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Abstract: Allogeneic transplantation with CCR5-delta 32 (CCR5-d32) homozygous stem
cells in an HIV infected individual in 2008, led to a sustained virus control and probably
eradication of HIV. Since then there has been a high degree of interest to translate this
approach to a wider population. There are two cellular ways to do this. The first one is to use
a CCR5 negative cell source e.g., hematopoietic stem cells (HSC) to copy the initial finding.
However, a recent case of a second allogeneic transplantation with CCR5-d32 homozygous
stem cells suffered from viral escape of CXCR4 quasi-species. The second way is to knock
down CCR5 expression by gene therapy. Currently, there are five promising techniques,
three of which are presently being tested clinically. These techniques include zinc finger
nucleases (ZFN), clustered regularly interspaced palindromic repeats/CRISPR-associated
protein 9 nuclease (CRISPR/Cas9), transcription activator-like effectors nuclease (TALEN),
short hairpin RNA (shRNA), and a ribozyme. While there are multiple gene therapy
strategies being tested, in this review we reflect on our current knowledge of inhibition of
CCR5 specifically and whether this approach allows for consequent viral escape.
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1. Introduction

HIV cell entry relies on binding to the CD4 receptor and at least one of two possible chemokine
co-receptors: CCR5 and CXCR4. Tropism is the ability of the virus to bind to a specific co-receptor.
HIV strains that bind to CCR5 are called R5-tropic and those that bind to CXCR4 are X4-tropic; dual
tropic strains are capable of using either CCR5 or CXCR4. Of the two possible co-receptors, CCR5 is
the predominant receptor for HIV cell entry. It is important to note that R5-tropic strains are the most
commonly transmitted and are predominant during early stages of infection, while X4-tropic strains
emerge later with disease progression [1–4]. A deletion of 32 base pairs within the CCR5 gene leads
to a nonfunctional gene product, which is, in turn, not expressed at the cell surface. Individuals with
a homozygous CCR5-d32 deletion do not express any CCR5 receptor and are consequently highly
protected from infection with HIV-1 without any other obvious harmful effects to their health [5].

In 1996, lack of CCR5 co-receptor at the cell surface was first described as a natural resistance against
transmission. Subsequently, several approaches have been undertaken to use this “Achilles heel” of
HIV-1 to develop new CCR5 targeted treatment strategies in addition to the established antiretroviral
therapy (ART).

While there are many strategies to inhibit HIV infection, here we will focus on methods relating to
CCR5 as it is the predominant co-receptor. Methods to down regulate/inhibit synthesis of CCR5 include
ZFN, CRISPR/Cas9, TALEN, shRNA, small interfering RNAs (siRNA), antisense RNA, and ribozymes.
Methods to prevent surface expression of CCR5 include intrabodies and intrakines [6–9].

2. Strategies to Down Regulate and Inhibit Synthesis of CCR5

1. ZFNs are engineered proteins with zinc finger domains that can bind to targeted regions of DNA
and conduct gene editing via double strand DNA breaks. Locations of DNA breakage can undergo
either non homologous end joining or homologous recombination by insertion of donor DNA,
both of which lead to mutations of the gene [10,11]. Tebas et al. 2014 report that they safely used
ZFN to modify CCR5 of autologous CD4+ T cells used to treat HIV positive patients [12]. A trial
currently recruiting participants uses ZFN to modify CCR5 in CD4+ T cells with increasing doses
of cyclophosphamide to promote engraftment (NIH clinical trial NCT01543152).

2. Recently, more advanced techniques in gene suppression have been established. For example
TALENs can successfully target sites in the CCR5 loci with less cytotoxicity compared to
ZFNs [13]. Similar to ZFNs the TALENs binding domains recognize and cleave specific DNA by
using the previously fused endonuclease part of this complex. This can be carried by adenoviruses.
Unlike ZFNs, TALENs recognize only one nucleotide instead of three [14]. Mock et al. 2015report
the use of TALEN to knockout CCR5. This technique was shown to protect CCR5 T cells from
R5-tropic HIV [15]. However, it should be noted that Mock et al. used transient transfection
methods and only report one long term (12 days) exposure to HIV which showed incomplete
suppression of HIV replication [15].
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3. To combat hostile agents, bacteria harbor an effective defense mechanism: the CRISPR/Cas9
system. It works as an intracellular defense system against plasmids or viral DNA by causing
site specific double strand breaks. The CRISPR/Cas9 system was adapted as a molecular tool to
break down single human genes. In fact, it has been successfully tested in human cells. There,
Kim et al. were able to affect 18% of the CCR5 genes, a percentage that may be essential for a
successful clinical use [16].

4. siRNAs are small pieces of synthetically derived RNA that guide an endonuclease to cleave a
targeted site in mRNA. siRNAs are exogenously synthesized, fragile (21-23-mer short), and prone
to quick degradation. They need to be administered in high dosages to reach the targeted RNA
of interest. siRNAs have been used to target CCR5 in several studies, however, they resulted in
an incomplete inhibition of HIV-1 and off-target effects [17,18]. Even though siRNAs are target
specific, viral escape mutants have been documented to make their use less than ideal for clinical
applications [19,20].

5. shRNAs differ from siRNAs by virtue of a more stable secondary structure (hairpin loop). Such
structure enables researchers to use only a small dose of it to reach the target. Also, shRNAs can
be expressed in the target cell’s nucleus via a gene cassette . Lentiviral vectors can efficiently
express shRNAs. In fact, they have recently been shown to inhibit HIV in human cells and animal
models [21–23]. There is currently an open clinical trial that employs a lentiviral vector to express
shRNA to CCR5 in combination with C46 (NIH clinical trial NCT01734850).

6. Translation at the mRNA level can be inhibited by antisense RNAs; single stranded complementary
RNAs. Li et al. 2006 report the downregulation of CCR5 by recombinant adenovirus expressing
antisense CCR5 RNA [24]. However, the authors note that the vector is only transiently expressed
and, if used for treatment, would require frequent dosing due to elimination by the host’s immune
system. Therefore, making this technique less than an ideal gene therapy.

7. Ribozymes are small catalytic RNA molecules that can act like protein enzymes and be engineered
to target specific RNA sequences [25–28]. Three clinical trials have positively showed the
safety, feasibility, and long term stability of using ribozymes targeted to tat and tat-vpr HIV
elements [27,29,30]. However, the transduction efficiency left room for improvement. Also, none
of the trial participants underwent myeloablation. Since then advances have been made in gene
transfer technology. Currently, myeloablation is being tested in conjunction with gene therapy to
treat HIV. DiGiusto et al. 2010 reports a combinatorial approach that includes Tat/Rev shRNA,
Tat activation-response region (TAR) decoy, and CCR5 ribozyme used to genetically modify
autologous peripheral blood derived CD34+ HSC from AIDS patients [31]. Reports from this
ongoing clinical trial revealed that the stability of CCR5 ribozyme was maintained up to 24 months
and noted the need for improvement of transduction processes (NIH clinical trial NCT00569985).

3. Strategies to Inhibit Cell Surface Expression of CCR5

1. Intrakines are intracellular chemokines capable of targeting newly synthesized CCR5 in the
endoplasmic reticulum by blocking transport of CCR5 to the cell surface [7–9]. Probably one
of the first attempts to inhibit the use of chemokine co-receptors to generate HIV resistant cells
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was published in 1997. Here, the group used intrakines against CCR5 [32]. However, the major
problem in this approach was reported to be an incomplete inhibition of CCR5.

2. In contrast to the use of intrakines, the use of intrabodies provided a more complete inhibition of
CCR5. Intrabody is an intracellular single chain variable fragment antibody (scFv) that can bind
to a protein of interest potentially rendering it dysfunctional. Steinberger et al. 2000 developed a
CCR5 specific intrabody capable of blocking surface expression of CCR5, thereby protecting gene
modified cells from HIV infection [33].

Allogeneic stem cell transplantation with CCR5-d32/d32 cells in patients with HIV-infection and
malignancy has been considered since the late 1990s. When receiving donor cells, it is critical to have
properly matched human leukocyte antigens (HLA). Otherwise increasing the risk of rejection by the
host’s immune system. The limited availability of HLA-matched unrelated donors has not increased
over the last two decades. Only „1% of Caucasians possess the CCR5 null allele. This makes the
approach virtually impossible. To overcome this limitation, StemCyte (Covina, CA, USA), a cord blood
bank, in 2001 started to test all of their stored units for CCR5-deletion to offer transplantation centers
a CCR5 negative stem cell source. However, after identifying several hundreds of CCR5-d32/d32
units, the probability of finding an appropriately HLA-matched graft with sufficient cell count
(>2.5 ˆ 107 total nucleated cells) was still low. Specifically, only approximately 27% of Caucasian
patients were appropriately matched [34]. Combined with homozygous CCR5-d32/d32 of 1%, this
becomes very infrequent.

The concept of CCR5-depleted HIV cell therapy was given credence by the first successful allogeneic
transplantation with a perfect HLA-match from a donor homozygous for the CCR5-d32 deletion. In
this patient (the “Berlin patient”) ART was stopped from the time of transplantation and he has stayed
free from any viral rebound for a period of seven years. Moreover, even techniques with the highest
sensitivity have failed to detect any replication competent viral material, indicating that the patient has
received a sterilizing cure of HIV-1 infection [35,36].

A couple of years later, a second patient (the “Essen patient”) received a treatment similar to the
“Berlin patient”. In this case, the Essen patient’s viral load was found to rebound during engraftment with
an HIV quasi-species which was able to use alternative chemokine receptors (in this case CXCR4) [37].
This incident has raised several questions concerning the feasibility of translating the techniques of
CCR5 down-regulation by gene therapy to a larger group of patients. In this review, the problem of viral
rebound of non-CCR5 tropic viruses after CCR5 down-regulation is examined and possible strategies
to prevent viral escape, the ability of HIV to evade immune responses using multiple mechanisms (e.g.,
sequestration, latent reservoirs, switch to X4-tropism, epitope mutation or deletion, or exhaustion of
cytotoxic T lymphocytes), are discussed.

4. Differences between the “Berlin” and the “Essen Patient”

Seven years after the successful treatment of the “Berlin patient”, the results of the “Essen patient”
were published in 2014. The feeling of disappointment in both the scientific community and the general
public was tangible. These cases were very similar because both patients received HLA matched
unrelated stem cells from a CCR5-d32 homozygous donor. However, in the “Essen patient” case, the
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virus rebounded after transplantation with an X4 strain. Looking into the details of both patients’ cases
and the clinical course reveals some important differences (Table 1).

Table 1. “Berlin patient” versus “Essen patient”. Differences between the “Berlin” and the
“Essen” patient receiving a CCR5-delta32 homozygous allogeneic stem cell transplantation.

Berlin patient Essen patient

Age, sex 40 years, male 27 years, male

Malignancy acute myeloid leukemia
anaplastic large T-cell

lymphoma

Time between infection and ART 7 years 3 years

Time between infection and Tx 12 years 5 years

Tx regimen intermediate intensity myeloablative + 12 Gy TBI

Immunosuppression ATG, CSA, MTX, MMF ATG, CSA, MTX,

GVHD max. grade 1 (skin) max. grade 1–2 (skin)

Engraftment day +11 day +39

ART discontinuation on day of Tx 7 days before Tx

V3 sequence
CIRPNNNTRKGIHIGPGRAFYT

TGEIIGDIRQAHC
CTRPNNNTRKGIPLGPGKVFY

AT´EIIRDIRKAYC

>3 months prior Tx *

X4 prediction **

3months prior Tx capable intermediate

Immediate prior Tx nd capable

* Discrepancy to the HIV type B V3 consensus sequence (CTRPNNNTRKSIHIGPGRFYTTGEIIGDIRQAHC)
are marked in bold and underlined. ** Prediction of using the CXCR4 receptor (DNA or RNA according
to Geno3Pheno). ART = antiretroviral therapy, ATG = anti-thymocytic globulin, CSA = cyclosporine
A, MMF = mycophenolate mofetil, MTX = methotrexate, nd = not done, TBI = total body irradiation,
Tx = transplantation.

The clinical course of HIV infection was much more unfavorable in the “Essen patient”. The
latency between first diagnosis, initiation of ART, and malignancy was very short. By developing a
T-cell lymphoma, the “Essen patient” rapidly developed AIDS. Whereas the “Berlin patient” never
had an opportunistic infection and continuously maintained a sufficient CD4 T-cell count before
developing leukemia.

Corresponding to the clinical course, in depth analysis of the tropism predicting V3 region of the virus
revealed a major alteration in the “Essen patient”. As compared to the consensus sequence, the “Essen
patient” had a higher probability to change the tropism from R5 to X4, which was triggered by a few
additional mutations.

Another critical difference was that ART was stopped one week before transplantation in the “Essen
patient”. It appears that this gave sufficient time for the virus to replicate to an extent that it evolved
to use alternative co-receptors. The fact that the “Essen patient” engrafted very late (usually a stable
hematopoiesis will be achieved after 2–3 weeks after transplantation) could be evidence for a rapid
outgrowth of the mutated virus with consequent cytopathic effects on the expanding hematopoiesis.
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This could have contributed to the delayed engraftment. Both, uncontrolled viral replication and late
engraftment of CCR5 negative cells for nearly six weeks appear to have been contributing factors of
tropism change in the “Essen patient” case.

Finally, the “Berlin patient” relapsed from his leukemia one year after the first transplant and received
a second transplant from the same donor. It is conceivable that this double-transplantation has enhanced
the purging effect of this procedure on HIV reservoirs. However, the “Berlin patient” was HIV free
without antiretroviral therapy between these interventions so that eradication might have been achieved
before the second transplantation.

The main lesson we have learnt from the “Essen patient” is to continue ART during the conditioning
regimen until a stable engraftment and a 100% chimerism is achieved. Concerns that cytotoxic effects
of antiretrovirals may cause graft failure are, in our experience, overrated [38]. On the other hand,
drug-drug interaction between antiretrovirals and medications during transplantation procedure (e.g.,
cyclosporine A) are noteworthy and sometimes difficult to handle. Another unsolved problem is that
antiretroviral medication is exclusively administered orally which may cause problems in cases where
patients develop severe mucositis during their aplasia. Recommendations and guidelines for a safe use
of ART during chemotherapy and allogeneic transplantation are necessary to make educated clinical
decisions [39].

5. HIV Tropism and CCR5 Suppression

CCR5 is the major receptor for HIV cell entry. However, during the time of infection HIV-1 may
change its tropism in part (e.g., to CXCR4). This switch is associated with: high viral load, low CD4+
T cell count, AIDS, and ART pre-treatment, and may occur despite suppressed viral load. For CCR5
targeted treatment options, it is essential to understand the preconditions of the tropism shift to avoid
viral escape. Our experiences are mainly based on three examples where CCR5 and tropism change
were analyzed.

5.1. Entry Inhibitors of HIV

In 2007 maraviroc, a competitive CCR5 inhibitor, received clinical approval. Maraviroc is
representative of the new HIV drug class (entry inhibitors) that showed additional efficiency in ART
pretreated patients [40]. However, viral failure has been observed by re-emergence of X4-tropic viruses
with ongoing entry inhibitor use. This phenomenon was intensively studied and most studies found the
presence of even very small populations of non-CCR5 using strains of HIV before maraviroc initiation.
Evolutionary analysis revealed that X4-tropic viruses do not evolve de novo as a result of increased
selective pressure, but rather arise from pre-existing populations [41,42]. Therefore, X4-variants of HIV
can re-emerge if the R5 viral suppression is incomplete and/or the reservoir size of HIV has not been
suppressed to a critical level.

5.2. CCR5 Gene Therapy of HIV Disease

The Sangamo trial is the most advanced HIV gene therapy trial in terms of patient recruitment. In this
trial, peripheral autologous T-cells were administered after manipulation with a ZFN against CCR5.
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A group of patients underwent a treatment interruption after cell infusion. All of them rebounded
rapidly indicating that the manipulated cells did not exhibit protection from viral replication. The
dosage of manipulated CCR5 negative cells was relatively small. Interestingly, one of the patients
who was found to be heterozygous for the CCR5-d32 deletion spontaneously developed control of
viral replication without any antiretroviral treatment. All candidates for these investigations exclusively
harbored R5-tropic strains of HIV prior to enrolment. Unfortunately, there are no data concerning
possible shifts in HIV tropism during zinc-finger administration and in the patient who controlled viral
replication [12].

5.3. Problems Unsolved: Alternative Chemokine Receptors

Generally, people with the natural CCR5-d32/d32 mutation who become infected by HIV are
infected by X4-tropic viruses. However, it is well known that under some circumstances HIV can
use alternative chemokine receptors. Most interesting in this context is analysis of tropism from
HIV-infected CCR5-d32 homozygotes where cases of infection with non-R5-tropic viruses have been
described [43,44]. This “back door” of HIV rebound could be a critical limitation for entry-targeted
treatment strategies.

6. Size of the Reservoir and Probability of Rebound

In patients where antiretroviral medication is discontinued, the rebound generally occurs within a
few weeks. Interestingly, relatively rapid rebound is still observed even in patients who have been taking
antiretrovirals for a long time (minimization of the reservoir is assumed) [45]. Moreover, in patients with
spontaneous suppression of viral replication (elite controllers) there is generally a measurable proviral
reservoir. Also, elite controllers may suffer from a spontaneous and unexpected periodic outburst of HIV
replication [46].

Most recently, reports of patients with non-detectable viral reservoirs were published and deserve
closer attention.

1. Two HIV+ patients received allogeneic stem cell transplantation (CCR5 wild type graft). Both
received antiretroviral medication—2.5 and 4.3 years after transplantation. Both developed
a continuous sero-deconversion concerning anti-HIV antibodies indicating that no significant
replication had occurred in this time. Otherwise the anti-HIV antibodies would have still been
measurable. Furthermore, tissue samples and outgrowth assays from peripheral blood were
all negative. It has been speculated that allogeneic transplantation led to elimination of the
viral reservoir by turnover of latently infected cells in combination with (a postulated) cytotoxic
effect from graft T-cells against the reservoirs (graft versus HIV effect). However, both patients
rebounded with HIV after three and seven weeks, respectively. Interestingly, the time between
discontinuation of medication and rebound was unusually long, indicating that both patients had
a very small reservoir but had not eradicated the virus and that latently infected cells “hid” in
undetectable niches [47,48].
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2. A perinatal infected child received antiviral therapy rapidly (30 h) after delivery and was taken off
medication after 18 months. Surprisingly, the child was found without HIV replication after ART
discontinuation. Occasionally very small traces of virus material were detected but no replication
competent virus was found. The patient displayed no immunological reaction in terms of anti-HIV
antibody production. It was assumed that early initiation of ART led to a minimized reservoir
and that the immune system was able to control this small number of infected cells. However,
approximately 27.6 months after discontinuation of ART the child was found with active HIV
replication [49].

A functional cure was assumed in all three patients by minimizing the size of the latent reservoir and
thereby achieving viral control. Unfortunately, all three patients rebounded with HIV after unusually
long periods of time indicating that viral reemergence can occur from very small cell sources which
might be far beyond our current abilities of detection. Assays for quantifying the latent reservoir continue
to be developed and optimized. Outgrowth assays using ELISA take 14 days while newer RT-PCR assays
take only seven days and are more sensitive [50]. Despite advancements in quantifying the reservoir, their
accuracy is uncertain and the source of latently infected cells remains unknown.

7. Strategies to Minimize the Viral Reservoir

As reported above, the size of the viral reservoir could contribute to the probability and the time point
of viral replication after ART discontinuation. Therefore, strategies to minimize the reservoir will be
critical, such as enhancing the potency of CCR5 driven therapies.

7.1. Chemotherapy

Chemotherapy alone or in combination with irradiation is used routinely during cancer treatment
as well as autologous and allogeneic stem cell transplantation. The myelosuppressive effect of
chemotherapy is sustained but usually only temporarily. Some chemotherapeutics (e.g., fludarabine)
cause more cell line-specific and lasting effects. Experiences with HIV+ patients receiving high dose
chemotherapy and autologous stem cell transplantation have revealed a lack of sustained effect on the
size of the viral reservoir [51].

7.2. Using HIV Cytopathic Effects

HIV has a cytopathic effect on cells, which means that replication and externalization of HIV particles
may lead to a consequent cell death. In uncontrolled infection, reduction of the pool of infected cells
is compensated by newly infected target cells. Introduction of ART provided some hope in that latently
infected cells had a significant turnover and that continuation of ART would lead to stepwise eradication
of HIV. Strategies to enhance the turnover rate were proposed when it became obvious that the half-life
of the cell turnover is much longer than expected (due to resting and non-replicating cell sources) and
that eradication could not be achieved during a normal life-span. Under the terms “shock and kill”
or “kick and kill” different medications were tested. These medications were able to “kick/shock”
the latently infected cells to replicate their virus followed by the elimination (“kill”) of the replicating
cell. Concurrently, antiretrovirals, including entry inhibitors, were administered to prevent reinfection of
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cells. For this approach, histone deacetylase inhibitors, inhibitors of extra-terminal proteins, and protein
kinase C activators have been tested [52]. However, first clinical experiences with vorinostat, a histone
deacetylase inhibitor exhibited evidence that the virus can be “kicked” out of the reservoir but failed to
show any effect on the size of the viral reservoir [53].

7.3. Agents Toxic to Viral Reservoir

Several agents have been shown to have cytotoxic effects on latently infected cells. One promising
candidate is auranofin, a gold complex initially developed for treatment of rheumatic arthritis which is
through to inhibit reduction/oxidation (redox) enzymes who are essential to many cellular processes,
particularly in maintaining the intracellular levels of reactive oxygen species (ROS). Controlling the
level of ROS to prevent the resulting DNA damage is critical for the survival of all cell types, including
cancer cells, parasites and memory T cells that harbour proviral HIV DNA. Auranofin has pro-apoptotic
effects through a proposed caspase pathway and down-modulation of CD27 in non-activated central and
transitional memory T-cells (TCM and TTM, respectively). CD27 is a marker of memory T cells with
long-lived phenotypes harboring provirus [54].

An early clinical trial with auranofin in patients infected with HIV was announced from the Vaccine
and Gene Therapy Institute, Florida, USA but was withdrawn prior to enrollment (NIH clinical trial
NCT02176135).

7.4. Gene Therapy

In addition to gene therapy being feasible in targeting HIV entry mechanism, it may be useful in
targeting the latently infected cells to reduce the size of the reservoir. In 2007 a new approach of purging
infected cells attracted attention. This approach used a highly specific tre-recombinase. This enzyme
was derived from another enzyme with the ability to cut DNA regions with a similar sequence as the
long terminal repeats (LTR) found in HIV-1 insertion sites. By insertion of the tre-recombinase into the
infected cell, the provirus can be completely removed [55].

Most recently, another approach using Cas9/guide RNA (gRNA) has been published. Here, only
a fragment of the integrated provirus was successfully tested. By interfering with the HIV-1 LTR U3
region, Cas9/gRNA transfection inactivated HIV gene expression and replication of latently infected
cells effectively [56].

8. Strategies to Overcome Viral Rebound

8.1. Additional HIV Entry Inhibition

In light of mixed results attendant CCR5 down-regulation (as previously described), a case can be
made for dual entry inhibition. One possibility is to use an agent that has an additional effect on
CCR5 down-regulation. The HIV-fusion inhibitor C46 (M87o), developed by the von Laer laboratory,
has shown strong anti-HIV activity in tissue culture systems and in non-human primates [57–59].
C46, comprised of 46 amino acids, is derived from the second heptad repeat of the HIV-1 envelope
glycoprotein gp41, and effectively inhibits fusion of the viral and cellular membranes during virus
entry. The 36 C-terminal amino acids of C46 correspond to the fusion-inhibitory peptide C36
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(T-20/enfurvitide), the first HIV-fusion inhibitor approved for clinical use. C46 is expressed as a
fusion protein with an N-terminal signal peptide, which targets the peptide through the endoplasmic
reticulum to the cell surface and a C-terminal linker followed by a membrane-spanning domain. Safety
of this inhibitor has been shown in vitro and in a clinical trial [60]. A lentiviral vector comprised of
the C46 fusion inhibitor and a shRNA to CCR5 (LVsh5/C46) has been shown to have a synergistic
effect in inhibition of HIV replication in T cell lines, peripheral blood mononuclear cells as well as in a
humanized mouse model in vivo [21]. Experiments conducted with LVsh5/C46 were used to transduce
Molt 4/CCR5 cells and then challenged with HIV Bal (R5-tropic). Results from triplicate experiments
showed increasing gene marking over time (10 to >75%) and no evidence of escape mutants as shown
by PCR analysis on HR1, HR2, and V3 loop regions for up to nine weeks [61].

Another combination therapy currently in clinical trial uses a triple combination of shRNA targeting
tat and rev mRNAs of HIV-1, anti-CCR5 ribozyme, and a nucleolar-localizing transactivation response
(TAR) decoy (NIH clinical trial NCT00569985) [31,62,63]. Tat and rev are regulatory proteins necessary
for HIV to replicate, but shRNAs targeted to them have shown anti-HIV-1 activity in human cells and
a humanized mouse model [62,63]. Tat must bind to TAR for transcription. As such, use of the TAR
decoy, which can mimic tat binding to TAR, was shown to neutralize its activity [64]. Together with
knock down of CCR5, via a ribozyme, this triple combination therapy targets both HIV and cellular
elements through different mechanisms. Multiple combination therapy increases the ability to inhibit
HIV on several levels and is hoped to suppress any chances for viral escape.

8.2. CXCR4 Blockage

Independent from the development of maraviroc as a CCR5 inhibitor, plerixafor a CXCR4 inhibitor
was first synthesized in the late 1980s. Plerixafor later became an attractive potential HIV drug. Even
though the effect on HIV was quite disappointing, its ability to block the hematopoietic stem cell homing
mechanism was noteworthy. Today, plerixafor is administered as a safe and efficient stem cell mobilizer
during autologous or allogeneic stem cell collection [65].

The use of plerixafor in combination with gene therapy has not yet been tested. Principally, the use of
plerixafor or other CXCR4 inhibitors might be useful in enrichment of CCR5 manipulated cells to avoid
outgrowth of alternative quasi-species of HIV (Figure 1). The current concept of gene therapy proposes
that only a relatively limited proportion of cells can be transduced and, thereby, exhibit resistance. In
this scenario, other “unprotected” cells would have a disadvantage and be reduced in numbers by the
cytopathic effect of HIV. As a consequence, the cells with the protective agent would become enriched
and may go on to form a major cell population. In this case, viral replication would act as a selective
agent allowing protected population of cells to expand before any untoward effects of HIV replication
manifest themselves.
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Burixafor exhibits higher efficiency and favorable toxicity as compared to Plerixafor. Burixafor may 

also be able to contribute to a CCR5 targeted treatment approach [66]. 

Recently, in an in vitro experiment ZFNs were used to disrupt both CCR5 and  
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Figure 1. Selective advantage of dual entry inhibition. (A) Autologous cells with CCR5
down regulation will be reinfused into a patient ongoing ART; (B) ART is discontinued
allowing HIV to replicate and infect naïve cells (CCR5+ cells). In theory, based on the
cytopathic effect of HIV, CCR5 negative cells will become enriched; (C) apoptosis of
infected cells decreases CCR5 as a potential target for cell entry. By increasing the selective
pressure, HIV may switch tropism and enter CCR5 negative cells by using alternative
chemokine receptors like CXCR4; (D) Dual entry inhibition (CCR5 negative and CXCR4
inhibited cells) could prevent HIV from entering the cells and thereby infection.

Newly developed CXCR4 inhibitors such as burixafor (TG-0054) provide alternatives to plerixafor.
Burixafor exhibits higher efficiency and favorable toxicity as compared to Plerixafor. Burixafor may
also be able to contribute to a CCR5 targeted treatment approach [66].

Recently, in an in vitro experiment ZFNs were used to disrupt both CCR5 and CXCR4. [32]. In a cell
line model only the double manipulated group showed resistance against R5 and X4 strains, indicating
a highly selective advantage against the cytopathic effect of HIV infection. However, knock-down of
CXCR4 in vivo is risky because this receptor appears to be essential in immune responses and also
serves as a vital factor for humans. The practicality of this approach needs further exploration [67].

8.3. Chemokine Receptor Down-regulation

Density of chemokine receptors on the cell surface may contribute to susceptibility of cells to
HIV. In turn, reverse down-regulation can also serve as a protective factor [68,69]. It is known that
expression of chemokine receptors is subject to tight regulation. One example of such regulation is
prostaglandin E2 (PGE2)-mediated transcriptional attenuation of CCR5. It has been demonstrated that
inducible regulatory T cells (iTregs) express cyclooxygenase-2 (COX-2) and produce copious amounts of
PGE2 upon differentiation in the periphery [70]. In contrast to naturally occurring CD4`CD25`Foxp3`

Tregs (nTregs), which develop in the thymus and do not express COX-2, iTregs develop in peripheral
lymphoid tissues. iTregs’ COX-2-mediated PGE2 production can substantially influence epigenetic
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down-regulation of CCR5 surface expression via bystander effect both on CD4` T cells as well as
myeloid cells. Importantly, it has been shown that PGE2 and its more stable derivative dimethyl
PGE2 (dmPGE2) are critical regulators of HSC homeostasis [71]. Recent data from clinical trials
has shown that brief ex vivo modulation with dmPGE2 could improve patient outcomes by increasing
the “effective dose” of HSCs in allogeneic transplantation, thus opening the possibility that the same
treatment could also epigenetically down-regulate CCR5 expression. Similar effects have also been
proposed for PGE2-mediated down-regulation of CXCR-4.

9. Summary and Outlook

Today, HIV treatment has entered a new era. In light of the success of ART in controlling infection
and extending the life-span of HIV-infected people, lack of an efficient vaccine is the major obstacle to
HIV prevention; perhaps now is the time to consider eradicating HIV. The case of the “Berlin patient”
opened a window to the possibility of cell-based therapy. However, there are some limitations in the field
of cell-based gene therapy. Gene therapy methods are currently being tested clinically.

New reports of cases where viral control or eradication of HIV might be achieved are prominent
today. These reports, however, may diverge the discussions on HIV cure leading to false expectations
and hasty conclusions. After all, every new development is still just a piece of the puzzle instead of a
definitive solution to HIV treatment optimization.

To our current knowledge, protection from HIV re-emergence after CCR5 targeted therapy can
be achieved by suppressing the chemokine receptor to low levels, thus mimicking the nearly perfect
protection against transmission in CCR5-d32 homozygous individuals. Inhibition of viral replication
during this phase, as well as CCR5-independent entry inhibitors, may prevent rebound of HIV
quasi-species using alternative chemokine receptors. Other strategies, such as reducing the size of the
HIV reservoir, may facilitate this effect but as of now are entirely hypothetical.
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