
Original Article
CD28-z CAR T Cells Resist TGF-b Repression
through IL-2 Signaling, Which Can Be Mimicked
by an Engineered IL-7 Autocrine Loop
Viktória Golumba-Nagy,1,2 Johannes Kuehle,1,2 Andreas A. Hombach,1,2 and Hinrich Abken1,2,3,4

1Center for Molecular Medicine Cologne, University of Cologne, Cologne, Germany; 2Department I Internal Medicine, University Hospital Cologne, Cologne, Germany;
3Regensburg Center for Interventional Immunology (RCI), University Regensburg, Regensburg, Germany; 4University Medical Center of Regensburg, Regensburg,

Germany
Received 24 January 2018; accepted 3 July 2018;
https://doi.org/10.1016/j.ymthe.2018.07.005.

Correspondence: Hinrich Abken, Regensburg Center for Interventional Immu-
nology (RCI), University Regensburg, Am Biopark 9, 93053 Regensburg, Germany.
E-mail: hinrich.abken@ukr.de
Adoptive cell therapy with chimeric antigen receptor (CAR)-
redirected T cells induced spectacular regressions of leuke-
mia and lymphoma, however, failed so far in the treatment
of solid tumors. A cause is thought to be T cell repression
through TGF-b, which is massively accumulating in the tu-
mor tissue. Here, we show that T cells with a CD28-z
CAR, but not with a 4-1BB-z CAR, resist TGF-b-mediated
repression. Mechanistically, LCK activation and conse-
quently IL-2 release and autocrine IL-2 receptor signaling
mediated TGF-b resistance; deleting the LCK-binding motif
in the CD28 CAR abolished both IL-2 secretion and TGF-b
resistance, while IL-2 add-back restored TGF-b resistance.
Other g-cytokines like IL-7 and IL-15 could replace IL-2 in
this context. This is demonstrated by engineering IL-2 defi-
cient CD28DLCK-z CAR T cells with a hybrid IL-7 receptor
to provide IL-2R b chain signaling upon IL-7 binding. Such
modified T cells showed improved CAR T cell activity
against TGF-b+ tumors. Data draw the concept that an
autocrine loop resulting in IL-2R signaling can make CAR
T cells more potent in staying active against TGF-b+ solid
tumors.

INTRODUCTION
So far, adoptive cell therapy with chimeric antigen receptor (CAR)-
modified T cells largely failed in the treatment of solid cancer while
successful in the treatment of refractory leukemia and lymphoma.1

The reason for this is thought to be a hostile tumor environment
that represses the immune cell response through multiple mecha-
nisms such as suppressive cells and cell-bound and soluble factors,
including repressive cytokines like transforming growth factor-b1
(TGF-b). The main sources of TGF-b in the tumor environment
are cancer and stroma cells, both of which repress T cell amplification
and finally prevent a lasting anti-tumor response.2 Tremendous ef-
forts are currently made to shield CAR T cells against immune sup-
pression; for instance, a transgenic dominant-negative (dn) form of
the TGF-b receptor confers some resistance in a preclinical mela-
noma model3 and a model of Epstein-Barr virus (EBV)-positive
Hodgkin’s lymphoma;4 the same dnTGF-b receptor was used to pro-
tect T cells in a recent trial.5 Resistance against suppression can also
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be provided by a hybrid receptor which binds interleukin-4 (IL-4) by
the ectodomain and transmits an activating g-cytokine signal
through the IL-7 receptor a chain6 or the IL-2 and IL-15 receptor b
chain.7

We previously showed that CAR T cell repression through TGF-b
can be overcome by CD28 co-stimulation provided by the CD28-z
CAR; in contrast, “first-generation” CD3z CAR T cells are sup-
pressed by TGF-b.8 In order to define how CD28-z CAR T cells
counteract TGF-b repression, we dissected the CD28 endodomain
and identified LCK activation and subsequent IL-2 release and au-
tocrine IL-2 receptor signaling crucial in counteracting TGF-b
repression. By replacing IL-2 through other g-cytokines and using
a hybrid IL-2 receptor, we revealed that an engineered autocrine
loop with IL-2 receptor signaling capacities can improve the
anti-tumor efficacy of CAR T cells in a TGF-b+ environment inde-
pendently of IL-2.
RESULTS
CD28-z CAR T Cells, but Not 4-1BB-z CAR T Cells, Are Resistant

to TGF-b-Mediated Suppression

Werecorded the impact ofTGF-bon theCAR-triggeredT cell response
in a thoroughly controlled system.HumanT cells were engineeredwith
carcinoembryonic antigen (CEA)-specific CARs containing the CD3z
(z), CD28-z, or 4-1BB-z endodomains, respectively (Figure S1), and
activated through CAR signaling upon engaging immobilized cognate
antigen, i.e., the BW2064/36 antibody, which is an anti-idiotypic anti-
body against the anti-CEA single-chain fragment of variable region
(scFv) of the CAR. In the presence of TGF-b, T cell proliferation was
suppressed when activated by the z CAR or the 4-1BB-z CAR. How-
ever, CD28-z CAR T cells resisted TGF-b-mediated suppression dis-
playing similar proliferation rates as without TGF-b (Figure 1A). In
the presence of TGF-b, interferon (IFN)-g and IL-2 release by CAR
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Figure 1. The CD28-z CAR, but Not the 4-1BB-z CAR, Overcomes the

TGF-b-Mediated Repression in T Cell Amplification

(A) Human peripheral blood T cells were engineered with the anti-CEA CAR with z,

4-1BB-z or CD28-z signaling domain, respectively, and labeled with CFSE. CAR

T cells (2.5� 104 T cells per well) were incubated for 4 days on 96-well plates coated
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T cells was decreased after antigen-based activation (Figure 1B), while
the cytolytic activity towardCEA+ LS174T target cells was not substan-
tially altered (Figure 1C). Overall, CD28-z CAR T cells resisted TGF-b
suppression, whereas the amplification of T cells with the z and the
4-1BB-z CAR was suppressed.
LCKActivation and Released IL-2Mediate Resistance of CD28-z

CAR T Cells toward TGF-b

In order to identify the CD28-z CAR signal responsible for TGF-b
resistance, we modified the LCK- or PI3K-activating motif or both
in the CD28 endodomain to ablate CAR-induced LCK and PI3K
signaling, respectively9 (Figure 2A). CARs with the respective CD28
mutants were as equally expressed by T cells as the wild-type CAR
(Figure S1). Upon antigen engagement, CD28-z CAR T cells dis-
played increased LCK phosphorylation compared with T cells
without CAR; CD28DLCK-z CAR T cells showed abrogated LCK
phosphorylation (Figure 2B). LCK is required for IL-2 release by
T cells;10 CD28DLCK-z CAR T cells were accordingly deficient in
IL-2 release upon antigen-based CAR stimulation, while the IFN-g
release was not altered (Figure 2C). Of note, CD28DPI3K-z CAR
T cells with a mutated phosphatidylinositol 3-kinase (PI3K)-binding
domain secreted both IL-2 and IFN-g at similar levels as unmodified
CD28-z CAR T cells upon antigen engagement.

To address whether resistance to TGF-b-mediated suppression re-
quires CD28-mediated LCK and/or PI3K activation, T cells with
the respective CARs were stimulated through their cognate
antigen in the presence or absence of TGF-b. As summarized in Fig-
ure 2D, CAR T cell amplification was suppressed when stimulated by
the CD28DLCK-z CAR with abrogated LCK phosphorylation,
whereas T cells with the CD28DPI3K-z CAR amplified as the
CD28-z CAR T cells. In addition, the cytolytic activity of
CD28DLCK-z CAR T cells was suppressed in the presence of
TGF-b, while the activity of CD28-z CAR T cells was not altered (Fig-
ure 2E). We concluded that CD28-mediated LCK activation
is required for resisting TGF-b repression of CAR T cells. Of note,
the CD28DLCK-z CAR-induced T cell amplification in the absence
with the anti-idiotypic mAb BW2064/36 (1.5 mg/mL coating concentration), which

served as surrogate antigen and is directed against the anti-CEA scFv binding

domain of the CAR. Cells were incubated in the presence or absence of TGF-b

(10 ng/mL). CAR T cell amplification was recorded by flow cytometric recording of

CFSE dilution, and CAR T cells were identified by staining with the PE-conjugated

anti-IgG antibody, which binds to the extracellular IgG1 spacer of the CAR. (B) CAR

T cells with different signaling domains were incubated on plates (2.5 � 104 CAR

T cells per well) coated with the anti-idiotypic mAb BW2064/36 or mouse IgG1 as

isotype control (1.5 mg/mL each). T cells without CAR (w/o) served as control. The

cells were incubated in the presence or absence of TGF-b (10 ng/mL). IFN-g and

IL-2 secreted into the culture supernatants were recorded by ELISA. (C) T cells

with or without CAR (0.125 � 4 � 104 CAR T cells per well) were incubated with

CEA+ LS174T cells (2 � 104 cells per well) in the presence or absence of TGF-b

(10 ng/mL). The specific cytotoxicity after 2 days was determined by the XTT-based

viability assay. Data represent the mean of triplicates ± SD. The assays were

repeated three times; a representative assay is shown. Statistical analyses were

performed using a two-tailed Student’s t test (*p < 0.05).
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Figure 2. Resistance of CD28-z CAR T Cells to TGF-

bRepression Requires LCK, but Not PI3KActivation

(A) The wild-type and mutated CD28 signaling domain

with the PI3K and LCK binding sides. Proline at the P187

and P190 positions were substituted by alanine (A) to

destroy the LCK binding side, and tyrosine Y170 was

replaced by phenylalanine F170 to eliminate the PI3K

binding side. (B) Mutation of the LCK binding side in the

CD28 signalingmoiety results in less phosphorylated LCK

(pLCK) upon CAR signaling. T cells were engineered with

the CD28-z or the CD28DLCK-z CAR; T cells without

CAR (w/o) served as control. CAR T cells (106 per well)

were incubated for 5 min on 96-well plates coated with

the anti-idiotypic mAb BW2064/36 (1.5 mg/mL) as sur-

rogate antigen, fixed, permeabilized, and stained with the

PE-conjugated anti-phospho-LCK antibody. The cells

were analyzed by flow cytometry. The number of pLCK+

cells (%) is shown. (C) Deletion of the LCK binding side

abrogates the CAR-induced secretion of IL-2, but not of

IFN-g. T cells with or without (w/o) CAR were incubated

on plates (2.5� 104 CAR T cells per well) coated with anti-

idiotypic mAb BW2064/36 or mouse IgG1 (1.5 mg/mL

each) as an isotype control. IFN-g and IL-2 in culture

supernatants were recorded by ELISA. (D) T cells were

engineered with the respective CAR, labeled with CFSE

and incubated (2.5 � 104 T cells per well) with or without

TGF-b (10 ng/mL) for 4 days on 96-well plates coatedwith

anti-idiotypic mAb BW2064/36 (1.5 mg/mL) as surrogate

antigen. T cell amplification was monitored by flow cyto-

metric recording of CSFE dilution, and CAR T cells were

identified by staining with the PE-conjugated anti-IgG

antibody. Data were transformed to demonstrate the loss

or gain in CAR T cell amplification in the presence of

TGF-b (number of proliferating cells without TGF-b �
number of proliferating cells in the presence of TGF-b+

proliferating cells without TGF-b) � 100. (E) T cells with or

without CAR (0.125 � 4 � 104 CAR T cells per well) were

incubated with CEA+ LS174T cells (2 � 104 cells per well)

in the presence or absence of TGF-b (10 ng/mL). The

specific cytotoxicity after 2 days was determined by the

XTT-based viability assay. (C–E) Data represent the mean

of triplicates ± SD. The assays were repeated three times;

a representative assay is shown. Statistical analyses were

performed using a two-tailed Student’s t test (*p < 0.05;

**p < 0.01; ***p < 0.001).
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of TGF-b was much lower than that of T cells containing the unmod-
ified CD28-z CAR and at a level of the CD3z CAR T cells without co-
stimulation, which is likely due to the absence of autocrine IL-2
stimulation.

To prove whether IL-2 is involved in mediating resistance of CD28-z
CAR T cells toward TGF-b-mediated suppression, T cells with the
CD28DLCK-z CAR were stimulated by cognate antigen with or
without added IL-2 in the presence of TGF-b. The suppressed ampli-
fication of CD28DLCK-z CAR T cells was reverted by adding IL-2
2220 Molecular Therapy Vol. 26 No 9 September 2018
(Figure 3A); CAR T cells amplified as efficiently as in the absence
of TGF-b.

To confirm that T cell-released IL-2 promotes T cell amplification
in the presence of TGF-b, we engineered CD28DLCK-z CAR
T cells to constitutively release IL-2; the level of released IFN-g
after CAR-mediated stimulation did not change (Figure 3B).
However, the IL-2 released by CD28DLCK-z CAR T cells compen-
sated for the TGF-b-mediated repression of T cell amplification
(Figure 3C). Data indicated that IL-2 induced by CD28



Figure 3. CD28-Induced IL-2 Is Involved in the Resistance of CD28-z CAR T

Cells toward TGF-b-Mediated Suppression

(A) T cells were engineered with the CD28DLCK-z CAR, labeled with CFSE, and

incubated (2.5 � 104 T cells per well) with added TGF-b (10 ng/mL) or TGF-b plus

IL-2 (500 U/mL) for 4 days on plates coated with the mAb BW2064/36 (1.5 mg/mL)

as CAR antigen. Incubation without cytokines (w/o) served as control. T cell

amplification was monitored by CSFE dilution and recorded by flow cytometry; CAR

T cells were identified by staining with the PE-conjugated anti-IgG antibody. (B)

T cells with CAR and with or without engineered constitutive IL-2 release were

incubated for 2 days (2.5 � 104 CAR T cells per well) on BW2064/36 mAb

(1.5 mg/mL)-coated plates. Plates coated with an isotype matched mouse IgG1 and

T cells without CAR (w/o) served as controls. IFN-g and IL-2 in the culture super-

natants were recorded by ELISA. (C) T cells engineered with the CD28DLCK-z CAR

without or with transgenic IL-2 release were labeled with CFSE and incubated (2.5�
104 T cells per well) with or without TGF-b (10 ng/mL) for 4 days on plates coated

with the anti-idiotypic mAbBW2064/36 (1.5 mg/mL). T cell amplification indicated by

CSFE dilution was recorded by flow cytometry; CAR T cells were identified by
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signaling-mediated resistance of CD28-z CAR T cells to TGF-b
repression.

IL-7 Can Replace IL-2 in Mediating TGF-b Resistance of CAR T

Cells

We asked whether other g-cytokines than IL-2 can also counteract
TGF-b repression. The question is of particular relevance sincewe pre-
viously showed that CAR T cell-released IL-2 negatively impacts the
anti-tumor activity through sustaining survival and function of Treg
cells.11 Therefore, we asked whether other g-cytokines like IL-7 or
IL-15 are capable of replacing IL-2 in counteracting TGF-b-mediated
suppression. IL-7 is of particular interest in this context, since tumor-
infiltrating Treg cells do not express the IL-7 receptor12 and are there-
fore not stimulated by IL-7 released by CAR T cells. CD28DLCK-z
CAR T cells were stimulated by cognate antigen in the presence of
TGF-b with or without added IL-7 or IL-15. While CAR T cell ampli-
fication was suppressed by TGF-b, added IL-7 and IL-15, respectively,
made the cells resistant to repression, allowing CAR T cell amplifica-
tion at the same magnitude as without TGF-b (Figure 4A).

To accumulate IL-7 or IL-15 at the tumor site upon CAR stimulation,
CD28DLCK-z CAR T cells were additionally engineered to express
IL-7 and IL-15, respectively. Modified CAR T cells released IL-7
and IL-15 into the supernatants upon CAR engagement of cognate
antigen; incubation with irrelevant antigen did not induce cytokine
release (Figure 4B).

CD28DLCK-zCART cells secreting IL-7 amplified upon engagement
of cognate antigen in the presence of TGF-b (Figure 4C). CAR T cells
with transgenic IL-15 showed TGF-b resistance to the same extent.
TGF-b did not impact the cytolytic activity of those CAR T cells to-
ward CEA+ LS174T cells (Figure 4D), while the cytolytic activity of
CD28DLCK-z CAR T cells was reduced in the presence of TGF-b
(Figure 2E). Taken together, CD28DLCK-z CAR T cells engineered
for the g-cytokines IL-7 or IL-15 release resisted TGF-b suppression.

A Hybrid IL-7Ra/IL-2Rb Receptor Mediates TGF-b Resistance

Independently of IL-2

Although both IL-7 and IL-15 counteracted TGF-b suppression,
IL-15 stimulates Treg cells, as does IL-2. Therefore, we further
explored IL-7 to improve CAR T cell activity. However, the IL-7 re-
ceptor is rapidly downregulated by effector and central memory
T cells upon ligand binding,13,14 which would desensitize
CD28DLCK-z CAR T cells to transgenic IL-7 in the long-term and
would lose TGF-b resistance. To prolong the protective effect of
IL-7, we engineered a hybrid receptor molecule composed of the
physiologic IL-7 receptor a chain in the extracellular moiety and
the IL-2 receptor b chain in the intracellular moiety (Figure 5A).
The hybrid IL-7Ra/IL-2Rb receptor was designed to convert IL-7
staining with the PE-conjugated anti-IgG antibody. Data represent the mean of

triplicates ± SD. The assays were repeated three times; a representative assay

is shown. Statistical analyses were performed using a two-tailed Student’s t test

(**p < 0.01; n.s., not significant).
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Figure 4. IL-7 and IL-15 Overcome TGF-b-Mediated

Suppression in T Cell Amplification

(A) CD28DLCK-z CAR T cells were labeled with CFSE and

incubated (2.5� 104 T cells per well) with TGF-b or TGF-b

plus IL-7 or IL-15 (each 10 ng/mL) for 4 days on BW2064/

36 mAb (1.5 mg/mL)-coated plates for CAR stimulation.

Incubation without cytokines (w/o) served as control. T cell

amplification was monitored by CSFE dilution and re-

corded by flow cytometry; CAR T cells were identified by

staining with the PE-conjugated anti-IgG antibody. (B)

CAR T cells with or without constitutive release of trans-

genic IL-7 or IL-15 (2.5 � 104 CAR T cells per well) were

stimulated through the CAR by incubating for 2 days on

96-well plates coated with the mAb BW2064/36

(1.5 mg/mL). Plates coated with an isotype-matched IgG1

antibody as well as T cells without CAR (w/o) served as

controls. IFN-g, IL-2, IL-7, and IL-15 were recorded in the

culture supernatants by ELISA. (C) Amplification of

CD28DLCK-z CAR T cells with or without constitutive

release of transgenic IL-7 or IL-15 (2.5 � 104 T cells per

well) was recorded by flow cytometric recording of CSFE

dilution. Cells were incubated with or without TGF-b

(10 ng/mL) on 96-well plates coated with the mAb

BW2064/36 (1.5 mg/mL). CAR T cells were identified by

staining with the PE-conjugated anti-IgG antibody. (D)

CAR T cells (0.125 � 4 � 104 CAR T cells per well) were

incubated with CEA+ LS174T cells (2 � 104 cells per well)

in the presence or absence of TGF-b (10 ng/mL) for

2 days, and specific cytotoxicity was determined by the

XTT-based viability assay. Data represent the mean of

triplicates ± SD. The assays were repeated three times; a

representative assay is shown. Statistical analyses were

performed using a two-tailed Student’s t test (*p < 0.05;

**p < 0.01; n.s., not significant).
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receptor binding by IL-7 into an IL-2 receptor signal in order to over-
come TGF-b repression.

The IL-7Ra/IL-2Rb receptor was co-expressed with the CAR in
T cells and was activated upon IL-7 binding as indicated by increased
IFN-g release (Figure 5B). IL-2 was not produced due to the lack of
2222 Molecular Therapy Vol. 26 No 9 September 2018
LCK activation through the CD28DLCK-z
CAR (Figure 5C). Consequently, the T cell pro-
liferation was repressed in the absence of IL-7. In
contrast, addition of IL-7 counteracted the TGF-
b suppression of proliferation (Figure 5D) and
further enhanced the cytolytic capacity of
CD28DLCK-z CAR T cells (Figure 5E), indi-
cating a robust resistance of the CAR T cells to
TGF-b repression.

Finally, we combined the transgenic IL-7 release
with the co-expressed hybrid IL-7Ra/IL-2Rb re-
ceptor in CD28DLCK CAR T cells (Figure 6A).
IFN-g and IL-7 were released by those cells
upon CAR engagement of antigen (Figure 6B).
In the presence of TGF-b, suchCART cells amplified and executed spe-
cific cytolysis as efficiently as in the absence of TGF-b, which is in
contrast to CAR T cells without the synthetic autocrine loop (Figures
6C and 6D). Data demonstrate that CAR T cells can be made resistant
toTGF-b repression by signaling through an engineered IL-2 receptorb
chain, which can be triggered by transgenic IL-7 in an autocrine fashion.



Figure 5. Signaling through the IL-7Ra-IL-2Rb Receptor Conveys

Resistance to TGF-b Repression

(A) Schematic representation of the expression cassette encoding the anti-CEA

CAR and the IL-7Ra-IL-2Rb hybrid receptor, which is composed of the extracellular

domain of the IL-7 receptor a chain and of the intracellular IL-2 receptor b chain.

(B and C) T cells were engineered with the CD28DLCK-z CAR with the hybrid
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CD28DLCK-z CAR T Cells with Hybrid IL-7Ra/IL-2Rb Receptor

and Transgenic IL-7 Show Superior Activity in the Presence of

TGF-b in the Long-Term

We asked whether the engineered CAR T cells with the IL-7 autocrine
loop resist TGF-b under conditions of repetitive antigen stimulation.
CD28DLCK-z CAR T cells with the hybrid IL-7Ra/IL-2Rb receptor
and transgenic IL-7 was repetitively stimulated by adding cancer cells
every 2 days (Figure 7A). As summarized in Figure 7B, CAR T cells
exhibited superior cytolytic activities compared with the unmodified
CD28-z CAR T cells. Production of granzyme B in the presence of
TGF-b was found the same in T cells engineered with the wild-type
and modified CARs, respectively (Figure 7C). We think the improved
elimination of cancer cells in the long-term due to improved survival
of the modified CAR T cells in the presence of TGF-b since the num-
ber of apoptotic CD28DLCK-z CAR T cells with the hybrid IL-7Ra/
IL-2Rb receptor and transgenic IL-7 was substantially lower than of
T cells with the non-modified CAR (Figure 7D). In addition, early an-
tigen-mediated T cell activation was indicated by STAT5 phosphor-
ylation superior; after 30 min of cognate antigen engagement, the
CD28DLCK-z CAR T cells with the hybrid receptor and IL-7 showed
an increase in pSTAT5, which was not the case for CAR T cells
without the IL-7 autocrine loop (Figure 7E).

Improved Anti-tumor Activity of CD28DLCK-z CAR T Cells with

Autocrine IL-7/IL-2Rb Loop

To assay the anti-tumor activity of such modified CAR T cells,
TGF-b+ CEA+ tumors were induced by subcutaneously inoculating
C15A3 cells; tumors were grown for 16 days to the size of about
200 mm3. Treatment of mice by one injection of CD28DLCK-z
CAR T cells with IL-7Ra/IL-2Rb receptor and IL-7 release more sub-
stantially reduced tumor progression in comparison to treatment
with CD28DLCK-z CAR T cells alone (Figures 8A and 8B); CAR
T cells without the IL-7 loop had no major effect on advanced
TGF-b+ tumors. The observation is consistent with the improved
persistence of CAR T cells in the tumor tissue compared with
CD28DLCK-z CAR T cells (Figures 8C and 8D). For control, there
IL-7Ra-IL-2Rb receptor, stimulated through the CAR by immobilized BW2064/36

mAb (1.5 mg/mL) and incubated (2.5 � 104 CAR T cells per well) in the presence of

TGF-b with or without added IL-7 (10 ng/mL each). Incubating cells on plates

coated with IgG (1.5 mg/mL) as irrelevant antigen as well as incubation without

TGF-b or IL-7 served as controls. IFN-g (B) and IL-2 (C) secreted into the culture

supernatants were recorded by ELISA. (D) T cells were engineered with a

CD28DLCK-z CAR and the IL-7Ra-IL-2b receptor. Cells were labeled with CFSE,

stimulated through the CAR by incubation on immobilized BW2064/36 mAb

(1.5 mg/mL) (2.5� 104 CAR T cells per well) in the presence of TGF-b or TGF-b plus

IL-7 (10 ng/mL each) for 4 days. Incubation without cytokines (w/o) served as

controls. Amplification of CAR T cells was recorded by flow cytometric recording of

CFSE dilution. CAR T cells were identified by staining with the PE-conjugated anti-

IgG antibody. (E) Engineered CAR T cells (0.125 � 4 � 104 CAR T cells per well)

were incubated with CEA+ LS174T cells (2 � 104 cells per well) in the presence of

TGF-b, IL-7, or both (10 ng/mL each) for 2 days, and specific cytotoxicity was

determined by the XTT-based viability assay. Incubation without cytokines (w/o)

served as control. Data represent the mean of triplicates ± SD. The assays were

repeated three times; a representative assay is shown. Statistical analyses were

performed using a two-tailed Student’s t test (**p < 0.01; n.s., not significant).
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Figure 6. IL-7Ra-IL-2Rb Receptor Can Be Triggered by Transgenic IL-7 to

Improve the Efficiency in Autocrine Fashion

(A) Schematic representation of the expression cassette encoding the

CD28DLCK-z CAR, the IL-7Ra-IL-2Rb hybrid receptor, and transgenic IL-7. (B)

T cells were engineered with the expression vector shown in (A), and 2.5� 104 CAR

T cells per well were stimulated through the CAR by the immobilized BW2064/36

mAb (1.5 mg/mL). Incubation on plates coated with IgG (1.5 mg/mL) as irrelevant

antigen as well as T cells with CD28-zCAR or without CAR (w/o) served as controls.

IFN-g and IL-7 secreted into the culture supernatants were recorded by ELISA. (C)

CAR T cells from (A) were labeled with CFSE and stimulated through the CAR by

incubation on immobilized BW2064/36 mAb (1.5 mg/mL) (2.5� 104 T cells per well)

in the presence or absence of TGF-b (10 ng/mL) for 2 days. Amplification of CAR
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are no differences in the number of TGF-b+ and CEA+ cancer cells in
the tumor tissue (Figures 8D and 8E). We concluded that CAR T cells
with an engineered autocrine IL-7 triggered IL-2Rb signaling loop are
highly efficacious against advanced TGF-b+ tumors.

DISCUSSION
The success of adoptive cell therapy for the treatment of solid tumors
is currently limited due to immune suppression mediated by
TGF-b.15–18 Our previous work demonstrated that CD28 co-stimula-
tion, but not 4-1BB co-stimulation, makes CAR T cells resistant to
TGF-b-mediated repression; CD28-z CAR T cells act superior in
eliminating TGF-b+ tumors.8 We revealed here that CD28 activation
of LCK and autocrine signaling through released IL-2 are essential to
induce the effect. Our conclusion is based on the observation that
abolishing IL-2 secretion by abrogating LCK activation through mu-
tation of the LCK binding site in the CD28 endodomain makes
CD28DLCK-z CAR T cells sensitive to TGF-b suppression; adding
back IL-2 reconstitutes TGF-b resistance. Other g-cytokines like
IL-7 and IL-15 can replace IL-2 in order to overcome TGF-b
repression.

While the CD28-induced IL-2 autocrine loop is effective and can be
used for CD28-z CAR T cell therapy, the strategy has substantial lim-
itations in the application for targeting solid tumor lesions, since
accumulating IL-2 in the tumor tissue will sustain tumor-infiltrating
Treg cells, which are a major source of TGF-b. In line with the strat-
egy, we replaced IL-2 with IL-7 and engineered a hybrid receptor that
allows binding of IL-7 to the extracellular IL-7 receptor a chain
(CD127) and provides IL-2 receptor b chain signaling to T cells. In
this scenario, the T cell becomes activated upon binding to antigen
by the CAR, amplifies, executes cytolysis, and releases cytokines like
IFN-g, however, is deficient in releasing IL-2; co-released transgenic
IL-7 binds to the hybrid receptor, which provides the IL-2 receptor
signal to the CAR T cell required to resist TGF-b repression. Treg cells
lack the IL-7Ra chain and thereby do not benefit from transgenic IL-7
release.12 Although IL-15 can also replace IL-2 in this context, we
think IL-15 less suitable, since IL-15 stimulates Treg cells19 in contrast
to IL-7. In addition, locally accumulating IL-7 has the advantage to
promote resident tumor-infiltrating T cells (TILs) in sustaining their
anti-tumor response.20

We think co-release of IL-7 by CAR T cells is likely safe in the clinical
situation, since systemic administration of IL-7 to cancer patients in
T cells was recorded by flow cytometric recording of CSFE dilution. CAR T cells were

identified by staining with the PE-conjugated anti-IgG antibody. Comparison to CAR

without hybrid receptor and without IL-7 shows suppression by TGF-b in a

comparative setting. (D) CAR T cells (0.125� 4� 104 cells per well) were incubated

with CEA+ LS174T cells (2� 104 cells per well) in the presence or absence of TGF-b

(10 ng/mL) for 2 days. Specific cytotoxicity was determined by the XTT-based

viability assay. Incubation without cytokines (w/o) served as control. Data represent

themean of triplicates ±SD. The assays were repeated three times; a representative

assay is shown. Statistical analyses were performed using a two-tailed Student’s

t test (**p < 0.01; ***p < 0.001; n.s., not significant).



Figure 7. Comparative Analysis of CAR T Cells with

the CD28DLCK-z CAR and Hybrid IL-7Ra-IL-2Rb

Receptor and Transgenic IL-7 versus CD28DLCK-z

CAR T Cells

(A) Schematic timeline of the serial-killing assay demon-

strating the addition of target cells and the cytotoxicity

and cytokine readings. (B) Specific cytotoxicity of CAR-

modified T cells after serial killing of effector cells. CAR

T cells (2� 104 CAR+ T cells per well) were incubated with

CEA+ LS174T cells (2� 104 cells per well) for 2 days, and

specific cytotoxicity was determined by the XTT-based

viability assay. After 2 days, the cells from a parallel assay

were harvested and incubated again with fresh CEA+

LS174T cells (2 � 104 cells per well) for 2 days; the same

procedure was repeated every 2 days until day 6.

***p < 0.001 CAR T cells with IL-7 loop compared with

CD28-zCAR T cells. IFN-g and IL-2 weremeasured in the

culture supernatants by ELISA. (C) Intracellular staining of

granzyme B. T cells with CAR were incubated on plates

(2.5 � 104 CAR+ T cells per well) coated with the anti-

idiotypic mAb BW2064/36 or mouse IgG1 (1.5 mg/mL

each) as an isotype control in the presence or absence of

TGF-b (10 ng/mL) for 2 days. CAR+ T cells were identified

by staining with a PE-conjugated anti-human IgG anti-

body; granzyme B was stained by a FITC-conjugated

anti-granzyme B antibody. (D) Apoptotic and living cells

were identified by staining with APC-conjugated

AnnexinV and 7-AAD. Cells were gated onCAR+ cells; the

percentages represent the cell numbers in each quad-

rant. (E) Intracellular staining of pSTAT5. T cells with or

without (w/o) CAR were incubated on plates (3.5 � 105

CAR T cells per well) coated with the anti-idiotypic mAb

BW2064/36 (1.5 mg/mL each) for 30 min or 16 hr. For

pSTAT5 detection, a PE-conjugated anti-pSTAT5 anti-

body was used. T cells without CAR (w/o) or with the

CD28-z CAR served as controls. The histograms show

the pSTAT5-PE staining of the respective cells. Data

represent the mean of triplicates ± SD. Statistical

analyses were performed using a two-tailed Student’s

t test (*p < 0.05; **p < 0.01; ***p < 0.001).
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the treatment of lymphopenia did not produce severe side effects but
provided the benefit to increase CD4+ and CD8+ cell numbers and to
decrease Treg cells.21 CAR T cells with inducible IL-7 release, nick-
named IL-7 TRUCKs (T cells redirected for unrestricted cytokine
mediated killing), deposit IL-7 upon CAR activation preferentially
in the targeted tumor tissue; off-tumor IL-7 release and systemic
IL-7 effects are not expected.22 Although under control of a constitu-
tive promoter in the transducing expression vector, the transgenic
IL-7 is only released upon CAR activation, which we think is due to
the fact that IL-7 is released from intracellular stores in an activa-
tion-dependent fashion.

IL-7 not only counteracts TGF-b repression, it also augments ampli-
fication of activated T cells as long as the IL-7 receptor is expressed.
However, transcription of the IL-7 receptor is downregulated in
effector T cells in response to IL-7 signaling,13,14 making the cells
less sensitive to IL-7 stimulation. The hybrid IL-7Ra/IL-2Rb receptor
circumvents the situation by constitutively expressing the receptor
and translating extracellular IL-7 binding into intracellular IL-2
signaling. Accordingly, CAR T cells with IL-7 release and hybrid
IL-7Ra/IL-2Rb receptor showed improved survival over a prolonged
period.

Our observation that IL-2 and other g-cytokines can overcome the
suppressive effect of TGF-b points to an integrating crossover of
the TGF-b- and g-cytokine-signaling pathways; such crossover may
represent a valuable target for specifically shaping the T cell activity.
TGF-b represses the response of activated T cells through inhibiting
Molecular Therapy Vol. 26 No 9 September 2018 2225
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Figure 8. Progression of TGF-b+ Tumors Is Slowed Down

by CD28DLCK-z CAR T Cells with Hybrid IL-7Ra-IL-2Rb

Receptor and Transgenic IL-7

(A) TGF-b+ CEA+ C15A3 tumor cells (106 cells per mouse) were

subcutaneously inoculated into Rag2�/�gc�/� mice (four mice

per group). T cells were engineered with the CD28DLCK-zCAR

or additionally with the hybrid IL-7Ra/IL-2Rb receptor and

transgenic IL-7. Engineered T cells were applied by intravenous

injection at day 16 when the tumor size reached about

200 mm3 (1.5 � 106 CAR T cells per mouse). Mice without

adoptively transferred T cells (w/o T cells) or with T cells without

CAR (w/o CAR) served as controls. Tumor growth after T cell

injection was weekly monitored. (B) Relative tumor growth of

mice at day 14 after T cell injection. Tumor growth at day 14was

referred to the tumor size at the day of treatment. Statistical

analyses were performed using the two-tailed Student’s t test

(*p < 0.05). (C) Tumor tissue slides were recorded for CAR+

T cells. (D) CAR+ T cells in tumor tissue were detected by

staining with Alexa Fluor 555-conjugated anti-human IgG

antibody (dilution 1:250), tumor cells by staining with Alexa

Fluor 488-conjugated anti-CEA (aCD66a/c/e) antibody (dilution

1:50); cell nuclei were stained with “Reddot2” (dilution 1:200).

Scale bar represents 100 mm. (E) TGF-b in tumor tissue was

detected using the anti-TGF-b antibody (dilution 1:50) and

Alexa Fluor 555-labeled anti-mouse IgG (H+L) antibody (dilution

1:200); tumor cells were identified with the Alexa Fluor 488-

conjugated anti-CEA (aCD66a/c/e) antibody (dilution 1:50); cell

nuclei were stained with DAPI. Scale bar represents 100 mm.
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c-myc transcription,23 finally resulting in the suppression of T cell
amplification and pro-inflammatory cytokine release.24 On the other
hand, IL-2 signaling is transmitted through the STAT5 pathway to
accumulate MYC protein25 and to activate BCL-2 and BCL-x to pre-
vent apoptosis,26 implying c-myc as a central regulator. Signaling
through IL-7 feeds into the same final pathway,27,28 which makes
IL-7 a good candidate to replace IL-2 in this context.

Other strategies to overcome the suppressive effect of TGF-b were
reported; for instance, the expression of a dominant-negative
TGF-b receptor,3,4,29,30 which acts as a decoy receptor to reduce
TGF-b-mediated downstream signaling, an improved modification
of the dnTGF-b receptor, was recently reported.31 The strategy may
theoretically be limited by high TGF-b concentrations, which will
also bind to the physiological TGF-b receptor, providing some repres-
sive signals even in the presence of the dnTGF-b receptor. Other al-
ternatives are small-molecule inhibitors of the TGF-b signaling
pathway, repression of TGF-b expression by antisense oligo-nucleo-
tides, or neutralization by blocking monoclonal antibodies.32–34 In
these cases, the risk of systemic side effects is high, as observed in
an uncontrolled and lethal immune response in a mouse model.35

In contrast, our concept is based on overcoming TGF-b signaling in a
CAR T cell-intrinsic fashion. This is realized by an inducible and
locally provided activating signal that is leaving the systemic immune
regulation untouched. By revealing g-cytokines like IL-2 or IL-7 as
mediators to convey resistance to TGF-b and by applying synthetic
biology, we here present a strategy that has the potential to make
cell therapy of solid tumor lesions with expectedly high TGF-b levels
and infiltrating Treg cells feasible. Key features are CAR T cells, which
are deficient in IL-2 release but release transgenic IL-7 and co-express
the IL-7Ra/IL-2b hybrid receptor to provide cell-intrinsic IL-2
signaling to persist through IL-7 release as long as the CAR engages
cognate antigen. Due to the dependency on CAR signaling, off-target
auto-stimulatory activation is not expected, making the strategy suit-
able for systemic clinical application.

MATERIALS AND METHODS
Blood Samples, Cell Lines, and Reagents

All studies involving human blood cells were approved by the Unikli-
nik Köln Institutional Review Board (reference no. 01-090). Human
T cells were isolated from the peripheral blood of healthy donors
by density gradient centrifugation and stimulated by the agonistic
anti-CD3 antibody OKT3 (50 ng/mL) and IL-2 (500 U/mL) for
48 hr. HEK293T cells (ATCCCRL-11268) are human embryonic kid-
ney cells that express the SV40 large T antigen. LS174T (ATCC CCL
188) is a CEA-expressing human colon carcinoma cell line. C15A3
cells (kindly provided by Dr M. Neumaier, Universität Heidelberg-
Mannheim) were derived from mouse MC38 fibrosarcoma cells by
transfection with a CEA-encoding plasmid. OKT3 (ATCC CRL
8001) is a hybridoma cell line producing the agonistic anti-CD3
monoclonal antibody (mAb) OKT3. BW2064/36 is an internal image
anti-idiotypic antibody directed against the anti-CEA single-chain
fragment of variable region (scFv) antibody BW431/26.36 T cells
and hybridoma cell lines were cultured in RPMI 1640 medium (Invi-
trogen Life Technologies, Karlsruhe, Germany) and 10 mM HEPES;
adherent cells were cultured in DMEM (Invitrogen Life Technolo-
gies), both media supplemented with 10% (v/v) fetal calf serum
(FCS) (PAN-Biotech, Aidenbach, Germany) and 100 IU/mL peni-
cillin, streptomycin (PAN-Biotech). OKT3 and BW2064/36 mAbs
were affinity purified from hybridoma supernatants using goat
anti-mouse immunoglobulin G1 (IgG1) antibody (SouthernBiotech,
Birmingham, AL, USA) immobilized on N-hydroxysuccinimide
ester-activated Sepharose (Amersham Biosciences, Freiburg, Ger-
many). The following antibodies against human proteins were used:
fluoresceine isothiocyanate (FITC)-conjugated anti-CD3 mAb
(Miltenyi Biotec, Bergisch Gladbach, Germany), phycoerythrin
(PE)-conjugated goat anti-IgG1 antibody F(ab’)2 (SouthernBiotech),
anti-IFN-g antibody NIB42, biotinylated anti-IFN-g antibody
4S.B3, anti-IL-2 antibody 5344-111, biotinylated anti-IL-2 antibody
B33-2 (all from BD Bioscience, San Jose, CA, USA). The anti-mouse
IL-7 antibody and the biotinylated anti-mouse IL-7 antibody (mouse
IL-7 DuoSet ELISA, DY407), the anti-human IL-15 antibody, and the
biotinylated anti-human IL-15 antibody (human IL-15 DuoSet
ELISA, DY247) were purchased from R&D Systems (Minneapolis,
MN, USA) for ELISA use. Recombinant human IL-2 was purchased
from Novartis (Basel, Switzerland), recombinant IL-7, IL-15, and
TGF-b from Miltenyi Biotec.

CARs and T Cell Modification

The CEA-specific CARs BW431/26scFv-Fc-z, BW431/26scFv-
Fc-CD28-z,37 BW431/26scFv-Fc-4-1BB-z,38 and BW431/26scFv-
Fc-CD28DLCK-z11 were described previously. BW431/26scFv-Fc-
CD28DPI3K-z and BW431/26scFv-Fc-CD28DLCKDPI3K-z were
engineered by site-directed mutagenesis.9 Co-expression of IL-2,
IL-7, and IL-15, respectively, was achieved by linking the respective
cytokine encoding sequence to the CAR expression cassette by P2A.
The DNA encoding the extracellular part of the IL-7 receptor a chain
and the transmembrane and intracellular part of the IL-2 receptor b
chain were produced as “gBlocks” by Intergrated DNA Technologies
(IDT, Coralville, IO, USA) and assembled in an expression vector by
routine techniques. CAR encoding g-retroviral vectors were pro-
duced by 293T cells after “PEIpro” (Polyplus-transfection, Illkirch,
France)-mediated transfection, and T cells were transduced by spin-
fection as described previously.39 CAR expression was recorded by
flow cytometry using the PE-conjugated F(ab’)2 anti-IgG1 antibody
(SouthernBiotech), which detects the common extracellular spacer;
T cells were identified by the FITC-conjugated anti-CD3 mAb (Mil-
tenyi Biotec). Data were recorded using a fluorescence-activated cell
sorting (FACS) Canto II cytofluorometer equipped with the FACS-
Diva software (Becton Dickinson, Mountain View, CA, USA).

CSFE Labeling

T cells with or without a CAR were washed two times with PBS and
stained with 0.5 mM 5-carboxylfluorescein diacetate succinimidyl
ester (CFSE) (Invitrogen Life Technologies) for 10 min at room tem-
perature; staining was stopped by adding 4–5 volumes of cold culture
medium and incubated on ice for 5 min. The cells were washed twice
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before subjecting to the assay. CFSE staining was recorded by flow
cytometry.

Intracellular Staining

Detection of pLCK

CAR T cells were stimulated through the CAR by incubating with the
immobilized BW2064/36 mAb for 5 min. The cells were harvested,
fixed, and permeabilized using the “Intrasure Kit” (BD Bioscience)
and stained by the PE-conjugated anti-phosphoLCK antibody (BD
Bioscience).

Detection of Granzyme B

CAR T cells were stimulated through the CAR by incubating with the
immobilized BW2064/36 mAb for 48 hr with or without TGF-b
(10 ng/mL). The cells were harvested, fixed, and permeabilized using
the “Cytofix/Cytoperm” Kit (BD Bioscience) and stained by the
FITC-conjugated granzyme B antibody (BD Bioscience).

Detection of pSTAT5

CAR T cells were stimulated through the CAR by incubating with the
immobilized BW2064/36 mAb for 30 min or 16 hr. The cells were
harvested, fixed using IC Fixation Buffer (eBioscience/Thermo Fisher
Scientific, Waltham, MA USA), permeabilized using ice-cold meth-
anol (99.9%), and stained by the PE-conjugated anti-phosphoSTAT5
antibody (eBioscience). Cells were recorded by flow cytometry.

CAR-Redirected T Cell Activation

Anti-CEA CAR-engineered T cells were stimulated through their
CAR by incubating on 96-well round-bottom plates coated with the
BW2064/36 mAb, which is a surrogate antigen for the anti-CEA
CAR. Culture supernatants were analyzed for IFN-g, IL-2, IL-7,
and IL-15 by ELISA using the matched-pairs capture and biotinylated
detection antibodies. The reaction products were visualized by perox-
idase-streptavidin (1:10,000) and ABTS (Roche Diagnostics GmbH,
Mannheim, Germany). Proliferation assay was performed by incu-
bating CFSE-labeled CAR T cells on 96-well round-bottom plates
coated with the BW2064/36 mAb for 4 days in the presence or
absence of TGF-b (10 ng/mL), IL-2 (500 U/mL), IL-7, or IL-15
(10 ng/mL). Apoptotic and dead cells in the CAR+ T cell population
were identified by staining with APC-conjugated AnnexinV and
7-aminoactinomycin-D (7-AAD); 7-AAD was added 10 min before
flow cytometry. To monitor the cytolytic activity, CAR T cells were
co-incubated with tumor cells for 48 hr in 96-well round-bottom
plates, and the viability was monitored by the 2,3-bis[2-methoxy-
4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide salt (XTT)-
based colorimetric assay (Cell Proliferation Kit II, Roche Diagnos-
tics). In serial-killing assay, fresh tumor cells were added to the
CAR T cells in every 2 days until day 6. Maximal reduction of XTT
to formazan was determined as the mean of 12 wells containing target
cells only and the background as the mean of 12 wells containing cul-
ture medium. T cell-mediated formation of formazan was determined
by recording triplicate wells containing T cells in same numbers as in
the corresponding experimental wells. CAR T cell-mediated specific
cytotoxicity was calculated as follows: cytotoxicity (%) = (1 � OD
2228 Molecular Therapy Vol. 26 No 9 September 2018
[experimental wells � corresponding number of T cells]/OD [tumor
cells without T cells �medium]) � 100, where OD is optical density.

Assay for Tumor Growth

Rag2�/�gc�/� mice were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). All animal experiments were performed ac-
cording to the Animal Experiments Committee regulations and
approved by the Landesamt für Natur, Umwelt und Verbraucher-
schutz, Recklinghausen, Germany (K17/35-05). TGF-b secreting
CEA+ C15A3 tumor cells were subcutaneously injected into
Rag2�/�gc�/� mice (106 cells per mouse; four mice per group).
Mice received CAR-modified human T cells or non-modified
T cells (1.5 � 106 CAR T cells per mouse) at day 16 when the tumor
size has reached about 200 mm3. Tumor growth was weekly moni-
tored; statistical analyses were performed using the Student’s t test.

Immuno-histological Analysis

Tumor tissues were stained with the Alexa Fluor 488-conjugated anti-
human CD66/a/c/e (anti-CEA clone, ASL-32) antibody (BioLegend,
San Diego, CA USA) (dilution 1:50) to detect the tumor cells, with
the Alexa Fluor 555-conjugated goat F(ab’)2 anti-human IgG anti-
body (SouthernBiotech) (dilution 1:250) to detect the CAR T cells
and with “Reddot2 nuclear dye” (dilution 1:200) (Biotium, Fremont,
CA, USA) or with DAPI (IS Mounting Medium DAPI, dianova,
Hamburg, Germany) to detect the nuclei. TGF-b staining was per-
formed with the anti-TGF-b antibody (mouse monoclonal IgG1,
3C11) (dilution 1:50) (Santa Cruz Biotechnology, Dallas, TX, USA)
and Alexa Fluor 555-conjugated goat anti-mouse IgG (heavy and
light [H+L]) antibody (dilution 1:200) (Invitrogen). Imaging was per-
formed by using the Olympus IX81 microscope and the Olympus
Fluoview (FV1000) software (Olympus, Center Valley, PA, USA).

Statistics

Statistical analyses were performed using a two-tailed Student’s t test.
Data are presented as mean ± SD.
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