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Gene Therapy for HIV Infection by ‘Intracellular
Immunization’ with Antiviral Genes
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Abstract

Gene therapy for HIV infection either aims to eliminate HIV-infected cells or to
suppress virus replication by expression of antiviral genes in the major target
cells for HIV. Here, the latter approach, which has been termed ‘intracellular
immunization’, is described. The elements that are crucial for this strategy to be
effective are optimized gene transfer tools and protocols, the careful choice of a
target cell for genetic modification, and a highly effective combination of antiviral
genes. Only if all these components are integrated into an optimized gene
therapeutic process is there a chance for gene therapy to be effective clinically
in HIV infection.
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Introduction get cells of HIV-1 or their progenitor cells. Lympho-
cytes or hematopoietic stem cells are collected, ge-
netically engineered ex vivo with an antiviral gene
and then infused back into the patient. This ap-
proach has been termed ‘intracellular immuniza-
tion’, although the name may be misleading as no
immune reaction is actually required for this princi-
ple to be effective.

For both therapeutic approaches extensive basic re-

Antiviral drug therapy (HAART) has considerably
improved the survival of HIV-infected patients. How-
ever, limitations of HAART, such as drug-resistant
HIV variants and toxicity have become more and
more evident. The development of additional thera-
pies for HIV infection, such as gene- and im-
munotherapy, therefore appear warranted.
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Tools for gene transfer

Inefficiency of gene transfer has been one of the
major obstacles on the way to successful gene ther-
apy for many diseases. Initially, several groups
used physicochemical gene transfer methods, but
currently viral vectors are most widely used. Proto-
cols for retroviral vectors have been extensively op-
timized to allow high levels of transduction espe-
cially for lymphocytes but also for hematopoietic
stem cells. One crucial improvement has been the
use of the envelope protein of gibbon ape leukemia
virus (GALV) to pseudotype retroviral vectors. In ad-
dition, the transduction on fibronectin leads to colo-
calization of vector and cells and thereby augments
transduction efficiency considerably'0.11:51,

A promising alternative is the use of lentiviral vec-
tors (LV) derived from HIV which have several ad-
vantages over the murine leukemia virus (MLV)-de-
rived retroviral vectors generally used. In contrast to
MLV vectors, LVs transduce non-dividing lympho-
cytes, which reduces the time for ex vivo culture for
gene transfer. Cis elements of LVs can act as RNA
decoys and thereby additionally inhibit HIV replica-
tion. Furthermore, LVs can be mobilized and trans-
ferred to new T cells by replicating HIV thus increas-
ing the number of gene-modified cells. Although the
possible contamination of vector stocks with a repli-
cation-competent recombinant lentivirus is no more
a major problem with the newest generation of
safety-modified packaging systems, lentiviral vec-
tors still have major drawbacks. Stable producer
cells for lentiviral vectors are not available, which
makes large-scale production of vector stocks for
clinical application difficult. Some anti-HIV genes
also interfere with the production of vector with the
HIV-derived lentiviral packaging systems*. In ad-
dition, the GALV Env, which mediates high level
transduction of lymphocytes and stem cells, is in-
corporated inefficiently into lentiviral particles®. In
conclusion, as gene transfer techniques are being
further improved, future clinical trials are expected
to show higher levels of gene transfer and thus
more likely a clinical benefit for the HIV-infected
patient.

Genetic modification of lymphocytes
versus hematopoietic stem cells

There are several oNi@Jsprad%r@fwPﬁhl@

groups have targeted anti-HIV genes to T lympho-
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tion of gene-modified progeny. Moreover, although
T lymphocytes are the major reservoir of HIV infec-
tion, virus replication can also be detected in mono-
cytes and macrophages®86°  Stem cell gene
transfer would lead to genetic modification of all
these cellular reservoirs for HIV. However, the prin-
cipal problem of a stem cell-based gene therapy for
AIDS is that antiviral genes do not confer a major
selective advantage to stem cells and therefore
conditioning of the patient before stem cell trans-
plantation is expected to be required to achieve
significant engraftment. Therefore, many trials aim
to show clinical benefit of an antiviral gene (proof of
principle) with gene-modified lymphocytes before
considering the more invasive stem cell therapies.

Antiviral genes

The gene product that mediates the antiviral ef-
fect is either a protein or an RNA. Both have advan-
tages and disadvantages. Proteins can be immuno-
genic, while RNAs are not. On the other hand, some
proteins can be engineered to act on non-trans-
duced cells (bystander effect, such as secreted
sCD4, neutralizing antibodies, cytokines), which is
a major advantage in comparison to the antiviral
RNAs.

Several types of antiviral proteins are known.
Dominant-negative mutants of viral proteins can
inhibit the function of the wild-type viral proteins.
Examples are transdominant Rev and Tat mutants®¥48,
Correspondingly, expression of mutated cellular
proteins, such as soluble CD4 or mutEIF-5A%, can
interfere with essential functions of the wild-type
cellular proteins within the viral life cycle. Ectopic
expression of certain cytokines has been shown to
inhibit HIV replication. Examples are interferon o/p
and interleukin'316:3256.75 " Finally, antibodies that
bind and inactivate viral proteins can be expressed
within the cell as single-chain fragments (SFvs: anti-
Rev, anti-IN, anti-RT) or secreted as a neutralizing
antibody into the supernatant3%5561,

Three major groups of antiviral RNAs have been
used for intracellular immunization against HIV:
(i) Antisense-RNAs have been described for many
regions of the HIV RNA genome. (ii) Expression of
small RNA fragments containing RNA elements.cru-
cial for HIV replication oan lead to competitive inhi-
f this element in the viral
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pected to be different for antiviral genes. Since the
total number of target cells for HIV-1 in the patient is
over 10", genetic modification ex vivo of all these
cells will not be feasible in near future, neither by a
T cell nor by a stem cell-based approach. Applica-
tion of cells containing an antiviral gene can thus
only lead to an overall reduction of viral load and a
clear clinical benefit, if the genetically protected
cells have a selective advantage over the non-
modified cells and accumulate with time to a signif-
icant portion. Virus and T cell dynamics will thus be
complicated by the fact that two groups of T cells
are present in the patient, a genetically protected
and a susceptible population.

In a complex system, such as the virus-infected
patient, it is difficult to predict the overall outcome of
the modification of one element in the system, such
as the transfer of genetically protected cells. How-
ever, certain effects of the different antiviral genes in
the patient seem probable. Inhibitory genes have
been described for all major steps of HIV replication
(Fig. 1). Here, we argue that the outcome will de-
pend crucially on which steps of the viral life cycle
are inhibited in gene-modified cells. A novel classi-
fication of antiviral genes into three groups is pro-
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posed based on the predicted effect on virus dy-
namics (Table 1).

In the first class, we have grouped those genes
that inhibit early steps of virus replication, including
the integration of provirus, and thereby prevent
virus infection of the cell. With respect to virus and T
cell dynamics (adapted from*), as represented in
figure 2, class | genes cause a reduction of the rate
constant (k) for the generation of infected T cells
(T*) from non-infected cells (T). Examples are the
membrane-anchored peptides as described below
that inhibit entry of HIV and intracellular single-chain
antibodies to reverse transcriptase (RT) and inte-
grase (IN). The second group of genes do not interfere
substantially with the early phase of infection, but in-
hibit expression of viral proteins and thereby reduce
the amount of virus released from infected cells (N
in Fig. 2) and the viral cytopathic effect (reduction of
death rate, 8 in Fig. 2). Only genes in this group
have been used so far in clinical trials as they have
the strongest antiviral activity in cell culture. Exam-
ples are tdRev (RevM10) and RRE decoys*7.
Genes in the third class reduce the number of infec-
tious virions released from the cell. However, these
class Ill antiviral gene products neither protect the

Figure 1. Action of different antiviral genes. Secreted neutralizing antibody, secreted sCD4 and membrane-anchored peptides can
inhibit entry of HIV (1). Intracellular SFvs to reverse transcriptase and integrase inhibit reverse transcription and integration,

respectively (2, 3). TAR dec; and transdomina Tat mutant ibit ex ess:on of viral proteins (4). RRE decoys and tdRev
inhibit export of unspliced N g\/ % esﬁcjh %@q %Jr{ ﬁBFé Iy,béease the stability of viral
RNAs (6). Td Gag proteins inte wi the assembly o /nf ious virions lle Gag-nuclease fusion proteins lead to the
degradation of viral genomic RNA in the virions (8).
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Figure 2. Schematic representation of virus and T cell dynamics. T, uninfected T cells; T, rate constant for infection of T; VI,
infectious free virus; VNI, non-infectious virus; ¢, clearance rate of VI and VNI; T*, infected T cells; N, burst size of V produced
from T; 87T, death rate of T*; T*L, latently infected T cells; 8L, death rate of T*L; i T, rate constant for generation of T*L, a, rate at
which T*L are activated to T; M, non-infected macrophages; xM, rate constant for the infection of macrophages; M*, infected M;
dM, death rate of M; p, rate of virus production by M* (adapted from™.)

cell from a viral cytopathic effect nor from recogni-
tion by the immune system, as virus protein pro-
duction is not reduced (N is reduced while the death
rate of infected cells, 9, is not influenced). Examples

are td Gag proteins and Gag-nuclease fusion pro-
teins#9:°965,

Predicted effect of antiviral genes on T cell
and virus dynamics

These three classes of antiviral genes are antici-
pated to differ considerably in their effect on virus
and T cell dynamics (Table 1). Genes in the first
group are clearly expected to confer a selective ad-
vantage to the cell and lead to the accumulation of
gene-modified, non-infected cells. Genes of the sec-
ond group also confer a selective advantage. How-
ever, gene-modified cells that are selected and ac-
cumulate in the patient will harbor suppressed
HIV-provirus. These cells resemble latently infected
cells and are quasi in a ‘pseudolatent’ state. The ef-
fect on total virus production of such an accumula-
tion of ‘pseudolatently’ infected cells is difficult to
predict, but will not necessarily involve a substantial
reduction of viralload. Class Il genes do not confer
a 'selective advantage. Their possible benefit in

gene therapy of HIV in t|on ooul e
be in combination with p &r Ehj

tracellular single-chain Fv (SFv) antibody fragments.
These antiviral genes, however, have low antiviral ac-
tivity3>6!, Entry of M-tropic viruses can be inhibited by
downregulation of the CCR5 receptor. This has been
achieved by expression of an anti-CCR-5 ribozyme as
well as SFv antibodies to CCR5 that are retained in the
ER (intrabodly)1862,

Recently, we have described a membrane-an-
chored peptide expressed from a retroviral vector
that inhibits entry of a broad range of HIV isolates
with high efficiency?*. The peptide used is derived
from the C-terminal heptad repeat of HIV gp41 en-
velope glycoprotein (T20) and, as a free peptide, is
known to inhibit HIV-1 fusion and entry at nanomolar
concentrations'. The proposed mechanism of ac-
tion is shown in figure 3. However, the free peptide
is not orally bioavailable, has an extremely short
half-life of less than 2 hours, and large-scale pro-
duction is expensive still. The aim was to overcome
these drawbacks by direct expression of the in-
hibitory peptide in the target cell of HIV-1.

A retroviral vector was designed to express a
membrane-anchored form of T20 as a fusion protein
(M87)4. This protein has an N-terminal signal do-
main..derived. from.the human. low.  affinity. .nerve
growth factor receptor (LNGFR) followed by the an-
tiviral peptide sequence (T20), a flexible linker de-

bh@ FroM(Ne niliiaglgG Beavy chain and a C-ter-

that allow accumulation of genehcally proteoted minal membrane an hor (MSD) derived from the

cells. These considerations Sd \@ b nc ed LN %e
the inclusion of group | antlvfggm rugtg I@r lh h PM-1 was transduced with

lar immunization strategies.

M87. CeII surfaoe expression of T20 was detected

without the prlor VRS RN TheSERT e w7 wranscueds

Class | antiviral genes

Only few class | genes have been descrlbed Tabl
). Virus entry can be |nh|b|ted by a neutrahzmg hu-

and mtegratlon can be mhlblted by expressmn of in-

tures (Fig. 5). Expression of T20 as well as
tbﬁpg cof HIV replication was also shown for in-
fected penpheral blood T lymphocytes. Replication
of several primary HIV isolates from different olades

OHE RSP

was tested by smgle round infections with different




Dorothee von Laer and Gunda Brandenburg: Gene Therapy for HIV Infection

Table Il. Summary of published anti-HIV genes

Class  Gene Citations Potentially immunogenic Potential bystander Effect

| Secreted soluble CD4 4546 no yes
Secreted neutralizing antibody 55 yes yes
Anti-CCRS5 ribozyme 3,18 no no
CCRS5-intrabody 62 yes no
Membrane-anchored entry inhibitors 24 yes yes
SFvto RT 61 yes no
SFvto IN 6,29.35 yes no

I IL16 s no yes
Antisense RNA 1241 no no
TdRev 39,4050,73 yes no
TdTat 19,48 yes yes
MutEIF-5A 5 (yes) no
TAR decoy 37.63 no no
RRE decoy 233 no no
Antisense RNA 27,33,42,66 no no
Anti-Rev SFv 16,25 yes no
Anti-Tat SFv 52 yes no
Ribozymes 21,22,30,36,57,71,74 no no

]| tdGag 65 yes no
Mutated tRNAYS 38 no no
Psi-sense/antisense RNA ® no no
PBS decoy 3 no no
Gag-nuclease fusion protein 59 yes no
CD4 chimera 54 (yes) ?

Non-

classified Interferon o/ 13,8256 no yes

Virus

gp41

gp120

CD4/Co-R
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Figure 3. Inhibition of entry by M87. HIV envelope g/ycoproteih trimer is composed of the surface protein gp120SU, which is
anchored to the virus membrane by gp41TM. Virus entry is initiated by binding of gp 120 to the CD4 receptor and a chemokine

receptof, beth a iated with a conformational change oi 120 (A). Fusfon of the virdl and cellular menbrag@ys I
by gp# @; C). i h pe. jorisi/e ineBrsThree N ina
peptideswhich is' de from¥th inalihe, repeat, b e’the N- /ol / le] ahd thefeby=lOcks
the gp41 into a fusion-incompetent state (B

=

AIDSREVIEWS

e (173 o




IDSREVIEWS

A

174 »

AIDS Rev 2001; 3

IRES
LTR = T-20 _ Linker = /5]o) neo LTR

Figure 4. The M87 retroviral vector encoding membrane-anchored T20. Membrane-anchored T20 is a fusion protein composed
of an N-terminal signal peptide derived from LNGFR that directs transport into the ER lumen, followed by the T20 peptide, a

flexible linker derived from the IgG hinge and a C-terminal membrane-spanning domain again derived from LNGFR.
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Figure 5. M87 inhibits replication of HIV-1. PM-1 cells were transduced with M87 expressing membrane-anchored T20 and in
parallel with a control vector containing the neo selection marker only. G418-selected bulk cultures were infected with an moi of
0.05 NL4-3 and p24 production was monitored. The cut off of the p24 ELISA is shown (dotted line).

replication-incompetent viruses. Single-round infec-
tion with replication-incompetent HIV-1 was inhib-
ited by M87 independent of co-receptor usage. In
addition, the transduction efficiency of a murine
leukemia virus-derived vector pseudotyped with a
truncated HIV env was also reduced for cells ex-
pressing M87. In contrast, infection with a vesicular
stomatitis virus G protein-pseudotyped HIV lentiviral
vector was not inhibited. These results clearly show
that virus replication wa Iocked at the af HIV
Env-mediated entry. ar O]FJ[

No adverse effects on cell growth or expression
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proteins is suppressed which leads to a prolonged
survival of infected cells and a reduction of virus
production. Transcription of viral RNA can be inhib-
ited by TAR decoys or transdominant Tat protein”1°.
Both interfere with the interaction of the viral Tat pro-
tein with the viral TAR RNA element, which is required

for efficient transactivation of HIV transcription.
Nuclear export of unspliced genomic HIV RNA,
which is translated into viral structural proteins and
packaged into viral progeny, is crucial for efficient
%@ﬂy regulated. Export of

this RNA is dependent on the binding of the viral
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formed to evaluate the feasibility of a clinical appli-
cation of M87. Altho
genes will most likely
benefit, membrane- anchored fusion inhibitors are a
good candidate for a group | gene oomp{@iFO

effective gene therapeutic strategy for AIDS.
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performed®36472, However, in vivo selection of pro-
tected cells was not sufficient to convey an overall
clinical benefit. An RRE decoy was retrovirally trans-
duced into hematopoietic progenitors in a further
trial involving HIV-infected children. In this study, the
number of gene-modified cells was too low to draw
any conclusions®',

Ribozymes can specifically cut HIV RNA. Al-
though we have grouped ribozymes into the class I,
ribozymes most likely also act at the pre-integration
level of the viral life cycle by reacting with the infecting
RNA genome®7. A major drawback of ribozymes,
however, is that single nucleotide substitutions can
lead to resistance and the emergence of virus es-
cape mutants. Two small clinical studies, one with
CD4+ lymphocytes and one with CD34+ hemato-
poietic progenitors were performed. Marking in
both studies was low but there was some indication
for a possible selective advantage conferred by the
ribozyme®.

Antisense RNAs can be expressed as a long an-
tisense molecules of 1.000 bp and more from an
RNA Pol Il-dependent promoter or as a short anti-
sense sequence of less than 100 bp within a tRNA
or snRNA*, Antisense RNAs to HIV most likely in-
hibit viral gene expression at several levels?! 8071,
Proposed mechanisms of action are interference
with RNA processing, degradation of viral RNA by
cellular enzymes, or hindrance of translation. In
addition, some antisense RNAs are packaged into
viral particles and thereby reduce virus infectivity.
One major advantage, especially of the long anti-
sense RNAs, is that mutations within the viral target
RNA leading to as much as 14% sequence diver-
gence are well tolerated. Resistant mutants are
therefore less likely to arise for antisense RNA than
for ribozymes*.

Class Il antiviral genes

Class Il genes allow production of viral proteins
and thereby do not protect the cell from the cyto-
pathic effect of HIV. However, they inhibit the pro-
duction of infectious particles either by interfering
with the assembly of virions or by decreasing the
infectivity of produced particles. Several examples
of class Ill.genes have been described. Expression of
a CD4 chimera with the ER retention signal of the
CD3epsilon chain interferes with the tr port of
HIV Env protein, which i a/lf a4 if
to the cell membrane. This Ieads to a reduchon

the number and infectivit 354
Transdomlnant Gag prote?/ngj’%wémé r ph % ’y&g Good PD, et al. Potent inhibition of hu-
man immun icie

that inhibit packaging of HIV®. Gag-nuclease fu3|on
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b | ;ltgoTrs for gene therapy for human diseases. Blood 2000;95:

tion of the virus genome®®. A mutated tRNAYS that
binds to the TAR region of the HIV genc@wé

of to the primer binding site was expressed in HIV-
mfected cells. This mutant tRNA is packaged into
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tivity of virions released from infected cells'®%. None
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of these class Il genes have been tested in clinical
trials so far.

Conclusions and outlook

Success of gene therapy for HIV infection will de-
pend on three crucial elements. Gene transfer vehi-
cles and protocols must be used that allow a high
level of gene transfer without loss of function of the
gene-modified cells. The cell type that will provide a
long lasting pool of target cells protected from HIV
infection must be defined. Finally, antiviral genes
must be carefully evaluated and selected with re-
spect to those parameters that will be crucial for
success. These parameters are: inhibitory activity,
potential toxicity and immunogenicity, a bystander
effect of the gene product and, as discussed here in
detall, the step in the virus life cycle that is inhibited.
A particular challenge will be to define a combina-
tion of genes that act synergistically to allow a high
level of inhibition of HIV with a minimal chance of re-
sistance to the antiviral gene product.
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