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Extending the success of chimeric antigen receptor (CAR) T cells to T-cell malignancies is
problematic because mosttarget antigens are shared between normal and malignant cells,
leading to CAR T-cell fratricide. CD7 is a transmembrane protein highly expressed in acute
T-cell leukemia (T-ALL) and in a subset of peripheral T-cell ymphomas. Normal expression
of CD7 is largely confined to T cells and natural killer (NK) cells, reducing the risk of off-
target-organ toxicity. Here, we show that the expression of a CD7-specific CAR impaired
expansion of transduced T cells because of residual CD7 expression and the ensuing
fratricide. We demonstrate that targeted genomic disruption of the CD7 gene prevented
this fratricide and enabled expansion of CD7 CAR T cells without compromising their
cytotoxic function. CD7 CART cells produced robust cytotoxicity against malignant T-cell
lines and primary tumors and were protective in a mouse xenograft model of T-ALL.
Although CD7 CART cells were also toxic against unedited (CD7*) T and NK lymphocytes,
we show that the CD7-edited T cells themselves can respond to viral peptides and
therefore could be protective against pathogens. Hence, genomic disruption of a target antigen overcomes fratricide of CAR T cells and

Key Points

e Genomic disruption of CD7
prior to CAR transduction
allows generation of CD7
CAR T cells without extensive
self-antigen-driven fratricide.

e CD7 CAR T cells have robust
activity against T-cell
malignancies in vitro and in
Vivo.

establishes the feasibility of using CD7 CAR T cells for the targeted therapy of T-cell malignancies. (Blood. 2017;130(3):285-296)

Introduction

Many patients with refractory or relapsed B-cell malignancies have
achieved complete remission after receiving T cells that are redirected
with chimeric antigen receptors (CARs) targeting the pan-B-cell
antigen CD19.'~* A number of factors have contributed to the clinical
success of CAR T cells in this patient cohort, including the relative
accessibility of malignant B cells, the presence of costimulatory
molecules on normal and malignant CD19™ B cells, and the ability to
effectively manage the loss of normal B cells—a common on-target/
off-tumor side effect.

Broadening the success of CAR T cells to treat T-cell malignancies
has proven challenging because of the shared expression of many
targetable antigens between normal and malignant T cells. This shared
antigenicity can cause fratricide in CAR-transduced T cells, inhibiting
their proliferation and viability, and in the clinic may result in
eradication of normal peripheral T cells. Such an on-target/off-tumor
effect would be more profound and less treatable than is found after
depletion of normal B cells with CD19 CAR T cells.

We previously reported that the fratricide in T cells expressing a
CD5-specific CAR is limited and does not impair their expansion.* This
phenomenon was attributed to the rapid downregulation of CD5 from
the cell surface of CAR T cells, reflecting the property of CD5 to
internalize upon binding to a specific antibody.” CD5, however, is not

expressed by many T-cell tumors, and even when present, expression
is often dim, emphasizing the need to broaden the range of target
antigens. Moreover, it is now clear that tumor immune editing leads to
frequent antigen-escape relapses following CAR T-cell and other
immunotherapies."*” Hence, the ability to target more than one T-cell-
associated antigen may be critical for the effective long-term treatment
of malignancies arising from these cells.

CD7 is a transmembrane glycoprotein expressed by T cells and
natural killer (NK) cells and their precursors™; it is also expressed in
>95% of lymphoblastic T-cell leukemias and lymphomas and in a
subset of peripheral T-cell lymphomas.'®!'! CD7 plays a costimulatory
role in T-cell activation upon binding to its ligand K12/SECTM1.'>'4
However, it appears not to make a pivotal contribution to T-cell
development or function because genomic disruption of CD7 in murine
T-cell progenitors permits normal T-cell development and homeostasis
and only minor alterations in T-cell effector function.'>'® Notably,
CD7 is internalized on ligation'” and was previously evaluated as a
target for immunotoxin-loaded antibodies in patients with T-cell
malignancies.'® Although there were no severe CD7 antibody-related
permanent adverse reactions, tumor responses were limited.'® We
hypothesized that enhancing the potency of CD7-directed cytotoxicity
by substituting autologous CAR T cells for a monoclonal antibody

Submitted 9 January 2017; accepted 21 May 2017. Prepublished online as
Blood First Edition paper, 24 May 2017; DOI 10.1182/blood-2017-01-761320.

The online version of this article contains a data supplement.

BLOOD, 20 JULY 2017 » VOLUME 130, NUMBER 3

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2017 by The American Society of Hematology

285


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on August 29, 2017. For personal use only.

286 GOMES-SILVA et al

would augment the efficacy of CD7-targeted therapy in patients with T-
cell malignancies.

Here, we investigated the feasibility of targeting T-lineage malig-
nancies by using CD7 CAR T cells. We found that unlike CD5, the
internalization of CD7 from the T-cell surface following CAR
expression is incomplete and leads to extensive fratricide of CD7
CAR T cells. We therefore developed a means to permit the generation
of functional CAR T cells using genome editing to eliminate persisting
self-target antigens in T cells. In this study, we demonstrate that targeted
disruption of the CD7 gene using CRISPR/Cas9 prior to CAR
expression minimizes fratricide in T cells and allows the expansion of
the CD7-knockout (CD7%°) CD7 CAR T cells with robust antitumor
activity for preclinical and potential clinical application.

Materials and methods

CAR design and transduction

Three CD7-specific single-chain variable fragments derived from 3Ale, 3A1f,"°
and TH-69% clones of CD7-specific antibodies were created using commercial
gene synthesis (Bio Basic, Inc) and cloned into a second-generation backbone
CAR containing CD28 and CD3z endodomains and the Cy3 domain from IgG1
Fc as aspacerregion. A truncated CD7 CAR lacking signaling endodomains was
used as a control. After initial efficacy studies, the best-performing clone (3Ale)
was used for the remaining experiments presented here. T cells were activated by
plate-bound OKT3 and anti-CD28 antibodies, transduced with gammaretroviral
vectors, and expanded in the presence of interleukin-7 (IL-7) and IL-15 in
cytotoxic T-lymphocyte (CTL) media, as has been described before.*

Genomic disruption of CD7 in T cells

Two guide RNAs (gRNAs) for the CD7 gene (gRNA-85: GGAGCAGGT-
GATGTTGACGG and gRNA-72: GGGGTCAATGTCTACGGCTC) were
designed using CRISPRscan and COSMID algorithms.?"?> The CD7 gene was
genomically disrupted in T cells according to the published protocol.® Briefly,
the 20-nt sequence complementary to the specific gene locus was incorporated
into an oligonucleotide primer and used to amplify the gRNA scaffold from
PX458 plasmid (a gift from Feng Zhang; Addgene 48138). gRNAs were
generated through in vitro transcription with High-Yield RNA Synthesis Kit
(NEB Bio Labs) from the DNA template, following the manufacturer’s
instructions, and purified using the RNA Clean & Concentrator-25 kit (Zymo
Research). We electroporated 0.4 g of gRNA and 1 g of cas9 protein (PNA
Bio) with 0.25 X 10° of activated T cells by using the Neon Transfection System
(Thermo Fisher Scientific) in 10 wL of buffer T and using 3 1600-V 10-ms
pulses. Following electroporation, T cells were incubated in CTL media
supplemented with 20% fetal bovine serum in the presence of IL-7 and IL-15
overnight after electroporation. T cells were then expanded in normal media.

DNA analysis

Genomic DNA was harvested 72 hours posttransfection using a Qiagen DNeasy
Blood and Tissue kit, according to the manufacturer’s instructions. For T7EI
assays, polymerase chain reaction (PCR) was used to amplify the gRNA target
sites in CD7 using Accuprime High Fidelity Taq polymerase (Life
Technologies), and the resulting products were purified using magnetic beads,
as has been previously described.”* T7EI digestion was performed according to
the manufacturer’s instructions, and the resulting cleavage products were
analyzed by agarose gel electrophoresis.

GUIDE-Seq

For GUIDE-Seq experiments, gRNAs were generated by cloning annealed
oligos containing the target sequence into pX330 (gift from Feng Zhang,
Addgene 42230).% U20S cells (American Type Culture Collection [ATCC]
HTB-96) were maintained in McCoy’s 5a Medium Modified; ATCC),
supplemented with 10% fetal bovine serum and 2 mM of L-glutamine. Cells
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were cultured at 37°C in a 5% CO, incubator. We nucleofected 200 000 U20S
cells with 1 g of pX330 Cas9 and gRNA plasmid and with 100 pmol of dSODN
by using SE cell line nucleofection solution and the CA-138 program on a Lonza
4D-nucleofector. The nucleofected cells were seeded in 500 L of media in a 24-
well plate, and gDNA was extracted 72 hours postnucleofection using a Qiagen
DNeasy Blood and Tissue kit. dsSODN integration at the target site was confirmed
by restriction fragment length polymorphism assay with Ndel. gDNA was
quantified using a qubit high-sensitivity dsDNA assay kit. We sheared 400 ng of
¢DNA using a Covaris LE220 Ultrasonicator to an average length of 500 bp. The
sheared DNA was processed as previously described®® and sequenced on the
Ilumina Miseq. We analyzed GUIDE-Seq data using the standard pipeline®®
with areduced-gap penalty for better detection of off-target sites containing DNA
or RNA bulges.

Bioinformatic off-target identification

Potential off-target sites for the CD7 gRNAs in the human genome (hg38) were
identified using the Webtool COSMID?' with up to 3 mismatches allowed in the
19 PAM proximal bases. After off-target site ranking, 17 sites for gRNA-72 and
20 sites for gRNA-85 were selected for off-target screening.

Off-target validation

T cells were electroporated with recombinant Cas9 and CD7-specific gRNA, as
indicated above. gDNA was extracted 7 days after ribonucleoprotein delivery,
and locus-specific PCRs were performed to amplify off-target sites identified by
COSMID and GUIDE-Seq. PCR primers contained adapter sequences to
facilitate amplicon barcoding via a second round of PCR, as has been previously
described.?” All amplicons were pooled at an equimolar ratio and sequenced on
the Illumina Miseq according to the manufacturer’s instructions, except that
custom sequencing primers were used for Read 2 and Read Index. Sequencing
data were analyzed using a custom indel quantification pipeline.?®

Flow cytometry

Anti-human CD7 and CCR7 (Biolegend); CD4, CD8, CD45RA, and CD56 (BD
Biosciences); and CD3, CD19, and CD45 (Beckman Coulter) were used to stain
cells in phosphate-buffered saline or CTL medium. Anti-IgG Fc (Jackson
ImmunoResearch) was used for CAR detection in all assays. All flow cytometry
data were obtained in BD fluorescence-activated cell sorter (FACS) Canto I (BD
Biosciences) and Gallios (Beckman Coulter) and analyzed with FlowJo software
(FlowlJo, LLC).

Intracellular staining assay

Tumor cells were stained with eFluor670 (Thermo Fisher Scientific), according
to the manufacturer’s instructions. CD7X° CD7 CAR T cells were cultured with
stained tumor cells for 5 hours at a 1:4 effector:target ratio. Brefeldin A (BD
GolgiPlug) and monensin (BD GolgiStop) were added 1 hour after plating. At the
end of coculture, cells were incubated with antibodies for surface antigens and
permeabilized for 10 minutes using BD FACS Permeabilizing Solution 2,
followed by incubation with anti-tumor necrosis factor-a (anti-TNFa) and anti-
interferon-g (IFNg) antibodies.

Cytotoxicity assay

Cell lines Jurkat (ATCC TIB-152), CCRF-CEM (ATCC CCL-119), MOLT-4
(ATCC CRL-1582), Hut 78 (ATCC TIB-161), SupT1 (ATCC CRL-1942), and
Raji (ATCC CCL-86) were purchased from ATCC. NALMG6 cells were a gift
from Stephen Gottschalk. The cells were expanded according to ATCC
recommendations. Tumor cells were stained with eFluor670 and incubated with
CD7%° CD7 CAR T cells for 3 days without exogenous cytokines, unless stated
otherwise. Cells from individual wells were collected at indicated time points.
We added 7-AAD to discriminate dead cells, and we obtained absolute cell
counts with CountBright Absolute Counting Beads (Thermo Fisher Scientific).
In some experiments, autologous peripheral blood mononuclear cells (PBMCs)
were labeled with eFluor670 and incubated with CD7¥° CD7 CAR T cells in the
presence of IL-2 (100 U/mL), IL-7, and IL-15. Cells were collected 24 hours later
and stained with specific antibodies for subsequent flow cytometric analysis of
eFluor670" cells.


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on August 29, 2017. For personal use only.

BLOOD, 20 JULY 2017 + VOLUME 130, NUMBER 3

CD7 CAR FOR T-CELL MALIGNANCIES = 287

A B
. IgG1 CD28
anti-CD7 scFv Fc T™
I
Ctrl CAR | NTR
co7 can I — Curl CAR
CD28 CD3
CD7 CAR
10" 10° 10° 10* 10° 10°
CAR ———
C D E
125 4 -e—- Ctrl CAR B NTR mm Ctrl CAR mm CD7 CAR
o' = CD7 CAR 3 ns  **
g 100 A 100 ‘__
S % — 80 - ns * > o
5x 751 = * b4
-g » ©£ 60 ' e Neg. Ctrl
S 50 3 ° °
=2 o 407 . CD7 CAR
[a~] =
k] 25 1 — 20 v’ NTR
0 4 0 A 4 10" 10? 10° 10* 10° 10°
0 5 10 15 Day 2 Day 6 07 ——>
Days post-transduction

Figure 1. T cells expressing CD7 CARs fail to expand. (A) Schematic diagram of control (ACAR) and full-length CD7 CAR constructs used in the study. (B) Surface
expression of the CD7 CAR constructs on retrovirally transduced T cells measured by flow cytometry using anti-human IgG Fc antibodies on day 6 posttransduction. (C)
Expansion of T cells transduced with truncated (ACAR) of full-length CD7 CAR in vitro for 14 days. (D) Viability of CD7 CAR T cells at days 2 and 6 posttransduction measured
by flow cytometry. (E) Expression of CD7 in nontransduced or CD7 CAR-transduced activated T cells. A CD7-negative cell line Raji was used as a negative control. Data
represent 2 to 5 independent experiments with n = 3 donors in each. Ctrl, control; Neg., negative; ns, not significant; NTR, nontransduced. *P < .05; **P < .001.

Primary T-ALL blasts

Deidentified fresh or frozen peripheral blood samples from acute T-cell leukemia
(T-ALL) patients were thawed and used immediately for analysis. Fresh cells
only were used in cytotoxicity assays because of the lower viability of frozen cells
on thawing. The protocol for collection of peripheral blood from T-ALL patients
was approved by the institutional review board at Baylor College of Medicine.

ELISPOT

T cells (2 X 10° cells in triplicates) were plated in 96-well MultiScreen HTS IP
plates (EMD Millipore, MA) previously coated with anti-human IFNy mAb
1-D1K (Mabtech, Cincinnati, OH), and kept overnight at 4°C. The cells were
stimulated with pepmixes (15mers overlapping by 11 aa peptide libraries; JPT
Technology) spanning EBV-EBNA-1, LMP-1, LMP-2, BARF-1, EBNA-
3a,3b,3c., BZLF1; Adv-Hexon, Penton; and CMV-pp65, IE-1, and with
staphylococcal enterotoxin B (Sigma-Aldrich Corporation) as a positive control.
After 20 hours at 37°C, the cells were incubated with anti-human IFNy mAb
7-B6-1-biotin (Mabtech) for 2 hours at 37°C, and avidin-peroxidase-complex
(Vector Laboratories, Burlingame, CA) was added for 1 hour at room tem-
perature. The plates were then developed with 3-amino-9-ethylcarbazole (Sigma,
St. Louis, MO) substrate, dried, and sent to Zellnet Consulting (Fort Lee, NJ) for
quantification. The spots formed were counted as spot-forming cells per 10° cells
as a measure of the number of cells releasing IFNvy in response to viral antigen
pepmixes.

T-ALL mouse xenograft model

Five- to 7-week-old nonobese diabetic (NOD)-Cg-Prkdc™™ 112rg™!"7"/Sz]
(NSG) male and female mice (Jackson Laboratory) were engrafted with CCRF-
CEM GFP-FFLuc™ cells by IV injection, and 2 X 10° of CD7 CAR™ T cells
were injected IV 3 or 6 days later. To measure luminescence, we injected mice
with 150 pg/kg of D-luciferin intraperitoneally, and tumor burden was
monitored by recording luminesce in an IVIS Imaging system (Caliper Life
Sciences) at indicated time points. Living Image software (PerkinElmer) was

used to visualize and calculate total luminescence. For analysis of tumor and
CAR T cells in peripheral blood of the mice, 100 L of blood was collected by
tail-vein bleeding. After red blood cell lysis, cells were incubated with anti-
human CD45, CD4, CD7, and CD8 antibodies for subsequent flow cytometric
analysis. All procedures were done in compliance with the Institutional Animal
Care and Usage Committee of Baylor College of Medicine.

Statistical analysis

Data points from individual donors are shown in all figures. Statistical
significance in pairwise comparisons was determined by an unpaired two-
tailed Student # test and in multiple comparisons by a one-way analysis of
variance with posttest Bonferroni correction. Statistical significance in Kaplan-
Meier survival curves was assessed with the Mantel-Cox log-rank test. All P
values were calculated using Prism 6 software (GraphPad).

Results
Expression of CD7 CAR precludes T-cell expansion

To test whether normal T cells can be redirected to recognize malignant
T cells with a CD7-specific CAR, we created a CAR construct with the
CD7-specific single-chain variable fragment derived from the antibody
clone 3Ale (antigen-binding affinity 8.1 nM)'® fused to a second-
generation CAR backbone containing an IgGl Cyx3 spacer and
cytoplasmic endodomains from CD28 and CD3( genes* (Figure 1A).
The CD7 CAR lacking intracellular signaling domains (ACAR) was
used as a control. Transduction of activated human T cells with the
gammaretroviral vectors resulted in efficient expression of the CD7
CAR constructs in T cells (Figure 1B). However, in contrast to control
T cells expressing ACAR, the T cells expressing full-length CD7 CAR
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Figure 2. Disruption of CD7 expression with CRISPR/Cas9 restores expansion of CD7 CAR T cells. (A) Representative histogram showing ablation of CD7 expression in
T cells after electroporation with CRISPR/cas9 and CD7-specific gRNAs 3 days after electroporation. Numbers denote frequency of CD7-negative cells. T cells electroporated with
Cas9 only were used as a negative control. (B) Downregulation of surface CD7 expression in T cells after electroporation with CRISPR/cas9 and gRNA-85. A CD7-negative cell line
Raji was used as a negative control. (C) Schematic outline of the optimized protocol for generating CD7-knockout (CD7X) CD7 CAR T cells. (D) Representative dot plots showing
expression of CD7 and CD7 CAR in T cells generated with the optimized protocol. Numbers indicate percentage of cells in each quadrant. (E) Total expansion of CD7 CAR T cells
with and without CD7 knockout after 14 days of in vitro culture. (F) Viability of CD7 CAR T cells with and without CD7 gene disruption measured at day 6 after transduction by flow
cytometry. Lines denote individual donors. Data represent 3 independent experiments with 3 donors in each. h, hour. *P < .05.

failed to expand (Figure 1C). Lack of expansion was associated with
poor viability of CD7 CAR T cells (Figure 1D) and detectable residual
expression of CD7 on the cell surface (Figure 1E), suggesting antigen-
driven fratricide. Therefore, we hypothesized that ablating CD7 gene
expression in T cells would prevent the fratricide and restore CD7 CAR
T- cell expansion.

Genetic disruption of the CD7 gene enables expansion of CD7
CART cells

Sustained expansion and activity of CD7 CAR T cells would likely
require permanent inhibition or disruption of CD7 gene expression
in CAR-transduced T cells and their progeny. Therefore, we
disrupted the CD7 gene in T cells prior to transduction by using
CRISPR/Cas9. We used CRISPRScan?® and COSMID?' algo-
rithms to select 2 guide RNAs (gRNA-72 and gRNA-85) targeting
the CD7 gene with minimal predicted off-target effects. We chose
to target exon 2 of the CD7 gene encoding the extracellular domain

to reduce the probability of generating a truncated membrane-
bound CD7 protein following nonhomologous end joining.
Activated PBMCs were electroporated with CRISPR/Cas9 protein
complex with either gRNA-72 or gRNA-85; both combinations
resulted in efficient disruption of the CD7 gene, reflected by the loss
of surface CD7 expression 3 days after electroporation (Figure 2A).
After electroporation with CRISPR/Cas9 and a CD7-specific
gRNA, T cells only gradually lost cell-surface expression of CD7
protein over 72 hours (Figure 2B), and transducing T cells with
CD7 CAR only 24 hours after the gene editing still resulted in
impaired expansion of CD7 CAR T cells (supplemental Figure 1,
available on the Blood Web site). Therefore, we transduced the
cells with CD7 CAR-encoding retrovirus 3 days after electro-
poration (Figure 2C). This method allowed us to consistently obtain
a T-cell product containing >80% CD7-knockout (CD7%°) CD7
CAR T cells (Figure 2D). Most important, the removal of CD7
expression promoted robust expansion of CD7 CAR T cells
(Figure 2E) and significantly improved T cell viability (Figure 2F).
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Figure 3. Loss of CD7 does not alter phenotype or effector function of CAR T cells. (A) T cells were electroporated with Cas9 complexed with CD7-specific or control
(CD19 specific) gRNA and transduced with CD19 CAR. Representative dot plots show expression of CD7 and CD19 CAR in T cells electroporated with Cas9+gRNA 7 days
posttransduction. Nontreated activated T cells were used as control. Numbers denote frequency of cells in corresponding quadrants. (B) Frequency of naive-like cells (naive;
CCR7"CD45RA "), central memory (CM; CCR7*CD45RA "), effector memory (EM; CCR7 CD45RA "), and effector memory RA (EMRA; CCR7 CD45RA") in CD19 CAR
T cells assessed by flow cytometry on day 7 posttransduction. (C) Frequency of CD4" and CD8" CD19 CAR T cells 7 days posttransduction. (D) CD19 CAR T cells were
incubated with CD19" NALMBS cells, and production of TNFa and IFNvy in CD4™" cells was assessed by intracellular cytokine staining. Dot plots represent cytokine production
in CD19 CAR T cells in the presence of NALMS6 or in media alone. Summarized data from 3 donors are shown on the right. (E) Control or CD7X® CD19 CAR T cells or control
nontransduced T cells were cocultured with GFP™ Raji cells at the effector-to-target ratio 1:1 for 72 hours. Dot plots show representative frequency of gated CAR T cells and
GFP* tumor cells at the end of coculture. Total numbers of live tumor cells (F) and CD19 CAR T cells (G) were counted by flow cytometry at 72 hours using counting beads.
Lines denote individual donors. Data represent 2 independent experiments with n = 3 donors in each. *P < .05; **P < .01; ****P < .0001.
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Figure 4. Expanded CD7X° CD7 CAR T cells eradicate T-ALL and T lymphoma cell lines. (A) Surface expression of CD7 (solid histograms) in T-ALL and T-lymphoma
cell lines measured by flow cytometry in comparison with isotype control (open histograms). (B) Tumor cell lines were labeled with eFluor670 and cocultured with CD7° CD7
CAR T cells at the effector-to-target ratio 1:4 for 3 days. Dot plots show frequency of gated live tumor cells (CCRF) at the end of coculture. (C) Absolute counts of live tumor
cells were measured by flow cytometry using counting beads at the end of coculture with CD7C CD7 CAR T cells. CD7 "~ cell line NALM6 was used as a negative control.
Dashed lines represent the initial number of tumor cells on plating. (D) Representative dot plots showing intracellular cytokine staining for TNFa and IFNvy in CD7X° CD7 CAR
T cells upon coculture with CCRF cells or media alone. (G) Mean frequencies of cytokine-positive CD4™ (top) and CD8™ (bottom) CD7X® CD7 CAR T cells on coculture with
indicated CD7" cell lines or media alone. Data represent 2 independent experiments with n = 3 donors in each. **P < .01; ***P < .001; ***P < .0001.
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Figure 4. (Continued).

To verify off-target sites for both gRNAs, we performed unbiased
whole-genome screening with the GUIDE-Seq method and
validated the identified sites in primary CD7%° T cells (supple-
mental Figure 2). We detected no off-target activity above the limit
of detection (0.1%) for gRNA-72. For gRNA-85, although 5 off-
target sites had activity above 0.1%, none were significantly
different from mock-treated samples (P = .18-.3; supplemental
Table 1). These results indicate that the genomic disruption of the
CD7 gene was specific and prevented T-cell fratricide to enable the
expansion of CD7 CAR T cells.

Genetic disruption of CD7 does not impair cytotoxicity of CAR
T cells

Although the CD7 protein has a costimulatory function in T cells,
whether its expression is critical or not for the antitumor activity of CAR
T cells is unknown. We therefore determined whether genomic
disruption of the CD7 gene using the CRISPR/Cas9 system altered the
effector function of CAR T cells. We electroporated T cells with
CRISPR/Cas9 and CD7-specific or control gRNA and transduced them
with CD19 CAR (Figure 3A), because the activity of this CAR is well
documented. Removal of CD7 did not evidently alter the phenotype of
CDI19 CAR T cells (Figure 3B) and preserved the CD4:CD8 ratio
(Figure 3C). Moreover, lack of CD7 did not compromise the ability
of CD4" CD19 CAR T cells to produce the cytokines TNFa and
IFN+y on coculture with CD19* NALMG cells (Figure 3D). We then
measured the cytotoxicity of CD7* and CD7¥° CD19 CAR T cells
against a CD19" cell line, Raji. Both groups of CD19 CAR T cells

efficiently eliminated tumor cells after 72 hours of coculture (Figure
3E-F). Loss of CD7 did not reduce overall expansion of CD19
CAR T cells (Figure 3G) and did not affect proliferation of CD4™"
and CD8™ subsets (supplemental Figure 3). Therefore, loss of CD7
did not abrogate the short-term survival or cytotoxicity of CAR
T cells.

CD7%° CD7 CAR T cells eradicate malignant T-cell lines in vitro

Because CD7 is highly expressed in T-cell malignancies, we
assessed the capacity of CD7X° CD7 CAR T cells to kill the T-ALL
cell lines Jurkat, CCRF, MOLT-4, and Sup-T1 and a T-cell
lymphoma line Hut78, all of which were CD7-positive (Figure 4A).
In comparison with control CAR T cells, CD7%° CD7 CAR T cells
had robust cytotoxicity against eFluor670-labeled tumor cell lines,
with >95% decrease in counts of viable tumor cells after 3 days of
coculture at a 1:4 initial effector-to-target (E:T) ratio (Figures 4B-C).
Coculture with tumor cells also induced proliferation of CD7%® CD7
CAR T cells (supplemental Figure 4). By contrast, CD7%° CD7 CAR
T cells were not cytotoxic against the CD7-negative cell line NALM6
(Figure 4C), indicating that the cytolysis was CD7-specific. More-
over, CD7%° CD7 CAR T cells also effectively eliminated tumor cells
at lower E:T ratios 1:5 to 1:20 (supplemental Figure 5). Both CD4™
and CD8* CD7X° CD7 CAR T cells produced TNFo and IFNy on
coculture with T-ALL cell lines CCRF, and SupT1 and a lymphoma
line Hut78 (Figure 4E-F). Therefore, CD7%® CD7 CAR T cells
demonstrate potent and specific antitumor activity against malignant
T cells.
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Figure 5. Antitumor activity of CD7%° CD7 CAR T cells against primary T-ALL blasts. (A) Surface expression of CD7 in peripheral blasts in 4 T-ALL patient samples.
(B) Representative dot plots showing production of TNFa and IFNy by CD7 CAR T cells on coculture with allogeneic primary T-ALL blasts. (C) Mean frequencies of
cytokine-positive CD7X® CD7 CAR T cells on coculture with individual T-ALL samples. (D) Peripheral blasts were freshly isolated from a T-ALL patient by leukapheresis,
labeled with eFluor670 and cocultured with control or CD7° CD7 CAR T cells for 48 hours. Dot plots show the frequency of live tumor cells at the end of coculture. (E)
Absolute counts of live tumor cells and CD7° CD7 CAR T cells quantified by flow cytometry at the end of coculture. Data represent 1 to 2 independent with n = 3 donors

in each. *P < .05; **P < .01.

CD7%° CD7 CAR T cells recognize and eliminate primary
T-ALL cells

To further evaluate the capacity of CD7X® CD7 CAR T cells to
respond to primary tumors, we measured cytokine production on
coculture with freshly thawed apheresis samples from T-ALL
patients, whose blast cells had a range of CD7 expression
(Figure 5A). Both CD4™ and CD8" CD7%° CD7 CAR T cells
produced increased levels of IFNy and TNFa when cocultured with
the primary cells (Figure 5B-C). Similarly, we observed robust
cytotoxicity of CD7%° CD7 CAR T cells against freshly isolated
primary T-ALL cells, resulting in >97% elimination of malignant
T cells after 48 hours of coculture (Figure 5D-E) and concomitant
expansion of CD7X%° CAR T cells (Figure 5E). These results
indicate that CD7 CAR can efficiently redirect CD7%° T cells to
eradicate primary T-blast cells.

On-target off-tumor effects of CD7%° CD7 CAR T cells

Apart from malignant T cells, CD7 is expressed by the majority of
normal T and NK cells, raising the possibility that CD7%° CD7
CAR T cells may produce T- and NK-cell aplasia following

infusion. Indeed, we observed a significant reduction in numbers of
live T and NK cells on coculture of CD7%° CD7 CAR T cells with
autologous PBMC for 24 hours (Figure 6A-B). Depletion of these
lymphocytes may result in potentially life-threatening immunode-
ficiency. However, because lack of CD7 did not affect T-cell
effector function (Figure 3), we sought to determine whether CD7%°
T cells themselves could protect the host by targeting pathogens
through their native receptors. Because the infused product will
contain both nontransduced and CD7 CAR-transduced CD7¥°
T cells, we tested the reactivity of these subsets to viral antigens
by incubating cells with a peptide mix derived from CMV, EBV,
and adenovirus—the most common causes of viremia in highly
immunosuppressed patients—and measured spot-forming units by
IFNvy ELISPOT. We found that both nontransduced and CD7 CAR-
transduced CD7¥® T cells responded to stimulation with viral
peptides (Figure 6C), although the response of CD7° T cells was
attenuated in 1 donor. Notably, both CD4" and CD8* CD7X°
T cells retained their viral reactivity (Figure 6D) suggesting that
although CD7¥° CD7 CAR T cells can reduce normal T-cell
numbers, the infused CAR T-cell product itself retains antiviral
activity.
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Figure 6. CD7X° CD7 CAR T cells are cytotoxic against normal T cells and NK cells but can themselves respond to viral antigens. (A) Control or full-length CD7X°
CD7 CAR T cells were cocultured with eFluor670-labeled autologous PBMC for 24 hours, and the frequency of T and NK cells was measured by flow cytometry. Dot plots
show the frequency of gated CD19" B cells (top) and CD56"CD3~ NK cells and CD3" T cells (bottom) at the end of coculture. (B) Total numbers of autologous B cells, NK
cells, and T cells at the end of coculture with autologous CD7%® CD7 CAR T cells was quantified by flow cytometry using counting beads. Data represent 2 independent
experiments with n = 3 donors in each. (C) Nontransduced, CD7%° and CD7X°® CD7 CAR T cells were stimulated with pepmixes from cytomegalovirus, Epstein-Barr virus,
and adenovirus, and the number of IFNy* spot-forming cells was measured by ELISPOT. Individual data from 3 donors are shown as a means of triplicate determinations. (D)
CD4" and CD8™ T cells were MACS-purified and separately assayed for IFNy production in response to pepmixes. AdV, adenovirus; CMV, cytomegalovirus; EBV, Epstein-

Barr virus; Neg., negative; Pos., positive; SFC, spot-forming cells. ***P < .001.

CD7%° CD7 CAR T cells are protective in mouse xenograft
models of T-ALL

We used a mouse xenograft model of disseminated T-ALL* by
engrafting NOD-severe combined immunodeficiency (SCID) y
chain-deficient (NSG) mice intravenously with CCRF-CEM
cells engineered to express GFP-firefly luciferase (Figure 7A).
Three days after tumor engraftment, we injected a single dose of
CD7%° CD7 CAR T cells or control nontransduced T cells and
followed the tumor burden by IVIS imaging. CD7%° CD7 CAR
T cells conferred robust protection against leukemia progression
(Figure 7B-C) and significantly extended median survival of the
mice (16 days in the control group vs 58 days in the CAR T
group; P = .0026 by Mantel-Cox log-rank test) (Figure 7D).
Similarly, CD7%° CD7 CAR T cells protected mice in a higher

tumor burden leukemia model in which CAR T cells were
injected 6 days after CCRF administration and systemic
engraftment (supplemental Figure 6). In some mice, tumor
relapses originated in the periodontal region, a known tumor
sanctuary with limited accessibility by human CAR T cells.**°
Moreover, mice with early tumor relapses had a lower frequency
of CD7%® CD7 CAR T cells in peripheral blood at day 32
(Figure 7E), although relapsed tumors retained expression of
CD7, albeit displaying moderate downregulation of CD7 surface
density (Figure 7F). This downregulation, however, was in-
sufficient to compromise the ability of CD7%° CD7 CAR T cells
to recognize and eliminate the relapsed tumor (Figure 7G),
indicating that a lack of CAR T-cell persistence rather than
antigen escape was the primary culprit for the relapses.
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Figure 7. CD7X° CD7 CAR T cells control the progression of systemic T-ALL in the mouse xenograft model. (A) Schematic outline of the experiment. NSG mice (n = 5
per group) were injected intravenously with 1 x 10® GFP-FFluc CCRF cells followed by a single intravenous injection of 2 x 10° of control or CD7K® CD7 CAR T cells 3 days
later. (B) Tumor burden was monitored weekly by measuring luminescence using IVIS imaging. (C) Overall kinetics of systemic tumor progression in mice. Each line denotes
an individual animal. (D) Kaplan-Meier survival curve of mice injected with control or CD7X® CD7 CAR T cells. (E) Relative frequency of CAR T cells (h\CD45" GFP™) in
peripheral blood of mice in stable remission (top) or during early stages of relapse (bottom) on day 34 after CAR T-cell injection. (F) Surface expression of CD7 on relapsed
CCREF tumor cells in peripheral blood of 3 relapsed mice (CCRF m1-m3, blue histograms) in comparison with control in vitro propagated cells (red histogram). Open histogram
denotes CD7-negative cell line Raji. Data represent 2 independent experiments. (G) CCRF GFP™* blasts were isolated from spleens of 3 relapsed mice and cocultured with
CD7° control or CD7 CAR T cells from 3 donors for 24 hours at a 1:1 E:T ratio. The numbers of viable tumor cells were counted at the end of coculture by flow cytometry
using counting beads. *P < .05; **P < .01, by log-rank Mantel-Cox test; ****P < .0001.

Discussion

Although CD7 is an attractive therapeutic target for T-cell malignan-
cies, effector T cells modified with CD7-specific CARs fail to sub-
stantially downregulate CD7 expression, resulting in extensive
fratricide and precluding T-cell expansion. Here we show that targeted
genomic disruption of the CD7 gene renders CD7 CAR T cells resistant
to fratricide, permitting robust expansion without compromising
T-cell antigen recognition through their native or chimeric receptors.

CD7%° CD7 CAR T cells eliminated malignant T-cell lines and primary
tumor cells and protected mice against systemic leukemia progression in
a xenograft model. Although CD7 CAR T cells were cytotoxic against
normal peripheral T and NK cells, the CD7%C T cells retained their
response to virus-derived peptides through their native receptors, which
may ameliorate in vivo immunosuppression.

We previously demonstrated that the expression of a CD5-specific
CAR on the surface of T cells did not cause complete self-elimination of
T cells, because CAR expression coincided with the downregulation of
CDS5 from the T-cell surface, likely by internalization of CD5 following
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CD5 CAR engagement.* In contrast, we found that expression of CD7
CARs promoted only limited downregulation of CD7 expression that
was insufficient to mitigate fratricide of CD7 CAR T cells without
additional knockout of the CD7 gene. Understanding the mechanisms
regulating the differential downregulation of CD5 and CD7 antigens
may help extend opportunities for using CAR T cells targeting other T-
lineage antigens that internalize upon ligation (eg, CD3)."”

The clinical feasibility of using targeted genome editing in T cells
prior to their adoptive transfer has been well demonstrated. Genomic
disruption of the HIV coreceptor CCRS in CD4™ T cells using zinc-
finger nucleases rendered those cells resistant to infection and enabled
CCR5-negative T cells to engraft and persist in HIV-infected patients.*
Ablation of the T-cell receptor (TCR) gene with TALENs in CD19
CAR T cells enabled the use of third-party T cells to successfully induce
remission in a patient with B-cell leukemia,®' an encouraging milestone
on the way to “universal” off-the-shelf T-cell products with greatly
diminished risk of graft-versus-host disease. In the latter study, the
CD52 gene was also mutated in the transferred CAR T cells to enable
resistance to alemtuzumab. In this study, we used the CRISPR/Cas9
system to ablate CD7 expression, because it allows for fast and efficient
disruption of the target gene in T cells.

Although all genome editing tools are associated with potential off-
target activity and mutations outside of the target gene, the off-target
activity of CRISPR/Cas9 and other editing systems can in part be
predicted by using in silico methods and unbiased genome-wide
screening.?!?*?® We used these algorithms to select 2 gRNA with
minimal predicted binding sites outside the target CD7 gene and
assessed off-target activity by unbiased methods of identification of
double-strand breaks in vitro®® and verified in the intended target cells.
Further in vivo validation can be achieved using deep sequencing to
detect emerging oligoclonality or clonal dominance in patients and
thereby identifying mutations that lead to a proliferative or survival
advantage of T cells. Although these risks may vary according to the
type of genome editing tool used,* the consequences of off-target
activity of genome editing tools should resemble the risks of random
insertional mutagenesis by gammaretroviral or lentiviral vectors in
T cells.* Despite the widespread use of these viral vectors over 20
years in more than 2000 patients in clinical trials, no evidence of
malignant transformation has been observed when mature T cells are
the targets for transduction, although exposure of hematopoietic
stem cells to gammaretroviral vectors has led to malignant change
following expression of some (but not all) transgenes.** At the
moment, the use of CRISPR/Cas9 for a current good manufacturing
practice (cGMP)—compliant production of therapeutic T cells is
hampered by limited availability of cGMP-grade Cas9 reagents.
However, Cas9 can also be delivered as cGMP messenger RNA,
which may circumvent the need for a cGMP-grade recombinant
protein; the efficiency of this approach for CD7 gene disruption in
T cells remains to be tested.

The direct consequences of CD7 knockdown for residual immune
function appear modest. Although CD7 is present in most peripheral T
and NK cells, evidence that its expression is critical for mature T-cell
function is lacking. CD7-knockout mice display unimpaired develop-
ment and homeostasis of mature T cells and mount normal T cell-
dependent immune responses.'>'® CD7 provides costimulation in
T cells by activating PI(3)K and PI(4)K pathways'>'>*> on binding its
ligand K12/SECTM, which is expressed by myeloid cells and thymic
epithelial and stromal cells.***® In contrast, binding of galectin-1 by
CD7 can trigger apoptosis,*® suggesting that CD7 may regulate T-cell
proliferation and survival in a context-dependent manner. In our study,
knocking out the CD7 gene in activated T cells did not affect their
expansion or CAR-mediated cytotoxicity, suggesting that loss of CD7
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is unlikely to impair the antitumor activity of CAR T cells—at least in
the short term—and that costimulatory endodomains embedded in the
CAR may compensate for the lack of CD7-derived costimulation.
Finally, CD7%° T cells were able to respond to viral antigens through
their native receptors in vitro, further demonstrating their maintained
functionality.

Because CD7 is normally present on mature T and NK cells and
their precursors, administration of CD7¥° CD7 CAR T cells may cause
long-term ablation of these critical lymphocyte populations. This on-
target off-tumor effect may have only limited impact on host immunity.
First, CD7 is not expressed by all peripheral T cells***' and therefore
those CD7-negative subsets may be spared, limiting the extent of T-cell
aplasia. Second, the infused CD7%° CD7 CAR T cells are polyclonal
and contain both nontransduced and CAR-transduced T cells. If these
cells replenish the immune system, they may provide protection to viral
(and likely other) pathogens via their native TCRs. Indeed, CD7 CARs
could be expressed in multivirus-specific CD75° T cells to further
augment protection.*? Furthermore, CD7%° CD7 CAR T cells could be
used as a temporary “bridge-to-transplant” therapy, enabling sub-
sequent stem cell transplant that would in turn terminate CAR T-cell
activity. Finally, incorporating a clinically validated suicide switch
system to eliminate CAR T cells if persistent toxicity occurs may
provide an additional exit strategy.** One or several of these approaches
could be used in combination to mitigate the risk of permanent T-cell
aplasia.

In summary, this study demonstrates the feasibility and efficacy of
CD7%° CD7 CAR T cells for the targeted therapy of T-cell tumors.
Because CD7XC T cells retain activity against viral antigens through
their native receptors, it should be feasible to use this approach to
eradicate CD7" malignancies while retaining a functional T-cell
immune system. Additionally, our genetic editing approach may enable
the generation of CAR T cells to be redirected to other T-lineage
antigens to broaden the range of targetable tumors.
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