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High frequency CCR5 editing in human
hematopoietic stem progenitor cells
protects xenograft mice from HIV infection

Daniel T. Claiborne 1, Zachary Detwiler 2, Steffen S. Docken 3,
ToddD. Borland2, DeborahCromer 3, AmandaSimkhovich4, Youdiil Ophinni 4,
KenOkawa4, Timothy Bateson4, TaoChen4,WesleyHudson4, Radiana Trifonova4,
MilesP.Davenport 3, TonyW.Ho2,ChristianL. Boutwell 4 &ToddM.Allen4,5

The only cure of HIV has been achieved in a small number of people who
received a hematopoietic stem cell transplant (HSCT) comprising allogeneic
cells carrying a rare, naturally occurring, homozygous deletion in the CCR5
gene. The rarity of themutation and the significant morbidity andmortality of
such allogeneic transplants precludes widespread adoption of this HIV cure.
Here, we show the application of CRISPR/Cas9 to achieve >90%CCR5 editing in
human, mobilized hematopoietic stem progenitor cells (HSPC), resulting in a
transplant that undergoes normal hematopoiesis, produces CCR5 null T cells,
and renders xenograft mice refractory to HIV infection. Titration studies
transplanting decreasing frequencies of CCR5 edited HSPCs demonstrate that
<90% CCR5 editing confers decreasing protective benefit that becomes neg-
ligible between 54% and 26%. Our study demonstrates the feasibility of using
CRISPR/Cas9/RNP to produce an HSPC transplant with high frequency CCR5
editing that is refractory to HIV replication. These results raise the potential of
using CRISPR/Cas9 to produce a curative autologousHSCT and bring us closer
to the development of a cure for HIV infection.

Although highly effective in managing disease, modern antiretroviral
therapy (ART) for Human Immunodeficiency Virus (HIV) infection is
not curative1–5, thus warranting the continued effort to develop stra-
tegies to achieve a functional cure for HIV infection6,7. The long-term
remission of HIV achieved in the “Berlin”, “London”, and “Düsseldorf”
patients following allogeneic, CCR5Δ32/Δ32 hematopoietic stem cell
transplant (HSCT) demonstrates that an HIV cure is possible8–10. The
complex nature of their clinical histories and treatment regimens has
made it challenging to identify the minimum intervention(s) required
for durable prevention of HIV rebound, but several studies have
demonstrated that pre-transplant conditioning and full allogeneic
donor chimerism11, post-transplant graft versus host response12,13, and
low-frequency disruption of the CCR5 gene in transplanted

hematopoietic stem and progenitor cells (HSPCs)14 are themselves
insufficient to achieve a lasting cure15. These studies and others sug-
gest that the critical element of an HIV cure is the transplant with
CCR5Δ32/Δ32 HSPCs and the resultant hematopoietic reconstitution of an
immune system dominated by HIV-resistant CD4+ T cells. Unfortu-
nately, the low frequency of CCR5Δ32/Δ32 homozygosity in the
population16, the constraints of donor-recipient HLA-matching, and
themorbidity andmortality associated with allogeneic HSCT combine
to form a formidable barrier to the broader applicationof this effective
approach.

The continued refinement and clinical application of genetic
engineering using the CRISPR/Cas9 system provides the potential for
lowering this barrier by allowing recapitulation of the CCR5Δ32/ Δ32
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genotype in a patient’s own HSPCs, thereby capitalizing on the
reduced clinical challenges of an autologous HSCT14,17,18. However,
achieving high-frequency editing by CRISPR/Cas9 can be challenging,
especially in the context of maintaining the engraftment potential and
pluripotency of HSPCs19. Furthermore, the failure of allogeneic HSCT
with CCR5WT/Δ32 heterozygous HSPCs to prevent post-transplant HIV
rebound11 suggests that the minimum frequency of disrupted CCR5
disruption necessary to achieve a cure is high. Indeed, prior studies
modeling HIV dynamics have predicted that the reduction in CCR5-
expressing cells would have to approach 90% to eliminate post-ART
rebound, although modest clinical benefits including delayed viral
reboundand reduced set-point viral loadwere predicted to result from
lesser reductions in the frequency of CCR5-expressing cells20.

Here, we describe reproducible, and clinically scalable
(NCT03745287, NCT03655678)21, high frequency (>90%) CRISPR/Cas-
mediated editing of CCR5 in cryopreserved, adult, mobilized, HSPCs
that retained normal pluripotency and hematopoietic potential both
in vitro and in a mouse xenograft model. This highly CCR5-edited
transplant reconstituted a human immune system that contained few
CCR5-expressing cells and was refractory to infection by HIV following
high dose challenge with a CCR5-tropic virus. We also evaluated the
protective threshold of CCR5 editing frequency by titrating the per-
centage of CCR5 edited HSPCs present in the stem cell transplant
infusion followed by repeated HIV challenges. This study provides a
pre-clinical, proof-of-concept application of CRISPR/Cas9 editing in
the development of an autologous, CCR5-knockout, HSCT to reduce
the barriers to more widespread application of this HIV cure strategy.

Results
Discovery pipeline identifies optimal CCR5-specific guide RNAs
A combination of in silico prediction software and in vitro screening
methods were used to identify guide RNAs (gRNAs) capable of high-
frequency editing of the human CCR5 gene (Fig. 1A). In silico target
prediction identified 123 gRNAs with the ability to cause double-
stranded DNA breaks in the open reading frame (exon 3) of CCR5. In
silico off-target site prediction excluded 15 gRNAs with multiple
potential binding sites in the human genome. The remaining 108 gRNAs
were transcribed in vitro and evaluated for editing efficiency when
complexed with SpCas9 protein (Cas9) in adult human, mobilized,
CD34+ hematopoietic stem progenitor cells (HSPCs) (Supplementary
Fig. 1A). The 11 gRNAs displaying the highest editing frequency (>30%),
and lacking homology to the CCR2 gene, were further evaluated in an
optimized chemically synthesized format at increasing dosages of gRNA
(Supplementary Fig. 1B). Four gRNAs exhibiting the highest editing
frequency and lacking predicted sequence homology to other human
genes (TB7, TB8, TB48, TB50) were selected for more stringent off-
target editing evaluation (Fig. 1B). To evaluate off-target editing, HSPCs
were either mock edited with Cas9 electroporation only or were elec-
troporatedwithCas9 complexed to eachof the four gRNAs. Putativeoff-
target gene regions containing sites with <4 base pair mismatches were
amplified and deep sequenced to quantify the frequency of indel for-
mation.Off-target editing eventswere rare for all four gRNAs (Fig. 1C–F),
with a single instance of off-target editing observed for gRNA TB8, in
which the off-target editing frequency (orange bars), but not mock
editing (blue bars), exceeded the background indel threshold (set at
0.1%) (Fig. 1C). Based on the high-frequency editing of CCR5 in primary
human HSPCs, and the rarity of off-target editing events, these four
gRNAs were taken forward for further evaluation.

Optimal CCR5-targeting gRNAs induce robust ablation of CCR5
expression on human T cells
Next, we sought to confirm that CCR5 editing with the four optimal
gRNAs (TB7, TB8, TB48, and TB50) could functionally impact CCR5
protein expression on the surface of human T cells. All four optimal
gRNAs induced robust CCR5 gene editing in primary T cells, ranging

from 52% to 70% (Fig. 2A), and all resulted in effective reduction in the
frequency of both CD4+ and CD8+ T cells that exhibited cell surface
CCR5 expression (CCR5+) in comparison tomock “editing”using a guide
RNA specific to the green fluorescent protein gene (GFP) (Fig. 2B–D). In
addition, we tested guides TB48 and TB50 in combination in a “dual
guide” approach intended to cause a small gene deletion and thereby
approximate the effect of the naturally occurring CCR5Δ32 mutation. We
observed similarly robustCCR5 gene editing and reduction in expressed
CCR5with this “dual guide” approach (Fig. 2A–D; purple). The impact on
the frequency of CCR5+ cells was maintained over 10 days in culture,
with no apparent outgrowth of unedited cells or alteration in CCR5
expression amongunedited cells (Fig. 2E). Importantly, quantification of
the cumulative reduction in the frequency of CCR5+ cells over time by
area under the curve (AUC) analysis revealed a clear hierarchy in gRNA
potency that was not observed by simply quantifying the percent of
gene editing, with TB48, TB50, and the TB48+TB50 dual guides
demonstrating superior reduction in the frequency of both CCR5+ CD4+

and CD8+ T cells compared to either the TB7 or TB8 gRNA (Fig. 2F, G).

CCR5-editing confers HIV resistance to human CD4± T cells
in vitro
As a validation of this approach to prevent HIV replication, we quan-
tified the impact ofCCR5 editing on the susceptibility of CD4+ T cells to
HIV infection. After editing by Cas9/gRNA electroporation with either
the CCR5-specific gRNAs or the mock GFP-specific gRNA, stimulated
human peripheral blood mononuclear cells (PBMCs) from 3 indepen-
dent donors were challengedwith a high dose of CCR5-tropic HIVJRCSF.
In contrast to the mock GFP edited CD4+ T cells, all CCR5 edited CD4+

T cells exhibited a reduced frequency of infection that was sustained
through the course of the assay (Fig. 3A). Notably, in two of the three
donors tested, CCR5 editing with the TB48, TB50, and TB48+ TB50
dual guides resulted in decay of the HIV infection to that of mock
infected control cells by 6 days post challenge (Fig. 3A). Indeed, both
comparison of initial frequency of HIV infected cells at 2 days post
challenge (Fig. 3B) and calculation of the cumulative burden of infec-
tion (days 2–8) by area under the curve (AUC) analysis (Fig. 3C)
demonstrate a significantly reduced frequency of HIV infection in the
TB48, TB50, or TB48 + TB50 dual guide edited cells compared to those
edited with gRNAs TB7 or TB8. As expected, the reduction in HIV
infection conferred by different gRNAs was well correlated with the
reduction in frequency of CCR5+ CD4 +T cells (Fig. 3D). These results
validated the potential of this CCR5 editing approach to confer resis-
tance to HIV infection to human CD4+ T cells and indicated that the
TB48 + TB50 dual guide approach merited further evaluation.

CCR5 editing of human CD34± HSPCs does not impair long-term
engraftment or hematopoiesis
To assess the impact of high-frequency CCR5 editing on HSPC viability
and pluripotency, mobilized HSCs from three healthy adult human
donors were electroporated with the TB48 and TB50 gRNAs (dual
guide) complexed with Cas9. Two days after electroporation, the fre-
quencies of indel editing caused by each single gRNA and of larger
deletions caused by synchronous dual gRNA editing were quantified in
genomic DNA and used to calculate total CCR5 editing, which ranged
from 91% to 97% at maximum across the 3 donors (Fig. 4A). Cell via-
bility 48 h post electroporation was comparable among editing con-
ditions, and the percent recovery was greater than 95% for all donors
(Supplementary Table 1). The post-editing colony formation and line-
age potential of each of the donor HSPCs was characterized in a single-
cell methylcellulose assay, and we observed no significant differences
in either the proportion of lineages or the absolute number of colonies
between mock edited (GFP gRNA) and TB48 +TB50 dual gRNA CCR5
edited HSPCs (Fig. 4B). We next assessed the long-term engraftment
and hematopoiesis potential of edited HSPCs by xenograft transplant
into immunocompromised mice (NBSGW) of either 1 × 106 freshly
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thawed/uncultured HSPCs, mock edited (GFP gRNA) HSPCs, or the
TB48 + TB50 dual gRNA CCR5 edited HSPCs. Although the mice
transplanted with CCR5 edited HSPCs exhibited fewer total human
CD45+ cells in the blood at 1-month post-transplant than the mock
edited and untouched control mice, the difference resolved and no
significant differences in total human CD45+ cell counts were observed
between experimental groups at any subsequent time points (Fig. 4C).
Importantly, the timing and proportion of human cells of erythroid,
myeloid, and lymphoid lineages were comparable between mice
transplantedwith untouched,mockedited (GFP gRNA), orCCR5 edited
HSPCs, suggesting that hematopoietic potential was unaltered by
either the electroporation process or the high-frequency editing of
CCR5 (Fig. 4D).

Stable engraftment of a CCR5-deficient human hematopoietic
xenograft
Next, we assessed the stability and functional impact of CCR5 editing in
transplanted HSPCs. Here we quantified the longitudinal, post-
transplant frequency of CCR5+ human myeloid and T cell subsets, the
cells that naturally express CCR5, in xenograft mice transplanted with
>90% CCR5 edited HSPCs. The frequency ofmyeloid (CD33+) cells and T
cells (CD3+) expressing CCR5 was found to be negligible compared to
mice transplanted with untouched and mock GFP edited HSPCs
(Fig. 5A). Overall, the frequency of myeloid lineage cells expressing
surface CCR5 was <2% on average across the entire 6-month post-
transplant follow-up, which was significantly lower than the ~30% of
CCR5+ cells observed in control mice (Fig. 5B). Importantly, T cells

Fig. 1 | Screening, location, and off-target analysis of optimal CCR5-
targeting gRNAs. A Diagram of the screening process used to identify optimal
gRNAs from the initial pool of 123 gRNAs predicted to induce double-stranded
breaks in CCR5 exon 3. B Genome organization of the CCR5 locus, and the relative
positions of each of the 4 optimal gRNAs within the CCR5 exon 3 open reading
frame and in relation to the naturally occurring Δ32 deletion. C–F CD34+ HSPCs
were edited with each lead gRNA using a concentration of 150 µg/mL or mock

edited. Predicted off-target sites were amplified, sequenced, and analyzed for indel
formation. The blue bars represent indel frequency at the off-target sites for gRNAs
(C) TB8, (D) TB48, (E) TB7, and (F) TB50 in mock edited CD34+ HSPCs. The orange
bars represent indel frequency at off-target sites in CD34+ HSPCs edited with the
respective gRNA andCas9 protein. An indel frequency level of ≥0.10%, represented
by the dashed line, was considered the threshold for off-target editing.
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Fig. 2 | Robust and durable ablation of CCR5 surface expression in primary
human T cells. A–F Human PBMCs from 3 donors were stimulated with phytohe-
magglutinin (PHA) for 3 days, electroporatedwith either a “mock”non-specific gRNA
targeting GFP (green), single gRNAs targeting CCR5 (TB7-pink, TB8-brown, TB48-
blue, TB50-red), or a dual gRNA approach comprising TB48+TB50 (purple). Each
symbol represents a distinct donor. A 48-h post electroporation, gene editing was
measured by Sanger sequencing ofCCR5 amplified fromgenomicDNA.B FACSplots
depict CCR5 surface expression on mock edited (GFP gRNA) or CCR5 edited CD4+

(left) and CD8+ (right) T cells in a representative donor 48-h post electroporation.

CCR5 expression levels 48-h after electroporation with various gRNAs on (C) CD4+

and (D) CD8+ T cells. E Longitudinal expression of CCR5 in vitro on CD4+ (top) and
CD8+ (bottom) T cells up to 10 days post electroporation. Data from 3 independent
PBMC donors are averaged, and error bars show± SD. Area-under-the-curve (AUC)
analysis of total CCR5 expression on (F) CD4+ and (G) CD8+ T cells throughout
10 days in culture. Each data point represents the average of 3 technical replicates,
and each data point represents a distinct biological replicate using different donor
PBMCs. Error bars denote minimum to maximum values. *denotes p <0.05 and
statistics generated from the Mann–Whitney test and p values are one-tailed.
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(CD3+), which develop at later stages post-transplant but are the critical
target cell of HIV, exhibited similarly negligible frequencies of CCR5
expression in the mice transplanted with CCR5 edited HSPCs (Fig. 5C).
Consistent results were observed in a second, independent xenograft
study comprising editing and transplant of human, adult mobilized
HSPCs from a different anonymous, healthy donor (Supplementary
Fig. 2). Collectively, these results support that the transplant of human
HSPCs highly edited at CCR5 using the dual gRNA approach confer a
human hematopoietic graft that is virtually devoid of CCR5 expression,
thereby replicating, in principle, a CCR5Δ32/Δ32 HSCT.

CCR5 edited xenograft mice are refractory to HIV infection
The significant reduction of CCR5 expressing CD4+ T cells in the mice
transplanted with TB48 +TB50 dual gRNA CCR5 edited HSPCs sug-
gested that such a transplant may be resistant to HIV infection. To
assess this, we challenged mice with a high dose of CCR5-tropic
HIVJRCSF and compared the outcome in CCR5-edited mice to mock-
edited (GFP gRNA) control mice. All mock edited control mice were
infected by a single HIV challenge and exhibited substantial viremia of
>103 HIV RNA copies/mL of plasma at 2-weeks post challenge (Fig. 6A).
In contrast, the CCR5 edited mice resisted HIV infection, including a
follow-up challenge conducted at a 5-fold higher dose (Fig. 6A). The
sustained viremia in controlmicewas associatedwith the rapid decline

of peripheral human CD4+ T cells, whereas CCR5 edited mice showed
no such loss of these target cells of HIV (Fig. 6B). We did not find any
evidence of non-productive or low-level HIV infection in the CCR5
editedmice by digital droplet PCR (ddPCR) specific for integrated HIV
DNA in human cells derived from lymph node tissue harvested at
necropsy 5 weeks post challenge (Fig. 6C). Finally, to confirm that the
protective effect was specific to the CCR5 editing and not a byproduct
of the editing process, we challenged a CCR5 edited mouse that had
resisted both prior HIVJRCSF challenges with the CCR5-independent
strain HIVNL43 that utilizes the alternative HIV co-receptor CXCR4. The
efficient infection and robust HIV viremia in this mouse supports that
theprotection againstHIV infection inCCR5 editedmicewas specific to
the ablation of CCR5 expression (Fig. 6D). These results demonstrate
that a human HSPC transplant exhibiting high-frequency CCR5 editing
can effectively reconstitute peripheral and tissue-resident CD4+ cells
that are refractory to infection by CCR5-tropic HIV.

Dose effect of CCR5 edited HSPCs on HIV acquisition and
pathogenesis
In the above study, mice receiving a transplant of >90% CCR5 edited
human HSPCs developed a human immune graft that was completely
protected from CCR5-tropic HIV challenge. However, in a clinical set-
ting, it is possible that lower frequencies of CCR5 editing and/or
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Fig. 3 | CCR5 ablation in primary CD4+ T cells prevents HIV spread in vitro.
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at a 0.5 multiplicity of infection 2 days after electroporation and in triplicate for
each donor. HIV spread in culture was assessed at 2-day intervals by intracellular
staining for Gag p24 antigen. A Kinetics of HIV spread following HIVJRCSF infection
of either mock edited (GFP gRNA, green) or CCR5 edited CD4+ T cells. Error bars
represent ± SD for 3 technical replicates. B A box and whisker plot depicts the
average initial infection rate 2 days after infection for all biological and technical
replicates (n = 9) for each gRNA. Error bars denoteminimum andmaximum values,
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donors and represent the mean of 3 technical replicates. Error bars denote ± SD.
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p <0.05. Statistics were generated from the Mann-Whitney test and p values are
two-tailed.D Statisticsweregenerated froma two-tailed Spearman rank correlation
(p <0.0001).
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engraftment may occur. To evaluate the protective benefit that might
still be garnered by lower CCR5 editing, we transplanted immunode-
ficient mice with decreasing numbers of CCR5 edited HSPCs that were
mixed withmock edited (GFP gRNA) HSPCs to create the transplant. In
this study, NBSGWmice were used to improve life span of the mice as
the mutation in c-kit obviates the need for intense whole-body
irradiation22, and can also improve the engraftment of human
HSCs23. Five transplant groups were created that received either a full
(100%)doseofCCR5 edited cells, a 75%dose, a 50%dose, a 25%dose, or
a 0% dose comprising mock edited cells only (control mice) (Fig. 7A).
CCR5 editing quantification in human, non-T cell, bone marrow cells
taken at necropsy revealed that although there was intragroup varia-
bility, this “dosing” of transplanted CCR5 edited HSPCs resulted in
transplant groups with mean actual CCR5 editing frequencies of 26%,

54%, 69%, and 96% (Fig. 7B). Further, longitudinal CCR5 expression on
CD33+ myeloid cells (Fig. 7C) and on T cells (Fig. 7D) in each group as
measured in the peripheral blood was consistent with the transplant
dose of CCR5 edited HSPCs.

These 5 groups of mice were then challenged weekly with high-
dose, HIVJRCSF (CCR5-tropic) for 8 weeks to determine the protective
benefit against HIV infection of the different doses of transplanted
CCR5 edited cells (Fig. 7A). The group that had the lowest mean
realized CCR5 editing (26%) was as susceptible to HIV infection as the
controls (0% CCR5 editing) with all mice becoming infected. How-
ever, the protective benefit of CCR5 editing increasedwith transplant
dose, and as in the first study, none of themice in the highest editing
group (96% editing) was infected after 8 consecutive challenges,
supporting the potential for complete protection. The survival
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Fig. 4 | CCR5 editing in human HSPCs does not significantly alter longitudinal
engraftment or hematopoiesis. A Mobilized CD34+ HSPCs derived from three
healthy adult human donors were electroporated with Cas9 complexed to gRNAs
TB48 and TB50. Single gRNA gene disruptions were measured by Sanger sequen-
cing ofCCR5 amplified from genomicDNA isolated 48-h after electroporation. Dual
gRNA deletions were measured via droplet-digital PCR. Minimum and maximum
editing was calculated using single and dual gRNA editing frequencies (see Meth-
ods for calculation details). B Number and type of colonies derived from 3 donor
HSPCs for each condition culture control, mock edited (GFP gRNA), and CCR5
edited (TB48 +TB50 dual gRNA) cultured in a methylcellulose-based colony
forming unit assay. Bars represent the mean and error bars represent the standard
deviation for the number of colonies of each type for the 3 distinct HSPC donors.

C, D The absolute number and lineage distribution of human CD45+ cells in the
blood were measured at 1-month intervals by multiparameter flow cytometry in
NBSGW immunodeficient mice engrafted with 1 × 106 untouched (n = 15), mock
edited (GFP gRNA) (n = 19), or CCR5 edited (n = 19) HSPCs. C The absolute number
of human CD45+ cells per uL of blood in NBSGW mice engrafted with untouched
(gray bars), mock edited (green bars), or CCR5 edited (blue bars) HSPCs. Bars
representmean and error bars denote ± SD. Statistics generated from the Student’s
t-test and p values are two-tailed. **denotes p <0.01. D Stacked bar graphs depict
the average frequency of distinct human hematopoietic cell lineages in mice
transplanted with untouched, mock edited, or CCR5 edited HSPCs at monthly
intervals. Error bars represent the standard deviation in each lineage frequency.
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curves (Fig. 7E, solid lines) were used to mathematically quantify the
HIV infection risk for each transplant group. From this, the lowest
level of CCR5 editing (26%) exhibited an HIV infection risk of 0.28 per
challenge dose, no different from the baseline risk of infection in the
absence of any CCR5 editing (0.28 per challenge dose). The next
group ofmicewithmodest levels ofCCR5 editing (54%) had a reduced
infection risk of 0.16 per challenge dose (45% reduction in risk), albeit
not statistically significant. However, the last two groups ofmicewith
the highest levels of CCR5 editing (69% and 96%) conferred a statis-
tically significant protective benefit with 0.051 risk per challenge
(82% reduction) and 0 risk per challenge (100% reduction),
respectively.

Next, we considered the HIV infection data and distribution of
CCR5 editing across all mice, regardless of transplant dose group, and
developed a mechanistic model (see Supplementary Text S1.5 for
details) to estimate the risk of infection per challenge as a function of
the frequency of CCR5 editing (Fig. 7F, red curve). To demonstrate the
implication of decreasing risk of infection, the number of inoculations
per animal required to obtain infection in 50% of animals is plotted in
blue. Based on themodel fit here, greater than 100 inoculations would
be required for infection in animals with greater than 98% CCR5-gene-
disruption (Fig. 7F).

Given the heterogeneity in actual %CCR5-gene-disruption among
animals within a study arm, it may be more illustrative to consider
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Fig. 5 | Robust CCR5 editing in HSPCs is stable in vivo and gives rise to differ-
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FACS plots demonstrating ablation of surface CCR5 protein in CD33+ myeloid cells
(left panel) and CD3+/CD4+ T cells (right panel) in the peripheral blood of xenograft
mice 20weeks post-transplant.B Thepercentage of CCR5-expressingmyeloid cells
as measured by flow cytometry in the peripheral blood of mice transplanted with
1 × 106 untouched (n = 15, gray bars), mock edited (GFP gRNA) (n = 19, green bars),

or dual gRNA CCR5 edited (n = 19) HSPCs at monthly intervals. **denotes p <0.01
and statistics generated from the Student’s t-test and p values are two-tailed. Bars
represent mean and error bars denote ± SD. C The percentage of CCR5-expressing
CD3+ T cells at 20 and 24 weeks post-transplant in xenograft mice with appreciable
human T cell numbers from different HSPC transplant groups. **denotes p <0.01
and statistics generated from the Student’s t-test and p values are two-tailed. Bars
represent mean and error bars denote ± SD.
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animal-specific probabilities of infection than study arm survival
curves. Thus, we binned animals into quintiles of actual CCR5 editing
frequency. As expected, independent of transplant arm, the fraction of
mice infected (bars) was highest in the two lowest quintiles of actual
CCR5 editing frequency (0–20% and 21–40%) and decreased across the
three higher quintiles (41–60%, 61–80%, 81–100 (Fig. 7G)). The model
estimated probability of infection at the end of 8 challenges is shown
by the black curve.

In addition to protection from HIV infection, we considered the
benefit that a reduction in CCR5-expressing cells could have on viral

load. We have previously predicted that increasing the proportion of
HIV-resistant CD4+ T cells, e.g., CCR5 negative, would ultimately result
in the target cell frequency dropping below the level required to sus-
tain HIV dissemination, i.e., causing the basic reproductive number to
drop below one, R0 < 120. Hence, the animal would be protected from
long-term HIV infection even if one or more cells were infected by the
inoculation. We refer to this potentially protective mechanism as a
“barrier at dissemination,” as opposed to the assumption (as in the
model presented above) that infection is purely determined by if the
inoculation infects one or more target cells, i.e., a “barrier at
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Fig. 6 | Xenograft transplant with HSPCs exhibiting high-frequency CCR5
editing confers resistance to CCR5-tropic HIV infection. NSG mice were trans-
planted with either 1 × 106 mock edited (GFP gRNA) or CCR5 edited (TB48 + TB50
dual gRNA) HSPCs following sublethal irradiation of 200 cGy. 24 weeks after
transplant, mice demonstrating sufficient human T cell reconstitution (>10 CD4+

T cells/uL of blood)were challenged intraperitoneally with 20,000TCID50 of CCR5-
tropicHIVJRCSF. Viral loads andCD4+ T cell countswereassessedweekly byqRT-PCR
and flow cytometry, respectively. Following two negative viral loads, uninfected
mice were re-challenged with 100,000 TCID50 HIVJRCSF. A Viral load in individual
mock edited (n = 11, green) and CCR5 edited (n = 6, blue) mice via qRT-PCR from
weekly blood draws following HIVJRCSF challenge.

‡denotes animal euthanized prior
to experimental endpoint due to health concerns. B Average frequency of human

CD4+ T cells within total T cells in the blood ofmock edited (green, n = 11) and CCR5
edited (blue, n = 5) mice following HIVJRCSF challenge. *denotes p <0.05 and sta-
tistics are generated from a one-tailed Student’s t-test. Error bars represent ± SEM.
C Log10-transformed number of HIV DNA copies per 1 × 106 human cells as mea-
sured in genomic DNA extracted from pooled lymph nodes by a multiplexed
droplet-digital PCR assay. The limit of detection (LOD) for the assay is set as the
threshold to detect a single HIV DNA copy in the total number of human cells
assayed per mouse. Lines represent the mean. D A single CCR5 edited humanized
mouse that was resistant to both HIVJRCSF challenges was subsequently challenged
with 20,000 TCID50 of HIVNL4-3 via the intraperitoneal route and log10-transformed
HIV RNA copies per mL are plotted.

Article https://doi.org/10.1038/s41467-025-55873-3

Nature Communications |          (2025) 16:446 8

www.nature.com/naturecommunications


inoculation.”To investigate if the barrier at dissemination is relevant in
the current study, we analyzed the relationship between the actual
frequency of CCR5 editing and the peak viral load (Fig. 7H). This
showed a trend to lower peak VL at higher levels of CCR5 gene dis-
ruption and an increasing number of uninfected animals at high gene
disruption. However, when we expanded our mechanistic model of
infection probability to incorporate the barrier at dissemination
mechanism (and the resultant CCR5 editing threshold above which

sustained infection cannot occur), this did not improve the fit
(unsurprisingly, since so few animals are expected to be infected at
high CCR5-KO in either model) (see Supplementary Text S1.6).

Discussion
The efficacy of HSCT with CCR5Δ32/ Δ32 HSPCs in the Berlin Patient and
several subsequent individualsprovidedpowerful proof of concept for
an HIV cure, but the challenges of allogeneic transplant with a low-
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frequency genetic variant pose a major hurdle to more widespread
adoption of this approach15,16. In this study, we explored the possibility
that CRISPR/Cas9 editing of CCR5 in mobilized CD34+ HSPCs could
replicate the protective value of naturally occurring CCR5Δ32/ Δ32 allo-
geneic donors, thereby providing an autologous HSCT approach that
could be more widely applied. Our comprehensive screen identified
two guide RNAs with efficient on-target editing of the human CCR5
gene with no detectable off-target editing in related gene regions.
Using these two guide RNAs, we achieved high frequency (>90%)
editing of CCR5 in mobilized CD34+ HSPCs that engrafted with no
notable deficit in hematopoietic potential enabling reconstitution of a
human immune graft that was refractory to infection despite repeat
high dose HIV challenges. These results support a cure strategy that
leverages CRISPR/Cas9 editing to replicate the successes of the Berlin,
London, and Dusseldorf patients8–10 towards a safer and more tract-
able, autologous HSCT approach.

The finding that it is possible to achieve a sufficiently high fre-
quency of CCR5 editing of human HSPCs to replicate the protective
benefit of the CCR5Δ32/ Δ32 homozygous genotype, and thereby prevent
productive infectiondespite repeatedHIV challenges, is a critical proof
of concept for the application of gene editing towards a functional

cure for HIV. In addition, the dose of delivered CCR5 edited HSPCs well
reflected the average actual level of CCR5 editing in the graft (Fig. 7B).
This suggested there were no long-term deficits in engraftment
potential of the edited versus unedited HSPCs in our model system,
which is a frequent concern for edited HSPCs24,25. However, we did
observe a transient reduction in human cell engraftment in HSPC
groups with high levels of editing (Fig. 4C), suggesting that high fre-
quencies of editing and subsequent DNA repair mechanismsmay have
impeded engraftment of a subset of edited HSPCs. Notably, this dif-
ference in engraftment resolved by 8 weeks post-transplant, suggest-
ing that long-term progenitors were largely unaffected by high-
frequency editing and further supporting that high levels of CCR5
editing did not disrupt long-term engraftment potential. However, in
the transplants comprising mixtures of high-frequency edited and
unedited HSPCs, we observed a range in the measured frequency of
CCR5 editing in the resulting human graft for each CCR5 edited HSPC
transplant dose (Fig. 7B), and this warrants follow-up studies to iden-
tify factors that may influence HSPC engraftment potential. Similarly,
we observed no reduction in lineage potential of edited HSPCs, which
would otherwise represent a significant hurdle to achieving high-
frequency peripheral editing in the clinic. Perhaps equally important,

Fig. 7 | Frequency of CCR5 editing determines risk of HIV infection. A NBSGW
micewere transplantedwith 1 × 106HSPCs infive “doses”ofCCR5editedHSPCswith
the balance of HSPCs comprisingmock edited (GFP gRNA) cells ranging from 100%
to 0%. Animals were monitored for frequency of CCR5 expression on relevant cell
populations via flow cytometry at 1-month intervals for 6 months, then challenged
weekly with 20,000 TCID50 of HIVJRCSF via the intraperitoneal route for 8 weeks.
B CD19+ B cells were isolated from the bone marrow of HIV-challenged mice at
necropsy and CCR5 gene editing in the human graft was quantified for each CCR5
edited HSPC transplant dose. Group means indicated by horizontal lines. C CCR5
expression levels in human CD33+ myeloid cells at monthly intervals following
transplant for each HSPC titration group (n = 19 mice per group) and before HIV
challenge. Bars represent mean and error bars denote ± SD. D CCR5 expression
levels in CD3+CD4+ T cells 20 and 24 weeks after transplant and before HIV chal-
lenge (n = 15 mice per group). Bars represent mean and error bars denote + SD.

E Plasma viral loadsweremonitoredweekly for all mice via qRT-PCR. Kaplan–Meier
curves for each study arm (solid lines) and corresponding expected survival curves
based on the best fit mechanistic model assuming the “barrier at inoculation”
mechanism (dashed curves). Statistics were generated by comparing each pair of
transplant groups using the log-rank test. F Mechanistic model of the risk of
infection per HIV challenge (red line) and the corresponding number of inocula-
tions required to infect 50% of animals (blue line) as functions of the quantified
frequency of CCR5 editing. G Observed percentage of animals infected after 8 HIV
challenges for each quintile of frequency of CCR5 editing (bars with 95% confidence
intervals) and the expected percentage of infection (dashed curve) based on the
model in (F). Infection status of each animal after 8 challenges (solid or open points
for infected or uninfected, respectively) indicated by the right-hand vertical axis.
H Maximum viral load vs. %CCR5 edited.

A B

Fig. 8 | Potential protective mechanisms of CCR5 editing in the human clinical
context. A Schematics of mechanisms of action by which partial CCR5 editing may
confer protection from post-transplant, post-ART HIV rebound. In this study, we
have shown that protection from HIV challenge is conferred by CCR5 editing in
proportion to the frequency of CCR5 edited target cells. The same mechanism of
reducing the available target cell concentration may also reduce the chance of
successful HIV reactivation from latency during a post-transplant cessation of ART
as reactivating virions will not encounter sufficient target cells (creating a “Barrier
at Inoculation”; red panel). Additionally, a sub-sterilizing reduction of target cell
concentration may still reduce subsequent HIV replication capacity (R0) by

reducing target cell availability. If the frequency of target cells is sufficiently
reduced, by virtue of a high enough frequency of CCR5 edited cells, post-ART viral
replication, and viremia may be blunted (“Barrier at Dissemination”, blue panel).
B Projected post-transplant, post-ART time-to-rebound (red; corresponding to
“Barrier at Inoculation” mechanism) and fold change in set-point viral load (blue;
corresponding to “Barrier at Dissemination” mechanism), shown as functions of
theoretical frequency of CCR5 editing, based on the observed relationship between
HIV infection risk and frequency of CCR5 editing in this study (see Supplementary
Text S1.8 for details).
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our experimental titration of the dose of CCR5 edited HSPCs in the
transplant provides the opportunity to explore the minimum CCR5
editing frequency necessary to confer a protective benefit. Our results
suggest that a frequency of CCR5 editing in the mature human graft of
>90% is necessary for complete abrogation of productive HIV infec-
tion, although we did observe some reduced risk of infection even at
lower CCR5 editing frequencies. Notably, the lack of protective benefit
thatweobserved at the lowest quintiles of editing frequencies (Fig. 7G)
is consistent with the outcome of prior studies of HSCT with low-
frequency CCR5 edited HSPCs in immunodeficient mice26, non-human
primates27,28, and humans14.

The characterization of HIV infection across a range of CCR5
editing frequencies in this study also provided the opportunity to
model how an HSCT-based treatment at varying CCR5 editing fre-
quencies could impact the risk of HIV reactivation following post-
transplant cessation of ART. First, to model the relationship between
frequency of CCR5 editing and risk of post-ART reactivation of HIV
infection, we consider reactivations of latent HIV provirus to be ana-
logous to sequential infectious challenges, as used in this study. That
is, we assume CCR5 editing will reduce the risk of successful infection
following HIV reactivation from latency in humans in a similar manner
to the observed reduction of infection from HIV challenge in the
xenograft mice (Barrier at Inoculation; illustrated in red panel of
Fig. 8A). We previously estimated that the frequency of successful HIV
reactivation from latency was around once a week29. Therefore, we can
estimate the impact of CCR5 editing frequency on post-transplant
time-to-rebound following cessation of ART (red line in Fig. 8B). We
estimate that a 90% CCR5 editing frequency in the transplant would
delay rebound post-ART interruption by less than a week and that an
editing frequency of greater than 98% would be required to achieve a
2-month delay (see Supplementary Text S1.8 for details). However,
modeling predicts that the relative frequencyof CCR5-null CD4+ T cells
not only impacts the “binary”parameter of “infected” vs. “not infected”
measured in this study, but also the subsequent steady-state, or set-
point viral load that results from infection. By reducing the frequency
of available target cells for HIV, CCR5 editing is predicted to also lower
the set-point viral load (Barrier at Dissemination; illustrated in blue
panel of Fig. 8A)20. Based on published estimates of HIV replication
capacity (R0) in humans, we estimate the fold change in set-point viral
load in response to the frequency ofCCR5 editing (Fig. 8B blue line; see
Supplementary Text S1.8 for details). Of particular note, we have pre-
viously predicted that a CCR5 editing frequency of 87.5%would reduce
the effective target cell population to such an extent that the virus
would not be able to replicate sufficiently to sustain a productive,
viremic infection (illustrated in blue panel of Fig. 8A). This suggests
that the high CCR5 editing frequency achieved in these studies may be
approaching the thresholds necessary to prevent post-ART reactivat-
ing HIV from establishing a productive infection and viremic expan-
sion, especially in the presence of contributing HIV-specific immunity
which is absent in this model system.

This studybuilds upon agrowing list of efforts to achieveclinically
meaningful outcomes against HIV through the targeting of CCR5, in
both CD4+ T cells30,31, HSPCs14,26–28,32, and iPSCs33, with varying degrees
of efficacyobserved in humanizedmice26,32,33, non-humanprimates27,28,
as well as patients14,30,31. With the ever-increasing efficiency and
appreciated safety profile of gene editing in the clinic, this opens the
door to the potential for autologous transplantswhichexhibit reduced
rates of complications, more rapid immune reconstitution, and lower
risks of opportunistic infections due to the absence of immunosup-
pression requirements as compared to allogeneic HSCT with CCR5Δ32/
Δ32stem cells15. Moreover, the recent demonstration of direct in vivo
HSPC editing of the β-globin gene holds promise for yet further
streamlining the delivery of HSPC editing34. The clinical potential of
CRISPR/Cas9 editing of autologous human HSPCs prior to HSCT is
currently being tested in a series of clinical trials for the treatment of

sickle cell disease and β-thalassemia (NCT03655678, NCT03745287,
NCT04443907, NCT04925206, NCT04853576). In the first of these
trials, an average editing frequency of approximately 80% has been
associated with an effective treatment for these genetic disorders21.
This provides support for the clinical potential of CRISPR/Cas9 editing
of HSPCs for use in HSCT and suggests a viable pathway towards an
autologous HSCT-based treatment for HIV.

Methods
Ethics statement
The animal studies in thisworkwere conducted according toprotocols
that were reviewed, approved, and monitored by the Massachusetts
General Hospital Institutional Animal Care and Use Committee
(IACUC). The use of anonymous, adult human CD34+ cells was
reviewed by the Massachusetts General Brigham Institutional Review
Board (IRB) and determined to be not human subjects research.

gRNA selection and predicted off-target site identification
CRISPR Therapeutics (Boston, MA, USA) proprietary in silico predictor
softwarewas used to identify gRNAs targeting exon 3of theCCR5gene.
The software was used to search the human genome for potential off-
target sites with up to 3 nucleotide mismatches relative to each gRNA
that also lies adjacent to an NNG PAM sequence.

Cell sourcing and culturing
CD34+ HSPCs used for the initial gRNA screening were isolated from
leukopaks from mobilized peripheral blood collected from normal,
healthy donors injected with G-CSF and Mozobil®. HSPCs used for all
other experiments were purchased from AllCells (Alameda, CA, USA)
and were isolated from leukopaks from mobilized peripheral blood
collected from normal, healthy donors injected with G-CSF. HSPCs
were cultured at a density of 750,000 cells/mL at 37 °C/5% CO2 in
CellGenix (Breisgau, DE) SCGM medium supplemented with the fol-
lowing cytokines: SCF, FLT3L, and TPO (R&D Systems, Minneapolis,
MN, USA). HSPCs were cultured for 48 h before and after electro-
poration. PBMCs were isolated from whole blood by density gradient
centrifugation over Histopaque-1077 (Sigma-Aldrich, St. Louis, MO,
USA). The mononuclear layer was washed with PBS, cryopreserved in
freezing media (10% DMSO, 90% fetal bovine serum), and stored in
liquid nitrogen. For experiments, PBMCs were thawed, washed, and
cultured 1 × 106 cells/mL at 37 °C/5% CO2 in R10 media (RPMI 1640,
10% fetal bovine serum, 1% L-Glutamine, 1% penicillin-streptomycin)
supplemented with 50U/mL of IL-2. Prior to electroporation and HIV
infection assays, PBMCs were stimulated with PHA (phytohemagglu-
tinin, Sigma-Aldrich, cat# 11249738001) for 72 h in R10 supplemented
with 50U/mL of IL-2. After 72 h of stimulation, PHA-containing media
was washed out, replaced with fresh R10 supplemented with IL-2, and
cultured for 24h before electroporation.

Editing of primary human cells with RNP
Initial gRNA screening inHSPCs used gRNAsproduced through in vitro
transcription by Thermo Scientific (Waltham, MA, USA) and Cas9
protein (sNLS-SpCas9-sNLS nuclease) (Aldevron, Fargo, ND, USA).
Chemically synthesized gRNAs (AxoLabs, Kulmbach, DE) and the sNLS-
SpCas9-sNLS Cas9 were used for all other experiments. The Lonza 4D
Nucleofector or Maxcyte ATx instruments were used to electroporate
the gRNAs complexedwith Cas9 into the HSPCs and T cells. After 48 h,
genomic DNA was extracted using prepGEM Universal Kit (MicroGem,
Charlottesville, VA, USA), the CCR5 gene was amplified using primers
(IDT) for each gRNA (Supplementary Table 2), and editing of the CCR5
gene was measured using Sanger sequencing analyzed using a CRISPR
Therapeutics proprietary software to quantify indels. For dual gRNA
editing, a droplet-digital PCR (ddPCR) assay (Bio-Rad, Waltham, MA,
USA; SupplementaryTable 3) was alsoused to quantify deletions in the
CCR5 gene.
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Off-target editing analysis via amplicon sequencing
For each gRNA, editedHSPC pellets, alongwith uneditedHSPC pellets,
were sent to GeneWiz (Azenta Life Sciences, Burlington, MA, USA) for
DNA extraction and amplicon sequencing. Off-target sites with ≤3
mismatches were identified based on in silico homology predictions
and screened using multiplex PCR on the predicted sites (Supple-
mentary Table 4). The amplified regions were 270 base pairs in length
and the distance between the off-target cut site and the primer was
between 70 and 150 base pairs. Off-target amplicon products were
sequenced with the Illumina Hi-Seq 2x250 method and analyzed for
indel formation. Each off-target site had aminimumof 1000 reads and
a maximum of 10,000 reads across each off-target cut site. All raw
readswere analyzedusing an amplicon sequencing pipeline developed
by CRISPR Therapeutics to characterize the indels in each sample.

Colony forming assay
The MethoCult™ H4034 Optimum kit and protocol from StemCell
Technologies (Cambridge,MA, USA)were used for the colony-forming
assay according tomanufacturer’s instructions. 125 HSPCs were plated
and incubated for 14 days. Myeloid and erythroid colonies were
determined and counted using the STEMvision system.

In vitro HIV infection assay
After electroporation with Cas9/gRNA combinations, PHA-stimulated
T cells were rested for 48 h in R10 supplemented with IL-2. T cells were
then plated at 1 × 106 cells per well in a 96-well U-bottomplate. HIVJRCSF

virus was added to each well (except mock-infected wells) at a multi-
plicity of infection (MOI) of 0.5, and plates were centrifuged at 700 × g
for 2 h at room temperature. Excess virus was washed from the cells,
and then cells were transferred to a 24-well plate at a final concentra-
tion of 1 × 106 cells/mL in R10 supplemented with 50U/mL IL-2. Every
two days, cells were resuspended, and 1/10th of the total cells were
stained for Gag-p24 expression, and volume replaced with fresh
R10 supplemented with IL-2.

Calculation for dual gRNA minimum and maximum editing
When using dual gRNA editing with both TB48 and TB50, large dele-
tions occur or indels are generated at one or both gRNA sites. The
ddPCR assay only measures large deletions, while the Sanger
Sequencing only measures small indels at each gRNA site. To deter-
mine the possible range of editing, both large deletions generated
from synchronous dual gRNA editing and indels at each single gRNA
site need to be considered.

The calculation for minimal and maximum total editing % for
samples is as follows:

Minimum total editing% = ððHighest single gRNA indel% = 100Þ
x ð100�deletion%ÞÞ+ ðdeletion%Þ

Maximum total editing%= ðð100�minimum total editing%Þ
x ðLowest single gRNA indel%=100ÞÞ+ ðminimum total editing%Þ

Flow cytometry
For surface staining, cells were washed with FACS buffer (PBS with
2mM EDTA and 2% FBS) and resuspended in a final volume of 50 µL
containing fluorochrome-conjugated antibodies and FACS buffer.
Cells were incubated for 20min at room temperature and washed
twice with FACS buffer before resuspension in 0.2% paraformalde-
hyde. For surface staining of whole blood collected from humanized
mice, 5 µLofHumanTruStainFcX (BioLegend, SanDiego, CA,USA)was
first added and cells were incubated for 10min before addition of
fluorochrome-conjugated antibodies with an additional 20-min incu-
bation at room temperature. Red blood cell lysis and fixation were
achieved using BD FACS lysing solution (BD Biosciences, Woburn, MA,
USA). For intracellular Gag-p24 staining, cells were fixed and permea-
bilized using the FIX & PERM Cell Permeabilization Kit (Invitrogen,
Waltham, MA, USA) after staining for surface markers. Cells were

resuspended in 100 µL final volume containing anti-p24 antibody
(BeckmanCoulter, Brea, CA, USA) diluted in permeabilizationmedium
B and incubated for 20min at room temperature. After incubation for
intracellular staining, cells were washed with FACS buffer and resus-
pended in 0.1% paraformaldehyde. A list of fluorochrome-conjugated
antibodies used in all flow-based assays can be found in Supplemen-
tary Table 5. Samples were acquired on a BD FACS Symphony instru-
ment using BD FACSDiva Software v.8.0 (BD Biosciences). Flow
cytometry data was analyzed using Flowjo software v10.8.2 (TreeStar,
Woodburn, OR, USA). Representative flow gating is provided in Sup-
plementary Fig. 3.

Production of HIV stocks
To produce replication-competent HIV stocks, the HIVJRCSF or HIVNL4-3

plasmids were transfected into HEK293T cells using the Takara Bio
USA CalPhos transfection kit (San Jose, CA, USA) per manufacturer
protocol. Supernatants were harvested at 48- and 72-h post-transfec-
tion, supernatant containing virus was filtered through a 0.45 µm
membrane, and virus was concentrated using PEG-it (System Bios-
ciences, Palo Alto, CA, USA) per manufacturer protocol. PEG-it con-
centrated virus stocks were resuspended in R10 media and stored at
−80 °C. Virus stocks were titered by TCID50 assay that consisted of
plating 105 PBMCs into 24 wells of a 96-well plate, stimulating for
3 days in RPMI supplemented with 20% FBS, 1% penicillin-streptomy-
cin, 5 ug/ml phytohemagglutinin (PHA) (Sigma-Aldrich, St. Louis, MO,
USA), and 20 U/ml recombinant human interleukin-2 (rhIL-2) (Roche
Applied Sciences, Indianapolis, IN). After 3 days, the medium was
removed and replaced with RPMI supplemented with 20% FBS, 1%
penicillin-streptomycin, and 20U/ml rhIL-2, and the mixture was
inoculated in triplicate with 4-fold serial dilutions of stock virus ran-
ging from 4−6 to 4−13. On day 4 postinfection (p.i.), 100 µl of medium
was removed and replaced. On day 7 p.i., wells were scored for infec-
tion by p24 ELISA per the manufacturer protocol’s and TCID50 was
calculated by the Spearman-Karber method.

Humanized mouse studies
Mice were housed under a 7p-7a dark/light cycle in a facility that is
maintained ambient temperature and humidity of 68–73 F and 30–70%,
respectively. To generate humanized mice, 6–8 week old female NSG
(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) or NBSGW (NOD.Cg-KitW-41J Tyr+ Prkdcscid

Il2rgtm1Wjl/ThomJ) mice were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). The mice received a single sublethal doses of
total body irradiation of 200cGy (NSG) or 50 cGy (NBSGW). After 4 h,
1 × 106 HSPCs were transferred via tail vein injection. To monitor
reconstitution of human cells, blood was collected from mice monthly
via puncture of the retro-orbital sinus. Mice harboring sufficient human
T cell reconstitution (>10T cells/µL of blood) were challenged with
HIVJRCSF or HIVNL4-3 in 300 µL of PBS via intraperitoneal injection. After
HIV challenge, mice were bled weekly via the retro-orbital sinus, and
plasma was separated from whole blood by low-speed centrifugation.
Plasma was frozen and stored at −80 °C, and the cell pellet was resus-
pended in PBS, stained with fluorochrome-conjugated antibodies, and
analyzed for human cell frequencies. At necropsy, the spleen, bone
marrow, and lymph nodes were harvested. Single-cell suspensions were
isolated from the spleen and femurs (bone marrow), cryopreserved in
freezing medium (10% DMSO, 90% FBS), and stored in liquid nitrogen.
Lymph nodes were added directly to RNAlater Stabilization solution
(Invitrogen, Waltham, MA, USA) and stored at −80°C.

HIV viral load quantification
Plasma viral load was quantified by extracting viral RNA from 40 µL of
plasma obtained from the peripheral blood of humanized mice using
the Qiagen Viral RNA extraction kit (Germantown, MD, USA) per
manufacturer protocol. The Quantifast SYBR Green RT-PCR kit (Qia-
gen, Germantown, MD, USA) was used per manufacturer protocol with
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HIV-1 gag SK145 (AGTGGGGGGACAT CAAGCAGCCATGCAAAT) and
SK431 (TGCTATGTCACTTCCCCTT GGTTCTCT) primers to quantify
HIV RNA copies via quantitative RT-PCR35. To measure HIV DNA in the
tissue, lymph nodes preserved in RNAlater were first homogenized in
buffer RLT using a handheld homogenizer (VWR, Radnor, PA, USA).
Genomic DNA was extracted from homogenates using the AllPrep
DNA/RNA mini kit (Qiagen, Germantown, MD, USA) according to the
manufacturer's protocol. A ddPCR assay which simultaneously mea-
sures the presence of the HIV gag gene and the human RPP30 genewas
used to quantify HIV viral burden in the extracted genomic DNA iso-
lated fromthe lymphnodesof humanizedmice36. Briefly, totalHIVDNA
wasmeasured in each sample using amultiplexed ddPCR assay specific
for HIV gag and the human RPP30 gene using the gag SK145 and SK431
primers and a 5′ HEX-labeled hydrolysis probe (HEX-CCATCAATGAG-
GAAGCTGCAGAATGGGA) and RPP30 forward (5′-GATTTGGACCTGC-
GAGCG) and reverse (5′-GCGGCTGTCTCCACAAGT) primers and a 5′ 6-
FAM-labeled hydrolysis probe (6-FAM-CTGACCTGAAGGCTCT).

B cell isolation from the bone marrow
Cryopreserved bone marrow cells were thawed, washed, and incu-
bated with DNase I (STEMCELL, 100-0762) for 15min at room tem-
perature to prevent cell clumping. Cells were then concentrated to
1 × 108 cells/mL and incubated with FcR blocking reagent (Miltenyi
Biotec, CHARLESTOWN, MA, USA) and CD19 microbeads (Miltenyi
Biotec, Charlestown, MA, USA) in order to isolate CD19+ cells
according to the manufacturer’s protocol. Genomic DNA was iso-
lated from CD19+ cells using the DNeasy Blood and Tissue kit (Ger-
mantown, MD, USA).

Statistics and reproducibility
For pairwise analyses of groups of <5 data points, theMann-Whitney U
test was used, and p-values are two-tailed. For pairwise analyses of
groups>5data point, the Student’s t-testwas used, andp value are two-
tailed. No statistical method was used to predetermine sample sizes.
The experiments were not randomized. The investigators were not
blinded to allocation during experiments and outcome assessments.

Modeling
To mechanistically model the titration of transplanted CCR5 edited
HSPCs experiment (Fig. 7), we assumed that the probability of infec-
tion at each inoculation was dependent on the realized % CCR5 gene
editing in the animal. Specifically, we assumed that the number of cells
infected by inoculating an animal with no CCR5 editing is Poisson
distributed with mean b (a free parameter). We then assumed that for
an animal in this study with gene-edited cells, the number of cells
infected by an inoculation is still Poisson distributed, but the expected
number of cells that are infected is proportional to the availability of
unedited CCR5+ target cells and therefore is proportional to the per-
centage of unedited cells in the animal, xa. Hence, we assume that the
expected number of cells that are infected following an inoculation of
animal a is given by bxa. We define xa as themean of theminimum and
maximum estimated frequencies of intact CCR5 alleles in CD19+ cells
taken from bone marrow at necropsy (calculations outlined above).
Therefore, the probability of infection of animal a following an
inoculation (i.e., the probability that ≥1 cell is infected), is

pa = 1� e�bxa , ð1Þ

and the probability of observing animal a becoming infected or cen-
sored (annotated by the indicator variable da being equal to 1 or 0,
respectively) at inoculation ia is

e�bxa
� �ia�da

1� e�bxa
� �da

: ð2Þ

We fit b using a maximum likelihood estimation (see Supplementary
Text S1.6 for more details).

Modeling computation was performed in R version 4.0.3 run
through RStudio.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data for Figs. 1–6 is available in the Source Data file accom-
panying the manuscript. Source data for Fig. 7 is available in the
mathematical modeling code as outlined in the Code Availability sec-
tion. Source data are provided with this paper.

Code availability
Code used for the mathematical modeling component of this work is
publicly available at the following link: https://github.com/iap-sydney/
CCR5_editing_and_HIV_infection.
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