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Preface

In this monograph about gene therapy of autoimmune and inflammatory dis-
orders we have gathered international experts and leaders from different fields
to review the state of the art advances on topics ranging from disease entities
to vectors and engineered cells.

The different approaches described in each chapter take into consideration
the biomedical knowledge of these diseases and address the complexities of
delivering long-term genetic interventions.

Gene therapy also serves as a testing ground for new therapeutic entities and
helps provide proof of principle for their potential therapeutic role in animal
models of disease. Scaling up from mice to men still remains an important hur-
dle not only from the quantitative point of view, but also for currently unknown
and unexpected secondary effects of the vector or the transgene.

Some of these approaches have already been tested in the clinic, but much
more needs to be done to understand the human conditions treated and the nat-
ural history of their pathology.

We are indebted to the secretarial assistance of Ms. Lin Wells (Bone and
Joint Research Unit, London, UK) and the help of Hans Detlef Klüber for his
help in getting this book published. We hope this book will be of interest to cli-
nicians and scientists and inspiring to students of the subject who will use their
own ingenuity and knowledge to further forward this discipline into clinical
use.

Yuti Chernajovsky Paul D. Robbins
London Pittsburgh
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Gene therapy for arthritis

Florence Apparailly1, 2, 3, Paul Peter Tak4 and Christian Jorgensen1, 2, 3
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Amsterdam, Amsterdam, The Netherlands

Abstract

Gene therapy has a potential for effective therapeutic intervention in rheumatoid arthritis (RA). Proof
of concept has been demonstrated in animal models, either through local gene delivery to the joint
space or through systemic gene delivery for immune intervention. This chapter reviews how certain
clinical applications of gene therapy would be beneficial for RA patients and discusses the roadblocks
that need to be solved for future clinical applications. Issues concerning vectors, promoters and the
therapeutic genes are discussed and ideal features for safe, non toxic, efficient and regulated gene
expression proposed. Finally, the results from preclinical studies and six clinical trials performed in
RA patients are described.

Why gene therapy in arthritis?

During the last decade, development of targeted biotherapies, together with an
improved timing and dosing of conventional therapy, have largely improved
the outcome of established arthritis in many patients, but not all and still pose
significant problems [1]. Current biotherapies target pro-inflammatory
cytokines (for instance IL-6, TNF-α), co-stimulatory signals (CTLA4-Ig) or B
(anti-CD20) lymphocytes [2] and are usually delivered in association with
methotrexate (MTX). Presently, TNF-blocking agents are highly effective but
still insufficient since partial remission can be reached in 60–70% of the RA
patients treated, with only 20% improvement achieved, and the majority of
these responders still have some actively inflamed joints [3, 4]. One major
problem of the treatment with biologics is the need for ongoing therapy and
flare when therapy is withdrawn. A growing body of evidence shows that these
approaches are limited by loss of efficacy along the treatment, frequent relaps-
es, and important adverse effects associated with the high systemic dosage of
immune modulators needed to achieve therapeutic levels in the joints, includ-
ing increased risk of serious infections, uncontrolled fevers and increased risk
of malignancies or heart failure that can be life-threatening [5, 6]. A signifi-
cant number of patients still do not respond at all to available biotherapies.
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Thus, inconsistent and partial efficiency of current biotherapies support the
need for the development of new therapeutic approaches that induce a pro-
longed remission with limited side effects, and poses great challenges to gene
therapists [7].

A huge amount of work has investigated gene therapy in RA in the past
decade, focusing on vector, promoter or target genes, the majority of which
have been designed to test proof-of-principle in animal models of arthritis, and
results convincingly support the fact that gene therapy can be an advantageous
strategy in the treatment of inflammatory and destructive RA. Indeed, a gene
therapy approach for the treatment of RA holds promise for joint specific tar-
geting and long-term expression of anti-arthritic drugs, replacing the frequent
administration of recombinant proteins [8]. Gene therapy is defined as an
introduction of nucleic acids into a host cell for therapeutic purposes. It has
thus the potential to stably deliver a gene product or multiple products in a tar-
get-specific and controllable manner. Since RA is publicly perceived as a non-
life-threatening disease, specific aims for gene therapy in RA are requested,
including the design of safe, efficient, long-life vectors, with minimal adverse
effects. Indeed, all these prerequisites depend on multiple factors, including
the mode of administration, the vector used, the therapeutic gene and the pro-
moter encoded, as well as the immune status of the host. Reviewing the incred-
ibly large amount of studies in the RA gene therapy field, we will try to delin-
eate strategies that will be useful for clinical use in the near future.

Ex vivo strategy

This approach consists of engineering genetically modified cells in vitro that
are subsequently injected directly into the affected joint. This procedure allows
1) controlling the quality of the injected material, especially when using a vec-
tor that might cause insertional mutagenesis, 2) sorting the transduced cells to
be injected back, and 3) knowing precisely the level of transgene expression,
in order to adapt the number of genetically modified cells to be injected to the
clinically relevant level of transgene desired. Such approach has been achieved
using genetically modified fibroblasts as well as immune cells, such as fibrob-
last-like synoviocytes, myoblasts, mesenchymal stromal cells, T cells and den-
dritic cells [9–14]. However, this procedure is laborious, costly and time con-
suming.

In vivo strategy

Although RA is a disorder affecting more than one joint and has systemic man-
ifestations targeting other organs, among the possible routes, intra-articular
administration is up-to-now the first most-favoured choice among gene thera-
py-based approaches for clear safety concerns. Indeed, local delivery of gene
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therapy compounds is a promising approach to treat RA, with several potential
advantages over systemic routes of therapy since the therapeutic agent is 1)
directly injected within the affected joint, providing an easy targeting of the
diseased tissue, 2) endogenously synthesised by the arthritic joint, allowing
sustained suppression of inflammation while minimising dosage, and thus lim-
iting systemic side effects that are associated with high and repeated dosages
of the systemic approaches, and 3) easily accessible for injection, biopsy and
even synovectomy, since joint space is routinely accessed in clinical practice
for infiltration and tissue collection, and ultimately for orthopaedic surgery.
The in vivo approach consists of the direct intra-articular injection of the
genetic material. Because of the easy access to the joint space, local gene
delivery has been achieved with a large panel of viral and non-viral vectors,
mainly to target the synovium [15]. The obvious advantage is to obtain in one
injection the production of the therapeutic agent directly by resident cells, with
minimal manipulation of the targeted cells and spreading of the vector. It is a
very simple medical act that does not involve heavy surgical procedures or
anaesthesia and also allows treatment of as many joints as necessary.
Independently of the vector and transgene used, its efficiency has been proved
by many groups, in several different animal models of RA. Moreover, few
groups reported the observation of a contra-lateral effect, i.e., an amelioration
of the clinical features in the non-injected contra-lateral joint [16–18].
Although the cellular and molecular mechanisms underlying such an effect
have not been completely unravelled, it might represent a way to treat several
joints by injecting only once. For initial clinical trials, local therapy will be the
reasonable approach to be followed, regarding the higher risk of systemic ther-
apy. However, preclinical monitoring of the vector spreading and the immune
response induction against the vector following intra-articular administration
showed that the technique is not devoid of some breaches. These are major
concerns that will need a close follow-up to avoid any setbacks for future
application of gene therapy strategies. The ultimate goal of gene therapy will
be the injection of a vector that targets a specific cell type.

Vectors for gene transfer in arthritis

One way to obtain a fair level of targeting is to use vectors that display restrict-
ed or specific tropisms. For gene transfer-based approaches, the main obstacle
is indeed the choice of vector. Various gene transfer approaches have been
explored to determine the most efficient for RA and are divided into two cate-
gories: viral and non-viral vectors.

Non-viral gene transfer methods used nucleic acids associated either with
chemical (liposomes, polymeres) or mechanical (gene gun) means to increase
transduction efficiency. One alternative to enhance nucleic acids’ entrance
into targeted tissue has been the use of in vivo electrotransfer (ET) [19, 20].
It is based on the same principle as for in vitro electroporation, i.e., applying
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an electric field on each side of the target organ following nucleic acid injec-
tion (plasmid DNA, siRNA, ODN), and optimising parameters to each
organ’s characteristics. This technique has been validated for the muscle as
systemic approach [21–25] and for the joint as local approach [26–28] over-
expressing antagonists of pro-inflammatory agents or anti-inflammatory mol-
ecules. In a comparative study, direct gene transfer into arthritic joints using
ET was less efficient to treat collagen-induced arthritis (CIA) in mice than
intra-muscular ET [29]. In general, the major drawback of the ET approach is
that the transgene expression is mostly silenced after one week and has to be
performed under anaesthesia. Recent data have been obtained using hemo-
cyanin-human TNF heterocomplex (hTNF kinoid) to induce an active anti-
TNF immunotherapy [30, 31]. They showed that vaccination with the TNF
kinoid provides the sustain expression of endogenously produced neutralising
anti-hTNF antibodies, protecting hTNF transgenic mice against severe arthri-
tis due to chronic TNF overproduction. The potential of the artificial chromo-
some expression system has also been explored for the treatment of RA [32].
Finally, conjugation with macromolecules such as cholesterol or PEG, or
liposome formulations have been used to protect from enzymatic degradation,
renal or macrophage-mediated clearance, and thus to enhance gene transfert
efficacy. Our group has developed a synthetic vector based on the cationic
liposome RPR209120/DOPE [33] to formulate therapeutic nucleic acids
(plasmid DNA or siRNA) and demonstrated the potential of such anti-
cytokine lipoplexes in the mouse CIA model following intravenous injection.
Targeting TNF, IL-1, IL-6 or IL-18 using siRNA lipoplexes was very efficient
in decreasing severity of established arthritis, both as individual and com-
bined strategies [34, 35]. There are data suggesting that liposomes can be
endocytosed by systemic monocytes entering the joints, and by joint
macrophages [36]. Although liposome-based formulations could be envisaged
for systemic non-viral anti-cytokine strategy in RA, pharmaco-toxicological
studies need to be performed before planning any clinical trials. This strategy
can also present a valuable tool for in vivo screening of new potential thera-
peutic targets. In conclusion, non-viral vectors allow local and systemic inter-
vention, but their efficiency is reduced compared to viral vectors due to drug
bioavailability issues, and most of the formulations tested are themselves
inflammatory.

Concerning the viral strategy, several vectors are available to the scientists
and the use of the vector of choice will most likely depend on its application.
Most of the retroviral (RV) vectors used in clinical gene therapy trials were
derived from the very well studied and characterised Moloney murine
leukaemia oncoretrovirus (MMLV) [37]. They are small RNA viruses that
replicate through a DNA intermediate and require cell division for infection
and integration [38, 39]. Thus, they have only been used in ex vivo gene trans-
fer approaches in which isolated cells can be propagated in culture, genetical-
ly modified after RV infection, and then implanted back into a recipient
patient. Although synovium of inflamed joints produced higher RV-mediated
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transduction efficiency than normal joints, human rheumatoid synovium does
not contain enough proliferating cells to support efficient retroviral transduc-
tion. Direct injection of a RV vector encoding β-galactosidase into the engraft-
ed human synovium of SCID mice resulted in less than 1% of transduced cells.
Ex vivo infection could however reach 35% of synoviocytes in the presence of
TNFα [40] or 50% when concentrating RV supernatants [41]. Few groups
have also explored the possibility to use LV vectors from several species [42,
43] and showed that they transduce efficiently the non-dividing rheumatoid
synovium, resulting in some clinical improvement in experimental arthritis
models. However, the same potential problem of insertional mutagenesis exists
as for the entire family of RV, their low titer of production is still an important
technical limitation, and they are ethically very problematic for in vivo use.
Local in vivo gene transfer has been achieved with recombinant AdV (aden-
oviral vectors), AAV (adeno-associated virus), HSV (Herpes simplex virus)
and non-viral vectors using various animal models of RA. Since RA is a chron-
ic inflammatory disorder, highly immunogenic vectors such as AdV vectors
have been eliminated from the panel. Although the serotype 5 transduces very
efficiently the rheumatoid synovium, allowing the rapid expression of thera-
peutic genes to high levels, AdV are highly immunogenic and thus only useful
for transient transgene expression. To circumvent this main limitation, a few
groups explored two tracks: the use of non-human AdV, such as canine AdV
vectors [44], or the use of AdV from the 51 different human serotypes for
which there is very few or no occurrence of a pre-existing humoural response
in the human population [45]. Alternatively, targeted gene transfer to human
synovium ex vivo explants and mouse CIA in vivo was efficiently increased
with fiber-modified AdV [46]. Despite these interesting strategies, AdV are
definitively not the gold standard approach for gene transfer in RA, but still
very interesting experimental tools for proof-of-concept studies. Although
interesting data have been generated using HSV for in vivo transfer of anti-
arthritic genes to joints [47–49], they remain poorly studied in experimental
models for RA. Indeed, these vectors showed high infectivity of joint tissues,
can be produced at high titers and have a large packaging capacity, allowing
the inclusion of multiple anti-arthritic genes. Few groups have also attempted
to develop hybrid vectors that would represent the synthesis of positive fea-
tures for each vector, but main obstacles remain the achievement of high titer
viral batches. Finally, the capacity of ‘gut-less’ vectors has been evaluated in
vitro on human RA-FLS, but nothing really came up to the in vivo validation,
although they are less immunogenic.

One of the most promising viral vectors for human gene therapy that
emerged over the last decade is the AAV. The biology of these parvoviruses,
non-pathogenic and non-toxic in humans, has been extensively investigated,
and methods of production, purification and titration for their clinical use high-
ly improved their intrinsic limitations [50]. Recombinant (r)AAV vectors have
been shown to direct efficient, prolonged and safe transgene expression in sev-
eral tissues, with distinct tropism for each serotypes [51]. Cross-packaging of
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serotypes allowed the transduction of a large panel of tissues and cell types
[52, 53]. Moreover, physicochemical stability of rAAV facilitated storage and
administration in the clinic. Currently, rAAV2 are used in a number of gene
therapy clinical trials in haemophilia B, leucodystrophy, cystis fibrosis, LDL
deficiency and RA [54–58]. First interest came from the capacity of the wild
type vector to infect both dividing and non-dividing cells, as well as to stably
integrate into a site-specific locus (q13.3) on chromosome 19 (AAVS1), con-
ferring theoretical long-term and safe transgene expression. This property is
lost when using rAAV and most of the transgene expression comes from epi-
somal forms [59]. In vitro, most of the cell types found in the RA joints can be
transduced by rAAV2, including RA-FLS, chondrocytes and macrophages
[60–63]. Few studies used systemic injection of the rAAV vector, either intra-
muscularly [64, 65] or peri-articularly [66], and showed high and therapeuti-
cally efficient transgene expression, detectable in sera for at least 4 months.
The feasibility of direct intra-articular gene transfer to rat and mouse arthritic
joints has been well demonstrated [67–69]. Pattern of expression for AAV2
following local injection has been variable according to studies, from synovial
lining cells [70], to synoviocytes and chondrocytes [61], muscle and synovio-
cytes [68, 71]. More importantly, in rat and mouse models of arthritis, the
serotype 5 capsid mediated rapid, high and stable gene transfer of a reporter
gene into joints injected [72, 73]. Transgene expression was already detectable
7 days after injection and lasted for at least 4 weeks in the AIA rat model [72],
and at least 19 weeks in the mouse CIA model. The group of S. Ghivizzani
reported that the rheumatic joints of horses were also efficiently transduced
using rAAV5 [74]. Using two different TNF blocking agents (the TNFR1-
mIgG1 fusion protein or a dimeric sTNFR2) as a proof of concept, two stud-
ies have demonstrated the feasible of rAAV5-mediated gene therapy in mouse
CIA and rat AIA models of arthritis. When the anti-TNF molecule expression
is under a strong constitutive promoter (CMV), the antagonist molecule was
rapidly (within 2 weeks), highly and stably expressed for 9 weeks when deliv-
ered intra-articularly by a CMV-driven rAAV5 vector. This was associated
with a decrease in arthritis incidence and severity in both animal models. More
importantly, when the transgene was expressed under a NF-κB-responsive pro-
moter inducible by inflammation; the clinical effect was associated with a tran-
sient expression of the anti-TNF molecule, only detectable during disease
flares. These results suggest that the local rAAV5-mediated gene delivery of a
disease-inducible therapeutic agent may be a key for successful treatment of
RA by gene therapy [75, 76].

In conclusion, we are close to the ideal vector for in vivo delivery with the
potential to confer high level, safe and persistent gene delivery. More recently,
the rational design of AAV capsid mutants, and strategies such as the use of
self-complementary vector genomes [77–79], has even more increased the
potential of using AAVs for RA gene therapy.

6 F. Apparailly et al.



The target genes

Among potential therapeutic genes for gene therapy in RA, several molecules
have been validated in various animal models, and the already existing huge list
of possible mediators or pathways to either over-express or inhibit is constant-
ly growing [80–82]. Locally, the inflamed RA joint is highly infiltrated by
immune cells such as T and B lymphocytes, and macrophages [83].
Furthermore, the numbers of effector cells like macrophages and fibroblast-like
synoviocytes increase and the synovial membrane becomes hyperplastic, form-
ing a tumour-like aggressive tissue called pannus, which invades cartilage and
bone structures, leading to destruction of affected joints. Synovial fibroblasts
play a central role in the chronic aspect of RA and are certainly the key cells to
target since they integrate inflammatory signals in articular damage and pro-
duced themselves many of the detrimental pro-inflammatory and MMPs [84].
These processes are mediated by a number of cytokines (TNF-α, IL-1β, IL-6,
IL-17, IFN-γ, etc.), chemokines (MCP-1, MCP-4, CCL18, etc.), cell adhesion
molecules (ICAM-1, VCAM-1, etc.) and matrix metalloproteinases (MMP-3, -
9, -13, etc.). There are pros and cons for the use of biologics targeting one or
the other molecule [85] and current treatment strategies targeted against
TNF-α, IL-1β and IL-6 are available for clinical practice [86]. Among them,
the cytokines are certainly the most famous and oldest ones. Indeed, the key
role of inflammation in RA prompted the first proof-of-concept studies for
gene therapy approaches in RA to target TNF-α and IL-1β respectively in var-
ious animal models [16, 87–89]. There are many studies validating the well-
established roles for inflammatory cytokines and MMPs in experimental arthri-
tis, but due to their orchestrated cross talk [84], identification of other key mol-
ecules or regulators is critical to the development of new and more effective
anti-arthritic drugs. Except from restoring the pro/anti-inflammatory cytokine
balance, alternative strategies explored have been genetic synovectomy [90],
targeting signaling pathways, angiogenesis inhibition, interfering with the
extracellular matrix degradation process, or all together by targeting molecules
that are key regulators with multipotent effects.

Specific promotion of synovial apoptosis has been explored by local deliv-
ery of AdV vector encoding TRAIL (TNF-related apoptosis-inducing ligand)
[91], the tumour suppressor protein p53 [92], FADD (Fas-associated death
domain protein) [93], PTEN, a negative regulator of PI 3-kinase/Akt signalling
pathway involved in cell growth, proliferation and survival [94], or the TK
(HSV thymidine kinase gene) in rhesus monkeys with CIA [95, 96]. All these
approaches showed amelioration of arthritis symptoms associated with
increased apoptosis in the synovium, decreased inflammatory cell infiltration,
and stimulated new matrix synthesis by cartilage.

Angiogenesis is necessary for the development and maintenance of the pan-
nus and the recruitment of infiltrating inflammatory cells associated with RA
pathogenesis [97]. Local and systemic proof of concept studies have been suc-
cessfully performed in experimental models of RA to validate the inhibition of

Gene therapy for arthritis 7
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new synovial blood vessels formation by targeting the Tie2 function [98], the
αvβ3 and αvβ5 integrins [99], the VEGF receptor [100], angiostatine [101],
thrombospondin 1 and 2 [102, 103], and inhibitor of the urokinase plasmino-
gen activator [104].

Matrix metalloproteinases (MMPs) are a major group of endopeptidases that
resorb macromolecules of the extracellular matrix. They are essential for re -
modell ing and wound repair in normal tissue as well as in pathological process-
es such as cartilage degradation and invasiveness of RA synovial fibroblasts
observed in RA. Within rheumatoid joints, MMPs and their endogenous inhi -
bitors TIMPs are produced by both macrophages and synoviocytes. In addition
to their key role in matrix destruction, MMPs catalyse the cleavage of the trans-
membrane form of TNF, and thus play an important role in balancing inflam-
mation. Since there is a broad-spectrum of synthetic inhibitors available, there
are only few studies using gene therapy approaches to interfere with MMP
activity. Retroviral gene transfer of ribozymes targeting MMP-1 [105] or anti-
sense RNA targeting MT1-MMP [106] significantly reduced the invasiveness
of RA synovium into the cartilage coimplanted in SCID mice [107]. AdV-
mediated over-expression of TIMP-3 markedly reduced the invasiveness of RA
synovium in the SCID mouse model [108] while MMPs inhibition through
TIMP-1 gene transfer was not so effective [108, 109].

Another option is to target transcription factors that orchestrate many criti-
cal molecules in RA. One of the most widely studied is NF-κB, an ubiquitous
and well-characterised protein responsible for the regulation of complex phe-
nomena, with a pivotal role in controlling cell signalling under physiological
and pathological conditions [110]. Among other functions, NF-κB is a critical
element in the cross-talk between bone and the immune system [111], thus
controlling many pathological processes implicated in RA through the ex -
pression of genes encoding the pro-inflammatory cytokines (e.g., IL-1, IL-2,
IL-6, TNF-α, etc.), chemokines (e.g., IL-8, MIP-1α, MCP1, RANTES, eotax-
in, etc.), adhesion molecules (e.g., ICAM, VCAM, E-selectin), inducible
enzymes (COX-2 and iNOS), growth factors, some of the acute phase pro-
teins, and immune receptors. Many gene therapy-based studies have demon-
strated the relevance of targeting NF-κB as potential therapeutic approach in
RA [69, 110, 112–114]. Indeed, inhibition of NF-κB was shown to be effec-
tive in reducing both inflammation and bone destruction in animal models of
arthritis, through the alteration of osteoclastogenesis [115], synovial apopto-
sis [69], pro-inflammatory cytokines [116–118] and chondrocyte functions
[119]. Another transcription factor, the activator protein 1 (AP-1) (Fos/Jun),
was shown to be a potential target as synthetic inhibitor specifically decreased
both downstream pro-inflammatory cytokines and MMPs production [120,
121].

An alternative approach would be to use vectors encoding anti-inflammato-
ry cytokines that inhibit the production of pro-inflammatory cytokines. Anti-
inflammatory cytokines showing a therapeutic effect in experimental arthritis
include interferon-β (IFN-β), IL-4, IL-10 and IL-13. IFN-β reduces the secre-
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tion of mediators of inflammation and destruction like IL-6, TNF-α, MMPs
and prostaglandin E2, which are key players in the pathogenesis of RA [122].
IFN-β has in addition to anti-inflammatory properties an important role in
bone homeostasis. Furthermore, IFN-β has anti-angiogenic properties, which
could boost a therapeutic effect in RA. It has been shown that continuous
IFN-β treatment, using daily IFN-β protein injections [122, 123] or ex vivo
transduced cells secreting IFN-β [124] is very effective in CIA in both mice
and Rhesus monkeys. Intra-articular IFN-β gene therapy has been tested in a
number of preclinical studies in two different rat models of arthritis using
either an AdV or an AAV5 vector. Local delivery of Ad or rAAV5 vectors
expressing rat IFN-β after the onset of disease reduced paw swelling in both
the treated and untreated, contralateral joint [125, 126]. Moreover, IFN-β treat-
ment protected against joint destruction, which is a hallmark of RA. These
results provide a strong rationale for IFN-β gene therapy as a novel therapeu-
tic approach for arthritis.

Many other genes could be targeted. Among the most promising ones syn-
oviolin, an E3 ubiquitin ligase, over-expressed in macrophages and synovio-
cytes under inflammation; TAK1 (Transforming growth factor-β activated
kinase 1), a downstream mediator of IL-1, TNF and MMPs signal pathways,
playing a central role in the regulation of catabolic events and inflammatory
processes in RA; RANKL, a member of the TNF superfamily expressed by
activated T cells and synovial fibroblasts, and playing a pivotal role in osteo-
clast differentiation [84]; and the adhesion molecule cadherin-11 that plays a
key role in the formation of the hyperplastic synovial cells and in the determi-
nation of their behaviour in the RA pro-inflammatory and destructive tissue
responses [127–129].

In conclusion, the future for gene therapy-based treatment of RA would be
a personalised combination of transgenes targeting several pathways that dom-
inate in the synovium of a particular recipient. This would most likely leads to
an optimised disease treatment, allowing the physician to avoid picking the
best treatment by trial and error.

Different promoter to provide safe and targeted gene expression

The control of transgene expression is optimal to prevent toxicity linked to the
transgene and to ensure biological activity within a narrow therapeutic window.
The ideal goal is to obtain a ligand-induced gene expression that is dose-
dependent, specific, efficient, quickly on/off, and insignificant in basal condi-
tions. It also implies that the regulated system relies on a ligand that is non-toxic
and lipophilic, has a short half-life, is non-immunogenic by itself, and does not
disturb the target tissue physiology. Many types of promoters can be used to
achieve such a goal. Viral promoters such as CMV are strong promoters that
might be silenced over time because of cellular toxicity triggered by high lev-
els of transgene expression. Although cell-specific promoters restrict transgene



10 F. Apparailly et al.

expression in the tissue of interest, they often provide weak levels of transgene
expression. There are many natural promoters issued from mammals regulato-
ry elements (steroid hormone responsive elements, acute-phase protein pro-
moter, metallothionein promoter, heat shock promoters or interferon-inducible
promoters) (for review [130]). They have the advantage to be activated by
endogenous ligands that are non-toxic and immunologically inert; however they
do not allow tight control of the therapeutic gene. Indeed, a basal level of induc-
er molecules will always be present in the body and may vary according to time
of the day, patient’s activity and health, providing a basal leakiness of transgene
expression. Use of exogenous transactivator doses might induce toxicity and
pleiotropic effects with undesired consequences and absence of selectivity.
More importantly, the endogenous expression of the inducer prevents from
stopping transgene expression in case of threat. Chimeric systems have been
engineered to circumvent side effects. They are based on insect and mammalian
nuclear hormone receptors and use either ecdysone or RU486 as inducer, on
bacteria operon regulatory systems and use IPTG or tetracycline as inducers, or
on chemically-induced human protein heterodimerisation using rapamycin as
inducer. The use of disease-regulated promoters to drive restricted and fine-
tuned transgene expression should indeed provide therapeutic levels of the mol-
ecule during flares, that are produced to avoid toxicity (excess) and inadequate
production (no effect). One study tried to identify a promoter that is naturally
activated by inflammation; several candidates were identified and the most
interesting data were obtained using an hybrid interleukin-1 enhancer/inter-
leukin-6 proximal promoter allowing achievement of efficacious local IL-4-
based gene therapy under arthritic conditions [131]. Other groups successfully
explored the use of an NF-κB-based promoter to drive transgene expression
according to the level of joint inflammation [75, 76]. More recently, a COX-2
promoter element was used to efficiently drive in vitro the IL-4 transgene
expression in transiently transfected articular chondrocytes only in response to
inflammatory mediators (IL-1β and TNF-α) [132].

Finally, endogenous microRNA can be exploited to regulate transgene
expression according to tissue and lineage. Indeed, sophisticated control of
transgene expression was obtained with vectors that contain miRNA target
sites [133]. Such vectors were shown to rapidly adjust transgene expression in
response to changes in a specific miRNA expression, to sharply segregate
transgene expression to a specific cell type through vector silencing in
miRNA-expressing cells, without perturbing endogenous miRNA expression
or regulation of natural targets. In conclusion, miRNA-regulated vectors rep-
resent an option for safer and more effective therapeutic applications.

Gene therapy just starts to reach a realistic clinical stage. Since it is defini-
tively the only approach on the long run to solve the problem of long-term
expression of the therapeutic genes, the improvement of such strategies large-
ly depends on the generation of new hybrid vector systems allowing ideally
cell-specific, long-term and controllable gene expression.
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What have we learnt from preclinical studies?

Recent data showed that a modified capsid from the serotype 2, containing five
amino acids from the serotype 1 capsid, was able to transduce primary syn-
oviocytes and chondrocytes as efficiently as serotype 5 (poster presentation
from Samulski et al. at the 5th GTARD, Seattle, US). This is a new interesting
track that still requires to be investigated in term of immunogenicity, as for
rAAV5. Although long-term expression can be achieved using rAAV5, the pre-
existing immunity to wild type viruses remains an issue to be investigated in
more detail. Indeed, recent findings in a clinical trial in which an AAV vector
expressing coagulation factor IX was introduced into the liver of hemophilia B
subjects highlighted a new issue previously not identified in animal studies,
i.e., a capsid-specific immune responses in humans [134], underscoring the
necessity to monitor these responses in future clinical trials.

Clinical experience of gene therapy in RA

Several clinical trials involving gene therapy in RA have been conducted
around the world. The first trial has focused on safety and feasibility. This
Phase I protocol conducted at the university of Pittsburgh was designed as an
ex vivo strategy. Using gene transfer of a retrovirus encoding the IL-1 receptor
antagonist (IL-1Ra) into autologous RA synovial fibroblasts (RASF), it was
demonstrated that the therapeutic gene could be efficiently transferred in the
joints of RA patients and successfully expressed [14]. After implantation of
transduced RASF (106–107 cells/joint), the joints were removed for implant
replacement 1 week later, justified by the advanced disease of selected
patients. The injected cells were found to be localised at the lining layer of the
synovium, as cell clusters expressing large amounts of IL-1Ra. Another poten-
tial concern in this study came from an adjacent control joint of one patient
that received the highest number of transgenic cells (107 cells) and gave posi-
tive RT-PCR signal for IL-1Ra expression. It could be due to cross contami-
nation at the time of injection or at the time of surgical resection, or due to
migration of cells from the injected joint to other inflamed joints. In future tri-
als, it would be optimal to insert a suicide gene to provide an additional level
of safety. Unfortunately, none of the Phase I trials using such ex vivo approach
were pursued to Phase II studies to establish efficacy, due to the inherent heavy
logistic and practical limitations, as well as financial issues.

Three other Phase I and II clinical trials using non-viral gene therapy
approaches were approved by FDA. They all aimed at evaluating the safety of
the injection of non-viral vectors, i.e., a plasmid encoding the thymidine
kinase of the herpes simplex virus injected intra-articularly (university of
Michigan), an antisense RNA targeting the TNF after intravenous or subcuta-
neous delivery (Isis Pharmaceuticals, Carlsbad, US), and a NF-κB decoy
oligodeoxynucleotide administered intra-articularly (Osaka university, Japan).
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After treating 10 patients with no major improvement of the clinical end
points, the last trial will explore the opportunity to increase doses of the
NF-κB decoy ODN and insert chemical modifications for stabilisation.

The most recent gene therapy-based trial in RA was conducted by Targeted
Genetics Corporation, a Seattle-based biotechnology company that is devel-
oping gene therapy products for the treatment of acquired and inherited dis-
eases. The RA-specific gene therapy product is based on a recombinant
serotype 2 adeno-associated virus (AAV2) derived vector that encodes a sol-
uble form of the TNF receptor (TNFR: Fc) to block a key mediator of inflam-
mation (tgACC94). The Phase I/II study was initiated in 2005 and designed
to assess the safety and potential efficacy of different doses (1011–1013

DRP/mL) of tgAAC94 administered directly to affected joints of subjects
who have one or few inflamed joints and are not candidates for systemic
TNF-antagonist therapy, or as a supplemental therapeutic for patients who do
not fully respond to systemic anti-TNF biotherapy. By injecting the product
directly into the joint, the hope has been to avoid the risks associated with sys-
temic anti-TNF therapy, chiefly increased vulnerability to infection. The 127
subjects enrolled have received an initial dose of active drug or placebo into
the knee, ankle, wrist, metacarpophalangeal or elbow, and 74 subjects out of
the total 127 have received a second dose of active drug. Of those 74 subjects,
52 have received two doses of active drug. The first results of the dose-esca-
lation study, 15 subjects with inflammatory arthritis received a single intra-
articular injection of rAAV2-TNFR:Fc at 1010 particles per mL joint volume
(n = 5) or 1011 (n = 6) or placebo (n = 4) into a knee (n = 14) or ankle (n = 1).
Intra-articular injections of rAAV2-TNFR:Fc were well-tolerated with no
major safety issues. Twelve weeks after injection, a 2-point decrease in
swelling was noted in 2/11 subjects injected with rAAV2-TNFR:Fc, despite
the TNFR:Fc protein was not detected Synovial fluid at the doses used [135].
The interim data indicated that tgAAC94 is well-tolerated for doses up to
5 × 1013 DRP. The most common adverse events noted were injection site
reactions, seen in 10% of patients treated. However, two patients developed
serious adverse events, and Jolee Mohr, a 36-year old woman, died in July
2007, few weeks after having the experimental drug injected into her right
knee [136]. Autopsy findings and genomic analyses showed that death was a
result of complications from an opportunistic infection, histoplasmosis dis-
semination, complicated by major internal bleeding, related to simultaneous
adalimumab therapy and not related to the AAV injection. Although there
were insufficient data available to determine if the patient may have had an
immune response to the local injection of tgAAC94, no vector spreading
could be detected outside the injected knee (<30 copies/microgram tissue).
Independently of the gene therapy, Mohr was taking anti-TNFα for her arthri-
tis, which increases the risk for this type of infection, and the contribution of
tgAAC94 injections to the infection was considered as non significant, lead-
ing The US Food and Drug Administration to deliver administrative authori-
sation to pursue the trial.
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Conclusion

Gene therapy holds great promise for the treatment of a wide variety of dis-
eases, and in particular refractory RA. However, it is currently still early clin-
ical development, and the FDA has not yet approved any human gene therapy
product for commercial purpose. Six gene therapy trials in RA have been ini-
tiated since 1996 validating the concept. Knowledge from other gene therapy
trials in unrelated disorders and from upstream research in animal models
showed that intra-articular rAAV-mediated gene therapy combined with an
inflammation-inducible promoter is the most promising approach, but it is
important to put more efforts in safety studies on vector shedding, biodistrib-
ution and pharmacokinetics. Going forward, a very important aspect that is
true for many AAV trials will be the need for immune suppression to prevent
capside-specific immune-mediated responses.
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Abstract

Gene- and nucleic acid-based therapies for inflammatory bowel disease (IBD) have shown efficacy in
animal models and are beginning to be utilized in clinical studies. Emerging research efforts are con-
centrating on the development of nonviral-based DNA delivery technologies that can be administered
via oral and rectal routes to achieve therapeutic effects locally within the affected intestinal tissue.
Although the majority of work is in preclinical development stages, some nucleic acid-based
approaches for treating IBD have successfully progressed to early stages of clinical trials. In this chap-
ter, we will focus on discussing these nucleic acid-based therapies as well as other potential new ther-
apeutics for the treatment of IBD.

Inflammatory Bowel Disease

IBD is a common autoimmune disorder with unclear etiology. Patients with
IBD experience a range of gastrointestinal (GI) symptoms, including diarrhea,
abdominal pain, bloody stools, and malabsorption, often resulting in weight
loss. There are also extra-intestinal manifestations such as joint, skin and eye
disorders associated with IBD. Crohn’s disease (CD) and ulcerative colitis
(UC) are the two main forms of IBD. Both forms of IBD are chronic immuno-
logically-mediated diseases of the bowel, which result in areas of tissue
inflammation in the wall of the GI tract. Both are associated with a high mor-
bidity and decreased quality of life [1].

The overall prevalence of IBD is about two cases per 1,000 people with more
than 4 million persons worldwide inflicted by this disease, although some ethnic
groups, such as Ashkenazi Jews have a particularly high incidence [2]. The peak
incidence of diagnosis is between 10 and 40 years old, although diagnosis can
occur at any age. In the United States alone there are approximately 1.5 million
people affected by IBD [3]. The direct treatment cost and indirect costs of IBD
in the US are estimated to be $6.3 and $3.6 billion annually, respectively [3, 4].

UC typically involves superficial, non-transmural ulceration of the colonic
mucosa, and is restricted to the colon. Depending on the location of the affect-
ed area, patients can be classified as having proctitis (disease confined to the
rectum), left-sided colitis (involving the sigmoid colon with or without involve-
ment of the descending colon), or pancolitis (disease spreading across an exten-
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sive part of the lower GI tract). About 40% of patients have proctitis, 30–40%
have left-sided ulcerative colitis, and 20–30% have pancolitis. Due to the exten-
sive ulceration of the rectum and colon, the chief symptom during flares of UC
is bloody diarrhea.

The inflammation of CD, in contrast, can occur in confined regions any-
where along the GI tract. The terminal ileum is affected in up to 70% of
patients. The lesions seen in CD are typically transmural in nature, affecting
multiple layers or the full thickness of the GI tract. Histopathologically,
Crohn’s lesions sometimes reveal non-caseasting granulomas. Progressive
inflammation in Crohn’s disease can ultimately result in the formation of
abscesses, fistulae, and strictures requiring surgical intervention. Presentation
at diagnosis can range in appearance and severity, as different areas of the GI
tract can be affected. Symptoms most commonly include abdominal pain,
cramping and diarrhea, however, other symptoms such as nausea and vomit-
ing, drainage due to fistula formation, as well as acute presentations can occur.

Pathogenesis of IBD

IBD develops in a genetically susceptible host under the influences of envi-
ronmental factors that initiate and perpetuate an immune response leading to
chronic mucosal inflammation. Approximately 40 IBD susceptibility loci in
the human genome have been recently identified [5]. Among all the putative
environmental factors, the one that has received the most attention is the role
of the enteric microbiota in causing an inappropriate host immune response.
This knowledge has led to the most widely accepted model of IBD pathogen-
esis, where in a genetically susceptible individual there is the loss of normal
immunologic tolerance to the enteric microbiota.

Recent descriptions of genetic susceptibility loci in the human CD and UC
highlight the importance of innate immune responses against the enteric
microbiota in disease pathogenesis. The CD susceptibility genes NOD2,
ATG16L1, and IRGM are involved in microbial recognition and eradication
[5–7]. Furthermore, several susceptibility genes are part of the IL-12/23 path-
way, an important link between innate and adaptive immunity.

Mechanisms by which NOD2 mutations lead to disease development are still
controversial, but highlight the importance of immune responses against the
enteric microbiota. The NOD2 protein is an intracellular receptor expressed in
monocytes/macrophages, dendritic cells and intestinal epithelial cells, and it is
activated through binding of a bacterial product, muramyl dipeptide (MDP) [7].
MDP is a component of peptidoglycan, a major structure found in the Gram-
positive bacterial cell wall. The activated NOD2 then triggers NF-κB signaling
pathways, resulting in production of many pro-inflammatory cytokines.
However, it is worth noting that despite elevated NF-κB activation in the intes-
tinal mucosa of CD patients, innate immune cells with NOD2 variants have
decreased NF-κB activation in response to MDP [8]. Recently, it has been pro-
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posed that NOD2 mutations in human macrophages may lead to defective
expression of cytokine IL-10 [9]. Moreover, NOD2-deficient mice have higher
susceptibility to infection by Listeria monocytogens given via the oral route, but
not by systemic administration, suggesting that NOD2 plays a role in bacterial
clearance in the gut [10]. This finding is consistent with decreased intestinal
epithelial defensin expression in CD patients with NOD2 mutations.
Collectively, these results suggest that NOD2 participates in anti-bacterial
immunity and impaired clearance of bacteria may be a primary defect in the
pathogenesis of CD.

Genome wide screens have identified two other IBD susceptibility genes
with immediate implications for macrophage mediated innate immunity, IL23R
(IL-23 receptor) [11] and ATG16L1 [12, 13]. IL-23 is produced by macrophages
following activation by bacterial ligands and it functions to expand IL-17 pro-
ducing helper T cells (Th17 cells). IL-23 has been shown to play an essential
role in several murine colitis models [14–16]. However, functional conse-
quences of the IL23R gene variations have not yet been reported. The ATG16L1
gene is involved in autophagy. Autophagy was originally described as a cellu-
lar adaptation to cellular stress and nutrient deprivation; however, recent stud-
ies have implicated autophagy in the processing of intracellular bacteria such as
Mycobacterium and Streptococcus. Functional knockdown of ATG16L1 leads
to defective autophagy in response to Salmonella typhimurium infection [17].

Recent research implicates the role of gut microbiota in prevalent human dis-
ease including obesity, diabetes, cancer and IBD. The complex and as of yet ill-
defined gut microbiota can be viewed as a microbial organ system that con-
tributes to a number of physiologic functions. Furthermore, microbes in the gut
elicit protective functions against pathogens and modulate the host immune sys-
tem. The importance of the microbiota in the initiation and perpetuation of IBD
is most clearly demonstrated by studies in mouse models of IBD [18–21]. For
example, colitis-prone, germ-free derived mice do not develop IBD until colo-
nized with the enteric microbiota [18, 19]. The current state of knowledge
reveals that the loss of immunologic tolerance to the intestinal microbiota is not
global, but rather it appears that the innate and adaptive immune system are
only reactive to specific bacteria or bacterial antigens. Therefore, interventions
in IBD that can potentially restore tolerance to defined microbiota are a prom-
ising strategy for future IBD therapies. Undoubtedly, a thorough understanding
of the complex interaction between the host and microbe is a requisite for build-
ing a more complete knowledge on the pathogenesis of IBD.

Treatment of IBD – current clinical standards

Both CD and UC are a significant burden to patients. Quality of life is signifi-
cantly impacted during periods of active disease; and treatment and mainte-
nance therapy are both extremely expensive. In a 2004 study of commercially
insured US individuals, the mean expenditure for CD and UC was $8265 and
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$5066 per patient-year, respectively. The three greatest direct expenditures of
IBD were for medications, inpatient medical and surgical costs [3]. Expendi -
tures were less in adults than in children, and equal between genders. Due to the
chronic, relapsing and sometimes progressive nature of IBD, in many cases
there are far-reaching effects on patients’ lives beyond the cost of care. Pain, fre -
quent diarrhea and other symptoms associated with IBD flares can result in ab -
senteeism from school or work, as well as inability to participate in social and
fa mily functions [22]. Furthermore, a significant subset of patients may devel-
op anxiety or depression while coping with the demands of living with IBD,
and may benefit from psychotherapy in addition to proper management of their
IBD [23].

Since IBD is a chronic disease, patients generally require lifelong treatment.
Therapy for IBD can be divided into two main approaches: pharmacological and
surgical therapy, which is required in up to 40% of cases of UC and 70% of cases
of CD. Treatment for IBD depends on the severity of the disease. Each person
experiences the disease differently, so treatment is prescribed accordingly.

Pharmacologic therapy

Current pharmacologic therapy for IBD is not curative, but instead focuses on
inducing and maintaining clinical remission. Standard of care for IBD typical-
ly involves a multi-drug approach to induce remission, and then either mono-
or multi-drug therapy to maintain remission once it has been achieved. A wide
array of drugs with immunomodulatory properties are used for this purpose.
The most commonly used drugs in the maintenance of UC remission are the
aminosalicylates (e.g., 5-ASA, mesalamine), which act on the intestinal epithe-
lium to mediate the release of anti-inflammatory mediators [24]. The aminos-
alicylates are typically administered locally, and depending on the extent of dis-
ease may be administered per the rectum as a suppository, foam or an enema.
This inconvenient and messy dosing may limit patient compliance with aminos-
alicylate therapy, and more recently efforts have been made to increase the
availability of more convenient oral and rectal dosing formulations [25].

Corticosteroid therapy is a primary treatment for moderate to severe relaps-
es of CD and UC, due to their potent anti-inflammatory effects. They act via
several mechanisms, including down-regulation of cytokine production, inhi-
bition of NF-κB translocation, and suppression of arachidonic acid signaling
[26]. However, these compounds exert many undesirable systemic side effects,
including glucose intolerance, weight gain, cataract development, osteoporo-
sis, immunosuppression and frequent infections [26]. Recent efforts have been
focused on reducing these systemic side effects by reformulating certain poor-
ly absorbed corticosteroids (e.g., budesonide) for localized delivery to the
colon via enema or by mouth via extended-release tablets [27]. Furthermore,
although effective in inducing response and remission, corticosteroids are inef-
fective in long-term maintenance of remission.
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Thiopurines such as azathioprine and mercaptopurine are also used for
induction and maintenance of CD and UC, particularly in patients who have
required steroids to induce remission [28, 29]. Thiopurines function in part by
modulating Rac1, thereby inducing T cell apoptosis [30]. IBD patients on
thiopurines must be monitored for the development of leukopenia, which can
lead to infections, and other potential side effects include GI intolerance, hepa-
totoxicity, pancreatitis and possibly lymphoma. Close monitoring of blood
counts is necessary with the use of thiopurines.

Methotrexate is also used to induce remission or prevent relapse of CD [31].
Therapy with methotrexate and steroids has been shown to be more effective in
inducing remission in CD with lower doses of steroids [32]. The use of metho -
trexate is limited by many undesirable side effects, such as headaches, nausea
and vomiting, as well as more seriously by hepatitis and pneumonitis [33].

Medical therapy for IBD has been revolutionized by the introduction of bio-
logic agents such as the TNF-α inhibitors, and is expected to evolve continu-
ously as newer biological agents are introduced. Injectable biologics including
anti-TNF-α antibodies and antibody fragments, such as infliximab
(Remicade®), adalimumab (Humira®), and certolizumab pegol (Cimzia®) have
been approved for the treatment of CD, whereas only infliximab has been
approved for the treatment of UC. This class of biologics has recently shown
significant advantages over conventional immunomodulators, as the efficacy is
higher for patients who respond to the therapy. They are generally well toler-
ated, and relatively safe. The ACCENT-I trial demonstrated that maintenance
infusions of infiximab every eight weeks was beneficial in maintaining clini-
cal remission in CD patients who had responded to an initial first dose of
infliximab [34]. Additionally, infliximab is the first agent shown to be benefi-
cial in the treatment of fistulizing CD [35]. However, there are several serious
systemic side effects associated with prolonged usages of these biologics,
including development of tuberculosis, histoplasmosis, pneumonia, various
infections and lymphomas [36]. Another limitation of this class of drug is the
body’s tendency to develop an immune reaction to the drug, leading to neu-
tralization of its beneficial effects as well as infusion or injection site reactions.
Notably, about 20–40% of IBD patients on infliximab develop loss of response
to the drug [37]. Another disadvantage related to these medications is that they
cannot be delivered orally, requiring patients to receive infusions or give them-
selves injections. Additionally, their cost is relatively high.

Natalizumab is an anti-α4 integrin monoclonal antibody that was approved
in 2008 in the United States (US) for the treatment of CD and is approved in
the US and European Union for the treatment of multiple sclerosis.
Natalizumab exerts its effects by binding to the α4 subunits of integrins on T
cells, which then inhibits the ability of T cells to bind to receptors such as
VCAM-1 and MAdCAM-1 on the vasculature and extravasate into areas of
inflammation [38]. In clinical trials, natalizumab was effective at inducing and
maintaining remission in patients with moderate to severely active CD, and
therefore may be especially beneficial to patients who do not respond to treat-
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ment with steroids or anti-TNFα agents [39]. However, use of natalizumab has
been associated with progressive multifocal leucoencephalopathy, a rare but
potentially fatal demyelinating disease caused by reactivation of latent JC
virus (a type of human polyomavirus, formerly known as papovavirus) reacti-
vation [40]. Therefore, use of this agent requires careful evaluation of the risk-
benefit ratio for the patient. Furthermore, in conjunction with the US FDA, dis-
tribution of natalizumab is restricted through a closed prescribing and distri-
bution program that requires all prescribers, pharmacies and infusion centers
to be specially registered in order to ensure proper monitoring of patients for
adverse effects [38].

Surgical therapy

Surgery is a commonly used treatment option for IBD. In patients with severe
disease, elective surgery can lead to improvement in quality of life. In UC,
removal of the colon can be curative, but in CD removal of affected areas is
not curative, as disease can recur throughout the GI tract.

It has been reported that approximately 25% to 40% of UC patients must
eventually have their colons removed because of massive bleeding, severe ill-
ness, rupture of the colon, or risk of cancer. Surgical removal of the colon is
commonly done if medical treatment fails, colonic dysplasia or colorectal can-
cer is detected, or if side effects of drugs used threaten the patient’s health.
Colectomy comprises patients quality of life and the procedure can lead to
severe side effects, including fecal incontinence, pelvic sepsis and pouch fail-
ure [41]. About 70–90% of CD patients may require one surgery for removal
of part of the colon or small bowel secondary to the complications of CD, such
as the formation of strictures or fistulae. Conservative resection of the affect-
ed area is necessary, as recurrence is common and large proportion of patients
will need a second operation, and some will require more than two resections
[42]. Short-bowel syndrome, which is characterized by malnutrition, is a rare
complication in patients following resection of the small intestine. CD patients
with small-bowel syndrome must have their nutrition supplemented by par-
enteral nutrition, or supplied by total parenteral nutrition, which in turn carries
a risk of sepsis [42]. In addition to surgical management of severe UC and CD,
surgical care of IBD may also be necessary in acute situations. IBD may pres-
ent acutely as toxic colitis, hemorrhage, perforation, intra-abdominal masses
with abscesses or sepsis, or obstruction [43]. These acute surgical emergencies
are rare, but life-threatening.

New approaches to the treatment of IBD

Given the success of anti-TNF-α biologics, it is perhaps not surprising that
there is a growing interest in the development of specific biological therapies
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targeted at the specific pathological pathways observed in IBD. There are
numerous new approaches for the treatment of IBD currently under investiga-
tion, most of which are precisely targeted to address an aspect of the patho-
logical process of IBD. Therapy targeted to the disease process could in theo-
ry offer increased efficacy and a reduction in the multi-system side effects that
are common with the current pharmacologic therapy. However, as these are
investigational therapies, their individual risk-benefit profiles need to be care-
fully determined. We broadly categorized current investigational treatments
for IBD into the following five areas of therapeutic strategies.

Blocking pro-inflammatory cytokine activity

There is a growing popularity of novel antibody-based therapies for the treat-
ment of IBD. One approach in the development of new therapies has been to
block cytokine signaling necessary for the development and activation of T
cells. Antibodies to block IL-12 family members via blocking the IL-12 and
IL-23 shared p40 subunit [44], have been tried in preliminary clinical trials for
CD and have demonstrated potential benefit. An anti-IL-6 receptor monoclon-
al antibody has shown promising results in mice by blocking T cell recruitment
and increasing T cell apoptosis [45], and preliminary clinical studies have
demonstrated safety in humans [46]. However, further work is needed to
demonstrate efficacy for CD in large-scale clinical trials.

Anti-inflammatory cytokine treatment

Human IL-10 has long been considered as a candidate for treatment of IBD.
IL-10 is expressed by T regulatory cells, and it acts to decrease T helper-cells
activation and to inhibit the production of pro-inflammatory cytokines by
macrophages. As an anti-inflammatory cytokine favoring the cellular mediat-
ed immune response (Th2 response), IL-10 has been shown to prevent onset of
IBD in various mouse models. In addition, clinical trials with recombinant
IL-10 protein delivered by intravenous and subcutaneous injection as a treat-
ment for colitis were performed and demonstrated tolerable safety and some
efficacy in Phase I and II clinical trials [47, 48]. However, Phase III clinical tri-
als for IL-10 were halted due to lack of efficacy and potentially pro-inflam-
matory effects associated with patients receiving high dose IL-10 [49]. Upon
reviewing the data, clinical trial studies indicated that only limited therapeutic
advantage was achieved in colitis patients treated with IL-10 when the drug is
administered systematically [50]. The therapeutic efficacy of recombinant
IL-10 delivered by injection is limited, in part, by its poor bioavailability in the
GI tissue and by the unwanted systemic side effects, including thrombocy-
topenia, anemia, and release of pro-inflammatory cytokines at higher systemic
concentrations.
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It is generally believed that the efficacy of IL-10 treatment could be
improved by localized delivery of IL-10 protein to the gut while minimizing
systemic exposure. However, IL-10 cannot be delivered orally as it would not
be stable in the acidic and digestive enzyme-rich environment of the gut. There
are numerous pre-clinical studies in animals demonstrating that a high level of
IL-10 delivered locally with minimized systemic exposure can result in a
strong anti-inflammatory response and prevent development of colitis
[51–54]. Furthermore, a recent Phase I trial in Crohn’s disease patients of a
genetically modified Lactococcus lactis strain which expresses and secrete
human IL-10 showed some improvement to disease activity [55]. It remains
unclear if the IL-10 secreted by the transgenic bacteria in the intestinal lumen
would cross the mucosal barrier sufficiently to activate its cellular targets sit-
uated in the submucosal layer. Although some pre-clinical studies in mouse
models demonstrate that the IL-10-secreting L. lactis are actually taken up into
the mucosal layer through the paracellular route, which may allow bacteria to
produce IL-10 in the vicinity of responsive cells [56, 57].

T cell inhibition

Antibodies to proteins on T cells, such as CD4, CD3 or CD25, have been used
in CD to attempt to selectively delete pathogenic T cells. In the case of CD4,
little therapeutic benefit was seen, and patients experienced HIV-like side
effects following therapy and trials were halted. Anti-CD3 (visilizumab) is
thought to function by inducing selective apoptosis of activated T cells, and
has shown beneficial therapeutic effects in Phase I trials [58]. In patients with
steroid-refractory UC, 41% achieved clinical remission, and 44% achieved
endoscopic remission. However, treatment was complicated by cytokine-
release syndrome in 80% of patients at the lower dose and 100% of patients at
the higher dose. Cytokine-release syndrome, in which antibody binding to the
T cells results in release of preformed cytokine prior to T cell destruction, is
characterized by fevers, rigors and hypotension.

Anti-CD25 (daclizumab, and basiliximab) is also of particular interest as
the mechanism of steroid-refractory disease is postulated to be a function of
IL-2 signaling in T cells, and blockade of CD25 (the IL-2 receptor on T cells)
could aid in treatment of IBD, which has become resistant to treatment with
steroids. Small studies of basiliximab in steroid-refractory UC patients suggest
that it can induce remission in steroid refractory patients [59]. However, a
Phase II trial of daclizumab in 159 patients with moderate UC demonstrated
no therapeutic benefit compared to placebo [60]. Although anti-CD3 and anti-
CD25 antibodies may have a niche role in the treatment of severe, steroid
refractory IBD, more large-scale clinical studies are needed to prove their ther-
apeutic efficacy in humans.

While these methods modify the number of pro-inflammatory T cell popu-
lations, other methods have been examined to modify the function of pro-
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inflammatory T cells. For example, toralizumab, an anti-CD40L antibody,
functions by blocking the CD40 ligand on T cells and making them unable to
receive co-stimulatory signals from activated B cells in the intestinal lamina
propria [61]. This agent helps to prevent activation of the T cells within the
intestine, which has been effective in animal models of colitis and is currently
being investigated in Phase II clinical trials [62]. Abatacept, a CTLA4-Ig
fusion protein currently approved for use in rheumatoid arthritis, is also under-
going Phase II and III clinical trials in patients with active CD and UC.
Abatacept has been shown to alter immune system function by a variety of
mechanisms, including blocking B7 co-stimulation of T cells; binding to B7
molecules on dendritic cells; and activating indoleamine-2,3,-dioxygenase,
which indirectly inhibits T cell function [63]. In murine models of colitis, abat-
acept treatment was able to suppress inflammatory cytokine production and
inhibit disease progression [64].

Promoting intestinal repair

All of the strategies discussed previously focus on down-regulating the levels
of inflammation within the intestine to minimize the area damaged by inflam-
mation. However, some strategies have also been examined to accelerate the
natural healing process of the intestinal tissue. In a preliminary clinical study
in CD patients, growth hormone plus a high protein diet demonstrated benefi-
cial effects compared to placebo in patients with disease severity ranging from
remission to moderate disease [65]. It is believed that a portion of these effects
is mediated through decreased intestinal permeability and increased intestinal
protein turnover.

Glucagon-like peptide 2 (GLP-2) is a proglucagon peptide secreted by
endocrine cells of the intestines in response to food ingestion. Administration
of GLP-2 has been shown to be associated with decreased intestinal injury,
bacterial adhesion and epithelial damage in various animal models for IBD
[66]. Treatment with a human GLP-2 analog in mice with dextran sodium sul-
fate (DSS)-induced colitis demonstrated a reduced severity of disease [67].
Inhibiting dipeptidyl peptidase, which enzymatically breaks down endogenous
GLP-2, has also been shown to partially ameliorate DSS-induced colitis in
mice [68]. In 2009, the FDA allowed the beginning of a Phase I trial for
ZP1848, a modified, dipeptidyl peptidase-resistant- GLP-2 agonist with a
longer biological half-life, in CD patients.

Modifying the enteric microbiota

The manner in which the host immune system interacts with the endogenous
intestinal microflora has been gathering a significant amount of attention in rela-
tion to the pathogenesis and therapy of IBD. There is a growing body of evi-



dence that certain components of the enteric microbiota may contribute to
increased inflammation and disease activity within the intestine, whereas other
strains of intestinal bacteria may be protective [69]. Significant differences have
been demonstrated in the microbiota between IBD patients and healthy controls,
with IBD patients having a reduction in the overall biodiversity of species [70].

One therapeutic approach to address this is to administer probiotics to IBD
patients. Probiotics are living microorganisms which are administered orally.
Many have been derived from cultured dairy products and consist of organisms
such as Lactobacillus and Biofidobacterium species, among others [71]. While
probiotic treatment involves the administration of living microorganisms, pre-
biotics are indigestible foodstuffs that are fermented by colonic bacteria. This
drops the colonic pH, altering the growth of the endogenous microflora in a
manner that promotes the growth of Bifidobacteria, Lactobacilli, non-patho-
logic E. coli, and decreasing Bacteroidaceae [71]. Prebiotic carbohydrates
include lactulose, germinated barley foodstuff, fructo-oligosaccharides, and
goat’s milk oligosaccharides [72]. Approaches utilizing both pro- and prebi-
otics have shown therapeutic benefits for IBD in animal models and in clinical
trials [73]. However, additional clinical trials are needed to determine whether
these approaches are beneficial in patients as the majority of existing small
studies have been negative.

The ‘hygiene hypothesis’ regarding the pathogenesis of IBD postulates that
there is a higher incidence of IBD and other autoimmune disease in industri-
alized nations due to the decreased rate of childhood infections. It is believed
that childhood infections with pathogens such as helminths may train the
immune system, altering the immune response from a Th1- predominant to a
Th2- predominant phenotype [74]. Investigation of the effects of helminth ova
from Trichuris suis, which is not a human parasite and therefore theoretically
cannot colonize humans, have shown promising results in both CD and UC
patients [75, 76]. Although these results are promising, further work is
required to demonstrate the long-term safety and efficacy of interventions
altering the intestinal microbiota.

Applications of nucleic acid-based therapies in IBD treatment

Despite the addition of biologic therapy to the IBD treatment regimen, it
remains a sobering fact that these treatments are still complicated by many
undesirable side effects and reactivation of the disease. Although there are
many promising new agents under development for the treatment of IBD,
there are inherent limitations in the delivery of many of these medications.
Gene- and nucleotide-based therapies have the potential to address some of
these limitations.

One advantage of a gene therapy approach is the ability to deliver genes
locally, achieving production and concentration of therapeutic protein in the
intestinal tissue with negligible amounts in the general circulation, thereby elim-
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inating potential systemic side effects. As discussed above, some therapeutic
efficacy has been demonstrated in humans using low doses of injectable recom-
binant human IL-10. However, its effectiveness is limited by excessive systemic
adverse drug effects at higher doses. It is also evident from these clinical stud-
ies that the pharmacokinetic profile of IL-10 after subcutaneous and intravenous
administration shows a low volume of distribution (i.e., IL-10 is mostly con-
fined to the blood compartment) and a relatively short half-life (1.5–3 h)
[77–79]. Therefore, limited bioavailability of IL-10 at the gut tissue may
explain the relatively low efficacy of injectable IL-10 treatment. Increasing the
dose of subcutaneously delivered IL-10 is expected to result in higher plasma
levels and increased IL-10 tissue levels. However, as mentioned earlier, sys-
temic administration of IL-10 at higher doses triggered a pro-inflammatory
response counteracting the local anti-inflammatory effect in the GI tract. This
systemic pro-inflammatory effect may not occur if IL-10 could be concentrated
locally in the gut by using gene transfer techniques to achieve local expression
of IL-10 protein from the intestinal epithelial cells. Indeed, Lindsay et al. have
demonstrated that rectal administration of a non-replicating adenoviral vector
expressing murine IL-10 was able to induce clinical and histological remission
in the IL-10 deficient mouse model for colitis [53]. While this demonstrates a
compelling proof-of-principle, there remain concerns regarding the safety and
commercial viability of viral vectors. Some of the limitations associated with
the clinical use of viral vectors include: (1) endogenous virus recombination
resulting in replication competent viruses; (2) host immunogenic reactions to
viral particles or activation of pre-existing immunity towards the vector, which
can lead to ineffective repeated dosing due to immune reaction to the viral vec-
tor; and (3) the high cost and limited scalability of viral vector manufacturing.

Non-viral methods for gene transfer to the intestine may be a better option
for clinical gene therapy for IBD. However, very few studies exist looking at
the use of these non-viral vector systems for delivery of therapeutic genes to
treat IBD. Preclinical studies examining the use of chitosan as carrier of plas-
mid DNA to cells of the GI tract appear to be particularly promising, even
though most of these studies are not related to treatment of IBD. Chitosan is
derived from chitin, an abundant polysaccharide found in crustacean shells.
The use of chitosan as a vehicle to deliver genes to eukaryotic cells has been
evaluated for almost a decade. It has been demonstrated that this polymer can
mediate gene delivery to various tissues in vivo. Notably, chitosan is non-toxic,
biocompatible, biodegradable, mucoadhesive and positively charged, making
it an excellent DNA carrier to cells in mucosal epithelium. Furthermore, due
to its low toxicity and biocompatibility, chitosan has been widely used in the
pharmaceutical industry as a drug carrier and as a biomaterial in various
wound healing applications [80–83]. In addition to chitosan being safe for
clinical use, chitosan-DNA nanoparticles can be easily manufactured at large
scale with relatively low cost. It has also been shown that chitosan-DNA
nanoparticles are amenable to lyophilization and reconstitution without sacri-
ficing their efficiency in carrying genes into cells, thus giving this DNA vec-
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tor system the potential to be administered in an oral or a pill formulation [84].
There have been demonstrations of successful transfection of mucosal cells in
the duodenum, jejunum, ileum, and colon following oral administration of chi-
tosan-DNA nanoparticles in mice [85]. For example, a sustained increase in
TGF-β protein was detectable in mice given a gavage of a suspension contain-
ing chitosan-DNA nanoparticles carrying an expression plasmid for the TGF-β
gene [86]. Notably, a significant amelioration of ovalbumin-induced food
allergy symptoms in the treated mice was concomitantly observed. Similarly,
Roy et al. have shown that oral delivery of chitosan-DNA nanoparticles
expressing the dominant peanut allergen Arah 2 [87], led to protection from
anaphylactic response in a murine model for peanut allergy. Other novel non-
viral gene transfer systems are also being evaluated for delivery of DNA to gut
mucosal cells for the treatment of IBD. Notably, a recent study by Bhavsar and
Amiji showed that oral delivery of a novel microscapsules carrying a murine-
IL-10 gene was therapeutically efficacious in a mouse model for colitis [88].
In this system, the expression plasmid for IL-10 was packaged in type B gela-
tin nanoparticles, which were further encapsulated by poly-ε-caprolactone to
form microspheres. Following oral administration of these microspheres to
mice with TNBS-induced colitis, suppression of inflammatory cytokine pro-
duction in the colon was observed along with increased body weight and colon
length. Taken together, these preliminary animal studies provide encouraging
evidence that local delivery of the IL-10 gene to the gut by oral or intrarectal
route could improve the therapeutic index of IL-10 in IBD by increasing its
local concentrations in the affected tissue. Although current results in small
animals are promising, these non-viral vectors require further testing in rele-
vant large animal models to evaluate their feasibility and effectiveness to safe-
ly deliver a sufficient amount of gene to provide therapeutic levels of IL-10
expression in the gut, while maintaining a low enough systemic concentration
to prevent side effects.

A successful gut-directed gene delivery platform also can be used to deliver
other gene targets to gut mucosal cells for expression of various proteins to
counteract the pro-inflammatory activities of the various cytokines associated
with IBD. For instance, it has been shown that enema administration of aden-
ovirus expressing a soluble murine IL-17 receptor-IgG fusion protein led to
suppression of inflammation in the colon of mice with TNBS-induced colitis
[89]. IL-17 is produced mainly by activated CD-4+ T cells and activates numer-
ous potent inflammatory mediators, including IL-6, nitric oxide synthase and
the CXC chemokines IL-8 and granulocyte chemotactic protein-2 [90]. Over -
expression of IL-17 has been observed in serum and intestinal mucosa from
patients with IBD [91]. More recently, Sugimoto et al. demonstrated that direct
injection of an IL-22 gene packaged in liposomes to the inflamed colon of
TCRα knockout mice led to a rapid amelioration of local intestinal inflamma-
tion [92]. Interestingly, the tissue improvement in the inflamed colon of the
treated mice was associated with enhanced mucous production. This local gene
delivery approach further supports the promise of gene therapy as a therapeutic
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strategy for IBD. Furthermore, in light of the validated effectiveness of anti-
TNF-α in treating IBD, it would be worthwhile to explore the therapeutic ben-
efits and efficacy of localized delivery of a gene encoding a secreted TNF-α
inhibitor to the gut of patients with IBD. A similar gene therapy approach is
 currently being developed for inflammatory arthritis and has been proven to be
tolerable in a Phase I clinical trial [93]. Gene delivery technologies can also be
applied to concentrate delivery of various putative growth factors (e.g., GLP-2,
growth hormone, IGF-1) to promote intestinal tissue healing in subjects with
IBD. Ultimately, the progress and clinical success of using gene therapy to treat
IBD fundamentally depend on the availability of effective and safe gene deliv-
ery systems for the GI tract.

Antisense oligonucleotides and small interference RNA (siRNA) can also be
delivered in place of DNA in order to silence expression of certain pro-inflam-
matory genes associated with the pathogenesis of IBD. Alicaforsen, a 20-base
pair phosphorothioate antisense oligodeoxynucleotide, designed to bind to a 3'
untranslated region of human ICAM-1 mRNA, is being developed as a therapy
for IBD. The recruitment of inflammatory cells to the inflamed site in the gut is
mediated through the interaction between specific integrin receptors on the cir-
culating leukocytes and its ligand, intercellular adhesion molecule-1 (ICAM-1),
which is expressed in the vascular endotheleum. Although some efficacy was
observed in early clinical trials, later stage placebo controlled trials failed to
demonstrate efficacy of alicaforsen delivered by either subcutaneous or intra-
venous injections. Pharmacodynamic analysis revealed that the lack of thera-
peutic effects from subcutaneous or intravenous administration of alicaforsen
was likely due to insufficient suppression of ICAM-1 expression in the gut vas-
culature. To improve exposure of the affected tissue to the drug, alicaforsen was
reformulated for enema delivery. A small Phase II dose-ranging, double-blind
and placebo-controlled clinical study was conducted in human subjects with
mild to moderate left-sided ulcerative colitis to evaluate the efficacy of daily ali-
caforsen enema for a 6 week study period [94]. Interestingly, no improvement
in mean Disease Activity Index (DAI) at the end of the treatment period was
observed between the treatment and placebo group. However, a delayed and
significant improvement in mean DAI was seen in alicaforsen-treated subjects
at week 18 and 30 weeks. Although the mechanism for such a delayed response
is unclear, the results suggest that if sufficient alicaforsen is delivered to the dis-
eased tissue, it may exert prolonged disease altering effects.

siRNA is a novel class of investigational pharmaceutical compounds with
potent and sequence-specific gene silencing properties. They are small double-
stranded RNA ranging from 22–25 nucleotides in length. Once inside the cyto-
plasm of the cell, siRNA bind to Argonaut 2 (AGO2) and Dicer proteins to
form the RNA-induced silencing complex (RISC), resulting in the cleavage of
the sense strand of siRNA by AGO2. This activated RISC-siRNA complex
then seeks out and hybridizes with complementary mRNA transcript, leading
to its degradation and hence silencing of the target gene [95]. Due to the nov-
elty of siRNA and the difficulties in delivering these small nucleotides to tar-
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get cells, data on using siRNA in IBD therapy is scarce and preliminary at best.
Peer et al. recently developed a targeted liposomal nanoparticle system to
deliver cyclinD1-specific siRNA molecules to gut-infiltrating leukocytes [96].
Antibodies to β7 integrin were used to target the liposomal particles to gut-
infiltrating leukocytes. In a DSS-induced model of colitis, systemic delivery of
these nanoparticles reduced severity of colitis by suppressing leukocyte infil-
tration and decreasing expression of Th1-type cytokines such as IFN-γ, IL-12,
and IL-2. Despite these promising preliminary observations, the widespread
use of siRNA therapeutics for treating IBD requires further development of an
efficient delivery system.

Recent discovery of the Toll-like receptors (TLRs) has opened a new
nucleo tide-based treatment option for IBD. TLRs play an important function
in the activation of innate immunity response to microbial pathogens. They are
expressed in a wide variety of immune and epithelial cells. TLR-9 is the pre-
dominant form of TLR expressed in colonic epithelial cells. It is an intracellu-
lar receptor found only within the endosomal compartment [97]. Unmethyl -
ated CpG motifs commonly found in microbial DNA are identified as natural
ligands for TLR-9. Interestingly, Rachmilewitz et al. observed that the admin-
istration CpG-laden oligodeoxynucleotides (ODN) attenuates the degree of
colonic inflammation in various models of experimental colitis [98]. In a more
recent study, the same research team identified a specific class of CpG ODN
that is effective in inhibiting pro-inflammatory cytokine production in colonic
organ cultured collected from patients with UC [99]. These ODN represent a
novel class of therapeutic compound for the treatment of IBD. In light of its
mechanism of action, the efficacy of such a therapeutic approach may be
dependent on the ability to deliver sufficient amounts of CpG ODN to gut cells
at the inflamed site. Therefore, this therapy may only be used to treat IBD
patients with inflamed tissues restricted to the lower colon, which can be eas-
ily accessed by intrarectal administration of the ODN. In addition, intrarectal
delivery of an ODN decoy that binds to nuclear factor-κB (NF-κB) has been
shown to result in considerable reduction of colitis pathology and local tissue
levels of pro-inflammatory cytokines in various murine models of IBD [100].
NF-κB is a key transcriptional regulator of immune response in the GI tract of
subjects with IBD.

Concluding remarks

Considerable progress has been made in recent years towards the development
of effective nucleotide-based therapies for IBD that are more targeted and,
thus, less toxic than current treatments. It is clear from preclinical and initial
clinical studies that emerging technologies to deliver genes, oligonucleotides,
and siRNA can be effectively applied to target the diseased gut tissue in sub-
jects with IBD. However, the observed safety profile and efficacy of these
novel treatments need to be further evaluated in the appropriate preclinical ani-
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mal models and later in humans. Also, it remains to be seen to what extent the
safety and efficacy profiles established in animal models will be translatable to
the diverse human IBD patient population, whose intestinal flora composition,
disease status, diets and previous treatment exposure are bound to have some
impact on the efficiency of nucleotide delivery to the gut and ultimately on the
treatment efficacy. Indeed, as is the case with current clinical therapies for IBD,
it remains unlikely, given the heterogeneity of IBD, that a single treatment reg-
imen will be efficacious in all cases. However, judging from current research
progress, there should be little doubt that nucleotide-based therapies will even-
tually become an important option in the treatment arsenal available for con-
trolling IBD and improving the quality of lives of many who suffer from this
chronic, debilitating disease.
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Abstract

Diabetes mellitus is a devastating disease and the World Health Organization expects that the number
of diabetic patients will increase to 300 million by the year 2025. Intensive glycemic control with
insulin therapy to both Type 1 and Type 2 diabetic patients can reduce the risk of diabetic complica-
tions, but also increase the incidence of hypoglycemia. Many studies have shown the possibility of
gene therapy for treatment of diabetes. Gene therapy can be successfully applied to treat Type 1 dia-
betes (T1D) and to facilitate the replacement of insulin-producing cells by islet transplantation, by dif-
ferentiation of stem/progenitor cells, or by reversible immortalization in rodent models. Here we
review potential approaches for the development of gene therapies for diabetes.

Introduction

Type 1 diabetes (T1D) results from autoimmune-mediated destruction of
insulin-producing β cells in the islets of Langerhans of the pancreas. Failure in
self tolerance towards β cells involves a series of complex events that are gov-
erned by environmental and genetic factors. T1D is initiated and/or progresses
when genetically predisposed individuals encounter an environmental insult
[1–4]. More than 20 chromosomal loci contribute to Type 1 diabetes suscepti-
bility, with the most prominent genes identified to date encoding specific alle-
les of major histocompatibility complex (MHC) [2, 5–11], insulin [12], and
CTLA-4 [13, 14]. Environmental agents influencing T1D susceptibility remain
largely undefined, although microbial infections and diet have been implicated
[1–4]. The major effectors of β cell destruction are CD4+ and CD8+ T cells that
appear to be reactive to antigens expressed by β cells, although other immune
cells, including B cells, NKT cells, dendritic cells (DCs), and macrophages are
also involved in the development of diabetes [1–4]. Moreover, a reduced fre-
quency and/or aberrant function of regulatory T cells expressing CD4, CD25,
and FoxP3, have been reported in diabetic patients [15–17].

Many studies have showed that intensive glycemic control with insulin ther-
apy to both Type 1 and Type 2 diabetic patients can reduce the risk of diabet-
ic complications, but is also associated with an increased incidence of hypo-
glycemia [18–20]. It seems logical that replacement of the islet tissue itself,
either by transplanting a pancreatic organ or by transplanting purified pancre-
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atic islets, offers a better approach than simply replacing insulin that has been
lost. Islet allotransplantation can achieve insulin independence in Type 1 dia-
betic patients without major surgery [21, 22]. Despite the promise offered by
this approach, logistical hurdles necessitate a comprehensive strategy aimed at
different molecular and cellular determinants of the autoimmune pathology of
T1D. Moreover, the clinical benefit of this protocol can be provided only to a
small minority of patients and is not permanent. Current isolation techniques
usually recover fewer than half the islets from a given pancreas, necessitating
islet transplantation from two or more donors to achieve euglycemia [21, 22].
Nonetheless, the promising results afforded by islet transplantation, coupled
with the shortage of cadaver pancreases relative to the potential demand, have
lent strong impetus to the search for new sources of insulin-producing cells.
Here we review possibilities for the development of gene therapy for diabetes,
especially Type 1 diabetes.

Approaches for treating Type 1 diabetes by gene transfer

Prevention of autoimmunity by gene therapy

The etiopathogenesis of T1D is most comprehensively understood in rodent
models, especially the non-obese diabetic (NOD) and biobreeding (BB) rat
strains [2, 5–11, 23]. Immunopathologically, these strains exhibit progressive
infiltration of leukocytes around and inside the islets, which is associated with
the eradication of almost all β cells. The immune-mediated processes of β cell
destruction in T1D are highly dependent on the MHC [2, 5], at least in the
NOD mouse and the BB rat models. Transgenic NOD mice with different
MHC Class I and Class II alleles do not develop diabetes, indicating that anti-
gen presentation is an important determinant of disease onset or development
[6, 7]. Based on this observation, one attractive hypothesis has been that T1D
is primarily due to failure of negative selection of autoreactive T cells, either
in the thymus or in the periphery, or to a breakdown in tolerance to β cell-spe-
cific antigen. If T1D is the result of a failure to delete lymphocytes in the thy-
mus that would normally recognize β cell antigen, it is reasonable to propose
that thymic overexpression of putative autoantigens in early life, before the
onset of Type 1 diabetes in individuals deemed at high risk by genetic screen-
ing criteria, could prevent the disease. This line of reasoning was initially
adopted in studying diabetes in the NOD mouse as well as in the BB rat. In
NOD mice, the expression of a proinsulin transgene controlled by the MHC
Class II promoter, resulting in intrathymic expression of insulin, was able to
prevent diabetes [6]. This outcome was also achieved in BB rats as well as in
young NOD mice by intrathymic injection of islet extracts [8–11]. Intrathymic
injection of insulin B-chain or the 65 kD variant of glutamic acid decarboxy-
lase (GAD) into young NOD mice also was able to suppress the onset of T1D
[23]. These data suggest that thymic overexpression of islet autoantigens, such
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as proinsulin and GAD, before the onset of Type 1 diabetes in individuals
could prevent the disease.

Another useful approach could be to mobilize dendritic cells in vivo by vac-
cine-based methods. The direct injection of viral vectors encoding immuno -
regulatory transgenes has achieved prolonged delay in diabetes incidence in
the NOD mouse [24, 25] and follow-up to some of these approaches indicates
the augmentation of regulatory T cell subsets [26–29].

Islet transplantation with immunoregulatory gene transfection

Islet allotransplantation can achieve insulin independence in Type 1 diabetic
patients without major surgery. However, the requirement and side effects of
pharmacological immunosuppressives and the reliance on cadaveric donors are
significant impediments to widespread implementation. Studies in rodent mod-
els of allogeneic islet transplantation in the presence or absence of autoimmune
diabetes indicate that islets engineered to express immunoregulatory molecules
exhibit considerable refractoriness to rejection and, in certain examples, long-
term survival. Gene transfer of cytotoxic T lymphocyte-associated protein 4
(CTLA-4) with an immunoglobulin (Ig)-G1 Fc protein (CTLA-4Ig) to islets in
vitro followed by transplantation has shown that its local expression can result
in prolongation of allogeneic as well as xenogeneic graft survival [30–32]. The
CD28 molecule is located at the surface of CD4+ T cells and delivers a costim-
ulatory signal. CTLA4-Ig prevents the interaction between CD28–CD80/86. In
a nonhuman primate model, the combination of the following drugs: LEA29Y
(an engineered CTLA4-Ig molecule with increased CD86 and CD80 binding
activity), sirolimus, and the anti-IL-2R regimen has significantly prolonged
islet allograft survival [33]. The cotransplantation of allogeneic murine islets
with syngeneic myoblasts engineered to express CTLA-4Ig led to prolongation
of islet survival [34]. The CD154 molecule is also located at the surface of
CD4+ T cells and delivers a costimulatory signal. The costimulatory blocking
agent, anti-CD154 which prevents the CD40–CD154 interaction, has reached
the preclinical stage. Islet transplantation with the use of anti-CD154 monother-
apy consistently allows for allogeneic islet engraftment and long-term insulin
independence in this highly relevant preclinical model [35]. From these studies,
the concept of maintenance therapy with costimulatory blocking agents has
emerged as a valid strategy for clinical islet transplantation. A clinical trial uti-
lizing humanized anti-CD154 mAb in recipients of solitary islet transplants
commenced in 1999; however, it was reported that unusual thromboembolic
complications occurred in kidney transplant recipients receiving mAb in a con-
current trial [36, 37]. To circumvent this potential complication, an Emory
University group developed a chimeric antibody targeting CD40 as an alterna-
tive to CD154. Anti-CD40 combined with LEA29Y dramatically facilitates
long-term islet allograft survival [38]. Therefore, gene transfer of anti-CD40 to
islets in vitro followed by transplantation could prolong islet allograft survival.
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Induction of insulin-producing cells from stem/progenitor cells by gene
transfection

The success achieved over the last few years with islet transplantation suggest
that diabetes can be cured by the replenishment of deficient β cells. These
observations are proof of concept and have intensified interest in treating dia-
betes or other diseases not only by cell transplantation, but also by stem cells.
It has been shown that overexpression of embryonic transcription factors, such
as PDX-1, Ngn3, BETA2/NeuroD, Pax4, and/or MafA in stem cells could effi-
ciently induce their differentiation into insulin-expressing cells. Overex press -
ion of PDX-1 induced insulin expression in pancreatic ductal cells [39, 40] or
the liver [41, 42], and improved the glucose tolerance of streptozotocin-in -
duced diabetic mice [41, 42]. When the expression of Ngn3 is directed ectopi-
cally into the embryonic epithelium, pancreas precursor cells develop prema-
turely and exclusively into glucagon-producing cells [43, 44]. Overexpression
of Ngn3 in ductal progenitor cells induced differentiation into insulin-produc-
ing cells [45]. Adenoviral-mediated introduction of BETA2/NeuroD induced β
cell neogenesis in the liver and reversed diabetes in mice with betacellulin
gene therapy [46] or PDX-1/VP16 gene therapy [42]. The constitutive expres-
sion of Pax4 leads to the formation of islet-like spheroid structures that pro-
duce increased levels of insulin [47]. MafA overexpression, concomitant with
PDX-1 and NeuroD, markedly increased insulin gene expression in the liver
and dramatically ameliorated glucose tolerance in diabetic mice [48].
Recently, it was demonstrated that adenoviral-mediated gene delivery induced
in vivo reprogramming of adult pancreatic exocrine cells to β cells. A specific
combination of three transcription factors (PDX-1, Ngn3, and MafA) repro-
grammed differentiated pancreatic exocrine cells in adult mice into cells that
closely resembled β cells. The induced β cells are indistinguishable from
endogenous islet β cells in size, shape and ultrastructure. They express genes
essential for beta-cell function and can ameliorate hyperglycemia by remodel-
ing local vasculature and secreting insulin [49].

Reversible immortalization of pancreatic β cells by gene transfer and site-
specific recombination

A strategy called reversible immortalization has been used to temporarily
‘immortalize’ primary cells in order to obtain populations of primary cells that
actively divide in vitro without entering senescence [50]. The strategy involves
introducing a construct containing immortalizing genes into primary cells,
expanding the cells in culture, and finally efficiently removing the immortal-
izing genes using the Cre/LoxP system. The construct contains the simian
virus 40 gene encoding the large tumor antigen (SV40Tag) and/or human
telomerase reverse transcriptase (hTERT). Our group reported the transforma-
tion of human primary β cells with immortalizing genes of SV40Tag and
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hTERT [51]. Our reversibly immortalized pancreatic β cell clone (NAKT-15)
secreted insulin in response to glucose stimulation and non-glucose secreta-
gogues, resulting in the expression of proteins characteristic of β cells such as
PDX-1 and secretory granule proteins such as chromogranin A and synapto-
physin. NAKT-15 cells did not senesce after more than 50 passages in culture
and could be continuously expanded. Transplantation into diabetic mice of
NAKT-15 cells reverted by Cre protein resulted in perfect control of blood glu-
cose within 2 weeks. The mice remained normoglycemic for longer than
30 weeks. No tumors were noted on necropsy of transplanted mice.

Reversible immortalization of human pancreatic β cells by lentivector-me di -
ated transfer of a specific gene [52] or by regulatory elements of the bacterial
tetracycline (tet) operon for conditional expression of SV40Tag oncoprote in in
transgenic mouse β cells [53] were also reported. One advantage of these
immortalized cells is that further genetic manipulations, such as inserting genes
for immunosuppressive proteins, should be relatively easy compared to primary
β cells because the immortalized cells divide actively. The establishment of
reversibly-immortalized pancreatic β cells is one step toward overcoming the
limitation of transplanting primary pancreatic β cells to control diabetes.

Conclusions

Diabetes gene therapy appears promising in light of experiments showing that
it can result in prevention of autoimmunity, overcome the need for immuno-
suppression after islet transplantation, and obtaining larger populations of pan-
creatic β cells. Both in vivo and in vitro approaches have promise, and further
investigation of the safety of gene therapy is needed. Major advances have
recently been made in protein transduction technology where novel proteins
and peptides can be delivered into cells [39, 54–56]. The protein transduction
system has low toxicity and a high delivery yield. The use of this system opens
up interesting therapeutic possibilities. We have developed an immunosup-
pressive agent for islet transplantation using protein transduction technology
[54]. We and other groups have shown that protein transduction of PDX-1,
BETA2/NeuroD, and TAT-Ngn3 into stem/progenitor cells induces insulin
gene expression [39, 55, 56], suggesting that protein transduction domain-
mediated delivery of PDX-1, BETA2/NeuroD, and/or TAT-Ngn3 could be a
safe and valuable strategy for facilitating the differentiation of ductal progeni-
tor cells into insulin-producing cells without requiring gene transfer technolo-
gy. Protein transduction has some disadvantages compared to gene transduc-
tion including transient expression and lower efficiency. Gene therapy with
safer vectors/strategies and protein therapy could be much better than the sys-
temic effects and toxicities which are associated with many drugs in use today.
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Abstract

Cystic fibrosis (CF) is characterised by respiratory and pancreatic deficiencies that stem from the loss
of fully functional CFTR (CF transmembrane conductance regulator) at the membrane of epithelial
cells. Current treatment modalities aim to delay the deterioration in lung function, which is mostly
responsible for the relatively short life expectancy of CF sufferers; however none have so far success-
fully dealt with the underlying molecular defect. Novel pharmacological approaches to ameliorate the
lack of active CFTR in respiratory epithelial cells are beginning to address more of the pathophysio-
logical defects caused by CFTR mutations. However, CFTR gene replacement by gene therapy
remains the most likely option for addressing the basic defects, including ion transport and inflam-
matory functions of CFTR. In this chapter, we will review the latest preclinical and clinical advances
in pharmacotherapy and gene therapy for CF lung disease.

Introduction

Cystic fibrosis (CF) is the most common lethal autosomal recessive disorder
among Caucasians. It is caused by mutations in the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene identified by positional cloning in
1989 [1–3], which encodes a chloride (Cl–) channel expressed in the epithelia
of many tissues. The gene encodes a single polypeptide chain of 1480 amino
acids, with a predicted molecular weight of around 168 kDa [1]. The CFTR
protein is embedded in the apical membrane of epithelial cells and is made up
of distinct structural domains, including two membrane spanning domains
(MSDs), two nucleotide binding domains (NBD) containing conserved motifs
for ATP binding and hydrolysis, and a regulatory domain (R) [4]. The CFTR
protein, a member of the ABC family of proteins, normally functions as a
cAMP-activated Cl– channel [5], and has been shown to interact with other ion
channels and transporters, such as the amiloride-sensitive epithelial sodium
channel, ENaC (recently reviewed by Berdiev et al. [6]) and the outwardly rec-
tifying chloride channel (ORCC) (reviewed by Kunzelmann, [7]).
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CFTR mutations

The Cystic Fibrosis Mutation Database (http://www.genet.sickkids.on.ca) cur-
rently lists 1604 mutations located throughout the gene and affecting all
domains of the protein. The most common mutation ΔF508, is found in 70%
of disease alleles [2], and is caused by a deletion of three consecutive base
pairs, resulting in the loss of a phenylalanine (F508) [1]. Mutations in the
CFTR gene are grouped into five classes, based on their effect on CFTR pro-
tein expression and/or function: Class I–III mutations commonly cause severe
disease phenotypes, Class IV and V mutations tend to be associated with
milder disease, although not systematically for lung disease which can be
highly variable even within identical genetic backgrounds [8, 9].

Pathophysiology of CF lung disease

Mutations in CFTR disrupt transport in the epithelium of several tissues,
which results in the production of abnormally thick, sticky mucus. The main
cause of morbidity in CF is lung disease [10], with deterioration of lung func-
tion and pulmonary failure being the cause of death for the majority (>90%)
of patients. The production of thick, sticky mucus in the lumen of the lung
impedes mucociliary clearance [11], a consequence of which is chronic in -
flamm ation and recurrent bacterial infections (typically Pseudomonas aerugi-
nosa and Burkholderia cepacia complex), in a self-perpetuating cycle that
leads to the progressive destruction of lung tissue [10]. In severe cases, P.
aeruginosa can form antibiotic resistant biofilms in the lumen of the airways,
the presence of which correlates with a decline in lung function [12].

Airway epithelial cells (AEC) are covered in air surface liquid (ASL), made
up of a mucus layer that traps potentially harmful particulate matter that is
inhaled, and the periciliary liquid (PCL) layer. The PCL provides a less vis-
cous layer for the cilia to beat and remove the mucus (containing the trapped
particles) from the airways by mucociliary clearance. The PCL also acts as a
lubricant between the mucus layer and the mucins tethered to the cell surface
to facilitate cough clearance [13, 14]. Finally PCL contains antimicrobial pep-
tides and proteins (e.g., defensins, lysozyme, lactoferrin and anti-microbial
surfactant proteins) to fight pathogens [15]. In CF these processes are disrupt-
ed, causing dysregulation of liquid movement, and lung infection and inflam-
mation [16].

The low volume hypothesis to explain CF lung disease

The low volume hypothesis [17], also know as the ‘isotonic volume trans-
port/mucus clearance’ theory, implicates reduced ASL volume as the initiating
event in CF lung pathology. The airway epithelium is thought to regulate ASL
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volume so that the height of the PCL layer is approximately the same as that
of the extended cilia on the cell surface of the epithelium (around 7 μm) [18],
allowing them to beat efficiently. In CF airways, the ASL volume and hence
PCL height is decreased, making the mucus layer sticky and harder to move
[18]. The resulting flattening of the cilia prevents them from beating [19],
causing mucus to adhere to cells [14]. Together these events lead to defective
mucociliary clearance, initiating the chronic cycle of infection and inflamma-
tion characteristic of CF lungs (reviewed by Boucher, 2007 [20]).

There is now a significant amount of evidence to support the low volume
hypothesis in primary human cell culture and mouse models. Most recently,
accelerated Na+ absorption, leading to a decrease in PCL height and reduced
mucociliary clearance was demonstrated in vivo in the ENaCβ over-expressing
mouse (reviewed by Mall, 2008 [21]) and in primary air-liquid interface (ALI)
cultures from CF patients [18, 19].

The recent availability of the ENaCβ over-expressing mouse, with its lung
pathology that closely mirrors that of CF patients, has provided a powerful tool
for understanding the links between CFTR deficiencies and the complex
pathophysiology of CF. For example sterile inflammation is also observed in
these mice [22], supporting the hypothesis that inflammation can occur inde-
pendently of infection.

Pharmacological approaches to treat CF lung disease

Pharmacological processes that restore effective ASL height and mucociliary
clearance in CF patients could be targeted to upregulate CFTR activity, modi-
fy alternative channels (ENaC, Calcium-activated Cl– channel (CaCC)), or
rehydrate the ASL with hyperosmotic agents such as inhaled mannitol and
hypertonic saline [23, 24]. Current approaches to pharmacological correction
of CFTR include: 1) drugs that increase the level of CFTR protein synthesised,
2) CFTR correctors to increase trafficking out of the ER, and 3) CFTR poten-
tiators that correct gating defects of CFTR at the membrane (Fig. 1).

Drugs that increase CFTR protein levels

Several strategies to increase the amount of CFTR at the cell surface have been
investigated, including increasing overall transcription levels with butyrate
[25] or sodium 4-phenylbutyrate (4-PBA) [26], although neither has had an
impact in clinical trials. Several drugs that promote read-through of nonsense
stop codons have been shown to produce full-length CFTR, including amino-
glycoside antibiotics (e.g., gentamicin) [27, 28] or the recently developed
PTC124 [29]. The latter appears capable of improving electrophysiological
features of nasal epithelium and several clinically relevant outcome measures
(FEV1, FVC, circulating neutrophils) [30–32]. Interestingly it has been

Gene therapy for cystic fibrosis lung disease 49



reported that a drug such as PTC124 may not be effective in all cases of pre-
mature stop codons, due to exonic skipping which removes the early stop
codon from the mature mRNA [33].

CFTR correctors, drugs to increase trafficking of CFTR

Enhancing trafficking of CFTR using chemical chaperones can increase CFTR
levels in the membrane in preclinical studies [34–36]. Recent efforts to identi-
fy more CFTR-specific correctors have involved high-throughput screening
[37–40]. The phosphodiesterase-5 (PDE-5) inhibitor, sildenafil, shows promis-
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Figure 1. Schematic representation of sites of action for pharmacological correction of CFTR defi-
ciency. Pharmacological drugs that are being investigated for the correction of CFTR deficiency may
act by increasing the level of mRNA by enhancing transcription or translation (‘Transcriptional and
Translational Activators’), correcting the trafficking defect through the endoplasmic reticulum
(‘CFTR Correctors’), increasing activity of CFTR at the membrane (‘CFTR Potentiators’), or regu-
lating other ion channels such as Epithelial Na+ Channel (ENaC) (‘ENaC inhibitors’) or Ca2+-activat-
ed Cl channel (CaCC). Sites of action of these drugs in an airway epithelial cell are indicated by the
white arrows, relative to CFTR biosynthesis and ATP-dependent channel activity, and relative to the
pathways for activation and inhibition of CaCC and ENaC respectively.



ing correction of the CF defect in vitro [41] and is currently in Phase I/II clin-
ical studies expected to conclude in 2010. KM1160, a much more potent ana-
logue of sildenafil, is in early stages of development [42]. A different correc-
tor, Miglustat, functions through inhibition of α-1,2-glucosidase, thus prevent-
ing rapid degradation of ΔF508 in the ER, and has shown promise in multiple
preclinical studies [43–47]. Miglustat is now in a Phase II trial (Actelion). VX-
809 is a ΔF508 CFTR corrector that was discovered through a collaborative
programme, between Vertex and Cystic Fibrosis Foundation Therapeutics Inc.
It recently entered a Phase II safety/efficacy study [48]. Results of both these
studies are eagerly awaited.

CFTR potentiators, drugs that increase conductance at the apical
membrane

Other potential drug therapies have been based on increasing the activation of
CFTR, by increasing the level of cyclic nucleotides in the cell using phospho-
diesterase (PDE) inhibitors such as milrinone [49, 50], or by direct activation
with curcumin [51], genistein or 8-cyclopentyl-1,3-dipropylxanthine (CPX)
[52]. The most promising advances involve Vertex compound VX-770 [53], a
drug that increases the open probability and Cl– conductance of CFTR; it has
completed a Phase IIa trial [54] and entered the FDA registration programme
in 2009.

Modulation of other ion channels

Upregulation of CaCC (Ca2+-activated Cl– channel) by Denufosol and Moli1901
(Lancovutide®) was recently demonstrated to be a safe and tolerable way of
inducing some Cl– transport via non-CFTR channels [55–58]. Further evalua-
tion of efficacy in CF patients for both drugs is ongoing.

Alternatively, ENaC activity could be inhibited in order to decrease the ele-
vated Na+ absorption seen in CF airways. The Parion compound 552-02 [59]
is a recent improvement on the ENaC inhibitor, amiloride, and has already
entered clinical trials, including one for CF, which is currently under way.

Inhibition of serine proteases can prevent activation of ENaC, but most can-
didates have not yet proceeded beyond preclinical studies [60]. A recent small-
molecule inhibitor of proteases involved in ENaC regulation, Camostat, was
tested with some success in sheep aerosol studies, improving mucociliary
clear ance for several hours after administration [61]. Partial correction (75%
towards normal) of the Na2+ transport defect in the nose of CF patients was
reported [62], confirming that this is a promising candidate for evaluation in
the clinic for CF lung disease.

Although these data are encouraging, the majority of these new drug treat-
ments have only modest ability to correct the CF defect, do not act on all
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CFTR mutations, and even if successful, may only benefit a small proportion
of patients depending on their genotype. It is also likely that the pharmaco-
logical approaches discussed here could require use in combination with each
other for optimal correction of the CF ion transport defects, for example a cor-
rector with a potentiator, and simultaneously adjusting ENaC activity with a
third component; this may limit their use in the clinic and will certainly take
time to evaluate in trials.

Gene therapy clinical trials

The basic concept of gene therapy involves introducing a gene into target cells
to prevent or slow the progression of a disease. CF is a good candidate for this
technology as it is primarily caused by mutations in a single gene, a normal
copy of which could be delivered to patients via topical delivery to the lung,
without invasive techniques or surgery. Moreover, a gene complementation
approach would directly target the cause of the disease and could correct many
aspects of the complex lung pathology. A single therapy to treat the underly-
ing defect could greatly reduce the high therapeutic burden that CF patients
currently have to endure. In addition, one therapy might be suitable to treat
subjects with a wide variety of mutations, meaning that a single treatment
strategy could be relevant to all patients. Proof of principle for both viral and
non-viral CFTR gene transfer was quickly established in CF patients [63] and
to date, 25 trials have been completed involving approximately 450 CF indi-
viduals (see Griesenbach, 2009 [64]).

Adenovirus and Adeno-Associated Virus

Two DNA viral vectors, adenovirus (Ad) and adeno-associated virus (AAV),
have been evaluated in CF gene therapy clinical trials. Trials with Ad vectors
have been disappointing, compared with preclinical studies, both in terms of
persistence of gene expression and the level of gene transfer in the human air-
ways. Gutless adenovirus (also referred to as helper-dependent Ad), in which
all of the viral genome is removed (apart from the inverted terminal repeats
(ITRs) and the viral packaging sequence) [65] have shown extended duration
of transgene expression, with reduced toxicity and immunogenicity in mice
compared with previous generations of Ad [66], but re-administration remains
problematic due to the presence of viral capsid proteins [67].

An alternative viral vector that has been investigated in CF clinical studies
is the non-pathogenic AAV. Phase I and II clinical trials administering a single
dose of AAV2 expressing CFTR to the nose [68–71] and lungs [72, 73] of CF
patients were deemed safe and resulted in consistent detection of vector-
derived DNA for between 30 days and 10 weeks after delivery. CFTR mRNA
was very rarely detected in the trials, although two studies reported transient
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correction of the Cl– conductance defect in the nose for up to 2 weeks after
delivery [69, 70]. Treatment did not result in any detectable clinical benefit in
lung function [71] and neutralising antibodies against the vector were detect-
ed in the serum [72, 73]. Two trials to re-administer the virus have been per-
formed, with a similar lack of clinical benefit [74, 75]. Once again, this has
been disappointing in comparison with preclinical studies in mice in particu-
lar, but is partly attributable to a paucity of AAV2 receptors on the apical mem-
brane of human cells [76].

Thus, alternative serotypes with potentially improved tropism for airway
epithelial cells are being investigated. AAV5 and AAV6 appear to transduce
airway epithelial cells more efficiently than AAV2 [77, 78], and up to 90%
transduction efficiency was recently reported in mouse airways with AAV6
using the hybrid chicken β-actin/rabbit β globin promoter/intron with the
human CMV immediate early enhancer (CAG) [79].

The lack of efficiency in the repeat administration clinical studies [74, 75]
is in keeping with some preclinical studies showing an inability to re-adminis-
ter AAV2 and AAV5 in airways of animals, unless genotypes were switched
for re-administration [80–83]. Interestingly, it has been demonstrated that
AAV9 serotype virus could be re-administered successfully to murine airways
1 month after the initial dose [84].

In addition to difficulties with tropism and immune responses, the utility of
AAV for CF has been hampered by the limited packaging capacity of most
rAAV vectors (<5 kb). Advances in this field have included development of
miniCFTR genes that may be packaged more efficiently [85–88], including
safety studies in non-human primates [89] and functional studies in mice [90],
and the discovery that AAV2/5 could in fact package large genomes (up to
8.9 kb) with a reasonably yield compared with other rAAV pseudotypes (1 to
4 and 7 to 9) [91]. Together with evidence suggesting that AAV vectors may
be able to target progenitor cells of the mouse lung [92], thus avoiding the need
for repeat administration, this work continues to make incremental improve-
ments.

Negative strand RNA viruses

The murine parainfluenza virus type 1 [or Sendai virus (SeV)], the human res-
piratory syncytial virus (RSV) and the human parainfluenza virus type 3
(PIV3) are negative strand RNA viruses whose life cycle is completed in the
cytoplasm. They have all been shown to transfect AECs efficiently via the api-
cal membrane [93, 94], and express functional CFTR channels in vivo [95], but
elicit an immune response that currently inhibits repeated administration [96].
Although such viruses may be useful for acute diseases that require only tran-
sient gene expression, in the context of CF their use is for now restricted to
preclinical proof of principle studies, until the immunological barriers to
repeat administration can be resolved.
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Lentiviruses

Lentiviruses are retroviruses that transduce non-dividing cells including termi-
nally differentiated AECs. The viral dsDNA genome stably integrates into the
genome of transduced cells after its RNA has been reverse transcribed, so
expression is likely to last for the lifetime of the cell (approximately 17 months
for AECs, [97]). VSVG-pseudotyped HIV-derived lentivirus carrying the
CFTR gene transiently and partially corrected the Cl– defect in CF knockout
mouse nose for up to 46 days, although pre-treatment with the tight junction
opener lysophosphatidylcholine was necessary [98]. There have been attempts
to improve the tropism of lentivirus by pseudotyping with envelope glycopro-
teins from the filoviruses Ebola or Marburg [99], GP64 of baculovirus [100],
the spike envelope glycoprotein of the SARS virus [101] and the F and HN
proteins of SeV [102]. This latter vector, F/HN-SIV, was able to transduce
polarised epithelial cells from both the apical and basolateral side and impor-
tantly, murine AEC in vivo without the need for pre-conditioning, with gene
expression in vivo persisting for at least 17 months, i.e., the lifetime of AECs
[97, 103]. This is consistent with gene expression for up to 12 months in
mouse nose with GP64-FIV [100]. As with other viruses, it will be important
that researchers address the challenge of multiple repeat administrations with-
out loss of efficacy, or find ways of targeting stem cell populations of the air-
ways, to treat the chronic aspects of CF lung diseases.

Non-viral vectors for CF gene therapy

The need for effective long-term repeated administration to treat CF lung dis-
ease had led to the investigation of non-viral vectors, which take the form of
circular plasmid DNA (pDNA) delivered to cells as naked pDNA in diluents
such as PBS, saline or water, or complexed with agents such as lipids or poly-
cations as protection from extracellular degradation and to aid cellular entry.
The relative lack of efficiency compared with viral vectors is counterbalanced
by reduced safety concerns regarding integration, more flexible and easier pro-
duction methodology, extended storage and an unlimited packaging capacity
[104, 105].

Non-viral Phase I clinical trials to deliver pDNA expressing CFTR began in
the mid 1990s, with a variety of cationic liposome formulations delivered to
the nose and/or lungs of CF patients. In general, gene transfer was well toler-
ated and evidence of CFTR gene transfer (as measured by vector-specific
mRNA or CFTR-mediated chloride transport) has been established in some,
but not all, studies (reviewed in Rosenecker et al., 2006 [106]).

One side effect of lipid formulations has been the transient mild flu-like
symptoms reported by Ruiz and Alton in the lung trials of GL67:DOPE:DMPE-
PEG/pDNA [107, 108]. This inflammation may be related to the stimulation of
the Toll-like receptor 9 by bacterially-derived CpG dinucleotides in the formu-
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lation [109, 110]. In a bid to reduce this response, the UK CFGT Consortium
has generated a CpG-free pDNA [111], for CF clinical trials now under way.
The deletion of CpG motifs is one of the latest aspects of plasmid development
programmes in the field of CF gene therapy. A common feature of previous tri-
als has been the transient nature of any correction that was measured. Persist -
ence of expression has been improved in preclinical studies by swapping viral
promoters such as CMV (cytomegalovirus) for human promoters including
UbC (polyubiquitin C) and EF-1α (elongation factor 1-α) [112, 113]. Similarly
specificity has been improved in mice using the human cytokeratin (K18) and
FOXJ1 promoters which both directed epithelial cell-specific transgene expres-
sion in mice [114, 115]. Clinical trial data will confirm whether the modifica-
tions to the DNA construct have improved the duration and tolerability of gene
transfer in the nose and lungs of CF patients. Table 1 summarises the features
of recent non-viral vector developments in the context of airway gene therapy.

Cationic polymers as mediators for CF plasmid DNA gene therapy

A particular polycation that has shown promise for lung gene therapy is poly-
ethylenimine (PEI), the most commonly used forms of which are 25 kDa
branched PEI and 22 kDa linear PEI. Although not used in lung gene therapy
clinical trials to date, PEI/pDNA complexes have led to successful gene deliv-
ery in a clinically relevant model of aerosol gene delivery [116], and work
towards improving the formulation by concentrating the particles has shown
promising results in murine airway studies [117]. Following comparison of
over 25 different non-viral formulations, concentrated 25 kDa PEI has been
selected as a ‘Wave 2’ product by the UK CFGT Consortium. Additional
improvements may also come from the field of integrases, with the recent
demonstration that mice treated with integrase-encoding and reporter con-
structs complexed with PEI expressed the reporter protein longer than those
treated with a non-integrase-encoding construct [118].

The only cationic polymers used in clinical trials for CF gene therapy to date
have been compacted DNA nanoparticles, which consist of a single molecule of
pDNA compacted with a 30-mer lysine polymer covalently linked to polyeth-
ylene glycol (PEG) [119]. The advantage of this gene transfer agent is the iden-
tification of its receptor for cell uptake, nucleolin [120] and nuclear transloca-
tion bypassing the endosomal pathway. A Phase I study resulted in detection of
vector-derived DNA 3 days after dosing in nasal epithelium of CF patients, and
partial to complete correction of the Cl– transport defect in some patients [121].

Modifier genes and future directions

It is clear that the genotype of CF patients does not entirely predict the course
of disease, particularly the rate of decline in lung function. A number of stud-
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ies have attempted to identify modifier genes for different aspects of CF, as
reviewed by Collaco and Cutting (2008) [122]. Lead candidates include
inflammatory mediators and cytokines [122], and most recently IFRD1 [123],
as well as gene polymorphisms that affect the response to bacterial infection
(beta-defensins [124, 125], 8.1 ancestral MHC haplotype [126] and IL10 [127,
128]). In a disease such as CF where many factors influence the course of dis-
ease, with different clinical parameters to take into account (lung function,
bacterial burden, inflammation), the identification of significant modifier
genes will require large population studies. Ultimately this could provide new
targets for anti-inflammatory drugs or gene silencing by RNAi strategies [129]
to ameliorate disease.

Indeed it is likely that gene silencing therapies, including shRNA in pDNA
constructs, will be evaluated that are not directly based on modifier genes, but
on the general pathophysiology of CF. For example, a reduction in the tran-
scription factor nuclear factor kappa B (NFκB), which regulates many pro-
inflammatory cytokines and plays a central role in the exaggerated innate
immune response in CF [130], or the ER-membrane protein BAP31, involved
in blocking misfolded ΔF508 CFTR [131], may be beneficial. With further
improvements in non-viral gene transfer, gene silencing may become a realis-
tic treatment option.

Conclusion

No single, novel, therapeutic approach to CF treatment has yet shown suffi-
cient promise to stand out in the field. However as our understanding of the
molecular processes in the CF lung deepens with better preclinical models to
evaluate them, it is becoming clearer that early and broad intervention will be
necessary to prevent the multifaceted defects that accompany CFTR muta-
tions. Pharmacological approaches are heading into clinical trials at a regular
pace, with some preclinical studies showing correction of several major
defects. Although the challenges of finding a safe and effective formulation
permit only slow progress, gene therapy still provides a great opportunity for
an ‘all-round’ therapeutic intervention.
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Abstract

Multiple sclerosis (MS) constitutes a difficult challenge for the design of innovative therapies: the aeti-
ology is unknown, the pathogenesis only partially understood, and the whole process is multi-focal,
chronic, and occurring beyond anatomical barriers, making the delivery of potentially therapeutic mol-
ecules difficult. Gene therapy, thus, constitutes a realistic alternative to ensure prolonged, and site-spe-
cific delivery of therapies. Recent advancements in the comprehension of the immunopathological
processes leading to central nervous system inflammation, and the development of new gene therapy
tools, such as RNA-interference, are rapidly leading to a large array of possibilities of intervention,
documented in the present review in its animal model, experimental autoimmune encephalomyelitis
(EAE). Since progressive forms of MS remain orphan of efficient therapies, the field is open for less
conventional interventions such as gene therapy.

Introduction

Autoimmune diseases are the result of an aberrant immune response against a
self component of the organism. Their aetiology is commonly unknown,
although environmental and genetic factors contribute to pathogenesis. Indeed,
a genome-wide screening conducted in multiple sclerosis (MS) patients [1],
and recently confirmed in an independent cohort [2], has identified IL-2 and
IL-7 receptor genes as associated to susceptibility to the disease.

Autoimmune disorders have an estimated total incidence of 90 newly diag-
nosed cases per 100,000 people. Prevalence rates range from less than 5 per
100,000 (e.g., uveitis) to more than 1,000 per 100,000 (e.g., rheumatoid arthri-
tis). Almost all autoimmune diseases disproportionally affect women [3]. The
target of an autoimmune disease can be organ specific, for example the insulin-
secreting pancreatic β-cells in Type 1 diabetes mellitus (IDDM), cartilage and
bone in rheumatoid arthritis (RA), central nervous system (CNS) myelin in
multiple sclerosis (MS), and gut epithelium in inflammatory bowel disease
(IBD), or non-organ specific, as in the case of systemic lupus erythematosus
(SLE) and Sjögren’s syndrome [4]. The causes of autoimmune diseases remain
largely unknown however potential mechanisms that trigger the aberrant
autoimmune response have been proposed: (i) disruption of cell or tissue barri-
er with the consequent release of sequestered self antigen and access of T cell
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to privileged immunological sanctuary (e.g., the eye in some forms of uveitis);
(ii) infection of antigen presenting cells (APC) with induction of their co-stim-
ulatory activity in the presence only of a self-antigen (e.g., effect of adjuvants
in induction of EAE); (iii) binding of pathogen to self protein where pathogen
acts as carrier to allow anti-self response (e.g., interstitial nephritis); (iv) mole-
cular mimicry where a self-antigen similar to a pathogen-derived antigen
becomes a wrong target for T cell or cross-reactive antibodies (e.g., diabetes,
multiple sclerosis); and, (v) polyclonal activation of auto-reactive T cell for a
pathogen super-antigen (e.g., rheumatoid arthritis) [5]. All the pathologies that
are classified under the family of autoimmune diseases share some clinical and
immunological features: (i) as mentioned above, women are more susceptible
than men, with the important exception of Type 1 diabetes; (ii) disease course
is usually unpredictable – from benign cases to malignant overaggressive sit-
uations; and (iii) an immunological mechanism sustained by Th1/Th17-
polarised CD4+ cells is thought to be responsible for auto-aggressive reaction
with the triggering event related to the hypotheses mentioned above [6].

Current available therapies do not control the evolution of autoimmune dis-
eases in a satisfactory way. Therapeutic strategies are restricted to immuno-
suppressive, anti-inflammatory and/or palliative therapies that can not com-
pletely preserve the patients’ quality of life. Thus the development of new
approaches, such as gene therapy, to treat this kind of diseases is of high pri-
ority. Gene therapy has been so far widely applied to experimental models of
autoimmune disorders. Even if the number of clinical trials is increasing dur-
ing the years, to our knowledge, there are three Phase I trials for rheumatoid
arthritis and completion of one Phase II trial for multiple sclerosis has recent-
ly been reported [7]. In this study, naked plasmid DNA encoding full length
MBP was used to vaccinate relapsing-remitting MS patients with the aim to
cause immune tolerance. Although not significant, an encouraging reduction
of new MRI enhancing lesions has been reported [7].

Thus, gene therapy may represent a valid therapeutic strategy for autoim-
mune diseases for the following reasons: (i) these disorders have an unpre-
dictable course, but usually lead to a chronic phase that may be targeted by
gene therapy due to its ability to provide continuous release of the desired
gene-product for a long period of time; (ii) gene therapy holds the potential to
reach directly the target organ of the autoimmune reaction reducing side
effects in non-affected sites; and, (iii) gene therapy may be used to modify, in
an almost permanent way, crucial pathogenic mechanisms or to re-establish
immune homeostasis.

Among autoimmune disorders, multiple sclerosis offers two more chal-
lenges: (i) it is the result of the pathologic interaction between the most com-
plex systems in the human body: the nervous and the immune systems; (ii) the
inflammatory reaction occurs beyond anatomic barriers such as the blood
brain barrier.

EAE is an immune-mediated demyelinating disease of the central nervous
system used as animal model for neuroinflammatory diseases, such as multiple
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sclerosis. EAE is mostly induced in rodents by immunisation with whole
homogenised CNS tissue, with myelin proteins such as myelin basic protein
(MBP), myelin oligodendrocyte glycoprotein (MOG) or myelin proteolipid
protein (PLP), or with peptides representing their encephalitogenic epitopes [8].

Several reviews have addressed in the past the topic of gene therapy of EAE
and multiple sclerosis [6, 9, 10]. Improvement of gene therapy tools, leading
to new vectors (i.e., the success of lentiviral vectors), the possibility to control
expression by inducible promoters, the ability to suppress gene expression,
topics that are covered by specific chapters, allow for implemented or com-
pletely new gene therapy approaches. We will, thus, focus here on the most
recent developments concerning gene therapy approaches in EAE, especially
considering the targeted pathways (Tab. 1).

Modulation of T cells by cytokines

In the animal models of autoimmune disorders, the most frequently delivered
molecules by gene therapy are by far cytokines, chemokines and their recep-
tors because they still represent the most plausible target therapy. This is due
to the general understanding of the basic immunological mechanism sustain-
ing the pathogenesis of these diseases. The aim of gene therapy, in this con-
text, is to reduce the pro-inflammatory process by switching the T helper type
1 (Th1) lymphocytes arm of the immune response towards an anti-inflamma-
tory ambient with the prevailing presence of T helper type 2 (Th2) lympho-
cytes-mediated immune responses. Recent studies have taken in the picture
two more T cell populations: IL-17 producing T (Th17) cells and regulatory T
(Treg) cells [11]. For this reason, new gene therapy approaches have been
designed to modulate the functions of these newly discovered sub-populations
of T cells in inflammation and neurodegeneration.

Modulation of the pathogenic immune process can, in principle, be
achieved in different ways: (i) direct inhibition of pro-inflammatory cytokines
and chemokines; (ii) immune deviation towards a Th2 anti-inflammatory pro-
file; (iii) modulation of co-stimulation; and (iv) induction of central antigen-
specific tolerance.

As mentioned above, cytokines and chemokines are still the most frequent-
ly used molecules to interfere with the adaptive immune system, but also
decoy receptors and newly synthesised immunotoxins will be discussed.

Interferon-β

Beta-interferon (IFN-β) is a cytokine with potent immunomodulatory proper-
ties and is among the few approved drugs for MS. Administration by subcuta-
neous or intramuscular injection every other day, or weekly, clearly raise con-
cerns of patient compliance, while gene therapy might provide long-lasting
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release through a single injection. Indeed, systemic expression of murine
IFN-β following intramuscular delivery of plasmid DNA to the hind limb of
mice, is effective in reducing the clinical manifestations of disease in EAE
mice [12, 13]. Jaini et al. compared the therapeutic efficacies of electropora-
tion (EP)-mediated intramuscular IFN-β gene transfer with repeated alternate-
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Table 1. Recent gene therapy approaches in EAE

Therapeutic gene Gene vector References

Modulation of T cells by cytokines
IFN-β Naked DNA [12]

Naked DNA [13]
Naked DNA [14]

IL-4 Adenovirus [15]
HSV-1 [17, 18]
Naked DNA [19]

IL-10 HSV-1 [17]
Naked DNA [21]

TGF-β Retrovirus [23]
SFV [22]

IL-25 Adenovirus [25]
IL-1ra HSV-1 [27]
7ND Naked DNA [28]
CXCR3 Naked DNA [29]
CCR2 Naked DNA [29]
CXCL10 Immunotoxin [35]
CCL5 Immunotoxin [39]
IL-18 binding protein Immunotoxin [39]

Retrovirus [40]

Induction of tolerance
PLP Mini-gene [42, 44]
MBP Mini-gene [42]
MOG35-55-IgG Retrovirus [46]

Innate immune system
Trem-2 Transduced microglia [50]

Angiogenesis
sFlt1 (antiVEGF) Adenovirus [57]

Antioxidative Therapy
SOD2 ribozyme AAV [62]
EC-SOD AAV [68]
CAT AAV [61]

Gene and stem cell therapy
IFN-β Retrovirus in mesenchimal s.c. [62]
BDNF Retrovirus in mesenchimal s.c. [64,65]
Olig-2 Transfected neural s.c. [67]



day injections of recombinant IFN-β after the onset of relapsing-remitting
EAE. Results showed that a single optimised EP-mediated intramuscular
administration of IFN-β expressing plasmid provides long-term expression of
interferon-inducible genes [14]. To optimise the effectiveness, IFN-β trans-
gene protein production should parallel the course of the disease. For this rea-
son, the gene for IFN-β was placed under the control of an inflammation-
responsive (NF-κB) promoter.

Interleukin-4

Interleukin-4 (IL-4) is a cytokine that induces differentiation of naive helper T
cells (Th0 cells) to Th2 cells. Upon activation by IL-4 via the interleukin-4
receptor (IL4R), Th2 cells subsequently produce additional IL-4. IL-4 has
other biological roles, such as the stimulation of activated B cell and T cell
proliferation, and the differentiation of CD4+ T cells into Th2 cells. IL-4 is one
of the most widely used cytokines to treat experimental models of autoimmune
disorders. The aim of this treatment is to shift the T cell response towards the
Th2 arm to control the degeneration produced by the autoreactive attack. It has
been successfully administered in EAE through different viral vectors. Butti et
al. showed that a single administration of an IL-4 helper adenoviral vector
(HD-Ad) into the cerebrospinal fluid (CSF) circulation of immunocompetent
mice [15], allowed persistent transduction of neuroepithelial cells and up to
5 months central nervous system (CNS) IL-4 transgene expression without
toxicity [16] or immunogenicity [17]. Broberg et al. using herpes simplex virus
type 1 (HSV-1) derived vectors, proved that the direct effect of IL-4 on EAE
development is more therapeutically relevant than the down-regulation of Th1
type cytokines [18]. This group also designed studies to investigate for routes
alternative to intracranial injection to deliver HSV-1-derived vectors to the
CNS of mice using reporter genes, IL-4, and interleukin-10 (IL-10) as trans-
genes. Results indicate that intranasal infection is the most efficient way to
spread molecules to the CNS, after intracranial injection; viruses did not grow
in cultures from brain samples, but the viral DNA persisted 21 days post-infec-
tion; viral replication occurred mainly on days 4 and 7 post-infection in
trigeminal ganglia and, to a lower extent, in the brain where the vectors spread
to the midbrain more efficiently than to other brain areas [19]. Ho et al. also
tried to determine the optimal delivery route of cytokine DNA plasmids lead-
ing to significant beneficial effects both in early and late treatments of EAE.
They directly compared the effects of intrasplenic (i.s.) and intramuscular
(i.m.) electro-transfer of IL-4 DNA in a rat EAE model. Histological analysis
showed that spinal cord inflammation was considerably reduced using the i.s.
delivery route. Their results provide the first demonstration that i.s. electro-
transfer of IL-4 DNA is more effective both in the prevention and modulation
of EAE than i.m. transfer and that i.s. electro-gene transfer may represent a
new approach to cytokine therapy in autoimmune diseases [20].
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Interleukin-10

Interleukin-10 (IL-10) has been also extensively used in gene therapy proto-
cols for autoimmunity. IL-10 is an anti-inflammatory cytokine, primarily pro-
duced by monocytes, Th2 lymphocytes and CD4+CD25+Foxp3+ regulatory T
cells. It has pleiotropic effects in immune-regulation and inflammation. It
downregulates the expression of Th1 cytokines, MHC class II antigens, and
co-stimulatory molecules on macrophages. It also enhances B cell survival,
proliferation, and antibody production. It is capable of inhibiting synthesis of
pro-inflammatory cytokines like IFN-γ, IL-2, IL-3 and TNF-α [21]. Anti-
inflammatory IL-10 gene therapy to treat the autoimmune neuroinflammation
induces beneficial behavioural and histopathological changes. This therapy
can reverse inflammation-induced paralysis, decrease disease associated
reduction in sensitivity to touch, and suppress CNS glial activation associated
with disease progression [22].

Th17-Treg cytokines family

The cytokine playing a central role in the differentiation path that can lead to
either Foxp3+ suppressor or IL-17+ effector T cells is transforming growth fac-
tor (TGF)-β [11]. When TGF-β signalling prevails, suppressor Tregs are gener-
ated, while in combination with IL-6 or IL-4, TGF-β induces the differentia-
tion of Th17 and Th9 cells, apparently playing a crucial role in initiation of
autoimmune processes [11]. Vähä-Koskela et al. constructed and characterised
CNS-homing gene delivery vectors based on non-virulent Semliki Forest virus
(SFV) expressing TGF-β1. Intraperitoneal administration of this vector signi-
ficantly reduced disease severity suggesting that immunomodulation by neu-
rotropic viral vectors may offer a promising treatment strategy for autoimmune
CNS disorders [23]. In a different study, TGF-β1 has been used to downregu-
late EAE: Zargarova et al. retrovirally transduced primary skin fibroblasts ex
vivo with TGF-β1 and then intraperitoneally administered the transduced cells
during the priming phase of EAE. They observed a significant reduction in
mortality versus control EAE mice treated with non-transduced fibroblasts
[24].

IL-25 is a cytokine that belongs to the IL-17 cytokine family and is secret-
ed by Th2 cells and mast cells. It induces the production of other cytokines,
including IL-4, IL-5 and IL-13 in multiple tissues, which stimulate the expan-
sion of eosinophils [25]. IL-25 adenoviral delivery in the CNS at several time
points during relapsing-remitting or chronic EAE completely suppressed dis-
ease. This treatment was associated with elevated production of IL-13, which
is required for suppression of Th17 responses by direct inhibition of IL-23,
IL-1β, and IL-6 expression in activated dendritic cells [26].
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Decoy receptors

One different strategy to interfere with the immune process is to inhibit select-
ed signalling pathways. This is usually achieved through delivery of mole-
cules that can antagonistically bind to cytokine or cytokines receptors and
eventually reduce or switch off their activity. The most extensively studied tar-
get, to this respect, is interleukin-1 (IL-1), the most relevant primary pro-
inflammatory cytokine. IL-1 receptor antagonist (IL-1ra) is a naturally occur-
ring IL-1 antagonist that binds on the cell surface to the IL-1 receptor (IL1R),
thus preventing IL-1 from signalling to that cell [27]. CNS-specific IL-1ra
gene therapy with HSV-1 vector, however, was shown to be therapeutically
efficient only if delivered before disease onset, while ineffective on estab-
lished EAE [28].

Gene therapy has been used also to reduce migration of immune cells
involved in the detrimental phase of the autoimmune disorders. Park et al.
studied the differential effects of the delivery of a dominant-negative variant of
CCL2 (7ND) by gene therapy on acute, biphasic and chronic EAE: in acute
EAE and in the first attack of biphasic EAE, this therapy, especially effective
in inhibiting migration of macrophages, was most ineffective because patho-
genic T cells are mainly involved in lesion formation; in contrast, during the
relapse of biphasic EAE and during chronic EAE, macrophages play a major
role in the disease process and 7ND delivery by gene therapy was more effec-
tive [29]. A similar strategy has been attempted by intramuscular administra-
tion of decoy chemokine receptors, i.e., plasmids encoding the binding sites of
CXCR3 and CCR2. This treatment showed to be effective in suppressing the
development of relapses during chronic-relapsing EAE [30].

Immunotoxins

Immunotoxins are hybrid proteins consisting of a targeting moiety and a toxin
moiety [31, 32]. Immunotoxins aim to target specific cells and kill them. In the
last few years this new class of molecules have been used in several gene ther-
apy approaches.

A truncated diphtheria toxin (DT), DT390, has been used to construct re -
com binant immunotoxins, in order to eliminate the non-specific binding of full
length DT as well as to bypass the inhibitory effect of pre-existing anti-DT anti-
bodies in human blood [31]. Substitution of the DT binding domain with lig-
ands that bind to specific cell surface receptor can target the toxin to cell sub-
populations and result in specific killing [33, 34]. CNS-infiltrating CXCR3+ T
cells are increased in EAE and MS, and the expression of its ligand CXCL10
was also detected in demyelinating brain lesions [35]. Mice intramuscularly
injected with the eukaryotik expression plasmid SRα coding for the CXCL10-
specific immunotoxin DT390-IP-10 showed a delayed onset of EAE and milder
symptoms. Immunohistochemical staining confirmed significantly reduced
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infil trat ing CXCR3+ cells in the inflammatory lesions of CNS from immuno-
toxin treated mice [36].

Regulated on activation normal T cells expressed and secreted (RANTES)
protein, also known as chemokine (C-C motif) ligand 5 (CCL-5), is a chemo-
tactic cytokine for T cells, eosinophils, and basophils [37]. Mice treated with
DT390-RANTES-Srα develop a milder EAE with less CCR5+-infiltrating
cells in the CNS as compared to control mice [38]. Interleukin-18 (IL-18), an
antigen-presenting cells (APCs)-derived protein, works together with IL-12 to
induce cell-mediated immunity [39]. Gene delivery of cationic liposome-
embedded DT390-IL-18-SRα in EAE mice caused a delayed onset of disease
with decreased symptoms, possibly due to a reduction of infiltrating inflam-
matory cells into the brain [40]. Intrathecal injection of naked plasmid DNA
encoding for the same gene yielded similar results [41].

Induction of tolerance

Central tolerance is the mechanism by which maturing T and B cells, reactive
to self antigens, are deleted. Peripheral tolerance, on the other hand, occurs
through anergy induction in T cells seeing their antigen in the absence of prop-
er co-stimuli [42]. In order to ameliorate or arrest the course of EAE by induc-
tion of tolerance, a gene therapy approach in which animals are continuously
exposed to low levels of proteolipid protein (PLP) antigen in absence of a co-
stimulatory signal is usually used. To provide this therapeutic antigen-specific
signal, mice are subcutaneously (s.c.) injected in the neck/shoulder area with
syngeneic fibroblast cells retrovirally transduced with PLP 101–157 or myelin
basic protein (MBP) 89–101. Treatments with both antigens expressed in syn-
geneic fibroblast cells were successful [43, 44]. Furthermore, cytokine analy-
ses of brain and spinal cord lymphocytes demonstrated that the treatment
induces an anti-inflammatory Th2 profile, indicating that this antigen specific
therapy acts by a cytokine-induced pathway [44]. Also injection of PLP and
MPB transduced bone marrow stem cells yielded positive results [45]. In a dif-
ferent study, retrovirally transduced B cells expressing MBP have been shown
to suppress EAE induced by passive transfer of activated T cells, not only in
naive but also in primed animals [46]. This group recently also showed that B
cell expressing a MOG35-55-IgG fusion protein can delay the onset and/or
decrease the severity of the disease in MOG and MBP-induced EAE mouse
models as well as lead to a reduction in antibody titre to target CNS antigens
[47]. While these approaches are very effective in an experimental setting,
were the autoantigen is defined a priori, it is very difficult to envisage their
efficient transfer to humans, were antigen-specific therapies have not been
developed even in autoimmune disorders where the antigen is known (i.e.,
myasthenia gravis). The only human gene therapy for MS had the aim to
obtain immune tolerance towards MBP and yielded very limited effects, but
other MBP-directed therapies in humans have determined exacerbation of the
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disease [48], raising a safety issue of these kind of approaches in human
patients.

Innate immune system

Microglial triggering receptor expressed on myeloid cells-2 (TREM-2) stimu-
lates phagocytosis and downregulates inflammatory signals in microglia [49].
Clearance of cellular debris and resolution of inflammation are important for
recovery and repair in neuroinflammatory diseases [50]. In 2007, Takahashi et
al. showed that TREM2-transduced myeloid cells applied intravenously
migrated into the inflammatory spinal cord lesions of EAE-diseased mice,
showed increased lysosomal and phagocytic activity, cleared degenerated
myelin, and created an anti-inflammatory cytokine milieu within the CNS
[51]. Taken together these results suggest that TREM-2 mediate nervous tissue
debris clearance and facilitate recovery in EAE mice.

Angiogenesis

Angiogenesis is a highly orchestrated process involving the sprouting of new
capillary-like structures from existing vasculature that mature into a system of
new blood vessels, resulting in neovascularisation [52]. The angiogenic
process, triggered and modified by a number of factors, including cytokines,
chemokines, growth factors, and matrix metalloproteinases (MMPs), is central
to many pathophysiologic conditions, such as tumour growth, diabetic
retinopathy, and rheumatoid arthritis (RA) [53, 54] and thus is an interesting
and promising therapeutic target for autoimmunity. Vascular Endothelial
Growth Factor (VEGF) has important roles in endothelial cell proliferation,
vascular permeability and angiogenesis in a variety of inflammatory lesions.
VEGF expression was found to be associated with inflammatory cells in
lesions of both MS patients and animals with acute EAE [55, 56]. A currently
known selective and specific inhibitor of VEGF is a soluble form of the Flt-1
VEGF receptor (sFlt-1) [57]. Zhu et al. recently demonstrated that sFlt-1(1–3)
(the first tree ectodomain of sFlt-1) gene transfer into the brain inhibits autoim-
mune inflammation in the CNS and ameliorates the severity of EAE in Dark
Agouti (DA) rats [58].

Antioxidative therapy

Reactive oxygen species (ROS) such as superoxide, hydrogen peroxide, nitric
oxide, and peroxynitrite are mediators of demyelination and disruption of the
blood brain barrier (BBB) in EAE [59, 60]. Several gene therapy approaches
are developed to reduce the action of ROS in different pathways. Cellular
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defenses against ROS include catalase (CAT) and superoxide dismutase (SOD).
SOD dismutes superoxide to hydrogen peroxide (H2O2), and CAT detoxifies
the H2O2 to H2O and O2. rAAV-mediated delivery of extracellular-SOD (EC-
SOD) and CAT provides long-lasting suppression against neuronal and axonal
loss associated with permanent visual disability in the EAE DBA/1J mouse
model [61, 62].

Stem cell mediated gene therapy

Since the very beginning of gene therapy for experimental autoimmune dis-
eases, and EAE in particular, genetically modified cells have been used as
Trojan horses to deliver their therapeutic product to the target organ. It is only
since the discovery of the therapeutic potential of stem cells, however, that this
strategy has been used in the attempt to combine the two approaches. We
already described the use of myeloid precursors to deliver a tolerogenic signal
[45], or to induce a ‘protective’ phenotype to microglial cells [51]. On the other
hand, Makar and colleagues transduced mesenchimal stem cells, known for
their immunomodulatory properties and their ability to target inflammatory
sites, to deliver IFN-β to EAE mice [63], or to induce release of BDNF, trying
to combine immunomodulation and pro-regenerative signals [64, 65]. Finally,
to increase the regenerative potential of neural precursor cells (NPCs), that
only account for a small fraction of remyelinating oligodendrocytes when
transplanted in EAE [66], NPCs have been transduced with olig-2 to foster
their differentiation in myelin-forming cells and tested in a model of focal
demyelination [67]. Exploiting the potential of the combination of gene and
stem cell therapy will certainly be further pursued in the near future, in the
attempt to address both inflammation and brain repair mechanisms.

Conclusions

Gene therapy is under scrutiny in human trials because of the occurrence of
severe side effects. The improvement of the gene therapy tools, however, and
the recent advancement of knowledge on pathogenic mechanisms leading to
CNS autoimmunity, will soon lead to renewed interest in a therapeutic
approach that holds incomparable flexibility, ability to target multi-focal,
chronic diseases such as multiple sclerosis, and is potentially able to immedi-
ately translate the discovery of new therapeutic targets to the bedside.
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Abstract

The inflammatory myopathies, polymyositis (PM), dermatomyositis (DM) and inclusion body myosi-
tis (IBM), lead to moderate to severe muscle weakness and are characterised by the presence of
endomysial inflammation. Each entity has unique clinical, immunopathological and histological char-
acteristics which are associated with different responses to therapies and prognosis. In DM and PM,
first-line treatment options include oral corticosteroids, other immunosuppressant drugs, and intra-
venous immunoglobulins. Patients with IBM, by contrast, usually show a poor or no response to
immunomodulatory treatments. Patients with IBM and non-responding patients with PM and DM are
candidates for alternative treatment options and experimental therapies including gene therapy. The
genetic treatment of inflammatory muscle disorders could involve at least two different strategies:
first, to ectopically express local immune modulatory, notably immunosuppressive molecules which
would limit inflammation and autoimmunity more effectively than systemic immunosuppressive treat-
ment; second, strategies to promote the repair or allow for the replacement of damaged muscle might
be envisaged. Immunosuppressive molecules might include HLA-G, a non-classical major histocom-
patibility (MHC) Class I molecule, or other cell surface molecules which negatively modulate immune
effector cell function. Muscle regeneration might be promoted by myotrophic factors including
utrophin or insulin-like growth factors. In addition, cell-based therapies using stem cells or myoblasts
might have a therapeutic potential in neuromuscular disorders.

Introduction

The inflammatory myopathies include three distinct major entities: polymyosi-
tis (PM), dermatomyositis (DM) and inclusion body myositis (IBM) [1].
Although the common hallmarks of all three conditions are moderate to severe
muscle weakness and the presence of endomysial inflammation they have dis-
tinct clinical features and immunopathological and histological characteristics.
In addition, the response to immunomodulatory treatments differs significant-
ly between these disorders, namely in IBM compared to PM and DM.

PM has usually a subacute onset and predominantly affects proximal mus-
cles. Initial symptoms are often unspecific and there are no extramuscular fea-
tures which may interfere with an early diagnosis [2]. The common age of
onset is in the forth or fifth decade. DM also develops subacutely and prefer-
entially affects proximal muscles. The characteristic skin manifestations may
accompany or precede muscle weakness and include an erythema in sun-
exposed areas, in particular face and eyelids, often together with a periorbital



oedema, but also of extensor joint surfaces [2]. DM has a biphasic age distri-
bution including a juvenile type with an age range between four and twelve
years and adult form with usual onset in the fifth or sixth decade. PM as well
as DM may arise as an idiopathic autoimmune condition but also in associa-
tion with other autoimmune disorders such as scleroderma, systemic lupus
erythematosus or mixed connective tissue disease.

IBM, on the other hand, usually has a insidious onset and a slow progres-
sion, and may affect both the proximal and the distal muscles, often with an
asymmetrical pattern and predominantly involving quadriceps, foot extensors
and finger flexors [3]. IBM is the most common muscle disease in patients
above the age of 50 years and, inversely to PM and DM, more males than
females are affected. In contrast to PM and DM, IBM may result in significant
weakness and atrophy, and usually does not respond to corticosteroids or
immunosuppressive agents.

In DM, a humoral immunopathology leading to an injury of endothelial
cells and muscle fibres by a chronic intracellular overproduction of interferon
type 1-inducible proteins has been postulated. PM and IBM share common
immunopathological features consisting of upregulation of MHC-1 Class I
antigen on the sarcolemma of muscle cells and T cell-mediated cytotoxicity [2,
4]. In addition, a degenerative process in IBM has to be postulated since there
are amyloid deposits within vacuolated muscle fibres showing an immunore-
action to various neurodegeneration-related proteins including amyloid pre-
cursor protein (APP), presenilin I, apolipoprotein E and phosphorylated tau.

Diagnosis

The diagnosis of myositis is based on the combination of determination of
serum creatine kinase (CK), electromyography (EMG) and muscle biopsy.
Although serum CK may be elevated in all three forms of myositis, it can be
normal or only slightly elevated in DM and IBM [2, 3]. The EMG may show
a myopathic pattern with short duration, polyphasic motor unit potentials as
well as spontaneous activity such as fibrillations and positive sharp waves [5].
The electrodiagnostic alterations are usually most pronounced in DM and PM
and may be discrete or lacking in IBM but also in long-lasting, slowly pro-
gressive PM and DM.

Although the common histological hallmark of inflammatory myopathies is
mononuclear endomysial inflammation, the different forms of myositis have
characteristic pathological features (Figs 1 and 2) [6]. The pathology of DM is
characterised by a perifascicular lesion pattern. The inflammatory cells are
predominantly located perivascularly and perimysially, although some may be
endomysially (Fig. 1) [6]. Histological findings include perifascicular atrophy,
rare areas of apparent infarction, and focal loss of myofibrils [6]. In PM and
IBM, by contrast, the inflammatory cells, mainly consisting of CD8+ T cells
are predominantly located in the endomysial parenchyma, and may invade
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non-necrotic muscle fibres. Furthermore, muscle fibres in PM and IBM show
sarcolemmal expression of MHC Class I antigen (Fig. 2) [6]. IBM is in addi-
tion characterised by cytoplasmic and intranuclear inclusions containing beta
amyloid and several other proteins including phosphorylated Tau. Somatic
mitochondrial mutations (mtDNA) are another common finding in IBM,
resulting in segmental loss of cytochrome c oxidase (COX) activity in muscle
fibres, and ragged-red fibres [6].

Immunopathogenesis

Possible targets for gene therapy may arise from the knowledge of the patho-
genetic basis of inflammatory myopathies. In DM, it has been proposed that
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Figure 1. Histopathology of DM. A: H&E staining shows lymphocytic infiltrates in the endomysium
(black arrowhead), necrotic muscle fibres (star), and basophilic regenerating fibres (white arrowhead).
Scale bar = 50 μm. B: Immunohistochemistry for MHC Class I antigen shows upregulation on the sar-
colemma of muscle cells especially on perifascicular atrophic myofibres reflecting the classical dis-
tribution pattern in dermatomyositis (→ perifascicular atrophy). Scale bar = 100 μm. C: As revealed
by immunohistochemistry for CD4, inflammatory infiltrates consist mainly of CD4+ cells, including
T helper cells, besides the CD20+ B cell population (not shown). Perivascular localisation of inflam-
matory infiltrates is a common finding. A blood vessel is marked with a star. Scale bar = 50 μm. D:
Immunohistochemistry shows upregulation of membrane attack complex (MAC, C5b-9) on
endomysial capillaries that normally lack MAC expression. Scale bar = 30 μm.



autoantibodies are directed against the endothelium and cause vascular injury
leading to ischemic damage of muscle fibres [2]. However, distinct pathogenic
autoantibodies to a specific endothelial antigen have not been identified yet and
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Figure 2. Histopathology of PM and IBM. A: H&E staining shows lymphocytic infiltrates in the endo -
mysium (black arrowhead), necrotic muscle fibres (star), and basophilic regenerating fibres (white
arrowhead) in a case of PM. B: Upregulation of MHC Class I antigen on the sarcolemma of muscle
fibres in PM in a random distribution. C: Gomori trichrome staining shows rimmed vacuoles (white
arrowheads) in IBM. D: CD8+ T cells in the endomysium in IBM. Some CD8+ T cells invade a non-
necrotic muscle fibre (black arrowhead). E: Protein aggregates in IBM are positive for TAR DNA-
binding protein-43 (TDP43) in immunohistochemistry (black arrowheads). F: Combined enzyme his-
tochemistry for cytochrome oxidase (COX; brown reaction product) followed by succinic dehydro-
genases (SDH; blue reaction product). COX-negative fibres in IBM are SDH-positive and therefore
appear blue. All scale bars = 50 μm.



there is no direct evidence for muscle fibre ischemia [7]. Microarray studies in
adult DM have demonstrated a high differential expression of gene transcripts
belonging to a common pathway of genes induced by interferon-α and inter-
feron-β he so-called type 1 interferons, but not the type 2 interferon-γ [8, 9].
Type 1 interferons in DM are possibly produced by intramuscular and skin plas-
macytoid dendritic cells (pDC) [9]. In addition, pDCs also act as antigen pre-
senting cells for T helper [10] and T regulatory cells [11], and stimulate B cell
development into plasma cells [12]. Therefore, endothelial cells and myofibres
may be injured in DM by the chronic intracellular overproduction of interferon
type 1-inducible proteins [13]. It remains unclear why perifascicular myofibres
are preferentially vulnerable and express interferon type 1-inducible proteins.
pDC interferon type 1 production is mediated through Toll-like receptor-
dependent pathways [14]. Since viral DNA and RNA are known to activate
pDC, the presence of a chronic viral infection has been discussed. However, no
viral genetic material from a range of viral species has been detected in DM or
other inflammatory myopathies [15].

In PM and IBM, CD8+ T cells surrounding and invading MHC Class I anti-
gen-expressing, non-necrotic muscle fibres are the primary effector cells medi-
ating muscle fibre injury [2, 4]. Muscle fibres physiologically do not express
MHC Class I antigens. In IBM and PM, however, MHC Class I antigens includ-
ing HLA-G are ubiquitously expressed even on muscle fibres without histolog-
ical signs of inflammation [16–18]. In other chronic myopathies or dys trophies,
MHC Class I antigen upregulation is not present or only found in degenerating
or regenerating muscle fibres. In PM and IBM, the chronic upregulation of
MHC Class I antigens may promote gene transcription of cyto kines including
interleukins (IL) 1, 2, 5, 10, tumor necrosis factor (TNF)-α, transforming
growth factor (TGF)-β as well as several chemokines such as monocyte chemo -
attractant protein-1a, macrophage inflammatory protein-1a, monokine induced
by gamma interferon and interferon-gamma-inducible protein-10 thus con-
tributing to T cell activation and persistence of the inflammation [2, 19, 20].
Various chemokine receptors on the endothelium and inflammatory cells are
upregulated as well, enhancing the local immune response. In addition, adhe-
sion molecules and their ligands such as vascular cell adhesion molecule, intra-
cellular adhesion molecule, integrins and metalloproteinases are overexpressed
and facilitate the migration of lymphocytes toward the muscle fibres [19–22].

Although IBM shows considerable resistance to conventional immunother-
apies, it shares many immunopathological features with PM [23]. Several
observations support the crucial role of immunopathogenesis of IBM. The
inflammation is often more pronounced in early disease stages whereas the
vacuolar changes become more prominent later in the course of disease [24].
Muscle fibres act as antigen-presenting cells, with upregulation of MHC Class
I antigens and there is a clonal expansion of invasive CD8+ T cells [3]. In addi-
tion, an increased expression of cytokines and chemokines including IL1,
interferon γ, TGF-β, and TNF-α has been demonstrated [19, 21]. Microarray
studies showed abundant immunoglobulin transcripts in IBM-affected muscles
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[8]. Finally, an association of IBM with autoantibodies and autoimmune dis-
eases as well as the autoimmune 8 · 1 MHC ancestral haplotype (B8-DR3-
DR52-DQ2) has been observed [25, 26].

An additional degenerative process in IBM has to be postulated due to the
presence of vacuoles in muscle fibres which are not invaded by T cells and pro-
nounced deposits of beta amyloid within these vacuolated muscle fibres show-
ing an immunoreaction to various neurodegeneration-related proteins includ-
ing amyloid precursor protein (APP), presenilin I, apolipoprotein E and phos-
phorylated tau [27]. It remains unclear whether these deposits directly con-
tribute to disease pathogenesis or are secondary phenomena. It has been pos-
tulated that accumulation of the amyloid-beta peptide, which is cleaved by
proteolysis from APP, is an early pathologic event in both Alzheimer disease
and IBM. Skeletal muscle specific overexpression of beta-APP in transgenic
mice resulted in an intracellular immunoreactivity to beta-APP in muscle
fibres and the development of some histopathologic and clinical features com-
parable to IBM. However, the inflammatory infiltrates mainly consisted of
granulocytes rather than of lymphocytes as in IBM [28]. In such a transgenic
mouse model of IBM with increased expression of beta-APP, administration of
lipopolysaccharide (LPS) led to acute and chronic inflammation, concomi-
tantly increased levels of phosphorylated tau and beta-amyloid via a glycogen
synthase kinase 3-beta (GSK3B)-dependent pathway, as well as an exacerba-
tion of motor decline [29]. These data support an important role of inflamma-
tion in IBM.

On the other hand, aggregation of these neurodegeneration-related proteins
seems to be not specific for sporadic IBM and may be observed in several
other myopathies, such as X-linked Emery-Dreifuss muscular dystrophy,
myofibrillar myopathies or dysferlinopathies and might represent therefore an
unspecific stress response of muscle fibres [23]. In addition, the relative resist-
ance of IBM to conventional immunotherapies is also found in other immune
disorders such as primary progressive multiple sclerosis, where autoimmune
and degenerative features coexist from the onset of the disease.

Conventional therapies

In DM and PM, treatment options of first choice are oral or intravenous corti-
costeroids [30, 31]. Since not all patients respond to these standard treatments
and many develop side effects, immunosuppressant drugs such as methotrex-
ate, azathioprine or cyclophosphamide are given as second line agents in com-
bination with corticosteroids [30, 31]. If this combination is not sufficient,
intravenous immunoglobulins or additional immunosuppressant drugs such as
cyclosporine A or mycophenolate are alternative treatment options. About
25% of patients with DM and PM, however, do not response to this escalating
treatment regime and continue to suffer clinical progression or relapses. In
addition, patients with IBM usually show a poor or no response to standard
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treatments including corticosteroids, immunosuppressant drugs or intravenous
immunoglobulins [3, 30, 31].

These non-responding patients are candidates for alternative treatment op -
tions and experimental therapies. New immune therapies directed toward cyto -
kine modulation, immune cell migration, or modification of certain immune
cells subsets, notably B and T cells, are currently being in preclinical studies.
Some of these approaches may qualify as genetic therapies.

Gene therapy

Gene therapy may be defined as a group of therapeutic approaches which are
based on the use of genetic information as part of the overall therapeutic con-
cept. It can aim to replace mutated or deleted DNA in monogenetic hereditary
disorders. In addition, gene therapy may use DNA to express a therapeutic
transgene to obtain certain desirable effects in distinct tissues, e.g., local
immunosuppression in inflamed muscle. The ectopic expression of therapeu-
tic gene products can be achieved in stem cells or differentiated, post-mitotic
cells using various vehicles, most commonly liposomes or viral vectors, in par-
ticular adenoviruses, recombinant adenovirus-associated viruses (AAV), her-
pes simplex type 1 viruses, lentiviruses or plasmids. In inflammatory muscle
disorders, these strategies might involve the local expression of immune mod-
ulatory molecules thereby limiting inflammation as well as the expression of
myotrophic factors, in particular in IBM.

In muscle disorders, gene therapy has been first evaluated as a treatment of
Duchenne muscular dystrophy (DMD). Several strategies have emphasised
either introduction of a functional, recombinant version of the dystrophin
gene, functional parts of the gene, so-called micro-dystrophins, or exon skip-
ping by modification of dystrophin pre-mRNA splicing using antisense
oligonucleotides or delivery of small interfering RNAs for RNA inhibition
[32–34]. Delivery of the vectors by intramuscular injection transfected only a
small region of muscle tissue around the injection site and was not suitable for
this generalised muscle disorder. Therefore, alternative routes of administra-
tion including local intra-arterial or systemic intravenous ways as well as sev-
eral strategies enhancing transfection efficiency including cationic lipid for-
mulations, electroporation, pressurised isolated-limb perfusion or microbub-
bles and ultrasound were proposed [35–37]. Gene replacement mediated by
several types of vectors as well as exon skipping techniques evoked a clinical
effect in various DMD models, but were not successful in human studies [34,
38]. In addition to the replacement of dystrophins or parts of it using mini-dys-
trophin cassettes for the restoration of normal dystrophin function, the expres-
sion or upregulation of other structural muscle proteins has been discussed as
a therapeutic strategy in DMD. For example, upregulation of utrophin partial-
ly rescued the dystrophic phenotypes in transgenic murine models, but not in
human patients [39].
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Besides insufficient efficacy for clinical use, problems with safety may arise
depending on the vector used. Adenovirus vectors may induce a viral immune
response, high transduction levels are mainly achieved only in regenerating
muscle, and there is a limited persistence of transgene expression. In herpes sim -
plex vectors, viral toxicity may represent an additional problem. Plasmid vec -
tors are relatively safe and allow a simple engineering. However, transfection
requires efficient techniques which are not yet applicable in a clinical setting.

In addition to the classical gene therapies, cell-based therapies including
myoblasts or stem cells might offer therapeutic perspectives in muscle dis-
eases. Myoblast transfer therapy (MTT) was the first cellular gene therapy pro-
posed for DMD [40]. The clinical benefit of MTT, however, was minimal and
there was evidence for considerable immunological reactions [41–43]. Stem
cells with myogenic potential have been described in various populations,
including bone marrow, circulating blood, adult skeletal muscle or foetal myo-
genic cells. Clinical implications might come closer in myocardial infarction
where the injection of autologous myoblasts showed that circumscribed mus-
cle regions can be successfully targeted if the damage to this muscle is not too
profound [44]. A similar strategy might be useful for focal muscular dystro-
phies such as oculo-pharyngeal muscular dystrophy or facio-scapulo-humeral
muscular dystrophy [45, 46]. In generalised muscular disorders involving large
muscles, such as DMD, however, MTT seems less feasible and other strategies
such as exon-skipping or circulating stem cells might be more promising.

Gene therapy in inflammatory muscle disorders

The genetic treatment of inflammatory muscle disorders could involve at least
two different strategies: first, to ectopically express local immune modulatory,
notably immunosuppressive molecules which would limit inflammation and
autoimmunity more effectively than systemic immunosuppressive treatment;
and second, strategies to promote the repair or allow for the replacement of
damaged muscle may become feasible. Immunosuppressive molecules possibly
suitable for gene therapy include HLA-G, a non-classical MHC Class I mole-
cule, or other cell surface molecules which negatively modulate immune effec-
tor cell function [18]. Muscle regeneration might be promoted by several
myotrophic factors including utrophin and insulin-like growth factor (IGF) [47].

Targets for gene therapy

One candidate molecule to induce tolerance and prevent further immune-medi-
ated muscle damage is HLA-G, a non-classical MHC Class I molecule with
highly limited tissue distribution which has been attributed immune regulato-
ry functions. HLA-G is expressed in inflamed muscle as demonstrated in vivo
and by cultured myoblasts in vitro [48]. HLA-G has been proposed to play an
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important role in human muscle immunobiology [49]. It leads to a downregu-
lation of primary as well as secondary allogeneic immune responses by inter-
acting with virtually all cellular cytotoxic immune effectors. Small numbers of
HLA-G-expressing cells are required to convey significant immune inhibitory
effects in vitro. Therefore, HLA-G represents a promising anti-inflammatory
principle which might be possibly applicable for gene therapy in inflammato-
ry myopathies [18].

Another possible target for gene therapy in inflammatory myopathies is
derived from a rare form of hereditary inclusion body myopathy (HIBM;
OMIM 600737). This autosomal-recessive disorder was initially found in Jews
originating from Middle Eastern countries and rarely in non-Jewish families
from India, USA and the Bahamas. The patients suffering from HIBM share
the typical muscle pathology with sporadic IBM including rimmed vacuoles
and filamentous inclusions. Recently, mutations in the UDP-N-acetylglu-
cosamine-2-epimerase/N-acetylmannosamine kinase (GNE) gene, the key
enzyme in the biosynthetic pathway of sialic acid, have been identified to
cause HIBM [50]. Subsequent studies demonstrated that the pathogenic GNE
mutations result in impaired enzymatic activity. However, the overall sialyla-
tion of muscle cells was not equally affected, suggesting additional pathogen-
ic mechanisms in HIBM [51]. As a consequence, no simple enzyme replace-
ment therapy or gene transfer will be feasible in this rare hereditary condition
as well as in sporadic IBM.

Additional clues for effective gene therapy in inflammatory muscle diseases
might arise from microarray analyses of inflammatory myopathies [52].
Patients with DM and sporadic IBM have a high expression of immunoglobu-
lin, adhesion molecules, chemokines and cytokine genes. In the muscle tissue
of DM patients with clinical improvement in response to intravenous immuno -
globulins, more than 2,000 genes were significantly downregulated and there
was also an upregulation of different chemokines and several immunoglobu-
lin-related genes whereas in IBM and muscle of DM patients with absent ther-
apeutic response, the majority of these genes remained unchanged, including
genes for IL-22, cell adhesion molecules, complement factor C1q, and several
structural protein genes. These data indicate that a subset of the immunoregu-
latory or structural muscle genes modulated by intravenous immunoglobulin
therapy is connected with a clinical response in DM. These modulated genes
might represent possible targets for gene therapeutic approaches in inflamma-
tory muscle disease.

Conclusion and outlook

Gene therapies have the potential for a promising therapy of inflammatory
muscle disorders which are not responding to standard immunomodulating
treatments, in particular in IBM. However, several technical and biological dif-
ficulties hamper the long-term expression of transgenes and thereby the feasi-
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bility of this treatment. In addition, gene therapy might be limited by possible
immunogenicity and cytotoxicity of viral vectors. Specifically adapted strate-
gies are warranted to overcome these difficulties in the future.
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Abstract

Osteoarthritis (OA) is an incurable, chronic, painful, debilitating joint disease characterized primarily
by the gradual erosion of protective articular cartilage. Although joint damage contributes to the onset
of OA, the continued synthesis of inflammatory cytokines, such as interleukin-1, by synovial cells and
chondrocytes is thought to drive the progression of disease. Numerous naturally occurring proteins
have been identified with the potential to block inflammatory processes, or alternatively, stimulate the
repair of damaged cartilage. Problems lie in the lack of effective methods of delivery, as most proteins
have limited half-lives in vivo. Through the use of gene therapy applications, exogenous transgenes
can be delivered to cells and tissues of arthritic joints, thereby redirecting their biology for sustained,
local synthesis of therapeutic transgene products. A wide variety of transgenes and methods of deliv-
ery are currently under investigation for their capacity to block ongoing inflammation or stimulate
repair and regeneration of cartilage tissues in OA.

Introduction: osteoarthritis a disease of eroding cartilage

Osteoarthritis (OA), the most common form of arthritis, is a chronic, painful,
degenerative joint disease that affects millions of people worldwide. Some
estimates place the incidence as high as 8% of the population with annual soci-
etal costs in the US alone exceeding 100 billion dollars [1, 2]. The pathogen-
esis of OA is marked by gradual degeneration of the articular cartilage in
affected joints, accompanied by sclerosis of subchondral bone, marginal osteo-
phytes and soft tissue inflammation. The presenting clinical symptoms are typ-
ically joint pain, stiffness and loss of mobility, which can progress to complete
joint failure. Although OA can occur in any joint, it primarily affects the knees,
hips, hands and feet [3].

Distinct from rheumatoid (RA) arthritis, which is considered an inflamma-
tory autoimmune condition, the onset of OA is often associated with a prior
joint injury, either from acute damage from trauma or sports injury, or from
long-term over-loading. Injuries involving ligament and meniscal tears often
cause malalignment of the joint and lead to cartilage degradation from biome-
chanical instability [4–7]. Other risk factors include genetic predisposition,
advancing age and obesity [8]. Indeed OA affects approximately 60% of men
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and 70% of women over the age of 65, and the obese have more than a four-
fold greater risk of developing OA of the knee [9, 10]. Over the coming
decades, the incidence of OA is expected to steadily increase as the average
age of the population rises, and the prevalence of obesity in Western society
continues to escalate.

Articular cartilage, when healthy, serves to protect the articulating surfaces
of the long bones from the forces of movement and locomotion. Early OA
appears grossly as local splitting and fibrillation across the cartilage surface,
but gradually progresses to full thickness erosions with denuded bone in late
stages [2, 11]. The end result is painful bone-on-bone articulation and loss of
joint function. Under normal circumstances articular cartilage is a highly
durable tissue that can provide a lifetime of nearly friction-free movement. It
is primarily composed of a uniformly dense, hydrated, extracellular matrix that
is both avascular and aneural. The load-bearing demands placed on the tissue
preclude its permeation with blood vessels and nerves, which would compro-
mise its architecture and protective properties. However, because cartilage
lacks innervation, injuries often go undetected, enabling activities associated
with the injury to continue and thereby worsen the tissue damage. Further,
since there is no blood supply, reparative cells and protein factors are not
released into the site of injury, as would normally occur in vascular tissues;
thus, when cartilage is injured the damage often remains permanently.

Current approaches to treatment

The patient burden of OA is exacerbated by the inadequacies of present treat-
ments. Early to moderate OA is typically addressed with palliative measures,
such as weight loss, physical therapy and non-steroidal anti-inflammatory drugs
(NSAIDs) as indicated in Table 1, adapted from the American College of
Rheumatology’s ‘Guidelines for the medical management of osteoarthritis’
[12]. While behavioral modification can slow the progression of disease, cur-
rent pharmacologic approaches to treatment of OA are directed toward the man-
agement of joint pain, but have little impact on the degenerative process [3].
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Table 1. Medical management of patients with osteoarthritis of the knee

Non-pharmacologic therapy Pharmacologic therapy

Patient education Intra-articular steroid injections (knee)

Health professional social support Non-opioid analgesics (e.g., acetaminophen)

Weight loss (if over weight) Topical analgesics (e.g., capsaicin and methylsalicylate 
creams)

Physical therapy Non-steroidal anti-inflammatory drugs

Occupational therapy Opioid analgesics (e.g., propoxyphene, codeine, 
oxycodone)



In the many cases where these approaches fail to control the symptoms and
progression of OA, surgical intervention is often indicated [13]. Arthroscopic
lavage and debridement may provide symptomatic relief, although two major
studies have cast doubt on this [14, 15]. An osteotomy is sometimes performed
to realign the forces in the knee joint, so that load is now borne by areas of intact
cartilage [16]. This measure can provide relief for several years until the newly
weight-bearing articular cartilage erodes and symptoms reappear. In general,
though, osteotomy is viewed as a tactic intended to delay the surgical implan-
tation of a prosthetic knee joint. The failure of existing treatments to control OA
satisfactorily can be gauged from the fact that over 300,000 knee and 200,000
hip arthroplasties are performed in the United States each year for OA. Such
statistics help explain the increasing popularity of over-the-counter agents, such
as chondroitin sulfate, glucosamine and other ‘nutraceuticals’ touted in the lay-
press as beneficial for OA and cartilage synthesis [17]. Unfortunately the ben-
efit of these agents has not held up to rigorous clinical testing [18, 19].

Currently, there is an immediate and pressing need for the development of
therapies that will improve the clinical outcome of patients with mild-to-mod-
erate OA. These are individuals whose disease interferes with their quality of
life, but who do not yet require total joint replacement surgery. Although the
goal is to cure OA, a therapy that improved clinical symptoms and signifi-
cantly postponed the need for total joint replacement would represent an enor-
mous advance [20].

Articular cartilage matrix composition and OA

For the cartilage to function optimally, maintenance of the proper composition
of the matrix is essential. Distinct from most other connective tissues, which
are largely composed of collagen type I, articular cartilage primarily contains
collagen type II. Its other main components are proteoglycans, water and a
population of chondrocytes that reside in the matrix at low density. The colla-
gen II fibers combine with collagen types IX and XI to form a lattice that pro-
vides shape and tensile strength to the cartilage matrix, and serve to hold and
constrain the high proteoglycan content [21]. Aggrecan, the major proteogly-
can, is attached to long hyaluronic acid polymers, forming complex ‘bottle-
brush’ configurations that serve to imbibe the water and restrict its flow
through the matrix [22, 23]. This provides for the cushioning effects and elas-
ticity of the cartilage during joint loading. The role of the chondrocytes is to
both monitor and maintain the structural integrity of the cartilage matrix.
Variations in the composition and density of the constituent matrix molecules
can reduce its protective qualities and leave it vulnerable to damage.

Chondrocytes in adult cartilage typically have low metabolic activity and
slowly digest and re-synthesize the cartilage matrix. The rate and balance of
these activities is dictated by a variety of external cues, such as mechanical
stimulation from joint articulation, the level of breakdown components of the
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matrix, and autocrine and paracrine stimulation from a variety of cytokines and
growth factors. The sum of these external signals directs the metabolic status of
the chondrocyte and its respective synthetic and degradative activities [3].
Under optimal conditions, the anabolic and catabolic activities of the chondro-
cyte remain in equilibrium, such that the structural integrity and protective
capacity of the matrix are maintained, and the volume of the cartilage remains
constant. Situations that disrupt this equilibrium in favor of catabolic activity
[24], or that contribute to chondrocyte apoptosis or senescence [25], result in a
net reduction in cartilage volume and integrity, which contributes to the onset
and progression of OA. The abnormal behavior of the chondrocyte in OA is
illustrated by the gradual fibrillation of the cartilage, and increasing alterations
in the quantity, distribution and composition of the matrix proteins [24].

Since the chondrocytes are responsible for building the cartilage matrix and
maintaining its vitality, for pharmacologic treatment approaches to have dis-
ease-modifying capacity, they must effectively target the biology of these cells.
Because OA is a disease that typically affects only a small number of joints in
any individual, a difficult challenge for pharmacologic treatments is to achieve
and maintain beneficial doses of drug specifically within the diseased tissues.
Despite continued attempts to package drugs in carriers with the capacity to
selectively target joints or diseased joint tissues, none has proven to be effective.
Thus, most drugs for OA are administered systemically and interact with tissues
throughout the body or are administered locally via intra-articular injection.

Mediators of disease in OA

Although excessive and/or traumatic joint loading are considered initiating
factors for OA, the specific biomechanical disturbances responsible for main-
taining the pathologic biology of the OA chondrocyte are not completely
understood. Biochemical analyses indicate that many of the downstream
effects can be attributed to the enhanced production of primary inflammatory
cytokines, interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α), by syn-
ovial cells and chondrocytes. This supports the view that OA is a slowly pro-
gressing, local inflammatory disease rather than simply a process of mechani-
cal wear and tear of ageing cartilage [26].

Of the inflammatory cytokines, IL-1 is widely thought to occupy a pre-
dominant role in OA pathogenesis. Unlike articular cartilage recovered from
normal human joints without disease, cartilage recovered from OA knee joints
at the time of total knee replacement actively synthesizes IL-1 [27]. In vivo,
transection of the canine anterior cruciate ligament elevates the synthesis of
IL-1 by the synovium and articular chondrocytes, and the knee joints pre-
dictably develop pathologies of OA [28–31].

Local overproduction of IL-1 serves to stimulate the synthesis and release of
many of the biological mediators of disease in OA. These include a variety of
proteases, such as matrix metalloproteinases (MMPs) -1, -3, -8 and -13 which
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target the collagen lattice [24, 26, 32, 33], and A Disintegrin And Metallo -
 proteinases with Thrombospondin motifs (ADAMTS) -4 and -5 (aggrecanas-
es-1 and -2) that digest the proteoglycans [22, 23, 34]. In addition to stimulat-
ing the production of degradative enzymes, IL-1 has a pronounced suppressive
effect on chondrocyte proteoglycan and collagen II synthesis. IL-1 also stimu-
lates chondrocytes to produce other mediators of OA, including phospholipase
A2, cyclooxygenase-2 (COX-2), nitric oxide (NO) and prosta glandin E2 (PGE2)
as well as numerous inflammatory cytokines and chemo kines [24, 35–39].

Gene therapy approaches

Although local gene therapy was initially conceived as a method to treat RA
[40], its application appears much better suited to OA [41]. In contrast to RA,
a systemic, polyarthritic, autoimmune, condition, OA typically occurs in only
one or a limited number of joints and has no known systemic component.
Therefore the genetic treatment of all individual affected joints is technically
and ethically feasible, perhaps even multiple times, if necessary.

Despite considerable progress in the study of cartilage biology over the last
two decades, there is insufficient knowledge of the specific genetic determi-
nants that cause or predispose one to OA to allow serious consideration of gene
correction or gene replacement approaches. Forms of OA caused by single
gene defects are rare, and tend to be dominant negatives. Although there is a
strong genetic contribution to OA, this occurs as multiple polymorphisms
occurring in many different genes [42–45] Moreover, strategies that target
mutations and polymorphisms would probably need to be applied at an early
age – likely decades in advance of the onset of any symptoms. Thus, as with
most gene-based therapies for musculoskeletal disorders, those being devel-
oped for the treatment of OA are devised to overcome deficiencies with con-
ventional drug delivery to enable sustained, production of anti-arthritic gene
products specifically within diseased joint tissues.

In the simplest embodiment of this concept, a recombinant vector carrying
an anti-arthritic gene under independent transcriptional control, is injected
directly into the joint space to modify receptive cells in situ. The molecular
machinery of the genetically altered cells is thereby redirected toward the
overproduction of the transgene products. These most frequently take the form
of secreted proteins, which are released into the synovial fluid to interact with
tissues throughout the joint [46, 47]. Ex vivo approaches can also be employed
where the target cells are genetically modified in culture and then are injected
into the joint space where they attach and engraft into the synovial lining and
express the transgene product [48]. Variations can include ex vivo modification
of cells, which are then incorporated into biocompatible support matrices in
tissue engineering applications to repair damaged cartilage.

When designing gene therapy strategies for OA, the chondrocytes emerge
as highly desirable targets. In monolayer culture, chondrocytes have been
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shown to be amenable to genetic modification with a variety of vector systems,
including transfection with plasmid DNAs [49] and viral transduction with
adenovirus [50, 51], adeno-associated virus [52], retrovirus [53] and lentivirus
[54]. In contrast to findings in culture, efficient genetic modification of these
cells in situ has not been possible with existing technologies, as the dense car-
tilage matrix surrounding the cells effectively excludes most vector systems.
Detailed mapping studies have shown that the majority of vectors are inca-
pable of penetrating even the most superficial cartilage layer to infect resident
chondrocyte populations [55]. Although there are isolated reports that adeno-
associated virus (AAV), being a significantly smaller particle than other well-
characterized viral vector systems can enter the cartilage matrix [52], this has
not been conclusively demonstrated.

Regardless of whether certain vectors are capable of interacting with a lim-
ited number of chondrocytes in situ, following direct injection into the joint
they have unrestricted access to the large populations of fibroblastic cells in the
synovial lining and capsule. Thus strategies involving direct intra-articular
injection must account for the fact that typically >99% of gene transfer will
occur in the cells of the synovium and joint capsule [55]. This is critical, since
many gene products that may have beneficial stimulatory or anabolic proper-
ties in cartilage can generate undesirable side effects in neighboring tissues.

The majority of strategies explored to date have been designed around
secreted proteins; however, therapeutic transgene products may also take the
form of bioactive RNAs that inactivate or cleave messenger RNAs encoding
proteins that mediate disease processes. The area of RNA interference has
gained considerable momentum in the last several years, and its use would eli -
mi nate concerns about immune responses to transgenic protein [56, 57].
However, there are distinct limitations with regard to siRNA for treating
chronic joint disease. The first lies with the fact that the intra-articular admin-
istration of siRNA molecules will only have transient effects and thus, will be
of little use over extended periods. Therefore, to enable continuous synthesis
of the siRNA within the target cells, vectors containing siRNA expression cas-
settes must be used [58], and a high percentage of effector cells must be genet-
ically modified for the strategy to elicit a potent biological response.
Conversely, with the use of a secreted transgene product, a limited number of
cells can be modified to secrete large quantities of the gene product into the
synovial fluid allowing cells throughout the joint tissues can be affected.

In considering the types of genes that might be used to treat OA, two com-
plementary therapeutic strategies are currently being pursued. The first is
chondroprotection, and involves gene delivery of proteins that block the dele-
terious effects of specific cytokines, inflammatory mediators and degradative
enzymes. The second strategy is directed toward cartilage repair or regenera-
tion through stimulation of chondrocytes and/or mesenchymal stem cells
(MSCs) using cDNAs for various anabolic, proliferative or chondrogenic
agents. Proof of concept of both approaches has been demonstrated in several
publications.
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Chondroprotection: inhibition of IL-1

Since IL-1 sits atop of the inflammatory cascade in OA, agents that inhibit its
actions hold great promise as therapeutic agents in its treatment. Unfortu na tely,
traditional pharmacologic approaches have failed to produce clinically useful
molecules that effectively inhibit this cytokine. Biology, however, offers two
promising naturally-occurring candidates: IL-1Ra and the soluble IL-1 type II
receptor (sIL-1RII) [59, 60]. IL-1Ra functions as a competitive inhibi tor; by
binding to the type I IL-1 signaling receptor, it blocks the binding of IL-1. Unlike
IL-1, IL-1Ra fails to recruit the IL-1R accessory protein (IL-1-AcP) to the com-
plex and thus does not activate a transmembrane signal. The sIL-1RII molecule
in contrast, binds and neutralizes IL-1 directly. Despite their differing modes of
action, the two molecules are approximately equipotent in blocking the actions
of IL-1. Our group and others have selected IL-1Ra for study in the context of
gene therapy for OA because it is smaller, and the recombinant protein is bio-
logically well characterized and is currently in clinical use for RA [61, 62].

IL-1Ra is available in recombinant form as the drug anakinra (KineretTM)
for the treatment of RA, but must be self-administered at a dose of 100 mg
daily by subcutaneous injection [63]. While anakinra was highly effective
against experimental RA in rats that were continuously infused with the pro-
tein, the clinical response in humans to daily injections has been marginal [64].
Clinical studies of anakinra for OA following a single intra-articular injection
have been similarly disappointing and have demonstrated no significant
improvement. However, in the recent study by Chevalier et al. [65], although
there was no lasting effect on the clinical parameters of OA after injection of
Kineret, there was an improvement in the pain score at day 4; this was not evi-
dent at week 4. This supports the proposition that the relative lack of clinical
efficacy of IL-1Ra can be attributed to its brief intra-articular half-life of less
than 1 h [66]. Further, it is neither feasible nor safe to administer IL-1Ra by
frequent intra-articular injection. The systemic application of IL-1Ra has been
associated with adverse side effects primarily from injection site reactions, and
to a lesser degree from infections and neutropenia [67]. Thus, while IL-1Ra
has promising activities there is no conventional method of delivery that can
provide sustained therapeutic levels intra-articularly [66].

Despite its questionable benefit in treating arthritis as a recombinant pro-
tein, IL-1Ra is well suited to local gene therapy applications. Primary attrac-
tions are is its safety profile [67] and ease of application. IL-1Ra has no ago-
nist or immunomodulatory effects, and is already approved for clinical use as
a recombinant protein. Sustained intra-articular synthesis of IL-1Ra as a trans-
gene product readily overcomes its short in vivo half-life, and it does not
require sensitive transcriptional regulation. IL-1Ra simply needs to be
expressed at beneficial levels intra-articularly; over-production is not known to
provoke an adverse response. Therefore, the IL-1Ra cDNA can be adminis-
tered using existing regulatory sequences, including the well-characterized
CMV or E1α promoters that provide high level, constitutive expression [55].
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The efficacy of local IL-1Ra gene delivery for OA has been demonstrated
in preclinical studies in a variety of animal models. In rabbits with an MCL
transection and medial meniscectomy OA model, delivery of the cDNA for
human IL-1Ra, ex vivo by retrovirally transduced synovial fibroblasts or by
direct injection of recombinant adenovirus was found to protect against matrix
degradation and loss of proteoglycans [68, 69]. A similar study involving ex
vivo IL-1Ra delivery to canine joints 2 days after induction of an ACL tran-
section model, was reported to suppress early degenerative changes in the
articular cartilage of the tibial plateau and femoral condyles [70]. A further
study used adenovirus to transfer equine IL-1Ra cDNA into the joints of hors-
es in an osteochondral fragment model of OA and showed improvement in
joint lameness, and protection of the cartilage from erosion associated with the
model [71]. Improving lameness is an important finding, because it suggests a
reduction in pain, as hinted by data from the trial of Chevallier et al. [65]. This
indicates that IL-1Ra gene therapy could have effects on both clinical symp-
toms and the underlying pathophysiology of the disease. Drugs that achieve
the latter would be disease modifying; at present, there are no disease modify-
ing drugs for OA. Building from these findings, a Phase I safety trial involv-
ing AAV-mediated delivery of IL-1Ra into the knee joints of those with OA is
currently awaiting final FDA approval.

Following these promising results, additional studies have found that the
protective effects of IL-1Ra can be augmented by co-delivery of other anti-
inflammatory cDNAs with complementing activities. For example, local deliv-
ery of the cDNA for IL-10, an anti-inflammatory cytokine [69], or a soluble
type I TNF receptor [68], together with IL-1Ra to the joints of rabbits with
experimental OA were found to provide greater inhibition of cartilage degra-
dation than with IL-1Ra alone.

Other chondroprotective approaches being pursued involve the adenoviral-
mediated delivery of the cDNA for kallistatin, a secreted protein that blocks
inflammation, angiogenesis and cellular apoptosis. Originally found to have
benefit in an RA model [72], local kallistatin gene transfer was recently found
to have a protective effect on cartilage in rats with an ACL transection model
of OA, when co-administered with hyaluronic acid [73]. Related strategies
include the local overexpression of TIMP-1 to inhibit IL-1-induced MMP
activity [74], and the gene delivery of glucose-6 fructose amido transferase
(GFAT; the rate limiting enzyme in the hexosamine pathway), which is intend-
ed to increase the synthesis and release of glucosamine into the joint [75].

Cartilage repair and regeneration

Since OA causes the breakdown and loss of articular cartilage, delivery of gene-
based therapeutics that could help to rebuild lost or damaged cartilage has the
potential to reverse the course of disease. In these approaches, the sustained
transgenic expression of stimulatory proteins can be used to drive chondrocytes
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toward proliferation and enhanced matrix synthesis and/or to direct the differ-
entiation of progenitor cells toward the chondrogenic phenotype. Many of the
gene products with potential in these applications were identified in studies of
embryonic skeletal development [76]. Among these, the most potent are mem-
bers of the transforming growth factor (TGF) superfamily, including TGF-β1
[77], and certain bone morphogenetic proteins (BMPs) [78–80] and growth and
differentiation factors (GDFs) [81, 82]. Other proteins with promising activity
include fibroblast growth factor 2 (FGF2) [83] and insulin-like growth factor-1
(IGF-1) [84]. The methods being explored to deliver these gene products are
technically diverse and range from simple intra-articular injection of recombi-
nant vectors to complex tissue engineering strategies.

As with chondroprotection, vectors or genetically modified cells injected
directly into the joint space provide transgene expression that emanates prima-
rily from the synovium and capsular tissues. The transgene products then diffuse
through the synovial fluid and cartilage matrix to stimulate the chondrocytes.
The utility of this straightforward approach has been demonstrated with the use
of muscle-derived stem cells (MDSCs) retrovirally modified to express BMP-4.
Delivery of these cells to the joints of rats with a chemically induced model of
OA was found to stimulate measurable repair of the damaged cartilage; this
effect was enhanced by co-delivery of the cDNA for Flt-1, which encodes a sol-
uble protein that inhibits angiogenesis [85, 86]. It has also been reported that
intra-articular injection of allogenic chondrocytes genetically modified to
express TGF-β1 enhanced cartilage repair in rabbits [87, 88] – a procedure that
has been advanced into Phase I clinical testing in Korea and the US.

Unfortunately, many protein factors that stimulate cartilage repair via ana-
bolic and proliferative pathways also have the potential to generate undesir-
able, often dramatic, side effects in collateral, non-cartilaginous tissues fol-
lowing in vivo gene transfer to joints. For example, intra-articular delivery of
adenovirus containing the cDNA for TGF-β1 induces an extraordinarily potent
fibrotic response in the synovium and capsule [89]. Systemic pathologies such
as pulmonary fibrosis and even death occurred when TGF-β1 was expressed at
high levels. Expression of TGF-β1 and BMP-2, but not IGF-1, has also been
shown to induce the formation of osteophytes, and ectopic cartilage and bone
formation [89, 90]. Thus, anabolic strategies should be approached with con-
siderable caution. Rather than widespread release of the gene products
throughout the joint tissues, these molecules are best applied when expression
is restricted to the confines of the defect, limiting exposure to non-damaged
regions to the greatest possible extent.

Tissue engineering: Ex vivo delivery of genetically modified
chondrocytes

Since cartilage has little capacity for regeneration, it is widely thought that
restoration of the articulating surfaces or repair of lesions of significant size
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will require the surgical delivery of space-filling cellular material, to both
resynthe size the missing cartilage matrix and continue to maintain it over time.
The implantation of unmodified cells has proved less than satisfactory and
generally gives rise to the formation of fibrocartilage repair tissue. Genetic
modi fication of the cells prior to implantation could be used to provide sus-
tained production of chondrogenic factors within the healing lesion to stimu-
late the implanted cells to maintain the articular cartilage phenotype and may
result in better quality repair tissue [91].

The cell types used most frequently for these applications are chondrocytes
and mesenchymal progenitor cells [92]. Chondrocytes seem a logical choice as
they are indigenous to articular cartilage and, thus, are pre-programmed to per-
form the appropriate cellular functions. Isolation of autologous cells, however,
requires invasive harvest of healthy, non-weight-bearing articular cartilage of
which there is a very limited supply. While it is possible to expand chondro-
cyte populations in culture, they typically dedifferentiate with passage [93].
Despite these drawbacks, autologous chondrocyte transplantation for cartilage
repair is already in clinical practice [92], and the additional procedures for
genetic modification of the cells could be readily incorporated into existing
clinical practices and infrastructure.

As mentioned previously, chondrocytes can be genetically modified with
most vector systems, viral and non-viral, and in response to expression of cer-
tain growth factor transgenes show increased synthesis of cartilage matrix pro-
teins [51, 94]. Following implantation into cartilage defects, transgene expres-
sion has been shown to persist for several weeks or more. Moreover, chondro-
cytes modified to express proteins such as BMP-7 [95], IGF-1 [96] or FGF-2
[97] and implanted in various hydrogel matrices show enhanced repair of full
thickness osteochondral defects in the joints of horses and rabbits. The repair
tissue typically shows improved morphology and higher content of collagen
type II and proteoglycans relative to controls.

Tissue engineering: genetically modified mesenchymal progenitors

In contrast to the rarity and inaccessibility of chondrocytes, mesenchymal stem
cells (MSCs) are readily isolated from most tissues, and have the capacity to
differentiate into cells of most mesenchymal lineages, including chondrocytes
[98, 99]. These cells have advantages in that they are plentiful and can be
expanded in culture without loss of multipotency. However, they must be suc-
cessfully induced to differentiate into chondrocytes, and then maintain that
phenotype over time, which adds layers of complexity to their use. Numerous
growth factors have been found to stimulate chondrogenesis in these cells, but
a clear consensus of the most suitable has not been established [98].

A wide variety of potentially beneficial activities have been ascribed to
MSCs, but despite reports to the contrary, they are common fibroblastic cells
and do not have the intrinsic capacity to seek out cartilaginous lesions and

100 S.C. Ghivizzani and C.H. Evans



selectively adhere to and repair the damaged regions. Indeed, their behavior is
like any other fibroblastic cell suspension following intra-articular injection;
their ensuing distribution is dictated by the fluid and mechanical forces asso-
ciated with articulation. Thus, injected cells most frequently nest in the recess-
es of the joint capsule. Furthermore, it is our experience that MSCs do not con-
fer significant immunosuppressive activities when used for local ex vivo gene
delivery, as allogenic MSCs and autologous MSCs expressing foreign trans-
genes are eliminated from the joint tissues by the cellular immune system
within 10–20 days (Ghivizzani and Evans, unpublished observations).

The potential value of gene delivery for directing chondrogenesis of mes-
enchymal progenitor cells has been demonstrated in several high-density
aggregate systems, modeled after cell condensation during embryonal chon-
drogenesis [76]. For example, Palmer et al. showed that following adenoviral-
mediated delivery of the cDNAs for BMP-2 or TGF-β1 to primary MSCs in
monolayer, the cells would express the gene products in a vector/dose related
manner. Upon seeding the cells into aggregate culture the modified cells could
provide effective autocrine and paracrine stimulation to effect chondrogenic
differentiation in 2–3 weeks as indicated by the chondrocytic phenotype of the
cells and robust synthesis of extracellular matrix enriched for collagen type II
and proteoglycans [100]. Similar results have been reported with gene transfer
of BMP-4 [101] and -13 [102], as well as GDF-5 [103] and with the chondro-
genic transcription factor Sox 9 [104].

Several published reports have examined the capacity of gene-modified
MSCs to enhance cartilage repair in animal models. Most involve the seeding
of the genetically altered cells onto a biocompatible scaffold or matrix fol-
lowed by implantation into full thickness or osteochondral defects. As with
chondrocytes, MSCs express exogenous transgenes for several weeks follow-
ing implantation. Expression of genes such as BMP-2 [105], TGF-β1 [106]
and IGF-1 [105] have been shown to stimulate the implanted cells to generate
repair tissue of articular cartilage phenotype in rats and rabbits.

Although the specific methods used in each of these reports vary consider-
ably, from the source of the cells, the growth factor genes, the vectors used to
deliver the cDNAs, as well as the methods of implantation, there is a consen-
sus in that gene delivery and local expression of certain genes can provide a
positive influence on the rate and quality of articular cartilage repair tissue
generated [41]. Among the various publications, though, no method has
emerged that is clearly superior; further, the ability of the repair tissues to
maintain the articular cartilage phenotype over time has not been adequately
addressed. While these findings represent important first steps toward clinical
translation, significant work remains to optimize the effectiveness and safety
of gene transfer for cartilage repair.
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Persistence of intra-articular transgene expression

Gene therapy for chronic joint disease, such as OA, is based on the concept of
sustained delivery of therapeutic gene products to diseased joint tissues.
Ideally, the treatment would provide long-term, perhaps even life-long, bene-
fit. As described previously, intra-articular gene delivery strategies have his-
torically targeted the synovium. This tissue covers almost all the interior sur-
faces of the joint capsule and is populated predominantly by fibroblasts and
macrophage-like cells, whose number and proportion vary depending on the
disease condition. With respect to arthritis gene therapy, the vast majority of
research has focused on testing vectors for efficiency of gene transfer to syn-
ovium and on screening cDNAs for their therapeutic efficacy in animal mod-
els. Although development of gene-based treatments for RA has progressed
into at least three Phase I clinical trials [107], the duration for which synovial
lining cells could support the expression of exogenous transgenes has not been
frequently investigated. The consensus among published studies was that
transgenic expression persisted for only 2–3 weeks. Until recently it had not
been determined if exogenous transgenes could be functionally expressed in
the synovium for a sufficient length of time to justify the use of gene-based
therapies for chronic joint diseases.

To address this important point, using normal and immunocompromised rats,
Gouze et al. [55] examined the capacity of various cell types in joint tissues to
maintain and express exogenous transgenes following direct intra-articular gene
delivery using lentivirus or adenovirus. It was found that transgenic expression
could persist for the lifetime of the animal but required precise immunological
compatibility between the vector, transgene product and host [55, 108].
Persistence was not dependent on vector integration or promoter origin (viral
versus eukaryotic). Two phenotypically distinct sub-populations of genetically
modified cells were identified within the joint: i) transient cells, with a half-life
of a few weeks and ii) stable cells that reside in the joint tissues indefinitely.
Contrary to the prevailing assumption, the transient sub-population was com-
posed almost exclusively of synovial fibroblasts, indicating that the synovium
is not an appropriate tissue upon which to base a long-term therapy. Fibroblasts
in the ligaments, tendons and capsule emerged as the primary source of thera-
peutic transgene expression after the first few weeks post-vector delivery
(Fig. 1). These studies showed that the biology of the cells in the joint can sup-
port a therapeutic platform based on sustained expression of an exogenous
transgene, and that cell turnover and immune reactivity are the key determi-
nants in achieving sustained transgenic expression intra-articularly [55].

Self-complementary adeno-associated virus for gene delivery in OA

Although functional transgenic expression has been reported intra-articularly
with several viral vector systems [108–114], to this point, none has proven to
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be ideally suited for treatment of chronic disease in humans. Adenovirus and
herpes simplex virus are both capable of highly efficient gene transfer, but
usable forms of these vectors contain and express native viral proteins that
cause transduced cells to be eliminated by immune-mediated cytotoxicity. This
limits therapeutic gene expression to only a few weeks. High-capacity (gutted)
adenoviral vectors have been generated in which all viral coding regions have
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Figure 1. Fibroblasts resident in fibrous articular tissues support stable expression of exogenous trans-
genes. Following intra-articular injection of a lentiviral vector containing the cDNA for green fluo-
rescent protein (LV-GFP) or adenovirus with GFP (Ad.GFP) into the knees of nude rats, groups of
animals were sacrificed at days 5 and 168. The knee joints and surrounding tissues were harvested
intact, decalcified and processed for histology. For each joint, the approximate positions of fluores-
cent cells identified in serial, sagittal whole-knee sections were tabulated in gray on knee joint dia-
grams similar to that shown on the left. The diagrams shown are representative of the results observed
with both viruses at the respective times. On the right, images are shown characteristic of the appear-
ance of the GFP+ cells in tissue sections at the different times (20× magnification). Lines indicate the
approximate regions represented by the tissue sections. The numbers of GFP+ cells in the synovium
and subsynovium were reduced dramatically at day 168. The density and distribution of GFP+ cells
in the tendon, ligament and fibrous synovium were largely unchanged over the duration of the exper-
iment. No fluorescent cells were seen in the articular cartilage with either virus at any time point.
B = bone, M = muscle, and P = patella.



been eliminated, but recombinants are difficult to generate, and the system is
not well-suited for large-scale virus production [115–117] (see chapter by
Brunetti-Pierri and Ng) for further details on gutted adenoviral vectors).
Lentiviral vectors [118] also enable very high levels of gene transfer intra-
articularly [108], but random integration risks insertional mutagenesis.
Furthermore, the best-developed systems are based on HIV-1, which raises
additional safety concerns.

Over the last several years, vectors derived from adeno-associated virus
(AAV) have emerged as the most favorable viral systems for use in human
clinical applications [119]. This is largely based on their safety profile [120]
and capacity to infect a wide variety of cell types [121]. In this regard, recom-
binant AAV offers many advantages for the treatment of chronic joint diseases.
The wild type virus is not associated with any pathologic human condition.
The recombinant form does not integrate into the genome of the target cell
with significant frequency [122] and does not contain native viral coding
sequences, which reduces the immunogenicity of the transduced cell [123].
AAV vectors can infect both dividing and quiescent cells, and persistent trans-
genic expression in vivo has been observed in many animal models [119, 124].

The AAV vector is comprised of an ~5000 nucleotide single-stranded DNA
genome packaged in a small (20–30 nm), non-enveloped icosahedral particle
by three capsid proteins (viral proteins; VPs1–3). The only cis-elements on the
vector DNA are 145 nucleotide-long inverted terminal repeats (ITRs) that fold
to form unique terminal hairpins [121]. While the simple structure of the vec-
tor may have safety advantages, it can be also be an impediment to transduc-
tion. This process involves attachment of the virus to specific cell-surface
receptors, endocytosis and intracellular transport in early and late endosomes,
endosomal escape, entry into the nucleus and uncoating, and finally the con-
version of the single DNA strand into a duplex which can be recognized by the
nuclear transcriptional proteins [122, 125, 126]. Infection is largely passive and
highly dependent upon the presence of capsid-specific cell-surface receptors
and the endogenous biological activity of the specific target cell. Because of
this, the efficiency of AAV gene transfer is widely variable among cell types.

Several groups have shown that certain stimuli, such as UV radiation which
increases the production of endogenous DNA repair and synthesis proteins,
can significantly enhance intra-articular transgene expression from conven-
tional AAV vectors [113, 127, 128]. This result indicates that second strand
DNA synthesis is rate-limiting in AAV transduction of joint tissues.
Accordingly, AAV vectors that are self-complementary (sc) (i.e., double
stranded, containing both + and – DNA strands) overcome limitations imposed
by conventional single stranded vectors [129, 130]. Indeed, we have found that
scAAV vectors provide >20-fold increase of gene expression with a rapid
onset in synovial and capsular cells in vitro and in vivo in the joints of experi-
mental animals [131]. scAAV-mediated transgene expression in the knees of
rabbits was sufficient to mediate therapeutic responses in these animals.
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scAAV vectors can be produced either by generation of vector plasmids that
are ~half-genome sized combined with selective purification of the infectious
double stranded form [130], or through the use of half-genome sized vector
plasmids containing a mutation in one of the terminal resolution sequences of
the AAV ITRs [129]. Both strategies generate + and – strand viral genomes
that are covalently linked at one terminal repeat. Because the AAV genomes of
sc-vectors are half wild type size (~2.5 kb) the resulting 2× viral construct
(~5 kb) can be packaged into the normal AAV capsid. This adaptation of the
AAV vector now provides temporal transduction and expression profiles com-
parable to that achieved with recombinant adenovirus. This, combined with a
favorable safety profile may finally provide a viral vector delivery system
appropriate for clinical use in treating arthritic conditions (for more details on
AAV, see chapter by Li, Hirsch and Samulski).

Future directions

Much like development of gene therapies for RA, the published literature
describes an ever-increasing number of genes whose transfer produces benefi-
cial effects in small animal models of OA. Further, the emergence of scAAV
vectors provides a system for safe and efficient in vivo gene delivery to joint
tissues. A major frustration, however, is the lack of momentum (or obvious
funding mechanisms) to push these findings into clinical trials. Certainly
undertaking human testing of a gene-based therapy for OA is a daunting enter-
prise. Clinical trials are exorbitantly expensive, requiring, in addition to pre-
clinical efficacy data, supporting safety data (typically generated at an inde-
pendent commercial laboratory); production and validation of a clinical grade
vector; administrative staff to support navigation of regulatory bodies, and
finally clinical staff and facilities costs to implement the actual study.
Furthermore, the conservative, staged progression of human trials can delay
determination of clinical efficacy of a specific therapy until Phase II.
Unfortunately, by the time a gene therapy trial has progressed into the clinic,
the vector technology is frequently obsolete. Nevertheless, one clinical trial for
OA is underway in Korea and the US, and another is under discussion with the
FDA. While human gene therapy for OA is inching along the clinical trials
pathway, the field of veterinary medicine offers additional, more expeditious
alternatives.

Given the potential stigma associated with delivery of a genetic medicine
for a common non-life threatening condition, diseases such as OA with close
naturally-occurring equivalents in the veterinary world offer economical and
immediate opportunities to establish the efficacy of gene- and cell-based ther-
apies in actual disease, and on a relevant scale without the risk or expense
associated with conducting human clinical trials. For example, OA arises fre-
quently in racehorses from excessive, rapid and repetitive loading [132]. As in
humans, equine OA is characterized clinically by persistent pain and dysfunc-
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tion of the affected joint. The pathogenesis is similarly marked by progressive
deterioration of the articular cartilage, subchondral bone sclerosis, marginal
osteophytes and soft tissue inflammation. Detailed analyses point to identical
mediators in both human and equine OA whereby local overproduction of
inflammatory cytokines, primarily IL-1, leads to production of NO, PGE2 and
degradative enzymes including MMPs and aggrecanases, that promote carti-
lage matrix degeneration [133].

In the case of equine OA, the size of the joints most commonly affected are
equivalent in size to human knees. Moreover, the horse can readily perform
controlled exercise, allowing analysis of joint function, and current clinical
treatment and diagnostic modalities of OA are similar in humans and horses.
The equine joint offers the rare chance to study both gene and cell-based ther-
apies in actual arthritis, rather than in contrived, rapidly induced models of
questionable validity. It is highly likely that a track record of safety and effi-
cacy in the veterinary arena would not only facilitate the development of gene
therapies for human OA, but also lead to novel gene-based veterinary medi-
cines.
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Abstract

Sjögrens syndrome (SS) is characterized by inflammation and dysfunction of the secretory organs. In
the majority of patients the salivary and lachrymal glands are predominantly affected, although sys-
temic symptoms are common. The pathogenesis of the disease is not well understood and to date there
is no universally effective therapy available. The development of gene therapy and in particular local
gene therapy applied to the salivary glands may be effective in the disease. Animal studies have shown
that treatment with immunomodulatory molecules like interleukin 10 or vasoactive intestinal peptide
can influence salivary function positively while changing the local inflammatory environment. Future
research will have to show whether this approach is feasible in humans.

Sjögren’s syndrome

Sjögren’s syndrome (SS) is a systemic chronic inflammatory autoimmune dis-
ease predominantly affecting the lachrymal and salivary glands. Patients com-
plain of dry eyes and dry mouth (sicca symptoms), the latter leading to pain, dis -
comfort, dental caries and infection of the mouth with opportunistic patho gens
like Candida albicans. SS is often accompanied by systemic symptoms, such as
Raynaud’s phenomenon, arthritis, fatigue and vasculitis. Women are nine times
more likely to be affected than men and the estimated prevalence is 0.5% for the
general population [1]. The diagnosis is based on objective and subjective cri-
teria of dryness of the secretory glands, inflammation of the salivary gland and
the presence of auto-antibodies in the serum. It is termed primary SS (pSS) in
the absence of an underlying disease, and secondary SS (sSS) when related to
other autoimmune disease like rheumatoid arthritis (RA) and systemic lupus
erythematosus (SLE) [2]. The pathogenesis and pathophysiology of SS are
poorly understood. A number of human leukocyte antigen (HLA) subtypes are
associated with SS [3] and viral and other environmental factors together with
these genetics are all thought to play a role in the initiation and progression of
the disease [4].

Chronic inflammation is central to SS and this is reflected by an imbalance
of pro-inflammatory cytokines over anti-inflammatory cytokines. Overex -
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pression of numerous pro-inflammatory cytokines in the blood, salivary glands
and the saliva has been shown in several studies. The most consistently upreg-
ulated cytokines are interferon γ (IFNγ), IFNα, Interleukin (IL) 12, IL18, IL6,
and B-Cell activating factor (BAFF). The presence of other cytokines like
IL1β and IL17 may also play a role in the pathogenesis of SS, but data on these
are incomplete. Concomitantly, IL4, an important anti-inflammatory cytokine,
and Transforming Growth Factor β (TGFβ) are downregulated. In contrast, the
anti-inflammatory cytokine IL10 is highly expressed in SS patients compared
to healthy controls and may contribute to B cell activation and auto-antibody
production (reviewed in [5]).

Histologically, SS is characterized by localized infiltrates (foci) of mononu-
clear cells in the salivary glands. The degree of infiltration observed ranges
from mild to severe and can be accompanied by glandular atrophy and fibro-
sis. Foci are generally comprised of T cells (80%) and B cells (20%) and in a
subgroup of patients these foci are organized to resemble germinal centers [6].
SS patients are at a higher risk than the normal population of developing non-
Hodgkin’s lymphoma in the exocrine glands [7, 8]. A possible mechanism for
this may be chronic cytokine-driven stimulation of the infiltrating B and/or T
cells in these germinal centers leading to lymphoma genesis [9].

The salivary gland in SS

The salivary gland is primarily composed of two cell types: Epithelial (ductal)
cells and acinar (secretory) cells. Acinar cells are the only cells in the gland
that produce saliva, they also produce more than 80% of the proteins found in
saliva. The fluid secreted by acinar cells is modified by the ducts during its
passage to the mouth. NaCl is reabsorbed from the secreted fluid whereas K+

and HCO3- are added by the ductal cells in addition to the secretion of proteins
like growth factors and IgA (reviewed in [10]. In SS both acinar and ductal
cells are thought to be involved in the pathogenesis of the disease. Acinar cells
loose their ability to secrete fluid, due to destruction by inflammation, altered
cell signaling or aberrations in the neurological signal that drives secretion.
The ductal epithelial cells also play an important role in SS. Ductal cells can
function as antigen presenting cells in the gland [11] and express co-stimula-
tory molecules like CD40 [12], CD80 and CD86 [13] indicating an active role
in inflammation. Moreover, histologically most infiltrates are found around the
ducts, thus SS is also known as autoimmune epithelitis [14]. Figure 1 shows
the major processes involved in SS.

The cause of sicca symptoms experienced by SS patients can be directly due
to the destruction or dysfunction of parenchymal tissue of the secretory organs
by inflammation in some patients. Recently recognized dysfunction without
overt infiltration in a significant number of patients has lead to the hypothesis
that the dryness of the gland may be caused by a mechanism independent of
or in addition to destruction [15, 16]. The type 3 muscarinic receptor (M3R),
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which is part of the parasympathetic nervous system, is the main neurological
receptor involved in saliva secretion in murine models as shown by knockout
studies [17]. It is also thought to be the main receptor involved in human sali-
va secretion. There is cumulating evidence that serum of a subgroup of patients
interferes with the function of the M3R in vitro [18, 19]. The details of this
interaction are still unclear. One mechanism could be that auto-antibodies
against the M3R are involved, but data on the detection of these antibodies are
conflicting [20, 21].
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Figure 1. Simplified schematic of fluid secretion in the salivary gland and the processes involved in
Sjögren’s syndrome (SS). Upon stimulation of the Muscarinic type 3 receptor (M3R) and via Ca2+ sig-
naling, fluid is secreted by the acinar cells through the aquaporins (AQP). The fluid (open arrows)
passes through the ducts into the oral cavity while epithelial cells modify its content. In SS reduced
saliva can be the result of many processes interfering with the secretory capacity of the gland (black
arrows). The infiltrating B and T cells interacting with each other through their respective receptors
in interaction with the MHC-peptide complex and the epithelial cells and dendritic cells (DC) are
shown in the enlarged area (the co-stimulatory molecules are depicted as black T’s). Each of the
processes involved in SS can potentially be targeted with gene therapy. (IgA, immunoglobulin type A;
B, B cell; T, T cell)



Current treatment for SS

To date there is no universally effective therapy for SS. Treatment is based on
symptom relief and the prevention and treatment of complications. Patients are
advised to take extra oral care and undergo regular dental check ups. For the
sicca symptoms, artificial tears, punctal plugs and artificial saliva can be
applied. Some patients receive symptomatic relief from secretagogues like
cime veline and pilocarpine [22]. The use of immunosuppressants has been
unsatisfactory; these drugs can improve systemic conditions associated with
the disease but the drugs have little effect on the sicca symptoms [23–26].
Most cytokine-directed therapies have also proved ineffective in SS, even
though these therapies have been applied successfully in the treatment of other
rheumatoid diseases. For instance, blocking the pro-inflammatory cytokine
tumor necrosis factor α (TNFα) in RA, an autoimmune disease with many
similarities to SS, has lead to greatly improved disease control with an accept-
able safety profile [27]. However, unlike RA, the use of TNFα blockers did not
lead to improved saliva or tear production in clinical trials with SS patients
[28]. Another recently investigated therapy targets B cells. Rituximab (RTX),
an anti-CD20 antibody that depletes CD20+ B cells, was first approved for
treatment of patients with relapsed or refractory lymphoma [29] and has quick-
ly revolutionized the treatment of B cell lymphomas. To date RTX has been
used not only in malignancies but also has been successfully used in the treat-
ment of autoimmune diseases like RA [30] and SLE [31]. RTX in patients with
SS resulted in depletion of peripheral B cell without having an effect on the
numbers of natural killer cells, T helper cells and cytotoxic T cells. Further -
more, it was shown to have some beneficial effect on parameters like fatigue,
vasculitis, and arthralgias with minimal side effects, some studies also report-
ed beneficial effects on objective and subjective sicca symptoms [32–34].
However, since most studies were open label and the overall patient numbers
were low [35], it is unclear to date whether RTX is a good therapy for SS.

Gene therapy for SS

In summary, several treatments that are effective in other autoimmune inflam-
matory diseases failed in SS. There are many reasons for this failure: First, it
is possible that these drugs are aimed at the wrong target. The inhibition of
TNFα in SS patients for instance was shown to lead to paradoxical upregula-
tion of TNFα [36], and also IFNα and BAFF were shown to be upregulated
after treatment [37]. Second, it is possible that these drugs reached suboptimal
dose levels in the affected organs due to poor penetration of the drug. Third, it
is possible that the drug was not given for a sufficient period of time or too late
in the course of the disease to elicit a response. SS patients often suffer from
symptoms long before they are diagnosed [1]. A therapy therefore may need to
be applied long term to reverse damage that has accumulated over several
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years. As a therapeutic approach, gene therapy may offer the possibility to
address some of these concerns.

The use of local gene therapy

Since the salivary gland is heavily involved in the pathogenesis of SS, locally
applied therapy to the salivary gland is very attractive and has a number of
advantages over systemic therapy. First, the salivary glands can be easily
reached by retrograde cannulation of the orifices of the salivary ducts in the
mouth (as is routinely performed in scintigraphy of the salivary glands). This
technique can be used not only to introduce anti-inflammatory small mole-
cules directly to the gland but can also deliver vectors able to direct the expres-
sion of immunomodulatory proteins or the gland physiology in a non-invasive
manner. Second, the entire salivary gland can be targeted since the luminal
membrane of both the acinar and ductal cells within the gland is exposed.
Third, because of their natural secretory activity, the salivary glands are an
excellent organ to locally achieve a high level of the drugs compared to sys-
temic administration. Fourth, long-term expression is possible from the sali-
vary gland due to the relatively low turnover of the epithelial cells in the gland.
Fifth, systemic exposure to the drugs can be limited by treating the salivary
glands only, possibly leading to fewer side effects.

Experience with local gene therapy

Several studies have recently been conducted to address the utility of gene
therapy in treating salivary gland dysfunction and inflammation in animal
models of SS (Tab. 1). The Non-Obese Diabetic (NOD) mouse is the most
widely used model to study the spontaneous development and treatment of SS.
Classically, this mouse is studied for diabetes. From the age of 10 weeks these
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Table 1. Gene therapy in NOD mice

Animal model Gene and vector Results Ref.

NOD IL10 AAV2 Prevents loss of salivary flow, reduced [43]
number of foci in the salivary gland

NOD VIP AAV2 Prevents loss of salivary flow, no effects [45]
on infiltrates

NOD sTNFR1:IgG1 AAV2 Reduced salivary flow over time, reduction [46]
in pro-inflammatory cytokines, upregulation
of systemic pro-inflammatory cytokines

Abbreviations: NOD, non-obese diabetic mouse; IL10, interleukin 10: AAV, adeno associated virus;
VIP, vasoactive intestinal peptide; sTNFR1:IgG1; soluble Tumor Necrosis Factor receptor 1



mice spontaneously develop insulin-dependent diabetes preceded by autoim-
mune insulitis of the pancreas [38]. Independently of this disease [39], but
around the same age, the mice can also spontaneously develop autoimmune
exocrinopathy of the salivary glands with gender-dependent loss in gland
activity, monocytic infiltration of the salivary and lachrymal glands. With age,
NOD mice also develop auto-antibodies against the nuclear antigens Ro and
La. However this SS-like phenotype is unstable and the factors that contribute
to the disease are still largely unknown [40]. One of the first studies to test the
local application of gene therapy to the salivary gland used a viral vector
encoding the anti-inflammatory cytokine IL10. IL10 was shown to be benefi-
cial in a number of preclinical models of autoimmune diseases [41, 42]. IL10
was administered locally to the salivary glands of NOD mice by retrograde
cannulation of the salivary gland ducts, or intramuscular injection in the
quadriceps muscle using a recombinant adeno associated viral type 2 (AAV2)
vector. The vector was given at 8 weeks, before onset of the disease, and at
16 weeks, at a more progressive stage of the disease. At 20 weeks, the mice
treated with IL10 directly into the salivary gland showed significantly higher
salivary flow in the early and late treatment group compared with the intra-
muscularly or control vector treatment groups [43].

Similarly, positive results have also been observed using an AAV vector
encoding the neuropeptide vasoactive intestinal peptide (VIP). This peptide
has a broad range of functions. It is a neurotransmitter causing vasodilatation,
but is also known to be involved in immune tolerance and is a potent sup-
pressor of a variety of pro-inflammatory cytokines [44]. NOD mice were
treated with a single dose of 1010 viral particles containing the VIP gene per
salivary gland. At the age of 16 weeks, 8 weeks after the treatment, VIP treat-
ed mice showed no loss of salivary flow compared to the control group. There
was no difference in focus score or apoptotic index between the different
groups, but there was significantly less IL2, IL12, TNFα, and IL10 present in
glandular extracts, in contrast to serum levels, where no difference was
observed [45]. Treatment of NOD mice with both the IL10 and the VIP con-
structs did not lead to noticeable side effects; the mice appeared to be healthy
during treatment.

In contrast, local application of TNF inhibitors did not improve inflamma-
tion and dysfunction of the salivary glands in NOD mice. This supports the
lack of efficacy seen in previous studies in humans when systemic treatment
was studied. Salivary gland-directed gene therapy with a soluble TNF receptor
(TNFR1:IgG) in NOD mice decreased salivary gland activity. Moreover, treat-
ment decreased some pro-inflammatory cytokines locally in the gland, while
TGF-β was upregulated. In plasma however, the opposite was observed, with
upregulated pro-inflammatory cytokines and downregulated TGF-β levels
[46]. The reason for the failure of this treatment in mice is not completely
understood, but could be due to circulating receptor-complex formation [27] or
underlying mutations in the TNF pathway as have been described in humans
and mice [47, 48]. This observation further emphasizes the negative effect of
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this class of drug on salivary gland function and suggests that other molecules
should be explored as targets for therapeutic intervention in SS.

Future therapeutic targets

Although the studies with IL10 and VIP are promising, other potential thera-
peutics should be explored not only as possible future drugs but also to better
understand the underlying pathophysiology associated with SS. Novel thera-
peutics in SS can be divided in an immunological and a non-immunological
group. Examples of immunological targets include molecules that can interfere
with the proliferation and activation of B and T cells or affect chemotaxis of
lymphocytes, macrophages and dendritic cells. Non-immunological therapies
comprise of molecules that enhance fluid secretion, for instance the introduc-
tion of water channels like aquaporins (AQP). Similarly, therapies that
enhance the sensitivity of salivary and lachrymal glands to neuro-stimulatory
signals could be explored as a therapeutic approach to treatment of SS.

Immunological targets

Cytokines: IFNα, IFNγ and IL12
Many pro-inflammatory cytokines are upregulated in SS and blocking one or
more of these cytokines may result in reduced inflammation. Some of these
cytokines are also involved in secretory dysfunction making them even more
interesting candidates for treatment. IFNα and IFNγ together with IL12, are all
closely related in function and are all overexpressed in SS patients [49–51]. In
addition, the majority of cytokines and transcription factors that are overex-
pressed in patients are IFN inducible [52–56], a profile that has been referred
to as ‘the Interferon Signature’ [53]. IFNγ is also highly expressed in individ-
uals with sicca symptoms who do not have any histological inflammatory
markers in the salivary gland [51]. Moreover, prolonged treatment of the
human salivary gland cell line (HSG) with IFNγ in the presence or absence of
TNFα leads to a persistent depletion of intracellular Ca2+ stores (important for
signal transduction leading to fluid secretion), and thus to an exhausted
response system [57]. These two observations suggest that IFNs can affect the
secretory capacity of the glands. Since IFNγ also reduces the growth of HSG
in a concentration dependent way in vitro [58, 59], interfering with the inter-
feron system, for instance by introducing a soluble receptor may reduce sicca
symptoms, local damage and inflammation in the salivary glands of SS
patients.

Chemokines
Chemokines are chemotactic cytokines that are very important in orchestrating
mobilizing and, to a lesser degree, regulating homeostasis of a wide range of
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hematopoietic cells. The role of chemokines in many autoimmune disease like
RA [2, 60, 61] and autoimmune thyroiditis [62] is well established and there
is evidence they play an important role in SS as well. Chemokines are impor-
tant for the homing of T and B cells to the gland and for the survival of malig-
nant B cells [63]. The chemokines CXCL9 and CXCL10 for instance, were
found to be significantly upregulated in SS salivary glands, but not in normal
salivary glands. These chemokines were predominantly expressed in ductal
epithelium in close proximity to lymphoid infiltrates. Moreover high titers of
CXCL9 and CXCL10 were produced after patient-derived SG cells were treat-
ed with IFNγ in vitro [64]. Upregulation of these chemokines is known to
attract the IFNγ producing plasmacytoid DC [55], and B cells [65]. Interfering
with such a system may be useful in reducing inflammation in the gland by
blocking chemotaxis of lymphocytes and dendritic cells, and may also reduce
the risk of developing lymphoma.

The co-stimulatory pathway
The co-stimulatory pathway has been shown to play a role in many autoim-
mune diseases. In studies on RA [66, 67] and psoriasis [68, 69] the principle of
blocking co-stimulatory pathways as a treatment has been shown to be safe and
effective. In short, to activate B and T cells, simultaneous binding of co-stimu-
latory molecules is required in addition to the binding of the T or B cell recep-
tor with the peptide-major histocompatibility complex (MHC). In the absence
of the co-stimulatory signal, binding of the T or B cell receptor to the peptide-
MHC can lead to tolerance and anergy [70]. Co-stimulatory signals are bi-
directional and can lead to activation of B cells, upregulation of adhesion mol-
ecules, class switching and enhancement of CD4+ and CD8+ effector functions
as well as many other pro-immune activities. One of the co-stimulatory path-
ways known to be involved in SS is the CD40 interaction with CD40 ligand
(CD40L/CD154) [12, 64, 71]. In NOD mice, blocking the CD40–CD40L
interaction around 4 weeks of age prevents the onset of insulitis and diabetes
by inhibiting the development and chemotaxis of pathogenic Th1 cells to the
islets of Langerhans in the pancreas [72], the effect on the SS phenotype has
not been studied yet. Blocking these pathways in SS may promote tolerance
over autoimmunity by reducing auto-reactive T cells, moreover it may affect
the activation of B cells and the differentiation of B cells into plasma cells.

Non-immunological targets

Aquaporins
In order to treat the main symptoms of SS, dry mouth and dry eyes, gene ther-
apy could be used to enhance fluid secretion by introducing water channels
(aquaporins) into the ducts of the salivary glands. This re-engineering of the
salivary gland has been successfully performed in rats, mini pigs and non-hu -
man primates for the treatment of radiation-induced xerostomia. In these stud-
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ies, vectors encoding water channels were used weeks or months after radiation
induced loss of salivary flow. The treatment restored salivary gland activity
without any significant side effects [73]. Currently a Phase I trial is ongoing to
evaluate the safety of this approach [74]. In this trial, patients with an history of
damage of the salivary glands due to head and neck radiation and objective and
subjective symptoms of dry mouth receive an adenoviral vector encoding aqua-
porin (AQP) 1 locally in the parotid gland. The primary outcome of this study
is to determine safety of this novel treatment. The secondary outcome will be to
measure the effectiveness of gene transfer of AQP1 to increase parotid gland
salivary output and improve symptoms associated with irradiation-induced
parotid hypofunction. If this proves to be safe, further studies will provide us
with more information on the efficacy of the therapy and its applicability in SS.

Neuro-stimulatory pathway
Evidence is accumulating that the function of the muscarinic type 3 receptor
(M3R) is impaired in SS [19, 75–78]. It is thought that antibodies blocking the
M3R are responsible for the dysfunction of the receptor, leading to dryness of
the secretory organs [79]. Enhancing the sensitivity of the receptor by using
soluble receptors as decoy for possible auto-antibodies or introducing proper-
ly functioning receptors in excess to the gland may overcome the secretory
dysfunction. However, at this moment the mechanism responsible for the mal-
function of the receptor is not fully understood and further research will be
necessary to identify its exact nature.

Future directions and limitations

The most difficult challenge facing the treatment of SS to date is the identifi-
cation of the proper target(s). Since we understand little of the pathogenesis of
SS and as we do not know the autoantigen that is recognized, choosing the cor-
rect target is largely empirical. However, by using local delivery of key
immunomodulatory proteins or other potential therapeutic molecules directly
to the gland in animal models we can begin to identify the critical pathways
involved in the inflammatory process and the loss of secretory function.
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Abstract

Lupus is a prototype autoimmune disease with unknown etiology. The disease is complex; presented
with diverse clinical manifestations caused by different disease mechanisms. The complex nature of
lupus immunopathology has provided a fertile field to investigate disease mechanisms and explore
new approaches for therapy. However, it is also this complexity that is hampering efforts to identify
therapies that benefit most patients. In this chapter, we will briefly allude to some of the known
immunological defects encountered in lupus and summarise recent advance in identifying new sus-
ceptibility genetic factors. We will also provide an overview of biological agents used for treatment of
patient groups and new directions for gene therapy.

Introduction

Lupus is an autoimmune disease with diverse clinical manifestations and dis-
ease processes. The trigger for lupus autoimmunity remains unclear but there
is evidence from murine models and human patients that susceptibility involves
multiple factors; genetics, environmental, and hormonal. These factors cooper-
ate to modify complex relations between the host, pathogens, and the environ-
ment. The disease mainly afflicts females during childbearing age with a preva-
lence of 0.4–2 in 1000 individuals in the population. The incidence of lupus is
different in different ethnic groups, with Asian and Afro-Caribbean females in
Western Europe and North America at higher risk than Caucasians.

Virtually all lupus patients manifest joint and/or skin involvement (reviewed
in [1]). In addition, the kidneys, heart, lungs, and the central nervous system
(CNS) are affected in about 30–70% of patients. About 90% of SLE patients
experience generalised arthralgia, but with milder inflammation than patients
with rheumatoid arthritis (RA). 60% of SLE patients complain of myalgia and
muscle weakness and the kidneys are involved in 20–50% of patients. CNS
involvement can affect up to 50% of patients, where involvement can range
from migraine to grand mal seizures. Lymphocytopenia is common and
although thrombocytopenia is uncommon, it is a well-recognised complication
of lupus. Generally, when SLE involves many organs the prognosis is poor.
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The cause of lupus and, indeed, the trigger of the characteristic immune
defects remain unclear. However, the involvement of genetic factors is strong
(reviewed in [2]). This is supported by early studies of twins with SLE that
showed that the concordance rate is about 24–57% in monozygotic twins, but
only about 3% in heterozygotic twins [3, 4]. Susceptibility genes include
major histocompatibility complex (MHC) and non-MHC genes. Amongst the
non-MHC loci are genes that regulate lymphocyte tolerance and responses and
genes controlling the pattern of cytokine production [2]. Few possible excep-
tions to the involvement of multiple genes in lupus, perhaps, is seen in patients
with homozygous deficiency in the early components of the complement sys-
tem C1q, C2 and C4, FcγRIIIb deficiency or mutations in the DNA exonucle-
ase TREX1 [5–7]. Thus, all individuals who have homozygous C1q deficien-
cy develop lupus and half of those with homozygous deficiency of C2 devel-
op lupus-like diseases [5]. However, patients with complement deficiency
comprise less than 5% of patients with lupus. In addition to complement
genes, genes encoding co-receptors on B cells and macrophages, such as IgG
Fc receptor IIA (FcγRIIA) and FcγRIIIA, and cytokines have been associated
with susceptibility to lupus both in humans and murine models [5]. The impor-
tance of these findings exceeds the implication for understanding disease
mechanisms into helping in designing and applying therapeutic strategies.

Immunological abnormalities in lupus

Studies from great many laboratories over many decades have noted that most
compartments of the immune system have one or more abnormalities. It
remains unclear, however, which immunological abnormalities have a causal
relationship with lupus and which are secondarily to the disease process. For
example, the production of anti-lymphocyte autoantibodies (auto-Abs) in
human patients is thought to be secondary to the breakdown of tolerance. But
these auto-Abs, in turn, have their effects in further undermining immune reg-
ulation by perturbing immune homeostasis.

Defective T lymphocyte responses

The most prominent immune abnormality in patients and in spontaneous ani-
mal models is lymphocyte hyper responsiveness and the production of auto-
Abs. The IgG isotype of these auto-Abs, high avidity and accumulation of
somatic mutations in the Ig variable (IgV) region genes are evidence for the
involvement of T lymphocytes. However, there was no direct evidence until re -
cently for autoreactive T lymphocytes driving the autoimmune response in
lupus patients. Instead there has been evidence for defective immune regulation
T lymphocyte regulation of immune responses. For example, lupus T lympho-
cytes have reduced suppressive properties such as reduced ability to produce
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IL-2 and reduced ability to express CTLA-4 and defects in regulatory T cells
[1]. There also has been evidence for reduced numbers and defective functions
in T lymphocytes, particularly in CD8+ T cells and in regulatory T cells (Tregs)
in both human patients and murine models. Recently, however, T cells from
mu tant mice with a homozygous allele for a RING-type ubiquitin ligase
(Roquin) were shown to directly induce auto-Abs production and cause lupus-
like disease by promoting germinal centre formation and autoreactive B cells
expansion [8].

There also is evidence for functional defects in T cells such as spontaneous
activation with some evidence for intrinsic defects [9]. In addition, there is evi-
dence for altered production of key cytokines by T cells in lupus, such as IL-2
and TGFβ. Reduced production of IL-2 has been attributed to the transcrip-
tional inhibitor of IL-2 gene promoter, phosphorylated cAMP response ele-
ment modifier (pCREM) [10] while reduced TGFβ levels have been attributed
to reduced proliferative responses to CD2 engagement [11]. There is also evi-
dence for defects in T lymphocyte signalling. For example, there is deficiency
in the expression of the zeta chain of the CD3 complex and defects in calcium
response to anti-CD3/CD28 and mitogen activation [12]. Activation of the
transcription factor nuclear factor-kappa B (NF-κB) is also abnormal in
patients with lupus [13]. Other abnormally expressed intracellular molecules
include protein kinase C (PKC) and CD45. Further, a defect involving Cbl, an
adaptor protein that negatively regulates transmembrane signalling, has been
demonstrated. This abnormality may cause over expression of CD40 ligand
(CD40L) and resistance to tolerance induction [14].

Defective B lymphocyte responses

Abnormalities within the B cell compartment have long been considered a
characteristic feature of lupus. Initially, these considerations were based on the
association of lupus with auto-Abs, but recent studies from congenic and gene
knockout mice have indicated that many of the characteristic features of lupus
immunopathology could be initiated by aberrant B cells regulation. However,
it remains unclear whether B cell abnormalities in lupus patients are primary
defects, or whether these are caused by defects in other compartments, such as
T lymphocytes. Intriguingly, however, B cell responses to exogenous antigens
have been shown to be either decreased or normal in lupus patients (reviewed
in [1]). Studies in recent years have implicated defects in tolerance check-
points during B cell development in patients with SLE [15]. These findings
are, up to a point, consistent with evidence for primary defects in B cells in
spontaneous murine models of lupus [16]. Furthermore, lupus-prone mice
genetically modified to be deficient in CD4+ cells still produce pathogenic
autoantibodies. Genetic studies in congenic mice and gene knockout mice pro-
vide further evidence for a primary role for B lymphocytes as an independent
contributor to the disease, apart from the production of auto-Abs. For exam-
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ple, analyses of the congenic lupus-prone NZM2410 mouse strain, a sub-strain
of the BWF1 mouse, have identified two major genetic susceptibility loci, sle1
and sle2 that relate to intrinsic B lymphocyte defects that result in the break-
down of tolerance to chromatin and IgM auto-Ab production [17].

In human patients with lupus, B lymphocytes are hyper-responsive and pro-
duce excess amounts of IL-10, which play an important role in lupus patholo-
gy [18]. The available evidence, however, indicates that whereas B cells hyper-
responsiveness in lupus patients is disease-dependent, excess IL-10 production
is disease-independent. These findings indicate that intrinsic defects underlie
excess IL-10 production by B cells in lupus. In addition to altered cytokine
production, B lymphocytes from both patients and spontaneous murine mod-
els manifest phenotypic changes such as aberrant expression of CD40L,
CD80, and CD86 [19]. In addition, B lymphocytes from lupus patients spon-
taneously produce large amounts of immunoglobulins (Igs) when cultured in
vitro. In contrast, lupus B lymphocytes are markedly deficient in their ability
to proliferate further or increase Ig production in response to stimulation [1].

B lymphocytes from human patients with lupus also show evidence for
intracellular signalling abnormalities. For example, stimulation through the B
cell receptor (BCR) results in significantly higher Ca+2 mobilisation and pro-
tein tyrosine phosphorylation compared with patients with other systemic
rheumatic diseases and healthy controls (reviewed in [1]). In addition, B cells
in patients with lupus produce higher levels of inositol 1,4,5-triphosphate
(IP3), but have reduced levels of negative regulators of BCR signaling Lyn,
FcγRIIb and CD22 [20].

Defective removal of apoptotic bodies

In addition to defects in B and T lymphocytes, there are other immunological
defects in lupus. For example, both patients and spontaneous murine models
exhibit defective clearance of apoptotic bodies and immune complexes. The
defects are complex in nature and causes. However, the role of the Fcγ recep-
tors and CR1 in clearing immune complexes and apoptotic bodies has been
identified, revealing that alleles of FcγRIIa that do not bind IgG well predis-
pose to lupus [21]. In addition, particular CR1 alleles (discussed below) are
susceptibility variants for lupus. Genetic polymorphisms in these receptors
have generally been associated with defective removal of immune complexes.
However, there is also evidence that the cross-linking of FcγR on B lympho-
cytes, which acts as a negative feedback mechanism, is abnormal in lupus [18].

Defects in the production and response to cytokines

One of the most noted defects in lupus, relevant both to understanding disease
mechanisms and designing therapeutic strategies, has been dysregulated pro-
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duction of and response to cytokines. For example, there is evidence for dys-
regulated production and response to IL-2, 4, 6, 10, IL-12, interferon alpha
(IFNα), IFNγ, tumor necrosis factor alpha (TNFα) [1, 22]. Reduced IL-2 pro-
duction by T cells was first identified in murine lupus [23] and, subsequently,
in patients with lupus and attributed to impaired TCR signalling [24]. In addi-
tion, patients with lupus show a decreased response to IL-2 due to reduced
expression of the β chain of the receptor [25].

One of the most consistent abnormalities in the cytokine network, both in
patients and murine models is high expression levels of IFNγ [26] and IFNα
[22]. IFNα has attracted much attention in recent years for its key role in pro-
moting pro-inflammatory plasmacytoid dendritic cells [27]. The production of
high levels of IFNα in lupus patients is mediated by immune complexes found
in the blood of patients with lupus [22]. Excess IFNγ production has been
associated with lupus and is thought that this cytokine exacerbates or even
precipitates the disease through upregulation of MHC-II expression and pro-
moting complement fixing auto-Abs [28]. The importance of IFNγ in lupus
pathogenesis is supported by the demonstration that treatment of the sponta-
neous New Zealand black white F1 (BWF1) mouse model with anti- IFNγ
antibody or soluble IFNγ receptor (IFNγR), during early life, delays disease
progression [1].

There are contradictory results between mice and patients on the role of
IL-4. Whereas levels of IL-4 are reduced in the lupus-prone MRL lpr and
BWF1 mice, the level of IL-4 protein and mRNA is reported to be increased
in patients [29]. Interestingly, nephritis was completely abrogated in lupus
mice rendered transgenic for the IL-4 gene under the control of the Ig heavy
chain (IgH) enhancer [30].

Increased levels of IL-6 also have been demonstrated in patients with active
lupus [1]. However, the role of excess IL-6 in lupus has been somewhat
unclear due to a lack of an association between high IL-6 levels and auto-Ab
production or disease activity. Recently, however, evidence has emerged that
elevated IL-6 levels can promote lupus immunopathology by promoting de-
methylation of genes encoding key regulatory proteins [31]. The cause of
excess IL-6 production in lupus patients, however, is unknown, although there
are suggestions that it could be the consequence of response to apoptosis [32].

The production of IL-10, important in lupus immunopathology, is increased
in lupus patients and murine models. In addition to the role of IL-10 in B cell
stimulation, IL-10 attenuates macrophage and antigen presenting cell activa-
tion, cytokine production and has both inhibitory and stimulatory effects on
T-lymphocytes. The increase in IL-10 in lupus has been correlated with disease
activity and with anti-DNA auto-Ab production [33].

Altered expression of IL-12 has also been seen in lupus although the data
on this cytokine is inconsistent [1]. In BWF1 lupus mice, an intrinsic defect in
the production of IL-12 has been reported [34]. However, peritoneal macro -
phages from MRL lpr mice produce high levels of IL-12 following stimulation
with IFNγ and/or lipopolysaccharide (LPS) [35]. There are no consistent data
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on the level of IL-12 in patients and the role of this cytokine in lupus remains
unclear.

The production of TNFα, IL-1 and TGFβ also has been reported to be
altered in lupus. TNFα production by macrophages from BWF1 lupus mice
stimulated with LPS is reduced compared with non-autoimmune mice and
repeated injections of recombinant TNFα delayed proteinuria and death in
these mice [36]. In human patients, stimulated blood mononuclear cells from
DQw1 and DR2+ patients produce lower amounts of TNFα than DR3 and DR4
positive in dividuals. Interestingly, however, there has been a report to suggest
that blockade of TNFα in some patients with lupus could be beneficial [37].
Increased production of IL-1 by monocytes from patients and murine models
has also been reported [1]. The production of TGFβ, in both latent and active
forms is decreased in patients with SLE and is associated with disease activi-
ty [38].

Genetic factors in lupus susceptibility

Susceptibility to develop lupus involves a strong genetic element. Early
hypothesis-driven studies of candidate genes in patients with lupus were based
on studies in murine models. These always involved genes with a strong geno-
type to phenotype relationship. Although the contribution of many of these
genes in case control studies was confirmed, recent genome-wide linkage
analyses (GWA) have identified important new genes, some with unclear func-
tional implications for lupus. Two recent GWA identified nine lupus linkage
regions [39, 40]. Interestingly, the analyses indicated that the effects arising
from particular loci contribute to specific clinical or immunological pheno-
types such as involvement of particular tissues, organs or the production of
auto-Abs [2]. The model that has emerged is consistent with previous predic-
tions in that susceptibility to lupus is genetic variants at multiple loci. This
model also predicts that disease onset is triggered in susceptible individual by
multiple environmental factors occurring either simultaneously, or sequential-
ly. The nature of these environmental factors remains largely unknown.
However, there is evidence that Epstein-Barr virus (EBV) could be one of the
environmental factors in lupus [41].

MHC genes and variants on chromosome 6

The two GWA cited above involved DNA from over 2,000 patients with lupus
and the genotyping of 300,000 and 500,000 single nucleotides, respectively [39,
40]. As predicted from previous case control studies, loci within the MHC
region on chromosome 6 were strongly associated with lupus. Because of the
strong linkage disequilibrium between genetic markers in this region suggest-
ing that highly correlated variants involving multiple genes are inherited togeth-
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er in single blocks it has been difficult to conclude whether lupus-associated
variants on chromosome 6 are functional or simply reflect linkage disequilibri-
um with functional variants elsewhere. The analyses, nevertheless, provided
evidence for the association of lupus with markers in both Class II and III
regions [39]. Associated variants from the Class II region involved HLA-DRB1,
HLA-DQA1 and HLA-DQB1 only. Markers in Class III region included the
SKIV2L [superkiller viralicidic activity 2-like] gene and genes encoding the
early complement components C2 and C4 [40]. In this respect, individuals car-
rying no or few copy numbers of the C4A gene that encode a C4 protein with
better ability to bind immune complex than the C4B encoded protein are at a
higher risk of developing lupus [42].

Variants for adhesion molecules and membrane co-receptors

There was a strong association between lupus susceptibility and variants of the
ITGAM gene. This gene encodes the integrin αM that forms a dimer with β2
integrin to form complement receptor 3 (CR3) or Mac-1, which is expressed
on neutrophils, macrophages and dendritic cells. CR3 can bind a variety of lig-
ands including intercellular adhesion molecule 1 (ICAM-1) and the C3 frag-
ment C3bi. The CR3 variant associated with lupus was suggested to influence
leucocyte trafficking mediated via ICAM-1 and/or uptake of apoptotic bodies,
or immune complexes. Variants encoding the Fcγ receptor FcγRIIa, RIIb and
IIIa were also associated with lupus. FcγRIIa is expressed on neutrophils,
monocytes, macrophages, dendritic cells and platelets and the lupus variant
encodes a protein with a lower binding affinity for IgG2 leading to impaired
phagocytosis of IgG2 containing immune complexes [21]. A lupus-associated
variant encoding FcγRIIb alters level of expression of the protein and regula-
tion of B cell activation. In contrast, a mutation in the gene encoding FcγRIIIa
results in reduced binding affinity of IgG to the receptor.

A variant of the gene encoding OX40 ligand (OX40L) has also been associ -
ated with lupus in a case control study [43]. OX40L is a member of the TNF
super family of ligands and receptors (known as TNF super-family 4 or
TNFSF4). It is a membrane-bound protein expressed on the surface of B lym-
phocytes and antigen presenting cells (APCs). It binds OX40 on helper T cells
and provides an activating signal for both T cells and B cells. In T cells, OX-
40-OX40L interaction leads to T cell activation and memory generation and
promotes TH2-type cytokine production [44]. In addition, there is evidence
that the interaction down regulates IL-10 production by regulatory T cells [45].
In B cells, OX40-OX40L interaction differentiation to plasma cells [46]. Both
protective and risk TNFSF4 variants have been identified and in vitro studies
suggest that the risk variant is associated with increased OX40L transcript and
membrane expression [43].

Disease mechanisms, genetic susceptibility and therapeutic approaches in lupus disease 133



Variants of cytokine associated transcription factors

The involvement of interferon alpha (IFNα) in lupus immunopathology has
attracted much interest in the last 5 years. Thus, IFNα has been shown to be
induced by immune complex in the serum of patients with lupus, to be
increased in the serum of patients and also to promote autoimmunity by induc-
ing plasmacytoid dendritic cells [27]. In addition, there has been evidence for
the upregulation of IFN-inducible genes in lupus patients [47]. The GWA
revealed that IFN regulatory factor 5 gene (IRF5) is an important susceptibil-
ity gene in lupus. IRF5 is a transcription factor responsible for mediating
expression of many genes. One model for the role of IRF5 as a lupus risk fac-
tor proposes that mutations in the gene result in altered isoform expression
which influences the effect of interferons in response to viral infections. These
could include the induction of Th1-type responses and lowering the threshold
for B cell activation through the BCR and promoting survival and differentia-
tion [48]. Thus, genetic variants of IRF5 could help prolong proinflammatory
responses and break self tolerance. Alternatively, altered IRF5 expression
could influence cell cycle regulation and apoptosis which are key event in
lupus pathogenesis [49].

Genes encoding signalling proteins

Lupus is associated with defects in intracellular signalling in immune cells. As
cited earlier, there is evidence for abnormal intracellular signalling in both T
and B lymphocytes. Case control and GWA have provided confirmation for
such association. The B lymphoid tyrosine kinase (BLK), LYN and the B cell
scaffold protein with ankyrin repeats (BANK1) were shown to be candidate
genes for susceptibility to lupus. The existing functional data suggest that the
risk alleles are associated with reduced expression. All three proteins play key
roles in the regulation of BCR-mediated signalling. The best studied of these
molecules is Lyn. In Lyn–/– mice B cells are hyperactive, produce IgM anti-
DNA auto-Abs and the mice develop lupus nephritis [50]. There is also evi-
dence that Lyn is reduced in B cells from patients with lupus [51]. Lyn plays
a key role in mediating B cell signalling through the phosphorylation of immu -
noreceptor tyrosine-based activation motif (ITAM) on Igα/β. However, Lyn is
also involved in negative regulation of BCR signalling through mediating the
activation of inhibitory molecules such as CD22, SHP-1 and FcγRIIb [50].

There GWA also showed an association between signal transducer and acti-
vator of transcription 4 (STAT4) and lupus although no functional candidate
polymorphism is yet identified. STAT4 is a transcription factor that mediates
the expression of genes in response to signals by a number of important
cytokines such as IFNα, IL-12 and 23 [52]. STAT4 activation by these
cytokines leads to the induction of Th1 responses including IFNγ production
which is strongly associated with lupus [53].
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Genes for proteins with incompletely defined functions

In addition to the above gene variants that associate with lupus risk and whose
function is relatively well-understood, there are a number of other genes
whose functional association with the disease is less well characterised. For
example, a gene that encodes a protein involved in DNA methylation, MECP2
is a candidate risk factor. MECP2 protein is involved in turning off several
other genes. This prevents the genes from making proteins when they are need-
ed. Altered gene methylation has been reported in SLE and this could be a
potentially important mechanism for over/under expression of cytokines and
other proteins involved in lupus pathogenesis. Recently, we reported that
expression of membrane CD5, which negatively regulates BCR and TCR sig-
nalling, is reduced in lupus B cells because of hypomethylation of genomic
DNA [31]. In addition, MECP2 is on the X-chromosome, which is of interest
given that lupus is predominantly a disease of females.

The ubiquitin-carrier enzyme gene UBE2L3 has also been identified as an
SLE risk gene. There is little functional studies on UBE2L3, but the protein is
widely expressed and has a role in the maturation of transcription factors such
as the NF-κB precursor p105 [54]. Interestingly, although there is no direct
evidence for the functional implication for this polymorphism, our studies
have revealed increased ubiquitination and degradation of key regulatory sig-
nalling molecules in B and T lymphocytes in patients with SLE [51, 55].
Interestingly, in this respect, there is evidence that an autophagy gene, ATG5
is also a candidate risk gene for lupus. Autophagy is a regulatory process by
which intracellular proteins with long half-lives and organelles are degraded,
but excessive autophagy activity can trigger apoptosis. This process is con-
trolled by the autophagy genes that act in an ubiquitin-like conjugation system.
ATG5 has been suggest to act as the switch that determines whether autophagy
progresses to apoptosis, and whether overexpression may result in accelerated
apoptosis as a potential disease process for lupus [56].

Biological agents for the treatment of lupus

The clinical management of lupus has improved significantly over the last
decade. Thus, mortality rates have declined and organ damage is better con-
trolled. This progress has been achieved as a result of the development and use
of new generations of immunosuppressive agents. Despite this progress, how-
ever, organ damage, especially kidney damage and mortality remain unaccept-
ably high. In addition, traditional immunosuppressive agents only provide
symptomatic relief and have serious side effects. Therefore, there is a contin-
uing need to develop therapies that target key immunological pathways in
lupus and with fewer side effects. The development of biological agents, espe-
cially those that target B cells, are beginning to make an impact on lupus man-
agement. However, the heterogeneous nature of lupus and diverse disease
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processes involved mean that we are a long way from identifying an ideal ther-
apeutic strategy.

Biological agents targeting B lymphocytes

B lymphocytes are key players in lupus pathology and a number of new agents
have been developed to target B cells. B cell ablation with mAbs has been in
use for about 15 years mainly to treat patients with non-Hodgkin’s lym-
phomas. The successful application and safe record of a mAb with specificity
for CD20 (Rituximab) in the treatment of B cell lymphomas prompted its use
in variety of autoimmune diseases including lupus (reviewed in [57]).
Rituximab is a genetically engineered mAb with mouse variable regions and
human IgG Fc. CD20 is a non-glycosylated membrane protein expressed
exclusively on B lymphocyte throughout their development until the cells dif-
ferentiate to plasma cell, whereupon CD20 expression is lost. CD20 is
involved in B cell growth and differentiation although no know natural ligand
has yet been identified. CD20 is neither cleaved nor endocytosed, thus, pro-
viding a stable target for therapy. B cells depletion with Rituximab is achieved
through complement-mediated lysis, Ab-dependent cellular cytotoxicity and
apoptosis. In open label studies of patients with lupus refractory to standard
immunotherapy, the use of rituximab has proved to be highly successful when
given in two separate administrations two weeks apart and in combination with
cyclophosphamide and high doses of steroids [58]. The majority of patients
improved for periods of 3–6 months or longer. There also were significant
improvements to the kidneys in patients with nephritis, thus allowing the dose
of steroids to be reduced. Interestingly, however, there was no immediate
decrease in serum auto-Ab levels.

Targeting of B cell for treatment has also been performed using a mAb with
specificity for CD22 (epratuzumab). CD22 is a type I transmembrane glyco-
protein expressed on B cells from pre-lymphocyte to mature B cell stages but
absent in plasma cells. The precise function of CD22 is not clear but there is
some evidence that it negatively regulates intracellular signalling. Mechanisms
of epratuzumab action include reducing B cell numbers though this does not
lead to depletion and also modulation of B cell functions. In a Phase II clinical
trial, 11 of 14 patients had significant clinical responses to epratuzumab [59].

In addition to the use of mAb to deplete, or modulate B cell responses,
induction of tolerance in autoreactive B cells has been attempted. One such
approach involves using a ‘toleragen’, LJP-394, or Abetimus sodium. LJP-394
is a synthetic biological agent made up of four double stranded oligonu-
cleotides attached to polyethylene glycol [60]. It lacks epitopes for T cells and
modulates B cell functions by cross-linking membrane-bound anti-dsDNA
Abs. The theory is that cross-linking modulates BCR signalling and induces
anergy. Treatment of lupus-prone BXSB mice with LJP-394 resulted in
reduced auto-Ab levels, improved renal functions and extended survival [60].

136 R.A. Mageed et al.



In human patients, treatment with LJP-394 was shown to reduce anti-dsDNA
Ab production, but no improvement in renal functions was seen [61].

Modulation of B cell survival and activation in lupus was also achieved by
targeting the B lymphocyte stimulator (BLyS; also known as BAFF). BLyS is
member of the TNF family with profound effects on B cell proliferation, dif-
ferentiation and Ab production [62]. BLyS is produced by monocytes,
macrophages, dendritic cells and neutrophils and its level is elevated in patients
with lupus [63]. BLyS can bind to three different receptors BAFF-R, TACI
(transmembrane activator and calcium modulator ligand interactor) and BMCA
(B cell maturation Ag) with varying degrees of affinity. In BWF1 lupus mice,
blockade of BLyS with soluble TACI-Ig temporarily reduced IgG anti-DNA
auto-Ab levels and delayed the onset of proteinuria [64]. In human patients,
open label trials of a human mAb with specificity to BLyS (LymphoStat B, or
belimumab) was shown to be well-tolerated and to significantly reduce B cells
numbers [65]. However, there have been disagreements on the therapeutic effi-
cacy of belimumab, although the most recent studies show significant benefits
[66]. Other studies using TACI-Ig fusion protein (Atacicept) led to reduction in
the numbers of B cells, T cells and NK cells and a dose-dependent reduction in
Ab levels [67].

Biological agents targeting cognate T–B lymphocyte interactions

The regulation of cognate interaction between B cells and T cells in lupus is
defective. This is manifested by overexpression of CD40L on T cells and B
cells and by dysregulated expression of CD80 and CD86 [68, 69]. Efforts to
treat lupus by targeting cognate interactions with humanised antibodies have
achieved mixed results. Treatment with anti-CD40L mAbs did not show sig-
nificant therapeutic benefits in lupus patients compared with those treated with
placebo [70]. In addition, treated patients had an increased risk of throm-
boembolism [71]. Better beneficial clinical effects were achieved by targeting
CD28-B7 interactions using CTLA4-Ig. In BWF1 mice, soluble CTLA4-Ig
decreased auto-Ab production, delayed proteinuria and extended survival [72].
The use of a fusion protein of human CTLA4-Ig (Abatacept) in RA has proved
successful [73], but the outcome of trials in lupus patients is awaited.

Biological anti-cytokine agents

The range of abnormalities in expression and response to cytokines in lupus is
extensive. Cytokines have, therefore, long been regarded as potential thera-
peutic targets in lupus. In this regard, IL-6, IL-10, IFNα, IFNγ and TGFβ have
attracted interest as potential targets. In BWF1 mice, blockade of IL-6 with
mAb was shown to reduce anti-DNA auto-Ab and improve kidney histology
[74]. In human patients with RA, clinical trials with a mAb to the IL-6 recep-
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tor (tocilizumab) have been successful and its application in the clinic in the
UK was recently approved [75]. The application of tocilizumab in lupus is yet
to start; however, its application is a matter of time because of the compelling
evidence for its relevance to lupus immunopathology.

Although IL-10 is a key immunoregulatory cytokine, its role in promoting
B lymphocyte activation and differentiation makes IL-10 a candidate target for
therapy in lupus. Indeed, treatment of BWF1 mice with either recombinant
TNFα, which suppresses IL-10 production, or with anti-IL-10 delays protein-
uria and death [36, 76]. Treatment of lupus patients with a murine mAb to
IL-10 resulted in decreased disease activity, improved cutaneous lesions and
joint symptoms [77]. However, blockade of IL-10 for treatment in the clinic is
complicated by the immunoregulatory role of IL-10 and its unpredictable
effects on immune cells.

With the available evidence on IL-10 in lupus immunopathology it has
been, perhaps, paradoxical that biological anti-TNFα agents should be con-
sidered for treatment of patients with lupus [78]. Although the logic that anti-
TNFα agents target the inflammatory response in lupus is understandable, its
long-term effects can be unpredictable. This is relevant in that a significant
minority of RA patients treated with anti-TNFα agents develop auto-Abs to
DNA [79]. Nevertheless, the data published by Aringer and colleagues show
that treatment with anti-TNFα reduced proteinuria in nephritic patients after
one week of treatment [78].

The importance of IFNα as a central player in lupus immunopathogenesis
has been recognised. Thus, IFNα promotes autoimmunity through activating
immature myeloid dendritic cells which, in turn, activate autoreactive T cells.
Further, IFNα directly promotes B and T cell activation [27, 80]. Despite the
potential of IFNα as a therapeutic target for lupus, however, treatment has
been difficult because there are numerous genes that encode multiple IFNα
proteins. In humans, for example, there are more than 20 genes encoding 13
different IFNα proteins. However, a recent study showed that immunisation of
BWF1 mice with IFNα resulted in the generation of neutralising Abs that
delayed, or prevented proteinuria, nephritis and death [81].

Biological agents targeting complement components

Lupus is associated both with deficiency in the early components of the com-
plement system and with excess activation of C3 and C5 in the most patients.
Thus, C5 is activated in lupus both through the classical and alternative path-
ways and this contributes to the inflammatory responses and tissue damage. A
mAb to C5 that inhibited its cleavage to C5a and C5b and blocked the forma-
tion of the membrane attack complex (MAC) delayed the onset of proteinuria,
improved renal histology and extended survival of BWF1 mice [82]. In addi-
tion, a small antagonist protein of C5a receptor delayed nephritis, migration of
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inflammatory cells to the kidneys and suppressed the production of pro-
inflammatory cytokines [83]. In patients with lupus, a humanised mAb
(5G1.1) effective in interfering with C5 activation was shown in Phase I trials
to be safe and well-tolerated but clinical benefits are yet to be reported [84].

Enzyme replacement

The production of DNase1, an enzyme produced by the pancreas and salivary
glands that catalyses extracellular DNA hydrolysis, is reduced in BWF1 mice
[85]. In addition, mice deficient in Dnase1 develop a lupus-like disease [86].
Some lupus patients have a nonsense mutation in exon 2 of the DNASE1 gene,
resulting in decreased DNase1 activity in and high IgG Ab levels against
nuclear antigens [87]. In a double blind, placebo-controlled trial of 16 patients
with lupus nephritis receiving recombinant human DNase there was reduction
in proteinuria and serum creatinine and improvement in renal pathology.
However, there was no improvement in disease activity [88].

Gene therapy

The wide-ranging immunological abnormalities in lupus have provided both
opportunities and obstacles to developing new therapies for universal applica-
tion. Thus, the diversity in disease pathways has provided opportunities to
explore different therapeutic strategies. However, this has created its own
problems in that predicted clinical benefits have not materialised in all patient
groups. Disease in patients with apparently similar clinical phenotypes could
be driven by different mechanisms. As a consequence, patient groups respond
differently to similar therapies. Interestingly, this is not confined to the genet-
ically diverse human patients, but is also seen in different murine models of
lupus. With the advance in gene therapy and its successful application in many
animal models of autoimmune diseases, gene therapy has become an obvious
protocol to explore in lupus. Gene therapy provides obvious advantages over
current therapies such as reduced costs, lack of a need for repeated injections
of high levels of proteins and reduced side effects. Nevertheless, there are also
safety concerns. In addition, there are issues with the optimal production lev-
els of therapeutic molecules, site of production and regulation. Despite these
drawbacks, however, gene therapy remains a forward-looking therapeutic
approach for treating lupus. Indeed, the available evidence shows remarkable
improvements in disease pathology in animal models with the application of
gene therapy to deliver TGFβ1, IFNγ receptor or IL-4 (reviewed in [1]).
Studies over the last 5 years have explored new means of gene delivery to tar-
get new immunological pathways in lupus. Results of gene therapy studies
using new approaches carried out over the last 5 years are summarised below.
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Modulation of T lymphocyte responses

T lymphocytes in patients and in murine models of lupus participate in the
induction of pathogenic auto-Abs of the IgG isotypes. Many abnormalities in
the T lymphocyte compartment have been reported. These include decreased
level and activity of key signalling proteins such TCRζ, NF-κB p65, PKCθ
and PKC dependent protein phosphorylation, cognate interactions and
cytokine production. Although the primary abnormality(s) and causal relation-
ships remain unclear, some of these abnormalities are connected. For example,
reduced IL-2 production by T cells in lupus is associated with reduced TCRζ
expression and its upregulation by gene therapy augments IL-2 production
upon TCR/CD28 engagement and restore normal T cell functions [89].
Interestingly, this approach appears to be more beneficial for treating lupus
mice as IL-2 gene delivery in MRL lpr mouse model of lupus was shown to
result in exacerbated disease and accelerated death [90]. The approach of mod-
ifying T cells to treat lupus was also used to generate ‘regulatory’ type T cells.
For example, a group of investigators used a retroviral vector to generate T
cells with specificity for nucleosome, a target antigen in lupus, which also pro-
duced CTLA4-Ig as a suppressive molecule [91]. cDNAs for the V region
genes of the α and β chains of the TCR from a T cell clone with specificity for
the immunodominant I-Ad-restricted nucleosomal epitope were transfected
together with cDNA for the CTLA4Ig to generate ‘regulatory’ T cells in recip-
ient mice. Initial assessment showed that ~10% of the total CD4 cells
expressed all three genes and manifested a Treg phenotype. When these T cells
were transferred into 10 week old BWF1 mice there was evidence for sup-
pression of T cells proliferation, auto-Ab production and nephritis [91].

Gene therapy to modulate cognate interaction

Cognate interactions between B and T lymphocytes have been targeted using
recombinant proteins. Investigators have explored this same approach using
gene therapy. A recombinant adenovirus containing the full-length mouse PD-
L1 gene was used to engage the inhibitory PD-1 receptor on activated lym-
phocytes in BXSB lupus prone mice. The mice simultaneously received an
anti-ICOS ligand mAb to block ICOS-mediated co-stimulation. The combina-
tion therapy delayed the onset of proteinuria, reduced IgG auto-Ab production,
and suppressed nephritis [92].

Other investigators used adeno-associated virus (AAV) vectors to deliver
CTLA4-Ig and/or CD40-Ig in BWF1 mice [93]. Treatment of neonatal BWF1
mice with the CTLA4-Ig vector delayed disease onset and suppressed auto-Ab
production, proteinuria and nephritis and prolonged lifespan. Combination
therapy with vectors for CTLA4-Ig and CD40-Ig achieved a synergistic effect.
The therapeutic benefits were apparently achieved through suppression of T
cell activation and memory generation [93].
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Gene therapy to suppress B lymphocyte activation and responses

Excess BLyS (BAFF) production has been associated with lupus autoimmuni-
ty, and mice transgenic for the protein have increased numbers of B cells and
effector T, develop auto-Abs and lupus nephritis [94]. Gene transfer with an
adenoviral vector to deliver TACI-Ig to B6 lpr and MRL lpr mice reduced B
cells numbers, blocked auto-Ab production and nephritis and improved sur-
vival [95]. However, these results could not be reproduced in BWF1 mice
which developed neutralising antibodies to TACI [95]. Interestingly, these
studies showed that the treatment did not have an effect on total IgG levels, but
reduced the spontaneous production of IgG and IgM auto-Abs. This would be
important for maintaining protection against exogenous pathogens. Thus,
these data provide evidence for the potential of BLyS blockade in the treatment
of human patients. The success of this approach will be consistent with the
success of targeting B cells in the clinic.

Studies over the last 5 years have indicated that innate immune receptors and
cells can participate in the induction of autoreactive B cells and the production
of auto-Abs. Thus immune complexes that contain chromatin or ssRNA have
been shown to activate Toll-like receptor-9 (TLR-9) or TLR-7 on B cells and
specifically activate autoreactive B cells independent of T cell help [96]. To
determine the potential of targeting TLR-dependent signalling pathways for the
treatment of lupus, MRL lpr mice were given synthetic oligodeoxynucleotides
with immunoregulatory sequences that specifically blocked signalling via
TLR-7 or TLR-7 and TLR-9 [97]. Blockade of signalling through TLR-7, but
not TLR7/9 significantly reduced serum levels of IL-12p40 and anti-DNA auto-
Abs of the IgG2a, IgG2b subclasses. However, both treatments significantly
reduced nephritis. These results highlight the potential of targeting signalling
via TLR-7 as a therapeutic target in lupus patients.

Gene therapy to target cytokines and chemokines

Targeting cytokines associated with lupus immunopathology have been exten-
sively used with the majority of earlier studies summarised previously [1].
This approach has continued with new molecules targeted and their therapeu-
tic potentials assessed in animal models. For example, a truncated form of the
recently discovered IK cytokine which inhibits IFNγ-induced MHC-II upreg-
ulation was used to treated MRL lpr mice. The study showed that implantation
of a non-metastatic fibroblastoid cell transfected with cDNA for the truncated
IK cytokine before the onset of nephritis reduced renal damage, decreased
macrophage and T cell infiltration of the kidneys and reduced auto-Ab levels
[98].

Chemokines have also been used as therapeutic targets in lupus mice. One
such chemokine, the monocyte chemoattractant protein-1 (MCP-1), is upregu-
lated in MRL lpr mice. This chemokine recruits and activates inflammatory
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cells such as in nephritic kidneys. An N-terminal deletion mutant of the MCP-1
gene in pcDNA3 expression plasmid was injected into skeletal muscles of
MRL lpr mice and effect on lupus pathology determined. The treatment pro-
tected the kidneys from injury due to reduced infiltration of leucocytes and pro-
longed survival [99].
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Abstract

Over the past decades gene therapy has emerged as a promising approach for treatment of a variety of
diseases including monogenic diseases, cancer, neurodegenerative disorders, autoimmune and inflam-
matory diseases. However, efficacy and safety remain the major challenges for turning gene therapy
into a clinical reality. Several advances in vectorology have provided opportunities to address these
issues including transductional and transcriptional targeting of viral vectors. The prior involves the
modification of the virus tropism in order to increase the efficiency and specificity of target cell trans-
duction. The latter comprises the use of cis-regulatory elements, such as promoters and enhancers
(Fig. 1), to restrict transgene expression to specific tissues or patho-physiological conditions. Here we
focus on recent developments and applications of endogenously-regulated promoter systems in gene
therapy for autoimmune and inflammatory diseases, in particular rheumatoid arthritis (RA).

Disadvantages of constitutively active promoters

The vast majority of preclinical gene therapy studies rely on high levels of
therapeutic proteins using viral promoters derived from cytomegalovirus
(CMV), Rous sarcoma virus (RSV) or cellular promoters such as the human
phosphoglycerate kinase-1 (PGK), elongation factor 1α (EF1α) or chicken
β-actin promoter. Despite their short-term effectiveness in animal models, the
applicability of these promoters for long-term therapy is hampered by a num-
ber of issues. First, transgene expression in vivo is often transient due to pro-
moter attenuation. A comprehensive study of Chen and co-workers demon-
strated a dramatic drop in CMV-driven transgene expression in liver and spleen
starting from 3 days after intravenous delivery of adenovirus [1]. Upon intra-
muscular injection, expression levels decreased between 100- and 1,000-fold
within 3 weeks using both CMV, β-actin and EF1α promoters. A similar study,
describing a rapid loss of CMV-driven transgene expression from muscle tis-
sue, demonstrated rapid and extensive methylation of CpG sites in the pro-
moter abolishing its transcriptional activity [2] (Fig. 1). In synovial tissue,
which represents the target site of local gene therapy for RA, rapid silencing
of the CMV promoter is frequently observed [3–7]. Second, strong constitu-
tive promoters might transactivate endogenous (onco)genes upon integrating
in the genome. Weber et al. established a cell-type specific correlation between
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transcriptional strength and transactivation potential of promoters, including
PGK, EF1α and CMV [8]. A second study by Zychlinski and co-workers con-
firmed the transactivation potential of retroviral enhancer-promoters.
Additionally, they demonstrated that the genotoxic risk of integrating vectors
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Figure 1. Schematic overview of a typical TATA-dependent promoter, its cis-regulatory sequences and
interactions between regulatory proteins and the transcription initiation complex. The lower part dis-
plays the core promoter region which is the essential sequence for transcription initiation. In eukary-
otes, the most common type core promoter is the TATA box that is the binding site for the transcrip-
tion factor TATA binding protein (TBP). After TBP binds the TATA box, a number of TBP-associat-
ed factors (TAFII) and RNA polymerase (Pol II) combine around the TATA box to form the preiniti-
ation complex (PIC). The TAFII, TFIIH has helicase activity and is involved in opening the double
helical DNA strands. The PIC only drives a low rate of transcription. The transcriptional rate is fur-
ther enhanced or inhibited by regulatory factors along with any associated co-activators or co-repres-
sors. The cis-regulatory elements that drive tissue- or context-specific expression are predominantly
located in the proximal-promoter region, depicted in the left part of the diagram. Regulatory factors
consist of protein complexes, often hetero- or homodimers, that bind on their cognate binding sites
(TFBS). Transcription factors (TF) can transactivate or repress the activity of the PIC and work coop-
eratively by stabilizing each other when forming DNA-protein complexes. Co-activators mediate the
influence of regulatory factors through protein-protein interaction between a TF and the PIC.
Additional fine-tuning of transcription is accomplished via more distal DNA elements as enhancers,
displayed on the right part. These sequences exert their activating effects independently from position
or orientation and are obtained by accomplishing a specific DNA formation. Extensive methylation of
CG-rich regions in promoter sequences (CpG Islands), e.g., viral promoters, compromises the bind-
ing of regulatory factors and leads to inactivation of the promoter. The Kozak sequence (GCCRCC)
is frequently placed directly upstream of the translation start codon (ATG) for enhanced translation of
transgenes in gene therapy approaches.



is considerably reduced using constitutive cellular promoters (PGK, EF1α) in
combination with a self-inactivating vector design [9]. Third, systemic or local
overexpression of biologicals regardless of the physiological demand can elic-
it serious transgene-induced side effects. Our group has demonstrated several
undesired side effects in cytokine-based gene therapy approaches, arising from
the pleiotropic nature of these proteins. Intra-articular gene therapy for exper-
imental arthritis and osteoarthritis using respectively interleukin-4 (IL-4) [5,
10] and transforming growth factor-β (TGFβ) [11], led to a protection against
cartilage destruction. However, constitutive TGFβ expression also induced
synovial fibrosis and osteophyte formation [12]. The chemotactic properties of
IL-4 gave rise to a massive joint inflammation when this transgene was over-
expressed in non-arthritic joints. Taken together, the development of long-term
and safe gene therapeutic treatment requires a careful consideration of pro-
moter selection. While strong ubiquitous promoters represent seemingly obvi-
ous candidates for gene therapy, tightly-regulated expression of transgene
appears a key feature towards an effective and safe mode of gene therapy.

Transcriptional targeting

Transcriptional targeting strategies that are either based on cell-specificity or
reactivity to physiological changes are explored extensively in cancer due to
their unique expression of tumor specific (onco)genes and regional enriched
expression of genes created by the hypoxic environment in tumors (reviewed
by Robson and Hirst [13]). Although hypoxia and related processes such as
neovascularisation also occur in the inflamed tissue, promoters of these genes
or artificial promoters bearing consensus sequences of response elements for
the hypoxia-inducible transcription factor (HIF-1α) have thus far not been
explored in gene therapeutic approaches for chronic inflammatory of autoim-
mune diseases. Other strategies utilized in cancer gene therapy as radiation-,
chemotherapy- and hyperthermia-inducible expression vectors make use of
existing anti-cancer therapies [14] and are for this reason not used for tran-
scriptional targeting of inflammation. Several chronic inflammatory diseases
including RA, lupus and inflammatory bowel disease are characterized by a
disease course which displays spontaneous periods of exacerbations and
remission. Most ideally, expression of a therapeutic protein meets the variable
demand during these diseases: high during a relapse and low during remission
of the disease. For this, transcriptional targeting in these diseases is now based
on the use inflammation-responsive rather than cell-specific promoters.

Acute phase gene promoters

The acute phase response (APR) is part of the innate immunity and comprises
an early set of inflammatory reactions induced by infection or tissue injury
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[15]. The APR is accompanied by a rapid increase in acute phase protein (APP)
levels in plasma including serum amyloid A (SAA), complement factor 3 (C3)
and C-reactive protein (CRP). The augmentation in serum SAA and CRP lev-
els are sensitive biological laboratory markers in RA patients that correlate
with disease activity [15]. The dramatic increase in APP levels are due to a
strongly induced transcriptional rate arising from cytokine-mediated synergis-
tic activation of APP promoters. Varley and co-workers pioneered the inflam-
mation-inducible expression of recombinant proteins in vivo from APP pro-
moters. Using intravenous administered adenoviral reporters harboring the
firefly luciferase cDNA under transcriptional control of murine Saa3
(–306/+33) or C3 (–397/+45) promoters they demonstrated a strong response
upon systemic injection of lipopolysaccharide (LPS). Burke and co-workers
applied the human CRP (–122/+672) promoter to generate transgenic-mice
showing inflammation-inducible expression of granulocyte macrophage
colony-stimulating factor (GM-CSF) [16]. Upon systemic administration LPS,
GM-CSF levels were increased approximately 150-fold within 6 h and protein
levels were 100–500-fold higher compared to endogenous GM-CSF.
Transgenic Saa1-Luc mice harboring a 7.7 kB promoter of murine Saa1
demonstrated strong induction of luciferase activity in multiple tissues after
systemic LPS and tumor necrosis factor-α (TNF-α) treatment [17]. The
strongest induction of luciferase activity, approximately 5000-fold, was
observed in the liver whereas brain and spleen showed a less than two-fold
induction. During an acute arthritis induced by intra-articular injection of
zymosan, luciferase levels were induced approximately 20-fold within 4 h and
declined to seven- and six-fold induction at 1 and 5 days after arthritis induc-
tion, respectively.

Pro-inflammatory cytokine and enzyme gene promoters

Apart from APR genes, the promoter regions of genes that are differentially
regulated in chronic inflammatory processes such as cytokines, chemokines
and matrix degrading enzymes, represent attractive candidates for development
of disease-specific gene therapeutic vectors. Experimental arthritis models
showed that the pro-inflammatory cytokines TNFα, IL-1, IL-6, IL-18 belong
to early-responsive genes, which are upregulated at the primary onset and sec-
ondary flare-ups of experimental arthritis [18]. Especially IL-6 is identified as
a marker of disease activity and the principal cytokine responsible for the acute
phase response in RA patients. Serum IL-6 levels correlated with serum CRP
levels and erythrocyte sedimentation rate (ESR) [19, 20]. Also the synovial
fluid levels of IL-6 correlate with serum CRP and ESR in patients with RA
[21]. The synovial fluid concentration of IL-6 are higher than in serum with the
synovial fibroblasts as the source of IL-6 with the highest production in the
presence of lymphocytic follicles in the synovial tissue [19, 20, 22]. IL-6 is
strictly regulated at the transcriptional level and several transcription factors,
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including NF-κB, activator protein-1 (AP-1) and CCAAT/enhancer binding
protein (C/EBP) contribute to the complex regulation of this gene. For NF-κB
and AP-1 factors a pivotal role has been implied in human RA, murine colla-
gen-induced arthritis (CIA) and immunity [23–27]. Enhanced expression and
DNA binding activity of C/EBPβ in synovial tissue of RA patients has been
implicated in the pathology [28] and chronicity [29] of disease. Therefore, the
IL-6 promoter appeared a promising candidate to achieve disease-regulated
gene therapy. While the minimal promoter of human IL-6 (–163/+12) showed
only little responsiveness, the upstream addition of the human IL-1β enhancer
(–3690/–2720) mounted a robust response towards pro-inflammatory stimuli
in vitro and in vivo [7]. A comparison of in vivo performance between the
hybrid (IL-1E/IL-6) and C3-Tat/HIV promoters revealed a comparable respon-
siveness and transcriptional strength. Geurts and co-workers exploited the
properties of this hybrid promoter to enable the use of an otherwise disputable
biological, IL-4 [5]. We demonstrated effective protection against cartilage ero-
sion in CIA by injection of knee joints with adenoviral vector containing
IL-1E/IL-6P-driven murine IL-4. Perhaps even more importantly, restriction of
IL-4 expression to inflammatory conditions minimized the deleterious effects
of this transgene under non-diseased conditions, effectuating a safer mode of
IL-4 gene therapy for RA. Adriaansen, Khoury and co-workers constructed
adeno-associated viral vectors encoding human soluble p55 TNF receptor cou-
pled to the Fc part of murine IgG1 under control of a minimal CMV promoter
containing six upstream NF-κB binding motifs derived from the HIV-LTR pro-
moter. Using a local intra-articular gene therapy approach, this construct
delayed onset and decreased the incidence of CIA in mice [30]. The NF-κB-
responsive promoter demonstrated a transient responsiveness to repetitive LPS
injections at one and eight weeks post-transduction, respectively. In addition,
the same vector was used to for local gene therapeutic treatment of adjuvant
arthritis in rats [31]. Adriaansen and co-workers found a superior therapeutic
effect for disease-regulated expression of transgenes and suggested his phe-
nomenon to arise from a more favorable expression profile during the disease
course.

Nitric oxide (NO) is produced by many cell types and has been implicated
in host defense and immunity, including modulation of inflammatory process-
es. The compound is synthesized via nitric oxide synthases (NOS) and the
inducible isoform (iNOS) is predominantly expressed after exposure to pro-
inflammatory stimuli. The induction of iNOS is not a disease-specific event and
has been demonstrated in several autoimmune and inflammatory diseases such
as sepsis, arthritides, systemic lupus erythematosus and Type 1 diabetes [32].
Transgenic iNOS-luciferase mice showed a transient upregulation of luciferase
activity in knee joints upon injection with zymosan. Luciferase expression
peaked at 4 h after the challenge, showing six-fold upregulation, and returned
to basal levels after 24 h [33]. This group also created a transgenic luciferase-
reporter mouse for imaging of angiogenesis using the murine vascular endothe-
lial growth factor receptor 2 (Vegfr2) [34]. Since angiogenesis is a hallmark of
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a variety of inflammatory diseases, including RA, Vegf (receptor) promoters
can serve as disease-regulated promoters for gene therapy. Considering the co-
dependence of angiogenesis and chronic inflammation [35], angiogenesis-spe-
cific promoters may not be most suitable for warranting a rapid response to
acute inflammatory processes. Prostaglandins (PGs), particularly PGE2 and
prostacyclin (PGI2), are potent mediators of pain and inflammation. PGs are
derived from arachidonic acid metabolism through constitutive and inducible
cyclooxygenases: COX-1 and COX-2, respectively. An interesting develop-
ment is the use of the COX-2 promoter for the replication control of condition-
ally replicating adenoviruses (CRAds) [36]. CRAds are based on placement of
essential early adenoviral E1 genes under specific promoters to mediate
oncolytic potency on tumor cells. The COX-2-dependent CRAds might be
applied for genetic synovectomy in a regulated fashion by killing the synovial
cells when becoming active during inflammation. Rachakonda and co-workers
used the canine COX-2 (–1145/+93) promoter for cytokine-inducible expres-
sion of canine IL-4 in articular chondrocytes [37]. For the development of dis-
ease-specific gene therapy for canine osteoarthritis, Campbell and colleagues
applied the matrix metalloproteinase-9 (MMP9) (–1984/-1) promoter [38]. In
a human chondrosarcoma cell line this promoter responded strongly to TNFα
but not IL-1β. Interestingly, the transcriptional strength of the promoter was
significantly enhanced by addition of three or five tandem-arranged NFκB
binding sites. However, the basal promoter activity increased accordingly indi-
cating leakiness of the hybrid promoter in vitro.

Bioinformatics-driven promoter design

Undoubtedly, the availability of endogenous or artificial promoters that confer
a range of transcriptional activities in an inflammation-regulated fashion would
contribute substantially to tailor-made gene therapy. While the aforementioned
studies have provided compelling evidence for the value of disease-regulated
gene therapy, the number of experimentally-verified promoters is fairly low. In
addition, the actual choice of promoter identity and region has been mostly an
educated guess. The latter issues can be addressed by exploiting recent
advances in bioinformatics that aid in inferring transcription regulatory net-
works [39–42] and understanding promoter architecture [43, 44].
Computational analyses of promoter regions from genes specifically expressed
in human cartilage or nematode muscle successfully identified the relevant reg-
ulatory DNA elements [42, 45]. Using gene expression profiling of target tis-
sues for gene therapy, computational analyses can provide useful information
for promoter design. Our laboratory has pursued this approach and performed
a gene expression profiling study of synovial tissue from murine CIA to eluci-
date disease-regulated genes. The proximal (–500/+200) promoter regions of
these genes were analyzed with motif scanning algorithms to identify relevant
DNA regulatory elements. Transcription factor binding sites for NF-κB, AP-1
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and C/EBPβ were significantly enriched and evolutionary conserved in the pro-
moters of arthritis-induced genes. The corresponding promoter regions that
contained these motifs conferred inflammation-inducible expression in vitro
and in vivo (unpublished observations). The strength of these approaches have
additionally been demonstrated by the Pleiades promoter project, which is
aimed at designing well-defined human promoters for brain region or cell type-
specific gene therapy [46–48]. These studies focused on profiling region-
enriched gene expression within 17 key areas of the adult mouse brain and used
bioinformatics tools to elucidate the transcription factor combinations govern-
ing expression profiles. Li and co-workers managed to elucidate a regulatory
network comprising 15 transcription factors and 153 target genes within the
mouse brain, whose promoters or DNA regulatory elements will be tested for
promoter design in brain-specific gene therapy [49].

Transcriptional amplification strategy

In the above computational approach promoter selection is based on their
expression profile and promoter strength as determined by the level of their
inducibility to obtain an efficacious gene therapy strategy. However, to obtain
a side effect-free physiological response the basal expression of candidate pro-
moters must be low and show no leakiness. To reach all these prerequisites a
transcriptional amplification strategy might be necessary to integrate in the
inflammation-responsive system. In order to couple inflammation-inducibility
with sufficiently high expression levels required to achieve biological effects,
Varley and Munford developed a two-component expression system in which
the C3 promoter regulates the production of the human immunodeficiency
virus-1 (HIV) transactivator of transcription (Tat) protein, which in turn regu-
lates the HIV-1 long terminal repeat (LTR) promoter to express the gene of
interest [50]. This system was highly responsive towards various inflammato-
ry stimuli as TNFα, IL-1β, IL-6, and LPS/turpentine-induced peritonitis. The
HIV-LTR is also directly responsive to nuclear factor-kappaB (NF-κB) acti-
vating cytokines (IL-1/TNF) and other factors such as LPS. More importantly
it was demonstrated that this two-component construct responded to an
inflammatory reaction in a similar fashion in different organs as liver, spleen,
kidney, lung and heart. We found that this system was also highly responsive
in the joint towards a zymosan-induced joint inflammation in an IL-6-depend-
ent fashion [51]. Miagkov and co-workers and our laboratory independently
demonstrated the feasibility of this two-component system for auto-regulated
expression of therapeutics in experimental arthritis models [51, 52]. Intra-
articular injection of adenoviruses containing the C3-Tat/HIV-hIL-10 con-
struct in arthritic paws of rats completely prevented reactivation of arthritis by
an intravenous challenge with group A streptococcal peptidoglycan-polysac-
charide (PG-APS) [52]. We used this system for adenoviral overexpression of
human interleukin-1 receptor antagonist (IL-1Ra) in knee joints of murine col-
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lagen-induced arthritis (CIA) and compared this with the effect of IL-1Ra
expression under direct control of the conventional CMV promoter. In a pro-
phylactic regimen we could demonstrate superior effectiveness of this two-
component IL-1Ra expression system in CIA. While the in vivo studies using
the Tat/HIV based-approach provided proof of principle of the efficacy of local
disease-regulated gene therapy for arthritis, side effects of Tat expression in
host cells including dysregulation of cytokine expression [53, 54] and promo-
tion of chemotaxis [55] limit its applicability for a safe and long-term gene
therapeutic treatment.

There are several new drug-inducible expression systems developed based
on tetracycline, rapamycin and ecdysone that allows reversible and adjustable
expression by an exogenous stimulus (extensively reviewed in [56]). These
regulatable systems can be combined with cell-specific or physiologically
responsive promoters for regulation of their respective transactivating proteins.
Despite their robustness and specificity, long-term application of these systems
might be hampered due to an immune-response against the artificial transacti-
vators as has been described for tetracycline-regulated systems in larger ani-
mals [57, 58]. Regulating the transactivator expression using inducible pro-
moters with low basal activities may delay or even prevent this immune-
response and prolong the in vivo life time of these systems. Furthermore, these
drug-controlled systems provide an additional safety switch to shut-down the
system in case of malfunction or deleterious effects.

Conditional RNA interference-based gene therapy

Until now we reviewed the transcriptional targeting strategy for tunable
expression of proteins but we envisage the application of inflammation-con-
trolled promoters for development of a gene therapeutic treatment relying on
conditional RNA interference-mediated gene silencing. Gene knockdown in
experimental models of arthritis has been shown to be therapeutically effica-
cious [59, 60] but a systemic mode of treatment gives rise to the risk of impair-
ing the normal physiological responses required to combat pathogens and
injuries. Therefore, conditional knockdown of endogenous genes using
inflammation-responsive promoters would be advantageous. However, viral
systems for temporal and conditional knockdown are almost exclusively based
on drug-controllable (tetracycline) expression of RNA polymerase (Pol) III
promoter-driven short hairpin (sh) RNAs [61]. Due to tight restrictions for
transcriptional start sites and the termination signal only a relative small num-
ber of RNA Pol II promoters are able to produce effective silencing (si) RNAs
using the shRNA system. In contrast, microRNA-adapted shRNA systems, in
which mature miRNA sequences are replaced with gene-specific duplexes,
have no such limitations and therefore can accommodate Pol II-dependent
cell- or conditions-specific promoters. Stegmeier and co-workers developed a
sophisticated lentiviral platform for simultaneous production of a miR30-
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adapted shRNA and transgene [62], which could be adapted for developing a
dual-approach gene therapy. However, attempts for conditional expression of
miRNAs using other than exogenously-controlled systems have been rarely
undertaken. Yang and Paschen used the human heat shock protein 70 (HSP70)
promoter for heat shock-induced silencing of genes [63]. Since the expression
of HSP70 is upregulated in almost all inflammatory diseases [64], this repre-
sents a strong candidate promoter for inflammation-induced gene silencing.
Alternatively, Yoshizaki and co-workers used the human E-selectin (–160/+1)
promoter for conditional knockdown of the SELE gene [65]. The promoter
showed a two-fold increase in activity upon stimulation with TNFα, which
proved sufficient for effectively reducing E-selectin expression.

Future perspectives

The efficacy of gene therapy for RA has been demonstrated extensively in ani-
mal models of disease using a variety of vectors and transgenes. These prom-
ising preclinical results have until now led up to the initiation of five human
Phase I clinical trials in RA [66]. Without exception, these trials relied on
strong constitutive viral promoters, e.g., the Moloney murine leukemia LTR
[67, 68] and CMV [69] promoter. This indicates that the selection of an appro-
priate promoter remains an underestimated aspect in the development of gene
therapeutic treatment for arthritis. In contrast, transcriptional targeting has
been recognized as an essential prerequisite towards safe human gene therapy
in other diseases, predominantly cancer. Gene therapy for inflammatory dis-
eases is, however, not based on gene correction as in monogenic diseases but
on restoring the balance by upregulating therapeutic – or downregulating dis-
ease-process implicated genes. In general, the latter genes often have impor-
tant regulatory roles in normal physiology and immunity that needs to be
maintained. For instance, current systemic anti-TNF-treatment in RA has been
shown to cause side effects such as opportunistic infections, particularly tuber-
culosis, in a number of patients [70, 71]. For this, local and transcriptionally
targeted gene therapy may circumvent the current problems seen with systemic
delivery of protein biologicals. We have reviewed that hijacking the local
inflammatory gene regulation is a feasible approach for transcriptional target-
ing, which has demonstrated efficacy in animal models. These studies are sum-
marized in Table 1. Together with transductional targeting via vector modifi-
cation or detargeting transgene expression from non-target tissues using
miRNA-regulatory elements [72, 73], inflammation-responsive promoters will
develop into a safer and efficient mode of gene therapy that is essential for
treatment of non-lethal diseases.
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Abstract

Adeno-associated virus (AAV) has been used as a gene delivery vehicle in over 60 human trials as a
therapy for neurological, blood, lung, inflammatory, and muscle disorders. In these cases, the AAV
vector has demonstrated both safety and efficacy; therapeutic transgene expression was observed in
humans for greater than 5 years without associated side effects. Within the past decade, great progress
has been achieved in AAV vector optimization for enhanced and targeted tissue transduction. Such
advancements manifest at two levels, capsid and genome optimization, and include the characteriza-
tion of new serotypes, rational and random capsid engineering, and the application of self-comple-
mentary, and split vector AAV genomes. These optimizations have allowed, not only enhanced and
specific tissue transduction, but also the ability to evade the humoral response to the capsid and the
delivery of payloads twice the packaging capacity. However, a recent clinical trial has put into ques-
tion the immunogenicity of the AAV capsid in humans suggesting that transduced cells are often tar-
geted by cytotoxic T cells, thus limiting the approaches efficacy in vivo. These advancements and lim-
itations will be introduced and discussed with a focus on AAV’s utility for treating auto-immune dis-
orders including preclinical and clinical trials.

Introduction

Successful clinical trials using adeno-associated virus (AAV) vectors for gene
delivery have been achieved due to several characteristics. First, AAV infects
both dividing and non-dividing cells and has very broad tissue tropism.
Secondly, AAV transduction initiates long-term transgene expression from epi-
somal DNA with a very low tendency for host chromosome integration [1, 2].
Since the first AAV clone was generated in 1982, this platform has been exten-
sively studied and refined as a gene therapy vehicle [3]. Although 12 serotypes
of AAV have been isolated and characterized for gene delivery, the vector based
on serotype 2 (AAV2) has been the most studied and is currently used in the
majority of clinical trials for diseases such as hemophilia B, cystic fibrosis,
alpha-1 antitrypsin, Canavan disease, Alzheimer’s, Parkinson’s, muscular dys-
trophy, rheumatoid arthritis, prostate and melanoma cancers, as well as a poten-
tial HIV vaccine [4] (Tab. 1). The clinical trials have shown that the appli cation
of AAV vectors is safe and therapeutic effects have been achieved in patients
with hemophilia and blind resulted from Leber’s congenital amaurosis (LCA)
[5, 6]. The first successful clinical trial used AAV2 to deliver the coagulation
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factor IX (F9) gene into the liver of patients with hemophilia. In this case ther-
apeutic levels of circulating Factor IX were detected [5]. The second success-
ful trial employed AAV2 vectors to deliver the retinal pigment epithelium-spe-
cific 65-kDa protein gene (RPE65) into the subretina for treatment of Leber’s
congenital amaurosis. All three patients treated with AAV2/RPE65 had modest
improvements in retinal function [6]. Recently, a great deal of progress in AAV
vector development has been achieved and has allowed the application of AAV
vectors for the treatment of autoimmune disorders and inflammatory diseases.

AAV biology

Adeno-associated virus (AAV) is a small (20 nm) non-enveloped virus of the
family Parvoviridae genus Dependovirus. The AAV capsid is packaged with a
4.7 kb single-strand linear DNA genome that is flanked at both ends by 145
nucleotide (nt) inverted terminal repeats (ITRs). The viral genome encodes two
viral genes, Rep and Cap, which contain multiple reading frames and splice
variants. The Rep proteins are involved in replication and packaging as well as
host chromosome integration. The capsid proteins Vp1, Vp2, Vp3 assemble in
a ratio of 1:1:10, respectively, to form the 60 subunit icosohedral virion. AAV,
by itself, is capable of infection and the genomes persist in the nucleus as dou-
ble-stranded circular monomers, concatamers and in some cases will integrate
at a specific location on human chromosome 19. To initiate viral replication, co-
infection by a helper virus, such as adenovirus or herpes virus, is required which
ultimately results in packaged AAV capsids. At this point, the AAV particles
cannot leave the host cell and rely on other viruses or cellular death for release.

The exact mechanism of AAV transduction is largely unknown, however, the
multi-step pathway is initiated by AAV binding to the cell surface via primary
receptors and co-receptors [1, 2]. This event results in endocytosis, and once
inside the endosome, intact AAV particles accumulate perinuclear. It remains
unknown where AAV particle uncoating occurs, although intact particles can
be observed in the cell nucleus. The infection pathway results in the presence
of single-stranded AAV genomes within the nucleus which must synthesize the
other strand by extension of the 3' ITR or through opposite polarity genome
annealing. At this point the virus is capable of transcription and host enzymes
process the viral ITRs resulting in intra- and inter- AAV genome linkages.

The most detailed information about the AAV transduction pathway was
obtained from AAV2 characterization. Heparin sulphate proteoglycan (HSPG)
is a primary attachment receptor for AAV2 binding [7], other co-receptors are
also involved to mediate particle entry including integrins, fibroblast growth
factor receptor 1, hepatocyte growth factor receptor, and the laminin receptor
[8–12]. After binding, AAV2 is endocytosed via the clathrin-dependent path-
way. The endosomal trafficking pathway is poorly characterized however, the
activation of Rac1 protein and the phosphatidylinositol 3 kinase pathway is re -
quired [13]. It is generally thought that a structural change of the virus parti-
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cle occurs within the endosome to expose a phospho-lipase (PLA2) domain of
the Vp1 protein [14]. This PLA2 domain may play a role for AAV escape from
the late endosome or even perhaps for nuclear entry. In addition, endosomal
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Table 1. Clinical trials with adeno-associated virus vector

Disease Transgene Serotype Phase Delivery route

AAT deficiency AAT AAV1 AAV2 I IM
ALS EAAT2 AAV2 I Intrathecal
Alzheimer’s disease Beta nerve growth factor AAV2 I/II Intracranial
AMD Unknown AAV2 I/II Unknown
Arthritis TNFR:Fc AAV2 I Intraarticular
Canavan’s disease Aspartoacylase AAV2 I Intracranial
CF CFTR AAV2 I/II Intranasal, 

Intrabronchinal
Early onset retinal RPE65 AAV2 I Subretinal
degeneration
Epilepsy Neuropeptide Y AAV2 I Intracranial
Heart failure SERCA-2a AAV1 I Intracoronary

Intramyocardial
Hemophilia B Factor IX AAV2 I IM, Intrahepatic

scAAV8 I Intravenous
HIV HIV gag AAV2 I IM
Late infantile CLN2 AAV2 I Intraparenchymal
neuronal lipofuscinosis
Leber congenital RPE65 AAV2 I/II Subretinal
amaurosis
Lipoprotein lipase LP6 AAV1 I/II IM
deficiency
Macular degeneration sFlt01 AAV2 I Intravitreal
Melanoma GM-CSF B7.2 AAV2 I Intratumoural
Muscular dystrophy Minidystrophin AAV2.5 I IM

Sarcoglycan AAV2 I IM
Nasopharyngeal LMP1, LMP2 AAV2 I CTL in vitro
carcinoma
Parkinson’s disease GAD65 AAV2 I/II Intracranial

Neurturin AAV2 II Intracranial
GDNF AAV2 I Intracranial

Pompe Disease GAA AAV1 I/II IM
Prostate cancer GM-CSF AAV2 I/II/III Intratumoural

HSV-TK AAV2 I/II Intratumoural

IL-2 AAV2 I Unknown

Abbreviations: AAV, adeno-associated virus; AAT, alpha-1 antitrypsin; IM, intramuscular; AMD, age-
related macular degeneration; TNFR:Fc, tumor necrosis factor receptor:immunoglobulin Fc fusion
gene; CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; RPE65-retinal
pigment epithelium; SERCA, sacroplasmic reticulum calcium ATPase; sc, self-complementary; HIV,
human immunodeficiency virus; CLN, neuronal ceroid lipofuscinosis; GM-CSF, granulocyte mono-
cyte colony stimulating factor; LMP, latent membrane protein derived from Epstein-Barr virus; GAD,
glutamic acid decarboxylase; GDNF, glial cell line derived neurotrophic factor; GAA, acid-alpha gly-
cosidase; HSV-TK, herpes simplex virus thymidine kinase; IL-2, interleukin-2



cystine proteases, cathepsins B and L, may also be involved in AAV traffick-
ing [15]. After the AAV virion is released from the endosome, it will be ubiq-
uitinated, marking it for degradation [16]. There is little information about
remaining steps in the infection pathway until the DNA genomes appear in the
nucleus.

Improvement of AAV vector transduction

The AAV vector, or recombinant AAV (rAAV), was created over 20 years ago
by replacing the viral genes, rep and cap gene, with a DNA sequence of inter-
est. In such a construct the only remaining genetic viral elements are the ITRs
which allow replication and packaging in conjunction with the Rep and Cap
proteins provided in trans. As such, the capsid can package at most, the size of
the wild type genome (4.7 kb). Since the initial description/discovery of AAV
vectors, several achievements have been made to improve transduction at the
genome and capsid levels.

Development of double-stranded AAV cassettes

AAV transduction results in the presence of single-stranded genomes, of both
polarities, within the host nucleus. At this point the genomes can either anneal
or undergo second-strand synthesis to generate a double-stranded template
capable of gene transcription. The process of second-strand synthesis was
deemed a rate limiting step in AAV transduction in a manner that is perhaps
cell type dependent. The generation of self-complementary (or duplex) AAV
genomes solved this obstacle [17, 18]. Mutation of the Rep protein nicking
site in either one of the ITRs in the AAV plasmid context generates a replica-
tion intermediate during Rep-mediated AAV genome excision from the plas-
mid [18]. This replication intermediate, or self-complementary AAV (scAAV),
is essentially an inverted repeat capable of ‘snapping back’ to form a duplex
region capable of initiating transcription immediately upon capsid uncoating
(thus bypassing second-strand synthesis). The utilization of a scAAV vector
induces faster onset of gene expression and results in 10–100-fold higher
transgene synthesis compared to the conventional single-strand AAV vectors
in vitro and in vivo [19]. The substantial increase in the transduction efficien-
cy of scAAV allows a decrease in the dose needed for effective gene transfer.
As such, a scAAV vector has recently been approved for a clinical trial to
deliver the coagulation factor 9 (F9) to patients with hemophilia B (Tab. 1). A
drawback of scAAV is the decreased packaging size of the transgene, which
is about half of the size of the wild type capacity (around 2.2 kb). However, a
recent study has demonstrated that the scAAV packaging capacity can be larg-
er than 2.2 kb and that a 3.3 kb scAAV2 cassette is successfully packaged
[20].
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AAV packaging capacity/AAV split vectors

Recently, several investigators have tried to package large genomes into the
AAV virion despite that the wild type, or optimal, size is about 4.7 kb. We have
demonstrated that a 5.9 kb genome can be packaged into AAV1 to 5 capsids,
however, increasing the packaging size is often accompanied by a decrease in
the production perhaps due to vector genome partial package [21]. Allocca et
al. have reported that an 8.9 kb genome was packaged into a single AAV5 viri-
on [22]. Although these studies have reported the packaging of large genomes,
in general, these reports are isolated and the packaging limitation of 4.7 kb
remains a major hurdle in AAV therapy applications requiring large transgenes.

To address the AAV capsid packaging limitation, a novel approach has been
developed by exploiting the natural ability of the AAV genomes to form con-
catamers [23–34]. In this approach, termed AAV split vectors, a promoter and
a partial transgene coding sequence are packaged separately from the remain-
ing transgene fragment and poly-adenylation sequence. The co-transduction of
the mentioned particles results in the nuclear appearance of the gene fragments
that can then concatemerize, or undergo homologous recombination, to recon-
struct the intact, large (up to 10 kb) transgene intracellular. There are two types
of AAV split vectors: i) overlapping vectors that each contain partial gene frag-
ments with a region of overlapping sequence and ii) trans-splicing vectors that
contain intron elements to ‘buffer’ the functional orientation. Despite the suc-
cess of these approaches in vivo, there is no bias for the different genomes to
reconstruct the large transgene in the functional orientation. This strategy has
been applied to the cDNA sequence of coagulation factor VIII (7 kb), dys-
trophin (>10 kb) and CFTR (4.5 kb). Optimization of AAV split vectors has
been demonstrated by utilization of synthetic introns, rational selection of the
gene splitting site and employing two different ITRs in one vector [30, 31, 35].
Also, insertion of a ‘recombinogenic’ alkaline phosphatase (AP) sequence into
AAV cassettes, at the functional junction, has been reported to enhance homol-
ogous recombination and thus the efficiency of the approach [28].

AAV serotypes

AAV2 was the first serotype isolated as a contaminant in a preparation of ade-
novirus. Since then, 12 AAV serotypes and over 100 AAV variants have been
isolated from adenovirus stocks or directly from human/primates tissues, some
of which have been investigated for gene therapy applications. These novel
serotypes and variants demonstrate altered cellular tropism and often can be
used to achieve increased transduction [1, 2]. Increased transduction potency
results in lower viral doses needed for efficient transduction increasing the
clinical safety. In addition, the isolated capsid variants demonstrate differing
immune profiles such as the evasion of pre-existing neutralizing antibodies
generated from natural infection or prior treatment with AAV-based vectors.
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Additionally, they can serve as templates to develop tissue-specific capsids and
expand the current range of AAV vectors.

The different AAV serotypes have different tissue tropism and use different
machinery for transduction including different receptor and co-receptors for
binding the cell surface, intracellular trafficking and capsid uncoating (Tab. 2)
[2]. For instance, sialic acid is used by AAV1, 4, 5 and 6 for cell surface bind-
ing [36, 37]. The platelet derived growth factor receptor-α and the laminin
receptor are used as co-receptors for AAV5, AAV8 and 9, respectively [12, 38].
Also, the kinetics of transgene expression varies from one serotype to another
in vivo [39]. For example, AAV6 and AAV8 initiate faster transgene expression
than AAV2 in mouse liver [39]. In addition, higher transgene expression with
one serotype can be achieved compared to other serotypes depending on the
specific tissue transduced due to different AAV trafficking after AAV vector
binding to cell receptors [2]. For example, AAV1 and AAV7 can induce strong
transgene expression in muscle, while AAV8 and AAV9 result in efficient
transduction in the heart (Tab. 2) [2].

AAV mosaic and chimeric capsids

Mosaic AAV vectors are produced by the assembly of capsid subunits from
different serotypes, or from the same serotype with different capsid mutations,
to form a single particle. Such a vector combines the advantages of different
serotypes (e.g., tropism, cellular trafficking pathway) and, depending on the
combination and the target cell, exhibits novel tissue tropism and/or enhanced
transgene expression compared to parent serotypes. In addition, these mosaic
AAV capsids may be easily purified using a heparin or sialic acid column if the
mosaic virions contain capsid subunits from AAV2 or AAV5, respectively. The
outstanding example is the AAV1/2 mosaic vector which is generated from
capsid subunits of AAV1 and AAV2. This vector binds to heparin and induces
higher transduction in the liver and muscles than either AAV1 or AAV2 vector
alone [40]. In our lab, Rabinowitz et al. has extended the mosaic vector gen-
eration to the combination of serotype 1 to 5 subunits and classified different
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Table 2. Tissue tropism of AAV vector

Tissue Serotype (s)

Liver AAV6, AAV8, AAV9
Skeletal muscle AAV1, AAV6, AAV7
CNS AAV1, AAV4, AAV5, AAV9
Eye AAV2, AAV4, AAV5
Lung AAV1, AAV5, AAV6, AAV9
Heart AAV8, AAV9
Pancreas AAV8, AAV9
Kidney AAV2



groups based on compatibility to form mosaic virions at different subunit
ratios [41]. These types of experiments may allow the generation of mosaic
AAV virions with novel tropisms and/or high transduction efficiencies using
subunits from the newly identified AAV serotypes and variants.

Although mosaic vectors can improve the transduction efficiency and may
allow easier purification, there remain limitations to use the approach. First, it
is currently not possible to standardize the ratios of subunits assembled in a par-
ticle (the current method is based on differing the amount of helper plasmids).
Second, mosaic capsids can sometimes offer the worst of both worlds such as
the mosaic virus can be neutralized by antibodies against all parent subunits.

Another approach using rational capsid design is the generation of chimeric
capsids. In these cases, a single capsid gene contains genetic information from
different serotypes, including point mutations and large domain swaps. For
example, a chimeric virus was generated by swapping AAV1 capsid amino
acids 350 to 430, into the corresponding region of the AAV2 capsid. This
AAV1/2 chimeric capsid was able to be purified by a heparin column (like
AAV2) and demonstrated high transduction in muscle (similar to AAV1) [42].
By alignment of the capsid sequence of AAV1 and AAV2, we have rationally
designed novel mutants of AAV2 virion with muscle tropism by substitution or
insertion of AAV1 sequences into the AAV2 capsid. In fact, the first clinical
trial using this chimeric virus is underway for the treatment of Duchenne mus-
cular dystrophy (Tab. 1). It is interesting to note that this chimeric virus has a
distinct immune profile compared to either parent and does not interact with
the neutralizing antibodies from AAV1 or AAV2 immunization. The further
characterization of chimeric capsids can also be used to define the domains
that are responsible for AAV transduction in specific cells.

Development of targeted AAV vectors

In general, most serotypes of AAV have a broad tissue tropism regardless of
their transduction efficiency. For example, AAV8 transduces the liver, muscle,
heart and pancreas. Thus, for specific cell transduction, there are two impor-
tant aspects that need to be reconciled, de-targeting of off-target tissue while
targeting the desired tissue. Many approaches have been explored to generate
such capsids including cellular receptor targeting, direct evolution coupled to
a specific cell selection, insertion of a peptide derived from a phage library
into the capsid, and insertion of a random peptide coupled to a specific cell
selection.

Receptor targeting via chemical linker

AAV transduction initially relies on the particle binding to the cell surface
receptors. However, the usage of different AAV receptors by different sero -
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types is, in general, unknown. Therefore to target known receptors in a specif-
ic manner several approaches have been explored including chemical cross-
linked bi-functional antibodies and genetic manipulation of the capsid gene.
The utilization of bi-functional antibodies has been used to bridge AAV2 viri-
ons to target a non-permissive cell line. Bartlett et al. used a bispecific f(ab'γ)2

antibody which had specific affinity for the AAV2 capsid and the surface
receptor αIIbβ3 integrin to enhance AAV2 transduction on human mega karyo -
blast cells (DAMI and MO7e) [43]. Ponnazhagan et al. applied a conjugate-
based targeting method to increase AAV2 transduction in specific target cells
[44]. The strategy was designed to cross-link purified targeting ligands with
the high-affinity biotin–avidin interaction as a molecular bridge. The core-
streptavidin was fused to a recombinant bi-specific protein which contained
the sequence of the human epidermal growth factor (EGF) or the human
fibroblast growth factor 1α (FGF 1α) as a target cell ligand. The incubation of
biotinylated AAV2 particles with conjugated protein significantly improved
AAV2 transduction in SKOV3.ip1 cells and M07e cells, which are EGF recep-
tor-positive or FGF receptor 1 α-positive, respectively [44]. However there are
limitations of this approach including the stability and efficiency of the inter-
mediate molecule to interact with the virus and the binding affinity of the inter-
mediate to cell-specific receptors [45].

Receptor targeting via genetic modification

Another approach for receptor targeting is to genetically introduce a targeting
peptide into the AAV capsid via insertion or substitution at tolerated locations.
Before the elucidation of the AAV three-dimensional structure, capsid domains
in which alterations could be accepted were identified by several approaches
including: i) random mutagenesis by insertion of a linker throughout the entire
AAV2 capsid gene [46, 47], ii) definition of immunogenic regions on the viri-
on surface via incubation of AAV2 neutralizing antibodies with AAV2 virions
in the presence of capsid peptides [48], and iii) the alignment of the AAV2 cap-
sid sequence to other parvoviruses with known crystal structures [49, 50].

In a different targeting approach that also relies on sequence insertion into
the capsid gene, a single-chain antibody against CD34 was engineered into the
N-terminal of Vp2 and particles were produced by mixing the above mutant
and wild-type capsid subunits (similar to mosaic capsids) [51]. This modifica-
tion resulted in increased infectivity on the CD34+ human leukemic cell line
KG-1. A similar approach was used to insert the serpin receptor ligand at the
N-terminus of Vp2 [46]. This virus demonstrated increased transduction for
the lung epithelial cell line IB3 compared to the wild type AAV2 parent [46].
These data indicate that the N-terminus of Vp2 is exposed on the surface of the
virion similar to canine parvovirus (CPV) [52, 53] and can tolerate insertions
of various sizes.
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Based on the alignment of the capsid sequences between AAV2 and CPV,
Girod et al. inserted a 14 amino-acid peptide (L14) into six different locations
of the AAV capsid (amino acid 261, 381, 447, 534, 573 and 587) [49]. In -
creased transduction was observed with one insertion mutant (at residue 587)
on tumor cell lines exhibiting the L14 specific RGD receptor on the cell sur-
face [49]. Grifman’s work further supported Girod’s finding by the capsid
alignment of AAV2 to AAV serotype 1, 3, 4, and 5 [50]. Later studies revealed
that the 587 residue is located on the surface of the AAV2 virion and responsi-
ble for heparin sulfate binding [54]. The recent elucidation of the crystal struc-
tures for AAV2, and other AAV serotypes, have provided valuable information
in regards to genetic modification of the AAV virion surface in order to target
specific cells or purify the vectors. In addition to the N-terminus of Vp2 and
the heparin binding residue 587 for insertion, Shi et al. inserted the RGD-4C
peptide at the 520 residue to eliminate heparin sulphate binding and increase
integrin binding, which resulted in altered tropism [55]. Another amenable
position of the AAV capsid is the HI loop. Diprimio et al. substituted the HI
loop of the AAV2 virion with histidine residues and demonstrated that the
insertion did not change virus production or the transduction profile [56].

Receptor targeting via the combination of a chemical linker and genetic
modification

Recently, the combination of a chemical linker and genetic manipulation has
been performed to target specific cells for transduction or for virus purifica-
tion. Arnold et al. inserted a small peptide into the AAV capsid and the peptide
was biotinylated intracellularly during AAV vector production [57]. Since the
biotinylated peptide was exposed on the surface of AAV virion, the generated
virus could be used to target cells expressing an artificial avidin–biotin recep-
tor. Gigout et al. inserted a Z34C immunoglobulin (IgG) binding domain at
residue 587 of the capsid gene and made AAV vectors in a mosaic approach
with the wild type AAV2 capsid [58]. These vectors had the capacity to bind
to different antibodies via their Fc regions and selectively transduced MO7e
and Jurkat cells at high efficiencies in the presence of antibodies against
CD117 or CD29, respectively.

Directed evolution

DNA shuffling and related techniques have been investigated to improve pro-
tein stability, yields or novel features, vaccines with strong immunogenicity or
the generation of viruses with new properties. This approach was first applied
to AAV by Schaffer et al. to develop AAV variants, using an error-prone cap-
sid mutant library and a staggered extension process (analogous to DNA shuf-
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fling), to escape AAV2 neutralizing antibodies [59]. We have extended this
technique by performing error-prone PCR to amplify capsid genes from nine
different AAV serotypes and shuffling them to generate a chimeric/mutant cap-
sid library [60]. Then, the DNA library was used to make an AAV vector
library. After cycling transduction of the AAV library on the CS-1 cell line,
which is poorly transduced by AAV2 due to lack of the co-receptor αvβ5, a
unique single infectious clone was isolated and sequenced. The isolated cap-
sid was a chimeric of capsid regions from AAV1, 8, 2, and 9 (dubbed chimeric
1829). In vitro experiments demonstrated higher transduction efficiency with
chimeric 1829 than any of its parents in CS-1 cells. Consistent with this in
vitro result, chimeric 1829 induced strong transduction in a xenografted CS-1
tumor, but low transduction in muscles and the liver compared to its parents.
Most importantly, chimeric 1829 showed a different immune profile from all
parents and neutralizing antibodies induced from chimeric 1829 infection did
not react with the parent serotypes or vice versa [60]. This AAV shuffling
library has been extensively exploited to develop tissue specific variants for
heart, airway epithelial cells and liver cells [61, 62].

Insertion of a peptide derived from a phage library into the AAV capsid

Bacteriophages (phages) have been engineered to incorporate specific ligands
for mammalian cell transduction. However, these phage-based vectors are, in
general, poor gene delivery vehicles. To improve phage for gene delivery and
transgene expression in mammalian cells, Arap’s group inserted AAV2 ITRs
into the phage genome to create an AAV/phage hybrid (termed AAVP) [63]. An
AAVP vector displaying an RGD-4C peptide transduced tumor cells very effi-
ciently. The superior transduction efficiency by targeted AAVP over conven-
tional phage-based vectors on mammalian cells is associated with an improved
fate of the delivered transgene by formation of transgene cassette concatamers
and maintenance of the transgene stability [63]. The application of such vec-
tors can be expanded by the successful isolation of targeting peptides to the
murine brain and kidney vasculature from a phage display library [64].

Insertion of random peptides into the AAV capsid

Another approach to re-target the capsid is the use of random peptides insert-
ed at a tolerated and surface exposed capsid location. To this end, Perabo et al.
established a library of mutant AAV capsids with random peptide insertions at
amino acid 587 of the AAV2 capsid [65]. This mutant AAV capsid library was
used to select a receptor targeting specific cells. After multiple rounds of selec-
tion on different AAV2 non-permissive cell lines, infectious mutant capsids
were obtained [65]. These resulting mutants demonstrated about 100-fold
higher transduction efficiency as compared to the wild type AAV2 parent.
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Cellular immune response to AAV vectors

The AAV capsid mounts a very strong humoral immune response in humans
and mice. In fact, 35–70% of the human population has neutralizing antibod-
ies against AAV2 [66]. As described above, technologies, such as direct-evo-
lution and rational design of the AAV vector or the use of recently described
serotypes can be used for neutralizing antibody evasion [59]. In regards to
innate immunity, rAAV induces less of a response than adenoviral vectors fol-
lowing liver transduction [67]. However, a recent study demonstrated the acti-
vation of inflammatory cytokine gene expression after macrophage uptake of
AAV due to AAV interactions with the complement component C3 [68].

In AAV vectors, all viral genes are replaced with a therapeutic cassette, such
that the only remaining cis elements are the ITRs. Such genomes are capable
of long-term transgene expression (at this point 5 yrs in human, 7 yrs in canine
and 9 yrs in primate subjects). As such, it has been thought that the AAV trans-
duction does not elicit a cytotoxic T lymphocyte (CTL) response against the
capsid. However, that assumption has been recently challenged by the results
of a single patient given rAAV therapy for severe hemophilia B [5]. rAAV2
vectors, expressing clotting factor IX cDNA from a liver specific promoter,
were injected into the hepatic artery. Increased circulating factor IX was
detected within the first week and peaked to therapeutic values 14 days after
administration. This peak level of circulating factor IX was largely unchanged
up to week 4, however levels slowly returned to baseline values over the fol-
lowing 8 weeks. Concomitant with the factor IX decrease were increased liver
transaminases, which indicate liver damage. Further examination of this result
detected CTLs specific for the AAV2 capsid but not for factor IX, the trans-
gene product. From these results it was suggested that a CTL response specif-
ic for the AAV capsid mediated elimination of AAV2/factor IX vector trans-
duced hepatocytes and, in turn, resulted to the therapeutic failure [5].
Subsequent work confirmed a CTL response to the AAV2 capsid using an ade-
novirus vector to deliver the AAV capsid gene or direct injection of AAV2 vec-
tors into animal models [69, 70]. However, inconsistent to what was observed
in the clinical trial, the capsid specific CTLs, although detectable, could not
eliminate AAV transduced target cells in mouse models [71, 72]. The discrep-
ancies between the results from different animal models with the observation
from the patient in the AAV/factor IX clinical trial may be reconciled by alter-
native explanations, such as the contamination of the human vector prepara-
tion with wild type replication-competent AAV2. Another possible explanation
is that the immunogenicity of the AAV vector differs between the tested ani-
mal model and in human subjects [73]. A better understanding of the mecha-
nisms of AAV2 capsid cross-presentation following transduction, has allowed
the exploration of effective approaches to prevent the elimination of AAV2
vector transduced target cells by capsid specific CTLs.
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Therapy of autoimmune diseases by AAV-mediated gene delivery

Autoimmune diseases arise from over-reactive immune responses to self-anti-
gens. Traditionally, such diseases are treated with drugs that inhibit the host’s
global immune response, termed immunosuppressants. However, a better
understanding of autoimmune disease development regarding the balance of
the expression of pro-inflammatory cytokines has led to the promise of AAV
gene therapy applications for autoimmune diseases. In such cases, the delivery
of a therapeutic gene locally, or systemically, decreases the overexpression of
inflammatory proteins or alternatively, induce tolerance to the self-antigen.
AAV vectors can also be used to express therapeutic molecules that block the
interaction of CTL effector cells with target cells.

Arthritis

Rheumatoid arthritis (RA) is a systemic autoimmune disorder associated with
the over-production of inflammatory cytokines that principally manifests in
the joints of those afflicted. The development of RA is associated with
increased production of cytokines including tumor necrosis factor (TNF)-α
and interleukin (IL)-1, which induce potent pro-inflammatory effects and con-
tribute to the pathogenesis of the disease. Although TNF-α seems to be the
major cytokine in the inflammatory process, IL-1 is the key mediator with
regards to cartilage and bone destruction. To block TNF-α function, Zhang et
al. administrated intra-articularly AAV2 vectors encoding the human soluble
TNFR1 gene (soluble TNFR1 is the extracellular domain of TNFR1 and
sequesters TNF-α) into a transgenic mouse expressing human TNF-α [74]. A
significant reduction in the synovial cell hyperplasia and cartilage and bone
destruction was observed. More recently it was demonstrated in arthritic rats
that intra-muscular injection of an AAV1 vector encoding a rat TNFR-
immunoglobulin Fc (TNFR:Fc) fusion gene resulted in sustained circulation of
TNFR:Fc for at least a year. In this study, the application of AAV1/TNFR:Fc
resulted in complete and long-term suppression of chronic inflammatory dis-
ease for at least 6 months following vector administration [75]. In two differ-
ent animal models, these collective results demonstrate that AAV vectors used
to deliver a soluble TNFR dramatically reduce the severity of RA. As such, a
Phase I clinical trial using TNFR:Fc for the treatment of arthritis has been car-
ried out (Tab. 1). In a similar approach, the use of AAV vectors to deliver an
IL-1 receptor antagonist (IL-1Ra) was also recently investigated in a model of
arthritis. After injection of scAAV2/IL-1Ra vectors into the joints of rabbits,
substantial production of IL-1Ra was detected. The levels of IL-1Ra were ade-
quate to inhibit inflammation in the disease model and offer promise for the
translation of this approach for treatment of RA in humans [76].

Beside direct blockage/sequestration of IL-1/TNF, expression of IL-4 and
IL-10 has also been shown effective in the treatment of RA by inhibition of
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TNF-α and IL-1 expression. As IL-4 has a short half-life in vivo, IL-4 expres-
sion was investigated following AAV delivery [77]. Intra-muscular injection of
AAV/IL-4 vectors in a mouse model of RA demonstrated therapeutic effects
including a reduction in paw swelling, attenuated histological synovitis and a
delayed onset of arthritis [77]. Anti-angiogenic gene therapy using AAV vec-
tors provide an alternative and new approach for the effective treatment of RA.
A direct joint injection of AAV expressing the angiostatin gene efficiently
inhibited the development of collagen-induced arthritis in a mouse model [78].

Diabetes

Diabetes mellitus Type 1 (Type 1 diabetes, T1D) results from the destruction of
insulin-producing beta cells in the pancreas by an autoimmune response. The
lower insulin in circulation leads to high levels of glucose in the blood and
urine. The traditional therapy for TID is injection of insulin and utilization of
AAV vectors for insulin gene delivery has been investigated. An early study
proved efficacy for this approach in which an AAV/insulin vector directly
injected into the liver parenchyma of diabetic mice resulted in decreased blood
glucose levels [79]. Jindal et al. administered an AAV vector encoding the full-
length rat preproinsulin gene in non-obese diabetic (NOD) mice via muscular
injection. Insulin mRNA was detected in the injected muscles, and 70% of
treated mice had normal blood glucose levels [80]. Recently, Li et al. used AAV
to deliver the pancreatic and duodenal homeobox gene 1 (pdx-1), a crucial tran-
scription factor in pancreatic islet development and differentiation, into the
liver of STZ-induced diabetic rats via portal vein injection. The expression of
insulin was increased in the treated liver and an overall improved disease phe-
notype was demonstrated by several additional clinical manifestations [81].

T cells are involved in the development of T1D. Specifically, Th1 cells
mediate autoimmunity in NOD mice, whereas Th2 and regulatory T (T-reg)
cells prevent the development of diabetes. The anti-inflammatory cytokines
secreted from Th2 cells, such as IL-4 and IL-10, have been used to prevent the
onset of T1D. Goudy et al. injected AAV2/IL-10 into mouse muscle and
demonstrated that insulin auto-antibodies and pancreatic insulitis were
decreased and islet insulin content was maintained [82]. Rehman et al. used a
scAAV8 vector to deliver the murine IL-4 (mIL-4) gene driven by the murine
insulin promoter (mIP) to endogenous beta cells in NOD mice [83]. This group
used the AAV8 capsid, as it transduces the islet very efficiently, and the scAAV
genomes to maximize transduction at different levels. After IP delivery of
scAAV8-mIP-IL4, the onset of hyperglycemia in NOD mice was delayed and
the severity of insulitis was reduced. It was also shown that normal levels of
CD4+CD25+FoxP3+ T-reg cells were maintained in the treated NOD mice, in
contrast to lower level of these cells in the non-treated NOD mice. Addi -
tionally, diabetes induced by splenocytes from NOD mice was blocked by the
adoptive transfer of splenocytes from non-diabetic mice treated with scAAV8-
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mIP-IL-4 vectors. These results demonstrate that local expression of mIL-4
prevents beta cell destruction and blocks autoimmunity, partly through the reg-
ulation of T cell function [83].

Alpha-1 antitrypsin (AAT) deficiency, is often associated with liver and
lung complications. AAT has been considered to modulate the immune re -
sponse in NOD mice including the attenuation of cell-mediated autoimmunity
and alteration of the T cell receptor repertoire. After AAV delivery of the AAT
gene into the muscle, the intensity of insulitis and the levels of insulin auto-
antibodies were dramatically reduced [84]. Consequently, a low frequency of
diabetes development was observed [84]. AAV vectors were also employed to
deliver the gene encoding haeme-oxygenase-1 (HO-1), a potent immunoregu-
latory enzyme into NOD mice [85]. After intravenous injection of AAV/HO-1,
the insulitis and the development of diabetes were decreased, which was relat-
ed to the prevention of a Th1-mediated response [85].

Glutamic acid decarboxylase (GAD) has been found to be a dominant auto-
antigen that triggers the development of T1D. Thus, researchers have used
AAV vectors to deliver the GAD immunodominant epitope (GAD 500–585)
to induce immune tolerance. After injection of AAV/GAD500–585 vectors
into muscle, the onset of T1D was delayed and severe insulitis was decreased
[86]. The therapeutic effect was associated with increased levels of IL-4, IL-10
and TGF-β. Most importantly, T-reg cells were induced in the GAD immu-
nized mice. This indicates that utilization of rAAV to deliver the auto-antigen
GAD500–585 induces potent immunological tolerance through active suppres-
sion of effector T cells and results in prevention of T1D [86].

In addition to correcting the imbalance of the immune response or providing
insulin using AAV vectors, AAV has also been explored to treat diabetes relat-
ed complications. Chu et al. used AAV vectors to deliver the insulin-like growth
factor 1 (IGF-1) into the liver and observed improved mobility in mice with dia-
betic peripheral neuropathy [87]. To prevent diabetic retinopathy, the soluble
VEGF receptor, sflt-1, was delivered into the subretinal space using AAV in the
spontaneously diabetic non-obese Torii (SDT) rat. In this study, less changes in
avascular area, hyperfluorescein and arterial narrowing was observed [88].

Islet transplantation is an effective treatment for T1D. However, the destruc-
tion of the grafted islet is still observed due to persisting alloimmune and
autoimmune responses. AAV-mediated gene delivery after islet transplantation
has been used to inhibit the host immune response mediated destruction of the
grafted islet. After AAV vector delivery of IL-10, significant prolongation of
graft survival was observed. IL-10-mediated protection was associated with
suppression of T cell activation [89].

Inflammatory bowel diseases

Inflammatory bowel diseases (IBDs), like the name suggests, are a group of
inflammatory conditions affecting the colon and small intestine. In general,
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AAV2 demonstrates poor transduction in most colon cell lines. Therefore, to
improve the AAV2 infection efficiency, AAV2 particles were attached to
micro beads and conjugated to concanavalin A (Con A). This platform not only
enhanced the transduction efficiency in the colon cell lines, but also demon-
strated efficient transduction of an inflamed colon in mice following intracolon
administration [90]. The utilization of the more recently described AAV
serotypes also improved AAV transduction in intestinal epithelial cells [91].
An additional approach to enhance AAV transduction for IBDs is the conjuga-
tion of AAV2 vectors to a heparinized small intestinal submucosa (H-SIS)
matrix. Such a composition resulted in AAV2 transduction in culture cells and
provides a unique, modified tissue substrate for rAAV2 which can perhaps be
used for targeted gene transfer to the intestine [92]. Overall these preliminary
results have laid the foundation for the development of AAV vectors for the
treatment of IBDs.

Other autoimmune diseases

Sjögren’s syndrome is an autoimmune disorder in which there is a destructive
immune response against the exocrine glands, which produce both tears and
saliva. AAV vector delivery of IL-10 to the salivary glands and muscles
markedly improved saliva production in NOD mice [93]. Salivary flow was
also improved and pro-inflammatory cytokines were reduced after AAV deliv-
ery of a vasoactive intestinal peptide (VIP) into salivary gland as well [94].
These data demonstrate that the AAV vector can be used to deliver therapeutic
genes into the salivary glands to treat Sjögren’s syndrome.

Systemic lupus erythematosus is a chronic disease in which the immune sys-
tem attacks primarily connective tissue resulting in inflammation and tissue
damage. Ye et al. delivered AAV vectors encoding CTLA-4Ig or CD40Ig into
NZB/NZW mice to disrupt the interaction between effector and target cells by
blocking co-stimulatory recognition [95]. After injection of AAV8-CTLA-4Ig
vectors into neonatal NZB/NZW mice, the onset of lupus was delayed and auto-
antibody production was suppressed. The combined administration of AAV8-
CTLA-4Ig and AAV8-CD40Ig vectors exerted a synergistic therapeutic effect.
This result was contributed by inhibiting CD4+ T cell activation. This study
demonstrated that delivery of co-stimulatory inhibitor transgenes by AAV vec-
tors can prevent and reverse lupus complications in a murine model [95].

Conclusion

AAV is a safe and efficient vector for delivery of therapeutic genes to treat a
wide variety of human diseases (Tab. 1). The development of targeted vectors
has facilitated transduction of previously non-permissive tissue while also
restricting widespread/off-target transduction which further increases the safe-
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ty of rAAV in clinical trials. However, these promising studies have focused on
specific receptor targeting, while overlooking the intracellular, and perhaps
rate-limiting, aspects of transduction which have been shown to be somewhat
variable in different cell types. Thus, an understanding of the AAV intracellu-
lar trafficking mechanism will facilitate the development of more efficient
AAV vectors. In addition, the utilization of chemical compounds, such as pro-
teasome inhibitors, may improve AAV transduction even further [21]. The
immune response to the AAV capsid is another obstacle for the successful
advancement of rAAV in clinical trials at two levels; i) pre-existing neutraliz-
ing antibodies and partial serotype cross-reactivity and ii) the epitopes thought
important for a capsid-mediated T cell response are shared among most
serotypes. However, as described herein, recent technologies are addressing
these limitations and the elucidation of the AAV transduction mechanism,
especially AAV uncoating, will aid in the development of additional strategies.
Furthermore, genetically engineered AAV capsids are currently being designed
to create a novel AAV vector with enhanced transduction in specific tissue and
the capacity to escape the immune response for future clinical applications. In
conclusion, the understanding of AAV transduction machinery and develop-
ment of AAV vectors will expedite their application for human therapy of
autoimmune diseases and inflammatory disorders.
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Abstract

Plasmids are simple circular double-stranded DNA that can be generated in large quantities in bacte-
ria and can be highly purified at relatively low cost. The simplicity of its structure make it a safe vehi-
cle for gene delivery, but this same attribute also means that delivery methods must be employed for
plasmids to enter cells and gain access to the cell nucleus. These hurdles are overcome by a variety of
chemical and physical delivery methods many of which have been utilised in gene therapy studies in
arthritis models. In this chapter we outline the different gene therapy strategies that have employed
plasmid DNA as a vector in arthritis models. We comprehensively review the array of studies in which
plasmid DNA was utilised to demonstrate therapeutic effect. The article also introduces innovative
concepts in plasmid delivery that have yet to be applied in gene therapy studies but could feasibly
unlock the full potential of plasmid DNA in future gene therapy investigations.

Introduction

Plasmid DNA was first described by Nobel Prize winner Joshua Lederberg in
1952 [1]. Plasmids are extrachromosomal double stranded circular DNA from
bacteria that replicate independently of genomic DNA so that multiple copies
are produced in a single bacterial cell. They naturally encode antibiotic resist-
ance genes or fertility factors and can be transferred horizontally between bac-
teria through the process of conjugation.

Since their discovery numerous plasmids have been constructed to facilitate
recombinant DNA applications. As vectors for gene therapy, plasmid DNA has
several advantages over viral vectors. Firstly, plasmids are simple DNA mole-
cules that can be produced in large amounts and high quality through straight-
forward, inexpensive techniques. The nucleotide sequence of plasmids is iden-
tical to that of human DNA with the exception of methylation patterns.
Plasmid DNA remains ‘naked’ and does not need to be packaged into small
particles like viral genomes. This means that there are no size constraints on
transgenes that can be incorporated in plasmids. Importantly, this also means
that when delivered in vivo there are no protein components that activate the
adaptive immune system. The lack of immune response has the advantage that
it permits re-delivery of plasmids in vivo. Within cells plasmids need to access
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the nucleus where they remain episomal and harness the cells own transcrip-
tional system to express transgenes. The lack of genomic integration is anoth-
er important safety feature of plasmid DNA. However, in dividing cells plas-
mids are rapidly shed during cell division so like other episomal vectors, such
as adeno-associated viruses (AAV), it is important that plasmids are delivered
to terminally differentiated cells in order to achieve long-term transgene
expression.

In terms of safety profile plasmids clearly top the table of existing gene ther-
apy vectors, but their simplicity is detrimental when it comes to cell delivery.
Where viruses have evolved a variety of mechanisms such as cell binding, inter-
nalisation, endosomal escape, nuclear uptake, reverse transcription, second
strand DNA synthesis, genomic integration and replication, plasmid DNA is
essentially an inert molecule when combined with cells. In order to use plasmid
DNA as a gene therapy vector it must be delivered to the cell nucleus by chem-
ical or physical techniques as is the case for in vitro cell transfection studies.

Chemical delivery of plasmids

Chemical methods have traditionally utilised cationic lipids that condense
DNA into small complexes to facilitate uptake into cells by endocytosis, with-
in endosomes DNA dissociates from the complex and the endosomal mem-
brane is destabilised enabling plasmid escape and enhancing nuclear uptake.
In the collagen-induced arthritis (CIA) model lipid complexes have been used
to deliver plasmid encoding human IL-10 (hIL-10). In this study, plasmid
DNA was complexed in cationic liposomes with the reagent cytofectin ACHx,
liposomes containing 300 μg plasmid DNA were then delivered by intraperi-
toneal (i.p.) injection after onset of disease which achieved a prolonged inhi-
bition of disease progression. Distribution studies revealed the presence of
plasmid in inflamed paws and other organs including liver, spleen and kidneys,
with the main target cell being macrophages, nonetheless IL-10 protein was
not detected in paws or serum [2].

DNA can also be delivered using small synthetic and natural peptides rich
in arginine and/or lysine [3, 4] that can efficiently condense DNA and facili-
tate DNA delivery to cells. These peptides often have membrane translocating
properties which also facilitate cell entry. Some sequences target their cargo to
the nucleus and other domains enable endosomal escape [5]. Currently the best
peptides display similar efficiency to that of lipids [6], but with further devel-
opment these multidomain small peptides could potentially endow plasmids
with the delivery efficiency of virus without triggering adaptive immunity due
to their small size. The efficiency of their function will need to be determined
in more rigorous systems because most testing is still limited to cultured cells
with only a few examples of testing in vivo.

Nanoparticles of complex polyelectrolyte structures are another recent
innovation that have been applied to plasmid delivery. These complexes are
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assembled by the process of layer-by-layer (LbL) adsorption, which utilises
electrostatic forces to fabricate defined structures from charged materials
which include proteins, nucleic acids, saccharides, and organic polymers.
Importantly, these structures can be generated relatively simply and at low cost
as either films or particles (50 nm to 50 μm in diameter) [7]. Through control
of particle assembly they can be designed to undergo structural changes and
release contents when certain conditions are encountered. This biosensing pro -
perty can be in response to mechanical stimuli such as pressure, optical acti-
vation or ultrasound or it could be a cellular environment such as alkali pH or
intracellular degradation. Clearly, they have the potential to be important tools
in DNA delivery. A recent study assembled an LbL film with plasmid DNA
and a reducible polycation to achieve efficient transfection of invading fibrob-
lasts with significant expression of secreted alkaline phosphatase (SEAP)
reporter in the rat circulation [8]. The delivery in this study proved very effi-
cient with 1.2 μg plasmid DNA incorporated in the film and peak levels of
SEAP measured after 5 days at 160 ng/ml although the duration of expression
was short. An interesting development in targeting particles to sites of inflam-
mation was recently reported. DNA condensed with poly(L-lysine) was then
coated with polymer and surface modified with recombinant P-selectin glyco-
protein ligand-1 immunoglobulin chimera. When delivered in vivo intravital
microscopy showed enhanced accumulation within inflamed cremastic
venules [9] this study indicates a feasible approach to target multiple inflamed
sites with plasmid DNA following systemic administration.

Physical delivery of plasmids

These methods crudely force DNA into cells by propulsion, pressure or per-
meability. The first efficient method demonstrated to deliver plasmid DNA in
vivo was simple intramuscular injection of a DNA solution. In this study the
DNA was injected in large volumes and it appears that the pressure that is cre-
ated is sufficient to force the DNA into the cells. Because DNA was transfect-
ed into terminally differentiated myotubes long-term gene expression
approaching a year was demonstrated by this approach [10]. This ground
breaking observation led to plasmid delivery being utilised in two contrasting
gene therapy approaches – genetic immunisation and therapeutic gene expres-
sion.

Genetic immunisation

Short-term muscle expression from plasmid DNA has been developed as an
innovative vaccination strategy. Following plasmid delivery to muscle trans-
gene expression occurs in among other cells the myotubes and resident den-
dritic cells. Transgenes are then presented to the immune system by MHC
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Class I and II on myotubes or through migration of transfected dendritic cells
to local lymph nodes. When plasmid delivery is repeated twice in 2 weeks the
immune response can be sufficient to break tolerance to endogenous mole-
cules. Immunisation strategies in arthritis models have either aimed to produce
an immune response (break tolerance) to pro-inflammatory mediators with the
aim of inhibiting their function and having an anti-inflammatory effect, whilst
other studies have aimed at protecting against the Ag immunisation for disease
development. Based on rheumatoid arthritis (RA) clinical treatment, TNFα is
a good target, vaccination with a plasmid encoding hTNFα was shown to
inhibit CIA with reduced inflammation, lower levels of TNFα in sera and
reduced lymphocyte proliferation observed. Despite these observations cross-
reacting antibodies were not demonstrated in this study [11].

In the rat adjuvant-induced arthritis (AA) model the myobacterial 65-kDa
heat shock protein (HSP65) contains at least one epitope associated with dis-
ease in the model. Interestingly, an epitope from amino acids 180–188 of
HSP65 recognised by a T cell clone also reacts with self cartilage and can
transfer disease. Quintana et al. (2003) demonstrated that human HSP60 or a
regulatory peptide Hu3 which could be expressed from plasmid to vaccinate
and protect rats from AA [12]. In a subsequent study a similar vaccination
effect was demonstrated with human HSP70 and HSP90 [13]. Similarly, in the
rat CIA model, a plasmid (200 μg/kg) encoding chicken type II collagen (CII)
delivered intravenous (i.v.) after onset of disease (day 21) caused an inhibition
in disease progression and reduction in inflammation. In terms of immune
response there was a shift Th1 to Th2 response with associated cytokine
changes and also an increase in CD4+CD25+ Treg cells [14].

Vaccination studies have also been performed to investigate the role of
mediators in arthritis models. Vaccination with a plasmid encoding the p28
subunit of IL-27 in the AA model in rats led to production of IL-27 neutralis-
ing Ab and suppression of disease. Further studies revealed a role of IL-27 in
directing polarisation of naïve T cells, but also had effects on proliferation and
cytokine production from Ag-specific effector/memory Th1 cells [15].

Vaccination studies have provided an interesting approach in experimental
models, but this strategy is unlikely to progress to clinical treatment of RA
patients where ongoing autoimmune responses are already out of control and
pathogenic immunogens have not been identified.

Therapeutic gene expression from skeletal muscle

In the second approach direct injection of plasmid DNA has been utilised in
gene therapy studies to express therapeutic molecules. Several experimental
studies demonstrated therapeutic effect with plasmid DNA injected into mus-
cle using rodent models. The first application of plasmid DNA in the treatment
of an arthritis model was demonstrated with a plasmid encoding human TGF-
β1 in the rat streptococcal cell wall-induced model. In this study plasmid
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(300 μg) was injected intramuscular (i.m.) at the peak of the acute phase or as
the chronic phase commenced and in both cases treatment greatly inhibited the
arthritis response. Increased circulating levels of active hTGF-β1 peaking at
1 ng/ml after 3 days was observed with inhibition of inflammation, cartilage
and bone destruction [16]. The same plasmid delivery method has been used
in subsequent studies to express IL-1ra in the CIA model. A total of 400 μg of
plasmid injected in four sites and inhibited paw swelling, joint erosion and
expression of IL-1β was reduced in joints [17]. Plasmid injection into muscle
of CIA mice was also utilised to express soluble complement receptor 1 at
onset of disease with significant inhibition of disease progression observed
[18]. In an innovative approach latent IFNβ was expressed from plasmid
injected i.m. at the time of disease onset in the CIA model, and achieved bet-
ter therapeutic effect than the normal IFNβ [19].

Despite the relative efficiency of this plasmid delivery route in rodents the
same efficiency did not translate when attempted in man. In a clinical trial for
treatment of critical limb ischemia, expression of VEGF following i.m. injec-
tion of encoding plasmid (4 μg) gave a transient increase 1–2 weeks after plas-
mid delivery [20].

In order to improve the efficiency of this transfection route combination
with other physical treatments was examined. Electroporation (EP) of the mus-
cle soon after DNA injection significantly enhanced transfection by a factor of
100-fold [21]. EP opens ion channels in the cell membrane which permits
entry of plasmid DNA, this entry may also be facilitated by the movement of
negatively charged DNA molecules in the electrical field generated. Again,
long-term transgene expression was observed in skeletal muscle and the com-
bination with DNA injection proved effective in many other tissues and organs
[22]. EP has been applied widely in rodents with great success, more recently
the method has be employed in a Phase I clinical trial for the local delivery of
hIL-12 encoding plasmid into metastatic melanoma lesions with encouraging
observations [23]. A side effect of EP is co-lateral damage at the EP site which
initiates an inflammatory response and cell necrosis followed by tissue remod-
elling and regeneration. Due to the recruitment of inflammatory cells and more
efficient transfection there is evidence that EP may also enhance the process of
DNA vaccination. Indeed there are several companies that have devised EP
devices for clinical application and clinical trials are about to be initiated [24].

Expression of therapeutic genes by electroporation

The combination of i.m. injection and EP has been widely exploited in exper-
imental arthritis studies. Inhibition of TNFα has been effective in several stud-
ies. Kim et al. (2003) showed that expression of hTNFRII-hIgG Fc molecule
from treated gastrocnemius muscle achieved peak levels of 2.3 ng/ml after
5 days and reduced swelling, synovitis and cartilage erosion in the mouse CIA
model. In addition, expression of inflammatory cytokines in paws was also
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reduced [25]. Similarly, long-term expression of variants of hTNFRI either as
soluble receptor, dimeric or on the Fc-IgG1 backbone of up to 6 months was
demonstrated in mice. In the CIA model, 50 μg of the Fc-IgG1 version deliv-
ered at onset of disease led to a decrease in clinical and histological signs of
disease [26]. Similarly, expression of a small dimeric version of the hTNFRII
expressed from plasmid DNA either constitutively or in a pharmacologically
regulated manner achieved therapeutic effects in the CIA model [27, 28].
Expression of hIL-1Ra in the CIA model from plasmid (15 μg) delivered with
EP into the gastrocnemius muscle achieved peak expression in the blood at
about 1.6 ng/ml with decline to basal levels by day 20. Therapeutic effects
included reduction in paw swelling and severity and inflammatory cytokine
levels in paws [29]. When murine IL-4 was delivered using a plasmid, serum
levels peaked at 340 pg/ml on day 1, but again returned to baseline by day 12.
Disease was inhibited when plasmid was delivered prior to onset with reduc-
tion in disease incidence, paw swelling and pro-inflammatory mediators
released from ankle joint explants [30]. Expression of vIL-10 was achieved by
injection of plasmid (total 400 μg) at four sites in the anterior tibialis muscles
and delivered with needle electrodes with expression levels of viral IL-10
(vIL-10) peaking in the blood after 15 days at 1.5 ng/ml then rapidly declin-
ing. In the CII Ab mouse arthritis model, disease was dramatically inhibited by
this vIL-10 treatment with reduction in histological score, and levels of mRNA
for pro-inflammatory cytokines in joints [31].

Hydrodynamic delivery

Wolff’s group also developed the idea of forcing DNA into muscle by rapid i.v.
injection of a large volume of DNA solution into limbs with occluded blood
flow. This approach has the advantage that the whole muscle bed can be
accessed through the extensive vasculature that supplies skeletal muscle. This
method has proven effective through both the venous and arterial route [32,
33], most importantly delivery through the venous route has also proven effec-
tive in larger species and in primates, which is a good indication that efficient
transfection could be achieved in man. The method requires the injection of
DNA in a volume equivalent to a third of the volume of the limb to be inject-
ed so clinical studies are necessary to determine how well the procedure is tol-
erated in patients. There are no reports utilising this delivery method in arthri-
tis models to date.

Hydrodynamic delivery to liver

The ability to force DNA through cells membranes has been most efficiently
demonstrated following rapid injection of plasmid DNA i.v. in rodents. By this
method, volumes of DNA solution equivalent to the entire blood volume of the
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mouse are injected at rates up to 0.5 ml/sec by tail vein injection. Following
rapid injection there are transient irregularities in heart rate and a sharp
increase in venous pressure along with liver fenestrae enlargement and gener-
ation of membrane pores in the hepatocytes [34]. Whilst the nature of the pro-
cedure would initially suggest that this procedure could not be scaled up for
gene delivery in the clinic it may be feasible for a more localised infusion to
be performed in the liver following occlusion of the hepatic vein [35]. As an in
vivo gene delivery approach in experimental models the method has been
utilised widely [36]. Hydrodynamic plasmid delivery was utilised in one CIA
study where plasmid (25 μg) encoding the amino terminal 15 amino acids of
fibronectin was rapidly injected i.v. in a volume of 3 ml PBS in 5 seconds.
Plasmid was delivered after disease onset and was able to inhibit progression
of disease. The idea behind this study was that cell–cell adhesion would be
disrupted by the short fibronectin peptide containing the heparin-binding
domain, and indeed inhibition of cell recruitment was observed in the study.
Interestingly, levels of the peptide were only detectable in the blood up to
5 days post injection suggesting only short-term expression in this model [37].

Massage delivery

An interesting twist on hydrodynamic delivery to the liver has been the appli-
cation of external pressure by massage in the hepatic area following intra-
venous injection of DNA. This simple non-invasive manipulation achieved
efficient transfection of hepatocytes and indicates that simple procedures could
be utilised for effective gene delivery in vivo [38].

Ballistic delivery

At the other extreme, plasmid DNA can also be directly delivered to cells by
bombardment with coated gold microparticles. Utilising a gene gun, tissues for
targeting are skin of exposed internal organs. Gold particles from 0.6 μm in
diameter are propelled with helium pulses up to 600 psi with gene expression
resulting from particles that are delivered to the cell nucleus. Unlike other
mecha nical methods, the preparation of particles is a relatively time consum-
ing process where other physical procedures require direct injection of a DNA
solution.

Intradermal (i.d.) delivery of plasmid has been shown to be efficacious in
the CIA model with of plasmid encoding IL-10 injected (i.d.) a week before
CII immunisation. Treated mice showed reduced footpad thickness, less
histopathological changes and suppression of the Th1 response determined by
IgG2a/IgG1 ratios [39]. In another study plasmid (50 μg) encoding mouse IL-4
was injected i.d. on days 0 and 21 the time points for primary and booster
immunisation with CII. For comparison the same amount of plasmid was
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delivered at the same time points by gene gun delivery of coated gold particles
(1.6 μm diameter) to the abdomen. Both treatments reduced disease incidence,
severity and anti-CII levels, but with greater immunosuppression observed
with gene gun delivery [40].

Sonoporation

Ultrasound is an imaging technique that enables visualisation of tissue and
organs by measurement of the reflection signature of an ultrasound wave. In
some instances, ultrasound resolution is improved by using microbubbles
which are small (1–8 μm) gas filled microspheres that are used as contrast
agents. These microbubbles can be constructed with different materials such as
lipid, protein or polymer and indeed the structure of the bubbles can also be
controlled such that DNA can be incorporated in the shell or core of the bub-
bles. Due to there size microbubbles can be administered to the blood supply
and can freely circulate in the body. Release from the bubbles can be triggered
by application of high intensity ultrasound which causes their collapse and
consequent release of contents. Ultrasound alone increases cell membrane per-
meability, but in combination with microbubbles there is a further increase in
permeability. This effect is termed ‘sonoporation’. These characteristics make
it possible to deliver micobubbles systemically, but trigger plasmid release to
a target site though the local application of ultrasound. The application of
sonoporation for plasmid delivery to skeletal muscle was first described in by
Lu et al. (2003) [41], and has received increasing support since. The method
has been used to deliver DNA in vitro and in vivo, but the relative efficiency of
gene delivery is low compared to adenoviral and lipofection methods [42].

Plasmid delivery to joints

Local delivery to joints is obviously of interest in order to achieve local expres-
sion of therapeutic proteins at the disease site. Injection of plasmid DNA into
knee joints of rats in combination with EP was shown to achieve short-term
(up to 9 days) expression of a GFP reporter in the superficial, middle and deep
zones of the patellar cartilage, while expression only persisted (1–2 months)
in the deep zone [43]. In another study, it was proposed that plasmid DNA
associates with LPS and the complex interacts with LPS-binding protein
(LBP) in order to transfect cells, this theory was supported by the observation
of lower gene expression in knee joints of mice deficient in the LBPs MD-2
and CD14 [44]. Gene therapy studies have also utilised this delivery route.
However, expression of hTNFRI variants or hIL-10 expressed from plasmid
DNA (20–25 μg) delivered by i.a. injection with EP was sufficient to achieve
short-term transgene expression, but even repeat administrations did not have
significant therapeutic effect in the mouse CIA model [45, 46]. These studies

188 M.C. Subang and D.J. Gould



are complicated by the fact that 10 μl intraarticular (i.a.) injection will cause
leakage from the joint even with the most careful technique (unpublished data)
and in one of these published studies a bioluminescent image appears to show
transgene expression is actually in the muscle next to the joint [46]. Studies
with AAV vectors clearly show there are cells in joints that can be transduced
to achieve long-term transgene expression. With further refinement of methods
it maybe possible to transfect the same cells with plasmid DNA and achieve
long-term local gene expression.

How efficient are plasmid delivery methods?

When delivered to the appropriate cells, plasmids can achieve long-term gene
expression. There are few studies that directly compare the efficiency of gene
delivery methods. One recent report revealed that expression of the transgene
Apo E3 from plasmid DNA (20 μg) delivered by i.m. injection with EP was
several-fold less efficient than i.m. delivery with AAV2/7 (1010 viral genomes)
(<15 ng/ml versus 1.4 μg/ml) [47]. However, the efficiency of plasmid DNA
delivery to liver following i.v. injection is a 1,000-fold greater than i.m. injec-
tion with EP (Tab. 1). This liver delivery achieves systemic transgene expres-
sion with an efficiency approaching that observed with viruses. Less efficient
plasmid delivery may suffice with local delivery to inflamed joints where a
more local expression of therapeutic molecules could have great effect.

Conclusion

Plasmid DNA has great potential as a safe gene therapy vector in the treatment
of non-fatal chronic diseases such as RA. In terms of RA treatment, systemic
expression from plasmids has huge potential to provide a viable alternative to
deliver existing biological molecules in cheaper genetic form. Key to the suc-
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Table 1. Comparison of SEAP levels in the blood following plasmid DNA delivery by different meth-
ods. 

Delivery SEAP Vector Approximate Expression Duration Ref
method version amount copy number level in blood

Hydrodynamic Human Plasmid 1.85 × 1012 1,000 μg/ml Approx [48]
i.v. liver SEAP 10 μg 200 μg/ml  

at 38 weeks

Skeletal Human Plasmid 1.85 × 1012 375 ng/ml Approx [49]
muscle EP SEAP 10 μg 100 ng/ml 

at 24 weeks

Polyelectrolyte Human Plasmid 2.2 × 1011 160 ng/ml Short-term [8]
film implanted s.c. SEAP 1.2 μg Peak at day 3

Calculations of copy number are based on the assumption of a vector size of 5000 bp



cessful application of plasmid DNA in clinical use will be the demonstration
of effective plasmid delivery in patients.
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Abstract

Helper-dependent adenoviral (HDAd) vectors have several characteristics making them attractive for
human gene therapy. These vectors are completely devoid of viral coding sequences and are able to
mediate high efficiency transduction in vivo to direct high level transgene expression with negligible
chronic toxicity. However, clinical translation is complicated by the dose-dependent acute toxic
response following systemic vector injection. With a better understanding of vector-mediated toxicity
and improved delivery methods, HDAds may emerge as an important vector for gene therapy of
human diseases.

Introduction

Gene therapy vectors derived from the adenovirus (Ad) are the most often used
in clinical trials [1]. The majority of these applications are for cancer treatment
and very few are for non-cancer diseases [1]. First generation adenoviral
(FGAd) vectors were rendered replication-deficient by the deletion of the viral
early region 1 (E1). FGAd can efficiently transduce a wide variety of cell types
from many different species independent of the cell cycle to direct high levels
of transgene expression. However, low levels of viral gene expression from the
vector backbone result in loss of transgene expression due to immune-mediat-
ed clearance of transduced cells. In contrast, helper-dependent adenoviral
(HDAd) vectors, which are devoid of all viral sequences, are safer and more
effective for disease applications requiring long-term expression of the thera-
peutic gene [2]. A multitude of small and large animal models of genetic dis-
orders can be corrected effectively and long-term by HDAd vectors without
signs of chronic toxicity [3]. HDAd can mediate high efficiency transduction,
do not integrate in the host genome, and have a large cloning capacity of up to
~37 kb which allows for the delivery of whole genomic loci, multiple trans-
genes, and large cis-acting elements to enhance, prolong, and regulate trans-
gene expression. This chapter will present the general features of the HDAd
and will focus on recently developed applications for liver, lung, and brain
gene therapy.
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HDAd

HDAd are derived from the Ad, a non-enveloped icosahedral capsid contain-
ing a linear double-stranded DNA genome of ~30–40 kb. The Ad genome is
flanked by inverted terminal repeats (ITRs) which are the only sequences
required in cis for viral DNA replication. A cis-acting packaging (ψ) signal,
required for encapsidation of the genome, is located near the left ITR (relative
to the conventional map of Ad). The Ad genome can be divided into two sets
of genes (Fig. 1): the early region genes (E1A, E1B, E2, E3, and E4) expressed
before DNA replication and the late region genes (L1 to L5) expressed after
initiation of DNA replication. The early region genes are expressed during
viral infection and are involved in transcriptional regulation of the viral
genome. The late region genes mostly encode virion structural proteins.

The first and most efficient method for generating HDAd is the Cre/loxP
system [4] (Fig. 2). In this system the HDAd genome, constructed in a bacte-
rial plasmid, contains: i) the ITRs and ψ signal, ii) the expression cassette of
interest, and iii) stuffer DNA up to ~36 Kb required for efficient packaging [5,
6]. To convert the plasmid form of the HDAd genome into the viral form 293
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Figure 1. Transcription map of human adenovirus serotype 5. The 100 map unit (~36 kb) genome is
divided into four early region transcription units, E1–E4, and five families of late mRNA, L1–L5,
which are alternative splice products of a common late transcript expressed from the major late pro-
moter located at 16 map units. Four smaller transcripts, pIX, IVa, and VA RNA’s I and II, are also pro-
duced. The 103 bp inverted terminal repeats (ITRs) are located at the termini of the genome and are
involved in viral DNA replication, and the packaging signal (ψ) located from nucleotides 190 to 380
at the left end is involved in packaging of the genome into virion capsids.



cells expressing Cre are transfected with the linearized HDAd genome and
subsequently infected with the helper virus. The helper virus is a FGAd bear-
ing a packaging signal flanked by loxP sites and following infection of 293Cre
cells, the packaging signal is excised from the helper viral genome by Cre-
mediated site-specific recombination between the loxP sites. This renders the
helper viral genome unpackageable but still able to undergo DNA replication
and thus trans-complement the replication and encapsidation of the HDAd
genome. The production of large quantities of HDAd vectors with extremely
low levels of helper virus contamination can be obtained through a rapid and
efficient production method which makes the preparation of large vector
stocks possible for large animal experiments and potentially for human appli-
cations [7].
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Figure 2. The Cre/loxP system for generating HDAds. The HDAd contains only ~500 bp of cis-act-
ing Ad sequences required for DNA replication (ITRs) and packaging (ψ), the remainder of the
genome consists of the desired transgene and non-Ad stuffer sequences. The HDAd genome is con-
structed as a bacterial plasmid (pHDAd) and is liberated by restriction enzyme digestion (e.g., PmeI).
To rescue the HDAd, the liberated genome is transfected into 293 cells expressing Cre and infected
with a helper virus bearing a packaging signal (ψ) flanked by loxP sites. Cre-mediated excision of ψ
renders the helper virus genome unpackageable, but still able to provide all of the necessary trans-act-
ing factors for propagation of the HDAd. The titer of the HDAd is increased by serial coinfections of
293Cre cells with the HDAd and the helper virus.



In vivo studies with HDAd

As of this writing, numerous examples of in vivo HDAd-mediated gene trans-
fer through different routes of administration (intravenous, intramuscular,
brain and intratumoral injection, airway administration) in various small and
large animal disease models have been reported. The purpose of this chapter is
not to provide a comprehensive review of all of these studies. Instead, recent
examples of particular significance or interest are described.

Liver directed gene therapy

The liver is a very attractive target for gene therapy because it is the affected
organ in many genetic and acquired diseases and it can be used as a factory
organ for systemic delivery through vascular circulation of vector-encoded ther-
apeutic proteins. To date numerous examples of in vivo liver-directed gene ther-
apy using HDAd in several monogenic disease models have been reported. In
general, all these studies have demonstrated long-term phenotypic correction in
the absence of chronic toxicity thus supporting the potential of HDAd for clin-
ical applications [8, 9]. Importantly, these results have also been recapitulated
in clinically relevant large animal models [10–14]. HDAd-mediated hepatocyte
transduction can be exploited for numerous diseases beyond monogenic disor-
ders. An interesting application has been reported for the treatment of Type 1
diabetes mellitus. In this study, two HDAds, one expressing Neurod1 (a tran-
scription factor expressed in developing and adult β-cells of the pancreas), and
the other expressing betacellulin (a β-cell growth factor), co-injected systemi-
cally into diabetic mice, resulted in the formation, within the liver, of cell clus-
ters exhibiting immunohistochemical and ultrastructural properties of the pan-
creatic islets [15]. Remarkably, the diabetic mice also showed a normalization
of glucose levels.

In liver-directed approaches, HDAds expressing short hairpin RNA
(shRNA) to silence specific target genes have also been used. For example,
HDAd-driven expression of shRNA to the specific mouse genes resulted in
approximately 75–90% silencing [16, 17] and in a mouse model of obesity and
Type 2 diabetes (db/db mice) silencing of the transcription factor sterol regu-
latory element-binding protein-1c (SREBP1), which is upregulated in obese
mice, resulted in a reduction in the body weight [16]. These initial studies
could pave the way to a multitude of applications directed at silencing of spe-
cific genes for the treatment of a variety of genetic and acquired disorders.
Interestingly, in contrast with previous reports showing severe toxicity and
lethality following administration of AAV encoding shRNA [18], the HDAd
expressing shRNA was clinically well tolerated in mice with only mild patho-
logical and biochemical signs of hepatotoxicity [16, 17]. Moreover, saturation
of the exportin-5 pathway, which shuttles cellular micro-RNA (miRNA) from
the nucleus to the cytoplasm, was found in the case of AAV [18] and was
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thought to be involved in the observed toxicity. In contrast, saturation of the
exportin-5 pathway was not seen with HDAd expressing shRNA [17].

Recent studies have uncovered the opportunity to treat autoimmune disor-
ders by expressing functional therapeutic protein into hepatocytes to induce
tolerance to a specific protein [19–21]. Hepatic expression of a brain protein,
for example, was found to be protective against the neuroinflammatory disease
in a mouse model of multiple sclerosis [22]. The suppression of autoimmuni-
ty from transgene expression in the liver suggests that the introduction of anti-
gens to the liver may have potential as a preventative or therapeutic interven-
tion against autoimmune disease. Given their high efficiency of hepatic trans-
duction and the ability to drive long-term expression, HDAd would be well
suited for this type of application.

A major problem with HDAd-mediated liver directed gene therapy which is
preventing various therapeutic strategies to be translated into the clinic is the
acute toxicity. High vector doses are required to achieve efficient hepatic
transduction following systemic intravascular delivery because of a nonlinear
dose response. Kupffer cells of the liver [23, 24], and antibodies both specific
and nonspecific for Ad [23, 24] are involved in this nonlinear response.
Unfortuna tely, systemic injection of high vector doses results in a potentially
lethal inflammatory response secondary to the activation of the innate immu-
nity and to the interactions with multiple cell types and bloodborne factors.
The interaction with red blood cells appears to be particularly important as the
majority of the Ad particles of serotype 5 are sequestered by human erythro-
cytes preventing liver infection [25–27]. Intravenous administration of Ad
vectors also results in rapid recruitment of neutrophils in blood and peripher-
al tissues leading to acute liver inflammation and injury [28, 29], thrombocy-
topenia [14, 29–31], and widespread transduction of a large number of vari-
ous other cell types (e.g., endothelium, spleen, lung, etc.). All these interac-
tions play an important role in the activation of the toxic response.
Furthermore, several blood factors interact with the Ad particles including
proteins of the classical and alternative complement pathways [32–34] and
several vitamin K-dependent serine proteases such as factors VII, IX, X, and
protein C [35–37]. The interactions with these factors also play an important
role in the transduction of target tissues because Ad5 hexon has high-affinity
for human coagulation Factor X which facilitate virus entry into hepatocytes
[37, 38].

Several groups have investigated various strategies to overcome the thresh-
old to hepatocyte transduction and the obstacle of the acute toxicity. Because
the severity of the acute response is dose-dependent, some of these approach-
es are aimed at preferential targeting of the vector to the liver thereby allow-
ing the use of lower vector doses. For example, injection of HDAd directly into
the surgically isolated liver of nonhuman primates was shown to achieve high-
er efficiency hepatic transduction with reduced systemic vector dissemination,
and stable, multi-year transgene expression without chronic toxicity [11]. An
alternative, minimally invasive, and clinically more attractive method to deliv-
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er HDAd preferentially to the liver has been developed using balloon occlusion
catheters (Fig. 3) [10, 13].

Other strategies such as masking the viral capsid through liposome encap-
sidation [39] or PEGylation [40, 41] seem to attenuate the acute inflammatory
response. Given the multiple factors involved, it appears more difficult to
manipulate the innate immune response to systemic Ad injection. Never -
theless, a simple approach using pre-treatment with anti-inflammatory gluco-
corticoids (dexamethasone) before Ad administration, has been shown to sig-
nificantly reduce Ad-induced acute responses, at least in mice [42].

Gene therapy for cystic fibrosis

The lung is an attractive target for gene transfer with the goal of treating cys-
tic fibrosis (CF), one of the most common genetic disorders due to recessive
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Figure 3. Minimally invasive method to achieve preferential liver transduction in nonhuman primates.
(A) A sausage-shaped balloon catheter is positioned in the inferior vena cava (IVC) under fluoro-
scopic guidance. Inflation of the balloon results in hepatic venous outflow occlusion from the hepat-
ic veins (HV). The HDAd is administered by injection through a percutaneously positioned hepatic
artery (HA) catheter. (B). Serum levels of the reporter baboon α-fetoprotein (bAFP) following admin-
istration of 3 × 1010 vp/kg of a HDAd expressing bAFP into baboons using the balloon method
described above (squares) or by simple peripheral intravenous injection (circles). The balloon method
of vector delivery yielded up to 80-fold higher level of transgene expression compared to peripheral
intravenous injection of vector, and transgene expression persisted at high levels for at least 2.5 years.
Adapted from [13].



mutations in the cystic fibrosis transmembrane conductance regulatory
(CFTR) gene. Several CF gene therapy clinical trials have been conducted [1]
but no single class of gene therapy vector or vector delivery strategy has yet
emerged as obviously superior and the results to date have been disappointing.

FGAd, extensively studied for CF gene therapy, have a number of serious
shortcomings. First, pulmonary delivery of FGAd is inefficient because the
cellular receptor for Ad (and other viral vectors) resides on the basolateral sur-
face of the airway epithelial cells and the tight junctions prevent vector-recep-
tor interactions required for transduction [43]. Second, pulmonary delivery of
FGAd results in dose-dependent inflammation and pneumonia [44–48] begin-
ning about 3 to 4 days post-administration and becoming progressively more
severe before eventually resolving. This latter problem has been attributed to
the expression of the viral genes of the FGAd vector backbone which are cyto-
toxic and cause an adaptive cellular immune response against the transduced
cells resulting in loss of transgene expression and chronic toxicity [49, 50].
The first obstacle was addressed using molecules that disrupt the tight junc-
tions which resulted in extensive Ad-mediated transduction of the proximal
and distal airways (Figs 4A and B) and submucosal glands (Fig. 4C). The sec-
ond obstacle was solved with the use of HDAd: while administration of FGAd
results in pulmonary inflammation with focal peribronchial lymphocytic infil-
trates and focal alveolar macrophages, the lungs of mice given HDAd are free
of inflammation and indistinguishable from saline treated animals presumably
because of the absence of viral gene expression from HDAd [51]. Moreover,
the duration of HDAd-mediated pulmonary transgene expression persisted for
at least 15 weeks [51]. The studies with HDAd have also indicated that the
human cytokeratin 18 (K18) promoter is expressed, similarly to the mouse
Cftr, in the epithelium of large airways and bronchioles and in submucosal
glands with little expression in the alveoli [52]. In contrast to commonly used
viral promoters, the K18 promoter is less likely to suffer host shut-off and
could reduce immune stimulation resulting from inappropriate expression in
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Figure 4. Airway transduction by HDAd. Epithelia transduction of the proximal and distal airway (A),
trachea (B), and bronchiole (C) of mice 3 days post-intranasal administration of HDAd-K18LacZ.
Blue areas represent HDAd transduced cells. From [51].



antigen presenting cells. The large cloning capacity of HDAd makes this vec-
tor ideal to accommodate the relatively large K18 control elements (4.1 kb)
and the reporter or therapeutic cDNAs.

An HDAd vector bearing the human CFTR cDNA under the control of the
K18 was also found to express properly localized CFTR in cultured cells and
in the apical airway epithelia of mice following intranasal administration [53].
Importantly, this vector was also found to improve resistance to acute lung
infection in CFTR knockout mice [53]. High efficiency transduction of the air-
way epithelium has also been demonstrated in a large animal model (rabbit)
using an HDAd, formulated in 0.1% L-α-lysophosphatidylcholine (LPC) to
open the tight junctions, and delivered by an intracorporeal nebulizing catheter
called the AeroProbe (Trudell Medical International) to aerosolize material
directly into the trachea and lungs [54]. Although high interlobular variation
was present, the delivery of HDAd revealed exceedingly high and unprece-
dented transduction from the trachea to terminal bronchioles (Figs 5A–E). All
rabbits, including those given only LPC as controls showed a transient
decrease in dynamic lung compliance immediately following aerosol delivery.
Fever and mild-to-moderate patchy pneumonia without edema were also
observed. It is possible that LPC may have contributed to these effects which
may be eliminated or minimized by optimizing the LPC and/or vector doses.
Nevertheless, this study significantly demonstrated for the first time high effi-
ciency transduction of the airway epithelium in a large animal which had pre-
viously been a major obstacle to CF gene therapy. This strategy has been
applied to nonhuman primates and has yielded similar encouraging results
[55]. A uniform vector distribution to all lung lobes was also achieved in the
nonhuman primate model by targeting HDAd aerosolization individually into
each lung lobe. This strategy resulted in an exceedingly high transduction effi-
ciency to all lung lobes with negligible toxicity [56]. It should be pointed out
that the aforementioned studies were performed in animal models with gener-
ally intact airways and that transduction will likely be reduced in the lungs
affected by multiple bacterial colonizations and thick mucus such as the
human CF lungs. Up to now efficacy of gene therapy has been only addressed
in animal models with unaffected airways such as the CFTR knockout mice
and the nonhuman primates. The recently developed pig model for CF could
potentially provide a better model for assessing the efficacy of experimental
treatments in the CF lung disease [57]. However, several strategies can be envi-
sioned to address this obstacle in the clinical setting. For example, severely
affected CF patients may undergo commonly employed regimens to clear their
lungs before gene transfer. This could include inhaled antibiotics (such as
tobramycin) and systemic intravenous anti-pseudomonal antibotics (such as
aminoglycosides, beta lactams, fluoroquinolones), pulmonary treatment with
mucolytic agents (such as pulmozyme), along with mechanical airway clear-
ance to reduce the amount of mucus. Conducting gene transfer in CF patients
with less affected lungs may be an alternative option, including the enrollment
of younger CF patients with little or no lung disease. While somewhat contro-
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Figure 5. Pulmonary transduction in rabbits following AeroProbe-mediated intratracheal aerosoliza-
tion of HDAd-K18LacZ formulated in 0.1% LPC. X-gal stained trachea (A), right upper lobe (B), left
lower lobe (C), right lower lobe (C) and bronchus and bronchioles (D). Blue areas represent HDAd
transduced cells. From [54].



versial, this is not without precedence. Indeed, in a recent clinical trial using
AAV, CF patients as young as 12 years of age were enrolled [58]. In summa-
ry, while the thickened mucus remains a barrier for all gene transfer vectors
(viral or nonviral) as well as for small molecule therapeutics, we do not believe
it to be insurmountable, especially considering the low levels of gene transfer
that may be required for CF phenotypic correct.

Brain gene therapy

The use of Ad vectors to deliver genes to the central nervous system (CNS)
holds great promise for therapeutic applications. Because of their ability to
infect post-mitotic cells, including cells of the CNS [59], and to mediate long-
term transgene expression, Ad-based vectors are particularly attractive for
these applications. Moreover, the delivery to CNS cells of anti-inflammatory
genes is attractive for the treatment of inflammatory disorders such as multi-
ple sclerosis. Unlike the rapid decline observed in transgene expression in
peripheral organs following intravenous administration, FGAd-mediated
transduction of adult brain cells leads to stable transgene expression [60, 61].
It is thought that FGAd-mediated long-term transgene expression occurs
because the brain is relatively protected from the effects of the immune
response, and in fact, Ad injection into the brain results in an ineffective T cell
response against brain-transduced cells [62]. However, the immune system can
respond to antigenic stimuli in the brain [63] and if a peripheral immune
response against Ad is elicited after natural infection or vector readministra-
tion, loss of transgene expression and chronic inflammation are observed [64].
Interestingly, these problems are not seen when HDAd is used [64, 65]. For
example, in naïve animals, the expression of β-galactosidase in the brain from
FGAd or HDAd is sustained. However, in animals immunized prior to vector
delivery, transgene expression is abolished in FGAd injected mice but not in
the mice injected with HDAd. These results indicate that long-term (up to
1 year) HDAd mediated transgene expression in the brain occurs even in ani-
mals that had been immunized systemically against Ad before the delivery of
HDAd into the brain. Therefore, HDAd vectors could turn out to be effective
for gene therapy of chronic neurological disorders, even in patients who had
been pre-exposed to Ad prior to gene therapy [66].

There are few examples of applications of HDAd for brain-directed gene
therapy. Among these, encouraging results have been reported in a Hunting -
ton’s disease mouse model showing a significant inhibition of Huntington pro-
tein aggregation following stereotactic injection into the striatum of a HDAd
vector expressing a short hairpin RNA to silence the Huntington disease gene
[67].

Besides the potential applications for neurodegenerative disorders, HDAd
have also potential for the treatment of inflammatory diseases of the brain.
Intrathecal administration of an HDAd expressing interleukin 4, for example,
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has a protective role in mice against chronic or relapsing–remitting experi-
mental autoimmune encephalomyelitis, modeling the most common clinical
subtypes of multiple sclerosis [68]. Intrathecal HDAd administration is an
attractive delivery method because the injection of viral vectors into the cis-
terna magna (in rodents) or trough lumbar puncture (in nonhuman primates)
[69] allows viral vector transduction of neuroepithelial cells and delivery of
transgene products to the whole CNS through the ventricular circulation.

Concluding remarks

HDAd possess many characteristics that make them attractive vectors for gene
therapy of a wide variety of genetic and acquired diseases. For systemic deliv-
ery, the acute toxicity due to a multi-factorial reaction is the most significant
obstacle currently hindering the clinical application of this otherwise promis-
ing technology. However, the potential of using HDAd for liver-directed gene
therapy should not be dismissed but should instead proceed with caution con-
sidering the encouraging and compelling studies generated so far. Regardless
of the multiple mechanisms involved, strategies to improve the efficiency of
gene transfer using lower vector doses are clinically attractive because the
acute toxic response is dose-dependent. Improvements in current technologies
and development of novel strategies must be pursued to make HDAd gene
therapy a clinical reality.
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Abstract

In order to improve safety and target specificity of gene therapy in autoimmune and inflammatory dis-
eases, various cell types have been used as carriers after ex vivo modification. Tissue cells such as
fibroblasts, immune cells including lymphocytes, macrophages and dendritic cells (DCs) as well as
stem cells, primarily mesenchymal stem cells (MSCs), all have been used for cellular gene therapy.
The use of immune cells has been evaluated extensively since these cells have the intrinsic ability to
migrate into inflamed tissues and lymphoid organs, the key sites for therapeutic intervention using
anti-inflammatory (e.g., cytokine inhibitors) and tissue-protective (e.g., enzyme inhibitors) gene prod-
ucts. Among the immune cells, DCs are powerful tools not only as gene carriers but also because of
their own immunomodulatory capacity. Mesenchymal stem cells are attractive because of their poten-
tial for tissue regeneration in addition to gene product delivery. Further research is required to opti-
mise the treatment strategies based on these cells and to utilise and control the special features of DCs
and MSCs in order to advance towards human application.

Concept and rationale of cells as carriers of gene therapy

The autoimmune and inflammatory diseases covered in the first section of this
volume all represent truly systemic diseases. ‘Systemic’ means that the entire
body as a biological system is affected. This systemic involvement manifests
in two ways, directly and indirectly. A direct involvement can occur because
most autoimmune diseases can affect virtually all tissues and organ systems
and frequently do so over time. Systemic lupus erythematosus (SLE) and
rheumatoid arthritis (RA) are probably the best examples of that. An indirect
systemic involvement is virtually inevitable in all of these diseases since affec-
tion of the kidneys in lupus will eventually have effects on the cardiovascular
system, long-standing diabetes will cause damage to the kidneys, eyes or nerv-
ous system, and joint diseases such as RA and osteoarthritis (OA) cause dis-
ability. On the other hand, each individual autoimmune and inflammatory dis-
ease entity is characterised by its individual avidity for a specific organ or
organ system, such as the joints in RA, the pancreatic islet cells in Type 1 dia-
betes (T1D) or the gut in inflammatory bowel disease (IBD).

From the therapeutic point of view, this situation poses a dilemma. On the
one hand, a broad, systemic affection necessitates a similarly broad, systemic
treatment. Conventional systemic immunosuppression using agents such as
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methotrexate, azathioprine or cyclophosphamide is frequently very effective in
improving all aspects of disease. On the other hand, such non-selective treat-
ments come at the price of a high risk of systemic side-effects and toxicity.
Particularly at an early stage, a locally targeted and functionally specific treat-
ment of the primarily affected organ system would be an ideal treatment for
the majority of the autoimmune and inflammatory diseases.

Local therapy would thus be advantageous over systemic therapy in most
diseases because it would avoid affection of other, non-diseased organs, and
afford reduction of the required doses of the therapeutic agents of choice, there-
by reducing toxicity. Gene therapy has been investigated extensively in the con-
text of autoimmune and inflammatory diseases because it allows long-term, and
by now even on-demand expression of therapeutic gene products that avoids the
necessity of repeated dosing in these chronic and relapsing-remitting diseases.

For the purpose of locally targeted gene therapy, several strategies have been
developed and tested [1–3], one of which is the use of cells as carriers of gene
therapy. The use of cells in gene therapy has several advantages. Firstly, cells
provide a packaging for the therapeutic gene of interest serving as ‘vehicles’ for
site-specific gene delivery after systemic administration. They can shield their
cargo from premature degradation en route and, conversely, protect the recipi-
ent from unwanted effects of the transported gene outside the target organ.
Secondly, many cells, in particular immune cells such as lymphocytes and den-
dritic cells, have the inborn capacity to home to target organs. In addition, cells
can be modified ex vivo to either gain or improve this capacity. Thirdly, cells not
only can be used as mere vehicles that shuttle genes or gene products to spe-
cific organs but they may also serve as therapeutic effectors at the target site,
such as stem cells that can be genetically modified to mediate tissue repair.

This chapter provides an overview of different cell-based strategies in gene
therapy, using tissue cells, lymphocytes, macrophages, dendritic cells, cell-
derived particles, and stem cells (Tab. 1). Due to vast development in the field,
it is beyond the scope of this chapter to cover all studies in all disease entities.
Instead, a variety of examples are presented that illustrate important develop-
ments and strategies in cellular gene therapy. Most examples are taken from
RA research since RA represents an archetypical autoimmune disease charac-
terised by systemic inflammation and local tissue damage and thus illustrates
several therapeutic challenges in cellular gene therapy.

Tissue cells

The most simple concept for cellular gene therapy is the use of genetically
modified tissue cells that are either injected systemically or locally, e.g., intra-
articularly in arthritis, into recipients.

Examples from the field of RA research demonstrate that systemic applica-
tion by intraperitoneal [4, 5] or subcutaneous [6, 7] injection of murine fibrob-
lasts engineered to express interferon (IFN-) β [4], galectin 1 [5], interleukin
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Table 1. Overview of the different approaches to using cells as carriers of gene therapy as reviewed
in this chapter

Cell type Vector Transgene Animal model Ref.

Tissue cells

Syngeneic fibroblasts Retrovirus IFNβ CIA [4]

Syngeneic fibroblasts Plasmid transfection Galectin-1 CIA [5]

Syngeneic fibroblasts Plasmid transfection IL-4 CIA [6, 7]

Autologous human Retrovirus huIL-1Ra Application [8]
RASF to human RA 

patients

Human RASF Adenovirus IL-1Ra, IL-10 SCID mouse [10]
model

Lympocytes

DBA/1 splenocytes Retrovirus sTNFR CIA transfer [12, 14]
into SCID mice

Splenocytes, Retrovirus TGFβ1 CIA [13]
isolated T cells

Islet-specific T cells Retrovirus IL-10 NOD mice [15]

Ag-specific T cells Retrovirus IL-4 EAE [16]

Ag-specific T cells Retrovirus latentTGFβ1 EAE [17]

Splenocytes Retrovirus IL-4 NOD mice [18]

Ag-specific T cells Retrovirus IL-12p40 EAE [19]

Ag-specific T cells Retrovirus IL-12p40 CIA [20]

Ag-specific T cells Retrovirus IL-4 CIA [21]

Ag-specific T cells Retrovirus anti-TNF scFv CIA [22]

T cells Retrovirus Anti-CII In vitro assays [24]
scFv/TCRζ

Ag-specific T cells Retrovirus IL-1Ra, Proteoglycan- [25]
sTNFR-Ig, induced arthritis
IL-4, IL-10,

Antigen-presenting cells

B cells, Plasmid transfection IL-4 CIA [26]
macrophages 
+/– Ag pulsing

BmDC Retrovirus IL-4 CIA [28]

BmDC Adenovirus IL-4 CIA [29]

BmDC Lentivirus IL-4 NOD mice [30]

BmDC Lentivirus IL-12p40, CIA [31]
Galectin-1

BmDC Adenovirus FasL CIA [32]

BmDC + Ag pulsing Adenovirus TRAIL CIA [33]

BmDC Adenovirus Galectin-1 NOD mice [34]

Cell-derived particles

Exosomes from BmDC Adenovirus IL-10 CIA [37]

Exosomes from BmDC Adenovirus IL-FasL DTH [38]

Exosomes from BmDC Adenovirus IL-4 CIA, DTH [39]

(continued on next page)



(IL-) 4 [6] or IL-4 and osteoprotegerin [7] is effective in preventing or attenu-
ating collagen-induced arthritis (CIA) in mice.

Though effective, this systemic approach cannot be expected to avoid sys-
temic side-effects. For that purpose, intra-articular transfer of genetically mod-
ified rheumatoid arthritis synovial fibroblasts (RASF) has been tested as an
alternative. This approach has led to a milestone trial of human application by
the Pittsburgh group who injected ex vivo modified IL-1 receptor antagonist
(IL-1Ra) expressing autologous RASF into the metacarpophalangeal (MCP)
joints of patients with RA who were scheduled for routine MCP replacement
surgery shortly after [8]. This treatment study proved the feasibility and safe-
ty of this therapeutic approach to localised cellular gene therapy.

The disadvantage of this approach is the relatively high degree of invasive-
ness for the patients if all arthritic joints are to be treated this way in pol-
yarticular RA. Genetic modification of RASF is, however, a promising strate-
gy since we and others have been able to demonstrate that RASF are key medi-
ators of articular destruction in RA [9] and adenoviral transduction of human
RASF with genes encoding anti-inflammatory and anti-destructive mediators
such as IL-1Ra and IL-10 significantly reduces their invasiveness into human
articular cartilage in the severe combined immunodeficiency (SCID) mouse
model of RA [10]. Of particular interest, our group have been able to demon-
strate that in the SCID mouse model, RASF have the capability to migrate long
distance from one subcutaneous implant of RASF and cartilage to another
implant of cartilage without RASF via the blood-stream [11]. In addition,
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Table 1. (continued)

Cell type Vector Transgene Animal model Ref.

Stem cells
MSC Retrovirus IL-10 CIA [42]
MSC Plasmid transfection bFGF In vitro assays, [44]

rabbits with 
cartilage lesions

MSC Plasmid transfection TGFβ1 In vitro assays, [45]
rabbits with 
cartilage lesions

Mesenchymal cells Adenovirus Bmp-2, IGF-1 Rats with [46]
cartilage lesions

Abbreviations: Ag, antigen; bFGF, basic fibroblast growth factor; BmDC, bone marrow-derived den-
dritic cells; Bmp-2, bone morphogenetic protein; CIA, collagen-induced arthritis; CII, collagen type
II; DBA/1, dilute brown non-agouti/1 mouse strain; DTH, delayed-type hypersensitivity; EAE, exper-
imental autoimmune encephalomyelitis; FasL, Fas ligand; huIL-1Ra, human interleukin-1 receptor
antagonist; IFNβ, interferon-β; Ig, immunoglobulin; IGF-1, insulin-like growth factor-1; IL-12p40,
40kD subunit of interleukin-12; MSC, mesenchymal stem cells; NOD, non-obese diabetic mouse
strain; RASF, rheumatoid arthritis synovial fibroblasts; scFv, single-chain immunoglobulin variable
fragment; sTNFR, soluble tumour necrosis factor receptor; TCR, T cell receptor; TGFβ1, transform-
ing growth factor-β1; TRAIL, TNF-related apoptosis-inducing ligand



adoptive transfer of RASF by either intravenous, subcutaneous or intraperi-
toneal injection, respectively, results in trafficking of these cells to subcuta-
neous cartilage implants. These findings indicate that RASF may be suited for
targeted cellular gene therapy by their ability to migrate to inflamed joints after
ex vivo genetic modification and subsequent systemic application. Further
studies are required to verify this strategy.

A group of cells that are characterised by an intrinsic capability of migra-
tion into different tissues is the cellular arm of the immune system, in particu-
lar lymphocytes and antigen-presenting cells, because they naturally patrol the
body and accumulate at sites of inflammation.

Lymphocytes

Lymphocytes were probably the earliest used cell type for local delivery of
gene therapy. Their application was based on the hypothesis that their patho-
genic specificity for autoantigens could be utilised to guide them specifically
to the sites of antigen expression and thus autoimmune inflammation. Previous
genetic modification ex vivo was intended to prevent their pathogenic behav-
iour at the target site and to convey an anti-inflammatory activity instead.

Early examples date back to the 1990s and comprise studies in animal mod-
els of RA [12–14], diabetes [15] and multiple sclerosis (MS) [16, 17].
Lymphocytes, particularly T cells, are known to play an important role in the
pathogenesis of these diseases in humans and even more so in their animal
models CIA, non-obese diabetic (NOD) mice and experimental autoimmune
encephalomyelitis (EAE), respectively. Adoptive transfer of autoantigen-spe-
cific splenocytes can induce or aggravate disease in the respective animal mod-
els. In arthritis, transfer of splenocytes from CIA mice can even induce joint
inflammation in SCID mice, which are deficient in T and B cells.

The basic principle of all studies using lymphocytes was to modify their
behaviour and biological effect by introducing genes encoding cytokines or
cytokine antagonists that exert primarily anti-inflammatory effects.
Chernajovsky and co-workers demonstrated quite elegantly that the concept of
modifying pathogenic splenocytes is effective in the models of CIA and lym-
phocyte transfer into SCID mice. In their studies, retroviral transduction of
splenocytes mediating the expression of the soluble p75 tumour necrosis fac-
tor receptor (TNF-R) [12, 14] or of transforming growth factor (TGF-) β1 [13]
prevented exacerbation of CIA as well as arthritis induction in SCID mice as
compared with non-modified lymphocytes or lymphocytes transduced to
express TNF or murine interleukin 10 (mIL-10). Joint swelling, anti-collagen
type II (CII) antibody levels, histologic joint damage and articular gelatinase
levels were reduced. Similarly, Moritani et al. [15] demonstrated that the
induction of insulitis and diabetes in non-diabetic NOD mice by adoptive
transfer of islet specific T cells could be clearly reduced if the cells were mod-
ified to express mIL-10. Yamamoto and co-workers [18] proved the homing of
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genetically modified lymphocytes to the pancreatic islets with local expression
of the transgene. Furthermore, they found that in the NOD mouse model
among the pool of splenocytes one has to differentiate between cluster of dif-
ferentiation (CD) 62L non-expressing diabetogenic and CD62L expressing
immunoregulatory T cells. Retroviral transfer of the gene encoding IL-4 had
no beneficial effect when CD62L- cells were transduced and transferred into
recipient NOD mice but only abrogated diabetes development when CD62L+

cells were transduced and co-transferred with the CD62L– cells [18].
A whole series of studies on the use of genetically modified T-lymphocytes

in EAE and CIA was conducted by the Fathman laboratory at Stanford
University [16, 19–22]. This experimental series explored the concept of adop-
tive cellular gene therapy based on the hypothesis that genetically modified T
cells with specificity for the disease-associated autoantigen would specifically
home to the site of inflammation and thus deliver the immune-modulating
molecules they were transduced to express in a localised fashion for the pre-
vention of systemic side-effects.

Expression of IL-4 [16, 21], the IL-12 receptor inhibitor IL-12p40 [19, 20]
and an anti-TNF antibody-derived single chain variable fragment (scFv) by
myelin basic protein (MBP)- or CII-specific T-cell receptor (TCR) transgenic
(tg) T cell lines or T cell hybridomas proved to be very effective in preventing
and attenuating EAE and CIA, respectively. T-lymphocyte transduction was
facilitated by a novel bicistronic retroviral construct developed by Costa et al.
[23] expressing the gene of interest and a marker protein, green fluorescent
protein (GFP), in equivalent amounts. It was shown that antigen specificity
was required for achieving the therapeutic effect since T cells with specificity
for an irrelevant antigen did not confer disease amelioration in either model
[16, 19, 20]. The same was found by Chen et al. [17] who used latent TGF-β1
expressing T cell clones that were only effective if specific for MBP and also
previously stimulated with the antigen.

In addition, cellular homing to the sites of inflammation was demonstrated
by PCR detection of the marker gene in inflamed paws in arthritis [22] and
also in the central nervous system (CNS) or the joints in EAE and CIA, respec-
tively, by in vivo bioluminescence imaging using antigen specific T-lympho-
cytes transduced to express firefly luciferase [19–21]. Interestingly, this imag-
ing technology showed that T-lymphoctytes with specificity for an irrelevant
antigen also homed to inflamed joints in arthritis but, in contrast to the CII-
specific cells, were not retained there [20]. The adoptively transferred cells
were shown to express several chemokine receptors and to respond to
chemokines in transwell assays [21] indicating that the cells may follow
chemokine gradients into inflamed tissues and remain there if they recognise
their cognate antigen. In vivo bioluminescence imaging demonstrated that the
antigen-specific cells persisted in the target tissue long-term, reaching 50 days
in EAE [19].

Lack of effect of the adoptively transferred cells on systemic cytokine and
anti-CII antibody levels [16, 20–22] as well as on antigen-specific lymphocyte
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proliferation in the recipient CIA animals [20, 21] supported the notion that
this treatment strategy had less systemic effects than conventional treatment.
By contrast, the local cytokine profile in the inflamed paws was altered [22].

Taken together, these studies provided great hopes for the concept of local
cytokine modulation by lymphocyte delivery of anti-inflammatory agents.
Important advantages of lymphocytes as gene carriers thus comprise target
specificity, probably facilitated by their capability to follow chemokine gradi-
ents and to cross endothelial barriers, together with long-term persistence at
the target site, and their proliferation upon encounter with their specific anti-
gen, which may enhance transgene expression and thus therapeutic efficacy.

The disadvantage of using antigen-specific T cells is that, in contrast to the
well-defined animal models, in human disease the relevant autoantigen(s) are
not (yet) identified and the phenomenon of epitope spreading adds further
complexity to this situation. Engineering of T cells to create specificity for
antigens that are known to be expressed at the target site irrespective of their
pathogenic relevance may provide a solution for this problem. Annenkov and
Chernajovsky [24] provide evidence for this concept by their anti-CII
scFv/TCR ζ chimeric receptor construct that, by retroviral transduction, ren-
ders T cells responsive to CII, an antigen that can be expected to be exposed
in arthritic joints.

Apart from the issue of antigen specificity, the majority of the studies quot-
ed above also share another weakness. They all applied genetically engineered
T cells in a preventative fashion, but none demonstrated efficacy in established
disease including the most recent study on the use of cartilage proteoglycan-
specific T cells [25]. In preliminary experiments, our group was unable to
effectively treat advanced CIA using either IL-12p40 or IL-4 expressing T cell
hybridomas (unpublished observations). Since disease prevention does not
reflect the situation in clinical medicine, further studies will be necessary
before lymphocyte-based gene transfer becomes an option for human applica-
tion.

In addition, sufficient numbers of autologous T cells for human application
may be difficult to obtain. Therefore, other cell types can be envisioned as
alternatives. Antigen-presenting cells, such as macrophages and dendritic cells
(DCs), appear to be quite promising for human application since they can be
derived from monocytes that can be isolated in meaningful numbers from
leukapheresis.

Antigen-presenting cells

Macrophages and dendritic cells are appealing for cellular gene therapy be -
cause they have two useful characteristics. As immune cells they have the abil-
ity to cross the vascular endothelium and to migrate into target tissues, similar
to lymphocytes. In addition, as antigen-presenting cells (APC) they have the
potential to present (auto)antigens in an immunogenic or tolerogenic fashion.
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Based on that, Guéry and co-workers [26] engineered murine bone marrow-
derived macrophages to express IL-4 and to present CII on their major histo-
compatibility complex Class II (MHC II). Adoptive transfer of these cells into
CIA mice around the time of immunisation with CII was intended to present
the antigen in a T-helper type 2 (Th2) cytokine context thus skewing the CII-
specific immune response, and proved to be effective. Of note, the modified
macrophages were found to migrate to the inflamed joints although only to a
certain extent since it is known that significant numbers of adoptively trans-
ferred cells are also retained in the lungs, liver and spleen [27]. Application of
IL-4 expressing, CII-pulsed macrophages after clinical disease onset, howev-
er, did not have a therapeutic effect. This could mean that at later stages of dis-
ease, the antigen-specific interaction between the transferred macrophages and
the T cells of the recipient animals is of less importance, at least locally in the
inflamed tissues, whereas local delivery of sufficient amounts of the anti-
inflammatory IL-4 becomes dominant.

The extent to which an interaction between lymphocytes and the gene carri-
er cells is important also depends on the cell type that is used for gene deliv-
ery. Morita et al. [28] used DCs instead of macrophages for IL-4 expression.
Application of these cells also prevented CIA development. However, this
effect was achieved without prior pulsing of the DCs with CII. It was shown in
this study that the clinical effect correlated with migration of the modified DCs
to the lymphoid organs, in particular to the spleen, suggesting that modulation
of the immune system outside the inflamed joints is of great importance, at
least in this disease model. These findings were supported by Kim and co-
workers [29] who also applied IL-4 expressing DCs in CIA and who were able,
in contrast to all previous studies, to significantly ameliorate established dis-
ease. Further analyses showed that the DCs accumulated in the liver, spleen and
lymph nodes and caused a reduction in lymphocyte production of IFN-γ and
anti-CII antibodies. Of note, transferred DCs were only found in small num-
bers in other organs such as lungs, heart, kidneys and muscles, and serum lev-
els of IL-4 were not significantly increased, which indicates that cellular gene
therapy using DCs can be expected to have limited systemic side effects.

Similar results were obtained by Creusot et al. [30] in the NOD mice model
of diabetes. Here, IL-4 transduced DCs were also found to migrate to the lym-
phoid system, specifically to the pancreatic lymph nodes and the spleen, where
they exerted a regulatory effect on a whole variety of genes that are over- and
under-expressed in the NOD model, though no effect on IFN-γ was seen.
Interestingly, these authors clearly demonstrated that expression of MHC by
the DCs is required for their therapeutic effect. Similarly, Morita et al. [28]
showed that, in contrast to IL-4 expressing DCs, the use of IL-4 expressing
3 T3 cells had no therapeutic effect in CIA.

Thus, DCs do not merely serve as vehicles for gene transfer but contribute
actively to the therapeutic effect by interacting with lymphocytes.
Nevertheless, local migration to inflamed joints can be observed as well [31]
and DCs transduced to express IL-12p40 and galectin-1 were found to increase
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the expression of IL-10 while reducing the expression of IFN-γ in the inflamed
paws (unpublished observations).

The choice of the therapeutic transgene should, therefore, be based on a
concept that considers the combined effect of the transgene and the DCs.
Successful examples include the expression of apoptosis-inducing molecules
such as FasL [32], TNF-related apoptosis-inducing ligand (TRAIL) [33] or
galectin-1 [34] by DCs in CIA and NOD mice, all of which resulted in sup-
pression of IFN-γ and antigen-specific T cell proliferation.

Taking these data together, DCs appear to hold great promise for cellular
gene therapy with regard to future human application. Their disadvantage lies
in their limited proliferative capacity in vitro and the high technical complex-
ity of ex vivo culture and gene transfer under appropriate good medical prac-
tice (GMP) conditions. Furthermore, it remains to be established to which
degree the state of DC maturity is important, whether antigen pulsing is
required and which is the optimal number of transferred cells.

Also, the route of administration appears to be of importance. Intravenous
(i.v.) injection, a commonly used route in inflammatory disease facilitates
accumulation of DC in the spleen [28, 35] but also access to local sites of
inflammation such as arthritic joints [31], whereas subcutaneous (s.c.) injec-
tion favours accumulation in the draining lymph nodes [35]. While in cancer
therapy with the goal of eliciting potent anti-tumour immune-responses, s.c.
application of DCs has been shown to be more effective than i.v. application
[35, 36], the reverse has been reported in the inflammatory setting by Morita
et al. [28] for DC-based gene therapy of arthritis. Interestingly, the authors
found the highest effectiveness for intraperitoneal (i.p.) transfer of DC and
concluded that this was due to effective migration to the spleen by this route.
In addition, simultaneous access to the inguinal lymph nodes from the
intraperitoneal compartment may have contributed to the superior effective-
ness of i.p. DC transfer.

Thus, several parameters and conditions in DC-based gene transfer need to
be taken into account and to be clarified in order to achieve optimal therapeu-
tic success in individual autoimmune diseases.

Cell-derived particles

Of interest, Kim and co-workers [37–39] described that therapeutic effects can
be achieved not only by whole DCs but also by DC-derived particles, so-called
exosomes. Exosomes are small membrane-derived vesicles that are released by
a variety of cells including DCs. They contain cytosolic proteins from their
parental cells as well as membrane-bound molecules including MHC II and
costimulatory molecules and thus are able to present antigen and to stimulate or
regulate T cell function either directly or indirectly by fusion with other DCs.

Injection of exosomes that were derived from DCs modified in vitro to
express IL-4, IL-10 or FasL resulted in a marked improvement of delayed-type
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hypersensitivity as well as CIA in respective animal models [37–39] that was
remarkably similar to the therapeutic effect obtained by the use of whole
genetically modified DCs. Further analysis showed that adoptively transferred
exosomes are taken up by hepatic and splenic DCs and macrophages of the
recipient when applied intravenously. Upon intradermal injection, they were
also internalised by DCs and macrophages of the local draining lymph nodes.

While their efficacy appeared to be somewhat lower than that of whole DCs,
the use of exosomes may have some advantages over the use of DCs for human
applications. One aspect is safety. Since exosomes are only small membrane-
derived particles they do not contain genetic material. Thus, their use would
avoid transfer of a whole genetically modified organism including the trans-
gene material into the recipient. This can be significant, for instance, when
retroviral constructs are used for gene transfer that carry a certain risk for inser-
tional mutagenesis. In addition, the in vivo behaviour can be assumed to be
somewhat more predictable because exosomes appear to retain the phenotype
of the parental DCs at the time of release whereas DCs might change their phe-
notype after adoptive transfer into the recipient. Further studies are warranted
on the application of exosomes in autoimmune and inflammatory diseases.

Stem cells

Another approach of cellular gene therapy that utilises a certain cell type not
only as mere carriers but also takes advantages of specific cellular properties
is the use of genetically modified stem cells. Stem cells are particularly appeal-
ing for use in diseases that cause irreversible tissue damage such as cartilage
and bone destruction in OA and RA. Mesenchymal stem cells (MSCs) isolat-
ed from bone marrow or other mesenchymal tissues are thus far most com-
monly used. Though present only in very low numbers in vivo, these cells can
be readily amplified to meaningful numbers in vitro and have the ability to dif-
ferentiate into bone, cartilage, muscle or adipose cells.

In addition, MSC have immunoregulatory potential [40] and can ameliorate
CIA even without genetic modification by decreasing the levels of proinflam-
matory cytokines and inducing regulatory T cells [41]. Improved efficacy in
CIA was achieved when MSC were transduced to express IL-10 [42].

These studies did, however, not make use of the tissue regenerating poten-
tial of MSCs. An important step in exploiting this potential for therapeutic use
is the application of signals that drive the differentiation of MSCs towards the
desired cell type such as cartilage or bone. Important examples include TGF-β
and insulin-like growth factor (IGF-) I for cartilage differentiation and basic
fibroblast growth factor (bFGF) and bone morphogenetic protein (BMP-) 2
and 7 for bone formation [43]. Introduction of the respective encoding genes
into MSCs by genetic engineering and subsequent implantation into carti-
lage/bone defects can be utilised to provide the modified MSCs with an
autocrine signal and the local cells with a paracrine signal.
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Guo et al. [44, 45] investigated TGF-β and bFGF transfected MSC, respec-
tively, in vivo. When seeded onto an appropriate biodegradable, porous matrix
such as a certain type of ceramics or polylactide, and implanted into cartilage
and bone defects, the engineered cells were able to proliferate, to form matrix
proteins, to stimulate vascularisation and ultimately to fill cartilage and bone
defects with osteoblasts, chondrocytes and hyaline cartilage matrix. At the
same time, inflammatory reactions towards the implants were suppressed, a
phenomenon attributed to the immunoregulatory potential of the MSC.

Despite this success, a more detailed understanding of the mechanisms that
drive MSC differentiation and possible ways to manipulate these mechanisms
for therapeutic purposes will be required to make full use of the potential of
stem cells and to avoid unwanted effects such as the formation of osteophytes
as has been observed with BMP-2 expressing MSCs in an OA model [46].

For the purpose of utilising MSCs to promote formation of a three-dimen-
sional repair tissue in cartilage and bone defects, provision of a scaffold struc-
ture as described above is required. Application of MSC without a scaffold can
only be expected to improve small lesions [47]. Therefore, in complex lesions
such as polyarticular arthritic erosions, implantation of such scaffold-seeded
MSC implants represents a much more complex and invasive undertaking than
an adoptive transfer of modified MSCs by intravenous or intra-articular injec-
tion. In addition, the ideal scaffold material is still a matter of ongoing research.

Conclusions

Gene therapy is a very complex modality. However, if successful, it holds
promise for the treatment of equally complex diseases. Due to this complexi-
ty, the field has suffered numerous setbacks including human fatalities that
seem to have retarded progress towards human application, at least in autoim-
mune and inflammatory diseases that are usually regarded as being non-fatal.
This general view leads to an underestimation of the severity and significance
of these diseases as well as to a disproportionate retardation of development
when compared to cancer research where gene therapy appears to be more vig-
orously investigated.

Nevertheless, there have been groundbreaking developments in the field of
gene therapy of autoimmune diseases which are reported and summarised in
this volume. Among these, cellular gene therapy stands out for two reasons,
safety and selectivity. Ex vivo gene transfer into vehicle cells avoids direct and
systemic exposure of the recipient to the genetic material and to the transfer
vector and allows for extensive testing and selection of carrier cells prior to
adoptive transfer. In addition, the choice of an adequate cell type such as
migrating RASF or DCs can improve directed delivery to desired target sites.
Furthermore, certain cell types such as DCs and MSCs feature distinct intrin-
sic properties that, if used appropriately, can be utilised to broaden their ther-
apeutic value beyond gene delivery.
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The advantages of cellular gene therapy do, of course, come at the price of
high cost and technical complexity. On the other hand, given the physical and
psychological strain and the economic burden caused by chronic autoimmune
and inflammatory diseases and comparing cellular gene therapy with current
therapy in malignant diseases such as bone marrow transplantation, further
development of cellular gene therapy may well be worth the effort and expens-
es. The necessary basis has definitely been provided by previous research as
presented in this chapter.

Acknowledgements
The author is most grateful to his scientific mentors Drs. Ulf Müller-Ladner and C. Garrison Fathman
for their continuous and invaluable support.

References

1 Vervoordeldonk MJ, Tak PP (2001) Gene therapy in rheumatic diseases. Best Pract Res Clin
Rheumatol 15: 771–788

2 Tarner IH, Müller-Ladner U, Fathman CG (2004) Targeted gene therapy: frontiers in the develop-
ment of ‘smart drugs’. Trends Biotechnol 22: 304–310

3 Tarner IH, Müller-Ladner U (2008) Drug delivery systems for the treatment of rheumatoid arthri-
tis. Expert Opin Drug Deliv 5: 1027–1037

4 Triantaphyllopoulos KA, Williams RO, Tailor H, Chernajovsky Y (1999) Amelioration of colla-
gen-induced arthritis and suppression of interferon-gamma, interleukin-12, and tumor necrosis
factor alpha production by interferon-beta gene therapy. Arthritis Rheum 42: 90–99

5 Rabinovich GA, Daly G, Dreja H, Tailor H, Riera CM, Hirabayashi J, Chernajovsky Y (1999)
Recombinant galectin-1 and its genetic delivery suppress collagen-induced arthritis via T cell
apoptosis. J Exp Med 190: 385–398

6 Bessis N, Cottard V, Saidenberg-Kermanach N, Lemeiter D, Fournier C, Boissier MC (2002)
Syngeneic fibroblasts transfected with a plasmid encoding interleukin-4 as non-viral vectors for
anti-inflammatory gene therapy in collagen-induced arthritis. J Gene Med 4: 300–307

7 Saidenberg-Kermanac’h N, Bessis N, Lemeiter D, de Vernejoul MC, Boissier MC, Cohen-Solal
M (2004) Interleukin-4 cellular gene therapy and osteoprotegerin decrease inflammation-associ-
ated bone resorption in collagen-induced arthritis. J Clin Immunol 24: 370–378

8 Evans CH, Robbins PD, Ghivizzani SC, Wasko MC, Tomaino MM, Kang R, Muzzonigro TA, Vogt
M, Elder EM, Whiteside TL et al. (2005) Gene transfer to human joints: progress toward a gene
therapy of arthritis. Proc Natl Acad Sci USA 102: 8698–8703

9 Huber LC, Distler O, Tarner I, Gay RE, Gay S, Pap T (2006) Synovial fibroblasts: key players in
rheumatoid arthritis. Rheumatology (Oxford) 45: 669–675

10 Neumann E, Judex M, Kullmann F, Grifka J, Robbins PD, Pap T, Gay RE, Evans CH, Gay S,
Scholmerich J et al. (2002) Inhibition of cartilage destruction by double gene transfer of IL-1Ra
and IL-10 involves the activin pathway. Gene Ther 9: 1508–1519

11 Lefèvre S, Knedla A, Tennie C, Tarner IH, Stürz H, Steinmeyer J, Gay S, Müller-Ladner U,
Neumann E (2007) Long distance migration of RASF: Role of extracellular matrix. Arthritis
Rheum 56: S436

12 Chernajovsky Y, Adams G, Podhajcer OL, Mueller GM, Robbins PD, Feldmann M (1995)
Inhibition of transfer of collagen-induced arthritis into SCID mice by ex vivo infection of spleen
cells with retroviruses expressing soluble tumor necrosis factor receptor. Gene Ther 2: 731–735

13 Chernajovsky Y, Adams G, Triantaphyllopoulos K, Ledda MF, Podhajcer OL (1997) Pathogenic
lymphoid cells engineered to express TGF beta 1 ameliorate disease in a collagen-induced arthri-
tis model. Gene Ther 4: 553–559

14 Mageed RA, Adams G, Woodrow D, Podhajcer OL, Chernajovsky Y (1998) Prevention of colla-
gen-induced arthritis by gene delivery of soluble p75 tumour necrosis factor receptor. Gene Ther
5: 1584–1592

220 I.H. Tarner



15 Moritani M, Yoshimoto K, Ii S, Kondo M, Iwahana H, Yamaoka T, Sano T, Nakano N, Kikutani
H, Itakura M (1996) Prevention of adoptively transferred diabetes in nonobese diabetic mice with
IL-10-transduced islet-specific Th1 lymphocytes. A gene therapy model for autoimmune diabetes.
J Clin Invest 98: 1851–1859

16 Shaw MK, Lorens JB, Dhawan A, DalCanto R, Tse HY, Tran AB, Bonpane C, Eswaran SL,
Brocke S, Sarvetnick N et al. (1997) Local delivery of interleukin 4 by retrovirus-transduced T
lymphocytes ameliorates experimental autoimmune encephalomyelitis. J Exp Med 185:
1711–1714

17 Chen LZ, Hochwald GM, Huang C, Dakin G, Tao H, Cheng C, Simmons WJ, Dranoff G,
Thorbecke GJ (1998) Gene therapy in allergic encephalomyelitis using myelin basic protein-spe-
cific T cells engineered to express latent transforming growth factor-beta1. Proc Natl Acad Sci
USA 95: 12516–12521

18 Yamamoto AM, Chernajovsky Y, Lepault F, Podhajcer O, Feldmann M, Bach JF, Chatenoud L
(2001) The activity of immunoregulatory T cells mediating active tolerance is potentiated in
nonobese diabetic mice by an IL-4-based retroviral gene therapy. J Immunol 166: 4973–4980

19 Costa GL, Sandora MR, Nakajima A, Nguyen EV, Taylor-Edwards C, Slavin AJ, Contag CH,
Fathman CG, Benson JM (2001) Adoptive immunotherapy of experimental autoimmune
encephalomyelitis via T cell delivery of the IL-12 p40 subunit. J Immunol 167: 2379–2387

20 Nakajima A, Seroogy CM, Sandora MR, Tarner IH, Costa GL, Taylor-Edwards C, Bachmann MH,
Contag CH, Fathman CG (2001) Antigen-specific T cell-mediated gene therapy in collagen-
induced arthritis. J Clin Invest 107: 1293–1301

21 Tarner IH, Nakajima A, Seroogy CM, Ermann J, Levicnik A, Contag CH, Fathman CG (2002)
Retroviral gene therapy of collagen-induced arthritis by local delivery of IL-4. Clin Immunol 105:
304–314

22 Smith R, Tarner IH, Hollenhorst M, Lin C, Levicnik AU, Fathman CG, Nolan GP (2003)
Localized expression of an anti-TNF single-chain antibody prevents development of collagen-
induced arthritis. Gene Ther 10: 1248–1257

23 Costa GL, Benson JM, Seroogy CM, Achacoso P, Fathman CG, Nolan GP (2000) Targeting rare
populations of murine antigen-specific T lymphocytes by retroviral transduction for potential
application in gene therapy for autoimmune disease. J Immunol 164: 3581–3590

24 Annenkov A, Chernajovsky Y (2000) Engineering mouse T lymphocytes specific to type II colla-
gen by transduction with a chimeric receptor consisting of a single chain Fv and TCR zeta. Gene
Ther 7: 714–722

25 Guichelaar T, ten Brink CB, van Kooten PJ, Berlo SE, Lafeber FP, Broeren CP, van Eden W,
Broere F (2008) Cartilage proteoglycan-specific T cells as vectors of immunomodulatory biolog-
icals in chronic proteoglycan-induced arthritis. Mol Immunol 45: 3526–3535

26 Guéry L, Chiocchia G, Batteux F, Boissier MC, Fournier C (2001) Collagen II-pulsed antigen-pre-
senting cells genetically modified to secrete IL-4 down-regulate collagen-induced arthritis. Gene
Ther 8: 1855–1862

27 Burke B, Sumner S, Maitland N, Lewis CE (2002) Macrophages in gene therapy: cellular deliv-
ery vehicles and in vivo targets. J Leukoc Biol 72: 417–428

28 Morita Y, Yang J, Gupta R, Shimizu K, Shelden EA, Endres J, Mule JJ, McDonagh KT, Fox DA
(2001) Dendritic cells genetically engineered to express IL-4 inhibit murine collagen-induced
arthritis. J Clin Invest 107: 1275–1284

29 Kim SH, Kim S, Evans CH, Ghivizzani SC, Oligino T, Robbins PD (2001) Effective treatment of
established murine collagen-induced arthritis by systemic administration of dendritic cells genet-
ically modified to express IL-4. J Immunol 166: 3499–3505

30 Creusot RJ, Yaghoubi SS, Kodama K, Dang DN, Dang VH, Breckpot K, Thielemans K, Gambhir
SS, Fathman CG (2008) Tissue-targeted therapy of autoimmune diabetes using dendritic cells
transduced to express IL-4 in NOD mice. Clin Immunol 127: 176–187

31 Purath U, Neumann E, Creusot R, Yaghoubi S, Härle P, Straub R, Fathman CG, Muller-Ladner U,
Tarner I (2006) Immature dendritic cells as vehicles for application in adoptive cellular gene ther-
apy. Clin Immunol 119: S34

32 Kim SH, Kim S, Oligino TJ, Robbins PD (2002) Effective treatment of established mouse colla-
gen-induced arthritis by systemic administration of dendritic cells genetically modified to express
FasL. Mol Ther 6: 584–590

33 Liu Z, Xu X, Hsu HC, Tousson A, Yang PA, Wu Q, Liu C, Yu S, Zhang HG, Mountz JD (2003)
CII-DC-AdTRAIL cell gene therapy inhibits infiltration of CII-reactive T cells and CII-induced

Cells as carriers of gene therapy 221



arthritis. J Clin Invest 112: 1332–1341
34 Perone MJ, Bertera S, Tawadrous ZS, Shufesky WJ, Piganelli JD, Baum LG, Trucco M, Morelli

AE (2006) Dendritic cells expressing transgenic galectin-1 delay onset of autoimmune diabetes in
mice. J Immunol 177: 5278–5289

35 Eggert AA, Schreurs MW, Boerman OC, Oyen WJ, de Boer AJ, Punt CJ, Figdor CG, Adema GJ
(1999) Biodistribution and vaccine efficiency of murine dendritic cells are dependent on the route
of administration. Cancer Res 59: 3340–3345

36 Wang TL, Ling M, Shih IM, Pham T, Pai SI, Lu Z, Kurman RJ, Pardoll DM, Wu TC (2000)
Intramuscular administration of E7-transfected dendritic cells generates the most potent E7-spe-
cific anti-tumor immunity. Gene Ther 7: 726–733

37 Kim SH, Lechman ER, Bianco N, Menon R, Keravala A, Nash J, Mi Z, Watkins SC, Gambotto A,
Robbins PD (2005) Exosomes derived from IL-10-treated dendritic cells can suppress inflamma-
tion and collagen-induced arthritis. J Immunol 174: 6440–6448

38 Kim SH, Bianco N, Menon R, Lechman ER, Shufesky WJ, Morelli AE, Robbins PD (2006)
Exosomes derived from genetically modified DC expressing FasL are anti-inflammatory and
immunosuppressive. Mol Ther 13: 289–300

39 Kim SH, Bianco NR, Shufesky WJ, Morelli AE, Robbins PD (2007) Effective treatment of inflam-
matory disease models with exosomes derived from dendritic cells genetically modified to express
IL-4. J Immunol 179: 2242–2249

40 Le Blanc K (2006) Mesenchymal stromal cells: Tissue repair and immune modulation.
Cytotherapy 8: 559–561

41 Gonzalez MA, Gonzalez-Rey E, Rico L, Buscher D, Delgado M (2009) Treatment of experimen-
tal arthritis by inducing immune tolerance with human adipose-derived mesenchymal stem cells.
Arthritis Rheum 60: 1006–1019

42 Choi JJ, Yoo SA, Park SJ, Kang YJ, Kim WU, Oh IH, Cho CS (2008) Mesenchymal stem cells
overexpressing interleukin-10 attenuate collagen-induced arthritis in mice. Clin Exp Immunol 153:
269–276

43 Nixon AJ, Goodrich LR, Scimeca MS, Witte TH, Schnabel LV, Watts AE, Robbins PD (2007)
Gene therapy in musculoskeletal repair. Ann N Y Acad Sci 1117: 310–327

44 Guo X, Zheng Q, Kulbatski I, Yuan Q, Yang S, Shao Z, Wang H, Xiao B, Pan Z, Tang S (2006)
Bone regeneration with active angiogenesis by basic fibroblast growth factor gene transfected
mesenchymal stem cells seeded on porous beta-TCP ceramic scaffolds. Biomed Mater 1: 93–99

45 Guo X, Zheng Q, Yang S, Shao Z, Yuan Q, Pan Z, Tang S, Liu K, Quan D (2006) Repair of full-
thickness articular cartilage defects by cultured mesenchymal stem cells transfected with the trans-
forming growth factor beta1 gene. Biomed Mater 1: 206–215

46 Gelse K, von der Mark K, Aigner T, Park J, Schneider H (2003) Articular cartilage repair by gene
therapy using growth factor-producing mesenchymal cells. Arthritis Rheum 48: 430–441

47 Nöth U, Steinert AF, Tuan RS (2008) Technology insight: adult mesenchymal stem cells for
osteoarthritis therapy. Nat Clin Pract Rheumatol 4: 371–380

222 I.H. Tarner



Perspectives for the future developments of gene
therapy for autoimmune and inflammatory therapy

Yuti Chernajovsky1 and Paul D. Robbins2

1 Bone and Joint Research Unit, Barts and The London School of Medicine, Queen Mary University
of London, London, UK

2 Department of Microbiology and Molecular Genetics, University of Pittsburgh School of Medicine,
Pittsburgh, PA, USA

Abstract

Important scientific advances in the understanding of the molecular and cellular events that lead to the
development of autoimmune inflammatory conditions have identified a number of targets that could
be used for the development of therapeutic interventions that exploit gene and cell-mediated delivery.
Relevant to these advances are the results of clinical trials using biological agents, genetic and cellu-
lar interventions and more recently the discovery of new genetic predisposition genes in multination-
al genome-wide association studies, epigenetics and its role in disease progression and finally, thera-
peutic targeting and exploitation of microRNAs. Application of this broad knowledge is being facili-
tated by the improvement of gene delivery vectors whose characteristics are being constantly
improved and transformed to achieve tissue targeting, long-term expression, transcriptional control
and low immunogenicity.

New findings from genome-wide association studies

Most autoimmune inflammatory diseases are of unknown aetiology and their
susceptibility has both genetic and environmental factors. Clarifying the genet-
ic factors is very difficult due to the heterogeneity of the human population and
the majority of the current large studies only include Caucasian populations. A
recent analysis of several published genome-wide association studies and
genome wide non- synonymous SNP scans (single nucleotide polymorphisms
of non-silent mutations) has brought together important conclusions regarding
the similarities in genes involved and shared immunological pathways [1].

23 genes encoding proteins were identified that are shared between two or
more autoimmune diseases (including rheumatoid arthritis, Type 1 diabetes,
ankylosing spondylitis, Crohn’s disease, ulcerative colitis, SLE, coeliac dis-
ease, multiple sclerosis, autoimmune thyroid disease and asthma). These 23
genes fall into three groups: genes involved in T cell differentiation, immune
cell signalling, and innate immunity and TNF signalling [1].

These genetic studies however, have to be brought into biological context.
Firstly, the penetrance or effect of these identified genes will vary among dif-
ferent human populations of different genetic background. Secondly, these
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inter actions will be affected differentially in different pathological situations,
timing and locality as expression of different genes is being modulated. For
example the R602W allele of the PTPN22 gene is considered extremely impor-
tant in the susceptibility to autoimmune diseases [2]. Yet, recent data suggests
that the same allele may have a protective effect in Crohn’s disease [3].

Interestingly, most of the genetic variants identified in complex genetic dis-
orders are located in non-coding regions of the genome and hence their bio-
logical effects are unknown. This indicates that the current genetic knowledge
is just the tip of the iceberg on what is really contributing as genetic predis-
posing factor(s). The need for deep DNA sequencing technologies that can also
assess changes in copy number of genes and changes in copies of sequence
repeats is still needed. This fact points to the most interesting discovery in
molecular biology in the 21st century, the existence of microRNAs and their
important role in regulation of gene expression and cell differentiation.

MicroRNAS

microRNAs (miRNAs or miRs) are small RNAs that regulate gene expression
by translational repression and/or mRNA degradation. miRs are mainly tran-
scribed by RNA polymerase II, after processing by drosha-DGCR8 into 70 bp
mRNA, exported to the cytoplasm and further processed by the nuclease Dicer
and then loaded into the RNA-induced silencing complex (with Argonaute and
other proteins). Then, a specific single strand of the miR duplex is selected as
a guide to direct targeting of mRNA 3' untranslated (UTR) region. A single
miR can target many mRNAs containing binding sites (for a review see [4]).
miR expression have major effects on cell function and have been reported to
serve as tumour suppressors, oncogenes, regulate haematopoietic cell devel-
opment, T cell sensitivity to antigen stimulation and overall cell metabolism
[5–10]. Data from gene knockout mice of the miR nuclease Dicer has clearly
demonstrated the importance of this regulatory pathway in the immune system
[11–13] and in the control of autoimmunity [14].

miRs have been conserved through evolution and about 700 miRs control
about 30% of the genome [15]. Interestingly, but not surprisingly, the miR pro-
file changes between naïve, effector and memory T cells [9]. The transcrip-
tional control of miRs is not fully understood and is an important topic of
investigation. Bioinformatic analysis of miR targets of 613 immune-related
genes has identified 285 genes that are miR targets. Hence there is preferential
targeting of immune genes compared to the genome. Major targets include
transcription factors, cofactors involved in mRNA stability and chromatin
modifiers (histone deacetylase genes) whereas upstream factors, such as lig-
ands and receptors (cytokines, chemokines and TLRs), are in general, non-tar-
gets. About 10% of the immune genes are ‘hubs’ with eight or more different
miRNAs predicted to target their 3' UTRs [15]. All this bioinformatic data has
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yet to be validated experimentally. A database of validated miR targets is being
updated regularly [16].

In humans, most of the research has focused on differences of miR expres-
sion in cancer. However, understanding the role of miRs has become an impor-
tant step for elucidating additional mechanisms of gene regulation in autoim-
mune disease [17–19]. miR expression and changes have been recently noted
in autoimmune conditions [20–24].

Importantly, mRNAs with miR target sequences can be delivered by gene
therapy (for review see [25]) to prevent transgene expression in particular cell
types such as antigen presenting cells and avoid immunogenicity, to express in
neurons versus glia, immature versus mature T cells. Normally, miR targets
expression is also combined with transcription driven by tissue-specific pro-
moters. Overexpression of miR target sequences in a transgene can serve as a
‘decoy’ and release the endogenous genes from miR regulation [26]. In addi-
tion, expression can be made inducible [27, 28].

The majority of the applications of gene therapy, to date, involve the use of
secreted transgenes that act in a paracrine fashion on the affected tissue [29].
In order to properly target miRs in vivo, vectors capable of very efficient trans-
duction of all cells affected by the pathology will need to be developed. For
targeting miR expression ex vivo, current vectors are sufficient.

The understanding of regulation of miR expression will probably have
major impact in the treatment of inflammatory conditions as miRs target many
genes concomitantly and through miR regulation many target genes could be
modulated at the same time. miR function could possibly explain the genetic
penetrance effects of certain genes.

Epigenetics

The role of chromatin remodelling in controlling gene expression during dif-
ferentiation of the immune system is well documented. Cytokine genes (IL-10,
IL-4, IFN-γ) [30], accessory genes such as CD4, CD8 are also regulated by
DNA methylation and histone modifications via histone acetylases (HATs),
deacetylases (HDACs) and histone methylases [31]. In addition, epigenetic
changes are affected by ageing [32, 33] and environmental factors that exert
epigenetic effects can cause inflammation [34], autoimmunity [35] and cancer
[36]. Interestingly, a DNA methylase inhibitor, i.e., 5-azacytidine, can inhibit
experimental arthritis [37] as can Trichostatin A, which is a HDAC inhibitor,
[38–40]. The mechanisms of action of these drugs in vivo are not fully under-
stood and the exact target(s) in these experiments are unknown.

The manipulation of the ‘methylome’ for therapeutic purposes using gene
therapy approaches is a goal that has yet to be achieved, and poses a big chal-
lenge, because we do not understand fully the biochemical intricacies of gene-
specific silencing [41].
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Mechanisms of resistance to therapies

Pro-inflammatory cytokines can affect DNA methylation [42, 43] and regulate
HDAC expression [44] as does LPS treatment of macrophages [45]. Changes
in DNA methylation, gene silencing and changes in gene expression are com-
mon mechanisms of drug resistance with steroids and other chemotherapeutic
agents [46–48]. Biologicals such as IFNs [46] and TGFβ [49] affect DNA
methylation as well.

Resistance to monoclonal antibody therapies have been reported in cancer
treatments [50–55] and mechanisms of resistance vary from downmodulation
of the target antigen to mutations in seemingly disparate signalling pathways.
Importantly, a genetic study of Rituximab-resistant leukaemia concluded that
seven of ten pairs of recurrent CD20-negative cases showed identical Ig heavy
chain and Igkappa gene rearrangements by PCR assay, strongly suggesting that
the pre- and post-Rituximab treated B cell neoplasms are clonally-related [56],
indicating clonal selection of resistant cells. However, there are no reports
looking directly into epigenetic changes of gene expression. Intriguingly, the
most commonly used anti-inflammatory drug, corticosteroid, recruits HDAC to
suppress inflammatory genes [57].

Recently it has been shown that drug resistance is also accompanied by
changes in miR expression [58] which affects the expression of the multidrug
resistance gene (MDR) 1. The accumulating evidence of drug resistance to
biologicals in cancer and autoimmune conditions [59–63], points towards the
need of developing gene therapies that are tightly regulated and targeted to the
pathological site/tissue both because autoimmune chronic conditions have
relapse-remitting cycles [64, 65] and also for safety reasons to prevent long-
term side effects [29]. For example, whereas anti-TNF therapies have funda-
mentally changed the way RA patients are managed, 25–40% of patients fail
to respond and there is no clear understanding of the mechanisms responsible
for this outcome [59, 62, 63]. Recent results indicate that there is a reduced
therapeutic response to Infliximab after the first 6 months of treatment, sug-
gesting acquired drug resistance [60]. This is a very active area or research
within the rheumatology community.

Improving on delivery vectors for autoimmune inflammatory disease

In the chapters by Li, Hirsch and Samulsky and by Brunetti-Pierri and Ng
above the use of non-immunogenic, gutted adenovirus and AAV vectors has
been covered and the current state of their development and use discussed.
Retroviral vectors, derived from Moloney murine leukemia virus (MMLV)
also have been used extensively for gene therapy applications including an ex
vivo approach to treat arthritis with genetically modified autologous synovial
cells. The primary benefit of retroviral vectors is the integration of their genet-
ic material into the chromosomal DNA of infected cells, thus allowing long-
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term expression of trans genes. However, MMLV-based retroviral vectors only
infect dividing cells, limiting their utilisation to costly ex vivo protocols in
which patient cells are iso lated, grown and transduced in culture, then returned
to the patient. Lenti viral vectors, including human, simian and feline immun-
odeficiency virus-based vectors (HIV, SIV and FIV) as well as equine infec-
tious anaemia virus (EIAV), overcome this issue due to their ability to infect
quiescent cells. The utility of lentiviral vector for efficient intra-articular gene
delivery already has been demonstrated. Direct injection of a HIV based
lentiviral vector pseudotyped with VSV-G protein into knees of rats resulted in
efficient transduction of quiescent synovial lining cells, but not other articular
tissues such as cartilage [66]. The level of synovial transduction was similar to
that observed with adenoviral vectors with expression of a therapeutic trans-
gene, IL-1Ra, persisted for over a year.

The efficiency of stable transduction with lentiviral vectors previously has
been dependent on provirus integration in the cell genome where there is a risk
of mutagenesis, either activation of proto-oncogene expression or inactivation
of tumour suppressor. To circumvent the risk associated with integration, inte-
gration-deficient lentiviral vectors (IDLVs) have been generated recently
through the use of specific integrase mutations that prevent proviral integra-
tion. Following transduction of target cells, the lentiviral proviral DNA is
maintained in circular, vector episomes [67, 68]. Although these lentiviral epi-
somes are unable to replicate and thus are eventually lost in dividing cells, they
are maintained stably in quiescent cells. It is also possible that in the future,
IDLVs can be modified to allow for replication during the cell cycle, allowing
for stable transduction of proliferating tissues.

Conclusion

Long-term gene therapy of autoimmune inflammatory conditions require the
development of non-immunogenic vectors (chapters by Subang and Gould; Li,
Hirsch and Samul s ky and by Brunetti-Pierri and Ng) and the awareness that
any long-term therapy could result on unwanted side effects unless the deliv-
ery is well controlled and can be terminated if necessary. Advances in vector
development including AAV vectors, in particular, the identification of novel
serotypes and modified capsids, non-integrating lentiviral vectors and non-
viral plasmid formulations should lead to effective in vivo gene therapy
approaches. Delivery of therapeutic small RNAs such as miRs and siRNA also
can be used as novel therapies for inflammatory and autoimmune diseases.
Preclinical and clinical trials already have demonstrated the feasibility of gene
therapy using both in vivo and ex vivo approaches [69] (see chapters by Subang
and Gould; Li, Hirsch and Samul s ky and by Brunetti-Pierri and Ng). Indeed,
the Phase I ex vivo trials for RA and OA have shown hints of efficacy where-
as the Phase II trial for RA using a suboptimal AAV2 based also showed evi-
dence of efficacy. Thus, it is likely that clinically applications of gene therapy
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for inflammatory and autoimmune disease will continue to develop, becoming
part of standard medical care.
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Recent developments in occupational asthma research and clinical 
practice are the focus of this publication. It discusses the contribution 
of occupational exposures to chemical and biological agents to the 
burden of asthma in adults, powerful approaches like the use of 
apprentices studies, which include young individuals, naïve with regard 
to occupational exposures, and diagnostic criteria for work related 
and work aggravated asthma. Specific emphasis is given to exposure 
response relationships for allergen exposure, large gene-environment 
studies and whole genome screening approaches. Management, 
prevention and surveillance are covered as well. Diagnostic rules are 
introduced to rationalize the diagnostic workup and improve the cost 
benefit of surveillance schemes. Issues in the design of population 
studies are discussed to assist the readers in designing and conducting 
their own study. This comprehensive volume presents new developments 
changing the occupational asthma field in the coming years.
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Man has moved rapidly from the hunter-gatherer environment to the 
living conditions of industrialised countries. The hygiene hypothesis 
suggests that the resulting reduced exposure to micro-organisms 
has led to disordered regulation of the immune system, and hence 
to increases in certain chronic inflammatory disorders, like allergic 
disorders, autoimmunity, inflammatory bowel disease, atherosclerosis, 
depression, some cancers and perhaps Alzheimer and Parkinson. 
This book discusses the evidence for and against in the context of 
Darwinian medicine, which uses knowledge of evolution to cast light 
on human diseases. The approach is interdisciplinary, looking at man’s 
microbiological history, at the biology of the effects of microorganisms 
on the immune system, and at the implications for chronic inflammatory 
disorders in multiple organ systems. Finally, the authors describe 
progress in the exploitation of microorganisms or their components as 
novel prophylactics and treatments.
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additional mechanisms to the hygiene hypothesis.
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