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Chimeric antigen receptor (CAR) T cell therapy for the treat-
ment of acute myeloid leukemia (AML) has the risk of toxicity
to normal myeloid cells. CD7 is expressed by the leukemic
blasts and malignant progenitor cells of approximately 30%
of AML patients but is absent on normal myeloid and erythroid
cells. Since CD7 expression by malignant blasts is also linked
with chemoresistance and poor outcomes, targeting this anti-
gen may be beneficial for this subset of AML patients. Here,
we show that expression of a CD7-directed CAR in CD7
gene-edited (CD7KO) T cells effectively eliminates CD7+ AML
cell lines, primary CD7+ AML, and colony-forming cells but
spares myeloid and erythroid progenitor cells and their prog-
eny. In a xenograft model, CD7 CAR T cells protect mice
against systemic leukemia, prolonging survival. Our results
support the feasibility of using CD7KO CD7 CAR T cells for
the non-myeloablative treatment of CD7+ AML.
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INTRODUCTION
Although the standard-of-care treatment for acute myeloid leukemia
(AML) commonly induces complete remissions, in many patients the
disease will relapse with poor prognosis and few options for targeted
therapy. Chimeric antigen receptor (CAR) T cells targeting myeloid-
lineage antigens such as CD33, CD123, Lewis Y, CLL-1, CD44v6,
FLT3, and folate receptor b have produced promising results in pre-
clinical models of AML.1–9 However, evidence of sustained complete
responses in patients treated with CD33 CAR, CD123 CAR, or Lewis
Y CAR T cells has been lacking.10–12 In addition, because T cells ex-
pressing these CARs do not discriminate between malignant cells and
normal cells expressing the same antigen, clinical application is asso-
ciated with toxicity against normal hematopoietic progenitor cells.9,12

Alternatives to the above approach are to target antigens that are selec-
tively expressed on leukemic and mature normal cell subpopulations
but are absent on critical primitive progenitors (e.g., CLL-1Ref.5) or to
choose an antigen expressed by malignant myeloid cells but that is ab-
sent on the normal members of that lineage. Both these approaches
mitigate on-target toxicity against critical myeloid precursors, but it
is not yet knownwhich is superior. In this study, we describe the target-
272 Molecular Therapy Vol. 27 No 1 January 2019 ª 2018 The Americ
ing of a lineage-restricted antigen, CD7, that is absent on normal
myeloid cells but becomes aberrantly expressed by leukemic clones.
This aberrant expression allows selective elimination of the malignant
cells but spares normal myeloid cells and their precursors.

CD7 is a transmembrane glycoprotein expressed by 30% of AML, and
its expression is associated with more aggressive disease and resis-
tance to standard therapy.13–18 Normal CD7 expression is largely
limited to T and NK cells and their precursors, where it acts as a cos-
timulatory receptor for T- and B-lymphocyte interactions during
lymphoid development. The function of CD7 in mature T cells is
likely redundant, as CD7-deficient mice demonstrate largely unper-
turbed peripheral T cell function. CD7 is also expressed in a subset
of myeloid progenitors in cord blood, although its role in these cells
has not yet been defined.19–21

Although the expression pattern of CD7 suggests it can be used to
target AML with high selectivity and limited toxicity against normal
myeloid cells, its presence on normal T cells means that expression of
a CD7 CAR on these cells would not be feasible, since it would prove
fratricidal.22–24 We therefore developed a means of editing the CD7
gene in T cells prior to CD7 CAR expression and have showed that
such edited T cells expand well and retain functionality through
both their native and chimeric receptor.22

Here, we demonstrate that CD7-edited (CD7KO) CD7 CAR T cells
can selectively eliminate AML cell lines, primary leukemia blasts,
and AML precursor cells in vitro and in a xenograft model of the dis-
ease, without evident toxicity against normal myeloid cells and
hematopoietic progenitors. These results support the feasibility of tar-
geting AML with CD7 CAR T cells.
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Figure 1. CD7 Expression in Normal and Malignant Cells

(A) Representative histograms of CD7 expression in immune subsets from peripheral blood of healthy donors. (B) Surface expression of CD7 measured by flow cytometry in

primary AML samples collected from pediatric and adult patients. (C) CD7 expression in AML cell lines. Iso Ctrl, Isotype control.
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RESULTS
CD7 Is Expressed by AML Blasts but Is Absent on Normal

Myeloid Cells in Peripheral Blood

CD7 is stably expressed in T- and NK-cell precursors and is main-
tained in most of their peripheral progeny but is absent from most B
cell andmyeloid subsets.We detected no expression of CD7 in periph-
eral monocytes, granulocytes, or B cells, though most T and NK cells
were CD7 positive (Figure 1A). We then analyzed CD7 expression in
20 primary AML samples collected from patients at Texas Children’s
Hospital and Houston Methodist Hospital. We detected surface
expression of CD7 in six out of 20 samples (Table 1), albeit with vary-
ing intensities (Figure 1B). CD7 expression was also detected in AML
cell lines KG-1a, Kasumi-3, and GDM-1 (Figure 1C). These data indi-
cate that CD7 is expressed in leukemic, but not normal, myeloid cells
and may be suited for the selective targeting of AML.

CD7 CAR T Cells Are Highly Cytotoxic against CD7+ AML Cell

Lines

Generation and expansion of functional CD7 CAR T cells requires
CD7 removal prior to CAR expression to minimize T cell fratricide.
We have previously shown that by CRISPR/Cas9-mediated disrup-
tion of the CD7 gene in primary activated T cells, we could generate
CD7KO CD7 CAR T cells (hereafter CD7 CAR T cells) with specific
cytolytic activity against CD7+ T-lymphoblastic leukemia.22 We
have used this approach to generate CD7-edited T cells expressing a
second-generation CD7 CAR with the CD28 costimulatory endodo-
main. Following gammaretroviral transduction, the expanded T cells
were uniformly CD7 negative, and >70% were CD7 CAR positive
(Figure 2A).

To assess the CD7-directed activity of the CAR T cells against AML
blasts, we cocultured T cells expressing CD7 CAR or an irrelevant
CAR with fluorescently labeled CD7+ AML cell lines KG-1a,
Kasumi-3, and GDM-1 for 3–5 days. To model physiologic condi-
tions, we used a low effector-to-target ratio of 1:40 and analyzed
the number of residual live tumor cells at the end of coculture. We
observed a 2–3 log reduction in the counts of residual malignant cells
upon coculture with CD7 CAR T cells, but not with control T cells
(Figures 2B and 2C). CD7 CAR T cells retained cytotoxicity against
AML cells at effector-to-target ratios ranging from 1:4 to 1:50 (Fig-
ure 2D), indicating CD7 CAR T cells have high cytolytic potential.
We also detected robust production of interferon gamma (IFNg)
by both CD4+ and CD8+ CD7 CAR T cells upon incubation with
AML blasts (Figure 2E). To establish whether the CD7 CAR T cells
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Table 1. Characteristics of AML

AML Sample ID Age Sex Cytogenetics

1 12 years M 46, XY

2 44 years F inv(16)(p13.1q22)

3 13 years M 46, XY

4 8 years M t(9;11), MLL-R

5 13 years M t(6:11), MLL-R

6 16 months M Trisomy8, MLL-R
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were resistant to functional exhaustion, we used a sequential killing
assay in which T cells were plated with KG-1a cells at a 1:4
effector-to-target ratio and replated every 3 days with fresh tumor
cells to restore the initial ratio. Unlike control T cells, CD7 CAR
T cells repeatedly eliminated AML tumor cells for at least six rounds
(Figure 2E). Collectively, CD7 CAR T cells demonstrate robust and
sustained cytotoxicity against AML cell lines in vitro.

CD7 CAR T Cells Eradicate Primary AML Blasts and Leukemia

Colony-Forming Cells

To evaluate the activity of CD7 CAR T cells against primary AML, we
measured cytotoxicity against several primary AML samples express-
ing varying levels of CD7 (Figure 3A). We observed between 3- and
30-fold reductions in the counts of residual live myeloid cells after
48 hr of coculture with CD7 CAR T cells at a 1:2 effector-to-target ra-
tio (Figures 3B and 3C). We then cocultured CD7 CAR T cells with
AML samples for 5 hr and plated the surviving cells on a methylcel-
lulose medium that supports long-term expansion of myeloid
colonies. We observed decreased numbers of colonies after a cocul-
ture with CD7 CART cells compared with control T cells (Figure 3D),
indicating the cytotoxic activity of CD7 CAR T cells extends to
leukemic colony-forming cells that commonly contain chemoresist-
ant leukemic stem cells (LSCs).25,26 These results suggest CD7 CAR
T cells target both AML blasts and primitive colony-forming cells,
although additional functional characterization is required to confirm
the LSC-specific activity.

CD7 CAR T Cells Protect against Systemic AML In Vivo

Next, we assessed the ability of CD7 CAR T cells to control the pro-
gression of AML in vivo. We used a mouse xenograft model of AML
in which sub-lethally irradiated NOD.SCID.IL2rg�/� (NSG) mice
were engrafted via intravenous injection of 1 � 106 KG-1a AML cells
expressing firefly luciferase (FFluc). After 8 days, we injected a single
dose of non-transduced or CD7 CAR T cells intravenously (Fig-
ure 4A). Tumor burden was monitored weekly by in vivo lumines-
cence imaging, and surviving animals were euthanized 125 days after
T cell injection. Mice receiving control T cells developed systemic
leukemia (Figures 4B and 4C), and all succumbed to the disease
with median survival of 54 days (Figure 4D). In contrast, injection
of CD7 CAR T cells reversed leukemia progression and resulted in
no observed tumor growth for the duration of the experiment. Of
note, injection of CD7 CART cells earlier (on day 5) resulted in tumor
274 Molecular Therapy Vol. 27 No 1 January 2019
relapses in some mice, shortening median survival to 97 days (Fig-
ure S1). Emerging tumor cells in CD7 CAR T cell-treated mice re-
tained CD7 expression, suggesting the relapses were likely due to
transient activity of CD7 CAR T cells (Figure S1).

To rule out allogeneic rejection of leukemia by expanded CD7 CAR
T cells in vivo, we evaluated the anti-tumor activity of CD7 CAR
T cells against a CD7-edited KG-1a cell line, in which the CD7 gene
was disrupted using CRISPR/Cas9 (Figure 4E). CD7 CAR T cells
suppressed leukemic progression only inmice engrafted with unmod-
ified (CD7+) KG-1a but not with CD7-edited tumor cells (Figure 4F)
indicating the anti-leukemic activity of CD7 CAR T cells in vivo was
CD7-specific.

Normal Myeloid Progenitor and Mature Cells Are Spared by CD7

CAR T

CD7 is absent on most normal mature myeloid and erythroid cells,
and we observed no toxicity of CD7 CAR T cells against peripheral
monocytes (Figures 5A and 5B) or granulocytes (Figure 5C) after
in vitro coculture.

Since CD7 may be transiently upregulated on some hematopoietic
progenitors that are enriched in cord blood, wemeasured the cytolytic
activity of CD7 CAR T cells against hematopoietic progenitor cells
from cord blood. We cocultured CD7 CAR T cells with cord blood
cells for 5 hr followed by a 12-day expansion on a methylcellulose
medium supporting both myeloid and erythroid differentiation.
CD7 CAR T cells had no impact on monocytic, granulocytic, and
erythrocytic colony counts compared to coculture with control
T cells. These data indicate primitive myeloid and erythroid progen-
itors are not inhibited by CD7-edited CD7 CAR T cells (Figure 5D).

DISCUSSION
The risk of unwanted myeloablation complicates the development of
safe targeted therapies of AML, as few surface antigens are selectively
expressed in malignant cells but absent in critical non-malignant
myeloid and erythroid cells. Here, we demonstrate that T cells ex-
pressing a CD7-specific CAR can effectively target a subset of aggres-
sive AML expressing CD7 without cytotoxicity against normal
myeloid and erythroid cells. Therefore, the CD7-directed targeting
can be used for non-myeloablative therapy of AML.

CD7 is expressed in �30% of AML, most of which are intermediate-
to-high-risk disease by cytogenetics.13,14 Some, but not all, studies re-
ported CD7 positivity correlates with chemoresistance and higher
incidence of relapse post-stem-cell-transplant15–18 and is associated
with poor prognosis in myelodysplastic syndromes.27,28 CD7 expres-
sion in malignant myeloid cells is an indicator of their immaturity29

and amore “primitive”CD34+ phenotype that is often associated with
chemoresistant leukemia-initiating cells.30–32 In cord blood, a fraction
of Lin� CD34+ CD38� hematopoietic cells coexpress CD7; these cells
constitute multilymphoid and common lymphoid progenitors.19–21

In the bone marrow, however, CD7 expression on these lymphoid
progenitors has not been detected;19,20,33 although CD7 can be
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Figure 2. CD7-Edited CD7 CAR T Cells Are Cytotoxic against AML Cell Lines

(A) Expression of CD7 in non-treated (NTR) and CD7 and CAR in CD7-edited T cells. (B) Frequency of residual live GFP+ KG-1a AML cells upon coculture with control or CD7

CAR T cells for 3 days at a 1:40 effector-to-target (E:T) ratio. (C) Absolute counts of live AML cells at the end of the coculture are plotted on the bar graphs. (D) Absolute counts

of residual live KG-1a cells after coculture with CD7 CAR T cells at the indicated E:T ratios. (E) IFNg production by CD8+ and CD4+ CD7 CAR T cells upon 4-hr coculture with

indicated AML cell lines by intracellular cytokine staining and flow cytometry. Individual data points for each donor are shown. (F) Repeated cytotoxicity against KG-1a AML

cells in a sequential killing assay. CD7CAR T cells were plated with KG-1a AML cells at a 1:4 E:T ratio, and the ratio was restored every 3–4 days after quantification of residual

live tumor cells (left) and CAR T cells (right). Data are shown asmean ±SD. Data represent 2–3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by

unpaired Student’s t test.
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expressed at a low level on a small fraction of CD38+ CD34+ Lin� cells
with an unknown function.34,35 Later in hematopoiesis, CD7 expres-
sion is restricted only to T- and NK-cell progenitors and their descen-
dants.36,37 Thus, the cytotoxic activity of CD7 CAR T cells within the
myeloid compartment should be limited primarily to leukemic cells,
whereas normal myeloid and erythroid lineage cells will be largely
spared.

Although the predicted effect of CD7 CAR T cells on non-malignant
myeloid and erythroid cells is minimal, elimination of normal CD7+

T- and NK-cells can be expected.22 Prolonged aplasia of these critical
immune cells can result in immunosuppression with a particular in-
crease in the risk of viral infections and reactivation of latent viruses.
Thus, CD7 CAR T cells may be used as a transient transplant-
enabling therapy in patients with refractory or relapsed disease. In
this scenario, the transient activity of CAR T cells would minimize
the tumor burden and serve as a bridge to the curative stem cell trans-
plant, which would terminate CAR T cell activity and reset normal
T/NK lymphopoiesis. To facilitate robust-yet-transient activity of
CD7 CAR T cells, we have used a second-generation CAR backbone
with CD28 costimulation, which has been shown in clinical studies to
promote rapid expansion and high cytotoxicity with limited
persistence of CD19 CAR T cells.38–41 Alternatively, fratricide-resis-
tant CD7-edited T cells may substitute normal T cells and provide
protection against pathogens commonly arising in T-cell-depleted
patients.22 Additional studies are required to evaluate whether
Molecular Therapy Vol. 27 No 1 January 2019 275
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Figure 3. Elimination of Primary AML Blasts and Colony-Forming Cells by CD7 CAR T Cells

(A) Normalized MFI of CD7 in primary AML blasts compared with KG-1a (positive control) and Raji (negative control). (B) Representative dot plots showing frequencies of live

primary AML blasts after 48 hr coculture with control or CD7 CAR T cells at a 1:1 E:T ratio. (C) Absolute counts of residual CD33+ myeloid cells from individual patients at the

end of coculture with control or CD7 CAR T cells. (D) Control or CD7 CAR T cells were cocultured with AML blasts for 5 hr at a 5:1 E:T ratio and plated on MethoCult media.

The bar graphs show relative numbers of colonies (pooled duplicate measurements) formed after 14 days of culture.
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coadministration of the fratricide-resistant lymphocytes or other stra-
tegies to mitigate T/NK cell aplasia could enable the CD7-directed
therapy of AML outside of the stem cell transplant setting.

Removal of CD7 expression from the surface of T cells is essential to
mitigate fratricide of CD7 CAR T cells and enable their expan-
sion.22,24 As we demonstrated in a previous report, CRISPR/Cas9-
mediated disruption of the CD7 gene in T cells prior to CD7 CAR
transduction results in permanent removal of the CD7 gene in
85%–90% of T cells with no detected off-target activity; the remaining
CD7+ T cells are eliminated by fratricide after CAR transduction.22

Genome editing, however, is not the only way to conceal CD7 from
the cell surface. A recent report showed that the CD7 protein can
be “trapped” inside the T cell when bound to an engineered CD7-
specific single chain variable fragment (scFv) anchored in the endo-
plasmic reticulum of the cell.23 This interaction prevents CD7 from
trafficking to the cell surface and effectively reduces fratricide of
CD7 CAR T cells. While such method would obviate the need for
276 Molecular Therapy Vol. 27 No 1 January 2019
genome editing in T cells, the long-term efficacy and feasibility of
both methods to generate fratricide-resistant CD7 CAR T cells need
to be compared in clinical studies.

Although adoptive cell therapy approaches for AML have been under
active development for many years, clinical benefit has been only
modest and largely dwarfed by the resounding success of CARs
directed to B cell antigens, such as CD19. As many of the targetable
antigens are also expressed by critical hematopoietic precursors
(CD33, CD123, etc.), the activity of CAR T cells directed to those
antigens has to be carefully dosed to avoid prolonged systemic
myeloablation. Combinatorial antigen targeting to enable specific
targeting of malignant myeloid cells while maximally restraining
the activity against normal cells represents one attractive therapeutic
strategy of AML.42,43 As CD7 is largely absent on normal myeloid
cells and their progenitors, complementary targeting of the lymphoid
lineage-restricted CD7 and a pan-myeloid marker in a Boolean
“AND” gate could potentially enable highly specific targeting of
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Figure 4. CD7 CAR T Cells Are Protective in a Mouse Xenograft Model of AML

(A) General outline of the experiment. NSGmice received FFluc-expressing KG-1a cells 24 hr after sublethal irradiation with 116 cGy. Eight days later, mice received a single

injection of control or CD7 CAR T cells intravenously and were monitored for tumor progression. (B) Representative images showing leukemia progression in individual mice.

(C) Kinetics of leukemia progression in individual mice that received either control or CD7 CAR T cells by IVIS imaging. (D) Kaplan-Meier curves showing survival of mice in

each experimental group. p < 0.0001 by Mantel-Cox log rank test. (E) Expression of CD7 in residual unmodified and CRISPR/Cas9-edited CD7KO KG-1a AML. (F) Kinetics of

leukemia progression in CD7 CAR T-treated mice receiving unmodified (CD7+) or CD7KO KG-1a leukemia. **p < 0.01 by unpaired Student’s t test.
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dual antigen-positive leukemic cells while sparing single-positive
myeloid and lymphoid cells. The approach presented in this study
is directed at CD7, which is not known to be expressed on critical
myeloid and erythroid progenitors and mature cells, and thus CD7
CAR T cells alone may benefit patients with CD7+ disease.

MATERIALS AND METHODS
Generation of CD7 CAR T Cells

A CD7-specific single-chain variable fragment derived from clone
3A1e of CD7-specific antibody was created using commercial gene
synthesis (Bio Basic) and cloned into a second-generation CAR back-
bone containing CD28 and CD3z endodomains and the CH3 domain
from immunoglobulin G1 (IgG1) Fc as a spacer region.22,44 A trun-
cated CD7 CAR lacking signaling endodomains was used as a control.
T cells were activated by plate-bound OKT3 and anti-CD28 anti-
bodies, and the CD7 gene was removed using CRISPR/Cas9 before
transduction as previously described.22,45 In brief, T cells were elec-
troporated with 0.4 mg of guide RNA (gRNA) and 1 mg of Cas9
protein (Integrated DNA Technologies) with 0.25 � 106 of activated
T cells by using the Neon Transfection System (Thermo Fisher
Scientific) in 10 mL of buffer T and using 3 1600-V 10-ms pulses.
Following electroporation, T cells were incubated in cytotoxic
T-lymphocyte (CTL) media supplemented with 20% fetal bovine
serum (FBS) in the presence of interleukin-7 (IL-7) and IL-15 over-
night after electroporation. T cells were then expanded in CTL media
in the presence of IL-7 and IL-15 and 10% FBS for 3 days and trans-
duced with gammaretroviral vectors encoding CD7 CARs.

Flow Cytometry

Anti-human CD7 (Biolegend); CD4, CD8, CD14, CD15, CD33, IFNg
(BD Biosciences); and CD45 (Beckman Coulter) were used to stain
cells. Anti-IgG Fc (Jackson ImmunoResearch) was used for CAR
detection in all assays. All flow cytometry data were obtained in a
BD fluorescence-activated cell sorter (FACS) Canto II (BD
Biosciences) and Gallios (Beckman Coulter) and analyzed with
FlowJo software (FlowJo).

Cytotoxicity Assay

Cell lines GDM-1 (ATCC CRL-2627) and Kasumi-3 (ATCC CRL-
2725) were purchased from ATCC. KG-1a cell line was a gift from
Dr. Stephen Gottschalk. The cells were expanded according to
ATCC recommendations. Tumor cell lines stained with eFluor670
(Thermo Fisher Scientific) or permanently transduced with GFP
and incubated with CD7 CAR T cells for 3 days without exogenous
cytokines, unless stated otherwise. Cells from individual wells were
collected at indicated time points. 7-aminoactinomycin D (7-AAD)
was added to exclude dead cells, and cells were quantified using
CountBright Absolute Counting Beads (Thermo Fisher Scientific).
Molecular Therapy Vol. 27 No 1 January 2019 277
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Figure 5. Lack of Reactivity of CD7 CAR T Cells

against Mature Myeloid Cells and Cord Blood

Precursors

(A) CD14+ monocytes were purified from PBMC using

magnetic beads and labeled with eFluor 670 prior to

coculture with control or CD7 CAR T cells at a 1:1 ratio.

Representative dot plots show the numbers of residual

live monocytes after 24 hr of coculture. (B) Data from four

donors are summarized in a bar graph. (C) Total blood

cells after RBC lysis were cocultured with autologous

CD7 CAR T cells for 24 hr. Live granulocytes were

quantified at the end of coculture by flow cytometry. (D)

Cord blood cells were cocultured with control or CD7

CAR T cells at a 10:1 E:T ratio for 5 hr and plated on the

MethoCult media. Numbers of erythrocytic, granulocytic,

and monocytic colonies were quantified 14 days later.

Data from individual donors are shown. Data represent

two independent experiments. ns, Not significant by un-

paired Student’s t test.
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For the sequential killing assay, the numbers of residual T cells and
AML cells were quantified every 3 days using flow cytometry with
counting beads, as previously described.44 Tumor cells were then
added to the wells with CAR T cells to restore the original
effector:target (E:T) ratio of 1:4. Frozen peripheral blood mononu-
clear cells (PBMCs) from AML patients at Methodist Hospital and
Texas Children’s Hospital were used for the cytotoxicity assay at
the E:T ratio of 1:1 for 48 hr. AML patients and healthy donors
gave written informed consent to participate on protocols approved
by the Baylor College of Medicine Institutional Review Board, in
accordance with the Declaration of Helsinki.

Intracellular Staining Assay

CD7 CAR T cells were cultured with tumor cells for 5 hr at a
1:4 E:T ratio. Brefeldin A (BD GolgiPlug) was added 1 hr after
plating. At the end of coculture, cells were incubated with anti-
bodies for surface antigens and permeabilized for 10 min using
BD FACS Permeabilizing Solution 2, followed by incubation with
IFNg antibody and analyzed by flow cytometry, as previously
described.22

AML Mouse Xenograft Model

Five- to seven-week-old nonobese diabetic (NOD)-Cg-Prkdcscid
Il2rgtm1Wjl/SzJ (NSG) mice were purchased from the Jackson
Laboratory and maintained at the Baylor College of Medicine Animal
Facility. All procedures were done in compliance with the Institu-
tional Animal Care and Usage Committee of Baylor College of
Medicine. Mice were sublethally irradiated (116–200 cGy) and
injected intravenously 24 hr later with 1 � 106 KG-1a-FFluc cells
followed by a single injection of 2 � 106 of CD7 CAR T cells 5 or
8 days later. Tumor burden was monitored using an IVIS Imaging
system (Caliper Life Sciences) by recording bioluminescence from
278 Molecular Therapy Vol. 27 No 1 January 2019
mice injected with 150 mg/kg of D-luciferin intraperitoneally at indi-
cated time points. Living Image software (PerkinElmer) was used to
visualize and calculate total luminescence. For analysis of tumor cells
in peripheral blood, 100 mL of blood was collected by tail-vein
bleeding. After red blood cell lysis, cells were incubated with anti-hu-
man CD45 and CD3, and CD7 antibodies for subsequent flow cyto-
metric analysis.

Colony Formation Assay

CD7 CAR T cells or control CAR were incubated with mononu-
clear cells from cord blood (CB) of healthy donors (E:T ratio of
10:1) or PBMCs from patients with AML (E:T ratio of 5:1) for
5 hr.5,44 Cells were then plated in duplicates (50,000 cells per
well) in methylcellulose-based medium supplemented with recom-
binant cytokines (MethoCult H4434 Classic; STEMCELL Technol-
ogies). After 12 days of culture, the numbers of granulocytic,
monocytic, and erythrocytic colony-forming units in CB or
leukemic colonies in AML samples were assessed using an inverted
microscope.

Coculture with Normal PBMCs

Monocytes were isolated from PBMCs of healthy donors using
CD14+ magnetic beads (Miltenyi Biotec) according to manufacture’s
instructions. Monocytes were stained with eFluor670 and cocultured
with CD7 CAR T cells or control CAR T cells at an E:T ratio of 1:1
overnight. Granulocytes were collected from peripheral blood of
healthy donors. After red cell lysis, immune cells were incubated
with CD7 CAR T cells overnight at an E:T ratio of 1:5. Granulocytes
were discriminated by side scatter (SSC) and forward scatter (FSC)
and CD15 staining. Absolute cell counts were obtained for both
myeloid populations using CountBright Absolute Counting Beads
by flow cytometry.
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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’s t test and in multiple comparisons by a one-way
ANOVA with post-test 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).
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Tonic 4-1BB signaling induces apoptosis and impairs function of CD19 CAR T cells 
 
 

Diogo Silva, Malini Mukherjee, Madhuwanti Srinivasan, Jordan S. Orange, Malcolm K. Brenner, Maksim Mamonkin  
 

4-1BB domain enhances apoptosis in CD19 CAR T cells during expansion Mutation TRAF2 binding sites in 4-1BB domain rescues expansion of CAR T cells 

4-1BB signaling upregulates Fas and FasL and induces apoptosis of CAR T cells 

Reducing CAR expression restores expansion and function of CD19 CAR T cells 

Reducing expression of CD19 CAR improves in vivo anti-tumor activity of CAR T cells 

Figure 1. (A) Expansion of T cells retrovirally transduced 48h after activation with 28.zeta (red) or 4-1BB.zeta (green) CD19 CAR compared to mock-transduced T cells (black). 
(B) Apoptosis of CAR T cells was measured at day 7 post-transduction by Annexin V staining. (C) Expression of CD19 CAR in transduced T cells at day 7 and 14 post-
transduction was detected by anti-idiotypic antibodies (provided by L. Cooper, MD Anderson Cancer Center). Data are shown as mean±SD (n=3) and represent 8 independent 
experiments. Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

A 

Figure 2. (A) Mutated TRAF2 binding sites in 4-1BB domain. The QEED motif binds only TRAF2 whereas disruption of the PEEEE motif abrogates binding of TRAF1, TRAF2 and 
TRAF3. (B) Expansion of CD19 CAR T cells harboring intact or mutated 4-1BB domain at day 7 post-transduction. (C) Viability of CD19 CAR T cells at day 7. Data are shown as mean
±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

D B 

Figure 3. (A) Representative staining of Fas expression on cell surface of CD19 CAR T cells. Bottom bar graph shows summary for Fas expression (MFI) for n=3 and represent 3 independent experiments. (B) Confocal images of T cells transduced with with 28.z and BB.z CD19 CAR constructs fused 
with cytoplasmic Emerald protein and stained with Fas and FasL. Bar graphs show the quantification of Fas (top) and FasL (bottom) by confocal microscopy on the surface or in the whole cell (Total, Z-stack). (C) Representative histograms showing cells with activated caspase 8 by FLICA-FAM staining 
(gated). Numbers denote percentage (mean±SD) of cells with activated caspase 8 for n=3. (D) T cells were activated with OKT3/CD28 antibodies followed by genomic disruption of Fas using CRISPR/Cas9 with Fas-specific gRNA. T cells were then transduced with BB.z CD19 CAR. Top histograms show 
expression of CAR and Fas 7 days after transduction. Apoptosis in CAR+ Fas+ and Fas- cells was measured at day 7 post-transduction by Annexin V staining (bottom graph, each pair represents one donor). Statistical significance was calculated by unpaired Student’s t-test (*, p<0.05, **, p<0.01). 
 

Figure 4. (A) To attenuate tonic signaling, expression of CD19 CAR was either attenuated by an upstream IRES in the retroviral vector (IRES-CAR) or by placing CAR under the full 
human EF-1a promoter in a SIN lentiviral vector pRRL (LV-CAR). (B) Representative staining showing relative CAR expression in all expression systems compared with original BB.z CAR 
7 days post-transduction. (C) Expansion of CAR+ T cells over 7 days. (D) Cell death in all expression system was measured at day 7 post-transduction by FSC-SSC analysis. (E) 
Representative Fas staining in CD19 CAR T cells 7 days post-transduction. (F) CD4/CD8 composition of CAR+ T cells 14 days post-transduction. (G) Phenotypic analysis of CD8+ CAR T 
cells showing relative frequencies of naïve phenotype (CCR7+ CD45RA+), central memory (CCR7+ CD45RA-), effector/memory (CCR7- CD45RA-) and EMRA (CCR7- CD45RA+) cells 7 
days post-transduction. (H) In vitro cytotoxicity assay against CD19+ GFP-labeled cell line Raji cocultured with CD19 CAR T cells at E:T ratio 1:4 for 5 days. Dot plots show representative 
frequency of residual GFP+ tumor cells at the end of cocultures. Bar graphs on the bottom show absolute numbers of remaining tumor cells (I) and CAR T cells (J) at the end of coculture 
quantified by flow cytometry with counting beads. Data are shown as mean±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

Figure 5. (A) GFP-labeled NALM6-FFluc cells were injected into NSG mice (1x106 per mouse i.v.) followed by injection of CAR T cells (1x106 per mouse i.v.) 3 days later. (B) Tumor burden was assessed by IVIS 
imaging. Images show representative tumor burden 5 and 18 days post-CAR T cell injection. (C) Total tumor luminescence in each individual mouse throughout the course of the experiment. (D) Bar graph shows 
relative frequency of CD19 CAR T cells in peripheral blood of tumor-bearing mice 17 days post-CAR T injection (gated on hCD45+ hCD3+ GFP- cells) 

•  High expression of 4-1BB.z CD19 CAR from a retroviral vector impairs expansion of CAR T cells by 
inducing Fas-mediated apoptosis. 

•  Reducing CAR expression in lenti- or retroviral vectors restores expansion and improves anti-tumor 
activity of CD19 CAR T cells. 

5 

3 

4 

INTRODUCTION 1 2 

CONCLUSIONS 

 
•  Recent clinical trials have demonstrated the ability of CD19 

CARs harboring CD28 or 4-1BB costimulatory domains 
to induce complete remissions in patients with CD19+ 
malignancies. 

•  CAR expression in most successful trials was driven from 
either a retroviral (28.zeta) or a lentiviral (4-1BB.zeta) 
vector. It is unclear whether the choice of expression 
vector affects anti-tumor activity of CAR T cells in vivo. 

•  We found that expression of a 4-1BB.zeta CD19 CAR 
from a standard non-self-inactivating retroviral vector may 
result in tonic 4-1BB signaling leading to enhanced 
apoptosis and poor anti-tumor activity of CAR T cells. 
We describe the exact mechanism and discuss possible 
solutions aimed to improve the therapeutic potential of 
CD19 CAR T cells. 

Center for Cell and Gene Therapy,  
Baylor College of Medicine, Texas Children’s Hospital, Houston, TX 77030 USA 
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Tonic 4-1BB signaling induces apoptosis and impairs function of CD19 CAR T cells 
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4-1BB domain enhances apoptosis in CD19 CAR T cells during expansion Mutation TRAF2 binding sites in 4-1BB domain rescues expansion of CAR T cells 

4-1BB signaling upregulates Fas and FasL and induces apoptosis of CAR T cells 

Reducing CAR expression restores expansion and function of CD19 CAR T cells 

Reducing expression of CD19 CAR improves in vivo anti-tumor activity of CAR T cells 

Figure 1. (A) Expansion of T cells retrovirally transduced 48h after activation with 28.zeta (red) or 4-1BB.zeta (green) CD19 CAR compared to mock-transduced T cells (black). 
(B) Apoptosis of CAR T cells was measured at day 7 post-transduction by Annexin V staining. (C) Expression of CD19 CAR in transduced T cells at day 7 and 14 post-
transduction was detected by anti-idiotypic antibodies (provided by L. Cooper, MD Anderson Cancer Center). Data are shown as mean±SD (n=3) and represent 8 independent 
experiments. Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

A 

Figure 2. (A) Mutated TRAF2 binding sites in 4-1BB domain. The QEED motif binds only TRAF2 whereas disruption of the PEEEE motif abrogates binding of TRAF1, TRAF2 and 
TRAF3. (B) Expansion of CD19 CAR T cells harboring intact or mutated 4-1BB domain at day 7 post-transduction. (C) Viability of CD19 CAR T cells at day 7. Data are shown as mean
±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

D B 

Figure 3. (A) Representative staining of Fas expression on cell surface of CD19 CAR T cells. Bottom bar graph shows summary for Fas expression (MFI) for n=3 and represent 3 independent experiments. (B) Confocal images of T cells transduced with with 28.z and BB.z CD19 CAR constructs fused 
with cytoplasmic Emerald protein and stained with Fas and FasL. Bar graphs show the quantification of Fas (top) and FasL (bottom) by confocal microscopy on the surface or in the whole cell (Total, Z-stack). (C) Representative histograms showing cells with activated caspase 8 by FLICA-FAM staining 
(gated). Numbers denote percentage (mean±SD) of cells with activated caspase 8 for n=3. (D) T cells were activated with OKT3/CD28 antibodies followed by genomic disruption of Fas using CRISPR/Cas9 with Fas-specific gRNA. T cells were then transduced with BB.z CD19 CAR. Top histograms show 
expression of CAR and Fas 7 days after transduction. Apoptosis in CAR+ Fas+ and Fas- cells was measured at day 7 post-transduction by Annexin V staining (bottom graph, each pair represents one donor). Statistical significance was calculated by unpaired Student’s t-test (*, p<0.05, **, p<0.01). 
 

Figure 4. (A) To attenuate tonic signaling, expression of CD19 CAR was either attenuated by an upstream IRES in the retroviral vector (IRES-CAR) or by placing CAR under the full 
human EF-1a promoter in a SIN lentiviral vector pRRL (LV-CAR). (B) Representative staining showing relative CAR expression in all expression systems compared with original BB.z CAR 
7 days post-transduction. (C) Expansion of CAR+ T cells over 7 days. (D) Cell death in all expression system was measured at day 7 post-transduction by FSC-SSC analysis. (E) 
Representative Fas staining in CD19 CAR T cells 7 days post-transduction. (F) CD4/CD8 composition of CAR+ T cells 14 days post-transduction. (G) Phenotypic analysis of CD8+ CAR T 
cells showing relative frequencies of naïve phenotype (CCR7+ CD45RA+), central memory (CCR7+ CD45RA-), effector/memory (CCR7- CD45RA-) and EMRA (CCR7- CD45RA+) cells 7 
days post-transduction. (H) In vitro cytotoxicity assay against CD19+ GFP-labeled cell line Raji cocultured with CD19 CAR T cells at E:T ratio 1:4 for 5 days. Dot plots show representative 
frequency of residual GFP+ tumor cells at the end of cocultures. Bar graphs on the bottom show absolute numbers of remaining tumor cells (I) and CAR T cells (J) at the end of coculture 
quantified by flow cytometry with counting beads. Data are shown as mean±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

Figure 5. (A) GFP-labeled NALM6-FFluc cells were injected into NSG mice (1x106 per mouse i.v.) followed by injection of CAR T cells (1x106 per mouse i.v.) 3 days later. (B) Tumor burden was assessed by IVIS 
imaging. Images show representative tumor burden 5 and 18 days post-CAR T cell injection. (C) Total tumor luminescence in each individual mouse throughout the course of the experiment. (D) Bar graph shows 
relative frequency of CD19 CAR T cells in peripheral blood of tumor-bearing mice 17 days post-CAR T injection (gated on hCD45+ hCD3+ GFP- cells) 

•  High expression of 4-1BB.z CD19 CAR from a retroviral vector impairs expansion of CAR T cells by 
inducing Fas-mediated apoptosis. 

•  Reducing CAR expression in lenti- or retroviral vectors restores expansion and improves anti-tumor 
activity of CD19 CAR T cells. 
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INTRODUCTION 1 2 

CONCLUSIONS 

 
•  Recent clinical trials have demonstrated the ability of CD19 

CARs harboring CD28 or 4-1BB costimulatory domains 
to induce complete remissions in patients with CD19+ 
malignancies. 

•  CAR expression in most successful trials was driven from 
either a retroviral (28.zeta) or a lentiviral (4-1BB.zeta) 
vector. It is unclear whether the choice of expression 
vector affects anti-tumor activity of CAR T cells in vivo. 

•  We found that expression of a 4-1BB.zeta CD19 CAR 
from a standard non-self-inactivating retroviral vector may 
result in tonic 4-1BB signaling leading to enhanced 
apoptosis and poor anti-tumor activity of CAR T cells. 
We describe the exact mechanism and discuss possible 
solutions aimed to improve the therapeutic potential of 
CD19 CAR T cells. 

Center for Cell and Gene Therapy,  
Baylor College of Medicine, Texas Children’s Hospital, Houston, TX 77030 USA 
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Tonic 4-1BB signaling induces apoptosis and impairs function of CD19 CAR T cells 
 
 

Diogo Silva, Malini Mukherjee, Madhuwanti Srinivasan, Jordan S. Orange, Malcolm K. Brenner, Maksim Mamonkin  
 

4-1BB domain enhances apoptosis in CD19 CAR T cells during expansion Mutation TRAF2 binding sites in 4-1BB domain rescues expansion of CAR T cells 

4-1BB signaling upregulates Fas and FasL and induces apoptosis of CAR T cells 

Reducing CAR expression restores expansion and function of CD19 CAR T cells 

Reducing expression of CD19 CAR improves in vivo anti-tumor activity of CAR T cells 

Figure 1. (A) Expansion of T cells retrovirally transduced 48h after activation with 28.zeta (red) or 4-1BB.zeta (green) CD19 CAR compared to mock-transduced T cells (black). 
(B) Apoptosis of CAR T cells was measured at day 7 post-transduction by Annexin V staining. (C) Expression of CD19 CAR in transduced T cells at day 7 and 14 post-
transduction was detected by anti-idiotypic antibodies (provided by L. Cooper, MD Anderson Cancer Center). Data are shown as mean±SD (n=3) and represent 8 independent 
experiments. Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

A 

Figure 2. (A) Mutated TRAF2 binding sites in 4-1BB domain. The QEED motif binds only TRAF2 whereas disruption of the PEEEE motif abrogates binding of TRAF1, TRAF2 and 
TRAF3. (B) Expansion of CD19 CAR T cells harboring intact or mutated 4-1BB domain at day 7 post-transduction. (C) Viability of CD19 CAR T cells at day 7. Data are shown as mean
±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

D B 

Figure 3. (A) Representative staining of Fas expression on cell surface of CD19 CAR T cells. Bottom bar graph shows summary for Fas expression (MFI) for n=3 and represent 3 independent experiments. (B) Confocal images of T cells transduced with with 28.z and BB.z CD19 CAR constructs fused 
with cytoplasmic Emerald protein and stained with Fas and FasL. Bar graphs show the quantification of Fas (top) and FasL (bottom) by confocal microscopy on the surface or in the whole cell (Total, Z-stack). (C) Representative histograms showing cells with activated caspase 8 by FLICA-FAM staining 
(gated). Numbers denote percentage (mean±SD) of cells with activated caspase 8 for n=3. (D) T cells were activated with OKT3/CD28 antibodies followed by genomic disruption of Fas using CRISPR/Cas9 with Fas-specific gRNA. T cells were then transduced with BB.z CD19 CAR. Top histograms show 
expression of CAR and Fas 7 days after transduction. Apoptosis in CAR+ Fas+ and Fas- cells was measured at day 7 post-transduction by Annexin V staining (bottom graph, each pair represents one donor). Statistical significance was calculated by unpaired Student’s t-test (*, p<0.05, **, p<0.01). 
 

Figure 4. (A) To attenuate tonic signaling, expression of CD19 CAR was either attenuated by an upstream IRES in the retroviral vector (IRES-CAR) or by placing CAR under the full 
human EF-1a promoter in a SIN lentiviral vector pRRL (LV-CAR). (B) Representative staining showing relative CAR expression in all expression systems compared with original BB.z CAR 
7 days post-transduction. (C) Expansion of CAR+ T cells over 7 days. (D) Cell death in all expression system was measured at day 7 post-transduction by FSC-SSC analysis. (E) 
Representative Fas staining in CD19 CAR T cells 7 days post-transduction. (F) CD4/CD8 composition of CAR+ T cells 14 days post-transduction. (G) Phenotypic analysis of CD8+ CAR T 
cells showing relative frequencies of naïve phenotype (CCR7+ CD45RA+), central memory (CCR7+ CD45RA-), effector/memory (CCR7- CD45RA-) and EMRA (CCR7- CD45RA+) cells 7 
days post-transduction. (H) In vitro cytotoxicity assay against CD19+ GFP-labeled cell line Raji cocultured with CD19 CAR T cells at E:T ratio 1:4 for 5 days. Dot plots show representative 
frequency of residual GFP+ tumor cells at the end of cocultures. Bar graphs on the bottom show absolute numbers of remaining tumor cells (I) and CAR T cells (J) at the end of coculture 
quantified by flow cytometry with counting beads. Data are shown as mean±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

Figure 5. (A) GFP-labeled NALM6-FFluc cells were injected into NSG mice (1x106 per mouse i.v.) followed by injection of CAR T cells (1x106 per mouse i.v.) 3 days later. (B) Tumor burden was assessed by IVIS 
imaging. Images show representative tumor burden 5 and 18 days post-CAR T cell injection. (C) Total tumor luminescence in each individual mouse throughout the course of the experiment. (D) Bar graph shows 
relative frequency of CD19 CAR T cells in peripheral blood of tumor-bearing mice 17 days post-CAR T injection (gated on hCD45+ hCD3+ GFP- cells) 

•  High expression of 4-1BB.z CD19 CAR from a retroviral vector impairs expansion of CAR T cells by 
inducing Fas-mediated apoptosis. 

•  Reducing CAR expression in lenti- or retroviral vectors restores expansion and improves anti-tumor 
activity of CD19 CAR T cells. 
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CONCLUSIONS 

 
•  Recent clinical trials have demonstrated the ability of CD19 

CARs harboring CD28 or 4-1BB costimulatory domains 
to induce complete remissions in patients with CD19+ 
malignancies. 

•  CAR expression in most successful trials was driven from 
either a retroviral (28.zeta) or a lentiviral (4-1BB.zeta) 
vector. It is unclear whether the choice of expression 
vector affects anti-tumor activity of CAR T cells in vivo. 

•  We found that expression of a 4-1BB.zeta CD19 CAR 
from a standard non-self-inactivating retroviral vector may 
result in tonic 4-1BB signaling leading to enhanced 
apoptosis and poor anti-tumor activity of CAR T cells. 
We describe the exact mechanism and discuss possible 
solutions aimed to improve the therapeutic potential of 
CD19 CAR T cells. 

Center for Cell and Gene Therapy,  
Baylor College of Medicine, Texas Children’s Hospital, Houston, TX 77030 USA 
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