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RNAi-Mediated CCR5 Knockdown Provides HIV-1
Resistance to Memory T Cells in Humanized BLT Mice

Saki Shimizu'24, Gene-Errol Ringpis®*, Matthew D Marsden'#, Ruth V Cortado?*, Holly M Wilhalme®, David Elashoff®,
Jerome A Zack'*4, Irvin SY Chen'** and Dong Sung An'?*

Transplantation of hematopoietic stem/progenitor cells (HSPC) modified with a lentiviral vector bearing a potent nontoxic short
hairpin RNA (sh1005) directed to the HIV coreceptor CCR5 is capable of continuously producing CCR5 downregulated CD4+ T
lymphocytes. Here, we characterized HIV-1 resistance of the sh1005-modified CD4+ T lymphocytes in vivo in humanized bone
marrow/liver/thymus (hu BLT) mice. The sh1005-modified CD4+ T lymphocytes were positively selected in CCR5-tropic HIV-
1-challenged mice. The sh1005-modified memory CD4+ T lymphocytes (the primary target of CCR5-tropic HIV-1) expressing
sh1005 were maintained in lymphoid tissues in CCR5-tropic HIV-1-challenged mice. Frequencies of HIV-1 p24 expressing cells
were significantly reduced in the sh1005-modified splenocytes by ex vivo cell stimulation confirming that CCR5 downregulated
sh1005 modified cells are protected from viral infection. These results demonstrate that stable CCR5 downregulation through
genetic modification of human HSPC by lentivirally delivered sh1005 is highly effective in providing HIV-1 resistance. Our
results provide in vivo evidence in a relevant small animal model that sh1005 is a potent early-step anti-HIV reagent that has

potential as a novel anti-HIV-1 HSPC gene therapeutic reagent for human applications.
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Introduction

Hematopoietic stem/progenitor cell (HSPC) based gene ther-
apy strategies aim to confer long term HIV-1 resistance through
genetic modification of HSPC capable of continuously produc-
ing HIV-1—resistant progeny.™” In 2009, the first clinical case of
an HIV-1 cure was reported.® This was achieved by bone mar-
row stem cell transplants with a A32/A32 homozygous gene
mutation in the HIV-1 coreceptor (c-c motif) chemokine receptor
5 (CCR5) in one HIV-1+ leukemic patient. Subsequent studies
revealed only trace, possibly false positive, amounts of HIV-1
RNA and DNA in the patient over more than 5 years, suggest-
ing the patient might be “functionally cured.” Although the first
clinical cure was achieved using bone marrow from a natu-
rally CCR5 homozygous (A32/A32) donor? the frequency of
human leukocyte antigen (HLA) matched CCR5 homozygous
(A32/A32) bone marrow donors is extremely rare.'®'® Thus,
strategies to genetically modify patient HSPC by gene-based
CCRS5 inhibitors such as si/shRNA, ribozymes, and intrabodies
have been developed.'*'” More recently, CCR5 gene targeting
strategies include zinc finger nucleases, transcription activator
like nucleases (TALENs) and clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 nucleases.'®2°
We and others have investigated inhibiting the expression of
CCR5 by shRNA-mediated RNA interference.'®2™27 In order
to efficiently downregulate CCR5, we extensively screened a
random CCR5-directed shRNA library using an enzymatic pro-
duction of RNAI library (EPRIL) method and identified a potent
short hairpin RNA (shRNA).'¢2® Using transduction with lenti-
viral vectors, this shRNA (sh1005) was found to be nontoxic

and highly efficient for stable downregulation of CCR5 expres-
sion in human primary T lymphocytes in vitro and in rhesus T
lymphocytes in vivo following modified HSPC transplantation.'®
In vivo transplantation of sh1005-transduced human HSPC
in the humanized bone marrow/liver/thymus (hu BLT) mouse
model demonstrated that gene-modified human HSPC could
differentiate into multilineage hematopoietic cells including T
lymphocytes, memory T cells, B lymphocytes, and monocyte/
macrophage populations in lymphoid tissues, including gut-
associated lymphoid tissue.?* Great diversity in human T-cell
receptor (TCR) vB rearrangements in gene-modified human
thymocytes in the transplanted human thymus tissue can also
be achieved in this mouse model. Also, CCR5 expression was
stably downregulated in gene-modified HSPC-derived CD4+ T
lymphocytes and monocytes/macrophages in lymphoid tissues
in the transplanted hu BLT mice.2* Our previous study provided
an extensive characterization of stable CCR5 downregulated
sh1005-modified cells in lymphoid tissues in the hu BLT mice,
but demonstrated only ex vivo HIV-1 inhibition using spleno-
cytes isolated from the hu BLT mice.

In this study, we characterized selective protection of sh1005-
mediated CCR5 downregulated CD4+ T lymphocytes in vivoin
HIV-1—challenged hu BLT mice. Our results showed that CD4/
CD8 ratios in sh1005-gene modified populations were stably
maintained in peripheral blood and lymphoid tissues in CCR5
(R5) tropic HIV-1—challenged BLT mice. sh1005-modified
memory CD4+ T cells were also well maintained in lymphoid
tissues, suggesting that sh1005-mediated CCR5 downregula-
tion can protect memory CD4+ T cells, the primary target of
R5-tropic HIV-1. The frequencies of HIV-1 infected cells were
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significantly reduced in the sh1005-modified splenocytes,
measured by viral reactivation by ex vivo cell stimulation.
These results demonstrated that sh1005 is a potent early-
step anti-HIV reagent that provides HIV-1 resistance to CD4+
T lymphocytes by stable CCR5 downregulation and can be
effective in HSPC gene therapy strategies for HIV-1 disease.

Results

Hematopoietic reconstitution of sh1005-transduced
HSPC in hu BLT mice

In order to effectively evaluate in vivo HIV-1 resistance medi-
ated by sh1005 in the hu BLT mice, an sh1005-express-
ing lentiviral vector was marked with an EGFP green
fluorescent marker while a non-shRNA control lentiviral vec-
tor was marked using an mCherry red fluorescent marker
(Supplementary Figure S1). Both vectors were pseudo-
typed with Vesicular Stomatitis Virus glycoprotein (VSV-G).
Human fetal liver-derived CD34+ HSPCs were separately
transduced with either the sh1005 vector or the control vec-
tor overnight without cytokine stimulation. An equal mix of the
sh1005- and the control vector-transduced human CD34+
HSPCs were suspended in Matrigel, and then transplanted
along with human thymus pieces under the kidney capsule
of NOD.Cg-Prkdcs® 112rg™"™/SzJ (NSG) mice, which had
been myeloablated by either busulfan or total body irradiation
(TBI).2* To improve engraftment, these mice were also subse-
quently injected intravenously with similar mixtures of CD34+
cells transduced with sh1005 and control vector. Since thera-
peutic and control vector transduced cells can be monitored
with different fluorescent markers within the same animal,
this experimental design allowed us to effectively evaluate
the anti-HIV gene (sh1005) expressing cells (EGFP+) and
control vector-expressing cells (mCherry+) by multicolor flow
cytometric analysis, as previously described.?* A small ali-
quot of vector transduced CD34+ HSPCs was cultured with
cytokines (stem cell factor, IL-3 and IL-6) for 5 days in order
to assess the efficiency of vector transduction, which yielded
frequencies of 63.4+24% (n = 5), and 52.3+25% (n = 5) for
sh1005- and control vector-transduced HSPC, respectively
(Supplementary Figure S2). Prior to in vivo HIV-1 chal-
lenge, the efficiency of human hematopoietic cell reconstitu-
tions were evaluated by detecting human CD45+ lymphoid
population in peripheral blood in the transplanted mice at
8 weeks after transplantation in each experiment. No sig-
nificant difference of human reconstitution between the three
independent experiments was observed (Supplementary
Figure S3). The average of therapeutic and control vector
expression levels in human CD45+ populations were similar
(mean value: % EGFP 20.7+11%, % mCherry 26.5+17%,
P value > 0.05). CCR5 expression was downregulated in
EGFP+ marked CD4+ T cells in tissues at levels comparable
to our previous published results (Figure 1).24

Maintenance of CD4/CD8 ratio in sh1005-modified CD4+
T lymphocytes in vivo in R5-tropic HIV-1—challenged BLT
hu mice

To investigate HIV-1 resistance in vivo, reconstituted BLT
mice were challenged with R5-tropic HIV-1, .. through the
retro-orbital intravenous route (dose = 200 ng of p24) in three
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Figure 1 CCR5 downregulation in EGFP+ CD4+ T cells in the
reconstituted hu BLT mice. (a) Representative data for CCR5
expression in CD4+ T cells. Upper panel shows EGFP+ sh1005
vector marked CD4+ T cells and lower panel shows mCherry+ control
vector marked CD4+ T cells. Numbers in each quadrant indicate
the percentage. (b) The level of CCR5 expression was compared
in EGFP+ and mCherry+ human CD4+ T cells in lymphoid tissues
from multiple transplanted hu BLT mice. We normalized CCR5
expression level using the mean CCR5 expression in mCherry+ cells
from peripheral blood (Blood) as 1. Samples were obtained between
21 and 26 weeks after human Thy/Liv implantation. Bar represents
mean value; nindicates number of mice.

independent cohort experiments. R5-tropic HIV-1,.., is a
recombinant HIV-1 that has the envelope of R5 tropic HIV-1 .,
in HIV-1,, , . backbone.?® As controls, separate sets of mice
were either mock-challenged or challenged with CXCR4 (X4)
tropic HIV-1,,.%*° The CD4/CD8 ratio of sh1005- (EGFP+)
was maintained relative to the CD4/CD8 ratio of no-shRNA
control- (mCherry+) modified T lymphocytes in peripheral
blood in R5-tropic HIV-1 ., ., —challenged mice in each of the
three cohort experiments (Figure 2). In order to assess the
statistical significance, the data were analyzed by including
all data from the three cohort experiments in a linear mixed
effects model with the mouse as a random effect and chal-
lenge, vector and time (in weeks) as fixed effects (Figure 3;
see Statistical methods). The CD4/CD8 ratio in EGFP+ CD3+
T lymphocyte population remained stable while that of the
mCherry+ CD3+ T lymphocyte population declined follow-
ing R5-tropic HIV-1 challenge (Figure 3, top panel; EGFP+
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Figure 2 Selective advantage of sh1005-modified CD4+ T cells in peripheral blood following R5 tropic HIV-1 challenge Hu BLT mice were

challenged with R5-tropic HIV-1 (top panel), X4-tropic HIV-1

(mlddle panel) or mock (bottom panel) in 3 independent cohort of

experiments (Ex1, EX2 and EX3). NRelatlve change in CD4/CD8 ratlo klnetlcs in EGFP+ (solid circle and solid line) and in mCherry+ (open
circle and dashed line) human CD3+ T lymphocytes in peripheral blood were compared between -2 and 11 weeks after HIV-1 challenge. Error

bar shows standard deviation. n, number of mice.

slope = -0.01, mCherry+ slope = —-0.09, Bonferroni-corrected
difference in slopes P value = 0.0006). In contrast, both the
EGFP+ and mCherry+ CD4+ T lymphocyte populations
gradually decreased in X4-tropic HIV-1—challenged mice,
(Figure 3, middle panel; EGFP+ slope = -0.21 (P < 0.0001),
mCherry+ slope = -0.27 (P < 0.0001), Difference in slopes P
value > 0.05). EGFP and mCherry expressing CD4+ T lym-
phocytes remained relatively stable in mock-infected mice
(Figure 3, bottom panel; EGFP+ slope = -0.01 (P = 0.4),
mCherry+ slope = -0.02 (P = 0.2), Difference in slopes P
value > 0.05). These results demonstrate that sh1005-medi-
ated CCR5 downregulation can maintain CD4/CD8 ratios by
conferring resistance to R5-tropic HIV-1—induced CD4+ T
lymphocyte depletion in peripheral blood in the hu BLT mice,
providing a selective advantage.

Maintenance of CD4/CD8 ratio in tissues in the R5-tropic
HIV-1—challenged hu BLT mice

To assess the HIV-1 resistance of sh1005-modified CD4+ T
lymphocytes in lymphoid tissues, hu BLT mice were eutha-
nized at 8—12 weeks after HIV-1 challenge. CD4 and CD8
cell surface expression on total human CD3+ T lymphocyte

populations was assessed in lymphoid tissues (Figure 4a)
and CD4/CD8 ratios of EGFP+ and mCherry+ CD3+ T lym-
phocyte populations were compared (Figure 4b). Overall,
the mean of CD4/CD8 ratio was higher in EGFP+ popula-
tions than in mCherry+ populations in all tissue analyzed.
In particular, the difference between EGFP+ and mCherry+
populations was significantly larger in intraepithelial lympho-
cytes (IEL) and lamina propria lymphocytes (LPL) in both
small and large intestine in R5-tropic HIV-1—challenged mice
(small intestine IEL and LPL P value < 0.001; large intestine
IEL P value = 0.0005, LPL P value < 0.0001) after correcting
for multiple comparisons (Figure 4b; top panel). In contrast,
the CD4/CD8 ratios were not significantly different between
EGFP+ and mCherry+ populations in tissues isolated from
X4-tropic HIV-1— and mock-challenged mice except for bone
marrow (P = 0.0003) and small intestine IEL (P = 0.0008)
in X4-tropic HIV-1 (Figure 4b; middle and bottom panels).
These results suggest that sh1005-mediated CCR5 down-
regulation could provide HIV-1 resistance in CD4+ T lympho-
cytes against R5-tropic HIV-1—-induced cell depletion and is
therefore capable of maintaining CD4/CD8 ratios in lymphoid
tissues in HIV-1—infected hu BLT mice.

www.moleculartherapy.org/mtna
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Figure 3 Model slopes of CD4/CD8 ratio in peripheral blood.
The relative changes in CD4/CD8 ratio of sh1005- (EGFP+) and
no-shRNA control- (mCherry+) modified CD4+ T lymphocytes in
peripheral blood were compared using a linear mixed effects model
by including all data from the three cohort experiments (Ex1, EX2
and EX3). CD4/CD8 ratio in shRNA-transduced cells (EGFP+,
dotted line) and control cells (mCherry, solid line) overlayed on raw
values (EGFP+, open circle; mCherry+, solid circle) were shown.

Protection of memory CD4+ T lymphocytes by sh1005 in
lymphoid tissues

CCR5 expression is differentially regulated within T-cell
subsets.’" CCR5 is mainly expressed in memory T cells
in vivo.®?* The level of CCR5 expression can be upregulated
during T-cell activation ex vivo.** CCR5 is expressed at low
or undetectable levels in naive T cells. Therefore, memory
CD4+ T lymphocytes are highly susceptible and are the pri-
mary target of R5 tropic HIV-1.%5 To assess HIV-1 resistance
of sh1005-modified memory CD4+ T lymphocytes, cells iso-
lated from lymphoid tissues were stained with monoclonal
antibodies specific for CD27 and CD45RA. The percentages
of EGFP+ and mCherry+ populations were compared in
central (CD27+/CD45RA-) and effector (CD27-/CD45RA-)
memory T lymphocyte populations (Figure 5). EGFP+ cen-
tral and effector memory CD4+ T lymphocytes were main-
tained in BM, spleen, lung, and small and large intestine in
R5-tropic HIV-1—challenged mice (Figure 5a,b; top panel).
In contrast, mCherry+ central and effector memory CD4+ T
lymphocytes were depleted (Figure 5a; bottom panel). The
remaining unprotected mCherry+ control populations were
mainly naive CD4+ T cells (CD27+/CD45RA+) that do not

Molecular Therapy—Nucleic Acids

express CCR5 and are not susceptible to R5-tropic HIV-1
infection (Figure 5a; bottom panel). Percentages of total
memory CD4+ T lymphocytes were significantly higher in
the EGFP+ populations than in the mCherry+ populations in
all analyzed tissues (mean differences between EGFP+ and
mCherry+: bone marrow 45%, spleen 35%, lung 42%, SI
LPL 63%, LI LPL 65%; P < 0.0001 for all tissues) in R5-tropic
HIV-1—challenged mice, but not in X4-tropic HIV-1—chal-
lenged mice (Figure 5b). One exception was that % of total
memory CD4+ T lymphocytes was higher in the EGFP+
populations than in the mCherry+ populations in bone mar-
row in mock infected group. However, it was only in bone
marrow but not in other tissues.

The CD4/CD8 ratios were higher in EGFP+ populations
than in mCherry+ populations in the total memory T-cell
(CD27+/- and CD45RA-) population in bone marrow (BM;
P = 0.0008), spleen (P = 0.001), lung (P < 0.0001), lamina
propria lymphocytes (LPL) in both small and large intestine
in R5-tropic HIV-1—challenged mice (P < 0.0001 for both)
(Figure 6a,b). In contrast, the CD4/CD8 ratios were not
significantly different between EGFP+ and mCherry+ pop-
ulations in tissues except large intestine LPL (P = 0.001)
isolated from X4-tropic HIV-1— or mock-challenged mice
(Figure 6b; middle and bottom panels). The CD4/CD8
ratios were not statistically different in EGFP+ populations
and in mCherry+ populations in naive CD4+ T-cell popula-
tion (Supplementary Figure S4). We also confirmed CCR5
expression was downregulated in memory CD4+ T cells in
mock-infected mice (Supplementary Figure S5; top panel).
The observed CCR5 decrease in R5-tropic HIV-1—challenged
mice was primarily due to killing of CCR5+ cells by HIV-1
(Supplementary Figure S5; bottom). These results suggest
that sh1005-mediated CCR5 downregulation effectively pro-
tects highly R5 tropic HIV-1-susceptible, CCR5-expressing
memory CD4+ T lymphocytes in lymphoid tissues from HIV-
1—-induced cell depletion.

Prevention of HIV-1 infection sh1005 modified CD4+ T
splenocytes

HIV establishes latent infection mainly in resting memory
CD4+ T lymphocytes.®*=¢ These latently infected cells can-
not be effectively eliminated by current antiretroviral drug
therapy (ART).®”*° We and others recently established the
hu BLT mouse model to characterize latently infected CD4+
T lymphocytes in spleens of HIV-infected hu BLT mice.*04!
In our previous study, over 2% of total human lymphocytes
recovered from spleens in HIV-1—infected hu BLT mice har-
bored HIV-1 that could be induced by ex vivo cell stimula-
tion. The ex vivo reactivated virus can be readily quantified in
the lymphocytes by flow cytometric analysis for intracellular
p24 expression.*® Since CCR5 downregulation by sh1005
is capable of inhibiting R5-tropic HIV-1 infection at viral
entry, we examined the effectiveness of sh1005 in prevent-
ing HIV-1 infection in sh1005 modified CD4+ T cells using
the ex vivo assay. Splenocytes from HIV-1—challenged hu
BLT mouse were isolated 7 weeks after HIV-1 challenge. We
found significant reduction of p24-expressing cells in EGFP+
sh1005 modified CD4+ T lymphocyte populations rela-
tive to mCherry+ populations after 5 days of ex vivo PHA/
IL2 stimulation (Figure 7a,b). These results suggest that
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Figure 4 Maintenance of CD4/CD8 ratio in sh1005-modified CD4+ T cells in lymphoid tissue. (a) Representative data for percentage of CD4
and CD8 expression in EGFP+ (top panels) and mCherry+ (bottom panels) CD3+ T lymphocytes in bone marrow (BM), spleen, lung, small

and large intestine (Sl and LI) and intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL) in a R5 tropic HIV-1

wensx—challenged

hu BLT mice. CD4+ and CD8+ populations were gated and percentages are shown. (b) The data of CD4/CD8 ratio in EGFP+ CD3+ T
lymphocytes (solid circle) and in mCherry+ lymphocytes (open circle) from all analyzed mice are shown. Samples were obtained between 8
and 12 weeks after HIV-1 challenge. A bar represents the mean value. **P < 0.01. ***P < 0.001. ***P < 0.0001.

sh1005-mediated CCR5 downregulation can protect spleno-
cytes from R5-tropic HIV-1.

No detectable emergence of X4-tropic HIV-1

To investigate a switch in viral coreceptor usage to CXCR4
under the pressure of CCR5 downregulation, splenocytes
from R5 tropic HIV-1—challenged mice isolated at 8—12 weeks
after in vivo HIV-1 challenge were cocultured with PHA/IL2
activated PBMC ex vivo to amplify HIV-1. HIV-1—containing
coculture supernatants were used to infect Ghost/CXCR4
indicator cell line to test CXCR4 usage. The % EGFP expres-
sion levels were similar in the Ghost/CXCR4 indicator cells
among coculture supernatants from R5 tropic HIV-1—infected
mice, mock and R5 tropic HIV-1 . . at 5 days after infec-
tion (Supplementary Table S1). Of note, we recognized a
limitation of the short duration of the experiment. Therefore,
it is unknown if the lack of coreceptor usage conversion may
or may not occur in longer observation period. These results
demonstrate that viral evolution to X4-tropic HIV-1 did not
occur in our experimental setting.

Discussion

In this study, we characterized in vivo HIV-1 resistance in CCR5
downregulated CD4+ T lymphocytes provided by sh1005 in
R5-tropic HIV-1—challenged hu BLT mice. We examined the
effectiveness of sh1005 in peripheral blood and lymphoid tissues
by comparing sh1005-modified EGFP-expressing and control
vector-modified mCherry-expressing CD4+ T lymphocytes by
multicolor flow cytometric analysis. Our results demonstrate a
selective advantage of sh1005-modified CCR5 downregulated
CD4+ T lymphocytes in the R5-tropic HIV-1—challenged mice.
sh1005 expression was effective in maintaining memory CD4+
T Ilymphocytes in lymphoid tissues. sh1005-modified sple-
nocytes from R5-tropic HIV-1—challenged hu BLT mice were
resistant to HIV-1 infection during ex vivo HIV-1 reactivation and
spread. Taken together, our results suggest that stable CCR5
downregulation by sh1005 through lentiviral vector transduc-
tion of CD34+ HSPC is an effective strategy to reconstitute
and continuously provide gene modified CD4+ T lymphocytes
resistant to HIV-1 infection in the hu BLT mice.

www.moleculartherapy.org/mtna
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Figure 5 Protection of CCR5 downregulated CD4+ memory T lymphocytes from R5-tropic HIV-1. (a) Percentage of central memory
(CD45RA-/CD27+) in EGFP+ (Top panel) or mCherry+ (Bottom panel) CD4+ T lymphocytes in bone marrow (BM), spleen, lung, small and
large intestine (S| and LI) lamina propria lymphocytes (LPL) and intraepithelial lymphocytes (IEL) from a R5 tropic HIV-1 infected hu BLT
mouse. TCM indicates central memory T cells; TEM, effector memory T cells; and TTD, terminally differentiated cells. (b) Comparison of the

level of % memory CD4+ T lymphocytes in EGFP+ (solid circle) and mCherry+ (open circle) from all analyzed mice (HIV-1, ., infected mice;

n=4,HIV-1 , . infected mice; n =4, mock infected mice; n = 3). A bar represents the mean value. ***P < 0.001. ****P< 0.0061.

One of the major achievements in the history of HIV-1 should also be refractory to HIV-1. In this study, we have built
therapeutic research is the development of antiretroviral on this prior work by showing that ex vivo stimulation of iso-

drug therapy (ART) that has significantly reduced mor- lated sh1005-expressing cells generates significantly lower

bidity and mortality of HIV-1—infected individuals.** Unfor- levels of productively infected cells than with cells expressing

tunately, ART cannot eliminate the infection due to the a control vector within the same mice. These data indicate

presence of ART refractory latently infected memory T-cell that sh1005 modified cells are protected from establishment

populations. 4344 of HIV infection in vivo and can reduce HIV-1 spread from cell
Genetic modification of HSPC to inhibit the HIV-1 coreceptor activation-induced HIV-1 in ex vivo culture.

(c-c motif) chemokine receptor 5 (CCR5) expression is capa- Strategies to genetically modify CCR5 gene and its

ble of blocking an early stage of infection and may be able to expression have been developed using various technologies,
stably protect HSPC and their progeny from HIV-1 infection. si/shRNA, ribozymes, intrabodies.'” More recently CCR5
An advantage of CCR5 directed gene therapy approaches gene targeting strategies, including zinc finger, TAREN and
that inhibit the virus at entry is that the gene-modified cells CRISPR/CAS9 nucleases have been studied.'®2° These
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Figure 6 Maintenance of CD4/CD8 ratio in sh1005 modified memory T cells in lymphoid tissues. (a) Representative data showing percentage
of CD4 and CD8 expression in EGFP+ (top panels) and mCherry+ (bottom panels) memory T lymphocytes in bone marrow (BM), spleen,
lung, small and large intestine (Sl and LI) lamina propria lymphocytes (LPL) and intraepithelial lymphocytes (IEL) in a R5 tropic HIV-1, . . —
challenged hu BLT mice. CD4+ and CD8+ populations were gated and percentages are shown. (b) CD4/CD8 ratios in EGFP+ memory T
lymphocytes (solid circle) and in mCherry+ lymphocytes (open circle) from all analyzed mice are shown. A bar represents the mean value.

**P<0.01.**P<0.001.***P<0.0001.

genome-editing technologies have an advantage over si/
shRNA, ribozymes, intrabodies by inactivating CCR5 gene
by transient expression. However, these technologies may
have off target gene editing activities.'®4% The advantage of
shRNAs over other anti-HIV reagents is that shRNAs are
relatively small and feasible to coexpress from a lentiviral
vector. CCR5 inhibition is an effective strategy to protect cells
from R5-tropic HIV-1 infection; however, it is not effective
against X4-tropic HIV-1 infection. A single reagent directed
against CCR5 may not be effective in preventing the emer-
gence of resistant X4-tropic HIV-1 strains by escape muta-
tions. This limitation could be circumvented by using relatively
simple-to-design combinations of anti-HIV-1 genes as previ-
ously described.”?24647 We have recently demonstrated that
sh1005 can be coexpressed along with a shRNA targeting
the HIV-1 LTR.“® Thus, sh1005 can be combined with other
gene-based HIV therapeutics for future multipronged anti-
HIV-1 HSPC gene therapy strategies.

Anti-HIV-1 gene therapy vectors require careful in vivo
investigation in animal model settings. The goal of anti-HIV
HSPC therapy is to produce life-long HIV resistance by
genetic engineering of HSPC and their progenies, ultimately
controlling HIV-1 infection using a single treatment. Such anti-
HIV-1 HSPC gene therapy strategies require suitable animal
model systems to test the long-term safety and efficiency of
gene-modified human HSPC transplant procedures. Among
available humanized mouse models, the hu BLT supports
robust human multilineage hematopoietic cell reconstitu-
tion due to its use of NSG mice and cotransplantation of
human thymus-like organoid (thy/liv) and CD34+ HSPC.*®
The human hematopoietic cells reconstituted in the hu BLT
mouse model are multilineage differentiated, including naive
and memory T lymphocytes developed from thymocytes gen-
erated in the human thymus implant. Our results provide evi-
dence that sh1005 can stably produce HIV-1 resistant cells
in vivo in a relevant small animal model. Thus, these findings
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Figure 7 Protection of sh1005-modified splenocytes. Comparison of p24 reactivation in sh1005 (EGFP+) and no shRNA (mCherry+)
population ex vivo. Splenocytes were isolated from R5-tropic HIV-1, . . —challenged hu BLT mice (n = 7) or X4-tropic HIV-1 , .—challenged
hu BLT mice (n = 7). Splenocytes were isolated, stimulated with PHAHL-Z for 5 days to reactivate HIV-1 and stained with anti-HIV-1 p24 gag
monoclonal antibodies. (a) Representative p24 intracellular staining data in CD45+CD3+CD8- cell population were shown. (b) Results of p24
reactivation in EGFP+ population (solid circle) and in mCherry+ population (open circle) from all analyzed mice are shown. The percentages
of p24 expression within EGFP+ or mCherry+ populations were normalized based on % each marker (EGFP or mCherry) expression for the

comparison. *P < 0.05. n.s., not significant.

demonstrate that sh1005 has the potential to be a novel anti-
HIV-1 HSPC gene therapeutic reagent for human application.
Recently, sh1005 has been entered in a phase 1/2 clinical
trial along with a HIV fusion inhibitor, C46 peptide (Clinical-
Trials.gov Identifier:NCT01734850). This clinical trial may
reveal feasibility and safety for HIV-1 gene therapy treatment
using sh1005 gene-modified hematopoietic progenitor/stem
cells and CD4+ T lymphocytes.

Materials and Methods

Lentiviral vector construction and production. The construc-
tion of a lentiviral vector for an sh1005 expression (FG12
H1shRNACCRS5) and a control lentiviral vector for mCherry
expression (FG11FmCherry) was previously described'62324,
VSV-G pseudotyped lentiviral vectors were prepared by
calcium phosphate plasmid DNA transfection in 293T cells
as previously described.?®> The concentrated vector stocks
were titered on 293T cells based on % EGFP or mCherry
expression.

Lentiviral vector transduction. Fetal liver derived CD34+ cells
(0.5x10°%) were seeded into 20 pmol/l RetroNectin (Clontech
Laboratories, Mountain View, CA) coated plates with 2%
bovine serum albumin in Yssel's medium (GEMINI Bio Prod-
ucts, West Sacrament, CA). After 1-hour incubation, cells were
infected with either the FG12 H1shRNACCRS5 or FG11Fm-
Cherry lentiviral vector at MOI of 2 (Ex 1), 3 (Ex 2), and 4
(Ex 3) for overnight without cytokine stimulation. Vector trans-
duced CD34+ cells were mixed for transplantation into mice.
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Generation of hu BLT mice. NOD.Cg-Prkdcsed 112rg™'"i/SzJ
(NSG) mice were maintained at UCLA facilities in accor-
dance with protocol approved by the UCLA Animal Research
Committee. Hu BLT mice were generated as previously
described®* with modifications for the myeloablative pro-
cedure and for the timing of transplants. Briefly, NSG mice
(6—-8 weeks old) were myeloablated either by total body irra-
diation (300 cGy by ®Co-irradiator) for Ex1 or intraperitoneal
busulfan injections for Ex2 and Ex3 (two injections, 25mg/
kg each at 2 days and 1 day before transplant and 35mg/
kg 1 day before transplant). sh1005 vector (EGFP+) trans-
duced and the control (mCherry+) vector transduced CD34+
cells (0.5x108) were mixed, solidified with matrigel (BD Bio-
science, San Jose, CA). CD34- cells were also mixed in the
matrigel as feeder cells. The matrigel solidified cell mix was
implanted with a piece of thymus under the kidney capsule.
On the same day, mice were injected with the vector trans-
duced human CD34+ cells (1x10°) using a 27-gauge needle
through the retro-orbital vein.

HIV challenge in the hu BLT mice. The HIV-1 stocks were
prepared by a calcium phosphate plasmid DNA transfection
method as previously described.?* After confirming peripheral
blood reconstitution with EGFP or mCherry expressing cells,
HIV-1, ox OF HIV-1, , . (200ng /p24) were injected through
the retro-orbital vein using a 27-gauge needle at 9-12 weeks

after HSPC transplant.

Cell isolation from peripheral blood and mouse tissues
and flow cytometry. 1solation of cells from peripheral blood
(PBMC), bone marrow (BM), thy/liv implant (thy/liv), lung,



spleen (SL), and the Gut were described previously.?* Periph-
eral blood- and tissue- derived mononuclear cells were
stained with monoclonal antibodies to human CD45-biotin
(HI30: eBioscinece, San Diego, CA) or eFluor 450 (HI30,
eBioscinece), CD3-PerCP (SK7: BD Pharmingen, Franklin,
NJ) or APC-H7(SK7: BD Pharmingen), CD4-PE (RPA-T4:
eBioscience) or APC(OKT4: eBiosciences), and CD8-APC
(RPA-T8: BD Pharmingen) or PerCP Cy5.5 (SK1: BiolLeg-
end), CD45RA-PECy7 (HI100: BioLegend) or PECy5, CD27-
APCCy7 (0323: BioLegend) and CCR5-PECy7 (2D7: BD
Pharmingen) or PECy5. Red blood cells were lysed with red
cell lysis buffer after being stained with streptavidine-Alexa-
Fluoro350 (Invitrogen, Grand Island, NY). Stained cells were
fixed with 1% formaldehyde in PBS and examined with LSRII
or Fortessa (BD Biosciences) flow cytometers. The data were
analyzed by FlowJo (TreeStar, Ashland, OR) software.

Ex vivo splenocyte stimulation for the activation of intracellu-
lar HIV-1 p24 expression. Splenocytes were ex vivo isolated
and stimulated with PHA (Sigma) and human IL-2 for 5 days.
They were stained for human CD45, CD3 and CD8 cell sur-
face markers, fixed, and permeabilized according to manu-
facturer’s instructions using the Fix and Perm buffer (BD
Biosciences). Fixed cells were stained for intracellular HIV-1
p24 antigen using KC57-RD-1 (Beckman Coulter, Indianapo-
lis, IN) antibody and analyzed by Fortessa flow cytometer.
Data were analyzed with FlowJo software.

Statistical methods. The relative changes in CD4/CD8 ratio of
sh1005- (EGFP+) and no-shRNA control- (mCherry+) modi-
fied CD4+ T lymphocytes in peripheral blood were compared
using a linear mixed effects model with a random mouse
effect and challenge, experiment (mock, NL4-3, NFNSX) and
time (in weeks) fixed effects, with heterogeneous variances
by sampling cohort. CD4/CD8 ratio was log-transformed prior
to modeling. Time was modeled as a continuous variable.
All two-way and three-way interaction effects between chal-
lenge, vector and time were included in the model. Estimates
of the slopes and difference in slopes between EGFP+ and
mCherry+ were produced by modeled contrasts. To compare
the CD4/CD8 ratios, percentages in memory T lymphocyte
populations and CD4/CD8 ratio in total memory T cell in lym-
phoid tissues of EGFP+ and mCherry+, a linear mixed effects
model with a random mouse effect and challenge (mCherry+
or EGFP+), experiment (mock, NL4-3, NFNSX), and tissue
as fixed effects was used. All two-way and three-way inter-
action effects between challenge, vector and tissue were
included in the model. Estimates of the difference between
EGFP+ and mCherry+ were produced from the modeled
contrasts. Bonferroni correction was used to account for the
multiple comparison tests of all the tissue challenge interac-
tions depending on the number of tissues in each experiment.
P values < 0.05 were considered statistically significant. SAS
version 9.4 was used for all statistical analyses.

Coreceptor usage. Isolated mouse splenocytes were cul-
tured with human PBMC in PHA and IL-2 medium. After 3
days, supernatants were collected and cultured with Ghost/
CXCR4 for 5 days. The percentage of EGFP was measured
by flow cytometry.
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