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Specific transduction and labeling of pancreatic
ducts by targeted recombinant viral infusion into
mouse pancreatic ducts

Ping Guo', Xiangwei Xiao', Yousef El-Gohary', Angela Criscimanna, Krishna Prasadan, Christopher Rymer,
Chiyo Shiota, John Wiersch, lliana Gaffar, Farzad Esni and George K Gittes

Specific labeling of pancreatic ducts has proven to be quite difficult. Such labeling has been highly sought after because
of the power it would confer to studies of pancreatic ductal carcinogenesis, as well as studies of the source of new insulin-
producing f-cells. Cre-loxp recombination could, in theory, lineage-tag pancreatic ducts, but results have been conflicting,
mainly due to low labeling efficiencies. Here, we achieved a high pancreatic duct labeling efficiency using a recombinant
adeno-associated virus (rAAV) with a duct-specific sox9 promoter infused into the mouse common biliary/pancreatic

duct. We saw rapid, diffuse duct-specific labeling, with 50 and 89% labeling in the pancreatic tail and head region,
respectively. This highly specific labeling of ducts should greatly enhance our ability to study the role of pancreatic
ducts in numerous aspects of pancreatic growth, development and function.
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The pancreas is formed during early development by the
dorsal and ventral bud, each originating from the endo-
dermal lining of the caudal part of the primitive foregut
tube after regional specification by the transcription factors
Pdx1, followed by PTFla.> The ventral pancreatic bud
arises from the base of the hepatic diverticulum and
contributes to the formation of the head of the pancreas,
with the rest of the pancreas arising from the dorsal
pancreatic bud.> All pancreatic cell types, including
endocrine, acinar, and ductal cells derived from a pool
of progenitor cells that express the transcription factors Pdx1,
PTFla, and Sox9.+° Postnatally, PTFla becomes restricted
to the acinar cells; pdxl is expressed in f§ cells and o cells,
whereas other markers such as Sox9 and HNF1J are restricted
to the pancreatic ducts.®

Identifying suitable alternate sources of f cells from fa-
cultative progenitors in the adult pancreas remains a major
focus of diabetes research.!'%!# B-cell neogenesis in the adult
pancreas has been proposed to arise from several non-f-cell
sources, including acinar cells,'” islet stem cells,'® islet a-cells,!”

and most prominently pancreatic ducts.!®! Lineage tracing
experiments, using the cre-loxp system, have been used to both
support'® or not support®®>20  B-cell neogenesis from
pancreatic ducts. This discrepancy may be in part due to
inefficient labeling of duct cells.

Cre expression in transgenic mice can be used for either
tissue or cell-specific labeling, with or without a tamoxifen-
inducible (cre-ERT2?!) system to temporally regulate lineage
tracing. Cre-ERT2 under the control of a Sox9 promoter
potentially allows spatiotemporal control of lineage labeling of
pancreatic duct cells (as well as other non-pancreatic cells such
as bile duct cells). However, several caveats and limitations
exist ~with  tamoxifen-induced labeling. = Tamoxifen
administration in pregnant mice can induce abortions?? and
a single dose of greater than 4 mg of tamoxifen in adult mice
leads to abnormal liver function tests.® Furthermore, the cre-
ERT?2 system may be leaky, resulting in constitutive rather than
inducible activation in some cells.?> Another drawback is the
inefficient labeling of cells. When the cre recombinase was
driven by the HNF1f promoter (HNF1fcreER mouse) and
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Figure 1 (a) Schematic representation of the AAV plasmid constructs used. pAAV-CMV-ZsGreen is a well-established AAV construct.??” The other rAAV
plasmid vectors, pAAV-Sox9-ZsGreen, pAAV-Sox9-iCre, and pAAV-CMV-ZsGreen-Stop-Floxed-FarRed were constructed from pAAV-CMV-ZsGreen (see
Materials and Methods for details). (b) Western Blotting for expression of ZsGreen protein and Cre recombinase from AAV6-Sox9-ZsGreen and
AAV6-Sox9-cre virus, respectively. Protein was extracted from HEK293 cells infected with AAV6-Sox9-ZsGreen virus 10 ul of 1.8 x 10" GCP/ml (lane 2)

or 10ul of 2.3 x 10" GCP/ml with AAV6-Sox9-cre (lane 4), and non-infection control (lane 1 and 3); 42kD f-actin was used as control (upper row).

(c) Determination of GFP and cre expression in vitro. The HEK293 cells were infected with AAV6-Sox9-ZsGreen 48hr (bright view in A and green in B);
the HEK293/ZsGreen-Lox-Stop-Lox-FarRed cells (C) were infected with AAV6-Sox9-cre 48 h and cre cleavage cells shows red fluorescence (D).

crossed with a Rosa26 reporter mouse to perform lineage
tracing of HNF1f promoter activity to analyze a possible
ductal contribution to f-cell mass expansion during
regeneration, only 1-2% of embryonic and 40% of adult
pancreatic duct cells were lineage labeled.®2?

To address the inherent problems associated with pancreatic
duct labeling, especially the issues of low labeling efficiencies
and unpredictable tamoxifen sensitivity, we utilized an adeno-

associated virus (AAV serotype 6), ductal infusion approach.?*
Our goal here was to provide a better tool to more accurately
assess for any ductal contribution to newly forming cells in
different regeneration models. We first used a Sox9 promoter
(468 bp short promoter) to generate a recombinant virus
carrying a reporter GFP (AAV6-Sox9-GFP). This recombinant
virus construct was then infused into the pancreatic ducts,
through the common bile/pancreatic duct, to tag the duct
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cells. Sox9 is a transcription factor that has been found to be
specifically expressed in the pancreatic ducts.®® After ductal
infusion, we only found GFP in pancreatic ducts, not in other
pancreatic cells (after 3 days). We also generated a similar AAV
vector, but that instead carried a cre recombinase (no ERT)
under the same sox9 promoter, and then infused that virus
into the common duct of ROSA26flox/Stop/flox-tomato
reporter mice (LSL-Tm mice, The Jackson Laboratory strain
B6;129S6-Gt(ROSA )26Sor' ™ (CAG-tdTomato)Hze g = g0k number
007905). One week after injection, it appeared that only the
pancreatic duct cells were lineage-tagged and expressed red
fluorescence as a result of cre excising the stop cassette. Thus,
we report here a very high labeling efficiency and specificity.

MATERIALS AND METHODS

Plasmids and Constructions

Plasmids used in this study include vectors, pAAV-Sox9-
ZsGreen (pAAV-Sox9-GFP), pAAV-Sox9-Cre, pAAV-CMV-
Cre, and pAAV-CMV-ZsGreen-lox-Stop-lox-FarRed (pAAV-
CMV-GFP-Stop-FRed), modified (promoter and gene re-
placements) from the pAAV-CMV-ZsGreen (pAAV-CMV-
GFP) plasmid, which carry the expression cassette flanked by
the viral ITRs (provided by Dr. Bing Wang). Far red (Fred)
fluorescence protein C—terminus ORF was synthesized by
primer extensions.>> Other plasmids used are a packaging
plasmid carrying the serotype 6 rep and cap genes, and a
helper plasmid carrying the adenovirus helper functions was
purchased from Applied Viromics, LLC. (Fremont, CA). The
transgene used in the experiments was ZsGreen (Zoanthus sp.
green fluorescence protein (GFP) or Cre (Cre recombinase)
(under the control of a cytomegalovirus (CMV) promoter or
mouse sox9 partial promoter). The AAV-Sox9-GFP construct
was designed as shown in Figure 1a. The 5" and 3’ homology
regions (HR) for the Sox9 promoters (1.2kb —1180 from
mouse Sox9 transcript start and 0.5kb, —468 from mouse
Sox9 transcript start, including 21 base-pair of transcript)
were amplified by PCR (forward 5 HR EcoRI-: 5'-GAATT
CAAGTGGCCCGTTTTGTCTGGAGTCT-3/, 5-GAATTCTT
CATCGAAAAGTGGGGGTGG-3/, reverse 5HR Nhel-:
5'-GCTAGCGCTCTCGGCTCTCCGACTT-3, using the C57/
67 mouse genomic DNA as a template and subcloned into
the 5'-EcoRI and 3’-Nhel sites of the pAAV-CMV-GFP vector
to replace the CMV promoter. For cloning of the pAAV-
Sox9-Cre, the ZsGreen was replaced by cre as shown in
Figure 1a. The iCre ORF was amplified by PCR (forward 5’
iCre Agel-: 5-ACCGGTTGAGCCGCCACCATGGCCAATT
TACTG-3', reverse 5 iCre Notl-: 5-GCGGGCCGCTGAGG
AGTCCA-3/, using vector pCAG-iCre-GFP as a template.
The Sox9 promoters and iCre subclones were confirmed by
sequencing.

Cell Culture and AAV-Mediated Gene Expression In Vitro
Generation of HEK293-GFP-Stop-FarRed Cells

The HEK293 cells were cultured in DMEM medium sup-
plemented with 4.0 mM glutamine and 10% horse serum. To
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Figure 2 Schematic representation of the viral infusion technique into
mouse pancreatic ducts. After the mouse is placed under anesthesia, a
midline 1.5 cm laparotomy incision is performed. Duodenum and
pancreas along with the pancreatic/biliary ductal system are exposed. A
blunt 31gauge needle is connected to a syringe infusion pump, which is
set at 0.6 ml/h. A beveled needle is used to make a small puncture
wound into the duodenum, to allow the blunted 31gauge needle to be
cannulated into the ampulla of Vater, and advanced up to the point just
before the branching of the main pancreatic duct (see insets). A micro
bulldog clamp is placed on the common bile duct and the infusion is
then commenced.

test cre recombination in vitro, a stable expression of GFP-
stop floxed-FarRed cell line, HEK293/GFP-stop-FarRed, was
established. Transfection of pAAV-CMV-GFP-Stop-FarRed
plasmid DNA into HEK293 cells was carried out with
lipofectamine-2000 reagents in a 12-well culture plate. After
reaching 50% confluence, cells were split 1:100 or 1:150 in
medium and plated in a 150-mm-diameter cell culture dish.
After 2 weeks, single GFP-positive clones were selected under
Olympus fluorescence microscope (Olympus SZX12 ).

Infection of AAV6-Sox9-GFP or cre viruses in vitro was
performed by adding 10ul of purified virus to a well of 12-
well culture plate HEK293 cells or HEK293-GFP-stop
floxed-FarRed cells (duplicated wells as well), respectively.
After 3 days of infection, the GFP-positive cells from the
AAV6-Sox9-GFP-infected wells were visualized under
Olympus fluorescence microscope; the red fluorescence cells
from the AAV6-Sox9-cre-infected wells were imaged as well
under the Olympus fluorescence microscope.

Generation and Purification of AAV Serotype 6 Viruses

Generation and purification of AAV was performed with
triple plasmid PEI transfection and PEI/(NH,),SO4 aqueous

1243


http://www.laboratoryinvestigation.org

Transduction and labeling of pancreatic ducts
P Guo et al

Figure 3 ZsGreen expression in AAV6-CMV-GFP virus-infused pancreatic ducts and islets. The pancreas was harvested 3 days or 1 week after infusion
of 100 ul AAV6-CMV-GFP virus, with GFP expression surrounding and in the pancreatic ducts (gross dissecting microscope images at 3 days shown in
green in panel a, white light image in panel b); whole-mount (c) and histological section (f) of DBA staining for ducts (red in panels ¢ and f). GFP
expression is in and surrounding the pancreatic ducts (d and g) 1 week after infusion with 100 ul AAV6-CMV-GFP virus. (e and h are merged images).
Immunofluorescence staining for insulin (light blue in panel k), DBA (red in panel I) and counterstained with DAPI (dark blue in panel k merged image)

shows that predominantly the periphery of islets are transduced.

two-phase partition.’®?” Virus titer and AAV-mediated gene
transfer assessment was performed as described pre-
Viously;26’27 briefly, virus-mediated GFP or cre recombinase
gene transfer assay was done in vitro in a 12-well culture plate

with HEK293 (for AAV6-Sox9-GFP) or HEK293/GFP-stop-
Fred cells (for AAV6-Sox9-cre) plated at a density of 0.5 x 10°
cells/ml. One microliter of the purified AAV-Sox9-GFP or
AAV-Sox9-cre virus was added to each well. At 72h post
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Figure 4 GFP expression specifically in AAV6-Sox9-GFP virus-infected pancreatic ducts. In contrast to AAV6-CMV-GFP infusion, where there was labeling
of many non-ductal cells, the pancreas 1 week after infusion with 100 ul AAV6-Sox9-GFP shows GFP expression only in the pancreatic ducts ( gross
dissecting microscope images shown in panels a and b). From the whole-mount and histological section staining of DBA (red in panels ¢, and f,
respectively), GFP expression was seen only in the pancreatic ducts (d, g, and j). Merged images are shown in panels e, h, and k. Inmunofluorescence
staining for insulin (light blue in panel k), DBA (red in panel I) and counterstained with DAPI (dark blue in panel k merged images) shows no islet

labeling.

infection, GFP fluorescence of cells or Far Red fluorescence of
cells were visualized under a Zeiss microscope with 525 nm
filter or 700 nm filter. The HEK293 cells were infected with
AAV-S0x9-GFP or AAV-Sox9-cre (2.3 x 10'* genome copy

particle (GCP)/ml) for 72 h, the cells were harvested at 4 °C
and lysed. About 10 ug protein of lysates were separated on a
10%SDS polyacrylamide gel and transferred onto a nitro-
cellulose membrane. The membrane was blocked and probed
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Figure 5 Continued.
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with an anti-ZsGreen (Clontech Laboratories, Mountain
View, CA) and anti-Cre antibodies (EMD Chemicals, Merck
KGaA, Darmstadt, Germany), followed by anti-rabbit-
conjugated HRP secondary antibody. ZsGreen and Cre
proteins in the blot were visualized by chemiluminescence.

AAV-Mediated Gene Transfection and Pancreatic
Ductal-Specific Labeling In Vivo

All animal procedures were performed with prior approval of
the University of Pittsburgh Institutional Animal Care and Use
Committee. Viral gene transfer in vivo into adult CD1 mice
was performed at 10 weeks of age. For the GFP gene pancreatic
ductal transformation, the anesthetized 10-week-old CD1 mice
(n=238) were infused with 100 ul of AAV6-CMV-GFP (titer
2.31x 10" GCP/ml) or AAV6-Sox9-GFP (titer 2.35 x 10"
GCP/ml) through the common pancreatic/biliary duct
(Figure 2). The infusion was given at a rate of 10 ul/minute. A
clip was placed on the bile duct near the hilum of liver to
temporarily occlude the common hepatic duct, leading to
specific perfusion of the pancreatic ducts; the ROSA26flox/
Stop/flox-tomato reporter mice (LSL-Tm mice) were used for
AAV6-Sox9-cre pancreatic ductal transformation and cre re-
combinase cleavage in vivo. The same infusion technique was
utilized for the AAV6-Sox9-cre pancreatic ductal tagging assay,
the anesthetized 10-week-old LSL-Tm mice (n=15) were
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infused with 100l of AAV6-Sox9-cre (titer 2.33 x 102
GCP/ml) through the common pancreatic/biliary duct.

The 10-week-old LSL-Tm mice were injected with
AAV6-Sox9-cre through viral infusion, and 4 weeks after
viral infusion caerulein (Sigma-Aldrich, catalog number
C9026) was injected (50 ug/kg) for 2 days, once every hour
for 6h each day to destroy acinar cells and to study
regeneration.?®

Whole-Mount Staining and Immunohistochemistry
Whole-mount immunofluorescence staining was carried out
as described previously.?%-3!

In brief, mice were infused with 10 ml PBS, followed by
10ml 4% paraformaldehyde (PFA). The pancreatic tissues
were then harvested and fixed in 4% PFA for 2h in 4°C.
Pancreas was then minced into small pieces (0.5mm X
0.5 mm) and then 100 pieces of pancreas were placed per well
(3—4 wells) in a 24-well plate. About 1000 ul of PBS was
added per well, washed on a rotator in PBS for 10 min three
times at room temperature (RT) and then washed serially in
methanol for 15min at RT five times. The samples were
blocked With 10% normal donkey serum (NDS) in 0.1%
PBST for 45 min at RT, incubated with primary antibody in
1% NDS in 0.1% PBST at 4 °C on a rotator overnight, washed
with 0.1% PBST on a rotator at RT once an hour for 5h,

Figure 5 Expression of sox9-cre in the pancreatic ducts of LSL-Tm mice. Cre-induced lineage-tagging (red fluorescence) was seen in the pancreatic ducts
of LSL-Tm mouse pancreas 1 week after AAV6-Sox9-cre virus infusion (gross dissecting microscope images shown in panel a, fluorescent, and b, white
light). However, the CMV promoter-driven cre was expressed in many non-ductal cells (gross dissecting microscope images shown in panels ¢, fluorescent,
and d, white light). Whole-mount staining of DBA (green in panels e and h), and histological section staining of DBA (green in panels k, n, and q) show
Sox9-cre-induced lineage-tagging specifically of LSL-Tm mouse pancreatic ducts (f, i, I, o and r), including main ducts (f and 1), interlobular and intralobar
ducts (i, o and r). The sections are counterstained with DAPI in the merged images (m, p and s). Insets in panels k and | demonstrate red fluorescent-
labeled cells that are DBA-negative stained, but appear to be ductal as they are in the wall of the duct. Whole-mount staining of CMV promoter-driven
cre virus-infused pancreas shows Cre recombination also occurred in acinar cells and islets (t, u, and v). In histologic sections, immunofluorescent staining
and diffuse Cre-induced red fluorescence in the AAV6-CMV-Cre infused pancreas is shown (w-y), insulin (light blue), DBA (green).
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incubated with secondary antibody in 1% NDS in PBST at
4 °C on rotator overnight, washed six times with 0.1% PBST
on rotator at RT for 10 min, and mounted on chamber slides
with whole-mount media and coverslip.

Immunostaining was Performed as described before.>?
Briefly, pancreas was excised and fixed in 4% PFA for 12h
(overnight), 30% sucrose penetrated, embedded in Tissue Tek
OCT followed by freezing by immersing into liquid nitrogen.
Frozen blocks were stored at — 80 °C until sectioning (5 um).
Anti-insulin antibody was purchased from DAKO (DAKO
North America, Carpinteria, CA). Cy5-conjugated donkey
anti-guinea pig antibody was purchased from Jackson
Immunoresearch Laboratories (West Grove, PA).

Quantification and Statistical Analysis

All results are given as the mean s.d. One week post in-
jection the pancreata were harvested, sectioned (5um), and
stained with fluorescent lectin Dolichos Biflorus Agglutinin
(DBA, a ductal marker) and DAPI. A total of 100 sections
were counted for the number of virus-tagged cells (GFP * or
tomato-red "), DBA " cells (indicating the number of duct
cells as a denominator), and DAPI " cells to confirm that the
DBA™ cells that were GFP ' or tomato-red ™ were, in fact,
cells. The average number of GFP " and DBA™ (rhodamine
conjugated) cells were calculated for the AAV6-Sox9-GFP-
transduced pancreas. To document viral-induced cre-linage
tagging, tomato-red” and DBA ™ (FITC-conjugated) cells
were counted in the AAV6-Sox9-cre-transduced pancreas.
A total of 3000 acini or 1000 islet and 1000 ductal cells from
each pancreas were counted for cre-recombinant red fluor-
escent lineage-tagged cells after caerulein treatment and
compared with control pancreas (saline or non-caerulein
treatment). GFP or red fluorescence-positive cells were
compared using Student’s ¢-test. Differences were considered
statistically significant when the P-value was <0.05.

RESULTS

Pancreatic Endocrine and Exocrine Cells are Efficiently
Transduced After Intraductal Infusion of AAV6-CMV-GFP
AAV serotype 6 has been reported to have tropism for the
mouse pancreas and pancreatic ducts in particular.?*
Therefore, we infused 100 ul of 2.35 x 10'? GCP/ml of AAV
serotype 6 vector encoding ZsGreen (GFP) driven by the
CMV promoter into the pancreas via cannulation of the
common pancreatic/biliary duct in 10-week-old CD1 mice
(Figure 2). At 3 days post infusion, expression of GFP
throughout the pancreas and pancreatic ducts was seen
(Figures 3a and b). At 1 week after the infusion, islets
expressed GFP, especially at the periphery, as did acinar cells
(Figure 3). Pancreatic ducts appeared to be transduced with
high efficiency (Figure 3). Double immunostaining for in-
sulin and DBA confirmed that pancreatic ducts and islets
were transduced (Figure 3). There was no obvious decline
in GFP signal 4 weeks after intraductal administration of
AAV6-CMV-GFP (data not shown). Our results confirm that
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AAVG6 is suitable for long-term (at least 4weeks) transduction of
pancreatic cells using an intraductal viral infusion technique.

Pancreatic Intraductal Delivery of AAV6-Sox9-GFP Leads
to Duct-Specific Expression

We next combined the relatively selective AAV serotype 6
ductal tropism together with a duct-specific promoter, a sox9
promoter, to drive gene expression only in pancreatic ducts.
The mouse sox9 promoter was assembled into the AAV
vector, replacing the CMV promoter (Figure 1a). Sox9 is
expressed in human embryonic kidney cells,>® thus HEK293
cells were infected with AAV-Sox9-GFP using two different
sizes of sox9 promoters (468bp and 1125bp). Both were
found to have similar transduction in the HEK293 cells 3
days after infection, but the 1125bp promoter appeared to
display stronger expression. However, we then tested the
effectiveness of the sox9-cre in HEK293 cells harboring a
GFP-stop floxed-Fred (Far Red) construct. The 468 bp sox9
promoter was chosen for in vivo experiments as it was
adequate to drive «cre expression and cre-induced
recombination. The AAV6-Sox9-GFP virus was infused into
pancreatic ducts as described in the methods. At 3 days, 1
week, and 4 weeks post infusion (with 100 ul of 2.35 x 10"
GCP/ml virus), the transduction specificity and efficiency of
GFP in pancreatic ducts were examined. Under the dissection
microscope, GFP fluorescence was only seen in pancreatic
ducts (Figure 4). Whole-mount staining for DBA and GFP
revealed efficient and specific transduction of pancreatic
ductal cells (Figures 4c—e). Immunostaining of tissue sections
confirmed the specificity of AAV6-Sox9-GFP transduction of
pancreatic ductal cells (Figures 4f~h), with no islet nor acinar
cell labeling seen (Figures 4i—k). No apparent loss of GFP
expression was seen at 4 weeks (Supplementary Figure 1).

Intraductal Delivery of AAV6-Sox9-Cre Leads to
Recombination and Lineage-Tagging only in Pancreatic
Ductal Cells

The Cre-loxp recombination is widely used to achieve gene
deletions, insertions, and translocations in the DNA of cells.
To examine whether AAV serotype 6 with a Sox9 shorter
promoter driving cre recombinase would only tag pancreatic
ducts, improved cre (iCre) was assembled into the above
AAV-Sox9-GFP vector with replacement of the GFP
(Figure la), and then 100ul of 2.34 x10* GCP/ml
AAV6-Sox9-cre virus was infused into the pancreatic duct of
10-week-old adult LSL-Tm reporter mice, which express to-
mato-red in all cre-recombined cells and their progeny.
AAV6-CMV-cre virus was infused into the pancreatic duct of
10-week-old LSL-Tm reporter mice as a control. Pancreata
were harvested at 3 days, 1 week, and 4 weeks after intraductal
infusion. Under a dissection microscope, it appeared that
tomato-red fluorescence was only present in the pancreatic
ducts (Figures 5a and b). The AAV6-CMV-Cre viral-infused
pancreas had red fluorescence throughout the pancreas
(Figures 5¢ and d). Whole-mount staining demonstrated
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Figure 6 Dose-dependent cre-tagging of pancreatic ducts and quantification of cre efficiency. Cre-tagging (red in panels a and b) increases with the
volume of virus infusate in LSL-Tm pancreatic ducts. DBA (green in panels ¢ and d) and merged images (e and f) showing the density of Cre-tagged
cells in the infused pancreatic ducts with 20 ul (a, ¢, and e) and 100 ul (b, d and f ) of AAV6-Sox9-Cre virus, respectively. Quantification of cre-tagging
efficiency in the pancreatic ductal tree after infusion of 100 ul of AAV6-Sox9-Cre virus (g). The pancreas schematic figure (h) represents the percentage
of cre-tagged ductal cells in the head, middle, and tail of the pancreas after a 100-ul infusion.
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strong red fluorescent co-staining with DBA in the main
pancreatic ducts (Figures 5e—g), indicating that the main
pancreatic ducts were efficiently labeled by cre. The inter-
lobular and intralobular ducts also showed efficient labeling
(Figures 5h—j). By histologic sections tomato-red was seen in
pancreatic ductal cells, both in the main ducts (Figures 5k—m)
as well as in smaller branches (Figures 5n—s). Some labeled
cells appeared to be in the wall of the DBA ™ ducts, but were
themselves DBA ™ (Figures 5k and 1) (see quantification be-
low), but red fluorescence was observed in < 0.1% of islet cells
and acinar cells (Figures 5m, p, and s). In the AAV6-CMV-cre
virus-infused pancreata, red fluorescence was seen throughout
the pancreas (Figures 5t, u, and v in whole-mount and Figures
5w, X, and y in histologic sections).

To determine whether virus load and/or volume of infusate
affects sox9-cre activity in the pancreatic ducts, we infused
different volumes of AAV6-Sox9-cre virus at a constant viral
particle titer of 2.34 x 10" GCP/ml into the LSL-Tm mice. At
20 ul of infusate, cre-tagged cells were observed in the main
ducts and interlobular branches, but at a lower efficiency
(Figure 6a). When 100 ul was infused, there was an appre-
ciable increase in pancreatic ductal labeling efficiency as
evident on whole-mount images (compare Figures 6 a, b—e,
and f). With this 100 ul volume infusion, we saw extensive
labeling of the pancreatic ducts in the pancreatic head,
middle, and tail (see later section for quantification).

The volume of the mouse pancreatic ductal tree would
presumably depend on the size of the mouse, but the max-
imum volume infused into a 30-g LSL-Tm mouse was 145 ul,
which still led to high efficiency and specific cre re-
combination of only pancreatic duct cells (data not shown),
though presumably with an increased risk of pancreatitis.

Quantification of Cre-Tagged Cells After Sox9-Cre Viral
Infusion into LSL-Tm Mice Pancreatic Ducts

Three LSL-Tm mouse pancreata, 1 week after AAV6-Sox9-cre
viral infusion with 100ul of 2.34 x 102 GCP/ml, were
stained for the ductal marker DBA and DAPI for nuclei.
A total of 20 sections from each pancreas were chosen for
quantification analysis of cre recombinase efficiency. The red
fluorescent ductal cells, DBA-positive cells and DAPI-stained
ductal cells from the pancreatic head, middle, and tail were
counted under a Zeiss microscope at x 200 magnification.
The colocalized DBA-positive and DAPI-stained nuclei were
defined as pancreatic ductal cells. Red fluorescence located in
a DAPI/DBA-positive cell was counted as a cre-tagged pan-
creatic ductal cell. In the pancreatic head, the cre-tagging was
highly efficient, with 89% of DAPI/DBA-positive pancreatic
ductal-labeled cells; in the mid-portion and tail of the pan-
creas, red cells were 70% and 50%, respectively (Figures 6g
and h). With AAV-Sox9-cre viral infusion, only 5% of DBA ™~
or DBA-weak cells had red fluorescence (Figures 5k—i and
Supplementary Figure 1). These labeled DBA-negative or
DBA-weak cells appeared to be exclusively localized to the
duct wall, and therefore likely represent DBA ~ duct cells as

shown in representative images (Figures 5k, 1, m, and p). On
the other hand, the AAV6-CMV-cre recombinant viral-in-
fused pancreas in the LSL-Tm mice had up to
55.5839% + 0.027926 DBA ™~ or DBA-weak cells labeled with
red fluorescence (Figures 5t—y and Supplementary Figure 1),
most of which were localized outside the duct wall.

Labeling of Regenerating Pancreatic Cells with
Pancreatic Ductal Viral Infusion of AAV6-Sox9-cre Virus
To determine if our AAV6-Sox9-Cre viral pancreatic ductal
infusion is a viable approach for duct lineage-tagging, we first
administered caerulein to the LSL-Tm mice 4 weeks after
viral infusion. The mice were treated with caerulein for 2
days, as described in the methods. The caerulein-treated
pancreata were harvested after 3 days, 1 week and 3 weeks.
Caerulein treatment induced pancreatitis with typical cyto-
plasmic vacuolization structures seen 3 days after caerulein
treatment (Figure 7b). Three weeks after caerulein treatment,
the normal morphology of acinar cells was regenerated
(Figure 7c). Acinar-to-ductal metaplasia was seen by DBA
staining at 3 days after caerulein treatment, but cre-re-
combinant red fluorescent cells were still seen only in the
main pancreatic ducts (89.0% in the pancreatic head), not
the metaplastic ducts (Figures 7g—i). Similarly, 99.9% of the
new regenerated acinar cells were not labeled with cre-tar-
geted red fluorescence (Figures 7j—1). Less than 0.1% of acinar
cells were red fluorescent after caerulein treatment
(Figure 7m) (see methods for quantification technique).
These results suggest that regenerated acinar cells in caer-
ulein-treated pancreas do not derive from cre-labeled-pan-
creatic ducts.

DISCUSSION
The Cre/LoxP system has proven to be a useful tool in many
model systems.®>1822 It allows for spatial and temporal
control of gene expression, but in many systems the utility of
cre-loxP is dependent on the properties of the promoter and
its expression pattern. Furthermore, cre-loxP-mediated DNA
recombination allows for gene function analyses and lineage-
tagging, both during embryonic development and in mature
mice. However, off-target effects and poor temporal
regulation have limited the applicability of cre-loxP in
many experimental systems, especially when using a
tamoxifen-inducible system.*?%823

AAV-mediated cre recombinase expression is a relatively
simple and efficient method for lineage-tagging and altering
gene expression in vivo.*»> However, one drawback with its
use in the pancreas is inadequate labeling of pancreatic cells,
especially pancreatic ductal cells.>* Here we report that the
combination of AAV serotype tissue tropism, with a specific
gene promoter, together with ductal infusion of virus, leads
to successful in vivo labeling of pancreatic ducts. After
examining the entire pancreas of 15 wild-type CDI1 mice
infused with AAV6-Sox9-GFP, and 9 LSL-Tm reporter mice
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Figure 7 Lineage-tagging of ducts during acinar regeneration after caerulain treatment. LSL-Tm mice were infused with AAV6-Sox9-Cre virus into the
pancreatic ducts at 10 weeks of age. Four weeks after viral infusion, mice were treated with either caerulein or saline injections for 2 days and analyzed
3 days, 1 week, and 21 days later. H&E staining shows cytoplasmic vacuolization at 3 days after caerulein treatment (b); saline-injected group at 3 days
is normal (a). Twenty-one days after caerulein treatment, the pancreas shows recovery of normal histology (c). Whole-mount staining reveals that the
main pancreatic ducts were tagged with red fluorescence at 4 weeks after AAV6-Sox9-Cre viral infusion (d-f). Three days after caerulein treatment, the
acinar-to-ductal metaplastic tubules were stained with DBA, but the recombinant red fluorescence was only seen in the pancreatic main ducts (g-i).
Twenty-one days after caerulein administration the recombinant red fluorescent pancreatic ducts still persisted, but no red acini were seen (g-i).
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receiving AAV6-Sox9-cre virus, we found <0.1% labeled
non-ductal cells.

AAV6 virus with CMV promoter appears to infect most
cells in the pancreas (Figures 3d, e, j, k; Figures 5u, v, X,y ). In
the adult mouse pancreas, the sox9 promoter is most active
in the pancreatic ducts.®® In other pancreatic cells, however,
such as acinar cells and endocrine cells, sox9 promoter
activity is low,>* unlike the CMV promoter, which has
strong activity in acinar and islet cells (Figures 3d, e, j and k;
Figures 5t—y). Hence, by using a short sox9 promoter, to-
gether with the serotype tissue tropism of AAV6, we achieved
cre recombinase activity specially in pancreatic ducts.
We believe that this approach now represents the most
specific and efficient labeling system available for driving
pancreatic duct-specific gene expression or for duct
lineage-tagging.

Caerulein injections induce pancreatitis through dysregu-
lation of digestive enzyme production and cytoplasmic va-
cuolization, leading to acinar cell death and pancreatic
edema. In caerulein-induced pancreatitis, acinar-to-ductal
transient metaplasia (ADM) occurs, followed by regeneration
or reversion to normal acini.?®37 To test the possibility that
ductal cells contribute to acinar cell regeneration following
caerulein treatment, we lineage-tagged the duct cells with
AAV-Sox9-cre viral infusion and performed caerulain
treatment. Acinar-to-ductal metaplasia was observed 3 days
after caerulein treatment (Figures 7g—i). Though these me-
taplastic tubules were stained with DBA, they were not to-
mato-red. Three weeks post caerulein treatment, the
regenerated acinar cells also did not label with tomato-red,
suggesting that they were not derived from the AAV6-Sox9-
cre labeled ducts in LSL-Tm mice (Figures 7j-1 and m).

Previous cre-based pancreatic ductal cell lineage tracing
experiments have used carbonic anhydrasell-CreERT, CK19-
CreERT, HNF1-CreERT, and Sox9-CreERT mice, but with
variable results.>®%1820 For over a decade, controversy has
existed regarding the source of new insulin-producing f cells
in the adult pancreas, especially the possibility that ducts may
be such a source. Our ductal labeling method could provide
an improved approach, with minimal leakiness and no
tamoxifen dependency. This approach, especially in
combination with whole-mount imaging, provides an
excellent appreciation of pancreatic ductal anatomy and
labeling efficiency in the mouse pancreas.’®3!

In conclusion, AAV6-mediated tissue tropism, combined
with a sox9 shorter promoter and direct intraductal viral
delivery can achieve durable and specific pancreatic duct
tagging. This method, along with whole-mount imaging,
should complement existing methods for the study of pan-
creatic duct lineages.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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