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Abstract

T cell therapies have demonstrated long-term efficacy and curative potential for the treatment of 

some cancers. However, their use is limited by damage to bystander tissues, as seen in graft-

versus-host disease after donor lymphocyte infusion, or “on-target, off-tumor” toxicities incurred 

in some engineered T cell therapies. Non-specific immunosuppression and irreversible T cell 

elimination are currently the only means to control such deleterious responses, but at the cost of 

abrogating therapeutic benefits or causing secondary complications. On the basis of the 

physiological paradigm of immune inhibitory receptors, we designed antigen-specific inhibitory 

chimeric antigen receptors (iCARs) to preemptively constrain T cell responses. We demonstrate 

that CTLA-4– or PD-1–based iCARs can selectively limit cytokine secretion, cytotoxicity, and 

proliferation induced through the endogenous T cell receptor or an activating chimeric receptor. 
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The initial effect of the iCAR is temporary, thus enabling T cells to function upon a subsequent 

encounter with the antigen recognized by their activating receptor. iCARs thus provide a dynamic, 

self-regulating safety switch to prevent, rather than treat, the consequences of inadequate T cell 

specificity.

INTRODUCTION

T cell therapies have shown clinical efficacy in bone marrow and organ transplantation, 

cancer immunotherapy, viral infections, and auto-immune diseases (1–6). Unfortunately, T 

cells may also engage in deleterious side effects. “On-target but off-tumor” adverse events 

have been reported in cancer immunotherapy clinical trials using both T cell receptor 

(TCR)– and chimeric antigen receptor (CAR)–engineered T cells. These include B cell 

aplasia in chronic lymphocytic leukemia patients treated with T cells expressing anti-CD19 

CAR (7–9), fatal acute respiratory distress syndrome after anti-ERBB2 CAR T cell infusion 

thought to result from cross-reactivity on lung epithelium (10), and TCR-induced fatalities 

from cardiac myonecrosis or neurological toxicity incurred in patients treated with TCRs 

recognizing cancer-testis antigens (11–13). Similarly, the curative gains of donor 

lymphocyte infusion (DLI) in allogeneic bone marrow transplantation are hampered by the 

induction of both acute and chronic graft-versus-host disease (GVHD) and bone marrow 

aplasia (14). Strategies to separate the beneficial effects of graft versus tumor (GVT) from 

GVHD have met with limited success to date (15).

The current approach to curb T cell–mediated toxicities relies on the use of 

immunosuppressive regimens such as high-dose corticosteroid therapy, which exert 

cytostatic or cytotoxic effects on T cells, to restrain immune responses (16). Although 

effective, this approach fails to discriminate between beneficial and deleterious T cell 

functions. Additionally, immunosuppressive drugs cause substantial secondary side effects, 

such as susceptibility to infections, and cardiac, kidney, and neurological damage (14). 

Suicide gene engineering strategies, which may use selective enzymatic metabolizers of 

toxic agents, such as herpes simplex virus thymidine kinase (17) or inducible caspase-9 (18), 

or antibody-mediated depletion strategies targeting ectopic epitopes engineered into T cells 

(19, 20), also eliminate T cells indiscriminately of their therapeutic efficacy. Furthermore, 

these approaches are reactive because they are implemented after observing deleterious side 

effects. Strategies that prevent unwanted T cell reactivity are thus highly desirable.

Physiological regulation of T cell activation is accomplished by several mechanisms that 

include immune inhibitory receptors, which play a pivotal role in attenuating or terminating 

T cell responses (21, 22). Inhibitory receptors can be up-regulated during T cell priming to 

taper immune responses or basally expressed to regulate activation thresholds. Thus, mice 

deficient for the inhibitory receptor CTLA-4 display massive T cell activation and 

proliferation and eventually succumb to severe systemic autoimmune disease with 

infiltration of activated T cells (23). Similarly, loss of PD-1, another inhibitory receptor 

specifically expressed on activated T cells, causes progressive arthritis and 

glomerulonephritis in C57BL/6 mice and accelerated insulitis in nonobese diabetic (NOD) 

mice (24, 25). Modulation of these receptors and their downstream signaling pathways has 
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substantial influence on T cell functions. In vitro ligation of CTLA-4 or PD-1 during T cell 

stimulation blocks activation, cytokine release, and proliferation (26). Notably, anti–

CTLA-4 and anti–PD-1 antibodies have shown clinical promise by derepressing anti–T cell 

responses in some patients with melanoma, lung, and renal cancer (22, 27, 28). Blockade of 

both CTLA-4 and PD-1 is also being actively investigated for reversing immune dysfunction 

and viral persistence in chronic hepatitis B and HIV infection (29, 30). However, similar to 

nonspecific immunosuppression, antibody-mediated inhibitory receptor checkpoint blockade 

is not antigen-specific and therefore does not discern between beneficial and deleterious T 

cell populations.

Here, we used a genetic engineering strategy to harness the natural T cell inhibition 

physiology and regulate T cell responses in an antigen-selective manner. Conceptually, we 

sought to design an inhibitory CAR (iCAR) having a surface antigen recognition domain 

combined with a powerful acute inhibitory signaling domain to limit T cell responsiveness 

despite concurrent engagement of an activating receptor (Fig. 1A). We show here, in human 

primary T cells, that PD-1– and CTLA-4–based iCARs reversibly restrict critical TCR or 

activating CAR functions, and thus allow for discrimination between target and off-target 

cells in vitro and in vivo.

RESULTS

iCARs are well expressed on the cell surface of primary human T cells

We hypothesized that a single-chain variable fragment (scFv) specific for an antigen fused 

to the signaling domains of immunoinhibitory receptors (CTLA-4 and PD-1) via a 

transmembrane region would inhibit T cell function specifically upon antigen recognition. 

As a first model, we used an scFv specific for human prostate-specific membrane antigen 

(PSMA) (31). This scFv has been extensively studied and is being investigated in phase 1 

trials for immunotherapy of prostate cancer (32). PSMA is overexpressed in metastatic 

prostate cancer but is also found in normal kidney, liver, colon, and brain astrocytes (33). 

Along with these two iCARs specific for PSMA (referred to as iCAR-P), we used Pdel, 

which has the PSMA-specific scFv but lacks a cytoplasmic domain (34), as a control 

receptor (Fig. 1B). Upon transduction of human primary T cells from peripheral blood 

mononuclear cells, PD-1–iCAR-P and Pdel were expressed on the cell surface at similar 

levels to the P28z receptor (34), a CD28/CD3ζ-based, dual-signaling PSMA-specific 

receptor that is currently used in a clinical trial (Fig. 1C). In the case of the CTLA-4–iCAR-

P, we observed robust intracellular expression by Western blot and intracellular flow 

cytometry, but limited cell surface expression (fig. S1, A and B, and Fig. 1C). This finding 

is consistent with the physiological trafficking of CTLA-4, which is constitutively 

internalized in resting T cells and degraded through interaction with the endocytic adaptor 

complex AP-2 via its tyrosine motif YVKM (35). Indeed, we found up-regulation of the 

CTLA-4–iCAR-P to the cell surface after T cell activation (fig. S1C), and restored 

constitutive surface expression using a tyrosine motif Y165G mutant to construct 

mutCTLA-4–iCAR-P, which exhibited cell surface expression in resting cells (Fig. 1C). 

PSMA recognition by iCARs was demonstrated using a cellular conjugation assay in which 

iCAR-expressing T cells bound mouse thymoma EL4 cells expressing PSMA (fig. S2A).
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iCARs limit TCR responses in an antigen-restricted manner

To study the effect of iCARs on endogenous TCR-driven primary human T cell responses, 

we established an alloreactivity model using allogeneic dendritic cells (DCs) as priming 

antigen-presenting cells and fibroblasts isogenic to the DCs as the targets (fig. S3A). In this 

model, the iCAR-or Pdel-engineered T cells were primed with allogeneic monocyte-derived 

DCs (moDCs) and then evaluated against fibroblasts expressing the PSMA antigen or not. 

To obtain replenishable fibroblasts isogenic to the DCs without requiring iterative skin 

biopsies, we established induced pluripotent stem cells (iPSCs) from which we derived 

stable fibroblast cell lines, termed iPS-fib (fig. S3, B to D). The iPS-fib displayed replicative 

senescence and contact inhibition, and could be easily transduced, passaged, and implanted 

in NOD/severe combined immunodeficient (SCID)/γc
− mice wherein they persisted for 

weeks without forming tumors. To acquire potent alloreactive T cells with endogenous TCR 

specificity against the iPS-fib, we pulsed moDCs with lysates from the isogenic iPS-fib. 

This priming culture system stimulated robust cytotoxicity and cytokine secretion from 

several T cell donors, producing both CD4- and CD8-driven responses (fig. S4, A to C).

To investigate the ability of the iCARs to restrict alloreactivity against PSMA+ cells, we 

sorted iCAR- or Pdel-expressing T cells primed with two rounds of pulsed moDCs and then 

co-incubated them with iPS-fib or iPS-fib expressing PSMA (fig. S5A) (36). All groups of T 

cells efficiently killed iPS-fib, demonstrating allogeneic cytotoxicity (Fig. 2, A and B), but 

the iCAR-positive T cells were significantly inhibited in their ability to kill iPS-fib-PSMA+ 

cells (Fig. 2C). Cytotoxicity by T cells expressing the PD-1-based iCAR was reduced by up 

to 95% at low effector-to-target (E/T) ratios. Because cytotoxicity occurs rapidly and has a 

low activation threshold relative to other T cell responses, we also analyzed cytokine 

secretion. The PD-1 iCAR produced the stronger inhibition of cytokine secretion (79 to 88% 

reduction), whereas the mutCTLA-4 iCAR elicited 55 to 71% reduction (Fig. 2, D to F). 

These results suggested that iCARs could limit reactivity in an antigen-dependent manner.

iCARs function in a stoichiometric manner

We investigated whether the PD-1 iCAR-P could provide differential levels of inhibition 

depending on its level of expression or that of the target antigen. We therefore sorted primed 

T cells for high or low levels of PD-1 iCAR-P or Pdel expression and exposed them to iPS-

fib-PSMA (fig. S6A). We found a stoichiometric relationship between T cell killing, 

cytokine release, and the level of iCAR expressed. T cells sorted for low levels of expression 

of the PD-1 iCAR-P could provide 50% inhibition only up to E/T ratios of 1:1, but high 

levels of PD-1 iCAR-P expression allowed 80% inhibition up to E/T ratios of 8:1 and even 

50% inhibition at 16:1 (Fig. 3, A and B). To examine the impact of the iCAR antigen 

expression level, we sorted iPS-fib for high or low PSMA expression and exposed them to 

sorted PD-1 iCAR-P T cells (fig. S6B). iPS-fib with high PSMA expression inhibited at 

least 80% of the killing and cytokine secretion of PD-1 iCAR-P T cells across a range of E/T 

ratios (1:1 to 4:1), whereas iPS-fib with low PSMA expression failed to provide the same 

level inhibition (Fig. 3, C and D).
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iCARs limit allogeneic responses in vivo

To investigate whether an iCAR could protect a tissue from T cell–mediated elimination in 

vivo, we injected iPS-fib-PSMA+ cells (which also expressed CBL) intraperitoneally into 

NOD/SCID/γc
− mice (fig. S6B). The cells established nodules that could be monitored by 

bioluminescence imaging (BLI). Five days after injection of 1 × 106 iPS-fib-PSMA+ cells, 

the mice were treated with 5 × 105 moDC-primed Pdel- or PD-1–iCAR-P–expressing T 

cells. The Pdel group eliminated the iPS-fib-PSMA+ cells with a significant decrease in the 

BLI signal (7- to 22-fold), whereas the PD-1–iCAR-P group was unable to clear the nodules 

with BLI similar to control mice not treated with T cells (Fig. 4, A and B). These results 

provide evidence that an iCAR can limit a TCR-driven response in an antigen-specific 

fashion in vivo.

iCARs can inhibit activating chimeric antigen receptors

To study the effect of iCARs on modulating activating CARs, we used 19-28z, an 

extensively characterized second-generation CAR currently used in clinical trials, which 

provides activation and CD28 costimulation in response to the CD19 antigen (9, 34). 

Primary T cells were transduced with 19-28z CAR and the iCAR-P receptors, sorted for dual 

expression, and seeded on previously reported artificial antigen-presenting cells (AAPCs) 

expressing CD19 or both CD19 and PSMA, respectively, modeling target and off-target 

tissues (37) (figs. S5B and S7A). Although the T cells from the control groups (19-28z alone 

or 19-28z/Pdel) showed similar cytokine secretion on both AAPCs, the iCAR-expressing T 

cells showed a marked decrease in cytokine secretion when exposed to off-target cells 

relative to on-target cells (Fig. 5A and fig. S7B). PD-1 iCAR-P produced the strongest 

reduction of cytokine levels (71 to 89%), whereas mutCTLA-4 iCAR-P elicited a lesser 

reduction (48 to 67%).

19-28z provides a potent proliferation signal, induced by CD19-expressing AAPCs. 

Although 19-28z/Pdel T cells expanded similarly on either AAPCs, T cells expressing 

mutCTLA-4 or PD-1 iCARs showed reduced accumulation in the presence of the off-target 

AAPCs, with the PD-1 iCAR-P causing a cumulative 90% decrease in T cell accumulation 

after the second AAPC stimulation (Fig. 5, B and C, and fig. S7C). In this coculture system, 

we examined by quantitative microscopy the fate of these AAPCs, which we modified to 

additionally express mCherry (Fig. 5D). Within 38 hours, all groups of 19-28z/iCAR-P and 

control double-positive T cells lysed the target cells (Fig. 5E). When exposed to 

CD19+PSMA+ off-target cells, the mutCTLA-4– and PD-1–based iCARs caused a 67 and 

91% reduction in cytotoxicity, respectively (Fig. 5F). In the case of PD-1, AAPCs persisted 

for 5 days, whereas the effect of the mutCTLA-4 iCAR was more limited (Fig. 5D). We 

therefore selected the PD-1–based iCAR for further in vivo evaluation.

To evaluate the function of the PD-1 iCAR in vivo, we transduced NALM/6, a CD19+ B cell 

leukemia cell line, with PSMA, and compared therapeutic T cell responses against NALM/6 

and NALM/ 6-PSMA cells in a previously established xenograft NOD/SCID/γc
− mouse 

model (37, 38) (fig. S7D). Five days after systemic tumor infusion, the mice were treated 

with a single dose of 3 × 105 19-28z/PD-1–iCAR-P–sorted double-positive T cells. BLI of 

tumor burden showed significant differences (3- to 10-fold reduction) in the eradication of 
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NALM/6-PSMA (off-target) as opposed to NALM/6 (on-target) (Fig. 6, A and B). Although 

initially confined to bone marrow, NALM/6 leukemia eventually invades the spleen, the 

weight of which provides a late-stage index of disease burden. After treatment with 19-28z/

PD-1–iCAR-P T cells, NALM/6-PSMA mice showed no significant difference in spleen 

weight from the control “no T cell” group, but the spleen weights of the mice with NALM/6 

were 2.6-fold lower (Fig. 6C). Flow cytometric analyses confirmed the decreased number of 

NALM/6 cells in the spleen and bone marrow, in contrast to the NALM/6-PSMA group 

(Fig. 6, D and E). In parallel, we found greater persistence of T cells in the NALM/6 group 

than in the NALM/6-PSMA group (Fig. 6, D and F). These findings established that the 

PD-1–based iCAR selectively prevents the elimination of “off-target” NALM/6-PSMA cells 

in vivo while allowing the therapeutic response against “on-target” NALM/6 cells to 

proceed.

iCARs function in a temporary and reversible manner

An attractive aspect for the clinical usefulness of iCARs is functional reversibility, that is, 

the reemergence of T cell functionality after previous contact with an inhibitory off-target 

tissue. Constitutive expression of the iCARs did not impair the T cells’ proliferative capacity 

(post-CD3/CD28 bead or DC activation), cytokine secretion, or surface marker expression 

compared to control T cells (fig. S8, A to E). To assess the temporal features of iCAR-

medicated inhibition, we set up sequential T cell stimulation by target and off-target cells, 

analyzing the potential for killing, cytokine secretion, and proliferation in four different 

sequences. 19-28z/Pdel or 19-28z/PD-1–iCAR-P T cells were exposed to either the target 

(CD19+) or off-target (CD19+PSMA+) AAPCs as a first stimulation, followed by exposure 

to either AAPCs in a second stimulation (Fig. 7A). On the second stimulation, both T cell 

groups killed target cells equally well irrespective of the first stimulation target (Fig. 7B), 

supporting that the 19-28z/iCAR-P T cells exposed to off-target cells in the first stimulation 

killed target cells and proliferated during the second stimulation as well as the T cells that 

were exposed to target cells in both stimulations. Control T cells expressing the 19-28z/Pdel 

did not show reduced functionality under the same conditions. Additionally, T cells that 

were activated on the first stimulation could still be inhibited upon exposure to the iCAR 

ligand presented by the off-target AAPCs on the second stimulation, suggesting that iCARs 

could regulate an activated T cell. We also observed that T cells exposed to off-target cells 

on both stimulations had greater inhibition of their killing capacity on the second exposure 

(Fig. 7, C and D).

Corroborating these functional findings, we found that the PD-1 iCAR, 19-28z/Pdel, and 

19-28z/PD-1–iCAR-P double-positive T cells differentially phosphorylated the regulatory 

SHP-1 and SHP-2 phosphatases (fig. S9). Exposure to CD19+ target AAPCs showed lower 

SHP-1 and SHP-2 phosphorylation levels compared to the basal levels seen after exposure to 

AAPCs lacking CD19, consistent with previous studies demonstrating dephosphorylation 

and consequent blockade of the suppressive effects of SHP-1/2 upon T cell activation (39, 

40). In contrast, after exposure to off-target AAPCs expressing CD19 and PSMA, SHP-1 

and SHP-2 showed increased levels of phosphorylation, supporting that the PD-1 iCAR 

recruits the same biochemical pathways as the endogenous PD-1 molecule.
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iCAR and CAR dual-expressing T cells discern targets in vitro and in vivo

Finally, we sought to assess whether T cells expressing the PD-1–based iCAR could 

distinguish between target cells in vitro and especially in vivo by protecting off-target cells 

in the presence of target cells within the same organism. We first addressed this scenario in 

an in vitro coculture system mixing GFP+CD19+ target AAPCs and 

mCherry+CD19+PSMA+ off-target AAPCs at a 1:1 ratio. We performed time-lapse 

microscopy to analyze the effect of 19-28z/Pdel or 19-28z/iCAR-P T cells. Both the target 

and the off-target cells were eliminated at a similar rate by 19-28z/Pdel T cells, but the 

19-28z/iCAR-P T cells preferentially eliminated the target cells while sparing the off-target 

cells (Fig. 8A and movie S1, A and B). Crisscross experiments with CBL-transduced 

versions of the AAPCs were used to quantify this selectivity. At 38 hours, the 19-28z/iCAR-

P T cells eliminated most (85%) of the target AAPCs but few (10%) of the off-target cells, 

corroborating the results from the time-lapse microscopy (Fig. 8B).

To analyze whether the same selectivity could be attained in vivo, we injected NOD/

SCID/γc
− mice with a mixture of NALM/6 and NALM/6-PSMA tumor cells and treated 

these animals with 19-28z–or 19-28z/iCAR-P–transduced T cells. Upon sacrifice, the mice 

treated with 19-28z T cells showed a threefold reduction in the number of PSMA+ cells in 

the spleen and bone marrow compared to mice treated with 19-28z/iCAR-P T cells (Fig. 8, 

C and D). Accordingly, the iCAR-treated group had a 3.3-fold increase in spleen weight and 

overall increased tumor burden (Fig. 8E). These experiments demonstrate that, in the 

presence of a mixture of target and off-target cells, an iCAR can selectively protect off-

target cells without abrogating rejection of target cells.

DISCUSSION

Here, we take a genetic approach to restrict the specificity of T cells and demonstrate that T 

cells can be engineered to have an endogenous regulatory targeting mechanism to deliver 

tumor-specific immunotherapy. We successfully combined an antigen recognition domain 

with the signaling domains of immune inhibitory receptors CTLA-4 and PD-1 to achieve 

antigen-specific suppression of T cell cytotoxicity, cytokine release, and proliferation. This 

proof-of-concept study demonstrates the potential for iCARs as a strategy to limit T cell 

function at off-target sites and thus divert immune responses away from unintended target 

tissues.

The crux of the iCAR strategy relies on three critical properties. The first is that basal 

expression of the iCAR does not inhibit T cell function in the absence of antigen. 

Endogenous CTLA-4 or PD-1 signaling requires the presence of the respective ligands to 

exert their effect. Likewise, we did not find expression of the iCARs described herein to 

affect basal T cell functions. Other inhibitory receptors that are restricted to T cell subsets 

may act in concert to fine-tune the regulation of T cell responses (21, 22). Receptors such as 

LAG-3, 2B4, and BTLA and their combination (for example, as a single second-generation 

iCAR with multiple combined cytoplasmic domains) warrant further investigation.

The second key property is the maintenance of T cell functionality despite previous 

engagement of the iCAR. We found that iCAR-transduced T cells could still mount a 
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response against a target antigen after a previous exposure to an inhibitory antigen. This 

reversibility is reminiscent of natural killer cell behavior, in which the phosphorylation state 

of signaling molecules rather than transcriptional changes control rapid functional responses, 

such as cytotoxicity (41). Anti–PD-1 and anti–CTLA-4 antibodies are able to reverse the 

impaired function of anergized or exhausted T cells, again arguing for the ability to 

temporally regulate T cell responses (22). Additionally, biochemical analyses of PD-1 and 

CTLA-4 effects on the TCR complex depend on phosphorylation states, downstream 

kinases, and motility rather than apoptosis (40, 42–44). Although both our in vitro and in 

vivo results demonstrate inhibition in response to off-target cells with sustained therapeutic 

functionality, there is still the possibility that some of the cells may be anergized over time 

(42). Ultimately, a T cell infusion is stochastic, with some T cells promptly encountering 

their target and eliminating it, whereas other T cells will first encounter the inhibitory cells. 

It is conceivable that T cells that repeatedly encounter off-target cells will not expand—a 

satisfactory outcome for the iCAR strategy, which aims to allow for therapeutic responses to 

proceed while diminishing the immune attack against normal tissues. The overall expansion 

of the infused T cell population will integrate these different paths occurring at the clonal 

level, with some T cells undergoing expansion while others are suppressed, possibly 

resulting in the disappearance of all infused T cells over time. Under our experimental 

conditions, enough T cells persisted over 3 weeks to eliminate the targeted tumor. Under 

such a circumstance, a second or third T cell infusion could be infused if needed, which may 

be clinically advantageous as discussed elsewhere (9). The eventual induction of anergy and 

clonal elimination as a means to protect off-target tissues while allowing tumor elimination 

to proceed should be contrasted to suicide gene strategies where adverse reactivity must 

manifest itself before T cell elimination is triggered, which results in terminating therapeutic 

responses as well.

Third, the iCAR approach is antigen-specific and thus requires the ability to identify tissue-

specific target antigens that are absent or down-regulated on the tumor but expressed by the 

off-target tissues. This question has not been as broadly investigated as the search for tumor 

antigens, although efforts, such as the Protein Atlas database, are under way to characterize 

the “surfaceome” of all human tissues (45). One strategy is to use broad classes of surface 

antigens that are down-regulated on tumor cells. One example is represented by human 

leukocyte antigen (HLA) molecules, which are found in virtually all cell types, but are 

down-regulated on tumors as a mechanism of tumor escape from T cell immune responses 

(46). Thus, allogeneic T cells expressing an iCAR against a host HLA molecule that is 

down-regulated on the tumor may selectively promote the GVT effect. The iCAR approach 

may be of particular interest in the setting of DLI as a means to protect GVHD target tissues 

without impairing GVT responses. Another class of antigens amiable to a similar strategy 

includes cell surface tumor suppressor antigens, such as OPCML, HYAL2, DCC, and 

SMAR1 (47–49). OPCML-v1, for example, is widely expressed in all normal adult and fetal 

tissues but is down-regulated in lymphomas and breast and prostate cancer. Cell surface 

carbohydrates, lipids, and posttranslational modifications, such as mucin-type O-glycans 

(core 3 O-glycans) have also been found to be down-regulated by tumors (50). Another 

candidate target is E-cadherin, which is highly expressed in normal skin, liver, and gut—the 
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primary targets of GVHD (51)—but down-regulated by tumor cells undergoing an epithelial 

to mesenchymal transition, indicating tumor progression and metastasis (52).

A major limitation of our study is the lack of availability of a robust clinically relevant 

human “normal tissue” model, especially one that allows utilization of human cells, human 

antigens, and human TCRs, CARs, and iCARs. We attempted to bridge this gap by 

establishing iPS cells combined with DCs from the same donor to derive an alloreactivity 

reaction using human T cells, human target antigens, and human iCARs. Simply co-

incubating HLA mismatched allogeneic T cells with iPS or iPS-fib cells did not produce 

alloreactivity. The use of isogenic DCs was critical to generating potent alloreactivity. 

However, we did not define the nature of this alloreactivity, and it is thus possible that the 

responses we blocked have no bearing on the mechanisms involved in GVHD.

We also showed that the level of expression of the iCARs is critical. In settings of high 

expression level of activating receptor or antigen and/or low expression of iCAR or iCAR-

targeted antigen, we could not achieve sufficient blockade. In most of our analyses, the 

iCAR reduced T cell function but did not abrogate it, rarely exceeding 90% inhibition in any 

assay. In applying the iCAR strategy in a clinical setting, the functionality of every iCAR 

will need to be optimized on the basis of receptor affinity, receptor expression level (that is, 

promoter strength), and selection of suitable target antigens based, in part, on their 

expression level. These will also need to be balanced against the activating receptor to 

achieve inhibition at off-target sites. In the case of CAR-targeted therapy, an optimized 

CAR/ iCAR ratio could be achieved through careful vector design.

In conclusion, we provide a proof of concept that antigen-specific inhibitory receptors can 

successfully redirect T cell proliferation, cytokine secretion, and cytotoxicity upon 

engagement of specific cell surface antigens, thus diverting T cell toxicity away from one 

tissue while retaining critical effector function against another expressing the same antigen. 

We showed this in responses mediated by either TCRs or CARs. This approach prevents, or 

at least reduces, damage to unintended target tissues and thus obviates the need to 

irreversibly eliminate therapeutic T cells after unacceptable toxicity has developed. It is a 

paradigm-shifting approach that takes advantage of the multifaceted functionality of cells as 

drugs by using synthetic receptors that guide and educate T cells to only perform beneficial 

functions. This dynamic safety switch may find useful applications in a range of autologous 

and allogeneic T cell therapies.

MATERIALS AND METHODS

Study design

The purpose of this study was to create a synthetic receptor that could limit T cell toxicity 

toward a target cell in an antigen-dependent and reversible manner. We designed two such 

receptors using intracellular tails of CTLA-4 or PD-1 and an scFv targeting domain (against 

PSMA) and analyzed whether they could block (i) TCR- or (ii) CAR-driven T cell 

functionality in vitro and in vivo. In vitro, the focus was on analyzing (i) cytotoxicity, (ii) 

cytokine secretion, and (iii) T cell proliferation. In vivo experiments analyzed the integrated 

ability of the iCAR to protect a cellular target using live imaging and endpoint analysis 
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(dictated by the untreated group of mice). The experimental procedures were approved by 

the Institutional Animal Care and Use Committee of Memorial Sloan-Kettering Cancer 

Center (MSKCC). The general design of the experiments was to expose T cells (expressing 

iCARs or the control Pdel receptor) to target cells (that expressed or lacked PSMA) and 

compare the groups trying to interrogate iCAR function, always in the presence of internal 

controls. We limited T cells lacking iCARs from contaminating the results by sorting T cells 

to be iCAR or iCAR/CAR double-positive (using reporter genes). Each experiment was 

performed multiple times using different donor T cells (T cells were never pooled). In most 

cases, we present data using a representative experiment (with sample replicates of more 

than three) to avoid confounding variables such as differences due to transduction and 

sorting efficiencies, donor-related variability, and E/T ratios.

iCAR construction

Each iCAR receptor was designed with the UniProt sequence annotation using two 

approaches. First, using commercial gene synthesis or cDNAs, the intracellular domain of 

each receptor was cloned in place of the CD28/CD3ζ domain of the previously described 

Pz1 receptor (53), thus using the CD8 transmembrane and hinge domains. Alternatively, we 

included the transmembrane domains and the amino acids up to the first annotated 

extracellular topological domain (for PD-1, amino acids 145 to 288; for CTLA-4, amino 

acids 161 to 223) so as to use the endogenous hinge region of each receptor. These 

constructs were cloned into the P28z vector after the PSMA scFv. We did not find 

significant functional differences between the receptors generated by the two approaches. 

We additionally created versions of each iCAR that lacked any targeting domain, but 

retained the transmembrane and intracellular portions of each receptor. The control Pdel 

receptor was designed by excising the CD28/CD3ζ domain of P-28z (34). iCARs should be 

clearly distinguished from CARs, all of which trigger T cell activation, in stark contrast to 

iCARs.

Conjugation assay, Western blots, and GAM staining

Cell surface expression of each iCAR was analyzed using the previously described goat anti-

mouse staining protocol (38). Cellular conjugation assay was performed as previously 

described (54). Briefly, EL4 or EL4-PSMA cells were labeled with the lipophilic DiD dye 

(Invitrogen) and mixed at a 1:1 ratio with T cells in fluorescence-activated cell sorting 

(FACS) tubes, incubated at 37°C for 5 min, and analyzed on a flow cytometer. Western blot 

analysis was performed using standard protocols with a Bio-Rad Mini-PROTEAN Tetra 

system. Intracellular tail of CTLA-4 was detected using the polyclonal antibody C-19, which 

recognizes the CTLA-4 C terminus (Santa Cruz Biotechnology).

Retroviral vectors and viral production

Plasmids encoding the SFG retroviral vector were prepared using standard molecular 

biology techniques. Synthesis of 19-28z–IRES–LNGFR, CD19, PSMA, GFP, mCherry, and 

CBL vectors has been described (37, 38, 53). Retroviral producers were prepared from 

plasmid-transfected H29 cell supernatant as previously described (53).
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Cell lines

EL4-CD19, EL4-PSMA, and the AAPCs NIH3T3-CD19 and NIH3T3-PSMA have been 

described (31, 34, 37, 38, 53). NIH3T3-CD19-PSMA, NIH3T3-CD19-mCherry, NIH3T3-

CD19-GFP, and NIH3T3-CD19-CBL, as well as NALM/6-CBL and NALM/6-PSMA-CBL, 

were obtained after transduction with respective retroviral supernatants of H29 producer 

cells. All comparative groups of cell lines were sorted for equivalent expression of CD19, 

GFP, or mCherry with a MoFlo sorter.

Peripheral blood leukocyte collection and retroviral transduction

Peripheral blood was obtained from healthy donors after informed consent under a protocol 

approved by the MSKCC institutional review board. Peripheral blood leukocytes were 

isolated with Ficoll-Paque and activated with phytohemagglutinin (PHA) for 48 hours. 

Activated T cells were transduced on three consecutive days by centrifugation in 

retronectin-coated (Takara), retroviral vector–bound plates. Cells were fed every 3 days with 

RPMI medium supplemented with 20 U of interleukin-2 (IL-2). Ten days after transduction, 

FACS selection based on enhanced GFP (marking the iCARs) and LNGFR (marking 

19-28z) was used to isolate positive cells on a MoFlo sorter. Post-sort analysis was 

performed to ensure equivalent expression of both reporters.

Generation of iPS-derived fibroblasts

Peripheral blood lymphocytes were activated with PHA, transduced with retroviral 

supernatants (f-citrine-P2A-Myc-E2A-Sox2 and f-vexGFP-P2A-Okt4-T2A-Klf4), and 

plated after 24 hours on mouse embryonic fibroblast feeder cells (55). Medium was changed 

to human ES medium with fibroblast growth factor (8 ng/ml) at day 5 after transduction, and 

half-medium change was performed daily after that. T-iPS colonies appeared at about 22 to 

25 days after transduction. A subcutaneous xenograft teratoma assay was performed with the 

T-iPS-1.10 cell line. At 3 months, the teratoma was removed and treated with collagenase 

(100 U/ml) (Invitrogen) and dispase (2 U/ml) (Invitrogen) for 2 hours at 37°C to generate a 

single-cell suspension. The cells were sorted for HLA-ABC–positive cells, and after 1 week 

in culture in RPMI supplemented with 1% L-glutamine, 1% penicillin, 1% streptomycin, 

and 10% fetal bovine serum (FBS), they reproducibly spontaneously generated the iPS-fib.

Flow cytometry

All flow cytometric analysis was done on an LSRII cytometer (BD Biosciences) and 

analyzed with FlowJo software version 9.6 (Tree Star). Anti-human LNGFR, CD45, 

CD140b, CD10, HLA-ABC, HLA-DR, CD80, CD86, and CD62L were obtained from BD 

Biosciences; anti-human CD4, CD8, CD3, CD19, CD90, and 4′,6-diamidino-2-phenylindole 

(DAPI) were obtained from Invitrogen; anti-human PSMA was obtained from Medical & 

Biological Laboratories; anti-human CCR7 was obtained from R&D Systems; and anti-

human Foxp3 (236A/E7) and Foxp3 isotype were obtained from eBioscience.

In vitro T cell assays

In general, for proliferation, effector cytokine production assays, and cytotoxicity assays, 

serial dilutions of sort-purified T cells were seeded on respective AAPCs (irradiated with 40 
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to 50 Gy and seeded 24 hours earlier at 3 × 104 per well) in 96-well flat-bottomed plates. 

iPS-fib were not irradiated when used as targets. Fresh medium was added every 3 to 4 days 

or upon medium color change. Cytokine production was quantified by either enzyme-linked 

immunosorbent assay kits (eBioscience) or Luminex assays (Invitrogen) as stated in the text 

according to the manufacturer’s instructions. T cell counts were calculated using viable cell 

number (DAPI) and CountBright beads (Invitrogen) on an LSR II flow cytometer (BD 

Biosciences) by collecting whole wells. All in vitro culture experiments were done in RPMI 

supplemented with 1% L-glutamine, 1% penicillin, 1% streptomycin, and 10% FBS. No 

exogenous cytokines were administered at any time unless explicitly stated.

Luciferase cytotoxic T lymphocyte assay

Cytotoxic T lymphocyte (CTL) assays using bioluminescence as the readout were performed 

as previously described (36). Briefly, all in vitro luciferase assays were performed with the 

Bright-Glo Luciferase Assay System (Promega) and 96-well Optical Bottom Black 

Microplates (Nunc) and were conducted according to the manufacturer’s protocol with 

minor adjustments. All targets cells were engineered to express CBL with a GFP reporter to 

ensure equivalent levels of expression. Culture medium was removed to leave 50 μl per 

well, 50 μl of prepared luciferase reagent was added to each well of the 96-well plates, and 

the plates were incubated for 5 min to completely lyse the cells. Measurements were 

performed with the IVIS Imaging System 100 Series (Xenogen). Living Image software 

version 2.6 (Xenogen) was used to quantify photon emission intensities.

Time-lapse and fluorescence microscopy CTL

All microscopy imaging was performed with a Zeiss AxioVert 200M equipped with a live 

imaging system. Time-lapse videos were acquired and compiled with Multi Dimensional 

Acquisition in MetaMorph software (Molecular Devices). For CTL experiments, the signal 

from mCherry-positive AAPCs was quantitated with the Integrated Morphometric Analysis 

function in MetaMorph.

moDCs and priming

Monocyte-derived DCs were generated with the Mo-DC Generation Tool Box (Miltenyi) 

from the same donor as the T-iPS cells. The moDCs were pulsed for 24 hours at the 

immature stage (days 5 to 6) with lysates from iPS-fib, which were generated through six 

freeze-thaw cycles. The maturation of the DCs was confirmed by flow cytometry of CD80, 

CD86, and HLA-DR. Priming was performed as previously described (56). Briefly, the first 

round of priming was done using a 1:30 T cell/moDC ratio, with the second round using a 

1:10 to 1:30 ratio. RPMI supplemented with 1% L-glutamine, 1% penicillin, 1% 

streptomycin, 10% human AB serum (CellGro), and human IL-15 (5 ng/ml) (R&D Systems) 

was used. On day 3, IL-2 (20 U/ml) was added.

Proteome profiler array

T cells were exposed to AAPCs at an E/T ratio of 4:1 for 60 min, washed, lysed, and 

incubated (100 μg) on the Human Phospho-Immunoreceptor Array according to the 

manufacturer’s protocol (R&D Systems). All blots were detected using chemiluminescence 
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on the same x-ray film to standardize exposure levels. Scanned x-ray film images were 

analyzed with image analysis software. All pixel density was normalized on each array with 

internal pY controls.

Mouse models and quantitative bioluminescence

For the NALM/6 studies, 6- to 12-week-old male NOD/SCID/γc
− mice (The Jackson 

Laboratory) were inoculated intravenously with 5 × 105 tumor cells (same dose for either 

single tumor or mixed tumor experiments). NALM/6 cells were engineered to express CBL 

with a GFP reporter. Four days later, 3 × 105 sorted T cells were infused intravenously; cell 

dose was based on the percent GFP+19-28z+ as confirmed by post-sort analysis. Mice were 

sacrificed at 21 days (no T cell controls display hindlimb paralysis). For iPS-fib studies, 6- 

to 12-week-old male NOD/SCID/γc (null) mice were inoculated intraperitoneally with 1 × 

106 cells prepared in a 1:1 mixture of ice cold RPMI and Matrigel mixture (BD 

Biosciences). Eight days later, 5 × 105 twice moDC-primed GFP-sorted T cells were infused 

intraperitoneally; cell dose was based on the percent GFP+ as confirmed by post-sort 

analysis. Additionally, an in vitro luciferase CTL assay was performed to establish 

equivalent allogeneic reactivity in all groups using iPS-fib as a target. In both models, D-

luciferin (Xenogen, 150 mg/kg intraperitoneally) was used as a substrate for click beetle 

luciferase, and bioluminescence images were collected on an IVIS 100 Imaging System. 

Living Image software version 2.6 was used to acquire and quantify the BLI data sets as 

described before (38). Mice were cared for in accordance with the institutional guidelines of 

MSKCC.

Statistical methods

Data are presented as means ± SD or SEM as stated in the figure legends. Results were 

analyzed by unpaired Student’s t test (two-tailed) or by ANOVA as stated in the text, and 

statistical significance was defined at P < 0.05. Pairwise multiple comparisons were 

performed using multiple t tests corrected for multiple comparisons with the Holm-Sidak 

method. All exact P values are provided. All statistical analyses were done with Prism 

software version 6.0 (GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. iCAR strategy, design, and expression in primary human T cells
(A) T cells with specificity for both tumor and off-target tissues can be restricted to tumor 

only by using an antigen-specific iCAR introduced into the T cells to protect the off-target 

tissue. (B) Schematic diagram of the bicistronic vectors used for iCARs and Pdel. iCAR-P: a 

spacer, transmembrane, and intracellular tail of each inhibitory receptor were cloned into a 

previously described retroviral vector having a CD8 leader sequence (LS). IRES, internal 

ribosomal entry site; hrGFP, humanized Renilla green fluorescent protein reporter. A Pdel 

control vector was designed with a spacer and CD8 transmembrane (TM) domain, and 

lacking an intracellular tail. (C) Cell surface expression of the iCARs was assessed by flow 

cytometry in transduced primary human T cells. Dot plots are representative of eight 

different donors. GAM, goat anti-mouse immunoglobulin G F(ab′)2 antibody that binds to 

the murine-derived extracellular domain of the CAR.
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Fig. 2. iCARs protect iPS-fib from TCR-mediated allogeneic reactions
Control Pdel- or iCAR-transduced T cells primed with allogeneic moDCs were incubated 

with iPS-derived fibroblasts (iPS-fib) expressing click beetle luciferase (CBL), isogenic to 

the moDCs, using a range of E/T ratios. (A) Pdel-, PD-1–, or mutCTLA-4 iCAR-P–

transduced T cells reacting against target iPS-fib (n = 3 per condition). Killing of the iPS-fib 

was quantified with the Bright-Glo assay system. (B) Cytokine secretion in cell culture 

supernatants from (A) at 4:1 E/T ratio was assessed at 18 hours. GM-CSF, granulocyte-

macrophage colony-stimulating factor; IFN-γ, interferon-γ; TNF-α, tumor necrosis factor-α. 

(C) Pdel- or iCAR-positive T cells were incubated for 24 hours with off-target iPS-fib 

expressing PSMA (iPS-fib-PSMA), and luciferase signal (left) was quantified (right) (n = 3 

for each condition). (D to F) Cytokine secretion measured at 24 hours in cell culture 

supernatants from (C). Error bars represent ±SEM. *P < 0.01, ***P < 0.001 by analysis of 

variance (ANOVA) comparing iCARs to Pdel and post hoc analysis with multiple t tests 

corrected with the Holm-Sidak method. Raw data and P values are provided in the 

Supplementary Materials.
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Fig. 3. iCARs function in a stoichiometric manner
(A) Pdel- or PD-1 iCAR-P–transduced alloreactive T cells were sorted for high or low 

expression of each respective receptor, as shown in fig. S5A, and were seeded on iPS-fib-

PSMA–expressing CBL. Killing of iPS-fib-PSMA relative to untreated cells was assessed 

with the Bright-Glo assay system (n = 3 for each condition). (B) Cytokine secretion, 

measured at 24 hours in the cell culture supernatant from (A) at 4:1 E/T ratio. (C) PD-1 

iCAR-P–transduced alloreactive T cells were incubated with iPS-fib-PSMA sorted for high 

or low levels of PSMA expression as shown in fig. S5B. Killing of each population relative 

to untreated cells was quantified with the Bright-Glo assay system (n = 3 per condition). D) 

Cytokines from (C) were assessed at 24 hours. Error bars represent ±SEM. ***P < 0.001 by 

Student’s t test. Error bars represent ±SEM. *P < 0.01, ***P < 0.001 by ANOVA 

comparing to high Pdel group and post hoc analysis with multiple t tests corrected with the 

Holm-Sidak method. Raw data and P values are provided in the Supplementary Materials.
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Fig. 4. iCARs limit allogeneic responses in vivo
NOD/SCID/γc

− mice were injected intraperitoneally with 1 × 106 iPS-derived fibroblasts 

expressing CBL/PSMA (iPS-fib-PSMA) and, 7 days later, were treated intraperitoneally 

with 5 × 105 PD-1 iCAR-P– or Pdel-transduced, sorted, alloreactive T cells. Untreated mice 

(no T cells) were used as control. (A) Survival of iPS-fib-PSMA was assessed by BLI before 

and at selected time points after T cell infusion. Images of four representative mice from 

each group are shown. (B) Total body flux (photons per second) for each mouse was 

quantified and averaged per group (n = 5 per group). Error bars represent ±SEM. *P < 0.05, 

**P < 0.01 by ANOVA comparing to Pdel and post hoc analysis with multiple t tests 

corrected with the Holm-Sidak method. Raw data and P values are provided in the 

Supplementary Materials.
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Fig. 5. iCARs inhibit human T cell cytokine release, proliferation, and target cell elimination 
driven by 19-28z CAR
(A) Luminex multiplex cytokine analysis of culture supernatant 24 hours after seeding dual-

sorted 19-28z/Pdel– or 19-28z/iCAR–transduced human T cells on 3T3-CD19 (target) or 

3T3-CD19-PSMA (off-target) AAPCs. The data are represented as a ratio of off-target/

target values and pooled from three independent experiments (n = 6 wells per condition). 

Error bars represent ±SEM. **P < 0.01, ***P < 0.001 by ANOVA comparing iCARs to 

Pdel and post hoc analysis with multiple t tests corrected with the Holm-Sidak method. (B) 

Absolute counts of 19-28z/Pdel or 19-28z/iCAR T cells stimulated on days 0 and 7 with off-

target AAPCs. No exogenous cytokines were added. Data are representative of six 

independent experiments. (C) Proliferation of 19-28z/Pdel or 19-28z/iCAR T cells 

stimulated on days 0 and 7 with off-target AAPCs relative to proliferation on target AAPCs. 

No exogenous cytokines were added. Data are representative of six independent 

experiments. (D) T cells seeded at a 1:1 ratio on target and off-target mCherry+ AAPCs. 

Images at 38 hours and 5 days from one of five independent experiments are shown. Scale 

bars, 0.5 mm. (E and F) Quantification of mCherry signal from (D) against CD19 targets (E) 

or CD19-PSMA off-target cells (F), as described in Materials and Methods. Error bars 

represent ±SEM. **P < 0.01, ***P < 0.001 by Student’s t test. Raw data and P values are 

provided in the Supplementary Materials.
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Fig. 6. iCARs restrict 19-28z CAR target cell specificity in vivo
(A) BLI depicting the tumor progress of NALM/6 or NALM/6-PSMA in NOD/SCID/γc

− 

mice treated with sorted 19-28z/PD-1 iCAR-P T cells. Untreated mice (no T cells) were 

used as control. (B) Tumor burden for each mouse was quantified, and average total flux per 

group is shown. (C) Spleen weight of mice from (A) sacrificed at day 21. Each dot 

represents one recipient mouse. (D) Flow cytometric analysis of the femur bone marrow 

from (C) for the presence of tumor cells (CD19+GFP+) and T cells (CD19−19-28z/

GFP+CD4+CD8+). 19-28z expression was assessed by staining for LNGFR receptor whose 

complementary DNA (cDNA) is linked to 19-28z and is used as a detection marker. (E and 

F) Absolute numbers of tumor cells (E) and of CD19−19-28z/GFP+CD4+CD8+ T cells (F) in 

the spleens from (C) were quantified by flow cytometry with CountBright beads (n = 4). 

Error bars represent ±SEM. **P < 0.01, ***P < 0.001 by Student’s t test.
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Fig. 7. iCAR function is temporary and reversible
(A) 19-28z/Pdel or 19-28z/PD-1 iCAR-P T cells were incubated with target (T) or off-target 

(O) AAPCs for the first stimulation. After 3 or 7 days, the cells from each group were 

restimulated with either target [T→T (1) or O→T (2)] or off-target [T→O (3) or O→O (4)] 

AAPCs in a crisscross manner to analyze the effects of the first stimulation on subsequent T 

cell function. (B) Killing of target (T) or off-target (O) AAPCs at 24 hours after incubation 

with each T cell group (second stimulation) was analyzed with the Bright-Glo assay system 

(n = 3 for each condition). (C) Secretion of effector cytokines in the cell culture supernatant 

from (B) was analyzed 24 hours after the second stimulation, and interferon-γ (IFN-γ) is 

shown as a representative result (n = 3 for each condition). (D) T cell proliferation at day 7 

after the second stimulation (n = 3 for each condition). Error bars represent ±SEM. 

Statistical comparison was performed within each condition (that is, T→T Pdel versus PD-1 

iCAR-P). ***P < 0.001 by Student’s t test.
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Fig. 8. iCAR- and CAR-expressing T cells discern targets in vitro and vivo
(A) 19-28z/Pdel or 19-28z/PD-1 iCAR-P T cells were incubated with a 1:1 mix of target 

(CD19+GFP+, green) and off-target (CD19+PSMA+mCherry+, red) AAPCs, and time-lapse 

microscopy was used to visualize real-time killing of each population for 38 hours. 

Representative images are shown, and full-length movies are available in movie S1 (A and 

B). Scale bars, 0.1 mm. (B) As in (A), 19-28z/Pdel or 19-28z/PD-1 iCAR-P T cells were 

incubated with a 1:1 mix of target (CD19+) and off-target (CD19+PSMA+) AAPCs. Killing 

of each AAPC population was assessed in parallel experiments where one of each AAPC 

type was labeled with CBL (CD19+CBL+/CD19+PSMA+ mix or CD19+/

CD19+PSMA+CBL+ mix). Killing was quantified with the Bright-Glo assay system at 38 

hours (n = 3 for each condition). (C to E) NOD/SCID/γc
− mice were injected with a 1:1 

mixture of NALM/6 and NALM/6-PSMA cells and treated with 19-28z or 19-28z/PD-1 

iCAR-P T cells. (C) Upon sacrifice, the presence of the target and off-target NALM/6 cells 

in the bone marrow was analyzed by flow cytometry. (D) Ratio of target/off-target NALM/6 

cells in the bone marrow of sacrificed mice was quantified by flow cytometry. (E) Spleen 

weight of treated mice was also recorded at sacrifice. Error bars represent ±SEM. ***P < 

0.001 by Student’s t test.
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