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IL12 integrated into the CAR exodomain converts
CD8+ T cells to poly-functional NK-like cells
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Chimeric antigen receptor (CAR)-redirected T cell therapy often
fails to control tumors in the long term due to selecting cancer
cells that downregulated or lost CAR targeted antigen. To repro-
gram the functional capacities specifically of engineered CAR
T cells, we inserted IL12 into the extracellular moiety of a
CD28-z CAR; both the CAR endodomain and IL12 were func-
tionally active, as indicated by antigen-redirected effector func-
tions and STAT4 phosphorylation, respectively. The IL12-CAR
reprogrammed CD8+ T cells toward a so far not recognized nat-
ural killer (NK) cell-like signature and a CD94+CD56+

CD62Lhigh phenotype closely similar, but not identical, to NK
and cytokine induced killer (CIK) cells. In contrast to conven-
tional CAR T cells, IL12-CAR T cells acquired antigen-indepen-
dent, human leukocyte antigen E (HLA-E) restricted cytotoxic
capacities eliminating antigen-negative cancer cells in addition
to eliminating cancer cells with CAR cognate antigen. Simulta-
neous signaling through both the CAR endodomain and IL12
were required for inducing maximal NK-like cytotoxicity; add-
ing IL12 to conventional CAR T cells was not sufficient. Anti-
gen-negative tumors were attacked by IL12-CAR T cells, but
not by conventional CART cells. Overall, we present a prototype
of a new family of CARs that augments tumor recognition and
elimination through expanded functional capacities by an
appropriate cytokine integrated into the CAR exodomain.
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INTRODUCTION
Chimeric antigen receptor (CAR)-engineered T cells showed spectac-
ular efficacy in the treatment of hematologic malignancies by
recognizing tumor cells with pre-defined antibody specificity. Downre-
gulating or losing antigen expression, however, is the Achilles heel of
CAR-redirected therapy, resulting in tumor relapse by antigen-loss can-
cer cells as seen by the increasing number of CD19-negative relapses
after treatment with CD19 CAR T cells.1 Moreover, primarily anti-
gen-heterogeneous tumors are hard to treat by CAR T cells, as is
frequently the case in solid cancers.2 The situation can be addressed
by natural killer (NK) cells or cytokine-induced killer (CIK) cells that
eliminate those antigen-negative cancer cells invisible to CAR T cells.
Molec
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To attract and activate innate effector cells into the tumor lesion, we
and others developed the TRUCK strategy (T cells redirected for anti-
gen-unrestricted cytokine-initiated killing) to deliver transgenic IL12
to the targeted tumor tissue by IL12 secreting CAR T cells.3,4 Thereby
IL12 accumulates specifically in the tumor tissue where it fulfills multi-
ple functions, including counteracting suppression by the tumor
stroma,5,6 converting Treg cells to pro-inflammatory cells with IFN-g
release,7 and augmenting a Tc17 anti-tumor immune response.8

Accordingly, engineered IL12 release combined with CAR T cell ther-
apy3,9 improved host immunity against tumors.10 Locally deposited
IL12 is superior over systemic IL12 release due to far less toxicity, like
vascular damage or cytokine release syndrome,11–13 and due to attract-
ing innate cells to the tumor tissue with fewer systemic effects.

We used IL12 in order to reprogram the functional capacities of the
CAR T cell itself without releasing IL12 into the environment. Tech-
nically, we inserted a functionally active, single-chain p40-p35 variant
of IL12 into the extracellular moiety of the CAR while the CAR re-
mains capable of binding cognate antigen through the scFv and of
signaling through the CAR intracellular domains upon antigen
engagement. Strikingly, engineering with the IL12-CAR converted
cytotoxic T cells toward a CD8+CD56+CD62Lhigh phenotype, down-
regulated Th2 genes, and upregulated NK and CIK cell-associated
genes compared with conventional CAR T cells. Functionally, IL12-
CAR T cells gained antigen-independent lytic activities in addition
to antigen-dependent cytolysis, making antigen-heterogeneous
tumors accessible to an IL12-CAR T cell attack. By concept, IL12-
CAR is the first prototype of a hybrid receptor that specifically
combines the antigen-redirected activity of a CAR with the T cell
maturating activity of a cytokine to tune the T cell function toward
eradicating antigen-heterogeneous tumors.
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Figure 1. T cells with IL12-CAR executed their cytolytic

functions in an antigen-dependent fashion

(A–C) (A) Schematic representation of the IL12-CAR. scFv,

binding domain; hi, human IgG1 hinge; IL12, (p40-p35) IL12;

IgG1-Fc, IgG1 CH2-CH3; CD28, transmembrane and

intracellular domains without the lck binding motif; CD3z,

intracellular domain of CD3z. The IL12 domain is of murine

origin and binds to the human IL12 receptor; all other CAR

domains are of human origin. IL12-CAR T cells with speci-

ficity for CEA (B) and Muc1 (C) or non-modified T cells (w/o)

for control (0.31–5 � 104 cells/well) were co-cultivated for

48 h in 96 micro-test plates with CEA+Muc1- LS174T, CEA�

Colo320 andMuc1+MCF7 tumor cells (each 2.5� 104 cells/

well), respectively. Viability of tumor cells was determined by

the XTT assay and specific cytotoxicity was calculated.

Numbers represent the mean values of technical

replicates ±SD. Data from a typical experiment out of three

are shown.
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RESULTS
We wanted to combine the activity of IL12 with the antigen-redir-
ected activity of a CAR in one hybrid molecule for display on the
T cell surface. Therefore, we inserted the p40-p35 single-chain variant
of murine IL12, flanked by a flexible linker, into the CAR exodomain
between the scFv and the IgG spacer (Figure 1A); the other CAR do-
mains are of human origin. The CD28 signaling endodomain is modi-
fied to prevent lymphocyte-specific protein tyrosine kinase (LCK)
binding and thereby finally LCK activation induced IL2 release.14 Af-
ter transduction, IL12-hybrid CARs were expressed on the T cell
surface as detected by flow cytometry (Figure S1A). The transduction
efficiency for the hybrid CAR was within the same range as for the
conventional CAR without IL12; however, the IL12-CAR levels on
the cell surface were lower (Figure S1B).

To test for CAR-mediated T cell activation, we recorded the cytotoxic
activity toward cognate target cells using an anti-Muc1 CAR and an
594 Molecular Therapy Vol. 30 No 2 February 2022
anti-carcinoembryonic antigen (CEA) CAR as ex-
amples. As summarized in Figure 1B, T cells with
anti-Muc1 CAR and integrated IL12 eliminated
Muc1+ MCF7 breast cancer cells. Notably, the
weak activity of anti-Muc1 IL12-CAR T cells was
improved compared with conventional anti-
Muc1 CAR T cells without IL12, which becomes
visible at lower effector to target cell ratios. The
specific cytolytic activity of the strong anti-CEA
CAR T cells against CEA+ LS174T cells was
conserved by the IL12-CAR. Data indicate that
IL12 integrated into the CAR enhanced the cyto-
toxic activity of a weak CAR and conserved anti-
gen specificity as defined by the CAR binding
domain.

To test for the activity of IL12 when incorporated
into the CAR, we determined phospho-STAT4
(pSTAT4) levels15 in engineered T cells. As summarized in Figure 2A,
the amount of pSTAT4 was significantly enhanced in IL12-CAR
T cells compared with conventional CAR T cells, indicating that
IL12 integrated into the CAR exodomain is functional. Noteworthy,
increase in pSTAT4 did not require CAR engagement of antigen,
indicating constitutively active IL12 in this context.

IL12 signaling is known to enhance IFN-g secretion by T cells.16

Accordingly, we detected higher IFN-g levels upon co-incubating
anti-CEA IL12-CAR T cells with CEA+ tumor cells compared with
CAR T cells without IL12, also indicating functional activity of IL12
(Figures 2B and S2). IFN-g secretion was also increased in the pres-
ence of CEA� Colo320 target cells and in absence of target cells, indi-
cating spontaneous IFN-g release in an antigen-independent fashion,
although at lower levels. Taken together, the IL12-CAR induced
signaling through the IL12 receptor pathway resulted in pSTAT4 in-
crease and increase in the pro-inflammatory effector cytokine IFN-g



Figure 2. IL12 in the CAR exodomain was functional,

resulting in differentially expressed proteins in IL12-

CAR T cells versus CAR T cells

(A) Flow cytometric analysis of phosphorylated STAT4

(pSTAT4) in conventional and IL12-CAR T cells. Repre-

sentative pSTAT4 histograms of engineered T cells and

mean values ±SD of three donor T cells engineered with

the respective CAR are shown. Statistical significance was

calculated by Student’s t test. *p < 0.05. MFI, mean fluo-

rescence intensity. (B) T cells with IL12-CAR and con-

ventional CAR, respectively, were cultivated for 7 days and

analyzed for several signature markers by flow cytometry

and ELISA. For flow cytometric analysis, gates were set on

CAR+ T cells and numbers of CAR T cells with expression

of the respective markers were determined. CAR T cells

were stained for CD56, CCR1, and CD94 expression. CAR

T cells (5 � 104 cells/well) were further stimulated through

CD3/CD28 for 72 h with agonistic anti-CD3 and anti-CD28

mAbs (1 mg/mL each), respectively, and recorded for

intracellular IL5 and surface TGFb by flow cytometry. Su-

pernatants were analyzed for IFN-g by ELISA. CAR T cells

were stained for CAR, CD8, CD56, CD62L, and CD94.

Data represent mean values ±SD of three to five different

donors. Statistical differences were determined by Stu-

dent’s t test.
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independently of CAR engagement of antigen. Moreover, IL12
signaling improved CAR-mediated T cell activation through the
CD28-CD3z endodomain.

We addressed whether the IL12-CAR altered the phenotype of engi-
neered T cells and released functionally relevant factors compared
with the CAR without IL12 (Figure 2B). In particular, IL12-CAR
T cells upregulated IFN-g secretion and expression of NK cell-associ-
ated receptors like CD56 and CD94, whereas immune repressive
proteins like IL5 andTGF-b1were downregulated comparedwith con-
ventional CART cells. In the IL12-CART cell population, the numbers
of cells with CD8+CD56+ and CD56+CD94+ phenotype were highly
upregulated. IL12-CAR T cells developed predominantly a CD8+

CD56+CD62Lhigh phenotype, whereas conventional CD8+CD56+

CAR T cells were rather CD62Llow (Figures 2B and S3).

To address whether the altered phenotype goes along with a global
change in gene expression pattern, T cells engineered with the respec-
tive CAR were subjected to differential expression analyses. Sorted
CAR T cells were stimulated with a CAR-specific anti-idiotypic anti-
body as surrogate antigen. Differential gene expression analyses re-
vealed 152 genes up- and 108 genes downregulated in IL12-CAR
Mole
T cells compared with conventional CAR T cells
stimulated by antigen under the same conditions
(Figure 3). In IL12-CAR T cells, genes associated
with cytokine-mediated signaling pathways
(Gene Ontology [GO]: 0019221), i.e., Th2 cyto-
kines and immune repression cytokines like
TGF-b1, were downregulated. In contrast, genes
defining NK cell-mediated immunity (GO: 0002228), cellular defense
response (GO: 0006968), and leukocyte chemotaxis (GO: 30595)
were highly upregulated. IL-10 was also upregulated as a known result
of active IL12 signaling.17

Taken together, IL12 integrated into the IL12-CAR was functional in
converting the gene expression profile toward cytotoxic cells that are
characterized by high levels of CD56, and of NK cell activating and in-
hibiting receptors including CD94, Ksp37 (FGFBP2), and granulysin,
all indicative of highly cytotoxicT cells.18,19 In contrast, immune-modu-
lating and inhibiting factors like IL5 and TGF-b1 were downregulated.
Taken together, gene expression profiling implied a novel phenotype of
NK-like T cells induced upon signaling through the IL12-CAR. The
CD8+CD56+CD62Lhigh phenotype of IL12-CAR T cells resembled,
although was not identical to, CIK cells,20,21 the recently described
poly-functional NK cells,22 and anti-microbial cytotoxic T cells.23

CD94/NKG2Awas highly upregulated in IL12-CAR T cells compared
with conventional CAR T cells (Figure 4A). To test whether IL12-
CAR T cells gained poly-functional capacities like NK cells, we as-
sayed for antigen-independent cytotoxicity against a variety of cancer
cells. T cells engineered with the anti-CEA IL12-CAR, and for
cular Therapy Vol. 30 No 2 February 2022 595
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Figure 3. CAR-stimulated IL12-CAR T cells showed upregulated NK and downregulated Th2-associated genes compared with conventional CAR T cells

(A and B) T cells engineered with IL12-CAR or conventional CAR, both with the same specificity for CEA, were cultured for 7 days and flow sorted. Cells were stimulated for

48 h through their CAR by incubating in microtest-plates coated with the CAR-specific anti-idiotypic antibody BW2064 as surrogate antigen. RNA was extracted and labeled

using the Affymetrix WTPLus reagent and probed using the Clariom S Human Array. Raw array data were processed using the Affymetrix Expression Console software. CEL

files containing feature intensity values were converted into summarized expression values using RMA, which consists of background adjustment, quantile normalization, and

summarization across all chips. (A) Expression data [log(2)] of CAR T cells from three different donors were generated and mean values with differential expression ofR2.5

times determined. Statistical analysis was performed by ANOVA and values with p < 0.05 were included in further analyses. Differentially expressed genes, i.e., >4-fold and

<5-fold, respectively, were depicted. Numbers represent mean values of x-fold differences. (B) Differentially expressed gene sets were subjected to GO analysis. X-fold

enrichment (red bars) and x-fold depletion (green bars) of gene sets are depicted. Open bars represent p values of differentially regulated gene sets.

Molecular Therapy
comparison T cells with the conventional anti-CEA CAR without
IL12, were co-incubated with CEA+ and CEA� cancer cell lines,
healthy fibroblasts, and autologous B cells, respectively (Figure 4B).
IL12-CAR T cells with anti-CEA CAR lysed CEA+ cancer cells and
also CEA� Daudi, Skov3, and Ovcar3 cancer cells in a CEA anti-
gen-independent fashion. However, the cytotoxicity was restricted
to susceptible cancer cells because human healthy fibroblasts and
autologous B cells were not lysed. In contrast, the cytotoxic activity
596 Molecular Therapy Vol. 30 No 2 February 2022
of conventional anti-CEA CAR T cells was specifically restricted to
CEA+ cancer cells.

Since CD94/NKG2A was highly upregulated in IL12-CAR T cells, and
not in conventional CAR T cells, we assumed that CD94 is involved in
antigen-independent killing. Human leukocyte antigen E (HLA-E) can
protect target cells from lysis by CD94/NKG2A-expressing NK cell
clones24; we therefore recorded killing of Daudi cells that are deficient



Figure 4. IL12-CAR T cells exhibited HLA-E-

restricted NK-like cytotoxicity against tumor cells

(A) T cells were engineered with a conventional CAR or

IL12-CAR, each with specificity for CEA. CAR T cells were

detected by the anti-IgG1 antibody that binds to the

common extracellular spacer, gated and analyzed 4 and

7 days post transduction for CD94 and CD56 expression,

respectively. Histograms of a typical experiment are

shown. (B) T cells were engineered with anti-CEA and anti-

CEA IL12-CAR, respectively, and co-cultivated for 48 h

with cancer cell lines, healthy human fibroblasts or autol-

ogous B cells at an (E)T ratio of 1:1. (C) Anti-CEA IL12-CAR

T cells (2� 104 T cells/well) were co-cultivated for 48 hwith

CEA� Skov3 tumor cells (2 � 104/well) that were pre-

treated for 30min with the anti-HLA-E antibody 3D12 or an

isotype control mAb (each 5 mg/mL). Viability of tumor cells

was determined by the XTT assay and specific cytotoxicity

was calculated. For recording B cell lysis, cells were

labeled with an anti-CD19 mAb and 7-AAD, respectively,

and numbers of dead B cells were determined by flow

cytometry. Numbers represent mean values of technical

replicates ±SD. Representative data of two to four inde-

pendent experiments are shown. Statistical analyses were

performed using Student’s t test. *p < 0.05, **p < 0.01,

***p < 0.001.
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in HLA-E25 and sensitive to killing by activated NK cells. As shown in
Figure 4B, Daudi cells were eliminated by IL12-CAR T cells but not by
conventional CAR T cells. Also, Skov3 ovarian cancer cells were sus-
ceptible to IL12-CAR T cell killing, as they were to NK cell killing.26

Since Skov3 cells express someHLA-E on the cell surface,27,28 we asked
whether Skov3 killing by IL12-CAR T cells can be further enhanced by
Mole
blocking CD94/NKG2A binding by the anti-
HLA-E antibody 3D12. As shown in Figure 4C,
HLA-E blocking substantially improved lysis of
CEA-negative Skov3 tumor cells by IL12-CAR
T cells, which was not the case for conventional
CAR T cells, again indicating a strong NK-like
activity of IL12-CART cells. NK cell-like cytotox-
icity was not restricted to CEA-specific IL12-
CAR T cells because IL12-CAR T cells with
specificity for Muc-1 also upregulated CD94
and CD56 and also lysed Daudi cells in an anti-
gen-independent fashion (Figure S4). Taken
together, we concluded that IL12-CAR T cells
acquired antigen-independent, NK-like cytotox-
icity toward cancer cells that was mediated, at
least in part, by CD94.

We asked whether IL12 within the CAR exodo-
main acts in cis only on the CAR T cell or also in
trans on CAR-negative T cells within the same
culture. We propagated IL12-CAR-engineered
T cells along with CAR-negative T cells for
5 days to allow potential cross-activation and
sorted CAR+ and CAR� T cells to test for their cytotoxicity against
CEA+ LS174T and CEA� Daudi tumor cells (Figure 5). Only CD8+

T cells expressing the IL12-CAR exhibited antigen-independent cyto-
toxicity against Daudi cells; T cells without CAR from the same cul-
ture did not, indicating that the IL12-CAR predominantly acts in cis
on the CAR T cell itself. CD4+ T cells with IL12-CAR did not induce
cular Therapy Vol. 30 No 2 February 2022 597
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Figure 5. NK-like cytotoxicity of IL12-CAR T cells

was mediated by CD8 + CAR + T cells

(A) T cells were engineered with conventional and IL12-

CAR, both with specificity for CEA, propagated for 5 days,

and sorted into CD4+ and CD8+ cell populations with and

without the respective CAR. (B) Sorted T cell subsets were

co-cultivated (2 � 104 cells/well) with CEA+ LS174T or

CEA� Daudi cells (each 2 � 104 cells/well) for 48 h.

Viability of tumor cells was determined by the XTT assay

and specific cytotoxicity was calculated. Numbers repre-

sent mean values of technical replicates ±SD. Represen-

tative data of two independent experiments are shown.

Statistical differences were calculated using the Student’s

t test.
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Daudi killing, moreover indicating that CD8+ T cells and not CD4+

T cells gain the NK-like activity through the IL12-CAR.

We assumed that repetitive stimulation with antigen differentially af-
fects T cell maturation and target cell recognition dependent on the
CAR. T cells were engineered with the conventional anti-CEA CAR
and the anti-CEA IL12-CAR, respectively, and propagated in pres-
ence of IL2 or the agonistic anti-idiotypic antibody BW2064 as surro-
gate antigen for the CAR. As summarized in Figure 6A, IL12-CAR
T cells rapidly upregulated CD94 followed by a CD56+CD62Lhigh

phenotype. Noteworthy, T cells with conventional CAR did not
display these changes in phenotype upon repetitive antigen stimula-
tion. Also noteworthy, IL2 stimulation did not increase CD94+

CAR T cells, while stimulation through the IL12-CAR did.

Prolonged IL12-CAR stimulation by antigen engagement also
affected the cytolytic capacity. Upon stimulation by antigen for
7 days, IL12-CAR T cells still retained their specific cytotoxicity
against CEA+ LS174T cells on nearly the same level and without
drop in their NK-like cytotoxicity against CEA-negative Skov3 cells
(Figure 6B). In contrast, cytotoxicity mediated by the conventional
anti-CEA CAR declined upon prolonged antigen or IL12 stimulation,
demonstrating beneficial capacities of IL12-CAR T cells.

We addressed whether the antigen-independent cytotoxicity of IL12-
CAR T cells toward CEA� cancer cells requires the CAR endodomains.
598 Molecular Therapy Vol. 30 No 2 February 2022
We therefore generated IL12-CAR variants with
deleted CD28-CD3z or CD3z signaling endodo-
mains leaving IL12 in the exodomain (Figure 7A).
As summarized in Figure 7B, deletion of theCD3z
domain reduced antigen-independent killing of
CEA� Skov3 cells; deletion of both CD28 and
CD3z endodomainsdid not further reducekilling.
For comparison, antigen-redirected killing of
CEA+ LS174 cells was completely abrogated
upon deletion of the CAR CD3z endodomain, as
expected. IFN-g release, indicating CD3z-medi-
ated T cell activation, was abolished upon deleting
the CD3z endodomain in both the conventional
CAR and the IL12-CAR. We concluded that both IL12 and CD3z
were required for inducing antigen-independent, NK-like cytotoxicity.

To test whether IL12 is capable of converting conventional CAR
T cells toward antigen-independent killing, we added IL12 and
BW2064 anti-idiotypic antibody as surrogate CAR antigen to CAR
T cells and IL12-CAR T cells, respectively, co-cultured with CEA�

Skov3 cells. CAR engagement of antigen in the presence of added
IL12 induced cytotoxic activity of conventional CAR T cells against
CEA� Skov3 cells in a similar fashion as obtained by the IL12-CAR
(Figure 7C). Addition of IL12 or of antigen alone to conventional
CAR T cells was not sufficient. Data extend our conclusion that
both IL12 and CAR signaling are required and sufficient for inducing
NK-like activities. Noteworthy, addition of CAR cognate antigen and
addition of IL12 did not further enhance antigen-independent cyto-
toxicity of IL12-CAR T cells, implying that the IL12-CAR itself
without antigen engagement mediated combined IL12 and CD3z
signaling that was sufficient for acquiring NK-like reactivity.

The IL12-CAR also mediates antigen-redirected killing through target
recognition through the scFv domain since adding the anti-idiotypic
antibody BW2064, which binds to the CAR scFv-binding domain, spe-
cifically blocked lysis of CEA+ LS174T cells; the same data were ob-
tained with the conventional CAR T cells. Addition of IL12 to CAR
T cells did not restore the antigen-specific lysis of CEA+ LS174 cells
in the presence of the anti-idiotypic antibody. Noteworthy, killing of



Figure 6. CAR stimulation induced NK-like differentiation and conserved CAR-specific cytotoxicity of IL12-CAR T cells

(A) T cells were engineered with the IL12-CAR and conventional CAR, respectively, both with the same specificity for CEA. After engraftment (day 0) cells were further

stimulated in presence of IL2 (50 U/mL) or the CAR-specific anti-idiotypic antibody BW2064 (2 mg/mL) as surrogate antigen. Cells were analyzed for the indicated markers by

flow cytometry. Numbers represent mean values of three to five different donors ±SD. Significant differences were calculated by Student’s t test. **p < 0.01; *p < 0.05. (B)

CAR T cells were tested for CAR-specific and NK-like cytotoxicity before (day 0) and after CAR-specific stimulation through an anti-idiotypic antibody at day 2 and day 4. CAR

T cells were co-cultivated (2 � 104 cells/well) at day 0 or day 7 with CEA+ LS174T or CEA� Skov3 tumor cells (each 2 � 104 cells/well) for 48 h. To remove remaining CAR-

specific anti-idiotypic antibody from day 7 cultures, CAR T cells were washed extensively before co-cultivation with target cells. Viability of tumor cells was determined by the

XTT assay and specific cytotoxicity was calculated. Numbers represent mean values of technical replicates ±SD. Representative data of two independent experiments are

shown. Statistical differences were calculated using Student’s t test. n.s., not significant.
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CEA� Skov3 cells by IL12-CAR T cells was not blocked by the anti-id-
iotypic antibody,moreover indicating that the NK-like activity of IL12-
CAR T cells was not mediated by CAR-mediated target recognition.

In accordance with our conclusion, the IL12-CAR induced strong up-
regulation of CD94/NKG2 that is far less the case for conventional
CAR T cells or IL12-CAR T cells lacking the signaling endodomain
(Figure 7D). Data indicate that strong CD94 upregulation also
required both IL12 and CD3z of the CAR, which is in accordance
with our conclusion that both are required to induce antigen-inde-
pendent killing by IL12-CAR T cells.

We asked whether the antigen-independent cytotoxic activity of IL12-
CART cells is capable of counteracting progression of CEA� Skov3 tu-
mors. Rag2�/� cg�/- mice were subcutaneously (s.c.) inoculated with
Skov3 cells and established tumors were treated by intravenous (i.v.)
injection of T cells with IL12-CAR or conventional CAR, both with
specificity for CEA. As summarized in Figure 8, only IL12-CAR
T cells reduced Skov3 tumor growth, whereas T cells with conventional
anti-CEA CAR and without CAR did not. Data demonstrate the poly-
functional NK-like activity of IL12-CAR T cells in eliminating trans-
planted tumors lacking the CAR cognate antigen, which makes the
IL12-CAR superior to a conventional antigen-dependent CAR.

DISCUSSION
IL12 has the capacity to take the key role in boosting T cell therapy of
cancer due to orchestrating the Th1 response and activating cytolytic
CD8+ T and NK cells.29 To take advantage of the favorite properties
Molecular Therapy Vol. 30 No 2 February 2022 599
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Figure 7. Conversion to NK-like poly-functional T cells required both IL12 and CD3z CAR endodomain

(A) Schematic representation of the IL12-CAR constructs with deletions of the CD3z and/or CD28-CD3z endodomains. TM, transmembrane domain. (B) CAR T cells were

cultured for 4 days, flow sorted, and co-cultured for 48 h in 96-well micro-test plates with CEA+ LS174T or CEA� Skov3 tumor cells (each 2� 104 cells/well). Viability of tumor

cells was determined by the XTT assay and specific cytotoxicity was calculated. IFN-g in the supernatant was determined by ELISA. Numbers represent mean values of

technical replicates ±SD. Statistical differences were determined by Student’s t test (***p < 0.005; **p < 0.01; *p < 0.05; n.s., not significant). Representative data of two

independent experiments are shown. (C) Acquisition of NK-like cytotoxicity by CAR T cells requires both IL12 and CAR signaling. T cells were engineered with the con-

ventional CAR and IL12-CAR, respectively, and co-cultivated for 48 h with CEA� Skov3 or CEA+ LS174T tumor cells (each 2� 104 cells/well) in presence or absence of the

(legend continued on next page)
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and to combine them with antigen-targeting receptors, we integrated
p40-p35 IL12 into the CAR exodomain resulting in a composite IL12
cytokine-CAR that provides both functionally active IL12 and anti-
gen-triggered T cell activation. To our best knowledge, this is the first
prototype of a composite CAR that provides a cytokine to modulate
T cell function in addition to CAR-driven activation.

Both domains within the CAR are functional since IL12-CAR T cells
increased activated pSTAT4 and released enhanced amounts of IFN-
g upon antigen engagement compared with conventional CAR T cells
without IL12. Integrated into the CAR, IL12 is constitutively active
since phosphorylation of STAT4 increased without antigen engage-
ment; T cell activation is augmented, as indicated by increased
IFN-g release. More strikingly, T cells upregulated genes associated
with cytotoxic or NK cell function and downregulated genes associ-
ated with a Th2 response and/or a suppressive phenotype. Particu-
larly, the IL12-CAR transformed CD8+ T cells into CD8+CD56+

CD62Lhigh cytotoxic T cells with upregulated CD94/NKG2. This is
an as-yet unrecognized T cell subset capable of mediating antigen-in-
dependent killing. Blocking of HLA-E, the main ligand for CD94/
NKG2, enhanced antigen-independent target cell lysis, indicating
HLA-E restriction of NK-like cytotoxicity by IL12-CAR T cells.
Notably, IL12-CAR T cells with NK-like activity against ovarian can-
cer also upregulated Ksp37 (FGFBP2); this NK-associated receptor
was associated with favorable clinical outcome of ovarian cancer pa-
tients.18 Gain of poly-functional NK-like killer capacities was
restricted to CD8+ T cells and required both IL12 and CD3z of the
CAR but did not require antigen engagement. Our conclusion is
based on the observation that (1) IL12 integrated into the CAR is
required to induce NK-like cytotoxicity since the respective CAR
without IL12 does not (Figure 7C). CD3z of the CAR is required since
deletion of CD3z abolishes the effect (Figure 7B). (2) IL12-CAR
produced increased levels of pSTAT4 independently of antigen
engagement (Figure 3A), indicating spontaneous IL12 signaling in
engineered T cells. (3) CD94 along with other NK cell-associated
markers was induced in IL12-CAR T cells without engagement of
CAR antigen (Figure 4A).

The induced poly-functional capacities of IL12-CAR T cells resemble,
but are not identical to, CD8+CD56+ CIK cells that represent termi-
nally differentiated T cells with profound cytotoxic activities.30 CIK
cells acquire antigen-independent killing upon repetitive and pro-
longed stimulation through IFN-g over weeks accompanied by
CD62L downregulation. In contrast, IL12-CAR T cells acquired anti-
gen-independent cytotoxicity within days and maintained high
CD62L expression. IL12-CAR T cells are also very similar to the
newly described cytotoxic T cells with high granulysin load and
CAR-specific anti-idiotypic antibody BW2064 (4 mg/mL), which serves as a CAR-spe

determined by the XTT assay and specific cytotoxicity was calculated. Numbers represe

by Student’s t test. Representative data of two independent experiments are shown. (D) C

were engineered with the conventional CAR, IL12-CAR, and the CAR variants with trunc

and analyzed for CAR and CD94 expression by flow cytometry. Numbers represent

calculated by Student’s t test. ***p < 0.001; **p < 0.01; *p < 0.05.
anti-microbial activity23 and resemble poly-functional CD3�CD62L+

NK cells,22 which has not yet been reported for T cells. CD3�CD62L+

NK cells have high proliferative capabilities and superior in vivo
persistence and tumor-homing capacities. In line with this, CD62L+

NK-T cells, which share some properties with CD62L+ NK cells,
also exhibit prolonged persistence and improved anti-tumor activ-
ity.31 Our data indicate that the IL12-CAR converts cytotoxic CD8+

T cells toward NK-like cells with beneficial anti-tumor properties
within 5 days of re-stimulation.

While the targeting specificity defined by the CAR-binding domain is
one of the major advantages for redirected cell therapy, there is also a
need for antigen-independent cancer cell elimination, in particular,
when targeting tumors with heterogeneous antigen pattern. The shift-
ing antigen load is crucial for the success in CAR therapy since pro-
gressively growing tumors with high amplification rates continuously
produce antigen-loss cancer cells that are invisible to conventional
CAR T cells. To overcome the limitation, CIK cells with their physi-
ologic NK-like activities were engineered with tumor-specific CARs
to target antigen-defined tissues and to take advantage of their anti-
gen-independent killing capacities.32–34 Despite a successful phase I
trial with allogeneic donor-derived CAR CIK cells,35 there is currently
no broad application in clinical trials. This is likely because the in vitro
generation of CIK cells is extremely time consuming, prone to low ef-
ficiency in producing CD3+CD56+ cells, and suffers from high
variability between donors. Since CIK cells represent terminally
differentiated effector cells, their capacity to expand, persist, and
release pro-inflammatory cytokines is also poor,30,34,36 which may
also account for their poor clinical exploration.

Alternatively, NK cells were engineered with specific CARs37 in order
to take advantage of CAR targeting and of antigen-independent
killing. A recently reported phase I trial with CD19 CAR NK cells
from cord blood demonstrated high efficacy with remarkably low
side effects, indicating the feasibility of recruiting of poly-functional
effector cells toward specific targets.38 Our data suggest that engineer-
ing young peripheral blood T cells with the IL12-CAR represents a
more efficient procedure to rapidly obtain poly-functional NK-like
T cells with both antigen-directed and antigen-independent anti-tu-
mor cytotoxicity. Tethering IL12 to the CAR, moreover, has the
benefit of potentially low toxicity, while systemically delivered IL12
has a very small therapeutic window with the risk of inducing severe
cytotoxicity.39 Although a xenogenic mouse model is of limited value
for predicting potential toxicity, our results are in line with previous
reports on dramatically decreased toxicity of IL12 when attached to
the cell membrane.40,41 We therefore do not expect major toxicities
due to CAR-bound IL12 in clinical applications. In a more general
cific antigen, and added IL12 (5 ng/mL), respectively. Viability of tumor cells was

nt mean values of technical replicates ±SD. Statistical differences were determined

ARCD3z endodomain is required for upregulating CD94 in IL12-CAR T cells. T cells

ated endodomains, respectively. After transduction, T cells were cultured for 2 days

mean values of seven or eight different donors ±SD. Significant differences were
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Figure 8. Anti-CEA IL12-CAR T cells inhibited growth

of CEA– Skov3 tumors

(A and B) Groups of male Rag�/� cg�/� mice (six to nine

mice) were subcutaneously injected with Skov3 tumor

cells (5 � 106 cells/mouse). One week after tumor inocu-

lation, mice with tumors of similar size were randomized

into groups. CAR T cells and T cells without CAR for

control were intravenously administered into tumor-

bearing mice (each 5 � 106 cells/mouse) and tumor

growth was determined by a digital caliper every 2–3 days.

(A) AUC for each tumor was calculated. Data represent

mean values ±SD of each group expressed in arbitrary

units. Statistical differences were determined by the Stu-

dent’s t test. (B) Tumor volumes of treated animals.

Numbers represent mean values of each test group. A

novel CAR design integrates the IL12 cytokine into the CAR exodomain in order to reprogram T cell function toward poly-functional NK-like cells capable of both CAR-

redirected antigen-specific killing and, moreover, IL12-induced antigen-independent killing of those cancer cells that lost CAR cognate antigen.
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perspective, the IL12-CAR represents a prototype of a new generation
of function-modulating CARs with an integrated cytokine module to
shape CAR T cell effector capacities in a specific fashion; other cyto-
kines, in particular single-chain cytokines, may likely be active when
inserted into the CAR exodomain to reprogram effector cell
functions.

MATERIALS AND METHODS
Cell lines and reagents

HEK293T cells are human embryonic kidney 293 cells that express
the SV40 large T antigen.42 The cancer cell lines Colo320 (ATCC
CCL 220.1), LS174T (ATCC CL-188), Skov3 (ATCC HTB-79), Ov-
car-3 (ATCC HTB-161), MCF7 (ATCC HTB-22), Daudi (ATCC
CCL-213), and K562 (ATCC CCL-243) were obtained from ATCC
(Rockville, MD). Human dermal fibroblasts were purchased from
tebu-bio (Offenbach, Germany). All cell lines were cultured in
RPMI 1640 or DMEM medium, 10% (v/v) fetal bovine serum
(FBS) (Thermo Fisher Scientific, Erlangen, Germany). Anti-CD3
monoclonal antibody (mAb) OKT3 and anti-CD28 mAb 15 � 108

were purified from OKT3 hybridoma (ATCC CRL 8001) and 15 �
108 hybridoma (kindly provided by Dr. R. van Lier, Red Cross Central
Blood Bank, Amsterdam, The Netherlands) supernatants, respec-
tively, by affinity chromatography. The anti-BW431/36 idiotypic
antibody BW2064 was described earlier.43 The PE-conjugated
F(ab’)2 goat anti-human IgG antibody was purchased from Southern
Biotechnology (Birmingham, AL). The fluorochrome-conjugated
anti-CD3, anti-CD4, and anti-CD8 mAbs were purchased from Mil-
tenyi Biotec (Bergisch Gladbach, Germany). The anti-CD62L and
anti-CD56 mAbs were purchased from Immunotools (Friesoythe,
Germany). The anti-CD94 and anti-CCR1 mAbs, respectively, were
purchased from BioLegend (San Diego, CA). The anti-HLA-E mAb
3D12 was purchased from eBioscience (San Diego, CA). The anti-hu-
man TGF-b mAb was purchased from Biozol (IQproducts; Leipzig,
Germany), fluorochrome-conjugated isotype controls were from
BD Biosciences (San Diego, CA). Matched antibody pairs for capture
and detection of human IFN-g were purchased from BD Biosciences.
Recombinant IL-2 was obtained from Endogen (Woburn, MA).
Intracellular IL5 was recorded utilizing the anti-IL5 mAb (Bio-
602 Molecular Therapy Vol. 30 No 2 February 2022
Legend) and BD IntraSure Kit (BD Biosciences) for fixation and
permeabilization of CAR T cells. pStat4 was detected by the anti-
phospho-STAT4 PerCP-CyTM 5.5 mAb (BD Biosciences)

Preparation of human T cells

Peripheral blood lymphocytes were obtained from healthy donors by
Ficoll density centrifugation. T cells were activated by incubation with
OKT3 and 15� 108mAbs (100 ng/mL each) and IL-2 (500U/mL) and
further propagated in the presence of IL-2 (500 U/mL). Blood was ob-
tained from healthy volunteers through the University Hospital,
Department of Transfusion Medicine (ethics approval 21-2224-101).

CARs

Engineering of CARs with the modified CD28-CD3z signaling and
the modified IgG1-CH2/3 extracellular spacer domains44 and the
retroviral modification of T cells were previously described in
detail.45–47 The p40-p35 single-chain variant of the murine IL12
was described earlier.48 To engineer the IL12-CAR, the sequence of
p40-p35 IL12 was PCR amplified and flanked on both sides with se-
quences from the human IgG1 hinge domain incorporating a BamHI
and BglII restriction site, respectively. The PCR fragment was di-
gested and incorporated into the BamHI restriction site of the anti-
CEA CAR14 between the BW431/26 scFv and the human IgG1
constant domain, respectively. The anti-CEA scFv was substituted
by the anti-Muc1 H594 scFv to obtain the IL12 anti-Muc1 CAR.49

Site directed mutagenesis

The IL12-CAR was truncated at the CD3z or CD28z signaling do-
mains by introducing stop codons at AA positions 1,094 and 1,113
of the IL12-CAR, respectively. Briefly, vector DNA of the IL12-CAR
was PCR amplified utilizing the following oligonucleotide primer
sets: S-CD28TM-TTCTGGGTGAGGAGTTAAGAGGAGCAGGCT
CCT (forward); AS-CD28TM-OL-AGGAGCCTGCTCCTCTTAAC
TCCTCACCCAGAA (reverse); S-CD28TMIC-TTCGCAGCCTATC
GCTGACTGAGAGTGAAGTTCA (forward); AS-CD28TMIC-O
L-TGAACTTCACTCTCAGTCAGCGATAGGCTGCGAA (reverse).
Amplified DNA was isolated, DpnI digested, and transformed into
bacteria. Introduced mutations were confirmed by sequencing.
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T cell modification

For engineering with CARs,50 T cells were stimulated and transduced
with g-retrovirus containing supernatants or by co-culture with vi-
rus-producing 293T cells as described.51 Retroviruses were produced
by 293T cells upon transfection of plasmid DNAs encoding GALV
encoding and gag/pol, respectively, and of the plasmid DNA encoding
the respective CAR. CAR expression was monitored by flow cytome-
try using an antibody against the common extracellular IgG1 Fc
domain.

Flow cytometry and cell sorting

CAR T cells were stained with fluorochrome-labeled antibodies.
IL5-secreting cells were detected by intracellular fluorescence-acti-
vated cell sorting (FACS) utilizing the IntraSure fixation and perme-
abilization kit and the PE-labeled anti-IL5 mAb. Cells were analyzed
by a FACSCanto II flow cytometer equipped with the FACSDiva
software (BD Biosciences). Fluorochrome-labeled CAR T cells
and/or CAR T cell subpopulations were further purified by flow
sorting using a FACSAria III cell sorter (BD Biosciences). pSTAT4
was detected by intracellular flow cytometry: Briefly, after labeling
with fixable viability dye (eFluor780, Invitrogen), CAR T cells
were fixed and permeabilized utilizing the Cytofix/Cytoperm Fixa-
tion/Permeabilization Solution Kit (BD Bioscience) according to
the manufacturer’s recommendations. Cells were intracellularly
stained with the PerCP-CyTM 5.5-labeled anti-phospho-STAT4
mAb (BD Biosciences). Gates were set to the live cell population
and cells were analyzed on a FACSlyric Flow cytometer equipped
with FACSuite software (BD Biosciences). Doublets were discrimi-
nated using forward scatter area (FSC-A) versus forward scatter
height (FSC-H) gating.

Gene expression analysis

Human peripheral blood T cells were grafted with the respective
CAR and cultivated for 7 days. CAR T cells were flow sorted and
stimulated through the CAR for 48 h by incubation in microtest-
plates coated with the anti-idiotypic mAb BW2064 directed against
the scFv of the CAR. RNA from 5 � 106 cells each was extracted,
labeled using the Affymetrix WTPLus kit according to manufac-
turer’s guidelines, and probed to the Clariom S Human Array. After
staining, arrays were scanned using the Affymetrix Gene-Chip
Scanner-3000-7G; quality control analysis was performed using Af-
fymetrix GCOS software. Raw array data were processed using the
Affymetrix Transcriptome Analysis Console (TAC) 4.0 software.
CEL files containing feature intensity values were converted into
summarized expression values using robust multi-array average
(RMA), which consists of background adjustment, quantile normal-
ization, and summarization across all chips. Expression data [log(2)]
of CAR T cells were generated and x-fold expression of differentially
expressed genes determined. Mean values of expression data
[log(2)] of CAR T cells from three different donors were deter-
mined. Mean values with differential expression of R2.5 in mean
and R2 in individual samples were regarded significant. Statistical
analysis was performed by ANOVA and values with p < 0.05
were included in the analysis.
GO analysis

For GO analysis gene sets that were differentially expressed between
IL12-CAR T cells and conventional CAR T cells (p < 0.05, fold change
cutoff of <�5 or >4) were imported into the GO software tool (http://
geneontology.org/).52 Gene sets were uploaded and mapped against
the GO Panther database with the human genes reference list
(www.pantherdb.org, version 15.0, released 2020.02.14). Significant
lists of up- and downregulated genes were statistically compared
with the reference list to identify significant over-representation of
genes (p < 0.05) within the GO classes for biological process. Classes
with significant over-representation were shown after correcting for
multiple testing using the Bonferroni correction.
Activation of CAR T cells

CAR T cells (0.125–10 � 104 cells/well) were co-cultivated for 24–
48 h in 96-well round-bottom plates with tumor cells (each 2.5–
5� 104 cells/well). Specific cytotoxicity of CAR T cells was monitored
by an XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetra-
zolium-5-Carboxanilide)-based colorimetric assay53 using the Cell
Proliferation Kit II (Roche Diagnostics, Mannheim, Germany).
Viability of tumor cells was calculated as mean values of six wells con-
taining only tumor cells subtracted by the mean background level of
wells containing medium only. Non-specific formation of formazan
due to the presence of T cells was determined from triplicate wells
containing T cells in the same number as in the corresponding
experimental wells. The number of viable tumor cells in experimental
wells was calculated as follows: viability (%) = [OD(experimental
wells – corresponding number of T cells)]/[OD(tumor cells without
T cells – medium)] � 100. Cytotoxicity (%) was defined as 100 –

viability (%). In some experiments, CAR T cells were cultivated in
presence of the anti-CEA CAR-specific anti-idiotypic antibody
BW2064 (2–4 mg/mL) and/or added IL12 (5 ng/mL) or Skov3 target
cells that were pre-incubated for 30 min with anti-HLA mAbs (each
5 mg/mL).
ELISA

IFN-g in culture supernatants was monitored by ELISA by binding to
the solid-phase anti-IFN-g capture antibody (1 mg/mL) and detection
through the biotinylated anti-IFN-g detection antibody (0.5 mg/mL)
(BD Biosciences). The reaction product was visualized by a peroxi-
dase-streptavidin conjugate (1:10,000) andABTS (RocheDiagnostics).
Suppression of tumor growth by IL12-CAR T cells

Rag2�/� cg�/� mice (Charles River, Sulzfeld, Germany) (six to nine
animals per group) were subcutaneously inoculated with Skov3
ovarian cancer cells (5 � 106 cells/animal). Seven days after tumor
inoculation CAR T cells were injected intravenously (5 � 106 cells/
animal). T cells without CAR served as control. Tumor volumes
were recorded every 2–3 days by digital caliper measurements.
Area under the curve (AUC) was determined as described54 and sig-
nificant differences were determined by the Student’s t test. Mouse
experiments were done under the approval of the local animal wel-
fare board.
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Statistics

Experimental results from independent representative experiments
are reported as mean values plus or minus standard deviation (SD).
Significance analyses were performed by the two-sided Student’s t
test using Microsoft Excel and GraphPad Prism, respectively.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2021.10.011.
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