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Activation, infection, and eventual depletion of human immu-
nodeficiency virus (HIV)-specific cluster of differentiation 4
(CD4) T cells are the crucial pathogenetic events in acquired
immunodeficiency syndrome (AIDS). We developed a cell
and gene therapy to reconstitute HIV-specific CD4 T cells
and prevent their destruction by HIV. Antigen-specific CD4
T cells will provide helper functions to support antiviral cyto-
toxic T lymphocyte (CTL) function and the production of
virus-specific antibodies. However, ex vivo expansion of HIV-
specific CD4 T cells is poor and previous gene therapies focused
on bulk CD4 T cells without enriching for an antigen-specific
subset. We developed a method for manufacturing autologous
CD4+ T cell products highly enriched with Gag-specific T cells.
Rare Gag-specific CD4 T cells in peripheral bloodmononuclear
cells (PBMCs) were increased nearly 1,000-fold by stimulating
PBMCwith Gag peptides, followed by depleting nontarget cells
and transducing with lentivirus vector AGT103 to protect
against HIV-mediated depletion and inhibit HIV release
from latently infected cells. The average percentage of HIV-spe-
cific CD4 cells in the final products was 15.13%, and the average
yield was 7 � 108 cells. The protocol for clinical-scale
manufacturing of HIV-specific and HIV-resistant CD4
T cells is an important step toward effective immunotherapy
for HIV disease.

INTRODUCTION
HIV infection is a chronic disease characterized by ongoing viral
replication with gradual exhaustion and destruction of cluster of dif-
ferentiation 4 (CD4) T lymphocytes. Antiretroviral therapy (ART)
can suppress viremia and prolong life but is not without side effects
and does not cure the disease. The recent developments of autologous
T cell therapies for cancer, chronic viral infection, and viral reactiva-
tion post-transplant1–7 suggest that a similar strategy might be used to
control HIV and reduce the dependence on ART.8 A consistent
feature of successful T cell therapies is the enrichment of antigen-spe-
cific cells, either through amplification after antigen stimulation or
by introducing new antigen receptors to redirect the T cell response.
Our strategy is to reconstitute the CD4 T cell population by infusing
HIV-specific CD4 T cells that will be durable within the HIV-infected
individual due to the introduction of a lentivirus vector that modu-
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lates C-C chemokine receptor type 5 (CCR5) levels and decreases
the abundance of HIV mRNA and genomic RNA. A substantial
obstacle to creating such an autologous cell product is poor growth
in culture of HIV-specific CD4 T cells. We devised an efficient process
for manufacturing autologous CD4 T cells from HIV-infected indi-
viduals that is both specific for HIV and resistant to viral-mediated
depletion.

We elected to enrich HIV-specific CD4+ T cells because they are tar-
geted for depletion byHIV, the levels of HIV-specific CD4 T cell func-
tion correlate with clinical status, and degeneracy of major histocom-
patibility complex (MHC) class II-restricted T cell receptor (TCR)
recognition meant we did not need to define autologous virus se-
quences to stimulate CD4 T cells from individual, HIV+ persons.
We know that virus-specific CD8 T cells have been successful for
treating some virus-associated cancers and viral reactivation in the
post-transplant scenario.5,9–12 Treatment with HIV-specific CD8
T cell therapy was safe but provided only a transient decrease in viral
burden consistent with rapid elimination of the transferred cells. In
other examples of infection, there are important roles for antigen-spe-
cific CD4 T cells. Adenovirus infection poses a significant risk for
morbidity and mortality in children undergoing hematopoietic
stem cell transplantation.13,14 These children were treated successfully
with donor-derived peripheral blood mononuclear cells (PBMCs)
that had been stimulated ex vivo with adenovirus hexon protein.15

The elimination of adenovirus DNA depended on a strong, anti-
gen-specific CD4 T cell response that was needed to amplify the pop-
ulation of effector CD8 T cells.16

The paucity of HIV-specific CD4 T cells may be one reason why
CD8 T cell therapy has been unsuccessful in HIV disease. CD4
T cells isolated during acute HIV infection can support ex vivo prolif-
eration of HIV-specific CD8 T cells from chronically infected individ-
uals, and loss of HIV-specific CD8 T cell proliferation after acute HIV
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infection was restored in vivo by infusing vaccine-induced, HIV-spe-
cific CD4+ T cells.17 In HIV elite controllers, in vitro peptide-stimu-
lated proliferation of virus-specific CD8 T cells was abrogated when
CD4 T cells were depleted, showing that CD4 T cells are necessary
to sustain the anti-HIV CD8 T cell responses.18 We also know that
CD4 T cells are crucial for orchestrating a number of immune re-
sponses to viral infection. Thus, antigen-specific CD4 T cells provide
help to promote expansion and acquisition of effector function for
both CD8 T cells and B cells; they may also manifest MHC class II-
restricted cell-mediated cytotoxicity,19 which is important for clearing
persistent viral infections.4

The primary pathogenic mechanism of HIV is dysregulation of host
immunity characterized by generalized, nonspecific immune activa-
tion and depletion of CD4 T cells. Reduced CD4 T cells and especially
the near-complete destruction of CD4 T cells specific for HIV anti-
gens disable the antiviral immune response and allow HIV to persist.
As HIV sequences drift to evade host responses, the immune system
depleted of CD4 T cells no longer has the capacity to generate de novo
CD8 T cell responses against changing epitopes, and the virus grows
unchecked. The restoration of strong CD4 T cell immunity against
HIV is needed to support the continuing evolution of T and B cell re-
sponses needed to reconstitute normal immune control of this viral
disease.

The development of CD4 T cell therapy for HIV infection requires
approaches different from those used for other viruses and cancers.
As a target of HIV, CD4 T cells must be modified to resist HIV
infection before being used for therapy. Several efforts have focused
on disrupting or deleting the coreceptors for HIV, CCR5, and
C-X-C chemokine receptor type 4 (CXCR4) through gene-editing
strategies intended to prevent viral entry into CD4 T cells.20–23 Clin-
ical studies evaluated the safety and efficacy of infusing CD4 T cells
with zinc finger nuclease (ZFN)-targeted disruption of the CCR5
gene (see ClinicalTrials.gov: NCT00842634, NCT01252641, and
NCT01044654). Published results from the University of Pennsylva-
nia22 and information released by Sangamo Biotherapeutics showed
safety and modest HIV suppression after infusing participants with
CCR5-modified, autologous CD4 T cells, but successful control of
viremia was only achieved in a trial participant who is heterozygous
for the null allele CCR5D32.22

Vigorous HIV-specific CD4 T cell responses are associated with effi-
cient control of viremia.18,24 HIV controllers exhibit more robust
HIV-specific CD4 T cell responses compared to individuals with pro-
gressive, untreated infection.25 Among elite controllers, HIV-specific
cytotoxic CD4 T cell levels correlate with viral suppression.26–28 Due
to CD4 T cell dysregulation in most individuals with HIV infection
and the failure to restore antigen-specific memory CD4 T cells even
after years of virus-suppressive antiretroviral therapy, it is particularly
important to provide a therapeutic reconstitution of antigen-specific
CD4 T cells as a means for re-establishing immunity against HIV. To
date, there have been few published studies on HIV-specific CD4
T cell therapy. This might be due to technical difficulties in obtaining
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sufficient HIV-specific and HIV-resistant CD4 T cells to impart a
therapeutic effect. In this study, we developed and optimized a proto-
col for efficient clinical-scale manufacturing of a cell product enriched
for polyclonal, HIV-specific CD4 T cells that resists HIV destruction
due to protective effects of a therapeutic lentivirus vector. This cell
product, AGT103-T, is intended to be an autologous cell therapy,
delivering CD4 T cells that are specific for the HIV Gag protein
and capable of surviving and promoting antiviral immunity even in
the presence of infectious virus.

RESULTS
Construction and Evaluation of Lentivirus AGT103 for Blocking

HIV Infection and Replication

We developed a recombinant lentivirus vector (designated AGT103)
encoding inhibitory RNA targeting the HIV coreceptor CCR5 and
HIV sequences within the Vif/Tat coding regions. A schematic of
the gene-transfer vector is shown (Figure 1A). The lentivirus
AGT103 expresses three inhibitory microRNAs (miRNAs) within a
single transcript driven by the RNA polymerase II promoter elonga-
tion factor-1 alpha (EF-1 alpha; J04617.1). Transcription generates
RNA containing three miRNA hairpin structures with targeting
sequences specific for the following: (1) Homo sapiens CCR5 gene
(C-C chemokine receptor type 5) (GenBank: GQ917109.1), (2)
HIV TAT gene (transactivator of transcription) (GenBank:
AAK08486.1), and (3) HIV VIF gene (viral infectivity factor) (Gen-
Bank: AAK08482.1). A CCR5 targeting sequence is embedded within
the naturally occurring humanmiR30, a HIV TAT targeting sequence
is embedded within miR185, and a HIV VIF targeting sequence is
embedded within miR21. The individual, native miRNA backbones;
selected guide sequences; and order of miRNA were optimized for
vector potency amongmany alternative structures (not shown). Mod-
ifications of the naturally occurring miRNA destroy their normal
function, and the resulting synthetic versions are highly specific for
the target genes listed. The RNA transcript is processed by cellular
factors to produce active miRNA.

To demonstrate the effects of AGT103 on CCR5 expression, we used
the CCR5-positive cell line JC53 as a model. JC53 is a modified HeLa
cell line that stably expresses high levels of both CD4 and CCR5.29

JC53 cells were transduced with AGT103 or a control lentivirus,
and cell-surface CCR5 expression was examined by flow cytometry.
At a multiplicity of infection (MOI) equal to 5, AGT103 reduced
CCR5 levels on JC53 cells by more than 98% (Figures 1B and S1).

We next tested the specificity of AGT103. The CCR2 and CCR5 cod-
ing regions are approximately 75% homologous, but CCR5-specific
miRNA does not target sequences shared between CCR5 and
CCR2. To exclude potential adverse effects of AGT103 on CCR2,
we tested the effect of AGT103 transduction in Vg9Vd2 T cells, which
express both CCR2 and CCR5. AGT103 significantly reduced CCR5
but did not affect CCR2 expression in Vg9Vd2 T cells (Figure S2A).
The CEM.NKR.CCR5 cell line was then used to test for effects of
AGT103 on common cell-surface proteins, including CD4, CD5,
CCR7, CXCR4, CXCR5, and a4 integrin. As shown (Figure S2B),
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AGT103 specifically decreased CCR5 expression without affecting
expression levels for any of the listed cell-surface molecules.

To test whether AGT103 inhibits HIV Tat and Vif expression, 293T
cells were transduced with AGT103 or control lentivirus vector for
48 h before transfecting with the HIV proviral vector pNL4.3. After
24 h, RNA was extracted, and Tat RNA levels were measured by
real-time RT-PCR (Figure 1C). To measure Vif expression, we pre-
pared protein lysates from transduced cells and analyzed Vif protein
levels by immunoblotting (Figure 1D). The AGT103 vector signifi-
cantly inhibited expression of HIV Tat RNA (Figure 1C) and Vif
protein (Figure 1D).

To determine whether AGT103-modified cells resist CCR5-tropic
HIV infection, JC53 cells were transduced with AGT103-GFP.
We incorporated a GFP construct expressed under a separate pro-
moter into AGT103 or into a control lentivirus vector to facilitate
identification of transduced cells. 6 days after transduction, cell
cultures were infected with R5-tropic BaL HIV pseudovirus car-
rying mCherry as a marker. 2 days later, lentivirus transduction
(Figure 1E; GFP-positive, horizontal axes) and HIV infection (Fig-
ure 1E; mCherry-positive, vertical axes) were detected by flow cy-
tometry. Among JC53 cells that were not transduced, 56% became
infected by HIV (Figure 1E; no lentiviral [LV]). Transducing JC53
cells with a control lentivirus vector then challenging with HIV re-
sulted in 54% of cells becoming infected (Figure 1E; control LV),
indicating that control lentivirus vector did not inhibit HIV infec-
tion. Transducing JC53 cells with AGT103 greatly reduced the fre-
quency of double-positive cells to 0.83%, and the vast majority of
GFP-positive cells (93%) were protected from HIV infection (Fig-
ure 1E; AGT103-GFP). Our AGT103 vector blocked more than
90% of CCR5-tropic HIV infection compared with a control lenti-
virus (Figure 1E).

We then tested whether miRNA against Vif and Tat inhibited infec-
tious HIV production in cells that were already infected by HIV. We
used the J1.1 cell line as a model.30 J1.1 is a HIV latently infected cell
line cloned by limiting dilution from HIV-infected Jurkat cells. HIV
replication in J1.1 can be induced by treating with tumor necrosis
factor alpha (TNF-a). In this study, J1.1 cells were transduced with
AGT103-GFP or a control lentivirus vector-GFP atMOI 5. 1 day after
transduction, culture medium was removed and replaced with fresh
medium; 2 days later, control or transduced cells were treated with
recombinant human TNF-a (50 ng/mL) and cultured for an addi-
tional 3 days. At the end of the culture period, supernatants contain-
ing HIV particles were collected and used to infect the permissive
cell line C8166 (Figure 1F). 2 days after transferring culture fluids,
C8166 cells were collected and analyzed by flow cytometry to detect
intracellular HIV p24.

Supernatant from control J1.1 caused 64.4% of C8166 cells to be
infected by HIV (Figure 1F; J1.1). Control LV did not inhibit HIV
production in J1.1 cells, and 65.1% of C8166 cells became infected
(Figure 1F; J1.1 + control LV). When the same test was done with
1050 Molecular Therapy: Methods & Clinical Development Vol. 17 June
supernatants from J1.1 that had been transduced with the AGT103
vector, only 2.15% of C8166 cells became infected (Figure 1F; J1.1 +
AGT103-GFP). AGT103-GFP transduction into J1.1 cells substan-
tially reduced the amount of infectious HIV released after TNF-a
induction.

We also tested whether AGT103 inhibits HIV replication in primary
human CD4 T cells. CD4 T cells were purified from PBMC using
negative selection and stimulated for 1 day with CD3/CD28 Dyna-
beads (nanobeads coated with antibodies against CD3 and CD28)
plus interleukin 2 (IL-2; 30 U/mL) and then transduced with
AGT103 or a control lentivirus at various MOI. 2 days after transduc-
tion, cells were infected with 0.1 MOI of HIV strain NL4.3 that itself
expresses GFP and importantly, uses the CXCR4 coreceptor. This
assay measures the direct antiviral effects of AGT103 irrespective of
coreceptor modulation, since HIV NL4.3 does not require CCR5
for cellular attachment and penetration.

At the end of the culture, supernatants containing HIV particles
were collected and added to C8166 cells. 2 days later, C8166 cells
were collected and analyzed by flow cytometry to detect GFP that
was expressed by the NL4.3-GFP virus. AGT103 protected primary
CD4 T cells against HIV replication in a dose-dependent manner
(Figure 1G). At the lowest AGT103 dose, culture fluids contained
enough HIV to infect approximately 5% of C8166 cells, and that value
was well below the 15% infection of C8166 cells that were observed
with a control lentivirus vector (Figure 1G; mock). At the highest
AGT103 dose of 5 MOI, culture fluids contained little HIV and
only infected 0.6% of C8166 cells (Figure 1G; 5 MOI AGT103).

We next tested the capacity for AGT103 to protect primary human
CD4 T cells against challenge with infectious HIV. Fresh PBMC
were stimulated for 1 day with CD3/CD28 Dynabeads plus IL-2
(30 U/mL) and then transduced with AGT103 (or mock) at various
concentrations. 2 days later, cells were challenged by infecting with
0.1 MOI of HIV NL4.3. Cell samples were collected every 3 days,
and the frequency of CD4 cells was determined by flow cytometry.
Uninfected CD4 cells comprised approximately 60% of total cells in
culture and remained at these values for 14 days (Figure 1H; control).
Untreated or mock-transduced CD4 T cells were depleted rapidly
after HIV challenge, falling from a starting value of around 60% of
cells in culture to <10% of total cells by day 14 (Figure 1H; HIV
and control LV + HIV). Transduction with AGT103 showed strong,
dose-dependent protection of CD4 T cells against infection with HIV
NL4.3. By day 14, the 0.2 MOI dose of AGT103 preserved CD4 T cells
at levels >20% of cells in culture, and the highest AGT103 dose of
MOI 5 preserved CD4 T cells at >50% of cells in culture (Figure 1H;
AGT103 + HIV). The results established that AGT103 was potent
for protecting primary CD4 T cells during 14 days in culture.

Developing an Optimized Protocol for Expanding HIV Gag-

Specific CD4 T Cells

Based on earlier reports,31 we started by testing a two-step protocol
including enrichment of antigen-specific T cells followed by
2020



Figure 1. Construction and Evaluation of Lentivirus AGT103

(A) Schematic diagram of the lentiviral vector AGT103. (B) JC53 cells were transduced with AGT103 or a control lentivirus vector. CCR5 expression was examined 6 days later

by flow cytometry (see also Figures S1 and S2). The horizontal axis depicts Mean Fluorescence Intensity (MFI) and the vertical axis depicts the percentage of maximum cell

count. (C and D) 293 T cells were transduced without or with AGT103 for 48 h before transfecting the HIV proviral vector pNL4.3-GFP. After 24 h, (C) RNA was extracted and

Tat expression levels were determined by real-time PCR (results are mean values of 3 replicates, + Standard Deviation), and (D) cells were lysed and protein lysates were

analyzed by immunoblot. (E) JC53 cells were transduced with AGT103-GFP or a control lentivirus vector carrying GFP and infected with a R5 tropic BaL HIV virus carrying

mCherry. LV transduction and HIV infection were detected by flow cytometry assay. The horizontal axis depicts fluorescence intensity for the GFPmarker and the vertical axis

depicts fluorescence intensity for the mCherry marker. Values indictate the percentage of total cells in each sector. (F) J1.1 cells were transduced with AGT103-GFP or a

control lentivirus vector carrying GFP and detected by flow cytometry. Transduced J1.1 cells were treated with TNF-a (50 ng/mL) to induce HIV production. Supernatants

were collected after 3 days to infect HIV-permissive C8166 cells. HIV infection was detected by intracellular p24 staining and flow cytometry assay. The horizontal axis depicts

fluorescence intensity for staining of Gag (p24) protein and the vertical axis depicts side scatter height. (G) CD4 T cells separated from PBMCs were stimulated with CD3/

CD28 beads + IL-2 for 1 day and transduced without or with AGT103 at various concentrations. After 2 days, beads were removed, and CD4 T cells were infected with 0.1

MOI of HIV NL4.3-GFP. 24 h later, cells were washed 3 times with PBS and cultured with IL-2 (30 U/mL) for 7 days. At the end of the culture, supernatant was collected to

infect the HIV-permissive cell line C8166 for 2 days. HIV-infected C8166 cells (GFP positive) were detected by flow cytometry. The horizontal axes depict intensity of green

fluorescence and the vertical axes depict side scatter height. Values in the enclosed areas indicate the precentages of total cells that are positive for GFP expression. (H)

PBMCs were stimulated with CD3/CD28 beads + IL-2 for 1 day and transduced without or with AGT103 at various concentrations. After 2 days, beads were removed, and

cells were infected with 0.1 MOI of HIV NL4.3. 24 h later, cells were washed 3 times with PBS and cultured with IL-2 (30 U/mL). Cells were collected every 3 days, and the

frequency of CD4 cells was analyzed by flow cytometry. Data are representative of three independent experiments.
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Figure 2. Expansion of HIVGag-Specific CD4 TCells

by Antigen-Specific Enrichment and Nonspecific

Stimulation

(A) Experimental design to expand HIV Gag-specific

T cells. (B and C) The percentage of CD4 (B) and Gag-

specific CD4 T cells (C) before and after expansion. Paired

T Tests were performed. All tests were two-tailed and P

values of P<0.05 were considered significant. (D) Fold

expansion of total cells, total CD4 T cells, and HIV Gag-

specific CD4 T cells. Boxplots show all points (minimum

[min] to maximum [max]) and mean.
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nonspecific expansion (Figure 2A). PBMC from HIV-positive indi-
viduals were stimulated with a pool of peptides representing the
HIV Gag protein (JPT GAG PepMix) for 12 days. On day 12, cells
were stimulated with CD3/CD28 Dynabeads and transduced with
lentivirus and then cultured for an additional 12 days. To prevent
possible HIV outgrowth, the protease inhibitor saquinavir was
added to the culture medium. HIV protease inhibitor does not affect
lentivirus transduction and was reported as improving proliferation
of T cells from HIV-infected individuals by a mechanism indepen-
dent of virus suppression.32

The percentages of CD4-positive and Gag-specific T cells were
monitored before and after cell expansion. Gag-specific T cells were
identified by intracellular staining for interferon (IFN)-g after peptide
restimulation. The expansion of cell subsets was calculated by
dividing the total number of cells in the final product with the cell
number in the starting material. After expansion, the CD4 T cell per-
centage was mostly unchanged (Figure 2B), but the percentage of
Gag-specific CD4 T cells was increased significantly (from 0.11% ±

0.05% to 1.08% ± 0.34%, mean ± SEM; Figure 2C). Figure 2D shows
the relative increases in total cells (31.7 ± 1.645), total CD4 T cells
(36.51 ± 4.175), and HIV Gag-specific CD4 T cells (545.4 ± 235.5).
Although the Gag-specific CD4 T cells were increased in number,
their percentage in the cell product remained low.

To increase the frequency of Gag-specific CD4 T cells in the final
product, we tested a physical enrichment method using the Miltenyi
1052 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
Cytokine Capture System (CCS). CCS selection
enriched the Gag-specific T cells. However, after
nonspecific stimulation and expansion, the per-
centage of HIV Gag-specific T cells was again
very low (Figure S3). It is likely that restimula-
tion with antigen caused activation-induced
cell death (AICD) of target cells, but we did
not conduct studies to define the mechanism
for cell loss.

We next tested whether elimination of the
nonspecific expansion step would improve the
yield of antigen-specificCD4T cells (Figure 3A).
We observed that CD4 percentages declined
(from 53.97% ± 3.61% to 22.26% ± 3.12%; Fig-
ure 3B), and CD8 percentages increased (from
46.09% ± 3.64% to 79.3% ± 2.684%; Figure 3C), suggesting over-
growth of the culture by CD8 T cells. Both Gag-specific CD4 (from
0.052% ± 0.01% to 2.169% ± 0.79%; Figure 3D) and CD8 T cells
(from 0.165% ± 0.07% to 6.74% ± 2.04%; Figure 3E) were increased
significantly. Figure 3F shows expansion of total cells (11.84 ± 0.8),
total CD4 T cells (4.833 ± 0.72), Gag-specific CD4 T cells (971.2 ±

583.5), total CD8 T cells (21.3 ± 2.12), and Gag-specific CD8
T cells (1,192 ± 374.3).

To improve the yield of bulk and specific CD4 T cells, CD8 T cells
were depleted after the step of peptide stimulation (Figure 4A).
This depletion did not correct the CD4 T cell loss, and we still
observed reduced CD4 percentages overall (from 51.68% ±

5.48% to 41.94% ± 8.628%; Figure 4B), even though the percent-
ages (from 0.054% ± 0.013% to 2.818% ± 0.74%; Figure 4C) and
expansion (1,031 ± 447.3; Figure 4D) of Gag-specific CD4
T cells were improved. To learn why CD4 T cell percentages
were reduced after CD8 depletion, we analyzed cell subsets in
the product. Surprisingly, we observed high levels of CD3�CD56+

natural killer (NK) cells (Figure S4A) or Vd1+ gd T cells (Fig-
ure S4B) in several of the cell products, indicating these cell sub-
sets also have growth advantages over CD4 T cells in PBMC
from HIV+ individuals.

The next step was to deplete additional cell subsets after peptide stim-
ulation, including cells expressing CD8, CD56, gd T cell receptor, or
CD19 (Figure 5A). The expansion of total CD4 and Gag-specific CD4



Figure 3. Expansion of HIV Gag-Specific CD4 T Cells by Peptide Stimulation

(A) Experimental design to expand HIV Gag-specific T cells. (B, C, D, and E) The percentage of CD4 (B), CD8 (C), Gag-specific CD4 (D), and CD8 T cells (E) before and after

expansion. Paired T Tests were performed. All tests were two-tailed and P values of P<0.05 were considered significant. (F) Fold expansion of total cells, total CD4 T cells, HIV

Gag-specific CD4 T cells, total CD8 T cells, and HIV Gag-specific CD8 T cells. Boxplots show all points (min to max) and mean.
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T cells was improved by the cell-depletion step (Figure S5), resulting
in improved yields of total CD4 (from 50.73% ± 1.76% to 81.45% ±

5.84%; Figure 5B) and Gag-specific CD4 (from 0.04% ± 0.01% to
9.91% ± 2.57%) CD4 T cells. Expansion of Gag-specific CD4 T cells
(4,607 ± 1,922; Figure 5C) was especially improved by this method.
The phenotype of T cells in the product was characterized by expres-
sion of CD27 and CD45RA. The major subset in our product was
effector memory T cell (TEM) phenotype (80.28% ± 4.51%; Fig-
ure 5E). In addition, all products contained central memory T cells
(TCMs; 12.99% ± 2.04%; Figure 5E), an immune subset linked to
long-term, persisting T cells. Further, CD25+FoxP3+ regulatory
T cell (Treg) levels were very low or undetectable (1.13% ± 0.28%; Fig-
ure 5E). In addition to IFN-g, we measured other cytokines that
might be produced by CD4 T cells. After Gag peptide stimulation,
the CD4 T cells produced IL-2 and TNF-a but not IL-6, IL-17A,
IL-21, or IL-1b. To assess the quality of responding T cells before
and after expansion, IFN-g, TNF-a, and MIP-1b were analyzed
simultaneously by multiparameter flow cytometry. The relative pro-
portions of cells making different cytokines are depicted by pie charts
representing the mean values among 8 donors (Figures 5G and S6).
After expansion, HIV Gag-specific CD4 T cells contained much
higher frequencies of multifunctional IFN-g-, TNF-a-, and MIP-
1b-producing cells.

After comparing different protocols (Figure 6), we concluded that
depletion of CD8+, CD56+, CD19+, and gd+ cell subsets optimized
the percentages and yields of Gag-specific CD4 T cells.
Molecula
Evaluating Transduction Efficiency in Expanded HIV Gag-

Specific CD4 T Cells

We optimized the cell process to improve the yield of antigen-specific
CD4 T cells and to achieve efficient transduction of specific cells. For
initial studies, we used AGT103 lentivirus carrying GFP (AGT103.G)
to evaluate transduction efficiency. Because intracellular staining
causes significant GFP signal loss, we used cytokine capture assay
to detect IFN-g+ antigen-specific CD4 T cells expressing GFP.
Although the overall transduction of total cells was modest
(22.2% ± 4.52%; Figures 7A and S7A), the IFN-g-positive, antigen-
specific CD4 T cells were transduced at a much higher efficiency
(52.36% ± 6.58%; Figures 7A and S7B) compared to other cells.
This result is reasonable given that antigen-specific CD4 T cells
received TCR stimulation, proliferated faster, and were easier to
transduce with lentivirus vector.

The therapeutic vector AGT103 is intended for use in manufacturing
the clinical-grade product AGT103-T and does not express a tag or
marker (e.g., GFP). Therefore, to evaluate transduction efficiency in
cell products, we optimized and qualified an in situ hybridization
(ISH)-based method (RNAScope; ACD Bio). The method detects
RNA transcripts of the woodchuck hepatitis virus post-transcrip-
tional response element (WPRE), which is encoded by AGT103. Pos-
itive cells (Figure 7B; showing a representative image) are quantified
using image analysis software that determines the frequency of
AGT103-transduced cells, which is compared to vector copy number
that was measured by qPCR (Figure 7C).
r Therapy: Methods & Clinical Development Vol. 17 June 2020 1053
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Figure 4. Expansion of HIV Gag-Specific CD4 T Cells

by Peptide Stimulation and CD8 T Cell Depletion

(A) Experimental design to expand HIV Gag-specific

T cells. (B and C) The percentage of CD4 (B) and Gag-

specific CD4 T cells (C) before and after expansion. Paired

T Tests were performed. All tests were two-tailed and P

values of P<0.05 were considered significant. (D) Fold

expansion of total cells, total CD4 T cells, and HIV Gag-

specific CD4 T cells. Boxplots show all points (min to max)

and mean.
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Developing a Protocol for Good Manufacturing Practice (GMP)-

Grade Manufacturing

Our cell process requires PBMC isolation, activation, depletion,
transduction, expansion, and cryopreservation steps. For
manufacturing of clinical cell products, we implemented the
AGT103-T protocol on a CliniMACS Prodigy T Cell Transduction
(TCT) system (Miltenyi Biotec, Sunnyvale, CA). The process is
semi-automated in a partially closed system for GMP-grade
manufacturing. To validate the automated TCT protocol on the
CliniMACS Prodigy, large-scale pilot run experiments were per-
formed using apheresis materials from HIV+ donors enrolled in
the CS-168 specimen collection study (ClinicalTrials.gov:
NCT03215004). Because GMP-grade reagents for gd T cell deple-
tion are not available currently, only CD8/CD56/CD19-positive
cells were depleted in the automated cell process.

Unfortunately, with specimens from HIV+ patients, cell expansion
(Figure 8A) and Gag-specific CD4 T cell percentages (Figure 8B)
were lower in the CliniMACS Prodigy compared to small-scale ex-
periments. This might have been due to the volume limitation of a
CentriCult Unit (maximum 250 mL) for cell culture and the
repeated centrifugation and resuspension steps necessary for daily
medium exchanges. To solve this problem, we used the CliniMACS
Prodigy in combination with a gas-permeable G-Rex cell-culture de-
vice (Figure 8C). PBMC isolation, activation, depletion, and trans-
duction were performed in the CliniMACS Prodigy. After transduc-
tion, cells were transferred into a G-Rex 500M-CS vessel for
expansion. To simplify the procedure and reduce manufacturing
cost, we wondered whether cytokine and saquinavir feeding could
1054 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
be avoided. We tested the stability of IL-7
and IL-15 during cell culture. Both IL-7 and
IL-15 are quite stable from day 5 to day 14 (Fig-
ure S8). Saquinavir in the medium was also
effective for inhibiting HIV replication until
the end of the culture period (data not shown).
Consequently, after cells were transferred into
a G-Rex vessel no additional feedings or cell
manipulations were needed until cell harvest
on day 12. We performed large-scale pilot
runs with two patient samples to validate the
protocol. Compared with small-scale experi-
ments, expansion of total cells (Figure 8D)
and Gag-specific CD4 T cell percentages (Fig-
ure 8E) were improved by incorporating the
static culture step using a G-Rex vessel. We also completed large-
scale manufacturing with apheresis materials from 7 additional do-
nors and obtained consistent results for 6 of these donors. One
donor had a poor response to Gag peptide stimulation. For Gag-spe-
cific CD4 T cells, the average percentage and yield in final product
were 15.13% (Figure 8F) and 7 � 108 (Figure 8G) respectively.

DISCUSSION
The destruction of CD4 T cell immunity during chronic HIV infec-
tion causes immune system dysfunction and failure to control HIV.
Recent studies in HIV controllers highlighted the importance for
HIV-specific CD4 T cells in controlling HIV replication and disease
progression;18,24,26–28 this prompted us to design a cell and gene ther-
apy to reconstitute these critical CD4 T cells. Adoptive, autologous,
antigen-specific CD4 T cell therapy is a promising strategy to rebuild
an effective immune system against HIV that might improve clinical
status and reduce dependence on antiretroviral therapy. However, the
unique characteristics of HIV infection created barriers to expand
HIV-specific CD4 T cells and has prevented, until now, the develop-
ment of cell and gene therapies with cells enriched for the HIV-spe-
cific CD4 T cell subset. We developed an optimized protocol for effi-
cient clinical-scale manufacturing of highly enriched, HIV-specific
CD4 T cells that makes application of this method feasible for treating
HIV infection. The combination of cell enrichment with the ability to
protect these cells against HIV-mediated depletion has achieved a
new type of immunotherapy for HIV disease.

Although HIV-specific CD4 T cells in peripheral blood can be de-
tected in most, if not all, HIV-infected individuals, their frequencies



Figure 5. Expansion of HIVGag-Specific CD4 TCells

by Peptide Stimulation and CD8/CD56/CD19/gd

Depletion

(A) Experimental design to expand HIV Gag-specific

T cells. (B and C) The percentage of CD4 (B) and Gag-

specific CD4 (C) T cells before and after expansion. Paired

T Tests were performed. All tests were two-tailed and P

values of P<0.05 were considered significant. (D) Fold

expansion of total cells, total CD4 T cells, and HIV Gag-

specific CD4 T cells. Boxplots show all points (min to max)

and mean. (E) The percentage of different T subsets

among expanded cells. Boxplots show all points (min to

max) and mean. (F) The percentage of CD4 T cells pro-

ducing different cytokines among expanded cells after

restimulation with Gag peptides. Boxplots show all points

(min to max) and mean. (G) The pie charts represent the

average frequencies of active, cytokine-producing cells,

producing every possible combination of the three cyto-

kines analyzed (n = 8; see also Figure S6).
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are extremely low.33,34 Moreover, HIV-specific CD4 T cells that evade
depletion often show functional impairment,35 making it difficult to
generate a cell product containing sufficient frequencies and numbers
of these cells. Previous studies for expanding tumor antigen-specific
T cells used a complex, combined method of in vivo priming,
ex vivo antigen-specific enrichment, and nonspecific expansion.31

We tested this method for expanding HIV-specific T cells but were
not successful. Instead, we developed a simpler protocol that expands
HIV-specific CD4 T cells with higher efficiency and lower cost and
requires only 12 days. During cell-process development, we observed
surprising overgrowth of CD8, NK, and even Vd1 T cells in some cul-
tures. This might be unique to HIV infection due to overactivation of
these subsets and exhaustion of CD4 T cells during chronic infec-
tion.36–41 We did not observe this phenomenon when expanding
cytomegalovirus (CMV)-specific T cells from healthy donors (not
shown). The depletion of CD8, NK, and gd T cells after peptide stim-
ulation significantly enhanced HIV-specific CD4 T cell expansion.
Interestingly, when B cells were depleted at the same time, the results
were improved. We chose to delete these subsets subsequent to the
peptide stimulation to minimize any impact on the efficiency of
T cell responses to peptides.

The modification of CD4 T cells for HIV resistance may help them
persist in vivo. Our lentivirus vector (AGT103) targets CCR5 plus
HIV Tat/Vif and is efficient for blocking both R5- and X4-tropic HIV
infection and/or replication. Importantly, AGT103 transduction also
Molecular Therapy: Methods &
inhibits virus release from latently infected cells.
AGT103 is a third-generation, self-inactivating
lentivirus vector carrying three inhibitory RNAs
that are embedded into an endogenous miRNA
backbone. Several clinical trials, including
chimeric antigen receptor T cell (CAR-T) ther-
apy, have shown that lentivirus-modified cells
are safe for infusion.42 Analysis of lentiviral vec-
tor integration inHIV+ study subjects receiving infusions of autologous,
gene-modified CD4 T cells provided no evidence for abnormal expan-
sion of cells due to vector-mediated, insertional activation of proto-
oncogenes.43

The manufacturing of genetically modified T cells, especially from
persons with HIV, is complex. The CliniMACS Prodigy automates
several steps from PBMC purification, enrichment, activation, trans-
duction, and expansion to final formulation and sampling in a
closed sterile, single-use tubing set.44–46 However, manufacturing
using only the CliniMACS Prodigy lead to low yields of antigen-spe-
cific and total CD4 T cells compared to small-scale experiments.
The limited volume (250 mL) of the Prodigy’s CentriCult-Unit
caused us to maintain very high cell concentrations (>1 � 107/
mL). At these cell concentrations, proliferation of antigen-specific
CD4 T cells may be inhibited, and the frequent centrifugation
needed for daily medium replacement seemed to cause death of acti-
vated cells, particularly the antigen-stimulated cell subset. When we
transferred cells at day 5 from the CliniMACS Prodigy to a G-Rex
container for static cell culture, expansion of total and HIV-specific
CD4 T cells were improved.

In this study, we focused on expanding HIV Gag-specific CD4 T cells
because of their importance for viral suppression and improved clin-
ical outcomes. Induction of Gag-specific CD4 T cell responses during
acute HIV infection is associated with improved viral control.47
Clinical Development Vol. 17 June 2020 1055

http://www.moleculartherapy.org


Figure 6. Comparison of the Results of Different Protocols

(A and B) The percentage of CD4 (A) andGag-specific CD4 T cells (B) before and after expansion. (C) Fold expansion of HIV Gag-specific CD4 T cells. Boxplots show all points

(min to max) and mean. Mann-Whitney tests were performed. All tests were two-tailed and P values of P<0.05 were considered significant.
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Antigen-specific CD4 T cells in HIV controllers preferentially target
epitopes in the Gag protein compared with other viral proteins,
whereas noncontrollers exhibited a dominant targeting of epitopes
in the envelope protein.34 Robust and sustained CD4 T cell prolifer-
ative responses to the Gag p24 antigen correlated with control of
viremia and lack of disease progression after long-term transfusion-
acquired HIV-1 infection.48 The HIV-specific cytotoxic CD4 T cells
also contribute to viral suppression,26–28,49 and HIV-specific cyto-
toxic CD4 T cells in our product (Figure S9) may provide an
enhanced effect to reduce the burden of infected cells. In the future,
we may incorporate stimulation for other HIV antigens, besides
Gag, to broaden and deepen the HIV-specific CD4 T cell population.
The optimized cell manufacturing protocol described here may also
be used to expand other virus or cancer antigen-specific CD4
T cells to accelerate clinical application of this promising therapeutic
strategy that combines CD4 T cell enrichment with a potent lentivirus
vector to create a unique immunotherapy for HIV disease.

MATERIALS AND METHODS
GMP-GradeManufacturing in the CliniMACS Prodigy and G-Rex

The semi-automated TCT system was performed on the Clini-
MACS Prodigy using the Tubing Set TS520 and the TCT process.
Unless noted elsewhere, reagents and materials were obtained
from Miltenyi Biotec (Bergisch Gladbach, Germany). An overview
of the general procedure is depicted in Figure 8C. In brief, apher-
esis materials from HIV+ donors were processed on a CliniMACS
Prodigy device by running an internally developed customized
application (CAP): A001_Apheresis_Separation, with a TS520
tubing set. The program executes a Ficoll (GE Healthcare) separa-
tion to reduce red blood cells (RBCs) and granulocytes. After Fi-
coll, the cells were sampled and analyzed for cell count, viability,
and phenotype. Dry cell pellet samples were retained for additional
testing. The remaining post-Ficoll cells were returned to the same
CliniMACS Prodigy device for activation, transduction, and culti-
vation. The T Cell Transduction process program was executed on
the same CliniMACS Prodigy device with the same TS520 tubing
1056 Molecular Therapy: Methods & Clinical Development Vol. 17 June
set, according to the TCT User Manual, with cultivation of the
target population as the major goal. On day 0, the post-Ficoll cells
were resuspended in 100 mL of culture media and brought into the
CentriCult Unit (CCU) of the TS520 tubing set before incubation
with PepMix HIV-1 (GAG) Ultra (1 mg/mL; JPT, Berlin, Germany)
for R16 h at 37�C in static culture. Culture media were TexMACS
GMP medium with 3% human AB serum (Valley Medical),
12.5 ng/mL IL-7, 12.5 ng/mL IL-15, and 100 nM saquinavir
(Sigma, Burlington, MA, USA). A sample of the culture media
was analyzed for baseline metabolite levels. On day 1, after a 16-
h incubation, the TCT process was stopped, and the culture was
sampled and analyzed for cell count, viability, phenotype, and
intracellular IFN-g peptide stimulation prior to CD8/19/56 cell
depletion. Culture supernatant was assessed for metabolite levels.
A CD8/19/56 depletion was performed using another internally
developed CAP program: A001_Depletion. Postdepletion, the cells
were resuspended in 70 mL of culture media and placed in static
culture. On day 2, the seeded cells were sampled and analyzed
for cell count, viability, and phenotype. Culture supernatant was
assessed for metabolite levels. The remaining seeded cells were
transduced with the AGT103-ER lentiviral vector (Lentigen, Gai-
thersburg, MD, USA) at a MOI of 5 in approximately 100 mL of
culture media. On day 3, a feed of 100 mL was added to suspend
the cells in 200 mL of culture media. On day 5, the seeded cells
were sampled and analyzed for cell count, viability, and phenotype.
Dry cell pellet samples were retained for additional testing. Culture
supernatant was assessed for metabolite levels. The remaining
seeded cells were harvested and distributed into G-Rex culture de-
vices at the equivalent seeding density of 1 � 106 cells/cm2 in G-
Rex 500M-CS (Wilson Wolf, St. Paul, MN, USA). On day 12, the
G-Rex 500M-CS was harvested and analyzed for cell count,
viability, and phenotype. Peptide pulse and intracellular IFN- g

staining were performed to measure HIV-specific CD4 T cells.
Dry cell pellet samples were retained for additional testing. Culture
supernatant was assessed for metabolites, cytokine levels, P24, and
mycoplasma. The cells were formulated in cryopreservation media.
2020



Figure 7. Evaluation of Lentivirus Transduction Efficiency

(A) Percentage of lentivirus AGT103-GFP-transduced cells among total cells or different subsets (see also Figure S7). Boxplots show all points (min to max) and mean. (B) A

representative image of RNAScope to detect AGT103-transduced cells. (C) Correlation between percentage of transduced cells by RNAScope and average vector copy

number per cell.
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Samples were taken for sterility and endotoxin, and then the re-
maining cells were cryopreserved.

PBMC Isolation and Cell Culture

Whole blood was obtained from HIV-infected adult volunteers who
provided written, informed consent to participate in the CS-168 spec-
imen collection study (NCT03215004). The protocol was approved by
the Institutional Review Board of Providence Hospital, Washington,
DC NW. Total lymphocytes were separated from EDTA-anticoagu-
lated peripheral blood by density gradient centrifugation (Ficoll-Pa-
que; Amersham Biosciences, Little Chalfont, UK). PBMC were
cultured in RPMI 1640, supplemented with 10% fetal bovine serum
(FBS; Gibco, Gaithersburg, MD, USA), 2 mM L-glutamine, and peni-
cillin-streptomycin (100 U/mL and 100 mg/mL, respectively). 293T,
JC53 cells were cultured in DMEM, supplemented with 10% FBS,
2 mM L-glutamine and penicillin-streptomycin (100 U/mL and
100 mg/mL, respectively). J1.1 and C8166 cells were cultured in
RPMI 1640, supplemented with 10% FBS, 2 mM L-glutamine, and
penicillin-streptomycin (100 U/mL and 100 mg/mL, respectively).
To induce HIV replication, J1.1 cells were treated with 50 ng/mL
TNF-a (R&D Systems, Minneapolis, MN, USA).

Small-Scale Expansion of HIV Gag-Specific CD4 T Cells

Culture media in these experiments were TexMACS GMP medium
with 3% human AB serum (Valley Medical, Purcellville, VA, USA),
12.5 ng/mL IL-7, 12.5 ng/mL IL-15, and 100 nM saquinavir (Sigma,
Burlington, MA, USA). For the expansion to include antigen-specific
enrichment and nonspecific expansion, 2 � 106 PBMC from vacci-
nated patients was first stimulated with the HIV Gag peptide pool
(1 mg/mL individual peptide, GAG PepMix; JPT, Berlin, Germany)
or DMSO (negative control) in culture media for 12 days for an an-
tigen-specific T cell enrichment, or HIV-specific T cells were enriched
by a Cytokine Capture System. On day 12, cells were stimulated with
CD3/CD28 beads (Thermo Fisher Scientific, Waltham, MA, USA)
and transduced with lentivirus AGT103 at MOI 5. Cells were cultured
for another 12 days. The number of the cells was evaluated every
2 days, and the cells were diluted to 0.5 � 106/mL with fresh culture
Molecula
media. For the expansion with peptide stimulation and cell depletion,
PBMCs (1 � 107) were stimulated with an HIV Gag peptide pool in
1 mLmedium in a 24-well plate for 18 h. CD8 (clone SK1)-, gd (clone
B1)-, CD56 (clone 5.1H11)-, or CD19 (clone 4G7)-positive cells were
depleted with phycoerythrin (PE)-labeled, specific antibodies (Bio-
Legend, San Diego, CA, USA) and anti-PE microbeads (Miltenyi
Biotech, Bergisch Gladbach, Germany). The negatively selected cells
were cultured at 2 � 106/mL in culture media. Lentivirus AGT103
was added 24 h later at MOI 5. Fresh culture media were added every
2–3 days during the expansion. At day 14, cells were collected for
analysis.

Flow Cytometry

Unless noted, cells were stained with fluorophore-conjugated mono-
clonal antibodies (mAb) from BioLegend (San Diego, CA, USA). For
cell-surface staining, cells were washed and resuspended in 50–100 mL
of RPMI 1640 and then stained with mouse anti-human CD4 clone
OKT4, mouse anti-human CD3 clone OKT3, mouse anti-human
CD8 clone SK1, mouse anti human CD45RA clone HI100, mouse
anti-human CD27 clone MT-271, or mouse anti-human CCR5 clone
J418F1, including corresponding isotype controls. For detection of
intracellular cytokines, cells were pulsed with 1 mg/mL HIV Gag pep-
tides (PepMix HIV-1 [GAG] Ultra; JPT, Berlin, Germany) and Gol-
giPlug (BD Biosciences, San Jose, CA, USA) for 4 h; stained with
mouse anti-human CD4 clone OKT4 and mouse anti-human CD8
clone SK1; and then fixed, permeabilized, and incubated for 45 min
at 4�C with mouse anti-human IFN-g clone B27, mouse anti-human
TNF-a clone mAb11, rat anti-human IL-2 clone MQ1-17H12, rat
anti-human IL-6 clone MQ2-13A5, mouse anti-human IL-17A clone
BL168, mouse anti-human IL-21 clone 3A3-N2, or mouse anti-hu-
man IL-1b clone JK1B-1, including corresponding isotype controls.
Intracellular staining solutions were obtained from the Cytofix/Cyto-
perm Kit (BD Biosciences, San Jose, CA, USA). Cells were washed
with staining buffer and resuspended. For detection of FoxP3, cells
were stained with mouse anti-human CD4 clone OKT4 and mouse
anti-human CD25 clone BC96 and performed FoxP3 staining with
FOXP3 Fixation/Permeabilization Buffer. Data were acquired for at
r Therapy: Methods & Clinical Development Vol. 17 June 2020 1057
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Figure 8. GMP-Grade Manufacturing of HIV Gag-Specific CD4 T Cells

(A and B) Comparison of the fold expansion of cells (A) and the percentage of Gag-specific CD4 T cells (B) with small-scale or Prodigy expansion. Paired T Tests were

performed. All tests were two-tailed and P values of P<0.05 were considered significant. (C) Experimental design to manufacture HIV Gag-specific, lentivirus-modified CD4

T cells in a clinical-scale and GMP condition. (D and E) Comparison of the fold expansion of cells (D) and the percentage of Gag-specific CD4 T cells (E) with small-scale or

Prodigy-G-Rex expansion. (F and G) Percentage (F) and total number (G) of HIV Gag-specific CD4 T cells from 7 donors with the clinical-scale Prodigy-G-Rex expansion

protocol.
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least 1� 106 lymphocytes (gated based on the forward- and side-scat-
ter profiles) from each sample, using a FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA, USA). All samples were analyzed us-
ing FlowJo software (FlowJo 8.8.2; Tree Star, San Carlos, CA, USA).

Immunoblot Analysis

Cells were lysed in gel loading buffer (Invitrogen, Carlsbad, CA, USA);
samples were boiled for 10 min, and proteins were separated by SDS-
PAGE. Proteins were transferred to polyvinylidene fluoride (PVDF)
membranes (MilliporeSigma, Burlington, MA, USA) and probed with
the antibodies anti-Vif (Aids Reagent Program; catalog number [cat.
no.] 6459) andb-actin (MilliporeSigma; cat. no.A1978). Ananti-mouse
secondary antibody conjugatedwith horseradishperoxidase (HRP;Bio-
Rad, Hercules, CA, USA) was visualized with the Immobilon Western
HRP substrate (MilliporeSigma, Burlington, MA, USA) and detected
with the Li-Cor C-DiGit Blot Scanner (Lincoln, NE, USA).

RNAScope Assay

Cryopreserved AGT103-T final product cells were thawed in RPMI
medium (Thermo Fisher Scientific) containing 10% FBS and
0.5 mg/mL DNase I (MilliporeSigma, Burlington, MA, USA). Cells
were washed once in thawing medium and allowed to rest in a cell-
culture incubator for 1 h in RPMI containing 5% human AB serum
(MilliporeSigma, Burlington, MA, USA) and 10 ng/mL IL-7 and IL-
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15 (BioLegend, San Diego, CA, USA). The cells were then stimulated
with 10 ng/mL IL-2 (BioLegend) and 20 mL (per 5� 106 cells) Trans-
Act (Miltenyi Biotec, Bergisch Gladbach, Germany) and incubated for
another 3 h. The cells were pooled, centrifuged at 500 � g for 5 min,
and then resuspended in PBS + 5% FBS (5� 106 cells per mL). Slides
were prepared by loading 200 mL of cell suspension into a cytospin
funnel (VWR International, Radnor, PA, USA) and centrifuged using
a Cytospin 4 (Thermo Fisher Scientific,Waltham,MA, USA) to create
cell spots with approximately 106 cells per spot. Slides were processed
as described in the ACD manual for processing of suspension cells
and use of RNAScope kits. For work described in this manuscript,
the RNAScope 2.5 HDAssay-Red kit was used. The RNAScope probe
forWPRE was used to detect AGT103 RNA (cat. no. 450261). Bright-
field images (20 fields per cell spot) were obtained using a 40� object
(Zeiss) and quantified using ImageJ software (https://www.nih.gov/).

Statistical Analysis

Paired t test and Mann-Whitney tests were performed using Graph-
Pad Prism version 8.2.1. All tests were two tailed, and p values of
<0.05 were considered significant.
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