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Targeting TNF receptor in the heart:
clue to way forward with AAV?
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In the last few years, adeno-asso-
ciated vectors (AAV) have generated
significant interest as safe and effec-
tive vehicles for gene transfer. In the
cardiovascular field, there has been
considerable enthusiasm for AAV
because of their small size, which
allows them to pass through vessel
walls and to reach the myocardium,
and for their promise of a relatively
long-term payload gene expression.
However, there have been two re-
ported examples of dose-dependent
generation of CD8" T-cell responses
to AAV capsid proteins in humans,
limiting the therapeutic potential of
otherwise promising therapies for
hemophilia’ and type I hypertrigly-
ceridemia deficiency”.

The study by McTiernan et al.® in
this issue comparing the effects of
gene transfer of type 2 AAV (AAV2)
encoding TNFRII-Fc with empty
AAV2 capsids may provide some clue
to new pathways controlling the
delicate balance between induction
of deleterious T-cell responses and
operational immune tolerance to the
AAV2 and payload gene proteins.
These experiments in the baboon were
initially performed as pre-clinical
safety studies of AAV2 TNFRII-Fc
gene therapy as a therapy for heart
failure. Although the potential value
of this approach as heart-failure ther-
apy has since been reconsidered based
on other results, the observations by
McTiernan et al® that myocarditis
resulted following the injection of
AAV2 encoding TNFRII-Fc but not
AAV2 empty capsids in the heart of
baboons may have broad implications
for AAV-based gene therapy.

The authors attempt to sort
through three reasons why myo-
carditis might occur:

1. immune response directed to-
ward AAV capsids;

2. immune response directed to-
ward the transgene: TNFRII-Fc;
and

3. biological response induced by
TNFRII-Fc.

Overall, this is an interesting and
difficult study performed in a precli-
nical setting for therapeutics (TNFRII-
Fc). The authors stumble on a surpris-
ing finding, and with the limited
number of baboons they conduct a
number of serological and histological
measurements in an attempt to ex-
plain the findings. Their results seem
to rule out an immune response
directed toward the transgene:
TNFRII-Fc. However, based on the
data provided, we do not agree with
their conclusion suggesting that myo-
carditis represents a general phenom-
enon of cellular responses to all AAV
vectors encoding foreign proteins. An
alternative explanation is that the
combination of anti-TNF coding trans-
genes and AAV results in cellular
immune responses against AAV cap-
sid proteins that would not occur
otherwise. This alternative hypothesis
is supported by the following:

(1) AAV  vectors delivering the
transgene for the sarcoplasmic
reticulum ATPase2a have been
studied in sheep, pig and pri-
mates, with no evidence of
myocarditis, T-cell infiltrates or
damage to cardiac tissue, as
assessed by histopathological
analysis or highly sensitive as-
says for cardiac enzymes.*”

(2) Operational tolerance to the pro-
duct of foreign transgenes fol-
lowing in vivo gene transfer of
AAV vectors is associated with
CD4+ T-cell tolerance involving
anergy and deletion mechan-
isms. This has been demon-
strated for Factor IX in
primates® and ovalbumin in
mice.” In both cases, the critical
role of CD4*CD25* T regulatory
cells has been demonstrated.

(3) Latency induced by viral infec-
tions are attributed to the

generation of CD4*CD25" T reg-
ulatory cells,® and the critical role
of TNF in the generation of such
T regulatory cells has recently
been elucidated,” suggesting a
biological link in the study by
McTiernan et al.®> between anti-
TNF therapy and the generation
of myocarditis.

(4) Experimental support for our
alternative hypothesis in pri-
mates is provided in the study
by Mingozzi et al.,® where gen-
eration of humoral immune re-
sponses was studied when
immunosuppressive agents were
combined with an AAV2-hFIX
vector (Figure 1).° Antibody re-
sponses against AAV2 capsid
proteins ~ were  significantly
blunted with the administration
of mycophenolate mofetil (MMF)
and sirolimus; however, when
daclizumab (a humanized anti-
CD25 antibody) was added to
this regimen, the anti-AAV2 anti-
body response was higher than
in non-immunosuppressed animals.
This suggests that a CD4"CD25*
T regulatory pathway is active in
the operational tolerance docu-
mented to AAV capsid proteins.

Therefore, the biological conse-
quence of locally inhibiting TNF
signaling may have resulted in myo-
carditis in the study by McTiernan et
al.® In this alternative model, local
inhibition of TNF prevents the
generation of tolerogenic anti-AAV
capsid CD4*CD25* T cells with sub-
sequent enhancement of a cellular
immune response against the AAV
capsid antigens. In other words,
blocking TNF (and subsequent pre-
vention of T regulatory cell develop-
ment) may have been enough to tip
the balance of an immune response
to AAV vector triggered initially
by local innate immunity toward a
destructive cellular immune re-
sponse and myocarditis.

Our overall conclusions also differ
from those of the authors. We do not
believe that these data are discoura-
ging to the field of AAV gene
therapy. Rather, we are encouraged
by these findings, as they potentially
provide clues for further manipulat-
ing the immune system with mod-
alities that may enhance the success
of AAV therapeutics. For example,
the use of agents such as sirolimus
may be of benefit as this drug
has been shown to promote the
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Figure 1 Anti-AAV2 antibody formation following AAV2-hFIX vector delivery from
Mingozzi et al. Time O represents the time of vector administration; dotted vertical line
shows the time when immunosuppression (IS) was withdrawn. All animals received
8 % 10'* viral genomes per kg of an AAV-2-hF IX vector infused through the hepatic artery.
Each line represents the average value (+s.d.) of a group of three animals. This figure was
initially published in Mingozzi F, Hasbrouck NC, Basner-Tschkarajan E, Edmonson SA, Hui
DJ, Sabatino DE et al. Modulation of tolerance to the transgene product in a non-human
primate model of AAV-mediated gene transfer to liver. Blood 2007; e-pub ahead of print

3 July 2007.

induction of regulatory T cells.'*'?
Finally, recent studies in animal
models have shown that adoptive
transfer of CD4*CD25" T regulatory
cells can prevent or even cure aller-
gic and autoimmune diseases and
the cells appear to induce transplan-
tation tolerance.’® Thus, we hope
that these new data by McTiernan
et al® stimulate new thinking regard-
ing the immunology of AAV vectors
and the critical importance of under-
standing the possible effect due to
the biological activities of payload
genes on the local and systemic
environments. W
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