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Important considerations when using AAVs
(CONT’D)

Location (1): What tissue?

What is commonly known is that different serotypes
have different tropisms but, as you can see in table 1,
AAVs of each serotype can transduce multiple tissues.
So how do you choose the right serotype? Keep
asking questions!

Location (2): Where in the tissue/what cell type?

In the CNS, for instance, there are marked differences
among serotypes in their efficiency at transducing
different brain regions. Although AAV2 can transduce
many tissue types, it has low expression in several
brain regions where other serotypes may perform

better (3).
Portion of the rat brain triple labeled with AAV vectors. mCherry labels the
hM3Dqg DREADD, NeuN (green) is a neuronal marker, and TPH (blue) is
Table 1: AAV Serotypes and tissue tropism tryptophan hydroxylase, an enzyme involved in serotonin production.
CNS AAV1, AAV2, AAV4, AAV5, AAVS, AAV9
Heart AAV1, AAVS, AAV9
Kidney AAV2
Liver AAV7, AAVS, AAV9O
Lung AAV4, AAV5, AAV6, AAVO
Pancreas AAV8
Photoreceptor Cells AAV2, AAV5, AAV8
RPE (Retinal Pigment Epithelium) AAV1, AAV2, AAV4, AAV5, AAVS
Skeletal Muscle AAV1, AAV6, AAV7, AAVS, AAV9

Modified from https://www.addgene.org/viral-vectors/aav/aav-guide

This preferential tropism for different brain regions is largely due the ability of different serotypes to infect
different cell types. In the CNS, it has been shown that there is variable transduction of oligodendrocytes,
microglia, astrocytes, neurons, and inhibitory neurons. Your choice of AAV will depend upon which mouse brain
section you’re looking at (striatum, hippocampus and cortex) for example (Table 2, ref 4). An example from the
cortex is outlined in the table below.
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Important considerations when using AAVs
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Table 2: AAV serotypes and brain region tropism

Brain region Optimal serotype

Striatum AAV5>AAVO>AAVE>AAVI>AAVE>AAV?2
Hippocampus AAVO>AAV5>AAV8>AAVI>AAVE>AAV?2
Auditory cortex AAVO>AAVB>AAVE>AAV5>AAVI>AAV2

Table 3: AAV Serotypes and Cell Type Tropism in the Cortex

Cell type in the cortex Optimal serotype

Oligodendrocytes AAV8 > AAV2 & AAV6
Microglia AAV9O > AAV2 & AAV6
Astrocytes AAV8 > AAV2 & AAV6

Modified from Aschauer et al. (2013)

What does this mean to us? Well, an AAV user must determine which serotype is most efficient at transducing
the cell type under study. Many AAVs will show significant expression in a variety of cell types, but you should try
to find the best AAV for your particular experiment!

Location (3): Traveling from the Original Location - Axonal Transport

It has been demonstrated that certain serotypes can undergo axoplasmic transport. These AAVs may move
toward the cell bodies of neurons (retrograde transport) or towards the synapse (anterograde transport), which is
a possible mechanism for the AAV to infect other cell types not within the vicinity of the injection.

Examining serotypes 1, 8 and 9, not only do they undergo retrograde and anterograde transport, but they also
have similar transport characteristics (velocities of movement, distance traveled, etc.) (4). This has also been
identified with AAV2 (5), AAV6 (6) and AAVS5 at excitatory connections (3).

These facts beg the question: is axonal transport desirable or not desirable?

If diffuse gene expression is tolerated, then axonal transport is fine and a researcher should aim to inject a larger
amount of vector using a serotype with strong CNS tropism (4).

If axonal transport is not desirable, transport can be reduced by injecting a smaller dose of AAV and using a

serotype with weak CNS penetrance (such as AAV2) (4). Otherwise, using a specific system for controlling gene
expression such as Cre-lox, may be sufficient to overcome the transport issues.
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2. Failure to plan (for storage) is planning to fail

Freeze/Thaw Cycles

Of course, one cannot truly predict the perfect titer, but one of the main recommendations when using AAVs is to
avoid freezing and thawing. Although more stable than other viruses, multiple freeze thaw cycles can still reduce
AAV titer. For long term storage, make > 25 ul aliquots in 0.5 mL tubes, snap freeze in liquid nitrogen or a dry ice/
ethanol bath, and store at -80° C. Once thawed, the AAV aliquot should be used quickly.

3. Patience is bitter, but its fruit is sweet

Time

If you require a quick onset of expression, AAV may not be the best tool to use. However, we are starting to see
that gene expression really does not take much time at all. Much of the previous literature using AAVs for DREADD
delivery indicates “7-21 days are required for the onset of gene expression. However, it has yet to be determined
what gene expression looks like at 3 days vs 7 days vs 14 days etc. To decrease the time until expression, it is
possible to use AAV constructs with self-complementing structure (scAAV) (7). As single stranded DNA viruses,
AAVs normally require second strand synthesis before gene expression begins. scAAV avoid this rate limiting
step and can immediately undergo replication and transcription. However, with scAAV the effective genome size
usable is shortened (from “4.8 kB [8] to ~2.3 kB [9]).

3. The future

What new types of research may be enabled by the use of AAVs?
1) Combined functional and anatomical mapping of circuits:

In our lab, we use AAV-DREADD complexes to study neural function. Often the reporter proteins associated with
these complexes are so robustly expressed that anatomical assessments can be easily performed too. While |
implied that axoplasmic transport of AAVs is a potential problem in many experiments, a group of researchers has
identified this feature of AAVs as a new tool for neuroanatomical tracing (11). With the ability to produce neuron
specific transfection using Cre-lox, this new method could allow for labeling of neurons showing a very specific
phenotype. Previous neural tracing methods used viruses that were potentially toxic and would result in cell
death. With several new constructs becoming available, AAVs could be much better tools for neural tracing in very
specific cell populations.

2) Comparison of genetically engineered receptors (i.e. chemogenetics vs. optogenetics):

I'm particularly interested in using chemogenetic and optogenetic AAV-based tools to study neural control.
Surprisingly, little research has compared and contrasted optogenetic and chemogenetic receptors delivered
by AAV within the same cell types. Not only can we compare these methods in specific applications, we may
also be able to use these comparisons to enhance our understanding of receptor physiology and the effects of
metabotropic and ionotropic influences on overall cell function. AAVs are the most appropriate vehicle for this
type of research, as they are safe to use in vivo.

€ >addgene

The nonprofit plasmid repository


https://www.ncbi.nlm.nih.gov/pubmed/11509958
https://www.ncbi.nlm.nih.gov/pubmed/8627803
https://www.ncbi.nlm.nih.gov/pubmed/16014954
https://www.addgene.org/viral-service/aav-prep/?utm_source=1st_ed&utm_medium=ebook&utm_campaign=viral_vectors#chemogenetics
https://www.ncbi.nlm.nih.gov/pubmed/25107853

Chapter 2 - Adeno-associated virus (AAV) Viral Vectors 101: A Desktop Resource (1st Edition)

Important considerations when using AAVs
(CONT’D)

3) The use of AAVs in humans:

AAVs are already being used to treat disease in humans and additional improvements are being made to make
them even more useful for therapeutic purposes. The University of Pennsylvania and the biotechnology firm
Biogen have recently collaborated to develop “AAV 3.0”, vectors that will have substantially improved performance
profiles and should be suitable for genome editing. These vectors can be used to improve targeted therapies for
the eye, skeletal muscles, and the central nervous system.

Currently, AAVs are being used to deliver CRISPR/Cas9 but have the potential to deliver other therapeutic
molecules such as microRNAs (miRNAs), short hairpin RNAs (shRNAs), antisense oligonucleotides (ASOs), zinc
finger nucleases, and many others (12).

The most attractive potential of AAVs is their ability to be used with new exciting technologies (such as CRISPR/
Cas9) as they allow for gene delivery in an efficient and non-pathogenic fashion. Work improving AAV tissue
tropism, transduction efficiency, and safety profiles should strengthen its appeal for the scientific and medical
communities.
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The importance of high titer for AAV transductions

By Luke Hanley | March 1, 2018

Many of us take comfort in the fact that it’s often not quantity, but quality that really matters. Well, it turns out this
isn’t the case for using AAV. When it comes to infecting cells, titer, the amount of virus used, really does matter.
(*psst*, quality definitely also matters).

Making contact with a cell

Although an individual AAV particle’s ability to infect a cell is dependent on its capsid construction and the cell
it's infecting, getting these particles to infect cells is also very titer-dependent. In order for an AAV particle to
infect a cell, it has to come into physical contact with that cell. Since there is a limited amount of surface area on
each cell, the way to get more AAV in contact with the cell is to increase the AAV concentration.

In this flowchart, you can see the dwindling proportion of AAV particles that make it through each part of the cell
on their way to the nucleus where their gene cargoes can be expressed.

Attachment of AAV Transport of AAV
Dose of AAV outside cell particles to cell through endosomal
membrane compartments
Suprisingly, the number of AAV After successfully attaching to the As the AAV titer increases
required for efficient gene transfer cell membrane, the AAV only has linearly, more types of endosomal
and expression has been reported a 13% chance of penetration into compartments begin to be
to be in the range of 1,000 - 100,000 the cell, determined by the ratio of exponentially utlized to accelerate
particles per cell (1). internatlization events to the amount  the transport of the AAV particles
of time the virus contacts the cell through the cell, allowing
membrane. transduction to increase (2).

The bottom line is that a lot of AAV particles are needed to get a few good ones into a cell to produce
expression. The higher the titer, the better.

AAV transport and transgene expression

Dependence on titer
It's clear that we need high titers, as contact between AAV1 hSyn.Cre (V1—~+SC)
the cell and any individual AAV particle is rare. But 1400
simply getting into the cell may not always be enough ol 12001 10%
and therefore higher titer will be required. For example, @ 1000/ *
retrograde AAV gets transported up the cell’s axon. While —
the mechanism for this function is not yet fully understood, E 800 |
we can imagine that this transport is probably not 100% ML e 3 10%
efficient. So the few AAV particles that have entered the 42 2001 ' 5% 10M
cell now have to travel up the axon, through the cell, o T

and potentially spread out over an even larger area, g 11‘:1(]‘ 1"20
thus necessitating even higher retrograde AAV titers for ' ’

successful transduction. Dilution factor
Figure 2: Dependence of transneuronal labeling on AAV1 titer (3).
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The importance of high titer for AAV transductions
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In another example, neuronal gene expression by an anterograde AAV was shown to drop off drastically with
lower titers. As you can see in figure 2, the expression from the 5x10" titer was essentially nonexistent, as there
wasn’t enough virus to produce any observable expression. Doubling this titer to 10" resulted in expression in
roughly 200 cells. Increasing the titer to 10" resulted in a roughly 6-fold increase in expression (3, Figure 2).
Note how expression increases exponentially with an increase in titer. That means that once you drop below

a certain (very high) threshold of viral particles per cell, you may not be able to detect AAV-mediated gene
expression in a target cell.

Practical Considerations

If you have high quality AAV, you can address the issue of low titer by concentrating your virus. See our
Concentrating AAV Protocol (Step 10) for instructions on how to do this. Concentrating your virus will allow
you to add many more viral particles to your solution while still using a volume that’s compatible with your
experimental setup.

Some experiments require higher gene expression and therefore higher titer than others. High titers are often
necessary to visualize expression of fluorescent proteins, for example, as many viral particles must infect a cell
to achieve visible expression of the protein. However, expression of receptors may not need to be as high to
achieve an observable signal in your experiment, therefore titer may not need to be as high when delivering
receptor constructs with AAV. In the case of channelrhodopsins, fewer channel proteins are required for the
transduced cell to become light responsive than fluorescent proteins required to get a good fluorescent signal.
It may not be necessary to concentrate this type of vector to such a high titer when looking for effective gene
expression.

How do you achieve high titers in the first place?

Some AAVs are known to be difficult to produce in high titer. These include AAV2, which is known to adhere to
the cell interior, causing less particles to be released into suspension and lowering the number of viral particles
that can be harvested from the surrounding media.

Nonetheless, there are a variety of ways you can optimize AAV production. We've listed some simple steps you
can take below but you should read our AAV Production Protocol for additional best practices.

. Keep your cells happy - Make sure your cells are as healthy as can be to prepare them for the
arduous process of generating viral particles.

. Limit tube transfer - the fewer opportunities your viral particles have to stick to your tubes, the
higher titer you will have. When possible, use low-bind or siliconized tubes to store samples as it is more
difficult for viral particles to adhere to these tubes.

« Rinse off the filter - When using a concentration filter column, make sure to rinse off the surface
of the filter membrane with the surrounding solution to ensure excess viral particles do not remain adhered
to the membrane.

e  Be careful when diluting - if you end up concentrating your AAV above your desired titer and
want to dilute it, err on the side of caution when adding buffer back to the solution. Add a bit less buffer
than you would to achieve the exact desired concentration to avoid over-diluting, and make sure to
remeasure your titer after diluting to confirm.
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Y-Retrovirus

By Various Addgenies

y-Retroviral packaging systems

The widespread use of y-retroviruses (gamma-

retroviruses) in cancer and stem cell research R:;:,V:.::s gy S
has prompted the development of multiple virus / \
packaging methods. Across these methods, the )
followimg components are needed: Envelope plasmid \ s
« y-Retroviral transfer plasmid encoding M -
a transgene, sgRNA, or shRNA of interest: TRSERR M

The transgene sequence is flanked by long
terminal repeat (LTR) sequences, which facilitate
integration of the transfer plasmid sequences
into the host genome. Typically it is the sequences between and including the LTRs that are integrated into
the host genome upon viral transduction. Most transfer plasmids available from Addgene were derived
from MoMLV (Moloney Murine Leukemia Virus) or MSCV (Murine Stem Cell Virus) sequences.

Overview of retroviral plasmid system

« Packaging genes (viral Gag-Pol): Gag is a structural precursor protein, and Pol is a polymerase.

« Envelope gene (may be pseudotyped to alter infectivity): The use of the VSV-G envelope provides the
widest tropism or range of cells a virus can infect.

*Note* While both lentiviruses and y-retroviruses use the same gene products for packaging (i.e., Gag, Pol,

and Env), the isoforms of these proteins, as well as the viral LTRs, differ. As a result, lentiviral and y-retroviral
packaging plasmids are not interchangeable. General envelope plasmids, such as VSV-G, however, may be used
across both systems.

Please see our Biosafety page for information on working with retrovirus.

Packaging using 293T cells

This method is very similar to lentiviral packaging methods. The three components described above (envelope,
packaging, and transfer) are supplied by three types of plasmids, which are cotransfected into the 293T
packaging cell line. This system provides the greatest flexibility to pseudotype y-retrovirus using different
envelopes to modify tropism. Briefly, different envelope plasmids can direct the production of virus with various
tropisms.

Packaging using helper-free packaging cell lines

This method utilizes a packaging cell line that stably expresses Gag-Pol and/or Env, eliminating the need to
deliver these genes in trans by specific plasmids. This method, therefore, reduces the number of plasmids that
are required in the transfection step of the viral packaging cell line. For example, Phoenix, a second generation
y-retrovirus packaging cell line developed by Garry Nolan at Stanford contains Gag-Pol and either an ecotropic
envelope, Phoenix-ECO, (for infection of mouse and rat cells), or an amphotropic envelope, Phoenix-AMPHO
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Y-Retrovirus (CONT'D)

(for the infection of mammalian cells.) Using this system, virus is produced in just a few days. Another variant,
Phoenix-gp, contains only Gag-Pol and enables additional flexibility in pseudotyping.

Transfer plasmid

Promoter

Transfect into Phoenix helper- free
packaging cell line

Cotransfect with envelope
and packaging plasmid

Promoter

Phoenix-gp

=R\

Frequently asked questions about y-retroviral plasmids

How do engineered y-retroviruses differ from lentiviruses?

There are a few important differences between engineered y-retroviruses and lentiviruses. First, these viruses were
derived from different genomes (MoMLV and MSCYV for y-retrovirus; HIV for lentivirus). Additionally, y-retroviruses
can only transduce dividing cells because they are only able to enter the nucleus during mitotic breakdown of the
nuclear envelope. Lentiviruses can transduce both dividing and non-dividing cells because once in the host cell
cytoplasm, the viral componentes are small enough to enter the nucleus through the nuclear pore complex. This
feature may be useful for the transduction of terminally differentiated (non-dividing) cells.
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Y-Retrovirus (CONT’D)

Both lentiviruses and standard y-retroviruses use the Gag, Pol, and Env genes for packaging; however, they are
different viruses and thus use slightly different isoforms of these packaging components. Therefore, lentiviruses
may not be efficiently packaged by y-retroviral packaging systems, and vice versa. Envelope plasmids may be
used interchangeably.

For more information about lentivirus, please read the subsequent sections on lentivirus.

Are y-retroviruses replication incompetent?

Yes, as with lentiviruses, the genes required for y-retroviral packaging and transduction are not encoded by the
transfer plasmid, but instead are provided in trans by other plasmids or the packaging cell line. y-Retroviruses can
transduce target cells, but the transduced target cell does not produce additional virus.

Are there various generations of y-retrovirus technologies?

No, the different “generations” associated with lentiviral transfer plasmids are described in the next section.

Are y-retroviruses self-inactivating (SIN)?

They can be. Plasmids that encode SIN y-retrovirus lack most of the U3 region of the 3’ LTR and are primarily used
in gene therapy research to reduce promoter interference and/or drive high expression of a transgene from an
internal promoter. An internal promoter must be included as the wildtype LTR promoter is no longer present in
these constructs.

Why do many y-retroviral plasmids have similar names?

The nomenclature of the plasmid backbone is meant to be descriptive of the components found within the

backbone. For example: pLXSN has the wild type LTR, an MCS for cloning X gene, an SV40 promoter, and
Neomycin selection.

See the glossary on the next page for definitions of important y-retroviruses terms
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y-Retrovirus glossary

Plasmid Type Element

On Same

Plasmid as
Transgene?

Viral Vectors 101: A Desktop Resource (1st Edition)

Purpose

Envelope

VSVG

in trans

Vesicular somatitis virus G glycoprotein; broad tropism
envelope protein; pseudotyped to alter infectivity.

Packaging

Gag

in trans

Precursor structural protein of the retroviral particle containing
Matrix, Capsid, and Nucleocapsid components.

Pol

in trans

Precursor protein containing Reverse Transcriptase and
Integrase components.

cPPT

in cis

Central polypurine tract; recognition site for proviral DNA
synthesis. Increases transduction efficiency and transgene
expression.

Psi (W)

in cis

RNA target site for packaging by Nucleocapsid.

WPRE

in cis

Woodchuck hepatitis virus post-transcriptional regulatory
element; sequence that stimulates the expression of
transgenes via increased nuclear export.

LTR

Subcomponents:

-U3
-R
-U5

in cis

LTR; Long terminal repeats; U3-R-U5 regions found on either
side of a retroviral provirus (see below). Cloning capacity
between the LTRs is “8.5kb, but inserts bigger than “3kb are
packaged less efficiently.

Subcomponents:

U3; Unique 3’; region at the 3’ end of viral genomic RNA (but
found at both the 5’ and 3’ ends of the provirus). Contains
sequences necessary for activation of viral genomic RNA
transcription.

R; Repeat region found within both the 5’ and 3’ LTRs of retro/
lentiviral plasmids.

U5; Unique 5’; region at the 5’ end of the viral genomic RNA
(but found at both the 5’ and 3’ ends of the provirus)

5 LTR

in cis

Acts as an RNA pol Il promoter. The transcript begins, by
definition, at the beginning of R, is capped, and proceeds
through U5 and the rest of the provirus.

3 LTR

in cis

Terminates transcription started by 5’ LTR by the addition of a
poly A tract just after the R sequence.
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Lentiviral vectors are one of the most popular and useful viral vectors in the lab. Advantages of lentivirus include
a large genetic capacity and the ability to transduce both dividing and non-dividing cells. Lentiviral vectors

are the vector of choice for many CRISPR applications, and they’ve also had success in clinical gene therapy
applications. Read on to learn more about the current (and future) applications of lentiviral vectors!

In the early 1990s, resealjchers (?Ieveloped viral vgctor F Olfact'ory bulb
systems based on retroviruses like Moloney murine By d
leukemia virus (MMLV). The vectors could integrate into the S EPL MCL GCL
genome, permitting long-term transgene expression, but : >
they could only infect actively dividing cells. Another type of
vector, based on adenovirus, could infect non-dividing cells,
but without sustained transgene expression. To design a
viral vector system that could do both, Addgene depositor
Didier Trono and collaborators turned to the lentivirus HIV-1,
well-known to infect non-dividing cells.

The first lentiviral vector system consisted of three
plasmids: the packaging, envelope, and transfer plasmids.
The packaging plasmid carried a mutated HIV-1 provirus
that couldn’t package itself due to a few missing proteins.
The envelope plasmid contained a viral envelope to
dictate the tropism, or types of cells the vector could
infect. Finally, the transfer plasmid encoded the desired
transgene flanked by HIV-1long terminal repeats (LTRs)
that facilitate viral packaging and host genome integration.
After co-transfection of these plasmids, 293T cells released  Figure 1: Lentiviral RGB vectors allow researchers to mark neurons

transgene-containing lentiviral particles into the media, and trace their migration. Lentiviral CMV-RGB (red, green, blue)

. . mixed vectors were injected intraventricularly to label cells in the
WhICh F0u|d be collected for expenmgntgl US?' In 1996, subventricular zone. The olfactory bulb was imaged six weeks post-
Naldini et al. transduced rat neurons in vivo with beta-gal injection, showing the cell’s migration to and differentiation in this
and other reporters and they showed that expression area of the brain. GL, glomerular layer; EPL, external plexiform layer;

. . . MCL, molecular cell layer; GCL, granular cell layer. Scale bar: 100
perSISted for at least thll’ty days. Although adeno-associated pm. Image from Gomez-Nicola et al., 2014, licensed under a Creative

viral vectors can also target non-dividing cells, lentiviral Commons Attribution 4.0 International License.
vectors can carry much more genetic cargo (8 kb vs <4.8
kb), and they remain popular for targeting and tracing cells in the brain (Figure 1).

The graphic below shows how the lentiviral genome was condensed to create the 2nd-generation lentiviral
system (Figure 2). The HIV genes that do remain are very important for viral production: Gag (structural
precursor protein), Pol (polymerase), Tat (viral transactivator for transcriptional activation from the 5’ LTR) and Rev
(facilitates nuclear export of transcripts). A different viral envelope protein (Env), usually from VSV-G due to wide
infectivity, is often used as a substitute for HIV-1 Env, which can only infect CD4+ cells.
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3rd generation lentiviral vector
packaging systems

Although the 2nd generation system is safer than Lentivirus Genome

the original system, the possibility of creating a / \
replication-competent virus via recombination

between the transfer and packaging plasmids does —m—m— Promoterd GAGY PoOL ! TAT ! REV
exist. To further reduce this possibility and enhance Envelope Plasmid Packaging Plasmid(s)

cDNA or
shRNA

biosafety, Dull et al. created the 3rd generation
system (Figure 3), which differs from the 2nd

generation in two key ways. First, the packaging

systemis spitinto two plasrmids: one encoding  Fue 2 e gereratn ntya peckoans e b e, !
Rev and one encoding Gag and Pol, increasing require Tat transactivation so they must be used with 2nd generation

the number of recombination events necessary to packaging plasmids.

create a replication-competent virus. Second, Tat is

eliminated through the addition of a chimeric 5° LTR containing a Tat-independent promoter. Although safer, this
system may be more cumbersome to use and lead to lower viral titers due to higher plasmid number. For more
information on the key differences between the 2nd and 3rd generation packaging systems, see the Lentiviral
Plasmid FAQ section of this eBook.

Promoter

Transfer Plasmid

Lentiviral vectors in the lab

LCUSCI | T | Poroe DNAorshRNA ¢ LTR
Plasmid Lentiviral vectors are incredibly popular in the lab
- the Trono lab’s lentiviral packaging and envelope
" plasmids are two of Addgene’s most requested
Packaging plasmids! Lentiviral particles with the VSV-G envelope
Plasmids have high infectivity in a wide range of cell types,
so they’re ideal for work with primary cells or other
difficult-to-transfect cells. Lentiviral barcoding libraries
Envelope have been used for complex applications like lineage
Plasmid tracing in heterogeneous tumors.
Figure 3: 3rd generation lentiviral packaging system. In this system, Lentiviral vectors are also commonly used to make

the chimeric 5’ LTR on the transfer plasmid eliminated the need for Tat . .
transactivation. This transfer plasmid can be packaged by either a 2nd stable transgene expressing or knockout cell lines.

generation or a 3rd generation packaging system. Many CRISPR plasmids are designed for lentiviral use,
including Addgene’s top requested plasmid in 2015:
lentiCRISPR v2, used both for targeted modification and genome-wide screening.

Lentiviral vectors in the clinic

Since lentiviral vectors can deliver a large amount of DNA (V8 kb) with a relatively low immune response, it

should come as no surprise that researchers are interested in developing these vectors for gene therapy. In
2003, VIRXSYS began the first clinical trial with a lentiviral vector. CD4+ T-cells from patients with HIV-1 were
transduced with a lentiviral vector containing an antisense sequence against the HIV-1 envelope. As of 2013,
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65 patients had been treated with this therapy, which lowered viral load and did not cause severe adverse
reactions. Clinical benefits of lentiviral vectors have been observed in small trials for other diseases, including
the common hematopoietic disorders sickle cell anemia and beta-thalassemia. Lentiviral vectors are promising
agents for cancer immunotherapy, but this research is still in the pre-clinical/early clinical stages.

Researchers are also working to make lentiviral vectors safer. Since lentiviral vectors integrate into the genome,
they could promote oncogenesis by altering local gene expression. Self-inactivating (SIN) lentiviral vectors
contain a deletion in the 3’ LTR that prevents aberrant activation of nearby genes. These safer vectors have
become standard in gene therapy. Researchers have also developed integrase-deficient lentiviral vectors

for applications that require the large genetic capacity of a lentiviral vector but for which transient transgene
expression is sufficient.

Lentiviral vector technology has come a long way since the 1990s, both in terms of research impact and safety.
Many of Addgene’s most requested plasmids are used with lentiviral expression systems.
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Your lentiviral plasmid FAQs answered

By Kendall Morgan | April 23, 2014

Lentiviruses are useful and efficient tools to introduce your gene of interest into cells. Unlike gamma-retroviruses
that can only infect dividing cells, lentiviruses can infect dividing and non-dividing cells.

Addgene has an extensive collection of lentiviral plasmids created for a variety of applications including cDNA
expression, shRNA-mediated knockdown, Tet and Cre-regulated expression, CRISPR genome editing, and
more. Not surprisingly, we receive many questions from scientists all over the world looking for some additional
information or clarification on these vectors. Read on to find the answers to our most frequently asked lentiviral
questions.

Envelope Vector

A293T Cells (—\
— —>
% e N, W T e DR

Transfer Vector Transfect Target Cells Packaging Vectorls) Harvest Lentivirus
A, gFNA, o vhitig

This useful resource from Addgene Depositor (and lentiviral expert) Didier Trono’s lab webpage explains how
lentiviral particles are produced by co-transfecting three essential ingredients: the lentiviral packaging vector,

a transfer vector including the gene of interest, and the plasmid coding for an envelope. Three generations of
lentiviral packaging systems have been developed over the years based on HIV-1; however, the 1st-generation
vectors are never used as they pose too much of a biosafety risk to scientists. Second-generation vectors

are likely sufficient for most experiments; however, the 3rd-generation packaging systems offer the maximal
biosafety available for the technology. The minor limitation in using the 3rd-generation system is that it involves
transfecting four different plasmids into the producer cells (two packaging plasmids, an envelope plasmid, and
the lentiviral transfer vector), rather than the three used for 2nd-generation systems.

Frequently asked questions

Now let’s get into some of the nitty gritty and answer the questions those of us at Addgene get asked most
often:

Q1: Are retroviruses and lentiviruses the same thing? Can | package lentivirus with retroviral packaging plasmids
(and vice versa)?

A1: Lentiviruses are part of the retroviral family. What scientists often refer to as “retroviruses” are technically
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y-retroviruses - another, separate member of the retroviral family. While both lentiviruses and gamma-
retroviruses use the same genes for packaging (that’s gag, pol, and env), the isoforms of these proteins, as
well as the viral long terminal repeats (LTRs) are different. As a result, lentiviral and retroviral packaging vectors
are not interchangeable. While these differences may seem subtle they result in a key physiological difference
between lenti- and retroviruses. Lentiviruses are able to enter an intact nuclear membrane allowing them to
infect both dividing and non-diving cells while retroviruses can only infect dividing cells. When choosing the
appropriate gene delivery system, the specific target cell or tissue needs to be considered.

Q2: Can | use lentiviral transfer vectors for transient transfections?

A2: Technically, yes. Will it actually work? That depends. The majority of transfer plasmids use the weak viral

LTR promoter to drive expression of the gene of interest. Consequently, the levels of protein expression tends
to be much lower than those seen when using a plasmid backbone that was designed specifically for transient
expression (find some useful backbones here) or from viral transduction. While not ideal, transient expression

of viral constructs is a useful tool as it provides a means to quickly check that a construct is functional before
investing time and resources into making a stable cell line. When expressing a viral construct transiently care
needs to be taken to ensure that the proper cell line is used; several common laboratory cell lines including 293
were immortalized with adenoviral protein E1A, which has been shown to repress expression of HIV-1 LTRs (more
information is available here).

2nd vs 3rd generation lentiviral plasmids

Q3: How can you tell 2nd- and 3rd-generation transfer vectors apart?

A3: Addgene defines 2nd- or 3rd-generation transfer vectors based on whether or not they have a chimeric
5’LTR. Second-generation transfer plasmids have a wildtype 5’LTR, which requires the presence of the Tat
protein to work, while 3rd-generation transfer plasmids have a chimeric 5°’LTR that includes a CMV or RSV
promoter as well as a portion of the 5’LTR. Including a chimeric 5’LTR removes the requirement for the HIV Tat
protein, thus decreasing the probability of creating replication-competent lentivirus (RCL) in your target cells.

Q4: How do the packaging systems differ between 2nd- and 3rd-generation vectors? What does this mean for
transfer vectors?

A4: The lentiviral packaging systems differ in two ways. Firstly, 2nd generation systems consist of an envelope
plasmid and a packaging plasmid encoding HIV proteins gag, pol, rev, and tat. 3rd generation systems require
an envelope plasmid, and two packaging plasmids, one encoding gag and pol and a second encoding rev.
Secondly, 3rd generation packaging systems have modified the 5’ LTR of the transfer plasmid to eliminate the
need for the HIV Tat protein and consequently are considered safer.

Second-generation transfer plasmids MUST be packaged with a 2nd-generation system because the wildtype
5’LTR promoter requires Tat to function. Third-generation plasmids can be packaged with either system. Please
note that the generation used to package the virus does not change the generation of the transfer vector.

Q5: What envelope glycoprotein will be expressed on virus particles?
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A5: This depends on the envelope plasmid you use as the choice of envelope dictates the tropism of the virus.
VSV-G is very common due to its broad host range, and increased particle stability; however, the protein is
cytotoxic precluding the long-term expression of lentiviral vectors in producer cell lines. Identifying less toxic
envelope proteins or envelope proteins that target specific tissues are areas of active study (for a review click
here). Alternative envelopes are powerful tools as they allow researchers to target transduction to a particular
cell type or tissues; this is useful in gene therapy applications where a distinct subset of the cellular population
needs to be targeted.

Q6: Are transfer plasmids replication competent? What is SIN?

AG6: Most (if not all) Addgene transfer plasmids are replication-deficient meaning they can be used to create virus
that is capable of infecting target cells, but cannot produce any new viral particles after the initial infection.

SIN is shorthand for self-inactivating, which is achieved by deleting a large portion of the 3'LTR in the transfer
plasmid. The deletion prevents full-length viral RNA from being produced in target cells and minimizes the risk
of generating RCL. In addition the deletion reduces the risk of insertional mutagenesis by limiting the interaction
between viral LTR enhancers and the transgene; such interactions can alter expression of not only the transgene
but also that of adjacent cellular genes.

Q7: Which genes are deleted or modified to result in replication deficiency? What percent of the vector
components are HIV-based?

A7: No single plasmid contains all the components necessary to produce viral particles. The components are
divided as follows:

« Transfer vectors contain minimal cis-acting HIV components: LTRs, PPT, RRE, and W packaging signal.
Viral components typically total <1.5kb, which is rarely more than 30% of the transfer plasmid. Many transfer

vectors are SIN.

« Packaging plasmid(s) contain the minimal number of HIV genes required for virus production (3 or 4).
Third-generation vectors contain gag, pol, and rev. Second-generation contains those three genes plus tat.

« The envelope plasmid provides a heterologous envelope for pseudotyping and is not HIV-derived.

Considering safety of lentiviral transduction

Q8: You mentioned biosafety. What are the major risks when it comes to lentiviruses in terms of biosafety?

A8: According to the American Biological Safety Association, “the two major risks of lentiviral vectors are: 1) the
potential generation of replication competent virus [usually HIV-1]; and 2) the potential for oncogenesis through
insertional mutagenesis. These risks are largely based upon the vector system used and the transgene insert
encoded by the vector”
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The table below breaks down the biosafety concerns associated with various aspects of lentiviral transduction
along with suggestions on how to lower the risk.

Biosafety Concern High Risk Lower Risk

Vectors Two plasmids (1st gen) used to Three (2nd gen) or four (3rd gen)
produce virus; expression of viral plasmids used to produce virus;
genes removal of viral genes

Insert/transgene Oncogenic, apoptotic, or toxic Non-oncogenic, non-apoptotic, non-

toxic
Envelope/host Permissive/ amphotrophic Ecotropic/ non-permissive
Propagation Large scale Lab scale (less than 100 mL)

Biosafety should always be considered with respect to the specific experiments being performed and you
should understand the guidelines for using such reagents as outlined by your institution or country.

Have any other questions? Feel free to email help@addgene.org and we’ll be happy to answer them as best we
can!

Note: A. Max Juchheim, Marcy Patrick, and Meghan Rego contributed to the writing of this article.
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By Susanna Bachle | June 29, 2018

@ — L 1 Gene delivery
Gamma-retrovirus Dividing cells m
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Lentivirus

Non-dividing cells

CRISPR

Viruses are intracellular parasites and natural vehicles for genetic information. Therefore they make excellent
tools for genetic engineering. There are several different viral vectors to choose from for example gamma-
retrovirus, lentivirus, Adenovirus and Adeno-associated virus (AAV). If you are wondering which virus fits your
experiments best, have a look at this viral vector overview.

Viruses of the Retroviridae or Retrovirus family, which includes the gamma-retrovirus and lentivirus genera, have
the unique ability to integrate permanently into the host genome and thereby enable long-term stable gene
expression. Gamma-retroviral vectors are derived from the Moloney Murine Leukemia Virus (MoMLV, MMLYV,
MuLV, or MLV) or Murine Stem Cell Virus (MSCV) genomes whereas lentiviral vectors are derived from the
human immunodeficiency virus (HIV) genome.

For research purposes, retroviral vectors have been developed into ‘split-vector systems’ by separating viral
genes and transgene expression across several plasmids. The most commonly used viral vector systems are
made up of separate envelope and packaging plasmids as well as transfer plasmids. This concept increases
safety when these vectors are used in experiments.

Retroviral vectors make up a large toolbox used by researchers for (among other things) gene delivery,
generating pluripotent stem cells, and developing gene therapies for monogenic diseases. Additionally,
retroviral vectors can regulate gene expression by delivering shRNA or miRNA. The ever expanding CRISPR field
makes wide use of retroviral delivery systems, especially lentiviral vector-based CRISPR pooled libraries that
allow functional screening of thousands of genes in genome-wide experiments.
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y-Retroviral vs lentiviral vector systems

Gamma-retroviral vectors have a relatively high transduction efficiency, but in contrast to lentiviral vectors, their
infectivity is limited to dividing cells. Find tips on using gamma-retroviral vectors in the previous section on
y-retrovirus and find popular packaging and gamma-retroviral envelope plasmids here.

Lentiviral vectors are very versatile tools as they are able to transduce dividing and non-dividing cells. More
detailed descriptions of lentivirus elements and the 2nd and 3rd generation lentiviral systems can be found in
previous section of this eBook. Popular packaging and lentiviral envelope plasmids are listed here. Please note
that both lentiviruses and gamma-retroviruses use the same gene products for packaging, however, the isoforms
of these proteins, as well as the viral LTRs differ. Therefore, lentiviral and gamma-retroviral packaging plasmids are
not interchangeable. General envelope plasmids, such as VSV-G, may be used across both systems.

Below | provide a brief overview of a few popular gamma-retroviral and lentiviral vectors that are used for gene
regulation, gene of interest expression, knockout and screening. There are many more useful viral vectors available
at Addgene: Follow our viral vector blog posts for updates on the most recent deposits, protocols, and tips for
using retroviral vectors in your experiments.

yY-Retroviral Vectors

@ Popular y-retroviral vectors can be found here.

Expressing your gene of interest

pBABE-puro (Plasmid #1764)

Retroviral vector for cloning and expressing your gene of interest with puromycin selection. One of the scientists
who created pBabe writes how its name came about here.

Cloning and expressing RNAI

pMKO.1 puro (Plasmid #8452)

RNA interference (RNAI) is an RNA-mediated gene silencing mechanism. Scientists can express siRNAs to direct
the cellular RNAi machinery to silence target genes. This empty MuLV vector from the Weinberg lab enables
researchers to express siRNAs of their choice in mammalian cells. Learn more about Mammalian shRNA Tools
for RNAI!

Cre-Lox technology

CAG-GFP-IRES-CRE (Plasmid #48201)
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Popular retroviral vectors and their uses (CONT'D)

This retroviral vector from the Gage lab encodes GFP and Cre-recombinase. The Cre-lox system is a technology
that can be used to induce site-specific recombination events and is widely used in the field of mouse
transgenics. Experimental uses include: Cre-dependent gene expression, gene knockout, and selection marker
removal.

CRISPR technology

pdCas9-humanized (Plasmid #44246)

Expression of a catalytically inactive (dead), human codon-optimized Cas9 under the control of Murine Stem Cell
retrovirus promoter for mammalian gene knockdown. Vector provided by the Qi lab. Learn more about CRISPR
plasmids for transcriptional inhibition.

Retroviral Plasmid Kit

Retroviral Barcoding Library (Kit # 1000000097)

The Winslow lab barcoding library consists of 96 retroviral plasmids (based on the Murine Stem Cell Virus,
MSCV) each with a unique 6 nucleotide barcode. This collection can be used for in vivo phenotypic screening of
small-molecule libraries and can be combined with high-throughput sequencing to perform multiplexed analysis
of cells pre-treated with a compound of interest.

Lentiviral Vectors

@ Popular lentiviral vectors can be found here.

Expressing your gene of interest

pLenti-puro (Plasmid #39481)

You can clone your gene of interest into this tetracycline inducible, 3rd generation lentiviral vector backbone
from the Shih lab. You can find more lentiviral expression vectors (empty backbones) here.

Cloning and expressing new shRNA sequences

pLKO (Plasmid #10878)

This plasmid has been used by The RNAi Consortium, also known as the Genetic Perturbation Platform, to
produce their shRNA library to support functional investigations of the mammalian genome that can reveal how
genetic alterations lead to changes in phenotype. The plasmid comes with a 1.9 kb stuffer sequence that can be
removed and replaced with an shRNA sequence of your choice. More information and a detailed protocol on

how to use the pLKO.1 vector can be found here.
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Popular retroviral vectors and their uses (CONT'D)

Cre-Lox technology

Puro.Cre empty vector (Plasmid #17408)

This is a lentiviral vector deposited by Dr. Tyler Jacks, it carries CRE recombinase and a puromycin resistance
cassette.

No time to produce virus? Get the ready-to-use lentiviral prep from the Addgene viral service.
CRISPR technology

lentiCRISPR v2 (Plasmid #52961)

This is a 3rd generation lentiviral backbone from the Zhang lab expressing S. pyogenes Cas9 and a gRNA
cassette. It can be used to produce a “0-fold higher titer of lentiviral particles than the original lentiCRISPR V1.

Special note from the Zhang lab: We are constantly improving our CRISPR reagents. Please check www.
genome-engineering.org for the most up-to-date information.

Check our CRISPR guide and blog to learn more about CRISPR and the most recent developments in the
genome editing field.

Lentiviral Plasmid Kit

Multiple Lentiviral Expression System Kit (Kit #1000000060)

The MuLE (Multiple Lentiviral Expression) system facilitates the simultaneous introduction of multiple genetic
alterations into mammalian cells. The MuLE system kit from the Frew lab consists of 91 building block Entry
vectors and 5 lentiviral Destination vectors. These vectors can induce combinatorial constitutive or inducible
gene overexpression, knockdown (shRNA, miR-30-shRNA), mutation/editing (CRISPR-Cas9) or deletion

(Cre), together with expression of fluorescent or enzymatic reporters for cellular assays and animal imaging
studies. The ability to simultaneously alter multiple genes via infection with a single ecotropic or amphotropic
MuLE lentivirus provides significant genetic power and allows high throughput genetic modulation studies in
mammalian cells and tissues.

This modular and flexible system can be used to construct complex lentiviruses for modification of mammalian
cells with a single viral infection.
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Genome-wide screening using CRISPR

By Joel McDade | August 18, 2015

What genes are important in your phenotype of interest? Many scientists study diseases for which the
underlying genetic cause is not entirely known. ldentifying which genes are important for a phenotype can

lead to a wealth of additional experiments investigating the role of individual genes or entire pathways in a
particular disease process. While CRISPR is certainly not the first means to carry out so-called “forward genetic
screening experiments”, it is certainly the most robust. In this blog post, we will discuss how CRISPR libraries are
being used to perform genome-wide screens and highlight some of the reagents that have been made publicly
available through Addgene.

What makes CRISPR so special?

A major advantage of CRISPR/Cas9 over previous genome editing
techniques is its simplicity and versatility. CRISPR/Cas9 consists of two
components: the non-specific endonuclease (Cas9) and a single stranded
guide RNA (gRNA). The V20 nucleotide targeting sequence within the gRNA
is defined by the user, and it can be easily modified to target Cas9 to virtually
any genomic locus, provided the target is unique compared to the rest of the
genome and located immediately 5’ to a protospacer adjacent motif (PAM)
sequence. Co-delivery of wild-type Cas9 and a gRNA generates a double-
strand break in the target DNA, which, when repaired through error-prone
non-homologous end joining (NHEJ), usually results in a loss-of-function
mutation within the target gene. CRISPR can also be used to activate or
repress target genes without permanently modifying the genome. If you’d
like to brush up on the various CRISPR technologies, check out Addgene’s
CRISPR Guide.

What CRISPR-based reagents are avail-
able for genome-wide screens?

The goal of a genome-wide screening experiment is to generate and

screen a population of mutant cells to identify genes involved in a particular ~ Figure t: Like this jar of jellybeans, a pooled
. . . CRISPR library is a complex mixture. Pooled

phenotype. CRISPR can be readily scaled up for genome-wide screening libraries are composed of many different

due to the broad range of potential target sequences and ease of generating gRNA-containing plasmids, each with a

gRNA-containing plasmids. CRISPR genome wide-screening experiments different genomic target. The goal of a

.o . . CRISPR screen is to use Cas9 and a pool of
commonly use lentivirus to deliver a pooled population of gRNAs to Cas9 gRNASs to identify genes that are essential
expressing cells. Pooled lentiviral CRISPR libraries (referred to simply for a given phenotype. Image Credit:

https://www.flickr.com/photos/72005145@

as “CRISPR libraries”) consist of a heterogeneous population of gRNA- NOO/SE00978712/

containing lentiviral transfer vectors, each targeting a specific gene within
the genome (see Fig. 2). Individual gRNAs are designed in silico using publicly available gRNA design software
and synthesized. Pooled gRNAs are then cloned into a lentiviral transfer vector to create the CRISPR library.

CRISPR libraries have been created to knock out, activate or repress target genes by combining a gRNA library
with the aforementioned derivatives of Cas9. Several CRISPR libraries are publicly available through Addgene,
with more being added all the time. Keep in mind that libraries are only as good as the experiments you use
them for! A well-developed biological question and experimental system are absolutely necessary to ensure that
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Genome-wide screening using CRISPR (CONT'D)

you select the correct CRISPR library.

Choosing the library that is right for you

There are several factors to consider when selecting a CRISPR library for your experiments.

1) What species are your cells derived from? Currently, Addgene carries CRISPR libraries that target mouse,
human, fly, and T. gondii genes.

2) What genetic modification are you trying to make? Addgene carries CRISPR libraries for gene knockout,
activation, repression, and barcoding.

3) Are you trying to target every gene in the genome, or a specific class of genes? Addgene currently carries
several genome-wide CRISPR libraries and a selection of sub-libraries targeting specific classes of human genes.

What are the steps involved in a CRISPR screen?

O Performing a forward genetic screen using CRISPR
O U OO libraries is a multi-step process (see Fig. 2). In most
cases, CRISPR libraries are provided at a concentration

A N
OOU ’) OO that is too low for experimental use. Thus, the first

CRISPR Library 5 Amplified CRISPR Library step is to amplify your library to a concentration that

is sufficient to generate lentivirus. Be sure to use next-
@ @ @ generation sequencing to check the quality of your
QU@ *

amplication. If you’ve obtained a ready-to-use lentiviral
preparation from Addgene, you can skip the steps

Lentivirus containing

CRISPR gRNA library

above!
ild-type cells
(or gRNA + Cas9) y L ) Cells are then transduced with lentivirus containing

the CRISPR library to generate a heterogeneous

T lation of mutant cells, with each cell or set of cells
D E . Identify "hits” popu ’
_"E' = with ;2‘33 containing a mutation in a different gene. Libraries
may be available in a 1-plasmid system, in which
Mutant Cells Cas9 is included on the gRNA-containing plasmid, or

Figure 2: The CRISPR library must be amplified (A) to be used to generate a 2-p|asm|d system in which Cas9 must be delivered

lentivirus (B). Cas9-expressing cells or wild-type cells are treated with sepa rately.
lentivirus containing the gRNA library or gRNA library plus Cas9 to generate

mutant cells, respectively (C). Mutant cells are screened (D) and “hits” are . . . .
identified using next-generation sequencing (E). Mutant cells are enriched using either drug selection

or fluorescence-based cell sorting and screened for
a particular phenotype. For example, mutant cells can be used in drug screens to identify genes that confer

drug-resistance. Here, mutant cells are treated with a drug of interest and gRNA distribution is analyzed in the
drug-resistant population compared to a non-treated control group. In this scenario, gRNAs that are “enriched”
correspond to genes that confer drug resistance when mutated. Findings from this type of experiment can shed
light on the mechanism by which cells gain resistance to drugs and can identify future therapeutic targets for

diseases causing uncontrolled cell growth, such as cancer.
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Genome-wide screening using CRISPR (CONT'D)

Considerations and tips for successfull screens

Next-generation sequencing - CRISPR libraries contain thousands of gRNA plasmids, discerned only by a unique
barcode on each plasmid. As such, sequencing CRISPR libraries after amplification and after a screen requires the
use of next-generation sequencing.

Representation - Most libraries contain 3-6 gRNAs per target gene, and maintaining the distribution of each gRNA
within the population is key. Loss of representation due to enrichment or depletion of specific gRNAs can lead to
skewed results.

Selecting a cell type - Theoretically, any cell type can be used in a CRISPR screen. However, maintaining sufficient
representation within your mutant population requires a massive amount of cells as starting material. Therefore,
cell types that are of low abundance are not particularly well-suited for genome-wide screening.

Avoid false positives and false negatives — As with any experiment, the use of appropriate controls, multiple
replicates and several cell types can strengthen your results. Enrichment or depletion of multiple gRNAs targeting
the same gene can be strong evidence that a particular gene is actually important for a given phenotype. Each
hit from the screen should be independently validated to ensure that the desired modification produces the
phenotype you screened for in the first place.

With the proper experimental design and validation practices, CRISPR libraries can help you learn a lot about your
phenotype of interest. To learn a bit about how CRISPR/Cas9 can be used in other types of experiments, check
out our CRISPR Plasmids and Resources Page.
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New tool for lineage tracing: the ClonTracer library

By Tyler Ford | September 22, 2015

This article is based on an interview with Novartis
researcher, Carrie Bhang.

The ClonTracer Library, deposited by Carrie Bhang,

a research investigator in the In Vivo Pharmacology
group at Novartis Oncology, is an exciting new tool

that allows researchers to individually label millions

of mammalian cells through lentiviral infection and to
monitor their abundance and clonal dynamics over time
using next generation sequencing (NGS). The library
was developed when Carrie was a post-doc in Frank
Stegmeier’s lab in Novartis Oncology.

Bhang did her PhD work at Johns Hopkins and came
to Novartis for her post-doc in January 2012. She
worked for three years as a postdoc in the Target ID
and Validation Group and says that she decided to do
a post-doc at Novartis because she wanted first-hand
experience in industry research. When she came to
Novartis, she was happily surprised that “Novartis was actually really research oriented [and] somewhat similar
to an academic research environment” with a strong focus on publishing, but still made it so she could “get
exposure to the drug discovery process.”

Some of the many flasks Bhang and coworkers used when testing the
ClonTracer system

The ClonTracer library originally came about as Bhang and co-workers were trying to develop a way to quantify
the take rate of mouse xenografts after cell implantation. Their goal was to figure out how to optimize protocols
for in vivo screening with lentiviral pooled shRNA libraries. Later, Bhang says, “When we developed this tool,
there were so many interesting questions that we could apply [it to].”

Using ClonTracer to study drug resistance

Although Bhang and co-workers started using the tool to look at a variety of questions surrounding cancer
development, metastasis, and drug resistance, Bhang says “the [drug] resistance story panned out quickly,”
and was summarized in a recent Nature Medicine paper. In the publication, Bhang and coworkers used the
ClonTracer library to determine whether or not cancer cell populations resistant to drug treatments arise during
treatment or are preexisting in the parent population prior to the start of treatment. They hypothesized that,

if they labeled the parent cell population using the library, propagated it, separated it into roughly identical
replicate groups, and treated these groups with the same drug regimen, they would find one of two outcomes
(see schematic depiction below):

1. Resistant cells among the separate replicates would contain the same labels - i.e. they would always come
from the same parent cells that represent the preexisting resistant subpopulation

2. Resistant cells among the separate replicates would have different labels - i.e. they would stochastically arise

from different cells throughout the treatment regimen and were not preexisting.
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New tool for lineage tracing: the ClonTracer library
(CONT’D)
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This was previously debated in the cancer field and was difficult to determine using NGS because the error rate
of current NGS approaches allows for a detection limit of roughly 0.1%. Thus, rare, pre-existing clones that are
present at less than 0.1% of the total population are easily missed.

The ClonTracer library allows a researcher to label individual members of a starting population of cells with specifc,
easily-read sequences that can be used to measure their clonal abundance before and after a treatment. The
library consists of a pool of lentiviral vectors with roughly 73 million semi-random, 30 bp DNA barcodes that are
integrated into target cells’ genomes upon infection. When using the ClonTracer system, lentiviruses containing
these barcodes infect the target cell population at low multiplicity of infection (MOI) such that each individual
cell receives only one barcode. The abundance of each barcoded clone can then be monitored over time by
sequencing the barcodes in the population (all barcodes can be amplified using the same sets of forward and
reverse primers). The abundance of a particular barcode sequence then corresponds to the abundance of a
specific clone; lineage tracing is performed via barcode sequencing.

Using the ClonTracer library, Bhang et al. found that antibiotic resistant cancer cells exist prior to drug treatment.
They infected a non-small cell lung cancer cell line containing an activating mutation in epidermal growth factor
receptor (EGFR) with the ClonTracer library and monitored population dynamics after treatment with EGFR
inhibitor, erlotinib. Looking at barcode abundances among multiple replicate populations, they found that similar
barcodes consistently made up the majority of the resistant populations. In fact, 88% of the barcodes within the
resistant populations were shared by at least one other replicate; prior to treatment, there are small (previously
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New tool for lineage tracing: the ClonTracer library
(CONT’D)

undetectable) populations of cancer cells that are resistant to drug treatment and that these are selected for
during the treatment process. The authors went on to show that combination treatment with multiple drugs reveals
even smaller preexisting populations with resistance to both drugs.

The future of ClonTracer

Since starting her new role as an investigator in the In Vivo Pharmacology group at Novartis Oncology, Bhang has
been working on using the ClonTracer library to monitor clonal dynamics following drug treatment in cell line and
primary tumor xenograft models. She hopes that the library can be used to identify appropriate, non-overlapping
targets for drug development - such that initial resistant populations can be eradicated up-front quickly. This
approach is in contrast to the current treatment paradigm where resistant populations are treated as they arise.
In their Nature Medicine paper, Bhang and coworkers also looked at cancer cell resistance to ABL1 inhibitors
in chronic myeloid leukemia. Bhang says the work highlighted the importance of developing more potent ABL1
allosteric inhibitors at Novartis.

The ClonTracer library has been distributed all over the world and was recently used in a study focusing on tumor
cell resistance to EGFR inhibitor (Hata et al., 2016). Bhang deposited the library with Addgene because she
wanted to make it as easy as possible for researchers to use this tool in their own work. She says, “l spend a lot of
time packing, shipping, and sharing protocols one by one,” and she is excited to deposit the library with Addgene
because it is a “really great way of broadly sharing these kinds of reagents.”

Here at Addgene, we’re excited to see the creative new ways you put the ClonTracer library to use!

Many thanks to Carrie and Novartis for taking the time to talk with us and for providing this powerful resource to
the Addgene community!
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Tips for titering your lentiviral preps

By Meghan Rego | March 15, 2016

The day has arrived; you’ve painstakingly cared for your packaging cell line, prepped your DNA, transfected and
harvested your lentivirus. Now it’s time to move ahead with your infection and make your stable cell line. While
we’ve all experienced the pressure to move a project forward, transductions should not be rushed into. Before
you start any transduction, you should always titer your virus - that is, determine the amount of virus you actually
have in your prep. Taking time to properly titer your virus will not only ensure that your infection is designed

in the best possible way, but it may also save you time in the long run. Read on for an overview of the titering
options as well as the benefits and drawbacks of different methods (for comprehensive protocols for all of the
methods discussed here refer to Kutner et. al.).

Physical versus functional titer

Viral titers usually come in two flavors, physical or Ervvelope Viector
functional. Physical titers measure the amount of

viral particles in a sample and are usually based on
the presence of a viral protein, such as p24, or viral
nucleic acid. Functional titers, or infectious titers,
measure how many of the viral particles produced

can actually infect cells. These assays typically involve ‘
infecting a target cell line with your virus and assaying
for expression of a gene carried on the transfer
plasmid or quantifying the number of viral copies that
have integrated into the target cell’'s genome.

Transfer Yector Packaging Yector(s)

Physical titer #
The two most common assays for physical titer

are direct p24 measurements via ELISA and gPCR

for viral RNA. Measuring p24 levels in a viral prep

is straightforward and rapid as there are several

commercially available p24 ELISA kits that can

quantify p24 levels in a matter of hours. A major

drawback of this method, however, is that a p24

ELISA measures all p24 in the sample regardless of

whether or not it is incorporated into a viral particle.

Consequently, titers based off of p24 quantification

tend to be overestimates since they can include free 9 9
p24 and defective viral particles. - 9 s
Direct measurement of lentiviral RNA is one =
alternative to direct p24 measurement. Like a p24

ELISA, this method is relatively quick, providing

results in less than a day, but tends to be less expensive than an ELISA kit. In this approach, viral RNA is first
converted to cDNA and then quantified using gPCR primers targeting specific viral components such as LTRs,
gag, WPRE, antibiotic resistance-genes, or the transgene itself. Many researchers prefer to design primers that
target the common features of viral vector backbones; once validated these universal primers can be used
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Tips for titering your lentiviral preps (CONT'D)

to titer any lentiviral prep that shares that specific feature. Primers targeting the transgene are also beneficial
as they ensure that the correct transfer plasmid was used in the transfection; if preparing several different
lentiviruses in parallel, this approach should be considered.

Similar to the p24 assay, titering via measurement of viral RNA can overestimate the amount of infectious virus
in a prep as the measurement will include defective particles. Studies have found that values can be 10-1000
fold higher than for functional assays depending on the vector backbone. When using gPCR based methods
for viral titration consider using a reverse transcriptase mutant in a separate control reaction. This will allow you
to quantify the amount of PCR product that comes from ampilification of the original plasmid, which can inflate
results. A packing vector deficient in reverse transcriptase will produce low levels of virus and can be used to
track carryover.

Functional titer

Functional titer is considered a more accurate method
to quantify virus as it only measures infectious viral
particles. One of the simplest methods of measuring
functional titer uses FACS to count the number of
target cells that are positive for vector encoded
transgene expression following transduction with
serial dilutions of a viral prep. This method is
particularly useful when vectors carrying fluorescent

markers are used as it eliminates the need for InfEl:t TETQEI GE"E

antibody staining.

Another popular approach utilizes the antibiotic
resistance genes carried on transfer plasmids. Target
cells are transduced with serial dilutions of a viral
prep, treated with the antibiotic, and colony-forming
units quantified. While these methods tend to be
more accurate than measuring physical titer, there
is a risk that they may underestimate viral titer as
these assays cannot distinguish between a cell that
has had one viral particle integrated into its genome
and a cell that has had multiple integration events. In
addition, promoter choice can also impact transgene ‘:“T%’
L)

expression.
e

The most accurate method of lentiviral titration uses
gPCR to measure the number of proviral copies that

have integrated into a target cell’s genome. This Quantify I'IDW many EE"E
approach can discriminate multiple integration events, were SUEEESSfU"Y |nfected

reducing the possibility of underestimating the viral
titer. The main drawback of this approach is that it can
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Tips for titering your lentiviral preps (CONT'D)

be quite labor intensive. Target cells are transduced with serial dilutions of a viral prep, genomic DNA isolated,
and primers targetting viral components or the transgene itself are used to quantify the number of integration
events. Another drawback to this method can be the absence of suitable controls. The best control for this type
of assay is a clonal cell line known to contain 1integrated copy of the gPCR target gene. Developing the proper
control line typically requires transducing with a limiting multiplicity of infection (MOI) to ensure only one copy
integrates, selecting by antibiotic-resistance or single cell sorting based on expression of a surface marker,
subcloning, expansion, and confirmation. This procedure can take several months but should be considered in
labs that will routinely be producing virus or require precise titers.

Additional considerations

Volume and transduction time will influence lentiviral titers as will the target cell type used. Therefore, it is critical
that standard conditions be used when comparing different batches of virus. In addition, some viral preps are
very sensitive to freeze thaw cycles; the titer measured with a freshly collected lentiviral prep may be significantly
higher than the same prep that has been stored in the freezer. If you plan to freeze a batch of virus for long term
use, you may want to consider using an aliquot that has been subjected to a freeze/thaw cycle for titering, as this
will better represent future experiments.

The aforementioned titering options all have their benefits and drawbacks. Labs that do not routinely produce virus
may want to choose more straightforward approaches, such as the FACS-based or colony-forming unit assays,
whereas labs that routinely produce virus may want to consider the more accurate proviral integration assay. In
either case, properly titering your viral prep is the critical first step of a successful transduction experiment.
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5 tips for troubleshooting viral transductions

By Leila Haery | August 11, 2016

An estimated 320,000 viruses can infect mammals. Even more abundant are the Earth’s estimated 103"
bacteriophages (viruses that infect bacteria), many of which are doing important work in our microbiomes. Given
that viruses are everywhere and doing everything, it can be annoying when we try to use them in an experiment
and they don’t do anything.

Viruses are complicated and they perform complex biological tasks, both of which are factors in the technical
challenges they can present. Many researchers find themselves plagued by troubleshooting a virus-based
experiment at one point or another. After amplifying a viral vector, collecting virus, and transducing target cells,
one may have the unfortunate experience of witnessing...nothing. For some unclear reason, cells are not getting
transduced. Here, | will share five useful tips that have helped me troubleshoot some technical obstacles when
working with virus:

1. Viral vectors undergo DNA rearrangements

Depending on the composition of the viral vector and the repeat sequences present

in the LTR, the vector may undergo genomic rearrangements during replication. To

avoid genomic rearrangements, try amplifying the viral vector with bacteria designed to
minimize rearrangements, such as NEB Stable or use a standard strain, like DH5a, grown
at 30 °C instead of 37 °C. If you’re unsure about the integrity of your virus, perform a
diagnostic restriction enzyme digest and compare it to some reliable controls.

2. Viral stocks may be sensitive to freeze thaw cycles

Depending on the researcher and the type of virus, there have been varied reports of titer
losses from 5% to 50% per freeze thaw cycle (Krajden et al., 1999; Ugai et al., 2002). If the
virus will be used in a couple of days, some researchers prefer to store freshly harvested
virus at 4 °C instead of storing it briefly at -80 °C. If troubleshooting, the safest option may
be to avoid freezing altogether, and instead to use the virus immediately upon harvesting.
Interestingly, freeze-thawing host cells immediately prior to their transduction has been
shown to increase AAV transduction efficiency by approximately 15-fold (Chen et al., 2006).

3. Transduction efficiency depends on viral titer

Both transduction efficiency and viral titer can be increased by concentrating a viral stock. Different titering
methods can reveal differences in physical versus functional titer. If you have low titers (which is unavoidable for
some vectors) you can concentrate your virus by ultracentrifugation of the viral stock, followed by resuspension
of the collected particles in a smaller volume. Always remove packaging cell debris before proceeding to
ultracentrifugation to avoid contaminating your transduction with the packaging cells. Packaging cell debris can
be removed either by filtration of the virus solution (through a 0.45 um or 0.22 um filter) or by a centrifugation
step (5 minutes at 300-500 g). After removing packaging cell debris, virus can be pelleted by ultracentrifugation
(75,000 - 225,000 g for 1.5 — 4 hours at 4 °C). After ultracentrifugation, virus may appear as a white pellet. The
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5 tips for troubleshooting viral transductions
(CONT’D)

pellet can then be rinsed and resuspended in cold sterile PBS.

Alternatively, to concentrate a virus solution without ultracentrifugation, you can reduce the volume of cell
culture medium on the packaging cells immediately following transfection. In other words, when exchanging the
medium after transfecting cells, replace the medium with half the volume typically used (e.g., use 5 mL medium
on a 10 cm plate). By reducing the culture volume into which the virus is released, a more concentrated virus
solution can be obtained.

4. Enhancing virus-cell contact

A variety of reagents can increase transduction efficiency. These reagents typically enhance the adsorption

of a virus particle to a target cell by reducing the repulsive electrostatic forces between these two negatively-
charged membranes (Davis et al., 2002). Polybrene is one such cationic reagent that is commonly used and
has been shown to increase transduction efficiency by 10-fold (Davis et al., 2002). However, polybrene is highly
sensitive to freeze-thaw cycles and should be stored in single-use aliquots. Never use a polybrene solution
that has been thawed more than once. Fibronectin is another membrane-interacting protein that can be used
to enhance transduction efficiency in cells that are sensitive to the toxicity of polybrene (e.g., hematopoietic or
primary cells), and has been shown to increase transduction efficiency by 1.5-fold (Stockschlader et al., 1999).

5. Check your packging cells for infection

If your transductions aren’t working, you can check if virus is being generated by your transfected packaging
cells. This check can be performed routinely and without disrupting the flow of your experiment. If your
packaging cells have been successfully transfected and produced infectious virus, they may get infected with
this virus, and therefore, will be selectable with the antibiotic whose resistance gene is encoded in the viral
vector. This antibiotic selection can be performed approximately 72 hours after transfection and should give rise
to a surviving population of approximately 20-50% of the packaging cells after 1-3 days of selection. A lower
percentage of surviving cells may be the result of plasmid integration via recombination during transfection, and
does not necessarily indicate the production of virus. Alternatively, if the virus encodes a fluorescent protein,
the packaging cells could be examined with a microscope and should appear fluorescent if they were infected.
While there may be some low-level fluorescent protein or resistance marker expression following transfection,
higher-level expression after approximately 72 hours is likely the result of successful viral transduction. This
method may not work if the virus does not have the proper tropism to infect the packaging cells. Another
method of ensuring viral production is to perform PCR against components of the viral vector using the
harvested viral solution as a PCR template.

Regardless of the type of virus you’re working with, there’s a lot that goes into virus design, production, and
transduction. Once you’ve harvested, it's generally a good idea to titer your virus. Getting an accurate count of
the number of infectious particles in a given viral stock will give you a sense of the infectivity of your viral stock,
save you time, and allow you to standardize your experiments later. Stay tuned to the Addgene blog and be sure
to check out our viral vector guide pages to get up-to-date tips for your virus experiments.
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Adenoviral vector overview

By Various Addgenies

Adenovirus components

The adenovirus genome is a linear, 36-Kb double- Adenavirus [ u |
stranded DNA (dsDNA) molecule containing multiple, st

heavily spliced transcripts. At either end of the units)
genome are inverted terminal repeats (ITRs). Genes

are divided into early (E1-4) and late (L1-5) transcripts.

There are 57 accepted human adenovirus types,

and most adenoviral vectors are based on Ad5. pAdEasy / \ SR
(packaging plasmid)

Ad5-based vectors use the Coxsackie-Adenovirus
Receptor (CAR) to enter cells.

Recombinant adenovirus has two genes deleted: E1
and E3. E1is supplied by the adenovirus packaging
lines 293 or 911; its deletion from the viral vector
renders the virus replication incompetent. E3

is involved in evading host immunity and is not
essential for virus production. Deletion of these
two components results in a transgene packaging Overview of an adenovirus plasmid system

capacity of >8 Kb. Constructs contain left and right
arms to facilitate homologous recombination of the transgene into the adenoviral plasmid.

Please see our Biosafety guide for more information on working with adenovirus.

AdEasy™ for adenoviral vector construction

AdEasy™, developed by Bert Vogelstein , is by far
the most popular method for creating adenoviral
vector constructs. The system consists of two

Transfer plasmid

types of plasmids: shuttle (or transfer) vectors and 1
adenoviral vectors. Find vectors for this system on our pAdEasy™ [packaging plasmid)
adenovirus plasmid page. Right
+ (Preferred)
i Transform into AdEasier cells that
The transgene of interest is cloned into the shuttle Cotransform transter plasmid and already contain pAdEasy™
. . . . .. pAdEasy™ into BI5183 cells

vector, verified, and linearized with the restriction
enzyme Pmel. This construct is then transformed \ /
into AdEasier-1 cells, which are BJ5183 E. coli Select recombinants
cells containing pAdEasy™. pAdEasy™ is a V33 kb }
adenoviral plasmid containing the adenoviral genes Lineartze and

. . transfect into 293 cells
necessary for virus production. The shuttle vector
and the adenoviral plasmid have matching left and
right homology arms which facilitate homologous HAESIAIES Iz s
recombination of the transgene into the adenoviral Adenovirus packaging methods

plasmid. One can also co-transform standard BJ5183
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Adenoviral vector overview (CONTD)

with supercoiled pAdEasy™ and the shuttle vector, but this method results in a higher background of non-
recombinant adenoviral plasmids.

Recombinant adenoviral plasmids are then verified for size and proper restriction digest patterns to determine
that the transgene has been inserted into the adenoviral plasmid, and that other patterns of recombination have
not occurred. Once verified, the recombinant plasmid is linearized with Pacl to create a linear dsDNA construct
flanked by ITRs. 293 or 911 cells are transfected with the linearized construct, and virus can be harvested about
7-10 days later.

Vogelstein designed multiple shuttle vectors for different purposes. The pAdTrack series contains an IRES-GFP
construct that enables co-expression of GFP with the transgene of interest. With these plasmids, one can track
the infection of 293/911 cells throughout virus production. During experiments, GFP can be used to sort cells
infected with adenovirus, or to verify that the infection rates are equivalent across multiple viruses.

The adenoviral backbone pAdEasy-1 is suitable for most purposes. For especially long transgenes, the use of
pAdEasy-2 can increase the capacity of the adenoviral vector. pAdEasy-2 does not contain the viral gene E4,
adding 2.7 Kb of packaging space. However, these constructs must be transfected into 911E4 cells for virus
production, as 293 cells do not contain E4.

Frequently asked questions about adenoviral vectors

Are adenovirus and AAV different?

Yes! AAV is a small single-stranded DNA parvovirus and was discovered as a contaminant of adenovirus
preparations, whereas adenoviruses are a class of medium-sized, non-enveloped double-stranded DNA
viruses. They are not related; however, AAV requires the presence of adenoviral genes E1, E4, E2a and VA for
replication.

For more information about AAV, read the AAV chapter in this eBook.

Can | make a stable cell line with adenovirus?

No, adenoviral vectors can only be used transiently.

Are adenoviruses replication deficient?

Typically yes, because the early genes necessary for replication have been deleted from the shuttle vector.
Early gene E1is provided by the transfected cell line (either 293 or 911). To avoid creating replication competent
virus, you should not serially propagate your virus as the chance of recombination events creating replication-
competent virus increases with each round of amplification.

What is RCA?

RCA stands for replication competent adenovirus. This may occur when a crossover event between your
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adenoviral vector and the early genes found in the packaging cell lines creates a wildtype adenovirus. The
probability of a crossover event increases with each round of amplification.

Where can | find information about using the AdEasy™ System?

The laboratory of Bert Vogelstein has published their method for generation of recombinant adenoviruses: A
Practical Guide for using the AdEasy™ System.

Glossary

Packaging vocabulary

Term Defenition

pAdEasy-1 Adenovirus packaging plasmid that lacks E1and E3

pAdEasy-2 Adenovirus packaging plasmid that lacks E1, E3, and E4; Useful for very large inserts

pAdEasier-1 cells BJ5183 E. coli cells containing the pAdEasy-1 packaging plasmid

911E4 cells Cell line compatible with the pAdEasy-2 packaging plasmid; Supplies viral protein E4

E1 Supplied in trans by 293 or 911 packaging cells; Its deletion renders the virus replication
incompetent

E2 Non-essential gene involved in immune evasion, deleted to increase packaging capacity

E4 Essential for viral transcription; Supplied by the pAdEasy-1 packaging plasmid or 911E4
packaging cell line

Transfer Vocabulary

Term Defenition

ITR Inverted terminal repeat; Contains elements that promote bi-directional transcription
Ad5-based vector Most common type of adenoviral vector

pAdTrack Class of transfer vectors that contain IRES-GFP

pShuttle Class of transfer vectors that do not contain GFP

Additional Vocabulary

Defenition

Coxsackie-Adenovirus Receptor used by Ad5-based vectors to enter cells
Receptor (CAR)
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Adenoviral delivery of CRISPR/Cas9

By Kendall Morgan | September 30, 2014

Researchers have shown that it is possible to deliver & AdV.CRISPR E.*-'_' |, MdV.CRISPR
RNA-guided CRISPR/Cas9 nuclease complexes to a _—ﬁ, 3 ‘&- i:._‘\_: ' g +

wide range of human cells, including mesenchymal T} e AdV.donor DNA
stem cells, using adenoviral vectors (AdVs), These Transduction Transduction

adenoviral CRISPR/Cas9 genome editing tools
developed and demonstrated by Manuel Goncalves : ] :
and his colleagues at Leiden University Medical ; Targetcells - Target cells
Center are now available at Addgene along with a ' .
description of their experimental protocol. The three
plasmids which have been deposited to Addgene
are: pAdSh.PGK.Cas9, pAdSh.U6.gRNAS1, pAdSh.

U6.gRNAGFP.

“Although AdVs are being deployed for delivering
zinc-finger nucleases into human cells, we think they
are still underused in the emerging field of genome
editing,” Gongalves said. “In contrast, AdVs are
extensively being explored for genetic vaccination

and oncolytic approaches. In genome editing, they largeted gene targeted DNA
are not used much, but we do think they have a very knock-out knock-in
bright future.”

Image courtesy of Manuel Gongalves.
Goncalves says that advantages of AdVs include

their episomal nature and very efficient introduction
of DNA into therapeutically relevant, non-transformed mammalian cells. These viral vector systems also work

equally well in dividing and quiescent, post-mitotic mammallian cells.

Delivering gRNA and Cas9 using adenoviral vectors

In a Scientific Reports paper introducing the delivery method in May, the researchers report that AdV-mediated
transduction of gRNA:Cas9 ribonucleoprotein complexes into transformed and non-transformed cells yielded
rates of targeted mutagenesis similar to those achieved by isogenic AdVs encoding TALENSs targeting the same
chromosomal region. The CRISPR/Cas9-derived RNA-guided nuclease-induced gene disruption frequencies in
the various cell types ranged from 18% to 65%.

A second paper published online in Nature Methods in August found that delivering RNA-guided nucleases or
TALENSs together with AdV donor DNA leads to a vast majority of AdV-modified human cells being subjected to
scarless homology-directed genome editing. Goncalves said they attribute this phenomenon to the presence

of terminal proteins capping the ends of linear double-stranded AdV genomes. Such protein-DNA structures
presumably reduce the likelihood that donor DNA will interact with sporadic double-stranded chromosomal DNA
breaks “that always happen naturally.”

“We think this [most recent] work gives additional rationale for investigating the usefulness of adenoviral vector
technology in the context of genome editing,” he said, adding that he hopes others will now begin to make use
of the new AdV delivery tools for a variety of applications.
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Adenoviral delivery of CRISPR/Cas9 (CONT'D)

“It would be rewarding if these reagents and protocol are picked up and people start to explore and test this
method of introducing the CRISPR system into a broader range of cells — primary cells and cells that are not
transformed — and eventually also consider in vivo applications.”

Start your CRISPR/Cas9 research

To find more information about the adenoviral delivery of CRISPRS/Cas9 using the Gongalves lab’s plasmids,
including protocols, check out the plasmids at Addgene: pAdSh.PGK.Cas9 (expresses S. pyogenes Cas9 from the
PGK promoter) and U6 promoter-driven guide RNA constructs, pAdSh.U6.gRNAS1T and pAdSh.U6.gRNAGFP. Or
if you’re looking for a broader range of CRISPRs plasmid tools, find more plasmids, CRISPR technology guides,
FAQs, and CRISPR resources on Addgene’s site: http://www.addgene.org/CRISPR/.
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Adenoviral vector production and troubleshooting

By Karen Guerin | June 14, 2018

Adenoviral vectors (AdV) are attractive vectors for research applications and gene therapy: they can be
produced at high titers, can accommodate large transgenes, transduce quiescent and dividing cells, and do
not integrate into the host’'s genome. The main challenge with using AdV is that it triggers a strong immune
response after in vivo administration, which results in the death of transduced cells and loss of transgene
expression (Interestingly, the strong immunogenicity of AdVs is what makes them ideal candidates for
applications in oncolysis and vaccination!)

In the 65 years since its discovery, researchers have done significant work to improve the Adv genome’s utility
in research and its therapeutic potential.

Note*: constructs discussed are based on Adenovirus type 5.

Three generations of adenoviral vectors

The adenovirus virion is a non-enveloped particle of 00 nm, consisting of a capsid surrounding an inner core
which contains the adenoviral genome. The genome itself is a linear double-stranded DNA of V36 kb, with
inverted terminal repeats (ITR) present at both ends.
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Figure 1: (A) The structure of an adenovirus - the virion is ¥ 100 nm in size and consists of an icosahedral capsid made of 3 types of proteins: fiber, penton,
and hexon proteins. The viral genome DNA is further protected by histone-like proteins forming the nucleocapsid. (B) Three generations of adenoviral
vectors: the first generation vectors are deficient in the E1 and E3 regions and can accomodate up to 8.2 kb of transgene DNA. The second generation
vectors are deficient in the E1, E2, E3, and E4 genes. Gutless Ad vectors (helper-dependent (HD-Ad), or high-capacity (HC-Ad)) are devoid of viral genes
and therefore can accommodate up to 36 kb. Gutless Ad maintain only the ITRs and the packaging signal (W), both of which are essential for assembly
of the virion. Adapated from Lee et al., Adenovirus-mediated gene delivery: Potential applications for gene and cell-based therapies in the new era of
personalized medicine (2017).

1st Gen AdVs are stripped of regulatory genes E1 and E3. Without these genes, AdVs cannot replicate on their
own but can be produced in E1-containing mammalian cell lines such as HEK293 cells. 1st generation AdV
cloning capacity is limited to 8.2 kb, and in vivo transgene expression ceases relatively quickly due to immune
response against AdV. Importantly, recombination-competent adenovirus (RCA) can be generated if the E1 gene
from the packaging cell line is transferred into the AdV by recombination. It is therefore recommended to test for
the presence of RCA in the viral stock by doing a plague formation assay on A549 cells. Alternatively, antibody-
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Adenoviral vector production and troubleshooting
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based assays are commercially available for faster detection of RCA.

2nd Gen AdVs were designed to have increased cloning capacity, decreased potential for the generation of
RCA and reduced immunogenicity. In addition to E1/E3, non-structural genes E2 and E4 are deleted in 2nd
generation AdVs, thereby increasing cloning capacity to “12 Kb. The ever popular pAdEasy system belongs to
this category.

3rd Gen AdV (Gutless or high capacity AdV) are devoid of all viral coding sequences and retain only the ITRs
and packaging signal in cis. Therefore, co-infection with a helper adenovirus is required to provide the viral
proteins in trans. The Gutless AdV have generated high interest for gene therapy due their increased cloning
capacity (up to 36 kbl), long-term transgene expression and negligible toxicity. However, their production is more
complex and the presence of helper virus contaminants have slowed the use of this system. New and improved
systems are still being developed. A detailed protocol for production of Gutless AdV can be found in reference
3.

Production, amplification, and quality control of 2nd geneartion AdV

Purification and concentration by CsCl
gradient{s} ultracentrifugation

Empty Capsids
Adenovirus

vy wvyw

AdV Production can be broken down into 5 key steps:

1. Construction of the rAdV plasmid (¥1 week): The AdEasy™ system is the most popular method for creating
adenoviral vector constructs. It consists of 2 plasmids: a shuttle vector (in which the transgene of interest
is cloned) and pAdEasy™ which contains the adenoviral genes necessary for virus production. For detailed
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Adenoviral vector production and troubleshooting
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instructions on how to generate the final recombinant adenoviral plasmid construct, please see Addgene’s
Adenoviral Guide webpage, and references 1, 2.

*Pro-Tip*: Once the correct recombinant pAdV plasmid is identified, re-transform into a bacterial
strain not prone to recombination for amplification. The final purified plasmid stock should be
analyzed by restriction digest or fully sequenced to confirm its integrity.

2. Initial production (2-3 weeks): Here you’ll produce the primary recombinant adenoviral stock (rAdV-S).
HEK293 cells are transfected with the AdV plasmid construct from step #1 and allowed to stay in culture for

up to 20 additional days at which time the cells are scraped, and lysed by multiple freeze-thaw cycles. The
resultant lysate is your primary low titer rAdV-S, and can be stored at -80C for later use or used immediately for
amplification.

*Pro-Tip*: The cells will become completely confluent and the media will turn yellow. Do NOT
change the media (add 2-3 mL of fresh media once a week), and do NOT harvest the cells before at
least 10 days of incubation as it will result in very low titer.

3. Amplification (1-2 weeks): The rAdV-S is used to infect more HEK293 cells and produce more rAdV to

reach higher titers. Successfully infected cells will become round and clump together 3 days post infection.
The amplified virus can be harvested once roughly 50% of the infected cells show this “cytopathic effect.”
Amplification can be repeated multiple times (2-4 rounds) at increasing scale over the course of 1-2 weeks. Each
round of amplification should result in a 10-100-fold increase in virus.

4. Purification (2 days): Purification is required if rAdV is to be used in vivo. The standard method for purification
of rAdV uses cesium chloride (CsCl) density gradients combined with ultracentrifugation to separate rAdV from
other cellular debris. Purified high-titer rAdV is then dialyzed and stored at -80C. Purification and concentration
kits that do not use CsCl are commercially available.

5. Titer calculations (1 or 10 days):

1. Physical titer (particle count, rAdV genomes/mL) can be measured by:
« Optical density: particle concentration is measured by looking at absorbance at 260 nm using UV/
Vis spectrophotometry. An absorbance of 1at 260 nm corresponds to 1.1 x 10™ particles/mL.
« To calculate the particle number: OD260 reading x dilution factor x 11 x 10™ particles = number of
particles per mL of sample.
« The purity of the sample can be estimated by looking at the ratio of DNA (260 nm) versus protein
(280 nm) absorbance. The ratio for the purified virus should be .3

2. Quantitative PCR: the number of viral DNA packaged in virions is determined by a standard curve of
known quantity and primers specific for a viral DNA sequence.
*Pro-Tip*: Ad5 reference material should be used as an internal control (ATCC#VR-1516) until
the assay is validated..
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3. Infectious titer: (Plaque Forming Units (PFU) or Infectious Units (IU), per mL)
« Plaque formation assay: permissive cells are infected with serial dilutions of rAdV, fixed, and then
stained 10 days later. Plaques are counted and titer is calculated in terms of plaque forming units (pfu),
taking initial vector dilution into account.

You're now ready to use your purified, high-titer rAdV in your experiment. Enjoy!
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Addgene’s viral service - Why virus? Why now?

By Joanne Kamens | March 23, 2017

In the middle of 2016 Addgene started distributing a small but growing catalog of ready-made AAV and Lentiviral
preps. This new Viral Service represents Addgene’s largest new initiative since we started distributing plasmids
in 2004. We've already distributed over 6,500 viral samples to scientists all over the world. Now that the service
is successfully launched, | would like to thank some of the people and organizations who helped us reach this
milestone.

Viral service supporters

We would like to thank the companies who supported
AddgEﬁE Sithl‘ spnnsnr this project with funding. Alnylam and New England

Biolabs sponsored the capital construction of our new

BL2+ laboratory and the infrastructure capabilities to

produce and distribute virus. Addgene is a 501(c)3
@ nonprofit and our plasmid service was started based
n y on donations. That seed money was used to build a
completely self-supporting service so that Addgene is
PHARMACEUTIC

ALS  not dependent on grants. Aiming to operate under a
similar model for our Viral Service, we solicited seed
money for the new project. New England Biolabs and

Addgene Bronze Sponsor Alnylam see the value to the scientific community in
accelerating the Viral Service. With their support we
5 INSPIRED are able to provide faster access to a larger number

drive DISCOVERY of viral preps.
sy GENUINE

Inc.

Thank you to all of our generous, sharing depositors.
Over 3,500 laboratories are sharing plasmids through the Addgene repository (over 30 labs are currently

sharing viral preps). Without these scientists and the support of their technology transfer offices, Addgene would
not be able to have such an impact on scientific materials sharing.

| would also like to recognize a few scientists who have gone the extra mile for this particular project. John
Doench and David Root from the Broad Institute and Alex Chavez from the Wyss Institute were instrumental

in helping us establish consistent, high-quality protocols for lentiviral production. Bryan Roth’s lab from the
University of North Carolina, Connie Cepko’s lab from Harvard Medical School, and Jonathan Ting’s lab from
the Allen Institute have supported the AAV initiative from the beginning and have worked closely with us to
functionally test our virus. Ed Boyden’s lab from MIT and Alla Karpova’s lab from Janelia Research Campus have
provided valuable insight into AAV production.

Finally, we are blessed to have an incredibly supportive Board of Directors at Addgene. Our Board helps keep
our focus on assisting scientists and accelerating research and discovery, while also pushing us to challenge
assumptions, holding us to nonprofit best practices and encouraging us to explore new directions. | would like to
thank them for their time, dedication, advice and encouragement.
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Monthly and cumulative virus distribution through June 2018
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Why virus?

Why did we decide to take on this project? Addgene’s mission is to Accelerate research and discovery by improving
access to useful research materials and information. Addgene has been successful in helping thousands of
sharing scientists from laboratories all over the world. With this reach and exposure in the community, we saw
the opportunity to leverage our recognition, further fulfilling our mission for an even bigger impact. In early 2016
we surveyed hundreds of scientists about various ways we might expand Addgene’s services. There was an
overwhelmingly positive response to the option of Addgene providing plasmids in a ready-to-use viral format.

/ 73% of 1,961 virus users surveyed said they would be Having identified this need in the community, we
interested in receiving plasmids from Addgene in approached it in the way Addgene approaches
ready-to-use viral format everything; we asked ourselves, “How can we do this

in a way that most helps scientists and allows us to
maintain Addgene’s high quality standards?” Under the
leadership of Addgene’s co-founder, Melina Fan, we
created a new team to push this project forward. The
viral vector project team develops methods, performs

| It would allow us to achieve
experimental results faster
than if we have to make the
virus ourselves.”

“[ve is] difficule
for our lab to
mudke AAV virus
by ourselves.”

"It will save us a good deal of i extensive quality control, generates educational
time..Dear Addgene, meke the materials, and provides viral vector technical service
libraries available as lentilviral] . R . .
perticles PLEASE' (details about virus production protocols and quality
“:7_{__,_.:-'—‘) _/ control can be found on Addgene’s Viral Production
webpage).

While the new team took the lead on operationalizing viral production and distribution, this project involved every
Addgenie in the company. Our Finance, Business and Legal teams had to pave the way for this project with many
depositors and partners. The Addgene Scientist Team has been developing expertise in answering questions
on virus and helping provide educational resources on this collection. With their expertise in shipping hundreds
of plasmids a day, the Lab and Office Teams develop shipping systems and protocols for viral vectors to reach
scientists around the world. Our Software Engineering Team (and, added in 2018, our Product Team) continues to
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Addgene’s viral service - Why virus? Why now?
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make improvements to our website and inventory management systems to make way in our systems for this new
type of material. The Outreach Team is getting the word out about this new resource and providing fantastically
useful educational content on viral vectors.

How Addgene’s viral service helps scientists

Lowering * Many labs lack the technical
Barriers capabilities to prepare viral vectors

Improving
Reproducibility

Accelerating
Research

Increasing » Viruses are distributed worldwide at a
Availability pace that keeps up with demand

Good science isn’t the only facet of a project this big. Maintaining our excellent service and accuracy involves
caring and careful Addgenies, but also a lot of good tracking. Our Software and IT Teams made major upgrades to
our inventory management systems to enable efficient, tracked production and distribution of viral samples. The
Office Team made sure we could ship internationally and be ready to provide extensive logistics support for export
and shipping on dry ice. The Business and Finance Teams continue to facilitate the formation of partnerships to
expand the service and figure out what we can afford to do and when. Addgene’s Legal Team acquired permission
from relevant plasmid depositors and their institutions to distribute viral preps derived from plasmids in the
repository. The Outreach Team has been making sure scientists know about the new initiative and serving all the
new educational content via the Addgene Blog and our expanding website resources.

I hope this gave you the impression that it took a lot of work and dedication to do this well ... because it did. So
finally, a big thank you to the Addgenies who went the extra mile to create this new service. We knew the scientists
were waiting. | look forward to sharing new developments on this project and on all the interesting things going
on at Addgene. Sharing speeds science and we are proud to be adding viral vector services to our repertoire.
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Using Addgene’s viral service for your research

By Tyler Ford | March 17, 2016

Instead of spending time and money producing virus
from select vectors in the repository yourself, you can
now order ready-to-use virus directly from Addgenel!
As part of our new viral service, we’re distributing
lentivirus (with many CRISPR tools included among
the preps that are currently available) and adeno ’
associated virus (AAV - chemogenetics, optogentics, 8 - No Virus
and more). The viral preparations undergo rigorous T TR
quality control testing at Addgene meaning they
come ready made to accelerate your research.

Why distribute virus? T 1:10,000 i:1,000 AW

Plasmid distribution is booming, but, over the years, many researchers we’ve met with have asked if we can help
them share and distribute other reagents. Virus distribution came up time and time again with many researchers
lamenting the viral production process while still ordering viral vectors.

Virus production can be a frustrating process that requires a large investment of time and resources for labs that
don’t have experience with it. We're reducing this frustration and getting researchers to the experiments they’re
interested in faster by producing, titering, and testing viral preps for them. At the same time, we’re developing
ourselves as a knowledge base for the processes of viral production and testing so that researchers can use our
educational resources and experience to their advantage should they decide to produce virus on their own.

Harvard researcher Connie Cepko has been helping us with AAV testing and recently had this to say about the
service:

“I'm excited that Addgene is now offering virion preparations to the scientific community. Addgene’s
AAV preparations have worked well in my lab, including in applications where we have delivered them
in vivo to the central nervous system. This service will further enable scientists and accelerate research.”

What viral preps are available?

There are a wide variety of tools already available from Addgene as ready-to-use viral preps and we’ll be continually
expanding our collection. We’'ll provide a brief rundown of what lentiviral and AAV preps are available below, but
you can always head over to the Viral Service page to find the full list of what’s available or suggest additional
plasmids with the Viral Service Suggestion Form.

Lentivirus

As some of the most popular lentiviral vectors in the repository are used to produce CRISPR tools, we’re starting
the Viral Service with lentiviral preps for the delivery of Cas9 endonuclease, Cas9 nickase, Cas9 activators, Cas9
repressors, select gRNAs, and CRISPR pooled libraries. Whether you'd like to knockout a gene, replace it, modulate
its expression, or perform a genome-wide screen, we’ve got viruses to help you out.
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Colony formation assay with lentivirus.

AAV infection of retinal neurons.

Of course, lentiviruses are used in experiments other than just those
involving CRISPR and so we also have lentivirus for delivering control
shRNAs, GFP, and rtTA from the Tet-on system. The first two can
serve as controls in a variety of experiments, while rtTA can be used
to activate expression of a gene under the control of the tet operator.

AAV

AAVs are the workhorses of both chemo- and optogenetics. We're
therefore beginning our AAV viral services with these tools. A variety
of chemogenetic tools from Bryan Roth’s lab are already available
allowing you to chemically control neuronal activity while studying
your phenotype of interest. Optogenetic tools for similarly controlling
neuronal activity with light are also available.

We’'re also distributing AAV preps with particular serotypes that can
be used to deliver fluorescent proteins to cells as determined by the
serotype. You can use these as controls to determine if your AAVs are
getting to the right cells using your particular delivery technique and
conditions.

Finally, we have retrograde AAV that you can use to map neuronal connections.

Expanding the viral vector knowledge base - you can help!

We’ve been expanding our viral vector educational resources as well, with both posts on ouyr blog and pages on

the Addgene website.

blog.addgene.org

The blog provides tips for working with viruses including advice on
how to titer lentiviral preps, troubleshoot viral transductions, and
overviews for beginners just starting work with virus. You can find all
of our viral vector blog posts here. If you have virus expertise you'd
like to contribute to the blog, please email us and we’ll help get you
writing!
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On the Addgene website you'll find our updated viral vector pages
as well as expanded virus protocols, information on how we produce
and test virus, and quality control data for each of the materials we
distribute. Quality control info can be found on each viral prep’s
specific material page and includes western blots as well as other
expression data.

If you have any questions about the Viral Service or any of the
materials we distribute, please send an email to help@addgene.org.
Your questions help us expand and improve our resources for future
users.

We’'re excited to be distributing new types of materials. At the time of
publication we’ve already fulfilled more than 6,500 orders for virus!
We'll be sure to keep you updated on our progress and would love
to hear your thoughts on the service as we continue to develop it.
More communication and sharing will only help research advance.
Remember: Productivity is infectious!
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Viral production at Addgene

By Various Addgenies

Overview of viral production

Viruses are generated using standard methods that have been optimized for each specific virus in order to
generate high quality preparations. After production, all virus preps are titered and subjected to quality control
by Addgene before being distributed to customers. Details about our production protocols, titering methods, and
quality control are described below.

AAV

Production

AAV distributed by Addgene has been produced either in-house by Addgene scientists or through collaboration
with viral vector manufacturing facilities, such as the University of Pennsylvania Vector Core. Transfections are
performed using the transfer plasmid, a plasmid encoding rep and serotype-specific cap, and a plasmid encoding
adenoviral helper sequences.

AAV preparationsare purifiedbyiodixanolgradientultracentrifugation orcesiumchloride gradientultracentrifugation
and concentrated to purity and titers adequate for in vivo studies. Preparations are then aliquoted and stored at
-80°C.

Titer

Titering is either performed by Addgene or by the University of Pennsylvania Vector Core. In general, titering is
performed by the facility that produced the viral vector lot. Contact us to determine which facility produced your
viral vector lot.

At Addgene, AAV particles are titered by real-time quantitative PCR using primers targeting the ITR. The amplicons
are detected using SYBR green technology. Titer values are then determined by comparison to a standard curve
of a plasmid sample of known concentration. The gPCR assay and corresponding titer determinations are also
validated using AAV Reference Material (ATCC).

Titering by the University of Pennsylvania Vector Core (Penn Vector Core) is (as of April 2016) determined by
droplet digital PCR (ddPCR). Previous experience by the Penn Vector Core suggests that titers obtained using
ddPCR are generally 3 fold higher than those achieved using the standard gPCR method. However, ddPCR titers
reported by the Penn Vector Core are comparable to gPCR titers reported by Addgene.

Quality Control

Addgene ensures high quality viral vectors by optimizing and standardizing production protocols and performing
rigorous quality control (QC). The specific QC experiments performed varies for each viral lot. To learn which
specific QC experiments were performed on your lot, please contact us.

Confirmation of Transfer Plasmid
The final AAV preparation undergoes PCR with primers targeting the transfer plasmid used in the initial
transfection. Most of our primers are targeting the promoter region and/or the transgene. For DIO or FLEX
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plasmids, we also validate the orientation of the cassette using 2 or more primer pairs. PCR products are
analyzed by gel electrophoresis to ensure the correct banding pattern and sizes.

Full sequencing of the Viral Genome

Next-generation sequencing is performed on viral genomes isolated from the final AAV preparation.
Sequencing results are analyzed to confirm the identity and integrity of the viral genome and the absence of
unexpected DNA contaminants.

Endotoxin

Endotoxin contamination in vector preparations can alter the immunogenic properties of the final product,
particularly in large animal studies. Endotoxin contamination is minimized by using an endotoxin-free plasmid
purification protocol. To minimize the immunogenic properties of the final vector preparation, the quantity of
gram-negative bacterial endotoxin is ensured to be less than 5 endotoxin units per mL. The endotoxin assay
is carried out using the Limulus Amebocyte Lysate (LAL) gel-clot method.

Purity

Purity of AAV preparations is assayed by comparing the relative stoichiometric ratios of the viral capsid
proteins VP1, VP2 and VP3. Samples of viral preparations are subjected to polyacrylamide gel electrophoresis
(PAGE) followed by silver staining or SYPRO Red staining and the molecular weight and relative intensity of
the viral capsid proteins are analyzed. The abundance of viral capsid proteins as a fraction of total protein
present in the sample is also determined and used to determine purity of the AAV preparation.

Purified AAV U;‘upuriﬁed AAV Steriity

‘ ‘. T Viral vector preparations are added to cells in culture.
Three to five days later, cell cultures are inspected for

sterility.
—— — — -2\/P1 Transducibility
""-UPZ Some viral vectors are tested in vitro and in vivo for

— gene expression and/or function. These data are
—— — ""-UP?* sometimes reported or posted on the material page for
the corresponding catalog item (see maps section for

images).

Electron Microscopy

The ratio of empty to full (i.e., genome containing) AAV

particles within representative vector preparations
Silver staining of purified and non-purified AAV subjected to gel was quantified with electron microscopy after negative
electrophoresis. Viral capsid proteins VP1, VP2, staining. Empty vector particles can be identified after
and VP3 are shown relative to the total protein present in the sample. . L

negative staining and appear darker than full vector

particles.
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brightfield overlay Texas red GFP

mCherry-Cre FLEX-GFP

mCherry-Cre
+ FLEX-GFP

AAV Pro cells were transduced with either pAAV-Efla-mCherry-IRES-Cre Electron micrograph of AAV vector preparation shows that the vast
(55634-AAVrg) alone at 1.7E6 viral genomes (vg)/cell, pAAV-CAG-FLEX-rc majority of the vectors consist of

[Jaws-KGC-GFP-ER2] (Addgene 84445-AAVrg) alone at 1.1E6 vg/mL, or full particles (white arrowhead) relative to empty particles (black
both. Two days later, Cre-dependent GFP expression was detected with arrowhead). Scale bar =100 nm.

direct fluorescence. GFP was not detected in the absence of Cre. mCherry
expression alone was detected. pAAV-Efla-mCherry-IRES-Cre was a gift
from Karl Deisseroth (Addgene viral prep # 55632-AAVrg). pAAV-CAG-
FLEX-rc [Jaws-KGC-GFP-ER2] was a gift from Edward Boyden (Addgene
viral prep # 84445-AAVrg).

AAV resources

Browse AAV preps available from Addgene.
« After receiving your virus from Addgene, read our detailed recipient instructions for next steps.

« Plan an experiment using our virus protocols.
« Browse our AAV vector collection.

Lentivirus

Production

Lentiviral preparations (-LV catalogitems) are producedinthe Lenti-X 293T cellline using the 2nd generation psPAX2
and pMD2.G packaging system developed by the Trono lab. Cell culture medium (DMEM + 10% FBS) containing
lentivirus is first cleared by low speed centrifugation and then by filtration through a 0.45 um polyethersulfone
membrane. The preparations are then aliquoted, snap frozen in liquid nitrogen, and stored at -80°C. Concentrated
lentiviral preparations (-LVC catalog items) are generated from lentiviral preparations (described above) that are
subject to a concentration step prior to being frozen. Specifically, lentiviral particles are collected from the lentiviral
preparation by precipitation in 10% polyethylene glycol (PEG) followed by centrifugation. Precipitated pellets
containing viral particles are then resuspended in PBS, aliquoted, snap frozen in liquid nitrogen, and stored at
-80°C.

) € >addgene

The nonprofit plasmid repository


https://www.addgene.org/viral-service/aav-prep/?utm_source=1st_ed&utm_medium=ebook&utm_campaign=viral_vectors
https://www.addgene.org/recipient-instructions/myvirus/?utm_source=1st_ed&utm_medium=ebook&utm_campaign=viral_vectors
https://www.addgene.org/protocols/?utm_source=1st_ed&utm_medium=ebook&utm_campaign=viral_vectors#virus
https://www.addgene.org/viral-vectors/aav/?utm_source=1st_ed&utm_medium=ebook&utm_campaign=viral_vectors
https://www.addgene.org/12260/?utm_source=1st_ed&utm_medium=ebook&utm_campaign=viral_vectors
https://www.addgene.org/12259/?utm_source=1st_ed&utm_medium=ebook&utm_campaign=viral_vectors
https://www.addgene.org/Didier_Trono/?utm_source=1st_ed&utm_medium=ebook&utm_campaign=viral_vectors

Chapter 5 - Addgene’s viral service Viral Vectors 101: A Desktop Resource (1st Edition)

Viral production at Addgene (CONTD)

Titer

All titering is performed on lentiviral preparations that have been stored at -80°C and thawed. This ensures that
any loss of titer associated with the recipient’s initial thaw will be accounted for in our reported titers.

Lentiviral vectors carrying selectable markers are titered using the standard colony formation assay. Briefly,
A549 cells are transduced with serial dilutions of a lentiviral vector, exposed to antibiotic, and resistant colonies
are allowed to expand for 2 weeks. Culture dishes are then stained and macroscopic colonies are counted to
determine infectious titer.

In addition to the colony formation assay, lentiviral vectors carrying puromycin and blasticidin resistance undergo a
relative titering assay based on cell proliferation after antibiotic addition. Briefly, Lenti-X 293T cells are transduced
with serial dilutions of a control lentiviral stock of known titer (typically pRosetta) in addition to the lentiviral stock
to be titrated. After 48 hours the cells are treated with the appropriate dose of antibiotic and incubated for an
additional 2-3 days. Cell proliferation is then measured using resazurin dye. Relative titers are extrapolated from a
standard curve generated by the control lentiviral stock.

Lentiviral vectors carrying fluorescent markers undergo additional titering based on expression of the fluorescent
protein. Briefly, Lenti-X 293T cells are transduced with serial dilutions of a lentiviral vector and fluorescent cells are
quantified by microscopy 96 hours post-transduction.

Quality Control

Mycoplasma

The Lenti-X 293T and A549 lines were obtained directly from Clontech and Sigma Aldrich, respectively, and
are routinely tested for mycoplasma contamination using the protocols described by Uphoff and Drexler
(PubMed: PMID 23179822). Lines are maintained for 15 passages before being discarded and replaced with
a new vial of early passage cells. Approximately 2-3 weeks post-thaw, cell culture supernatant is tested for
mycoplasma contamination. To date, Addgene has never had a case of mycoplasma contamination. In the
event of contamination, all of the virus produced in the line will be taken offline and discarded.

Confirmation of the transfer plasmid
Addgene uses a rigorous barcode matching system that follows the sample from the DNA tube all the way
to the cleared viral preparation pool.

In addition, the final viral preparation undergoes PCR with primers targeting the transfer plasmid used in the
transfection. PCR products are analyzed by gel electrophoresis to ensure the correct banding pattern and
sizes.

Sterility

The majority of our lentiviral vectors are titered using the colony formation assay. This assay involves
transducing cells with serial dilutions of a lentiviral vector, and allowing antibiotic-resistant colonies to expand
for 2 weeks. During this long-term cultivation, cells are routinely checked for signs of microbial contamination.
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Purity
When possible, all plasmids used for viral production are propagated in the endA-mutated NEB Stable strain
of E. coli. In addition, plasmids are typically prepared using endotoxin-free plasmid purification kits.

Transfer Packaging
plasmld plasmids
O [nim__ 7
i
PCR Ship to scientist

¥

Titering ¢—— Confirm transfer plasmi

Schematic of the barcode matching system and PCR-based confirmation of transfer plasmids used in Addgene’s viral production. Barcoding allows our
DNA and virus to be monitored throughout production, ensuring the identity of each sample from the DNA tube all the way to the viral preparation. After
production, we confirm the identity of the transfer plasmid in the viral preparation by performing PCR against unique regions of the transfer plasmid.

LentiX-293T cells
W

Lentivirus resources

« Browse lentiviral preps available from Addgene.

« After receiving your virus from Addgene, read our detailed recipient instructions for next steps.
Plan an experiment using our virus protocols.

« Browse our plasmid collection of popular lentiviral vectors.
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Taking CRISPR further with Addgene’s viral service

By Tyler Ford | December 6, 2016
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Numbers in the large colored circles are rough approximations of the total number of CRISPR plasmids for that particular organism available at Addgene.
Percentages represent the fraction of that total with the indicated function.

Why provide CRISPR viruses?

“Like all things in science, getting a high titer Cas9 lentivirus prep takes a bit of time and
effort that, for many groups, may not be worthwhile. Particularly if, in the end, all they want
to do is to quickly generate a single cell line and proceed to use it for experiments.”

- Alex Chavez, researcher at the Wyss Institute for Biologically Inspired Engineering and
member of the Addgene Advisory board, on the difficulty of producing CRISPR Ilentivirus.
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(CONT'D)

One huge reason CRISPR has become such a popular genome editing tool is its developers’ willingness to
make their CRISPR technologies available to the academic research community. At Addgene, we've helped
distribute many of these technologies in plasmid form and are proud to have facilitated their fast adoption.
However, in many cases, the plasmids themselves are only the starting point for the production of viruses used
to deliver CRISPR components to cells or organisms under study. In the past we’ve left the arduous task of
virus production to individual labs. Now we’re very excited to provide ready-to-use CRISPR lentiviral preps to
researchers across the globe.

As we’ve heard from scientists, producing lentivirus is not always an easy process. The cloning capacity of
lentiviral vectors (V8.5 kb of insert) and the reduced titer associated with large inserts can make lentivirus
production frustrating - a researcher can complete an entire lentiviral production protocol only to find that the
low titer of her prep makes it unuseable. With the large size of the SpCas9 nuclease (V4.2 kb) this is a particularly
prominent problem in CRISPR genome editing experiments. We aim to alleviate this frustration by producing,
titering, testing, and providing lentiviral preps of select lentiviral vectors from the repository for you. We perform
test infections with all of our viral preps and host our expression data (western blots or fluorescent microscopy)
on the material pages associated with each item.

There are multiple CRISPR tools available as lentivirus
and we’ll be adding more as the need arises. For
example, we’ve teamed up with the Broad Institute to
provide lentiviruses for delivery of SpCas9 and Cas9

«— dCas9-VP64-GFP

nickase for genome editing. You can also enhance 130 kD3 — «— Vinculin
expression of your gene of interest with a variety of

Cas9 activators available in lentiviral format. Finally,

while we can’t currently produce custom gRNA- Sample western blot showing dCas9-VP64-GFP expression after lentiviral

containing lentivirus, we are providing lentiviral transduction.

preps containing highly requested gRNAs including

those targeting EGFP, BRAF, and MAP3K4. The gRNAs targeting EGFP can be used as positive controls for
gene editing or gene activation, while the BRAF and MAP3K4 gRNAs allow you to target these widely studied
signalling pathways.

Pooled libraries are now available in lentiviral format

Another popular set of tools in the repository are CRISPR pooled gRNA libraries that can
be used to screen for genes involved in a wide variety of cellular processes. While these
are widely requested and incredibly useful tools, they require extensive background work
from the requesting scientist for their proper use; after receiving a pooled gRNA library

in plasmid format, a researcher must amplify the library, use next-generation sequencing
to ensure that the library has retained gRNA representation, produce high titer lentivirus
from the library, ensure gRNA representation in the viral prep, infect target cells, and,
finally, conduct the screen.

To help alleviate some of this labor for our users, we now provide the a variety of pooled libraries from the labs
of John Doench and David Root as ready-to-use lentiviral preps. Each library uses nearly 80,000 gRNAs to
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target around 20,000 individual genes. We provide enough lentivirus for you to both perform an optimization-
scale infection and at least one screening-scale experiment achieving the gRNA representation recommended
in the publications associated with these libraries. Please note, the pooled libraries we distribute in lentivirus
format only deliver gRNA and, therefore, must be used to infect a cell line already expressing Cas9.

As John Doench (Broad Institute and member of the Addgene Advisory Board) says:

“When you're setting up to do a genetic screen, you need to focus on building a really
good model that reflects the underlying biology you’re interested in studying. You need
to make sure your assay is scalable and robust. What you don’t need to do is spend your
time troubleshooting reagent production, because that’s a distraction from your primary
goal. Getting these quality-controlled reagents from Addgene can greatly expedite a
researcher’s ability to make discoveries.”

If you ever run out of ready-to-use virus and want to make new lentiviral preps on your own, fear not - anytime
you order ready-to-use lentivirus from Addgene, you’ll also receive transfer plasmid DNA that you can use along
with lentiviral packaging plasmids to create your own lentivirus stocks. Our research scientists have provided their
standard |lentivirus production protocol here and you can find more tips and protocols for working with lentivirus
on our blog and protocol pages.

We’'re excited to provide this new service for researchers wanting an easier way to use CRISPR and would love
to hear from you if you have used or are thinking about using our viral services. Please send any questions or
comments to help@addgene.org.

Finally we’d like to thank all those who are allowing us to distribute their CRISPR tools as ready-to-use virus and,
in particular, the Church lab at the Wyss Institute for Biologically Inspired Engineering and the Zhang and Doench/
Root labs from the Broad Institute for providing us with advice and expertise as we’ve gotten these services up
and running. Both Alex Chavez and John Doench are members of the Addgene Advisory Board.
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Katrina Armstrong is a Neurophysiology Msc Student at the University of Manitoba. Her project is
examining the use of DREADDs (Designer Receptors Exclusively Activated By Designer Drugs) to
determine the role of serotonin in movement. Follow her on twitter @katrinaboards.
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Susanna Bachle is an Outreach Scientist at Addgene interested in Open Science, Global
Health and organizing events inside and outside Addgene. You can follow her on Twitter

@SusannaMBachle.

Harshana S De Silva Feelixge

Harshana S De Silva Feelixge is a researcher whose work has focused on gene therapy for viral
infections. She is particularly passionate about HIV cure research and science communication.

Tyler Ford

Tyler J. Ford is an Outreach Scientist Il and Scienctific Content Editor at Addgene. His professional
duties include maintaining the Addgene blog (blog.addgene.org), talking to people about
Addgene, and improving Addgene’s services. His non-professional duties include running, biking,
drawing, hiking, playing tennis, reading, and writing. You can follow him on Twitter @TyFordFever.

Mary Gearing
Mary Gearing is a scientist in cancer genomics. Formerly @addgene @BBS_Harvard and @
Davidson College. Genomics, #CRISPR, open science, life in Boston. Follow Mary on Twtter @

megearing.
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Benoit Giquel is an Outreach Scientist at Addgene. Based in Europe, he is helping
European scientists and institutions share their plasmids via Addgene. When he is not
travelling for Addgene, Benoit likes playing the guitar, running, watching sports, and
cooking for his family. Follow him on twitter @bengiquel.

Didem Goz

Didem Goz Ayturk is a Postdoctoral Fellow in Connie Cepko’s Lab investigating neuronal circuits of
the retina using viral tools.

Karen Guerin

Karen Guerin is a Senior Scientist at Addgene. She started working with viral vectors as a graduate
student. As an Addgenie, she focuses on AAV production and quality control.

Leila Haery
Leila Haery is a Research Scientist at Addgene and is interested in science education.

Luke Hanley

Luke Makana Hanley is a Research Team Lab Tech at Addgene working on methods to improve
AAV production.
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Joanne Kamens

Dr. Kamens is the Executive Director of Addgene. She has worked in pharma and biotech and has
been doing career advising for scientists since 2003. She serves on many nonprofit boards and is
an advocate for diversity and equity in science.

Beth Kenkel

Beth Kenkel is currently a research scientist in the Department of Laboratory Medicine at the
University of Washington. She is particularly interested in science communication and in vitro
diagnostics. Follow Beth on twitter @ElizabethKenkel.

Wu Li
Wau Li is a visual designer at Addgene and is particularly interested in user experience design and
front end development. You can find his work at www.designbywu.com.

Joel McDade

Joel R. McDade was previously a Business Development Manager at Addgene whose interests
include Genome Editing and Science Education.

Kendall Morgan

Kendall K. Morgan, Ph.D., is a science writer based in North Carolina. She writes about
science, health, and medicine for many organizations and publications with the goal to
help researchers share their work with each other and the world.
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Marcy is a Senior Scientist at Addgene. She received her PhD in Microbiology and Immunology
from the University of Michigan. She loves that her job allows her to interact with scientists from all
over the world and help them easily share their reagents.

Meghan Rego

Meghan Rego is a research scientist at Addgene. Meghan is interested in viral process
development and operations.

Todd Waldman

Todd Waldman is a Professor of Oncology at the Lombardi Comprehensive Cancer Center,
Georgetown School of Medicine. His research currently focuses on determining the mechanisms
and consequences of cohesin gene inactivation in human cancer.

Klaus Wanisch

Klaus Wanisch is an Outreach Scientist at Addgene. These days he’s doing a lot of science
communication, and is particularly excited to hear about novel developments in the fields of gene
and cellular therapies.
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If you have any questions, comments, or suggestions about how Addgene can improve its educational content,
please contact us.

Looking for more information about Addgene?
Connect with us!

g ‘ addgene.org

¢ blog.addgene.org

@ blog.addgene.org/topic/podcast

a twitter.com/addgene
n facebook.com/addgene

° youtube.com/addgene

instagram.com/addgene/

m linkedin.com/company/addgene
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