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Abstract

HIV infection continues to be a serious health issue with an alarming global spread, owing to the fact that attempts at developing
an effective vaccine or a permanent cure remains futile. So far, the only available treatment for the clinical management of HIV is
the combined Anti-Retroviral Therapy (cART), but the long-term cART is associated with metabolic changes, organ damages,
and development and transmission of drug resistant HIV strains. Thus, there is a need for the development of one-time curative
treatment for HIV infection. The allogeneic transplantation with the Hematopoietic Stem and Progenitor cells (HSPCs) having
32 bp deletion in Chemokine receptor 5 gene (CCR5 A32) demonstrated successful HIV remission in the Berlin and London
patients, and highlighted that transplantation of CCRS5 null HSPCs is a promising approach for a long- term HIV remission. The
advent of gene editing technologies offers a new choice of generating ex vivo CCRS ablated allogeneic or autologous HSPCs for
stem cell transplantation into HIV patients. Many groups are attempting CCRS5 disruption in HSPCs using various gene-editing
strategies. At least two such studies, involving CCRS gene editing in HSPCs have entered the clinical trials. This review aims to
outline the strategies taken for CCRS gene editing and discuss the challenges associated with the development of CCR5

manipulated HSPCs for the gene therapy of HIV infection.
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Introduction

The Human Immunodeficiency Virus-1 (HIV-1) infection
was identified in 1983 as the causative retrovirus of
Acquired Immunodeficiency Syndrome (AIDS), and it still
remains as an incurable immune disease in spite of decades
of dedicated research. Moreover, the clinical management of
the deadly HIV-1 infection grows more challenging due to
generation or resistant strains and the stable latent HIV-1 res-
ervoirs in various tissues and hematopoietic cells.

The ART is the current standard of care for HIV-1 positive
patients in which antagonists against one or different steps of
HIV-1 infection such as entry and propagation are adminis-
tered. This includes reverse transcriptase inhibitors, protease
inhibitors and integrase inhibitors. In 1987, zidovudine (AZT)
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was developed as the first anti-retroviral drug, which reduced
the perinatal transmission of HIV [1]. The availability of sa-
quinavir, a protease inhibitor drug, opened the possibility of
Highly Activated Anti-retroviral therapy (HAART) in which
multiple drugs are administered in combination to suppress
the virus propagation [2]. HAART was acknowledged as an
advanced treatment for HIV-1 infection. Anti-retroviral ther-
apy is functional in lowering the patient’s total burden of HIV-
1 by continuously removing the detectable levels of virus from
the system, thereby delaying the progression to AIDS and
prolonging the lives of individuals. Though an effective treat-
ment strategy, ART does not provide a permanent cure since
the risk from latent viral reservoirs persists. Recent findings
indicate that HIV-1 also infects the HSPCs. The HIV-1 inte-
grates its entire genome into the host cells and persist without
producing infectious viruses, which is known as latency [3].
Latency enables the infected cells from evading immune rec-
ognition and clearance, which can lead to the establishment of
reservoirs in the HSPCs. As the infected HSPCs self-renew
and differentiate into hematopoietic lineages throughout their
lifetime, it results in the retention of viremia in the patient. The
other drawback is that, though the cART keeps the HIV-1
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RNA levels undetectable in HIV-1 infected patients, it does
not eliminate the latent proviral DNA. The patients are depen-
dent on cART for lifetime to suppress the HIV-1 replication
from the latent proviral DNA as the interruption of cART
leads to viral rebound [4]. Also, long-term cART exposure
is associated with the development of drug resistant strains
of HIV-1 and metabolic changes in the host cells resulting in
organ damages [5].

Many attempts to develop vaccines against the HIV proved
futile with very few reaching the clinical trials and none of the
studies producing sufficient therapeutic effect. The RV144
trial of 2009 was the only recorded vaccine clinical trial dem-
onstrating an appreciable efficacy of 31.2% [6]. Even a fairly
recent HIV-1 vaccine trial HVTN702, conducted among the
South African individuals by National Institute of Health
(USA), was discontinued due to its ineffectiveness [7].

The identification of HIV-1 viral tropism and the essential
co-receptors, CCRS and CXCR4, mediating the HIV-1 entry,
resulted in the emergence of co-receptor targeted treatment as
an alternative for cART or as an additive treatment along with
the cART [8]. The inhibition of CCR5 with maraviroc, a small
molecule that selectively blocks CCRS, led to the restriction of
HIV-1 entry into the immune cells and showed a significant
level of viral suppression and improved CD4 cell count at
48 weeks follow up [9]. Maraviroc has now been approved
by the FDA for the treatment of HIV-1. The inhibition of
CXCR4 with AMD3100 or both the CCRS and CXCR4 with
AMD3541 are the other options available. Thus, co-receptor
targeted treatment is an exciting approach towards HIV treat-
ment [10]. The cure for HIV could be the sterilizing cure
(complete elimination of virus), functional cure (suppression
of viral load) or remission (undetectable viral load). In this
review, we will focus on various gene editing strategies and
challenges associated with genetic ablation of CCRS5 receptor
in HSPCs for HIV-1 gene therapy.

Fig. 1 Co-receptor mediated
HIV infection: 1. R5 HIV-1 finds
CD4 expressing cells
(Macrophages and T-cells) 2.
Establishment of interaction with
CD4 receptor and gp120 of HIV
3. Recruitment of CCRS5 co-
receptor and binding of co-
receptor for fusion 4. HIV starts
releasing viral Capsid into target
cells 5. Released capsid in target
cells 6. Release of viral RNA into
the target cells 7. Reverse tran-
scription of viral RNA into
cDNA. 8. Proviral DNA integra-
tion into host genome
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The CCR5 and CXCR4 Co-Receptor Mediated
HIV Infection

HIV-1 enters the immune cells through CD4 receptors
and it establishes infection by the following steps; 1)
Fusion with the cell membrane 2) Reverse transcription
of its RNA to DNA 3) Integration of viral DNA in the
host DNA 4) transcription and translation of viral DNA
5) Viral assembly and destruction of host cell, leading
to immune cell depletion. The major depletion of im-
mune cells eventually results in AIDS (Fig. 1).

The chemokine receptors, CCR5 and CXCR4 play a
critical role as co-receptors for HIV-1 infection. CCRS
belongs to G protein coupled receptor family encoded in
the short arm of chromosome 3 and it is expressed on
the immune cells such as CD4 T cells, macrophages
and dendritic cells. The CXCR4 encoded in the chro-
mosome 2 is expressed on the cell surface of hemato-
poietic cells and are specific for stromal cell-derived
factor-1. The HIV-1 envelope glycoprotein(gp) is com-
posed of spikes formed from trimers of gp120-gp41
heterodimers. During infection, the gp120 external sub-
unit binds to the CD4 receptor by acting as a chemo-
kine mimic, followed by a conformational change in the
envelope proteins, that exposes the gp41 transmembrane
subunit. Gp4l now interacts with either CCRS5 or
CXCR4, the choice of which determines the viral tro-
pism, thereby fusing with the target cell membrane to
deliver the viral capsid. There are mainly 3 HIV-1 tro-
pisms based on co-receptor usage for host cell entry—
R5 (CCRS5 utilizing), X4 (CXCR4 utilizing) and R5X4
(utilizing both the receptors) [11]. RS HIV tropism ini-
tiates the early stage of infection and at later stages,
toward the progression of AIDS, the more virulent X4
tropism becomes prevalent [12, 13].
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HIV-1 Remission through CCR5 A32
Allogenic Haematopoietic Stem Cell
Transplantation

Approximately, 1% of European population have a homo-
zygous CCR5A32 genotype that leads to the absence of
CCRS5 expression, imparting natural HIV-1 resistance [14].
Allogeneic stem cell transplantation with the HSPCs har-
vested from such CCR5 A32 donors have shown promising
results against RS tropic HIV-1 infection.

Hiitter et al., (2009) reported the first breakthrough case
of HIV remission, famously known as the Berlin patient
[15]. The Berlin patient was diagnosed as HIV-1 positive
and underwent HAART for 4 years. In 2006, he was diag-
nosed with Acute Myeloid Leukemia (AML). Stem cell
transplantation was carried out from an HLA matched (10/
10) donor with the homozygous CCR5A32 genotype. This
patient underwent a rigorous conditioning regimen with the
total body irradiation (TBI) and cyclophosphamide. Due to
AML relapse after the first transplantation, he underwent
second stem cell transplantation from the same donor.
Long-term follow-up of Berlin patient showed 100% chime-
rism having CCR5 A32 Homozygous genotype with no de-
tectable viral load in his Lymph nodes, gut, brain and CD4
cells [16].

Recently, a second patient popularly termed as the
London patient achieved HIV-1 remission through the
same approach. Similar to the first case, he underwent
HSPC transplantation from a.

HLA matched (9/10) donor with homozygous A32 geno-
type and ART was discontinued 16 months post transplanta-
tion [17]. Viral rebound was not observed even after 30 months
of ART withdrawal. The HIV-1 reservoir, analyzed with a
highly sensitive assay, indicated no detectable viral load in
body fluids such as semen, plasma as well as lym-
phoid organs, rectum, caecum, sigmoid colon and ter-
minal ileum. However, low levels of viral load were
observed in CD4 Central memory T cells and lymph
node tissues and the positive signal for LTR and env
indicated that the sterilizing cure might require a lon-
ger time.

Further HIV-1 related illnesses have not appeared in both
the Berlin and London patients even after ART withdrawal
for 12 years and 30 months respectively. These results pro-
vided the evidence for a successful HIV-1 remission using
CCRS null HSPCs. The clinical outcomes of the Berlin and
London patients are listed in Table 1. The sterilizing cure in
these patients is still unknown as low levels of HIV-1 viral
RNA and proviral DNA were detected in some tissues of
both the patients on long term follow up. Low copy of HIV-
1 RNA was detected in Plasma and Rectum in Berlin patient
which was negative in London patient whereas, defective
proviral DNA of HIV-1 was detected in both the Berlin and

Clinical outcomes in Berlin and London patient who underwent similar allogenic stem cell transplantation from CCRS null donors

Table 1

London patient

Berlin patient

9/10

10/10

Donor HLA match

14 years Rilpivirine, Lamivudine, dolutegravir.

Wild type

4 years (600 mg of efavirenz, 200 mg of emtricitabine, and 300 mg of tenofovir per day)

Years under ART (pre-transplantation)

Heterozygous for 32 bp deletion

CCRS5 genotype pre-transplantation

Lomustine, ara-C, Cyclophosphamide, Etoposide and Anti-CD52

Twice due to AML relapse Drugs (fludarabine, Cytarabine, Amsacrine,

Conditioning regimens

Cyclophosphamide, Rabbit antithymocyte globin) with TBI (400 cGy and 200 cGy)

Two rounds

Single

No of transplantation

16 months
430 cells/pl

Day of transplantation

800 cells/ pl

ART interruption post transplantation

CD4 count in long term follow up

Env and LTR is detected, Integrase and W is absent

Over 30 months

Not detected

Proviral DNA on long-term follow up
HIV remission without ART

HIV Antibody level

Over 12 years

Positive against gp120/110

Positive against gp160 and p24

Hodgkin’s Lymphoma

Acute Myeloid Leukemia

Hematological malignancy
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London patients. Noteworthy, Env and LTR sequences of the
viral genome were detected in the lymph node of the London
patient but Integrase and ¥ were absent, which led to the
inability to produce infectious HIV-1 particle [18].

Whether the eradication of previously established HIV-1
reservoirs in Berlin patient was due to the allogenic HSCT or
the intense conditioning regimen involving total body irradi-
ation, remains unclear. The SHIV infected monkeys which
received total body irradiation were observed to have a rapid
depletion of peripheral blood CD4 cells than CD4 cells in
lymphoid tissues such as spleen and axillary lymph nodes.
Only 30 to 40% of CD4 cells were depleted in spleen, indi-
cating that the residual HIV-1 infected cells could still persist
in lymphoid tissues and TBI may not be sufficient to eliminate
the viral reservoirs [19]. In line with this, another study dem-
onstrated an effective reduction of HIV-1 reservoirs in lym-
phoid tissues in the HIV-1 infected monkeys which were
transplanted with CCRS5 modified autologous stem cells.
These findings suggest that the CCRS5 modified stem cells
but not the total body irradiation eliminate the viral reservoirs
on long term [20]. This notion is further strengthened by the
remission of the London patient who did not undergo total
body irradiation. The undetectable levels of reservoir in most
of the tissue samples and peripheral blood samples in both
London and Berlin patients proved that CCRS5 null HSPC
transplantation will eradicate the tissue resident HIV-1 latent
reservoirs. This is further proved by the failure of the usage of
allogenic stem cells with the wild type CCRS5 or heterozygous
CCRS5A32 genotype in HIV infected patients to cease viral
rebound upon ART withdrawal [21].

Overall, Allogenic stem cell transplantation from donor
harboring A32 genotype is a promising approach to achieve
HIV-1 remission.

Remission against R5 Tropic Virus by CCR5
Disruption

Drug Mediated CCR5 Inhibition Improves CD4 Cell
Count

After the pioneering work of Cocchi et al., demonstrating
CCRS5 as an essential coreceptor utilized by R5 tropic HIV-1
virus for the entry into T-cells and macrophages, it has been
validated and established as a standard therapeutic target
against HIV-1.

Several CCRS5 antagonists were identified by high through-
put pharmacological screening and these antagonists stabilize
the inactive CCRS protein thus restricting the binding of
chemokines and gp120 [22]. Maraviroc, a CCR5 antagonist
showed promising results in the clinical trials with minimal
toxicity, low HIV-1 RNA copies and improved CD4 cell
count [23, 24]. .Maraviroc binds to the extracellular loop of
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CCRS5 protein and induces the confirmational change there by
it prevents the HIV-1 interaction with the CCRS receptor.
Subsequently, several other chemokine drugs such as
Vicriviroc and aplaviroc potentially supressed HIV-1 for
24 months, but eventually led to the development of malig-
nancies [25], and hepatotoxicity [26]. Resistance against
CCRS5 targeting drugs were also reported, thereby challenging
its long-term efficacy.

Disruption of CCR5 Gene Using Genome Editing
Approaches

Recently developed gene editing tools like Zing Finger
Nucleases (ZFN), Transcription Activator like Effector nucle-
ases (TALEN) and Clustered Regularly Interspaced Short pal-
indromic repeats (CRISPR-Cas9) allows scientists to knock-
out CCRS protein by inducing DNA double strand breaks
(DSB) at the open reading frame of CCRS in immune cells
as well as hematopoietic stem cells.

B.1 ZFN Mediated CCR5 Disruption ZFNs are artificially cre-
ated heterodimers synthesized by fusing Zing finger DNA bind-
ing domain and DNA cleaving domain. DNA binding domain
consists of two zinc finger modules which allow recognition of
unique hexamer sequence in the genome. DNA cleavage domain
comprises Fokl endonuclease, which upon dimerization at the
recognition of DNA binding domain, cleaves the DNA leading
to the formation of DSBs at the target locus. The DNA repair, by
the non-homologous end joining repair pathway, leads to incor-
poration/substitution/deletion of nucleotides preventing the ex-
pression of a functional protein. Several studies have demonstrat-
ed CCRS5 disruption using ZFN in CD4 cells and HSPCs.

Adenovirus mediated transient expression of ZFN targeting
the first transmembrane domain of CCRS protein in human CD4
cells induced CCRS disruption to a mean frequency of 50%. The
CCRS disrupted CD4 cells displayed R5-HIV-1 resistance
in vitro as well as in vivo. The engraftment studies in NOG mice
showed a reduced viral load and increased CD4 cell count with
3-fold selective enrichment of CCRS negative cells upon HIV-1
infection [27]. Sangamo therapeutics carried out a clinical trial
with 12 HIV-1 infected individuals who were under ART. The
autologous CD4 cells were collected from the patients. CCRS
was edited with ZFN and infused back into the patients. During
ART interruption, the wildtype CD4 cells started declining
whereas CCRS5 modified CD4 T cells remained stable.
Although ZFN mediated CCRS5 edited CD4 cells were safe in
human subjects, complete HIV-1 remission was not observed,
possibly due to the low gene editing efficiency and persistence of
reservoir in other tissues [28]. Simultaneous editing of CCRS and
CXCR4 in human CD4 cells provided protection against X4 and
RS tropic virus in mice [29, 30].

ZFNs are also being used to edit the CCRS in the HSPCs.
Ad5/F35-mediated delivery of ZFN into HSPCs can edit the
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cells, but with the low efficiency of 5% indels. They were able to
increase the editing frequency up to 30% with Protein Kinase C
activators. The PKC activators work through the ERK/MEK
pathway to improve the gene editing efficiency. The
CCRS5 modified adult HSPCs retained multilineage po-
tential in NSG mice and exhibited R5-tropic HIV-1 re-
sistance [31, 32].

To overcome the toxicities associated with plasmid DNA
or the Ad5/F35, ZFN encoding mRNA was delivered through
electroporation which helped to achieve maximum of 50%
gene editing efficiency with minimal toxicity [33]. This ap-
proach has reached the clinical trial (#NCT02500849).

To achieve an efficiency of 100% manipulation of CCRS
locus, ZFN mRNA was electroporated with AAV6 donor
template encoding green fluorescent protein into the adult
mobilized peripheral blood HSPCs. This strategy allows the
selection of CCRS edited cells for the transplantation by
sorting the GFP positive cells [34]. .However, clinical trans-
lation of such a strategy will be challenging. Other approaches
employed to enrich gene modified stem cells in the mice in-
clude over-expression of the aldehyde dehydrogenase-1 or the
mutant drug resistant Methylguanine methyltransferse in
HSPCs using lentiviral vectors which provide cellular resis-
tance against cytotoxic agents such as cyclophosphamide and
temozolomide. By using this approach they observed a signif-
icant increase in the number of gene modified cells in the mice
and non-human primate models [35, 36].

Disruption of CCRS gene in autologous HSPCs from mon-
keys were also reported. These studies showed 64% modifi-
cation in ex vivo and 40% in vivo after transplantation. CCR5
disrupted HSPCs retained engraftment and multi lineage po-
tential in a large animal model [37]. Also, CCR5 modified
immune cells were found in the gut and lymph nodes, where
HIV-1 infected latent reservoirs are usually predominant, in-
dicating a successful replacement of HIV-1 infected reservoir
cells by CCRS modified cells. The protected CCRS modified
cells had the potential to eradicate the viral reservoirs through
graft versus HIV-1 effect. However, long term follow up re-
sults from the same monkeys showed reduction in the fre-
quency of CCR5 modification from 40% to 4%, which may
not be sufficient for long-term ART free viral remission [20].

B.2 TALEN Mediated CCR5 Disruption TALE was identified as
a natural protein in the plant pathogenic bacteria Xanthomonas
Species. It is artificially engineered to fuse Fok1 nuclease at C-
terminus of TALE and used for targeted genome editing.
Plasmids encoding variants of TALENs were transfected into
HEK293T cells to obtain 45% gene editing of CCRS locus with
better viability and less off-targets than ZFN [38]. Delivery of
TALEN into the cells in plasmid form is associated with severe
cytotoxicity. To overcome this barrier, another study showed
fusion of cell penetrating peptide TAT with TALEN which dem-
onstrated a 5% modification frequency of CCRS locus in human

iPSCs (induced pluripotent cells) [39]. Subsequently, TALEN
encoding mRNA transfection in PM1 cell line and Human pri-
mary T cells showed an increased editing frequency of about
90% and 50% respectively [40]. In addition, Shi et al
screened 28 novel TALENs in GHOST-CCRS5-CXCR4
cell line and Human Primary CD4 cells. They observed
that the TALEN mediated CCRS5 disrupted cells confer
HIV-1 resistance with low cytotoxicity than ZFN [41].

B.3 CRISPR/Cas9 Mediated CCR5 Ablation CRISPR/Cas9 is the
bacterial innate immune system which destroys the invading
viruses. The locus targeting is achieved through sgRNA
which is made up of CRISPR RNA and trans-acting RNA
while the target cleavage is achieved by Cas nuclease.

Initially, CRISPR/Cas9 was delivered as plasmids and
expressed under the Pol III promoter which resulted in lower
gene editing efficiency [42]. Recent advancements simplified
two RNA into single synthetic guide RNA and increased the
stability by incorporating phosphothiorate modifications, thus
improving the targeting and cleavage activity [43—46]. Similar
to ZFNs and TALENS, CRISPR/Cas9 has also shown to dis-
rupt the CCRS5 in both CD4 T cells and in human
HSPCs with an efficiency of 42% and 34% respectively
[47]. .Comparative studies with TALEN and CRISPR/
Cas9 targeting CCRS gene in HEK293T cells showed
enhanced editing with CRISPR/Cas9 [48].

AAV mediated delivery of individual CRSIPR/Cas9 com-
ponents into CD4 cells led to the ablation of CCRS5 protein up
to 30% [49] Packing of both Cas9 and sgRNA components
into a single AAV construct could increase the efficiency but
the size of spCas9 prevents the feasibility of such efforts. In an
alternative approach to overcome size restrictions, a smaller
Cas9 isolated from Staphylococcus aureus was used and this
resulted in successful modification of CCRS gene in primary
CD4 cells and HSPCs [50]. CRISPR/Cas9 mediated
CCRS ablation in human fetal liver derived HSPCs ex-
hibited engraftment and multilineage potential. Immune
cells derived from the CCRS5 ablated HSPCs displayed
HIV-1 resistance in NPG mice [51].

Lentiviral vector encoding CRISPR/Cas9 against CCR5
locus were transduced into monkey HSPCs to ablate
CCRS5 gene. GFP expressing lentiviral vector was used
as control. Before infusion, GFP expression was found to
be 70% and after 8 months of infusion it went down to
6.5%. Notably, CCRS5 modified cells were increased upto
3-fold upon ART withdrawal after 8 months of transplan-
tation but SIV remission was not achieved due to lower
editing frequency [52].

In addition, early data presented in 5°th conference on cell and
gene therapy for HIV-1 cure 2019 indicated that the ZFN medi-
ated CCRS5 modified autologous hematopoietic stem and progen-
itor cells were engrafted in HIV-1 patients with successful estab-
lishment of multilineage reconstitution potential in two different
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cohorts. Several clinical trials with the aim of HIV cure using
various gene therapy approaches are listed in Table 2.

Challenges Associated with CCR5 Editing
in HSPCs

Despite the extensive studies on the HIV-1 infection through-
out the years, successful HIV remission has been attained only
in two cases. The time duration between the Berlin and

London cases are almost a decade, which indicates that
CCRS5A32 homozyogous transplantation is restricted by mul-
tiple factors including donor availability, viral rebound
and transplantation- associated risks. Some of these fac-
tors may also hamper the progress of HSPCs gene
editing therapy (Fig. 2).

Failure of HSPCs Mobilization in HIV-1 Patients The minimum
cell dose of at least 5 x 10° HSPCs per kg of patient is
recommended for manipulation and subsequent

Table 2  List of clinical trials using HSPCs for HIV gene therapy

Sponsors Name of the product Description Identifier Phase No of Current
participants ~ status
City of Hope SB-728mR-HSPC Autologous CD34+ cells modified using NCT02500849 Phase 1 12 On-going
Medical Center ZFN targeting first transmembrane
(Sangomo domain of CCRS protein
Therapeutics,
California
Institute for
Regenerative
Medicine)
AIDS Malignancy CCRS5 Autologous CD34+ cells transduced NCT02797470 Phasel/2 18 Recruiting
Consortium shRNA/TRIMS5alpha/T- using lentiviral vectors having CCR5
National Cancer AR decoy-transduced shRNA/TRIMS5alpha/TAR decoy to
Institute autologous CD34+ prevent the HIV entry and integration
California Institute HSPCs
for Regenerative
Medicine
Assistance Cal-1 (LVsh5/C46) drug  Autologous CD34+ cells transduced with  NCT03593187 Phasel’2 5 Recruiting
Publique product CCRS shRNA and CD46 fusion
(CSL Behring) inhibitor to prevent the entry of HIV
Janssen-Cilag Pty  OZ1 Moloney murine leukemia virus based ~ NCT01177059 Phase 2 68 Withdrawn
Ltd replication deficient retroviral vectors due to
having ribozymes targeting HIV genes insertion-
such as vpr and tat al
mutagen-
esis
Calimmune, Inc. LVsh5/C46 Autologous CD34+ cells transduced with NCT01734850 Phasel/2 13 Completed
CCRS shRNA and CD46 fusion
inhibitor to prevent the entry of HIV
Affiliated Hospital CRISPR/Cas9 Mediated CRISPR/Cas9 system with dual guide NCT03164135 Not 5 Ongoing
to Academy of CCRS disrupted CD34+ RNAs targeting CCR5 gene in HLA Applic-
Military Medical cells matched allogenic donor CD34+ cells able
Sciences
(Peking University,
Capital Medical
University)
City of Hope rHIV7-shI-TAR-CCR5RZ  Autologous CD34+ cells transduced with  NCT01961063 Phase 1 3 Active, Not
Medical Center lentiviral vectors having shRNA recruiting
targeting tat/rev, decoy for TAT and
ribozymes targeting CCR5 mRNA
Fred Hutchinson C46/CCR5/P140K Autologous CD34+ cells transduced with  NCT00569985 Phase 1 None Withdrawn
Cancer Research Lentiviral shRNA lentiviral vectors targeting
Center Vector-transduced CCR5 mRNA, C46 HIV fusion
Autologous HSPCs inhibitor and drug resistant mutant

06-methylguanine-DNA methyl trans-
ferase
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Fig.2 Challenges associated with
CCRS based gene therapy using
Hematopoietic stem and
Progenitor cells (Challenges
highlighted in red)

Immunec cells
from CCRS
modificd HSPCs

1. CCRS protein transfer from
unmodified cells
2. Truncated CCRS being functional

‘ Wild-type HSPC

‘ CCRS modified HSPC
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. Macrophages

autologous or allogenic transplantation. While such collec-
tion can be achieved in healthy donors with the mobiliza-
tion reagents like G-CSF and Plerixafor, the feasibility of
such a harvest in the HIV-1 infected persons are unclear.
The London patient initially underwent CXCR4 based mo-
bilization reagents for the stem cell harvest which was a
failure. Another study showed G-CSF mobilization failure
in 27% of the study population consisting of 155 HIV-1
patients. This frequency is relatively high when compared
with the healthy individuals where the mobilization failure
rates are around 5% [53, 54]. Recently City of Hope with
Sangamo therapeutics attempted two rounds of mobiliza-
tion in HIV infected individuals using both Plerixafor and
G-CSF to harvest 7.5 x 10° HSPCs/kg. The reasons for
poor mobilization with available mobilizing agent in HIV
infected individuals are largely unknown.

The Un-Optimized Conditioning Regimen The conditioning
regimen plays a critical role in the success of the gene
therapy as poor conditioning may dilute the frequency of
CCRS5 edited HSPCs fraction. The Berlin patient was sub-
jected to high intensity conditioning with TBI and cyclo-
phosphamide whereas the London patient received just the
cyclophosphamide treatment. Cyclophosphamide with
TBI was used in Chinese clinical trial where HLA matched
allogenic HSPCs were edited for CCRS using CRISPR/
Cas9 and transplanted (NCT03164135.) The ongoing clin-
ical trial by City of Hope with Sangamo therapeutics tested
two doses of busulphan in two cohorts and they observed
an increased CD4 T cell reconstitution in the cohorts
which received high dose of busulphan (NCT02500849).
There are not many studies, testing the optimal condition-
ing regimen for the transplantation of CCRS modified
HSPCs. The conditioning regimen may reduce the viral
load which may have beneficial effect during the engraft-
ment of gene edited HSPCs.
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Graft Versus Host Disease Autologous HSPCs are the optimal
candidates for CCR5 gene editing as they don’t provoke
GVHD. However, HIV infected patients having following
issues such as 1) haematological malignancies 2) Poor
HSPC mobilization 3) Poor quality of HSPCs, need CCR5
manipulation only in allogenic HSPCs from HLA matched
donors. While this could be an interesting strategy, there is a
risk of GVHD associated with this approach. Such GVHD
was reported in a patient with HIV who received ex vivo
CCRS5 manipulated allogenic HSPCs from fully matched
HLA matched donor [55]. This warns GVHD is a critical
factor during stem cell transplantation.

The Low-Frequency of Gene Edited Cells In Vivo The first-in-
human case report with CRISPR/Cas9 mediated CCRS5 gene
edited HSPCs transplantation proved to be safe but showed
poor efficacy against HIV-1 infection. The editing efficiency
of'the infused product was 17.8% which was considerably low
and this declined to 2.5% in vivo. Similar to this trial, prelim-
inary results from the City of Hope with Sangomo trial
showed that the editing frequency of pre-infusion product
was about 23% and 28% in cohort 1 and cohort 2 respectively.
But only 4% of the engrafted CD4 T cells retained the gene
modification after 800 days of transplantation
(NCT02500849). This may be due to the following reasons;
1) The frequency of long-term re-populating stem cells or
gene editing in the long-term re-populating stem cells is very
low 2) The heterozygous CCRS editing may not provide re-
sistance against HIV, as the edited cells are eliminated by the
infection, causing a reduction in the frequency of these cells 3)
Purity of CD34+ HSPCs used for the manipulation is low. The
Chinese trial had only 71% of cells positive for the CD34
marker (NCT03164135). 4) The gene-manipulation proce-
dure needs further optimization. The Chinese study used the
research scale electroporation for repeated electroporations to
manipulate a large dose of HSPCs. This may result in
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variation in the gene editing frequency. A clinical scale elec-
troporation would be preferable to avoid variations in the gene
editing.

The Pre-Existing X4-Tropic Virus Similar to the Berlin and
London patients, the Essen patient was transplanted with
CCR5A32/A32 HSPCs in an allogenic setup. However, unlike
the previous cases, a viral rebound was observed in the Essen
patient on long term follow-up. The findings showed the pres-
ence of a minor fraction of X4- tropic viruses before the trans-
plantation and these viruses infected the engrafted CCR5A32/
A32 HSPCs using CXCR4 receptor. Furthermore, patient
screening data from the City of Hope with Sangamo therapeutics
showed that 40% of the individuals had X4-tropic HIV. The pre-
existing X4-tropic HIV could still infect the CCR5 gene edited
cells and cause failure of gene therapy. While CCRS disruption is
a feasible approach in HSPCs, the disruption of CXCR4 in
HSPCs may lead to defects in the homing and engraftment po-
tential of gene edited HSPCs in the bone marrow [56].

Cell to Cell Transmission of HIV Cell to cell transmission of
HIV-1 is higher than cell free receptor dependent viral infec-
tions. The formation of viral synapses between the infected
and non-infected T cells and the phagocytosis of infected,
dying and dead T-cells by macrophages are observed to be
the mechanism of cell to cell transmission of HIV-1 [57]. Both
RS and X4 tropic viruses can be transmitted through this
mechanism. Blocking cell to cell transmission of HIV-
1 is deemed more challenging, both with broadly neu-
tralizing antibodies and cART. Whether the genetic ab-
lation of CCRS5 could prevent such cell-to-cell transmis-
sion of HIV is yet to be explored.

Co-culturing of macrophages harvested from homozygous
A32 individuals, with CCRS positive peripheral blood nuclear
cells, renders conversion of CCR5™ cells to CCR5*"° cells and
make them susceptible to R5-tropic HIV-1 infection. The study
proved that the CCRS protein is transferred from positive cells to
negative cells through micro vesicles. The inhibition of extracel-
lular vesicle formation blocks the CCRS transfer. The transfer of
CCRS protein from peripheral mononuclear cells to endothelial
cells during trans-endothelial migration is also observed, which
suggests that, CCR5™ cells can also be infected by HIV through
acquired CCR5 receptor from CCR5 cells [58]. Another study
proved that even the truncated CCRS protein retains its function-
al properties in HEK293T cells [59]. .All these findings recom-
mend for the validation of CCRS null CD4 T cells and macro-
phages against cell to cell transmission of HIV-1.

HSPCs Harbouring HIV DNA All subpopulations of T-cells car-
ry similar levels of intact HIV-1 proviral DNA and the infec-
tious virus can be formed from any of these subpopulations
[60]. .Several studies have proved that HIV-1 infects the he-
matopoietic progenitor cells, leading to haematological
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abnormalities and cytotoxicity. HSPCs isolated from HIV-1
infected individuals with high viral load showed gag induction
on culturing with GM-CSF and TNF-« This indicates that the
HSPCs harbour HIV-1 proviral DNA [61, 62]. However,
HIV-1 infection in the subpopulations of HSPCs and the in-
duction of virus formation during lineage differentiation are
poorly understood. About 1% of HSPCs express CD4/CCRS5
receptors and 2.5% of HSPCs express CD4/CXCR4 receptors
possibly causing the R5 and X4 tropic HIV-1 infection lead-
ing to establishment of latent reservoirs in them [63]. HSPCs
are heterogenous in nature and certain subpopulations contrib-
ute to long term engraftment. Hence, HIV-1 infectivity and
inducibility among different population of HSPCs needs to be
extensively validated with large number of donors.

CCR5 and CXCR4 Independent HIV-1 Infections Extracellular
vesicles and HIV-1 particles are relatively same in size and com-
position and they are surrounded by lipid bilayer with glycopro-
teins. Megakaryocytes derived extracellular vesicles (EV) are
shown to be endocytosed by the HSPCs [64].Recent studies also
indicated that the HIV-1 infected dendritic cells and macro-
phages release exosome particles with HIV-1 proteins and
RNA molecules which might be endocytosed by the HSPCs.
This process may establish HIV-1 infection in CD4 null primi-
tive HSPCs [65]. .The in vitro demonstrations of EV mediated
HIV-1 infection of HSPCs is hugely impaired by limitations such
as lysis of HSPCs on treatment with HIV-1 core proteins. This
concept needs to be tested with a robust platform [66].

Conclusion and Future Perspectives

The whole-exome sequencing along with the whole-genome
genotyping has demonstrated that there are no increased mor-
tality risks for the A32 CCRS homozygous individuals com-
pared to CCRS positive individuals. Henceforth, generating
CCRS null genotype has been a primary goal in the HIV gene
therapy field. Various gene editing tools and strategies are
being employed to create CCRS edited HSPCs. The key chal-
lenges in translating this approach appear to be the presence of
X4 tropic virus, mobilisation of HSPCs, quality of the cells for
manipulation and the gene editing efficiency. Careful selec-
tion of patients who are just started with ART may avoid
issues associated with CXCR4 tropic viral rebound.
Mobilisation of HSPCs and the quality of mobilised product
can be a hurdle but the infusion of even the low doses of
CCRS5 edited HSPCs could still provide benefits as these cells
will not be cleared by the virus. Recent reports suggest that
pre-existing HIV-1 infection does not affect the engraftment
potential of the Hematopoietic stem cells in mice [67] CCRS5
gene editing in allogenic stem cell transplantation could be
another strategy to circumvent the mobilisation issues and
poor quality of HSPCs in these patients.
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Recent clinical trial report of gene edited autologous HSPCs
for Sickle cell disease and (-thalassemia demonstrated the en-
grafiment and multilineage potential of gene edited HSPCs. The
efficacy in terms of functional hemoglobin production is superior
in the gene editing study than the reports shown from lentiviral
gene therapy studies. The adverse events were mainly associated
with the conditioning regimens. This indicates CRISPR/Cas9
modification in autologous HSPCs is a feasible approach and
this can be done for HIV patients [68]. The major concern in
CRISPR/Cas9 editing is an unintended off target cleavage.
Several techniques such as Whole genome sequencing,
GUIDE-Seq and DISCOVER-Seq are now available to detect
the off-targets [69]. The extensive off-target analysis by two
different techniques is critical to ensure that the selected
sgRNA is devoid of any unwarranted site binding. Also, the
acceptable frequencies of off-target edits is yet to be identified.
With the emergence of expansion protocols for cord blood
HSPCs using small molecules like SR-1 and UM-171, it would
be beneficial to edit the CCRS in cord blood HSPCs and expand
them for transplantation. The Hematopoietic progenitor cells de-
rived from iPSCs are yet to demonstrated for its stemness and
differentiation potential. The development of engraftable HSPCs
from iPSCs would be an ideal system for HSPC gene therapy as
the haplotype characterized iPSCs would be the donor for many
patients and it could be off-the-shelf product.

The recent advances in the gene editing field such as non-viral
delivery of Cas9 ribonucleo proteins, incorporation of 3X-nuclear
localization signal to spCas9 and use of HiFi Cas9 with chemically
modified sgRNAs can be combined with the recent advances in
the transplantation field such as the targeted conditioning of
HSPCs with AMG-191 monoclonal antibody which binds to
CD117 (c-Kit), the fully closed- automated platforms for HSPCs
purification and gene editing and the Intra-bone administration of
gene modified HSPCs [70]. Another, strategy for reducing the cost
of gene therapy is by infusing low dose of gene modified primitive
HSPC fractions marked by CD34 + CD90 + CD45RA-,which can
engraft better as shown in preclinical animal studies in non-human
primates and mice [71-73] .This could be a potential way forward
for the development of an efficient gene editing therapy for HIV.
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