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ARTICLEINFO ABSTRACT
Article type: Diabetes mellitus (DM) is a major worldwide public health challenge, for which gene therapy offers
Review article a potential therapeutic approach. To date, no systematic review or meta-analysis has been published

in this area, so we examined all relevant published studies on rodents to elucidate the overall
effects of gene therapy on bodyweight, intraperitoneal glucose tolerance test (IPGTT), fasting blood
glucose, and insulin in animals with type 1 DM. The Cochrane Library, PubMed, Embase, ISI Web of
Science, SCOPUS, and Google Scholar were systematically searched for potentially relevant studies.
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Keywords: Mean#standard deviation (SD) was pooled using a random-effects model. After the primary search,
Gene therapy out of 528 studies identified, 16 studies were in concordance with predefined criteria and selected for
Insulin the final assessment. Of these, 12 studies used viral manipulation, and 4 employed non-viral vectors
Meta-analysis for gene delivery. The meta-analysis showed gene therapy with a viral vector decreased mean IPGTT
Non-viral vector (-12.69 mmol/l, P<0.001), fasting blood glucose (-13.51 mmol/l, P<0.001), insulin (398.28 pmol/],
Type 1 diabetes mellitus P<0.001), and bodyweight (24.22 g, P<0.001), whereas non-viral vectors reduced fasting glucose
Viral vector (-29.95 mmol/l, P<0.001) and elevated insulin (114.92 pmol/l, P<0.001). Gene therapy has favorable

effects on alleviating type 1 DM related factors in diabetic rodents.
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of hypoglycemic coma or hyperglycemia complications,

Diabetes mellitus (DM) is one of the most important ~ such as retinopathy, nephropathy, neuropathy, and
public health challenges worldwide (1, 2), of which type ~ cardiovascular disease (16, 17). Consequently, a
1 diabetes mellitus (T1DM) (3, 4) is characterized by ~ treatment option that is more able to maintain
hyperglycemia caused by autoimmune destruction of =~ normoglycaemia without adverse complications and

pancreatic B-cells, the main site of insulin production ~ greater compliance remains highly desirable (18, 19).
and secretion (4). The prevalence of diabetes was Insulin gene therapy is one alternative and represents
estimated to be 422 million in 2014 (1) and expectedto @ novel therapeutic approach to achieving regulated

reach 522 million in 2030 (5). The total cost of diabetes ~ insulin  production and delivery (20). Recently,
and pre-diabetes in the US is $322 billion per annum numerous studies have reported the effects of insulin
(6), and health care costs for people with diabetes are ~ gene therapy on T1DM, which showed some beneficial
2.3 times higher than those without diabetes (7). Most ~ outcomes in some (21, 22), but not all cases (23). The
of the global burden of this disorder is due to morbidity aim of this paper was to conduct a systematic review
and mortality that arises from complications of the and meta-analysis to estimate the effects of insulin gene
disease (1, 8-13). therapy on T1DM related factors, including bodyweight,
The most commonly utilized treatment for T1DM intraperitoneal glucose tolerance test (IPGTT), fasting
is insulin infusion, which requires close monitoring blood glucose, and insulin in diabetic rodents.
of blood glucose during insulin therapy, which is then -
needed daily and reduces patient compliance (14).
At the same time, the optimal blood glucose is rarely ~ Search strategy
achieved and patients remain at risk from experiencing A comprehensive search was conducted in medical
regular periods of hypo or hyperglycemia (15, 16). This databases including Cochrane reviews, Medline/
type of adverse blood glucose places the patient at risk ~ PubMed, EMBASE, ISI Web of Science, SCOPUS, and
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Table 1. Gene therapy for type 1 diabetes mellitus using non-viral vectors

Reference Country  Study Target ~ Model Gene delivery  Route of Sample size Result Adjusted
No. design tissue method delivery variable
24 Malaysia Case k-cell &1 Male CD-  Chitosan Orally Treat group= Fasting Blood glucose P<0.05 mmol/l mean+ SD
control inttetzltline 1 mice GIP/thrlns/pBu adml:];setered Coi(t)ml days 1 3 3 7 9 11 13 15 Aii.a;ctles:x
nanoparticles  diabetic= 10 Treat group  25.34+ 24.3% 21.09+ 1896+ 18.99+1.3 18.85+ 18.61+ 19.2320.97 )
el\J'e Control 1.52 1.55 3.2 1.32 1.09 217
2 darys normal= 10 Control DM 25.27+ 26.19+ 25.26+0.4 26.06+ 26.51+0.4 2545+ 26.54+0.6 26.82+0.48
Y’ 0.75 0.76 2 0.58 5 0.57
Control  6.3620.69 6.0+ 0.93 5.93+0.9 6.33+ 6.69+1.03 6.11+ 0.7 5.99+0.87 5.77+0.98
normal 0.95
Human insulin pmol/l mean SD
Treat group with GIP/Ins 18.217
Treat group with GLP-1/Ins /Ins 17.916
Control DM 1.048
25 China Case k-cell Male chitosan coloclysis ~ Treat group = Fasting blood glucose levels mmol/l ( P<0.01) meant SD Age and sex
control  intestine wister pCMV/hins 1 adjusted
rats plasmid Control Days 0 1 2 k] 4 ]
diabetic= 10 Treat group 21.84+1.21 10.2+ 0.7 7.1£0.7 6.0+ 0.25 5.07+0.37 8.6+ 0.34
Diabete 22.741.5 23+1.8 23.5¢1.9 22423 26%1.5 25.7£2.0
control
chitosan ~ 235:15  157:1.1 14£1.0  123+12 12510 13.9:0.8
Plasma insulin levels pmol/l ( P<0.01) mean# SD
Days 0 1 2 3 4 5
Treat group 100.49+10.3 193.76+83  206.2+9 2229+9.7 227.7+127 208.3+ 6.2
Diabete 100.7£ 9.7 100.7+ 6.9 97.2+6.2 92.3+6.2 93.7£7.6 84.7+ 5.55
control
chitosan 100.7£ 9.7 141.6+83 152.8+7.6 159.7£6.9 152.8+8.3 156.2+ 7.6
26 China Case k-cell Male chitosan coloclysis Treat group = Fasting blood glucose levels mmol/l ( P<0.01) mean SD Age and sex
control  intestine v\:;::r pCI\IIL\;{-nl;LIins Coi(t)ml Days 0 T 2 3 7 5 3 7 adjusted
P . s Treatgroup  21.6% 1.0 11.1£1.0 7408 6+0.9 5.07£0.37 11+x09 13208 15+0.8
diabetic= 10
Diabete 21.6x1.0 22+1.31 22.5%1.0 25+1.2 232+12 26+1.0 26.2#1.227.1+1.0
control
chitosan 21.6x1.0 15+1.1  13#1.0 21.7#0.9 13.5+1.0 13.8+0.9 15.2#1.2 15.7+ 0.7
Plasma insulin levels pmol/l (P<0.01) mean SD
Days 0 1 2 3 4 5 6 7
Treatgroup 98.8£9.5 194.4%10.5 196.5+1 224.3+1 227.1+12.5 222.9+7.63 177.7+9 194.4+8.3
7
Diabetic ~ 98.8+9.5 97.2+7.63 104.1+9 93:7.5 97.9+83 88.2+83 83.3:10.84.7+83
control 4
chitosan 98.8+49.5 149.3+8.3 156.2+7.152.7+7. 149.348.3 159.749.72 156.9+7. 180.5+9
6
27 USA Case k-cell Mice Linearized Fertilized  Treat group = Plasma human insulin after glucose challenge mean+SD Age and sex
control intestine GIP/Ins mouse 10 Treat group 39 +16.9 pmol/I adjusted
Fragment embryos Control
diabetic= 5 Control DM 0
27 USA Case k-cell Mice Linearized Fertilized Treatgroup =5 Fasting blood glucose mmol/1 mean+SD Age and sex
control intestine GIP/Ins mouse Control Treat group 9.52 +1.16 adjusted
Fragment embryos diabetic=3
Control DM 26 +£2.63

Google Scholar up to July 2019 using the following
medical subject headings (MeSH) and non-MESH
keywords relevant to ((“ Gene Therapies “[tiab]
OR “ DNA Therapy “[tiab] OR “ Genetic Therapies
“[tiab])) AND ((“Genetic Vectors”)) AND ((“diabetes
mellitus”[tiab])) AND ((“insulin”[tiab])) regardless of
language. The reference lists of related articles were
then hand-searched for additional relevant studies.
Titles/abstracts were screened for relevant studies by
two independent investigators.

Study selection
Inclusion and exclusion criteria

Studies were eligible for inclusion in the current
analysis if: (i) insulin gene therapy was assessed in
animal studies; (ii) their final outcome was diabetes-
related factors; and (iii) mean, standard error (SE), or
standard deviations (SD) for the mentioned factors
were provided. Studies were excluded if they did not
include outcome measurements for diabetic control
groups or only reported the mean average outcome
during the treatment. Two investigators extracted data
independently, and any discrepancies were resolved by
discussion.

Outcomes
Studies evaluating insulin gene therapy effect on
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diabetes-related factors were included in the current
study, and the outcomes of interest were IPGTT, fasting
blood glucose, insulin, and bodyweight.

Data extraction

The data included the first author, year of publication,
country where the study was conducted, sample size,
gene delivery route, gene delivery method, target
tissue, follow-up duration, main outcome, covariates
adjusted for in the analysis and mean and SD or SE.
Characteristics of each study on insulin gene therapy by
viral and non-viral vector are summarized in Tables 1
and 2, respectively.

Statistical methods

Means after treatment and their SD or SE were collated
as the measurable effect of insulin gene therapy on
diabetes-related factors. Meta-analysis was performed
using the random-effects model and presented as forest
plots. Evidence for publication bias was sought by
performing Egger’s test in addition to visual inspection
of the funnel plots. The percentage of variability across
the pooled estimates attributable to heterogeneity
beyond chance was estimated with the I? index, and
the P-value for heterogeneity (I>50% was considered
as significant heterogeneity). In the case of significant
between-study heterogeneity, sensitivity analyses were
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Table 2. Gene therapy for type 1 diabetes mellitus using viral vectors

Reference  Country Study Target Model Gene Route of Sample size ORRR Adjusted
No. design tissue delivery delivery variable
method
28 USA case liver ~ Male CD-1 GIRE)3BP1- Portal.vein Treat group=7 IPGTT: mmol/l mean+SD
control mice 2xfurwith  (in liver) vCont.rol time 0 30 60 90 120 150 240 300 Age .and sex
AAV8 diabetic=5 adjusted
capsids Control normal= Treatgroup 6.27+4.212.2+3.65 11.66+4.39 10.72+4.10 9.44+3.97 8.6+2.94 6.66:2.6 5+1.32
5 3 5
Control DM 20.1+5.325.1+2.24 24.4+1.34 243+2.01 23.5%£1.79 22.2+1.12 21.1+2.4 18.3+3.13
6 6
22 Germany case liver rat  CMV/human portal vein Treat group=5 IPGTT mmol/] mean+SD Age and sex
control furin ins- Control DM= 6 Time min 0 15 60 120 180 adjusted
lentivirus Treat group 4512 3042 274894 23559 18+4.47
Control DM 19+ 7.35 33+ 4 31+7.35 30£4.90 27+4.90
21 Australia case liver mice HMD/INS- portal vein Treat group= 6 IPGTT mmol/l mean+SD Age and sex
control FUR Control DM= 6_ Time min 0 3 5 10 5 30 adjusted
lentiviral Control normal=
vector 5 Treat 7.8+2.20 235+4.16 2274637  16.1+2.20 11£2.20 7.5+1.71
Control DM 20.4%2.3 30+ 7.84 28+833 28.1£7.10  25.8+5.88 23.945.63
29 Australia case liver rat HMD/INS- (IVC) hepatic Treat group=>5 IPGTT mmol/l  mean+SD Age and sex
control FUR artery Control DM=5 Time min 0 20 30 60 90 120 adjusted
lentiviral Control normal=
vector 5 Treat group 7.5+2.24 16£6.71 16+8.94 14£6.71 11+4.47 8+1.12
Control normal 7+2.24 14+4.47 15+2.24 122.24 10£1.12 740.67
30 Taiwan case liver Male rinsI  into the liver Treat group=3 IPGTT: mmol/l mean+SD Age and sex
control C57BL/6] promoter/ byasingle ControlDM=3 Time min 0 30 60 90 120 150 adjusted
mIC®  human furin administrati Treat group 7.49% 0.9 162+14 19.5+2.7 14.4£2.2 11.1£1.1 8.7+ 0.4
ins rAAV on Control DM 22.4 - 33.3 mmol/I (throughout the experimental period
Korea case liver  SpragueD rAd- tailvein  Treat group=5 Blood glucose 24 hr fasting mmol/l mean+SD Age and sex
31 control awley rats Slr’l2N3slf33» Control DM=7 Treat group 0 24 hr fasting adjusted
Control DM 7.8£1.5 5+0.4
Treat group 2632 20+0.6
28 USA case liver ~ Male CD-1 GIRE)3BP1- portal vein Treat group=7 Blood glucose (P<0.05) (24 hr average cumulative) mean+ SD mmol/l Age and sex
control mice Zx;f;:\‘;gth (in liver) diCa(;::irCo:l s Before treat after treat adjusted
capsids Control normal= Treat group 6.27+2.19 2.7+0.79
5
Control DM 20.2£2.2 6.77 £ 1.05
Control normal 6.7+ 0.16 4+ 0.4
32 USA case liver rat retroviral  portal vein Treat group=9 Fasting blood glucose levels after 24 hr mean+SD mmol/1 Age and sex
control vectors Diabeti control = dj d
pLX/rINS 8 time 0 24 hr
Treat group 11.66+1.7 5+ 0.6
Control DM 14.9+ 1.8 16.7+3
33 Germany case liver rat HMD/INS- portal vein Treat group= 6 Blood glucose mean after 3 days mean+ SD mmol/l Age and sex
control FUR (inliver) Diabeti control = dj d
- before after
lentiviral 6
vector Treat group 22.3+3.4 156 +2.1
Control DM 223434 223+3
Korea case liver ~ SpragueD rAd- tailvein  Treat group=5 Blood glucose 24 hr fasting mmol/l mean+SD Age and sex
31 control awley rats SP23137- Control DM=7 Treat group 0 24h fasting
rINSfur
Control DM 7.8£15 5£0.4
Treat group 2632 20%0.6
34 Korea case liver rat CMV-Ins intramuscul Treat group=>5 Fasting blood glucose mean 12 hr fasting ( P<0.05) mean+ SD mmol/l Age and sex
control lentiviral ~ arlyinject Control DM=5 Treat group 11.1+3 adjusted
vector
Control DM 19.6+ 2.6
28 USA case liver ~ Male CD-1 GIRE)3BP1- portal vein Treat group="7 Blood glucose average cumulative 57 days ( P<0.001) mmol/l mean+SD Age and sex
control mice 2xfurwith  (inliver) Control before after adjusted
AAVS diabetic=5
capsids Control normal= Treat group 20.2£2.2 5.88 £0.6
Control DM 20.2£2.2 18+ 1.67
Control normal 6.7+ 0.16 6.33 £0.0
29 Australia case Liver Rat HMD/INS- (IVC) hepatic Treat group=5 Blood glucose mmol/l meanSD Age and sex
control FUR artery Control DM= - dj d
lentiviral Control normal= time 0 3 days 25 days 50 days 60 days
vector 5 Treat group 73+220  7.5%3.13 6.3+ 4.91 6.5£2.23 6.7+0.67
Control DM 7.4%2.20 28+ 11 28.5+536 27+11 27440
21 Australia case liver mice  HMD/INS- portal vein Treat group= 6 Blood glucose mmol/l mean+ SD Age and sex
control FUR Control DM= 6 Time day 0 5 10 15 adjusted
lentiviral Control normal=
vector 5 Treat 14.1£7.3 74244 8244 742.55
Control DM 14.2+73 22+44 26+5.38 289.79
22 Germany  case liver rat  CMV/human portal vein Treat group= 5 Blood glucose mmol/1 Age and sex
control furin ins- Control DM= 6 Time days 0 5 10 adjusted
lentivirus Treat group 25 12.5 12
Control DM 24 25 23
33 Germany case liver rat HMD/INS-  portal vein Treat group= 6 Blood glucose mean after 30 days mmol/l mean + SD Age and sex
control FUR (inliver) Diabeti control = dj d
- Before After
lentiviral 6
vector Treat group 22.3+3.4 15+2.8
Control DM 223134 2193
34 Korea case liver rat CMV-Ins  intramuscul Treat group=5 Blood glucose mmol/l meant SD Age and sex
control lentl\tllral arly injected Control DM=5 Time Before virus inject 10 week after virus inject adjusted
vector
Treat group 23.4£255 17.2 311
Control DM 23.4+2.55 28
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Continued Table 2
21 Australia case liver mice HMD/INS-  portal vein Treat group= 6 Insulin pmol/1 after glucose administration mean SD Age and sex
control FUR Control DM=6 e min 0 3 5 10 15 30 0 40 adjusted
lentiviral Control normal=
vector 5 Treat 420+12.2 1800+ 17 1570 +14.6 870+12. 810£12.2 730+ 12.2 570+12. 570+ 12.2
2 2
Control DM Not detected
Control 420+ 11.11800+ 15.6 1572+ 13.4 720+11. 660+ 11.1 662+ 894 550+11. 550+ 11.1
norm 1 1
30 Taiwan case liver Male rins 1 into the liver Treat group=3 Human insulin pmol/l (After glucose administration) mean+SD Age and sex
control C57BL/6] promoter/ byasingle Control DM =3 . adjusted
mice  human furin administrati Time min 0 30 60 90 120 150
i AAV
ns o on Treatgroup 31234 84726121 1004588 95.145.877.07+12.1 61855
8
Control DM Not detected (0)
29 Australia case liver rat HMD/INS- (IVC) hepatic Treat group=>5 Human Insulin after glucose administration pmol/l Age and sex
control FUR artery Control DM=5 Time min 0 20 30 0 90 120 adjusted
lentiviral Control normal=
vector 5 Treat group 50 325 225 75 57 50
Control normal 75 350 250 90 85 80
Control DM Not detect
35 USA case liver Mouse CMV/ Intra Human insulin after 3 month pmol/1 Age and sex
control huménbins p‘eljitor}ea] time 0 3 month adjusted
Lentiviral  injection
vector Treat group Not detected (0) 88.89
Control DM Not detected (0) Not detected (0)
36 Ttaly case liver  Mouse  L-PKp/ portalvein Treat group= 4 Human insulin after 3 week _pmol/Il Age and sex
control human furin Control DM = 4 Treat group 896-1333 adjusted
ins (HD- Control DM not detected
AdV) Control normal 342.4 55
34 Korea case liver rat CMV-Ins  intramuscul Treat group=>5 Insulin concentration 3 week after virus injection (P=0.077) mean SD Age and sex
control lentiviral ~ arly inject Control DM=5 adjusted
vector Treat group 18.75+ 10 pmol/l
Control DM 11.11 £ 7.6 pmol/l
31 Korea case liver  SpragueD  rAd- tail vein  Treat group=>5 Serum rat insulin level pmol/l mean SD Age and sex
control awley rats SP23137- Control DM=7 _ _ . adjusted
FINSfur Time minute 0 30 120
treat 701 9215 751
Control normal 1013 400+ 12 22310
21 Australia  case liver mice  HMD/INS- portal vein Treat group= 6 Body weight gram mean+ SD Age and sex
control FUR days 0 5 10 15 90 120 150 adjusted
lentiviral Control DM= 6
vector Treat group 227439 23+18 24553 248+14  27.6:0.7 27.8+1.0 28:0.9
Control normal=
Control 22.5£3.86 21238 2297 21.229.2
28 USA case liver ~ Male CD-1 GIRE)3BP1- portal vein Treat group= 7 Body weight gr after 24 hr  mean+SD Age and sex
control mice 2xfurwith  (in liver) »Cont»ro] Time Before ‘After 24 hr adjusted
AAV8 diabetic= 5
capsids Treat group 100+ 10.5 90+7.9
Control DM 100+ 6.7 85+4.8
32 UsA case liver rat retroviral  portal vein Treat group= 16 Body weight gr after 3 days mean+SD Age and sex
control vectors Diabeti control = Time Days Before After treat 3 days adjusted
pLX/rINS 18
Treat group 173+ 10 171gr+10.1
Control DM 175+ 9 135gr+9
Control normal 177 180 gr
29 Australia case liver rat HMD/INS- (IVC) hepatic Treat group=5 Body weight: gram meant SD Adjusted for
control FUR artery Control DM=5 Time 0 5 days 25 days 50 days 60 days age and sex
lentiviral Control normal=
vector Treat group 300+ 11  340+8.94 389+8.9 420+11.18 450+8.94
Control DM 292+13.41 33210 365+17.88 370+9.39 360+8.94
34 Korea case liver rat CMV-Ins  intramuscul Treat group=5 Body weight gram  mean+SD Age and sex
control lentiviral arly injected Control DM=5 Time 0 5 days 10 week adjusted
vector Treat group 12189 115+11g 135¢33 g
Control DM 122+ 6.7 116+33g 93+3.51g

performed excluding individual studies to obtain an
understanding of the reasons for any differences. Also,
where there was a high likelihood of differences beyond
chance, subgroup analysis, based on the gene delivery
method and follow-up duration, was performed.

Publication bias was assessed statistically by Begg’s
test. P<0.05 was considered statistically significant.
Statistical analyses were conducted using the statistical
software package Stata (ver. 11.2).

Search results and characteristics of included studies

The literature search on the subject of gene therapy
and diabetes-related factors yielded 654 articles, of
which 33 were reviewed as full texts. Of these, 16
studies met the inclusion criteria. The flow diagram
summarizes the results of the study selection process
for this meta-analysis (Figure 1). Out of 16 studies
published 5 (23,27-28, 32, 35) were conducted in the
USA, and 2 (22, 23), 2 (21, 29), 2 (31, 34), 2 (25, 26), 1
(36), 1 (30), 1(24) studies were published respectively

Iran ] Basic Med Sci, Vol. 23, No. 4, Apr 2020

in Germany, Australia, Korea, China, Italy, Taiwan, and
Malaysia. Six (21, 22, 28-31), 13 (21-29, 31-34), 5 (21,
28,29,32,34),and 11 (21, 23-26, 29-31, 34-36) studies
assessed the effects of insulin gene therapy on IPGGT,
FBS, bodyweight, and blood insulin, respectively. The
sample size ranged from 3 animals to 18 with follow-up
ranging from 2 min to 3 months. Target tissue was based
on the liver in all of the viral vector studies and K-cell in
non-viral vector studies. The gene delivery method was
aviral vector in 11 studies (21, 22, 28, 32, 33, 36), which
used the portal vein as the route of delivery. Others
(29-31, 34, 35) used the hepatic artery and tail vein.
Four studies used a non-viral vector as a gene delivery
method, of which 2 (25, 26) used coloclysis as the route
of delivery. The remaining used an oral route (24) or the
pronuclei of fertilized mouse embryos (27).

Findings from the systematic review:

Some studies that were initially included were
subsequently excluded and were reported in a
systematic study.
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654 selected study by primary search:

g 373 PubMed, 171 Scopus, 3 Cochrmne, 34 1SL

= T3 Google scholar

g

=

=

=

@

=

-

| 226 Records after duplicates removed |

=0

'E 428 Article were sereened by title and

@ abstract

&

#

403 Article were excluded due to imelevant
topic or content

£ .

= 25 Anticle were screened by full text

=

5

= 9 Article were excluded due to;
I If did not used to HEI/AHET
2 Case-Control study
3 Review article

=

L5

z

= 16 Atticle were sereened by fll text and

¢ included in systematic review and meta-

- analysis

Figure 1. The flow diagram of study selection

Hsu et al reported effect of insulin gene therapy
on I[PGTT; the IPGTT difference before glucose
administration and 150 min after glucose administration
in treat group was 1.21 mmol/] but in control diabetic
group it was 10.9 mmol/] throughout the experimental
period. Therefore, glucose was significantly decreased
in the treat group. Similarly, the insulin level in the treat
group was significantly increased (30.6%+2.1 pmol/l)
compared to the control group (30).

Another study showed that insulin gene therapy
affected IPGTT and that the difference in blood glucose
before and after insulin gene therapy in the treat group
was 9.54+1.2 mmol/l (15.04+1.6 mmol/l to 5.49+0.4
mmol/1), whereas in the normal control group it was
5.55+£0.6 mmol/l throughout the experimental period.
Therefore, glucose was significantly decreased without
any apparent significant differences in insulin (23).
However, Rasouli et al. reported insulin gene therapy
by GIP/Ins/pBud increased insulin in comparison to
controls (1.048 pmol/l) (24). Similarly, Cheung used
GIP/Ins fragments and injected them into pro-nuclei of
fertilized mouse embryos. In the transgenic mice mean
blood glucose and human insulin was 9.52+1.16 mmol/]
and 39+16.9 pmol/l, respectively, which showed
decreased blood glucose and raised human insulin (27).

Findings from the meta-analysis on insulin gene
therapy and IPGGT
Gene therapy by viral vector

Five studies were identified (21, 22, 28-30), including
28 datasets that met the inclusion criteria based on
their mean IPGGT after insulin gene therapy by viral
vector that was reduced on average by -12.69 mmol/]
(P<0.001) (Figure 2). Publication bias was observed
(P=0.007) after using the trim-and-fill method to adjust
for funnel plot asymmetry, although these results
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%

" Author  Year WMD (95% Cl) Weight
Renetal 2012 i -6.50 (-13.60,0.60)  3.42
Renetal 2012 — -5.30(-13.69,3.09)  3.31
Hanetal 2011 —_ -22.80 (-26.71, -18.89) 3.65
Renetal 2012 — -12.00 (-17.95, -6.05)  3.51
Elsner etal 2012 — -3.00 (-11.77,5.77)  3.27
Renetal 2012 —_— -14.80 (-19.82, -0.78) 3.58
Renetal 2007 | —— 1.00 (-5.20, 7.20) 3.49
Thulé etal 2015 —— -12.90 (-16.24, -9.56) 3.67
Renetal 2012 —— -16.40 (-21.11,-11.69) 3.60
Renetal 2007 | —t— 2,00 (-6.76,10.76)  3.27
Hanetal 2011 - ! -26.90 (-28.43, -25.37) 3.74
Thulé etal 2015 —— -12.74 (-16.20,-9.28) 3.67
Elsner etal 2012 — -4.00 (-13.80,5.80)  3.17
Renetal 2007 ! —— 2.00 (-4.20, 8.20) 3.49
Hanetal 2011 - ' -25.00 (-27.67, -22.33) 3.70
Thulé etal 2015 — -14.03 (-17.54, -10.52) 3.67
Renetal 2007 i —— 1.00 (-3.04, 5.04) 364
Hanetal 2011 —_ -23.90 (-27.55, -20.25) 3.66
Thulé etal 2015 — -14.06 (-17.39, -10.73) 3.67
Elsneretal 2012 —— -7.00(-13.28,-0.72)  3.49
Renetal 2007 ! s 1.00 (-0.14, 2.14) 374
Hanetal 2011 - ' -23.80 (-25.79, -21.81) 3.72
Thulé etal 2015 - -13.60 (-15.99, -11.21) 3.71
Elsner etal 2012 ——— -9.00 (-14.54,-346)  3.54
Hanetal 2011 — ' -33.30 (-37.72, -28.88) 3.62
Thulé etal 2015 —-r -14.44 (-17.36, -11.52) 3.69
Hanetal 2011 — ! -27.20 (-31.55, -22.85) 3.62
Thulé etal 2015 —-— -13.30 (-16.21, -10.39) 3.69
Overall (I-squared = 98.1%, p = 0.000) <> -12.69 (-17.11,-8.27) 100.00
NOTE: Weights are 'rom‘ random effects analysis

T
-37.7 [ 37.7

Figure 2. Mean of IPGGT after insulin gene therapy by viral vectors

were unchanged. Between-study heterogeneity was
also found (/#=98.1, P<0.001). The sensitivity analysis
revealed that the exclusion of any single study did not
alter the overall effect. For each study, assessment
follow-up duration after treatment was classified as
< 30 min (ID=1), 2 60 and < 90 min (ID=2), and = 120
and < 300 min (ID=3). Such subgroup analysis (Figure
3) showed no heterogeneity between studies, although
the summary mean for IPGGT after = 120 and < 300 min
was lower (-15.46 mmol/l, P<0.001) than achieved at
< 30 min (-11.12 mmol/l, P=0.001) and = 60 and < 90
(-11.25 mmol/l, P=0.006). The gene delivery method
(AAV) (ID=1), r Adeno (ID=2) and lentiviral (ID=3),
modified the IPGGT response that was greatest with the
r Adeno method, (-25.87 mmol/], P<0.001) compared to
AAV (-13.60 mmol/], P<0.001) and the lentivirus (-5.17

%

* Author Year WMD (95% CI) Weight

b i

]
Renetal 2012 —— -6.50 (-13.60,060)  3.42
Renetal 2012 4‘—0—— -5.30 (-13.69, 3.09) 331
Hanetal 2011 —_ -22.80 (-26.71,-18.89) 3.65
Renetal 2012 —_— -12.00 (-17.95,6.05) 351
Elsneretal 2012 : —_— -3.00 (-11.77,5.77) 327
Renetal 2012 —_—— -14.80 (-19.82,-9.78)  3.58
Renetal 2007 1 —— 1.00 (-5.20, 7.20) 349
Thuléetal 2015 —— -12.90 (-16.24,-9.56)  3.67
Renetal 2012 —_— -16.40 (-21.11,-11.69)  3.60
Renetal 2007 : —_—— 2.00 (-6.76, 10.76) 327
Hanetal 2011 »* . -26.90 (-28.43,-25.37) 3.74
Subtotal (I-squared = 95.4%, p = 0.000) - 112 (-17.41,-4.84)  38.50

)
5 '

|
Thuléetal 2015 —— 1274 (-16.20,-9.28)  3.67
Elsneretal 2012 4‘—0—— -4.00 (-13.80, 5.80) 317
Renetal 2007 ' —_—— 2.00 (-4.20, 8.20) 349
Hanetal 2011 - ] -25.00 (-27.67,-22.33) 3.70
Thuléetal 2015 — 14.03 (-17.54,-10.52) 3.67
Renetal 2007 ' —_—— 1.00 (-3.04, 5.04) 364
Hanetal 2011 — -23.90 (-27.55,-20.25) 3.66
Subtotal (I-squared = 96.5%, p = 0.000) === 11.26(19.33,-319)  24.99

'
3 1
Thulé etal 2015 — -14.06 (-17.39,-10.73) 3.67
Elsner etal 2012 —— 7.00(13.28,-0.72)  3.49
Renetal 2007 ' - 1.00 (-0.14, 2.14) 374
Han et al 2011 - : -23.80 (-25.79,-21.81) 3.72
Thuléetal 2015 - -13.60 (-15.99,-11.21) 371
Elsneretal 2012 —— -0.00(-14.54,-346) 354
Han et al 201 —_— ' -33.30(-37.72,-28.88) 3.62
Thuléetal 2015 —- -14.44 (17.36,-11.52) 3.69
Hanetal 2011 —— ! -27.20 (-31.55,-22.85) 3.62
Thuléetal 2015 - -13.30 (-16.21,-10.39) 3.69
Subtotal (I-squared = 98.8%, p = 0.000) === -15.47 (-23.18,-7.76)  36.50
Overall (I-squared = 98.1%, p = 0.000) <> 1269 (-17.11,-8.27)  100.00
NOTE: Weights are from random effects analysis |

T T

37.7 0 377

Figure 3. Subgroup analysis by follow-up duration for the mean of
IPGGT after insulin gene therapy by viral vectors
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%

Author  Year WMD (95% Cl) Weight
3 i

Renetal 2012 — -6.50 (-13.60,0.60) 342
Renetal 2012 i -5.30(-13.69,3.09)  3.31
Renetal 2012 —_— -12.00 (-17.95,-6.05)  3.51
Elsneretal 2012 — -3.00(-11.77,5.77)  3.27
Renetal 2012 —_— -14.80 (-19.82,-9.78)  3.58
Renetal 2007 i —_— 1.00 (-5.20, 7.20) 349
Renetal 2012 —— -16.40 (-21.11,-11.69) 3.60
Renetal 2007 | —T— 200 (-6.76,10.76)  3.27
Elsner etal 2012 —_— -4.00(-13.80,580)  3.47
Renetal 2007 ' —— 2,00 (-4.20, 8.20) 349
Renetal 2007 . —— 1.00 (-3.04, 5.04) 364
Elsneretal 2012 —— 7.00(-13.28,-0.72) 349
Renetal 2007 - 1.00 (0. 4) 374

Elsneretal 2012 _-—— -9.00 (-14.54,-346)  3.54

Subtotal (I-squared = 88.5%, p = 0.000) L4 -5.17(:9.05,-129) 4852
2

Hanetal 2011 —— -22.80 (-26.71,-18.89) 365
Hanetal 2011 - -26.90 (-28.43,-25.37) 3.74
Hanetal 2011 - -25.00 (-27.67,-22.33) 3.70
Hanetal 2011 —— -23.90 (-27.55,-20.25) 3.66
Hanetal 2011 - -23.80 (-25.79, -21.81) 3.72
Hanetal 2011 —_— -33.30 (-37.72,-28.88) 3.62

Hanetal 2011 —
Subtotal (I-squared = 71.4%, p = 0.002) <>

-27.20 (-31.55, -22.85) 3.62
-25.88 (-27.90, -23.85) 25.70

1
Thulé etal 2015
Thulé etal 2015
Thulé etal 2015

|
|
|
|
i
|
|
i
|
|
|
|
i
|
!
—— -12.90 (16.24,-9.56)  3.67
—
—
Thulé etal 2015 —
-
—-
—-—
°

-12.74 (-16.20,-9.28)  3.67
-14.03 (-17.54,-10.52) 3.67
-14.06 (-17.39, -10.73) 3.67
-13.60 (-15.99, -11.21) 3.71
-14.44 (-17.36,-11.52) 3.69
-13.30 (-16.21,-10.39) 3.69
-13.61(-14.76, -12.46) 25.78

Thulé etal 2015
Thulé etal 2015
Thulé etal 2015
Subtotal (I-squared = 0.0%, p = 0.989)

-12.69 (-17.11,-8.27)  100.00

Overall (I-squared = 98.1%, p = 0.000) <>
\
L

NOTE: Weights are from random effects analysis
T

-37.7 0 37.7

Figure 4. Subgroup analysis by gene delivery methods for the mean of
IPGGT after insulin gene therapy by viral vectors

mmol/], P<0.009) (Figure 4).

Findings from the meta-analysis on insulin gene
therapy and FBS:
Gene therapy by viral vector

Eight studies with 15 datasets describing the effects
of insulin gene therapy by viral vectors gave a mean
reduction in FBS (-13.51 mmol/1) (21, 22, 28, 29, 31-34)
(Figure 5). No evidence of publication bias was found
(P=0.86). The I?value indicates 96.3% of the variability
was accounted for across the pooled estimates.
Sensitivity analysis showed the exclusion of each study
from the analysis did not change the overall effect.
Subgroup analysis by follow-up duration confirmed a
prominent effect (P<0.001) of insulin gene therapy on
FBS at < 5 days (ID=1), =2 10 and < 30 days (ID=2), and =
50 and < 70 days (ID=3) (Figure 6). Insufficient studies
in AAV, retroviral, and viral subgroups meant analysis
according to gene delivery method was not possible.

.
— watn
Keun Oh etal 2005 | —— -8.50 (-11.98, -5.02) 716
Kolodka et al 1995 — 170 (13,62, 9.58) 761
Hanetal 20m - 16,00 (15,57, -14.43) 788
L a4 -
Renetal wy —— 2050 (3052, 1048 ™
Renetal 2012 —_— -15.00 (-19.02, -10.98) 6.94
Renetal 2007 —_— 2220 (-28.57, -15.83) 586
Eorerctal 2005 [ so0 (1018362 20
Thuie etal 2015 - 12,12 (13,65, -10.59) 7.75
Renetal 2007 —_— 2070 (:26.27,17.13) 712
komonsts 05 e oo
v (st =63 =000 <> st o
T T
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Figure 5. Mean of FBS after insulin gene therapy by viral vectors
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%
Author Year WMD (95% CI) Weight
1 i

KeunOhetal 2005 | —— 850 (-11.98, -5.02) 716
Thuéetal 2015 | - 4.07 (-5.16, -2.98) 783
Kolodka etal 1995 — -11.70 (-13.82, -9.58) 781
Han etal 201 . 15,00 (1557, 14.43)  7.88
Elsneretal 2008 L —— 6.70(-9.63, 3.77) 7.36
Renetal 2007 —_— 2050 (3062, 10.48)  4.24
Renetal 2012 —_— -15.00(-19.02,-10.98)  6.94
Subtotal (I-squared = 98.2%, p = 0.000) <> -11.12 (-16.05, -6.19) 49.03
2 1

Ren etal 2012 — -18.00(2271,-13.29) 664
Renetal 2012 —_— 21.00(:29.07,12.93)  5.07
Renetal 2007 —_— 2220 (-28.57,-15.83)  5.86
Elsneretal 2005 [——— 690 (10.18,-362) 724

Sublotal (-squared = 89.8%,p =0.000) ===

3

1666 (2482,-851) 2480

Renetal 2007 _— 2050 (3049, 1051) 426
Thuéetal 2015 - 12,12 (1365,-1059) 775
Renetal 2007 —— 2070 (2427,743) 742
KeunOhetal 2005 — 1080 (1459, 701)  7.04
Subtotal (1squared = 86.6%, p = 0.000) =2 1530 (20.26,-1034) 2647

Overall (-squared = 96.3%, p = 0.000) < -13.51 (-16.54,-10.48)  100.00

NOTE: Weights are from random effects analysis

T
-305 [ 305

Figure 6. Subgroup analysis by follow-up duration for the mean of FBS
after insulin gene therapy by viral vectors

Gene therapy by non-viral vector

Meta-analysis from three studies including 20
datasets that used non-viral vectors (24-26) also
showed reduced FBS (-29.95 mmol/], P<0.001) (Figure
7). Egger’s test was significant (P=0.001), but applying
trim and fill had no effect on the outcome, as there was
between-study heterogeneity (12=98.8, % P=P<0.001).
The exclusion of each study from the meta-analysis did
not impact the overall sensitivity analysis. According to
follow-up duration, studies were categorized into < 1
day (ID=1), 2 7, and < 15 days (ID=2) (Figure 8), and the
magnitude of effect increase with time of follow up, i.e.,
FBS at < 1 days, -16.08 g (P<0.001) compared with = 7
and < 15 days, -112.09 g (P<0.001).

Findings from the meta-analysis on insulin gene
therapy and blood insulin
Gene therapy by viral vector

Meta-analysis of 6 studies (21, 31, 32, 34-36) with 20
datasets describing the effects of insulin gene therapy
with lentiviral carriers on blood insulin showed a mean

%
Author Year WMD (95% C1) Weight
Rasoulietal 2013 | —— 130 (-17.72, 20.32) 184
LiNUetal 2008 3 . -10.90 (-11.92, -9.88) 697
NIU etal 2008 L. -12.80 (-14.00, -11.60) 695
LiNUetal 2008 L. -15.50 (-16.29, -14.71) 7.00
NIU etal 2008 il -16.40 (-17.65, -15.15) 695
Rasoulietal 2013 — -34.20 (-53.49, 14.91) 1.80
LiNUetal 2008 ; . -19.00 (-19.93, -18.07) 698
NIU etal 2008 e -16.40 (-17.83, -14.97) 692
LiNUetal 2008 . -18.13 (-18.91, -17.35) 7.00
NIU etal 2008 . 2093 (-21.89, 19.97) 698
Rasoulietal 2013 —_— -75.20 (-111.38, -39.02) 063
LiNUetal 2008 ; . -15.00 (-15.83, -14.17) 699
NIU etal 2008 e -17.10 (-18.36, -15.84) 694
LiNUetal 2008 S -13.20 (-14.09, 12.31) 699
Rasoulietal 2013 —— | -127.80 (-143.95, -111.65) 232
LiNUetal 2008 e -12.10 (-12.89, -11.31) 7.00
Rasoulietal 2013 —— : 135,50 (-150.94, 120.06) 246
Rasoulietal 2013 —— ! -118.80 (-132.56, -105.04) 284
Rasoulietal 2013 —H— ! -142.80 (-168.04, -117.56) 118
Rasoulietal 2013 —_ i -136.80 (-148.96, -124.64) 327
Overall (I-squared = 98.8%, p = 0.000) Q -29.95 (-32.96, -26.95) 100.00
NOTE: Weights are from random effects analysis 3
rwga 0 1&5

Figure 7. Mean of FBS after insulin gene therapy by non-viral vectors
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%

Author Year WMD (95% CI) Weight
; i
Rasoulietal 2013 | —— 1.30(-17.72,20.32) 184
LiNUetal 2008 e -10.90 (-11.92, -9.88) 6.97
NIU etal 2008 I -12.80 (-14.00, -11.60) 6.95
LiNUetal 2008 L. -15.50 (-16.29, -14.71) 7.00
NIUetal 2008 e -16.40 (-17.65, -15.15) 6.95
Rasoulietal 2013 — -34.20 (-53.49, -14.91) 180
LiNUetal 2008 . -19.00 (-19.93, -18.07) 6.98
NIU etal 2008 L. -16.40 (-17.83, -14.97) 6.92
LiNUetal 2008 ‘e -18.13 (-18.91, -17.35) 7.00
NIU etal 2008 . -20.93 (-21.89, 19.97) 6.98
Rasoulietal 2013 —_— -75.20 (-111.38, -39.02) 063
LiNUetal 2008 e -15.00 (-15.83, -14.17) 6.99
NIU etal 2008 e -17.10 (-18.36, -15.84) 6.94
LiNUetal 2008 L. -13.20 (-14.09, -12.31) 6.99
Subtotal (I-squared = 96.4%, p = 0.000) ! [} -16.08 (-17.84, -14.33) 80.94

]
2 i
Rasoulietal 2013 — ' -127.80 (-143.95, -111.65) 232
LiNUetal 2008 e -12.10 (-12.89, -11.31) 7.00
Rasoulietal 2013 —_ | -135.50 (-150.94, -120.06) 246
Rasoulietal 2013 - i -118.80 (-132.56, -105.04) 284
Rasoulietal 2013 —_— . -142.80 (-168.04, -117.56) 118
Rasoulietal 2013 —— . -136.80 (-148.96, -124.64) 327
Subtotal (I-squared = 99.6%, p = 0.000) —_ — -112.09 (-179.50, -44.69) 19.06

i
Overall (I-squared = 98.8%, p = 0.000) o -29.95 (-32.96, -26.95) 100.00

i
NOTE: Weights are from random effects analysis 1

T T
-179 179

Figure 8. Subgroup analysis by follow-up duration for the mean of FBS after insulin gene therapy by non-viral vectors

increase 0f 398.3 pmol/1 (P<0.001) (Figure 9). There was
no publication bias (P=0.06) and overall heterogeneity
(I’=100%), as well as between-study heterogeneity for
the duration of measurement, i.e., < 10 min (ID=1), =2 15
and < 30 min (ID=2), 240 and < 60 min (ID=3), 290 and
< 150 min (ID=4), = 21, and < 90 days (ID=5) (Figure
10).

Gene therapy by non-viral vector

Randome-effects meta-analysis confirmed the effects
of insulin gene therapy with non-viral carriers on raised
blood insulin by 114.9 pmol/l (P<0.001) (Figure 11).
There was no evidence of publication bias (P=0.70), and
heterogeneity between studies was high (12=94.9%),

%

Author Year WMD (95% C) Weight
Ren et al 2012 i ® 1790.00 (178537, 181263)  5.00
Ren etal 2012 H ®  1569.00 (1557.21, 1580.79) 5.00
Ren et al 2012 i . 869.00 (859.21, 878.79) 5.00
Renetal 2012 w . 809.00 (799.21, 818.79) 5.00
Ren etal 2012 [ 729.00 (721.12, 736.88) 5.00
Ren et al 2012 L. 569.00 (559.21, 576.79) 5.00
Ren et al 2012 . 449.00 (439.21, 456.79) 5.00
Comelactal 2008 . ! 83.72 (69.96, 97.48) 499
Corbellaetal 2008 . | 99.00 (85.24, 112.76) 4.99
Corbellactal 2008 . 94.14 (87.26,101.02) 5.00
Corbellactal 2008 LI 76.07 (6231, 89.83) 499
Corbellactal 2008 CE 60.60 (49.99, 71.61) 5.00
Ren et al 2007 03 324.00 (322.76, 325.24) 5.00
Ren et al 2007 . 224.00 (222.76, 225.24) 5.00
Ren etal 2007 ! 74.00 (72.76, 75.24) 500
Renetal 2007 T 56.00 (54.76, 57.24) 500
Ren et al 2007 O 49.00 (47.76, 50.24) 5.00
Keun Ohetal 2005 ‘ 7,64 (161, 1367) 5.00
Han etal 2001 s 22.00 (17.56, 26.44) 5.00
Han et al 2001 i 5.00 (3.85, 6.15) 5.00
Singeretal 2002 ' (Excluded) 0.00
Overall (I-squared = 100.0%, p = 0.000) Q 398.29 (324.02, 472.55) 10000
NOTE: Weights are from random effects analysis :
4;13 0 1;13

Figure 9. Mean of insulin level after insulin gene therapy by viral
vectors
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%
Author Year WMD (95% ClI) Weight
1 i
Renetal 2012 ' ®  1799.00 (1785.37, 1812.63) 5.00
Renetal 2012 : . 1569.00 (1557.21, 1580.79)  5.00
Renetal 2012 . 860.00 85921, 878.79) 5.0
Sublotal (I-squared = 100.0%, p = 0.000) | == 141232(838.5,1986.00) 14.99
. i
2 i
Renetal 2012 — 809.00(799.21,818.79)  5.00
Renetal 2012 . 720,00 (721.12,736.88) 5.0
Corbellaetal 2008 L : 83.72 (69.96, 97.48) 4.99
Renetal 2007 o 324.00 (322.76,325.24) 500
Renetal 2007 Ll 224.00 (222.76, 225.24) 5.00
Han etal 2001 ¢ ! 22.00 (17.56, 26.44) 5.00
Sublotal (I-squared = 100.0%, p = 0.000) < 385.27 (261.35,469.20)  30.00
g
3 '
Renetal 2012 . 560.00 (559.21,578.79)  5.00
Renetal 2012 . 449.00 (43921, 458.79)  5.00
Corbellaetal 2008 . ' 99.00 (85.24, 112.76) 4.99
Renetal 2007 o 74.00 (72.76, 75.24) 5.00
Subtotal (I-squared = 100.0%, p = 0.000) <= 297.75 (26.49, 569.00) 20.00
\
4 i
Corbellaetal 2008 . : 94.14 (87.26, 101.02) 5.00
Corbellaetal 2008 . 76.07 (62.31, 89.83) 499
Corbellaetal 2008 o 60.80 (49.99, 71.61) 5.00
Renetal 2007 . 56.00 (54.76, 57.24) 5.00
Renetal 2007 - ! 49.00 (47.76, 50.24) 5.00
Hanetal 2001 ! 5.00 (3.85, 6.15) 5.00
Subtotal (I-squared = 99.9%, p = 0.000) (- 56.54 (33.20, 79.88) 30.01
i
5 i
Keun Ohetal 2005 1 7.64 (1.61, 13.67) 5.00
Singeretal 2002 ' (Excluded) 0.00
Subtotal (I-squared = %, p = .) H 7.64 (1,61, 13.67) 5.00
i
Overall (I-squared = 100.0%, p = 0.000) o 398.29 (324.02, 472.55) 100.00
NOTE: Weights are from random effects analysis H
T T
-1986 0 1986

Figure 10. Subgroup analysis by follow-up duration for the mean of
insulin level after insulin gene therapy by viral vectors

which was unaffected by one study or follow-up duration
(Figure 12).

Findings from the meta-analysis on insulin gene
therapy and bodyweight
Gene therapy by viral vector

Gene therapy by viral vectors increased bodyweight
(Figure 13) in 5 studies (21, 24, 25, 29, 31) with 11
datasets, which increased by 24.2 g (P<0.001). There
was no evidence of publication bias (P=0.45), and
between-study heterogeneity was apparent (12=96.4%,

Iran ] Basic Med Sci, Vol. 23, No. 4, Apr 2020



Gene therapy in type 1 diabetes and its complication

1)7"MS

Rahimi Ghiasi et al.

%

Author Year WMD (85% CI) Weight
CT— ! wmesa
NIU etal 2008 - 93.06 (86,37, 99.75) 844
unves s ~ | smEe s -
NI etal 2008 - 109.00 (102.23, 115.77) 844
LiNUetal 2008 13130 (123,55, 130.05) 832
NI etal 2008 13060 (123.46, 137.74) 840
LiNUetal 2008 I == 12020(11986, 13850 812
NI etal 2008 —— 134,00 (12483, 143.17) 814
LiNUetal 2008 = 13470 (127.71, 141.69) 841
NIU etal 2008 +  123560(118.44,128.76) 859
LiNUetal 2008 94.40 (65,88, 102.92) 823
LiNUetal 2008 1070 (102.42, 116.98) 838
Overall (I-squared = 94.9%,p = 0.000) 114,93 (105.47, 124.39) 10000
NOTE: Weights are from random effects analysis '
T T
143 0 143

Figure 11. Mean of insulin level after insulin gene therapy by non-
viral vectors

P<0.001), with no single study influencing the final
effect. Subgroup analysis by follow-up duration showed
an increased response with time, i.e,, < 5 days (ID=1),
13.3 g, (P<0.01); between = 50 and < 70 days (ID=3),
62.1g,(P<0.001); butno effect during = 10 and < 25 days
(ID=2) (7.09 g P=0.14) (Figure 14). Due to insufficient
studies in the AAV and retroviral, subgroup analysis
according to gene delivery methods was not performed.

Discussion

Reducing blood glucose in T1DM is necessary to avoid
side effects such as neuropathy, glaucoma, nephropathy,
and cardiomyopathy (37-40), for which the most
popular treatment is insulin injection, although this is
not very practical. It can also cause hyperinsulinemia,
which is a risk factor for progressive insulin resistance
and cardiovascular damage (41, 42). Therefore insulin
gene therapy is currently a focus of future T1DM
treatment, with the restoration of a dynamic and more
precise method of insulin production (43). The different
approaches that can be used to more effectively maintain
euglycemia are promoting the survival and proliferation

%

Author Year WMD (85% CI) Weight
1
LiNUetal 2008 - 97.20 (89.16, 105.24) 829
NiUetal 2008 - 93.06 (86.37, 99.75) 844
LiNUetal 2008 - 92.40 (83.97, 100.83) 824
NIU etal 2008 - 109.00 (102.23, 115.77) 8.44
LiNUetal 2008 - 131.30(12355,139.05) 832
NIU etal 2008 | == 130.60 (123.46, 137.74) 8.40
Subotal (-squared = 95.5%, p = 0.000) <> 108.95(94.63, 123.27) 5013
2
LiNIU et al 2008 —+— 129.20(119.86, 138.54) 8.12
NIU etal 2008 : —— 134.00 (124.83, 143.17) 8.14
LiNUetal 2008 |- 13470(127.71,14169) 841
NIU etal 2008 : - 123.60 (118.44, 128.76) 8.59
LiNUetal 2008 - 94.40 (85.88, 102.92) 823
LiNIU et al 2008 -0+ 109.70 (102.42, 116.98) 8.38
Sublotal (I-squared = 93.2%, p = 0.000) <> 12093 (10931, 132.55) 49.87
Overall (l-squared = 94.9%, p = 0.000) <> 1M493(10547,12439)  100.00
NOTE: Weights are from random effects analysis
T T
-143 0 143

Figure 12. Subgroup analysis by follow-up duration for the mean of
insulin level after insulin gene therapy by non-viral vectors
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Figure 13. Mean of bodyweight after insulin gene therapy by viral
vectors

of islets B cells, preventing their destruction by the
immune system, and the employment of non-islets
B cells such as hepatocytes, myocytes, fibroblasts,
and intestinal and gastric epithelial cells to regulate
insulin release (20). Also, gene targeting in T1DM can
be achieved using viral or non-viral vectors (43, 44),
for which the former is more effective (45). We have
performed the first systematic review and meta-analysis
to investigate the efficiency of insulin gene therapy for
IPGTT, FBS, insulin, and bodyweight.

IPGGT studies on streptozocin (STZ)-induced
diabetic mice treated with the insulin gene, delivered
intrapancreatically by recombinant Ad (rAD) vector,
corrected hyperglycemia and glucose tolerance (31).
This response was, however, transient and typically
persisted for only 1-3 weeks (20). Studies on STZ-
induced diabetic rodents treated with the insulin
gene showed that all gene therapies decreased blood
glucose and increased insulin. Because lentiviruses and
retroviruses are integrative vectors, they can elicit long-
term benefits, as shown in rats (29) and mice (21). In
both studies, an HMD/INS-FUR construct using INS-

%

Author Year WMD (95% CI) Weight
1
Thuéetal 2015 e 5.00 (:2.21,1221) 973
Kolodka etal 1995 [ 36.00(29.54,4246)  9.80
Ren et al 2012 .! 15.93 (14.88,16.98)  10.10
Ren et al 2007 S 8,00 (-3.76, 19.76) 9.15
Keun Ohetal 2005 —— .00 (11.15,015) 938
Subtotal (I-squared = 93.1%, p = 0.000) 1334 (301,2367)  48.16
2
Ren et al 2012 e 3.30 (-5.20, 11.80) 9.50
Ren et al 2012 N 2,80 (-5.04, 10.64) 9.66
Ren etal 2007 — 24.00(648,4152) 820
Sublotal (I-squared = 59.8%, p = 0.083) < 7.00(2.34,1651) 2745
3
Ren et al 2007 L —— 50.00(37.20,62.80)  8.99
Ren et al 2007 ; —%— 9000(78.92,10108)  9.25
Keun Ohetal 2005 — 4200 (1291,71.09) 616
Subtotal (I-squared = 92.1%, p = 0.000) | = 6208(3014,9403) 2440
Overall (I-squared = 96.4%, p = 0.000) O 24.22(12.68,35.76)  100.00
NOTE: Weights are from random effects analysis

T T

-101 0 101

Figure 14. Subgroup analysis by follow-up duration for the mean of
weight after insulin gene therapy by viral vectors
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FUR was cloned into the site of LV HIV/MSCV (HMD)
and injected into the portal vein by intervallic fusion to
be delivered into the liver. In STZ-induced diabetic rats,
blood glucose was returned to normal for at least 500
days without any adverse response.

One of the other factors associated with insulin gene
therapy for T1DM is increased bodyweight, as diabetes
improves, as confirmed by our meta-analysis. We also
showed significant effects on FBS and blood insulin
by non-viral vectors. Until recently, a major limitation
of viral insulin therapy has been the lack of meal-
dependency on insulin secretion in these surrogate
cells. K-cells are native endocrine cells that are glucose-
responsive native endocrine cells, located primarily in
the stomach, duodenum, jejunum, and gut hormone
GIP (46), which normally potentiates postprandial
insulin release (27). It has therefore been proposed that
K-cells may be suitable targets for T1DM insulin gene
therapy (47), although they have a short lifespan of 3-5
days, which necessitates frequent and repeated gene
administration. Taking all these studies together, we
observed substantial heterogeneity due to animal type,
sample volume, the method of determining T1DM and
the gene delivery method. Therefore, the random effect
model was used to reduce these contrasting effects
but could not find the sources of the heterogeneity,
which suggests that the efficacy of insulin gene therapy
is variable. In spite of these limitations, including
publication bias, our study had several strengths, being
the first meta-analysis focused on the effects of insulin
gene therapy on T1DM related factors.

Conclusion

The meta-analysis findings showed a significant
effect for insulin gene therapy and T1DM related factors,
including IPGTT, fasting blood glucose, insulin, and
bodyweight in diabetic rodents.
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