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Organotypic slice cultures recapitulate many features of an intact organ, including cellular architecture, microenvironment, and polarity,
making them an ideal tool for the ex vivo study of viruses and viral vectors. Here, we describe a procedure for generating precision-cut
ovine and murine tissue slices from agarose-perfused normal and murine melanoma tumor-bearing lungs. Furthermore, we demon-
strate that these precision-cut lung slices can be maintained up to 1 month and can be used for a range of applications, which include
characterizing the tissue tropism of viruses that cannot be propagated in cell monolayers, evaluating the transducing properties of gene
therapy vectors, and, finally, investigating the tumor specificity of oncolytic viruses. Our results suggest that ex vivo lung slices are an
ideal platform for studying the tissue specificity and cancer cell selectivity of gene therapy vectors and oncolytic viruses prior to in vivo
studies, providing justification for pre-clinical work.
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INTRODUCTION
The preparation of tissue microslices for ex vivo experimentation is a
technique that produces precision-cut organotypic slices with the use
of a vibratome or tissue slicer that operates with a vibrating blade. The
use of a vibrating blade allows for greater accuracy and reproducibility
when generating precision-cut lung slices (PCLSs).1 Compared to
in vivo work, tissue slices are cost-effective and less time-consuming
while still possessing many of the attributes of the intact organ.1–3 In
fact, PCLSs have been utilized in the study of lung anatomy because
they maintain the structural framework at both the tissue and cellular
level while also retaining all relevant cell types.1,2,4–7 PCLSs are often
utilized in toxicological and anatomical studies regarding contractility
in relation to asthma and other respiratory illnesses, such as emphy-
sema.1,5 Recently, lung slices have been used in immunological
studies, where they have been shown to retain their immune cell pop-
ulations and functions, which mimic that of the organ.4,8–10

With regard to infectious diseases, lung slices have been used as a
model system to study respiratory pathogens, including adenoviruses,
influenza viruses, respiratory syncytial virus, and the bacterium Cla-
mydophila pneumoniae, ultimately contributing to our understanding
of the pathogenesis and replication cycles of these infectious
agents.8–12 Additionally, lung slices have been used to evaluate the
transducing activity of various viral vectors.13–19 For example, in a
study evaluating lentiviral vectors (LVs) pseudotyped with the Ebola
virus (EBOV) glycoprotein (G) as a potential gene delivery vector,14,15

the EBOV G-bearing LVs did not infect cell monolayers as efficiently
as vesicular stomatitis virus (VSVG)-G-pseudotyped LVs; however,
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the EBOV G-pseudotyped LV was more efficient at transducing cells
in three-dimensional culture than VSV-G LV.15 Finally, PCLSs can be
used as a platform to study viruses, such as Jaagsiekte sheep retrovirus
(JSRV), that are unable to replicate in cell monolayers due to their
requirement for cell membrane polarity.14,15,20–29 Testing viruses in
tissue slices would also expedite and help to refine virus-driven
gene therapy and oncolytic virus (OV) studies, which ultimately
require the use of in vivo models to test their efficacy. Thus, the use
of lung slices that preserve many of the in vivo conditions can be
used to predict gene and oncolytic therapy outcomes in animal
models.

To this end, we present a detailed protocol for generating lung tissue
slices from both small (mice) and large (sheep) animals and from
normal and tumor-bearing tissue. Generating slices from the latter
preserves the tumor macro- and microenvironment that can never
be recapitulated in conventional cellular monolayers or three-dimen-
sional cultures and allows tumor selectivity of an OV to be evaluated
relative to adjacent normal tissue. We show that this protocol can be
used to successfully propagate viruses with cell polarity issues (JSRV),
allow for efficient transduction with gene therapy vectors (VSV-
G-pseudotyed LV and adenovirus GFP [Ad-GFP]), and support
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infection with OVs (Maraba [MG1-enhanced GFP (eGFP)], vaccinia
[VACV-GFP], and Newcastle disease virus [NDV-GFP]). Notably,
this protocol could readily be adapted to a broad array of viruses
and tissue types.

MATERIALS
Reagents

� Low melting point agarose ultrapure (Fisher Scientific, 16520100)
� 1X Hank’s buffered salt solution (HBSS) with Ca2+/Mg2+ (Fisher
Scientific, SH3026802)

� Industrial-strength glue (Loctite Super Glue Ultra Gel Control)
� PBS without calcium/magnesium/phenol red (Fisher Scientific,
SH3037803)

� DMEM high glucose with L-glutamine (Fisher Scientific,
SH30022FS)

� Recombinant human hepatocyte growth factor (Cedarlane,
100-39-10UG(PE))

� Recombinant human keratinocyte factor (GIBCO Life Technolo-
gies, PHG0094)

� L-glutamine (Fisher Scientific, SH3003402)
� Penicillin/streptomycin (Fisher Scientific, SV30010)
� Amphotericin B (Fisher Scientific, SV3007801)
� Gentamycin (Fisher Scientific, 15710064)
� Dexamethasone (Sigma-Aldrich, D4902-25MG)
� 8-Bromo-adenosine 30,50-cyclic monophosphate (Sigma-Aldrich,
B5386-5MG)

� 3-Isobutyl-1-methylxanthine (Sigma-Aldrich, I5879-100MG)
� Hexadimethrine bromide (Polybrene) (Sigma-Aldrich, H9268-5G)
� Fetal bovine serum (Fisher Scientific, 12483020)
� 10% Formalin (Fisher Scientific, SF100-4)
� Ethanol (Fisher Scientific, A962F-1GAL) to make 70% ethanol
� Isopropanol (Fisher Scientific, BP2618-4)
� Xylene (Fisher Scientific, HC7001GAL)
� Hematoxylin (Fisher Scientific, SH26-500D)
� Superfrost Plus slides (ThermoScientific, 22-037-246)
� C57BL/6 Mice (Charles River)
� Specific-pathogen-free (SPF) Cornell Star Sheep (neonates:
6-month-old lambs)

� Live/dead viability dye (Life Technologies, LSL7013)
� Resazurin dye (Sigma-Aldrich, R7017-5G)

Equipment

� Styrofoam box lids, saran wrap, and wooden skewers
� 8 mm tissue puncher (TedPella Biopunch, 15111-80)
� 50 mL centrifuge tubes (Fisher Scientific, 14955240)
� Petri dishes 100 � 15 mm (Fisher Scientific, FB0875712)
� 48-well plates (VWR, 10062-898)
� 96-well plates (VWR, 10062-900)
� Ted Pella Microslicer DTK-3000W (Vibratome)
� Nutating mixer fixed speed 120 V (Fisher Scientific, 88861041)
� 5 and 20 mL syringes
� 18G needles
� Fine-point forceps
� Scalpel
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� Surgical scissors
� Clamps (hemostats)
� p1000 Gilson pipette
� p1000 pipette filter tips
� 10 mL serological pipettes
� KimWipes (Sigma-Aldrich, Z188956)
� CO2 incubator
� Fluorescent microscope
� Foam biopsy sponges 25� 31 mm (ThermoFisher Scientific, 8453)
� Micromesh loose biopsy cassettes (Thermofisher, B1000735WH)
� Microscope cover glass (Fisher Scientific, 12-545-C 22X40-1)
� Superfrost Plus microscope slides (Fisher Scientific, 12-550-15)
� Dakocytomation pen (Dakocytomation, S2002)
� ThermoScientific Excelsior ES tissue processor
� ThermoScientific HistoStar tissue embedding station
� ThermoScientific Finesse ME+ microtome
Reagent Setup

Low Melting Point Agarose Gel

Prepare 2% (w/v) low melting point agarose (LMPa) in 1X HBSS 1 hr
prior to perfusion of the lungs by adding 4 g of LMPa to 200 mL of 1X
HBSS and allowing it to dissolve by heating via a microwave by puls-
ing every 2 min, or until boiling is observed, for approximately 6 min
until the LMPa has solubilized. Once the LMPa has solubilized,
distribute the 200 mL among four 50 mL centrifuge tubes and place
in a water bath pre-heated to 42�C to avoid solidification until ready
to perfuse.

Wash and Maintenance Media Solutions

Please see Table 1 for recipes on how to make the appropriate me-
dium. Make sure to have these solutions ready prior to cutting.

Medium and Polybrene

For experiments involving LVs, use a final concentration of 8 mg/mL
of polybrene (stock: 8 mg/mL; 1 mL polybrene to 1mLmedium) to aid
in transduction.30 This can be prepared the day of transduction and
infection with LV or JSRV, respectively.
Equipment Setup

Perfusion of Ovine Lungs

Set up a platform to maintain lungs in an upright position using
styrofoam lids for insulation. See Figure 1.

Vibratome Settings

Remove the buffer tray platform and add ice to the reservoir. Turn on
the lamp and set the blade settings to 100% frequency at a speed of
8 mm/s. Set the tissue cutting settings to 300 mm thickness, and a blade
traveling range of 20–40 mm, depending on the number of blocks in
the platform.

ThermoScientific Excelsior ES Tissue Processor Settings

Use the following program: six 23 s cycles of exposure to alcohols
(70%, 85%, 90%, 95%, and 2 cycles of 100% isopropanol) at 30�C,
mber 2018



Table 1. Media Conditions for Lung Slice Maintenance and Use

Media Reagents

Lung slice wash medium (LSWM)

50 U/mL penicillin/streptomycin
0.2 mg/mL gentamycin
1.25 mg/mL amphotericin
10 mM 8-bromo-adenosine 30 ,50-cyclic
monophosphate
100 mM 3-isobutyl-1-methylxanthine
100 nM dexamethasone
DMEM with high glucose

Lung slice maintenance medium for
infection with VSV-G LV (LSMM-A)

reagents in LSWM and 10% FBS;
2 mM L-glutamine

Lung slice maintenance medium for
infection with MG1-eGFP, VACV-GFP,
NDV-GFP, and Ad-GFP (LSMM-B)

reagents in LSMM-A and 10 ng/mL
recombinant human keratinocyte
factor

Lung slice maintenance medium for
infection with JSRV (LSMM-C)

reagents in LSMM-B and 5 ng/mL
recombinant human hepatocyte factor

Lung slice wash and maintenance media composition. Four types of medium were used
to treat the ovine and murine lung slices. A lung slice wash medium (LSWM) was used
for both types of lung tissue slices to prevent contamination. Three different types of
lung slice maintenance medium (LSMM) were used. Both the LSWM and LSMM con-
tained the following antibiotics: penicillin, streptomycin, gentamycin, and amphoteri-
cin. LSMM-A contained the bare minimum standard media reagents such as 10%
FBS and 1% L-glutamine and was used to culture the VSV-G GFP LV-transduced ovine
lung slices. LSMM-B contained the same reagents as LSMM-A in addition to the recom-
binant epithelial growth factor. LSMM-B was used to culture murine lung tumor slices
infected with MG1-eGFP, VACV-GFP, NDV-GFP, and Ad-GFP. Finally, LSMM-C was
composed of the same reagents as LSMM-B but also contained a human recombinant
hepatocyte factor required for propagation of JSRV in sheep lung slices.
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three 23 s cycles in xylenes at 30�C, and three cycles of 23 s in wax at
62�C.

PROCEDURE
Please consult Figure 2 for an overview of the procedure. Note that the
steps in this protocol should all be performed in a containment level
or biological safety level 2 laboratory within a type II biological safety
cabinet because the viruses used in this protocol are designated as risk
group 2 pathogens and because the lungs should be kept as sterile as
possible. All animal experiments were approved by the Institutional
Animal Care Committee of the University of Guelph in accordance
with Canadian Council on Animal Care (CCAC) guidelines.

1. Preparation of low melting point agarose (30 min) (day 0)

Prepare 2% LMPa in 1X HBSS 1 h prior to procuring lungs (see the
Reagent Setup section). Depending on the lung size, the volume
may range from 60 mL to 200 mL for lamb-derived lungs or less
than 5 mL for all five lung lobes from a mouse.

2. Preparation of lung tissue for sectioning with a vibratome (2 hr)
(day 0)

It is important to note that this step must be performed quickly,
shortly after euthanasia of the animal, while the lungs are warm,
and the agarose is still in its liquid state to ensure that it can
completely perfuse the lung tissues. In the case of mice, remove the
Molecular The
lungs, separate each lobe, and inject LMPa gel using a 5 mL syringe
directly into each lobe by inserting the needle into the tissue and
perfusing slowly and carefully so as not to damage the lung architec-
ture. Stop once noticeable inflation is observed; this typically requires
about 1 mL of LMPa per murine lung lobe.

In the case of sheep, set up the lungs as shown in Figures 1A and 1B.
Set up two styrofoam box lids by covering themwith paper towels and
plastic (Saran) wrap. Spray them with 70% ethanol and prop them
against each other with wooden skewers. Cut off the sheep trachea
2 inches from the primary bronchi and hold it in an upright position
with a clamp. Use another clamp to secure the clamps already holding
the trachea to the vertical styrofoam box. This will ensure the lungs
remain upright throughout the entire procedure. Remove one of
the 50 mL conical tubes containing LMPa gel from the 42�C water
bath and set aside at room temperature to cool for 5 min to avoid
burning the tissue. Then, using a 20 mL syringe filled with LMPa,
inject the liquefied gel down the trachea into the lungs.

The rate of flow of the gel going down the trachea into the lungs
should be relatively fast so as to avoid solidification of the LMPa
due to overcooling (Table 2). Once there is an observable increase
in lung volume as evidenced by a slight inflation in the lungs, it can
be assumed that the lungs have been properly perfused (Figure 1B).
Clamp the lungs shut and cool them by submerging them in cold
(4�C) 1X HBSS on ice for 45 min to 1 hr for sheep and 30 min for
mice to allow the LMPa to solidify.

Proceed to cut the ovine lungs with a scalpel into smaller 2–3-mm-
thick sections (Figure 1C) and use an 8 mm biopunch to core each
section (Figure 1D). The final core should be approximately 2 mm
thick with an 8 mm diameter. For mice, each individual lung is the
appropriate size and will not need to be cored.

Pour a thin layer of LMPa over a Petri dish that is on ice to provide a
base to completely surround the cores with LMPa. Once this layer has
solidified, transfer each sheep lung core or murine lung lobe into this
Petri dish. Next, pour another thin layer of LMPa over them, leaving
part of the core exposed; do not cover the sections completely yet.
This will secure each core or lobe and prevent them from floating.
Once this layer has solidified, pour enough LMPa to completely cover
the cores or lobes (Figure 1E). Leave the Petri dish with the
LMPa-embedded lung tissue on ice for 30 min to allow the agarose
to completely solidify.

3. Sectioning with the vibratome (1–4 hr) (day 0)

Fill the vibratome reservoir with ice. Replenish the ice to ensure the
buffer tray platform remains cool at all times. Set the vibratome blade
frequency to 100% and the speed to 8 mm/s using the blade settings
panel (Figure 3A). Spread glue over the buffer tray platform (Fig-
ure 3B). Using a scalpel, cut out a block containing a core or lobe
from the Petri dish with around 2 mm of agarose still surrounding
the tissue, dab the block dry with a Kimwipe, and place the block on
rapy: Methods & Clinical Development Vol. 10 September 2018 247
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Figure 1. Setup for the Perfusion of Sheep Lungs

(A) Two styrofoam box lids are lined with paper towels and

enclosed with plastic wrap prior to being positioned 90� to
each other with the use of wooden skewers. Clamps

(hemostats) are then attached to the trachea and used to

position the lungs upright. Another set of hemostats is put

through the clamps holding the lungs and adhered to the

vertical styrofoam cover. The initial state of the sheep

lungs is characterized by the lobes appearing deflated and

folded onto themselves (A); however, upon perfusion (B),

they no longer fold and appear engorged. (C) A section

approximately 2 mm thick is generated using a scalpel

and then (D) an 8 mm puncher is used to core the slice to

generate 8 mm-wide 2 mm-thick cores. The cores may

vary in perfusion level, as the lungs will be differentially

perfused throughout. The colored bars under the lung

cores denotes the difference in perfusion level that can be

observed in one section, with the orange bar being the

highest, leaving the core spongy, and the light blue bar

showing a flat section, lacking perfusion. The appropriate

lung cores (pink bar or second from the left) can then be

moved onto a Petri dish and embedded within LMPa (E).

(F) The use of antibiotics extends culturing of sheep lung

slices. Greater survival was observed when lung slices

were cultured over a period of 1 to 4 weeks throughout

6 months with or without antibiotics. Those maintained in

media with antibiotics were also subjected to 5 washes

prior to culturing. Error bars represent SEM.
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top of the glue to fasten the tissue block to the vibratome platform.We
recommend fitting as many blocks side by side as possible to increase
yield (e.g., 4 to 6 blocks can fit in the platform) (Figures 3C and 3D).
Bring the surgical scissors to cut cartilage when necessary (Table 2).

Set the vibratome thickness parameter to 300 mm and adjust the blade
travel range to cover the distance the blade will travel (40 mm should
cover the platform) using the width and sectioning range (W/R) func-
tion in the control panel (Figure 3B). Once everything is set up, insert
the ceramic blade into the blade holder and position the blade above
and behind the blocks by selecting the Manual function and then
pressing the Down button to lower the platform; press the reverse
(Rev) button to place the blade behind the blocks. Begin cutting by se-
lecting theAuto function and pressing the Start button; ensure that the
blade is cutting and not simply pushing the block (Table 2) (please
refer to Troubleshooting section). You may press Stop at any time.

Once the blade has sectioned through the tissue and a slice has been
generated, remove the slice and place it in lung slice wash medium
(LSWM) (Table 1). Once all lung slices have been collected, use for-
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ceps to place the lung slices in a 48-well plate (1
slice per well). To reduce the chances of contam-
ination, wash each slice with 200 mL of LSWM
five times using a p1000 pipette, incubate in
200 mL of the appropriate maintenance media,
including antibiotics penicillin/streptomycin,
gentamycin, amphotericin (refer to Table 1 for exact composition),
and change the media every other day (Figure 1F). The slices will typi-
cally last up to 4 weeks in these conditions.

Note: Avoid suction with pasteur pipettes and a vacuum aspirator,
which can readily aspirate the lung tissue slices, suctioning them right
to the waste.

4. Acclimation period (days 0–3)

Maintain the lung slices by continuing to change the media for fresh
media (200 mL) every day for 3 days prior to infection.

5. Viability measurement (days 3 and 28)

The viability of slices can be assessed using a live-dead viability stain,
with results visualized using an inverted fluorescent microscope (Fig-
ure 4A) or using a resazurin viability assay (Figure 4B), and can be
done during the acclimation time window (day 3) to select viable sli-
ces for infection and during and after infection (day 28). Live-dead



Figure 2. Experimental Overview and Timeline for Generating Precision-Cut Lung Tissue Slices for Viral Transduction or Infection
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staining has been previously detailed.31 Briefly, the stain is composed
of two dyes: (1) a green dye that easily transverses the cell membrane
and (2) a red dye that can only enter cells if there is damage to the cell
membrane. Remove the media from the lung slices with a p1000
pipette and wash twice with 1X PBS before adding the stain. Lung sli-
ces can be treated with 10% Triton-X and left in the fridge for 24 hr, to
be used as a positive control for cell death, before being treated with
the stain. Visualize lung slices with a fluorescence microscope accord-
ing to manufacturer specifications.

The resazurin assay has also been described before.32 Add LSMM-B
containing resazurin to lung slices in 48-well plates. Incubate plates
in a 37�C, 5% CO2 incubator. After 2 hr, move each lung slice into
a 96-well plate with fresh LSMM-B without resazurin for quantifica-
Table 2. Troubleshooting Tips for Preparing Ovine and Murine Lung Tissue Mi

Observation Possible Explanation T

Dried-up, leathery texture lungs are getting colder
w
L

Bloody, dark spots in lung lobes
lungs too hot
time in hot room exceeded

d

LMPa gel rate too fast agarose too hot w

LMPa gel rate too slow lungs are cold

e
i
n
d

Lungs appear mushy when
cutting sections

agarose poured too hot
waited less than 45 min for agarose
to solidify

c
l

Blade is pushing the core
lungs not properly perfused
blade is in contact with cartilage
core-gel block not fastened to platform

r
h
g

Tissue is sheared
agarose poured too hot
lung tissue is over-perfused
ice melting in reservoir

c
s
a
p

Lung tissue media appear
cloudy

not enough washes
w
t

aAvoid if possible
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tion of fluorescence using a plate reader. Resazurin is converted to a
fluorescent compound by metabolically active cells, and, therefore,
higher fluorescent values correlate with greater viability. We arbi-
trarily defined lung slices as unviable when they had fluorescence
values equal to or lower than 1 SD below the mean of untreated
lung slices and recommend excluding those from experiments (Fig-
ure 4). Typically, 93%–99% of slices remain viable after the procedure
(Figures 1F and 4) when using the maintenance medium recipe
detailed in this paper.

6. Transduction and infection of lung slices (15 min) (days 3–4)

Production of JSRV, LVs, Ad-GFP, MG1-eGFP, VACV-GFP, and
NDV-GFP has been extensively described in the literature,31,33–41
croslices

roubleshooting

ork fast; if LMPa gel does not go easily, then directly re-perfuse individual cores with
MPa gela

o not pour LMPa gel; cut lung lobes and directly perfuse the cores insteada

ait at least 1 hr after preparing the LMPa gela

nsure that the lungs are fresh so that core temperature remains warm
f delayed, lungs can be left within bag inside styrofoam container at 37�C room for
o more than 30 min
irectly perfuse the cores instead

heck that the conical tube containing LMPa gel feels warm and not hot to toucha

eave lungs incubating for longer to allow them to solidify

e-infuse the core directly using warm LMPa gel with 5 mL syringe and a 30G needle
ave surgical scissors at hand to cut the cartilage
lue core-gel block again or use another one

heck that the conical tube containing LMPa gel feels warm and not hot to toucha

elect another core according to Figure 2 criteria
dd more ice to reservoir; ensure that vibratome platform remains cold throughout
rocedure; drop a small ice cube on top of the tissue if possible.

ash the lung slices at least 5 times prior to culturing them and make sure to change
he media with fresh media every other day
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Figure 3. Equipment Setup for Use of the Vibratome

The vibratome contains two setting panels: (A) a blade

settings panel on the left and (B) a tissue cutting settings

panel on the right. The blade settings panel can adjust the

frequency and speed of the setting, while the tissue cut-

ting settings accounts for the thickness of the slice and the

blade travel range along the buffer tray platform. The

reservoir should be filled with ice throughout the proced-

ure. (C) and (D) show representative tissue blocks for ovine

and murine lung tissues, respectively.
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and we have used similar methods. For retroviruses and lentivec-
tors, remove media from the lung slices and add fresh media
containing polybrene at a final concentration of 8 mg/mL. Next,
infect with 2 � 106 U (reverse transcriptase units) of JSRV concen-
trated by ultracentrifugation or 1 � 106 transducing units (TU)/mL
for the VSV-G GFP LV. For the other viruses, polybrene is not
needed; simply replace with fresh media and add 1 � 108 plaque
forming units (PFU)/mL for MG1-eGFP, 5 � 106 PFU/mL
for VACV-GFP, 1 � 107 PFU for NDV-GFP, or 1 � 107 PFU
Ad-GFP per lung slice dropwise. Place the 48-well plate on a
rotating platform (nutating mixer fixed speed 120 V) inside a tissue
culture incubator at 37�C with 5% CO2 overnight. The following
morning, remove media containing input virus from lung slices,
wash five times with PBS to remove residual input virus from
the agarose impregnated tissue, and add fresh media back to the
lung slices.

7. Detection of viral transduction and infection (days 5–7)

At 48–72 hr post-transduction, visualize the lung slices trans-
duced with VSV-G GFP LV (48 hr) (Figure 5A) or infected
with Ad-GFP (72 hr) (Figure 5B), VACV-GFP (72 hr), NDV-
GFP (72 hr) (Figure 5C), or MG1-eGFP (48 hr) (Figures 6C
and 6D) using a fluorescent microscope. For JSRV, continue to
maintain the lung slices as described previously for 3–4 weeks
prior to fixing and performing immunohistochemistry (IHC) (Fig-
ures 6A and 6B). Collect media from lung slices infected with
250 Molecular Therapy: Methods & Clinical Development Vol. 10 September 2018
JSRV to measure reverse transcriptase activity
as described previously.42

8. IHC (4 days) (weeks 3–4)

Remove media from the lung slices and wash
them twice with 1X PBS. Fix the lung slices in
10% formalin for approximately 16 hr. After fix-
ation, wash the lung slices three times with 1X
PBS before placing them in 70% ethanol. Trans-
fer the lung slices to an embedding cassette
by spreading them on top of two foam pads
and then store in 70% ethanol. Place the
cassettes in an automated tissue processor
(ThermoScientific Excelsior ES) and begin fixa-
tion, dehydration, and paraffin wax infiltration
of the tissues by following the program described in the Equipment
Setup section of this paper.

CAUTION:Do not use conventional overnight processing programs,
as this might cook and shear the slices.

Once finished, proceed to embedding tissues in paraffin blocks using
an embedding work station (ThermoScientific HistoStar) and proto-
cols as described in the instruction manual. The lung slice paraffin
blocks should be stored at�20�C, since blocks should be cold during
sectioning. The next day, use a microtome (ThermoScientific Finesse
ME+) to prepare 5 mm sections from the blocks. Keep blocks on ice
while waiting to use the microtome.

CAUTION: Do not use the trim function; instead, use “section” or
you risk losing the lung slices.

Using tweezers, place tissue sections in a 42�C water bath and, using
clean tweezers, place the section onto a Superfrost Plus slide. Charged
slides improve tissue adhesion to the glass. Leave the slide on a heat
block at 37�C to dry overnight (>16 hr). The next morning, proceed
to IHC as previously described.31,43

Timing

� Day 0: prepare tissue for vibratome and slice tissue. Wash slices.
� Days 0-3: maintain and culture lung tissue slices in appropriate
maintenance medium.

� Days 3–4: infect and transduce lung slices.



Figure 4. Sheep Lung Slices Remain Viable for a

Month

(A) Sheep lung slices were cultured in lung slice mainte-

nance medium-C (Table 1) and harvested after 1 and

4weeks. At both time points, the lung sliceswere tested for

viability using a live-dead viability stain, and the resultswere

visualized using a Zeiss Leica inverted fluorescence mi-

croscope using the FITC (for live cells) and Texas Red (for

dead cells) channels. Lung slices treated with 10% Triton

X-100 and left in the fridge for 24 hr were used as positive

controls for cell death. After 4 weeks, slices where there

was more observable red than green throughout the entire

tissue slice were deemed as dead. (B) Mouse lung slice

viability was assessedby ametabolic assay.Resazurinwas

added to mouse lung slices in LSMM-B for 2 hours and

then the fluorescent intensity of each sample was read by a

plate reader (530/25nm; 595/5 nm). Lungslices 2moreSD

below the mean were excluded from experimentation

(indicated by red arrows). Error bars represent SEM.
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� Day 5: change media of lung slices.
� Days 5–7: check for fluorescence of GFP reporter gene. Take pic-
tures. Collect media from slices to measure virus titer.

� Weeks 2–3: continue culturing lung slices for JSRV. Collect media
from lung slices infected with JSRV to measure reverse transcrip-
tase activity.

For long-term experiments:

� Day 28: collect lung slices and fix for 16 hr in 10% formalin.
� Day 29: place lung slices in cassettes and store in 70% ethanol over-
night and proceed to tissue processing.

� Day 30: paraffin-embed lung slices into blocks and leave in freezer
overnight.

� Day 31: cut specimen blocks, mount on slides, and leave baking
overnight.

� Day 32: perform IHC to visualize virus transduction.
Molecular Therapy: Methods & Clinic
Troubleshooting

Tissue Preparation and Cutting

Please consult Table 2 for troubleshoot-
ing during tissue preparation and vibratome
use.

Lung Slice Architecture

Although sheep lung tissue slices can be grown
for up to 4 weeks in culture, there is a reduction
in size over time (Figure 6A). This loss of
structure could be due to the dissolution of
agarose.1 To reduce this effect, we recommend
making wider slices (>8 mm) for longer
experiments.

Variability in Lung Slice Viability

We recommend generating large numbers
of tissue slices from each murine lung sample
to obtain a more representative mean fluorescence for the resazurin
assay.

Potential Pitfalls during Tissue Preparation

This protocol requires an uninterrupted day and depends on the ex-
perimenter’s speed and efficiency. We recommend obtaining lung
slices that are as fresh as possible. The shorter the time the lungs
are outside the body prior to perfusion with LMPa gel, the better
the quality of the lung slices (Table 2). In general, PCLSs range in
size between 150 mm to 500 mm, although most studies use sizes be-
tween 250 mm and 300 mm.1–4,6–8,11,12

With respect to the vibratome, two main parameters need to be opti-
mized: (1) the frequency of vibration to create an easier cutting path
for the blade and (2) the speed of the blade to generate slices in a
timely manner; these parameters are specific to each type of tissue.
al Development Vol. 10 September 2018 251
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Figure 5. Ovine andMurine Lung Slices Can Be Transducedwith Gene Therapy Vectors andMurine Tumor-Bearing Lung Tissue Slices Can Be Infected with

Oncolytic Viruses

VSV-G-LV-transduced ovine lung cells (A) and Ad-GFP-transduced mouse lung cells (B) can be seen as green fluorescent foci in the center and edges of the lung slices.

Transduction was possible in standard cell culture medium supplemented with additional antibiotics (LSMM-A; Table 1). Migrant cells from the lung slices are also susceptible

to transduction (A). Lung slices were imaged by fluorescence microscopy to detect infection with NDV-GFP or VACV-GFP 72 hr post-infection (C). B16-F10 tumors are

outlined in white dotted lines in the BF images. GFP expression can be observed as punctate spots in and around the tumors. Uninfected lung slices show dark B16-F10

tumors (arrows). GFP puncta localized in and/or around the tumors can be identified in NDV-GFP- and VACV-GFP-treated slices.
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The recommendedmanufacturer frequency and speed settings for tis-
sues such as lung are 80%–100% and 10 mm/s in the case of the vibra-
tome we used. In this study, we preferred using 100% and 8 mm/s for
frequency and speed, respectively, for lung tissue slices. With these
settings, we were able to generate lung tissue slices at a rate of 1
slice/min. Though it was possible with certain cores to increase the
speed, prolonged speed increments had the potential of warping
and shearing lung tissue slices. In fact, with a speed greater than
10 mm/s, the blade would move the block off the platform instead
of cutting the tissue.

The vibratome procedure can take between 1 to 4 hr, depending on
how well the tissue is being cut. The vibratome used in this study
comes equipped with a very sharp ceramic blade; however, we found
that cutting heavily depends on the tissue architecture. The amount of
252 Molecular Therapy: Methods & Clinical Development Vol. 10 Septe
time spent with cutting depends on the variation in perfusion and the
presence of cartilage, which sometimes needs to be removed. We
recommend adding up to 6 blocks into the buffer tray platform to
yield as many lung slices per minute as possible and decrease the
time it takes to complete the procedure. We also suggest keeping a
watchful eye during the entire procedure to ensure that: (1) the blade
is not pushing the tissue; (2) cartilage is not preventing efficient cut-
ting; and (3) the platform is not heating up. The frequency of the vi-
bration can introduce heat. Adding ice to the platform and the buffer
tray platform can ensure consistently low temperatures.

Lung Tissue Slices Preparation Time

To shorten tissue preparation times, we considered freezing tissues
post-LMPa perfusion; however, freezing at this point significantly
reduced tissue viability (data not shown). Freezing tissues after
mber 2018



Figure 6. Sheep and Murine Lung Slices Can Be Infected and Virus

Production Can Be Detected

Lung slices grown in LSMM-C were infected with JSRV and incubated for 4 weeks

at 37�C. (A) Robust immunohistochemical staining of a lung slice infectedwith JSRV

using a monoclonal antibody against the JSRV Env oncoprotein. An uninfected lung

slice was used as a negative control and lacked staining. Tissue from the lung of an

adult sheep suffering from ovine pulmonary adenocarcinomawas used as a positive

control. (B) Reverse transcriptase (RT) activity in the supernatant of mock and JSRV-

infected lung slices. Murine B16-F10 melanoma tumor-bearing lung slices grown in

LSMM-B were infected with oncolytic Maraba virus (MG1-eGFP). (C) Top: unin-

fected lung slices show dark B16-F10 melanoma tumors (arrows). Bottom: GFP

puncta localized around and within the tumor (arrows) indicates infection by MG1-

eGFP. (D) MG1-eGFP virus is detectable in supernatant from infected lung slices.

Viral titers (1 � 105 PFU/mL) from infected lung slice supernatants (N = 6) were

determined by TCID50 48 hr post-infection. Error bars represent SEM.
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cutting with the vibratome, however, did preserve viability. In this
case, tissues were frozen in 10% DMSO-LSMM-C (Table 1) after
2 days of culturing. Upon addition of the freezing media, the lungs
were frozen overnight at �80�C before being transferred to a liquid
nitrogen tank for long-term storage. Thawing was rapidly executed
at 37�C, and the slices were allowed to culture for 3 days to 1 week
Molecular The
prior to experimental use. Although thawed slices did not seem to
have reduced viability, freezing drastically reduced transduction effi-
ciency. Therefore, we do not recommend freezing for lung slice work
that involves viral infections or transductions. Recent studies have
looked at cryopreservation of lung slices and have also noted similar
drawbacks.2,6 Perhaps a longer acclimation period could resolve this
problem.

Transduction and Infection of Lung Slices

After generating the slices with the vibratome, we recommend accli-
mating the lung tissue slices in culture for 3 days prior to transduction
or infection with the lung slices. We found that this acclimation
period was important for transduction and infection efficiency. We
also found that transducing with GFP-expressing viruses yielded
punctate foci indicative of efficient transduction of the lung slices
(Figures 5A–5C). However, it is important to note that a strong pro-
moter should be used to drive expression of the GFP reporter gene.
Lung slices grown for more than 3 weeks exhibited large amounts
of auto-fluorescence that were difficult to discern from positively
transduced foci, compared to negative untreated tissue. Other studies
have also noted auto-fluorescence in the lungs as a potential drawback
from using GFP as a reporter gene.44,45 Therefore, we recommend us-
ing other reporter genes, such as mCherry and heat stable human
placental alkaline phosphatase (hPLAP), for long-term studies.

However, we found that, for sheep lung slices from lambs less than
6 months of age, the hPLAP reporter gene is not a viable option
due to the fact that lambs express a form of heat-stable AP in their
lungs (Figure S1). Therefore, other reporter genes, such as mCherry,
nuclear b-galactosidase, or firefly luciferase, might be useful for ovine
lung tissues. Alternatively, the use of IHC could circumvent the auto-
fluorescence problems observed. We were able to detect the presence
of GFP using a rabbit anti-GFP (Invitrogen, A11122), while no GFP
was detected in the no virus control (Figure S2). Furthermore, using
murine lung tissue slices that naturally do not express heat-stable AP,
we were able to effectively transduce these lung tissue slices with
VSVg hPLAP LV, and EBOV G-pseudotyped hPLAP LV (Figure S2).

Anticipated Results

The use of tissue slices is gaining widespread use1,2,4–6,8–12 and
becoming an attractive alternative to in vitro cell culture experiments
due to the presence of a cellular framework and microenvironment
similar to that observed in vivo.1,2,4,5 In this study, we optimized
the maintenance of ovine and murine lung tissue slices in culture to
evaluate small ruminant betaretroviruses (JSRV), gene therapy vec-
tors VSV-G GFP LV and Ad-GFP, and OVs MG1-eGFP, VACV-
GFP, and NDV-GFP. With this protocol, we were capable of trans-
ducing and maintaining infection with all of the aforementioned
viruses in lung slices (Figures 5 and 6). The media recipes we used
to maintain infection with these viruses (Table 1) can serve as a refer-
ence for future virus work in organotypic slices but might need to be
optimized, depending on the transcription factors important for the
virus. For instance, JSRV’s promoter region has two lung and liver-
specific hepatocyte transcription factor (HNF-3) binding sites,46–51
rapy: Methods & Clinical Development Vol. 10 September 2018 253
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and we found that addition of these two transcription factors was bet-
ter for infection. We also measured viability using two different as-
says: a live-dead stain for ovine lung slices and a well-established re-
sazurin assay for murine lung tumor slices.31,52 Using the live-dead
viability assay, we were able to determine that the sheep lung slice tis-
sue could remain viable for approximately 1 month (Figure 4A),
longer than other studies, regardless of the species and tissue
type.8,9,12,19,31 Interestingly, we found that the sheep lung tissue slices
that were viable and capable of harboring transduction or infection
(Figures 5A and 6A) would often be accompanied by migrating
lung fibroblast-like cells that would adhere to the bottom of the plate.
We ascertained that this observed characteristic was a marker of tis-
sue slice viability. Interestingly, these adherent cells also had the
capacity of being transduced by the VSV-G GFP LV (Figure 6A).
These cells could be harvested as a primary cell line and constitute
another reason for the use of tissue slices. We also took advantage
of the resazurin assay to determine murine lung slice viability without
compromising the ability to subsequently infect them with viruses.
Resazurin can be added to lung slice media for 2 hours and then
washed and replaced with normal media without significantly
affecting lung slice viability. Thus, this protocol provides two alterna-
tive methods for measuring viability that future studies could benefit
from.We also found that the OVs were mostly found in tumor tissues
or the peri-tumoral region in the lung slices (Figures 5C and 6C), as
has also been well established in the literature.53–58 Moreover, we
observed a decrease in tumor tissue metabolic activity when in the
presence of oncolytic vector MG1-eGFP, using the resazurin assay,
a surrogate tool for viability (Figure S3). Therefore, this protocol is
a convenient tool to assess the activity of other gene and OV vectors
prior to and to complement in vivowork.We expect that this protocol
can also be applied to other pathogens and other tissues.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and can be found
with this article online at https://doi.org/10.1016/j.omtm.2018.07.
010.
AUTHOR CONTRIBUTIONS
M.C.R.G. developed the protocol, produced JSRV and VSV-G GFP
LV, generated and maintained all lung slices, and measured the
viability of lung slices with the live-dead stain. J.P.vV. delivered
B16-F10 melanoma cells to the mice, propagated MG1-eGFP and
VACV-GFP, infected lung slices with MG1-eGFP, VACV-GFP,
Ad-GFP, and NDV-GFP, and measured the viability of the lung slices
with resazurin assays. L.A.S. generated the NDV-GFP construct and
propagated the virus. J.dJ. and R.C.M. propagated the Ad-GFP virus.
VACV-GFP construct was generated by A.P. and was generously
gifted by J.C.B. M.C.R.G. and J.P.vV. wrote the manuscript with the
help of L.A.S., R.C.M., A.P., J.C.B., B.W.B., and S.K.W.
CONFLICTS OF INTEREST
The authors declare no competing financial interests.
254 Molecular Therapy: Methods & Clinical Development Vol. 10 Septe
ACKNOWLEDGMENTS
M.C.R.G. is the recipient of an NSERC PGS-D and OVC PhD Schol-
arship. J.P.vV. is the recipient of an OMAFRA and OVC PhD
Scholarship as well as an NSERC MGS-D scholarship. The work
was performed with funds from Cystic Fibrosis Canada and an
NSERC Discovery Grant, of which S.K.W. was the recipient. B.W.B.
is funded by an NSERC Discovery Grant. We would like to acknowl-
edge Betty-Anne McBey for her help in post-mortem processing and
Brian McDougal and Pam Hasson for their efforts in providing sheep
lungs for our work. Finally, we would like to extend our sincerest
thanks to Kasandra Bélanger and Halil Aydin for their revisions of
the manuscript. The NDV and MG1 vector systems were generously
provided by Drs. Peter Palese (Mount Sinai School of Medicine, New
York, NY, USA), and David Stojdl (Children’s Hospital of Eastern
Ontario, Ottawa, ON, Canada).

REFERENCES
1. Sanderson, M.J. (2011). Exploring lung physiology in health and disease with lung

slices. Pulm. Pharmacol. Ther. 24, 452–465.

2. Rosner, S.R., Ram-Mohan, S., Paez-Cortez, J.R., Lavoie, T.L., Dowell, M.L., Yuan, L.,
Ai, X., Fine, A., Aird, W.C., Solway, J., et al. (2014). Airway contractility in the pre-
cision-cut lung slice after cryopreservation. Am. J. Respir. Cell Mol. Biol. 50, 876–881.

3. Held, H.D., Martin, C., and Uhlig, S. (1999). Characterization of airway and vascular
responses in murine lungs. Br. J. Pharmacol. 126, 1191–1199.

4. Liberati, T.A., Randle, M.R., and Toth, L.A. (2010). In vitro lung slices: a powerful
approach for assessment of lung pathophysiology. Expert Rev. Mol. Diagn. 10,
501–508.

5. de Graaf, I.A., Olinga, P., de Jager, M.H., Merema, M.T., de Kanter, R., van de
Kerkhof, E.G., and Groothuis, G.M. (2010). Preparation and incubation of preci-
sion-cut liver and intestinal slices for application in drug metabolism and toxicity
studies. Nat. Protoc. 5, 1540–1551.

6. Bai, Y., Krishnamoorthy, N., Patel, K.R., Rosas, I., Sanderson, M.J., and Ai, X. (2016).
Cryopreserved Human Precision-Cut Lung Slices as a Bioassay for Live Tissue
Banking. A Viability Study of Bronchodilation with Bitter-Taste Receptor Agonists.
Am. J. Respir. Cell Mol. Biol. 54, 656–663.

7. Maund, S.L., Nolley, R., and Peehl, D.M. (2014). Optimization and comprehensive
characterization of a faithful tissue culture model of the benign andmalignant human
prostate. Lab. Invest. 94, 208–221.

8. Liu, R., An, L., Liu, G., Li, X., Tang, W., and Chen, X. (2015). Mouse lung slices: An
ex vivo model for the evaluation of antiviral and anti-inflammatory agents against
influenza viruses. Antiviral Res. 120, 101–111.

9. Wu, W., Booth, J.L., Duggan, E.S., Wu, S., Patel, K.B., Coggeshall, K.M., and Metcalf,
J.P. (2010). Innate immune response to H3N2 and H1N1 influenza virus infection in
a human lung organ culture model. Virology 396, 178–188.

10. Wu, W., Zhang, W., Booth, J.L., and Metcalf, J.P. (2012). Influenza A(H1N1)pdm09
virus suppresses RIG-I initiated innate antiviral responses in the human lung. PLoS
ONE 7, e49856.

11. Löndt, B.Z., Brookes, S.M., Nash, B.J., Núñez, A., Stagg, D.A., and Brown, I.H. (2013).
The infectivity of pandemic 2009 H1N1 and avian influenza viruses for pigs: an
assessment by ex vivo respiratory tract organ culture. Influenza Other Respir.
Viruses 7, 393–402.

12. Van Poucke, S.G., Nicholls, J.M., Nauwynck, H.J., and Van Reeth, K. (2010).
Replication of avian, human and swine influenza viruses in porcine respiratory ex-
plants and association with sialic acid distribution. Virol. J. 7, 38.

13. van Geer, M.A., Kuhlmann, K.F., Bakker, C.T., ten Kate, F.J., Oude Elferink, R.P., and
Bosma, P.J. (2009). Ex-vivo evaluation of gene therapy vectors in human pancreatic
(cancer) tissue slices. World J. Gastroenterol. 15, 1359–1366.
mber 2018

https://doi.org/10.1016/j.omtm.2018.07.010
https://doi.org/10.1016/j.omtm.2018.07.010
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref1
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref1
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref2
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref2
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref2
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref3
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref3
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref4
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref4
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref4
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref5
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref5
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref5
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref5
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref6
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref6
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref6
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref6
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref7
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref7
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref7
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref8
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref8
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref8
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref9
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref9
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref9
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref10
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref10
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref10
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref11
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref11
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref11
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref11
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref12
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref12
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref12
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref13
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref13
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref13


www.moleculartherapy.org
14. Medina, M.F., Kobinger, G.P., Rux, J., Gasmi, M., Looney, D.J., Bates, P., andWilson,
J.M. (2003). Lentiviral vectors pseudotyped with minimal filovirus envelopes
increased gene transfer in murine lung. Mol Ther. 8, 777–789.

15. Kobinger, G.P., Weiner, D.J., Yu, Q.C., and Wilson, J.M. (2001). Filovirus-pseudo-
typed lentiviral vector can efficiently and stably transduce airway epithelia in vivo.
Nat. Biotechnol. 19, 225–230.

16. Ulasov, I.V., Rivera, A.A., Nettelbeck, D.M., Rivera, L.B., Mathis, J.M., Sonabend,
A.M., Tyler, M., Wang, M., Douglas, J.T., and Lesniak, M.S. (2007). An oncolytic
adenoviral vector carrying the tyrosinase promoter for glioma gene therapy. Int. J.
Oncol. 31, 1177–1185.

17. Zhu, Z.B., Rivera, A.A., Makhija, S.K., Lu, B., Wang, M., Izumi, M., Cerfolio, R.J.,
Stoff-Khalili, M.A., Zhou, F., Takayama, K., et al. (2007). Targeting lung cancer using
an infectivity enhanced CXCR4-CRAd. Lung Cancer 55, 145–156.

18. Freese, A., Kaplitt, M.G., O’Connor, W.M., Abbey, M., Langer, D., Leone, P.,
O’Connor, M.J., and During, M.J. (1997). Direct gene transfer into human epilepto-
genic hippocampal tissue with an adeno-associated virus vector: implications for a
gene therapy approach to epilepsy. Epilepsia 38, 759–766.

19. Diallo, J.S., Roy, D., Abdelbary, H., De Silva, N., and Bell, J.C. (2011). Ex vivo infection
of live tissue with oncolytic viruses. J. Vis. Exp. (52), 2854.

20. Zurzolo, C., Polistina, C., Saini, M., Gentile, R., Aloj, L., Migliaccio, G., Bonatti, S., and
Nitsch, L. (1992). Opposite polarity of virus budding and of viral envelope glycopro-
tein distribution in epithelial cells derived from different tissues. J. Cell Biol. 117,
551–564.

21. Lamp, B., Dietzel, E., Kolesnikova, L., Sauerhering, L., Erbar, S., Weingartl, H., and
Maisner, A. (2013). Nipah virus entry and egress from polarized epithelial cells.
J. Virol. 87, 3143–3154.

22. Javier, R.T. (2008). Cell polarity proteins: common targets for tumorigenic human vi-
ruses. Oncogene 27, 7031–7046.

23. Wang, T.G., Ye, J., Lairmore, M.D., and Green, P.L. (2000). In vitro cellular tropism of
human T cell leukemia virus type 2. AIDS Res. Hum. Retroviruses 16, 1661–1668.

24. Buckley, S.M., Howe, S.J., Sheard, V., Ward, N.J., Coutelle, C., Thrasher, A.J.,
Waddington, S.N., and McKay, T.R. (2008). Lentiviral transduction of the murine
lung provides efficient pseudotype and developmental stage-dependent cell-specific
transgene expression. Gene Ther. 15, 1167–1175.

25. Pickles, R.J., Fahrner, J.A., Petrella, J.M., Boucher, R.C., and Bergelson, J.M. (2000).
Retargeting the coxsackievirus and adenovirus receptor to the apical surface of polar-
ized epithelial cells reveals the glycocalyx as a barrier to adenovirus-mediated gene
transfer. J. Virol. 74, 6050–6057.

26. Caporale, M., Martineau, H., De las Heras, M., Murgia, C., Huang, R., Centorame, P.,
Di Francesco, G., Di Gialleonardo, L., Spencer, T.E., Griffiths, D.J., and Palmarini, M.
(2013). Host species barriers to Jaagsiekte sheep retrovirus replication and carcino-
genesis. J. Virol. 87, 10752–10762.

27. Johnson, C., Sanders, K., and Fan, H. (2010). Jaagsiekte sheep retrovirus transforma-
tion in Madin-Darby canine kidney epithelial cell three-dimensional culture. J. Virol.
84, 5379–5390.

28. Linnerth-Petrik, N.M., Santry, L.A., Yu, D.L., andWootton, S.K. (2012). Adeno-asso-
ciated virus vector mediated expression of an oncogenic retroviral envelope protein
induces lung adenocarcinomas in immunocompetent mice. PLoS ONE 7, e51400.

29. Liu, S.L., and Miller, A.D. (2005). Transformation of madin-darby canine kidney
epithelial cells by sheep retrovirus envelope proteins. J. Virol. 79, 927–933.

30. Modlich, U., Navarro, S., Zychlinski, D., Maetzig, T., Knoess, S., Brugman, M.H.,
Schambach, A., Charrier, S., Galy, A., Thrasher, A.J., et al. (2009). Insertional trans-
formation of hematopoietic cells by self-inactivating lentiviral and gammaretroviral
vectors. Mol Ther. 17, 1919–1928.

31. Cousens, C., Alleaume, C., Bijsmans, E., Martineau, H.M., Finlayson, J., Dagleish,
M.P., and Griffiths, D.J. (2015). Jaagsiekte sheep retrovirus infection of lung slice cul-
tures. Retrovirology 12, 31.

32. Garcia, V., Krishnan, R., Davis, C., Batenchuk, C., Le Boeuf, F., Abdelbary, H., and
Diallo, J.S. (2014). High-throughput titration of luciferase-expressing recombinant
viruses. J. Vis. Exp. 91, 51890.

33. Tiscornia, G., Singer, O., and Verma, I.M. (2006). Production and purification of len-
tiviral vectors. Nat. Protoc. 1, 241–245.
Molecular The
34. Palmarini, M., Sharp, J.M., de las Heras, M., and Fan, H. (1999). Jaagsiekte sheep
retrovirus is necessary and sufficient to induce a contagious lung cancer in sheep.
J. Virol. 73, 6964–6972.

35. Palmarini, M., Sharp, J.M., Lee, C., and Fan, H. (1999). In vitro infection of ovine cell
lines by Jaagsiekte sheep retrovirus. J. Virol. 73, 10070–10078.

36. Verhoeyen, E., and Cosset, F.L. (2009). Hematopoietic stem cell targeting with sur-
face-engineered lentiviral vectors. Cold Spring Harb Protoc. 2009, pdb.prot5276.

37. Diallo, J.S., Vähä-Koskela, M., Le Boeuf, F., and Bell, J. (2012). Propagation, purifica-
tion, and in vivo testing of oncolytic vesicular stomatitis virus strains. Methods Mol.
Biol. 797, 127–140.

38. Lane, C., Leitch, J., Tan, X., Hadjati, J., Bramson, J.L., and Wan, Y. (2004).
Vaccination-induced autoimmune vitiligo is a consequence of secondary trauma to
the skin. Cancer Res. 64, 1509–1514.

39. Smallwood, S.E., Rahman, M.M., Smith, D.W., and McFadden, G. (2010). Myxoma
virus: propagation, purification, quantification, and storage. Curr Protoc Microbiol.
Chapter 14. Unit 14A.11.

40. Mould, R.C., AuYeung, A.W.K., van Vloten, J.P., Susta, L., Mutsaers, A.J., Petrik, J.J.,
Wood, G.A., Wootton, S.K., Karimi, K., and Bridle, B.W. (2017). Enhancing Immune
Responses to Cancer Vaccines Using Multi-Site Injections. Sci. Rep. 7, 8322.

41. Santry, L.A., McAusland, T.M., Susta, L., Wood, G.A., Major, P.P., Petrik, J.J., Bridle,
B.W., and Wootton, S.K. (2017). Production and Purification of High-Titer
Newcastle Disease Virus for Use in Preclinical Mouse Models of Cancer. Mol.
Ther. Methods Clin. Dev. 9, 181–191.

42. Walsh, S.R., Linnerth-Petrik, N.M., Yu, D.L., Foster, R.A., Menzies, P.I., Diaz-
Méndez, A., Chalmers, H.J., and Wootton, S.K. (2013). Experimental transmission
of enzootic nasal adenocarcinoma in sheep. Vet. Res. (Faisalabad) 44, 66.

43. Wootton, S.K., Halbert, C.L., and Miller, A.D. (2005). Sheep retrovirus structural
protein induces lung tumours. Nature 434, 904–907.

44. Hoffman, R.M. (2015). Application of GFP imaging in cancer. Lab. Invest. 95,
432–452.

45. Van de Lest, C.H., Versteeg, E.M., Veerkamp, J.H., and Van Kuppevelt, T.H. (1995).
Elimination of autofluorescence in immunofluorescence microscopy with digital im-
age processing. J. Histochem. Cytochem. 43, 727–730.

46. McGee-Estrada, K., and Fan, H. (2007). Comparison of LTR enhancer elements in
sheep beta retroviruses: insights into the basis for tissue-specific expression. Virus
Genes 35, 303–312.

47. McGee-Estrada, K., and Fan, H. (2006). In vivo and in vitro analysis of factor binding
sites in Jaagsiekte sheep retrovirus long terminal repeat enhancer sequences: roles of
HNF-3, NF-I, and C/EBP for activity in lung epithelial cells. J. Virol. 80, 332–341.

48. McGee-Estrada, K., Palmarini, M., and Fan, H. (2002). HNF-3beta is a critical factor
for the expression of the Jaagsiekte sheep retrovirus long terminal repeat in type II
pneumocytes but not in Clara cells. Virology 292, 87–97.

49. McGee-Estrada, K., Palmarini, M., Hallwirth, C., and Fan, H. (2005). AMoloney mu-
rine leukemia virus driven by the Jaagsiekte sheep retrovirus enhancers shows
enhanced specificity for infectivity in lung epithelial cells. Virus Genes 31, 257–263.

50. Hofacre, A., and Fan, H. (2010). Jaagsiekte sheep retrovirus biology and oncogenesis.
Viruses 2, 2618–2648.

51. Palmarini, M., Datta, S., Omid, R., Murgia, C., and Fan, H. (2000). The long terminal
repeat of Jaagsiekte sheep retrovirus is preferentially active in differentiated epithelial
cells of the lungs. J. Virol. 74, 5776–5787.

52. Riss, T.L.M., Moravec, R.A., Niles, A.L., Duellman, S., Benink, H.A., Worzella, T.J.,
and Minor, L. (2013). Cell Viability Assays. In Assay Guidance Manual [Internet],
G.S. Sittampalam, N.P. Coussens, and K. Brimacombe, et al., eds. (Eli Lilly &
Company and the National Center for Advancing Translational Sciences), https://
www.ncbi.nlm.nih.gov/books/NBK53196/.

53. Le Boeuf, F., Selman, M., Son, H.H., Bergeron, A., Chen, A., Tsang, J., Butterwick, D.,
Arulanandam, R., Forbes, N.E., Tzelepis, F., et al. (2017). Oncolytic Maraba Virus
MG1 as a Treatment for Sarcoma. Int. J. Cancer 141, 1257–1264.

54. Brun, J., McManus, D., Lefebvre, C., Hu, K., Falls, T., Atkins, H., Bell, J.C., McCart,
J.A., Mahoney, D., and Stodjl, D.F. (2010). Identification of genetically modified
Maraba virus as an oncolytic rhabdovirus. Mol Ther 18, 1440–1449.
rapy: Methods & Clinical Development Vol. 10 September 2018 255

http://refhub.elsevier.com/S2329-0501(18)30074-3/sref14
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref14
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref14
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref15
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref15
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref15
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref16
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref16
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref16
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref16
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref17
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref17
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref17
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref18
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref18
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref18
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref18
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref19
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref19
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref20
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref20
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref20
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref20
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref21
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref21
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref21
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref22
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref22
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref23
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref23
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref24
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref24
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref24
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref24
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref25
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref25
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref25
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref25
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref26
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref26
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref26
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref26
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref27
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref27
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref27
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref28
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref28
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref28
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref29
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref29
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref30
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref30
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref30
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref30
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref31
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref31
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref31
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref32
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref32
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref32
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref33
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref33
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref34
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref34
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref34
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref35
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref35
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref36
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref36
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref37
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref37
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref37
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref38
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref38
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref38
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref39
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref39
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref39
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref40
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref40
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref40
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref41
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref41
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref41
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref41
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref42
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref42
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref42
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref43
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref43
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref44
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref44
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref45
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref45
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref45
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref46
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref46
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref46
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref47
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref47
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref47
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref48
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref48
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref48
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref49
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref49
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref49
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref50
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref50
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref51
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref51
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref51
https://www.ncbi.nlm.nih.gov/books/NBK53196/
https://www.ncbi.nlm.nih.gov/books/NBK53196/
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref53
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref53
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref53
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref54
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref54
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref54
http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
55. Pol, J.G., Zhang, L., Bridle, B.W., Stephenson, K.B., Rességuier, J., Hanson, S., Chen,
L., Kazdhan, N., Bramson, J.L., Stojdl, D.F., et al. (2014). Maraba virus as a potent on-
colytic vaccine vector. Mol Ther 22, 420–429.
56. Hummel, J., Bienzle, D., Morrison, A., Cieplak, M., Stephenson, K., DeLay, J., Woods,
J.P., Lichty, B.D., and Bridle, B.W. (2017). Maraba virus-vectored cancer vaccines
represent a safe and novel therapeutic option for cats. Sci. Rep. 7, 15738.
256 Molecular Therapy: Methods & Clinical Development Vol. 10 Septe
57. Parato, K.A., Breitbach, C.J., Le Boeuf, F., Wang, J., Storbeck, C., Ilkow, C., Diallo, J.S.,
Falls, T., Burns, J., Garcia, V., et al. (2012). The oncolytic poxvirus JX-594 selectively
replicates in and destroys cancer cells driven by genetic pathways commonly acti-
vated in cancers. Mol Ther 20, 749–758.

58. Yaacov, B., Eliahoo, E., Lazar, I., Ben-Shlomo, M., Greenbaum, I., Panet, A., and
Zakay-Rones, Z. (2008). Selective oncolytic effect of an attenuated Newcastle disease
virus (NDV-HUJ) in lung tumors. Cancer Gene Ther. 15, 795–807.
mber 2018

http://refhub.elsevier.com/S2329-0501(18)30074-3/sref55
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref55
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref55
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref56
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref56
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref56
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref57
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref57
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref57
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref57
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref58
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref58
http://refhub.elsevier.com/S2329-0501(18)30074-3/sref58

	Use of Precision-Cut Lung Slices as an Ex Vivo Tool for Evaluating Viruses and Viral Vectors for Gene and Oncolytic Therapy
	Introduction
	Materials
	Reagents
	Equipment
	Reagent Setup
	Low Melting Point Agarose Gel
	Wash and Maintenance Media Solutions
	Medium and Polybrene

	Equipment Setup
	Perfusion of Ovine Lungs
	Vibratome Settings
	ThermoScientific Excelsior ES Tissue Processor Settings


	Procedure
	Timing
	Troubleshooting
	Tissue Preparation and Cutting
	Lung Slice Architecture
	Variability in Lung Slice Viability
	Potential Pitfalls during Tissue Preparation
	Lung Tissue Slices Preparation Time
	Transduction and Infection of Lung Slices

	Anticipated Results

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


