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ABSTRACT

◥

Although clinical responses with CD19-targeting chimeric antigen receptor (CAR) T-cell treatment have been observed in patients
with certain hematologic malignancies, high rates of disease relapse
highlight the necessity to understand and improve mechanisms of
CAR T-cell failure. Because T-cell dysfunction is thought to
contribute to CAR T-cell treatment failure, understanding what
mechanisms drive T cells into this dysfunctional state may aid
optimal design of efﬁcacious CAR T cells. Dysfunctional CAR
T cells have been characterized as having upregulated inhibitory
receptors and decreased cytolytic capabilities. Previous studies have
identiﬁed a role for sustained CAR CD3z signaling in CAR T-cell

Introduction
T-cell activation depends on T-cell receptor (TCR) engagement
(signal 1), costimulation (signal 2), and inﬂammatory cytokines such
as IL12 or type I IFNs (signal 3). T cells require signal 3 cytokine
stimulation to develop optimal effector function, survival, and formation of memory T cells (1–3). T-cell dysfunction has been described
as an alteration of the activation and differentiation process. Chronic
antigen stimulation drives T cells into this dysfunctional state with
reduced antiviral or antitumor effector function (1–4). These
dysfunctional cells are characterized by overexpression and maintenance of multiple inhibitory receptors, impaired ability to produce effector cytokines, and loss of proliferative and cytotoxic
capabilities (5–11).
T lymphocytes can be modiﬁed to have antitumor speciﬁcity
through the incorporation of a chimeric antigen receptor (CAR) where
the antigen recognition domain, such as a single chain variable
fragment (scFv), is tethered to intracellular signaling domains (12–15).
Once a CAR T cell recognizes and interacts with the target antigen,
the CAR T cell becomes activated, proliferates, and lyses tumor
targets (16, 17). Although CD19-directed CAR T-cell treatment of
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dysfunction. Here, we demonstrate a mechanism that drives
dysfunction in CAR T cells through excessive costimulation. Fully
activated CD19-targeted CAR T cells were rendered dysfunctional
upon stimulation with both endogenous CD28 stimulation and
CAR-mediated CD28 costimulation. Costimulation-driven dysfunction of CAR T cells was demonstrated in a syngeneic immunocompetent mouse model, in which CAR T cells were activated
with signals 1 (CD3z), 2 (CD28), and 3 (IL12). Thus, we show that
CAR T-cell dysfunction can be driven through excessive CD28 and
4-1BB costimulation.
See related article by Drakes et al., p. 743

hematologic malignancies has induced complete remission in a majority of patients, high rates of disease relapse indicate the necessity to
enhance CAR T-cell functionality and persistence (18–23). CAR T-cell
dysfunction is one mechanism of CAR T-cell treatment failure and has
been described to be induced through the chronic phosphorylation of
the CAR CD3z domain (24–26). Upregulation of inhibitory receptors,
such as PD-1, TIM-3, and LAG-3, has been observed on CAR T cells,
suggesting that CAR T cells can be driven into a dysfunctional
phenotype upon exposure to the tumor microenvironment (27, 28).
Although dysfunction driven by chronic TCR signaling has been
previously demonstrated, the role of costimulation in T-cell dysfunction has not been established. Utilizing CAR T cells in a syngeneic
mouse model, we demonstrate that fully activated CAR T cells
receiving excessive costimulation become dysfunctional. Speciﬁcally,
although a single costimulatory signal is necessary for optimal CAR Tcell function, excessive costimulatory signaling renders CAR T cells
dysfunctional and unable to control tumor growth in vivo.

Materials and Methods
Cell lines
EL4 thymoma cells (Sigma-Aldrich, cat# 85023105-1VL) modiﬁed with truncated mouse CD19, MUC16ecto, or mCherryluciferase were maintained in RPMI 1640 medium (Gibco) supplemented with 10% heat-inactivated FBS (Atlanta Biologicals), nonessential amino acids, sodium pyruvate, HEPES, L-glutamine, penicillin/streptomycin, and 2-mercaptoethanol (Invitrogen). EL4 thymoma cells were purchased in 2017 and were maintained in culture
for approximately 2 to 3 months. Phoenix ecotropic packaging cells
(ATCC CRL-3214) were maintained in DMEM supplemented with
10% FBS, L-glutamine, and penicillin/streptomycin. Phoenix ecotropic packaging cells were kindly provided by Michel Sadelain,
Memorial Sloan Kettering Cancer Center, New York, NY, and were
maintained in culture for approximately 2 to 3 months during
experimental use. Cells were not authenticated in the past year. Cell
lines were tested for mycoplasma using Lonza MycoAlert Detection
Kit (cat# LT07-318). Murine T cells were maintained in RPMI,
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supplemented as described above, with 100 IU/mL rhIL2 (Novartis
Pharmaceuticals).
In vivo models
C57BL/6 (000664), CD28–/– (B6.129S2-CD28tm1Mak/J; 002666),
and CD80/86–/– (B6.129S4-CD80tm1ShrCd86tm2Shr/J; 003610) mice
were obtained from The Jackson laboratory. Mice were inoculated
i.v. with 1  106 EL4mCD19 or EL4(MUC16ecto) tumor cells and then
treated with 3  106 CAR T cells i.v. the following day. Ex vivo studies
were conducted on mice treated with 9  106 CAR T cells, containing a
vexGFP tag, i.v. 5 or 10 days after treatment. CAR T cells were isolated
from the bone marrow or spleen through ﬂuorescence-activated cell
sorting (FACS) detection of vexGFP tag. Isolated CAR T cells were
then cocultured at a 1:1 ratio with tumor cells expressing luciferase.
Cytotoxicity assay was then preformed as described below. Mice
preconditioned with cyclophosphamide were injected with 250 mg/kg
-3 days before inoculation with tumor cells. Mice were not pretreated
with cyclophosphamide unless otherwise noted. All animal studies
were performed according to Memorial Sloan Kettering Cancer Center
Institutional Animal Care and Use Committee–approved protocol
(00-05-065).
Construct generation
SFG-19z vector (13, 29) was modiﬁed by exchange of the antihuman CD19 scFv with a murine CD19 targeting scFv (30, 31). Mouse
CD28 transmembrane domain was fused to mouse CD3z chain and
scFv. Murine IL12 (mIL12f) fusion gene (29) was modiﬁed with
CD8 (32) leader peptide, internal ribosome entry site, and with
serine–glycine repeats between p35 and p40 chains. CAR T-cell
sequences are in Supplementary Fig. S1. mIL12f was kindly provided
by Alan Houghton and Jedd Wolchok, Memorial Sloan Kettering
Cancer Center, New York, NY (33).
Transduction of mouse T cells
Murine T cells were isolated from the spleens of euthanized
mice and enriched with nylon wool ﬁber columns (Polysciences;
ref. 32). T cells were subsequently activated with CD3/CD28
Dynabeads (Invitrogen; ratio 1:2). Retroviral transduction into
murine T cells was performed as previously described (32). Brieﬂy,
CAR transduction was achieved by spinoculating (3,200 rpm for
60 minutes) murine T cells on retronectin-coated (Takara Clontech) plates with retroviral supernatant from Phoenix packaging
cells.
Cytotoxicity assays
Cytolytic capacity of murine CAR T cells was assessed through
luciferase killing assay (34). CAR T cells were cocultured with target
cells, EL4mCD19 tumor cells that expressed mCherry ﬁreﬂyluciferase (ffLuc), at various effector-to-target ratios in a total
volume of 200 mL of cell media. Target cells alone were plated at
the same cell density to determine the maximal luciferase expression as a reference (“max signal”). Four or 24 hours later, 75 ng of
D-luciferin (Gold Biotechnology) dissolved in 5 mL of PBS was
added to each well. Bioluminescence was assessed, by Tecan Spark
microplate reader (TECAN), 4 or 24 hours after coculture. Ex vivo
cytotoxicity assays were conducted with CAR T cells isolated from
bone marrow with FACS. CAR T cells were isolated by detection of
violet-excitable GFP tag fused to the CAR with FACS Aria (BD
Biosciences) and then cocultured with EL4mCD19 tumor targets
(mCherry-ffLucþ) for 24 hours. Percent lysis was determined as [1–
(“sample signal”/“max signal”)] x 100.
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Flow cytometry analysis
Note that 10-color Gallios B43618 (Beckman Coulter) and 14-color
Attune NxT (Thermo Fisher Scientiﬁc) were used to acquire data.
Analysis was performed with FlowJo software. Cells were counted with
123count eBeads (Thermo Fisher). Expression of CAR was detected by
myc tag (9E10, Alexa Fluor 647, Thermo Fisher) or violet-excitable
GFP tag. DAPI (0.5 mg/mL, Sigma-Aldrich) or a LIVE/DEAD ﬁxable
yellow ﬂuorescent dye (Thermo Fisher) was used to exclude dead cells
in all experiments. Sorting of splenocytes after tissue processing was
done using a BD FACSAria under sterile conditions. Antibodies to the
following mouse proteins were used for ﬂow cytometry: CD3e (1452C11, eBioscience, cat# 11-0031-85), CD3 (17A2, BioLegend, cat#
100233), CD4 (GK1.5, eBioscience, cat# 48-0041-80), CD4 (RM4-5,
eBioscience, cat# 69-0042-80), CD8a (53-6.7, eBioscience, cat# 480041-80), CD19 (eBio1D3, eBioscience, cat# 48-0193-82), CD25
(PC61.5, eBioscience, cat# 25-0251-81), CD45 (30-F11, BioLegend,
cat# 103106), CD80 (16-10A1, eBioscience, cat# 46-0801), CD86 (GL1,
eBioscience, cat# 25-0862), CD223 LAG-3 (C9B7W, eBioscience, cat#
12-5956-80), CD279 PD-1 (J43, eBioscience, cat# 48-9985-82), and
TIM3 (8B.2C12, eBioscience, cat# 48-5871-80).
Cytokine analyses
A Luminex IS100 machine was used to detect cytokines with the
MILLIPLEX MAP mouse cytokine/chemokine, premixed, 10 Plex kit.
Murine T cells were cocultured with tumor targets at a 1:1 ratio for
24 hours in a 96-well round-bottom plate in 200 mL of media. The
supernatant ﬂuid was collected and analyzed for cytokines on a
Luminex IS100 instrument. Luminex FlexMap3D system and Luminex Xponent 4.2 (Millipore Corporation) were used to detect the
cytokines.
Serum T-cell analysis
Whole blood was collected from mice, and serum was prepared
by allowing the blood to clot with centrifugation at 14,000 rpm for
30 minutes at 4 C. Red blood cell lysis was achieved with an ammonium–chloride–potassium Lysing Buffer (Lonza). T cells were washed
with PBS and used for subsequent ﬂow cytometry analysis.
Quantiﬁcation and statistical analysis
All statistical analyses were performed using GraphPad Prism
software (GraphPad). Data points represent biological replicates and
are shown as the mean  SEM as indicated in the ﬁgure legends.
Statistical signiﬁcance was determined using an unpaired two-tailed
Student t test, one-way ANOVA, or two-way ANOVA as indicated in
the ﬁgure legends. The log-rank (Mantel–Cox) test was used to
determine statistical signiﬁcance for overall survival in mouse survival
experiments.

Results
CAR T cells engineered with CD28 and IL12 become
dysfunctional in vivo
To investigate the optimal T-cell activation signals for CAR T-cell
efﬁcacy, we generated CAR constructs targeting mouse CD19 (m19) to
conduct this study in a fully syngeneic mouse model. First-generation
m19z CAR T cells are composed of a CD3z signal transduction
domain (signal 1), whereas second-generation m1928z CAR T cells
include the additional CD28 costimulation signaling domain (signal 2;
Supplementary Fig. S1). m19z CAR and m1928z CAR constructs were
further modiﬁed to secrete murine IL12 a and b subunit fusion protein
(IL12f) providing signal 3 to the T cell (m19zIL12 CAR and
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m1928zIL12 CAR), which is necessary for full T-cell activation
(Fig. 1A; Supplementary Fig. S1; refs. 35–37). Gene transfer efﬁciency
of CAR constructs into mouse T cells was comparable between all
constructs (Fig. 1B). IL12 was secreted only from IL12-secreting CAR
T cells (Supplementary Fig. S2A).
To determine CAR T-cell effector function in vivo, C57BL/6 mice
were inoculated with a systemic EL4 thymoma tumor modiﬁed to
express a truncated mouse CD19 (EL4mCD19). m19z and m1928z
CAR T cells are capable of eradicating tumor in mice pretreated with
cyclophosphamide (Supplementary Fig. S2B), indicating that m19z
and m1928z CAR T cells were functional. Consistent with previously
reported ﬁndings (29), m19z and m1928z CAR T-cell–treated mice
fail to eradicate tumor without cyclophosphamide preconditioning
(Fig. 1C). m19zIL12 CAR T-cell–treated mice show enhanced survival
compared with all treatment groups indicating improved efﬁcacy with
the addition of IL12 to m19z CAR T cells (Fig. 1C). Addition of IL12 to
the m1928z CAR construct (m1928zIL12-treated mice) resulted in
decreased survival when compared with m19zIL12 CAR T-cell–
treated mice (Fig. 1C).
Before injection, m19zIL12 and m1928zIL12 CAR T cells expressed
equivalent amounts of activation marker CD25 and lysed tumor
targets with equal effectiveness in vitro (Supplementary Fig. S2C and
S2D). CAR T-cell expansion in vivo was not signiﬁcantly different
between m19zIL12- and m1928zIL12-treated mice (Fig. 1D). As
CD19-targeted CAR T cells lyse CD19þ B cells in addition to tumor
cells, B-cell aplasia can be utilized as a surrogate marker for CAR T-cell
functionality and persistence. Both IL12-secreting CAR T cells were
functional and capable of inducing relative B-cell aplasia (Fig. 1E).
Peripheral blood analysis demonstrated increased IFNg and TNFa in
both cohorts of mice treated with IL12-secreting CAR T cells (Fig. 1F).
Systemic IL12 was not detected in the peripheral blood of mice treated
with IL12-secreting CAR T cells (Supplementary Fig. S2E). These
results show that differences in trafﬁcking, proliferation, and cytokine
secretion between the types of IL12-secreting CAR T cells (m19zIL12
and m1928zIL12) did not account for differences in the enhancement
of survival of tumor-bearing mice.
We next investigated the immunophenotype of CAR T cells in vivo
(Fig. 2A; Supplementary Fig. S3A and S3B). Dysfunctional T cells can
be characterized by the overexpression and maintenance of multiple
inhibitory receptors such as PD-1, TIM-3, or LAG-3 (9–11, 38). CAR
T cells isolated from mice treated with m1928zIL12 CAR T cells
expressed increased amounts of inhibitory receptors TIM-3, LAG-3,
and PD-1 compared with those from mice treated with m19zIL12 CAR
T cells, indicating a dysfunctional phenotype in vivo (Fig. 2B; Supplementary Fig. S4A and S4B). To further assess functionality, CAR
T cells were isolated by FACS and cocultured with EL4mCD19 tumor
targets ex vivo. Although m19zIL12 CAR T cells were still capable of

lysing tumor targets, m1928zIL12 CAR T cells failed to kill tumor
targets (Fig. 2C). Taken together, these data indicate that m1928zIL12
CAR T cells become dysfunctional in vivo, whereas m19zIL12 CAR
T cells retain cytolytic function.
We next looked at the CD8þ to CD4þ ratio of the CAR T cells to
determine if the difference in inhibitory receptor expression and
cytolytic function was skewed due to differences in the CD8þ to CD4þ
ratio. Although the CD8þ to CD4þ ratio of the CAR T cells was similar
at day 0, before injection into tumor-bearing mice (Supplementary
Fig. S5A), m19zIL12 CAR T cells had a higher CD8þ to CD4þ ratio
compared with m1928zIL12 CAR T cells in vivo (Fig. 2D; Supplementary Fig. S5B). We next looked at expression of inhibitory receptors TIM-3, LAG-3, and PD-1 on CD8þ CAR T cells and observed that
m1928zIL12 CAR T cells expressed more inhibitory receptors compared with CD8þ m19zIL12 CAR T cells (Fig. 2E; Supplementary
Fig. S5C and S5D). When isolated CD8þ CAR T cells were cocultured
with EL4mCD19 tumor targets ex vivo, CD8þ m1928zIL12 CAR
T cells failed to kill tumor targets, whereas m19zIL12 CAR T cells
remained capable of lysing tumor (Fig. 2F). These data suggest that the
dysfunctional phenotype of m1928zIL12 CAR T cells is not due to the
difference in CD8þ to CD4þ ratios.
Excessive costimulation drives IL12-secreting CAR T cells into
T-cell dysfunction
Because CD19-targeted CAR T cells also recognize and lyse
CD19-expressing endogenous B cells, we hypothesized that
m1928zIL12 CAR T cells become dysfunctional due to overstimulation. To investigate how B cells could be overstimulating CD19targeted CAR T cells, we characterized the endogenous B cells and
observed that B cells in EL4 tumor–bearing mice upregulate CD80,
the CD28 ligand (Supplementary Fig. S6A). EL4 tumor cells secrete
IL4, which induces CD80 upregulation on B cells (Supplementary
Fig. S6B; ref. 39). This observation suggests that endogenous CD28
stimulation may occur when CD19-targeted CAR T cells interact
with and lyse endogenous B cells.
In conventional CAR constructs, signal 2 is coupled with signal 1
(i.e., CD28 to CD3z). We hypothesized that overstimulation and
eventual dysfunction of CAR T cells could be driven through the
endogenous CD28 receptor. To test the role of excessive CD28
stimulation in CAR T-cell dysfunction, we compared CAR T cells
generated from wild-type versus CD28–/– murine T cells (Supplementary Fig. S6C). CD28–/– CAR T cells were as effective at lysing tumor
targets as were wild-type T cells (Supplementary Fig. S6D), indicating
that loss of the endogenous CD28 receptor did not affect T-cell
cytotoxicity. In wild-type m19zIL12 CAR T cells, the CAR provides
signal 1 and 3, whereas signal 2 can be provided through the endogenous CD28 receptor. m19zIL12 CD28–/– T cells receive signals 1 and

Figure 1.
CAR T cells engineered with CD28 and IL12 fail to sustain antitumor efﬁcacy. A, Schematic representation of CAR T cells. B, Flow cytometry data demonstrating CAR
expression in mouse T cells in terms of percentage, representative ﬂow cytometry plot, and mean ﬂuorescence intensity (MFI). Data shown are the mean  SEM with a
total n of 5 per group of three independent experiments. Signiﬁcance was determined through one-way ANOVA. MFI CAR expression:  , P ¼ 0.0022, m1928z
compared with m19z;  , P ¼ 0.0005, m1928z compared with m19z12;  , P ¼ 0.0001, m1928z compared with m1928z12. C, EL4mCD19 tumor–bearing C57BL/6 mice,
not pretreated with cyclophosphamide, treated intravenously with CAR T cells. Signiﬁcance determined through log-rank Mantel–Cox test, with 95%
conﬁdence interval. Data shown are from three independent experiments (n of 9–17 per group). m19zIL12 compared with untreated  , P < 0.001; m1928zIL12
compared with untreated  , P ¼ 0.0129; m19zIL12 compared with m1928zIL12  , P ¼ 0.0033. D, CAR T-cell counts normalized to total cell count obtained from
bone marrow day 5 after treatment. CAR T cells were identiﬁed by vex-GFP tag through ﬂow cytometry. Signiﬁcance determined through one-way ANOVA.
Data shown are the mean  SEM of three independent experiments (n ¼ 4–6 mice per group). E, Peripheral blood obtained on day 7 after treatment was
assessed for B-cell aplasia by detecting CD19þCD3– cells through ﬂow cytometry. Signiﬁcance determined through one-way ANOVA. Data shown are the
mean  SEM of three independent experiments (n ¼ 9–15 mice per group). F, Serum was assessed for IFNg and TNFa through Luminex on day 7 after CAR Tcell treatment Signiﬁcance determined through one-way ANOVA. Data shown are the mean  SEM of three independent experiments (n ¼ 6–10 mice per
group). ns, not signiﬁcant.
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3 through the CAR construct (Fig. 3A). m1928zIL12 CD28–/– T cells
receive signals 1, 2, and 3 through the CAR construct. Wild-type
m1928zIL12 T cells receive an additional signal 2 though the endogenous CD28 receptor (Fig. 3A). We observed that CD28–/–
m1928zIL12 CAR T cells, in contrast to wild-type m1928zIL12 CAR
T cells, prolonged survival of EL4mCD19 tumor–bearing mice
(Fig. 3B). This result demonstrates that, in the absence of the
endogenous CD28 receptor m1928zIL12, CAR T cells can control
tumor growth and suggests that additional CD28 signaling, through
the second-generation CAR, is detrimental to CAR T-cell function.
Furthermore, treatment of mice with CD28–/– m19zIL12 CAR T
cells, in contrast to treatment with wild-type m19zIL12 CAR T cells,
failed to promote survival, indicating the necessity of signal 2 for
proper T-cell function (Fig. 3B). CD28–/– m1928zIL12 CAR T cells
displayed signiﬁcantly enhanced lysis of CD19þ tumor targets
ex vivo compared with wild-type m1928zIL12 CAR T cells
(Fig. 3C), indicating that CD28–/– m1928zIL12 CAR T cells, lacking
costimulation through the endogenous CD28 receptor, retained Tcell function in vivo.
To conﬁrm CAR T-cell dysfunction was driven through endogenous CD28 and CD80 interaction, we treated CD80/86–/– C57BL/6
mice with wild-type CAR T cells. In this model, all cells, including
B cells, are CD80/86–/– and therefore unable to stimulate the
CD28 receptor on CAR T cells. EL4 tumor cells are negative for
CD80/86. CD80/86–/– tumor–bearing mice treated with wild-type
m1928zIL12 CAR T cells displayed prolonged survival similarly to
wild-type tumor–bearing mice treated with wild-type m19zIL12
CAR T cells (Fig. 3D). When CD80/86 is not present, m1928zIL12
CAR T cells are able to control tumor. These data suggest IL12secreting CAR T cells require CD28 costimulation but also that
receiving CD28 costimulation through both the endogenous receptor and CAR construct leads to T-cell dysfunction. In other words,
either too much or too little CD28 stimulation is detrimental for
CAR T-cell function.
CAR T cells retain effector function when additional CD28
costimulation is not received
To determine if B-cell stimulation plays a role in CD19-targeted
CAR T-cell dysfunction, we engineered a model in which CAR T
cells do not target endogenous B cells. Mice inoculated with an EL4
tumor cell line expressing MUC16ecto were treated with CAR T cells
composed with the 4h11 scFv targeting MUC16ecto (40, 41), the
retained subunit of the cancer antigen 125 (CA125) commonly
overexpressed on ovarian cancer. As expected, B-cell aplasia was not
induced upon CAR T-cell treatment because 4h11-CAR T cells do
not target CD19þ B cells (Fig. 4A). In this model, 4h1128zIL12
CAR T cells eradicated tumor and prolonged mouse survival
(Fig. 4B). Increased IFNg and TNFa expression was detected in
mice treated with 4h1128zIL12 CAR T cells, indicating CAR T-cell

activation (Fig. 4C). In contrast to m1928zIL12 CAR T cells,
isolated 4h1128zIL12 CAR T cells retained functionality and were
capable of killing tumor targets ex vivo (Fig. 4D). These data, as
predicted, demonstrate that when second-generation IL12-secreting
CAR T cells are not targeted against endogenous antigens providing
additional costimulation though the native CD28 receptor, CAR T
cells do not become dysfunctional.
Excessive CD28 and 4-1BB costimulation can drive T-cell
dysfunction
To investigate if excessive costimulation-driven T-cell dysfunction
in IL12-secreting CAR T cells was speciﬁc to CD28 costimulation, we
generated IL12-secreting CAR constructs with an alternate costimulation domain (m19BBzIL12; Supplementary Fig. S1). EL4mCD19
tumor–bearing mice treated with m19BBzIL12 CAR T cells succumbed to tumor-related death similar to m1928zIL12 CAR T-cell–
treated mice (Fig. 5A). CD8þ m19BBzIL12 CAR T cells isolated day 5
after injection were not able to lyse El4mCD19 tumor ex vivo (Fig. 5B),
indicating a dysfunctional phenotype. These results suggest that
costimulation-driven T-cell dysfunction is not limited to CD28 stimulation and that culminative costimulation through multiple pathways, such as 4-1BB plus CD28, can also drive T-cell dysfunction.

Discussion
Because chronic TCR stimulation can induce T-cell dysfunction,
constitutive CAR signaling is being investigated as a mechanism of
rendering CAR T cells dysfunctional. Methods of restricting chronic
CD3z CAR signaling, such as mutating immunoreceptor tyrosinebased activation motif (ITAM) domains or inducing CAR protein
degradation, have been shown to be effective in increasing antitumor
efﬁcacy of CAR T cells (25, 31). Because our data indicate that chronic
CD28 signaling drives CAR T-cell dysfunction, attenuation of
CD28 signaling may lead to CAR T cells with increased antitumor
efﬁcacy (42). Second-generation ﬁbroblast activation protein (FAP)–
speciﬁc CAR T cells demonstrated increased antitumor efﬁcacy when
the Lck-binding domain of CD28 was deleted (42). CD19-speciﬁc CAR
T cells mutated at the YMNM domain secreted less IFNg, drove less
TCR signaling determined through Nur77 expression, and showed
increased CAR T-cell persistence in vivo (43). Thus, attenuation of
CAR CD28 signaling can prevent CAR T-cell dysfunction and improve
CAR T-cell functionality.
We further show that costimulation-driven CAR T-cell dysfunction
can be induced through 4-1BB costimulation as well as CD28 costimulation. Although differences in persistence and dysfunction have
been shown between CAR T cells containing either the 4-1BB or CD28
costimulation domain, both CAR constructs activate similar phosphoprotein signaling pathways, albeit with differing signaling strength
and kinetics (44). Here, we show that when the endogenous CD28 is

Figure 2.
CAR T cells engineered with CD28 and IL12 become dysfunctional in vivo. A, Schematic diagram of experimental setup to analyze CAR T cells. C57BL/6 mice were
inoculated with EL4mCD19 tumor day -1 and treated with CAR T cells intravenously day 0. CAR T cells were analyzed or isolated by FACS day 5 or day 10 from the bone
marrow and spleen. B, CAR T cells, day 5 after infusion, were characterized by ﬂow cytometry. Data shown are the mean  SEM of three independent experiments.
Signiﬁcance of  , P ¼ 0.0146 was determined by unpaired t test (n ¼ 14–15 per group). C, CAR T cells were isolated by FACS from the bone marrow, cocultured with
EL4mCD19 tumor targets, and then assessed for cytotoxicity 24 hours later, using a luciferase killing assay. Data shown are the mean  SEM of three independent
experiments. Signiﬁcance of  , P ¼ 0.0014 was determined by unpaired t test (n ¼ 7–8 per group). D, CAR T cells, day 5 after infusion, were characterized by ﬂow
cytometry. Data shown are the mean  SEM of three independent experiments. Signiﬁcance of  , P < 0.0001 was determined by unpaired t test (n ¼ 13–14 per group).
E, CD8þ CAR T cells, day 5 after infusion, were characterized by ﬂow cytometry. Data shown are the mean  SEM of three independent experiments. Signiﬁcance of

, P ¼ 0.0301 was determined by unpaired t test (n ¼ 14–15 per group). F, CAR T cells were isolated by FACS from the bone marrow, selected for CD8þ T cells,
cocultured with EL4mCD19 tumor targets, and then assessed for cytotoxicity 24 hours later, using a luciferase killing assay. Data shown are mean  SEM of three
independent experiments. Signiﬁcance of  , P ¼ 0.0155 was determined by one-way ANOVA (n ¼ 6 per group).
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Figure 3.
Excessive costimulation drives IL12-secreting CAR T cells into dysfunction. A, Schematic diagram of experimental setup. When endogenous CD28 is knocked out,
m19zIL12 CAR T cells can receive only signals 1 and 3, whereas m1928zIL12 CAR T cells receive signals 1, 2, and 3. B, EL4mCD19 tumor–bearing C57BL/6 mice, not
pretreated with cyclophosphamide, treated with CD28–/– or wild-type CAR T cells. Data were obtained from three independent experiments, and signiﬁcance was
determined through log-rank Mantel–Cox test, with 95% conﬁdence interval (n ¼ 10–15 mice per group). CD28–/– m19zIL12 compared with m19zIL12  , P < 0.0001;
CD28–/– m1928zIL12 compared with m1928zIL12  , P ¼ 0.0180; CD28–/– m19zIL12 compared with CD28–/– m1928zIL12  , P ¼ 0.0019; m19zIL12 compared with
m1928zIL12  , P ¼ 0.0100; and CD28–/– m1928zIL12 compared with m19zIL12 “ns.” C, Five days after treatment, CAR T cells were ﬂow sorted from the bone marrow,
cocultured with EL4mCD19 tumor targets, and then assessed for cytotoxicity 24 hours later, using a luciferase killing assay. Data shown are the mean  SEM of two
independent experiments. Signiﬁcance of  , P ¼ 0.0417 was determined by unpaired t test (n ¼ 8 per group). D, CD80/86 –/– C57BL/6 mice were injected
intravenously with EL4mCD19 tumor and treated with CAR T cells 1 day later. Data were obtained from two independent experiments, and signiﬁcance was
determined through log-rank Mantel–Cox test, with 95% conﬁdence interval (n ¼ 2–8 mice per group). ns, not signiﬁcant.

738 Cancer Immunol Res; 8(6) June 2020

CANCER IMMUNOLOGY RESEARCH

Downloaded from cancerimmunolres.aacrjournals.org on January 28, 2021. © 2020 American Association for Cancer Research.

Published OnlineFirst March 25, 2020; DOI: 10.1158/2326-6066.CIR-19-0908

Costimulation-Driven Dysfunction of CAR T Cells

A

B

B-cell aplasia

6
+
3 × 10 CAR

1 × 106 EL4muc16

Day -1

Day 0

1 × 106 EL4muc16

3 × 106 CAR

+

Day -1

Day 7

100

Day 0

100

80

Survival (%)

CD19+;CD3− (%)

ns

60
40

Untreated (n = 5)
4h1128ζIL12 (n = 10) *

50

20

0

0
4h1128ζIL12

Untreated

0

50

100

Time (days)

C
6

D

Peripheral
blood serum

+
3 × 106 CAR

1 × 10 EL4muc16

1 × 10 EL4m19
6

9 × 10 CAR
6

Day 0

Day 7

Serum cytokine levels
50

800

200

30

30
20
10
0

0
4h1128ζIL12

Untreated

*

*

m1928ζIL12

4h1128ζIL12

40

Tumor lysis (%)

TNF (pg/mL)

IFN (pg/mL)

400

ns

*

*
600

Day 5

Day 0

Day -1
Day -1

Ex-Vivo killing
assay

+

20

10

0
4h1128ζIL12

Untreated

m19ζIL12

Figure 4.
CAR T cells retain effector function when additional CD28 costimulation is not received. A, Peripheral blood was assessed for B-cell aplasia by detecting CD19þCD3–
cells through ﬂow cytometry. Relative B-cell aplasia was not observed as CAR T cells were targeted toward MUC16ecto (ns by unpaired t test). Data shown are mean 
SEM of three independent experiments (n ¼ 5–8 per group). B, C57BL/6 mice were injected intravenously with EL4(MUC16ecto) tumor cells and then treated with CAR
T cells 1 day later. The percentage of survival is indicated. Data were obtained from two independent experiments, and the signiﬁcance of  , P ≤ 0.0001 was
determined through log-rank Mantel–Cox test, with 95% conﬁdence interval (n ¼ 5–10 mice per group). C, C57BL/6 mice were injected intravenously with EL4
(MUC16ecto) tumor cells and treated with CAR T cells 1 day later. Seven days later, IFNg and TNFa cytokine concentrations in the peripheral blood were measured.
Signiﬁcance determined through one-way ANOVA (n ¼ 2–5 mice per group). Data shown are the mean  SEM of two independent experiments. D, CAR T cells were
isolated by FACS from the bone marrow, cocultured with EL4 (MUC16ecto; luciferase) tumor targets, and then assessed for cytotoxicity 24 hours later, using a
luciferase killing assay. Data shown are mean  SEM of two independent experiments. Signiﬁcance of  , P ¼ 0.0351 was determined by unpaired t test (n ¼ 5–6 per
group). ns, not signiﬁcant.

stimulated in the context of IL12, CAR T-cell dysfunction can be driven
through either the CAR 4-1BB or CAR CD28 domains. Thus, costimulation-driven dysfunction is not speciﬁc to CD28 costimulation.
CARs have increased afﬁnity toward target antigens due to the
antibody-based scFv when compared with the binding of the native
TCR to a peptide–MHC complex. Comparison of a native ab TCR
with a TCR-like antibody speciﬁc to the same target demonstrated that
CAR T cells based on a native low-afﬁnity ab TCR maintained
antitumor cytotoxic function, whereas CAR T cells based on the
high-afﬁnity TCR-like antibody exhibited decreased cytotoxic function (45). It is possible the CAR CD28 signaling kinetics result in excess
CD28 signal transduction that when combined with the native endogenous CD28 signaling pushes the m1928zIL12 CAR T cells into a
dysfunctional state. Future experiments need to be conducted to
investigate the signaling kinetics of the endogenous CD28 receptor
compared with the CAR-mediated CD28 signaling domain.

AACRJournals.org

Previous work has demonstrated that in an EL4 tumor–bearing
syngeneic mouse model, CAR secretion of IL12 was necessary for
antitumor efﬁcacy when mice were not preconditioned with cyclophosphamide (29). CAR T-cell dysfunction was not observed when a
CD19-speciﬁc second-generation IL18-secreting CAR T cell was used
to treat EL4 tumor–bearing immunocompetent mice (46). IL18 has
not been known to provide activation signal 3 to T cells. This result
implies that excessive costimulation drives CAR T-cell dysfunction
only when CAR T cells are fully activated with all three T-cell
activation signals, including IL12 (signal 3) cytokine stimulation.
Further experiments need to be conducted to determine the role of
IL12 in excessive costimulation-driven dysfunction of CAR T cells.
Further analysis of this work in human T cells would be necessary to
determine if excessive CD28 costimulation drives dysfunction of
human CAR T cells. Although we were able to demonstrate costimulation-driven dysfunction in a syngeneic mouse model, further
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investigation of the mechanisms of how CAR T-cell dysfunction is
induced in patients treated with CD19 targeted CAR T cells is
necessary to determine if costimulation driven dysfunction is a factor
in CAR T-cell treatment failure.
More costimulation is thought to enhance antitumor efﬁcacy.
Herein, we demonstrate that too much or too little costimulation can
both be deleterious to in vivo CAR T-cell antitumor function. Within
this “goldilocks” principle of T-cell costimulation, our data support
further investigation into optimizing CAR T-cell in vivo costimulation.
Here, we provide evidence demonstrating that excessive costimulation
drives T-cell dysfunction in adoptively transferred tumor-targeting
T cells. CAR T cells need a balance of T-cell activation signals for
effective antitumor function. CAR T cells must be designed to
reﬂect this balance. Previous reports have suggested that too much
CD3z signaling can render a CAR T cell dysfunctional and have
suggested that the dampening of CAR CD3z signaling can improve
CAR T-cell efﬁcacy (25). Our results extend these ﬁndings by
demonstrating that too much costimulation will also lead to CAR
T-cell dysfunction. This report describes a mechanism of inducing
CAR T-cell dysfunction that can be exploited in the design of future
CAR T-cell therapies to prevent CAR T-cell dysfunction and
improve the efﬁcacy of CAR therapies.
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