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Background and Objectives: This study was performed to investigate whether stem cell therapy enhances £ cell func-
tion by meta-analysis with proper consideration of variability of outcome measurements in controlled trial of type
1 diabetes mellitus (TIDM) and type 2 diabetes mellitus (T2DM) patients.

Methods: A systematic search was performed from inception to January 2018 in PubMed, EMBASE, and Cochrane
databases. B cell function was assessed by stimulated C-peptide, fasting C-peptide, normal glycosylated hemoglobin
levels (HbA1C), and exogenous insulin dose patterns. The quality of the studies were assessed by both the Cochrane
Collaboration’s Risk of Bias (ROB) for Randomized controlled trials and the Risk of Bias in Non-randomized Studies
of Interventions (ROBINS-I) for non-randomized controlled trials.

Results: From the selected final 15 articles, total of 16 trials were analyzed. There were 6 TIDM trials (total 153
cases) and 10 T2DM trials (total 457 cases). In T2DM patients, the changes in stimulated C-peptide, HbAlc, and
exogenous insulin dose versus baseline showed a favorable pattern with a significant heterogeneity in stem cell therapy.
In T1DM, there was no significant difference between control group and stem cell therapy group in three indicators
except for HbAlc. Most of the studies were rated as having high risk of bias in the quality assessment.
Conclusions: The stem cell therapy for DM patients is not effective in TIDM but seems to be effective in improving
the A cell function in T2DM. However the observed effect should be interpreted with caution due to the significant
heterogeneity and high risk of bias within the studies. Further verification through a rigorously designed study is
warranted.
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Introduction

Type 1 diabetes (T1IDM) is a disease in which selective
insulin-producing /5 -cell destruction occurs due to genetic
or sporadic autoimmunity. Attempts have been made to
stop destruction of B-cell function. C-peptide is reduced
by approximately 0.1 to 0.2 ng/ml per year, even when in-
tensive insulin therapy with 3 to 4 insulin injections per
day is given (1). In Type 2 Diabetes (T2DM), gradual in-
crease in insulin resistance and temporal insulin secretion
increase occurs, eventually leading to 5 -cell dysfunction
(2). Even intensive therapy using drugs such as metformin
and sulfonylurea, including insulin, eventually leads to de-
terioration of A-cell function and glycemic control be-
comes difficult (3, 4). In T2DM, the B -cell function is
initially reduced by about 10% in 10 years, and at some
point, it decreases rapidly by about 10% in 2 years, even-
tually resulting in insulin-dependent diabetes (5).

Therefore, treatment with stem cells having functions of
immune modulation and regeneration has been con-
tinuously tried to improve the /-cell function. There are
many types of cell therapy trials for DM such as pancre-
atic islet cell transplantation, pancreatic ductal stem cells,
MSC transplantation or hematopoietic stem cells (or bone
marrow transplantation). C-peptide was significantly in-
creased by immunosuppression and immune resetting
with administration of hematopoietic stem cells after im-
mune ablation conditioning in type 1 diabetes (6). Howev-
er, bone marrow transplantation (BMT) can cause many
side effects such as graft versus host disease (GVHD), go-
nad dysfunction, and endocrine dysfunction, as well as in-
fection by immune suppression (7). Also, treatment-re-
lated mortality for immune ablation BMT may be present,
although less than 1% (8), Thus BMT is a burden for dia-
betes patients who have no hematologic malignancy. In
T2DM patients, C-peptide was significantly increased by
locally injecting bone marrow mononuclear cells via pan-
creatic artery (9). In TIDM patients, autologous bone
marrow stem cells were injected via spleen artery, and in-
creased c-peptide levels were maintained for 3 years.
Controlled trials also were conducted to compare the effi-
cacy of stem cell therapies (10, 11).

C-peptide, glycated hemoglobin (HbAlc) and required
exogenous insulin dose have been used to evaluate the effi-
cacy of stem cell therapy in diabetic patients, and c-pep-
tide is recommended as a surrogate marker for evaluating
B-cell function in insulin-dependent diabetes mellitus
(12-14). C-peptide was measured by a fasting sample, a
non-fasting random sample, and a formal stimulation test,
and there are various kinds of stimulation tests like an

intravenous glucagon stimulation (IVGS), a standardized
mixed-meal tolerance test (MMTT), and oral glucose tol-
erance test (OGTT). In the study of stem cell therapy in
diabetic patients, C-peptide measurements were measured
in various ways.

Three meta-analyses of stem cell therapy in DM pa-
tients have been reported (15-17). However, in an analysis
of whether stem cell therapy improves B-cell function,
comparative analysis of only controlled studies to avoid
overestimation of stem cell therapy effectiveness was not
performed. Diversity of c-peptide measurements as an in-
dex of /-cell functional improvement was not considered.
And C-peptide, glycated hemoglobin (HbAlc) and the re-
quired exogenous insulin dose were not analyzed in-
tegrally in the evaluation of A -cell function improvement.

Therefore, this systematic review aims to investigate
whether the injected stem cell therapy promotes /£ -cell
function, we analyzed controlled trials that evaluated the
effect of stem cell treatment on diabetic patients. Diversity
of c-peptide measurement method was analyzed and the
exogenous insulin dose and HBAIC concentration were
considered integratively.

Materials and Methods

Search strategy and study selection

A systematic search was performed from inception to
January 2018 in PubMed, EMBASE, and Cochrane data-
bases to search stem cell therapy studies applied to DM
patients. The search terms such as, ‘Diabetes Mellitus’,
‘Stem cell therapy’, and ‘Efficacies or Safety’” were used.
Selection criteria for the relevant study were as follows.
(1) Controlled trials. (2) Patients with DM. (3) Including
any kind of stem cells. Stem cells derived from the fetal
organs were also included without excluding (11, 18). (4)
Including fasting or stimulated C-peptide data. (5) With-
out a restriction on language. Abstracts are included if
they are in English. The text in Chinese is also included
(19) with the help of Chinese expert. Exclusion criteria
are as follows. (1) No full text. (2) No control groups with-
out stem cell therapies. (3) Treatments for DM compli-
cations. (4) Islet cell or pancreas transplantations. (5)
Traditional bone marrow stem cell transplantations. (6)
Less than 4 participants. (7) No C-peptide data.

Data extraction

A total of 2,472 articles were searched initially except
for duplication of data. Two independent investigators re-
viewed titles and abstracts and selected 104 potentially eli-
gible studies. Then full text review was conducted. When
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opinions differ in the selection of articles, divergences
were resolved by mutual consultation. Finally, 15 articles
were selected (10, 11, 18-30) (Fig. 1).

The extracted items in each document are country of
patient enrollment, numbers of patients allocated to stem
cell treatment and control groups, route of stem cell ad-
ministration, MSC cell type, cell origin, injection dose,
and follow-up period. The mean, standard deviation, and
total sample size were extracted for both treatment and
control groups at baseline and the each follow-up points
of C-peptide, HbAlc, insulin requirements. In the case
standard deviation cannot be obtained (30), the author of
this document was contacted by e-mail, and if cannot get
the response, data was only used for qualitative synthesis

In a single article, two totally different trials were pre-
sented with the respective control group (11), and TIDM
and T2DM trials were separated and analyzed as in-
dependent trials. The number of patients randomized in
each trial or the number of patients assigned at the start
of the study were extracted. The term ‘end of study follow
up point’ used in this paper refers to the end of trials or
the last follow up point of each document.

Quality assessment

In the case of the randomized controlled trial (RCT),
the quality assessment was conducted with Cochrane
Collaboration’s tool for assessing risk of bias. In the case
of non-randomized controlled trial (NRCT), the Risk of

3478 of records identified through
systematic database searching
PubMed: 1505
EMBASE: 1954

Cochrane: 19

j% 1006 of records removed with duplication |

2472 of records after duplicates
removed

2351 of records excluded in the first
screening

In vitro/Animal: 523/1031

Other diseases: 216

Not Stem cell therapy: 366

Review, editorials, comments : 215

No full text: 5

116 of full-text articles assessed

for eligibility

101 of records excluded in full-text
assessment

Treatments for DM complication : 30

No control group: 69

Less than 4 participants: 1

No C-peptide data: 1

15 of studies included in
qualitative synthesis

i

14 of studies included in meta-
analysis

Fig. 1. Flow diagram of studies included in this review.

Bias in Non-randomized Studies of Interventions (ROBINS-I)
was used. Two investigators independently performed
analysis and divergences were solved through consensus.
In RCT, if the control group had the sham procedures
such as bone marrow aspiration, catheterization, and sal-
ine injection, it was evaluated as a low risk of bias in the
blindness domain. In case of selective reporting domain,
the registered research protocol was found and compared,
and when the protocol was not registered, it was evaluated
as unclear. In a case, the registered study protocol was
non-randomized 4 factorial design, but was RCT in the
reported trial, the study was evaluated based on abstract
and full text (19). The confounding elements for NRCTs
were age, diabetic duration, and the severity of disease
evaluated as a c-peptide baseline level, and if evaluated
it was accessed as moderate risk of bias and if even adjust-
ment was performed, it was accessed as low risk of bias.
Only the overall risk of bias for each trial was presented
as a table (Table 1).

Statistical analyses

Data analysis was conducted using Review Manager 5.3.
C-peptide was converted to ‘ng/ml’ using the relation (12)
of ‘1 nmol/I=1 pmol/ml=3 ng/ml’. We used % as the unit
for HbAlc, and for insulin used internal unit (IU). For
patients of T1DM, unit for daily required exogenous dose
of insulin was IU/d/kg, daily dose divided by the body
weight of patients, and for T2DM we used unit of IU/d.
When data is presented only as a figure, the exact numer-
ical values of the data are extracted from the images using
the Web Plot Digitizer Version 3.9 (20, 23, 24, 26, 27).
Value of area under the curve (AUC) was selected for the
analysis of the stimulated C-peptide. Peak value (28) was
used when there was no AUC value. In case standard devi-
ation was not presented, it was calculated from inter-
quartile range, range, standard error values. When there
are multiple intervention groups (10, 20-22) or multiple
control groups (20), they are combined into one group be-
fore analysis. In this meta-analysis the random effect mod-
el was used, because the type, origin, cell number and the
end of study follow up time of stem cell treatment vary
in each trial and the possible heterogeneity is suspected.
For fasting C-peptide meta-analysis, weighted mean dif-
ferences were used. For stimulated C-peptide analysis, we
used weighted mean differences when AUC was included
in the meta-analysis, but the standard mean differences
method was used when AUC and peak value were in-
cluded in the meta-analysis. The I’ statistic was used to
evaluate the degree of heterogeneity. We conducted sub-
group and meta-regression analyses to explore methodo-



198 International Journal of Stem Cells 2019;12:195-205

‘Juawissasse Ajijenb o
10j pasn alem SIDYN 10} 9107 Joquieydeg G| UOISIDA (SUOHUDAIDIU| JO - SSIPNIS PISILOPUBI-UON U] Seig JO MsiY) -SNIFOY pue s1DY Joj seiq Jo ysi Suissasse Joj |00} S,uolel
-OGe||0D BUeIYOD) | ‘apndad-) Jo elep uoneiAsp piepuels oN | ‘dnoi8 |ouod | pue (Jaylo sy Jo} DNW-WG pue dnoid uonuaAIaiul duo Joj pasn sem DSN-AF) sdnoIS uonuaAIBIUL 7,

‘[eLIL POJ|OIU0D) PaZIWOpuURY -UoU ] DYN ‘[el] Pajjonuod)
paziwopuey 1Dy ‘epnded-) pajenung 15 ‘spnded-) Sunseq :4 ‘Aspe dius|ds S ‘Aispe [eusponp-odljeaidued yYAd ‘SNOUsABNIU| A ‘AJSUE DlIRaIdURd Yd ‘|[90 WLlS DS ‘|[9d
Josindaud [ewAypuUSSSW DY ‘POO|q PI0D [eDljIquun gD ‘|90 wils dnelodojewsy :DSH ‘|90 Jesjonuouow :DNW ‘|[90 Wia)s [BwAyDULSSW :DSW ‘seamnued [19) d4 ‘Aol uoueypp :[AA
‘J9AI| [eJ9) 14 ‘Mollew auoq g ‘piod [edljiquin DN ‘snoSojone oy ‘dlsuado|e 0|y ‘Adessyl |92 wiLls 1S ‘snijjpw seeqelp ¢ odAl (NaZL ‘snijjew seleqelp | odAl (NdLL

Y3iH 104 15/4 ow ¢l vd ONW-W4 omny Lv/ly eunn ¥10C "W\
snoues 103N 4 ow ¢ Al JSdd ol 9/8 uelsyeze) 910C eAoueA|N
Y3iH 1D 154 ow 9 AI/VS/vad ONW-Ng omny Z/le elpu] £10¢ poos
Y3iH 104 4 ow ¢ Al JdW-W4 oIy SL/sy vsn S10z oIS
Y3iIH 104 4 ow 9¢ Al DSW-IM ol 0¢/1€ eunn 910¢ NH
9JeIopo 104N 154 ow 9¢ vd ONW-W4 omny ¢9/9¢ BUIYD 1 Cl0C "H
Y3iH 104 4 ow ¢l Al JSH-14 ol eLel uel| (WazLZLoT 1spoyD
Y3iH 104 1S ow 9 Al/vd ISW-DN oIy 9/9 eunyD 910C usyd
YsiH 104 1S5/4 ow ¢l vdd *IONW-WE/OSW-N4 omny x01/01/01 elpu] £10¢ ljesueyg
Y3iH 104 1S ow ¢l AlvVad ONW-Ng omny elel Blpu] ¥10¢ lesueyg
Wacl
YsiH 10y 4 ow ¢ Al DSW-IM oIy vL/S1 eunn €10¢ NH
Y3iH 104 1S ow ¢\ Al aon omny S/01L vsn €10¢ 49|[eH
9leopoN 104N 1S ow ¢l Al aon ony oL/Z Auewssny €10z nojnodouuein
Y3iH 104 El ow ¢l Al DSH-14 oly GL/G1 uel| (WalLzLoc 1spoyD
Y3iH 104 15/4 ow ¢l Al JOSW-W4 omny oL/0L USPams G10¢ uosspe)
Y3iH 1Dd 15/4 ow ¢l VAL INW-NE/OSW-DN omnvy/o[lvy Le/ie euyn 910¢ ®)
WatL
hﬂw__ﬁwmmmmm ﬂw_www opnded-H  dn-wmojjo4 aInol AeAljRQ adAy (oD uiguo (9D (U) jonUOD/IDS Aiuno) Joyiny

S[eL) papnpul Jo sdlsuaeIey) L dqe]



Gyudeok Hwang, et al: Stem Cell Therapies for Patients with DM 199

"apidad-) Jo elep uonelAsp piepuels oN | ‘quuow 9 si ulod dn-mojjoy Ise| ‘pealq pawea)s Jaye Inoy 7, ‘uone|nwins uodeon|3 Jaye ulw 9, ‘G0°'0>dy

‘(pealq powea)s)jeipuesd-isod :dd ‘dwep

1wRdA|S19dAY dNY1D ‘UolenwS UOSEIN|S SNOUSABNUL :SDA| ‘IS9) SOUBID|O} [EaLU POXIW L [WWW ‘59 S0UeIS|0] 9500N|D) [eO 11 DO ‘[eAIUl 9DUSPYUOD D ‘BAIND Japun ease :DNY
‘lw/Bu st senjeA spndad-) ||e Jo jun 8y

«811 ‘19°0) 060 1190 y¢ «(6£°0 ‘Tv"0) 09°0 ¥10Z "M
«81°T ‘81°0) 81°1 9107 eAourA|N
«(T6'L ‘TL'0) 2oL SOAI «GEL ¥S0) ¥6°0 /10T poos
(20 ‘20'1—) £1'0— GLOT RIS
«(08°0 ‘79°0) 1£°0 9107 NH
AR ECH! dd Yz (-'-)65L0— ,TL0T NH
(6Y'1 '69°0—) Ov0 (WAcDZ10Z Ispoyn
«(€T°0 90°0) ¥1°0 1190 y¢ 9107 uayD
,(8€°0 ‘92°0—) 900 SOAI
s8L'L ‘S0'L—) 90°0 dAVTD (€v'0 ‘8T’ 1—) €V0— /10T ![esueyg
1+(00T 09°0) 0€'L «(Z8°1 '89°0) 8T'L SDAI ¥10¢ ![esueyg
Wacl
«(09°0 ‘€T°0) 1¥°0 €10 NH
(G0 'S9°0—) SL°0— (€0 ¥S0—) TL'0— LIWW Yz £10Z 19|[eH
(€1°0 ‘€£'0—) 0€0— (00 ‘€9'0—) 6C0— LIWW Yz €107 nojnodouueln
(£5°0 “€5°0—) 700 Waty 1oz 1spoyon
©S'L ‘€9°'0—) v¥°0 (S6°0 '99°0—) S1°0 LIAW Yz (¥0 '6T0—) 6070 G1LOT uosspe)
«(Z1°0 ‘€0°0) 010 1190 y¢ +(G1°0 90°0) 010 9107 '®D
Wall
iod swi) dyadg Jead ony poylsw uone|nwing
(ID%S6) @pndad-H Sunsey SeuL

(ID%S6) @pndad-) pajenwing

dnoi8 |onuod sy 0) patedwod spndad-D) JO sedUBIRYIP UBSN °C dqel



200 International Journal of Stem Cells 2019;12:195-205

logical and clinical heterogeneity. Since the subgroup and
meta-regression analyses required more than 10 studies,
we analyzed after combining T1DM and T2DM studies.
To investigate the clinical heterogeneity, we analyzed the
differences according to DM type, cell origin, cell type,
and route of administration. When it comes to explore the
methodological heterogeneity, we analyzed only the differ-
ences in treatment effects according to the study design.
For fasting C-peptide, stimulated C-peptide, HbAlc, and
required exogenous insulin dose, changes from the base-
line to the end of study follow-up points were meta-ana-
lyzed and mean differences were calculated.

Results

Characteristics of the included trials
From the selected final 15 articles, total of 16 trials were
analyzed and six were T1IDM and 10 were T2DM trials

(a)

(Table 1). A total of 610 patients (153 T1DM, 457 T2DM)
underwent stem cell therapy or conventional therapy.
Stem cell therapy group was total of 332 patients, and con-
trol group without stem cell therapy was total of 278
patients. The smallest sample size was 12, the largest sam-
ple size was 118, and the median of the sample size was
28.5. Stem cells used were either autologous or allogeneic
stem cells depending on their origin. Stem cells were ad-
ministered by intravenous (IV) injection or by catheter-
ization to target arteries such as pancreatic duodenal or
pancreatic artery. 3 cases had the follow up period over
24 months, 9 cases of 12 months, and 4 cases under 6
months.
There were 13 RCTs and 3 non-RCTs.

Quality assessment
The RCT quality was assessed by Cochrane collabo-
ration tool for assessing risk of bias and all 13 trials were

Test for overall effect: Z= 3.48 (P = 0.0005)

Favours [Control]

Stem Cell Therapy Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight V. Random, 95% Cl IV, Random, 95% CI

Cai 2016 [12mo] 0187 0,081 21 0.084 0.057 21 41.4% 0.10[0.06, 0.15] u

Carlsson 2015 [12ma] 096 045 9 087 0.36 9 17.2%  0.09[0.29,0.47) —r

Ghodsi 2012(T1DM) [12mo] 032 075 18 0.3 0.8 15 10.2% 0.02 [-0.53, 0.57] [

Hu 2013 [24mo] 1119 0228 16 0.707 0.275 14 31.3% 0.41[0.23, 0.60] -

Total (95% CI) 60 59 100.0%  0.19[-0.01,0.39] L

Heterogeneity: Tau®= 0.03; Chi*=10.37, df= 3 (P = 0.02); F=71% 2 1 ) + 2
Testfor overall effect Z=1.82 (P = 0.07) Favours [Control] Favours [Stem Cell Therapy]
(b) Stem Cell Therapy Control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV.Random. 95% Cl IV, Random. 95% Cl

Cai 2016 [12mao] 0227 0135 21 0128 0075 21 485% 0.10[0.03,017] L

Carlsson 2015 [12mo] 2479 0993 9 2331 0736 9  6.9% 0.15 [-0.66, 0.96] 1

Giannopoulou 2013 [12mao)] 0199 0.224 7 0.494 0463 10 247% -0.29 [-0.63, 0.04] T

Haller 2013 [12ma] 0.3 0403 10 0.42 0.3 5 18.9% -0.12 [-0.54,0.30] —_— T

Total (95% CI) 47 45 100.0% -0.04[-0.26,0.19] ?

Heterogeneity: Tau®= 0.03; Chi*=6.14, df= 3 (P = 0.10); F=51% 3 B 5 3 :
Testfor overall effect 2= 0.31 (P=0.75) Favours [Control] Favours [Stem Cell Therapy]
(C) Stem Cell Therapy Control Mean Difference Mean Difference

Study or Subgroup Mean SD _Total Mean SD Total Weight IV. Random. 95% CI IV, Random. 95% CI

Bhansali 2017 [6mo] 1674 1.118 19 21 1118 10 5.3% -0.43[-1.28,0.43] —

Ghodsi 2012(T2DM) [12ma] 25 1.2 13 21 16 13 3.5%  0.40[-0.69, 1.49]

Hu 2016 [36mo] 1.708 0199 31 1.002 0154 30 36.2% 0.71 [0.62, 0.80] -

Skyler 2015 [3mao] 3797 1.417 45 3.965 1.586 15 49% -017[1.07,0.74] I

Sood 2017 [6mo] 2.442 0651 21 15 0.4 7 O161% 0.94 [0.54, 1.35] e

Ulyanova 2016 [3mo] 488 026 8 37123 6B 41% 1.181[0.18, 2.18]

Wu 2014 [12mao] 1.657 0.447 40 1.053 0.396 40 29.9% 0.60[0.42,0.79] -

Total (95% CI) 177 121 100.0%  0.62[0.41,0.83] S

Heterogeneity: Tau?= 0.03; Chi*= 13.57, df= 6 (P = 0.03); F= 56% 2 1 7 1 2
Testfor overall effect Z=5.69 (P « 0.00001) Favours [Control] Favours [Stem Cell Therapy]
(d) Stem Cell Therapy Control Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD _Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Bhansali 2014 [12mo]  3.337 077 11 2062 0617 10 17.6% 1.74[0.71,2.78] e
Bhansali 2017 [6mao] 3.255 1.4 200 319 1511 10 225% 0.04 [-0.72,0.80] T

Chen 2016 [6mao] 0.353 0.053 6 0209 0.088 6 12.2% 1.83[0.39,3.27]

Sood 2017 [Bma] 3573 0714 2 28 08 70199% 1.02[0.12,1.92] e

Wu 2014 [12mao] 2.568 0.626 40 1.671 0683 40 27.9% 1.36[0.87,1.84] -

Total (95% CI) 98 73 100.0% 1.12[0.49, 1.75] -
Heterogeneity: Tau?= 0.31; Chi*= 10.98, df= 4 (P = 0.03); F= 64% f4 2 : 2 4

Favours [Stem Cell Therapy]

Fig. 2. Forest plots of effect sizes at end of study follow-up points in C-peptide. (a) Fasting C-peptide of T1DM, (b) Stimulated C-peptide
of TIDM, (c¢) Fasting C-peptide of T2DM, (d) Stimulated C-peptide of T2DM.
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high risk of bias (Table 1). There was a possibility of bias
in terms of appropriateness of randomization, whether it
was blinded in measurement of outcomes, or report of se-
lective results (Supplementary Table S1).

No trial was assessed as low risk of bias in the quality
assessment of NRCT with ROBINS-I. Two were moderate
risk of bias, and one was serious risk of bias (Table 1).
Trial with serious risk of bias did not referred to dietary
and exercise behaviors as confounding variables, and the
definition of intervention group was not clear (Supple-
mentary Table S2).

Various C-peptide measurements methods used for each
study were presented in Table 2. Fasting C-peptide was
measured in 4 trials of TIDM and 8 trials of T2DM, and
we could not extract standard deviation information in 1
out of 8 T2DM cases. Stimulated C-peptide was measured
in 4 trials of TIDM and in 6 trials of T2DM, and we
could not extract standard deviation information in 1 out
of 6 T2DM cases. We contacted the authors to gain in-
formation of the standard deviation. However, it was not
possible to obtain the data; we excluded those trials from
the meta-analysis. 5 Types of stimulus methods were used
to measure Stimulated C-peptide, oral glucose tolerance
test (OGTT), mixed meal tolerance test (MMTT), IV glu-
cagon stimulation (IVGS), Hyperglycemic clamp (CLAMP),
and steamed bread post prandial (PP). Three methods
used to measure the stimulated C-peptides include meas-
uring the area under the curve (AUC), the value at specif-
ic time points, and the peak value.

Treatment effects of stem cell therapy (SCT) were dif-
ferent between TIDM and T2DM. In T1DM, there was
no significant difference between the intervention group
and the control group in fasting C-peptide and stimulated
C-peptide at the time of follow-up (MD: 0.19, 95% CI: —0.01
to 0.39 p=0.07 and MD: —0.04, 95% CI: —0.26 to 0.19
p=0.75, respectively) with significant heterogeneity (I’=
71% and I’=51%, respectively). In T2DM, fasting C-pep-
tide and stimulated C-peptide were significantly increased
in the group receiving stem cell therapy compared to the
control group (MD: 0.62, 95% CI: 0.41 to 0.83 p<<0.001 and
MD: 1.12, 95% CI: 0.49 to 1.75 p<0.001, respectively)
with significant heterogeneity (’=56% and I‘=64%, re-
spectively) (Fig. 2).

The effect of SCT on TIDM and T2DM was different
in the alterations from the baseline to the end of study
follow-up points in C-peptide, HbAlc, and daily required
exogenous insulin dose (Fig. 3). In TIDM, there was no
significant difference between SCT group and control
group in fasting C-peptide, stimulated C-peptide, and exo-
genous insulin requirements. HbAIC only showed favor-

()

L ! BSCT
"' Control

Fasting C-pep Stimulated C-pep HbAlc Insulin dose

(ng/ml) (ng/ml) (%) (IU/d/kg)
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Fig. 3. The alterations from the baseline at the end of study fol-
low-up points in C-peptide, HbA1c and daily required exogenous
insulin dose. (@) TIDM, (b) T2DM.

able stem cell. On the other hand, T2DM showed a favor-
able SCT pattern in all of stimulated C-peptide, exoge-
nous insulin requirement, and HbAIC, except fasting
C-peptide changes.

Discussion

There are several limitations in the interpretation of 5
-cell function. Since maintaining the near normal glyce-
mic control in diabetes treatment is the standard of care,
HbAlc is usually kept at 7 or less, and thus evaluating
the effect of stem cells on S -cell function by only HbA1C
changes is limited (12). The required exogenous insulin
dose also indirectly and imperfectly reflects the B-cell
function and can be greatly influenced by patient com-
pliance, exercise, and insulin sensitivity (12).

C-peptide is a surrogate marker that represents endoge-
nous insulin secretion. Methods for assessing C-peptide
responsiveness include the use of serum C-peptide levels
in the fasting state and the stimulation method. There are
many factors that affect insulin secretion in /A -cells. The
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key regulator factor is blood glucose level, and other fac-
tors include £ -cell function, B -cell secretory capacity, in-
sulin resistance, insulin sensitivity, glucotoxicity, exoge-
nous insulin therapy, exercise and nutrition, etc. (31).
Especially fasting blood glucose (FBG) level can be greatly
influenced by other factors rather than the therapeutic ef-
fect, so it is of limited value to evaluate the /5 -cell func-
tion using fasting C-peptide levels which is regulated by
FBG. There was a report that a large dinner meal of pre-
vious day elevated the “fasting” glucose level in the next
morning despite sufficient post-fasting measurements (32).
Fasting C-peptide levels are used primarily to reflect in-
sulin resistance in patients who do not have insulin
therapy. Fasting C-peptide levels are low because /3 -cell
stimulation is low in insulin therapy patients, and it
should be considered integratively together with the glu-
cose level (33). Stimulated C-peptide rather than fasting
C-peptide is recommended to measure the therapeutic ef-
ficacy of S-cell function (12-14).

When interpreted centering on stimulated C-peptide,
there was no difference between stem cell therapy group
and control group in T1DM patients, and in T2DM pa-
tients, favoring stem cell therapy is shown, thus the use
of stem cells seems to improve /-cell function only in pa-
tients with T2DM (Fig. 2).

To determine whether locally injected stem cell treat-
ment has enhanced /£ -cell function in diabetic patients,
it is necessary to consider the exogenous insulin dose,
HBAIC concentration, fasting C-peptide, and stimulated
C-peptide change patterns simultaneously. In T2DM pa-
tients, there were significant favoring patterns for stem
cell therapies in the changes of stimulated C-peptide,
HbAlc, and exogenous insulin dose versus baseline, and
fasting C-peptide also showed favoring pattern though it
was not significant statistically (Fig. 3). Use of stem cells
in patients with T2DM improved B-cell function.

Four major mechanisms for C-peptide responsiveness
after stem cell therapy could be considered. First, injected
stem cells could directly differentiate into pancreatic £
cells. In vitro, it has been reported that embryonic stem
cells (ESCs) differentiated into functional A -cells, and in
rodents it has been reported that stem cells derived from
hematopoietic organs differentiated into functional pan-
creatic endocrine cells (34). The second is the generation
of new /5 -cells by recruiting progenitor cells with potency
to differentiate into S -cells by the paracrine effect. It was
reported when diabetic mouse was intravenously injected
with enhanced green fluorescent protein (eGFP) labeled
adult stem cells, its hyperglycemia normalized and £ cell
mass recovered fully, but there was no evidence of insulin

secreting eGFP positive donor cells and only increased cell
cycle activity of remaining (eGFP negative) 8 cells were
shown (35). The third is to protect the remaining £ -cells
and facilitate repair and proliferation by reducing pro-in-
flammatory cytokines and increasing anti-inflammatory
cytokines. After ‘Stem cell educator’ therapy in T1DM and
T2DM patients which is to reinject lymphocytes after edu-
cating them into human cord blood-derived multipotent
stem cells in vitro, number of regulatory T cells (Tregs)
increased, the cytokine balance between T helper (Th)
cells recovered, and C-peptide increased (36, 37). The
fourth is to inhibit autoimmunity and hence prevent fur-
ther destruction of residual £ cells and slow or reverse
the progression of DM. There was a report that by
non-myeloablative autologous hematopoietic stem cell
transplantation in patients with T1IDM, anti-glutamic acid
decarboxylase (GAD) antibody titers were significantly re-
duced compared to baseline, and HbAlc and exogenous
insulin dose also showed favoring reactions (38).

In T1DM, there was no significant difference between
control group and stem cell therapy group in changes of
three indicators except for HbAlc (Fig. 3). Considering
the TIDM pathologic mechanism of selective insulin-pro-
ducing A-cell destruction by autoimmunity, stem cell
therapy did not delay or reverse TIDM progression be-
cause it does not significantly reduce autoimmunity or re-
store the inflammatory cytokine balance of the population.

Previous meta-analyses have shown that stem cell ther-
apy is effective in both TIDM and T2DM patients.
(15-17). However, there were several limitations with the
previous meta-analysis. No trial with a control group was
used in the analysis of C-peptide in patients with TIDM
and included conventional BMT trials and analysis with-
out distinction between fasting C-peptide and stimulated
C-peptide.

As for the limitation of this study, first, the current
meta-analysis showed high heterogeneity. The sub-group
analysis did not explain the heterogeneity both clinical
factors, including DM type, cell origin, cell type, and
route of administration and methodological characteristic
(study design) (Supplementary Table S3). None of the var-
iables was related to influential factors in meta-regression
analysis (Supplementary Table S4). There might be the
variability in true effect sizes due to the factors that have
not yet been identified. If the heterogeneity is sub-
stantially high, the observed direction and magnitude of
effect should be interpreted with caution. However, in ad-
dition to the results of stimulated C-peptide, fasting C-
peptide, HbAlc, and daily insulin requirement changes al-
so showed moving toward improving diabetes together. It
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is suggestive of that observed directions of effect of stem
cell therapy may improve £ cell function in T2DM. Se-
cond, the quality of the included studies was low using
both the Cochrane ROB and ROBINS-I. The RCTs were
high risk of bias and NRCTs were evaluated as moderate
or serious risk of bias. Further verification through a rig-
orously designed study is warranted.
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