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Abstract

Background

Pharmacologic immunosuppression regimes are commonly employed in stem cell clinical
trials to mitigate host immune rejection and promote survival and viability of transplanted
cells. Immunosuppression and cell survival has been extensively studied in retinal and spi-
nal tissues. The applicability of stem cell therapy is rapidly expanding to other sensory
organs such as the ear and hearing. As regenerative therapy is directed to new areas, a
greater understanding of immunosuppression strategies and their efficacy is required to
facilitate translation to organ-specific biologic microenvironments.

Objective

This systematic review appraises the current literature regarding immunosuppression strat-
egies employed in stem cell trials of retinal and neural cells.

Methods

This systematic review was performed in line with Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines. Inclusion criteria included studies presenting data
on neural or retinal cells as part of an in-human clinical trial that detailed the immunosup-
pression regime used. Exclusion criteria included non-English language studies, animal
studies, review articles, case reports, editorials, and letters. The databases Medline,
Embase, Scopus, Web of Science, and the Cochrane Library were searched from inception
to February 2024. Risk of bias was evaluated using the ROBINS-I tool.

Results

Eighteen articles fit the inclusion criteria. Nine articles concerned retinal cells, 5 concerned
spinal cord injury, and 4 concerned amyotrophic lateral sclerosis. A multi-drug and short-
term immunosuppression regime were commonly employed in the identified studies.
Detected immune responses in treated patients were rare. Common immunosuppression
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paradigms included tacrolimus, mycophenolate mofetil and tapering doses of steroids.
Local immunosuppression with steroids was employed in some studies concerning retinal
diseases.

Discussion

A short-term course of systemic immunosuppression seemed efficacious for most included
studies, with some showing grafted cells viable months to years after immunosuppression
had stopped. Longer-term follow-up is required to see if this remains the case. Side effects
related to immunosuppression were uncommon.

Introduction

Stem cells are unspecialised cells that have the potential to develop into many different cell
types [1]. They have been intensively investigated in the field of regenerative medicine, where
donor stem cells can be transplanted into the host to replace damaged cells. However, if the
stem cells originate from a foreign source, there is potential for recognition by the host
immune system. Here, immunosuppression can be used to dampen this response [2].

Immunosuppression has been used in stem cell trials on spinal cord injury, amyotrophic
lateral sclerosis (ALS) and macular degeneration, among others [3-5]. Stem cell therapy for
spinal cord injury has been trialled to potentially improve sensory and motor function follow-
ing injury [3]. Similarly in ALS, stem cells have been employed to directly regenerate damaged
nerve cells, or to create a neural population that provides a supportive environment for dis-
eased motor neurones [5]. Within the retina, macular degeneration and Stargardt’s macular
dystrophy are diseases that have been targeted by stem cell trials through replacement of the
retinal pigment epithelium (RPE) [4,6]. The applicability of stem cell therapy is rapidly evolv-
ing to address neural deficits in similar organs and functions, such as the inner ear and hear-
ing. To facilitate this translation, knowledge from investigation into similar organs and cellular
targets must be appraised and adapted. This is particularly evident in the process of immuno-
suppression, where organ-specific pharmacodynamics and kinetics must be addressed, and
the innate and adaptive organ-specific immune response modified.

Many different sources of stem cells have been used in regenerative studies, including
human embryonic stem cells (hESCs), human umbilical-derived cells (hUDCs), and induced
pluripotent stem cells (iPSCs). The ability of hESCs-derived RPE cells to be stored and readily
avaijlable for any patient is an advantage [7]. However, as these cells are not derived from the
patient, immunosuppression therapy is necessary to prevent rejection [8]. When allogenic
stem cells are used for transplantation, immunosuppression is generally required to prevent
immune rejection of these cells. However, immunosuppression is associated with a risk of side
effects. These range from infection due to systemic immunosuppression, to agent-specific
effects, such as diabetes mellitus, nausea, and diarrhoea [9,10]. The use of HLA-matched cells
in these fields has been adopted in some studies to reduce the need for immunosuppression in
the recipient, although debate remains on whether ongoing immune rejection of allogeneic
transplanted stem cells occurs [11]. Long-term survival of stem cell grafts has been noted
many months after immunosuppression has been stopped in some reports [12].

The objective of this systematic review is to analyse the literature of immunosuppression
that has been used in stem cell trials concerning retinal and neural cells, which are cell types
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that have been targeted by most stem cell trials so far [13]. This will be useful in informing
immunosuppression choice in future trials.

Methods

The databases Medline, Embase, Scopus, Web of Science, and the Cochrane Library were
searched from inception to February 2024, individually. The review was not prospectively reg-
istered. Exact search terms used on each database (and each platform) are provided in Supple-
mentary File 1. The search strategy was formulated by a medical librarian using the PRESS
checklist and evaluated against the PRISMA-S guidelines [14,15]. Databases were searched
separately, as opposed to multiple databases being searched simultaneously on the same plat-
form. The search syntax was adapted for each database, to account for variation between the-
saurus terms/controlled vocabulary across each database. Results were deduplicated using
Endnote 20 software. Two authors (SG and DB) screened titles and abstracts generated by the
search independently and then assessed the full texts of all relevant articles against the inclu-
sion criteria (Fig 1). Any disagreement between the assessors on the suitability of articles for
inclusion tackled by thorough discussion between assessors, or failing this, by referral to the
senior author (MS). Studies were included in the review if they met the following criteria:

1. Presented data on neural or retinal cells as part of an in-human clinical trial

2. Detailed the immunosuppression regime used

Non-English studies were excluded, as were those not specifying if an immunosuppressive
regimen was employed. Studies containing duplicated data from previous studies were
excluded, along with animal studies, review articles, case reports, and editorials. There were no
limits set on publication year. Data collection from included papers was performed in the
same way as screening (i.e., independently by 2 reviewers). The ROBINS-I tool was used for
risk of bias analysis for included studies [16]. Risk of bias analysis for each study was per-
formed in the same manner as data extraction (i.e., independently by 2 authors, SG and DB).
Due to the heterogeneity in presentation of data, a statistical meta-analysis of these results was
not possible, and the results were presented descriptively in a table and focused on the below
targeted outcomes.

The primary outcome of interest was the immunosuppression regimen used and associated
evidence of immune rejection or graft cell differentiation and survival. The secondary outcome
of interest was reported adverse events related to the use of the immunosuppression.

Results

A literature search yielded 5875 papers after deduplication. Following screening of the title
and abstract, 5679 articles were excluded on subject applicability, or identified as non-English
language studies, non-human studies, editorials, case reports, reviews, or duplicated studies.
The remaining 196 articles were reviewed by full text against the selection criteria. Of these,
178 were excluded (including 94 for not detailing immunosuppression used), leaving 18 arti-
cles for inclusion in this study [3-6,12,17-29]. This process is outlined as part of a PRISMA
flowchart in Fig 1. Nine articles concerned retinal cells [4,6,17-20,27-29], 5 concerned spinal
cord injury [3,23-26] and 4 concerned ALS [5,12,21,22]. The characteristics of these studies,
summarising information provided on the immunosuppression used, are outlined in Tables
1-3.
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IDENTIFICATION PubMed Medline EMBASE Web of Science Scopus

(n=1442) (n=2779) (n=2214) (n=3825)

l

Records after duplicates
removed
(n=5875)

l

SCREENING Titles and abstracts of the papers screened (n=5875) Excluded (n=5679)

Reasons:

- Case reports, editorials, reviews

- Topic not concerning neural stem cells

- Not concerning an in-human clinical trial
—> - Non-English language studies

- Animal studies

ELIGIBILITY Full text articles assessed for eligibility

(n=196) Excluded (n=178)
Reasons:

- Noinformation on
l immunosuppression

— (n=94)
- Incorrect publication
type (n=66)

INCLUDED Full text articles eligible (n= 18) - Duplicate (n=9)

- Nostem cells (n=4)
- Non-human (n=5)

Fig 1. PRISMA flowchart outlining the screening process.
https://doi.org/10.1371/journal.pone.0304073.9001

Stem cell trials concerning retinal diseases

Transplantation of human embryonic stem cell (hESC)-derived retinal pigment epithelial
(RPE) cells offers the potential for benefit in macular degeneration, with reports of improved
visual acuity [19].

The characteristics of hRESC RPE cell trials for the treatment of macular degeneration,
including the types, doses, and length of immunosuppression, are outlined in Table 1. Sys-
temic immunosuppression generally involved use the combination of tacrolimus and myco-
phenolate mofetil (MMF) in 6/9 reports. The use of steroids was found in 5/9 papers. In only 1
study was steroid-based local immunosuppression used [4], and subjects received an intravi-
treal implant of fluocinolone acetonide (either 0.19mg or 0.59mg) as an anti-inflammatory
and immunosuppressive agent.

The duration of immunosuppression varied depending on the drug used. Mycophenolate
mofetil was typically used for a longer-period of time, with doses ranging from 0.2-2.00 g
orally per day; Tacrolimus was adjusted to a target serum concentration (Table 1).

All studies utilised cells derived from human embryonic stem cells. Signs of immune rejec-
tion were defined as including vitritis, retinitis, retinal exudates, retinal oedema, or vascular
hyperpermeability. None of the studies described clear features of rejection of the transplanted
cells, with no detection of intraretinal fluid on optical coherence tomography (OCT), and no
changes on fundus fluorescein angiography to suggest rejection. 1 study reported a decrease in
central pigmentation which could represent cell loss from a delayed rejection, but normal
architecture and retinal function were maintained [4].

Serious adverse events were rare, including infectious adverse events (Table 1). The most
common adverse events were gastro-intestinal symptoms, infections (urinary tract infections,

PLOS ONE | https://doi.org/10.1371/journal.pone.0304073  July 5, 2024 4/18


https://doi.org/10.1371/journal.pone.0304073.g001
https://doi.org/10.1371/journal.pone.0304073

Immunosuppression in stem cells trials of retinal and neural cells

PLOS ONE

(panuyuo))
(payads jou
a[eos awuny) juerduwr
[eoMIABTIUT WLId)-FUO]
Juepdwr suofouon[y
uornafar £198ms Suump | Sw 6670 10 61" TP
pakeap uondafur [ :apruojase | :juerdwrr suojour>onyy umippyids
IoJj ssof [[99 suojouUIeLL], Sur of :apruojaoe juowdid
pajuasaxdar YoM I1ayang QUOOUDWIRLL], juedur [eunax
aaey JySru 1 3589 Je 120 Surradey paiadey uay) pue | proIa)s suofourON[ PaALIOp
1 juoned ur £q pamo[[o] sxjoaMm ¢ SYOOM T 1S3 JE 10§ Iepnooenuy -(DSAY)
uoneyuawdid Jse3[ Je I0J PINUHUOD (wnurrxew §w (9 0) 9pIuojade [[22-wa)s [#]
renuad | sypuowr | —A1a8ins a10joq sdep | dn) suojostupaid [e1o suojouDWeLL], | -OTUOAIqUId s1eaf 7/ 810C Te 10
ON ON | uIaseardop y 41 F—¢ :ouofostupaig | Sy/Sw 1 :auofostupaig suofostupaid ueWNE] /1 sjuwoned 7 | NV 1M 1 1) e
*do jsod sypuourg 1e
PANUIIUOISIP Yuow
syyuow | ¢ ay) Jo pud ayy £q Aep
€ J& PONUIIUOdSIP /3WGT 0) PaseaIdap
pue £1281ms a105oq | “qyuour | 10§ Aep/aouo
S99M T :2UO[OSTUPAI B ¢ :auosTupaIg
sypuowr (Aep wnrpyids
¢ Aq panunuodsip | /231m1) 3w 00T :ANIN ywowsid
pue £1981ns syjuour [euniax
210J2q Yoam T :JINIA | Je [w/Su ¢ syuour | Je PaALIap
squowr | [uwy/3u £-¢ fui/3u of -(0sdY)
 Je PanunuoosIp SUOT)BIJUIOUOD suofostupaig [[00-t2)s
syjuow pue £1931ms 210Joq | poo[q 19318} dA3TYOR 0] JNIN | -oruofIqurs s1eak £'¢9 [81]8T0T
ON QuoON. ON 41 NOOM T :SNUWIOIOR], | PaJenn) S :SNWIOIR], SNUWIT[OI.], ueWNE 1 sjuaned ¢ | NV 1OM I ‘Te 1o nry
(stprurzoprda wnrPyids
snodod0dydels) Juawidid
sprueyydopus | snrwreyiydopus [eunax (6=u)
aanjeradojsod anoe) aaneradoysod syoam ¢1 10y £1081ms | Aep/3 00'7-ST'0 :ININ PaALISD AydonsAp
uonoayur aanerado anoe aanisod 210Jq YoM T :JININ Tu/3u -(DSAY) Te[noeur
-3s0d e jearn 03 -armyno | EERY /—€ SUOTJRIJUIUOD [[92-wa)s s presiels [£1]
uonduI Joex) Areurn uonduI sypuow 9 10§ A1281MS 210J0q Ppooiq 1281e) 2A3TYOE JNIN | -otuofIquia s1eak 6'¢9 (6=u) 9107 Te 1
a1} Jo asned3q | joex) Areurm | ON w SO9M T :SNWIOIOR], | 0) PAJeIT) SNWIOIR], SNUWIT[OI.], uBWNE] 11/L sjuwoned 8T | NV L1 /1| 73remyos
wnrPyids
ULIed10J paradey juowdid
) UT SIIISIA Amors uayy pue [eunar (z=u)
onadiay jo ases | syoam ¥ Joy £1031ms Aep/3 6 1-0'T AN PaALIdDD Aydons4p
uorssarddns morreur SUOTOJUT 210J2q Yoam T :IINIA Tu/3u -(DSAY) Te[noeur
auoq pue uonduny | 3oex) Lrojerndsax ENEERY /—€ SUOTJBIJUIUOD [[9- )8 s predielg
[BUSI JO UOTJRIOLINIP 1oddn ¢ sypuowr £ 10§ £1281ms 21050q pooiq 1281e) 2A31YOE JNIN | -otuofrquid s1eak /6 (z=u) [62] sTOT
pajeadar jo asnesaq | eruownoaud | ON 71 N99M T SNWI[OIJE], | O} PajenT) [SNWIOIde], snwIoIe], uewngy 0/F sjuoned | qINV L1a | er/1| e Suog
age
dn (areway uedw pue
sjuessaxddnsounurury SJUIAD ISIAPE uorddfax -moqoy | uorssaxddnsounwrur | uorssaxddnsounurwr | worssaxddnsounurun Mo wdys | orewr) | syuedonred e jo 1eak
ay) dojs 03 paaN. snomdayuf [P W) | ueIpO Jo ypSuay Jo asoq Jo adA], Joadiyr | 1pudn| jo rquUInN aseasiq | aseyq | pueradeq

*S3SLASIP [RUI)AI SUTUIIOUOD S[RLI) [[9D Wd)S UO SONSLId)dRIRYD Apn)S *T J[qe],

5/18

PLOS ONE | https://doi.org/10.1371/journal.pone.0304073  July 5, 2024


https://doi.org/10.1371/journal.pone.0304073

Immunosuppression in stem cells trials of retinal and neural cells

PLOS ONE

+00¥'€20¥0€08uod [euinolyL2€ 10 1/BI0"1op//:sdpy

‘uonelausap remoew pajepI-ade = QINY quajow aejouaydook Iy = JNIN 4o

£1281ms
210J2q SUTW ()¢ ISOP wnrPyids
1 :auojostupadAyia]y yuowdid
‘09 Aep £q Sw ocz [eunax
pajordwos sem pue g3 19)BUIONS WNIPOS paALIp
Aep je uedaq Surrade], suojostupaxdAyiaN -(DSAY)
61-AIAOD 1 (uerpaur) ‘A1981ms 1ay5e sep (Tu/3u 01-¢ S[PAd] 9]BUIONS WNIPOS [[99-wa)s [82]
sisdas | syuow ¥ 01 A1o81ms a10j0q | yB3noux) 1981e) anaryoe | suojostupardiAyioly | -oruokiquia s1eak £/ €207 Te 32
eruoumnaud oy anp [ eruownaud ¢ ON 9¢ skep g :snwiroIde], | 0) pajenI) SNWI[OIL], SnwIoIde], uewnyy 6/9 sjwoned 6T | NV A1 | e/ | undewnpy
wnrPyids
Kep/3y Juowdid
/8w g :aurrodsopAD Teunar
Yoom/3y/Swr PpaALIdDp
€ QIUOJAl | STT°0JO 3SBIIDIP 3SOp -(DSAY)
03 T Ae(q :ourrodsoAD ® M ‘ouostupaid [[99-wa)s Aydons4p [£2] €z0T
syyuow € QUON Te10 jo Aep/3y surrodsopAD | -oruofiquia s1edk G TF Te[noeur ey
ON ON ON 71 | 03 1 Le(q :auojosTUpaI] /8w 1 :auojosTupaId suoostupaIg uewngy 6/€ syuoned g1 | sipreSielg 1| sopueurag
[P9M LT o1
je paddoss uay pue
J2aMm ¥y oY) e p/3y
/3w Gz 03 PaseaIdap
A1981ns 210J0q Yoom | wnppyids
Pa)Je]S :9UO[OSTUPAI] Arenrut p/8y yuowdid
£198ms soye | /3w g*( suoTOSTUPAI] [euniax
syoaMm F 03 £1981ns Kep PaALIOp
210§3Q YoM T NN | & 991m3 Sw(0S TN -(0SAY)
£1981ms 193 SyPoM (Tur/8u £—¢ S[aAd] QUOSTUPAIL [[P2-wa)s Aydonskp
sypuow 71 01 A1081ms a10j0q | wnias JoS1ey) Lep/Sy JNIN | -oruofIqura s1eak 7°¢T Te[noeur [9] 1202
ON ON ON 09 So9M T :SNWIOIOR], /Sw 1°( [SnWIjoIde], SNUWIT[OI.], ueWNE] S/T syuoned £ | s3predrelg 1 RCRERS
uonejue[dsuen 19)7e
1e34 T Appyeurxoxdde
Je umop parade)
PUE PaNUTIUOD SEM umnrppyids
uorssaxddnsounuruur yuawdid
Apanerado-1sod Teunax
SYIUOUI-¢ PIAIISQO Ajrexo Lep/31 :ININ PpaALIdp
sem juawaroxduwr Tur/Su -(DSAY)
[ensia [nySurueaur £—¢€ JO 1oA9] y3noxyy [[92-wals AydonsAp
sypuowr Ajresturp Ji 1o81e) © 2A0TOR JNIN | -otuofrquid s1edk /£ T¥ Te[noeur [0Z] 1202
ON ON ON 9¢ | HIAN pue SNWI[OIdR], | 0) PAjenT) SNWI[OIE], snwIoIe], uewngy 0/€ sjuoned ¢ | spredrelg 1| e Sung
PanuUnUOISIP sem 31
uayMm ‘vonejuerdsueny
I9)Je $)PaM T [un
¥ Aep woiy Arep 201m)
3 1 pue (¢ Lep 03 umrpayjida
¢ Aep) Aqrep a01m1 8 60 juowSid
syoam 71 | (1 Aep 01  Aep) Lrep [eunax
10§ A1981ms jo Aep oy | 201m) 8670 udiar PpaALIap
Uo pasuawwod NN m:ﬁEmUwo HININ -(DSaY)
UOTJBAT)OBII soam | ui/3u £ 03 ¢ JO S[aAd] [[90-t2)s steak | AydonsAp [61] 8T0T
1 STUIA syyuow £ 10y £1281ns 210j2q | WINIAS YSno) 2AAdE JNIN | -otuofiquis PEy Tenoewr TR
oN | xordurs-sadioy 1 ON 41 NO9M T :SNUWIOIOR], | 0) PAJeIT) SNWIOIR], SNUWIT[OI.], uRWNE] 11 syuoned ¢1 | sapreSreis /1 JeYOIN
age
dn [€12015) uedw pue
sjuessaxddnsounuruy SJUIAD ISIdAPE uondafax -moqoy | uorssaxddnsounwwur | uorssaxddnsounurwr | uorssaxddnsounuruin Mo wd)s | /orewr) | syuedonred e1n jo xeak
ayy dojs 03 paaN. snomnddyuf [P> wia)g | ueIpay Jo Suay Jo aso(q Joad4y, JoadLy | mpUdID | JoO IqUINN aseasi(q | aseyq | puesadeq

(panunuoD) ‘[ 3[qe],

6/18

PLOS ONE | https://doi.org/10.1371/journal.pone.0304073  July 5, 2024


https://doi.org/10.1371/journal.pone.0304073.t001
https://doi.org/10.1371/journal.pone.0304073

Immunosuppression in stem cells trials of retinal and neural cells

PLOS ONE

(panuzyuoy)
LLN © 10§
uonesiejrdsoy
Surajoaur Juaad uonejuejdsuen
9SIAPE SNOLIAS | -a1d Aep 1 pajress sfep
‘s1edf G Jxau 01-§ :oUOSBYIIWEXI(] Kep /3w
1) 19A0 STL.N uonejuerdsuer) | 9[-g :dUOSLYJIUIEXI]
99°0 pue £1931ms -a1d skep g pajreys Kep/3woos A TININ
10)e TRk 95102 Aep-87 NN T DS-SNDONH)
111y 93 UT STLN uonejuerdsuen-axd /38U 0T—G 9ToM S[PAI] SUOSBYJIWEXI(] S[[o0 wd)s
1'T jo aSeroae sypuowr sAep ¢ pajrels asInod pooiq ja81e], ‘parels ININ UI)SAS SNOAIOU s1eaf 1¢ [€] 0zoT
pajelsjoN | ue pey spalqng pajels 10N 7L | puour-g snwroide], JON ‘sSnuwIoIe], SNUWIOIJE], [eT)UID URWINE] /11 syuaryed 71 BI[/I | Te193m)
‘uonejuefdsuen-jsod
skep £ 10§ pue 0} 1o11d
sonjorquue Kep T :auoseyjourexaq pajers
Al pue a8eurerp uonejue[dsuer) | JON :9UOSBYIOWEXI(]
pue uorsUI -150d yyuowr- 1 :JINIA Ppaje1s 10N NN
Gurrmbax uonejuejdsuen pajels
UOT)IJUT PUNOM -1s0d syjuow | JON :9[0ZeXOyjoure[ns
stprurraprda 9 :3[0ZEXOYJIWEJNS jurtidoyowriy,
ydeys quasd Jurtidoyoutay, ‘sypuow
9SIAPE SNOLIAS | uonejuerdsuer) 6 Sumoryoy oty
‘sdnoid -3sod syqguowr | 103 /81 G- pue skep SUOSEYOWEXI(]
pajean oty 9 10 panunuod 8z 351y 10§ /81 01-5 NN 0S-SNONH)
ur pagoadsun pue uonejuedsuern JO S[9A3] PoO[q J[ozexoyjourejns S[[20 Wa)s (uerpaur)
uorddyur syyuow -a1d sfep 128101 01 Aep/Sy/Sw Jundoyjouri], wa)sAs snoAIsu s1eaf g7 [#2] 610T
ON Jo saposida gy pajels 10N T1-6 | € PayIeg isnwiome], | €0 0} 70 SNWI[oIdL], SNUWI[OIJE], [eT)UD URWINE] /11 syuanyed 71 1| Tewwar
‘pasead 3uraq
910J2q [9aM Iayjoue
10§ urede paafey
U} 250(J "oIM
1 10J PIA[eY U3} 350
“Kep/Sw
000€ :TT Yoam -GT A
Kep
/8w 00ST :71-8 Ae@
AKep/Sw 0001 :£-T Leq
AN
‘pasead 3uraq
ESEEIN 210J2q “[99M Idyjoue
$1 10J panunuod 10§ urede paafey
pue | Ae(q juedsuen) | UIY) 3SO(] Y9IM [ I0§
-3sod uo payreig PIA[eY U} 350(T “CT
NN | oam [ Lep/3y/3w 170
B> BRI SNWI[OID.],
$1 10J panuruod pue ¥
1 Ae( yuedsuen-isod | 10 ¢ Lep aaneradoisod
UO Pa}Ie)s SN0, uo Swr oz pue
“AJuo § pue | £1081ms uoneuerdsuen (995-1SN)
'S[[92 JoUOp ¢ skep aaneradoysod 0y Joud ININ 1[99 wd)s [eImau [¢2] 810T
31 JO SIA[[e V'IH oY) | sypuowr pue £1a8ms jo Lep SINOY 7 UTYIIM UIATS SNWIOIJE], PAALIaP-pI0d s1eaf ¢ TR
ON ouoN | Jjsurede satpoquue ON |  £Z-81 | UO UDAIL) :QRWIXI[ISeq Swr 0z :qewrxifiseq qewrrxiiseq [eurds uewnpy 1/¢ syuanyed I snIny
(arewdy | a§e ueawr pue
syuessaxddnsounuruny SJUIAD ISIIAPE dn| uorssaxddnsounwrwr | uorssaxddnsounurur | uworssarddnsounururr Jorewr) | syuedonaed | fern jo Tedf
ayy dojs 03 paaN snordayu uord3a1 [[95 wId)S | -Mo[[0 Jo pSuay Jo asoq JoadAy | [d widsjoadAy,| 1apudan| jJoxaquny | aseyq | pue sadeq

*Am(ur p1o> Teurds SuruIaduod sferLn [[95 Wajs uo sd>NSLIdYdeIRYd ApmS 7 Qe

7/18

PLOS ONE | https://doi.org/10.1371/journal.pone.0304073  July 5, 2024


https://doi.org/10.1371/journal.pone.0304073

Immunosuppression in stem cells trials of retinal and neural cells

PLOS ONE

200¥€2070€08uod [euinolyL2€1°01/BIo"1op//:sdpy

‘[mayour AejoudydodhIA = JINIA Lo

9SeD UOID3JUT TerIa)deq

sonjoiqriue

LM PIAJOSAT
pue snuwrjoide)
0} paje[ar aq

03 3ynoy) Juasd
9SIAPE SNOLIAS &
se (pagmadsun)

09

Ae uo paddoys Suraq
210Jaq ¢ Ae( uo urede
PaA[ey pue 9p AeQ

UO PaAJey sem 30T
uonejuerdsuer)

-)s0d skep

09 10 PaNUTUOd pue

[w/Su £—¢ s[oad] 3o81e)

oy ur paddoys uonoyul S[[9D UI)S JO UOTOA(UT | 0} PJRIIT) TIM S[OADT (DdO1DT) [97]
sem snwijoIoe) [eL12108q syjuowr 910§0q sIoy g1-9 | Aep/Sy/3w 10°0 = asop s[jeo 10ytuagoxd sreak §'T¢ 7707 e 1R
J1 pajels JON joases | Pparers 10N 1 Pa1Ie)g SSNWIOIR], Sune)g :snwromne], snwijome], | 214001puapoQ ¥/1C sjuoned 67 | eqI/I I9[$S9,]
09 Ae(J 18 panUIIUOOSIP
sem 1] '¢s Kep
uo ENNMN PaAJey pue
9% Aep uo paAfey sem
9SOp snuIrjoIde) ayJ, ﬁwﬁgOum
uorssarddnsounuruur [w/du £ S[[92 ejep
SNWI[OId.} 03 ¢ 219M S[2A9] J981e], w)s judjodrmd WOIj Ueaw
JO UOonessad “Kep/Sx/3w €00 uewny J)enOTEd
Ia)Je UaAd [DJOIDT Je 9[qissod se uoos se WOIJ PIALISP 0} d[qeun)
SLLN | 03 sesuodsax Apoquyue PajIe)s sem snwjoIoe) (1DdO1DT) s1eah 7¢-1¢C [c7]
9 pue uonodJuL IO PAjRIPAWI—[3d | SYJUOW uonejuerdsuen-jsod 810 "AI &ep/Sy s[> 103tuadoxd :a8uer a3y 7207 e 12
pareIs JoN jseak reurSea 1 -1,JO 20UapIAd ON 0z1 skep (9 :snurone], /8w 1070 ssnurpoIe], snwrome], | 3£301puspoSiQ 1/% syuaned ¢ 1| euuadpPIW
(srewdy | 98e ueawr pue
sjuessaxddnsounurunn SJUIAD ISIAPE dn| uorssaxddnsounwrwr | uorssaxddnsounurur | uorssarddnsounurur Jarewr) | sjuedonaed | fern jo Teak
ay) dojs 03 paaN snonodayuy uond3(a1 [[95 W) | -MO[[0] Jo pSuay Jo asoq JoadAy, | o wdsjoadLy | 1pusn |  jordquny | aseyq | puerddeq

(panunuo)) ‘g 3IqeL,

8/18

PLOS ONE | https://doi.org/10.1371/journal.pone.0304073  July 5, 2024


https://doi.org/10.1371/journal.pone.0304073.t002
https://doi.org/10.1371/journal.pone.0304073

Immunosuppression in stem cells trials of retinal and neural cells

PLOS ONE

€001°€2070€0"2uod [euinolyL /€10 1/B10"10p//:sdy

‘[mejour ejouaydodL A = JININ A

S[[22
pajuerdsuen YIUOW  :2UOSTUPAIJ uour
0 UoT)OBAI Apaneradoenur oouQ | T 1940 Suiq 03 paradey
Aroyeururepur :auojostupard Ao Sw(g :auostupaig
STYI[0D DY peaxdsapim Paje1s 10N AN Sw 671
paypadsun wnIpLnsor) pey oym sqpuowr | :duojostupaidLyio suostupaId
SJUDAD ISIOAPE padoraaap juedonred [ 71 SnWIoIe], Kep/31 NN |  ouojostupaxdAYIPIN | (ANAD-DIN-0TSND) [z1]
03 anp syuanyed g ur juonjed [ | ur A[uo pa3d2)ap % Lep do-1s0d uo Kep JNIN | ANAD UM paonpsuer) 7202
Apmyewaxd papuadsns | [ padofaadp | aram satpoqrue syyuowr pue Ajpaneradoenur | /Bur 9-1 :snurmomne], SNWIOIdE], s[[e2 10j1uagdord s1eak g5 TR
SeM SNWI[OIJ.], syuaned syads-1ouoq 71 9S0p [ :qQeWIXI[Iseq Swr 0z :qewrxipiseq qewxiiseq [eInou uewni 01/8 syuaned g1 BI1/I yoreg
uour
1 1040 Sw( 0} paradey
SwiQg :auostupaig
Sw gzl
IUOW T :2UOSTUpald |  :duojostupard Ao
Jowor) [eanysod £1381ms a1050q [w/3u 01-¢ [12]
oy anp juaned T ur eruownaud (uerpaur) sanoy g A[uo 2duQ 2I9M SUOIJRIIUIOUOD aUOSTUPaI (uerpaur) 6102
Apanyeward papuadsns padopaaap syqyuowr | :duojostupaidilyro 1o81e], "Aep/Sy | ouojostupardiAyioy S s1eak gF e
SEM SUIT[OIOR], syuanyed ¢ parels 10N $ | squow 9 isnumomne], /8w 7°0 snwroIde], SNWIOIdE], Wd)S [BINAU URWINE] S/€1 syuanyed g1 1| tuzzew
[eL1) Jo uoneINp
10 SNONURUOD I
(7) edoyrrerp [e143 Jo uoneInp
pue (1) aypepeay yieap 10§ SNONUIUO0D SwooT NN
0y anp paddols 7 :JININ (paymadsun S[[@2 [Mmun SNUWIOIdR], ‘Tuy/Su g-¢ Jo
(1) e20yLIRIP ¢ ILN pajuerdsuen sqyuowr | ypuow | 1240 Swig 0) | s[aAd] JaS1e) utEjUTRLL
pue (1) ayoepeay | ¢ eruowmnaud | ay) jo uondafor | 9 A1ead e | paradef, :duostupaid 0} pasop Inq ‘pajels ININ
‘() SMI[[oUI SJ2qeIp | €) UONDOAJUI O} | JO SIN[IBUW MOYS |  UIY) pue ¥ Aep aaneradoysod JON :snuwjome], SNWIOIdE], S[[o2 [s] 9102
JOSUO-MAU 03 NP | PIJ[DI SUIAD Jou pIp saIpnIs sypuowr | uo pue £1281ms Surmp Sur(g :auostupaig JuosTupaId WI2)S [BINJU PIALIDP s1eak gF e
paddoss  :snuromne], ISIOAPE 6 sr3ojounuuwuy ¥ Sui(g :qewnxipiseq Su(g :qewxipiseq qewrrxiiseq —p10o [eurds uewngy ¢/T1 syuaned 6T /1 sse[n
[e11) Jo uoneInp
10§ SNONUNUOD NN
(uosear payyroadsun) [e11) Jo uoneInp
7 Ut paonpar 10J SNONUTUOD SwoeoT AN
asop pue Sunye) paddols S[[o2 SNWI[OIDB], [w/Su g-§ jo
syuaned 7 (NN eruowmaud pajuerdsuer puour T 1940 Sur 0] | s[aAd] 1981e) urejuTRW
eaoyLreIp pue Sunrwoa | SuA[oAuT SFYS a1 jo uogdafar paiade], :auostuparg 0} pasop Inq ‘pajels ININ [zz]
0} anp 7 ur paonpai T 'SUOIOJUI | JO SIONIEW MOUS ¥ Aep aaneradojsod JON] :SNWI[OIdE], SNWI[OId.], S[[o 7102
asop pue Sunye) paddols onstunjroddo jou pIp saIpnis sqyuowr | uo pue A1a81ms Surmp Bur(g :auostupaig SUOSTUPaIJ WD)S [BINAU PIALIIP s1eak 7g e
sjuaned ¢ isnurjoide], ON sr3ojounuuuuy 81-9 Sui(g :qewrxipiseq Sui(g :qewnxipiseq qewxiiseq —pI0o [eurds uewnyy 0/21 syuaned 71 I sse[D
(srewdy | aSe uesw pue
syuessorddnsounurwr | $JUIAS ISIApE uorydfax uorssaxddnsounurunr | vorssarddnsounurwr | uorssaxddnsounurunn forewr) | syuedonaed | [ern jo | 1eak pue
a1y dojs 0) paaN. SNo1JuUL 19> wayg | dn-mofog Jo Suay Jo asoq Jo adAy, 19> wdas Jo ad£1, | I9pULD JoqunN | aseyd adeg

*(STV) s1s013]s [exdye] drydonjofwry SUTIddU0D STeLI) [[93 Wd)S U0 SONSLId)IRIRYD ApnIS “¢ d[qe],

9/18

PLOS ONE | https://doi.org/10.1371/journal.pone.0304073  July 5, 2024


https://doi.org/10.1371/journal.pone.0304073.t003
https://doi.org/10.1371/journal.pone.0304073

PLOS ONE Immunosuppression in stem cells trials of retinal and neural cells

pneumonia, herpes simplex virus reactivation), headache, lethargy, nausea. 1 study reported
patients developing non-melanoma skin cancers [17], and 1 study reported a patient develop-
ing an upper-GI cancer [28], with malignancies deemed unlikely to be related to the
immunosuppressants.

Stem cell trials concerning spinal cord injury

Five studies were identified as reporting human clinical stem cell trials for spinal cord injury.
The characteristics of the trials, including the types, doses, and length of immunosuppression,
are outlined in Table 2. Systemic immunosuppression including use of the calcineurin inhibi-
tor tacrolimus was employed in all 5 studies. Imnmunosuppression was achieved with multiple
agents in 3 of the 5 studies, including combinations of mycophenolate mofetil, basiliximab, or
dexamethasone (Table 2). No studies used a local route of immunosuppressant administration.
The duration of immunosuppression varied depending on the drug used. Tacrolimus was typi-
cally used for a longer-period of time, with doses adjusted to target serum concentrations,
while other drugs such as dexamethasone and basiliximab were used around the perioperative
period only (Table 2).

Human central nervous system stem cells were transplanted in 3 of 5 papers [3,23,24]. In 2
studies, oligodendrocyte progenitor cells derived from human pluripotent stem cells were used
[25,26]. Variable signs of an immune response or rejection were sought, including the develop-
ment of antibodies against the HLA antigens of the donor cells. No evidence of rejection was
reported in any study. Serious adverse events that may be attributable to immunosuppression
were rare, but included cases of hospitalisation for UTI and bacterial infection [26]. Patients
with spinal cord injury are already susceptible to UTIs due to urinary statis secondary to neu-
rogenic bladder [30], and 1 study found that the number of UTIs per year in immunosup-
pressed trial participants was similar to prior estimates in the general spinal cord injury
population [3,30].

Stem cell trials concerning ALS

Several studies have explored the use of stem cells as a treatment for amyotrophic lateral scle-
rosis. Transplanted stem cells secrete neurotrophic factors, differentiate into supporting cells
such as astrocytes and microglia, and delay the degeneration of motor neurons [31].

The characteristics of stem cell trials on ALS, including the types, doses, and length of
immunosuppression, are outlined in Table 3. All 4 identified studies utilised systemic immu-
nosuppression, involving tacrolimus and additional agents, including mycophenolate mofetil
in 3 of 4 studies. Tacrolimus was typically continued throughout the course of the trial and
doses were adjusted to allow a target serum level between 4-10 ng/ml. Mycophenolate was
taken regularly at variable doses ranging from 125-1000mg a day. Some immunosuppressants
were restricted to the perioperative period only, and included basiliximab (a chimeric anti-
intcrleukin-2 receptor monoclonal antibody) and methylprednisolone. Prednisolone was also
used in the postoperative period, with doses typically being tapered down to 0 mg by 1 month.
Monitoring for signs of an immune response against donor stem cells involved testing for the
formation of host antibodies against these cells. This was rare, with only 1 study describing for-
mation of these antibodies along with an inflammatory reaction around the transplanted cells
[12]. In this study, 2 donor specific antibodies were positive at baseline testing, and increased
in specificity throughout the study, and there was 1 case of de novo donor specific antibody.
The study did not state when the latter was first detected, and while there was immune reac-
tion, there was still graft survival in this case on autopsy.
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Infectious adverse events typically included respiratory or urinary tract infections, but these
were rare (Table 3). ALS patients are susceptible to pneumonia due to decreased respiratory
function, weakened respiratory musculature, and increased risk of aspiration [32]. As such, it
is unclear the extent to which immunosuppression contributed to these cases. Patients typi-
cally tolerated immunosuppression well and these medications were only rarely stopped.
Tacrolimus and mycophenolate were mainly stopped due to gastrointestinal side effects such
as nausea and vomiting, although this was rare (Table 3).

The central nervous system is thought to be an immune-privileged site. In the ALS trials
involving allogenic stem cells, immunosuppression was temporary and lasted for the duration
of the trial. However, participants were typically followed-up after this time when immunosup-
pression was stopped. In these cases, there was graft survival confirmed many months after
immunosuppression was ceased, suggesting that continuous immunosuppression might not
be necessary, potentially reducing the risk of long-term adverse events.

Quality assessment

The quality of included studies was assessed using the ROBINS-I tool and is included in
Table 4. Nine studies were classified as being at moderate risk of bias, and 9 studies were classi-
fied as being low risk of bias.

Discussion

To inhibit potential immune response and inflammation following stem cell grafting, all stud-
ies balanced the benefit of immunosuppression with the potential side effects related to this
treatment.

The long-term viability of stem cell derived RPE cells transplanted in the subretinal space,
and the role of immunosuppression in cell survival in clinical trials remains unclear. Animal
model studies in recent years have added to our understanding of the role of immunosuppres-
sion in localised neural stem cell transplants. A series of pre-clinical studies completed by da
Cruz et al. suggests a role for immunosuppression [4]. In a porcine-model study where no
immunosuppression was used, no definitive hESC RPE cells were identified at 26 weeks,
whereas persistent hESC RPE cells on histology were found at 6 weeks in the earlier similar
porcine studies where animals were immunosuppressed perioperatively. The group also iden-
tified viable RPE cells at 26 weeks in a study utilising immune-deficient mice [4].

McGill et al. transplanted induced pluripotent stem cells derived RPE cells into the subret-
inal space of non-immunosuppressed rhesus monkeys, demonstrating that the cells were no
longer detectable 3 weeks after transplantation due to rejection by the immune system [33].
Szatmari-Toth et al [34] reported that dying hESC-RPEs are efficiently engulfed by macro-
phages, resulting in the release of high amounts of IL-6 and IL-8 cytokines. In our review, 1
study reported a decrease in central pigmentation in 1 patient 12 months post-transplantation
that could have represented cell loss from delayed rejection (Table 1). However, the remaining
studies did not report signs of rejection in the time frame studied. Although adverse events
related to the immunosuppressive medications occurred during the period of their administra-
tion, serious adverse events were rare (Table 1).

Additionally, mesenchymal and hESC-derived RPE cells have also been shown to harbour
intrinsic immunomodulatory properties [35,36]. In vitro experiments have demonstrated that
they can inhibit the proliferation of activated T cells, reduce the secretion of pro-inflammatory
cytokines such as interferon-y, and enhance T cell apoptosis [36,37]. In vivo experiments in
rodents have also shown that they can increase the expression of anti-inflammatory cytokines
such as IL-10 [36].
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Table 4. Risk of Bias analysis of included studies using the ROBINS-I quality assessment tool.

Study Name | Bias due to Bias in the selection | Bias in the Bias due to Bias due to |Bias in the Bias in Overall
confounding | of participants in classification of deviations from missing measurement of selection of the
the study interventions intended data outcomes reported result
interventions
Glass et al. N/A Moderate Low Low Low Low Low Low
2012 [22]
Song et al. Moderate Moderate Low Low Low Low Low Moderate
2015 [29]
Glass et al. N/A Moderate Low Low Low Low Low Low
2016 [5]
Schwartz Moderate Moderate Low Low Low Low Low Moderate
etal. 2016
[17]
Liu et al. 2018 | Moderate Moderate Low Low Low Low Low Moderate
[18]
Da Cruzetal. | Moderate High Low Low Low Low Low Moderate
2018 [4]
Mehat et al. Moderate Moderate Low Low Low Low Low Moderate
2018 [19]
Curtis et al. N/A Moderate Low Low Low Low Low Low
2018 [23]
Levi et al. N/A Moderate Low Low Low Low Low Low
2018 [24]
Mazzini etal. | N/A High Low Low Low Low Low Low
2019 [21]
Curt et al. N/A Moderate Low Low Low Low Low Low
2020 [3]
Lietal. 2021 | Moderate Moderate Low Low Low Low Low Moderate
(6]
Sung et al. Moderate Moderate Low Low Low Low Low Moderate
2021 [20]
Baloh et al. N/A Moderate Low Low Low Low Low Low
2022 [12]
McKenna N/A Moderate Low Low Low Low Low Low
et al. 2022
[25]
Fessleretal. | N/A Moderate Low Low Low Low Low Low
2022 [26]
Fernandes Moderate Moderate Low Low Low Low Low Moderate
etal.
2023 [27]
Humayun Moderate Moderate Low Low Low Low Low Moderate
et al. 2023
[28]

https://doi.org/10.1371/journal.pone.0304073.t004

In the ALS trials described involving allogenic stem cells (Table 3), immunosuppression
was temporary and lasted only for the duration of the trial. However, participants were typi-
cally followed-up after this time when immunosuppression was stopped. In these cases, there
was graft survival many months after immunosuppression was ceased, suggesting that contin-
uous immunosuppression might not be necessary. This can be beneficial for patients as a
reduced course of immunosuppression reduces the risk of experiencing side effects during the
course.

Most studies used a short course of immunosuppression around the transplantation period,
with most finding little evidence of immune rejection (Tables 1-3). Proposed mechanisms to
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explain the sufficiency of a short course include the immune-privileged nature of the central
nervous system and retina, and the intrinsic immunomodulatory properties of stem cells that
can dampen the local immune response [12,36,38]. However, most studies had a follow-up
period of less than 2 years (Tables 1-3), and it is possible that rejection can occur after this
period. If this is the case, it might necessitate the consideration of long-term immunosuppres-
sion, as is currently the case for organ transplantation. However, there is insufficient long-
term data available from these studies (Tables 1-3) to comment on the need for long-term
immunosuppression.

Suppression of stem cell graft rejection in animal models with multiple
agents

Several animal studies have shown that transplantation of allogeneic stem cells can result in
immune cell infiltration of the transplanted tissue and subsequent rejection in immunocompe-
tent models [39,40]. In a xenograft model in 2008, Swijnenburg et al. characterised the role sin-
gle and multiple agent immunosuppression may play in hESCs transplants. Tracking the fate
of transplanted stem cells via bioluminescent imaging [41], they showed that hESC survival
after transplantation was shorter in immunocompetent mice compared to immunodeficient
mice. In addition, they demonstrated that using immunosuppressive drugs prolonged cell sur-
vival: compared to a control untreated group, tacrolimus-only and sirolimus-only treated
groups displayed significantly longer stem cell survival, up to 5- and 7-days post-transplant
respectively. However, for both groups, bioluminescent signals had decreased to background
levels by day 10 post-transplant, highlighting the strong anti-hESC immune response. The use
of mycophenolate mofetil did not result in a significant increase in hESC survival compared to
using tacrolimus or sirolimus monotherapy. However, using a combination immunosuppres-
sive regimen with tacrolimus and sirolimus extended hESC survival most when compared to
the non-treated group, with hESC survival up to 28 days post-transplant. These immunosup-
pressants have distinct mechanisms of action, and by affecting different molecular pathways, a
synergistic effect could occur [42]. Mycophenolate mofetil dampens the T and B cell immune
response by inhibiting inosine monophosphate dehydrogenase, an enzyme that is required in
the synthesis of guanosine nucleotides. It also promotes apoptosis of activated T lymphocytes
[43]. Tacrolimus inhibits gene expression of IL2 -a pro-inflammatory cytokine-by inhibiting
calcineurin phosphatase [44]. In contrast, sirolimus interrupts the signal from the activated
IL2 receptor by inhibiting an enzyme called mTOR, thus suppressing IL2-driven T cell prolif-
eration [45].

In a mouse model with implanted mouse ESCs, Pearl et al [46] showed that the use of costi-
mulatory receptor blocking antibodies (CTLA4-Ig, anti-LFA-1, anti-CD40L) administered for
a short duration (up to day 6 post-transplantation), combined with dual therapy with tacroli-
mus and sirolimus, prevented mESC rejection up to 28 days post transplantation. In contrast,
the combined use of tacrolimus and sirolimus only, led to significantly reduced mESC survival
at day 28 compared to the above regimen.

Autologous stem cell transplantation

A way of dampening the host immune response is generally required when foreign cells are
transplanted into a host. However, if the stem cells transplanted come from the host (autolo-
gous stem cells), immunosuppression is not required. Recent advances in stem cell research
have led to the creation of induced pluripotent stem cells (iPSCs) [47]. These stem cells can be
reprogrammed from differentiated adult cells, such as fibroblasts, through introducing growth
factors. They have been used in animal models, including for Parkinson’s disease. Data in
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Parkinsonian primate models has shown long-term survival of implanted autologous iPSC-
derived dopamine neurones and functional improvements in symptoms [48].

Transplantation of early foetal cells

This review focused on trials transplanting stem cells directly into patients. Other groups
have investigated transplanting early developmental foetal cells, such as foetal ventral mes-
encephalic cells (fVMs) [49] instead. These cells have been used in Parkinson disease mod-
els where they have shown long-term survival and improvements in disease symptoms.
Human pluripotent stem cells (hESCs or iPSCs) can be differentiated into midbrain dopa-
minergic neurones [50,51]. If the source of these cells come from a foreign donor, immuno-
suppression will generally be indicated. The immunogenicity of dopaminergic neurones
derived from such stem cells is not yet clear. It is thought that a period of immunosuppres-
sion will be required (1-2 years) following grafting, with a multi-modal immunosuppressive
regime leading to better graft dopaminergic neuron survival. This is based on prior studies
using fVMs [49].

In our review, all studies were Phase I/IIa studies, and most were scored as having a low or
moderate risk of bias using the ROBINS-I quality assessment tool (Table 4).

Limitations

The review was not prospectively registered on PROSPERO. The grey literature was also not
systematically searched to identify studies outside the purview of the central databases
searched and the review process would have missed trials currently in progress with prelimi-
nary data, but our focus was on published peer-reviewed work. The review also focused on
neural and human embryonic stem cells, and as a result, did not include other types, such as
bone marrow-derived mesenchymal stem cells among the sources of stem cells.

Conclusions

To inhibit potential immune response and inflammation, all the studies included immunosup-
pression, with most opting for a multi-drug immunosuppression regime (Tables 1-3).
Detected immune responses in treated patients were rare [12]. Immunosuppression for stem
cell trials concerning spinal cord injury and ALS generally involve systemic immunosuppres-
sion involving tacrolimus, mycophenolate mofetil and tapering doses of steroids. These sys-
temic immunosuppressants have also been used for trials concerning retinal diseases, although
here local immunosuppressants with steroids have also been trialled. The central nervous sys-
tem and the retina are immune-privileged sites, reducing the need for high doses of immuno-
suppression. These trials have generally shown that stem cell grafts remain viable months to
years after immunosuppression has stopped. Side effects related to immunosuppression,
including systemic infection, or those related to medications have been reported, even if
uncommon. Adverse events related to the immunosuppressive medications occurred during
the period of their administration, but serious adverse events were rare.

These findings suggest possible immunosuppression paradigms with stablished efficacy
that may be translated to similar organs and neural microenvironments for future novel thera-
pies, such as those concerning inner ear cells. The application of these paradigms will require
further research towards target organ specific pharmacokinetics and dynamics, as well as
organ specific adverse events. The findings detailed in this review present a foundation for the
commencement of novel organs specific stem cell therapies.
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