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Preface to the Series

Under the guidance of its founders Alan Boulton and Glen Baker, the Neuromethods series
by Humana Press has been very successtul since the first volume appeared in 1985. In about
17 years, 37 volumes have been published. In 2006, Springer Science + Business Media
made a renewed commitment to this series. The new program will focus on methods that are
either unique to the nervous system and excitable cells or which need special consideration
to be applied to the neurosciences. The program will strike a balance between recent and
exciting developments like those concerning new animal models of disease, imaging, in vivo
methods, and more established techniques. These include immunocytochemistry and
clectrophysiological technologies. New trainees in neurosciences still need a sound footing
in these older methods in order to apply a critical approach to their results. The careful
application of methods is probably the most important step in the process of scientific
inquiry. In the past, new methodologies led the way in developing new disciplines in the
biological and medical sciences. For example, Physiology emerged out of Anatomy in the
nineteenth century by harnessing new methods based on the newly discovered phenomenon
of electricity. Nowadays, the relationships between disciplines and methods are more com-
plex. Methods are now widely shared between disciplines and research areas. New develop-
ments in electronic publishing also make it possible for scientists to download chapters or
protocols selectively within a very short time of encountering them. This new approach has
been taken into account in the design of individual volumes and chapters in this series.

Saskatoon, SK, Canada Wolfgang Walz



About This Book

This volume provides an overview of the viral vectors and associated methods used to apply
chemogenetic and optogenetic tools to the study of neural circuits. The chapters in this
book are organized into three parts.

Part I covers the viral vectors that have been optimized for neuronal expression and the
methods for their production and quality control. Note that, despite being widely used in
the field, adeno-associated viruses (AAVs) are not covered here as their capsids are being
rapidly evolved and refined, and many are commercially available. Hence we encourage the
reader to search for recent review articles if they are considering using AAVs in their research
(e.g., Li, C.and R. J. Samulski, Naz Rev Genet (2020); Wang, D., et al. Nat Rev Drug Discov
(2019)) and to purchase virus from commercial sources, such as Addgene (www.addgene.
org), the UNC vector core (www.med.unc.edu/genetherapy/vectorcore/), or the Penn
vector core (www.gtp.med.upenn.edu/core-laboratories-public/vector-core).

Part II provides information on vector modifications and applications. These include the
appropriate use of capsid selection and enhancer/promoter sequences for cell-type selective
expression, the use of transcriptomic analysis for neuron classification, methods for pathway-
specific targeting, and a description of the development of vectors for systemic delivery.

Part III provides practical advice for the delivery of viral vectors, and for the verification
of injection accuracy and monitoring of transgene expression.

Per the Neuromethods series style, all chapters include step-by-step detailed protocols
that can be easily followed, along with sections detailing tips and tricks for overcoming
common problems.
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Production, Testing, and Verification of Lentivirus
for Regional Targeting in the Old-World Monkey Brain

Walter Lerchner, Alyssa Luz-Ricca, Kiana Dash, Violette DerMinassian,
and Barry J. Richmond

Abstract

Genetic tools in the monkey brain are primarily applied through the injection of viral vectors in adult
animals, as germline modification is logistically challenging. There are several options for viruses and their
serotypes to transduce nonreplicating cells. In this chapter, we describe the salient characteristics of
lentivirus. The commonly used lentivirus pseudotyped with a vesicular stomatitis virus G (VSV-G) coat
protein appears to transduce all cell types equally and can be combined with various promoters/enhancers
to achieve specificity in cell type. The packaging capacity, up to 8 kb, is large enough to include regulatory
promoter/enhancer regions and/or multiple transgenes in the construct. It is also relatively easy to
produce high-titer and high-quality viruses in the large amounts required for treating large brain regions.
For retrograde transduction of projection neurons, we find that replacement of a plasmid encoding VSVG
with a plasmid encoding FuGE produces a lentivirus that expresses transgenes efficiently (see Chap. 2).
Here we detail our methods for producing, testing, and verifying lentivirus gene expression in the monkey
brain.

Key words Lentivirus, High-titer, Monkey, Retrograde, Amygdala, Packaging, Brain, Transgenic

1 Introduction

Recent advances in genetic methods for the inducible modulation
of specific neuron populations, such as chemogenetics [1], opto-
genetics [2], or RNAIi [3], have the potential to build on a large
body of cognitive research in the monkey [4-6]. One of the chal-
lenges for use of genetic technologies in old-world monkeys is
targeting the desired neuron population [7]. In rodents, accurate
targeting is achieved with germline modification, sometimes in
combination with viral vectors (most commonly adeno-associated
virus (AAV)). For the monkey, introducing genetic material into
the germline, while theoretically possible, is impractical because of
the long generation times [8]. Instead, nonreplicating viruses are

Mark A. G. Eldridge and Adriana Galvan (eds.), Vectorology for Optogenetics and Chemogenetics,
Neuromethods, vol. 195, https://doi.org/10.1007/978-1-0716-2918-5_1,
© This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2023

3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-2918-5_1&domain=pdf
https://doi.org/10.1007/978-1-0716-2918-5_1#DOI

4

Walter Lerchner et al.

used to transduce the desired genetic material into cells of the
mature brain. AAV is the most commonly used virus. However,
AAV at times shows inconsistent expression [9] and has a substan-
tial variety of serotypes, many of which show idiosyncratic selectiv-
ity of expression [7 ], some of which might be caused by preexisting
or induced neutralizing antibodies [10]. Another problem is that
purification of AAV can be complex and expensive for an individual
research laboratory [11]. Some of these challenges have been alle-
viated by the increasing availability of commercial AAV constructs
(e.g., https://www.addgene.org). Nevertheless, many commer-
cially available AAVs have been optimized and/or tested in rodent
research and need to be verified for their effectiveness in the mon-
key brain. Finally, the capacity of AAV is only about 4 kb, which can
limit constructs to a single gene with a small regulatory element. To
try to ameliorate these problems, we have been using lentivirus
vectors to deliver genetic material. When we use the common
VSV-G capsid protein, we find that lentivirus vector injections
result in a large percentage of targeted neurons expressing the
desired gene at consistent expression levels [3, 12, 13]. In contrast
to AAV serotypes, lentivirus VSV-G does not seem to show tropism
in the brain [7]. The packing size of up to 8 kb permits the insertion
of multiple genetic elements [3] and/or longer regulatory pro-
moter regions [7]. Local injection results in dense local expression
and no evidence for transport outside the injected region
[3]. When we pseudotype lentivirus with the FuG-E capsid protein,
we, like others (Kato and Kobayashi 2020, see Chap. 2), find that it
results in efficient retrograde transduction of cortical projection
neurons. Lentivirus does have some limitations compared to AAV,
some of which we detail here. For example, virus particles are
approximately fivefold larger than those of AAV, resulting in slower
tissue spread and possibly tissue damage when injected too fast or at
large volumes per injection. While lentivirus has a higher packaging
capacity than AAV, it can become difficult to reach titers required
for sufficient gene expression as the size approaches the packaging
limit. Here, we present the details of our methods for production,
testing, and verification of lentivirus vectors with examples of tar-
geting the old-world monkey amygdala.

2 Lentivirus Production

One of the most important considerations in using lentivirus for
targeting old-world monkey brains is to produce a functional virus
with high enough infectious units per ml (iu/ml) to achieve suffi-
cient penetrance in the target region without killing neurons
through protein overexpression. We find an infectious titer of
2 x 10° iu/mL works well for receptor or reporter proteins
expressed by a neuron-specific promoter, such as human synapsin
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promoter fragment (hSyn). Lentivirus is relatively large, approxi-
mately fivefold the size of AAV particles (100 vs. 20 nm), and
VSV-G capsid protein results in good binding of viral particles to
native cell surface receptors, making the virus “sticky.” Both char-
acteristics lead to good transduction near the injection site, but it
means we need relatively large volumes of lentivirus to achieve
effective diffusion across the region of interest.

To determine the volume of virus needed to cover one demon-
strative brain region, the amygdala, we conducted a study in which
we compared four 20 pL virus injections into the left amygdala
expressing a chemogenetic receptor (Fig. la, top panel) with a
single injection of 80 pL of the same virus into the right amygdala
(Fig. la bottom panel). Both injection methods gave similar cover-
age across a region of approximately 4 mm® (Fig. 1b). However,
the 80 pL injection resulted in a region in the center of the injection
where the NeuN antigen, which we used to identify neurons, was
no longer present, but where CFP was still identified in neurons
(Fig. lc, red outline). The loss of NeuN immunoreactivity without
complete cell death could indicate damage to neurons in this
region, a finding seen before [14]. In addition, there was also a
small region of tissue damage that was somewhat larger than that
expected just from needle damage, in which neither NeuN nor CFP
was detected (Fig. 1c, red outline). Therefore, we now limit single
injections to 20 pL but place multiple injections along a track
and/or spread across different injection tracks when necessary to
increase the injection coverage. To cover the 300 mm? of the
amygdala in one hemisphere, we estimate that it is necessary to
use a minimum of 300 pL of the virus. To arrive at this estimate, we
used the coverage that resulted from the four 20 pL injections in
our experiment to extrapolate the volume necessary to cover the
entirety of the amygdala. Such injections require large volumes of
high titer lentivirus. To achieve large volume production at high
titer and high purity, we adapted previously published lentivirus
production protocols [ 15, 16]. Our protocol works equally well for
lentivirus with the VSV-G capsid protein for anterograde transduc-
tion and the FuGE capsid protein for retrograde transduction
(Fig. 2). See the Method section 5.2 for details.

3 Lentivirus Titer Determination and Stability Testing

To determine the concentration of lentivirus particles in the virus
that we produce, we use at least one of two methods, depending on
the capsid protein of the virus. Our goal is to achieve a functional
titer for injections of 2 x 10 infectious units per ml (iu/mL) for
constructs encoding chemogenetic and optogenetic receptors. If
the titer is higher than this, we dilute the virus to 2 x 10° iu/mL
before injection. The following is an explanation of our titer deter-
mination for VSV-G and FuG-E lentivirus:
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Fig. 1 Establishing targeting parameters for hM4Di_CFP chemogenetic reporter expression in the amygdala.
(@) Comparative expression regions of either 4 x 20 L injections in individual tracks at 1.5 mm separation in
the anterior-posterior and medial-lateral planes (top panel) or a single 80 pL injection (bottom panel),
measurements indicate the position of a section through the anterior to the posterior extent of the expression
region. Green: Antibody staining against the CFP portion of the hM4Di_CFP. Red: Antibody staining against the
neuronal marker NeuN. (b) Virtual overlay of fluorescent staining at 2000 pm on top of an adjacent section
stained enzymatically with DAB for CFP detection. Left hemisphere: 4 x 20 uL injection, Right hemisphere:
1 x 80 pL injection. The regions stained outside the fluorescent signal (in brown) indicate staining for axonal
fibers emanating from the neurons transduced by the lentivirus. (c) NeuN antigen was not detected in the
center of the 1 x 80 pL injection outlined in red. Top panel: green signal is the staining for CFP, red staining for
NeuN. Bottom panel: NeuN signal is absent in the region outlined in red, even though cells are expressing the
CFP reporter gene. The region outlined in white indicates cell damage where neither NeuN nor CFP is detected.
(For the method of staining, see Lerchner et al. [7]; for the method of injection, see Lerchner et al. [3])

1. Lentivirus with a VSV-G capsid protein efficiently transduces
293T cells. This makes it possible to test the virus for actual
infectivity quantitatively, that is, iu/ml; see detailed protocol
below. Theoretically, we can transduce 150,000 cells per well
with 2 pL of virus and let the cells grow to 1,000,000 (10°)
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FuGE-lenti-syn::mCherry

mCherry/NeuN

Fig. 2 Retrograde lentivirus expression in cortical neurons projecting to rostromedial Caudate. Left panel: FuG-
E-lentivirus expressing mCherry under the control of a synapsin promoter was injected into rostromedial
Caudate (rmCD). White square indicates the cortical region magnified in the right panel. Red signal is the
staining for mCherry, blue signal is the staining for NeuN. Right panel: magnified region of ventromedial
prefrontal cortex. mCherry is expressed in projection neurons, with a large number of layer five neurons
expressing mCherry—white arrow indicates the red fiber bundle of mCherry-expressing cells on the inner
cortical surface

cells before harvesting the DNA from these cells and compar-
ing the copy number of a lentiviral gene per cell to the copy
number of an endogenous gene (two copies per cell) via their
qPCR threshold cycle (CT). If the CT values for virus and
endogenous gene are equal, the infectious titer corresponds
to 10° iu/pL (2 x 10° copies of virus in 10° cells, transduced
with 2 pL of virus solution), or 10? iu/ml, the commonly used
way of referring to titer. However, when we used various dilu-
tions from 1:1 to 1:10,000 of lentivirus expressing a green
fluorescent protein to visualize cells to count transduced cells
and determine infectious units directly, we found that qPCR
titering underestimates the titer consistently. To adjust for this
underestimation, we now routinely transduce with 3 pL of
virus instead of 2 pL of virus and find that qPCR titering and
visualized counting corresponded for all dilutions. As methods
for titering can vary, we recommend calibrating qPCR titering
using a visual method.

2. Lentivirus with a FuG-E capsid protein does not efficiently
transduce 293T cells. Therefore, the previously described
in vitro cell culture method does not work for titer determina-
tion. Instead, we determine the particle titer directly from the
concentrated virus using the qPCR Lentivirus Titer Kit (ABM,
LV900). To be able to correlate particle titer directly with a
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functional titer, we always run samples alongside a VSV-G
lentivirus previously titered with the cell culture method. We
generally get a good correlation between our functional titers
and the numbers calculated from the ABM titer kit control
samples, which gives us confidence in the accuracy of the direct
titer method, as well as the infectious quality of the virus.

To show that the targeting of lentivirus into the brain is accu-
rate, we mix the MRI contrast agent MnCl, with the virus and
conduct a post-op MRI. To test whether the addition of MnCl,
reduces the infectious titer of lentivirus, we conducted a study in
which we loaded virus with or without 10 mM MnCl, into a
Hamilton syringe and expelled aliquots into wells of cultured cells
at timepoints from 5 min to 8 h, then used the previously described
method to determine the functional titer (Fig. 3). Suspension of
lentivirus with 10 mM MnCl, [17] or addition of the MRI marker
gadolinium did not significantly affect titers between 1 and 8 h
(Fig. 3). However, we observed increased variability in infectious
titer over time with the addition of 10 mM MnCl, (Fig. 3). This

—~25- @ Llentictl
E Lenti + Gd
E ® Lenti + Mn
3
> ?| e
[s)]
o
x "
o
5 o i
= 3 r= :
he) - Ji L
I o
E Il
€ 05| 8§ T ®
o
—
Ot . \ . :
0051 2 4 6 8

Time after loading (hrs)

Fig. 3 Lentivirus degradation at room temperature. The virus was loaded into a
Hamilton syringe. The viral sample at time 0 was pipetted directly into the
culture; all subsequent time points were dispensed from the Hamilton syringe. A
virus without the addition of an MRI contrast (blue), a virus with 10 mM MnCl,
(red), and a virus with 100 mM Gadolinium (green). Titers were normalized to
virus control samples which were transduced with a freshly thawed virus at an
effective titer of 2 x 10° iu/mL. For all samples, the titers stabilized after an
initial drop within the first 30 min. Four replicates were conducted for each time
point
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C

CFP/NeuN

Fig. 4 Representative example of lentivirus injection into the amygdala. (a) Lentivirus expressing hM4Di_CFP
from a synapsin promoter was injected in multiple tracks with several 20 plL injections per track (a total of
15 x 20 pl injections). Locations of injection regions were visualized via MRI by hypersignal resulting from the
addition of 0.1 mM MnCls to the virus suspension [12]. (b) Upper panel. Section through the amygdala, stained
for CFP (green) and the neuronal marker NeuN (red). Lower panel Example of cellular staining within a
medium penetrance expression region. (¢) 3D reconstruction of the left amygdala. Red: regions in which at
least 50% of neurons expressed CFP. Outlines and reconstruction were performed using the Microbrightfield
(MBF) software Neurolucida 360

was possible because the addition caused the MnCl, to precipitate
out of solution, creating needle blockage and more variability in the
dispensation of the virus. In current experiments, we avoid this
precipitation by adding no more than 1 mM of MnCl, to the
virus mixture and ensuring that the lentivirus is at room tempera-
ture before adding the MnCl,. This technique has allowed us to use
MRI to confirm successful injections into multiple tracks, for exam-
ple, required for the injections covering the amygdala (Fig. 4).

4 Materials for Lentivirus Production

* Lenti-X 293T cells (Takara Bio, 632180).
« 75 cm? flasks (Thermo Scientific,156499).
« 175 cm? flasks (Thermo Scientific, 159910).

* Dulbecco’s Modified Eagle’s Medium (DMEM) (Lonza,
12-604F).

* Trypsin-EDTA (0.25%) (Corning, 25-053-CI).

+ Fetal bovine serum (FBS) (Takara Bio, 6311006).

* Sodium pyruvate (Corning, 25-000-CI).

* 0.22 pm filters (Corning, 430513).

* 500 mL sterile receiver bottle (Corning, 430282).

* 0.45 pm filters and 250 mL storage bottle (Corning, 430768).
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4.1 Solutions

Ultra culture serum-free medium (Lonza, 12-725F).
Sodium butyrate (Sigma-Aldrich, B5887).
psPAX2 (Addgene, #12260).

pMD2G (Addgene, #12259) OR pCAGGS-FuG-E (Addgene,
#67509).

pAdVantage vector (Promega, E1711).

FuGENE 6 transfection reagent (Promega, E2691).

5 mL polystyrene round-bottom tubes (Falcon, 352058).
15 mL polystyrene conical tubes (Falcon, 352095).

50 mL polypropylene conical tubes (Falcon, 352098).

1x DPBS without Ca and Mg (Quality Biological, 114-057-
101).

Sucrose (MP Biomedicals, 802536).

Centrifuge tubes, polypropylene (Beckman Coulter, 358126).
24 well plates (Thermo Scientific, 142475).
qPCR lentivirus titer kit (ABM, LV900).
Quick-DNA MiniPrep kit (Zymo, D3024).

iQ SYBR Green Supermix (Bio-Rad, 1708880).
Lentivirus forward primer.

- 5'—AACCCA CTG CTT AAG CCT CA-3".
Lentivirus reverse primer.

- 5" - CGT CGA GAG AGCTCT GGT TT - 3°.
Control (hVARI) forward primer.

- 5= GCC CAT GAA CTT GCT CTC TC - 3.
Control (hVARI) reverse primer.

- 5" —ACCTGG GACTTCACCACATC-3".

Cell culture medium (store at 4 °C).

— Prepare 500 mL of cell culture medium by combining
445 mL of DMEM, 50 mL of FBS, and 5 mL of 100 mM
sodium pyruvate; mix well and filter with a 0.22 pm filter.

Virus production medium (store at 4 °C).

— Prepare 500 mL of virus production medium by combining
490 mL of Ultraculture serum-free medium, 5 mL of
100 mM sodium pyruvate, and 5 mL of 0.5 M sodium
butyrate; mix well and filter with a 0.22 pm filter.

20% sucrose solution (store at 4 °C).

— Add 1x DPBS to 10 g sucrose, to a total volume of 50 mL.
Mix thoroughly and filter with a 0.22 pm filter.
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5 Methods for Lentivirus Production

5.1 CGell Preparation

5.2 Transfection and
Virus Collection

Do not exceed 15 passages for cells that will be used in virus
production.

Prepare 293T cells (8.4 x 10° cells in 25 mL culture medium/
175 cm? flask x 3 flasks). Grow at 37 °C, 5% CO, for 72 h.

Allow cells to grow to nearly 100% confluence. Expand 293T
cells to four 175 cm? flasks with 25 mL of fresh culture medium per
flask. Grow at 37 °C, 5% CO, for 24 h.

Day 1: Transfection
Cells must be close to 100% confluent prior to transfection.

The following protocol is for a single T175 flask. Repeat four times
to transfect cells in each T175 flask. See Table 1 for reagents to set
up the transfection mix.

Combine the following in a 5 mL polystyrene tube to make the
transfection plasmid mixture:
* Lentiviral gene plasmid
* psPAX2 helper plasmid

* pMD2G coat protein plasmid OR pCAGGS-FuG-E coat pro-
tein plasmid

* pAdVantage vector
Combine the following in a 15 mL polystyrene tube:

* FuGENE 6 transfection reagent
DMEM

Table 1
Reagents for transfection

Reagent Volume/amount
Lentiviral gene plasmid 22 pg
psPAX2 helper plasmid 15 pg
pMD2G coat protein plasmid 5 pg
OR
pCAGGS-FuG-E coat protein plasmid
pAdVantage vector 2 ug
FuGENE 6 transfection reagent 132 pL

DMEM Add to 4.5 mL
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Incubate the above mixture for 5 min at room temperature.

After 5 min, add the transfection plasmid mixture from the
5 mL tube to the 15 mL tube and mix gently. Incubate the mixture
at room temperature for 30 min.

Meanwhile, carefully aspirate the culture medium, without
removing cells, from each flask and replace it with 16 mL of fresh
culture medium. After the incubation period, add 4.5 mL of trans-
fection mixture to each flask and mix gently, avoiding disturbing
the cells.

Incubate at 37 °C for 24 h.

Day 2: Media Replacement

24 h after transfection, carefully aspirate the media and gently
replace it with 20 mL of virus production medium. Avoid disturb-
ing the cells. Incubate at 37 °C for 24 h.

Day 3: Virus Collection
Collect virus 4648 h post-transfection.

Carefully remove the virus production media from each flask
and transfer it to a 50 mL conical tube. Note that cells are fragile
and not well-adhered at this point. Be careful not to disturb them
while collecting the virus production media from each flask. Cen-
trifuge the media at 1000 rpm for 5 min at room temperature. This
will pellet any cells that are suspended in the media. Meanwhile,
prewet a 0.45 pm filter with 2.5 mL of virus production medium.
Make sure the entire membrane is wet. Remove the supernatant
from the 50 mL conical tube and filter it through the 0.45 pm filter.
Immediately place the filtered supernatant on ice until the
next step.

Transfer the supernatant to a 30 mL ultracentrifuge conical
tube. Add 2 mL of 20% sucrose to the bottom of the tube by
placing the pipette tip at the bottom and very gently pipetting
out the solution. Be extremely careful not to introduce any bubbles
or disturb the solution. Gently add an additional 7 mL of virus
production media to the tube, or enough to ensure that the ultra-
centrifuge tube is filled nearly to the top, to prevent the tube from
collapsing in the ultracentrifuge. Add the media by placing the
pipette tip against the tube wall and releasing the media very slowly
to avoid disturbing the sucrose solution at the bottom. Prepare and
balance an appropriate number of blanks to ensure that each slot in
the ultracentrifuge is filled. Ultracentrifuge at 22,000 rpm for 2 h at
4 °C.

After centrifugation, carefully aspirate the supernatant, ensur-
ing that the pellet is not disturbed. Place the tube upside down on a
clean kimwipe or paper towel to allow it to dry for several minutes,
then remove any remaining droplets of liquid from the walls of the
tube using a Pasteur pipette.
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Place the tube on ice and add 50 pL of cold 1x PBS. Do not
resuspend. Leave the solution on ice for 1 h.

Resuspend the pellet in the cold PBS by gently pipetting the
solution up and down. Note: avoid introducing any bubbles in this
step. This can be made easier by cutting the pipette tip to create a
larger opening. Next, combine resuspensions that contain the same
virus and mix thoroughly. Aliquot 10 pL of virus per PCR tube.

Store at —20 °C for 1 h before transferring to —80 °C for long-
term storage.

6 Method for Lentivirus Titering

6.1 RT-PCR (for VSV-
G or FuG-E Lentivirus)

6.2 Transduction (for
VSV-G Lentivirus Only)

Prepare 1:10 and 1:100 virus dilutions on ice. Dilute using cold 1x
PBS, making sure to mix very thoroughly at each step.

Prepare 1:10 and 1:100 virus dilutions for a control virus of a
known titer.

Proceed with qPCR according to the kit specifications (ABM,
LV900). Add samples to a 96-well PCR plate on ice. Place an
adhesive cover on the plate and centrifuge at 300 x g for 30 s to
remove any bubbles.

Compare Ct values between the new virus and the known virus
to calculate the titer. If the Ct values of the undiluted virus sample
correspond to those of a standard sample of the previously titered
virus, then the titers are considered equivalent. Any divergence
multiplies or divides the titer by a factor of 2 per cycle as the PCR
product doubles with each cycle.

Prepare 1:10 and 1:100 virus dilutions on ice. Dilute using cold 1x
PBS, making sure to mix very thoroughly at each step.

In a 24-well plate, add 150,000 293T cells in 1 mL of cell
culture medium per well. Prepare enough wells to have the
following:

« 2 wells with the undiluted virus
« 2 wells with the 1:10 virus dilution
o 2 wells with the 1:100 virus dilution

» 2 wells without virus (controls)

Add 3 pL of virus per well. Do so by slowly pipetting the virus
into the center of the well, tapping the pipette tip gently against the
bottom of the well, and then pipetting up and down to expel all of
the viruses from the tip. After adding all virus samples, gently shake
the plate back and forth to distribute the virus throughout each
well. Incubate at 37 °C for 48 h.

After 48 h, aspirate the supernatant from each well and trypsi-
nize the cells with 200 pL of trypsin. Add 2 mL of cell culture
medium to each well and mix, then transfer each mixture to a
15 mL tube. Centrifuge at approximately 500 x g for 5 min.
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Table 2
qPCR reaction mixture

Reagent Volume Final concentration
Forward primer (20 pM) 0.5 uL 500 nM
Reverse primer (20 pM) 0.5 pL 500 nM
1Q SYBR Green supermix 10 pL 1x
Nuclease free water 7 pL -
gDNA (50 ng/pL) or NTC 2 L 100 ng of gDNA
Total volume per reaction 20 pL
Table 3

qPCR cycling conditions

Step Temperature Time Cycles
Initial denaturation 95 °C 3 min 1
Denaturation 95 °C 30s 40
Annealing, extension, 62 °C 30 s

and read fluorescence

Hold (optional) 4°C

Aspirate the supernatant and proceed with the gDNA extraction
according to the kit instructions (Zymo, D3024).

After gDNA extraction, measure the concentration of each
sample. Dilute each sample to a concentration of 50 ng,/pL.

Next, perform qPCR to determine the viral titer. See Table 2
for reagents to set up the qPCR reactions.

Each gDNA sample requires two different corresponding PCR
reactions: one reaction with lentivirus primers and one reaction
with control primers.

Add samples to a 96-well PCR plate on ice. Additionally,
include one well that has nuclease-free water instead of gDNA,
which will serve as the no template control (NTC). Place an adhe-
sive cover on the plate and centrifuge at 300 x g for 30 s to remove
any bubbles. Run the qPCR according to the conditions listed in
Table 3.

Compare Ct values between the lentivirus primer samples and
the control primer samples. If the Ct values of the undiluted virus
sample are identical to corresponding control samples, then the
titer is considered 10° iu/mL. Any divergence multiplies or divides
the titer by a factor of 2 per cycle as the PCR product doubles with
each cycle. For example, if the Ct value for the virus sample is one
cycle lower than the Ct value for the control primer sample, then
the titer for the virus sample is 2 x 10? iu/mL, our preferred value
for most applications.
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HiRet/NeuRet Vectors: Lentiviral System for Highly Efficient
Gene Transfer Through Retrograde Axonal Transport

Kenta Kobayashi, Shigeki Kato, and Kazuto Kobayashi

Abstract

Lentiviral vectors are used for a wide range of research applications in the field of neuroscience. Notably,
lentiviral tropism can be manipulated by genetically engineering envelope glycoproteins that are essential
for vector transduction. The structural and functional analyses of specific neural pathways are crucial to
understanding the neural mechanisms underlying brain functions controlled through complex neural
circuits. Viral vectors that produce gene transfer via retrograde axonal transport offer a powerful tool for
the analysis of neural pathways. We have succeeded in developing novel types of lentiviral vectors for
retrograde gene transfer, named “highly efficient retrograde gene transfer” (HiRet) and “neuron-specific
retrograde gene transfer” (NeuRet) vectors, by pseudotyping human immunodeficiency virus type 1 with
fusion envelope glycoproteins composed of rabies virus glycoprotein segments and vesicular stomatitis virus
glycoprotein segments. HiRet/NeuRet vectors show highly efficient retrograde gene transfer in diverse
neural pathways in animal models. These vectors have been harnessed for the analysis of specific neural
pathways in combination with various genetic approaches for neuromodulation, including optogenetics
and chemogenetics. In this chapter, we describe experimental procedures for producing HiRet/NeuRet
vectors and injecting them into brain regions, as well as summarize points important to conduct the
experiments smoothly and effectively.

Key words Lentiviral vector, HiRet, NeuRet, Envelope fusion glycoprotein, Retrograde gene trans-
fer, Specific neural pathway

1 Introduction

A lentiviral vector, one of the major viral vectors used for neurosci-
ence research, possesses notable characteristics [ 1-8]: high infectiv-
ity in both dividing and non-dividing cells, long and stable gene
expression attributable to integration into host genomes, loading
capacity for large-sized transgenes, and low inflammatory potential.
Remarkably, lentiviral tropism can be manipulated by genetically
engineering envelope glycoproteins, which cover the surface of the
virion and are crucial for the virus entry into cells [9-12]. Among

Mark A. G. Eldridge and Adriana Galvan (eds.), Vectorology for Optogenetics and Chemogenetics,
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several kinds of lentiviral vectors, a human immunodeficiency virus
type 1 (HIV-1)-based lentiviral vector, in particular, has been
investigated in detail [13-15].

Brain functions are regulated through complex neural net-
works. In order to understand the neural mechanisms underlying
brain functions, we need to analyze the roles of the specific neural
pathways that form the networks. The viral vector system delivering
transgenes in the retrograde direction through axons to cell bodies
represents a potent tool for the labeling and functional analysis of
specific neural pathways. At present, various kinds of efficient retro-
grade viral vectors have been reported, that include lentiviral vector
[10-12], adeno-associated virus (AAV) vector [8, 16], rabies virus
vector [8, 17], canine adenovirus type-2 vector [8, 18], pseudora-
bies virus vector [8, 19], and herpes simplex virus type 1 vector
[8, 20]. Here, we focus on our newly developed HIV-1-based
retrograde lentiviral vectors, which we have termed highly efficient
retrograde gene transfer (HiRet) and neuron-specific retrograde
gene transfer (NeuRet) vectors. The HiRet/NeuRet vectors are
incorporated at the nerve terminals and then retrogradely trans-
ported to cell bodies; next, viral genomes are integrated into host
genomes via the reverse transcription reaction, resulting in stable
and long-lasting transgene expression (Fig. 1). These vectors are
pseudotyped with fusion envelope glycoproteins (FuGs) consisting
of rabies virus glycoprotein (RV-G) and vesicular stomatitis virus
glycoprotein (VSV-QG) segments (see Fig. 2 for the structure of
FuGs) [10-12, 21-24], displaying a much higher efficiency of
retrograde gene transfer than the parent RV-G-pseudotyped vector
[10-12, 21-24]. The efficiency of the retrograde gene transfer of
HiRet/NeuRet vectors was summarized in our previous review
[12]. Particularly, these vectors exhibit markedly high efficiency of
retrograde transgene expression in the brains of not only rodents
but also non-human primates [24-26]. Each of the HiRet and
NeuRet vectors possesses a distinct transduction property; the
HiRet vector efficiently transduces dividing cells such as glial and
neural stem/progenitor cells, whereas the NeuRet vector scarcely
enters these dividing cells [10-12, 21-24]. Therefore, the NeuRet
vector is expected to result in less inflammation around the injec-
tion site in comparison to the HiRet vector.

HiRet/NeuRet vectors have been applied to the functional
analysis of specific neural pathways using optogenetics [27-31] or
chemogenetics [29, 32, 33]. The demand for these vectors in the
field of neuroscience will continue to expand. Therefore, it is
meaningful to present a detailed handling protocol of these vectors
to researchers who are trying to use the retrograde lentiviral system
for the analysis of neural functions.
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Fig. 1 Retrograde gene delivery into neurons by HiRet/NeuRet vectors. These vectors are internalized into
nerve terminals and then retrogradely transported along axons into the cell body. A viral RNA genome is
reverse-transcribed into a double-stranded DNA, which is then integrated into the host cell genome, resulting
in stable and long-lasting transgene expression

2 Materials

2.1 Production of
HiRet/NeuRet Vectors

The materials necessary for vector production are listed below.

HEK293T cells (ATCC, CRL-3216).
Primaria™ cell culture dish (Corning, 353803).

Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-
Aldrich, D5796-500ML).

Fetal bovine serum (FBS) (Nichirei, 174012).

(Before use, inactivate FBS at 56 °C for 30 min in the water
bath. Store at —30 °C).
Trypsin-EDTA (0.05%) (Gibco, 25300062).

Penicillin-streptomycin (10,000 U/mL) (Gibco, 5140122).
Distilled water (Gibco, 15230162).
Cell culture medium (Store at 4 °C).
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Fig. 2 Schematic representation of the structure of FuGs used for HiRet/NeuRet vectors. The HiRet vector is
pseudotyped with FuG-B or FuG-B2. FuG-B is the fusion protein of the extracellular and transmembrane
domains of RV-G derived from the challenge virus standard (CVS) and the cytoplasmic domain of VSV-G.
FuG-B2 is composed of the extracellular and transmembrane domains of Pasteur virus (PV) strain-derived
RV-G and the VSV-G cytoplasmic domain. The NeuRet vector is pseudotyped with FuG-C, FuG-E, or FuG-E
(P440E). FuG-C comprises the N-terminal domain of CVS-derived RV-G (439 amino acids) and the C-terminal
domain of VSV-G containing the extracellular (16 amino acids), transmembrane and cytoplasmic segments. In
FuG-E and FuG-E (P440E), the junction between RV-G and VSV-G is shifted from one amino acid to the
C-terminal direction. The 440th proline residue of the original FuG-E is changed to glutamate residue in FuG-E

(P440E)

Prepare by mixing 500 mL of DMEM, 56 mL of FBS, and

5 mL of penicillin-streptomycin.
» 10x HBSP stock solution (Store at —30 °C).

NaCl

HEPES
Na,HPO,-12H,0
KCl

Glucose

409 ¢g

298¢
1.35¢g
19¢g
54¢g
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2.2 Intracranial
Injection of HiRet/
NeuRet Vectors

Dilute with distilled water up to 500 mL, and filtrate with
0.45 pm filter (Millipore, SLHV033RB).
2x HBSP stock solution (Store at 4 °C).

Dilute 10x HBSP stock solution with distilled water. Adjust
pH to the range from 7.05 to 7.10 with 1 N NaOH.
2.5 M CaCl, solution (Store at —30 °C)

Dilute 14.7 g of CaCl,-2H,0 with distilled water up to
40 mL, and filtrate with a 0.45 pm filter.
Sepharose Q FF ion-exchange chromatography column
(GE Healthcare, 28-9365-43).

Polypropylene round-bottom tube (Falcon, 352053).
Vivaspin 10 K MWCO filter (Sartorius, VS§2002).
NucleoSpin RNA virus kit (Clontech, 631235).
Lenti-X qRT-PCR titration kit (Clontech, 631235).

The materials necessary for the vector injection are listed below.

Set of surgical instruments: scissors, tweezers, forceps, clamp,
hemostatic supplies, anesthesia, and suture supplies.

Stereotaxic instrument (Narishige, SR-5M-HT).

Surgical stereomicroscope (Leica Microsystems, M320TC12).
Infusion pump (Eicom, ESP-32).

Dental drill (Minitor Co., Ltd., C10M).

Microsyringe (Hamilton, 1801N).

Glass capillary (Sutter, B100-75-10).

Connecting tube (Eicom, JT-10-50).

Mineral oil or Fluorinert (3M, C-3283).

HiRet/NeuRet vectors (~1.0 x 10'? genome copies/mL).

3 Methods

3.1 Production of
HiRet/NeuRet Vectors

We herein describe the production protocol for viral vectors carry-
ing the gene encoding the enhanced green fluorescent protein
(EGFP).

Day 1 Prepare HEK293T cells (~3.0 x 10° cells /10 cm cell culture dish x

18 dishes) 24 h before transfection.

Day 2 Mix four kinds of plasmids as follows:

pCAGkGP4.1R 108 pg
pCAG-RTR2 36 ug
pCAGGS-FuGs* 36 ug
pCL20C-MSCV-EGFP 180 pg

(continued)
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Add 900 pL of 2.5 M CaCl, to this plasmid mixture and dilute with
distilled water up to 9 mL. Add 9 mL of 2x HBSP while vortexing
and incubate at room temperature for about 5-10 min (DNA
solution). Drop the DNA solution into a culture medium (1 mL
of DNA solution/dish) and incubate.

*The pCAGGS-FuG-B or -B2 plasmid is used to produce HiRet
vector [21, 29, 34]. The pCAGGS-FuG-C, -FuG-E, or -FuG-E
(P440E) plasmid is used to produce NeuRet vector [22-24, 35].

Day 3 After 18 h, remove the medium, wash with phosphate-buffered
saline (PBS), add 6 mL of fresh medium, and incubate.

Day 4 After 24 h, collect the medium, centrifuge at 1500 % g for 5 min, and
filtrate the supernatant with a 0.45 pm filter. Centrifuge the
filtrated medium at 6000 x g4 for 16-20 h.

Day 5 Remove the supernatant and suspend the pellet, including viral
particles, with 5 mL of PBS. Suspend gently to avoid foaming.
Purity viral vectors by using the following ion-exchange
chromatography method.

1. Apply 5 mL of the crude viral solution to a Sepharose Q FF
ion-exchange column attached to the AKTA prime plus chro-
matography apparatus system, and elute with a linear
0.0-1.5 M NaCl gradient. Collect 2 mL of eluate per polypro-
pylene round-bottom tube serially.

2. Monitor the UV curve shown by the absorbance at 280 nm,
and collect the peak fractions containing viral particles (gener-
ally, from fraction numbers 24-34).

3. Concentrate the purified viral vector solution by ultrafiltration
using a Vivaspin 10 K MWCO filter* to ~100 pL.

*Add 3 mL of 1% bovine serum albumin in PBS to the
Vivaspin filter and incubate for 1 h at room temperature before
use. Discard the blocking solution and wash it with PBS when
using the filter

4. Extract viral RNA from 5 pL of vector solution in accordance
with the manual attached to the NucleoSpin RNA virus Kkit.

5. Measure the copy number of the RNA genome in accordance
with the manual attached to the Lenti-X qRT-PCR titration kit.
The condition of quantitative real-time reverse transcription-
PCR is as follows: 42 °C for 20 min; 95 °C for 3 min; and
40 cycles each of 95 °C for 15 s and 60 °C for 30 s.

6. Dispense the vector solution into aliquots (~10 pL), and store

at —80 °C.
3.2 Intracranial We here describe the protocol for HiRet/NeuRet vector injection
Injection of HiRet/ into the mouse brain. Male C57BL/6 ] mice (8-12 weeks of age)

NeuRet Vectors are used for the vector injection. Animal care and handling
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Fig. 3 A set of tools for injecting viral vectors into the brain. (1) Surgical stereomicroscope; (2) infusion pump;
(3) microsyringe; (4) connecting tube; (5) glass capillary; (6) nose fixing clamp; (7) auxiliary ear bar; and
(8) dental drill. Inset shows the intracranial injection of vector solution into the mouse brain under isoflurane

anesthesia

procedures are conducted in accordance with the guidelines estab-
lished by the Experimental Animal Center of Fukushima Medical
University. We make all efforts to minimize both the number of
animals used and their suffering. The injection apparatus and the
state of intracranial injection are shown in Fig. 3.

1.

Anesthetize a mouse with 1.5% isoflurane, and place it in a
stereotaxic frame.

. Fix the anesthetized mouse horizontally and firmly to a stereo-

taxic instrument with the auxiliary ear bar and nose fixing
clamp.

. Expose the skull by making an incision in the scalp, remove the

periosteum with the swab, and dry well.

. Mark the position on the skull surface, which is determined by

the anteroposterior and mediolateral coordinates of a target
brain region from the bregma, with a sterile surgical marker.
The area of the marked position should be determined accord-
ing to the size of the target region. Refer to the mouse brain
atlas [36] for the coordinates.

. Make a hole in the marked position using a dental drill, being

careful to avoid hemorrhaging.
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6. Remove the dura mater carefully with tweezers under a surgical
stereomicroscope, exposing the brain surface.

7. Connect a glass capillary to a connecting tube, and subse-
quently attach the tube to the microsyringe. The tip diameter
of the glass capillary is about 50 pm.

8. Fill the glass capillary with mineral oil or Fluorinert, withdraw
from the vial the necessary amount of the HiRet/NeuRet
vector solution into the capillary, and then connect the micro-
syringe to the infusion pump. The volume of the vector solu-
tion should be optimized according to the size of the target
region.

9. Lower the glass capillary by using a stereotaxic instrument into
the target brain region estimated by the dorsoventral coordi-
nate from the dura through the hole made in the skull, and
inject the vector solution at a rate of 0.05-0.1 pL/min.

10. Wait for 5-10 min after injection, and then pull out the capil-
lary slowly to prevent backflow of the solution.

11. Stop any bleeding, suture the scalp, and keep the animal warm
until complete anesthetic recovery takes place.

12. Three to 4 weeks after the vector injection, the transgene
expression reaches the maximum level.

4 Notes

In this section, we discuss some points that, based on our experi-
ence, are important to ensure that experiments using HiRet/
NeuRet vectors are conducted smoothly and efficiently.

When the lentiviral payload exceeds 8 kb, the packaging effi-
ciency of viral vectors appears to be decreased by an extensive
amount. Therefore, we recommend that transgenes should be
designed to be no larger than 8 kb. The yield of lentiviral vectors
is also dependent on transfection efficiency in HEK293T cells. In
cases of low yield, we regularly change to a new batch of cells and
prepare a fresh 2x HBSP solution. It is important to accurately
adjust the pH of the 2x HBSP solution to within the range of
7.05-7.10. In addition, lentiviral vectors can be directly concen-
trated by ultracentrifugation of the filtrated culture medium
[37]. Injection of viral vectors prepared by this simple technique
frequently causes damage to the brain tissue because this vector
solution is contaminated with cell debris. Thus, HiRet/NeuRet
vectors should be purified using ion-exchange chromatography
before the concentration process is started. Generally, lentiviral
vectors are known to be stable for at least 6 months when stored
at —80 °C (see: https://en.vectorbuilder.com/products-services,/
service /lentivirus-packaging.html). On the other hand, our
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preliminary storage experiments show that HiRet/NeuRet vectors
are stable for 1 month at —80 °C, but the functional titer is
decreased to approximately 70% in 2 months. Therefore, we rec-
ommend that these vectors are used at the latest 1 month after the
storage. In addition, repeated freezing and thawing should be
avoided.

In order to inject vectors into the correct site, it is necessary to
carefully and accurately adjust the injection coordinates. Examining
previous literature is important to verify the pathway connections
prior to the viral injection. Subsequently, it is recommended to
confirm the neural connection between two brain regions by
using neural tracers such as biotinylated dextran amine (for antero-
grade labeling) and cholera toxin B subunit (for retrograde label-
ing). When HiRet/NeuRet vectors encoding the EGFDP gene are
injected into a brain region, the transgene is expressed in neurons
projecting to the injection site through retrograde gene transfer.
Transgene products are transported through axons in the antero-
grade direction into the nerve terminal regions. Therefore, we can
verify the injection site by detecting EGFP fluorescence or
immuno-positive signals localized in the nerve terminals. Retro-
grade gene expression is usually observed in projecting brain
regions 3—4 weeks after local injection of HiRet/NeuRet vectors
into the brain. Because lentiviral genomes are integrated into host
genomes, the transgene expression remains stable as long as host
cells exist. In cases where gene expression level is low, the use of
specific gene promoters may improve the expression degree. In
addition, to enhance the cell specificity of retrograde gene transfer,
the use of the HiRet/NeuRet vector system in combination with
the Cre-dependent conditional gene expression method is effective
[29, 35].

Because the retrograde gene transfer efficiency of HiRet/
NeuRet vectors depends on the neural pathway, it is necessary to
assess whether these vectors work well in the neural pathway of
interest before starting experiments. In rodents, HiRet/NeuRet
vectors show the high efficiency of retrograde gene transfer in
various neural pathways, such as the corticostriatal and thalamos-
triatal pathways, but display only modest efficiency, for example, in
the nigrostriatal pathway [21, 22]. On the other hand, these vec-
tors convey transgenes in a retrograde direction with high efficiency
in the nigrostriatal pathway of non-human primates [21, 22, 24—
26]. These findings indicate that the efficiency of retrograde gene
transfer of HiRet/NeuRet vectors is also dependent on animal
species.

Finally, HiRet/NeuRet vectors have been applied not only to
optogenetics [27-31] and chemogenetics [29, 32, 33] but also to
other experimental techniques; immunotoxin-mediated cell target-
ing [29, 34, 38], conditional suppression of signaling cascade [35],
and reversible synaptic transmission blockade [39-44]. HiRet/



26

Kenta Kobayashi et al.

NeuRet vectors will provide a more powerful tool for the detailed
analysis of neural functions in the future. We expect the HiRet/
NeuRet vector system to be more widely disseminated via this
chapter and will significantly contribute to advancements in the

field of neuroscience.
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Generation of High-Titer Defective HSV-1 Amplicon Vectors

Rachael Neve

Abstract

Strategies for gene delivery into neurons, either to study the molecular biology of brain function or for gene
therapy, must utilize vectors that persist stably in postmitotic cells and that can be targeted both spatially
and temporally in the nervous system in vivo. Herpes simplex virus type 1 (HSV-1) possesses multiple
features that make it an ideal vector for genetic intervention in the nervous system. In particular, it accepts
large molecules of exogenous DNA; it infects nondividing cells from a wide range of hosts with high
efficiency; it enables the strong expression of foreign genes; it is episomal and thereby does not cause
integration effects; its infection of postmitotic cells is stable; and its particles can be concentrated to
relatively high titers. Here, we describe the considerations involved in the preparation and use of a herpes
simplex virus type 1 (HSV-1) amplicon as a vector for gene transfer into neurons both in vitro and in vivo.

Key words HSV-1, Amplicon vector, In vivo, Virus vector, Packaging, Helper virus, Replication
incompetent, Brain, Transduction, dl1.2, 2-2 cells, Sucrose gradient, High titer

1 Introduction

There are two types of replication-deficient herpes simplex virus
type 1 (HSV-1) vectors: vectors in which the foreign DNA of
interest is cloned into the viral genome itself and those that are
comprised of a plasmid (amplicon) carrying minimal HSV-1
sequences that allow it to be packaged into virus particles with the
aid of a helper virus [1]. A number of genes within the wild-type
HSV genome are dispensable for its growth in cells in vitro. Roiz-
mann and his colleagues capitalized on this finding to create recom-
binant HSV-1 viruses that could be used as vectors for gene transfer
into cells [2]. This type of genetically engineered genomic vector,
with modifications, has been used by multiple investigators. Its
chief disadvantage is that it has not been possible to generate,
using this methodology, the high titers needed for the study of
behavioral changes following its in vivo injection into the brains of
animals.

Mark A. G. Eldridge and Adriana Galvan (eds.), Vectorology for Optogenetics and Chemogenetics,
Neuromethods, vol. 195, https://doi.org/10.1007/978-1-0716-2918-5_3,
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The idea of the amplicon vector originated during the charac-
terization of defective HSV-1 particles that arose and interfered
with HSV-1 stocks passaged at high multiplicities of infection
(MOI) [1, 3]. Analysis of the genomes of these defective HSV-1
particles revealed that they retained only a minimal subset of DNA
sequences from the wild-type genome. These sequences included
an origin of DNA replication and a cleavage/packaging site
[1, 3]. It was discovered that incorporation of these two sequences
into a plasmid (the “amplicon”) conferred on the plasmid the
ability to be replicated and packaged into virus particles when it
was transfected into a cell that was super-infected with a “helper
virus,” which supplied HSV replication and virion assembly func-
tions in trans. The plasmid sequences that were packaged into virus
particles consisted predominantly of 150 kb concatemers of the
original plasmid [1, 3-5].

The chief advantages of this amplicon vector type are that
cloning manipulations are relatively easy due to the small size of
the plasmid (5-10 kb) and that titers up to 3 logs higher than those
achieved with genomic vectors are routinely obtained. The essential
HSV sequences on the amplicon include an origin of DNA replica-
tion (07:S) and the packaging “a” sequence. Regulation of the
expression of the recombinant gene can be accomplished with
HSV or cellular promoters. Because HSV-1-based amplicon vectors
contain only a small proportion of the viral genome, their packag-
ing into virus particles requires the participation of additional
HSV-1 genes that are expressed in trans. These genes are expressed
by replication-defective mutants of HSV-1 (helper viruses), as
described in this unit. Members of the HSV-1 vector community
continue to try to develop helper-free packaging protocols, under
the impression that the helper virus present in the amplicon preps
might interfere with subsequent manipulations or be toxic (e.g., see
Ref. [6]). However, the publication of more than 250 papers over
25 years of using amplicon vectors in the brain with the appropriate
controls have established that helper virus does not interfere with
subsequent experiments in the brain, nor is it toxic. During the
initial use of amplicon vectors in vivo, amplicon vectors sometimes
caused limited toxicity due to the carryover of cell debris and
accompanying toxins during the packaging process. However,
improvements in the amplicon packaging procedure were quickly
instituted, eliminating any lingering toxicity in the preparations of
amplicon viruses. Moreover, continued research in this laboratory
has resulted in the development of HSV vector backbones that can
be used for infection at the site of injection (Fig. 1), for retrograde
circuit-based studies and monosynaptic labeling (Fig. 2, e.g., see
Refs. [7, 8]), and for expression in zebrafish (Fig. 3, e.g., see Ref.
[9]). It can express large genes (up to about 15 kb) and is also an
optimal vector for CRISPR manipulations [10].
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Fig. 1 Map of p1005-GW, the prototypical short-term HSV from which all other ST HSVs are derived

2 Basic Protocol 1

Basic Protocol 1 describes the generation of helper virus stocks.
Preparation of recombinant amplicon vector particles by transfec-
tion of amplicon and superinfection of helper virus into cells, and
harvesting of packaged particles, is delineated in Basic Protocol
2. Thorough characterization of each amplicon viral vector stock
involves measuring (1) the helper virus plaque-forming units per
milliliter (pfu/mL) on 2-2 cells and (2) the amplicon stock infec-
tious units per ml (iu/mL) on PC12 cells. The Support Protocols
detail methods for determining titers of helper virus by plaque assay
and of amplicon stocks by vector assay.

NOTE: All incubations are performed in a humidified 37 °C,
10% CO, incubator unless otherwise specified. All other proce-
dures are performed in a laminar flow hood to maintain sterility.
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Fig. 2 Map of hEF1a LT HSV, a prototypical retrograde HSV from which all other retrograde HSVs and

monosynaptic labeling HSVs

2.1 Preparation of
Helper Virus Stocks

2.1.1  Materials

are derived

Seed stocks of individual plaque-purified virus isolates are gener-
ated. These seed stocks are stored at —70 °C and are subsequently
used for inoculation of large-scale helper virus preparations.

Adherent 2-2 cells (Vero cells containing IE2 (ICP) gene and
promotor [10], maintained in supplemented DMEM/
10% FBS.

D-PBS with Ca*?/Mg*?, hereafter referred to as D-PBS.
Ca*?/Mg*?-free (CMF) D-PBS.
TrypLE Express (Life Technologies).

Supplemented DMEM (Corning 10-017-CM) containing 2%, 5%,
or 10% (v/v) FBS (Seradigm) and 1% penicillin +
streptomysin).
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Fig. 3 Map of TB-5XUAS E1b v2.0, a prototypical zebra fish HSV from which all other zebra fish vectors are
derived
5411.2 helper virus stock (HSV-1 (KOS) strain with a partial dele-
tion in IE2 (ICP27) [11].
Plaque agarose (see recipe).
Laminar flow hood.
60 and 100 mm tissue culture plates.

Cell lifters.

15 mL polypropylene conical tube with a plug seal.
Dry ice /ethanol bath.

15 mL polystyrene conical tubes.

Cup-type sonicator, e.g., Misonix.



34 Rachael Neve

2.1.2 Make a Plaque
Plate

2.1.3 Make a Seed Stock

10.

. Passage 2-2 cells by trypsinization by first removing the

medium in which the cells are maintained (DMEM/10%
FBS) and washing the plate(s) twice with CME-DPBS.

. Apply a thin layer of TrypLE Express and incubate for 10 min

at 37 °C.

2-2 cells ave bighly adherent and difficult to get off the dish, so
patience is needed.

. Count cells with a hemocytometer and seed a 60 mm tissue

culture plate with 1 x 10° cells in 5 mL supplemented DMEM /
10% FBS. Culture overnight in a humidified 37 °C incubator
with 10% CO,.

. Remove 3 mL medium from the culture and add an amount of

5411.2 helper virus stock that will give well-separated plaques
(~50 ptu/plate). Allow the virus to adsorb at 37 °C for
>90 min, but <6 h.

. Remove medium and overlay cells with 3 mL plaque agarose

that is no warmer than 40 °C. Allow the agarose to solidify
completely, return the plate to the 37 °C incubator, and incu-
bate overnight.

. The next day, add 2 mL supplemented DMEM /2% FBS on top

of the agarose. Incubate overnight at 37 °C.

. The following day, remove the medium and replace it with

another 2 mL supplemented DMEM /2% FBS.

. One to three days after infection (step 4), prepare several

60 mm plates of uninfected 2-2 cells as in steps 1-3.

. The following day (2—4 days after infection, when plaques are

visible), pick a single plaque from the agarose-overlaid plate
using a pipette tip to stab through the agar and into the cells
and eject the plug into the medium of one 6 mm plate of
uninfected cells. Repeat with remaining uninfected plates. Cul-
ture plates at 37 °C until >95% of the cells show cytopathic
effects (CPE).

1t is advisable to pick several diffevent plaques to ensure that at
least one isolate has the appropriate phenotype for the virus
(i.c., that it has not undergone spontaneous mutation).

Cells should show CPE after 1 or 2 days depending on the amount
of virus obtained from the plaque. The cells should round up
but vemain adbervent.

Harvest cells by scraping them into the medium with a cell lifter
and transferring them, with the medium, to 15 mL polypro-
pylene conical tubes with plug seals (one tube/plate).

The preparation can be stoved for up to several days at <—70°C
at this stage.



2.1.4  Amplify the Seed
Stock

11.

12.

13.

14.

15.

16.

17.
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Freeze /thaw three times using a dry ice/ethanol bath and a
37 °C water bath, being careful to minimize the time the cells
are thawed at 37 °C.

As a rule, it takes about 10 min to freeze the stock and
10-15 min for each thaw.

Transfer thawed cells to 15 mL polystyrene conical tubes and
sonicate for 2 min in a cup-type sonicator (power setting
6, 50% duty cycle, 1-s cycles) to disrupt the cells and release
the virus.

Immediately centrifuge 5 min at low speed (1000 x g in a
refrigerated or room temperature benchtop centrifuge) to
pellet cell debris but not virus particles.

Transfer each supernatant to a fresh screw-cap tube for virus
storage. Measure virus titer (see Subheading 2) and store at
<-70 °C to use as seed stock for future viral preparations.

Seed stocks prepaved as owtlined heve usually have titers of
0.5-1 x 107 pfu/ml and can be stored for seveval years or
more at <—70°C.

Seed four 100 mm tissue culture plates with 2 x 10° 2-2 cells
per plate in 10 mL supplemented DMEM/10% FBS and
incubated 1 day at 37 °C.

Change medium to 10 mL supplemented DMEM /2% FBS

and added 50 pL of seed stock virus. Incubate at 37 °C.

The 2-2 cells should veach a density of 0.5-2 x 107 cells/plate by
the second dny.

The cells should be infected ot a multiplicity of infection
(MOI) < 0.1. At high MOIL, spontaneously arvising defective
viruses ave able to grow and interfere with virus veplication,
resulting in lower pfu/mL.

Harvest the cells (see steps 10-14) when they have rounded

up but still remain adherent. Measure virus titer (see Subhead-

ing 3) and store virus in aliquots at <—80 °C.

Helper stocks prepared as outlined heve usually have titers of
~1% 10° pfu/mL and can be stored for several years or more.

3 Support Protocol 1

3.1 Titration of
Helper Virus by Plaque
Assay

Plaque assays should be performed on all amplicon virus stocks
because the vector/helper ratio is an important indicator of the
quality of the stock. A vector/helper ratio of 1:1 is desired. This
procedure uses crystal violet to count plaques grown on 2-2 cells.
The plaques will be clear against a stained background.
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3.1.1 Additional
Materials (also See
Subheading 2)

Plaque-fixing solution: 5% (v/v) methanol/10% (v/v) acetic acid
(store at room temperature)

Crystal violet stain (see recipe)

Dissecting microscope

1. Plate 2-2 cells in 60 mm tissue culture plates (1 x 10° per plate)
in 5 mL supplemented DMEM /10% FBS (see Subheading 2,
steps 1-3) and grow for 1 day in a humidified 37 °C, 10% CO,
incubator. Prepare one plate for each dilution of virus stock to
be titered using a series of tenfold dilutions up to 107,

2. Infect cells by removing 3 mL medium from each plate and
adding up to 100 pL of the appropriate virus dilution. Allow
the virus to adsorb at 37 °C for >90 min, but <6 h.

3. Remove medium and overlay cells with 3 mL plaque agarose
that is no warmer than 40 °C. Allow the agar to solidify
completely, return plates to the 37 °C incubator, and incubate
overnight.

4. Add 2 mL supplemented DMEM /2% FBS on top of the aga-
rose and incubate overnight.

5. The next day, replace the medium with another 2 mL supple-
mented DMEM /2% FBS and incubate overnight.

6. Three days after infection, examine the plates under a micro-
scope for plaques. If they are too small to reveal clear holes in
the cell monolayer, leave the plates for another day before
staining.

7. Remove medium and fix cells with 3 mL plaque-fixing solution
for >15 min.

8. Remove the plaque-fixing solution and discard agarose with a
quick wrist flick (into a disposal container).

9. Add 1 mL crystal violet stain and leave for 5 min.

10. Remove stain, wash the plate with 1 mL water, decant, and
allow it to air dry.
The stain can be reused.

11. Count the number of plaques and use the dilution factor of the
virus stock to calculate the virus plaque-forming titer in

pfu/mL.

Plaques should be macroscopically visible as holes, but it is advis-
able to use & microscope to avoid any plagques.

4 Basic Protocol 2

4.1 Packaging
Amplicon into Virus
Particles

Host cells are transfected with the recombinant HSV-1 amplicon
vector. They are then superinfected with helper virus to provide the
HSV-1 gene products in trans that are required for packaging the
amplicon into virus particles. The resultant virus population is a
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mixture of helper virus and amplicon particles. This mixture is
passaged three times on 2-2 cells. Because the amplicon is packaged
as tandemly repeated concatamers, each amplicon virus particle has
multiple replication origins. The amplicon viruses, therefore, have a
selective growth advantage over the helper viruses, which have a
single origin of replication, and the ratio of amplicon to helper virus
increases with each passage.

After the third passage (P3), the virus is purified and concen-
trated, first by banding it on a sucrose step gradient to separate it
from cellular debris and then by pelleting the virus from the band
and resuspending it in a small volume.

Adherent 2-2 cells maintained in supplemented DMEM /10% EBS.

Supplemented DMEM (see recipe) containing 5% or 10% (v/v)
FBS, room temperature and prewarmed to 37 origins C.

Seradigm FBS.

D-PBS, prewarmed to 37 °C.
CME-D-PBS.

D-PBS with calcium and magnesium.
TrypLE Express (Life Technologies).

>50 ng/pL. DNA for transfection, purified with a Qiagen column
or its equivalent and resuspended in TE (10 mM Tris—HCI,
1 mM EDTA).

Opti-MEM (Life Technologies), prewarmed to 37 °C.

Plus Reagent (Life Technologies).

LipofectAMINE 2000 (Life Technologies).

5411.2 helper virus amplified from seed stock (see Subheading 2).
Defined fetal bovine serum (Seradigm—no substitutes).

10%, 30%, and 60% (w/v) sucrose solutions (see recipe).
Laminar flow hood.

60 mm, 100 mm, and 150 mm tissue culture plates.

Cell lifters.

Samco 232-18 fine tipped transfer pipettes.

1 M solution HEPES, pH 7.3 (USB).

Dry ice/ethanol bath.

15 and 50 mL polypropylene conical tubes.

Cup-type sonicator.

Ultra-Clear 25 x 89 mm (SW28) and 14 x 89 mm (SW41) tubes.

SW28 and SW41 (or SW40) ultracentrifuge rotors, or their
equivalent.

18-G needles.
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4.1.2 Prepare 2-2 Cells

4.1.3 Transfect Cells

3 mL syringes.

Additional reagents and equipment for counting cells with a hemo-

cytometer and for measuring virus titer (see Subheading 4).

Important: use lubricant-free microfuge tubes for the entire proce-

1.

dure. I use Costar 3207 tubes.

Maintain 2-2 cells at 37 °C in a humidified, 10% CO, incuba-
tor in supplemented DMEM /10% FBS. Passage by trypsiniza-
tion with TrypLE (see Subheading 2, steps 1-3), being careful
not to allow the cells to grow beyond confluence. When a fresh
aliquot of cells is thawed, passage at least two times before the
cells are plated for transfection.

If the cells grow beyond confluence, they become suboptimal for
transfection and infection by virus and should be discarded.

Large numbers of cells ave needed throughout the packaging
procedure. To minimize the number of plates used, it is
helpful to maintain the stock cells in 150 mm plates. If
0.5-1 x 10° cells ave passaged per plate, it will be 3-4 days
before they become confluent.

. Two days before transfection, plate 2-2 cells at 3 x 10° per

60 mm tissue culture plate in 5 mL supplemented DMEM/
10% FBS (one plate of cells per DNA construct).

See the “packaging schedule” at the end of the chapter to help plan
which steps to carry out each day.

The goal is to have 80% confluent cells for transfection. It is
helpful to plate three sets of plates, one with 2.5 x 10° cells
per plate, one with 3 x 10° cells per plate, and one with
3.5 x 10° cells per plate, to ensure that the corvect density of
cells is achieved.

. Dilute 2 pg of >50 ng/puL. DNA in 250 pL of room tempera-

ture Opti-MEM in a sterile 1.5 mL microcentrifuge tube (one
tube per plate—i.ce., per DNA construct) at room temperature.

. Add 8 pL of Plus Reagent to each tube, and mix by flicking with

the fingers. Leave the mixture at room temperature for 15 min,
no longer.

. Dilute 12 pL LipofectAMINE 2000 in 250 pL. room tempera-

ture Opti-MEM in a second tube (one per plate), let it sit for
5 min, and then add it to the 250 pL. DNA/Plus Reagent
mixture in the first tube. Leave the DNA/LipofectAMINE
2000 mixture for 20—45 min at room temperature to allow
liposomes to form.

. Remove medium from the plates, wash once with 2 mL pre-

warmed (37 °C) Opti-MEM, remove wash, and replace with
another 2 mL Opti-MEM.



4.1.4  Superinfect and
Harvest Transfected Cells
(P0) by Osmotic Lysis

4.1.5 Amplify Virus Stock
(P1)

10.

12.

13.

14.

15.

16.

17.
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. Add the ~500 pL. DNA /LipofectAMINE mixture to the cells

dropwise and evenly over the whole plate. Incubate for 5-7 h at
37 °C.

. Wash cells three times with 2 mL prewarmed 37 °C D-PBS.

NOTE: D-PBS used to wash cells should contain Ca® and My”".
Calcinm- and magnesinm-free DPBS (CMF-DPBS) is used
only when cells ave washed prior to trypsinization (see step 1).
This wash step is necessary to remove all residual lipofectA-
MINE, which will otherwise inhibit the replication of the
virus the following day.

. Replace D-PBS with 5 mL prewarmed, supplemented

DMEM /10% FBS and incubate cells 15-17 h at 37 °C.

Remove medium from plates and add 5 mL prewarmed, sup-
plemented DMEM /5% FBS.

. Add 1 x 10° pfu of 54/1.2 helper virus seed stock and incubate

at 37 °C until 95% of the cells show cytopathic effects (CPE)
and have rounded up (~26-30 h).

Remove the medium from each plate to a 15 mL conical
polypropylene tube. Add 1 mL 0.1x D-PBS to the cells on
the plate and leave for 2 min for the cells to swell.

Use a Samco 232-18 fine-tipped transfer pipet with a built-in
bulb to collect the lysate and transfer it to the tube containing
the medium. Add 100 pL of 10x CMF DPBS to each tube to
restore ionic strength.

The optimum MOI for superinfection by helper virus following
transfection is between 0.2 and 0.6.

The harvested cells can be stoved ar —80 °C at this stage for at
least several days.

Centrifuge cells 5 min at low speed (1350 x g) in a refrigerated
or room temperature benchtop centrifuge to pellet cell debris
but not virus particles. Collect supernatant.

The PO supernatant can be used smmediately for the P1 infection
(step 16) or stored at —80 °C for at least several days.

Two days before P1 infection, plate fresh 2-2 cells at 5 x 10°
cells per 60 mm tissue culture plate in 5 mL supplemented
DMEM/10% FBS. Incubate at 37 °C.

Two days later, replace the medium with 4 mL. DMEM /5%
FBS and add ~4 mL of the PO supernatant. Incubate at 37 °C
until the cells show 95% CPE (~21-24 h).

Harvest and process cells (P1) as in steps 12-14.
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4.1.6 Amplify Virus Stock
(P2)

4.1.7  Amplify Virus Stock
(P3)

18.

19.

20.

21.

22.

23.

24.

The P1 virus stocks can be frozen at this point, but it is preferable
to proceed smmediately to the P2 infection so as not to disrupt
the flow of the packaging procedure.

Plate fresh 2-2 cells: 1.2 x 10° per 100 mm dish in 10 in 10 mL
DMEM + 10% FBS (two dishes per sample). Incubate them at
37°C for 2 days.

Two days later, replace the medium on the 2-2 cells with
6.0 mL DMEM + 5% FBS per dish, and add 4 mL P1 superna-
tant per dish. Incubate the cells overnight at 37 °C.

Harvest the P2 viruses when they show 95% CPE (about
21-24 h). Remove the medium from each pair of plates to a
50 mL tube, trying to avoid transferring cells. Add 2 mL of
0.1x DPBS to the cells on each plate and leave it on the cells at
room temperature for at least 2 min. Use a Samco 232-1§
transfer pipette to collect the lysate and transfer it to the tube
containing the medium. Add 400 pL. CMF 10x DPBS to
restore the ionic strength of the medium .

CMF 10x DPBS is used because, unlike CMF 10< DPBS, 10%
DPBS that contains Ca** and My has an acid pH when
diluted and will kill the pH-sensitive viruses.

The P2 vivus stocks can be frozen at this point, but it is preferable
to proceed smmediately to the P3 infection so as not to disrupt
the flow of the packaging procedure.

Plate fresh 2-2 cells: 1.2 x 10° per 100 mm dish in 10 mL
DMEM + 10% FBS (6 dishes per sample). Incubate the cells at
37 °C for 2 days.

Two days later, replace the medium on the 2-2 cells with
6.0 mL DMEM + 5% FBS per dish, and add 4 mL P2 superna-
tant per dish. Incubate the cells overnight at 37 °C.

Harvest the P3 viruses when they show 95% CPE (about
21-24 h). Scrape up the cells with a cell lifter and transfer the
cells and medium to two 50 mL polypropylene conical tubes
per sample (30 ml/tube). Add 1.5 mL 1 M HEPES, pH 7.3, to
each tube, screw on the cap, and mix by turning the tubes
upside down once.

The HEPES buffers the lysates from becoming acidic during the
subsequent freeze-thaw cycles and thereby optimizes the reten-
tion of viral titer.

Freeze-thaw the cells three times using a dry ice /ethanol bath
and a 37 °C water bath. Minimize the time that they are in the
37 °C water bath.



4.1.8 Purify and
Concentrate the Virus
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Following the third freeze of the cells, the crude cell lysates may
be stored at <—70 °C until they are ready to be processed by
sucrose gradient centrifugation.

Transfer the crude cell lysates to 50 mL polystyrene tubes (very
important) and sonicate them for 2 min in a cup sonicator
(power setting 6, 50% duty cycle, 1 s cycles).

Optional: first, sonicate the lysates for 1 min in the 50 mL poly-
propylene tubes they are originally in. This doubles the final
titer.

Transfer the sonicated lysates back to polypropylene tubes.

This is necessary because polystyrene tubes will cvack durving the
subsequent spin.

Centrifuge the lysates at 1800 x g4 for 10 min to make a very
firm cell debris pellet.

Prepare sucrose step gradients in 40 mL (25 x 89 mm) ultra-
clear SW28 centrifuge tubes at room temperature by layering
the following sucrose solutions into the tube (starting at the
bottom): 6 mL 60% sucrose in D-PBS, 7 mL 30% sucrose in
DPBS, and 3 mL 10% sucrose in D-PBS. Three tubes are
needed for each virus sample.

Load 20 mL crude virus onto the gradient and spin 1 h at
112,000 x g (SW28 rotor, 25 Krpm) at 15 °C.

Immobilize each tube in a clamp on a ring stand and place it in
front of a black background. The virus will appear as a milky,
sharp band at the 30%,/60% interface, while debris will collect
in a diffuse band close to the 10%,/30% interface.

Using a 3 mL syringe with an 18-G needle attached, pierce the
tube underneath the band, with the beveled edge of the needle
pointed upward. Slowly pull the band into the syringe in a
volume of 2 mL. Transfer this to an 11.5 mL (14 x 89 mm)
polypropylene SW41 tube and discard the remainder.

The viruses stick to wltra-clear tubes when they ave pelleted in
them. Up to 90% of the vivus is lost if ultra-clear vather than
propylene SW41 tubes ave used to spin it down.

Dilute the virus in each tube with 9.5 mL D-PBS and gently
mix the contents of each tube by pipetting it up and down.

Centrifuge at 125,000 x 4 (SW41 or SW40, 26 K rpm, 15 °C)
for 40 min. Carefully aspirate the supernatant.

For ST (short-term viruses, add 60 pL. D-PBS 10% sucrose +
25 mm HEPES to the opalescent pellet in each tube, and
resuspend the pellet by shaking it in a rack on a platform shaker
at 4 °C overnight. For retrograde viruses, add 60 pL to each
tube, and for viruses expressing the rabies coat protein, add
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20 pL to each tube. Very briefly triturate the virus the following
day before dispensing it into aliquots in prelubricated micro-
fuge tubes and storing it at —80 °C or lower.

The ST viruses will yield a titer of ~1.5 x 10® i.u/mL, the
retrograde viruses a titer of ~1 x 10° i.u./mL, and the viruses
expressing rabies a titer of ~5 x 10° i.u./mL.

The HEPES in the sucrose, with prelubricated microfuge tubes,
prevents the viruses from sticking to the tubes when the virus
stocks are thawed and then refrozen.

Stocks are stable indefinitely at —80°C

It is very difficult to vesuspend if the virus is triturated without
an overnight incubation in the buffer. Moreover, the mechan-
ical disruption necessary to vesuspend the virus under these
conditions will greatly decrease the viability of the virus.
Therefore, slow  rvesuspension overnight at 4 °C s
recommended.

1o determine virus titer, see Subbeading 5.

5 Support Protocol 2

5.1 Titration of
Amplicon Virus by
AMPLICON Vector
Assay

5.1.1 Materials

Infectious amplicon virus is titered in this procedure. An immuno-
cytochemical assay can be used to detect transgenes, or the virus
can be visualized by co-expression of a fluorescent protein. PC12
cells are used for vector assays because they are round and easy to
distinguish as single cells when positive for expression. Expression is
usually quite high in this cell line, though it will vary with difterent
proteins. Use your favorite immunostaining protocol.

20 pg/mL poly-D-lysine solution.
PCI12 cells.

DMEM/10% HS/5% EBS: Supplemented DMEM (see recipe)
without G418, containing 10% (v/v) horse serum and 5%
(v/v) EBS.

Amplicon stock to be measured (see Subheading 4).

PBS with and without 10 mM EDTA.

TBS (Tris-buffered saline).

4% (w/v) paratormaldehyde solution.

Laminar flow hood.

24-well tissue culture plates.

21-G needle.

Dissecting microscope.

Additional reagents and equipment for counting cells with a
hemocytometer.



5.1.2 Infect and Fix Cells

5.1.3 Record and
Analyze Data

5.2 Reagents and
Solutions

52.1 Alkaline
Phosphatase (AP) Buffer
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. Add 500 pL of 20 pg/mL poly-p-lysine solution to each well of

a 24-well tissue culture plate and incubate >5 min at room
temperature to coat. Aspirate completely before using.

Poly-pD-lysine is used to ensuve that the PC12 cells adbere to the
culture surface.

. Harvest PC12 cells by trypsinization (se¢ Subheading 2, steps

1-3) and pass through a 21-G needle to dissociate aggregates.

. Count cells with a hemocytometer and seed them in the coated

24-well plate at 3 x 10° /well in 500 pL. DMEM /10% HS /5%
EBS. Prepare four wells for each amplicon stock to be titered.
Incubate overnight in a humidified 37 °C, 10% CO, incubator.

. The next day, change the medium, and add 0, 0.5, 1, 2, and

5 pL amplicon stock to the four wells. Incubate at 37 °C
overnight.

The uninfected well acts as o negative control for background
staining.

. The following day, wash cells once with 500 pL PBS and fix

with 500 pL of 4% paraformaldehyde solution for >15 min at
room temperature.

If the paraformaldebyde is old (e.g., >7 days), ov if the cells are
not fixed for a sufficient peviod of time, the cells will collapse
and shrink, causing background staining problems.

. Wash cells once with 500 pL. TBS (for immunocytochemistry).

Phosphate inhibits alkaline phosphatase. This is a critical issue if
using the antibody-alkaline phosphatase (AP) staining
procedure.

For smmunocytochemical staining, use your favorite immunos-
taining protocol.

. Estimate the percentage of stained cells in one or more of the

wells infected for each amplicon stock, and use this information
to extrapolate the titer of the stock. For example, it 20% of the
cells in a well infected with 2 pL of the virus are stained, and if it
is assumed that each stained cell represents one infectious unit of
the virus, then it can be inferred that the 2 plL of virus contained
6 x 10* (20% of 3 x 10° cells plated /well) infectious units. Thus,
the titer of the stock would be 3 x 10* iu/pL or 3 x 107 iu/mL.

Use deionized, distilled water in all vecipes and protocol steps.

100 mM Tris—HCI-Cl, pH 8.5.
150 mM NaCl.
5 mM MgCl,.

Store up to 1 year at room temperature.
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5.2.2 AP Substrate
Solution

5.2.3 Crystal Violet Stain

5.2.4 Dulbecco’s
Modified Essential
Medium, Supplemented

5.2.5 Dulbecco’s
Phosphate-Buffered Saline
(D-PBS)

Prepare a 50 mg/ml. 5-bromo-4-chloro-3-indoyl phosphate
(BCIP) solution by dissolving one tablet (Sigma B-0274) in
0.5 mL 100% dimethylformamide. Prepare fresh.

Prepare a 10 mg/mL nitroblue tetrazoleum (NBT) solution by
dissolving one tablet (Sigma N-5514) in 1 ml of water. Prepare
fresh.

Make AP substrate solution by adding 330 pL. NBT solution to
10 mL AP buffer (see recipe). Mix and then add 33 pL BCIP
solution. Prepare fresh.

Prepare a solution containing 0.5% (w/v) crystal violet and 0.2%
(w/v) sodium acetate. Adjust the pH to 3.6 with acetic acid
before bringing it to the final volume. Filter through 1 MM
Whatman paper and store for up to several months at room
temperature.

The stain can be veused several times.

Dulbecco’s modified essentinl medium (DMEM) (e.g., Corning cat.
no. 10-017-CM) contains:

1% (w/v) penicillin/streptomycin.

4 mM glutamine.

500 pg/mL G418 (neomycin analog, optional).
Store up to 2 months at 4 °C.

1t is not necessary to maintain the cells in the presence of G418 at
all times. The authors have grown the cells without selective
pressuve for at least shovt periods of time with good results.
Because G418 may affect cellular metabolism in ways other
than conferring G418 resistance, and because it is expensive,
the author often includes it in the medium only for the first
two passages of the cells after they ave thawed, after which the
cells can be maintained without G418 for the remainder of
the packaging procedure.

It is important to note that this packaging procedure has been
optimized using Sevadigm FBS. When another FBS is used,
the timing of the procedure changes significantly (e.g., fol-
lowing transfection and supevinfection, the cells do not show
CPE for up to 48 h). Therefore, it is essential to use Seradigm
FBS throughout the packaging procedure.

D-PBS and CMF-D-PBS are commercially available. For the pack-
aging procedure, especially, commercial D-PBS is strongly vecom-
mended to ensure the utmost puvity.



5.2.6 Paraformaldehyde
Solution, 4% (W/V)

5.2.7 Plaque Agarose

5.2.8 Poly-p-Lysine
Solution, 20 pug/mL

5.2.9 Sucrose Solution,
60%, 30%, and 10% (W/V)
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Add 20 g paraformaldehyde to 300 mL H,O and heat to 55-60 °C.
Slowly add 1 M NaOH dropwise over ~10 min until the
solution becomes clear, then cool the solution to room tem-
perature. Use pH paper to check that the pH is 7.0-7.5 (add
more NaOH if necessary). Add 100 mL of 0.5 M sodium
phosphate buffer, pH 7.0, and then add water to a final volume
of 500 mL (final 0.1 M phosphate; final pH 7.0-7.5). Store up
to 1 week at 4 °C.

CAUTION: Paraformaldehyde is toxic, and the preparation pro-
cess involving heating results in considerable vaporization,
which increases the hazard. It is essential to use appropriate
safety procedures, such as working in a fume hood.

Prepare supplemented DMEM that is double-strength (2%), and
place it and a bottle of FBS into a 42 °C water bath. Prepare a
solution of molten 2% (w/v) tissue culture-grade agarose (e.g.,
SeaPlaque, FMC Bioproducts) in water and place it into the
42 °C water bath. Allow temperatures to equilibrate. Mix
reagents together at a ratio of 25:25:1 agarose/2x DMEM/
EBS. Prepare fresh, remove just before required, and use when
the temperature is <40 °C.

Prepare a 1 mg/mL stock solution of poly-p-lysine (mol.
wt. 70,000-150,000; Sigma) in water. Filter sterilize and
store up to a year or more at —20 °C. Dilute to 20 pg/mL in
water immediately prior to use.

Place 100 mL of a 10x stock solution of CMF D-PBS intoa 1 L
beaker. Add water to 750 mL. Then add 600 g sucrose, mix,
and add water to 1 L. Add 0.45 mL of 2 M MgCl, and 0.25 mLL
CaCl,, for a final concentration 0f 0.1 g/L of each. Adjust pH
to 7.3-7.4 with 1 M NaOH. Filter the sucrose through a
0.45 pm unit. Make 30% and 10% solutions by diluting the
60% sucrose with D-PBS with calcium and magnesium. Store
up to 1 year at 4 °C. Warm the solutions to room temperature
before use.

Filtration of the sucrose solution is very slow; be patient.

6 Commentary

6.1 Background
Information

HSV-1 vector systems were historically limited by their cytotoxicity
and relatively low titers. Despite the fact that replication-
incompetent helper viruses cannot progress through the lytic
cycle in normal cells, cytotoxicity from toxins in the raw cellular
lysates could occur. An HSV-1 packaging protocol designed to
minimize cytotoxicity and optimize the ratio of vector to helper
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6.2 Critical
Parameters and
Troubleshooting

6.2.1 Choosing the Right
Helper Virus and Host Cell
Combination

6.2.2 Optimizing
Transfection and Infection
Efficiencies

virus is presented in this unit. Viruses produced using this protocol
are not toxic [12-14], and a vector/helper virus ratio of 1:1 is
obtained.

The key features of this protocol are the use of an improved
helper virus/host cell combination, the utilization of LipofectA-
MINE 2000 and Plus Reagent (Life Technologies) rather than
calcium phosphate for transfection, and the purification and con-
centration of virus particles away from cellular debris following
generation of the crude viral lysate. IE2 (ICP27) deletion mutants,
particularly the 5471.2 helper virus/2-2 host cell combination used
in the present protocol, have been shown to be more effective in the
packaging procedure than other helper viruses/host cell combina-
tions [13] and virtually never generate wild-type HSV-1. (This
author has done thousands of preparations using this helper/virus
combination for over 27 years and has never detected wild type
virus). Transfection of vector DNA was found to be more efficient
and reproducible using LipofectAMINE rather than the calcium
phosphate method [15]. Finally, the purification of the virus away
from cellular debris on discontinuous sucrose gradients and con-
centration by ultracentrifugation (as described in this unit) elimi-
nated cytotoxicity and increased the titers of the virus stocks.

Different helper viruses and the appropriate complementary cell
lines may be used. The authors have used two systems not described
in this unit: the /E 3 deletion mutant d120 grown on E5 cells and
the IE 3 deletion mutant D30EBA grown on RR1 cells [15]. How-
ever, packaging with either of these two systems usually yields titers
~tenfold lower than when the 54/1.2/2-2 system is used. The
vector/helper ratio is also consistently lower using the IE 3 deletion
mutants than when the IE 2 mutant 54/1.2 is used. These differ-
ences are likely related to differential efficiency of growth of the
different mutants since packaging with wild-type HSV-1 yields very
high vector/helper ratios.

Precise knowledge of the growth state of the cells is crucial for
ensuring good efficiencies of transfection and infection. This fact
cannot be overemphasized. As a guideline, do not split the cells
2 days a row. The cells should be washed at least twice with Ca*2-
and Mg*?-free DPBS (CMF-DPBS) before they are treated with
TrypLE for 10 min. Maintain the cells at 37 °C in a humidified, 10%
CO; incubator in supplemented DMEM with 10% (v/v) FBS.
When a fresh aliquot of cells is thawed, it should be passaged at
least two times before the cells are plated for transfection. Be careful
always to keep the cells from growing past confluence; if the cells
grow past confluence, they become suboptimal for transfection and
for infection by virus and should be discarded.

High transfection efficiency is important to obtain good vector
titers. Cells should be 80% confluent when they are transfected.
Transfection with Lipofect AMINE 2000 and Plus Reagent results



6.2.3 Optimizing the
Packaging Procedure

6.2.4 Maintaining Virus
Viability

6.3 Anticipated

Results

6.4 Time
Considerations
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in higher packaging efficiencies than with other reagents such as
Lipofectin or calcium phosphate. DNA quality is another important
variable. The DNA used for the transfection must be prepared by
Qiagen columns or their equivalent. The final titer of the vector
virus depends directly on the efficiency of the initial transfection.

As a control for transfection efficiency, always package a sample
of HSV expressing a fluorescent protein so that you can simply
visualize fluorescence in live cells. At the time of the PO harvest,
following transfection, and following superinfection with a helper
virus, the lysate may be titered for vector on PC12 cells. Do not
continue with preparations that have titers <10* iu/mL.

The freeze/thaw cycles of the viral lysates must be done in poly-
propylene tubes, as polystyrene tubes will crack, and the resultant
direct contact of the lysate with CO, will lower the pH of the
medium and make the virus inviable. However, the lysates must
be transferred to polystyrene tubes for the sonication because cup
sonicators are ineffective on samples in polypropylene vessels.

Maintain  sterile technique throughout the packaging
procedure.

Virus particles are thermolabile. Up to 50% loss in titer can be
expected after storage of unpurified virus at —70 °C for 1 year,
although only ~10-20% loss in titer is seen after 1 year for sucrose
gradient-purified virus. Storage of the virus at —80 °C or lower will
prevent complete loss of titer over time. Concentrated virus in
high-protein solutions has higher stability. After one thawing and
refreezing of the virus stored at 80 °C, less than 10% loss can be
expected, depending on the size of the aliquot, ambient tempera-
ture, and other factors. Thaw the virus rapidly in a 37 °C water bath
and refreeze in a dry ice /ethanol bath. As a rule, do not thaw and
refreeze a given aliquot of the virus more than four times.

Thorough characterization of the viral vector stock involves mea-
suring infectious vector units per milliliter (iu/mL) on PC12 cells
(see Subheading 5), as well as measuring helper plaque-forming
units per milliliter (pfu/mL) on 2-2 cells (see Subheading 3). The
best viral stocks have a vector titer of 2-5 x 10® ju/mL and a
vector/helper virus ratio of 1:1.

After each infection, the time that must elapse to achieve cytopathic
effects in 95% of the cells (95% CPE) is variable, usually ranging
from 21 to 24 h. It is critical to monitor the cells at all times and to
resist the temptation to harvest the virus prematurely. Vector titers
of 5 x 10% iu/mL and a vector/helper ratio of 1:1 can be obtained
only if care is taken throughout the procedure to infect and harvest
the cells at the appropriate times. The cells should be just confluent
when they are infected and should show 95% CPE when they are
harvested.
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6.5 Packaging
Schedule

If performed without interruption, the packaging procedure
can be performed in as few as 9 days from plating for transfection to
obtaining sucrose gradient-purified virus (see Subheading 6.5
below). Because of the necessity of maintaining large numbers of
confluent cells for the successive passages of the virus during the
packaging procedure, it is logistically easiest to move through the
procedure without breaks. However, if the procedure must be
performed in stages, the crude virus lysates may be stored at <—
70 °C after any or all of the virus harvests without affecting the final
yield of the virus.

Two days before transfection:

— Plate packaging cells at 3 x 10° per 60 mm tissue culture
plate (PO).

Day I
— Perform transfections.

— Plate packaging cells at 5 x 10° per 60 mm tissue culture plate
for P1 infection.

Day 2:
— Perform superinfection with a helper virus.

— DPlate packaging cells at 1.2 x 10° per 100 mm tissue culture
plate (2 plates per sample) for P2 infection.

Day 3:
— Harvest PO.

— Infect P1.

— Dlate packaging cells at 1.2 x 10° per 100 mm tissue culture
plate (6 plates per sample) for P3 infection.

Day 4:
— Harvest P1 by osmotic lysis.
— Infect P2.

Day 5:

— Harvest P2 by osmotic lysis.
— Infect P3.

Day 6:
— Harvest P3 by scraping up cells.
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Generation and Application of Engineered Rabies Viral
Vectors for Neural Circuit Research

Masahiro Yamaguchi, Moe Iwata, Riki Kamaguchi,
and Fumitaka Osakada

Abstract

To understand how the brain functions, it is essential to reveal how neural circuits in the brain give rise to
perception, cognition, and behavior. Neural circuits in the brain operate over a vast range of spatiotemporal
and computational scales, from high-level circuits that integrate information across multiple regions of the
brain to microcircuits that perform simple input/output transformations within a specialized brain struc-
ture. Because naturally occurring rabies viruses (RABV) have a unique property in their ability to spread
trans-synaptically between neurons in the retrograde direction, they are extremely valuable for elucidating
neural circuits. Genetic modifications of RABV restrict target cell types and control trans-synaptic viral
spread, allowing cell-type-specific monosynaptic circuit tracing in the brain. The monosynaptic circuit
tracing system is based on the conditional expression of EnvA/TVA-targeting systems for directing the
initial infection of G-deleted RABV vectors (RABVAG) to particular cell types and complementation of
RABV glycoprotein (RABV-G) iz trans for trans-synaptically labeling directly connected, presynaptic
neurons with RABVAG. Herein, we introduce a step-by-step protocol for generating RABVAG to study
the circuit structure and function of normal and diseased brains.

Key words G-deleted rabies viral vectors, Trans-synaptic tracing system, Neural circuit, Brain

1 Introduction

1.1  History of One of the major goals of neuroscience is to understand how the
Neuroanatomy brain works to generate perception, cognition, and behavior. Neu-
ral circuits comprise networks of specific cell types that interact via
long-range projections and local connections in precise patterns to
perform computations responsible for perception, cognition, and
behavior [1-3]. Therefore, unveiling the structure and function of
neural circuits is pivotal to understanding how a normal brain
functions and how a diseased brain malfunctions. Historically,
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neuroscientists have employed anatomical studies to map neuronal
connections between areas using anterograde and retrograde
chemical tracers, revealing macroscale-wiring diagrams of the
brain [4]. Those anatomical studies combined with electrophysio-
logical recordings and lesion studies have contributed to our under-
standing of a global overview of the brain circuit architecture and
function, including area function and information processing path-
ways. However, such conventional tracers did not have sufficient
resolution to reveal neuronal connectivity at the level of cell types.

1.2 Application of G-  Wild-type rabies viruses (RABV) are beneficial for studying neural

Deleted Rabies Virus circuits because the vectors spread trans-synaptically between neu-
(RABVA G) for Neural rons, exclusively in the retrograde direction, making it possible to
Circuit Tracing map neuronal connections in the brain [4-6] (Figs. la and 2a).

Rabies glycoprotein (RABV-G) is essential for viral packaging and
trans-synaptic spread [7, 8]. Therefore, deleting the RABV-G gene
from the rabies viral genome allows both trans-synaptic spread
control and target-specific infection [9-11] (Figs. 1b, ¢ and 2a).
The RABVAG cannot spread following the initial infection unless
an alternative source of RABV-G is present (Fig. 1b). However,
supplying the missing RABV-G iz trans in cells infected with
RABVAG permits the generation of new viral particles and

B0 Iy

Ty

Unpseudotyped RABVAG {%ﬁg‘z EnvA-pseudotyped RABVAG M TVA ' RABV-G

Fig. 1 Scheme of RABVAG tracing. (a) Polysynaptic viral spread of wild-type rabies virus (RABV) in the nervous
system. RABV particles display RABV-G on their surface, allowing them to infect presynaptic nerve terminals
via receptors for RABV-G in the retrograde direction (red). RABV has broad tropism and can infect various
neuronal types across mammalian species. (b) Deleting the RABV-G gene from the rabies viral genome
eliminates trans-synaptic spread and endows the pseudotyping, allowing targeting of a particular cell subset
using the EnvA/TVA system. EnvA-pseudotyped RABVAG infects only TVA-expressing cells in mammals
(vellow) because mammalian cells do not endogenously express TVA. (¢) Monosynaptically restricted labeling
of presynaptic networks of a particular cell subset with RABVAG. When EnvA-pseudotyped RABVAG infects
neurons expressing TVA and RABV-G (yellow), transcomplementation with RABV-G allows RABVAG to trans-
synaptically spread to their presynaptic neurons (red)
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Fig. 2 Genomes of rabies viruses and RABVAG vectors. (a) The genomes of wild-
type and G-deleted rabies viruses. RABV is a non-segmented negative-stranded
RNA virus belonging to the family Rhabdoviridae. The virion structure is a bullet-
shaped particle, approximately 100-430 nm long and 45-100 nm in diameter.
The rabies viral genome comprises single-stranded, linear, negative-sense RNA,
11-12 kb long. The five viral proteins N, P, M, G, and L are encoded in the
genome in the order of 3’-N-P-M-G-L-5’. Additionally, two foreign genes can be
inserted into the RABVAG genomic vectors. N nucleoprotein, P phosphoprotein,
M matrix protein, G glycoprotein, L large protein. (b) Map of the RABVAG vector
pSAD-B19AG-F3. One or two foreign genes can be inserted into the RABVAG
genomic vectors. Red and purple boxes indicate transcription start and stop
sequences, respectively. Further information on pSAD-B19AG-F3 is provided in
a previous publication by Osakada et al. [11]

subsequent infection of monosynaptic input cells directly
connected to the initially infected neurons (Fig. 1c). RABVAG
can be pseudotyped with non-native envelope proteins to alter its
tropism. For selectively targeting desired cell types in mammals,
RABVAG can be pseudotyped with an envelope protein from the
avian sarcoma leukosis viruses, EnvA, which specifically binds to the
avian-specific receptor TVA [9, 10]. Targeted expression of TVA in
desired cell types allows specific infection with EnvA-pseudotyped
RABVAG (EnvA-RABVAG) (Fig. 1b). Using a combination of
RABV-G and TVA, complementation of RABV-G in trans in
TVA-expressing neurons enables the trans-synaptic spread of
RABVAG to directly connect neurons presynaptic to the TVA-
and RABV-G-expressing neurons (Fig. 1c). For multiplex
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1.3 Overview and
Rationale of Protocols

RABVAG tracing, RABVAG pseudotyped with oEnvA, oEnvB, or
oEnvE, engineered envelope proteins derived from the avian sar-
coma leukosis viruses, can be used for targeting discrete cell popu-
lations expressing 0TVA, oTVB, or oTVE in the mammalian brain,
respectively [12]. Using the RABVAG tracing along with molecu-
lar tools, such as calcium/voltage sensors, neurotransmitter,/neu-
romodulator sensors, optogenetic channels, or chemogenetic
receptors, makes it possible to monitor and manipulate the activ-
ities of connectionally defined neuronal populations and relate
neuronal connectivity to function [11, 13-16].

The development of methods for constructing genetically altered
negative-strand RNA viruses de novo from cDNA has allowed the
production of recombinant RABVAG [7, 10-12, 17] (Fig. 2b).
The SAD-B19 strain of RABV has been widely used as recombinant
RABVAG for neuroscience research [9-11]. For virus recovery
from DNA plasmids (Subheading 3.1), the full-length positive-
sense RNA of the viral genome is transcribed from a RABV geno-
mic plasmid by T7 polymerase [10, 11] (Fig. 2b and step 1 in
Fig. 3). The 5’ and 3’ ends of the viral genome are processed by
ribozymes. Deleting the G gene from the viral genome causes the
inability to spread between neurons in the nervous system®. For
virus production in vitro (Subheadings 3.1 and 3.2), RABV-G-
expressing cells, namely B7GG cells, are used to propagate and
generate RABVAG particles coated with RABV-G by trans-
complementation (steps 2 and 3 in Fig. 3). RABVAG can be
pseudotyped to produce particles with non-native envelope pro-
teins and to alter its tropism. RABVAG pseudotyped with oEnvA,
oEnvB, or oEnvE specifically infects cells expressing oTVA, oTVB,
or oTVE, respectively [ 12]. For in vitro generation of pseudotyped
RABVAG (Subheading 3.3), BHK cells expressing EnvA are used
to grow RABVAG coated with EnvA by replacement of the enve-
lope (step 4 in Fig. 3). Herein we describe a protocol for generating
EnvA-RABVAG in BHK-EnvA cells. The protocol is applicable for
pseudotyping with oEnvB or oEnvE [12]. For in vivo injection
(Subheading 3.4), unpseudotyped RABVAG and EnvA-RABVAG
are concentrated by ultracentrifugation (step 5 in Fig. 3). Notably,
the efficiency and purity of pseudotyped RABVAG rely on the skills
of experimenters. The viral titer and purity need to be determined
for every viral preparation (Subheading 3.5 and step 6 in Fig. 3).
Measurement of infectious titers on cells, but not genomic titers by
qPCR, is required because qPCR cannot distinguish pseudotyped
RABVAG from unpseudotyped RABVAG that might be present in
contaminated preparations. The preparation of pseudotyped
RABVAG contaminated with unpseudotyped RABVAG will lead
to a non-selective infection and should be discarded.
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Step 1 : Construction of RABVAG genomic plasmids

4 RABV 7

[ \
| /
‘\genome /
g\ _//f

Insert transgenes in pSAD-B19AG-F3 vector.

Step 2 : Recovery of RABVAG from DNA plasmids
folololo

genome

Transfect B7GG cells with RABVAG
genomic and helper (N, P, L, G) plasmids.

g @ Collect supernatant containing viral particles.

B7GG cells: BHK-21 cells expressing T7 polymerase and RABV-G.

Step 3 : Amplification of RABVAG
=

+ Apply supernatant of
unpseudotyped RABVAG to B7GG cells.
g _’ @ Collect supernatant containing RABVAG.
B7GG cells: BHK-21 cells expressing T7 polymerase and RABV-G.

Step 4 : Pseudotyping of RABVAG with EnvA
=

Apply supernatant of

S unpseudotyped RABVAG to BHK-EnvA cells.
_’ - — Collect supernatant containing EnvA-RABVAG.
= ;—_ =

BHK-EnvA cells: BHK-21 cells expressing EnvA.

Step 5 : Concentration of viruses

-~
- Spin down supernatant from Step 3 or 4

- ' by ultracentrifugation.
| -

Step 6 : Titration of viruses

Infect HEK-293T cells and HEK-TVA cells
with serially diluted viruses.
Measure viral titer (infectious units/mL).

Fig. 3 Overview of production procedures. The generation of RABVAG consists of six steps as follows: the
construction of rabies viral genome, recovery of RABVAG from plasmids (Subheading 3.1), amplification of
RABVAG in B7GG cells (Subheading 3.2), pseudotyping of RABVAG in BHK-EnvA cells (Subheading 3.3), the
concentration of RABVAG (Subheading 3.4), and titration of viruses (Subheading 3.5)
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2 Materials

Cells

B7GG cells: BHK-21 cells expressing T7 RNA polymerase, RABV-
G, and histone-tagged GFP.

BHK-EnvA cells: BHK-21 cells expressing oEnvA, a chimeric enve-
lope protein consisting of extracellular and transmembrane
domains of EnvA fused to the cytoplasmic domain of RABV-G.

HEK293T cells: ATCC, cat. no. CRL-11268. These cells are used
to titer unpseudotyped RABVAG.

HEK293T-TVA800 cells: HEK293T-TVA800 cells are derived
from HEK293T cells and express TVA. These cells are used to
titer EnvA-RABVAG.

Plasmids

pSADAG-F3 (Addgene, ID. 32634).

pcDNA-SADBI19N (Addgene, ID. 32630).
pcDNA-SADB19P (Addgene, ID. 32631).
pcDNA-SADBI19L (Addgene, ID. 32632).
pcDNA-SADB19G (Addgene, ID. 32633).

Reagents

Fetal bovine serum (FBS; Sigma, cat. no. F7524): heat inactivation
was carried out at 56 °C for 30 min, and FBS was divided into
aliquots and stored at —20 °C for up to 1 year.

IMPORTANT: We recommend testing several lots beforehand and
using the best lot. Generate viruses with several lots of FBS,
compare their viral titers between lots, and select the best lot
with the highest viral titer.

DMEM (Wako, cat. no. 043-30085).

Dulbecco’s PBS, no calcium, no magnesium (PBS; Wako, cat.
no. 045-29795).

0.25% Trypsin-EDTA (Wako, cat. no. 201-16945): divided into
aliquots and stored at —20 °C for up to 1 year.

Hank’s balanced salt solution, no calcium, no magnesium, without
phenol red (HBSS, Wako, cat. no. 085-09355)

Lipofectamine 2000 (Thermo, cat. no. 11668-019)

20% Sucrose /HBSS: Mix 10 g of sucrose with 5 mL of 10x HBSS,
adjust the total volume to 50 mL with distilled water and

sterilize the solution by passing it through a 0.22 pm filter.
The solution can be stored at 4 °C for several months.
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Supplies

Plastic disposable pipettes (5, 10, 25, and 50 mL) (Thermo Scien-
tific Nunc, cat. nos. 170355N, 170356N, 170357N, and
170358N, respectively).

Tubes (15 and 50 mL) (Thermo Scientific Nunc, cat. nos. 339650
and 339652, respectively).

Cryo vial (5 mL outer screw) (Simport, cat. no. T308-5A).

Culture dish (100 and 150 mm) (Thermo, cat. nos. 150466 and
150468).

24-well culture plate (Thermo Scientific, cat. no. 142475).

Vacuum filtration system (Steri filter unit with cap, Durapore low
protein binding, 0.45 pm pore size, 250 mL) (Millipore, cat.
no. S2ZHVUO2RE).

Centrifuge tube, large (Beckman, cat. no. 326823).
Centrifuge tube, small (Beckman, cat. no. 326819).

Equipment

Biological safety cabinet (Panasonic, Thermo, or equivalent).

Incubators (37 °C and 5% CO, and 35 °C and 3% CO,) for cell
culture (Panasonic, Thermo, or equivalent).

Water bath.

Fluorescence microscope for cell culture (Zeiss, Nikon, or
equivalent).

Centrifuge (Tomy, Kubota, or equivalent).
Ultracentrifuge (Beckman, cat. no. Optima XE-90).
Rotor with buckets (Beckman, cat. no. SW28).
Rotor with buckets (Beckman, cat. no. SW55).

Culture Medium
10% FBS-containing DMEM (DMEM /10% FBS): add 50 mL of
EBS to 450 mL of DMEM and store at 4 °C for up to 3 weeks.

1% FBS-containing DMEM (DMEM /1% FBS): add 5 mL of FBS
to 495 mL of DMEM and store at 4 °C for up to 3 weeks.

3 Step-by-Step Protocols for RABVAG Production

3.1 Recovery of (1) Day 0 (seeding of B7GG cells)

RABVA G from cDNA 1. Prepare a confluent culture of B7GG cells in a 100 mm dish
(typically in the evening).
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IMPORTANT: Use a sterile technique for cell culture.
Replace pipettes every time to avoid cross-contamination.
Do not allow the cells to remain without media for more
than a few minutes. Carefully label all dishes, tubes, and
bottles. To avoid cross-contamination between viruses, do
not handle multiple viral preps at a time.

IMPORTANT: Create frozen stocks of B7GG cells at
low passage.

. Aspirate the medium from the dish using a Pasteur pipette

and wash the dish with 10 mL of PBS prewarmed to 37 °C.

. Add 5 mL of prewarmed 0.25% trypsin-EDTA and incu-

bate the dish at 37 °C for 3 min.

. Confirm that the cells are detached from the dish by

tapping the dish; then, add 5 mL of DMEM, dissociate
the cells by pipetting, and collect the cell suspension in a
50 mL conical tube.

. To collect the remaining cells from the dish, apply an

additional 5 mL of DMEM/10% FBS, and transfer the
cell suspension into the 50 mL tube.

. Centrifuge the 50 mL tube for 3 min at 174 x 4

(1000 rpm).

. Aspirate the supernatant carefully, apply 10 mL of pre-

warmed DMEM /10% FBS, and dissociate the suspension
into single cells by pipetting.

. Count the cell number using a hemocytometer and calcu-

late the cell density of the suspension. Then, prepare cell
suspension at 3.3 x 10° cells/mL using DMEM /10% FBS.

. Apply 10 mL of the cell suspension onto a new 100 mm

dish. Then, incubate the dish at 5% CO, and 37 °C. This
day is defined as day O of the Subheading 3.1.

IMPORTANT: Low confluency at the time of trans-
fection results in poor cell survival and low transfection
efficiency. Higher confluency (approximately 80%) is desir-
able for viral recovery.

(2) Day 1 (transfection; preferably performed in the morning)

1.

Aspirate the medium from the dish of B7GG cells seeded
on day 0, add 6 mL of prewarmed FBS-free DMEM, and
return the dish to the incubator. Prepare two 50 mL tubes
(tubes A and B) and add 1.25 mL of prewarmed OPTI-
MEM to each of them.

. Prepare the transfection mixes as follows: add 30 pg of

pSADAG-DsRed, 15 pg of pcDNA-SADBI9N, 7.5 pg of
pcDNA-SAD-B19P, 7.5 pg of pcDNA-SADBI9L, and
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5 pg of pcDNA-SADB19G to 1.25 mL of OPTI-MEM of
tube A. Add 112.5 pL of lipofectamine 2000 to 1.25 mL of
OPTI-MEM of tube B.

. Vortex each tube four times for 3 s and let both tubes stand

at room temperature for 5 min.

. Add the contents of tube A to tube B; then, vortex tube

A + B five times for 3 s, and let tube A + B stand at room
temperature for 15 min.

. Add 2.5 mL of'the transfection mix (tube A + B) evenly in a

dropwise manner onto the 100 mm dish of B7GG cells
prepared at step 1. Incubate the dish at 37 °C in 5% CO,.

. Six hours later, aspirate the medium, wash the dish with

10 mL of prewarmed PBS, and add 10 mL of DMEM/
10% FBS. Then, incubate the dish at 37 °C in 5% CO,.

IMPORTANT: Examine cell conditions and fluores-
cent protein expression under a fluorescence microscope
daily to assess infection efficiency and viral spread.

(3) Day 2

1.

Remove the medium from the 100 mm dish of B7GG cells
transfected on day 1 and add 5 mL of PBS prewarmed at
37 °C.

IMPORTANT: Do not aspirate the medium contain-
ing viruses because there is a possibility of aerosol spread.

. Remove the PBS and add 2 mL of prewarmed 0.25%

trypsin-EDTA. Incubate the dish at 37 °C for 3 min.

. Detach the cells from the dish by tapping, add 1 mL of

DMEM /10% EFBS prewarmed at 37 °C, dissociate the cells
into single cells by pipetting them, and collect the cell
suspension in a 50 mL conical tube.

. Add 2 ml of DMEM/10%FBS to collect the remaining

cells and transfer the media to the 50 mL conical tube.

. Centrifuge the tube at 174 x 4 (1000 rpm) for 3 min.

6. Remove the supernatant, apply 1 mL of DMEM /10% FBS,

and resuspend the pellet by pipetting.

. Add 23 mL of DMEM /10% FBS to the tube and plate the

24 mL of cell suspension in a new 150 mm dish. Incubate
the dish at 5% CO, and 37 °C after gently shaking the dish
to make the cell distribution uniform.

(4) Day 3 (changing the medium)

1.

Remove the supernatant from the 150 mm dish of B7GG
cells, add 24 mL of new DMEM /1% FBS prewarmed at
37 °C, and incubate at 35 °C in 3% CO, (Fig. 4a).
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RABVAG-DsRed

Fig. 4 Recovery of RABVAG-DsRed from DNA plasmid. (a—d) Photomicrographs represent typical examples of
recovery of RABVAG-DsRed in B7GG cells on day 3 (a), day 4 (b), day 6 (c), day 7 (d), and day 11 (e). Scale bar:
200 pm
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(5) Day 4

1. Examine cell conditions and fluorescent protein expression

under a fluorescence microscope (Fig. 4b).
(6) Day 5 (addition of medium)

1. Add 4 mL of prewarmed DMEM /1% FBS into the dish
(totally 28 mL of media in the dish) and incubate at 35 °C
in 3% CO, for 2 days.

(7) Day 6

1. Examine cell conditions and fluorescent protein expression

under a fluorescence microscope (Fig. 4¢).

(8) Day 7 (the first collection of virus supernatant and change
medium)

1. Collect the supernatant from the 150 mm dish in a 50 mL
tube and add 24 mL of fresh prewarmed DMEM /1% FBS
to the 150 mm dish. Incubate the dish at 35 °C in 3% CO,
(Fig. 4d).

2. Centrifuge the collected virus supernatant at 694 x g4
(2000 rpm) for 10 min.

3. After centrifugation, collect about 28 mL of the superna-
tant carefully into a new 50 mL tube. Store the harvested
virus supernatant at 4 °C.

(9) Day 9 (addition of medium)

1. Add 4 mL of fresh DMEM /1% FBS to the 150 mm dish
and incubate at 35 °C in 3% CO,.

(10) Day 11 (the second collection of virus supernatant)

1. Collect the second supernatant from the 150 mm dish in a
50 mL tube and centrifuge at 694 x 4 (2000 rpm) for
10 min (Fig. 4e).

2. After centrifugation, carefully collect the supernatant into a
new 50 mL tube. Store the harvested supernatant at 4 °C.

3.2 Amplification of <Amplification-1>

RABVA G (1) Day 0 (seeding of B7GG cells)

1. Seed B7GG cells onto three 150 mm dishes at 8.0 x 10?
cells/mm?®. This day is defined as day 0 of 3.2.
Amplification-1 section.

(2) Day 1 (viral infection of B7GG cells)

1. Prepare three 150 mm dishes of 60-70% confluent B7GG
cells (typically in the morning) on day 1. Aspirate the
medium from the dish and add 3 mL of fresh DMEM/
10% FBS prewarmed at 37 °C.
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2. Mix the first and second supernatant (collected at Sub-
heading 3.1, Recovery steps) and split the mixed superna-
tant into three parts; apply ~16 mL of the mixture to each
150 mm dish.

3. Maintain the dishes under a fully humidified atmosphere at
35 °Cin 3% CO, for 6 h.

4. Six hours later (typically in the evening), remove culture
media from the three dishes using a pipette and add 24 mL
of prewarmed DMEM /1% EBS to each dish. Incubate the
dishes at 35 °C in 3% CO,.

(3) Day 2
1. Examine cell conditions and fluorescent protein expression

under a fluorescence microscope to assess the initial infec-
tion efficiency (Fig. 5a).

(4) Day 3 (addition of medium)
1. Add 4 mL of fresh DMEM /1% FBS to cach of the three

150 mm dishes of B7GG cells infected on day 1 (Fig. 5b).
Incubate the dishes at 35 °C in 3% CO,.

B
RABVAG-DsRed

RABVAG-DsRed

RABVAG-DsRed RABVAG-DsRed

Fig. 5 Amplification of RABVAG-DsRed. (a—d) Photomicrographs represent typical examples of amplification
of RABVAG-DsRed in B7GG cells on day 2 (a), day 3 (b), day 5 (c), and day 7 (d). Scale bar: 200 pm
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(5) Day 5 (the first collection of virus supernatant and addition of
medium)

1.

Collect the supernatant from the three 150 mm dishes into
two 50 mL tubes.

. Add 24 mL of fresh DMEM /1% FBS prewarmed at 37 °C

to each of the three 150 mm dishes (Fig. 5¢). Incubate the
three dishes at 35 °C in 3% CO,.

. Centrifuge the collected virus supernatant at 694 x g4

(2000 rpm) for 10 min.

. After centrifugation, carefully collect supernatant into two

new 50 mL tubes and discard pellets. Store the harvested
supernatant at 4 °C.

(6) Day 7 (the second collection of virus supernatant)

1.

2.

3.

Collect supernatant from the three 150 mm dishes of
B7GG cells in two 50 mL tubes (Fig. 5d).

Centrifuge the collected supernatant at 694 x g4
(2000 rpm) for 10 min.

IMPORTANT: Almost all cells must express DsRed
for reaching an adequate titer.

After centrifugation, carefully collect the supernatant into
two new 50 mL tubes and discard pellets. Store the har-
vested supernatant at 4 °C.

<Amplification-2>

(1) Day O (seeding of B7GG cells)

1.

Seed B7GG cells at 8.0 x 102 cells/mm? onto ten 150 mm
dishes. This day is defined as day 0 of 3.2. Amplification-
2 section.

(2) Day 1 (viral infection of B7GG cells)

1.

Prepare ten 150 mm dishes of 60-70% confluent B7GG
cells (typically in the morning) on day 0. Aspirate the
medium from the dishes and add 3 mL of fresh DMEM/
10% FBS prewarmed at 37 °C to each dish.

. Mix the first and second supernatant (collected at Sub-

heading 3.2, Amplification-1 step), split the mixed super-
natant into three parts, and apply ~16 mL of the mixture to
each 150 mm dish. Maintain the dishes under a humidified
atmosphere at 35 °C in 3% CO, for 6 h.

. Six hours later, remove the medium from the ten dishes

and add 24 mL of prewarmed DMEM/1% FBS to
each dish. Incubate the dishes at 35 °C in 3% CO, for
3 days.
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(3) Day 2
1. Examine cell conditions and fluorescent protein expression

under a fluorescence microscope to assess the initial infec-
tion efficiency.

(4) Day 4 (addition of medium)
1. Add 4 mL of fresh DMEM /1% FBS to the ten 150 mm

dishes of B7GG cells infected on day 1. Incubate the dishes
at 35 °C in 3% CO,.

(5) Day 6 (collection of the virus supernatant)

1. Collect the ten 150 mm dishes of B7GG cells, which were
added to medium on day 4, and split them into five 50 mL
tubes.

IMPORTANT: Almost all cells must express DsRed to
reach an adequate high titer.

2. Centrifuge the collected virus supernatant at 694 x g4
(2000 rpm) for 10 min.

3. After centrifugation, collect the supernatant carefully and
filter the supernatant using a 0.45 pm filter.

4. Move to Subheading 3.3 for pseudotyping RABVAG with
EnvA or to Subheading 3.4 for concentrating supernatant
containing unpseudotyped RABVAG.

IMPORTANT: Make frozen stocks of the viral super-
natant (4.5 mL/cryotube) and record their amplification
number; also, store at —80 °C. Amplify RABVAG using
the frozen stocks of viral supernatant by applying 4.5 mL of
the frozen stock to a 150 mm dish of B7GG cells.
RABVAG is amplified in B7GG cells so that viral recovery
from the plasmid DNA every time is not required. It is ideal
for creating low-passage frozen stocks to avoid mutation
accumulation in the rabies viral genome.

3.3 Pseudotyping of (1) Day 0 (seeding of BHK-EnvA cells)

RABVA G with EnvA 1. Prepare three confluent 150 mm dishes of BHK-EnvA cells
to prepare ten 150 mm dishes of BHK-EnvA cells at
8.0 x 10? cells/mm? that will be at a 60% confluence the
next day (typically in the morning). This day is defined as
day 0 of Subheading 3.3.

(2) Day 1 (viral infection of BHK-EnvA cells)

1. Prepare ten 150 mm dishes of 60-70% confluent
BHK-EnvA cells (typically in the morning) on day 1 and
aspirate the medium from the ten dishes of BHK-EnvA
cells with a Pasteur pipette. Then, add 3 mL of fresh
DMEM/10% FBS prewarmed at 37 °C.
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2.

10.

11.

12.

Add 20 mL of the unpseudotyped RABVAG prewarmed at
37 °C (collected at Subheading 3.2, Amplification-2 steps)
into each dish. Maintain the dishes under a humidified
atmosphere at 35 °C in 3% CO, for 6 h.

IMPORTANT: The recommended amount for initial
infection efficiency is an MOI of 0.9-1.0.

. Six hours later, remove the medium from the five dishes.

IMPORTANT: To protect the cells from unwanted
stress, divide eight dishes into two parts and change the
media from five dishes at a time. Repeat the procedure for
the remaining five dishes later.

. Add 20 mL of PBS prewarmed at 37 °C into each of the

five dishes and wash the dishes to remove unpseudotyped
virus added to the dishes.

IMPORTANT: Washing with PBS, trypsinization, and
subsequent centrifugation to remove unnecessary unpseu-
dotyped RABVAG viral particles are critical steps to obtain
high-purity EnvA-RABVAG preparations.

. Add 20 mL of PBS prewarmed at 37 °C into each dish and

wash the dishes to remove unpseudotyped virus added to
the dishes.

. Remove PBS, add 4.5 mL of 0.25% trypsin-EDTA pre-

warmed at 37 °C, and incubate the dishes at 37 °C for
3 min.

. Confirm that the cells are detached from the dish by

tapping the dish; then, add 4 mL of DMEM /10% EBS,
dissociate the cells by pipetting, and collect the cell suspen-
sion in a 50 mL conical tube (about 40 mL).

. To collect the remaining cells on the dishes, apply 7 mL of

the medium to the first dish; transfer the cell suspension to
the second, third, fourth, and fifth dish. Then, transfer the
cell suspension to the 50 mL tube (about 50 mL of cell
suspension in total).

. Centrifuge the 50 mL tube for 3 min at 174 x g4

(1000 rpm).
Remove the supernatant of the 50 mL tube, resuspend

with 10 mL of DMEM/10% FBS, and centrifuge the
50 mL tube for 3 min at 174 x 4 (1000 rpm).

During centrifugation, apply 18 mL of fresh DMEM /10%
FBS to five new 150 mm dishes.

Remove the supernatant of the 50 mL tube, resuspend
with 10 mL of DMEM /10% FBS, and split the cell suspen-
sion into five parts to add 62 mL to the five 150 mm dishes
(20 mL of media per dish in total). Maintain the five dishes
under a humidified atmosphere at 37 °C in 5% CO,.
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Fig. 6 Pseudotyping of RABVAG-DsRed. (a—d) Photomicrographs represent typical examples of pseudotyping
of RABVAG-DsRed in BHK-EnvA cells on day 2 (a), day 3 (b), day 4 (c), and day 6 (d). Scale bar: 200 um

13. Perform Procedures 3—12 in Subheading 3.3 (2) for the
remaining five dishes to finally obtain ten 150 mm dishes
of virus-infected BHK-EnvA cells in total.

(3) Day 2 (changing the medium)

1. Remove the medium from five dishes of virus-infected
BHK-EnvA cells. Add 24 mL of fresh DMEM /10% FBS
prewarmed at 37 °C (Fig. 6a). Maintain the dishes under a
humidified atmosphere at 35 °C in 3% CO,.

IMPORTANT: Do not change the media from all
10 dishes at a time to avoid drying of cultured cells on
dishes. Instead, change the media from approximately five
dishes at a time.

2. Repeat Procedure 1 for the remaining five dishes of virus-
infected BHK-EnvA cells.
(4) Day 3
1. Examine cell conditions and fluorescent protein expression

under a fluorescence microscope to assess the initial infec-
tion efficiency (Fig. 6b).
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(5) Day 4 (addition of medium)
1. Add 4 mL of fresh DMEM/10% FBS to the ten 150 mm

dishes of BHK-EnvA cells (Fig. 6¢). Incubate at 35 °C in
3% CO,.

(6) Day 6 (collection of the virus supernatant)

1. Collect the supernatant from the ten 150 mm dishes of
BHK-EnvA cells and split them into five 50 mL tubes
(Fig. 6d).

2. Centrifuge the collected virus supernatant at 694 x g
(2000 rpm) for 10 min.

3. After centrifugation, collect the supernatant carefully and
filter the supernatant using a 0.45 pm filter.

4. Move to Subheading 3.4.

3.4 Concentration of 1. For the first centrifugation, use the Beckman SW28 rotor.

the Viral Supernatant 2. Place six centrifuge tubes in six buckets of the SW28 rotor,
apply 37 mL of the supernatant to each centrifuge tube, and
cover the six buckets loosely with caps.

3. Weigh each bucket with the tube and cap on and balance them
to approximately 0.01 g by adding the viral supernatant with a
P200 micropipette in a biosafety cabinet.

IMPORTANT: Be sure to balance all buckets; failure to
balance the buckets will lead to equipment damage.

IMPORTANT: Make frozen stocks of the remaining viral
supernatant (4.5 mL/cryotube) stored at —80 °C and record
their amplification number. Next, amplify RABVAG using the
frozen stocks of the viral supernatant. RABVAG is amplified in
B7GG cells to avoid viral recovery from the plasmid DNA every
time. It is ideal for creating low-passage frozen stocks to avoid
mutation accumulation in the rabies viral genome.

4. Place the buckets on the rotor and load the rotor on the
ultracentrifuge; then, spin at 70,000 x 4 (19,400 rpm) for 2 h
at 4 °C.

5. After centrifugation, move the buckets back to the biosafety
cabinet, open the caps, and pull out the tubes. Remove the
supernatant gently by decantation.

6. Resuspend each pellet in 300 pL of HBSS and collect all the
virus suspensions into a tube.

7. For the second centrifugation, use the Beckman SW55 rotor.

8. Insert two round-bottomed tubes into the tube buckets.

9. Place 2.5 mL of 20% sucrose/HBSS in the round-bottomed
tube of the bucket and apply the virus suspension gently onto
the sucrose cushion. Rinse the tubes with 200 pL. of HBSS to

recover any remaining virus and transfer the suspension to the
sucrose cushion again.
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3.5 Titration of Virus

10. Weigh each bucket with the tube and cap on. Prepare a proper
counterbalance containing HBSS and balance them to approx-
imately 0.01 g by adjusting with HBSS using a P200 micropi-
pette in a biosafety cabinet.

IMPORTANT: Be sure to balance the buckets; failure to
balance the buckets will lead to equipment damage.

11. Place the buckets on the rotor and load the rotor on the
ultracentrifuge; then, spin the suspension at 50,000 x g4
(21,000 rpm) for 2 h at 4 °C.

12. After centrifugation, move the centrifuged tubes back to the
hood and gently remove the supernatant by decantation.

13. Resuspend the viral pellets in 100 pL of HBSS, wrap the top of
the tubes in parafilm, and store for 30-60 min at 4 °C.

14. Gently pipette the viral suspension, aliquot the virus (i.e.,
4 pL/tube), and freeze them at —80 °C for future use.

(1) Day O (seeding of cells)

1. Prepare cell suspension of HEK293T and HEK293T-TVA
cells at 3.0 x 10° cells/mL. Apply 500 pL of the cell
suspension to each well of a 24-well plate. Incubate the
plate at 37 °C in 5% CO,.

In the case of EnvA-pseudotyped RABVAG, prepare
both HEK293T and HEK293T-TVA cells to check their
viral titer and purity.

(2) Day 1 (infecting HEK293T or HEK293T-TVA cells with
serially diluted viral concentrates)

1. Make a tenfold serial dilution of the viral concentration
from a dilution of 107°-10~ in duplicates or triplicates.
IMPORTANT: Change the tips before every dilution.

2. Add 250 pL of each viral dilution to wells gently.
3. Incubate the plate at 35 °C in 3% CO, for 2 days.
(3) Day 3 (counting the number of infected cells)

1. Observe fluorescent protein-expressing cells using a fluo-
rescence microscope.

IMPORTANT: If EnvA-pseudotyped RABVAG
infects HEK293T cells, the EnvA-pseudotyped RABVAG
prep is suspected to be contaminated with unpseudotyped
RABVAG and should not be used for circuit mapping.

2. Find wells containing the lowest number of fluorescent
protein-expressing cells in the series of wells and count
the number of fluorescent protein-expressing cells in the
well. Calculate the average from duplicates or triplicates.
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3. Calculate the infectious titer using the following formula.
Infectious units/mL = (no.of cells) x 4 x (dilution factor).

For example, if the number of DsRed* cellsis 12, 27, and 30 in
the 10~® wells, the average of DsRed* cells is 23 cells per well, and
its dilution factor is 108, The titer of this RABVAG-DsRed prep
becomes 23 x 4 x 10% = 9.2 x 10? (infectious units/mL).

4 Conclusion

The RABVAG production protocol that we introduced here typi-
cally yields RABVAG-DsRed at an infectious titer of 1.0 x 10°—
1.5 x 10'* and EnvA-RABVAG-DxRed at a titer of 5.0 x 107—
2.0 x 10 [10-12, 18]. EnvA-pseudotyped RABVAG can target
particular neuronal subsets, such as genetically defined cell types,
projection-based cell types, or even a single neuron for circuit
tracing [9, 12, 13, 19-21]. Trans-complementation with RABV-
G allows trans-synaptic labeling of presynaptic neurons of the target
cells with RABVAG in a brain-wide manner. Notably, genetically
identified cell types can be reproducibly targeted by different
research groups using cell-type-specific Cre/Flp/tTA mouse lines
to identify their direct monosynaptic inputs [20]. Such RABVAG-
based methods for elucidating neuronal connectivity across the
whole brain at the resolution of cell types or single neurons will
advance our understanding of neural circuit organization. The
conjunction of such methods with imaging and electrophysiology
in living animals can reveal direct correlations between circuit
structure and function and allow perturbation of connectionally
defined neural populations by optogenetics and chemogenetics
[11, 13, 14].

Neurons are diverse and can be classified into many subtypes,
each of which plays a distinct role in brain function. Although cell
morphology and electrophysiological properties have been used for
cell type classification criteria, recent advances in single-cell RNA
sequencing technology have proposed transcriptome-based taxon-
omy of cell types [22, 23]. For cell-type-specific circuit mapping
with RABVAG, Cre-expressing mouse lines are the most powerful
way to reproducibly access genetically defined cell types to restrict
RABV-G and TVA expression [20]. Many Cre driver lines are
available for targeting neurotransmitter-defined neurons [24-27]
(ChAT-Cre, DR1-Cre, DR2-Cre, Sert-Cre, DAT-Cre, VGAT-Cre,
and VGLUT2-Cre), inhibitory neuron subtypes [28]
(parvalbumin-Cre, somatostatin-Cre, and vasoactive intestinal
peptide-Cre), cortical layer-specific neurons [29] (Sepwl-Cre,
Nr5al-Cre, TIx3-Cre, and Ntsrl-Cre), and hippocampal
subdomain-specific neurons [30] (Dox10-Cre and Map3kl5-
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Table 1

Cre). There are many strategies to deliver the RABV-G and TVA
genes in Cre-expressing cells of these transgenic mouse lines. When
designing experiments, we should consider the amount of RABV-G
and the leak expression of TVA in starter cells to guarantee the
efficiency and specificity of rabies viral tracing. Higher expression
levels of RABV-G in starter cells can label more presynaptic cells.
Even undetectable, low levels of TVA can lead to viral infection and
a reduction in the specificity of viral tracing because of the high
sensitivity of TVA. Using helper viral vectors, particularly AAVs, is
the most convenient way to deliver the RABV-G and TVA genes for
trans-synaptic labeling and a marker gene for labeling starter cells.
However, AAVs have limitations in expressing transgenes in num-
ber and size. The helper AAVs provide many strategies in the trans-
synaptic labeling of RABVAG to detect starter cells and their
presynaptic cells. One needs to choose an optimal strategy depend-
ing on the goal of the experiments. Here we introduced five major
strategies focusing on their pros and cons (Table 1).

Advantages and limitations of helper AAVs for transsynaptic RABVG tracing. Each strategy has its
advantages and limitations in detecting and quantifying starter cells and labeling the efficiency of
presynaptic cells

Labeling
Quantitativity efficiency of
of starter presynaptic
Strategy Helper AAVs cells cells References
1 AAV-FLEX-XFP-2A-TVA-2A-RABV-G High Low Wall et al.
or [20, 25];
AAV-FLEX-TVA-XFP-2A-RABV-G Suzuki et al.
[12]
2 AAV-FLEX-TVA-XFP + AAV-FLEX- Low High Miyamichi et al.
RABV-G [32]; Ogawa
etal. [26]
3 AAV-FLEX-TVA-XFP + AAV-FLEX- Medium Medium Faget et al. [27]
H2B-XFP-2A-RABV-G
4 AAV-FLEX-TVA-2A-XFP-2A-RABV-  High High Sz6nyi et al.
G + AAV-FLEX-RABV-G [33]
or
AAV-FLEX-TVA-XFP-2A-RABV-
G + AAV-FLEX-RABV-G
5 Use mouse lines expressing TVA, High Depend on a
RABV-G, and XFP from a gene locus marker gene

of the mouse genome locus
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1. Introduce all RABV-G, TVA, and marker genes (e.g., GFP)
from a single helper viral vector [12, 19, 24]. This approach is
the most straightforward. It allows a clear detection of
GEP-positive starter cells expressing RABV-G and TVA with
low efficiency in labeling their presynaptic cells. Furthermore,
this clear labeling of starter cells as RABVAG-infected GFP+
cells is suitable for quantification through trans-synaptic
labeling.

2. Use two helper viral vectors; one helper viral vector introduces
RABV-G alone in starter cells under strong promoters, such as
the CAG promoter, making it possible to maximize trans-
synaptic labeling efficiency. The other introduces both TVA
and a marker gene (e.g., mCherry) [31, 32]. This approach
using two helper viral vectors provides the highest efficiency in
the trans-synaptic labeling but not 100% co-expression of
RABV-G and TVA. A fraction of mCherry-positive cells
become RABVAG-infected RABV-G-expressing cells which
are starter cells. Because RABV-G-expressing cells do not
have any reporter, detection and quantification of starter cells
by this approach are ambiguous.

3. Use two helper viral vectors. Introducing RABV-G and
reporter fluorescence (e.g., GFP) under a strong promoter,
such as the CAG promoter, in a helper viral vector to starter
cells makes it possible to reliably label starter cells with reporter
fluorescence and express a moderate level of RABV-G for trans-
synaptic labeling [27]. Both TVA and a marker gene (e.g.,
mCherry) are introduced using another helper viral vector.
This approach using two helper viral vectors does not give
100% co-infection. Starter cells can be defined as RABVAG-
infected GFP- and mCherry-expressing cells, making the
detection of starter cells unambiguous, although trans-synaptic
labeling efficiency by this approach is not as high as in 2.

4. Use two helper viral vectors (Fig. 7a). Injecting a helper viral
vector expressing all RABV-G, TVA, and a marker gene (e.g.,
GEFP) (the same vector in 1), along with another vector expres-
sing RABV-G alone for boost expression of RABV-G (the same
vector in 2), is versatile, allowing efficient trans-synaptic label-
ing and clear detection of starter cells expressing RABV-G,
TVA, and the marker gene [33]. The expression level of
RABV-G varies between starter cells depending on the
co-infection efficiency with two helper viral vectors. Therefore,
it is challenging to confirm which starter cells are co-infected
with two viral vectors. However, starter cells are unambigu-
ously labeled as RABVAG-infected GFP-expressing cells
(Fig. 7b). Furthermore, a higher number of presynaptic
cells is labeled due to the high expression level of RABV-G
(Fig. 7¢, d).
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Fig. 7 In vivo tracing of EnvA-RABVAG-DsRed. (a) Schematic illustration of the virus injection for monosynap-
tic RABVAG tracing. Two helper AAVs were injected into the V1 of TIx3-Cre mice in which the cortico-cortical
layer 5 neurons specifically express Cre. Three weeks post-injection of the AAVs, EnvA-RABVAG-DsRed was
injected into the same location as the AAV injection. (b) YFP-positive cells in the V1 express TVA and
0G. “Starter cells” express YFP and DsRed, as indicated by arrowheads. (c, d) Presynaptic cells express
DsRed in the cortical (¢) and subcortical areas, such as LGN (d). Scale bar: 100 um

5. Use transgenic mouse lines that conditionally express RABV-
G, TVA, and a marker gene in target cell populations
Cre-dependently. However, the level of RABV-G expression
and specificity of TVA expression vary depending on how the
RABV-G and TVA are expressed, such as in a gene locus.
Furthermore, the level of RABV-G expression from the
mouse genome is not as high as the viral vectors. In contrast,
the specificity of TVA expression from the mouse genome is
higher than the viral vectors.
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AAV expression after viral delivery takes 2—-3 weeks to reach
maximum expression of transgenes. Therefore, EnvA-RABVAG
should be injected 2—-3 weeks after the injection of helper AAVs.
The EnvA-RABVAG infects TVA-expressing starter cells and then
replicates and spreads to their presynaptic cells in the presence of
RABV-G (0G: a RABV-G variant that allows efficient labeling of
presynaptic neurons [34]) 7-10 days after the EnvA-RABVAG
injection. Notably, each strategy has its pros and cons, which is
due to a trade-off between the ability to label starter neurons
unambiguously and to spread across synapses efficiently.

Herein, we introduced a typical example of RABVAG circuit
tracing using helper AAVs (Fig. 7a—d). To map presynaptic net-
works of cortico-cortical projection neurons of layer 5 in VI, we
used a TIx3-Cre mouse line in which the cortico-cortical layer
5 neurons are labeled with Cre. We injected a mixture of
AAV-CBh-DIO-0TVA-EYFP-P2A-0G and AAV-CAG-FLEX-0G
(see Table 1, Strategy #4) into the primary visual cortex (V1) of
the Tlx3-Cre mice. After sufficient time for viral transduction and
protein expression from the AAVs (typically 3 weeks), we injected
EnvA-RABVAG-DsRed in the exact location of the AAV injection
of the V1. Ten days later, we perfused the mice and prepared brain
slices for anatomical analysis. Postsynaptic “starter” neurons were
labeled as cells positive for both YFP and DsRed, while their
presynaptic neurons were cells positive for DsRed only (Fig. 7b).
The longer we waited after the EnvA-RABVAG-DsRed injection,
the more presynaptic neurons were labeled. However, RABVAG-
infected starter cells die 12—14 days after infection.

In summary, RABVAG trans-complementation allows efficient
labeling of presynaptic neurons that are directly connected to
starter cells (e.g., a specific cell type and single neuron) expressing
oG and TVA in a brain-wide manner. Injection of unpseudotyped
RABVAG will retrogradely label long-range projection neurons
from the injection site. Furthermore, RABVAG tracing can be
combined with functional assays to monitor or manipulate neural
activity, such as optical imaging, electrophysiology, optogenetics,
and chemogenetics [11, 13-16]. These approaches outlined here
are adaptable to even non-transgenic mammalian species, including
ferrets and monkeys.
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Abstract

Adeno-associated viral vectors (AAV) are frequently used by neuroscientists to deliver tools, such as
biosensors and optogenetic and chemogenetic actuators, in vivo. Despite its widespread use, AAV vector
characterization and quality control can vary between labs and viral vector cores, leading to variable results
and irreproducibility. This protocol describes some of the characterization and quality control assays
necessary to confirm an AAV vector’s titer, genomic identity, serotype, and purity.

Key words Adeno-associated viral vectors, Quality control, rAAV, AAV, Viral vectors

1 Introduction

Recombinant adeno-associated virus (rAAV) vectors are increas-
ingly popular gene delivery tools for use in research and therapeu-
tically. They are relatively easily produced in a well-equipped lab or
production facility, but before in vivo use, rAAV vectors should be
extensively characterized to ensure proper dosing, vector genome
integrity, and purity. The concentration of an rAAV vector is typi-
cally reported as a physical titer of the total viral particles present
and does not take into account the presence of defective particles.
The physical titer is frequently measured via quantitative polymer-
ase chain reaction (qQPCR) and reported as vector genomes per
milliliter (VG/mL) or genome copies per milliliter (GC/mL)
with values relative to a plasmid standard. Viral production facilities
frequently design qPCR titration assays with primers and/or
probes that target commonly occurring regions of the transfer
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plasmid such as promoters, polyadenylation signals, the Wood-
chuck Hepatitis Virus Posttranscriptional Regulatory Element
(WPRE), or the inverted terminal repeats (ITRs) [1]. By targeting
common elements, once validated, the same assay can be used to
titer multiple rAAV vectors in parallel. Production facilities using
this method should validate the assay with an rAAV vector of
known titer before use. Once validated, this rAAV reference virus
should be included as a control in all titrations to confirm consis-
tency across runs.

Recently, a droplet digital PCR-based titration (ddPCR)
method was developed for rAAV vectors [2]. Unlike qPCR,
ddPCR does not rely on a standard curve and provides an absolute
measurement. In contrast, qPCR results vary depending on the
specific plasmid used and the overall quality of the standard prepa-
ration leading to variation across run, users, and labs. In an analysis
of replicate samples, ddPCR was determined to have a lower coeffi-
cient of variation and, therefore, a higher precision as compared to
qPCR [3]. ddPCRis also less prone to PCR inhibitions than qPCR.
This resistance to PCR inhibition is thought to be due to the
partitioning reaction that occurs in ddPCR [4]. In ddPCR, a single
droplet with minor to moderate PCR inhibition will still be read as
positive, whereas in a minor to moderately inhibited qPCR more
cycles are required to reach a signal above the threshold, causing
underreported titers. Moreover, ddPCR is the superior titration
method for self-complementary rAAV (scAAV) vector templates as
it does not have the same self-annealing issues observed with
qPCR. Previous studies have shown that the kinetics of I'TR hairpin
structure formation in the scAAV genome outcompetes those of
primer and probe binding, impairing PCR efficiency and resulting
in underreported titers [5, 6]. Though ddPCR is gaining popular-
ity, especially among viral vector cores, qPCR is still the most
commonly used titration assay.

In addition to the physical titer, some users may wish to deter-
mine the specific infectivity of the vector. The specific infectivity is
the ratio of physical-to-infectious particles and assesses the presence
of defective viral particles. The physical titer is measured by qPCR
or ddPCR as described above, while a functional or infectious titer
is determined using cell-based transduction assays. Stable cell lines
are co-transduced with the rAAV vector and wild-type adenovirus,
and transduced cells can be detected by a variety of methods such as
flow cytometry or microscopy to detect fluorescent reporters, cel-
lular staining to detect reporter enzyme expressions such as
B-galactosidase, or PCR to detect of the gene of interest in target
cells [7, 8]. Of note, transduction efficiencies often vary between
cell lines and tissues; therefore, the functional titer determined in a
cell-based assay may not transfer precisely to an in vivo system.
Specific infectivity is not routinely measured for rAAV vectors
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used in basic research but is critical in determining dosing regimens
for clinical use in order to minimize adverse immune responses [8].

Production facilities or laboratories that produce a number of
different rAAV vectors should confirm the identity and serotype of
the vector. The identity of the vector can be easily confirmed via
PCR of the genomic DNA with primers targeting critical regions
such as promoter elements or the genes of interest. PCR products
can be analyzed on a gel to confirm size or sent for Sanger sequenc-
ing for a more thorough analysis. For labs producing recombinase-
dependent vectors, it is recommended that they include additional
reactions with primers inside and outside of the recombination sites
to detect the presence of recombinase-independent recombination
events. For a deeper analysis of vector genome integrity, labs may
consider next-generation sequencing (NGS). In addition to
sequence confirmation of the vector’s genome, NGS has been
used to detect contaminants, confirm serotypes, and measure
recombination rates in rAAV vectors [9-12].

The serotype of an rAAV vector will determine its tropism or
tissue specificity. It is therefore critical that production facilities
routinely working with a number of different capsids confirm that
the correct capsid was used for each vector. Serotype confirmation
can be done in a number of ways. Historically, western blotting and
mass spectrophotometry were used, but these methods have some
limitations. Western blotting relies on antibodies that tend to cross-
react due to the high homology between some serotypes, while
mass spectrophotometry is capsid-specific but costly and labor-
intensive.

One of the simplest methods for serotype confirmation is
AAV-1ID, a thermostability-based approach that uses melting tem-
perature to differentiate between serotypes [13]. AAV-ID is fast
and can be easily incorporated into most laboratories as it does not
require specialized reagents or equipment. Of note, some serotypes
naturally have similar melting temperatures and cannot be easily
distinguished using this method. Moreover, the formulation bufter
and purity of the vector will also affect the melting temperature.
Recently, open-access Python software was developed to determine
serotypes from NGS data [9]. The software takes advantage of the
small amount of capsid plasmid DNA naturally packaged into the
viral vector and probes NGS reads for serotype-specific, user-
defined seed sequences. This software is open-access and available
at GitHub in Addgene’s Open Toolkit https: //addgene.github.io/
openbio/ .

Much like specific infectivity, rAAV vector purity affects trans-
duction efficiency but in a serotype and tissue-specific manner
[14]. Common impurities include packaging cell proteins and
residual plasmid or host cell DNA and can be routinely detected
by most labs. Overall DNA impurities can be estimated using
spectrophotometry by subtracting the known OD260 and
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OD280 contributed by the vector from the overall OD260 and
OD280 values [14]. To measure specific DNA contamination,
qPCR with primers and probes targeting specific genes or genetic
elements of interest from the plasmid or host cells can be used.
Protein impurities are easily observed following SDS-PAGE
and protein staining of the rAAV vector. In a pure rAAV vector,
only three bands corresponding to the VP1, VP2, and VP3 capsid
proteins should be visible. Additional bands in the stain suggest
packaging cell protein contamination during vector purification.
The presence of endotoxins in viral vector preparations can also
impact downstream applications. Endotoxins arise from the lipid A
portion of bacterial lipopolysaccharides and can be introduced to
the viral vector through low-quality plasmid DNA or bacterial
contamination. The Limulus polyphemus amebocyte lysate turbidi-
metric assay detects endotoxin using a reagent derived from horse-
shoe crab blood that coagulates upon exposure to endotoxins.
Even low activities of endotoxin can elicit an immune response
underscoring the need for endotoxin screening before rAAV vector
use in vivo [15].
rAAV vector contamination by microorganisms such as bacte-
ria, yeast, or fungi should also be ruled out. To confirm sterility,
production facilities can inoculate microbial growth media such as
Fluid Thioglycollate Medium or Soybean-Casein Digest Medium
with the rAAV vector and check for microbial growth after 2 weeks
of cultivation. Production facilities may also consider checking
vectors for mycoplasma contamination. Mycoplasma is a common
tissue culture contaminant and can be difficult to detect during
routine cell culture work. There are several methods to detect
mycoplasma, including PCR-based assays targeting the 16S
rRNA, luciferase-based assays that detect mycoplasma-specific
enzymes and mycoplasma-specific indicator cell lines [16-
18]. Mycoplasma contamination of producer cell lines can be diffi-
cult to treat, and it is recommended that viral production facilities
routinely screen their cell lines before rAAV vector production.
The following protocol outlines some of the more widely used
methods of characterizing rAAV vectors and assessing their purity
and sterility (Fig. 1). Many of the methods described can be mod-
ified for other types of vectors, such as lentivirus or adenovirus
[19]. The specific methods chosen do not require specialized lab
equipment and can be easily applied to most laboratories and core
facilities. However, they do not encompass an exhaustive list, and
production facilities may prefer additional or alternative tests to
meet their specific needs. It is worth noting that the efficiency of
rAAV mediated in vivo transduction depends on numerous factors,
including animal species, strain, age, viral delivery route, and tar-
geting cell types. Differences in construct design, the transgene of
interest, and the vector serotype make it difficult to directly predict
an rAAV’s performance in vivo. In addition to the assays described
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Physical titer Infectious titer
s s Quantitative PCR Cell Infectivity Assay
Quantification Droplet Digital PCR

Identity

Microorganisms Endotoxin Host cell proteins
Sterility testing LAL Assay Protein staining
Mycoplasma detection

Purity

Functional testing

Fig. 1 Overview of the rAAV quality control workflow and assays. rAAV quality control consists of four general
categories: quantification, identity confirmation, purity, and functional testing. A number of assays are
possible for each category, and the choice of the assay will depend on the specific needs of the lab

in this chapter, for a specific experimental paradigm, we recom-
mend that rAAV users design preliminary in vivo dosing experi-
ments to determine the optimal dose before they begin any large-
scale animal experiments.

2 Materials

2.1 Titration by » PowerUp SYBR Green Master Mix or alternative universal SYBR

Quantitative PCR master mix containing a high-quality DNA polymerase and a
blend of dTTP/dUTP, protect from light (Thermo Fisher Sci-
entific, A25776).

* Plasmid for the standard curve (containing I'TRs or gene of
interest).

* Yeast tRNA (Thermo Fisher Scientific, AM7119).

* 100 pM forward and reverse primer (targeting ITRs or gene of
interest).

* AAV reference vector preparation, avoid multiple freeze-thaws,
prepare individual aliquots for one-time use.

* RNase-free DNase, keep on ice (Agilent Technologies,
ST600031).

* DNase buffer (10x) (Thermo Fisher Scientific, B43).
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2.2 Confirmation of
Packaged AAV
Genome by Identity
PCR

2.3 Serotype
Determination via
Melting Temperature
(AAV-ID)

2.4 Vector Purity by
SDS-PAGE and Silver
Staining

Nuclease-free water (Thermo Fisher Scientific, RO582).
Microcentrifuge tubes (Neptune, 3745.X).

96 well optical plate (Bio-Rad, HSP9601).

96 well plate for dilutions (Bio-Rad, MLL9601).

Plate sealing, adhesive film (Bio-Rad, MSB1001).
Reagent reservoirs (VWR, 89094-662).

Platinum Hot Start PCR 2x Master Mix, thaw on ice (Thermo
Fisher Scientific, 13000013).

10 pM forward and reverse primers (IDT).
Nuclease-free water (Thermo Fisher Scientific, R0582).
PCR tubes (VWR, 89096-722).

Microcentrifuge tubes (Neptune, 3745.X).

Phosphate-buffered saline, 1x without calcium and magnesium
(PBS) (Corning, 21-040-CV).

Agarose (Bio-Rad, 1613101).
Gel loading dye (New England Biolabs, J62157).

96-well plate (Bio-Rad, HSP9601).
Microseal (Bio-Rad, MSB1001).

SYPRO Orange 5000%, protect from light (Thermo Fisher
Scientific, S6651).

Phosphate-buffered saline, 1x with calcium and magnesium
(Corning, 21-030-CV).

Lysozyme solution, 0.25 mg,/mL (Sigma Aldrich, L6876).

4-12% NuPage Novex bis-tris mini gel, 1 mm thick, 10-well
(Thermo Fisher Scientific, NP0321BOX).

20x MOPS SDS running buffer (Thermo Fisher Scientific,
NDP0001).

4x NuPage sample buffer (Thermo Fisher Scientific, NP0007).

10x% NuPage sample reducing agent (Thermo Fisher Scientific,
NP0009).

PageRuler Plus Prestained protein ladder, optional (Thermo
Fisher Scientific, 26619).

Glacial acetic acid, corrosive to the skin and eyes; handle with
extreme care (VWR, BDH3092-500 mL).

Methanol, highly flammable and toxic, handle in a fume hood
(VWR, BDH1135-1LP).

Microcentrifuge tubes (Neptune, 3745.X).
Gel loading tips (Neptune, 2016).



2.5 Limulus
Amebocyte Lysate
Chromogenic
Endotoxin Test

2.6 In vitro Sterility
and Expression Assay
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250 mL sterile bottles (Corning, 430281).

SilverXpress silver staining kit, some contents are corrosive,
handle with extreme care (Thermo Fisher Scientific, LC6100).

— Solutions for silver staining (prepared freshly, according to kit
instructions).

Fixing solution: 90 mL deionized water + 100 mL methanol
+ 20 mL glacial acetic acid.

Sensitizing solution: 105 mL deionized water + 100 mL
methanol + 5 mL sensitizer (component of SilverXPress
kit).

Staining solution: 5 mL stainer A (component of SilverXPress
kit) + 5 mL stainer B (component of SilverXPress
kit) + 90 mL deionized water.

Developing solution: 5 mL developer (component of Sil-
verXPress kit) + 95 mL deionized water.

Stopper solution: 5 mL stopper solution (a component of
SilverXPress kit) directly added to staining solution when
protein bands show sufficient intensity.

Image] or alternative imaging software.

Pierce Chromogenic Endotoxin Quant Kit (Thermo Fisher Sci-
entific, A39552).

Stop reagent.

— Glacial acetic acid, corrosive to the skin and eyes; handle with
extreme care (VWR, BDH3092-500 mL): 25% v/v glacial
acetic acid in water.

Disposable sterile microplates (Corning, 9018).
Reagent reservoirs (VWR, 89094-662).
Disposable, endotoxin-free glass dilution tubes (Lonza, N207).

Media, e.g., DMEM high glucose (Corning, 10-013-CV).
HI-FBS (Seradigm, 8§9510-196).

GlutaGRO, liquid 200 mM solution (with 8.5 g/L. NaCl)
(Corning, 25-015-CI).

Flat-bottom  96-well  tissue  culture  treated  plate
(Corning, 3596).

15 mL conical tubes (VWR, 21008-216).
Microcentrifuge tubes (Neptune, 3745.X).
0.4% Trypan blue Solution (Thermo Fisher Scientific, T10282).

Countess cell counting chamber slides (Thermo Fisher Scien-
tific, C10228) (alternatively can use a hemocytometer).
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3 Methods

3.1 Titration by
Quantitative PCR

A qPCR titration assay with primers and/or probes targeting
regions of the transfer plasmid or the ITRs and SYBR green detec-
tion is commonly used to determine the physical titer of rAAV
preparations. All values are calculated relative to a plasmid standard.

1. Prepare plasmid standards for quantitative PCR titration.
(a) Use purified plasmid DNA that contains the ITR

(b

(c

(e

)
)

)

sequence or your sequence of interest that you can target.

Linearize your selected plasmid by restriction digest. Ver-
ity your digest by running a sample on a 1% agarose gel.

Calculate the plasmid concentration in molecules/pL.
Concentration (molecules/pl.) = (DNA conc (pg/p
L) x 10E-06 gram/MW (g/mol)) x 6.023E+23 mole-
cules/mole.

Prepare plasmid DNA standard by diluting your linearized
plasmid to 2E+09 molecules/pL in nuclease-free water
with 4 pg/mL carrier RNA for stabilization. Store in
small aliquots at —20 °C.

Use one aliquot to prepare tenfold serial dilutions that
range from 2E+02 to 2E+08 molecules/puL for your
qPCR standard curve for each qPCR assay.

2. Titration of viral vector genome titer by qPCR.

(a) Prepare seven tenfold serial dilutions of plasmid standard

(b

(c

)
)

stock (see Subheading 3.1, step 1d).

Thaw rAAV preparation of interest and rAAV reference
vector preparation and keep on ice.

Digest all purified rAAV samples (including the rAAV
reference sample) with DNase to eliminate any contam-
inating plasmid DNA carried over from the production
process. Set up digests by mixing 5 pL vector sample with
39 pL deionized water, 5 pLL 10x DNase buffer, and 1 pL
DNase.

Gently mix and incubate for 30 min at 37 °C.
Heat inactivate for 15 min at 75 °C.

Dilute DNase-treated rAAV sample and rAAV reference
sample according to the dilution scheme in Table 1.

(1) If your sample is expected to have a titer <lE+12
GC/mL, use dilutions 3-6 to load onto your qPCR
plate.

(i1) If your sample is expected to have a titer >3E+13
GC/mL, use dilutions 4-7 to load onto your qPCR
plate.
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Dilution series for AAV titration by qPCR

Volume of
nuclease-free
Dilution series Sample volume (pL) water (L) Dilution factor Total dilution
Dilution 1 5 pL AAV stock 45 pL 10x 10x
Dilution 2 5 pL dilution 1 95 pL 20x 200x
Dilution 3 20 pL dilution 2 80 pL 5x 1000x
Dilution 4 20 pL dilution 3 80 pL 5x 5000x
Dilution 5 20 pL dilution 4 80 pL 5x 25,000x%
Dilution 6 20 pL dilution 5 80 pL 5x 125,000%
Dilution 7 20 pL dilution 6 80 pL 5x 625,000%
Table 2
Example of a qPCR plate setup

1 3 4 5 6 7 8
A 1.00E+09 1.00E+08 1.00E+07 1.00E+06 1.00E+05 1.00E+04 1.00E+03 NTC
B
C  AAV reference Sample 3
D
E Sample 1 Sample 4
F
G Sample 2 Sample 5
H

Plasmid standards are loaded in duplicate. The tenfold diluted plasmid standard ranges from 2E+02 to 2E+08 molecules/
pL. For each standard, 5 pL are loaded for a range of 1E+03 to 1E+09 total molecules. For the AAV reference sample and
all other AAV samples, four dilutions each are loaded in duplicate. A no template control (NTC) is included on the plate

(8)

(h)

Prepare a master mix of 10 pLL 2x Universal SYBR Master
Mix, 0.15 pL 100 pM forward primer, 0.15 pLL. 100uM
reverse primer, and 4.7 pL of nuclease-free water per
reaction. Mix well.

Set up and load the 96-well plate (Table 2).
(i) Load 5 pL of each standard in duplicate.

(ii) Load 5 pL of each sample in duplicate.

(iii) Include a no template control (NTC = master mix +

water).

(iv) Add 15 pL of master mix per well and mix well by

pipetting back and forth.
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(v) Seal your 96-well plate with adhesive film.
(vi) Centrifuge plate at 3000 rpm for 2 min.

(vii) Run your qPCR instrument with the following proto-
col using SYBR detection: 98 °C, 3 min; 98 °C, 15 s;
58 °C, 30 s; read plate /repeat 39% from step 3 /melt

curve.
3. qPCR data analysis.

(a) Perform data analysis using your instrument’s software.
Determine the physical titer of your sample based on your
standard curve and your sample dilutions.

(i) Set the program settings to an appropriate baseline to
ensure that small amounts of background signal
detected in initial PCR cycles will be removed.

(ii) Check your standard curve (Fig. 2a) and ensure that
your linear correlation coefficient, R?, is ~1, and your
amplification efficiency is ~100%. Confirm that there is
an appropriate difference in cycle threshold (Ct) values
between each dilution of your standard curve

(Fig. 2b).
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Fig. 2 (a) Example of plasmid standard curve with 2 = 0.999, £ = 100.3%, slope = —3.316 and
y-int = 35.280. (b) Example of amplification plots obtained from a plasmid standard curve. Each curve
represents a standard dilution. (¢) Example of melt curve analysis with a single peak
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(iii) Make sure that a single peak is seen in your melt curve
analysis (Fig. 2¢). The existence of a second peak could
indicate the presence of primer dimers and impact the
Ct values of your samples.

(iv) Exclude any duplicates with a difference >0.5 in Ct
value.

(v) Ensure that the Ct values for your NTCs are higher
than any plasmid standard or sample Ct values on the
plate.

(vi) You should observe differences in Ct values that make
sense for your dilutions (~3.3 difference Ct for a ten-
fold dilution is appropriate).

3.2 Confirmation of Amplification of the packaged genomic DNA with primers target-

Packaged AAV ing the promoter region or gene of interest can be used to confirm
Genome by Identity the identity of the vector.
PCR

1. Start by selecting a suitable primer pair for your construct of
interest.

(a) For non-FLEx/DIO constructs, target the area between
the ITRs, including the fluorescent tag, with a forward
and reverse primer pair of your choice (fwdl + revl)

(Fig. 3a). Select at least one primer pair for confirmation
by PCR.

(b) For FLEx/DIO constructs, target the area between the
loxP/lox2272 sites with one primer pair of your choice
(fwd2 + rev2) (Fig. 3b). In addition, select a primer pair
that spans across the loxP/lox2272 sites, with forward and

lox2272

ITR ITR

Fig. 3 Plasmid with selected primer pairs. (a) For an identity PCR for a non-FLEx/DIO construct, choose
forward (fwd) and reverse (rev) primers that target your insert between the ITRs. (b) For an identity PCR for a
FLEx/DIO construct, choose one primer pair that targets your insert area (fwd2 + rev2), one primer pair with
one primer being outside of, and one in between the lox-sites (fwd3 + rev2) and one control primer pair
(fwd3 + fwd 2)
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reverse primers pointing toward each other (fwd3 + rev2).
As a control, select a third primer pair that again spans
across the loxP/lox2272 sites, but with both primers point-
ing in the same direction (fwd3 + twd2).

2. Dilute a small sample of your rAAV preparation in PBS.

(a) ForrAAV preparations with a titer between 1E+12 and 1E
+13 GC/mL, prepare a tenfold dilution by diluting 5 pL
of your rAAV in 45 pL of PBS.

(b) For rAAV preparations with a titer higher than 1E+13
GC/mL, prepare a 25-fold dilution by diluting 4 pL of
your rAAV in 96 puL of PBS.

3. Thaw PCR reagents on ice.

4. Prepare your master mix. Calculate the number of reactions
needed and prepare a master mix for each primer pair according
to polymerase manufacturer instructions. Make sure to include
one NTC for each primer pair.

5. Set up PCR reactions.
(a) Load 24 pL of master mix in appropriate wells.

(b) Load 1 pL of diluted rAAV sample in one of the reaction
tubes with your master mix.

(¢) For your NTC, load 1 pL of nuclease-free water in the
other reaction tube with your master mix.

6. Run PCR protocol according to manufacturer instructions.

7. To analyze the result of your PCR, mix 10 pL of each PCR
reaction with loading dye and run on a 1.2% agarose gel with an
appropriate ladder.

(a) For non-FLEx/DIO constructs, ensure that your product
runs at the expected size.

(b) For FLEx/DIO constructs, ensure that your product
from the primer pair targeting the region within the
loxP/lox2272 sites and the primer pair spanning across
the loxP/lox2272 sites run at the expected size. Confirm
that the control reaction, with the primers pointing in the
same direction, does not show any bands on the gel. If
unexpected bands show up in this reaction, you could be
having issues with a PCR product due to recombination.

3.3 Serotype AAV-ID is a thermostability-based approach that allows distin-
Determination via guishing between different AAV serotypes based on melting
Melting Temperature temperature.

(AAV-ID)—Protocol 1. Prepare a 50x solution of SYPRO Orange solution as follows:
Adapted from Pacouret . .

etal. [13] (a) Dilute 5 pL of SYPRO Orange 5000% into 495 pL

phosphate-buffered saline, 1x with calcium and
magnesium.
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. Aliquot 45 pL of purified rAAV into a 96-well plate.
. Aliquot 45 pL of 0.25 mg/mL lysozyme solution into the

96-well plate as a positive control.

. Add 5 pL of the 50x% solution of SYPRO Orange to each well.
. Pipet up and down 10-20x to mix.

. Seal the plate with micro seal film.

. Centrifuge the plate for 2 min at 2000 rpm.

. Run the following PCR parameters:

(a) Ramp: 25-99°C for 2 min.

(b) Step and hold mode with 0.4°C increment (equivalent to
~0.2°C/min).

(c) Reporter: Rox.
(d) Quencher: None.

. Analyze the data as follows:

(a) Plot fluorescence as a function of temperature.

(b) If necessary, normalize the signal between 0 and 100% as
follows:

(i) Step 1: §= S—min(S)
(i) Step 2: S = §/max(S)/100

(c) Calculate and plot the derivative fluorescence signal to get
the melting temperature.

(i) dF/dTT) = (KT+AT)- KT))/AT

Potential residual protein impurities in rAAV preparations, €.g.,
from cellular proteins, can be detected by subjecting the sample
to SDS-PAGE followed by assilver staining procedure. The presence
of AAV capsid proteins VP1, VP2, and VP3 in correct stoichiome-
try and the absence of unwanted protein contaminants can be
confirmed.

1.

rAAV sample preparation:

(a) Prepare a tenfold dilution of your rAAV vectors if your
titer is >5E+12 GC/mL. Dilute 2 pL of rAAV in 18 pL.
of PBS.

(b) Calculate the amount needed for 2E+10 vector particles
and aliquot that amount into a fresh microcentrifuge

tube. Add PBS to 13 pL.
(c) Add 5 pL of 4x sample buffer to each sample.
(d) Add 2 pL of 10x reducing agent to each sample.

(e) Spin the sample for 1 min at 10,000 x g4 in a
microcentrifuge.

(f) Heat the sample for 5 min at 95 °C in a heat block.
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(2)

(a)
(b)

()

(a)
(b)

Spin the sample for 1 min at 10,000 x g in a microcen-
trifuge and place it on ice while preparing your gel.

. Preparation of SDS-PAGE and gel loading;:

Prepare 1x MOPS butffer by diluting 25 mL of 20x MOPS
bufferin 475 mL of deionized water. Gently invert to mix.

Prepare the NuPage Novex bis-tris mini gel, place the gel
in the electrophoresis chamber, and secure it. Check the
manufacturer instructions on the correct orientation of
the gel.

Fill the electrophoresis chamber with 1x MOPS running
buffer.

Rinse each well with 200 pL 1x MOPS running buffer.

Optional: Load 5 pL of prestained protein ladder in the
appropriate well.

Load 20 pL of each prepared rAAV sample in the appro-
priate wells.

Cover the electrophoresis chamber and attach it to a
power supply.

Run the gel at a constant voltage (~150 V) until the dye
from the loading buffer reaches the bottom of your gel
(~1h).

Turn off the power supply and remove the gel from the
electrophoresis chamber.

Optional: Use a razor blade and cut the wells on top and
the bottom of the gel where the dye is still visible.

. Silver staining procedure:

Place the gel in a container and rinse for 5 min with
deionized water while gently shaking.

Follow the staining procedure according to manufacturer
instructions.

(i) Fix gelin 200 mL fixing solution and shake gently for
10 min.

(ii) Decant fixing solution and incubate gel in 100 mL
sensitizing solution. Shake gently for 30 min.

(iii) Decant solution and repeat the sensitizing step with a
fresh sensitizing solution.

(iv) Decant sensitizing solution and rinse gel with
200 mL deionized water while gently shaking for
10 min. Repeat the wash step.

(v) Decant deionized water and stain gel with 100 mL
staining solution for 15 min while gently shaking.
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Fig. 4 Silver staining of purified (left) and non-purified rAAV (right)

(vi) Decant staining solution and rinse gel with 200 mL
deionized water for 5 min while gently shaking.
Repeat the wash step.

(vii) Develop gel with 100 mL developing solution while
gently shaking. Observe the staining process and stop
staining when reaching your desired band intensity
for VP1, 2, and 3 by adding 5 mL stopper solution
directly into the staining solution. Depending on the
purity of the vector, protein impurities may or may
not be visible. Incubate for 10 min.

(viii) Decant stopping solution and rinse the gel with
200 mL dH,O for 10 min while gently shaking.
Repeat the wash step two more times.

(ix) Dry gel or image directly with a gel imager under

white light (Fig. 4).
4. Use Image] or a similar photo software to determine the rela-
tive intensity of the capsid bands to the overall lane.
(a) Import the gel image into Image].
(1) Select File.
(ii) Select Open.
(iii) Choose the location of the file to open.
(b) Change the image type to 8-bit.
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3.5 Limulus
Amebocyte Lysate
Chromogenic
Endotoxin Test

(1) Select Image.
(ii) Select Type.
(iii) Choose 8-bit.
(c) Determine each lane of the gel as follows:

(1) Using the box tool, draw a box around the entire first
gel lane.
(ii) Select Analyze.
(i) Select Gels.
(iv) Select First Lane.
(v) Drag the box to the next lane.
(vi) Select Analyze.
(vii) Select Gels.
(viii) Select Next Lane.
(ix) Repeat for all lanes.

(d) Plot the area under the curves for the protein bands as
follows:

(1) Select Analyze.
(ii) Select Gels.
(iii) Select Plot Lanes.

(e) One graph per lane will appear with peaks representing
each protein band.

—~

f) Use the line tool to connect the bottom of each peak.

(8
(

Select the wand tool.

=3

)
) Fill in each peak by selecting the center of the peak.
)

i

—~

Export results as a csv file.
(1) In the results table select File and Save As.

(j) Determine the relative abundance of the VP proteins as
compared to the entire lane using the integrated density
(ID) as follows:

(i) (ID VPl + ID VP2 + ID VP3)/(Total ID of
Lane)) x 100

(k) Bands for VP1:VP2:VP3 should be visible in a ratio of 1:
1:10.

(I) VP protein bands should account for >90% of the protein
abundance in the lane.

A LAL chromogenic endotoxin test is used to detect bacterial
endotoxins in rAAV preparations. Endotoxin is a lipopolysaccharide
(LPS) molecule that can be found in the cell membrane of gram-
negative bacteria. Since the presence of endotoxin in rAAV
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preparations can cause an immune response when injected into an
animal model, it is crucial to confirm that no endotoxin contami-
nation occurred during vector production.

1. Follow all steps of the procedure according to manufacturer
instructions.

(a) Allow all reagents to warm up to room temperature
before use.

(b) Reconstitute endotoxin standard in endotoxin-free water
at 10 EU/mL.

(i) Vortex the solution for at least 15 min.

(c) Prepare desired set of standards from reconstituted endo-
toxin stock solution by preparing an initial dilution and at
least four twofold serial dilutions in endotoxin-free glass
vials, e.g., 0.01-0.1 EU/mL or 0.1-1 EU/mL.

(i) Vortex each dilution for 1-2 min before proceeding.

(d) 