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involve transduction of hundreds of millions
of cells. Currently, the approach demon-
strated by Khan et al. remains limited to use
in cultured cells that can subsequently be ex-
panded to achieve the cell numbers required
for downstream applications. Also, despite
potential uniformity of HLA subtypes across
hiPSC derivatives and their recipients, it re-
mains to be seen whether the short exposure
of transplanted cells to viral capsids is suf-
ficient to induce an immune response in the
transplanted host. It is remarkable, however,
that differentiated fibroblasts, having under-
gone AAV transduction, retain the prolifera-
tive capacity for subsequent reprogramming
into hiPSCs. Differentiated somatic cells se-
nesce over time, and senescence is known
to inhibit successful reprogramming.?* The
low derivation efficiency of hiPSCs is al-
ready a well-recognized and prominent
impediment in the reprogramming field.
The further reduction in efficiency observed
when reprogramming genetically modified
fibroblasts raises further questions. Will ad-
ditional increases in the degree and number
of genomic modifications in fibroblasts lead
to further reductions in reprogramming ef-
ficiency? Or is the reduction in reprogram-
ming efficiency correlated only with the
increased number of plating and passaging
steps required for fibroblast culture prior to
transduction with reprogramming factors?

Khan et al. have convincingly dem-
onstrated the feasibility of AAV-mediated
gene correction in hESCs and hiPSCs.
Overall, their results open many new
avenues for investigators to site-specifically
modify candidate genes before and af-
ter the derivation of pluripotent stem cell
types. After perturbing a gene of interest,
the derived iPSC lines can be differentiated
into the relevant cell population to measure
the gene’s effect on cell function. Impor-
tantly, the ability to site-specifically modify
the genome mitigates the risk of malignant
transformation induced by random retrovi-
ral or lentiviral transgene insertion.?* Safe,
reliable genomic modification would great-
ly assist the therapeutic cell transplantation
field to overcome this significant obstacle
to clinical realization. In any case, these ad-
vances have significantly streamlined the
genetic manipulation of pluripotent stem
cells, and have brought a small step closer
the realization of the full potential of pluri-
potent stem cells for investigating disease
and treating patients.
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wo ongoing clinical trials utilize dif-
ferent adeno-associated viral (AAV)
vectors for liver-directed factor IX (FIX)
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gene transfer with the goal of sustained
therapy in patients with severe hemophilia
B. Although preclinical studies have docu-
mented immune tolerance and long-term
expression of EIX in animals, the single
prior clinical trial of this approach achieved
only transient therapeutic gene expres-
sion and exposed preexisting immunity
to the AAV vector as a major obstacle for
therapy.! Although accumulating preclini-
cal data continue to fuel a debate over the
potential impact of immune responses on
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Model for immune tolerance induction by liver gene transfer. Hepatocyte-restricted

transgene expression leads to antigen presentation, which not only causes deletion and anergy
among transgene product—specific T cells but also induces CD4*CD25*FoxP3* Tregs. Induced reg-
ulatory T cells (Tregs) suppress B and T cells’ responses (including cytotoxic T lymphocytes, CTLs)
to the transgene product and convert CD4+ effector T cells (Teffs) to Tregs. In the anti-inflamma-
tory hepatic environment, interleukin-10 (IL-10) expression by Tregs and antigen-presenting cells
(APCs) further enforces suppression of CTLs. This model is based on studies from several laborato-
ries. TGF-B, transforming growth factor-B. Adapted from ref. 2.

hepatic AAV gene transfer, these data do
not allow us to predict whether the human
immune system will reject or tolerate ther-
apy. This commentary dissects the relevant
human and animal data, some of which are
contradictory or allow us to draw only lim-
ited conclusions. More clinical trial data are
critically needed and should ultimately help
us develop better protocols.

Theliver performs essential functions in
metabolism, detoxification, and production
of plasma proteins. Therefore, it is an im-
portant target for gene therapy, not only for
correction of liver disease but also for sys-
temic delivery of therapeutic proteins. AAV
vectors, based on a replication-deficient
parvovirus with a small single-stranded
DNA genome, have mediated long-term
systemic expression of transgenes in ani-
mals, while eliciting only limited inflam-
matory responses in the liver. Moreover,
several investigators have demonstrated
induction of immune tolerance to a thera-
peutic gene product following gene transfer
to hepatocytes (Figure 1).2

Approximately 30% of the total blood
volume passes through a network of hepatic
sinusoids every minute, delivering periph-
eral lymphocytes into a tolerogenic mi-
croenvironment, whose unique anatomical
features promote interactions with antigen-
presenting cells (APCs).” In this hepatic
environment, liver sinusoidal endothelial
cells, hepatic dendritic cells, Kupffer cells,
suppressive cytokines, and several types of
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intrahepatic lymphocytes with regulatory
activity (natural killer T cells, CD4* and
CD8" regulatory T cells, Tregs) are present,
all of which have been implicated in pro-
moting immune tolerance.>* A consequence
of tolerogenic antigen presentation is the
induction of CD4*CD25*FoxP3* Tregs; see
Figure 1).2* Induced Tregs suppress effector
CD4* and CD8" T-cell responses and anti-
body formation to the transgene product in
the liver and at extrahepatic sites, and they
also help protect the liver from immune-
mediated injury.

Because hepatocyte-restricted trans-
gene expression can induce tolerance to
therapeutic and autoantigens, this route of
delivery is attractive both for correction of a
protein deficiency and for immunomodula-
tory therapy.” Hepatocyte-expressed antigen
also promotes hyporesponsiveness in other
organs and the systemic circulation.*® An
obvious question is whether this concept
of tolerance following gene transfer to the
liver will translate to treatment of humans.
Some studies caution that particular mouse
models may lead to an overestimation of
this ability to induce tolerance.®” Neverthe-
less, studies in nonhuman primates (NHPs)
support the importance of Tregs in the
development of tolerance to the transgene
product,® and other large-animal models
have emphasized the importance of avoid-
ing transgene expression in professional
APCs so as to develop immune tolerance
following liver gene transfer. For example,
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long-term EIX expression in hemophilia B
dogs with a null mutation and prolonged
green fluorescent protein expression in
NHPs can be achieved using hepatocyte-
specific promoters.*'

Other observations support the
hypothesis that hepatic-derived antigens
promote tolerance in humans. In liver
transplantation, major histocompatibility
complex (MHC) matching is not a prereq-
uisite for a successful outcome, and liver
allografts may enhance survival of other
organs transplanted at the same time.
Moreover, spontaneous tolerance (permit-
ting one to discontinue immunosuppres-
sive regimens) develops more frequently
after transplantation of liver as compared
with other organs.’

Although animal studies have shown
that a therapeutic transgene product can be
tolerated by the immune system, preexisting
immunity to the vector capsid has emerged
as an obstacle to liver-directed gene therapy
to humans (Figure 2). Even very low titers
of neutralizing antibodies (NABs) have been
found to block AAV gene transfer to the liv-
er. This effect has been observed in a phase
I/IT clinical trial of AAV2-mediated gene
transfer to patients with severe hemophilia
B, following AAV-mediated gene transfer to
NHPs using various serotypes and follow-
ing passive transfer of human or NHP sera
to mice."'* In addition, data from the hemo-
philia trial have demonstrated the activation
of capsid-specific CD8* T cells.""* The acti-
vated cells probably represented memory
T cells generated following prior natural
infection with the parent virus or a related
serotype. Closer examination of the results
from two hemophilic subjects treated with
AAV2 vectors showed a strong correlation
between the time course of the CD8" T-cell
response to capsid in peripheral blood, a
transient (although clinically asymptomatic)
rise in systemic liver enzyme levels, and the
loss of transgene expression over a period
of approximately 2 months.”* Subsequent in
vitro follow-up studies provided direct evi-
dence for MHC I presentation of input capsid
antigen by AAV-transduced hepatocytes,
which then became targets for cytotoxic
CD8" T lymphocytes (CTLs)."* However,
the development of an animal model that
replicates the development of CTL activity
against transduced hepatocytes—as seen
in the human trial—has been elusive.”
Although it is generally accepted that some
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fraction of the input AAV capsid proteins is
ubiquitinated and degraded by proteasomes
in the target cells, it is unclear whether the
level of MHC I presentation of input capsid
in transduced hepatocytes in vivo will be suf-
ficient to generate a CTL response. In addi-
tion, there are differences between immune
systems and MHC presentation between
species. It is also conceivable that the biolo-
gy of natural infection with AAV in humans
differs somewhat from other species, which
may influence immune responses, and this
should be studied in more detail. For ex-
ample, latent genomes have been found in
various human and NHP tissues.'® Finally,
assays for detection of capsid-specific T cells
in humans should be further refined.

It has been proposed that transient
immunosuppression or the use of al-
ternative serotypes may help avoid acti-
vation of immune responses following
AAV-mediated gene transfer to the liver.
With regard to T-cell responses, one pos-
sible approach is to include a transient
immune modulation regimen, similar to
those used in transplantation.'” Various
regimens have been reported that make
use of small immunosuppressive drugs
and antibodies. Interestingly, immuno-
suppression is now also used in enzyme
replacement therapy for the lysosomal
storage disorder Pompe disease, which
expands our experience with immuno-
modulation in genetic disease. In addition
to the suppression of the resulting lym-
phocyte response, MHC I presentation of
the capsid could conceivably be directly
suppressed by delivering proteasome in-
hibitors. On the other hand, it has been
speculated that use of certain alternative
AAV serotypes may circumvent the need
for immunosuppression altogether. For
example, AAV8 input capsid does not
activate CD8* T cells effectively in mice or
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in NHPs, presumably owing to a reduced
capacity of such vectors to bind dendritic
cells because of their reduced binding to
heparin.' Mouse studies have also shown
that AAV8 is more efficient for gene
transfer to hepatocytes and for induction
of tolerance to the transgene product.
However, AAVS8 capsid contains epitopes
that are present within other serotypes,
raising the possibility that memory CD8*
T cells generated following prior natural
exposure to these other serotypes might
be reactivated in humans following gene
transfer so as to subsequently target
AAV8-transduced cells.

In mouse liver, a vector dose of AAVS
that is 1 to 2 logs lower than AAV2 results
in a similar level of transgene expression.
However, such an impressive dose advan-
tage for AAVS8 has not been observed fol-
lowing gene transfer of clotting factors in
dogs or NHPs."”” On the other hand, recent
results demonstrated much more robust
transduction of NHP hepatocytes with
AAVS8 and suggest that low titers of NABs
could have partially blocked hepatic AAVS8
gene transfer in previous NHP studies.'® It
has been speculated that the AAVS8 capsid
might evade neutralization by preexisting
antibodies in humans, in that it was iso-
lated from NHPs, as opposed to AAV2,
which was isolated from humans. How-
ever, published reports of the prevalence of
NABs to AAV8 in humans vary consider-
ably (from 5% to 55%), which may be due
in part to difficulties with this assay.'®*

In summary, preclinical studies will
continue to fuel the debate on whether
the immune system will be friend or foe
following liver gene transfer with AAV
vectors in humans. Resolution of these is-
sues will be facilitated by the availability of
upcoming clinical trial data. A phase I/1I
trial on liver-directed AAV gene transfer is

Figure 2 Obstacles to AAV liver gene transfer in humans. Preexisting immunity to adeno-
associated viral vectors can potentially block gene transfer in humans through neutralizing
antibodies or through targeting of transduced hepatocytes by memory CD8* T-cell (T,,)

responses to capsid.
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currently open for enrollment. This dose-
escalation study of a self-complementary
AAV vector for gene transfer in hemophilia
B, sponsored by the St. Jude Children’s
Research Hospital, represents the first ap-
plication of serotype 8. The vector is deliv-
ered intravenously and encodes a double-
stranded genome, which leads to increased
transgene expression per dose relative to a
single-stranded genome. At the same time,
a separate clinical trial (sponsored by The
Children’s Hospital of Philadelphia) of
delivery of single-stranded AAV2 vector
to livers of hemophilia B patients via the
hepatic artery has been modified to in-
clude transient immunosuppression and
is continuing to recruit patients. Both of
these latter clinical trials will be conducted
in adult patients. Spontaneous tolerance to
a liver transplant is more often observed
in pediatric patients,'”” and hepatic gene
transfer to neonatal animals has led to
induction of tolerance to coagulation fac-
tors. Moreover, young children may also
lack preexisting immunity to AAV vec-
tors. Although inclusion of children with
hemophilia may not be acceptable for
these initial trials, these points should be
kept in mind for future clinical studies and
for other, perhaps more life-threatening
diseases.

In conclusion, the liver is an important
target organ for many potential gene ther-
apies, and long-term gene engraftment
has been achieved in numerous animal
models. Given the potential for tolerance
induction, those working on lysosomal
storage disorders such as Pompe’s disease
hope to use hepatic AAV gene transfer
as an immunomodulatory therapy to
enhance enzyme replacement therapy and
therapies in other organs.” How best to ac-
complish these goals in humans can only
be addressed by more clinical studies. Al-
though one must approach gene transfer
to a major organ with caution, the lack
of additional instructive data in humans
has been frustrating, and we are indebted
to the investigators who are pioneering
the current clinical trials in hemophilia.
After all, prior experience has taught us
that a “bedside to bench and back” cycle
between clinical and laboratory/animal
investigations is crucial to drive the field
forward, and that preclinical studies alone
can have substantial limitations.
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