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Summary

Immunodeficient mice reconstituted with human CD4" T cells, which can be achieved either by
transfer of mature cells or immature progenitors, represent the only animal model to study HIV-1
infection of human lymphocytes in vivo. However, the immunocompromised status of most of these
models currently rule out their use for vaccine studies. Nevertheless, the model might be ideally
suited for HIV-1 gene therapy studies since eliciting an efficient anti-viral immune response is not
the primary end-point. Rather, HIV-1 gene therapy should protect CD4" T cells from HIV-1-induced
deletion and/or reduced viral replication. Here, we describe recent advancements in the field of
HIV-1 gene therapy, focusing on tools and targets validated in various models of humanized mice.
From the analysis of this literature, it appears that strategies targeting viral entry, by means of
neutralizing antibodies or fusion inhibitors, are the most promising so far. Indeed, strategies
targeting viral entry have moved to the clinic with encouraging results. Thus, humanized mice
should be considered as the prime model to devise the safer and most effective HIV-1 gene therapy

strategy.



Introduction

Animal models are crucial to test novel therapeutic strategies in pre-clinical studies.
However, only humans and chimpanzees are susceptible to Human Immunodeficiency Virus type 1
(HIV-1) infection, greatly limiting the possibilities for in vivo experimental studies. To bypass the
limitation of pre-clinical studies in monkeys or humans, researchers developed small animal models
of HIV-1 infection, trying to mimic the human pathology as close as possible. However, it is a
daunting, if not impossible, task to recapitulate all of the complex interplay between HIV-1 and
human CD4" T lymphocytes in a single animal model. Most of the informations gathered on HIV-1
in non-human primates (NHP) comes from the extrapolation of results obtained with chimeric SIV
harboring the HIV-1 envelope or from SIV itself. Although SIV infection might present key features
of the human clinical picture in certain conditions, it must be remembered that SIV infection is non-
pathogenic in its natural host. Furthermore, several molecular evidences show that SIV doesn't
behave the same way in a NHP lymphocyte than HIV-1 in a human one. It is quite expected if one
consider that SIV is a distant ancester of HIV-1. Thus, there are strong limitations in the use of NHP
models to study HIV-1 infection per se.

To build a model closer to the human physiopathology, various methods have been
employed in various species, rat, rabbit or mouse. To sum-up decades-long research in one
sentence, immunodeficient mice transplanted with human cells is the only animal model susceptible
to HIV-1 infection that recapitulates high levels of viral replication, and in which a profound and
steady HIV-dependent human CD4" T cell deletion can be observed [1,2](]. Several versions of
humanized mice (HuMice) are available depending on their degree of immunodeficiency or genetic
background. However, most of the current models of HuMice are severely hampered in the
competency of the human immune system they carry, notably by the well recognized defect in T-B

crosstalk in germinal centers, preventing efficient generation of IgG antibodies. This defect has



hampered vaccine studies in most HuMice models. In contrast, HuMice might represent the best
model for testing and validating HIV-1 gene therapy strategies, the ultimate aim of which being to
prevent de novo infection of human CD4" T lymphocytes [3](], an easy biological parameter to
assess. Here, we will focus on HIV-1 gene therapy studies using HuMice, highlighting some
interests of the model and discussing some limitations as well. The development of HuMice models
for retroviral studies and for gene therapy applications have been the subject of recent reviews
[4,5]00 and will not be extensively discussed here. For detailed information on molecular processes
affected by gene therapy targeting the virus, please refer to the review of Nazari et al. [6](1 . We
summarized in a table the most common immunodeficient mice strains currently used for gene
therapy of HIV-1 infection (Table 1). For sake of simplicity and convenience, a table gathering the
most significant findings on the efficacy of HIV-1 gene therapy in HuMice is also given (Table 2).

The choice of the references is subjective. We apologize to all authors whom studies are not cited.



Humanization of immunodeficient mice

The development of HuMice began in the late 1980s with the publication of two articles on
the study of development and differentiation of human cells in vivo [7,8](]. These studies were
performed in the CB-17 SCID genetic background. The Prkdc™ mutation concerns a protein kinase
involved in the DNA repair mechanism during the recombination of heavy and light chains of
immunoglobulin and T cell receptor, leading to the complete absence of T and B cells in these
animals. Recombination of the T and B cell receptor is also executed in part by the RAG-1 and
RAG-2 genes (Recombination Activating Gene) and their deletion induce a similar phenotype than
the SCID mutation that is a complete lack of T and B cells in genetically deficient animals [9,10].
While it was very difficult in those mice to observe final maturation of human T cells from
progenitors, addition of the yc chain gene (CD132) deficiency has significantly advanced the extent
of humanization [11](]. The yc mutation associated with SCID or RAG mutations generates double
“knock-outs” (DKO) profoundly immunodeficient, devoid of murine T, B and NK cells. These
DKO mice exist in various genetic backgrounds (Table 1) but only the NOD (NSG [12]] or NOG
[11]00) or BALB/c background (BRG [13](]) allows efficient generation of human T cells from
progenitors. Later the SCID mutation in NSG was replaced by the RAG mutation, conferring a
better resitance of these NRG mice to irradiation [14](1. The Triple KO model (TKO), made only in
a C57BL/6 genetic background, carries an additional mutation in the CD47 murine gene [15]C.
This ubiquitous molecule interacts with the polymorphic SIRPa protein (Slgnal Regulatory Protein
alpha) only expressed on macrophages, dendritic cells and neutrophils. The engagement of CD47
inhibits phagocytosis, the 'do not eat me' signal [16]]. The DKO mice in the C57BL/6 genetic
background have a low potential of hematopoietic reconstitution which was directly attributed to a
lack of interaction between the human and murine CD47/ SIRPa [17,18] (1. However, DKO mice on

a NOD background have good human cell engraftment because the murine SIRPa of this



background can naturally interact with the human CD47 molecule. Some improvements in human
cell reconstitution of BRG mice have been obtained by introducing the human SIRPa [19](] in
transgenic mice or the human CD47 molecule on hematopoetic progenitors [20]C]. Overall, it
appears that the quality of hematopoietic reconstitution in immunodeficient mice varies greatly
from one genetic background to another. In order of effectiveness, the NOD background is greater
than the BALB/c background, itself greater than the C57BL/6 background, the TKO and BRGS

models aside.

Humanized mice and HIV-1 infection

There are different type of HuMice depending on the type of tissues and/or cells used.
Historically, the first humanized mice were generated by human PBMC transplantation. This model
has the advantage of being easy to produce and quickly generate activated T lymphocytes few days
post-transplant. These cells spread throughout the body and are found in the bone marrow, liver,
lung and spleen [21]77. In addition, these mice are able to mount a cytotoxic T cell response
sufficient to induce skin graft rejection [22]7. However, this model suffers from a major drawback
since the transferred human cells are also able to mount a response against host tissues to provoke a
xenogeneic graft-versus-host disease (xeno-GVHD) [21](]. Xeno-GVHD causes death within a few
weeks after transplant, imposing a short window for HIV-1 studies. Nevertheless, this model was
one of the first HuMice model used to study HIV (in NS mouse). A massive CD4 T lymphocyte
deletion correlated with a strong increase in the viral load [23](1. The PBMC mice model was
subsequently reproduced in more advanced genetic backgrounds: NSG or DKO but with similar
problems of xeno-GVHD [5]1.

A second approach to generate HuMice consists in the transplantation of human

hematopoietic progenitors associated with a pre-transplant conditioning, total body irradiation or



alkylating agent injection (such as busulfan). The above models support the graft and differentiation
of human Hematopoietic Stem Cells (HSC) contained in the fraction of CD34" cells bone marrow,
cord blood or fetal liver. T cell development is usually observed between 3-4 months post transplant
[11-13]0J. Importantly, these T cells carried a diverse immune repertoire, allowing a weak but
detectable antigen-specific cellular immune response [24](1. In the thymus of these mice, all
immature and mature lineages of human thymocytes were observed [24](], suggesting that positive
selection of human TCR on murine MHC molecules was taking place. The extent of this selection is
however very limited since the numbers of human thymocytes found in the murine thymus is
generally 1/100th of a normal murine thymus, suggesting an inefficient cross reactivity between
human TCRs and murine MHCs.

NSG, NOG and NRG genetic background grafted with human HSCs are three very similar
models. These models have a low level of humanization in the intestinal or vaginal mucosa and
thus, are probably not susceptible to infection by these routes. However, after intraperitoneal or
intravenous HIV-1 injection, CD4" T cell deletion is observed in the periphery that correlated with
an increase in viral load [25-27](10]. After the peak, resolution of the viral load to a set point, as
observed in humans, has not been consistently found: HIV-specific CD8" T cells may [28] ] or may
not [29]71 be responsible for viral control in the early phase of the infection. In two studies, BRG
mice could be infected by HIV-1 via the vaginal or rectal routes that causes CD4" T lymphocyte
deletion [30-32](11]. However, an additional study did not confirm this finding [33](]. Thus, the
current route to infect HuMice is mostly through intravenous or intraperitoneal injections. This is a

limitation of current models that must be taken into account when devising gene therapy strategies.

The most advanced model of humanization is the BLT (Bone Liver Thymus) model
developed in parallel by two teams in 2006, based on the initial work of McCune [7](1. BLT mice

were generated by fetal liver and fetal thymus transplants associated with human HSC grafted into



the NS [34,35]11 ) background. This protocol significantly improves hematopoietic reconstitution
of human cells compared to NSG, NOG or BRG models grafted with human PBMC or HSC alone.
These mice also have the advantage of carrying a fully functional immune system. Indeed, they are
able to mount effector responses associated with cytokine secretion and a high production of IgG
antibodies [15,34-36] (1. This good functionality comes at the expense of longevity since BLT mice
might suffer from xeno-GVHD from the twelfth week post-reconstitution correlated with mortality
to the fifteenth week [37]1). However, BLT mice made in the TKO background had no symptoms of
GVHD even 29 weeks post-transplantation, although a very good hematopoietic reconstitution was
observed in the blood, spleen, mesenteric lymph nodes and in tissues such as the intestine [15][7.
BLT model generated in the NS, NSG, or TKO background, has very good engraftment in the gut,
the vagina and the small intestine favoring HIV-1 infection via the mucous membranes (reviewed in
[38])). In addition, the increase in viral load correlates with CD4" T cell deletion in peripheral
blood, intestine, colon and mesenteric lymph nodes. Thus, BLT appears as the best model so far to
study HIV-1 infection of its natural host, human CD4" T cells. However, technical and logistical
difficulties, as well as costs and ethical issues, issues that are beyond the scope of the present

review, still render this model difficult to set up in average research laboratories.

Gene therapy of HIV-1 infection in humanized mice

The main goal of HIV-1 gene therapy is to generate CD4™ T cells resistant to infection by
targeting viral or human proteins involved at various stages of the viral cycle. These can act at the
level of viral entry, pre-integration and post-integration stages of the infection or they can also
target mature virions or infected cells directly. All of these stages have been well evaluated in vitro,
but fewer studies have been conducted in vivo in HuMice. This chapter will attempt to provide the

reader with a list of the main findings gathered in various models of HuMice according to the stage



of infection that was targeted (Table 2).

Targeting viral entry

During primo-infection, HIV-1 uses the CD4 receptor and the coreceptor CCRS5 to infect
human memory/activated/follicular helper CD4" T cells. The CD4 molecule plays an important role
in the immune system and altering its expression would not be without risk. However, in the 1990s,
soluble CD4 molecules have been used as decoys to trap HIV-1 before infection. These molecules
have shown good efficacy in vitro but have proved ineffective in patients [39](1. Recently, a new
chimeric molecule based on CD4-Ig and a small mimetic of CCR5 was developed and encoded in
an Adeno-Associated Virus (AAV) gene transfer vector. This virus completely protected NSG
HuMuice from HIV-1 infection and monkeys from SIV [40](1. This promising result highlights the
importance of targeting entry for efficient prevention.

Besides CD4, the CCR5 co-receptor is indeed a good target for gene therapy because
individuals who carrying the A32 mutation are not affected by major immunological disorders
(although they may be more sensitive to complications of West Nile virus infection [41](7) but are
highly resistant to HIV infection [42](]. In addition, infected patients treated with Maraviroc, an
allosteric inhibitor of gp120-CCRS5 interaction, present lower viral loads and a surge in CD4 T cells
counts in blood without exhibiting immune side effects [43]1. Finally, the therapeutic success of
the Berlin patient show that CCR5 is the only target so far that has the potential to cure HIV
infection in an infected person [44,45](1. The goal of gene therapy strategies targeting this molecule
is to reproduce the phenotype of A32 individuals and of the Berlin patient, that is preventing
expression of CCR5 from CD4" T cell surface. Numerous approaches are possible to decrease
expression of CCRb5, by directly targeting the CCR5 gene at the DNA level, the mRNA encoding

CCRS5 or the protein itself.



Targeting the CCR5 gene with DNA editing enzymes

The CCR5 gene can be directly targeted using Zinc Finger Nucleases (ZFNs) or TALEN to
permanently ablate its expression. ZFNs have the properties to recognize a specific DNA sequence
via the zinc finger and cleaved DNA by the Fokl endonuclease. The efficacy of ZFNs was elegantly
demonstrated by targeting the human CCR5 gene in ex vivo modified human cells [46,47]. Those
modifed cells were subsequently grafted in NSG or NOG mice to show a stable CD4 / CD8 ratio in
the blood after HIV infection. Moreover, mice were protected against CD4" T cell deletion in
different tissues (spleen, bone marrow, thymus and intestine). There was also a selective advantage
for modified cells over non-modified cells in the blood and this was accompanied by reduced viral
loads. Of note is that transient expression of the ZFN using non-integrated lentiviral vectors allowed
the same degree of efficacy in NSG mice reconstituted with modified T cells [48](]. Targeting the
CCR5 coreceptor may cause selective pressure on the virus and favor the emergence of CXCR4-
tropic viruses, more pathogenic than CCRS5-tropic viruses. Studies using ZFNs targeting the
CXCR4 coreceptor also demonstrated good efficacy against viral replication for viruses using
CXCR4 in NSG PBL HuMuice [49,50]11. To our knowledge, there are no studies published yet using
CCR5 TALEN or CCR5 CRISPR/ Cas9 in HuMice. However, in vitro studies showed a selective
advantage for T lymphocytes transfected with CCR5 TALEN [51](7 and a decrease in viral
replication in a cell line disrupted for the CCR5 gene with CRISPR/ Cas9 system [52](]. It is very
likely that some studies in HuMice will use this technology in the near future. Although extremely
promising, the exact impact of permanent CCR5 genetic ablation in HSC, notably on cell migration
and resolution of inflammation, remains to be investigated.

A very original approach used peptide nucleic acids (PNA) directed site-specific

recombination of the CCR5 gene. Binding of these peptides to DNA forms a triplex structure that
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induce recombination and introduce inactivating mutations [53]CJ. This strategy was used in
HuMice to show that modifled PBMC were protected from HIV-1-induced deletion that corrrelated
with lower viral loads [54](1. Of note is that study was performed with A32-heterozygous PBMCs
since this might have played a role in the success of the strategy. Future results in a clinical trial will
tell whether this enzyme-free strategy migh be useful compared to the ones using DNA-editing

enzymes.

Targeting the CCR5 RNA with RNA

CCR5 expression can also be altered by RNA interference (RNAi). RNAI is a post-
transcriptional mechanism of gene regulation that targets the mRNA with microRNA (miRNA),
small interfering RNA (siRNA) or RNA hairpin (ShRNA). The interaction between these RNA and
MRNA results in the degradation of the mRNA, or to block protein translation. This system has
been used to target CCR5 expression. A decrease of coreceptor expression on the cell surface was
correlated to a decrease in viral replication in vitro [55](7. In HuMice, injection of a CCR5 siRNA
formulated in nanoparticles induced a decrease in expression of CCR5 on the cell surface and
preserved the CD4/CDS8 ratio in the infected animals. There was also a decrease in viral replication
in BLT mice [56](7. However, these effects were not long lasting since there was no integration of
the siRNA into the genomic host. To improve efficiency, sSiRNA have been included into lentiviral
vectors, allowing long term expression. Transduction of human CD34" cells with a CCR5 shRNA
did not affect hematopoiesis and cell migration when they were grafted into BLT mice. Moreover,
splenocytes expressing low levels of CCR5 were less susceptible to an ex vivo challenge by HIV-1
[57](. Recently, Dr Speck’s team has modified CD34" cells with a lentiviral vector which allow co-
expression of GFP and of a CCR5 miRNA. CD34"GFP" were sorted and grafted into NSG mice.

After infection with an R5-tropic HIV-1, these mice had a lower viral load, a higher CD4" T cell
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frequency and a higher CD4/CDS8 ratio in blood and spleen than control mice [58](1. Very similar

results were obtained in BLT mice [59](].

Targeting the CCR5 protein

Another approach to reduce CCR5 expression is to target the protein directly. Various
strategies can be used, the first being based on the intrinsic properties of antibodies to specifically
recognize a protein. A transgene encoding an antibody directed against the N-terminal portion of
CCR5 was coupled to a retention sequence in the endoplasmic reticulum (ER) called KDEL,
defining the 'intrabody’ strategy. This construction captures and sequesters the coreceptor in the ER
and induces a decrease of expression at the cell surface. CD4" T carrying this intrabody were more
resistant to HIV-1 infection and had a selective advantage in vivo in BLT mice [60](]. A second
strategy is based on the use of a high affinity CCL5 mutant (P2-CCL5), developed by the team of Pr
Gorochov [61]77. We showed that P2-CCL5 incorporating the KDEL sequence was able to down
regulate CCR5 expression from the cell surface of primary cells in vitro [62](1. However, the
impact on HIV-1 replication was limited, suggesting that modulating CCR5 expression from the cell
surface by this technology was not enough to protect CD4" T cells against HIV-1 infection. A
subsequent study of ours showed that combining P2-CCL5 with a fusion inhibitor dramatically

enhanced the anti-HIV-1 efficacy in HuMice (see below) [63] .

Targeting fusion with gp41 peptides

A small peptide called Enfurvitide (T20/C36), a gp41 analog that can compete with gp41 of
the virus and block its folding, was shown to be very effective in preventing viral infection [64](].

This molecule has demonstrated clinical effectiveness and was the first fusion inhibitor to be
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administered to patients [64](]. Pr. Von Laer’s team has vectorized the C36 peptide and added 10
amino-acids at the N-terminus of the pepide to decrease the risk of resistant mutants. Addition of a
transmembrane sequence domain allows its stable expression on the cell surface. This new construct
called C46 confers a high level of resistance to HIV infection [65]( and a selective advantage for
expressing CD4" T cells in vivo [66](]. Thus, combining the C46 peptide with CCRS5 inhibitors

might be a promising combination for HIV-1 gene therapy (see below).

Targeting decapsidation, pre- and post-integration

Evolution has endowed human cells with natural defenses against lentiviruses. Some human
proteins referred to as restriction factors, inhibits different steps of the viral cycle. However, most of
the human restriction factors are inhibited by HIV-1 proteins. The alpha isoform of the Tripartite
motif-containing 5 (TRIM5a) protein identified in rhesus macaques (rhTRIM5a) has anti-HIV-1
properties, explaining most of the resistance of these monkeys to the virus [67](1. Although not
fully elucidated, rhTRIMSa seems to interfere with the uncoating of the viral capsid, thereby
preventing efficient reverse transcription [68](1. The human version of TRIMS5a (hTRIMS5a) is
ineffective against HIV-1 and was modified to result in the formation of a chimeric version of h-
rhTRIM5a, allowing a better immune tolerance to this protein. This chimera, slightly less effective
than the monkey version, still confers protection to HIV-1. Indeed, in vitro and ex vivo experiments
show that cells expressing the transgene become majority and that viral replication was lower than
in control conditions [69] (.

The Lens Epithelium-Derived Growth Factor p75 (LEDGF/p75) is a cellular protein that
plays an essential role in HIV-1 infection. This ubiquitous protein allows interaction between human
cell chromatin and HIV integrase and integration of the provirus into cell DNA. It has been

demonstrated that cells deficient in this molecule became resistant to infection [70](], making it a
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potential target for gene therapy. In NSG mice, results show that a lentiviral vector encoding a
modified version of LEDGF/p75 competing with the endogenous protein for binding to the
integrase of HIV, conferred protection from infection to CD4" T lymphocytes in blood and lowered

plasma viral loads [71](].

Targeting provirus transcription

Viral RNAs can be degraded by catalytic RNA called ribozymes, as well as by shRNA or
siRNA. One strategy using siRNA to target nef showed that modified cells from BRG mice were
somehow resistant to HIV-1 infection ex vivo [72](]. However, these approaches suffer from rapid
emergence of escape variants. One possibility to limit this escape would be to combine various
SiRNA [73]0]. A unique approach targeting the LTR of integrated provirus with a specific Tre
recombinase, derived from molecular evolution of the bacteriophage Cre recombinase [74](,
showed a decrease in viral load associated to a protection against deletion in BRG mice grafted with
transduced PBMC or modified CD34" progenitors [75] . In this study, 10 out of 11 mice presented
a decrease in their viral loads whereas control mice had increased or stable viral loads. Provirus was
also targeted in vitro by CRISPR/Cas9 or by TALEN [76,77](]. The efficacy of this strategy
remains to be investigated in vivo in HuMice. However, lethal effects of HIV-1 on CD4" T cells
might take place before integration [78][], casting doubts on the interest of targeting proviruses to

protect CD4" T cells from deletion.

Targeting mature virions by passive immunization with gene therapy

Inducing an effective antibody response against HIV-1 is complex and remains the main

purpose of vaccination strategies. However, results regarding an efficient HIV-1 vaccine are so far
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disappointing. Passive immunization strategies infusing broadly neutralizing antibodies (bnAbs)
may overcome several hurdles of HIV-1 vaccine development. Injection of a single nAb or of a
combination of bnAbs prevented HIV-1 infection in NRG HuMice [79,80](1. However, antibody
injections do not maintain immunity in serum and mucous tissues for a long period. Gene transfer
strategies may help inducing a stable expression of nAbs. HIV-1 in vivo challenge experiments
showed a highly attenuated viral replication and protection against deletion in HuMice models
expressing the humanized Ab [81-85] (1. In the studies of Balazs et al., a single nAb was vectorized
in an AAV vector and injected intramuscularly into NSG-BLT HuMice. This protocol allowed the
production of hundreds of micrograms/mL of antibodies for a full year. In addition, the same
stability of expression of antibodies was observed in immunodeficient (NSG, BRG) or
immunocompetent mice (C57BL/6, BALB/c). In immunocompetent mice, the protocol induced a
weak production of murine Abs directed to the vector-encoded nAbs, without decreasing their
production. Importantly, this sustained expression protected HuMice from intravaginal HIV-1

infection. These results further highlight the efficacy of strategies preventing viral entry.

Targeting infected cells by TCR gene transfer

Other approaches tried to exploit the immune response to HIV-1 to eliminate infected cells.
The team of Dr Zack reported a TCR specific for the SL9 peptide of gag that they were able to
express in a lentiviral gene transfer vector to reconstitute anti-HIV CD8" T cells in HuMice [86](.
In NSG-BLT HuMice, this approach prevented CD4" T cell deletion and lowered the number of
infected cells. Moreover, plasmatic and cellular viral loads were lower in the spleen, thymus and
bone marrow compared to control animals [87](]. However, this is a risky strategy in the long-term
since improving killing of infected cells may ultimately enhance CD4" T cell deletion and favors

the emergence of mutants able to escape the transgenic TCR.
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Combined strategies

Indeed, HIV-1 is known for its high mutation rate due to the low fidelity of the
retrotranscriptase. It would be probably more productive for gene therapy to target more than one
protein to decrease the risk of viral escape. We chose to target two key molecules of the viral entry
step using the C46 peptide combined with the P2-CCL5 intrakine. These genes were encoded in a
lentiviral gene transfer vector and we showed that they could act in synergy in vitro [62](]. We
recently showed that introduction of these two transgenes in human cells protected CD4" T cells
against HIV-induced deletion in two different HuMice models, NSG grafted with PBL or modified
HSC [63](]. A massive selective advantage for transduced CD4" T cells was noted, whereas the
impact on viral load was only modest, suggesting that the vector might still be improved. Recently,
another study with a similar approach using the Cal-1 lentivirus vector, a combination between the
C46 peptide and a CCR5 shRNA, showed protection of CD4" T cells against depletion and a
surprising complete control of viral loads in BLT mice [88](1. Combining two fusion inhibitors
might be an interesting strategy since the virus will have to lower its fitness to escape both
inhibitors [89](1. It is the same motivation to reduce the likelihood of viral escape that has led
researchers to assess the combination of ZFN targeting both CCR5 and CXCR4 in CD4™ T
lymphocytes. Cells negative for CCR5 and CXCR4 became the majority in NSG mice grafted with
these modified cells and co-infected with R5 and X4 viruses [90](]. The impact on viral load was
not provided.

In the study of Ringpis et al, the authors used a lentiviral vector encoding a CCR5 shRNA
combined with a LTR-specific ShRNA. This vector confers a selective advantage to CD4" T cells in
BLT mice challenged by R5 or X4 tropic HIV strain [91](]. Again, no data on viral loads was

provided. Another gene therapy study used h-rhTRIMSa restriction factor associated with two other
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anti-HIV genes, a shRNA targeting CCR5 and a TAR decoy sequence [92] 1. This decoy mimics the
TAR viral sequence so that the Tat protein, essential for provirus transcription, would be
sequestered away from the HIV-1 provirus. This combination of transgenes therefore target fusion
(CCR5 shRNA), uncoating / pre-integration (TRIMSa) and post-integration (TAR decoy). A study
carried out in NRG mice grafted with transduced human HSC showed protection against CD4" T
cells deletion in blood and spleen for two different viruses (R5 and X4 tropic). Surprisingly, this
strategy did not impact the viral load in vivo. Finally, a lentiviral vector carrying a ShRNA targeting
Tat/rev, a TAR decoy and a CCR5 ribozyme was efficient in the SCID/PBL model [93][]. With this
vector, a very modest reduction in viral loads and CD4" T cell deletion was observed in a clinical
trial [94](1. Whether this strategy would select escape variants remains to be investigated.

A recent study combined an entry inhibitor (CCR5 shRNA), a post-transcription inhibitor
(LTR shRNA) and a CD4{ Chimeric Antigen Receptor (CAR) [95]11. CAR expression did not
affect hematopoiesis in BLT mice and mice with a high frequency of CAR" cells had a lower viral
load and a better preservation of CD4/CD8 T-cell ratios. Although CARs are becoming important
tools for cancer immunotherapy, it is not yet clear how well they could be apply to infectious

diseases.

Conclusion and future directions

Humanized mice have taught us that targeting HIV-1 before it enters CD4" T cells is the
most efficient strategy so far. Passive immunization and viral entry inhibitors appear as the most
efficient tools to this endeavor. Given the numerous studies with positive results in HuMice exposed
here, HIV-1 gene therapy appears as a feasible goal in humans. In 2014, a clinical trial using ZFNs
targeting CCR5 in humans obtained similar results than those obtained in the HuMice models,

strengthening the potential of these models to predict the efficacy of gene therapy [96] (1. Indeed, in
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humans as in mice, modified cells declined more slowly than non-transduced lymphocytes,
demonstrating a resistance to HIV-induced deletion. In addition, one patient heterozygous for the
CCR5 A32 mutation had an undetectable viral load and all other patients showed a decrease in the
amount of viral DNA present in the blood. These results and those of the Berlin patient confirm the
therapeutic interest of targeting CCRS5 although there is a risk of selecting resistant mutants. That is
why different teams targeting the HIV co receptor have added other anti-HIV genes in their
construction, such as the C46 peptide. Based on the data obtained in mouse models, it is expected
that the results of the ongoing clinical trial (NCT01734850) using the Cal-1 vector will show
protection against HIV-1-induced deletion and an effect on viral load. These results should confirm

the interest of targeting the early stages of the infection.

Imperfect as they are, HuMice as models for HIV-1 gene therapy have already brought a
great deal to the field. A crucial question remained though: what is the role of a functional immune
response on the efficacy of HIV-1 gene therapy? It is striking to note that the most successful HIV-1
gene therapy has been obtained in the BLT model, whereas similar constructs or strategies only
partially affected viral replication in other less immunocompetent HuMice models. Thus, the quality
of the immune response in BLT mice might have been decisive in the efficiency of the strategy. It
will be crucial for the future of HIV-1 gene therapy studies that the BLT model be more widely
accessible to the scientific community to define more precisely the impact of a functional immune

response on the efficacy of various HIV-1 gene therapy strategies in humans.
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Genetic

Strain Mutations Ref
background

CB.17/SCID CB.17 Prkdc* [7.8]0
NSG NOD Prkdc*®-112rg"™"! [12]0)
NOG NOD Prkdc*' -112rg"™!su9 [11]
NRG NOD RAGL-112rgt™s [41-
BRG BALB/c RAG2-112rgt™s 310
BRGS BALB/c RAG2-112rg"™5" -SIRPNP [19]7
TKO C57BL/6 RAG2-112rg™"! cD477" [15]0)

Table 1: a summary of immunodeficient mice strains, genetic background and associated mutations
used to generate humanized mice. NS, NOD.SCID; NSG, NOD.SCID.gc-/-; NOG, NOD.SCIDgc-/-;
NRG, NOD.RAG.gc-/-; BRG; BALB/c.RAG.gc-/-; BRGS, BALB.RAG.gc-/-.SIRPa; TKO; Triple

knock out. The origin of the mutations are indicated as exposant.
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STRATEGIES MOUSE MODEL REF
VIRUS ENTRY
eCD4-Ig NSG [40]0)
shRNA CCR5 NSG [56-58](]
CCR5 ZFN NSG/NOG [46,47]10)
CXCR4 ZFN NSG [49,50] 0
CCRS5 Intrabody NS [60]00
C46 peptide NOG [66]0
DECAPSIDATION, PRE- AND POST-INTEGRATION
LEDGF/p75 NSG [
PROVIRUS TRANSCRIPTION
Tre Recombinase BRG [75]0
PASSIVE IMMUNIZATION AND CYTOTOXICITY ACTIVITY
Neutralizing Ab against gp41/ gp120/ gp160 NRG/NSG [79,80,82-85]01
TCR (gag epitope) NSG [87]0
COMBINED STRATEGIES
shRNA CCRS, Tar decoy, Human/ Rhesus chimeric TRIM5a NRG [92]00
CCR5 Ribozyme, tat/rev siRNA, Tar decoy SCID [93]0
shRNA CCR5, shRNALTR NSG [91] 0
shRNA CCR5, C46 peptide NSG [88]1
P2-CCLS5 intrakine, C46 peptide NSG [63]0
CAR (gp120), shRNA CCR5, shRNA LTR NSG [95]C

Table 2: Efficient anti-HIV-1 gene strategies achieved in humanized mice. Shown are the most

significant results obtained with recent strains of immunodeficient mice in which gene transfer into

mature or immature T cells has shown some efficacy. Refer to Table 1 for mouse model

abbreviations.
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