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Abstract

T cells expressing second-generation chimeric antigen receptors (CARs) specific for CD5, a T-cell 

surface marker present on normal and malignant T cells, can selectively kill tumor cells. We aimed 

to improve this killing by substituting the CD28 costimulatory endodomain (28.z) with 4-1BB 

(BB.z), as 28.z CD5 CAR T cells rapidly differentiated into short-lived effector cells. In contrast, 

4-1BB costimulation is known to promote development of the central memory subpopulation. 

Here, we found BB.z CD5 CAR T cells had impaired growth compared with 28.z CD5.CAR T 

cells, due to increased T-cell–T-cell fratricide. We demonstrate that TRAF signaling from the 
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4-1BB endodomain upregulated the intercellular adhesion molecule 1, which stabilized the 

fratricidal immunologic synapse between CD5 CAR T cells. As the surviving BB.z CD5 CAR T 

cells retained the desired central memory phenotype, we aimed to circumvent the 4-1BB–mediated 

toxicity using a regulated expression system that reversibly inhibits CAR expression. This system 

minimized CAR signaling and T-cell fratricide during in vitro expansion in the presence of a 

small-molecule inhibitor, and restored CAR expression and antitumor function of transduced T 

cells in vivo. These studies reveal a mechanism by which 4-1BB costimulation impairs expansion 

of CD5 CAR T cells and offer a solution to mitigate this toxicity.

Introduction

Incorporation of one or more costimulatory endodomains in chimeric antigen receptors 

(CARs) increases the expansion and persistence of CAR T cells after tumor challenge (1–3). 

Clinically used endodomains are commonly derived from either the Ig superfamily gene 

CD28 or TNFR superfamily members 4-1BB (CD137) and OX40 (CD134; ref. 4), coupled 

to CD3ζ. T cells expressing CD19 CARs harboring either CD28 or 4-1BB endodomains 

have induced complete remissions in patients with advanced B-cell malignancies, though 

each endodomain may produce distinct biological effects (5–8). Incorporation of CD28.z in 

CD19 CAR T cells results in their rapid expansion and immediate antitumor activity, 

whereas 4-1BB.z CD19 CAR T cells may persist longer and establish immune control (5–9). 

These differences could be attributed, at least in part, to the role of CD28-derived PI3K 

signaling in enhancing T-cell activation and spurring differentiation to cytotoxic but short-

lived effector cells (10–12). In contrast, 4-1BB signaling induces more limited T-cell 

differentiation, favoring the development of central memory T cells with longer-term 

persistence (13). Despite these differences in biological activity, whether coupling CD19 

CARs to CD28 or to 4-1BB signaling domains produces superior clinical outcomes remains 

unknown. Thus, continued exploration of both classes of signaling endodomains is 

necessary for future studies of CAR T-cell activity in humans.

Some potentially targetable tumor-associated antigens, particularly those associated with 

lymphoid malignancies, are also expressed by T cells (14–17). Expression of a CAR specific 

for these antigens in T cells may promote their fratricide and therefore compromise 

expansion. This problem is particularly relevant for the development of CAR T-cell–based 

therapies for T-lineage malignancies. The pan–T-cell marker CD5 is being investigated for 

the treatment of T-cell malignancies such as T-cell acute lymphoblastic leukemia (T-ALL) 

and peripheral lymphoma (17). This approach is feasible because CD5 is downregulated 

from the T-cell surface upon ligation with its ligand or antibody, allowing CD5+ T-cell 

tumors to be targeted even by CD5 CAR T cells that are themselves CD5+ (17). Thus, 

expression of a CD28.z CD5 CAR in activated T cells resulted in transient and limited 

fratricide followed by robust expansion of CD5 CAR T cells. CD28.z CD5 CAR T cells had 

high cytotoxicity against malignant T cells but limited in vivo persistence. Although the 

short life span of effector-enriched 28.z CD5 CAR T cells may reduce the extent and 

duration of potential off-tumor toxicities in patients (e.g., T-cell aplasia), it may also limit 

the durability of antitumor responses. Therefore, we hypothesized that replacing CD28 with 
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the 4-1BB costimulatory endodomain in CD5 CARs would restrain effector differentiation 

of CD5 CAR T cells and increase their in vivo persistence.

We found that incorporation of 4-1BB in the CD5 CAR indeed augmented the formation of 

central memory T cells. We observed that 4-1BB costimulation also enhanced fratricide of 

CD5 CAR T cells and impaired their expansion, an adverse effect also produced by other 

TNFR superfamily–derived CAR endodomains. Nonetheless, by developing a CAR 

expression system that reversibly disrupts this deleterious CAR signaling and prevents CAR 

T-cell fratricide in vitro, we were able to explore the potential benefits of 4-1BB signaling 

without promoting fratricide.

Materials and Methods

CAR constructs and vectors

The second-generation CD5 CAR containing a CH3 IgG Fc spacer and CD28-derived 

transmembrane region and endodomain (28.z) was described previously (17). Other CD5 

CAR constructs used in this study were created by replacing the CD28 endodomain with 

cytoplasmic regions from ICOS, 4-1BB, CD27, CD30, OX40, or HVEM genes. OX40 and 

4-1BB endodomains were amplified from GD2- and CD19-specific CARs that are being 

evaluated clinically at Baylor College of Medicine (BCM). ICOS, CD27, CD30, and HVEM 

genes were subcloned from a cDNA library of genes expressed in activated T cells using 

standard molecular cloning techniques. In ICOS.z and HVEM.z CD5 CARs, the CH3 spacer 

was replaced with the CD8a stalk due to unstable expression in the original configuration. 

All CAR constructs contained the transmembrane region from CD28 except ICOS.z where 

the transmembrane region from ICOS was used. TRAF-binding sites in the 4-1BB 

endodomain were created using site-directed mutagenesis with the InFusion cloning Kit 

(Clontech). CAR constructs were subcloned into SFG gammaretroviral vector and sequence-

verified by Sanger DNA sequencing. Gammaretroviral transduction of T cells was 

performed as previously described (17). Transduced T cells were expanded in the presence 

of IL7 (10 ng/mL) and IL15 (10 ng/mL) in RPMI-1640/Click's (CTL) media supplemented 

with 10% FBS and 1% L-glutamine. Primary human peripheral blood mononuclear cells 

were isolated from healthy donors after informed consent using the protocol approved by the 

BCM Institutional Review Board and in accordance with the Declaration of Helsinki.

Flow cytometry

Antibodies were purchased from Beckman Coulter [CD3 (UCHT1), CD4 (SK3), CD5 

(UCHT2), CD8 (SK1), CD45RA (2H4)], BD Biosciences [CCR7 (150503)], or Biolegend 

[intercellular adhesion molecule 1 (ICAM-1; HA-58)]. Annexin V and/or 7-AAD (BD 

Biosciences) was used to detect apoptotic cells. Goat anti-mouse Fc-specific or Fab-specific 

polyclonal antibodies (Jackson Immunoresearch) were used to detect CAR expression on the 

cell surface. Samples were acquired on BD Gallios and analyzed with FlowJo v.9.

Cell culture

Jurkat and CCRF T-ALL cell lines modified to express GFP-FFluc were described 

previously (17). CD5 CAR T cells were plated with tumor cells at a 1:4 initial effector-to-
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target ratio and cultured for 72 hours in the absence of exogenous cytokines. Cells were 

acquired by flow cytometry and quantified at the end of coculture in the presence of 7-AAD 

and Countbright counting beads (Invitrogen).

For ICAM-1 blockade, CD5 CAR T cells were cultured in the presence of 2 μg/mL anti-

ICAM-1-blocking antibodies (84H10; Bio-Rad) or vehicle control for 72 hours. Cell death 

and counts were measured by flow cytometry as indicated above.

Western blot analysis

Western blot analysis was performed as previously described (18). Briefly, cells were 

dissociated using lysis buffer with phosphatase and protease inhibitors (Thermo Scientific). 

Protein concentrations were determined using a Bio-Rad protein assay (BioRad). Samples 

were denatured in Laemmli buffer containing 2-Mercaptoethanol and boiled at 95°C for 10 

minutes. Cell lysates were run on a premade 10% SDS polyacrylamide gel (BioRad) and 

transferred to nitrocellulose membranes (BioRad). Membranes were then blocked with 5% 

BSA or milk and probed with primary antibodies followed by horseradish peroxidase-

conjugated secondary antibodies. Blots were developed using SuperSignal West Dura 

Extended Duration Substrate (Thermo Scientific) and exposed to GeneMate Blue Basic 

Autoradiography Film (BioExpress). Antibodies used in the study are as follows: anti-

CD3.ζ (sc-1239; Santa Cruz Biotechnology, Inc.), anti-CD247 (pY142) (558402; 

BDPharmigen), pIKKα/β and IKKα (#9936; Cell Signaling Technology), and GAPDH 

(sc-47724; Santa Cruz Biotechnology, Inc.). Secondary antibodies used in the study are as 

follows: goat anti-mouse (sc-2005; Santa Cruz Biotechnology, Inc.) and goat anti-rabbit 

(111-035-003; Jackson ImmunoResearch Laboratories, Inc.). ImageJ (National Institutes of 

Health, Bethesda, MD) was used for Western blot quantification. Protein levels were 

normalized to loading controls (GAPDH).

Immunofluorescence analysis

For confocal microscopy, conjugates between CAR T cells and target cells were incubated 

for 30 minutes at 37°C and then fixed and stained for F-actin (Phalloidin 568), Pericentrin 

(rabbit anti-Pericentrin; Abcam), and ICAM-1 (mouse anti-ICAM-1; BD Biosciences). 

Pericentrin was detected using Alexa Fluor Pacific Blue secondary antibody to rabbit IgG, 

and ICAM-1 was detected using 488 Alexa Fluor secondary antibody to mouse IgG. 

Conjugates were imaged as Z stacks of 0.2 μm thickness to cover the entire volume of the 

immune synapse (IS), determined individually for each conjugate on a Leica SP8 confocal 

microscope using a 100× objective. Density of F-actin and ICAM-1 accumulation at the 

immune synapse of CAR T cells was calculated using the formula [volume × mean 

fluorescence intensity (MFI)] for an equal number of 1 μm3 boxes selected to cover the IS 

(19). Microtubule-organizing center (MTOC) to synapse distance was measured as described 

before (20).

Tet-OFF expression system

Gammaretroviral backbone from pRetroX-Tight-Pur (Clontech) was digested with EcoRI-

EcoRV. An expression cassette comprised of the EF1a/LTR hybrid promoter (pCDH-CMV-

MCS-EF1-copGFP; System Biosciences), and tTA-Advanced (pRetroX-TetOFF; Clontech) 
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was assembled and inserted into the gammaretroviral backbone using the InFusion Cloning 

Kit (Clontech). CD5 CAR constructs were subcloned downstream of the Tet-responsive 

elements and upstream of the EF1a/LTR promoter. Gammaretroviral transduction of T cells 

was performed as previously described (17). To suppress transgene expression, transduced T 

cells were cultured in the presence of 10 to 50 ng/mL doxycycline (Sigma Aldrich). 

Doxycycline was replaced every 48 to 72 hours.

Mouse xenograft model

Eight- to 10-week-old male or female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (The 

Jackson Laboratory) were inoculated intravenously with 1 × 106 Jurkat-FFluc cells. Mice 

were then ear-tagged and randomly assigned to experimental groups. Mice received a single 

intravenous injection of 1.0 × 106 CAR T cells 3 or 7 days after tumor engraftment. Tumor 

burden was monitored by in vivo imaging with an IVIS Imaging system (Caliper Life 

Sciences) after injecting D-Luciferin (150 μg/kg i.p.). Mice were euthanized after the tumor 

burden reached a luminescence level of 108 photons/sec or after displaying signs of distress 

associated with graft-versus-host disease (GVHD) or high tumor burden. Peripheral blood 

was collected by tail vein bleeding. All animal experiments were conducted in compliance 

with the Institutional Animal Care and Use Committee of BCM.

Statistical analysis

Unpaired two-tailed Student t test was used to determine statistical significance for 2-sample 

comparison, and one-way ANOVA with Bonferroni posttest correction was used for multiple 

comparisons. P values below 0.05 were considered statistically significant. All statistical 

analyses were performed in GraphPad Prism 6.

Results

4-1BB costimulation abrogates the expansion of CD5 CAR T cells

We previously reported that T cells expressing a second-generation CD5 CAR with the 

CD28 costimulatory endodomain (28.z) have antitumor activity (17). To examine the role of 

4-1BB costimulation in CD5 CARs, we substituted 28.z with the 4-1BB endodomain 

(BB.z), leaving the rest of the CAR backbone intact (Fig. 1A). Both 28.z and BB.z CD5 

CARs were expressed on the cell surface of transduced T cells, and their expression 

correlated with the downregulation of CD5 (Fig. 1A), reflecting the rapid internalization of 

CD5 upon binding to the CAR. Expression of the BB.z CD5 CAR resulted in enrichment for 

CCR7+ CD45RA− central memory T cells (Fig. 1B); however, the BB.z CD5 CAR T cells 

failed to expand compared with control or 28.z CD5 CAR T cells (Fig. 1C). The impaired 

growth of BB.z CD5 CAR T cells correlated with significantly enhanced apoptosis (Fig. 

1D), indicating that the expression of BB.z CD5 CAR augmented T-cell death. The 

increased numbers of 28.z CD5 CAR T cells could not be attributed to an associated 

functional exhaustion and loss of cytotoxicity or fratricide as these cells retained high 

cytotoxic activity even 21 days after transduction (Supplementary Fig. S1). To determine 

whether the increased fratricide was a result of an elevated expression of BB.z CD5 CAR in 

T cells (Fig. 1A), we increased the expression of 28.z CD5 CAR by replacing the CH3 Fc 

spacer with a short IgG Fc-derived hinge and evaluated T-cell expansion (Supplementary 
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Fig. S2A and S2B). Elevated 28.z CD5 CAR expression did not abrogate T-cell growth 

(Supplementary Fig. S2C), indicating that the inability of BB.z CAR T cells to expand is not 

due to increased CAR expression.

TNFR superfamily costimulatory endodomains impair expansion of CD5 CAR T cells

To investigate whether only 4-1BB impaired expansion of CD5 CAR T cells, or whether this 

was a more general phenomenon observed with other TNFR superfamily genes (OX40, 

CD27, CD30, and HVEM), we investigated the role of each gene in regulating CD5 CAR T-

cell expansion. We incorporated these costimulatory endodomains in a panel of second-

generation CD5 CARs and then measured T-cell expansion following transduction. We 

found that T cells expressing CD5 CAR with immunoglobulin superfamily endodomains 

CD28 or ICOS (28.z and ICOS.z) expanded similarly to those expressing the first-generation 

CD5 CAR (ζ), whereas CD5 CAR T cells incorporating the TNFR superfamily 

costimulatory domains OX40, CD27, CD30, and HVEM showed reduced expansion, 

resembling the defect observed in BB.z CD5 CAR T cells (Fig. 2A). Although all CD5 

CARs were expressed normally on T cells 3 days after transduction (Fig. 2B), we observed 

complete or partial downregulation of CD5 CARs with TNFR costimulatory endodomains in 

T cells a week later (Fig. 2B). We detected higher frequencies of the central memory 

subpopulation in all T cells expressing TNFR CD5 CARs compared with CD5 CARs with 

IgSF superfamily endodomains or no costimulation (Supplementary Fig. S3), indicating all 

TNFR endodomains can promote central memory formation in CAR-transduced T cells. The 

poor expansion of all TNFR domain-harboring CD5 CAR T-cell populations was not 

associated with increased expression of CD5 on the cell surface, as cell-surface expression 

of CD5 remained equally low in all CD5 CAR T cells (Fig. 2C). Thus, signaling from other 

TNFR endodomains pro-duced the same effects on phenotype and toxicity as 4-1BB in these 

CD5 CAR T cells. T cells expressing a third-generation 28.BB.z CD5 CAR behaved like 

BB.z CAR T cells, and they failed to expand (Fig. 2D). Because the phenotype of BB.z CD5 

CAR T cells cannot be reversed by additional CD28 costimulation, 4-1BB signaling may 

play a dominant role in impairing expansion and survival of CD5 CAR T cells.

TRAF2 signaling from the 4-1BB endodomain enhanced apoptosis in CD5 CAR T cells

Although CD5 CAR T cells downregulate surface expression of CD5, CD5 gene 

transcription remains intact (17). This observation suggests that CD5 CAR can constantly 

interact with residual ligand and therefore produce tonic CAR signaling, an interpretation 

supported by the presence of comparable levels of spontaneous phosphorylation of the CAR-

derived ζ chain in both 28.z and BB.z CD5 CAR T cells (Fig. 3A). Hence, the selective 

toxicity of BB.z CD5 CAR is not associated with the differences in the magnitude of tonic 

signaling. However, unlike CD28, which directly activates PI3K signaling, 4-1BB signals 

through TRAF adapter proteins leading to the activation of the IkB kinase complex (IKKα/

β), which subsequently disinhibits the transcription factor NF-kB prompting its nuclear 

translocation and transcriptional activity (21–23). We detected robust steady-state 

phosphorylation of IKKα/β in BB.z CAR T cells compared with the 28.z controls (Fig. 3B). 

Because 4-1BB and CD28 costimulation elicits different signaling pathways, we determined 

whether the toxicity of BB.z CD5 CAR in T cells is driven by 4-1BB–derived TRAF 

signaling. We disrupted the N-terminal (mut1QEED–QAAA) and the C-terminal 
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(mut2PEEEE→PEAAA) motifs in the 4-1BB endo-domain to prevent binding of TRAF2 

(mut1) or TRAF1, TRAF2, and TRAF3 (mut2; ref. 21). Alterations in TRAF-binding motifs 

did not compromise cell surface expression of CD5 CAR (Fig. 3C) but reduced the rate of 

apoptosis in BB.z CAR T cells (Fig. 3D) and decreased IKKα/β phosphorylation 

(Supplementary Fig. S4), resulting in normal expansion of T cells expressing either of the 

mutant BB.z CARs (Fig. 3E). Despite expanding normally, BB.z CD5 CAR T cells with 

mutated TRAF-binding motifs were unable to sequentially kill CD5+ tumor cells (CCRF); 

their killing capacity was similar to first-generation CD5 CAR T cells lacking costimulation 

(Fig. 3F). Moreover, disruption of TRAF2 signaling reduced the frequency of central 

memory T cells (Supplementary Fig. S5). These results indicate that although tonic 4-1BB–

derived TRAF signaling promotes apoptosis in BB.z CAR T cells, acute antigen-driven 

TRAF2 signaling is essential for the costimulatory properties of the 4-1BB endodomain.

BB.z CD5 CAR T cells form fratricidal immunologic synapses

Because CD5 expression in 28.z CD5 CAR T cells produces transient and limited fratricide, 

we investigated whether constant TRAF signaling in BB.z CD5 CAR T cells enhanced their 

fratricide. Consistent with this hypothesis, we observed formation of immunologic synapses 

between BB.z CD5 CAR T cells characterized by polymerization of actin (refs. 24, 25; Fig. 

4A and B). A similar effect was observed in T cells expressing a third-generation 28.BB.z 

CD5 CAR (Fig. 4C). We also detected increased recruitment of the MTOC to the 

immunologic synapse in BB.z but not 28.z or mutated BB.z CD5 CAR T cells (Fig. 4D and 

E), suggesting self-directed cytotoxicity of BB.z CAR T cells (24, 25).

Engagement of adhesion molecules such as leukocyte function-associated antigen-1 (LFA-1) 

on T cells and its ICAM ligands on target cells is central to the formation of a stable 

immunologic synapse (25–27). Because NF-kB can directly activate ICAM-1 gene 

transcription (28, 29), we investigated whether chronic TRAF signaling can similarly 

enhance ICAM-1 expression in BB.z CD5 CAR T cells. In fact, surface ICAM-1 expression 

was significantly elevated in BB.z CD5 CAR T cells compared with 28.z CD5 CAR T cells 

(Fig. 5A), and blunting TRAF signaling as above in BB.z CD5 CAR prevented this 

upregulation (Fig. 5A). We also detected significant ICAM-1 upregulation in T cells 

expressing 28.BB.z CD5 CAR (Fig. 5B) or CD5 CARs with other TNFR endodomains (Fig. 

5C), which correlated with the formation of large cell clusters during in vitro expansion 

(Supplementary Fig. S6). ICAM-1 was recruited to the synapse interface (Fig. 5D and E), 

potentially strengthening the fratricidal synapse. Blocking ICAM-1 with monoclonal 

antibodies in BB.z CD5 CAR T cells for 48 hours significantly reduced apoptotic cells (Fig. 

5F) and enhanced T-cell expansion (Fig. 5G). These results indicate that constant TRAF2 

signaling promoted BB.z CD5 CAR T-cell apoptosis by enhancing ICAM-1 expression and 

stabilizing the fratricidal immunologic synapse.

Conditional CAR expression system eliminates fratricide of BB.z CD5 CAR T cells

Because enhanced apoptosis in T cells was a direct consequence of tonic BB.z CD5 CAR 

activation, we determined whether reducing CAR expression could reverse the toxicity. We 

attenuated toxic tonic signaling by expressing the BB.z CD5 CAR from a self-inactivating 

lentiviral vector, which reduced surface expression of the CAR (30). This improved cell 
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viability and decreased tonic NF-kB activation, as reflected by normal ICAM-1 expression 

(Supplementary Fig. S7). Unfortunately, reduced CAR expression also significantly 

impaired the cytotoxicity of BB.z CD5 CAR T cells (Supplementary Fig. S7), indicating that 

the T-cell fratricide and the antitumor activity of BB.z CD5 CAR expression cannot readily 

be separated. Because such permanent reduction of CAR expression would compromise the 

antitumor activity of T cells, we evaluated an alternative approach that minimized fratricide 

during expansion while enabling subsequent antitumor function. We designed a conditional 

retroviral Tet-OFF expression system in which CAR transcription is driven by a 

transactivator (rTA) encoded downstream of the CAR under the control of a constitutive 

synthetic promoter (Fig. 6A). Addition of the small-molecule doxycycline (Dox) during in 

vitro culture prevented rTA from binding the CAR promoter, resulting in minimal CAR 

expression on the cell surface (Fig. 6B). We observed normal expansion of BB.z CD5 CAR 

T cells cultured in the presence of Dox (Fig. 6C), indicating that inhibiting CAR expression 

during culture prevents CAR T-cell fratricide. The residual CD5 CAR expression observed 

in Tet-OFF–transduced T cells did not trigger cytotoxicity by CD5 CAR T cells against 

CD5+ target cells (Supplementary Fig. S8). The phenotype of BB.z Tet-OFF cells was 

different from the phenotype of 28.z CD5 CAR T cells and mirrored that of the 

nontransduced T cells (Fig. 6D). Removing Dox from the media resulted in restoration of 

CAR expression over 4 to 5 days (Fig. 6E) and concomitant downregulation of CD5 

(Supplementary Fig. S9). Conversely, adding Dox to CD5 CAR T cells minimized CAR 

expression within 24 hours (Fig. 6F). After Dox withdrawal, T cells with freshly acquired 

CAR expression were able to control tumor growth in vitro upon coculture with CD5+ cell 

lines Jurkat and CCRF-CEM (Fig. 6G) with similar effectiveness as the 28.z control. As in T 

cells with constitutively expressed BB.z CARs, we observed enriched central memory in 

Tet-OFF BB.z CD5 CAR T cells 7 days after Dox withdrawal (Fig. 6H). We observed 

similar increases in the expansion and frequency of undifferentiated T-cell subsets and 

restoration of cytotoxicity with a Tet-OFF 28.z CD5 CAR (Supplementary Fig. S10). These 

results indicate that the Tet-OFF CAR expression system produces functional CD5 CAR T 

cells in the absence of Dox.

BB.z Tet-OFF CD5 CAR T cells expand in vivo and exhibit superior antitumor activity

We tested the ability of the BB.z Tet-OFF CAR T cells to protect against systemic T-cell 

leukemia progression in a mouse xenograft model where NSG mice received a single dose 

of CAR T cells 3 days after engraftment with Jurkat-FFluc cells (Fig. 7A). We removed Dox 
from BB.z Tet-OFF CD5 CAR T cells immediately prior to intravenous injection, resulting 

in minimal CAR expression at the time of injection (Fig. 7B). Despite delayed expression of 

the BB.z CAR in the Tet-OFF system, these T cells produced superior mouse survival (Fig. 

7C) and suppression of leukemia (Fig. 7D) compared with control 28.z CD5 CAR T cells. 

Restoration of BB.z CAR expression in T cells prior to in vivo administration significantly 

reduced the ability of CD5 CAR T cells to control the tumor (Supplementary Fig. S11), 

indicating the need to delay CAR expression following in vivo administration. We observed 

a significant expansion of BB.z CAR T cells in peripheral blood of tumor-bearing mice (Fig. 

7E and F), which correlated with the upregulation of CAR and concomitant downregulation 

of CD5 (Fig. 7G). These data demonstrate the ability of the Tet-OFF expression system to 

overcome fratricide and generate functional BB.z CAR T cells in vitro and in vivo.
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Discussion

4-1BB costimulation can enhance the in vivo survival and persistence of CAR T cells and 

may contribute to their antitumor function. In this study, however, we show that when a T-

cell malignancy is targeted, the incorporation of 4-1BB or other TNFR-related endodomains 

into a self-reactive CD5 CAR can also stabilize fratricidal immunologic synapses in a 

TRAF2- and ICAM-1–dependent manner, decreasing survival of CAR-expressing T cells. 

We found that a Tet-OFF–inducible retroviral expression system overcomes fratricide by 

controllably repressing BB.z CAR expression in the presence of doxycycline in vitro while 

allowing CAR expression and antitumor activity to be restored once transduced T cells are 

introduced in vivo.

Although both CD28 and 4-1BB endodomains have been used to deliver costimulation in 

CAR T cells, they have different roles in T-cell antitumor activity and effects on T-cell 

phenotype. CD28 is expressed by both naïve and effector/memory T cells and is active 

during the initial priming of naïve T cells (31, 32). CD28 signaling directly activates PI3K 

signaling, which augments activation of T cells and promotes their differentiation to short-

lived cytotoxic effector cells (11, 12). As a result, 28.z CD5 CAR T cells are highly 

cytotoxic but have limited persistence in mouse xenograft models (17). In contrast to CD28, 

4-1BB is upregulated in T cells after initial stimulation, and therefore physiological 4-1BB 

ligation delivers late costimulatory signals to the activated T cells (31–33). 4-1BB signaling 

protects T cells against activation-induced cell death (34) and facilitates fatty acid oxidation 

and increased respiration, enhancing development of central memory T cells (13). We found, 

however, that constant CAR activation upregulates ICAM-1, which in turn sustains cell 

contact between CAR T cells and enhances fratricide, thus decreasing expansion of CD5 

CAR T cells.

The interaction between ICAM-1 and its receptor LFA-1 promotes T-cell adhesion and 

intercellular contact. LFA-1 is an integrin expressed by all T cells, and TCR stimulation 

triggers a conformational change in LFA-1, promoting ligand binding and providing 

additional costimulation for T cells (35, 36). In contrast, ICAM-1 is mainly present on other 

cells: expression of ICAM-1 on antigen-presenting cells is critical for efficient T-cell 

priming and memory differentiation (37–39), whereas upregulation of ICAM-1 on the 

endothelium facilitates T-cell migration (26, 40). ICAM-1 levels in T cells are usually low, 

although IL2, IL12, and IFNγ can upregulate its expression (41, 42). Expression of ICAM-1 

promotes homotypic T-cell–T-cell interactions, leading to the formation of T-cell clusters 

that may facilitate paracrine IL2 signaling and regulate T-cell effector functions (42). In our 

study, we found that expression of BB.z CD5 CARs similarly upregulated ICAM-1 in T 

cells, which correlated with increased clustering. Although CD5 is rapidly internalized upon 

ligation (43, 44), our results indicate that the increased intercellular adhesion and continuous 

CAR signaling promoted formation of immunologic synapses between CD5 CAR T cells 

manifested in polymerization of actin and recruitment of MTOC. Blocking ICAM-1 with a 

monoclonal antibody decreased fratricide and augmented survival of BB.z CD5 CAR T 

cells, indicating increased intercellular adhesion promoted self-elimination.
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In addition to 4-1BB, other TNFR superfamily members including OX40 and CD27 have 

been explored as costimulatory endodomains for CARs. Although 4-1BB costimulates both 

CD4+ and CD8+ T cells, ligation of OX40 primarily boosts the proliferation and function of 

CD4+ T cells (33). Integration of both CD28 and OX40 in a GD2-specific CAR enhanced 

effector function and antitumor activity of GD2 CAR T cells in vitro (45). Similarly, 

incorporation of the CD27-derived costimulatory endodomain into an FR-specific CAR 

increased CAR T-cell persistence and antitumor function compared with control T cells 

expressing 28.z or ζ-only CAR (46). The potential costimulatory function of HVEM and 

CD30 genes for CARs has not yet been explored. All these TNFR superfamily genes can 

activate both canonical and noncanonical NF-kB pathways via TRAF2-mediated signaling, 

albeit by recruiting distinct and partially nonoverlapping sets of TRAF proteins (32, 33). We 

found that in addition to 4-1BB, other TNFR endodomains also enriched the central memory 

subpopulation of CD5 CAR T cells, but that incorporation of any of these domains into the 

CD5 CAR led to similar defects in T-cell expansion associated with upregulation of 

ICAM-1, highlighting a general mechanism mediated by TRAF2 signaling. These results 

indicate that 4-1BB and other TNFR superfamily endodomains can be detrimental in CARs 

specific for antigens that may be expressed in T cells even at a low level. Therefore, the 

optimal costimulatory endodomain(s) in a CAR may need to be determined both by which 

population of CAR T cells should be expanded, and the expression pattern of the target 

antigen.

Several studies have demonstrated the tonic CAR signaling significantly affects T-cell 

differentiation and antitumor function. Tonic ligand-independent signaling in 28.z GD2 

CAR resulted in accelerated terminal differentiation of T cells in vitro and acquisition of an 

exhausted phenotype (47). In a mouse model, continuous activation through the CD28.z 

CD19 CAR impaired the ability of T cells to adequately respond to simultaneous TCR 

stimulation leading to functional deletion of dual-reactive T cells in vivo (48). Although 28.z 

CD5 CAR T cells also demonstrated enhanced effector differentiation, their cytotoxicity was 

sustained for at least 3 weeks after stimulation, indicating those cells were not functionally 

exhausted by the continuous CAR signaling. Therefore, the differential survival of 28.z and 

BB.z CD5 CAR T cells after CAR transduction was not a result of impaired cytotoxicity of 

the former cells but rather reflected enhanced fratricide by the latter.

One way to attenuate tonic CAR signaling is to decrease its expression on T cells. We found 

that a reduction in BB.z CAR expression indeed decreased fratricide of transduced T cells 

but also compromised their tumor-directed cytotoxicity. Therefore, we created the single-

vector gammaretroviral Tet-OFF system to temporally control CAR expression and thus 

limit both CAR T-cell fratricide and antigen-driven exhaustion. Using this system, CAR 

expression is suppressed in the presence of the small-molecule doxycycline in vitro but 

recovers upon introduction of the cells into a doxycycline-free in vivo environment. The Tet-

OFF system restores normal expression and function of BB.z CD5 CAR after doxycycline 

withdrawal, allowing CAR-mediated cytotoxicity and central memory differentiation to be 

restored to the transduced T cells. Injection of these cells in leukemia-bearing mice 

protected against systemic leukemia progression resulting in greater T-cell expansion and 

prolonged suppression of leukemia compared with 28.z CD5 CAR T cells. Re-expression of 

the BB.z CD5 CAR in vivo did not result in immediate fratricide of CAR T cells, likely due 
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to the excessive dilution of these cells in mouse tissues and competition with malignant 

blasts for target cells. In addition to enabling normal expansion of CD5 CAR-transduced T 

cells, this system has several advantages over “always-on” expression systems. Unlike Tet-

OFF systems that require cotransduction with two separate vectors (one plasmid containing 

the transgene and another encoding the transactivator), ours utilizes only one 

gammaretroviral vector, thus simplifying the manufacturing process and increasing 

transduction efficiency. Although expression of the synthetic transactivator may promote an 

immune response against Tet-OFF T cells in humans, it remains to be seen whether the 

magnitude of this response would limit the expansion or long-term persistence of transgenic 

T cells.

Taken together, these studies show that TNFR costimulation enhances fratricide of CAR T 

cells specific for T-cell malignancies. We identified the mechanism of toxicity and described 

a solution to circumvent this limitation. Our results have direct implications on the design of 

CARs targeting T-cell antigens for optimal clinical performance.

Supplementary Material
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Figure 1. 
Expression of BB.z CD5 CAR abrogates T-cell expansion. A, Schematic representation of 

CD5 CAR constructs and their expression in T cells 4 days after transduction. B, Frequency 

of CCR7+ CD45RA+ (naïve-like) and CCR7+ CD45RA− (central memory) cells among T 

cells 13 days after transduction with 28.z or BB.z CD5 CAR, compared with nontransduced 

control T cells. The rest of the cells were comprised by terminally differentiated effector and 

effector memory T cells. Data are shown as mean ± SD (P = 0.0331 by unpaired Student t 

test, n = 3). C, Expansion of T cells transduced with 28.z or BB.z CD5 CAR and mock-

transduced cells (Ctrl). Data are shown as mean ± SD (n = 3). D, Representative histograms 

showing Annexin V staining of CD5 CAR T cells. Bar graphs show summarized data from 

days 8 and 13 after transduction (P = 0.019 and 0.0044 by unpaired Student t test, 

respectively). Data represent four to six independent experiments.
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Figure 2. 
CD5 CARs containing TNFR superfamily endodomains preclude T-cell expansion. A, 
Expansion of T cells transduced with CD5 CARs containing the endodomains indicated. 

Nontransduced cells were used as control. Data are shown as mean ± SD (n = 3). B, 
Representative histograms show expression of CD5 CARs on T cells at the indicated time 

points after transduction using anti-mouse F(ab)2-specific antibodies. Vertical line denotes 

mean 28.z CD5 CAR expression. C, Expression of CD5 in CD5 CAR T cells 7 days after 

transduction. D, Expansion of T cells expressing second- (28.z) or third-generation 

(28.BB.z) CD5 CARs. Data are shown as mean ± SD (P = 0.0006 by unpaired Student t test, 

n = 3). Data represent two to three independent experiments.
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Figure 3. 
Disrupting TRAF-binding motifs in the 4-1BB endodomain restores T-cell expansion but 

ablates costimulation. A, Western blot analysis showing phosphorylation of the CAR-

embedded ζ chain in CD5 CAR T cells 7 days after transduction. Nontransduced T cells 

were used as controls. B, Phosphorylation of IKKα/IKKβ in CD5 CAR T cells 7 days after 

transduction. C, Expression of CD5 CARs with mutated TRAF-binding sites in T cells 7 

days after transduction. D, Frequency of apoptotic T cells expressing normal or mutated 

CD5 CARs 7 days after transduction. P = 0.002 calculated by one-way ANOVA with 

Bonferroni posttest correction (n = 3). E, Expansion of T cells transduced with normal or 

mutated CD5 CARs. P = 0.0015 calculated at day 14 by one-way ANOVA with Bonferroni 

posttest correction (n = 3). F, CD5 CAR T cells were cocultured with GFPþ CCRF cells at 

an effector-to-target ratio of 1:4 for two 3-day rounds. Fresh CCRF cells were added to CD5 

CAR T cells at the end of round 1 (R1) to restore the initial effector-to-target ratio. 

Representative dot plots show frequency of tumor cells at the end of each round. Data 

represent two to four independent experiments.
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Figure 4. 
4-1BB endodomain in CD5 CAR enhances formation of immunologic synapses between T 

cells. A, Confocal representative images (original magnification, ×100) of 28.z and BB.z 

CD5 CAR T cells. Shown are bright field (BF) and single-color anti-F-actin (red) images. 

Arrows indicate cell-cell contacts. B and C, CD5 CAR T cells were assessed for 

accumulation of F-actin at synapses formed with each other. P < 0.01 by unpaired two-tailed 

Student t test. D, Representative images showing recruitment of MTOC to the 

immunological synapse between 28.z and BB.z CD5 CAR T cells. E, Distance between 

MTOC and immunological synapse formed between two CD5 CAR T cells (P = 0.0002 by 

one-way ANOVA with Bonferroni posttest correction). Cells were imaged as a z stack on a 

Leica SP8 confocal microscope. Data are representative of 3 independent experiments with n 
= 3 donors in each.
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Figure 5. 
Upregulation of ICAM-1 in T cells expressing CD5 CARs with TNFR costimulatory 

endodomains promotes fratricide. A, Expression of surface ICAM-1 in CD5 CAR T cells 7 

days after transduction. Total relative MFI of ICAM-1 is shown in the bar graph (P < 0.0001 

by one-way ANOVA with Bonferroni posttest correction, n = 3). B, Upregulation of 

ICAM-1 in 28.BB.z CD5 CAR T cells on day 7 after transduction (P = 0.03 by unpaired 

two-tailed Student t test). C, ICAM-1 expression in CD5 CAR T cells. Vertical line denotes 

average expression level in 28.z CD5 CAR T cells. D, Confocal representative images 

(original magnification, ×100) of CD5 CAR T cells showing F-actin (silver) and ICAM-1 

(red). Arrow indicates cell-cell contact area. E, CD5 CAR T cells were assessed for 

accumulation of ICAM-1 at synapses formed with each other. P < 0.0001 by one-way 

ANOVA with Bonferroni correction. F, BB.z CD5 CAR T cells were cultured in the 

presence of ICAM-1 blocking antibodies for 72 hours, and apoptosis was measured by 

Annexin V staining as shown on the representative histograms (P = 0.043 calculated by 

paired two-tailed Student t test). G, Increased expansion of BB.z CD5 CAR T cells 

incubated in the presence of ICAM-1 blocking antibodies for 72 hours (P = 0.0098 by paired 

two-tailed Student t test). Data are representative of two to three independent experiments.
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Figure 6. 
DOX-regulated expression system enables controllable CAR expression and prevents 

fratricide of BB.z CD5 CAR T cells during expansion. A, Schematic representation of the 

Tet-OFF expression system. Both 5′ and 3′ LTR elements are mutated to eliminate 

endogenous promoter activity, and CD5 CAR is encoded downstream of the PTight promoter. 

Tetracycline transactivator (tTA) is expressed under the constitutive hybrid EF1a/LTR 

promoter and, in the absence of DOX, activates the PTight promoter and drives CD5 CAR 

expression. Addition of DOX prevents tTA from activating the promoter and minimizes CD5 

CAR expression. B, Activated T cells were transduced with Tet-OFF BB.z CD5 CAR and 

cultured with or without DOX. Representative histograms show CAR expression in T cells 4 

days after transduction. C, Expansion of T cells transduced with Tet-OFF BB.z CD5 CARs 

with or without DOX, compared with 28.z CD5 CAR T cells or control nontransduced cells. 

Data are shown as mean ± SD (P = 0.0006 by one-way ANOVA with Bonferroni posttest 

correction, n = 3). D, Surface phenotype of T cells transduced with 28.z, BB.z, or Tet-OFF 

BB.z CD5 CAR and expanded in the presence of DOX for 11 days, compared with 

nontransduced control T cells. Numbers denote the frequency of naïve-like (TN) and central 

memory (TCM) T cells, and bar graphs show summarized data for CD4+ and CD8+ T cells 

(mean ± SD, n = 3). E, Tet-OFF BB.z CD5 CAR T cells expanded in the presence of DOX 

were washed and transferred into cell culture media without DOX. Histogram shows the 

kinetics of CAR re-expression in T cells after 96 hours of culture. F, Addition of DOX to 

Tet-OFF BB.z CD5 CAR T cells represses CAR expression after 24 hours of culture. G, Tet-

OFF BB.z CD5 CAR T cells were expanded in the presence of DOX for 11 days followed 
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by DOX withdrawal and CAR re-expression. CD5 CAR T cells were then cocultured with 

CD5+ tumor cell lines Jurkat and CCRF at an effector-to-target ratio of 1:4 for 3 days. Dot 

plots show representative frequency of GFP+ tumor cells at the end of coculture. Bar graphs 

show absolute counts of viable tumor cells at the end of coculture (n = 3). Dashed line 

denotes initial number of tumor cells upon plating. H, Surface phenotype of Tet-OFF BB.z 

CD5 CAR T cells 7 days after DOX withdrawal, compared with nontransduced and 28. z 

CAR T cells. Numbers denote the frequency of naïve-like (TN) and central memory (TCM) T 

cells, similar to D. Data represent three independent experiments.
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Figure 7. 
Tet-OFF BB.z CD5 CAR T cells expanded in vivo and protected mice against systemic 

leukemia. A, Ffluc-expressing GFP+ Jurkat cells were systemically engrafted into NSG mice 

3 days before a single intravenous injection of 28.z or Tet-OFF BB.z CD5 CAR T cells. B, 
Expression of CD5 CAR on T cells before injection. C, Overall survival of animals 

receiving 28.z or BB.z Tet-OFF CD5 CAR T cells (28.z vs. BB.z, P < 0.0001 by Mantel–

Cox test, n = 6–9). D, Development of systemic leukemia in control and CD5 CAR–treated 

animals. E, T cells transduced with 28.z or BB.z Tet-OFF CD5 CAR were injected into mice 

7 days after Jurkat engraftment. Dot plots show expansion of adoptively transferred T cells 

in peripheral blood at indicated time points after CAR T-cell injection. Numbers indicate 

relative frequency of human T cells. F, Overall expansion of T cells in peripheral blood of 

tumor-bearing mice at the indicated time points (P = 0.0046 by one-way ANOVA with 

Bonferroni posttest correction, n = 3). N.D., not detectable. G, Representative plot showing 

expression of CD5 and CD5 CAR in Tet-OFF BB.z CD5 CAR T cells 27 days after 

injection. Cells with upregulated CD5 CAR and downregulated CD5 are gated. Data 

represent three independent experiments with 3 to 9 animals in each individual experiment.
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