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ABSTRACT
The maintenance of viable and functional pancreatic islets is crucial for successful islet
transplantation from brain-dead donors. To overcome islet quality loss during culture, some studies
have co-cultured islets with mesenchymal stem/stromal cells (MSC). However, it is still uncertain if
MSC-secreted factors are enough to improve islet quality or if a physical contact between MSCs and
islets is needed. Therefore, we performed a systematic review and meta-analysis to clarify the effect
of different culture contact systems of islets with MSCs on viability and insulin secretion outcomes.
Pubmed and Embase were searched. Twenty studies fulfilled the eligibility criteria and were
included in the qualitative synthesis and/or meta-analysis. For both outcomes, pooled weighted
mean differences (WMD) between islet cultured alone (control group) and the co-culture condition
were calculated. Viability mean was higher in islets co-cultured with MSCs compared with islet
cultured alone [WMD D 18.08 (95% CI 12.59–23.57)]. The improvement in viability was higher in
islets co-cultured in indirect or mixed contact with MSCs than in direct physical contact (P <0.001).
Moreover, the mean of insulin stimulation index (ISI) was higher in islets from co-culture condition
compared with islet cultured alone [WMD D 0.83 (95% CI 0.54–1.13)], independently of contact
system. Results from the studies that were analyzed only qualitatively are in accordance with meta-
analysis data. Co-culture of islets with MSCs has the potential for protecting islets from injury during
culture period. Moreover, culture time appears to influence the beneficial effect of different
methods of co-culture on viability and function of islets.
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Introduction

Type 1 diabetes mellitus (T1DM) is responsible for 5-
to 10% of all cases of diabetes, and results from a cellu-
lar-mediated autoimmune destruction of pancreatic
b cells, which renders individuals insulin-dependent
for life.1 This disease is associated with chronic com-
plications that lead to high morbidity and mortality
rates in young adults of productive age.1,2 Intensive
insulin therapy reduces the onset and progression of
chronic diabetic complications, but is associated with
an increased risk of severe hypoglycemia.2,3 In this
context, allogeneic pancreatic islet transplantation
offers a minimally invasive option for b cell replace-
ment in T1DM patients that suffer from hypoglycemia

unawareness with frequent episodes of severe hypo-
glycemia and marked glycemic lability.4-6

Although improvement in glycemic control and
hypoglycemia awareness are commonly achieved in
T1DM patients transplanted with a sub-optimal islet
mass,6,7 the ultimate outcome of insulin independence
usually requires multiple donors, limiting the number
of patients benefiting from this therapy.8 It occurs
because only a part of the total islet mass from a single
brain-death donor can be successfully extract from the
pancreas by the present isolation protocols.9,10

During isolation process islets suffer several insults,
including oxidative, hypoxic and inflammatory
stresses, that continuous to happen during the
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pre-transplant culture period. Other specific insults of
this period are shortage of nutrients factors, pro-
inflammatory molecules released by the islet them-
selves, and harmful enzymes released by acinar tis-
sue.11-13 The combination of these factors seem to be
responsible, at least in part, for the undesired loss of a
considerable amount of viable islet mass that is
observed right before transplantation, leading to a
reduced chance of insulin independence achievement
after single donor islet transplantation.14-18 Therefore,
substantial research has been directed toward main-
taining islet viability and function to improve islet
transplantation success.11,19-24

An emerging strategy to improve islet viability and
function and, thus, graft survival, involves co-culture
of islets with mesenchymal stem/stromal cells
(MSCs).25-31 MSCs exist in almost all tissues, residing
mostly close to blood vessels. They have the capacity
of self-renewal and the potential to differentiate into
different cell types, such as adipocytes, chondrocytes,
osteoblasts, myocytes and neurons.32,33 These cells
have attracted significant attention in recent years due
to their potent immunomodulatory properties acti-
vated by the surrounding microenvironment, where
abundant inflammatory factors are released from
immune cells.25,33 In addition, MSCs have been shown
to secrete several paracrine molecules, which mediate
trophic effects on neighboring cells, enhancing viabil-
ity and function of islets during in vitro cul-
ture.26,27,31,33,34 However, studies are still inconclusive
to define if MSC-secreted mediators are enough to
improve islet survival and function26,27,35 or if a physi-
cal contact between MSCs and islets is also
needed.30,31,36 Therefore, from our knowledge, this is
the first systematic review and meta-analysis per-
formed to evaluate the effect of indirect or direct co-
culture of pancreatic islets with MSCs on islet viability
and function.

Results

Literature search and quality of the eligible studies

Fig. 1 is a flow diagram showing the strategy used to
identify and select studies for inclusion in this systematic
review and meta-analysis. All studies that reported co-
culture of pancreatic islets with MSCs and evaluated
markers related to islet viability and/or function were
selected for inclusion. A total of 3992 possibly relevant
citations were retrieved by searching the electronic

databases and one was found through manual search of
selected articles. After duplicates removal, 3379 articles
were screened based on title and abstracts, with 3331 of
them being excluded during this review. Forty-eight
articles remained to complete the data analysis. Never-
theless, after cautious analysis of the full texts, another
28 studies were excluded due to missing information,
ineligible study designs, publication in Chinese or
because other cell types were evaluated. Twenty studies
fulfilled the eligibility criteria and were included in the
systematic review and/or meta-analysis. Among these
articles, only 12 studies26-30,33,35-40 had complete data of
interest for at least one outcome [viability and/or insulin
secretion index (ISI)] and were included in the meta-
analysis. Sixteen studies were analyzed only qualitatively
since they used different techniques from the ones eligi-
ble for inclusion in meta-analysis or had insufficient
information regarding one or 2 of the outcomes or used
different co-culture systems.27-31,33,34,36,39-46

We assessed the quality of each individual study
included in the present meta-analyses using the Grad-
ing of Recommendation Assessment, Development
and Evaluation (GRADE).47 For each outcome, quality
of evidence was classified as high, moderate, low or
very low. Studies included in our meta-analyses are
not-blinded. Therefore, using the GRADE recommen-
dations, the evidence was classified as having low to
very low quality for both outcomes.

Studies included in qualitative analysis

Sixteen studies27-31,33,34,36,39-46 were only qualitatively
described. Table 1 summarizes the results obtained by
those studies regarding islet viability and/or insulin secre-
tion. For all studies included in Table 1, the test condition
(MSCs plus islets) was compared with islet cultured alone
(control group). Most of those studies (56.3%) analyzed
murine islets co-cultured with murine bone marrow
(mBM) derived MSCs. Other studies analyzed murine
islets co-cultured with human umbilical cord blood
(hUCB), murine kidney (mKidney), or murine adipose-
derived stem/stromal cells (mASCs). Only one study
evaluated pig islets co-cultured with human ASCs
(hASCs). Three studies used an indirect co-culture sys-
tem (where the islets were separated from the MSC
monolayer by a semi-permeable membrane in a trans-
well system, allowing the passage of soluble factors,
Fig. 2C); 5 other studies used a direct co-culture system
(islets were cultured in direct contact with MSCs in
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monolayer or in suspension; Fig. 2A and B); while 3 stud-
ies evaluated both direct and indirect co-culture systems
(Table 1). Five studies used different types of co-culture
systems. Lin et al.41 used a co-culture microfluidic chip
where mBM-MSCs and islets were introduced respec-
tively into 2 microchambers which could be connected
by a traffic tunnel. Three studies encapsulated murine
islets together with syngeneic MSCs,39,43,44 and one study
mixed murine islet single cells or intact islets with
mASCs in concave microwells to have 3D co-cultured
islet spheroids.45

Most studies reported increased viability in murine
islets co-cultured with MSCs (7 to 30 d) as compared
with control condition, both for indirect,27,30 or
direct28,30 co-culture systems (Table 1). Karaoz et al.29

showed decreased apoptosis after 14 d of co-culture of
murine islets with mBM-derived MSCs. In the same
way, Park et al.27 reported a decrease in DNA frag-
mentation after 2 d of co-culture of murine islets with
hUCB. In the other hand, 2 studies reported no differ-
ences in viability between murine islets co-cultured
with syngeneic MSCs or islets cultured alone for 3
d.39,45 However, one of these studies was able to show
an increase in viability of islet spheroids exposed to
mASCs compared with intact and single islet sphe-
roids after 7 and 14 d in concave microwells.45

A direct co-culture of islet with MSCs (in mono-
layer or in suspension) also seems to increase basal
insulin and glucose-stimulated insulin secretion
(GSIS)28,30,31,34,36,40,42,46 (Table 1). The benefit of an
indirect co-culture system on islet function is still

controversy, with some studies reporting an increase
in basal insulin or GSIS,27,33 while other studies29-31,36

were not able to show any differences in these out-
comes when compared with islets cultured alone. Lin
et al.41 using a co-culture microfluidic chip, reported
that mBM-derived MSCs had the ability to migrate to
the microchamber containing murine islets and pro-
vide an improvement of GSIS during 3 to 21 d of cul-
ture. Jun et al.45 after mixing murine islets with
mASCs in concave microwells, creating 3D-islet sphe-
roids, suggested an increase in GSIS and ISI (7th and
14th d) when compared with intact islets or single
islets spheroids. Kerby et al.44 observed that alginate-
encapsulated islets with mKidney-derived MSCs had
increased GSIS and intracellular insulin content after
3 d of culture when compared with islets encapsulated
alone. However, 2 other studies that encapsulated
islets with mBM-MSCs were not able to show any sig-
nificant improvement in GSIS or ISI.39,43

Studies included in meta-analyses

Supplementary Table 1 summarizes the main charac-
teristics of the 12 studies selected for inclusion in the
meta-analysis. Among them, 4 studies analyzed the
viability outcome,29,33,35,36 6 analyzed the ISI out-
come26-28,30,37,38 and 2 analyzed both outcomes.39,40

Table 2 shows the pooled weighted mean differen-
ces (WMD) comparing the effect of co-culture of islets
with MSCs and islet cultured alone for both viability
and ISI outcomes. Fig. 3 illustrates the pooled WMD

Figure 1. Flowchart illustrating the search strategy used to identify studies for inclusion in the systematic review and meta-analysis.
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Figure 2. Schematic representation of different culture systems of pancreatic islets with MSCs. (A) Direct contact system with MSCs in
monolayer. In this system, MSCs are plated to the culture dish covering the bottom of it; then, hours late, islets are plated and enter in
direct contact with MSCs. (B) Direct contact system (MSCs and islets in suspension), where islets and MSCs are added together in the cul-
ture medium at the same time. Late, some MSCs can coat the islets. (C) Indirect contact system, where islets are separated from the MSC
monolayer by a semi-permeable membrane in a transwell system, allowing the passage of soluble factors. (D) Mixed contact system,
where MSCs were both in direct and indirect contact with islets. Of note, MSCs are in direct contact with islets in a transwell and also in
indirect contact through adherence of MSCs to the bottom of the dish.

Table 2. Pooled measures for the effect of the co-culture of pancreatic islets and MSCs on viability and ISI WMD.

Viability ISI

Variables Number of groups analyzed I2 (%) Pooled WMD (95% CI) P-value� Number of groups analyzed I2 (%) Pooled WMD (95% CI) P-value�

Overall 18 97.8 18.08 (12.59 – 23.57) — 15 69.3 0.83 (0.54 – 1.13) —
Type of co-culture < 0.001 0.224
Indirect contact 7 97.6 23.84 (15.99 – 31.69) a 4 75.9 1.10 (0.52 - 1.68)
Direct contact 7 52.5 5.93 (3.26 – 8.60) b 11 60.9 0.68 (0.35 – 1.02)
Mixed contact 4 98.2 28.84 (15.70 – 41.98) a — — —
Islet origin 0.907 0.493
Murine 17 97.9 18.05 (12.37 – 23.74) 12 69.7 0.78 (0.44 – 1.12)
Pig 1 — 18.60 (11.39 – 25.81) — — —
Human — — — 3 73.0 1.11 (0.24 - 1.97)
MSCs origin 0.332 0.114
Murine 16 97.9 18.71 (12.87 – 24.56) 11 61.0 0.66 (0.35 – 0.98)
Human 2 85.6 12.65 (1.87 – 23.43) 4 72.9 1.23 (0.60 – 1.86)
MSCs tissue origin 0.332 < 0.001
BM 16 97.9 18.71 (12.87 – 24.56) 13 53.7 0.65 (0.38 – 0.91)
UCB — — — 2 0.0 1.56 (1.17 – 1.96)
Adipose 2 85.6 12.65 (1.87 – 23.43) — — —

MSC, mesenchymal stromal cells; ISI, insulin stimulation index; WMD, unstandardized weighted mean difference.
� P-value for subgroup (univariate) analysis. Letters a and b refer to pairwise comparisons between co-culture contact system. Groups with different letters are sig-
nificantly different (P < 0.05, Wald test).
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for viability after stratification for co-culture systems.
Overall, the mean of viability was higher in islets co-
cultured with MSCs as compared with islet alone
[WMD D 18.08 (95% CI: 12.59 – 23.57)]. This
improvement in islet viability showed to be higher in
islets co-cultured in an indirect or mixed contact with
MSCs than in islets having a direct contact with MSCs
(P <0.001 for comparisons among subgroups)
(Table 2). Mixed co-culture method means that both
direct and indirect systems coexist, to know, the MSCs
are in direct contact with pancreatic islets in a trans-
well, and also in indirect contact through adherence of
MSCs to the bottom of the dish (monolayer) (Fig. 2D).

Fig. 4 and Table 2 show the pooled WMD for the
ISI outcome after stratification for tissue origin of
MSCs. Accordingly to the viability results, the mean
of ISI was significantly higher in islets co-cultured
with MSCs than in islets cultured alone [WMD D
0.83 (95% CI: 0.54 - 1.13)]. Interestingly, the mean of
ISI was higher in islets co-cultured with UCB-derived
MSCs [WMD D 1.56 (95% CI 1.17 - 1.96)] than in
islets co-cultured with BM-derived MSCs [WMD D
0.65 (95% CI 0.38 - 0.91)] (P <0.001).

As shown in Table 2, there were significant heteroge-
neities (I2> 50%) among studies in almost all sub-group

comparisons of viability and ISI and also in the overall
analyses (viability: I2D 97.8%, ISI: I2D 69.3%). To inves-
tigate these findings, bivariate meta-regression analyses
were performed as described in the Statistical analysis
for meta-analysis section. In these analyses, interactions
between one qualitative characteristic at a time (type of
co-culture system, islet origin, MSCs species origin, and
MSCs tissue origin) and co-culture time were investi-
gated for each outcome. Fig. 5A shows that there is an
improvement in viability mean differences overtime for
islets co-cultured withMSCs in indirect ormixed contact
systems (both P<0.001), and a worsening in viability for
islets co-cultured in direct contact systems (P D 0.005).
Fig. 5B demonstrates that islets co-cultured with MSCs
show highermean difference of ISI overtime in the direct
contact system than islet cultured alone (PD 0.02), while
no significant difference overtime was observed for islets
co-cultured in indirect contact systems compared with
islet cultured alone (PD 0.29). Visual inspection of fun-
nel plots did not indicate asymmetry suggestive of lack
of small-study bias for both analyzed outcomes (data not
shown). Moreover, no significant publication bias was
detected for viability (P D 0.62) and ISI (P D 0.52) out-
comes by the Begg and Egger test, suggesting that our
data are statistically robust.

Figure 3. Forest plot showing individual and pooled WMD (95% CI) for the effects of co-culture of islets and MSCs on islet viability. Results
were analyzed accordingly to different co-culture systems (indirect, direct or mixed contact). Areas of the squares reflect the weight of each
individual study and the diamonds illustrate random effect WMDs (95% CI) estimated from the studies. Co-culture groups were compared
with islet cultured alone. Some studies were included more than once in the analysis since they analyzed different periods of culture.
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Discussion

Successful islet transplantation is not only depen-
dent on the number of transplanted islets, but also
on their quality.11,48 Thus, a strategy for preserving
isolated islets without reducing their viability or
function during culture period could be invalu-
able.30 In this context, several studies have sug-
gested that co-culture of islets with MSCs can
enhance b cell viability and function and, conse-
quently, islet graft survival.26-28,30,31,33,35-37,46 Many
of the protective effects of MSCs could be mediated

by secretion of paracrine factors.26-28,33,37,49 How-
ever, some studies suggest that a direct physical
contact between islets and MSCs is critical to
improve islet survival, structural integrity and insu-
lin function.30,31,34,36,44,45 At the present time, it is
still inconclusive if paracrine factors are enough to
improve islet quality or if a physical contact with
islets is needed. Therefore, taking into account that
meta-analysis has been considered a powerful tool
for pooling the results from different studies,50 we
performed a systematic review and/or meta-analysis
of 20 published articles that compared the effect of

Figure 4. Forest plot showing individual and pooled WMD (95% CI) for the effects of co-culture of islets and MSCs on ISI. Results are shown
after stratification by tissue source of MSCs. Areas of the squares reflect the weight of each individual study and the diamonds illustrate
random effect WMDs (95% CI) estimated from the studies. Co-culture groups were compared with islet cultured alone. Some studies were
included more than once in the analysis since they analyzed different periods of culture.

Figure 5. Bivariate metaregression models with time of culture (in days) and type of co-culture system as predictors for viability (A) and
ISI (B) outcomes. The area of the circles reflects the weight of each individual study. (A) Effect size of indirect, direct and mixed co-cul-
ture systems on viability overtime. �P-values are related to comparison between islets co-cultured with MSCs vs. islet cultured alone.
The effect observed for mixed co-culture system was similar to that obtained for the indirect co-culture systems (P D 0.42), and both
effects were different to that obtained for the direct contact system (both P < 0.001). (B) Effect size of indirect and direct co-culture sys-
tems on the ISI outcome overtime.�P-values are related to the comparison between co-culture condition vs. islet alone condition. The
effect observed for the direct and indirect co-culture systems were different (P D 0.02).

36 B. M. DE SOUZA ET AL.



direct or indirect co-culture of islets with MSCs on
islet quality outcomes.

Our meta-analysis results suggest that viability is
higher in islets co-cultured with MSCs than islets
cultured alone, which is independent of the type of
contact system used. This data are in agreement
with results reported by most studies analyzed qual-
itatively by us (Table 1).27-30,43,45 Interestingly, this
improvement in viability seems to be significantly
higher overtime for those islets co-cultured in indi-
rect or mixed contact systems compared with islets
co-cultured in a direct contact with MSCs (Fig. 5A).
The underlying mechanisms modulating increased
islet viability and cell membrane integrity might be
attributed to the paracrine mediators secreted by
MSCs, including vascular endothelial growth factor
(VEGF), insulin-like growth factor 1, transforming
growth factor b 1, hepatocyte growth factor, hem-
eoxygenase-1, interleukin 6, tissue inhibitor of
metalloproteinase (TIMP)-1, and indoleamine 2,
3-dioxygenase, among others.26,27,29,33,35,49

Park et al.27 reported that murine islets co-cultured
with hUCB-MSCs showed an upregulation of anti-
apoptotic signaling molecules [X-linked inhibitor of
apoptosis protein, b cell CLL/lymphoma-2, BCL¡XL,
and heat shock protein 32], probably resulting from
Akt pathway activation, which is known to play a cru-
cial role in survival of b cells. At the mRNA level, they
observed increased expressions of angiogenesis/revas-
cularization-related genes [VEGF receptor 2, induced
by VEGF, and TEK tyrosine kinase endothelial (Tek/
Tie-2)] in islets from the co-cultured condition.
Yamada et al.33 reinforced the importance of VEGF
for islet survival in vitro via inhibition of VEGF func-
tion using bevacizumab. They showed that islet viabil-
ity was significantly lower in the co-culture group
(porcine islets C hASCs) treated with bevacizumab
than in non-treated co-culture condition. They con-
cluded that VEGF might correlate with vasculogenesis
and angiogenesis as well as anti-apoptotic effects. In
the study by Kono et al.35 analysis of hASC-derived
factors revealed VEGF and TIMP-1 to be highly abun-
dant proteins secreted by hASCs in the presence of
stressed murine islets in an indirect co-culture system.
TIMP-1 is a member of the matrix metalloproteinase
inhibitor family and is known to regulate several bio-
logic processes, such as cell growth, migration, and
apoptosis. Accordingly, TIMP-1 blockade was able to
abrogate, in vitro, pro-survival effects of hASCs,

suggesting an important role for TIMP-1 in b cell sur-
vival under pro-inflammatory cytokine stress.35

TIMP-1 and VEGF were also increased in murine islet
co-cultured for 4 weeks with mBM-MSCs, both for
indirect and direct contact systems compared with
islet cultured alone condition, which was associated to
a decrease in chemokine (C-C motif) ligand 2 (CCL2
or MCP1) and tumor necrosis factor levels in the cul-
ture medium.30

Our meta-analysis results also indicate that islet co-
cultured with MSCs show an improvement in insulin
secretion (ISI) compared with islet cultured alone,
independently of the type of contact system used.
However, when taking into account the duration of
co-culture, a direct physical contact between islets and
MSCs seems to be more effective in improving islet
secretory function in long-term culture than in an
indirect contact system (Fig. 5B). This last result
should be interpreted with caution due to the small
number of studies that analyzed islets kept more than
7 d in culture. Only few studies have directly com-
pared different co-culture conditions. 30,31,36 However,
these studies indicate that a direct islet-MSC contact is
more efficient in improving insulin secretion overtime
than the indirect contact between cells, which is in
agreement with our meta-analysis data.

Scuteri et al.36 compared direct, indirect and mixed
co-cultures of murine islets with mBM-MSCs during
1 to 4 weeks of follow-up. Although the direct contact
did not influence islet’s survival, it was able to trigger
pancreatic and duodenal homeobox (Pdx)-1 expression
in MSCs, which is a pivotal gene regulating insulin
production. Pdx-1 triggered the differentiation of
MSCs into insulin-releasing cells and, consequently,
increased GSIS in the culture medium after 2–3 weeks
of culture. On the other hand, in indirect co-cultures,
only an increase in islet viability was observed, proba-
bly mediated by trophic factors released by MSCs.
Interestingly, the mixed contact system was associated
with an increase in both viability and insulin secretion,
uniting the distinct mechanisms of action in a single
paradigm.36

Likewise, Jung et al.30 showed that physical contact
between mBM-MSCs and murine islets was more
effective in sustaining islet secretory function in long-
term culture (2–3 weeks) than the indirect contact or
islet monoculture. They concluded that in the direct
contact group, MSCs aggregated around the islets and
formed a capsule-like structure that probably
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preserved islet morphology, providing a microenvi-
ronment suitable for the repair of islet injury and sup-
porting islet function.30 Moreover, Rackham et al.31

demonstrated that the indirect contact of murine islets
with mKidney-MSCs did not improve islet function,
probably because soluble factors alone cannot account
for the beneficial impact of MSCs in insulin secretion.
However, the use of a direct contact configuration
(with MSC monolayer) improved GSIS in vitro due to
a dynamic cross-talk between those cells, which corre-
lated with superior islet graft in vivo. The results of
other studies analyzed only qualitatively by us also
indicate that the direct configuration is efficient for
improving GSIS,34,42,46 while the indirect contact sys-
tem is not.29 Unfortunately, these last studies did not
compare different co-culture systems.

Of note, some studies evaluated the effects of islet
co-culture with MSCs in different in vitro stress condi-
tions, further corroborating that MSCs protect islets
during culture period. Lu et al.37 reported that MSCs
protected islets from hypoxia/reoxygenation-induced
injury by decreasing apoptosis, increasing hypoxia-
inducible factor-1a, cyclooxygenase-2 and heme oxy-
genase-1 expressions, and improving GSIS. Other
studies also showed that MSC co-culture improved
islet viability and/or function after exposure to pro-
inflammatory cytokines35,51 or streptozotocin.29

Although the evaluation of the in vivo effects of co-
culture of islets with MSCs was not the aim of this sys-
tematic review and meta-analysis, some of the
included studies also reported data regarding trans-
plantation in diabetic mice of co-cultured islets with
MSCs compared with islets cultured alone. Two stud-
ies showed that the transplantation of islets pre-cul-
tured with MSCs in a direct contact system
(monolayer) was associated with a significant
improvement in glycemic control of mice compared
with transplantation of islets cultured alone.31,46 In
addition, islets from the co-culture condition had a
60% increase on the capacity to reverse hyperglycemia
in a period of 30 d after transplantation.31,46 These in
vivo functional data are in accordance with the results
of our meta-analysis.

Taking into account both islet viability and func-
tion data, we therefore suggest that for short time cul-
tures (until 2–3 d, as commonly used in the islet
transplantation setting), all type of contact systems
may be used for the improvement of these outcomes.
However, for longer culture periods, direct physical

contact seems to be more effective than indirect con-
tact in sustaining islet secretory function. Possibly, the
mixed contact system might have an advantage in
relation to the other systems since it unites positive
effects of the trophic factors secreted by MSCs as well
as the differentiation of MSCs into insulin-secreting
cells, as proposed by Scuteri et al.36

The present systematic review and meta-analysis has
some limitations. First, heterogeneity is potentially a sig-
nificant problem when interpreting the results of any
meta-analysis, and the present meta-analysis showed sig-
nificant inter-study heterogeneities for the 2 outcomes
analyzed. The heterogeneity can be explained by differen-
ces in the source of isolated pancreatic islets (human,
murine or pig) and MSCs (human or murine) or tissue
origin of MSCs (adipose tissue, BM, UCB) as well as dif-
ferent experimental protocols regarding co-culture dura-
tion or differential experience of the research groups in a
given method, MSCs passage number, details of the con-
tact system used, and techniques used for evaluation of
viability or insulin secretion. Second, the ratio of MSCs
to islets may have an important effect on islet outcomes37

since it could be related to the amount of MSC-secreted
solublemediators. However, theMSC/islet ratio was vari-
able among the studies, and some studies did not provide
this information. Therefore, this ratio could not be
included as a qualitative predictor in meta-regression or
subgroup analyses. Third, some studies did not describe
important information regarding experimental design,
which difficult the interpretation of the results. Fourth,
using GRADE recommendations, most studies were con-
sidered as having low to very low quality since they were
not clinical blinded studies. Fifth, due to differences in
the experimental methods some studies could be ana-
lyzed only qualitatively; therefore, only a few studies were
available for inclusion in the meta-analysis. Sixth, meta-
analysis is notoriously prone to publication bias, and
although we have attempted to trace unpublished obser-
vations and the statistical tests did not indicate risk of
publication bias, we cannot be sure that small negative
studies were overlooked. However, we believe that this
systematic review and meta-analysis is valid to synthetize
the information regarding the effect of co-culture of
MSCs with islets.

In conclusion, this study has shown that co-culture
of pancreatic islets with MSCs has the potential for
protecting islets from injury after isolation and during
culture period independent of the type of contact sys-
tem used. Therefore, this might be a valuable method
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for b cell preservation before transplantation, decreas-
ing the loss of islets, which currently limits the appli-
cation of allogeneic islet transplantation as a more
widespread therapy for T1DM.

Materials and Methods

Search strategy and eligibility criteria

A systematic review was designed and described in
agreement with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-analyses (PRISMA) guide-
lines.52 To identify all studies that reported co-culture of
pancreatic islets with MSCs, we performed an electronic
literature search in PubMed and Embase repositories,
without data restriction. The following medical subject
headings (MeSH) were used for this search: (“mesenchy-
mal stem cell” OR “mesenchymal stromal cell” OR
“adult stem cell” OR “multipotent stem cell” OR “stem
cell” OR “mesenchymal stem cell transplantation” OR
“stem cell research”) AND (“pancreas islet”OR “islets of
Langerhans” OR “pancreas islet transplantation” OR
“islet transplantation”). The search was restricted to
English and Spanish language papers and was completed
on May 5, 2016. All articles retrieved were also searched
manually to identify any other relevant citations.

Eligibility evaluation was done by title and abstracts
review and when abstracts did not provide sufficient
information, the full text of the paper was retrieved
for analysis. This was performed independently in a
standardized manner by 2 investigators (K.R. and
A.P.B.). Discrepancies were resolved by discussion
between them and, when needed, a third reviewer
(D.C.) was consulted. Where abstracts did not provide
sufficient information about the inclusion criteria, a
further full text analysis was done. Studies were con-
sidered eligible for inclusion if they matched the fol-
lowing criteria: 1) the study should have compared
outcomes of pancreatic islets and MSCs co-culture
(case group) with results of islets cultured alone (con-
trol group); 2) it should have analyzed markers of islet
viability and/or islet function in vitro, and 3) it should
be an original article. Whether data were duplicated
or had been published more than once, the most com-
plete study was chosen. For articles with missing
information, the authors were contacted for further
information, but the majority of them did not answer.
Articles that did not fulfill the eligibility criteria
described above were excluded from the study.

Data extraction and quality control assessment

Data were independently extracted by 2 investigators
(B.M.S. and A.P.B.) using a standardized abstraction
form, and consensus was sought in all extracted items.
When consensus could not be achieved, differences in
data extraction were resolved by a third reviewer (D.C.)
and by reading the original publication. Information
extracted from each study were as follow: name of first
author, publication year, islet origin (human / murine /
pig), MSCs origin (human / murine), tissue from which
MSCs were extracted (e.g. BM / UCB / adipose tissue /
kidney), method of co-culture (indirect / direct / mixed;
Fig. 2), culture duration, number of replicates analyzed
in each group and results of islet viability and function
(in mean § SD, SE or through estimation from
graphics that had been found in the articles).

For the viability outcome, data obtained from tech-
niques that used comparable staining dyes for viable/
dead cells [fluorescein diacetate (FDA) / propidium
iodide (PI); acridine orange (AO)/PI; Syto-Green/ethi-
dium bromide (EB); calcein-AM; ethidium homo-
dimer-1 (EH 1)/calcein-AM or trypan blue] were
compiled in the quantitative analysis. Studies that
used DNA-fragmentation-based ELISA kits or FACS-
analysis for determination of apoptosis were included
only in the qualitative analysis. For the islet function
outcome, all studies that calculated ISI – rate of high
to low glucose stimulated-insulin secretion) were
included in the quantitative analysis. Studies that only
measured basal or GSIS or intracellular insulin con-
tent were just qualitatively analyzed.

Two investigators (B.M.S and A.P.B.) independently
assessed the quality of each eligible study using GRADE
recommendations.47 GRADE categorizes quality of evi-
dence into 4 categories: high, moderate, low or very
low. The quality evaluation includes factors such as the
study design (risk of bias), imprecision, inconsistency,
indirectness, and publication bias. Risk of publication
bias was assessed using funnel plot graphics, analyzed
both visually and with the Begg and Egger test.53 The
significance of the intercept was determined by the t
test, as proposed by Egger, with P <0.10 considered
indicative of statistically significant publication bias.

Statistical analysis for meta-analysis

Outcomes of interest included in the meta-analyses
were islet viability and ISI. For both outcomes, pooled
results are shown as unstandardized WMD between
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islets cultured alone and the co-culture condition
(MSCs plus islets). Heterogeneity among studies was
tested using the Cochran’s Q test and the I2 (inconsis-
tency) statistic.54,55 Inter-study heterogeneity was con-
sidered statistically significant at P <0.10 (Q test) and
I2 >50%. Due to different experimental conditions
across studies, significant heterogeneities are expected.
Therefore, random effects model, with DerSimonian
and Laird estimator and the inverse variance method,
was used to calculate WMD, 95% CI and P values.54,55

To further explore the expected heterogeneities,
bivariate meta-regression or subgroup meta-analyses
were carried-out to assess possible associations
between different variables (qualitative and quantita-
tive predictors) and outcomes. Qualitative predictors
used in subgroup (univariate) analysis were type of
co-culture system (indirect, direct or mixed contact),
islet origin (murine, human or pig), MSCs species ori-
gin (murine or human), and MSCs tissue origin (BM,
UCB or adipose tissue), while the quantitative predic-
tor was time (duration of culture in days). The signifi-
cance of each individual predictor was tested using the
likelihood ratio test.56 In addition, taking into account
that the type of co-culture system predictor had more
than 2 categories, Wald test with Bonferroni adjust-
ment was used for pairwise comparisons.56 To further
explore the effect of possible interactions between
time and the 4 qualitative predictors on the outcomes,
bivariate meta-regression analyses using mixed-effect
models were also performed.

Statistical analyses were performed using Stata 11.0
software (StataCorp, College Station, TX, USA) and
the R software (Meta and Metafor packages; R Core
Team, Vienna, Austria).
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