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Genetic Therapies

Therapeutic agent:      protein        RNAi

Expression:   permanent     transient

genetic manipulation:      ex vivo       in vivo

target cells:      dividing    nondividing/
   post-mitotic

target organ structure:     hierachical    heterachical
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Hematopoietic Stem Cell Transplantation
•  Pioneered from 1950-70 at the Fred Hutchingson Cancer Research Center, 

Seattle, by E. Donnall Thomas, MD & colleagues
•  The first 200 patients died („Rainer Storb“)
•  Indications are cancers and nonmalignant conditions
•  In allogeneic transplantation, host and patient  

should be HLA identical/matched 
•  Host/patient needs to be conditioned with  

myeloablative regimens (chemo ± radiotherapy) 
to ensure long-term engraftment of the stem cells

Effects for nonmalignant genetic disorders
•  Healthy donor stem cells engraft and repopulated the entire hematopoietic 

blood/immune system with normal progeny for the life-time of the stem cell
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Three Principles of Stem Cell Gene Therapy

•  The integrated vector as part of the genome will also be 
present after devision in each daughter cell.

•  If a stem cell was the target for the integrating vector, all its 
progeny (= all blood & immune cells) will be genetically 
modified  -  for the life of the stem cell.

•  If a selective advantage for corrected over deficient cells 
exists, the corrected stem cells & their progeny will repopulate 
the entire hematopoietic system.
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Does Stem Cell Gene 
Therapy Exists in Nature ? 
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•  X-linked severe combined immunodeficiency 
(SCID) without T or NK cells, normal B-cells

•  deficiency in the common γ-chain (γc) of the IL-2, 
IL-4, IL-7, IL-9, IL-15 and IL-21 receptor

•  lethal within the first year due to severe infections 

•  stem cell transplantation or genetic therapy to 
replace the deficient lymphoid system
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Inherited DNA repair disorder
•  clinical trias of     > congenital abnormalities 

               > progressive BM failure  
    > high incidence of malignancies 

•  germ-line defects  
in ≥22 DNA repair  
genes (FANCA-W)

•  FA proteins form large  
complexes also with  
other DNA repair  
proteins
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Disorders with in vivo selective advantage for corrected cells  
-  Fanconi Anemia => (stem cells & all progeny)
-  X-SCID (γc)   => (progenitor/precursor cells)

Disorders without selective advantage for corrected cells
- ADA-SCID - Leukodystrophies  
- WAS - Chronic Granulomatosis (CGD)
- Thalassaemia - Sickle cell disease

Disorders with in vivo selection advantage for genetically 
modified stem cells & their progeny, if chemotherapy is used

- MGMT gene therapy for Glioblastoma

Stem Cell Gene Therapy
12

FANCOLEN

1. Mobilization of CD34+ cells (G-CSF + Plerixafor)

4. Transduction with the therapeutic 
vector LV:PGK-FANCA 

5. Infusion 
(No conditioning)

2. CD34+

cells purification

3. +/- Cryopreservation

Approved Clinical Trial for FA Gene Therapy

courtesy of Juan Bueren & Paula Rio

FANCOSTEM
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Viral Vectors to Introduce Therapeutic DNA
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Az. 6790-10-41 geänderte Fassung vom November 2011 
 

Allgemeine Stellungnahme der ZKBS  
zu häufig durchgeführten gentechnischen Arbeiten mit den 

zugrunde liegenden Kriterien der Vergleichbarkeit: 
 

Gentransfer mit Hilfe retroviraler Vektoren 
 
1.  Beschreibung des retroviralen Systems 
 
1.1. Allgemeine Einführung 
Retroviren (Familie: Retroviridae) sind umhüllte RNA-Viren, die durch das „International 
Committee on Taxonomy of Viruses“ (ICTV) aufgrund ihrer genetischen Nähe in zwei Unter-
familien, die der Orthoretroviren und die der Spumaretroviren, und sieben Gattungen unter-
teilt wurden.  
Das Genom replikationskompetenter Retroviren besteht aus zwei identischen einzelsträngi-
gen RNA-Molekülen mit einer Länge von 7 - 15 Kb [1]. Sie replizieren über ein doppelsträn-
giges DNA-Intermediat (Provirus), das sich stabil in das Genom der infizierten Zelle integ-
riert. Die drei Gene gag, pol und env sind die Grundbestandteile eines jeden retroviralen Ge-
noms (Abb.1).  
 

a)                         
 
 

b)                           
Abb. 1: 
a) Genkarte eines einfachen Retrovirus am Beispiel des Moloney Maus Leukämie Virus-Provirus 

(MoMLV). PBS (primer binding site) ist die Bindestelle für den tRNA-Primer; Ψ kennzeichnet das 
Verpackungssignal; gag (gruppenspezifische Antigene), pol (reverse Transkriptase und Integrase) 
und env (Hüllproteine) sind kodierende Regionen, LTR (long terminal repeats) beinhalten repetiti-
ve Sequenzen, die an beiden Termini des DNA-Genoms vorkommen. Die Abbildung wurde modi-
fiziert nach [1]. 

b) Genkarte eines komplexen Retrovirus am Beispiel des HIV-Provirus. Neben den regulatorischen 
Elementen, wie LTR, Verpackungssignal ψ , der Primer binding site (PBS), der Tat-Aktivierungs-
region (tar) und dem rev-responsive element (RRE) sowie den Genen gag, pol und env weist HIV 
und eine ganze Reihe weiterer Leserahmen auf, die für regulatorische Proteine kodieren. Abbil-
dung entnommen und modifiziert nach http://hiv-web.lanl.gov/MAP/landmark.html 
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Cellular Proteins used for Viral Entry

6    Current Gene Therapy, 2016, Vol. 16, No. 5 Els et al. 

unstimulated CD34+-cells since they use the same receptor 
as VSV-G-LVs.  

The RD114 virus envelope glycoprotein recognizes the 
ASCT2 neutral amino acid transporter [86]. Of importance 
for gene therapy, RD114 pseudotyped LVs have been shown 
to transduce efficiently hematopoietic stem cells [77, 78, 87, 
88]. Particularly important for FA gene therapy, efficient 
transduction of FA HSCs employing cytokine-codisplaying 
RD114-LVs was achieved [89] (see B 2.1 for details).  

As the RD114 virus, BaEV recognizes the human 
ASCT2 receptor but it also allows binding to the human 
ASCT1 carrier and both mediate BaEV entry and infection 
(Fig. 3 [90]). Due to the multiple receptor recognition of 
BaEV as compared to RD114 virus, it was an attractive can-
didate for LV pseudotyping. We recently showed superior 
human B cell and leukemic T cell transduction transduction 
using BaEV-LVs [91, 92] Under mild cytokine-
prestimulation to preserve the 'HSC' characteristics, a single 
BaEV-LV application at low dose, resulted in up to 90 % of 
hCD34+-cell transduction [78]. Even more striking was that 
these new BaEV-LVs allowed at low doses efficient trans-
duction of up to 30% of quiescent hCD34+-cells, whereas 
high-dose VSV-G-LVs were insufficient (< 5% transduc-
tion). Mouse transplant studies confirmed the longterm en-
graftment potential of BaEV-LV transduced HSCs [78]. This 
suggests that BaEV-LVs efficiently transduced true HSCs at 
high levels and could improve HSC-based gene therapy. 

LVs pseudotyped by the hemaglutinin (H) and fusion (F) 
glycoproteins (H/F-LVs) from the Edmonston vaccinal mea-
sles virus (MV) strain have been developed (Fig. 3; [81, 93, 
94]). The H gp confers receptor binding to CD46, Nectin-4 
and SLAM, while the F gp confers vector-cell fusion [95-

97]. They were the first LVs to allow efficient transduction 
of quiescent human T and B cells [81, 91, 93] without induc-
ing entry into the cell cycle. This pseudotype offers great 
potential for gene therapy and immunotherapy. More recent-
ly, another target cell was added to the list, the human HSC, 
which was genetically modified at levels by H/F-LVs highly 
superior to VSV-G-LVs (ESCGT 2016, Verhoeyen oral 
communication). Therefore, the H/F-LVs might be promis-
ing tools for efficient transduction of FA HSCs.  

3.3. Advantages of Alternative LV Pseudotypes for FA 
HSC Correction 

Summarizing, as compared to VSV-G-LVs several new 
pseudotypes allowed to improve HSC gene transfer levels 
accompanied by conservation of HSC function. They trans-
duce unstimulated hCD34+-cells with SCID long-term re-
populating capacity at high levels, relevant for gene therapy. 
Therefore, these new BaEV and H/F LV pseudotypes can 
improve current clinical protocols for HSC-based gene ther-
apy to assure life-long cure. Although, a higher level of HSC 
correction and conservation is of benefit for all monogenetic 
diseases, Fanconi Anemia (FA) patients would in particular 
benefit of resting hCD34+-cell transduction. Indeed, as de-
scribed above extensively the FA genetic defect causes fra-
gility of the hCD34+-cells, which are already strongly re-
duced in numbers in FA patients [1]. Moreover, strong cyto-
kine-stimulation induces FA hCD34+-cells into apoptosis [4, 
12, 40]. Therefore, minimizing hCD34+-cell stimulation 
combined with efficient gene transfer would be invaluable 
for FA gene therapy. In particular BaEV-LVs and HF-LVs 
could therefore even allow efficient transduction of FA 
HSCs omitting their stimulation by cytokines thereby avoid-
ing cytokine-induced damage to these HSCs.  

 
Fig. (3). Transduction of quiescent stem cells with different lentiviral vector pseudotypes. LVs pseudotyped with VSV-G or Cocal G 
glycoprotein (gp) do not allow efficient transduction of resting HSCs due to the low expression of their entry receptor the Low density lipo-
protein (LDL) receptor. Also LVs pseudotyped with a modified RD114 envelope gp does not allow efficient transduction of resting HSCs 
due to low expression its receptor, the amino acid transporter, ASCT-2. In contrast, BaEV gp pseudotyped LVs recognizes additionally the 
amino acid transporter ASCT-1, permitting entry into quiescent HSCs. The LV pseudotyped with the measles virus gps, hemaglutinin H and 
fusion protein F (MV-LVs) recognize the CD46 receptor present on quiescent HSCs, allowing the MV-LV entry of HSCs and productive 
transduction.  
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•  in vitro/ex vivo transduction of proliferating 
(autologous) cells that are infused back to the patients

•  Hematopoietic stem cell gene therapy
•  CAR T-cell therapy
•  CAR NK-cell therapy
•  Aim in clinical studies: 1-3 lentiviral copies  

(integrations) per host cell genome
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Genetic Therapies

Therapeutic agent:      protein        RNAi

Expression:   permanent     transient

genetic manipulation:      ex vivo       in vivo

target cells:      dividing    nondividing/
   post-mitotic

target organ structure:     hierachical    heterachical

protein (cDNA) polyA 
Pol II 

promotor

shRNA (DNA) 
 AAAAA  

Pol III 
promotor
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Genetic Therapies for Hemophilia A/B

•  x-chromosomal recessive with mutations in FVIII or FIX genes

•  11,000 patients in Germany: 4,000 severe with activities ≤1%

•  factor replacement as standard-of-care therapy

•  treatment costs: appr. 150,000 Euro/patient/year

•  factor production in the liver/hepatocytes (dividing 1-2x/year)

=> in vivo gene delivery with vectors for ‘transient’ expression

FVIII or FIX (cDNA) polyA 
Pol II 

promotor
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Current treatment for haemophilia entails life-long intravenous infusion of clotting factor concentrates. This is
highly effective at controlling and preventing haemorrhage and its associated complications. Clotting factor re-
placement therapy is, however, demanding, exceedingly expensive and not curative. In contrast, gene therapy
for haemophilia offers the potential of a cure as a result of continuous endogenous expression of biologically ac-
tive factor VIII (FVIII) or factor IX (FIX) proteins following stable transfer of a normal copy of the respective gene.
Our group has recently established the first clear proof-of-concept for a gene therapy approach to the treatment
of severe haemophilia B. This entails a single intravenous administration of an adeno-associated virus vector
encoding an optimised FIX gene, resulting in a long-term (N4 years) dose dependent increase in plasma FIX levels
at therapeutic levels without persistent or late toxicity. Gene therapy therefore has the potential to change the
treatment paradigm for haemophilia but several hurdles need to be overcome before this can happen. This re-
view provides a summary of the progress made to date and discusses the remaining changes.

© 2015 Elsevier Ltd. All rights reserved.

1. Historical perspective

Haemophilia A and B are X-linked recessive disorders resulting from
mutations in the gene for blood clotting factor VIII (FVIII) or IX (FIX) re-
spectively. The incidence of haemophilia A is approximately 1 in 10,000,
and that of haemophilia B is 1 in 50,000 live male births. Collectively
they are amongst the most common inherited bleeding disorders in
theWorld. Despite the genetic and biochemical differences, these disor-
ders are indistinguishable clinically with the severity of bleeding symp-
toms varying according to the residual factor activity in a patient's
plasma. Patients with a mild bleeding phenotype have baseline plasma
factor levels in excess of 5% of normal and typically have few spontane-
ous bleeding episodes, but they may have prolonged and even life-
threatening bleeding after trauma or surgery. Over half of the patients
with haemophilia A or B have factor levels of b1% of normal [1]. These
individuals have a severe bleeding phenotype consisting of frequent
spontaneous musculoskeletal and soft tissue haemorrhages in the ab-
sence of treatment. The ankles are most commonly affected in children,
and the knees, elbows, and ankles in adolescents and adults. Chronic
intra-articular bleeding leads to painful haemophilic arthropathy and
eventual loss of joint function associated with chronic pain and
disability.

Until the mid-1960s fresh frozen plasma (FFP) was the mainstay of
treatment for the haemophilias. As plasma contains very small quanti-
ties of factor VIII and factor IX, large volume FFP transfusions were
required to stop bleeding episodes, thus patients were frequently
hospitalised for treatment and ran the risk of congestive cardiac failure
from fluid overload. The ability to prepare cryoprecipitated plasma from
FFP, which is rich in FVIII, in the mid-1960s was an important step
change in themanagement of haemophilia A. Relatively smaller volume
of cryoprecipitatewere required tomanage bleeding episodes, enabling
outpatient based treatment for most patients with haemophilia A.
Cryoprecipitate is still themain treatment inmany parts of the develop-
ing world.

The next transformative treatment change occurred in the 1970s
and 1980s as a consequence of the ability to fractionate both FVIII and
FIX from pooled plasma. The resulting clotting factor concentrates
allowedmore consistent dosing of patients, thus facilitating challenging
surgical procedures and home treatment of bleeding episodes. How-
ever, a great catastrophe beaconed as these clotting factor concentrates
were made by combining thousands of plasma donations. This allowed
rapid transmission of human immunodeficiency virus and hepatitis B
and C to a large proportion of haemophilia patients in the 1980s.
Since then the safety of plasma derived factor concentrates has been
greatly improved by viral screening and inactivation measures. These
changes to plasma processing have effectively eradicated the risk of
hepatitis B, C and human immunodeficiency virus but not all blood
borne pathogens as exemplified by the possible transmission of variant
Creutzfeldt–Jakob [2–4]. The risk of blood borne pathogens has been
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helper virus (usually adeno or herpes virus) for productive infection.
Additionally recombinant vectors are entirely devoid of wild-type viral
genes, thus reducing the potential for invoking cell-mediated immune
response to foreign viral proteins. Two clinical gene therapy trials for
haemophilia B have been performed with AAV vectors based on sero-
type 2, the first serotype to be isolated and fully characterised [20,21,
44]. Thefirst studywas a dose-escalation phase I/II study entailing intra-
muscular injections of AAV2 vector encoding the human FIX gene. Vec-
tor administration was well tolerated with no adverse events but
sustained increase in plasma FIX levels of N1% was not observed in
any of the seven subjects recruited despite immunohistochemical evi-
dence of FIX at the site of injection for over 10 years [20].

In the second study, AAV2 vector containing a liver-specific expres-
sion cassette was infused into the hepatic artery over doses ranging
from 0.8 to 2 × 1012 vg/kg. Vector genomes were transiently detected
in the semen of all patients though there was no evidence of germ line
transmission. The low and intermediate vector doses were safe but
did not result in a detectable increase in plasma FIX levels. At the high
dose level (2× 1012 vg/kg) one subject had higher levels of neutralizing
anti-AAV2 antibodies prior to gene transfer, which appeared to block
successful gene transfer. In the other high dose subject, FIX level in-
creased to around 10% of normal levels at approximately 4 weeks after

vector administration prior to declining to baseline values. This decline
in transgenic protein coincided with a transient 10-fold rise in liver
transaminases, which spontaneously returned to baseline values over
the subsequent weeks, consistent with a self-limiting process. Further
studies have led to the hypothesis that the decline in FIX expression
and the liver toxicity were likely due to capsid-specific cytotoxic T-cell
response directed against the transduced hepatocytes followingpresen-
tation of AAV2 capsid peptide in the context of MHC I molecules (Fig. 2)
[21].

Thus, whilst AAV vectors show promise, immune responses against
the AAV capsid have the potential to limit persistent expression of FIX
in humans.

6. Strategy for long-term FIX expression in patients with severe
haemophilia B

We developed an approach for gene therapy of haemophilia B with
the aim of overcoming some of the obstacles faced by the previous
AAV-based haemophilia B clinical trials. A codon-optimised version of
the human FIX (hFIXco) gene was synthesised to maximise the protein
expression in vivo by increasing the translational efficiency of the FIX
gene. Codons were modified according to the codon usage of highly

Table 1
Vector properties.

Non-viral vectors Retroviral vectors Adenoviral vectors AAV vectors

Packaging capacity Unlimited 8.0 kb 30.0 kb 4.6 kb
Ease of production +++ Lentiviral vectors − No reliable producer

cell lines Oncoretroviral vectors +/−
+/− Cumbersome

Integration into host genome Rarely Yes No Rarely
Duration of expression Usually transient Long term Transient Long term in post mitotic cells
Transduction of post-mitotic cells ++ Lentiviral vectors ++ Oncoretroviral vectors − +++ ++
Pre-existing host immunity None None +++ ++
Safety concerns None Insertional mutagenesis Inflammatory response None
Germ-line transmission None +/− None +/−

Table 2
Haemophilia gene therapy clinical trials.

Summary of phase I/II closed studies

Sponsor Transkaryotic Therapies,
Cambridge, MA, USA

Fudan University, China Chiron Corp,
Emeryville, CA,
USA

GenStar
Therapeutics,
Almeda, CA, USA

Avigen,
Almeda, CA,
USA

Children's Hospital
of Philadelphia, PA,
USA

Inclusion criteria Adults, severe HA Adults, moderate HB Adults, severe HA,
negative for HCV

Adults, severe HA,
low titres of anti-Ad
antibodies

Adults, severe HB Adults, severe HB

Vector Non-viral Oncoretroviral Oncoretroviral Gutless adenoviral ssAAV2/2 ssAAV2/2
Transgene BDD-hFVIII hFIX BDD-hFVIII Full length hFVIII hFIX hFIX
Method of
delivery

Electroporation of
autologous fibroblast
ex-vivo followed by
implantation in omentum

3 monthly intradermal
injections of ex-vivo
modified autologous
fibroblasts

Intravenous injection Peripheral venous
infusion

Intramuscular injection Bolus infusion into
hepatic artery

Safety No significant side
effects

Erroneous detection of
vector genome in semen

No significant side
effect

Elevation of liver enzymes
observed in the first patient

No significant side effect Transient
transaminitis

Peak of transgene
expression

Transient increase in
FVIII activity to a
maximum of 4%

Isolated increase in FVIII
activity at low levels

Transient increase in
FIX activity to
4% (b16 months)

Transient increase in FVIII
activity to 3%

Transient increase in
FIX activity to 1.6%

Transient increase in
FIX activity to 10%
(in 1 patient given
2e12 vg/kg)

Summary of phase I/II opened studies

Sponsor UCL/St Jude Children's Research Hospital,
Memphis, TN, USA

Baxter-Asklepios Biopharmaceutical,
Chapel Hill, NC, USA

SPARK/Children's Hospital of Philadelphia,
PA, USA

Inclusion criteria Adults, severe HB Adults, severe HB Adults, severe HB
Vector scAAV2/8 scAAV2/8 ssAAV2/8
Transgene hFIXco hFIX (Padua) hFIX
Peak of transgene expression Persistent (N4 years) dose-dependent

expression of hFIX at 1–6%
Results awaited Results awaited
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1. Historical perspective

Haemophilia A and B are X-linked recessive disorders resulting from
mutations in the gene for blood clotting factor VIII (FVIII) or IX (FIX) re-
spectively. The incidence of haemophilia A is approximately 1 in 10,000,
and that of haemophilia B is 1 in 50,000 live male births. Collectively
they are amongst the most common inherited bleeding disorders in
theWorld. Despite the genetic and biochemical differences, these disor-
ders are indistinguishable clinically with the severity of bleeding symp-
toms varying according to the residual factor activity in a patient's
plasma. Patients with a mild bleeding phenotype have baseline plasma
factor levels in excess of 5% of normal and typically have few spontane-
ous bleeding episodes, but they may have prolonged and even life-
threatening bleeding after trauma or surgery. Over half of the patients
with haemophilia A or B have factor levels of b1% of normal [1]. These
individuals have a severe bleeding phenotype consisting of frequent
spontaneous musculoskeletal and soft tissue haemorrhages in the ab-
sence of treatment. The ankles are most commonly affected in children,
and the knees, elbows, and ankles in adolescents and adults. Chronic
intra-articular bleeding leads to painful haemophilic arthropathy and
eventual loss of joint function associated with chronic pain and
disability.

Until the mid-1960s fresh frozen plasma (FFP) was the mainstay of
treatment for the haemophilias. As plasma contains very small quanti-
ties of factor VIII and factor IX, large volume FFP transfusions were
required to stop bleeding episodes, thus patients were frequently
hospitalised for treatment and ran the risk of congestive cardiac failure
from fluid overload. The ability to prepare cryoprecipitated plasma from
FFP, which is rich in FVIII, in the mid-1960s was an important step
change in themanagement of haemophilia A. Relatively smaller volume
of cryoprecipitatewere required tomanage bleeding episodes, enabling
outpatient based treatment for most patients with haemophilia A.
Cryoprecipitate is still themain treatment inmany parts of the develop-
ing world.

The next transformative treatment change occurred in the 1970s
and 1980s as a consequence of the ability to fractionate both FVIII and
FIX from pooled plasma. The resulting clotting factor concentrates
allowedmore consistent dosing of patients, thus facilitating challenging
surgical procedures and home treatment of bleeding episodes. How-
ever, a great catastrophe beaconed as these clotting factor concentrates
were made by combining thousands of plasma donations. This allowed
rapid transmission of human immunodeficiency virus and hepatitis B
and C to a large proportion of haemophilia patients in the 1980s.
Since then the safety of plasma derived factor concentrates has been
greatly improved by viral screening and inactivation measures. These
changes to plasma processing have effectively eradicated the risk of
hepatitis B, C and human immunodeficiency virus but not all blood
borne pathogens as exemplified by the possible transmission of variant
Creutzfeldt–Jakob [2–4]. The risk of blood borne pathogens has been
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FVIII expression has been achieved in factor VIII knockout mice after
transplantation of HSC transduced ex-vivo by lentiviral vectors
encoding a hybrid human–porcine FVIII transgene [30]. Expression
Therapeutics of Atlanta, USA is planning to advance this approach to
the clinic. In another elegant study, platelet-specific expression of
human FVIII following ex-vivo transduction of HSC with lentiviral
vectors encoding FVIII under the control of a platelet-specific promoter
resulted in effective haemostasis in mice, even in animals with inhibi-
tors. This is in part due to the ability of gene-modified platelet to release
the transgenic FVIII locally at the site of injury from stores in the alpha
granules following platelet activation [31–33]. Large animal studies
with this approach also show promise [33]. Naldini and colleagues
have developed an elegant lentiviral vectors based approach tomediate
stable transduction of the liver and amelioration of the bleeding diathe-
sis in murine and canine models of haemophilia without provoking the
induction of neutralising antibodies to clotting factors using transcrip-
tional and post transcriptional regulation [34]. Further validation of
this approach in humans is awaited.

10. Affordability of gene therapy

The majority of haemophilia patients receive no or only sporadic
treatment and are condemned to shortened lives of pain and disability.
This is in large part because the cost of prophylactic treatment with fac-
tor concentrates is high and in excess of £100,000 for an adult per year.
This cannot be afforded by the majority of the World's haemophiliacs
[63]. The cost of haemophilia gene therapy is not yet known with
several factors likely to influence the eventual price. For instance signif-
icant efficiencies in vector production will likely reduce the cost of
manufacturing. The type of companies bringing haemophilia gene ther-
apy to market will also be an important consideration with companies
new to the haemophilia market more likely to put an affordable price
tag on gene therapy in order to compete with current standard of care
with clotting factor concentrates to gain a significant market share.
Irrespective, most companies are likely to argue that successful gene
therapy offers the advantage of continuous endogenous expression of
clotting factor which will eliminate breakthrough bleeding and micro-
haemorrhages thereby reducing comorbidities and the need for fre-
quent medical interventionswhilst improving quality of life, thus yield-
ing significant savings for the health care system. Therefore, it is likely
that gene therapy will command a high price, at least initially, in order
to recoup development costs but if appropriately managed gene
therapy has the potential to be affordable.

11. Conclusion

The availability of convincing evidence of long-term expression of
transgenic FIX at therapeutic levels resulting in amelioration of the
bleeding diathesis following AAV mediated gene transfer is an impor-
tant step to the eventual licensure of gene therapy for haemophilia.
Whilst, several obstacles still remain, the current rate of progress in
this field suggests that a licenced gene therapy product will be com-
mercially available over the next decade. This will like change the
treatment paradigm for patients with severe haemophilia and, in ad-
dition, facilitate the development of gene therapy for other disorders
affecting the liver where treatment options are limited or non-
existent.
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Choice of Vector System

strong T- & B-cell responses

Direct intravenous injection of plasmid DNA
•  ‘hydrodynamic’ injection of plasmid DNA in mice (30g): 

5-25µg DNA in volume (8-12% of body weight) i.v. in ≤30sec 
=> 40% gene transfer in hepatocytes but also high mortality

•  human (75kg): 12-62 mg DNA in 7.5L infusion i.v. in ≤30sec
•  injection of plasmid DNA complexed with liver-targeting  

polycathions (anti-ASGPR) e.g. JetPEI-hepatocyte™  
=> no gene transfer into hepatocyte reported/observed

Liu et al. Gene Ther 1999, Ehrhardt et al. Hum Gene Ther 2003
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1. Historical perspective

Haemophilia A and B are X-linked recessive disorders resulting from
mutations in the gene for blood clotting factor VIII (FVIII) or IX (FIX) re-
spectively. The incidence of haemophilia A is approximately 1 in 10,000,
and that of haemophilia B is 1 in 50,000 live male births. Collectively
they are amongst the most common inherited bleeding disorders in
theWorld. Despite the genetic and biochemical differences, these disor-
ders are indistinguishable clinically with the severity of bleeding symp-
toms varying according to the residual factor activity in a patient's
plasma. Patients with a mild bleeding phenotype have baseline plasma
factor levels in excess of 5% of normal and typically have few spontane-
ous bleeding episodes, but they may have prolonged and even life-
threatening bleeding after trauma or surgery. Over half of the patients
with haemophilia A or B have factor levels of b1% of normal [1]. These
individuals have a severe bleeding phenotype consisting of frequent
spontaneous musculoskeletal and soft tissue haemorrhages in the ab-
sence of treatment. The ankles are most commonly affected in children,
and the knees, elbows, and ankles in adolescents and adults. Chronic
intra-articular bleeding leads to painful haemophilic arthropathy and
eventual loss of joint function associated with chronic pain and
disability.

Until the mid-1960s fresh frozen plasma (FFP) was the mainstay of
treatment for the haemophilias. As plasma contains very small quanti-
ties of factor VIII and factor IX, large volume FFP transfusions were
required to stop bleeding episodes, thus patients were frequently
hospitalised for treatment and ran the risk of congestive cardiac failure
from fluid overload. The ability to prepare cryoprecipitated plasma from
FFP, which is rich in FVIII, in the mid-1960s was an important step
change in themanagement of haemophilia A. Relatively smaller volume
of cryoprecipitatewere required tomanage bleeding episodes, enabling
outpatient based treatment for most patients with haemophilia A.
Cryoprecipitate is still themain treatment inmany parts of the develop-
ing world.

The next transformative treatment change occurred in the 1970s
and 1980s as a consequence of the ability to fractionate both FVIII and
FIX from pooled plasma. The resulting clotting factor concentrates
allowedmore consistent dosing of patients, thus facilitating challenging
surgical procedures and home treatment of bleeding episodes. How-
ever, a great catastrophe beaconed as these clotting factor concentrates
were made by combining thousands of plasma donations. This allowed
rapid transmission of human immunodeficiency virus and hepatitis B
and C to a large proportion of haemophilia patients in the 1980s.
Since then the safety of plasma derived factor concentrates has been
greatly improved by viral screening and inactivation measures. These
changes to plasma processing have effectively eradicated the risk of
hepatitis B, C and human immunodeficiency virus but not all blood
borne pathogens as exemplified by the possible transmission of variant
Creutzfeldt–Jakob [2–4]. The risk of blood borne pathogens has been
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helper virus (usually adeno or herpes virus) for productive infection.
Additionally recombinant vectors are entirely devoid of wild-type viral
genes, thus reducing the potential for invoking cell-mediated immune
response to foreign viral proteins. Two clinical gene therapy trials for
haemophilia B have been performed with AAV vectors based on sero-
type 2, the first serotype to be isolated and fully characterised [20,21,
44]. Thefirst studywas a dose-escalation phase I/II study entailing intra-
muscular injections of AAV2 vector encoding the human FIX gene. Vec-
tor administration was well tolerated with no adverse events but
sustained increase in plasma FIX levels of N1% was not observed in
any of the seven subjects recruited despite immunohistochemical evi-
dence of FIX at the site of injection for over 10 years [20].

In the second study, AAV2 vector containing a liver-specific expres-
sion cassette was infused into the hepatic artery over doses ranging
from 0.8 to 2 × 1012 vg/kg. Vector genomes were transiently detected
in the semen of all patients though there was no evidence of germ line
transmission. The low and intermediate vector doses were safe but
did not result in a detectable increase in plasma FIX levels. At the high
dose level (2× 1012 vg/kg) one subject had higher levels of neutralizing
anti-AAV2 antibodies prior to gene transfer, which appeared to block
successful gene transfer. In the other high dose subject, FIX level in-
creased to around 10% of normal levels at approximately 4 weeks after

vector administration prior to declining to baseline values. This decline
in transgenic protein coincided with a transient 10-fold rise in liver
transaminases, which spontaneously returned to baseline values over
the subsequent weeks, consistent with a self-limiting process. Further
studies have led to the hypothesis that the decline in FIX expression
and the liver toxicity were likely due to capsid-specific cytotoxic T-cell
response directed against the transduced hepatocytes followingpresen-
tation of AAV2 capsid peptide in the context of MHC I molecules (Fig. 2)
[21].

Thus, whilst AAV vectors show promise, immune responses against
the AAV capsid have the potential to limit persistent expression of FIX
in humans.

6. Strategy for long-term FIX expression in patients with severe
haemophilia B

We developed an approach for gene therapy of haemophilia B with
the aim of overcoming some of the obstacles faced by the previous
AAV-based haemophilia B clinical trials. A codon-optimised version of
the human FIX (hFIXco) gene was synthesised to maximise the protein
expression in vivo by increasing the translational efficiency of the FIX
gene. Codons were modified according to the codon usage of highly

Table 1
Vector properties.

Non-viral vectors Retroviral vectors Adenoviral vectors AAV vectors

Packaging capacity Unlimited 8.0 kb 30.0 kb 4.6 kb
Ease of production +++ Lentiviral vectors − No reliable producer

cell lines Oncoretroviral vectors +/−
+/− Cumbersome

Integration into host genome Rarely Yes No Rarely
Duration of expression Usually transient Long term Transient Long term in post mitotic cells
Transduction of post-mitotic cells ++ Lentiviral vectors ++ Oncoretroviral vectors − +++ ++
Pre-existing host immunity None None +++ ++
Safety concerns None Insertional mutagenesis Inflammatory response None
Germ-line transmission None +/− None +/−

Table 2
Haemophilia gene therapy clinical trials.

Summary of phase I/II closed studies

Sponsor Transkaryotic Therapies,
Cambridge, MA, USA

Fudan University, China Chiron Corp,
Emeryville, CA,
USA

GenStar
Therapeutics,
Almeda, CA, USA

Avigen,
Almeda, CA,
USA

Children's Hospital
of Philadelphia, PA,
USA

Inclusion criteria Adults, severe HA Adults, moderate HB Adults, severe HA,
negative for HCV

Adults, severe HA,
low titres of anti-Ad
antibodies

Adults, severe HB Adults, severe HB

Vector Non-viral Oncoretroviral Oncoretroviral Gutless adenoviral ssAAV2/2 ssAAV2/2
Transgene BDD-hFVIII hFIX BDD-hFVIII Full length hFVIII hFIX hFIX
Method of
delivery

Electroporation of
autologous fibroblast
ex-vivo followed by
implantation in omentum

3 monthly intradermal
injections of ex-vivo
modified autologous
fibroblasts

Intravenous injection Peripheral venous
infusion

Intramuscular injection Bolus infusion into
hepatic artery

Safety No significant side
effects

Erroneous detection of
vector genome in semen

No significant side
effect

Elevation of liver enzymes
observed in the first patient

No significant side effect Transient
transaminitis

Peak of transgene
expression

Transient increase in
FVIII activity to a
maximum of 4%

Isolated increase in FVIII
activity at low levels

Transient increase in
FIX activity to
4% (b16 months)

Transient increase in FVIII
activity to 3%

Transient increase in
FIX activity to 1.6%

Transient increase in
FIX activity to 10%
(in 1 patient given
2e12 vg/kg)

Summary of phase I/II opened studies

Sponsor UCL/St Jude Children's Research Hospital,
Memphis, TN, USA

Baxter-Asklepios Biopharmaceutical,
Chapel Hill, NC, USA

SPARK/Children's Hospital of Philadelphia,
PA, USA

Inclusion criteria Adults, severe HB Adults, severe HB Adults, severe HB
Vector scAAV2/8 scAAV2/8 ssAAV2/8
Transgene hFIXco hFIX (Padua) hFIX
Peak of transgene expression Persistent (N4 years) dose-dependent

expression of hFIX at 1–6%
Results awaited Results awaited
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Current treatment for haemophilia entails life-long intravenous infusion of clotting factor concentrates. This is
highly effective at controlling and preventing haemorrhage and its associated complications. Clotting factor re-
placement therapy is, however, demanding, exceedingly expensive and not curative. In contrast, gene therapy
for haemophilia offers the potential of a cure as a result of continuous endogenous expression of biologically ac-
tive factor VIII (FVIII) or factor IX (FIX) proteins following stable transfer of a normal copy of the respective gene.
Our group has recently established the first clear proof-of-concept for a gene therapy approach to the treatment
of severe haemophilia B. This entails a single intravenous administration of an adeno-associated virus vector
encoding an optimised FIX gene, resulting in a long-term (N4 years) dose dependent increase in plasma FIX levels
at therapeutic levels without persistent or late toxicity. Gene therapy therefore has the potential to change the
treatment paradigm for haemophilia but several hurdles need to be overcome before this can happen. This re-
view provides a summary of the progress made to date and discusses the remaining changes.

© 2015 Elsevier Ltd. All rights reserved.

1. Historical perspective

Haemophilia A and B are X-linked recessive disorders resulting from
mutations in the gene for blood clotting factor VIII (FVIII) or IX (FIX) re-
spectively. The incidence of haemophilia A is approximately 1 in 10,000,
and that of haemophilia B is 1 in 50,000 live male births. Collectively
they are amongst the most common inherited bleeding disorders in
theWorld. Despite the genetic and biochemical differences, these disor-
ders are indistinguishable clinically with the severity of bleeding symp-
toms varying according to the residual factor activity in a patient's
plasma. Patients with a mild bleeding phenotype have baseline plasma
factor levels in excess of 5% of normal and typically have few spontane-
ous bleeding episodes, but they may have prolonged and even life-
threatening bleeding after trauma or surgery. Over half of the patients
with haemophilia A or B have factor levels of b1% of normal [1]. These
individuals have a severe bleeding phenotype consisting of frequent
spontaneous musculoskeletal and soft tissue haemorrhages in the ab-
sence of treatment. The ankles are most commonly affected in children,
and the knees, elbows, and ankles in adolescents and adults. Chronic
intra-articular bleeding leads to painful haemophilic arthropathy and
eventual loss of joint function associated with chronic pain and
disability.

Until the mid-1960s fresh frozen plasma (FFP) was the mainstay of
treatment for the haemophilias. As plasma contains very small quanti-
ties of factor VIII and factor IX, large volume FFP transfusions were
required to stop bleeding episodes, thus patients were frequently
hospitalised for treatment and ran the risk of congestive cardiac failure
from fluid overload. The ability to prepare cryoprecipitated plasma from
FFP, which is rich in FVIII, in the mid-1960s was an important step
change in themanagement of haemophilia A. Relatively smaller volume
of cryoprecipitatewere required tomanage bleeding episodes, enabling
outpatient based treatment for most patients with haemophilia A.
Cryoprecipitate is still themain treatment inmany parts of the develop-
ing world.

The next transformative treatment change occurred in the 1970s
and 1980s as a consequence of the ability to fractionate both FVIII and
FIX from pooled plasma. The resulting clotting factor concentrates
allowedmore consistent dosing of patients, thus facilitating challenging
surgical procedures and home treatment of bleeding episodes. How-
ever, a great catastrophe beaconed as these clotting factor concentrates
were made by combining thousands of plasma donations. This allowed
rapid transmission of human immunodeficiency virus and hepatitis B
and C to a large proportion of haemophilia patients in the 1980s.
Since then the safety of plasma derived factor concentrates has been
greatly improved by viral screening and inactivation measures. These
changes to plasma processing have effectively eradicated the risk of
hepatitis B, C and human immunodeficiency virus but not all blood
borne pathogens as exemplified by the possible transmission of variant
Creutzfeldt–Jakob [2–4]. The risk of blood borne pathogens has been
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FVIII expression has been achieved in factor VIII knockout mice after
transplantation of HSC transduced ex-vivo by lentiviral vectors
encoding a hybrid human–porcine FVIII transgene [30]. Expression
Therapeutics of Atlanta, USA is planning to advance this approach to
the clinic. In another elegant study, platelet-specific expression of
human FVIII following ex-vivo transduction of HSC with lentiviral
vectors encoding FVIII under the control of a platelet-specific promoter
resulted in effective haemostasis in mice, even in animals with inhibi-
tors. This is in part due to the ability of gene-modified platelet to release
the transgenic FVIII locally at the site of injury from stores in the alpha
granules following platelet activation [31–33]. Large animal studies
with this approach also show promise [33]. Naldini and colleagues
have developed an elegant lentiviral vectors based approach tomediate
stable transduction of the liver and amelioration of the bleeding diathe-
sis in murine and canine models of haemophilia without provoking the
induction of neutralising antibodies to clotting factors using transcrip-
tional and post transcriptional regulation [34]. Further validation of
this approach in humans is awaited.

10. Affordability of gene therapy

The majority of haemophilia patients receive no or only sporadic
treatment and are condemned to shortened lives of pain and disability.
This is in large part because the cost of prophylactic treatment with fac-
tor concentrates is high and in excess of £100,000 for an adult per year.
This cannot be afforded by the majority of the World's haemophiliacs
[63]. The cost of haemophilia gene therapy is not yet known with
several factors likely to influence the eventual price. For instance signif-
icant efficiencies in vector production will likely reduce the cost of
manufacturing. The type of companies bringing haemophilia gene ther-
apy to market will also be an important consideration with companies
new to the haemophilia market more likely to put an affordable price
tag on gene therapy in order to compete with current standard of care
with clotting factor concentrates to gain a significant market share.
Irrespective, most companies are likely to argue that successful gene
therapy offers the advantage of continuous endogenous expression of
clotting factor which will eliminate breakthrough bleeding and micro-
haemorrhages thereby reducing comorbidities and the need for fre-
quent medical interventionswhilst improving quality of life, thus yield-
ing significant savings for the health care system. Therefore, it is likely
that gene therapy will command a high price, at least initially, in order
to recoup development costs but if appropriately managed gene
therapy has the potential to be affordable.

11. Conclusion

The availability of convincing evidence of long-term expression of
transgenic FIX at therapeutic levels resulting in amelioration of the
bleeding diathesis following AAV mediated gene transfer is an impor-
tant step to the eventual licensure of gene therapy for haemophilia.
Whilst, several obstacles still remain, the current rate of progress in
this field suggests that a licenced gene therapy product will be com-
mercially available over the next decade. This will like change the
treatment paradigm for patients with severe haemophilia and, in ad-
dition, facilitate the development of gene therapy for other disorders
affecting the liver where treatment options are limited or non-
existent.
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AAV Nanoparticles as Vectors

•  Adeno-Associated Viruses are single-stranded non-enveloped DNA parvoviruses
•  genome size is a single 4.7 kB DNA with multifunctional Rep and Capsid proteins 
•  different AAV serotypes with sizes of ~25 nm have different tissue preferences
•  AAV1, 2, 6, 8, 9 serotypes used in >100 clinical trials
•  no clear/proven association of the wild-type viruses with diseases in mammalscapsids. The N0-terminal extensions of VP2 and VP1 are

buried inside the capsid [8]. They contain domains re-
quired for viral infectivity [8] that become exposed
through the above-mentioned pores during cell infection
(Figure 2). Comparison of AAV1-9 revealed that sero-
types are remarkably similar in structure (95-99%), while
differing in amino acid sequence [9!]. Since these differ-
ences have developed during natural evolution, they are
mainly located on exposed capsid regions/protrusions that
harbor — as mentioned — residues critically influencing
viral infectivity [9!].

Here, we will summarize the basic principles and discuss
recent progress made in the engineering of this vector
system. Traditionally, these attempts are mainly focussing
on the viral capsid, that is the predominant interface with

the host, to improve efficiency of transduction, re-direct
AAV particles towards novel, non-natural receptors or
facilitate AAV’s escape from host immune responses. In
this way, host–vector interactions are tailored to optimize
efficiency of gene transfer, lower vector dose and reduce
the amount of ‘foreign’ components presented to the
immune system. As an important spin-off, this research
area in addition contributes to decipher AAV’s infection
biology by identifying barriers towards transduction with
natural occurring serotypes.

AAV and its journey to the nucleus
Primates are natural hosts for AAV with liver and spleen
being the predominant sites of infection [2]. Biodistri-
bution studies revealed a similar tropism for AAV vec-
tors [10]. Knowledge on AAV’s host interactions on the

AAV capsid modification Büning et al. 95
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Schematic representation of AAV using AAV2 as example. Adeno-Associated Viruses (AAV) are composed of a single-stranded DNA genome and
a protein capsid of 25 nm. The viral genome is flanked by inverted terminal repeats (ITR), which serve as packaging signal and origin of
replication. The rep open reading frame (ORF) encodes a family of multifunctional proteins (Rep proteins) responsible for transcription, replication
and packaging of viral genomes, while information for the Assembly Activating Protein (AAP) and the viral capsid proteins (VP = viral proteins) are
contained within the cap/aap ORF. Capsid assembly is initiated by AAP in the nucleus [56]. The common VP3 region of each of the three capsid
proteins contribute in 1 (VP1 (90 kDa)): 1 (VP2 (72 kDa)): 10 (VP3 (60 kDa)) ratio to the icosahedral capsid. The N0-terminal extensions of 65 amino
acids for VP2 and further 137 amino acids for VP1 are buried inside the capsid and contain functional domains such as nuclear localization signals
or a phospholipase A2 homology domain (in the VP1 unique region) [15]. Protrusions are formed at the 3-fold and pores at the 5-fold symmetry
axes [7]. Marked are the tip of the highest (blue, 453) and second-highest (green, 587) protrusions and the N0-terminus of VP2. These positions
accept peptide insertions without disturbing capsid assembly and are thus explored in cell entry targeting (see below). Upon AAV’s use as vector,
viral ORFs are replaced by the transgene expression cassette containing the gene of interest flanked by control elements. In AAV vectors either
single-stranded DNA genomes of approximately 4.7 kB or self-complementary vector genomes (half of coding sequence) are packaged. Self-
complementary genomes deliver the sense and anti-sense version on a single DNA separated by an additional ITR [1!]. Upon release of vector
genomes a DNA double-strand is formed that serves as template for transcription overcoming thereby the limitation of second-strand synthesis.
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cellular level is still incomplete. However, although
AAV serotypes differ in receptors used for cell binding
and uptake, a common scheme for the following steps of
cell infection can be assumed (Figure 2): Initial cell
contact is mediated by low-affinity binding to glycans
[11] thereby increasing cellular contact time. This in-
teraction is stabilized by co-receptor binding and primes
the capsid for binding to internalization receptors [7].
Uptake is mediated by endocytosis, although additional
entry routes have been observed [12,13]. AAV-contain-
ing endosomes are then moved from the periphery
towards the microtubuli organization center located in
the vicinity of the cell nucleus [14]. As endosomal
vesicles maturate a drop in pH leads to exposure of

functional domains required for endosomal release
and nuclear delivery such as nuclear localization
sequences and a phospholipase A2 (PLA2) homology
domain located at the N0-terminus of VP1 [15,17,18!].
Once released from the endosome, capsids are targets
for ubiquitination that mark particles for degradation
[19]. Those particles escaping degradation accumulate
in the nuclear area and are transported — in part as
intact particles — into the nucleus. Genome release may
occur at the nuclear pore, during nuclear entry or within
the nucleus [16]. Once released single-stranded vector
genomes have to be converted into a double-stranded
DNA conformation before transcription  is initiated. In
order to enhance efficiency of this process, so-called
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Cell infection by AAV2. Microscopically, multiple cell surface contacts, each lasting for approximately 62 ms, are detected, which mirror AAV2’s
interaction with HSPG, its primary receptor [57,58]. This low-affinity binding not only increases the contact time between virus and cell, but primes
the capsid — through a conformation change — for binding to the internalization receptors avb5 or alternatively a5b1 integrin [7,59,60]. This
interaction induces clathrin-coated pit formation and uptake through endocytosis, and in addition, a rearrangement of the cytoskeleton. AAV2 is
then transported within endosomes along the cytoskeleton. Acidification of the endosomal compartment, a feature of endosomal maturation,
induces a second conformational change, which results in relocation of the N-termini of VP1 (and possibly VP2). Domains contained within these
N0-termini mediate endosomal release and nuclear delivery of AAV. Details of the uncoating process are as of yet unknown. Progeny production
requires the presence of a helper virus. In the absence of a helper virus, AAV establishes a latent infection. In case of AAV vectors, transgene
expression is regulated by the co-delivered promoter once a double-stranded DNA genome has been formed.
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capsids. The N0-terminal extensions of VP2 and VP1 are
buried inside the capsid [8]. They contain domains re-
quired for viral infectivity [8] that become exposed
through the above-mentioned pores during cell infection
(Figure 2). Comparison of AAV1-9 revealed that sero-
types are remarkably similar in structure (95-99%), while
differing in amino acid sequence [9!]. Since these differ-
ences have developed during natural evolution, they are
mainly located on exposed capsid regions/protrusions that
harbor — as mentioned — residues critically influencing
viral infectivity [9!].

Here, we will summarize the basic principles and discuss
recent progress made in the engineering of this vector
system. Traditionally, these attempts are mainly focussing
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Schematic representation of AAV using AAV2 as example. Adeno-Associated Viruses (AAV) are composed of a single-stranded DNA genome and
a protein capsid of 25 nm. The viral genome is flanked by inverted terminal repeats (ITR), which serve as packaging signal and origin of
replication. The rep open reading frame (ORF) encodes a family of multifunctional proteins (Rep proteins) responsible for transcription, replication
and packaging of viral genomes, while information for the Assembly Activating Protein (AAP) and the viral capsid proteins (VP = viral proteins) are
contained within the cap/aap ORF. Capsid assembly is initiated by AAP in the nucleus [56]. The common VP3 region of each of the three capsid
proteins contribute in 1 (VP1 (90 kDa)): 1 (VP2 (72 kDa)): 10 (VP3 (60 kDa)) ratio to the icosahedral capsid. The N0-terminal extensions of 65 amino
acids for VP2 and further 137 amino acids for VP1 are buried inside the capsid and contain functional domains such as nuclear localization signals
or a phospholipase A2 homology domain (in the VP1 unique region) [15]. Protrusions are formed at the 3-fold and pores at the 5-fold symmetry
axes [7]. Marked are the tip of the highest (blue, 453) and second-highest (green, 587) protrusions and the N0-terminus of VP2. These positions
accept peptide insertions without disturbing capsid assembly and are thus explored in cell entry targeting (see below). Upon AAV’s use as vector,
viral ORFs are replaced by the transgene expression cassette containing the gene of interest flanked by control elements. In AAV vectors either
single-stranded DNA genomes of approximately 4.7 kB or self-complementary vector genomes (half of coding sequence) are packaged. Self-
complementary genomes deliver the sense and anti-sense version on a single DNA separated by an additional ITR [1!]. Upon release of vector
genomes a DNA double-strand is formed that serves as template for transcription overcoming thereby the limitation of second-strand synthesis.
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a) binding to the internalization  
    receptors αVβ5 or α5β1 

b) uptake through endocytosis

c) transport within endosomes along the cytoskeleton

d) endosomal release

e) direct nuclear DNA
    delivery by capsid

Finally, the first treated subject in the low-dose cohort showed no
detectable FIX activity whereas FIX activity remains stable at 3%
in Subject 2 (thus, antigen levelsmust be <1%of normal). The rea-
sons behind the differences in the outcome of these two some-
what similar trials (both utilized the same AAV8 capsid and a
self-complementary genome configuration) remain to be deter-
mined. A potential explanation could lie in differences (however
minor) in vector design ormanufacturing,whichmaysignificant-
ly alter the kind and/or the magnitude of the immune response.
This underscores the need to develop relevant pre-clinical

models to build a more complete understanding of vector im-
munogenicity associated thus far with AAV gene delivery in
humans.

The T-cell response against the capsid is not the only limita-
tion that the immune system imposes on AAV-based treatments
for hemophilia. As mentioned above, even low levels of pre-
existing circulating NAbs against the vector can completely
inhibit liver transduction after systemic administration (28).
This means that as many as 40% of adult hemophilia B patients
may be ineligible to participate in liver-directed AAV trials.

Figure 1. Potential limitations in AAV therapy. (A) All viral sequences except the ITRs are replaced byan expression cassette, with amaximumcapacity of around 4.7 kb. (B)
Thus far, the AAV-based hemophilia trials have targeted either the muscle or the liver. Pre-existing anti-AAV neutralizing antibodies, even at modest titers, are able to
prevent successful transduction after vector administration through the circulation. As a consequence, as many as 40% of adult hemophilia patients may be ineligible to
participate in liver-directed AAV trials. (C) Once within the cell nucleus, the majority of AAV genomes are stabilized predominantly in an episomal form, which makes
them susceptible to dilution if the cell divides. Episomes will integrate at a very low frequency and thus the potential risk of insertional mutagenesis exists. The capsid
proteins presented on the cell surface may also flag the transduced cells for destruction. (D) Finally, a humoral immune response against the transgene product, the AAV
capsid or both may be mounted.
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AAV Nanoparticles as Vectors

rAAV gene therapy strategies
Gene replacement. This strategy aims to deliver a gene 
product to compensate for loss-of-function mutations. 
Gene replacement is suitable for treating recessive mono-
genic diseases and has enjoyed the most clinical success, 
as demonstrated by Glybera and Luxturna. Glybera is a 
rAAV1-based platform that delivers a hyperactive form 
of the gene encoding lipoprotein lipase (LPL) to treat 
LPL deficiency194. The benefit of using a hyperactive 
variant is that vector potency is increased, enabling a 
reduction in the vector dose. This not only eases manu-
facturing burdens but also reduces capsid immunity, as 
discussed below. Luxturna is an AAV2-based platform 
that delivers an RPE65 gene cassette to treat retinal dys-
trophy caused by biallelic mutations in RPE65 (REF.182). 
Both Glybera and Luxturna are administered locally to 
the muscle and eye, respectively. AAV vectors derived 
from AAV1 and AAV2 are still being pursued in some 
clinical studies aiming to deliver transgenes locally to 
the muscle, eye or brain (TABLE 1). However, both cap-
sids have limited capacity to achieve widespread gene 
 delivery following systemic injection.

In the early 2000s, the discovery of a novel family of 
naturally occurring primate AAV serotypes and variants 
greatly expanded the toolbox of capsids to achieve much 
more widespread transgene delivery following intravas-
cular injection63,64. Several ongoing gene replacement 
clinical trials take advantage of these newer capsids and 
have demonstrated promising therapeutic outcomes, 
including trials for haemophilia A and haemophilia B 
(targeting liver), DMD (targeting whole body muscle) 
and SMA (targeting the broad CNS, including the spinal 
cord) (TABLE 1). Restoration of protein production at a 
fraction of normal physiological levels can in many cases 
alleviate the disease. In many disorders, the delivery of 
functional transgenes to only a subset of cells within an 
affected tissue is sufficient.

Gene silencing. In contrast to gene replacement, gene 
silencing mainly tackles monogenic diseases caused by 
gain-of-toxicity mutations, such as Huntington disease. 
Owing to their potency for inhibiting gene expression, 
RNAi strategies currently dominate rAAV-based gene 
silencing platforms. However, compared with the rapidly 

advancing synthetic RNAi therapeutics, rAAV-based 
RNAi therapies mostly remain under preclinical devel-
op ment195. Gene silencing often has to occur with high 
tissue penetrance to achieve meaningful therapeutic  
outcomes, a challenge for AAV vectors with certain target 
organs, such as the human brain. In addition, high levels 
of Pol III-driven shRNAs may overwhelm the endogen-
ous miRNA biogenesis pathway, leading to toxicity137. 
Off-target silencing by RNAi is another safety concern. 
Although embedding shRNAs in an amiR scaffold that 
is transcribed by a Pol II promoter can significantly 
reduce off-target silencing, as well as generate toler-
able amounts of small interfering RNA (siRNA) mol-
ecules138–142, RNAi efficacy may be reduced. Regardless 
of how the shRNA is constructed and expressed, the 
short hairpin DNA structure that encodes the shRNA 
was recently shown to cause truncated rAAV genomes 
during vector production and can compromise vector 
genome homo geneity196. Interestingly, engineering pri-
miR-33 to express siRNAs not only improves rAAV 
genome integrity but also reduces toxicities associated 
with off-target silencing and/or satura tion of endo-
genous RNAi machinery197. Importantly, amiRs derived 
from the pri-miR-33 scaffold have RNAi efficacies that 
are comparable to Pol III-driven shRNAs197.

In addition to RNAi, the recently reported Cas13 
family of proteins provides another means to silence 
gene expression at the mRNA level198,199. These pro-
teins possess potent RNA-guided ribonuclease activ-
ity and appear to be more specific than RNAi. At the 
transcriptional level, gene expression can be silenced 
by a CRISPR–Cas9 repressor delivered by dual AAV 
vectors200. However, the translational uses of CRISPR–
Cas will face several obstacles including rAAV packag-
ing size limitations and immune responses against the 
bacteria-derived foreign protein165,201,202.

Gene addition. Beyond monogenic diseases, rAAV- 
mediated gene therapy has the potential to tackle com-
plex genetic diseases and acquired diseases by gene 
addition. Human diseases, such as heart failure and 
infectious diseases, represent some of the most urgent 
unmet medi cal needs. Gene addition can modulate 
these diseases in multiple ways, such as supplying 
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Fig. 4 | Overview of rAAV interventional gene therapy clinical trials. The data set is from ClinicalTrials.gov, accessed on 
13 November 2018. The 145 registered trials are categorized on the basis of adeno-associated virus (AAV) capsid serotype 
(part a), primary tissue target for gene delivery (part b) and clinical trial phase (part c). rAAV, recombinant AAV.
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Adeno-associated virus (AAV) was first discovered from 
laboratory adenovirus (AdV) preparations in the mid-
1960s1,2 and found in human tissues soon after3. Driven 
by pure scientific curiosity and without realizing its tre-
mendous potential as a human gene therapy platform, 
a few research groups embarked on a journey to under-
stand basic AAV biology4–6. During the first 15–20 years 
of AAV research, several important aspects of AAV were 
characterized, including its genome configuration and 
composition7–10, DNA replication and transcription11–13, 
infectious latency14–19 and virion assembly20. These 
achievements collectively fostered the successful cloning 
of the wild-type AAV2 sequence into plasmids, which 
enabled genetic studies21,22 and sequencing of the entire 
AAV2 genome23. These early investigations provided 
fundamental knowledge that led to the use of AAV as 
a gene delivery vehicle (FIG. 1). Since the advent of AAV 
vectors, their use as a biotherapy has also advanced our 
understanding of virus–host interactions that govern the 
transduction pathway of AAV (FIG. 2).

Today, recombinant AAVs (rAAVs) are the leading 
platform for in vivo delivery of gene therapies. The 
first rAAV gene therapy product, alipogene tiparvovec 
(Glybera), was approved by the European Medicines 
Agency to treat lipoprotein lipase deficiency in 2012 
(REF.24), while the approval of voretigene neparvovec-rzyl 
(Luxturna), the first rAAV gene therapy product 
licensed in the United States, followed 5 years later. 
Although the clinical success of rAAV gene therapy 
is encouraging, we must acknowledge the limitations 
and challenges of this gene delivery platform, which 
include issues with rAAV manufacturing and immuno-
logical barriers to delivery25. These challenges are  
being addressed by a growing field that encompasses 
 multidisciplinary expertise.

In this article, we aim to provide an overview of 
the use of AAV vectors to deliver therapeutic trans-
genes. We briefly introduce basic AAV biology and 
vectorology, describe general vector design principles 
and summarize current therapeutic strategies and 
clinical progress. Existing challenges, as well as recent 
advances that have helped to transition these promis-
ing drug platforms to the bedside, are discussed. While 
other viral and non-viral vectors have also played 
substantial roles in the advancement of gene and cell 
therapy, their discussion is beyond the scope of this 
article, and we refer readers to relevant review articles 
on these topics26–28.

Fundamentals of AAV and vectorology
AAV as a virus
AAV belongs to the genus Dependoparvovirus within 
the family Parvoviridae. Its life cycle is dependent  
on the presence of a helper virus, such as AdV, hence 
its name and taxonomy classification. AAV is found 
in multiple vertebrate species, including human and 
non-human primates (NHPs). The current consensus 
is that AAV does not cause any human diseases. It is 
composed of an icosahedral protein capsid of ~26 nm 
in diameter and a single-stranded DNA genome of 
~4.7 kb that can either be the plus (sense) or minus 
(anti-sense) strand29. The capsid comprises three 
types of subunit, VP1, VP2 and VP3, totalling 60 cop-
ies in a ratio of 1:1:10 (VP1:VP2:VP3). The genome 
is flanked by two T-shaped inverted terminal repeats 
(ITRs) at the ends that largely serve as the viral origins 
of replication and the packaging signal. The rep gene 
encodes four proteins required for viral replication; 
they are named after their molecular masses: Rep78, 
Rep68, Rep52 and Rep40. The cap gene encodes the  

Vectorology
A field of study based on the 
bioengineering of delivery 
vehicles for biomolecules such 
as DNA and RNA.

Packaging
The biological process of 
producing fully assembled 
vector particles, such as 
recombinant adeno-associated 
viruses (rAAVs) consisting of 
the DNA genome within the 
capsid.
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rAAV particles in endosomes undergo a series of  
pH-dependent structural changes necessary for trans-
duction47 and traffic through the cytosol via the cytoskele-
tal network48. After endosomal escape, rAAV enters the 
nucleus through the nuclear pore complex49–51, where it  
undergoes capsid uncoating to release the genome. 
It is important to note that intracellular trafficking 
involves multiple cellular events and may abort at any 

step,  resulting in unsuccessful gene  delivery. Therefore, 
 identifying the key cellular host factors and underpinning 
mechanisms that regulate this process holds great 
 potential for improving rAAV transduction efficiency.

The single-stranded rAAV genome that is released 
in the nucleus is not immediately ready for gene expres-
sion until it is converted to a double-stranded form — a 
requirement of transcription and a rate-limiting step 
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Fig. 2 | Diagram of rAAV transduction pathway. Adeno-associated virus (AAV) is recognized by glycosylated cell surface 
receptors of the host. This triggers internalization of the virus via clathrin-mediated endocytosis. AAV then traffics 
through the cytosol mediated by the cytoskeletal network. Owing to the somewhat low pH environment of the 
endosome, the VP1/VP2 region undergoes a conformational change. Following endosomal escape, AAV undergoes 
transport into the nucleus and uncoating. AAV can also undergo proteolysis by the proteasome. There are currently two 
classes of recombinant AAVs (rAAVs) in use: single-stranded AAV (ssAAV) and self-complementary AAV (scAAV). ssAAVs 
are packaged as either sense (plus-stranded) or anti-sense (minus-stranded) genomes. These single-stranded forms are 
still transcriptionally inert when they reach the nucleus and must be converted to double-stranded DNA as a prerequisite 
for transcription. This conversion can be achieved by second strand synthesis via host cell DNA polymerases or by strand 
annealing of the plus and minus strands that may coexist in the nucleus. Because scAAVs are already double-stranded by 
design, they can immediately undergo transcription. The viral inverted terminal repeats (ITRs) present in the rAAV genome 
can drive inter-molecular or intra-molecular recombination to form circularized episomal genomes that can persist in  
the nucleus. Vector genomes can also undergo integration into the host genome at very low frequencies, depicted by the 
dashed line (BOX 2).
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AAV DNA Delivery Platform
suited for postmitotic cells 
•  gene replacement
•  gene silencing
•  gene addition

Key Challenges
•  Large-scale vector manufactoring and costs  

Glybera® (liver) => US$ 1.2 million for one shot  
LuxturnaR (eye) => US$ 425,000 for one eye

•  hemophilia A: “likely to be cost-saving/-effective  
compared with FVIII prophylaxis” at US$ 1 million

Machin, Ragni et Smith. Blood Advances Nov 2018

February 2019
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Background
Hemophilia B, an X-linked disorder, is ideally suited for gene therapy. We investigated 
the use of a new gene therapy in patients with the disorder.

Methods
We infused a single dose of a serotype-8–pseudotyped, self-complementary adeno-
virus-associated virus (AAV) vector expressing a codon-optimized human factor IX 
(FIX) transgene (scAAV2/8-LP1-hFIXco) in a peripheral vein in six patients with severe 
hemophilia B (FIX activity, <1% of normal values). Study participants were enrolled se-
quentially in one of three cohorts (given a high, intermediate, or low dose of vector), 
with two participants in each group. Vector was administered without immunosuppres-
sive therapy, and participants were followed for 6 to 16 months.

Results
AAV-mediated expression of FIX at 2 to 11% of normal levels was observed in all par-
ticipants. Four of the six discontinued FIX prophylaxis and remained free of sponta-
neous hemorrhage; in the other two, the interval between prophylactic injections was 
increased. Of the two participants who received the high dose of vector, one had a tran-
sient, asymptomatic elevation of serum aminotransferase levels, which was associated 
with the detection of AAV8-capsid–specific T cells in the peripheral blood; the other 
had a slight increase in liver-enzyme levels, the cause of which was less clear. Each of 
these two participants received a short course of glucocorticoid therapy, which rap-
idly normalized aminotransferase levels and maintained FIX levels in the range of 
3 to 11% of normal values.

Conclusions
Peripheral-vein infusion of scAAV2/8-LP1-hFIXco resulted in FIX transgene expres-
sion at levels sufficient to improve the bleeding phenotype, with few side effects. 
Although immune-mediated clearance of AAV-transduced hepatocytes remains a con-
cern, this process may be controlled with a short course of glucocorticoids without 
loss of transgene expression. (Funded by the Medical Research Council and others; 
ClinicalTrials.gov number, NCT00979238.)

The New England Journal of Medicine 
Downloaded from nejm.org at RUTH LILLY MED LIBRARY on December 14, 2011. For personal use only. No other uses without permission. 

 From the NEJM Archive. Copyright © 2010 Massachusetts Medical Society. All rights reserved. 

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

10.1056/nejmoa1108046 nejm.org 1

original article

Adenovirus-Associated Virus Vector–
Mediated Gene Transfer in Hemophilia B

Amit C. Nathwani, M.B., Ch.B., Ph.D., Edward G.D. Tuddenham, M.B., B.S., M.D., 
Savita Rangarajan, M.B., B.S., Cecilia Rosales, Ph.D., Jenny McIntosh, Ph.D., 

David C. Linch, M.B., B.Chir., Pratima Chowdary, M.B., B.S.,  
Anne Riddell, B.Sc., Arnulfo Jaquilmac Pie, B.S.N., Chris Harrington, B.S.N., 

James O’Beirne, M.B., B.S., M.D., Keith Smith, M.Sc., John Pasi, M.D.,  
Bertil Glader, M.D., Ph.D., Pradip Rustagi, M.D., Catherine Y.C. Ng, M.S.,  

Mark A. Kay, M.D., Ph.D., Junfang Zhou, M.D., Yunyu Spence, Ph.D.,  
Christopher L. Morton, B.S., James Allay, Ph.D., John Coleman, M.S.,  

Susan Sleep, Ph.D., John M. Cunningham, M.D., Deokumar Srivastava, Ph.D., 
Etiena Basner-Tschakarjan, M.D., Federico Mingozzi, Ph.D.,  

Katherine A. High, M.D., John T. Gray, Ph.D., Ulrike M. Reiss, M.D.,  
Arthur W. Nienhuis, M.D., and Andrew M. Davidoff, M.D.

From the Department of Haematology, 
University College London Cancer Insti-
tute (A.C.N., C.R., J.M., D.C.L.); the Kath-
arine Dormandy Haemophilia Centre and 
Thrombosis Unit (A.C.N., E.G.D.T., P.C., 
A.R., A.J.P., C.H.) and the Liver Unit (J.O.), 
Royal Free National Health Service (NHS) 
Trust; NHS Blood and Transplant (A.C.N., 
C.R., J.M., K.S.); and the Centre for Hae-
matology, Barts and the London, Queen 
Mary’s School of Medicine (J.P.) — all in 
London; Basingstoke and North Hamp-
shire NHS Foundation Trust, Basingstoke, 
United Kingdom (S.R.); the Stanford Uni-
versity School of Medicine, Palo Alto, CA 
(B.G., P.R., M.A.K.); the Departments of 
Surgery (C.Y.C.N., J.Z., Y.S., C.L.M., A.M.D.), 
Biostatistics (D.S.), and Hematology 
(J.T.G., U.M.R., A.W.N.), St. Jude Children’s 
Research Hospital; and Children’s GMP 
(J.A., J.C., S.S.) — both in Memphis, TN; 
the Department of Pediatrics, University 
of Chicago, Chicago (J.M.C.); the Center 
for Cellular and Molecular Therapeutics 
at Children’s Hospital of Philadelphia, 
Philadelphia (E.B.-T., F.M., K.A.H.); and 
Howard Hughes Medical Institute, Chevy 
Chase, MD (K.A.H.). Address reprint re-
quests to Dr. Nathwani at the UCL Can-
cer Institute, Paul O’Gorman Bldg., Uni-
versity College London, 72 Huntley St., 
London WC1E 6BT, United Kingdom, or 
at a.nathwani@ucl.ac.uk.

This article (10.1056/NEJMoa1108046) 
was published on December 10, 2011, at 
NEJM.org.

N Engl J Med 2011.
Copyright © 2011 Massachusetts Medical Society.

A BS TR AC T

Background
Hemophilia B, an X-linked disorder, is ideally suited for gene therapy. We investigated 
the use of a new gene therapy in patients with the disorder.

Methods
We infused a single dose of a serotype-8–pseudotyped, self-complementary adeno-
virus-associated virus (AAV) vector expressing a codon-optimized human factor IX 
(FIX) transgene (scAAV2/8-LP1-hFIXco) in a peripheral vein in six patients with severe 
hemophilia B (FIX activity, <1% of normal values). Study participants were enrolled se-
quentially in one of three cohorts (given a high, intermediate, or low dose of vector), 
with two participants in each group. Vector was administered without immunosuppres-
sive therapy, and participants were followed for 6 to 16 months.

Results
AAV-mediated expression of FIX at 2 to 11% of normal levels was observed in all par-
ticipants. Four of the six discontinued FIX prophylaxis and remained free of sponta-
neous hemorrhage; in the other two, the interval between prophylactic injections was 
increased. Of the two participants who received the high dose of vector, one had a tran-
sient, asymptomatic elevation of serum aminotransferase levels, which was associated 
with the detection of AAV8-capsid–specific T cells in the peripheral blood; the other 
had a slight increase in liver-enzyme levels, the cause of which was less clear. Each of 
these two participants received a short course of glucocorticoid therapy, which rap-
idly normalized aminotransferase levels and maintained FIX levels in the range of 
3 to 11% of normal values.

Conclusions
Peripheral-vein infusion of scAAV2/8-LP1-hFIXco resulted in FIX transgene expres-
sion at levels sufficient to improve the bleeding phenotype, with few side effects. 
Although immune-mediated clearance of AAV-transduced hepatocytes remains a con-
cern, this process may be controlled with a short course of glucocorticoids without 
loss of transgene expression. (Funded by the Medical Research Council and others; 
ClinicalTrials.gov number, NCT00979238.)
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Background
In patients with severe hemophilia B, gene therapy that is mediated by a novel self-
complementary adeno-associated virus serotype 8 (AAV8) vector has been shown to 
raise factor IX levels for periods of up to 16 months. We wanted to determine the 
durability of transgene expression, the vector dose–response relationship, and the 
level of persistent or late toxicity.

Methods
We evaluated the stability of transgene expression and long-term safety in 10 pa-
tients with severe hemophilia B: 6 patients who had been enrolled in an initial 
phase 1 dose-escalation trial, with 2 patients each receiving a low, intermediate, or 
high dose, and 4 additional patients who received the high dose (2×1012 vector ge-
nomes per kilogram of body weight). The patients subsequently underwent exten-
sive clinical and laboratory monitoring.

Results
A single intravenous infusion of vector in all 10 patients with severe hemophilia B 
resulted in a dose-dependent increase in circulating factor IX to a level that was 1 to 
6% of the normal value over a median period of 3.2 years, with observation ongoing. 
In the high-dose group, a consistent increase in the factor IX level to a mean (±SD) 
of 5.1±1.7% was observed in all 6 patients, which resulted in a reduction of more 
than 90% in both bleeding episodes and the use of prophylactic factor IX concen-
trate. A transient increase in the mean alanine aminotransferase level to 86 IU per 
liter (range, 36 to 202) occurred between week 7 and week 10 in 4 of the 6 patients 
in the high-dose group but resolved over a median of 5 days (range, 2 to 35) after 
prednisolone treatment.

Conclusions
In 10 patients with severe hemophilia B, the infusion of a single dose of AAV8 vec-
tor resulted in long-term therapeutic factor IX expression associated with clinical 
improvement. With a follow-up period of up to 3 years, no late toxic effects from 
the therapy were reported. (Funded by the National Heart, Lung, and Blood Insti-
tute and others; ClinicalTrials.gov number, NCT00979238.)
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Background
Hemophilia B, an X-linked disorder, is ideally suited for gene therapy. We investigated 
the use of a new gene therapy in patients with the disorder.

Methods
We infused a single dose of a serotype-8–pseudotyped, self-complementary adeno-
virus-associated virus (AAV) vector expressing a codon-optimized human factor IX 
(FIX) transgene (scAAV2/8-LP1-hFIXco) in a peripheral vein in six patients with severe 
hemophilia B (FIX activity, <1% of normal values). Study participants were enrolled se-
quentially in one of three cohorts (given a high, intermediate, or low dose of vector), 
with two participants in each group. Vector was administered without immunosuppres-
sive therapy, and participants were followed for 6 to 16 months.

Results
AAV-mediated expression of FIX at 2 to 11% of normal levels was observed in all par-
ticipants. Four of the six discontinued FIX prophylaxis and remained free of sponta-
neous hemorrhage; in the other two, the interval between prophylactic injections was 
increased. Of the two participants who received the high dose of vector, one had a tran-
sient, asymptomatic elevation of serum aminotransferase levels, which was associated 
with the detection of AAV8-capsid–specific T cells in the peripheral blood; the other 
had a slight increase in liver-enzyme levels, the cause of which was less clear. Each of 
these two participants received a short course of glucocorticoid therapy, which rap-
idly normalized aminotransferase levels and maintained FIX levels in the range of 
3 to 11% of normal values.

Conclusions
Peripheral-vein infusion of scAAV2/8-LP1-hFIXco resulted in FIX transgene expres-
sion at levels sufficient to improve the bleeding phenotype, with few side effects. 
Although immune-mediated clearance of AAV-transduced hepatocytes remains a con-
cern, this process may be controlled with a short course of glucocorticoids without 
loss of transgene expression. (Funded by the Medical Research Council and others; 
ClinicalTrials.gov number, NCT00979238.)
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Background
In patients with severe hemophilia B, gene therapy that is mediated by a novel self-
complementary adeno-associated virus serotype 8 (AAV8) vector has been shown to 
raise factor IX levels for periods of up to 16 months. We wanted to determine the 
durability of transgene expression, the vector dose–response relationship, and the 
level of persistent or late toxicity.

Methods
We evaluated the stability of transgene expression and long-term safety in 10 pa-
tients with severe hemophilia B: 6 patients who had been enrolled in an initial 
phase 1 dose-escalation trial, with 2 patients each receiving a low, intermediate, or 
high dose, and 4 additional patients who received the high dose (2×1012 vector ge-
nomes per kilogram of body weight). The patients subsequently underwent exten-
sive clinical and laboratory monitoring.

Results
A single intravenous infusion of vector in all 10 patients with severe hemophilia B 
resulted in a dose-dependent increase in circulating factor IX to a level that was 1 to 
6% of the normal value over a median period of 3.2 years, with observation ongoing. 
In the high-dose group, a consistent increase in the factor IX level to a mean (±SD) 
of 5.1±1.7% was observed in all 6 patients, which resulted in a reduction of more 
than 90% in both bleeding episodes and the use of prophylactic factor IX concen-
trate. A transient increase in the mean alanine aminotransferase level to 86 IU per 
liter (range, 36 to 202) occurred between week 7 and week 10 in 4 of the 6 patients 
in the high-dose group but resolved over a median of 5 days (range, 2 to 35) after 
prednisolone treatment.

Conclusions
In 10 patients with severe hemophilia B, the infusion of a single dose of AAV8 vec-
tor resulted in long-term therapeutic factor IX expression associated with clinical 
improvement. With a follow-up period of up to 3 years, no late toxic effects from 
the therapy were reported. (Funded by the National Heart, Lung, and Blood Insti-
tute and others; ClinicalTrials.gov number, NCT00979238.)
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FVIII activity in the high-dose cohort (6×1013 vector genomes/kg)

•  FVIII and FIX activities >5% for years
•  10-1000 vector genomes per hepatocyte
•  strong immunity against AAV capsid

26 Nonviral Genetic Therapy  
For Hemophilia

•  DNA for delivery of the genetic information

•  nonviral system for transport of DNA to liver cells

•  uptake of the delivery system by endocytosis

•  controlled release/escape of the DNA from  
endosomes into the cytoplasma

•  transport of the DNA into nucleus

•  persistance of the DNA without integration

•  RNA transcription from nonsilenced promotors

modified	a9er	Li	et	al.	J	Hepathol	2016		

transcription factor
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Minicircle Vector Construction for FIX 
•  inclusion of the SV40 origin DNA for binding 

to transcription factors for nuclear import
•  removal of all bacterial DNA sequences in the 

plasmid backbone

REVIEW

Progress and prospects: nuclear import of nonviral
vectors

AP Lam1 and DA Dean2

1Division of Pulmonary and Critical Care Medicine, Northwestern University, Chicago, IL, USA and 2Departments of Pediatrics and
Biomedical Engineering, University of Rochester, Rochester, NY, USA

The nuclear envelope represents a key barrier to successful
nonviral transfection and gene therapy both in vitro and in
vivo. Although the main purpose of the nuclear envelope is to
partition the cell to maintain cytoplasmic components in the
cytoplasm and nuclear components, most notably genomic
DNA, in the nucleus, this function poses a problem for
transfections in which exogenous DNA is delivered into the
cytoplasm. After delivery to the cytoplasm, nucleic acids
rapidly become complexed with cellular proteins that mediate
interactions with the cellular machinery for trafficking. Thus, it
is these proteins that, in essence, control the nuclear import
of DNA, and we must also understand their activities in cells.

In this review, we will discuss the principles of nuclear import
of proteins and DNA–protein complexes, as well as the
various approaches that investigators have used to improve
nuclear targeting of plasmids. These approaches include
complexation of plasmids with peptides, native and engi-
neered proteins, ligands and polymers, as well as the
inclusion of transcription factor-binding sites for general
and cell-specific delivery. Keywords:nonviral gene transfer|-
plasmid|nuclear pore complex|importin|nuclear localization
signal|karyopherin.
Gene Therapy (2010) 17, 439–447; doi:10.1038/gt.2010.31;
published online 4 March 2010

Keywords: Nonviral gene transfer; plasmid; nuclear pore complex; importin; nuclear localization signal; karyopherin

Introduction

Nonviral plasmid-based gene delivery systems show
promise for gene therapy because of their ability to be
repeatedly administered and their generally good safety
profile. However, their greatest limitation has been the
reduced levels of gene transfer and expression compared
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In brief

Progress

! Mechanisms of nuclear localization signal (NLS)-
mediated protein nuclear import have been eluci-
dated.

! Transcription factor-binding sites promote DNA
nuclear translocation.

! Cell-specific transcription factors drive cell-specific
DNA nuclear entry.

! Proteomics approaches have been used successfully
to study DNA nuclear entry.

! NLS peptides complexed with plasmids may enhance
DNA nuclear translocation.

! Nuclear proteins complexed with plasmids facilitate
DNA nuclear entry.

! Small molecule ligands bound to DNA can increase
nuclear entry.

! Nanoparticles and polymers may provide alternative
routes to the nucleus.

! Modulation of the nuclear pore complex may aid in
nuclear delivery of DNA.

Prospects

! Proteomics will blossom in the area of gene delivery.
! Large-scale identification of proteins in the DNA–

protein complex will aid in understanding of how
transport occurs.

! RNA interference will be used increasingly to define
key mechanisms of intracellular trafficking of non-
viral vectors.

! Improvements in in vivo imaging on the single cell
level will allow the study of intracellular trafficking of
plasmids within tissues of living animals.

! Complexation of proteins with DNA will facilitate
general nuclear import and gene expression.

! Designer proteins containing DNA-binding domains
and spatially distinct NLSs may enhance plasmid
nuclear import and expression.

Protein-mediated nuclear import of DNA 

Minicircle Vector for FIX with nuclear import signal 
subsequent administrations in vivo. By contrast, one of
the advantages of nonviral DNA-based vectors is that
they do not elicit antibody or cytotoxic T lymphocyte
responses against the DNA itself, allowing multiple
repeat administrations for sustained gene delivery. As
peptides are routinely used to generate immune
responses, their inclusion with plasmids for in vivo
delivery could in fact make them more virus like and
cause humoral responses to be generated. In this case,
there would be a trade-off between enhanced gene
delivery due to peptide activity, and reduced ability to
readminister peptide–DNA complexes in the future.

Nuclear proteins complexed with
plasmids facilitate DNA nuclear entry

For an NLS peptide to act as a nuclear localization
sequence, it must be free to interact with an importin
family member. As most of these sequences are highly
basic, they may have a greater tendency to interact with
the negatively charged DNA than to protrude from the
DNA to bind to the importin(s). Thus, free peptides, or
even those bound by some type of covalent or nucleic
acid clamp mechanism, may not be accessible to the
importins. By contrast, the location of the NLS within a
protein is conformationally locked into place on the

surface of the protein. If the DNA-binding domain of the
protein is spatially distinct (that is, on the other side of
the protein) from the NLS, this should result in the
presentation of the NLS to importins away from the
DNA. By contrast, if the NLSs were overlapping with the
DNA-binding domain, as in the case of most zinc-finger
transcription factors, the NLS may be unable to function
as such when the protein was bound to DNA. Conse-
quently, it may be more advantageous to use proteins as
opposed to peptides to try to stimulate nuclear delivery
of plasmids. Recently it was shown that when plasmids
containing tandem NF-kB-binding sites were complexed
in vitro with the p50 subunit of NF-kB, they trafficked
through the cytoplasm faster and localized to the nucleus
to a greater extent than did uncomplexed plasmids
after microinjection.13 Similarly, preformed complexes of
bacterially expressed SRF and Nkx3.2 with plasmids
containing binding sites for these factors showed greatly
enhanced nuclear localization in all cell types.8

Small molecule ligands bound to DNA can
increase nuclear entry

Another intriguing method that several groups have
developed to increase nuclear targeting of DNA involves
attaching small ligands to plasmids that allow binding to

Figure 4 Methods to enhance plasmid nuclear import. A number of different approaches have been developed to promote recognition of
plasmids by importin family members to increase nuclear import. These include peptide-nucleic acid clamp-conjugated NLS peptides bound
to DNA, sequence-specific DNA binding proteins bound to DNA, NLS peptides covalently attached to DNA and NLS peptides
electrostatically bound to DNA.

Nuclear import of nonviral vectors
AP Lam and DA Dean
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SnaB I 341

Nde I 235

Bgl II 2478

Deletion 2472

Xcm I 655

ApaL I 682

BstB I 813

Drd I 1055

Pml I 1846

NspH I 1783

Nci I 1736

Pst I 1710

EcoR V 1546

Dra III 1405

BstX I 1282

Drd I 1055

BstB I 813

Hpa I 2004

Apo I 2055

BseR I 2290

Stu I 2293

Avr II 2294

Pme I 2314

Pac I 2326

CMV IE promoter

F9Pco

Padua

SV40 pA

SV40 ori

mc35F9Pco

2489 bp

Plasmid name: mc35F9Pco

Plasmid size: 4626 bp

Constructed by: PlasmidFactory

Construction date: 09'2018 

Comments: Removed the plasmid backbone from p35F9Pco.

The following enzymes do not cut in mc35F9Pco:

aax         Acc I       Acc65 I     Afl II      Age I       
Apa I       Asc I       Ava I       BamH I      Bbe I       
Bbs I       Bbv II      Bpm I       Bsa I       BsaW I      
BsiE I      BsiW I      BsmB I      Bsp120 I    Bsp1286 I   
BspE I      BspH I      BsrD I      BsrG I      BssH II     
Bst1107 I   BstE II     Bsu36 I     Cla I       Eag I       
Ecl136 II   Eco0109 I   Eco47 III   EcoN I      EcoO109 I   
EcoR I      Ehe I       Fse I       Fsp I       Gsu I       
HgiE II     Hind III    Kas I       Kpn I       Mfe I       
Mme I       Msc I       Mun I       Nar I       Not I       
Nru I       Nsi I       PpuM I      Psp1406 I   PspA I      
PspOM I     Pvu I       Rsr II      Sac I       Sac II      
Sal I       SanD I      Sap I       Sca I       Sfi I       
Sma I       Spe I       Sph I       Spl I       Srf I       
Ssp I       Swa I       Tth111 I    Tth111 II   Xba I       
Xca I       Xho I       Xma I       Xma III     Xmn I       
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Nanoparticle-based delivery of cargo

Sun et al. Angew Chem Intern Ed 2014
Kim et al. Acta Pharmacol Sinica 2011
Silva et al. Chapter 4 Intech 2014

Gold Nanoparticles (AuNPs)
•  cell-free particles (2-250 nM)
•  generated by laser or chemical reaction
•  animal toxicity data is favourable
•  no immunity after repeated applications
•  in vivo tissue distribution depends on  

particle size, ligand & application route
•  industrial production is well established

•  toxicity of AuNP 
occurred at a size 
of ≤1.4nm, as the 
nanoparticles can 
bind to the major 
groove of the DNA

	 Semmler-Behnke  
et al. small 2008
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described for flow-through reactors by Rehbock et al.31 While
the phosphate ions are needed for the nanoparticle synthesis,
an adsorption to the particle surface is not probable. This will
be described further in the results. In this procedure, 500 μL of
peptide ligand solution was prepared and 1 mL of a 75 μg/mL
AuNP solution was added, resulting in ligand per NP ratios in a
range from 24 to 2650. In Figure 1, surface saturation
corresponds to the negatively charged conjugates. The mass
concentration of the gold nanoparticle colloid was determined
by a calibration correlating the gravimetrically determined mass
concentration to the gold interband absorbance at a wavelength
of 380 nm (Figure S1, Supporting Information). After
conjugation, samples were agitated for 1 h by a vibratory
shaker (Retsch, Germany).
Cell Culture and Staining. The uptake of AuNP-CWR10

conjugates in mammalian cells was investigated using canine
pleomorphic adenoma cells (ZMTH3) stemming from a
spontaneously occurring mamma carcinoma.32 This cell type
is a model for human mamma carcinoma. Cells were cultured in
cell culture medium composed of RPMI-1640 with 10% FCS
and 1% penicillin/streptomycin. Cells were incubated with the
AuNP-CWR10 conjugates at 37 °C and 5% CO2. To stain the
plasma membrane, cells were incubated with 0.5 μg/mL
CellMask Orange for 5 min. After incubation, cells were washed
twice with PBS and fresh medium was added. For the toxicity
studies, the cells were tested for necrosis by adding 75 μM of
propidium iodide (PI) to the sample.

Analytical Measurements. UV−Vis measurements were
done in a cuvette consisting of quartz glass with a 10 mm path
length and 1.5 mL volume using a UV−Vis spectrophotometer
(Thermo Scientific evolution 201) in the wavelength range
between 190 and 900 nm. Measurement data were used to
calculate the primary particle index which is defined by the ratio
of the extinction at λ = 380 nm and λ = 800 nm (PPI =
(extinction @ 380 nm)/(extinction @ 800 nm)) and is a
suitable way to indicate the amount of aggregates35 and
therefore the quality as well as the stability of the colloid
(Figure 2).

Size determination was performed using an analytical disc
centrifuge (ADC, CPS Instruments) at 24 000 rpm for 30 min.
Measurements were done with 0.1 mL sample volume against a
sucrose gradient. Detection of different particle fractions was
done by a UV−Vis detector at 405 nm. The resulting intensity
distribution was mathematically converted into a number and a
surface frequency distribution and these distributions were

Figure 1. Illustration of experimental procedure: (1) PLAL with 600 μM sodium phosphate buffer (NaPB); conjugation of small ligand-free gold
nanoparticles (2) with three different types of peptides (3), resulting in conjugates that are able to reach different charges depending on the used
ligand concentration. (4) The cartoon depicted here does not represent a realistic ligand per nanoparticle ratio (as in Figure 5), but is used to
illustrate systematic changes of charge and concentration.

Figure 2. Exemplary description of the primary particle index as an
indicator of the colloidal stability correlating with the particle
dispersion. PPI of 1 = purple aggregated colloid and PPI of 10 =
red dispersed colloid.
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compared to the findings made in a flow-through reactor. This
can be explained by higher local and total gold concentrations
obtained in batch compared to flow-through setups.
Conjugation of AuNPs Using Peptides at Different

Net Charges. In the case of conjugation experiments, the
anionic and cationic peptides CE12W (net charge = −12),
CWR10 (net charge = +10), and CG2WPK3RKVED (NLS, net
charge = +3) were used in a concentration range of 0.05 μM −
20 μM. A monovalent ex situ conjugation of 50 μg/mL
monodisperse gold nanoparticles was carried out to reach 20−
2000 ligands per nanoparticle (=25−2500 pmol/cm2). By

“ligand dose per AuNP surface”, written on the x-axes of all
diagrams, the amount of peptide used for conjugating
nanoparticles is meant. This does not indicate the actual
surface coverage of bound peptide ligands. Therefore, the
presence of unbound peptide ligands in the sample needs to be
considered as they may have an influence on colloidal
properties, and we will discuss this aspect based on surface
saturation phenomena. The ligand dose per AuNP surface is
meant to be the ratio between the entire used amount of
peptides and the surface in cm2 of all particles in the sample.
This ratio is calculated as follows: The amount of peptide is
obtained by multiplying the used molar peptide concentration
with the sample volume. For the calculation of the particle
surface, the size distribution from the disc centrifuge and gold
concentration determined by UV−Vis of the samples are
combined. The underlying procedure is further illustrated in
the Supporting Information.
Conjugates were analyzed by UV−Vis spectroscopy and zeta

potential measurements (Figure 5). These diagrams clearly
show that the characteristics of the resulting colloids vary
depending on the net charge (NC) of the used peptide. The
term characteristics in this context refers to colloidal stability,
aggregation tendencies, and the conjugate’s charge. These can
be assessed by a decrease of the PPI and the bathochromic shift
of the surface plasmon resonance (SPR) peak, both correlated
with aggregation or the presence of large particles. In the
following sections, these results will be frequently compared to
initial parameters, which always correspond to unconjugated
AuNPs. The shift of the SPR peak is also referred to ligand-free

Figure 4. Relative number distribution of monodisperse gold
nanoparticles ablated in a batch chamber determined by ADC, while
representative TEM images (inset) confirm these findings.

Figure 5. Influence of the peptide’s charge on the stability of monovalent AuNP−peptide conjugates and hence on the position of the isoelectric
point: (A) Colloidal stability of conjugates determined by the primary particle index. (B) Shift of the SPR peak determined by UV−Vis spectroscopy.
(C) Charge and stability of conjugates determined by zeta potential. (D) Overview of particle stability and hence giving different working ranges for
conjugates of different stability qualities. The range of unstable conjugates is shown by the red color, and the light red area represents the range of
low stable conjugates.
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described for flow-through reactors by Rehbock et al.31 While
the phosphate ions are needed for the nanoparticle synthesis,
an adsorption to the particle surface is not probable. This will
be described further in the results. In this procedure, 500 μL of
peptide ligand solution was prepared and 1 mL of a 75 μg/mL
AuNP solution was added, resulting in ligand per NP ratios in a
range from 24 to 2650. In Figure 1, surface saturation
corresponds to the negatively charged conjugates. The mass
concentration of the gold nanoparticle colloid was determined
by a calibration correlating the gravimetrically determined mass
concentration to the gold interband absorbance at a wavelength
of 380 nm (Figure S1, Supporting Information). After
conjugation, samples were agitated for 1 h by a vibratory
shaker (Retsch, Germany).
Cell Culture and Staining. The uptake of AuNP-CWR10

conjugates in mammalian cells was investigated using canine
pleomorphic adenoma cells (ZMTH3) stemming from a
spontaneously occurring mamma carcinoma.32 This cell type
is a model for human mamma carcinoma. Cells were cultured in
cell culture medium composed of RPMI-1640 with 10% FCS
and 1% penicillin/streptomycin. Cells were incubated with the
AuNP-CWR10 conjugates at 37 °C and 5% CO2. To stain the
plasma membrane, cells were incubated with 0.5 μg/mL
CellMask Orange for 5 min. After incubation, cells were washed
twice with PBS and fresh medium was added. For the toxicity
studies, the cells were tested for necrosis by adding 75 μM of
propidium iodide (PI) to the sample.

Analytical Measurements. UV−Vis measurements were
done in a cuvette consisting of quartz glass with a 10 mm path
length and 1.5 mL volume using a UV−Vis spectrophotometer
(Thermo Scientific evolution 201) in the wavelength range
between 190 and 900 nm. Measurement data were used to
calculate the primary particle index which is defined by the ratio
of the extinction at λ = 380 nm and λ = 800 nm (PPI =
(extinction @ 380 nm)/(extinction @ 800 nm)) and is a
suitable way to indicate the amount of aggregates35 and
therefore the quality as well as the stability of the colloid
(Figure 2).

Size determination was performed using an analytical disc
centrifuge (ADC, CPS Instruments) at 24 000 rpm for 30 min.
Measurements were done with 0.1 mL sample volume against a
sucrose gradient. Detection of different particle fractions was
done by a UV−Vis detector at 405 nm. The resulting intensity
distribution was mathematically converted into a number and a
surface frequency distribution and these distributions were

Figure 1. Illustration of experimental procedure: (1) PLAL with 600 μM sodium phosphate buffer (NaPB); conjugation of small ligand-free gold
nanoparticles (2) with three different types of peptides (3), resulting in conjugates that are able to reach different charges depending on the used
ligand concentration. (4) The cartoon depicted here does not represent a realistic ligand per nanoparticle ratio (as in Figure 5), but is used to
illustrate systematic changes of charge and concentration.

Figure 2. Exemplary description of the primary particle index as an
indicator of the colloidal stability correlating with the particle
dispersion. PPI of 1 = purple aggregated colloid and PPI of 10 =
red dispersed colloid.
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described for flow-through reactors by Rehbock et al.31 While
the phosphate ions are needed for the nanoparticle synthesis,
an adsorption to the particle surface is not probable. This will
be described further in the results. In this procedure, 500 μL of
peptide ligand solution was prepared and 1 mL of a 75 μg/mL
AuNP solution was added, resulting in ligand per NP ratios in a
range from 24 to 2650. In Figure 1, surface saturation
corresponds to the negatively charged conjugates. The mass
concentration of the gold nanoparticle colloid was determined
by a calibration correlating the gravimetrically determined mass
concentration to the gold interband absorbance at a wavelength
of 380 nm (Figure S1, Supporting Information). After
conjugation, samples were agitated for 1 h by a vibratory
shaker (Retsch, Germany).
Cell Culture and Staining. The uptake of AuNP-CWR10

conjugates in mammalian cells was investigated using canine
pleomorphic adenoma cells (ZMTH3) stemming from a
spontaneously occurring mamma carcinoma.32 This cell type
is a model for human mamma carcinoma. Cells were cultured in
cell culture medium composed of RPMI-1640 with 10% FCS
and 1% penicillin/streptomycin. Cells were incubated with the
AuNP-CWR10 conjugates at 37 °C and 5% CO2. To stain the
plasma membrane, cells were incubated with 0.5 μg/mL
CellMask Orange for 5 min. After incubation, cells were washed
twice with PBS and fresh medium was added. For the toxicity
studies, the cells were tested for necrosis by adding 75 μM of
propidium iodide (PI) to the sample.

Analytical Measurements. UV−Vis measurements were
done in a cuvette consisting of quartz glass with a 10 mm path
length and 1.5 mL volume using a UV−Vis spectrophotometer
(Thermo Scientific evolution 201) in the wavelength range
between 190 and 900 nm. Measurement data were used to
calculate the primary particle index which is defined by the ratio
of the extinction at λ = 380 nm and λ = 800 nm (PPI =
(extinction @ 380 nm)/(extinction @ 800 nm)) and is a
suitable way to indicate the amount of aggregates35 and
therefore the quality as well as the stability of the colloid
(Figure 2).

Size determination was performed using an analytical disc
centrifuge (ADC, CPS Instruments) at 24 000 rpm for 30 min.
Measurements were done with 0.1 mL sample volume against a
sucrose gradient. Detection of different particle fractions was
done by a UV−Vis detector at 405 nm. The resulting intensity
distribution was mathematically converted into a number and a
surface frequency distribution and these distributions were

Figure 1. Illustration of experimental procedure: (1) PLAL with 600 μM sodium phosphate buffer (NaPB); conjugation of small ligand-free gold
nanoparticles (2) with three different types of peptides (3), resulting in conjugates that are able to reach different charges depending on the used
ligand concentration. (4) The cartoon depicted here does not represent a realistic ligand per nanoparticle ratio (as in Figure 5), but is used to
illustrate systematic changes of charge and concentration.

Figure 2. Exemplary description of the primary particle index as an
indicator of the colloidal stability correlating with the particle
dispersion. PPI of 1 = purple aggregated colloid and PPI of 10 =
red dispersed colloid.
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described for flow-through reactors by Rehbock et al.31 While
the phosphate ions are needed for the nanoparticle synthesis,
an adsorption to the particle surface is not probable. This will
be described further in the results. In this procedure, 500 μL of
peptide ligand solution was prepared and 1 mL of a 75 μg/mL
AuNP solution was added, resulting in ligand per NP ratios in a
range from 24 to 2650. In Figure 1, surface saturation
corresponds to the negatively charged conjugates. The mass
concentration of the gold nanoparticle colloid was determined
by a calibration correlating the gravimetrically determined mass
concentration to the gold interband absorbance at a wavelength
of 380 nm (Figure S1, Supporting Information). After
conjugation, samples were agitated for 1 h by a vibratory
shaker (Retsch, Germany).
Cell Culture and Staining. The uptake of AuNP-CWR10

conjugates in mammalian cells was investigated using canine
pleomorphic adenoma cells (ZMTH3) stemming from a
spontaneously occurring mamma carcinoma.32 This cell type
is a model for human mamma carcinoma. Cells were cultured in
cell culture medium composed of RPMI-1640 with 10% FCS
and 1% penicillin/streptomycin. Cells were incubated with the
AuNP-CWR10 conjugates at 37 °C and 5% CO2. To stain the
plasma membrane, cells were incubated with 0.5 μg/mL
CellMask Orange for 5 min. After incubation, cells were washed
twice with PBS and fresh medium was added. For the toxicity
studies, the cells were tested for necrosis by adding 75 μM of
propidium iodide (PI) to the sample.

Analytical Measurements. UV−Vis measurements were
done in a cuvette consisting of quartz glass with a 10 mm path
length and 1.5 mL volume using a UV−Vis spectrophotometer
(Thermo Scientific evolution 201) in the wavelength range
between 190 and 900 nm. Measurement data were used to
calculate the primary particle index which is defined by the ratio
of the extinction at λ = 380 nm and λ = 800 nm (PPI =
(extinction @ 380 nm)/(extinction @ 800 nm)) and is a
suitable way to indicate the amount of aggregates35 and
therefore the quality as well as the stability of the colloid
(Figure 2).

Size determination was performed using an analytical disc
centrifuge (ADC, CPS Instruments) at 24 000 rpm for 30 min.
Measurements were done with 0.1 mL sample volume against a
sucrose gradient. Detection of different particle fractions was
done by a UV−Vis detector at 405 nm. The resulting intensity
distribution was mathematically converted into a number and a
surface frequency distribution and these distributions were

Figure 1. Illustration of experimental procedure: (1) PLAL with 600 μM sodium phosphate buffer (NaPB); conjugation of small ligand-free gold
nanoparticles (2) with three different types of peptides (3), resulting in conjugates that are able to reach different charges depending on the used
ligand concentration. (4) The cartoon depicted here does not represent a realistic ligand per nanoparticle ratio (as in Figure 5), but is used to
illustrate systematic changes of charge and concentration.

Figure 2. Exemplary description of the primary particle index as an
indicator of the colloidal stability correlating with the particle
dispersion. PPI of 1 = purple aggregated colloid and PPI of 10 =
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•  HLF liver cell line
•  5nm AuNPs with  

PEI + DNA
•  GFP as readout  

by FACS

PEI transfection
PEI+AuNP transfection
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Gene Transfer achieved with 5 vs. 50nm Gold NPs
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minicircle 

•  Transfection of FIXPadua cDNA with 5nm  
or 50nm AuNP in primary rat hepatocytes

•   GFP cDNA as transfection control 
	

Minicircle Vector Construction for FIX 
•  inclusion of the SV40 origin DNA for binding 

to transcription factors for nuclear import
•  removal of all bacterial DNA sequences in the 

plasmid backbone

SnaB I 341

Nde I 235

Bgl II 2478

Deletion 2472

Xcm I 655

ApaL I 682

BstB I 813

Drd I 1055

Pml I 1846

NspH I 1783

Nci I 1736

Pst I 1710

EcoR V 1546

Dra III 1405

BstX I 1282

Drd I 1055

BstB I 813

Hpa I 2004

Apo I 2055

BseR I 2290

Stu I 2293

Avr II 2294

Pme I 2314

Pac I 2326

CMV IE promoter

F9Pco

Padua

SV40 pA

SV40 ori

mc35F9Pco

2489 bp

Plasmid name: mc35F9Pco

Plasmid size: 4626 bp

Constructed by: PlasmidFactory

Construction date: 09'2018 

Comments: Removed the plasmid backbone from p35F9Pco.

The following enzymes do not cut in mc35F9Pco:

aax         Acc I       Acc65 I     Afl II      Age I       
Apa I       Asc I       Ava I       BamH I      Bbe I       
Bbs I       Bbv II      Bpm I       Bsa I       BsaW I      
BsiE I      BsiW I      BsmB I      Bsp120 I    Bsp1286 I   
BspE I      BspH I      BsrD I      BsrG I      BssH II     
Bst1107 I   BstE II     Bsu36 I     Cla I       Eag I       
Ecl136 II   Eco0109 I   Eco47 III   EcoN I      EcoO109 I   
EcoR I      Ehe I       Fse I       Fsp I       Gsu I       
HgiE II     Hind III    Kas I       Kpn I       Mfe I       
Mme I       Msc I       Mun I       Nar I       Not I       
Nru I       Nsi I       PpuM I      Psp1406 I   PspA I      
PspOM I     Pvu I       Rsr II      Sac I       Sac II      
Sal I       SanD I      Sap I       Sca I       Sfi I       
Sma I       Spe I       Sph I       Spl I       Srf I       
Ssp I       Swa I       Tth111 I    Tth111 II   Xba I       
Xca I       Xho I       Xma I       Xma III     Xmn I       
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Atomic Force Microscopy (AFM)

Garcia	et	al.,	2010	

hFps://www.cam.ac.uk	•  images by topography of the sample
•  samples are dried on a carbon mica plate
•  raster scanning mode (x-y grid)
•  force measurement between probe and 

sample (stiffness, adhesion strength)

Plasmid DNA 5nm Gold NP + DNA 50nm Gold NP + DNA

100 nm
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•  Introduction

•  Principle of integrating viral vectors

•  Principles of non-integrating viral vectors

•  Nonviral alternatives for genetic therapies
Ø  transport of the DNA into hepatocytes
Ø  expression of factor in liver cells
Ø  repeated applications possible => application via peripheral veins
Ø  excellent safety & toxicity
Ø  platform suitable for other liver disorders
Ø  industrial production of the formulation
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