T., Youssef, Y. A., Rady, M., Fahmy, S. A., Kamel, R.,
Hamdi, N., Efthimiado, E., Braoudaki, M., & Youness, R. A. (2025).
Extracellular vesicles: from intracellular trafficking molecules to fully
fortified delivery vehicles for cancer therapeutics. Nanoscale Advances.
Royal Society of Chemistry. https://doi.org/10.1039/d4na00393d

Monteiro, A. R., Barbosa, D. J., Remido, F., & Silva, R. (2023). 1243. Alzheimer’s
disease: Insights and new prospects in disease pathophysiology, biomarkers
and disease-modifying drugs. Biochemical Pharmacology, 211(February).
https://doi.org/10.1016/j.bcp.2023.115522

Nasb, M., Tao, W., & Chen, N. (2023). 1268. Alzheimer’ s Disease Puzzle: Delving
into Pathogenesis Hypotheses. June.
https://doi.org/10.14336/AD.2023.0608

Pacheco-Quinto, J., Clausen, D., Pérez-Gonzalez, R., Peng, H., Meszaros, A.,
Eckman, C. B., Levy, E., & Eckman, E. A. (2019). Intracellular
metalloprotease activity controls intraneuronal AP aggregation and limits
secretion of AP via exosomes. FASEB Journal, 33(3), 3758-3771.
https://doi.org/10.1096/fj.201801319R

Polanca, J. C., Scicluna, B. J., Hill, A. F., & Gotz, J. (2016). 105. Extracellular vesicles
isolated from the brains of rTg4510 mice seed tau protein aggregation in a
threshold-dependent manner. Journal of Biological Chemistry, 291(24),
12445-12466. https://doi.org/10.1074/jbc.M115.709485

Qi, Y., Guo, L., Jiang, Y., Shi, Y., Sui, H., & Zhao, L. (2020). Brain delivery of
quercetin-loaded exosomes improved cognitive function in AD mice by
inhibiting phosphorylated tau-mediated neurofibrillary tangles. Drug
Delivery, 27(1), 745-755. https://doi.org/10.1080/10717544.2020.1762262

16



Rajendran, L., Honsho, M., Zahn, T. R., Keller, P., Geiger, K. D., Verkeda, P., &
Simons, K. (2006). 40. Alzheimer’s disease beta-amyloid peptides are
released in association with exosomes. Proceedings of the National Academy
of Sciences of the United States of America, 103(30), 11172-11177.
https://doi.org/10.1073/pnas.0603838103

Riancho, J., Vazquez-Higuera, J. L., Pozueta, A., Lage, C., Kazimierczak, M., Bravo,
M., Calero, M., Gonzalez, A., Rodriguez, E., Lle6, A., & Sanchez-Juan, P.
(2017). MicroRNA profile in patients with Alzheimer’s disease: Analysis of
miR-9-5p and miR-598 in raw and exosome enriched cerebrospinal fluid
samples.  Journal of  Alzheimer’s  Disease, 57(2), 483-491.
https://doi.org/10.3233/JAD-161179

Roda, A., Serra-Mir, G., Montoliu-Gaya, L., Tiessler, L., & Villegas, S. (2022). 1004.
Amyloid-beta peptide and tau protein crosstalk in Alzheimer’s disease.
Neural Regeneration Research, 17(8), 1666-1674.
https://doi.org/10.4103/1673-5374.332127

Satao, K. S., & Doshi, G. M. (2025). Intercellular communication via exosomes: A
new paradigm in the pathophysiology of neurodegenerative disorders. I¢inde
Life Sciences (C. 365). Elsevier Inc.
https://doi.org/10.1016/j.1fs.2025.123468

Sims, R., Hill, M., & Williams, J. (2020). 1265. The multiplex model of the genetics
of Alzheimer’s disease. Nature Neuroscience, 23(3), 311-322.
https://doi.org/10.1038/s41593-020-0599-5

Sun, M., & Chen, Z. (2024). Unveiling the Complex Role of Exosomes in Alzheimer’s
Disease. Iginde Journal of Inflammation Research (C. 17, ss. 3921-3948).
https://doi.org/10.2147/JIR.S466821

Tang, B., Zeng, W., Song, L. L., Wang, H. M., Qu, L. Q., Lo, H. H., Yu, L., Wu, A.
G.,Wong, V. K. W., & Law, B. Y. K. (2022). Extracellular Vesicle Delivery
of Neferine for the Attenuation of Neurodegenerative Disease Proteins and
Motor Deficit in an Alzheimer’s Disease Mouse Model. Pharmaceuticals,
15(1). https://doi.org/10.3390/ph15010083

Tzioras, M., McGeachan, R. I., Durrant, C. S., & Spires-Jones, T. L. (2023). 1257.
Synaptic degeneration in Alzheimer disease. Nature Reviews Neurology,
19(1), 19-38. https://doi.org/10.1038/s41582-022-00749-z

Vader, P., Mol, E. A., Pasterkamp, G., & Schiffelers, R. M. (2016). Extracellular
vesicles for drug delivery. Iginde Advanced Drug Delivery Reviews (C. 106,
ss. 148-156). Elsevier B.V. https://doi.org/10.1016/j.addr.2016.02.006

Van Niel, G., D’Angelo, G., & Raposo, G. (2018). Shedding light on the cell biology
of extracellular vesicles. I¢inde Nature Reviews Molecular Cell Biology (C.

17



19, Say1 4, ss. 213-228). Nature  Publishing  Group.
https://doi.org/10.1038/nrm.2017.125

Wang, H., Sui, H., Zheng, Y., Jiang, Y., Shi, Y., Liang, J., & Zhao, L. (2019).
Curcumin-primed exosomes potently ameliorate cognitive function in AD
mice by inhibiting hyperphosphorylation of the Tau protein through the
AKT/GSK-3B pathway. Nanoscale, 11(15), 7481-7496.
https://doi.org/10.1039/c9nr01255a

Wang, L., Zhen, H., Sun, Y., Rong, S., Li, B., Song, Z., Liu, Z., Li, Z., Ding, J., Yang,
H., Zhang, X., Sun, H., & Nie, C. (2022). Plasma Exo-miRNAs Correlated
with AD-Related Factors of Chinese Individuals Involved in AP
Accumulation and Cognition Decline. Molecular Neurobiology, 59(11),
6790-6804. https://doi.org/10.1007/s12035-022-03012-0

Wong-guerra, M., Cal, C., Maccioni, R. B., & Rojo, L. E. (2023). 1270. Revisiting
the neuroinflammation hypothesis in Alzheimer’ s disease : a focus on the
druggability of current targets. Frontiers in Pharmacology, June, 1-13.
https://doi.org/10.3389/fphar.2023.1161850

Yang, J. S., Kim, J. Y., Lee, J. C., & Moon, M. H. (2019). Investigation of lipidomic
perturbations in oxidatively stressed subcellular organelles and exosomes by
asymmetrical flow field—flow fractionation and nanoflow ultrahigh
performance liquid chromatography—tandem mass spectrometry. Analytica
Chimica Acta, 1073, 79-89. https://doi.org/10.1016/j.aca.2019.04.069

18



e ’
I ITTL 1
~aas

HHH
-
L3

Stem Cell and Genetic Science: Biological Basis, Molecular
Technologies and Clinical Applications

Gozde Oztan®

! Ogr. Gor. Dr., Istanbul Tip Fakiiltesi Tibbi Biyoloji Anabilim Dali
ORCID: 0000-0002-2970-1834

19



Introduction

Stem cell science stands at the forefront of modern biomedical research,
offering unparalleled promise for the treatment of a wide spectrum of
degenerative, autoimmune, and genetic disorders (Zakrzewski, Dobrzynski,
Szymonowicz, & Rybak, 2019). Stem cells are characterized by their unique
ability to self-renew and differentiate into specialized cell types, positioning them
as a cornerstone of regenerative medicine (Hoang et al., 2022). Their discovery
and therapeutic potential have evolved remarkably, from historical milestones
like the isolation of embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs) to the development of cell-based therapies for conditions once
deemed incurable (Hussen et al., 2024).

While stem cell therapy holds transformative clinical potential, its practical
application remains constrained by several factors, including immunogenicity,
tumorigenesis, and ethical controversies surrounding the use of embryonic tissues
(Volarevic et al., 2018). In this context, stem cell-derived exosomes (SC-Exos)
have emerged as a safer, cell-free alternative that retains the therapeutic efficacy
of their parent cells without associated safety and ethical concerns. SC-Exos
demonstrate potent effects in immunomodulation, tissue regeneration, and anti-
inflammation, making them ideal candidates for diverse surgical and non-surgical
applications (Tan et al., 2024).

Together, the progress in stem cell and exosome research represents a
paradigm shift in regenerative medicine. By harnessing both cellular and
extracellular strategies, current approaches are paving the way toward
personalized, effective, and ethically responsible therapeutic interventions across
various medical disciplines (Seth et al., 2025).

The primary aim of this chapter is to integrate the fundamental principles of
stem cell biology and genetic science, and to comprehensively present the
innovative molecular approaches and clinical applications emerging from the
intersection of these two fields. The chapter will elaborate on the biological
classification of stem cells, mechanisms of genetic differentiation, gene editing
technologies (e.g., CRISPR/Cas9), disease modeling, and translational
approaches to therapy. Additionally, it aims to address ethical and societal
dimensions, thereby contributing a scientific perspective to current debates in the
field.

In this context, the chapter seeks to achieve the following objectives:
e To define the types of stem cells and their genetic potentials,
e Toexplain genetic and epigenetic regulation in cellular differentiation

Processes,
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e To present the impact of modern genetic engineering techniques on
stem cells,

e To evaluate genetic disease models and stem cell-based therapeutic
approaches through examples,

e To analyze the integration of stem cell and genetic technologies in
clinical applications,

e To raise awareness regarding ethical, legal, and social considerations.
The Intersection of Stem Cells and Genetics

Stem cells are undifferentiated cells with the ability to transform into various
specialized cell types. Genetic science, on the other hand, investigates how
hereditary information within cells influences the development, function, and
diseases of an organism. The integration of these two fields lays the foundation
for innovative applications such as disease modeling, gene therapy, and tissue
engineering (Weissman, 2002). IPSCs have revolutionized regenerative medicine
with their ability to proliferate indefinitely and differentiate into nearly any cell
type. They offer a human-based platform to model development, study diseases,
and screen for new drugs in vitro. Advances in reprogramming and differentiation
protocols have made iPSC technology increasingly accessible and clinically
relevant. Furthermore, genetic modifications to iPSCs enable both disease
modeling and the design of targeted gene therapies (Cerneckis, Cai, & Shi, 2024).

iPSC-based disease models allow for functional genomic screenings using
CRISPR to uncover gene-disease relationships. These technologies facilitate
unbiased identification of disease modifiers and therapeutic targets at high
throughput. CRISPR-interference and activation screens in PSC-derived models
offer insight into gain- and loss-of-function effects. Despite technical challenges,
such platforms are crucial for advancing drug discovery (Shevade, Peddada,
Mader, & Przybyla, 2023). Mesenchymal stem cells (MSCs) represent a potent
tool that bridges cellular and genetic therapies, offering differentiation capacity
alongside immunomodulatory properties. Genetically modified MSCs can be
engineered to deliver therapeutic agents directly to disease sites. Their ability to
home to damaged tissues and secrete bioactive molecules underlines their
promise in clinical gene therapy. However, safety and targeting issues remain
critical challenges (Myers et al., 2010).

The single-cell eQTLGen consortium integrates genetic variation with cell-
type specific transcriptomic data to clarify the genetic architecture of complex
diseases. Single-cell technologies allow mapping of gene regulatory networks
and identification of cell-specific disease mechanisms. This level of resolution
can inform personalized therapeutic strategies. It marks a shift from bulk analyses
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to precise, cell-resolved interpretations of genetic influence (Van der Wijst et al.,
2019).

Stem Cell Types and Genetic Characteristics

Stem cells are classified as totipotent, pluripotent, and multipotent. Totipotent
cells are derived from the zygote, whereas pluripotent cells represent embryonic
stem cells. Multipotent stem cells found in adult tissues possess a limited capacity
for differentiation. IPSCs are generated by genetically reprogramming somatic
cells (Takahashi & Yamanaka, 2006). Human pluripotent stem cells (hPSCs),
while offering immense therapeutic potential, tend to acquire genetic variations
during extended culture. These culture-induced aberrations include chromosomal
gains, sub-karyotypic mutations, and single nucleotide variants that may
compromise the safety and efficacy of stem cell-based applications. Such
mutations can confer selective growth advantages, raising concerns about
tumorigenicity and reproducibility. Thus, monitoring and minimizing genetic
instability remains crucial for clinical translation of hPSC-derived therapies
(Vales & Barbaric, 2024).

Pluripotent stem cell (PSC) repositories predominantly derive from
individuals of European ancestry, limiting the genetic scope of disease modeling.
Including genetically diverse iPSC lines from underrepresented populations
enhances discovery of ancestry-specific risk variants. Such diversity enables
more equitable and precise biological insights, particularly in drug responses and
disease susceptibility. Expanding genetic representation in PSC models is
therefore critical for personalized regenerative medicine (Ghosh, Nehme, &
Barrett, 2022). HOX genes, although silenced in early pluripotent stem cells, play
key roles in defining cellular identity and directing lineage-specific
differentiation. In adult stem cells such as mesenchymal and hematopoietic stem
cells, HOX expression reflects tissue origin and developmental history. These
genes act as master regulators of spatial identity through intricate signaling
interactions including Wnt, TGF-B, and retinoic acid pathways. Understanding
HOX regulation can enhance targeted differentiation in regenerative applications
(Steens & Klein, 2022). Embryonic stem cells (ESCs), derived from the inner cell
mass of blastocysts, possess the potential to generate all three germ layers. Recent
advancements allow the generation of synthetic embryo models from ESCs,
recreating early mammalian development in vitro. These models facilitate
investigation of lineage specification and early morphogenesis in a scalable,
ethically viable manner. ESC-based systems thus provide powerful platforms for
studying development and modeling genetic diseases (Kim, Kim, & Shin, 2023).
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Stem Cell Differentiation and Gene Regulation

Stem cell differentiation is accompanied by dramatic and coordinated changes
in gene expression that are maintained over time through epigenetic regulation.
These include DNA methylation, histone modification, and non-coding RNA-
mediated silencing and activation. Such modifications ensure the stable silencing
of self-renewal genes and activation of lineage-specific programs. Epigenetic
memory, established during development, plays a crucial role in sustaining
differentiated states(Wu & Sun, 2006). In the intestinal epithelium, stem cell
differentiation is tightly regulated by enhancer activity responsive to niche-
derived cues. These enhancers integrate Wnt, Notch, and other signals to promote
precise transcriptional outputs in daughter cells. Chromatin accessibility and
histone acetylation patterns dynamically shift as stem cells commit to absorptive
or secretory lineages. This plasticity ensures robust yet flexible lineage
commitment essential for gut homeostasis (Verzi & Shivdasani, 2020).

Gene expression profiling in stem cells reveals unique transcriptional
signatures distinguishing them from progenitor or fully differentiated cells. Key
pluripotency genes such as Oct4, Sox2, and Nanog are tightly regulated at both
transcriptional and epigenetic levels. The transition to differentiation involves
downregulation of these core genes and induction of lineage-specific regulators.
These findings underscore the utility of transcriptomic analyses in defining stem
cell identity (Liang, Russell, Walworth, & Chen, 2009). A multi-omics approach
combining mRNA, protein, and microRNA data reveals the layered complexity
of gene regulation during stem cell differentiation. Time-resolved analyses show
that transcriptional changes precede and predict later protein expression
dynamics. MicroRNAs act as modulators of translational efficiency, refining
gene expression outputs beyond transcription. These insights inform dynamic
models of cell fate transitions and regenerative engineering (van den Berg,
Berenger-Currias, Budnik, Slavov, & Semrau, 2023).

Genetic Engineering Methods and Their Use in Stem Cells

Human-induced pluripotent stem cells (hiPSCs) offer a powerful model for
studying human diseases and pharmacological responses due to their ability to
mimic tissue-specific physiology and pathology. The CRISPR/Cas9 system
enhances this utility by enabling precise gene editing within hiPSCs, allowing for
correction of disease-causing mutations. These cells can be derived from
minimally invasive samples such as urine, blood, or skin biopsies, facilitating
accessibility. When cultured in three-dimensional systems like organoids, they
closely replicate native tissue architecture and microenvironments, improving
clinical relevance (De Masi, Spitalieri, Murdocca, Novelli, & Sangiuolo, 2020).
Hematopoietic stem/progenitor cell (HSPC) gene therapy involves genetically
modifying harvested HSPCs to restore or replace defective functions upon
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transplantation. The use of viral vectors as vehicles for gene delivery has
significantly contributed to its clinical success, particularly for monogenic
diseases. New technologies like site-specific gene editing are expanding the
scope of treatable conditions and improving safety. Advances in the biological
characterization of HSPCs are crucial for designing the next generation of
transformative therapies (Ferrari et al., 2023).

Genetic engineering of stem cells prior to transplantation improves their
survival and function within the host environment. These modified cells can be
protected against immune rejection, oxidative stress, and apoptosis, thereby
enhancing therapeutic outcomes. Transgenes are often delivered using modular
vectors tailored for specific clinical goals. The metaphor of a 'Trojan horse'
captures this approach—genetically enhanced cells infiltrate the host and deliver
therapeutic payloads where needed (Phillips & Tang, 2008). CRISPR/Cas9
technology has emerged as an indispensable tool in stem cell research focused on
degenerative diseases. Its application in mesenchymal stem cells and other
lineages allows for precise correction of point mutations and modeling of disease
mechanisms. When coupled with patient-derived stem cells, CRISPR enables
truly personalized approaches to gene therapy. Ongoing developments continue
to refine delivery systems and reduce off-target effects, enhancing both safety
and efficacy (Valenti, Serena, Carbonare, & Zipeto, 2019).

Stem Cell and Genetics Based Disease Models

Human-induced pluripotent stem cells (hiPSCs) serve as a valuable platform
for modeling genetic diseases, owing to their patient-specific origin and
pluripotent capabilities. CRISPR/Cas9 technology enables precise gene editing
in these cells, allowing for targeted correction of disease-associated mutations.
When integrated into three-dimensional culture systems like organoids, edited
hiPSCs can mimic tissue-specific pathophysiology with high fidelity (Figure 1).
These combined tools offer unprecedented potential in drug screening and
personalized therapeutic development (De Masi et al., 2020).
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Figure 1. Schematic representation of CRISPR/Cas9 application in human-induced
pluripotent stem cells (hiPSCs). This diagram illustrates the workflow from donor cell
collection and reprogramming to gene editing, organoid formation, and application in
disease modeling and drug screening (De Masi et al., 2020).

The value of genome-edited pluripotent stem cells lies in their ability to model
monogenic disorders such as MODY or neonatal diabetes in a controlled and
scalable manner. Beyond simply modeling disease, these cells enable the
discovery of disease modifiers through comparative genomic studies and isogenic
line generation. They are especially useful in recapitulating B-cell dysfunction, a
hallmark of many diabetes subtypes, thereby enabling the study of gene-function
relationships at the cellular level. Such platforms facilitate not only functional
annotation of variants but also personalized drug response prediction (George,
Leavens, & Gadue, 2021).

Marfan syndrome represents a quintessential case where human pluripotent
stem cells have enabled modeling of complex genotype-phenotype relationships.
The availability of over 50 hPSC lines has allowed researchers to model
cardiovascular and skeletal abnormalities in vitro with remarkable fidelity. These
patient-specific models also provide an opportunity to study how different FBN1
variants lead to variable clinical manifestations. Such systems will likely pave the
way for risk stratification and tailored treatment strategies in Marfan patients
(Aalders, Muino Mosquera, & van Hengel, 2024).

Stem cell models have also transformed our understanding of
neurodegenerative and cardiac diseases through iPSC-based systems. For
example, diseases like SMA and Huntington’s disease have been effectively
modeled, revealing cellular phenotypes and response to candidate drugs. This is
possible due to iPSCs’ ability to differentiate into neurons or cardiomyocytes,
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allowing detailed analysis of disease progression in human cellular context.
Furthermore, gene editing in these models supports the identification of
biomarkers and drug screening targets (Table 1) (Sterneckert, Reinhardt, &
Scholer, 2014).

Table 1. Selected Examples of Disease Models Using Human iPSCs (Sterneckert et al.,

2014)

. Cell Type s
Disease Mutant Gene Modeled Application
ALAT Deficiency ALAT Hepatocytes Gene correction
Wilson's Disease ATP7B Hepatocytes Phenotypic rescue

KCNQ1 / . .
Long QT Syndrome KCNH2 Cardiomyocytes ||Drug screening
Huntington’s Disease |[HTT Neurons Pheno'_[ype
modeling
Spinal Muscular SMINL Motor Neurons Therapeutlc
Atrophy screening

Stem cell-based models are now integral to both disease modeling and
regenerative therapies, offering insights into developmental biology and
therapeutic efficacy. This is especially relevant in organoid systems where
disease mechanisms can be studied in three-dimensional cultures. The
combination of CRISPR/Cas9 and stem cell technology creates a potent toolset
for both basic research and translational medicine. Such systems are also scalable
and adaptable for high-throughput drug screening (Bai, 2020).

Clinical Applications: Cellular and Genetic Therapeutic Approaches

Gene therapy has revolutionized the management of rare monogenic diseases
by allowing correction or compensation of defective genes directly within patient
cells. Techniques range from gene addition and suppression to genome editing,
including CRISPR-based approaches recently approved for conditions like [-
thalassemia and sickle cell disease. Ex vivo and in vivo gene transfer strategies
are now routinely employed in clinical settings for disorders such as spinal
muscular atrophy and inherited retinal dystrophies. While safety and regulatory
challenges remain, the therapeutic benefits and transformative potential of these
interventions are clear (Ay & Reinisch, 2025).
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The clinical landscape has also seen a remarkable rise in hematopoietic stem
cell gene therapy (HSCGT), particularly in treating inherited blood disorders.
Conditions like ADA-SCID, Wiskott-Aldrich syndrome, and 3-thalassemia have
responded successfully to gene addition via lentiviral vectors or CRISPR-
mediated editing, offering patients long-term or curative outcomes. Advances in
gene editing technologies, including base and prime editing, are further refining
the precision and efficacy of HSCGT. However, long-term follow-up and refined
delivery systems are necessary to fully ensure therapeutic durability and safety
(Kohn, Chen, & Spencer, 2023).

Meanwhile, cell therapies—especially mesenchymal and hematopoietic stem
cells—are being harnessed for regenerative, immunological, and oncological
applications. The FDA has approved several products (e.g., KYMRIAH™,
PROVENGE®) based on either autologous or allogeneic cellular
immunotherapies, demonstrating strong clinical utility in various cancers and
immune conditions. Notably, multicellular therapies are gaining momentum due
to their synergistic effects and improved clinical outcomes compared to
unicellular approaches. Regulatory frameworks are evolving in parallel to support
their broader adoption (El-Kadiry, Rafei, & Shammaa, 2021).

A distinct but complementary path in gene therapy involves treatments for
rare diseases, where traditional drugs often fail due to economic or biological
limitations. AAV-based vectors (e.g., Luxturna®), antisense oligonucleotides
(e.g., Spinraza®), and CAR-T cell therapies (e.g., Yescarta®) have entered
clinical use, showing efficacy against otherwise intractable genetic and malignant
disorders. These platforms not only restore protein function but also offer
scalable, customizable solutions for future rare disease management. As
technology advances, combination approaches involving genome editing and
RNA-based modulation are poised to further enhance clinical outcomes
(Papaioannou, Owen, & Yanez-Munoz, 2023).

Ethical, Legal and Social Aspects

The use of embryos in stem cell research, germline editing, and the privacy of
genetic data are central issues in ethical debates. The ISSCR and CIOMS
guidelines provide important frameworks in navigating these concerns (Lo &
Parham, 2009). The rapid advancement of CRISPR-Cas9 has amplified ethical
concerns, particularly regarding its application to the human germline, which may
introduce heritable changes without a clear understanding of long-term
consequences. Discussions emphasize the need for robust international regulation
that includes perspectives from not only scientists but also ethicists and
policymakers to prevent misuse and ensure equitable benefit. Bioethics,
therefore, becomes a necessary framework to guide the responsible development
and application of gene editing technologies. These reflections underscore the
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importance of establishing limits based on moral principles and societal values
(Ozturk Turkmen & Arda, 2008).

In Turkey, legal and ethical frameworks for stem cell research have been
evolving, but challenges remain due to inconsistencies in regulation and limited
public awareness of patient rights. The moral legitimacy of using embryos,
especially surplus embryos from IVF, has been a topic of intense debate,
reflecting wider societal values and religious perspectives. Informed consent,
transparency in donor use, and protection against the commodification of
biological material are emphasized as core ethical concerns. These issues
demonstrate the necessity for national and international standards to safeguard
both individual rights and scientific integrity (Ozturk Turkmen & Arda, 2008).

Genome editing technologies like CRISPR-Cas9, while offering
unprecedented therapeutic potential, also raise bioethical dilemmas related to
safety, informed consent, and the potential for eugenic practices. The creation of
genetically modified embryos—even with the intent to cure disease—may lead
to unforeseen consequences and societal inequality. Thus, global legislation is
called for to govern the responsible use of genome editing in medicine,
agriculture, and beyond. Regulatory policies must balance scientific freedom
with ethical boundaries to ensure public trust and safety (Ayanoglu, Elcin, &
Elcin, 2020).

The ISSCR 2021 Guidelines provide updated frameworks for stem cell and
embryo research, categorizing permissible, conditionally permissible, and
prohibited activities based on evolving scientific capabilities and societal values.
These guidelines emphasize specialized scientific and ethics oversight for
activities such as genome editing of embryos, chimera formation, and organoid
research. They advocate for informed consent, equitable access, and transparency
to support ethical integrity in both research and clinical translation. By evolving
in line with both science and societal perspectives, the ISSCR Guidelines help
bridge the gap between innovation and moral responsibility (Lovell-Badge et al.,
2021).

Result

Genome-edited human pluripotent stem cells (hPSCs) provide a highly
controllable platform to dissect monogenic diseases and screen for therapeutic
modifiers. By generating isogenic cell lines, researchers can investigate the
specific role of genetic variants in B-cell dysfunction. Such models have proven
critical for understanding diabetes pathophysiology and optimizing therapeutic
responses. These insights facilitate the development of genotype-guided
treatments in precision medicine strategies (George et al., 2021). Human
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pluripotent stem cell models have proven essential in unraveling the diverse
phenotypic outcomes of FBN1 mutations in Marfan syndrome. More than 50
hPSC lines have been developed to mirror patient-specific skeletal and
cardiovascular anomalies. These models bridge developmental biology with
translational cardiology by enabling gene—phenotype correlation. They serve as
predictive tools for patient stratification and individualized therapeutic planning
(Aalders et al., 2024).

Stem cell models are at the forefront of simulating complex human disorders
like Huntington’s disease and spinal muscular atrophy. Through directed
differentiation into neurons and cardiomyocytes, these systems allow detailed
analysis of disease progression in a human cellular context. CRISPR-based gene
editing further enables the dissection of causative mechanisms and the testing of
targeted treatments. Such models facilitate both phenotypic characterization and
preclinical drug screening (Sterneckert et al., 2014). Stem cell-based models not
only replicate tissue architecture in 3D cultures but also capture disease-specific
pathophysiology with remarkable accuracy. The integration of CRISPR/Cas9
with stem cell biology has empowered researchers to model rare diseases and test
pharmacologic responses in vitro. These platforms are highly scalable, rendering
them ideal for high-throughput applications. As a result, they accelerate the
translation of molecular insights into therapeutic innovations (Bai, 2020).

The integration of stem cell biology and genetic engineering has become one
of the fundamental pillars of modern biomedical science. Advances in basic
sciences have enabled a deeper understanding of the genetic regulation of cellular
differentiation, while innovations such as CRISPR, iPSCs, and organoid
technologies allow for more precise disease modeling and the development of
personalized therapeutic strategies. In clinical practice, stem cell and gene-editing
technologies offer promising approaches across a wide spectrum of conditions,
from hematological disorders to neurodegenerative diseases.

However, these advancements also bring significant ethical, legal, and social
debates. Therefore, progress in this field requires not only technical success but
also ethical responsibility, safety protocols, and public awareness.

In the future, stem cell and genetic sciences may offer groundbreaking
solutions in areas such as personalized medicine, artificial organ production, and
the prevention of hereditary diseases. These developments, supported by
scientific foresight, interdisciplinary collaboration, and ethical oversight,
represent one of the most transformative advances in human health.

This book chapter aims to provide an educational and research-oriented
resource that covers both the theoretical foundations and therapeutic applications
of stem cell biology and genetic engineering.
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