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> Synopsis
Following transduction and delivery of the transgene to the liver 
cells, the transgene must undergo various cellular processes before 
the protein of interest is produced.1,2 This involves conversion 
of recombinant adeno-associated virus (rAAV) vector-delivered 
single-stranded DNA into double-stranded DNA (dsDNA),1–3 and 
transcription of the dsDNA into messenger RNA, which is then 
translocated to the cytoplasm to undergo the process of translation.2 
The rAAV vector expression cassette includes the transgene plus the 
essential regulatory elements – promoter, enhancer, polyadenylation 
signal sequence, and inverted terminal repeats – required for 
successful transgene expression.2,4,5 This brochure will explore various 
approaches under investigation to optimize transgene expression of 
liver-directed hemophilia gene therapies.

Gene therapies for hemophilia are currently being studied to determine their safety and efficacy.  
Approved gene therapies for hemophilia may have different labelling in different countries.
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Figure adapted from Li C, Samulski RJ. 20202 
dsDNA: Double-stranded DNA; mRNA: Messenger RNA; 
rAAV: Recombinant adeno-associated virus; ssDNA: Single-stranded DNA.
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To optimize transgene expression, knowledge of the various components of 
the rAAV vector expression cassette is required, alongside an understanding 
of how each of these components can be modified

Fundamentals of 
transgene expression
Gene therapy is the introduction, removal, or change in genetic material — specifically DNA or 
RNA — into the cells of a patient to treat a specific disease.6,7 The success of gene therapy is, 
therefore, dependent on effective vehicles (vectors) to deliver the transgene to the nucleus of 
the target cell. The transgene will be subsequently expressed to produce a functional (healthy 
or working) protein (i.e., FVIII for hemophilia A or FIX for hemophilia B).8,9

>  �Recombinant adeno-associated virus (rAAV) vectors typically aim to deliver single-stranded 
DNA (ssDNA) to the nucleus of liver cells.2,10 rAAV vectors are commonly used vectors for 
hemophilia gene therapies currently under investigation11,12

To explore the key principles of rAAV gene therapy and the 
importance of optimizing the rAAV vector, visit  
www.genetherapyscience.com/vector and access the 
brochures in the Learning Center

An overview of rAAV vector transgene expression
1

rAAV vectors bind to receptors on the 
cell surface and are internalized through 
endocytosis.1,2

2
Following endosomal escape, the rAAV 
vectors can be trafficked into the nucleus 
and uncoated, delivering ssDNA.1,2,10

3
ssDNA is converted into double-stranded 
DNA (dsDNA) through de novo synthesis 
of the complementary DNA (cDNA) 
strand – a process termed second-strand 
synthesis.1 Conversion to dsDNA is 
essential to go from a transcriptionally 
inert to transcriptionally active transgene.3

4
rAAV vector-delivered transgenes exist as 
episomal DNA outside of the target cell 
genome. This involves circularization via 
genome recombination at the inverted 
terminal repeats (ITRs).3

5
The presence of transcription factor 
binding sites or transcription start sites 
within the expression cassette (promoter 
and enhancer regions) results in 
endogenous transcription factor binding 
and subsequent recruitment of RNA 
polymerase II.13 Through the process of 
transcription, the transgene DNA is used 
as a template to produce a messenger 
(mRNA) molecule.2,14

>  �If introns are present in the transgene, 
transcription produces precursor-mRNA which 
is then spliced, removing the non-coding 
introns, to form mRNA15

6
The mRNA molecule is then translocated out 
of the nucleus into the cytoplasm, where the 
mRNA is translated by ribosomes to produce 
a linear protein chain.15 Translation begins at 
the initiation codon – AUG – and terminates 
at one of the three stop codons – UAA, UAG, 
and UGA.15

7
 

The final step in the production of 
the functional protein requires the 
appropriate folding of the linear protein 
chain to form a functional protein 
structure, and any post-translational 
modifications that are required.16

rAAV is predominantly 
non-integrating1,17–20

Most rAAV vectors are predominantly non-
integrating, meaning they generally do not 
insert into a person’s own DNA or genome.1,17–19 
rAAV vector integration into the target cell 
genome can occur at a rate of 0.0001–1%1,18,20  

Why does integration matter?  
Insertion of rAAV DNA, or ‘genome integration’, does not 
necessarily lead to cancer development.18 The infrequent 

insertion events with rAAV occur at random positions in the DNA but could 
lead to a risk of cancer if insertion occurred within a gene or region of the 
DNA related to cancer development18

In long-term follow-up of hemophilic dogs, integration and clonal 
expansion of cells was seen with insertions near genes associated with 
cancer in humans.21 However, to date, rAAV vectors have not been shown 
to cause tumors in humans and non-rodent species, although long-term 
monitoring is needed to assess this22

http://www.genetherapyscience.com/vector
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Overcome the packaging limitations 
of rAAV capsid

Establish transgene expression 
specifically in target issue, and limit 

vector uptake by non-target issue

Enhance protein expression and 
protein activity

Reduce the likelihood of triggering immune 
responses against the transgene, which 

could result in loss of transgene expression

Why optimize the rAAV vector expression cassette?2,3

rep capITR ITRPoly(A)

infection
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Intron TransgeneITR ITREnhancer Poly(A)Promoter

Target cell

rAAV vector

Therapeutic protein
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Figure adapted from Aponte-Ubillus JJ, et al. 201833 and Pfeifer A, Verma IM. 2001.34 
AAV: Adeno-associated virus; ITR: Inverted terminal repeat; Poly (A): Polyadenylation signal sequence; P5: AAV promoter; rAAV: Recombinant AAV; ssDNA: Single-stranded DNA.
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Each component of the rAAV vector expression cassette can be modified to optimize 
transgene expression

rAAV vector expression 
cassette components
Overview of the role of key components

To explore how the vector capsid can be optimized, visit   
www.genetherapyscience.com/vector and access the brochures 
and webinars available in the Learning Center

Visit www.genetherapyscience.com/vector for more information 
on the difference between wild-type AAV and rAAV vectors

TransgeneITR ITREnhancer Poly(A)PromoterUpstream (5’)23

Transcription initiation

Downstream (3’)23

≈5 kb maximum*5,10

Inverted 
terminal 
repeats (ITRs)
• ITR regions flank 

the transgene and 
are required for 
replication and 
packaging10

• The only required 
sequences from
the wild-type
AAV genome24

• Enable formation
of the episomal 
structure within the 
nucleus of the 
target cell24

Enhancer 

• Contains binding 
sites for regulatory 
proteins that a ect 
RNA polymerase 
activity, and
in turn 
transcription23

Promoter
• Located upstream 

of the transcription 
starting point and 
essential to control 
transgene 
expression23,27

• Contains the 
binding sites for 
regulatory proteins 
including 
transcription 
factors, and RNA 
polymerase28

• Can limit
expression to 
specific tissue 
types27

Transgene
• The functional 

exogenous DNA 
sequence to be 
introduced into the 
target cells2,29

• Transgenes for 
hemophilia gene 
therapy are cDNAs 
for F9 (including a 
naturally occurring 
high-activity 
variant) and for a 
B-domain
deleted F84,30

Polyadenylation 
terminator 
signal sequence 
(Poly(A))
• Located 

downstream of the 
transgene24

• Terminates 
transcription by 
inhibiting the 
progress of the 
transcription 
machinery along 
the cassette once 
the transgene has 
been transcribed31

• Has a role in
nuclear export, 
translation and 
mRNA stability32

The most widely used 
Poly(A) signal sequence 
(SV40) is ≈0.3 kb5

B-domain-deleted F8 
is ≈4.4 kb and F9 is 
≈1.6 kb4

Promoters vary in 
length; however, most 
tissue-specific 
promoters are large. 
The ubiquitous CMV 
promoter is ≈0.6kb5

Enhancers can range 
from ≈0.01–1.0 kb26

ITRs are 0.145 kb 
each25

rAAV vector expression cassette developed from Doshi BS, Arruda VR. 2018.4 
*Maximum packaging capacity within the rAAV capsid. 
AAV: Adeno-associated virus; CMV: Cytomegalovirus; cDNA: Complementary DNA; ITR: Inverted terminal repeat; mRNA: Messenger RNA; 
Poly(A): Polyadenylation signal sequence; rAAV: Recombinant adeno-associated virus.

Differences between wild-type adeno-associated virus and rAAV vectors

http://www.genetherapyscience.com/vector
http://www.genetherapyscience.com/vector
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A1 a1 A2 a2 a3 A3 C1 C2~7.0 kb

B domainHeavy chain Light chain

Removal or truncation
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Heavy chain
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What is cDNA?
cDNA is synthesized by reverse transcription from mRNA and so only 
contains the coding sequences or exons. ‘Genomic’ DNA by contrast is 
comprised of both coding and non-coding sequences36
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Focus on the transgene  

Figure adapted from Lheriteau E, et al. 20159 and Saenko EL, et al. 2003.39 
*BDD-FVIII refers to FVIII variants where the B-domain has been replaced by short peptide linkers.37 
BDD: B-domain-deleted; cDNA: Complementary DNA; mRNA: Messenger RNA.

Modifying transgene size to overcome rAAV 
vector packaging limitations
For successful transgene expression, the transgene and cis regulatory components must fit 
within the packaging capacity (~5 kb) of the rAAV capsid to enable delivery to the target cells5

>	� If a transgene exceeds the packaging capacity of the rAAV capsid, the cDNA may need to 
be altered to overcome this barrier35

>	� ~6% of all human proteins have a coding sequence >4 kb, meaning it is challenging to fit the 
cDNA for such proteins into a single rAAV vector genome5

For hemophilia:

>	� The F9 gene is relatively small at only ~1.6 kb and can be packaged into the rAAV expression 
cassette without modifications to its size4

>	� The F8 gene is ~7 kb, which is too large to insert into an rAAV vector without modification4,5

Genetic engineering of cDNA
For larger genes (e.g., F8), reducing the size of the transgene – by removing sections of the cDNA 
that do not impair the function of the mature protein or impact on the level of expression of 
post-translational modification – has been used successfully to generate rAAV vector cassettes5,35

>	� The removal or truncation of the B domain (~2.6 kb) in F8 can reduce the cDNA to ~4.4 kb4,37

>	� Removal or truncation of the F8 B domain has been established in some approved 
recombinant FVIII products37,38

The structure of the F8 gene is well understood39

• Three homologous A domains39

• Two homologous C domains39

• Unique B domain constituting ~38% of the cDNA39

	 • �Can be removed without loss of FVIII 
procoagulation activity.39 Increased mRNA 
levels and secreted FVIII protein have been 
observed using B-domain-deleted (BDD) 
F8 compared to wild-type F89*

	 • �BDD FVIII is widely used as a replacement 
factor for the treatment of people with 
hemophilia A9*

	 • �Complete deletion has been associated with 
impaired post-translational trafficking and 
secretion.40 A partial deletion of the B domain 
of F8 can be used to compensate for this40

Truncation of the B domain of the F8 gene is under investigation in hemophilia A gene therapy studies4,19

Investigational approaches – dual vectors
Another approach under investigation to overcome the packaging limitation of rAAV vectors 
is to use a dual-vector approach, where the transgene is delivered as two separate fragments 
within independent rAAV vectors5,24,35

>	� One rAAV vector includes the 5’ transgene coding sequence with the promoter and 
enhancer elements24,35

>	� The other vector contains the 3’ transgene coding sequence including the polyadenylation signal 
sequence – Poly(A) – which acts as the transcription terminator24,35

Different approaches to developing gene therapies for larger genes are currently at the 
pre-clinical stage; these include trans-splicing, overlapping, and hybrid mechanisms35
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Trans-splicing5,34

> Takes advantage of the ITR-mediated 
intermolecular recombination and splicing 
ability of rAAV vector expression cassettes5,35

> Vector 1 encodes the promoter and 5’ region 
of the transgene with a splice donor site5,35

> Vector 2 encodes the splice acceptor site, 
3’ region of the transgene and the Poly(A) 
terminator signal sequence5,35

> When both vector 1 and 2 co-transduce a cell, 
the viral genomes can form concatemers 
possibly through intermolecular recombination 
or ligation events5

> Pre-mRNA includes the recombined ITRs between 
the two coding regions. This region is removed 
through trans-splicing to result in a full-length 
coding sequence5

Overlapping5,35

> The 3’ region of the first fragment and 
the 5’ region of the second fragment 
are homologous5,35

> When delivered to the same nucleus, 
homologous recombination can occur 
generating a full-length coding sequence 
with all required regulatory elements5,35

> Following recombination, the expression 
cassette can then undergo transcription5

Hybrid5,35

> Combines the mechanisms of both the 
trans-splicing and the overlapping 
approaches5,35

> Vector 1 includes the promoter, 5’ region of 
the transgene, a splice donor sequence, 
and a region that is homologous to a 
region just after the 5’ ITR of vector 25,35

> Vector 2 includes a homologous region 
(HR), splice acceptor sequence, the 3’ 
region of the transgene, and the Poly(A) 
signal sequence5,35

> Both head-to-tail concatemerization and 
homologous recombination can occur5

> The splicing signals will allow splicing of the 
recombinogenic sequences, or the ITR 
structure to restore the large gene mRNA35
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Figure adapted from Chamberlain K, et al. 20165 and Tornabene P, 
Trapani I. 2020.35

HR: homology region; ITR: Inverted terminal repeat;  
mRNA: Messenger RNA; Poly (A): Polyadenylation signal sequence; 
rAAV: Recombinant adeno-associated virus; SA: Splice acceptor;  
SD: Splice donor.  

Trans-splicing5,35

What is splicing and why does it matter?
Within the DNA sequence are exons, which code for amino acids, and introns, which 
are non-amino acid coding.41 RNA splicing is the process by which introns are removed 
and exons joined together (“spliced”) to create the full coding sequence of mRNA. 41,42 
Mutations altering splicing can result in the development of different human diseases 
including cancer42

Studies exploring the efficacy of dual-vector approaches are often conflicting,5,35 for the main 
part because several factors may impact the efficiency of dual vectors, including the transgene, 
target cell, the rAAV vector serotype used, and the doses chosen.5,35 For the dual-vector 
approach to be successful, both parts of the expression cassette (i.e. vector 1 with the 5’ region 
of the transgene and vector 2 with the 3’ region of the transgene) must transduce the same 
cells.5 Further research is required to understand the potential efficacy of different dual vector 
approaches when applied to hemophilia gene therapy5

Using natural gain-of-function gene variants 
to enhance protein activity
To optimize transgene expression and resultant protein activity, it is possible to use natural 
gain-of-function variants

>	� As wild-type F9 is ~1.6 kb and can fit within an rAAV vector without modification to its size, 
optimization has focused on the use of a natural mutation that can increase resultant 
protein activity4

>	� The F9 high-activity variant is a naturally occurring F9 gene variant with an arginine to 
leucine substitution at position 338 of the gene (R338L),30 resulting in a mature FIX-variant 
protein with an up to eight-fold increase in protein activity4,40

>	� By using a F9 transgene with this gain-of-function point mutation in the F9 gene, it may be 
possible to improve the activity of the resultant FIX protein40

>	� The single amino acid change coding for R338L has no impact on the size of the transgene, 
which therefore fits within the rAAV vector5,40

>	� The F9 transgene with R338L gain-of-function point mutation is currently under 
investigation in clinical trials29
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mRNA: Messenger RNA; tRNA: Transfer RNA.

A C C G C A

A

U

U

A G

Threonine Alanine Stop

5’ 3’

mRNA

Codon

A C C G C A UU A G

Threonine Alanine Stop

5’ 3’

mRNA
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May result in increased rate and e�ciency of translation by using codons 
for the more abundant tRNAs in the target cell type44,45

Original mRNA from transgene

mRNA from codon-optimized transgene

Codon optimization
Replacing the low-abundance 
codons with those that are in high 
abundance in the target cell

• Low-abundance alanine codons = GCA and GCC

• High-abundance alanine codon = GCU

Hypothetical target cell tRNA usage

mRNA: Messenger RNA.

A C C G C A U A G

Threonine Alanine Stop

5’ 3’

mRNA

Codon

• mRNA nucleotides are translated into 
amino acids according to the genetic 
code. The message is read in groups of 
three nucleotides, resulting in a codon14

• There is a level of redundancy in the 
genetic code - most amino acids are 
encoded by more than one codon, with 
di�erent organisms and cell types 
showing bias towards certain codons (i.e 
some codons are used more frequently 
than others - high abundance vs low 
abundance)14,42,43

A C C G C A U A G

Threonine Alanine Stop

5’ 3’

mRNA

Codon

• mRNA nucleotides are translated into amino acids 
according to the genetic code. The message is
read in groups of three nucleotides, resulting in
a codon15

• There is a level of redundancy in the genetic code 
– most amino acids are encoded by more than one 
codon, with di�erent organisms and cell types 
showing bias toward certain codons (i.e some 
codons are used more frequently than others – 
high abundance vs low abundance)15,43,44

Optimizing transgene expression for hemophilia gene therapy Optimizing transgene expression for hemophilia gene therapy 1312

Codon optimization of the transgene to 
enhance mRNA translation

What is codon optimization?
>	� Rare codons are generally 

decoded by low-abundance 
transfer RNAs (tRNAs). The 
concentration of cognate tRNAs 
may be a key determinant 
influencing translation speed44 

>	� The rate and efficiency of 
translation may be increased 
by matching codon usage 
in the transgene with the 
abundance of tRNAs for each 
codon in the target cell type 
(i.e., hepatocytes for hemophilia 
gene therapy) through the 
use of synonymous codon 
substitutions44,45

What are cognate tRNAs?
Cognate tRNAs are transfer RNA molecules that can be recognized by 
aminoacyl-tRNA synthetases,46 the enzyme family that pairs tRNAs with 
the corresponding amino acids47

Transgene codon optimization is an approach being studied for 
hemophilia gene therapies to potentially maximize the expression 
and therapeutic potential of the F8 or F9 transgenes8,40,44,45

Codon optimization in hemophilia gene therapy
>	� Expression of the F8 and F9 transgenes has been improved through codon optimization9,40,45

	 –	� Several different codon-optimized F8 and F9 transgenes have been demonstrated to 
improve expression levels of FVIII and FIX, respectively40

Considerations for codon optimization

• Many proteins have complex 
structures dependent on proper 
folding and interactions with 
translocation machinery. Any 
mis-folding, potentially as a result of 
codon optimization, can result in 
loss-of-function of the protein45

• Codon optimization of F9 may impact 
protein conformation and lead to 
di�erent translation kinetics 
compared with wild-type F944

Unintended changes to protein 
confirmation that may impact 

gene translation kinetics44,45

• CpG motifs – oligonucleotides of cytosine followed by guanine in a linear 
sequence of bases along the 5’-3’ direction of the DNA strand – are 
pathogen-associated molecular patterns that can be recognized by the 
innate immune system via Toll-like receptors48–50

• Recognition of CpG motifs can result in the expression of pro-inflammatory 
cytokines or components of the type 1 interferon cascade, subsequently 
resulting in loss of transgene expression48–50

• CpG motifs generated during codon optimization should be carefully 
considered when developing transgene constructs for human gene 
therapy.48 Loss of F9 transgene expression, potentially due to CpG 
enrichment, has been observed in some clinical trial data49

• Codon optimization to remove CpG motifs may have a positive impact on 
transgene expression and avoid an innate immune response51

Increase in CpG motifs and subsequent innate
immune activation48–51

To learn more about capsid-triggered immune responses, see the 
brochure on “Immune responses associated with hemophilia gene 
therapy” or visit www.genetherapyscience.com

http://www.genetherapyscience.com


 

Gene therapies for hemophilia are currently being studied to determine their safety and efficacy. 
Approved gene therapies for hemophilia may have different labelling in different countries.

TransgeneITR ITREnhancer Poly(A)Promoter

Cis regulatory components Cis regulatory components

5’ 3’

ApoE: Apolipoprotein E; CMV: Cytomegalovirus; hAAT: Human alpha-1-antitrypsin; HCB: Hepatic combinatorial bundle; ITR: Inverted terminal repeat; 
LP1: Liver-specific promoter 1; Poly (A): Polyadenylation signal sequence.

Various promoter types are available27

A sequence of DNA, typically in the 5' region of the expression cassette, where regulatory elements 
such as transcription factors bind and initiate transcription of the associated gene28

TransgeneITR ITREnhancer Poly(A)Promoter5’ 3’

• �An unregulated 
promoter – 
constitutively active 
– that allows continual 
transcription of its 
associated gene in any 
cell type32,52

• �Examples: Immediate-
early CMV, ubiquitin 
C, chicken beta-actin, 
etc.32

• �Used for approved 
drugs in other 
therapeutic areas53

• �Used to limit 
expression to the 
desired cell types27,32

• �Often large and 
typically yield 
lower levels of 
expression compared 
with ubiquitous 
promoters27,32

• �Example: Endogenous 
liver-specific promoters 
– ApoE/hAAT and 
LP1 – have been used 
in hemophilia B gene 
therapies27

• �Promoters designed 
with a layer of 
exogenous control, 
so they are induced 
under certain 
conditions27

• �Can be switched 
on and off 
when required27

• �Example: Tetracycline 
(Tet)-dependent 
system27

• �Evaluated in in vivo 
studies54

• �Designed based on 
current knowledge and 
various computational 
methods27

• �Can be designed to 
be inducible under 
certain conditions27

• �May support enhanced 
tissue specificity27

• �Example: Synthetic 
liver-specific promoter   
– (HCB) – which has 
been investigated in 
animal models for use 
in hemophilia A55

• �Currently under 
clinical testing for 
hemophilia A56

• �Natural endogenous 
promoters of the 
therapeutic gene 
offer the possibility of 
directing expression 
in physiologically 
relevant cells, at the 
appropriate level and 
time57

Constitutive / 
Ubiquitous

Tissue-specific Inducible Synthetic Natural endogenous

CMV: Cytomegalovirus; ITR: Inverted terminal repeat; mRNA: Messenger RNA; Poly(A): Polyadenylation signal sequence; 
rAAV: Recombinant adeno-associated virus; TSS: Transcriptional start site.

Insulator

Insulator

TSS

TSS
Silencer

Promoter Gene X

Transcription factors
Promoter

Enhancer

Gene Y

mRNA

• �Can be added upstream of the promoter sequence in the rAAV vector expression cassette27

• �Supports enhanced transgene expression without impacting the selectivity of the promoter27

• �Comprises binding sites for regulatory proteins that, when bound, trigger conformation changes 
that can affect RNA polymerase and transcription factor binding, thereby augmenting 
promoter activity19

• �Can be added to circumvent weak promoter activity27,32

• �Example: CMV enhancer32

	 - �CMV enhancers have been utilized in in vivo studies27 and the first-in-human clinical trial for 
hemophilia B gene therapy58

Supports promoter activity by providing binding sites for regulatory proteins involved 
in transcription23

TransgeneITR ITREnhancer Poly(A)Promoter5’ 3’
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Focus on cis 
regulatory elements

Selecting the right promotor to optimize 
transgene expression

Promoter optimization in hemophilia gene therapy
>	� As the liver is the primary site of FVIII and FIX synthesis, current hemophilia gene therapy 

studies aim to establish expression in hepatocytes40

	 –	� By using promoter sequences from genes naturally expressed in hepatocytes, the 
expression of the F8 and F9 genes can be targeted to the liver cells2,28

>	� Synthetic promoters to optimize transgene expression are also being investigated for hemophilia 
gene therapy – a minimal synthetic promoter has been used to construct an rAAV-F8 vector 
genome for hepatocyte cell-specific expression.27 AAV vectors utilizing synthetic liver-specific 
promoters are currently under clinical testing56

Introducing an enhancer element to the 
expression cassette

Enhancer usage in hemophilia gene therapy
>	� Enhancer-promoter combinations are under investigation to optimize transgene expression 

in hemophilia gene therapies58
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ITR: Inverted terminal repeat; mRNA: Messenger RNA; Poly(A): Polyadenylation signal sequence; rAAV: Recombinant adeno-associated virus; 
USE: Upstream signal enhancers.

• �Polyadenylation is signaled by the Poly(A) 
terminator signal sequence downstream of the 
transgene in the expression cassette4,32

 	 • �The efficiency of transgene 
polyadenylation is key to transgene 
expression32

• �Different Poly(A) signal sequences have 
different effects on transgene expression; for 
example, SV40 late or bovine growth hormone 
Poly(A) resulted in an increase in transgene 
expression compared with a minimal synthetic 
Poly(A) signal32

• �Can be augmented by upstream signal 
enhancers (USE)

	 • �For example, the efficiency of 
polyadenylation can be increased by 
placing the SV40 late Poly(A) USE 
upstream of the Poly(A) signal32

• �The Poly(A) signal sequence can also be 
modified to enhance transgene expression: 

	 • �Synthetic Poly(A), which enhances 
polyadenylation, can be designed to 
increase nuclear export, translation and 
mRNA stability.2 SV40, bovine growth 
hormone and modified synthetic Poly(A) 
sequences are being utilized in clinical 
trials in other therapy areas13

	 • �Reversed Poly(A) can support transgene 
expression by preventing transcription of 
the ITR.2 Use of reversed Poly(A) has been 
suggested to decrease innate immune 
responses to the rAAV vector expression 
cassette;2 however, at present, reversed 
Poly(A) sequences have not entered clinical 
evaluation13

Polyadenylation via the Poly(A) terminator signal sequence is critical for mRNA stability, 
nuclear export, translation and subsequently the efficiency of transgene expression32

TransgeneITR ITREnhancer Poly(A)Promoter5’ 3’
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Engineering the Poly(A) terminator 
signal sequence

To learn more about the innate immune response to rAAV vector 
gene therapy, visit www.genetherapyscience.com/immunesystem

Engineering the Poly(A) terminator signal sequence in hemophilia gene therapy
>	� For gene therapies where the transgene is large such as F8 (hemophilia A gene therapy), the 

Poly(A) can be modified to help overcome the rAAV vector size limitations55

	 –	� For example, replacing bovine growth hormone Poly(A) (0.26 kb) for a shorter synthetic 
Poly(A) (0.049 kb), to reduce the size of the rAAV-F8 vector expression cassette55

http://www.genetherapyscience.com/immunesystem
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>	� The first intron of F9 has been shown to include an expression control sequence. Therefore, an 
intronic sequence can be inserted into the cDNA to impact transgene expression levels28,63

>	� In a study optimizing rAAV vectors for liver-directed gene therapy, it was shown that introducing 
an intron between the promoter and transgene increased transgene expression compared 
with when no intron was included. Of the introns investigated in the study, this effect was most 
apparent with the minute virus of mice (MVM) intron32,64

>	� Truncated versions of the first intron of F9 have been evaluated in in vivo studies,64 with one such 
vector under investigation in an ongoing clinical trial for hemophilia B65

scAAV vectors are under investigation for the delivery of F99,19

Gene therapy trials with scAAV vectors are currently ongoing in
other therapeutic areas62

TransgenePoly(A) Promoter Transgene Poly(A)Promoter

Mutated ITR hinge

5’ 3’

DNA released into target cell nucleus
ITRs pair along their length

Transgene Poly(A)Promoter 5’

Transgene Poly(A)Promoter 3’

dsDNA can form
circular episomes59

Transgene Poly(A)Promoter 5’3’

Transgene Poly(A)Promoter 3’5’
Strand

annealing

dsDNA: Double-stranded DNA; ITR: Inverted terminal repeat; Poly(A): Polyadenylation signal sequence; scAAV: Self-complementary adeno-associated virus; 
scDNA: Self-complementary DNA.

Intron TransgeneITR ITREnhancer Poly(A)Promoter

Non-coding regions of genes, introns,63 can be placed between elements in the rAAV vector expression
cassette to increase transgene expression32

5’ 3’

cDNA: Complementary DNA; ITR: Inverted terminal repeat; Poly(A): Polyadenylation signal sequence; rAAV: Recombinant adeno-associated virus.
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scAAV vector expression cassette

• �Mutation of one ITR terminal resolution site allows for the generation of scDNA60,61

	 • �Single DNA molecule with a hinge ITR at the 3’ end,61 with a near-perfect complementarity61

• �Includes both the coding and complementary sequence of the transgene expression cassette3,10,59

	 • �De novo DNA synthesis not required following delivery of the transgene59

	 • �Double-stranded by design so can undergo transcription after release in the target cell nucleus 
without need for second-strand synthesis3

• �Designed as a single-stranded repeat, which can fold back upon itself to form dsDNA in the target 
cell nucleus, so bypassing the rate-limiting step59,61

	 • �Requires double-strand break repair proteins prior to circularization59

>	� In hemophilia gene therapy, rAAV vectors typically deliver ssDNA to the nucleus of liver cells8

	 –	�� To become transcriptionally active, ssDNA must be converted to dsDNA via a process 
called second-strand synthesis3 – this is a rate-limiting step to gene expression3,10

Second-strand synthesis is a rate-limiting step to gene 
expression that can be bypassed by using self-complementary 
AAV vectors (scAAV vectors)10

Modifying the ITRs to alter the 
expression cassette configuration

Limitation

• �Further restricts the packaging capacity to ~3.3 kb3,10

	 • �This approach is therefore applicable to gene therapies where the transgene is relatively small and 
is not currently an option for larger genes such as F8

scAAV vectors are under investigation for the delivery of F99,19

Gene therapy trials with scAAV vectors are currently ongoing in other therapeutic areas62

>	� Additionally, modifying the ITRs may potentially reduce innate immune responses to the rAAV 
vector / genome2 

	 –	�� The 5' and 3' ITR transcripts can form double-stranded RNA, which has been shown to 
activate the innate immune response via cytoplasmic RNA sensors (RIG-1 and MDA5), a 
response which may contribute to therapeutic failure2

	 –	�� Engineering ITRs that have no or weak promoter function could decrease the formation of 
dsRNA, potentially removing this concern2

Focus on introns
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• Use of mutated ITRs to 
generate 
self-complementary 
DNA59,60

• Overcomes the 
rate-limiting step 
of second-strand 
synthesis10

• Potentially reduces innate 
immune responses to the 
rAAV vector / genome2

• Addition of enhancer 
elements upstream 
of the promoter 
sequence27

• Selection of optimal 
enhancer-promoter 
combinations32

• Achieves enhanced 
transgene expression 
without impacting 
promoter tissue 
selectivity27

• Selection of optimal 
promoter for transgene 
expression27

• Examples: constitutively 
active promoters, 
tissue-specific promoters, 
inducible promoters or 
synthetic strong 
promoters27

• Use of endogenous 
promoters for transgene57

• Directing transgene 
expression in 
physiologically relevant 
cell types27

• Avoids immune responses2

• Maintain expression levels 
around physiological 
levels of endogenous 
protein57

• Alteration of gene size to 
remove non-essential 
domains (e.g. removal of 
the B-domain of F8)5

• Use of gain-of-function 
variants (e.g. high-activity 
variant)30

• Codon optimization to 
match codon usage with 
abundant tRNAs44

• Overcomes packaging 
limitations of rAAV 
vectors5

• Improves protein activity30

• Increases the rate and 
e�ciency of translation45

• Selection of optimal 
Poly(A) signal 
sequences2,32

• Addition of upstream 
signal enhancer 
elements32

• Optimization of activity or 
size using synthetic 
Poly(A)2,55

• Avoidance of ITR 
transcription using 
reversed Poly(A)2

• Enhances polyadenylation 
for optimal mRNA 
stability, nuclear export, 
and translation2,32

• Support use of  larger 
transgenes by selecting 
short Poly(A) 
signal sequences55

• Prevents transcription
of ITRs2

• Reduces the likelihood of 
triggering innate immune 
responses2

Modification 
examples

Potential 
impact of 
modifications

Intron TransgeneITR ITREnhancer Poly(A)Promoter

Transcription initiation

• Placement of introns 
between elements of the 
rAAV vector expression 
cassette32

• Increases transgene 
expression32

5’ 3’

rAAV vector expression cassette developed from Doshi BS, Arruda VR. 2018.4 
ITR: Inverted terminal repeat; mRNA: Messenger RNA; Poly(A): Polyadenylation signal sequence; rAAV: Recombinant adeno-associated virus; tRNA: Transfer RNA.
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Key take-home messages
>	� The success of gene therapy is dependent not only on the development of an effective 

vector, but also on the development of an expression cassette that is optimized for protein 
production at the target site and to the appropriate level32

>	� The key elements of the rAAV vector expression cassette and their modifications are 
summarized in the figure below, along with their potential impact on transgene expression
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3’ (3 prime): The end of a single-stranded nucleic acid chain to which 
a hydroxyl group (-OH) is attached to the 3'-carbon atom of the 
nucleotide66

5’ (5 prime): The end of a single-stranded nucleic acid chain to which 
a phosphate is attached to the 5'-carbon atom of the nucleotide66

Capsid: The protein shell of a virus that protects the genetic material 
while interacting with the host environment.66 Capsid proteins 
determine cell-type specificity29

Cis regulatory components: Noncoding sequences of DNA such as 
promoters, enhancers, and silencers, which regulate the transcription 
of nearby genes67

Clonal expansion: The process by which a single cell divides to 
produce genetically identical daughter cells68

Codon: A sequence of three nucleotides that codes a specific amino 
acid. For DNA, there are four different nucleotides (A, T, C, or G) from 
which a codon can be composed68

Cognate tRNAs: Transfer RNA (tRNA) molecules that can be 
recognized by aminoacyl-tRNA synthetases45 – the enzyme family 
that pairs tRNAs with the corresponding amino acids47,69

Complementary DNA (cDNA): A DNA copy of a messenger RNA 
(mRNA) sequence, typically made synthetically using the reverse 
transcriptase enzyme. cDNA is different to genomic DNA because it 
only contains coding sequences (exons)70

Concatemer: A composite DNA molecule made of multiple copies of 
the same DNA molecule joined together in tandem71

CpG motifs: Oligonucleotides of cytosine followed by guanine in a 
linear sequence of bases along the 5’–3’ direction of the DNA strand48

Endocytosis: A cellular process by which substances are brought into 
a cell. The substance is surrounded by an area of cell membrane, 
which then buds off inside the cell to form a vesicle containing the 
ingested material72

Endosomal escape: The process by which a molecule can escape 
the endosomal pathway, exit the endosome, and re-enter the cell 
cytoplasm73

Enhancer: A regulatory DNA sequence that provides binding sites to 
regulatory proteins and can augment the activity of a promoter23

Episomal DNA: Exogenous DNA that remains physically independent 
of the cell’s endogenous chromosome or complement of 
chromosomes74

Exons: Coding sections of DNA or the RNA transcript which are 
translated into amino acids66

Expression cassette: The part of the vector DNA that contains the 
functional copy of the gene to be expressed and the regulatory 
sequences that allow protein production to occur11

Genome recombination: The rearrangement of DNA sequences75

Homologous recombination: A type of genetic recombination where 
nucleotide sequences are exchanged between similar or identical 
DNA molecules76

Intermolecular recombination: A type of genetic recombination 
occurring between two different DNA molecules77

Intron: A portion of DNA that does not code for an amino acid78

Inverted terminal repeats (ITRs): 145-bp sequences that frame the 
expression cassette2

Ligation: Joining together of nucleic acid molecules using a 
ligase enzyme79

Messenger RNA (mRNA): A single molecule of RNA that works as a 
chemical map for a protein product6

Non-integrating viral vector: Viral vectors that do not insert into a 
person’s DNA or genome80

Nucleotide: The building blocks of nucleic acids (RNA and DNA), 
consisting of a sugar molecule attached to a phosphate group and a 
nitrogen-containing base81

Point mutation: A mutation in a single nucleotide in a 
DNA molecule66

Polyadenylation: Addition of adenine residues to the 3’ end of RNA 
molecules by the enzyme, poly(A) polymerase82

Polyadenylation signal sequence (poly(A)): Acts as the transcription 
terminator, halting transcription once the transgene is fully 
transcribed83

Precursor messenger RNA (pre-mRNA): Immature sequences of 
messenger RNA (mRNA) produced following transcription. Pre-mRNA 
molecules undergo splicing to create mature mRNA that can then be 
translated into amino acids66

Promoter: Sequence of DNA, typically at the 5’ region, where 
regulatory elements such as transcription factors bind and initiate 
transcription of the associated gene28

Recombinant adeno-associated virus (rAAV) vector: Gene therapy 
vector created by removing the protein-producing genes from the 
adeno-associated virus (AAV) genome and replacing them with the 
expression cassette for the intended gene84

Ribosomes: The cellular organelle where messenger RNA (mRNA) is 
translated into protein66

RNA polymerase II: A type of RNA polymerase enzyme, which 
transcribes pre-messenger RNA (pre-mRNA) from a DNA template66

RNA splicing: The process by which introns are removed from RNA 
and exons are joined together to create the full coding sequence41

Second-strand synthesis: The process by which single-stranded DNA 
(ssDNA) is converted into double-stranded DNA (dsDNA) through de 
novo synthesis of the complementary DNA (cDNA) strand1

Self-complementary AAV vector: An AAV vector in which the 
single-stranded genome complements itself to form double-stranded 
DNA (dsDNA) in the nucleus. This bypasses the rate-limiting step 
of converting the single-stranded transgene to a double-stranded 
transgene before it can be transcribed10

Serotype: Group of closely related microorganisms distinguished by a 
characteristic set of antigens and detected by an antibody6

Splice acceptor site/sequence: The border between an intron and 
an exon, downstream of the intron (in the direction 5' to 3'), which is 
required for splicing85

Splice donor site/sequence: The border between an intron and 
an exon, upstream of the intron (in the direction 5' to 3'), which is 
required for splicing85

Trans-splicing: The process by which exons from two or more pre-
messenger RNAs (pre-mRNAs) are spliced together66

Transcription: The process of copying the information in a strand of 
DNA into a new molecule of messenger RNA (mRNA)66

Transcription factors: Proteins which initiate and regulate the 
transcription of genes. They contain DNA-binding domains to bind to 
specific sequences of DNA66

Transcriptionally active: Ready to undergo transcription; for example, 
double-stranded DNA (dsDNA)3

Transcriptionally inert: Requires further processing before 
transcription is possible; for example, single-stranded DNA (ssDNA)3

Transduction: Transfer of genetic material into the nucleus of a cell, 
such that elements of the newly transferred DNA are then expressed. 
This can be accomplished naturally by a virus or other vector or 
experimentally by augmenting the receptivity of the cell membrane of 
the recipient cell with chemicals or electricity74

Transfer RNAs (tRNAs): Act as adaptors between messenger RNA 
(mRNA) and amino acids during translation. tRNAs have a bound 
amino acid and an anticodon loop that binds to the complementary 
mRNA codon86

Transgene: The nucleic acid sequence encoding an artificially 
added gene11

Translation: The process of synthesizing a protein from the 
information contained in messenger RNA (mRNA)66

Vector: A gene therapy delivery vehicle, which encapsulates a 
therapeutic gene and delivers it to target cells. Vectors can be either 
virus-derived or non-viral6
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