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Abstract
Aims/hypothesis Reprogramming of pancreatic exocrine to
insulin-producing cells by viral delivery of the genes encoding
transcription factors neurogenin-3 (Ngn3), pancreas/duodenum
homeobox protein 1 (Pdx1) andMafA is an efficient method for
reversing diabetes in murine models. The variables that modu-
late reprogramming success are currently ill-defined.
Methods Here, we assess the impact of glycaemia on in vivo
reprogramming in a mouse model of streptozotocin-induced
beta cell ablation, using subsequent islet transplantation or
insulin pellet implantation for creation of groups with differ-
ing levels of glycaemia before viral delivery of transcription
factors.
Results We observed that hyperglycaemia significantly im-
paired reprogramming of exocrine to insulin-producing cells
in their quantity, differentiation status and function. With
hyperglycaemia, the reprogramming of acinar towards beta
cells was less complete. Moreover, inflammatory tissue

changes within the exocrine pancreas including macrophage
accumulation were found, which may represent the tissue’s
response to clear the pancreas from insufficiently
reprogrammed cells.
Conclusions/interpretation Our findings shed light on
normoglycaemia as a prerequisite for optimal reprogramming
success in a diabetesmodel, whichmight be important in other
tissue engineering approaches and disease models, potentially
facilitating their translational applications.

Keywords Diabetes . Exocrine to beta cell reprogramming .

Hyperglycaemia

Abbreviations
ChgA Chromogranin A
DT Diphtheria toxin
DTR Diphtheria toxin receptor
FDR False discovery rate
HSP60 Heat shock protein 60
Hyper Hyperglycaemic group
InsP Insulin pellets
IPS cell Induced pluripotent stem cell
KEGG Kyoto Encyclopedia of Genes and Genomes
Normo Normoglycaemic group
Nx Nephrectomy
panCK Pan-cytokeratin
PDL Partial duct ligation
PTF1A Pancreas specific transcription factor 1a
Rag−/− B6.129S7-Rag1tm1Mom/J mice
STZ Streptozotocin
Tx Transplantation
WT Wild type

Claudia Cavelti-Weder and Weida Li contributed equally to this study

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-015-3838-7) contains peer-reviewed but unedited
supplementary material, which is available to authorised users.

* Qiao Zhou
qiao_zhou@harvard.edu

1 Section on Islet Cell and Regenerative Biology, Joslin Diabetes
Center, Harvard University, Boston, MA, USA

2 Translational Medical Center for Stem Cell Therapy and Institute for
Regenerative Medicine, Shanghai East Hospital, Tongji University
School of Life Sciences and Technology, Shanghai, The People’s
Republic of China

3 Department of Stem Cell and Regenerative Biology, Harvard
University, Sherman Fairchild 258C, 7 Divinity Ave,
Cambridge, MA 02138, USA

Diabetologia (2016) 59:522–532
DOI 10.1007/s00125-015-3838-7

http://dx.doi.org/10.1007/s00125-015-3838-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s00125-015-3838-7&domain=pdf


Introduction

For type 1 and type 2 diabetes, there is great interest in the
generation of new beta cells for replacement therapy. Four ap-
proaches have received considerable attention: replication of
existing beta cells [1–3]; neogenesis of new beta cells from pre-
cursor cells [4–7]; embryonic or induced pluripotent stem (iPS)
cell differentiation into beta cells [8, 9]; and direct
reprogramming of non-beta to beta cells [10–17]. For the last
approach, varying success has been achieved in vivo by admin-
istration of transcription factors [12–14, 17] or cytokines [10], or
the ablation of forkhead box protein O1 (FoxO1) in
enteroendocrine progenitor gut cells [18]; furthermore, evidence
exists for the conversion of alpha or delta cells to beta cells after
near complete beta cell loss [11, 16]. Reprogramming of acinar
to beta cells has been shown to yield insulin+ cells that can persist
and function for at least 13 months [14], which raises questions
about potential clinical applications.

Among the many environmental factors that could influ-
ence reprogramming, glucose is of particular interest because
it plays a dominant role in the maintenance of beta cell mass
[19]. Beta cell hyperplasia has been linked to glucose metab-
olism in studies using genetic tools to reduce glucokinase
activity [20, 21]. However, chronic hyperglycaemia can exert
harmful effects on beta cells leading to a marked loss of
glucose-stimulated insulin secretion [22–27] and changes in
gene expression consistent with dedifferentiation or apoptosis
[15, 28, 29]. However, nothing is known about the effect of
hyperglycaemia on in vivo acinar to beta cell reprogramming.

In the present study, we asked whether and how glucose
influences in vivo reprogramming of exocrine to insulin+ cells
using the three transcription factors neurogenin-3 (NGN3),
pancreas/duodenum homeobox protein 1 (PDX1), and
MafA. Streptozotocin (STZ)-treated mice were subjected to
either islet transplantation or insulin pellet (InsP) implantation
to create distinct glycaemic groups before viral delivery of
transcription factors [30].We found that overt hyperglycaemia
negatively impacts reprogramming of exocrine to insulin+

cells in terms of their quantity, differentiation status and func-
tion. This reprogramming was accompanied by an inflamma-
tory response within the exocrine pancreas with macrophage
accumulation. Thus, we found that reprogramming success
depends on not only the delivery of transcription factors but
also a normoglycaemic environment.

Methods

Animals Male 6-week-old B6.129S7-Rag1tm1Mom/J mice
(Rag−/−) were obtained from Jackson Laboratories (Bar
Harbor, ME, USA). All procedures were approved by the
Animal Care and Use Committees of both the Joslin
Diabetes Center and Harvard University.

Polycistronic virus construction Ngn3 (also known as
Neurog3)/Pdx1/MafA with the fluorescence marker Cherry
on a polycistronic system, or Cherry alone, were cloned into
the pad/CMV/V5 adenoviral vector by the gateway system as
previously described [30], and referred to as M3Cherry and
Cherry, respectively.

Administration of STZ A single dose of STZ (Sigma, St
Louis, MO, USA), 180 mg/kg freshly dissolved (20 mg/ml)
in 1.093 mmol/l citrate buffer (pH 4.5), was injected intraper-
itoneally into Rag−/− mice after an 8 h daytime fast.

Islet isolation and transplantation, InsP implantation and
blood glucose measurements After STZ-treatment, groups
with differing levels of glycaemia were created using the
following protocols. In the hyperglycaemic group, diabetic
mice received two insulin pellets (LinShin Canada, Toronto,
ON, Canada) by subcutaneous implantation 3–8 days after the
STZ-injection. These InsP were sub-therapeutic allowing
hyperglycaemia with preservation of reasonable health;
additional InsP were implanted upon 10%–20% weight loss.
In the normoglycaemic group, islet transplantation (Tx) was
employed to achieve normoglycaemia. Islets from adult
6-week-old male C57BL/6J mice were isolated by collage-
nase digestion [31] with rodent Liberase RI (Roche,
Indianapolis, IN, USA) and purified by gradient separation
using Histopaque-1077 (Sigma). Three to eight days after
STZ, 6-week-old Rag−/− mice were transplanted with 500
islets under the right kidney capsule [32]. Blood glucose
levels were measured on blood from snipped tails with a
glucometer (One touch Ultra, Life Scan, Milpitas, CA, USA).

Virus injection Two weeks after the islet Tx or InsP implan-
tation, the pancreatic tail was injected with 100 μl of purified
virus at one–two loci (titre 2×1010 plaque-forming units/ml)
with a 3/10 ml Insulin Syringe (Becton Dickinson, Franklin
Lakes, NJ, USA) as previously described [30].

Nephrectomy In a subset of mice, the right kidney containing
the islet graft was removed 10 or 25 days after virus injection.
Thereafter, glucose control fully depended on induced insu-
lin+ cells in the pancreas.

Tissue collection and immunostaining Adult mouse
pancreases were fixed with 4% paraformaldehyde for 2 h at
4°C. Samples were subsequently incubated in 30% sucrose
solution overnight (6–12 h) and embedded with O.C.T.
Compound (Tissue-Tek, Torrance, CA, USA). The antibodies
used for immunohistochemistry are listed in electronic supple-
mentary material (ESM) Table 1. DAPI was used for nuclear
staining. Confocal images of pancreatic sections were taken
on a Zeiss LSM710 (Zeiss, Thornwood, NY, USA).
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Quantification of insulin-containing cells To estimate the
number of reprogrammed cells, insulin+ cells in every fifth
section of the entire infected pancreatic portion were counted
by hand and multiplied by the factor 5 using a confocal mi-
croscope (Zeiss LSM 710 [Zeiss] at Joslin or a Nikon Eclipse
Ti-S [Nikon, Melville, NY, USA] microscope in Cambridge).
For quantifications of ratios (e.g. heat shock protein 60
[HSP60]+:Cherry+ cells), we counted cells in four–five inde-
pendent slides from the infected region of each animal.

Gene profile analysis On day 10 after reprogramming,
pancreases were dissociated by perfusion via the bile duct of
a Liberase-containing solution (25 mg/ml). Endogenous islets
were separated from the exocrine fraction by gradient centri-
fugation and dithizone staining. The infected exocrine cell
fraction was furthered dissociated into single cells by
Liberase, dispase and elastase. Cherry+ cells were collected
by FACS with FACSaria (BD Bioscience, San Jose, CA,
USA). RNAwas extracted from the Cherry+ cells. Gene pro-
filing by Illumina microarrays (San Diego, CA, USA) was
analysed to assess differential gene expression of cells
reprogrammed in hyperglycaemia and normoglycaemia. We
used gene set enrichment analysis as well as the Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway data-
base to find significantly enriched gene sets as defined by false
discovery rate (FDR) <25% to account for multiple testing.

Bone marrow Tx of CD11b-DTR or wild-type donors and
diphtheria toxin injection Six-week-old male Rag−/− mice
were lethally irradiated using 9 Gy (2×4.5 Gy 4 h apart).
After 6 h, mice were transplanted by intravenous injection of
107 erythrocyte-depleted (ACK lysis buffer) bone marrow cells
extracted from the femur and tibia of 8-week-old Rag−/− or
Rag−/−;CD11b-diphtheria toxin receptor (DTR) transgenic
mice. Rag−/−;CD11b-DTR mice are B6.FVB-Tg(ITGAM-
DTR/EGFP)34Lan/J (Jackson Laboratories) crossed for five
generations into Rag−/− mice. Four weeks after bone marrow
transplantation, adenovirus injection was performed as above.
For macrophage depletion, diphtheria toxin (DT; Sigma) was
administered intraperitoneally to all mice at 25 ng/g body
weight (in TRIS-buffered saline pH 7.6) on days 0, 2, 4, 6, 8
and 10 after virus injection. PCR was performed on crude in-
fected pancreas (see ESM Table 2 for primers).

Data analysis All animals have been included in data
analysis. Data are expressed as mean ±SEM unless oth-
erwise indicated. Mann–Whitney or t tests were used as
indicated to estimate statistical significance. Correlations
were calculated with the Spearman’s r test. Contingency
tables were analysed by χ2 test. A p value <0.05 was
considered statistically significant.

Results

Reprogrammingwith hyperglycaemia leads to fewer insulin+

cells To determine if hyperglycaemia has a negative influence
on reprogramming, STZ-treated diabetic Rag−/− mice were
randomly assigned to a normoglycaemic group by transplan-
tation of 500 islets of C57-mice or a hyperglycaemic group by
implantat ion of InsP to keep animals viable yet
hyperglycaemic. M3Cherry or Cherry control viral constructs
were injected into the pancreas 2 weeks later, and animals
were killed after 10 or 25 days (Fig. 1a). Mice treated with
InsP stayed hyperglycaemic (30.5±0.4 mmol/l, n=18), while
transplanted animals were normoglycaemic (9.2±0.3 mmol/l,
n=27; Fig. 1b). Regardless of glucose levels, reprogramming
with the M3Cherry viral construct led to the appearance of
single or clustered insulin+ cells in the pancreatic tail with
minimal numbers of Cherry+ cells stained for glucagon, so-
matostatin or pancreatic polypeptide (Fig. 1c, ESM Fig. 1a–c).
On day 10, recipients of islet transplants had 141±22×103

insulin+ cells, while InsP recipients had 84±20×103 (both
n = 5; p = 0.2, Fig. 1d, ESM Fig. 2a). The number of
reprogrammed insulin+ cells in normoglycaemic animals in-
creased from day 10 to 25 (233±25×103, n=4) in contrast to
the hyperglycaemic group with an unchanged number of
reprogrammed cells (79±10×103, n=5, Fig. 1d). Thus, the
estimated total number of reprogrammed insulin+ cells dif-
fered significantly in hyperglycaemic and normoglycaemic
animals on day 25 (p<0.05, Fig. 1d). For individual animals
at each time point (day 10 and 25), there was an inverse cor-
relation between mean glucose levels after reprogramming
and the number of reprogrammed insulin+ cells (day 10:
r = −0.75, p = 0.003 [n = 13]; day 25: r = −0.94, p = 0.02
[n=6], ESM Fig. 2b,c). This inverse correlation even existed
in normoglycaemic mice receiving mouse or rat islets, the
latter having lower glucose levels due to rat beta cells having
lower glucose set-points for secretion (insert ESM Fig. 2b).

With hyperglycaemia, reprogrammed cells show pre-
served reprogramming initiation but then less differentia-
tion toward a beta cell phenotypeWe assessed the temporal
sequence of reprogramming events. Cell size reduction has
been described as an early morphological response to iPS
cell and exocrine to beta cell reprogramming [17, 33].
Moreover, we have previously shown that acinar to beta cell
reprogramming follows a temporal sequence with acinar cells
adopting first an endocrine and then beta cell fate [34]. Thus,
reprogramming events were followed over time: (1) initiation
of reprogramming as assessed by cell size reduction; (2) en-
docrine commitment by chromogranin A (ChgA) expression;
and (3) beta cell commitment by insulin expression.

Maximal diameters of Cherry+ cells were determined in
M3Cherry-injected animals and Cherry-injected controls. In both
hyperglycaemic (hyper) and normoglycaemic (normo)
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conditions, cell sizes of Cherry+insulin+ (hyper 18.1±0.5 μm,
normo 18.3±0.4 μm) as well as Cherry+insulin− (hyper 17.5
±0.6 μm, normo 18.3±0.4 μm) cells were significantly
smaller in M3Cherry-treated animals compared with
Cherry+ cells in Cherry-injected controls (hyper 27.7
± 0.4 μm, normo 28.7 ± 0.2 μm, all comparisons
p< 0.05, Fig. 2a), indicating preserved reprogramming
initiation by cell size reduction, irrespective of glucose
levels.

The endocrine commitment as assessed by ChgA expres-
sion was 91.2±2.3% of Cherry+ cells in hyperglycaemic mice
on day 10, while virtually all Cherry+ cells co-expressed
ChgA in normoglycaemic animals (99.0 ± 0.4%, p=0.008;
Fig. 2b), suggesting impaired endocrine commitment with
hyperglycaemia. This difference in ChgA expression was also
seen on a qualitative level, as ChgA expression in
hyperglycaemic animals was much weaker and more inhomo-
geneous compared with its strong and even expression in
normoglycaemia.

Beta cell commitment was assessed by the proportion of in-
fected Cherry+ cells stained for insulin. On day 10, the percent-
age of insulin+/Cherry+ cells was significantly lower in
hyperglycaemic (37.2 ± 4.9%, n = 5) compared with
normoglycaemic mice (57.3±5.8%, n=5; Fig. 2c). While by
day 25 in hyperglycaemia the percentage of insulin+/Cherry+

cells only increased to 57.0±4.5% (n=5), with normoglycaemia

reprogrammed cells exhibited a reprogramming efficiency of
79.0±6.0% insulin+/Cherry+ cells (n=3), indicating increasing
commitment toward the beta cell lineage (Fig. 2c). This went
along with significantly lower expression of NKX2.2 (NK2 ho-
meobox 2) protein in reprogrammed cells of hyperglycaemic
animals (72.2±5.8%, n=3) compared with normoglycaemic
animals (87.3±3.3%, n=3, p<0.05, t test). Taking these find-
ings together, hyperglycaemia does not affect reprogramming
initiation as reprogrammed cells still undergo cell size reduction,
yet inhibits the endocrine and beta cell commitment later in this
temporal sequence.

Normoglycaemia during reprogramming is required for
function of reprogrammed cells When M3Cherry viral con-
structs were injected into hyperglycaemic animals that had re-
ceived InsP-implants, sustained normalisation of glucose levels
was not achieved (not shown). To determine at what stage
hyperglycaemia affects the function of reprogrammed cells, ne-
phrectomies (Nx) of the kidneys carrying the islet grafts were
performed early (day 10) or late (day 25) after reprogramming.
After Nx, glycaemia fully depended on reprogrammed cells as
endogenous beta cells had previously been ablated by STZ
(Fig. 3a). Hyperglycaemia defined as glucose >11.1 mmol/l in
the 2weeks followingNx occurred in 5/6 animals in the earlyNx
group while 1/6 animal was hypoglycaemic as opposed to 2/7
hyperglycaemic, 3/7 normoglycaemic and 2/7 hypoglycaemic

Fig. 1 Reprogramming with hyperglycaemia produces fewer insulin+

cells. (a) Rag−/− mice were treated with 180 mg/kg STZ and 1 week later
subjected to Tx with mouse islets or InsP implantation to create distinct
glycaemic groups. Two weeks later, Cherry or M3Cherry viral constructs
were injected and animals euthanised (Euth.) 10 or 25 days later for
quantification of insulin+ cells. (b) Blood glucose levels differed signifi-
cantly between the hyperglycaemic group (open triangles) and
normoglycaemic group with islets transplants (closed triangles;
p< 0.01 at all time points). SEMs smaller than symbols are not displayed;
d10/d25, day 10/25. (c) M3Cherry injection led to appearance of single or

clustered insulin+ cells irrespective of glucose levels (insulin, green;
Cherry, red; DAPI, blue; shown day 10, inserts for Cherry+ and insulin+

cells); scale bar, 50 μm. (d) From day 10 to day 25 the total number of
insulin+ cells increased in normoglycaemic animals (black bars, 141
± 22 × 103 [n = 5] day 10; 233 ± 25 × 103 [n = 4] day 25), but not
hyperglycaemic animals (white bars, 84 ± 20 × 103 [n = 5] day 10; 79
± 10 × 103 [n = 5] day 25), leading to a significant difference between
the two glycaemic groups by day 25 (p= 0.016).; *p < 0.05 (Mann–Whit-
ney test). C, Cherry; M3C, M3Cherry
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animals in the late Nx group. Glucose levels at 1 week after Nx
were 21.7±3.9 mmol/l in the early Nx group (n=6), which was
significantly higher than the levels of 7.9±1.8 mmol/l (n=7) in
the late Nx group (Fig. 3b, c). Thus, hyperglycaemia during
reprogramming results also in functional impairment of insulin+

cells, while their function is maintained in a normoglycaemic
environment.

Reprogramming in hyperglycaemia leads to changes in
the exocrine cell compartment with prolonged inflamma-
tory tissue remodelling With hyperglycaemia and the
M3Cherry injection, major tissue remodelling in the exocrine
cell compartment was evident on day 10, with formation of
abundant tubular complexes reminiscent of those seen in pan-
creatitis [35]. Insulin+ cells were found contained within these
tubular structures (Fig. 4a, b, ESM Fig. 3). Cells of tubular
complexes strongly expressed the mitochondrial stress marker
HSP60 in hyperglycaemic animals (ratio of HSP60+:Cherry+

cells 3.6±0.5, n=5). Such tubular complexes were not found
in normoglycaemic M3Cherry-injected animals at this time
point (ratio of HSP60+:Cherry+ cells 1.2±0.1, n=5; Fig. 4a,
ESM Fig. 3), and by day 25 they were no longer predominant
in either group (ratio HSP60+:Cherry+ cells 1.0±0.01 [hyper,
n=3] and 1.1±0.05 [normo, n=3]; Fig. 4a).

panCK(pan-cytokeratin), a marker of pancreatic duct epithe-
lial cells, was found to be strongly expressed in the tubular
complexes of hyperglycaemic M3Cherry-injected animals on
day 10 (ratio panCK+:Cherry+ cells 3.9±0.6 [hyper, n=5] vs
0.6±0.08 [normo, n=5]), while this differential was gone by
day 25 (ratio panCK+:Cherry+ cells 1.0±0.2 [hyper, n=4] vs
0.4±0.02 [normo, n=4]; Fig. 4b, ESM Fig. 3). As with HSP60
expression, panCK+ tubular complexes were not found in
hyperglycaemic Cherry-injected controls and noninfected areas
of M3Cherry-injected animals (not shown). With
normoglycaemia, the majority of reprogrammed cells were
found in clusters potentially representing former exocrine acini.

Fig. 2 With hyperglycaemia, reprogrammed cells show preserved initial
cell size reduction, but progression to a differentiated phenotype is sig-
nificantly reduced. See Fig. 1a for set-up of experiments. (a) Cell size:
reduction of maximal cell diameters as a measure for reprogramming
initiation showed comparable values in hyperglycaemic (n = 6) and
normoglycaemic (n = 5) M3Cherry-injected animals, which were signif-
icantly smaller (all p < 0.05) compared with Cherry-injected controls
(n = 4). (b) Endocrine commitment: on day 10 in hyperglycaemia,
reprogrammedCherry+ cells expressed significantly less ChgA as amark-
er of endocrine commitment compared with normoglycaemia (each group

n= 5). On day 25, a new population of ChgA+insulin− cells had emerged
in the presence of hyperglycaemia (n = 4), while most cells
reprogrammed in normoglycaemia were Cherry+ChgA+insulin+ (n = 3).
(c) Beta cell commitment: beta cell differentiation as assessed by insulin
positivity was less developed (p = 0.03) in hyperglycaemia compared
with normoglycaemia on day 10 (each group n= 5) and day 25 (normo
n= 3, hyper n= 5, p= 0.07). Immunohistochemistry shown from day 10;
scale bars, 50 μm; Ctrl, control; M3C, M3Cherry; Max., maximum.
*p< 0.05, **p< 0.01
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This arrangement was less pronounced with hyperglycaemia,
consistent with disrupted pancreatic architecture (Fig. 2c).
Together, these findings support the notion that hyperglycaemia
prolongs the time of inflammatory exocrine tissue remodelling.

Rapid downregulation of the exocrine gene programme
is known to precede adoption of an insulin+ phenotype
[34]. Thus, impaired reprogramming in hyperglycaemia
might be due to a failure of acinar cells to efficiently
downregulate their exocrine cell programme. Indeed, we
found higher expression of PTF1A (pancreas specific tran-
scription factor, 1a) protein (Fig. 4c) in reprogrammed
cells of hyperglycaemic (20.4±5.3%, n=3 insert) relative
to that in normoglycaemic animals by day 10 (9.3±2.8%,
n=3, p<0.05, t test). These findings provide additional
information about the adverse effects of hyperglycaemia
on reprogramming.

Exocrine tissue remodelling is associated with a transient
macrophage influx in infected areas Microarray analyses

were performed on Cherry+ cells harvested 7 days after
reprogramming. Strikingly, differences in gene expression
predominantly concerned inflammatory markers, which were
more prominent in the hyperglycaemic condition. By gene set
enrichment analysis, we found 25 enriched gene sets in
hyperglycaemia defined by an FDR <25% to account for mul-
tiple testing, 13 of which were directly connected with inflam-
mation or apoptosis (Table 1).

Therefore, we examined the involvement of immune cells
in the reprogramming failure of hyperglycaemic animals. As
Rag−/− mice do not harbour mature B and T lymphocytes, we
focused on the role of macrophages. Immunohistochemistry
revealed increased numbers of macrophages as assessed by
F4/80 staining in areas of reprogramming in hyperglycaemic
compared with normoglycaemic M3Cherry-injected animals
on day 10 (F4/80+ cells/mm2: 1,501±263 [hyper, n=5] vs
625±65 [normo, n=4]; Fig. 5a). On day 25, however, the
number of macrophages had declined in both glycaemic
conditions (F4/80+ cells/mm2: 562 ± 158 [hyper, n= 4] vs
268 ± 23 [normo, n= 4]; Fig. 5a), demonstrating the tran-
sient nature of the inflammatory response. Macrophages
were sparse in hyperglycaemic Cherry-injected controls
and in uninfected areas of M3Cherry-injected animals
(uninfected areas F4/80+ cells/mm2: 69 ± 15 [hyper,
n= 5] vs 77 ± 15 [normo, n= 4] day 10; 30 ± 8 [hyper,
n= 5] vs 30 ± 5 [normo, n= 4] day 25). Double-staining
for tubular complexes and macrophages revealed their
spatial relationship with macrophages adjacent to the
tubular structures (ESM Fig. 4).

Macrophages in the infected pancreas clear tissue from
partially reprogrammed cells If macrophages were directly
deleterious to reprogramming success, reducing their number
during or after viral delivery of transcription factors could give
rise to more reprogrammed cells. We established a model of
macrophage depletion by whole body irradiation, followed by
bone marrow Tx of CD11b-DTR or wild-type (WT) donors
and DT injections for 10 days to ablate CD11b-DTR cells
(Fig. 5b). The 10 day time point was analysed for macrophage
infiltration and reprogramming efficiency. As expected, WT
transplanted mice had significantly higher macrophage infil-
tration (macrophages/mm2 640±120 [SD], n=4) compared
with CD11b-DTR transplanted mice treated with DT (macro-
phages/mm2 333±71 [SD], n=4; Fig. 5c). mRNA isolated
from infected pancreas confirmed reduced presence of mac-
rophages by lower Emr1 (also known as Adgre1) expression
(the gene product encoding F4/80 antigen) in CD11b-DTR
transplanted mice, whereas adenoviral M3Cherry was
expressed at similar levels (Fig. 5c). We also found strong
mRNA downregulation (>20-fold) of the M2-macrophage
polarisation marker Retnla (encoding resistin like alpha) in
CD11b-DTR transplanted mice, concomitant with a seven-
fold upregulation of Tnfα in the same tissue (ESM Fig 5).

Fig. 3 A minimal time window of normoglycaemia is required to
achieve adequate function in reprogrammed cells. (a) Rag−/− mice
6 weeks of age were treated with STZ, transplanted 1 week later with
mouse islets, and then 2 weeks later injected with M3Cherry viral con-
struct. Islet cell grafts were removed on day 10 (early Nx) or 25 (late Nx)
after virus injection, and blood glucose levels monitored. (b, c) Glucose
levels at 1 week after Nx (p< 0.05) and development of hyperglycaemia
(5/6 vs 2/7 animals, χ2 p= 0.048) were significantly different between the
early and late Nx groups, respectively. Virus, virus injection
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This finding indicates that primarily M2-polarised macro-
phages were depleted, and that their eradication exacerbated
the inflammatory milieu. Confirming efficient monocyte/
macrophage depletion, the relative percentage of
CD11b+/Gr1−/low monocyte relative to CD11b+/Gr1high

granulocytes was significantly lower in the peripheral
blood in macrophage-ablated animals (ESM Fig. 5).
However, macrophage-depleted animals did not display in-
creased reprogramming efficiency compared with controls
(insulin+/Cherry+ cells, CD11b-DTR: 69±5% [SD], WT:
84±5% [SD]; Fig. 5c). We conclude that at least under
normoglycaemia, macrophages are not directly detrimental
to reprogramming and might even engage in dampening
tissue inflammation.

To better understand the role of macrophages, we assessed
their spatial relationship with reprogrammed cells and found
that on day 25 a substantial number of macrophages had
engulfed Cherry+insulin− cells, which was most pronounced
in the hyperglycaemic group (macrophages with
Cherry+insulin− 36.2 ± 5.1% [hyper, n= 4] vs 19.7 ± 4.8%
[normo, n= 4]; insert Fig. 5d). The numbers of engulfed
Cherry+insulin+ cells in macrophages were generally lower
(Fig. 5d). TUNEL staining to assess whether reprogrammed
cells had undergone apoptosis prior to engulfment by macro-
phages showed that occurrence of apoptotic Cherry+ cells was
rare in both hyperglycaemic and normoglycaemic conditions,
yet slightly higher in hyperglycaemic animals on day 10
(p=0.03; not shown). Thus, low apoptosis rate and at the

Fig. 4 In hyperglycaemia, acinar cells show transient inflammatory phe-
notypic changes and the acinar cell programme does not adequately shut
off. (a) Tubular formation: on day 10 with hyperglycaemia, tubular struc-
tures with HSP60 expression were abundantly present in the exocrine
pancreas. Quantifications of HSP60+:Cherry+ cells yielded significantly
higher ratios in hyperglycaemic (n= 5) compared with normoglycaemic
M3Cherry-injected animals (n = 4) on day 10 (p = 0.008), which were
gone by day 25. (b) Similar to HSP60, panCK was expressed in tubular
structures of the exocrine pancreas in hyperglycaemic M3Cherry-injected

animals on day 10, with again significantly higher ratios of
panCK+:Cherry+ in hyperglycaemic (n = 5) compared with
normoglycaemic animals (n = 4) on days 10 (p = 0.008) and 25
(p = 0.03). (c) Acinar downregulation: PTF1A as a marker for acinar cell
differentiation was not readily downregulated in the hyperglycaemic (in-
sert) compared with the normoglycaemic condition (p< 0.05, t test) on
day 10. Immunohistochemistry images: insulin, red; HSP60/panCK/
PTF1A, green; DAPI, blue. C, Cherry; M3C, M3Cherry. *p < 0.05,
**p< 0.01. Scale bars, (a) and (b) 50 μm, (c) 130 μm
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same time high numbers of engulfed Cherry+ cells in macro-
phages suggests that either apoptosis is not a prerequisite for
macrophage engulfment or that apoptosis is difficult to cap-
ture. Thus, in the presence of hyperglycaemia it appears that a
high number of macrophages are recruited by day 10 due to
the presence of incompletely reprogrammed cells, some of
which are found to be engulfed by the macrophages at day 25.

Discussion

In this study, we found that hyperglycaemia negatively affects
in vivo exocrine to insulin+ cell reprogramming in terms of
their number, differentiation and function. Studies performed
in a normoglycaemic environment yielded more than twice as
many reprogrammed cells compared with hyperglycaemia.
Our results stand in contrast with other studies, which have
indicated that hyperglycaemia promotes reprogramming of
non-beta to beta cells in a cytokine-treatment model [10] and
a partial duct ligation (PDL) model [36]. Our PDL studies,
however, failed to produce a similar facilitating result [37].
The mechanisms for these differing observations require fur-
ther studies.

When Cherry+ cells were evaluated 10 days after injection
of the M3Cherry virus, they had a considerably smaller diam-
eter (about 30%) than those injected with the control virus.
This result can be taken as evidence for a change in cell phe-
notype towards a smaller cell such as a beta cell because acinar
cells are larger than beta cells. Of note, the reduction in cell
size was essentially the same for both the normoglycaemic
and hyperglycaemic conditions, which suggests that initiation

of the reprogramming cascade is taking place notwithstanding
hyperglycaemia. However, size reduction of reprogrammed
cells does not presume stabilisation towards a fully
reprogrammed phenotype [33].

The effects of hyperglycaemia became more evident when
endocrine and beta cell commitment were evaluated, respec-
tively. With normoglycaemia, virtually all Cherry+ cells
expressed ChgA, as an indicator for their endocrine differen-
tiation, while in the hyperglycaemic state about 10% of the
Cherry+ cell were ChgA-negative. Hyperglycaemia was also
associatedwith a reduction of cells stained for both insulin and
Cherry. Additional evidence for the adverse effects of
hyperglycaemia was that Cherry+ cells lacked prompt down-
regulation of the acinar marker PTF1A in hyperglycaemia
compared with normoglycaemia. Our earlier study using this
reprogramming model found that downregulation of acinar
factors preceded adoption of an endocrine and beta cell phe-
notype [34]. Our estimation of the total number of Cherry+

cells suggests that they are similar in normoglycaemic and
hyperglycaemic conditions (normo 263.5 ± 60× 103, hyper
222.7±46×103, both n=5, p=0.4). Differential adenoviral
infection therefore is unlikely to account for our observations.

The impaired differentiation towards the beta cell lineage
was also reflected by reduced function, which was seen when
reprogrammed cells were challenged with hyperglycaemia
produced by graft removal early (10 days), as opposed to later
(25 day) removal after reprogramming. We found that in the
normoglycaemic state the number of induced cells increased
between days 10 and 25; therefore, we postulate that the num-
ber of induced cells by day 10 is only marginally sufficient to
sustain normoglycaemia.

Table 1 Gene set enrichment
analysis Gene ontology term or

pathway database
Term Count NES FDR q-value

GO, biological process Leukocyte activation 47 −1.54 0.105

KEGG Haematopoietic cell lineage 65 −1.42 0.175

KEGG JAK–STAT signalling pathway 130 −1.44 0.217

KEGG TGFβ signalling pathway 78 −1.39 0.239

KEGG Antigen processing/presentation 41 −1.36 0.212

GO, biological process Positive regulation of T cell activation 17 −1.36 0.248

KEGG Fc epsilon RI signalling pathway 72 −1.33 0.206

KEGG Fc gamma R-mediated phagocytosis 78 −1.33 0.195

KEGG Cytokine–cytokine receptor interaction 207 −1.32 0.183

KEGG RIG-I-like receptor signalling pathway 53 −1.32 0.189

KEGG B cell receptor signalling pathway 64 −1.31 0.190

KEGG Cytotoxicity mediated by natural killer cells 85 −1.31 0.183

KEGG Apoptosis 68 −1.29 0.211

The 13/25 enriched gene sets in hyperglycaemia connected with inflammation or cell death are shown (FDR
<25%, ordered by descending normalised enrichment score)

GO, Gene Ontology; JAK, Janus kinase; NES, normalised enrichment score; RIG-I, retinoic acid-inducible gene
1; STAT, signal transducer and activator of transcription
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Major phenotypic changes of the acinar cell compartment
consisting of tubular complexes at the site of injection in the
pancreatic tail were found at day 10 after M3Cherry injection
in the presence of hyperglycaemia but not with
normoglycaemia. Transient tubular complex formation has
been described with pancreatic duct ligation [37] and
cerulein-induced pancreatitis [38] and is thought to originate
from acinar cells [35], while beta cells have been excluded as
their source of origin [39]. However, the recovery of normal

exocrine morphology is rapid (within 7 days) in cerulein-
induced pancreatitis [38]. It is possible that hyperglycaemia
prolongs the inflammatory changes of the exocrine pancreas
elicited by the M3Cherry injection. In support of this theory,
hyperglycaemia has been linked to impaired exocrine regen-
eration [40, 41] and impaired wound healing [42]. We found
high expression of HSP60 in tubular complexes. HSP60 is a
mitochondrial chaperone that promotes refolding of redox-
modified proteins [43] and has been shown to be induced in

Fig. 5 Reprogramming attracts macrophages into the tissue that do not
directly harm the reprogramming process but clear infected cells. (a)
Macrophage accumulation: macrophages as assessed by F4/80 staining
were found predominantly in hyperglycaemic as opposed to
normoglycaemic animals on day 10 (n= 4–5). (b) To test whether mac-
rophage depletion increases reprogramming efficiency, we established a
model of macrophage depletion in Rag−/− mice by whole body irradia-
tion, followed by bonemarrow Tx of CD11b-DTR orWT donors and DT
injection for 10 days for ablation of CD11b-DTR cells. (c) On day 10,
WT transplanted mice (n= 4) had significantly higher macrophage infil-
tration (640 ± 120 vs 333 ± 71 macrophages/mm2) than CD11b-DTR
transplanted mice (n= 4) treated with DT (2 sections/mouse [4 per group]

quantified). mRNA isolated from infected pancreas confirmed reduced
presence of macrophages (Emr1), whereas the adenoviral Cherry trans-
gene expression was similar. White bars, WT+DT; black bars, CD11b-
DTR+DT. Macrophage depletion, however, resulted in decreased rather
than increased reprogramming efficiency (insulin+/Cherry+ cells WT: 84
± 5%, CD11b-DTR: 69± 5%). (d) On day 25, many F4/80+ cells had
engulfed Cherry+ cells (insert). Quantification yielded significant in-
creases of engulfed Cherry+insulin− cells (p= 0.016) and Cherry+insulin+

cells from day 10 to 25 (p = 0.016) in the hyperglycaemic condition
(n = 4–5). Means ± SEM (except c ±SD) are shown. Scale bar, 50 μm;
F4/80, green; Cherry, red; DAPI, blue; C, Cherry; M3C, M3Cherry.
*p< 0.05, **p< 0.01
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response to hyperglycaemia and oxidative stress in vitro (hu-
man HeLa [44] and INSE1 cells [45]).

Microarray analyses of Cherry+ cells obtained from
hyperglycaemic animals revealed a strong inflammatory and
apoptotic pattern. Macrophages were abundant in areas of
reprogramming in hyperglycaemic animals, located next to
tubular complexes. The close spatial and temporal relationship
between tubules and macrophages suggests a mutual interac-
tion; perhaps secretion of biologically active factors by mac-
rophages leads to tubular complex formation as has been pos-
tulated [46]. Mechanistically, the macrophage-secreted proin-
flammatory cytokines TNF and RANTES (regulated on acti-
vation, normal T cell expressed and secreted) have been iden-
tified to activate the nuclear factor (NF)-Kb pathway in acinar
cells and by induction of its target gene MMP-9 leading to
tubular complex formation [47].

If macrophages were directly deleterious to reprogramming
success, reducing their number during or after viral delivery of
transcription factors might have given rise to more
reprogrammed cells. Thus, macrophage depletion was per-
formed in normoglycaemic mice using CD11b-DTR. Bone
marrow Tx was necessary as DT treatment of nontransplanted
Rag;CD11b-DTR mice caused severe toxicity. For animal
welfare reasons, such a depletion experiment could only be
performed in normoglycaemic animals. The monocyte/
macrophage lineage was consistently depleted by approxi-
mately 50%. We found that reduction of macrophages to this
degree did not increase reprogramming efficiency. However,
the only partial depletion of macrophages in our model could
obscure some of their functions in reprogramming. Given that
we mainly depleted M2-polarised, alternatively activated
macrophages, with increased total levels of the proinflamma-
tory cytokine TNFα, this indicates that early macrophage
infiltration might serve a role in curbing inflammation.
Another reason for the expanded macrophage presence in
hyperglycaemic animals could also be due to increased
phagocytic demand to clear the pancreas of only partially
reprogrammed cells, which might be abnormal, dying or dead.
Accordingly, Cherry+insulin− cells were found to be engulfed
by macrophages, most prominently with hyperglycaemia on
day 25.

In summary, our studies found that hyperglycaemia impairs
in vivo reprogramming of exocrine to insulin+ cells. Our model
proposes that hyperglycaemia causes less efficient cell
reprogramming, which leads to less efficient secretory function
and even cell death. In the normoglycaemic state, there must
also be production of some defective cells that are cleared by
macrophages, but the situation with hyperglycaemia seems
much worse. The suggested sequence of events in
reprogramming with hyperglycaemia is as follows: (1) less
downregulation of acinar factors and less activation of the beta
cell programme resulting in poorly differentiated cells that are
vulnerable and dysfunctional; (2) the presence of such partially

reprogrammed defective cells, probably leading to more
macrophage infiltration into areas of reprogramming; and (3)
remodelling of the exocrine tissue with tubular complex forma-
tion, most probably through cytokine secretion of macro-
phages. Macrophages may also play an important role in the
clearance of damaged and dead cells. Gaining in-depth knowl-
edge about factors influencing reprogramming success is im-
portant for a comprehensive understanding of reprogramming
mechanisms and their potential for future clinical application.
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