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Chimeric antigen receptor (CAR)-engineered T cells are effica-
cious in controlling advanced leukemia and lymphoma,
however, they fail in the treatment of solid cancer, which is
thought to be due to insufficient T cell activation. We revealed
that the immune response of CAR T cells with specificity for
carcinoembryonic antigen (CEA) was more efficacious against
CEA+ cancer cells when simultaneously incubated with an anti-
CD30 immunotoxin or anti-CD30 CAR T cells, although the
targeted cancer cells lack CD30. The same effect was achieved
when the anti-CD30 single-chain variable fragment (scFv)
was integrated into the extracellular domain of the anti-CEA
CAR. Improvement in T cell activation was due to interfering
with the T cell CD30-CD30L interaction by the antagonistic
anti-CD30 scFv HRS3; an agonistic anti-CD30 scFv or target-
ing the high-affinity interleukin-2 (IL-2) receptor was not
effective. T cells with the anti-CD30/CEA CAR showed supe-
rior immunity against established CEA+ CD30� tumors in a
mouse model. The concept is broadly applicable since anti-
CD30/TAG72 CAR T cells also showed improved elimination
of TAG72+ CD30� cancer cells. Taken together, targeting
CD30 on CAR T cells by the HRS3 scFv within the anti-tumor
CAR improves the redirected immune response against solid
tumors.

INTRODUCTION
The success of adoptive cell therapy with chimeric antigen receptor
(CAR)-modified T cells depends on the CAR T cell persistence and
lasting activation; in the case of targeting B cell leukemia and lym-
phomas,1,2 on-target off-tumor depletion of healthy B cells3 likely
contributes to the sustained CAR T cell activation and, finally, to
lasting control of the disease. In contrast to targeting hematologic
malignancies, the efficacy of CAR T cell therapy against solid tumors
is, so far, poor, and the T cells rapidly enter anergy.4 Tremendous
efforts are currently made to sustain CAR T cell activation upon
antigen engagement and to counteract physiologic response repres-
sion in order to improve the therapeutic efficacy against solid cancer.

T cell activation by the CAR or physiologically through the T cell recep-
tor (TCR)/CD3 is orchestrated by a cascade of signaling events, which
are inducing effector functions and, with some delay, are counteracting
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through numerous inhibitory ligands to limit the process. Early upon
activation, CD30 is transiently expressed on the surface of certain
T cell subsets,5 followed by a plethora of other activation-associated
receptors. CD30 is also known as a tumor-associated antigen expressed
by Hodgkin’s lymphoma cells and cells of other B and T cell malig-
nancies;5–7 CD30 is, therefore, used as a target for CAR T cell therapy.8

Physiologically, CD30 is involved in the initiation of a productive im-
mune response of mature T and B cells and in the initiation of hemato-
poiesis, which became obvious upon cytokine-mediated entry of bone
marrow-derived CD34+ stem cells into maturation.9 The role of
CD30 during these processes is pleiotropic and not yet fully under-
stood.10 While primarily recognized as a Th2 marker defining inter-
leukin-4 (IL-4) responsiveness of T cells,11,12 CD30 is also expressed
by Th1 cells upon activation,13,14 reflecting a more general role during
hematopoietic activation.Once initiated, the activationprocess is tightly
regulated by reciprocal signaling through the CD30 ligand CD153
(CD30L). Transiently expressed by cells of the innate and adaptive im-
mune systems, CD30L interacts with freshly activated CD30+ T cells to
reduce the level of activation, indicating theCD30-CD30L interactionas
an early checkpoint in regulating the lymphocyte response. To prolong
T cell activation early after initiation, we asked whether CD30 targeting
positively affects CAR T cell immunity in general and in particular
during an attack against solid cancer cells that lack CD30.

To address the issue, we targeted CD30 during the initiation of a
CAR-redirected T cell response by an anti-CD30 immunotoxin or
anti-CD30 CAR T cells. Assuming that the CD30-CD30L interaction
drives freshly activated T cells to limit their immune response, we de-
signed a CAR that, in addition to a cancer recognition domain, also
harbors a CD30-targeting domain to disrupt the CD30-CD30L inter-
action on freshly activated lymphocytes. T cells with such a combined
tumor-targeting and T cell-instructing CAR showed improved cyto-
toxic activity against CD30-negative, non-hematopoietic cancer cells
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Figure 1. CD30 Targeting Enhances Antigen-Specific Cytolysis by Anti-CEA CAR T Cells

(A–C) Targeting of CD30 by anti-CD30 immunotoxin or anti-CD30 CAR T cells resulted in the depletion of CD30+ T cells. Peripheral blood T cells were activated by CD3/CD28

stimulation, and they were incubated for 48 h in the presence or absence of the anti-CD30 immunotoxin Ki4-Eta (1mg/mL) (A) or T cells engineeredwith first-generation anti-CD30

and anti-CEA CARs, respectively (B). CD30 expression by T cells in the presence of anti-CD30 immunotoxin (A) or anti-CD30 CAR T cells (B and C) was determined by flow

cytometry, and the mean values of CD30+ cells of 5 healthy donors in the presence of anti-CD30 or anti-CEA CAR T cells were determined (C). (D and E) Target cell lysis of CEA+

tumor cells upon depletion of CD30+ lymphocytes. (D) Anti-CEA CAR T cells (2.5 � 103 anti-CEA CAR T cells/well) were co-cultivated for 48 h with CEA+ LS174T or CEA�

Colo320 tumor cells (each 5� 104 cells/well) in the presence of 1 mg/mL anti-CD30 Ki4-Eta immunotoxin. (E) Anti-CD30 (3� 103/well) and anti-CEA CAR T cells (7.5� 103/well)

were co-cultivatedwithCEA+ LS174TorCEA�Colo320 tumor cells (each 5� 104 cells/well) for 48h as described above. Viability was determined by the XTT assay and target cell

lysis was calculated. Data represent the mean of replicates ± SD. A representative experiment is shown. (F) CD30 targeting by CAR T cells reduces IL-10, but not IFN-g or IL-2

(legend continued on next page)
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Figure 2. Blocking of Enhanced CD30 Expression

Improved a CAR T Cell Attack

(A) Simultaneous primary and secondary T cell activations by

CD3 and CD28 signaling resulted in enhanced CD30

expression by T cells. T cells fromhealthy donors (n = 4)were

activated by adding the agonistic anti-CD3 and anti-CD28

mAbs (each 100 ng/mL) and further cultivated in the

presence of 500 U/mL IL-2. After 7 days, cells were re-

stimulated in microtiter plates in the presence or absence

of resting peripheral blood lymphocytes (PBLs) (each

5� 104 cells/well) by solid-phase bound anti-CD3 and anti-

CD28 mAbs (coating concentration each 1 mg/mL). For

comparison, T cells were co-cultivated without stimulation;

resting PBLs of two donorswere cultivated in the absence of

pre-activated T cells. Data represent mean values ± SD.

(B) Blocking of CD30 during primary and secondary T cell

stimulations resulted in enhanced target cell lysis by anti-

CEA CAR T cells. Anti-CEA CAR T cells and non-modified

T cells for control (each 1.25 � 104 cells/well) were co-

cultivated with CEA+ LS174 tumor cells (2.5� 104 cells/well)

in the presence of freshly isolated autologous PBLs

(1.25 � 104 cells/well) in microtiter plates that were coated

with 1 mg/mL anti-CD3 and anti-CD28 mAbs. To block

CD30 signaling, saturating amounts of the blocking anti-

CD30 mAb HRS4 were added. For control, the assay was

performed without anti-CD3/CD28 stimulation. Viability of

target cells was determined by the XTT assay and cytolysis

was calculated. IL-10 and IFN-g secretion into supernatants

was determined by ELISA. A representative experiment of

3 is shown. Data represent mean values ± SD. Significant

differences were determined by the Student’s t test.
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in vitro and in a mouse model. The data draw a novel concept in
adoptive cell therapy based on providing two capacities by a single
CAR, one being cancer cell targeting and the other being T cell
de-repressing. This is all in order to improve anti-tumor immunity.

RESULTS
We asked whether CD30 targeting during CAR-redirected T cell acti-
vation impacts the tumor-specific immune response. To address the
issue, we took advantage of the anti-CD30 immunotoxin Ki4-Eta15

and the CD30-specific CAR,16 which both were previously character-
ized with respect to their targeting specificity and capacity to elimi-
nate CD30+ cells. Incubating activated human blood lymphocytes
with the anti-CD30 immunotoxin eliminated the entire subset of
CD30+ cells (Figure 1A). The same effect was achieved by co-incu-
bating the lymphocytes with cytolytic T cells redirected by the anti-
CD30 CAR (Figures 1B and 1C).

To explore whether CD30 targeting impacts the CAR-redirected T cell
attack against CD30-negative target cells, anti-carcinoembryonic anti-
secretion. Peripheral blood lymphocytes were engineered with first-generation anti-C

(5� 104 cells/well, 5� 103CART cells/well) thatwere coatedwith agonistic anti-CD3and a

IL-2, and IL-10 secretion by ELISA. Data represent the means of technical replicates of thr

were activated as described in the Materials and Methods, cultivated for 72 h, and stimula

determined by the IL-10 secretion assay, and cells were additionally stained with anti-CD3

set for IL-10+ and IL-10� cells. Data represent mean values of 3 healthy donors ± SD. Si
gen (CEA) CAR T cells were incubated with CEA+CD30� cancer cells
in the presence of either anti-CD30 immunotoxin or anti-CD30 CAR
T cells. The elimination of CAR-targeted CD30� cancer cells was more
efficient when CD30+ cells from the T cell pool were targeted by
Ki4-Eta or anti-CD30 CAR T cells (Figures 1D and 1E). Since the tar-
geted cancer cells did not express CD30, but eliminating CD30+ CAR
T cells improved the anti-tumor cell attack, we conclude that CD30+

T cells have a crucial role in repressing the CART cell immunity against
cancer cells. The effect was independent of how the CD30+ T cells were
eliminated, i.e., by a CD30-specific immunotoxin or CAR T cells.

We asked whether CD30 targeting in a CAR T cell population impacts
the secretionof pro-inflammatory cytokines like interferon (IFN)-g and
interleukin-2 (IL-2), whichmediate the immune control of tumors,17 or
of anti-inflammatory cytokines like IL-10, which is central for T regula-
tory type-1 (Tr1) cells and immune homeostasis.18,19 In the presence of
anti-CD30 CAR T cells, the anti-CEA CAR T cell response was accom-
panied by a decrease in IL-10 release, while the IFN-g and IL-2 releases
were not altered (Figure 1F). Reduced IL-10 levels in the presence of
D30 or anti-CEA CARs, and they were incubated for 48 h in microtiter wells

nti-CD28mAbs (each1 mg/mL). Supernatantswere recovered and analyzed for IFN-g,

ee different healthy donors ± SD. (G) IL-10-secreting cells express high CD30L. T cells

ted for 12 h with anti-CD3 and anti-CD28 mAbs (1 mg/mL each). IL-10 secretion was

, anti-CD30, and anti-CD30LmAbs. Cells were analyzed by flow cytometry and gates

gnificant differences were calculated by the Student’s t test.
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Figure 3. Dual Targeting of CD30 and CEA by

Bispecific CAR T Cells Reduced CD30 Expression

by T Cells and Enhanced Lysis of CEA+ Cancer Cells

(A) Schematic representation of the anti-CD30 and anti-

CEA CARs. TM, transmembrane domain derived from

CD28. (B and C) Expression of mono- and bispecific anti-

CEA CARs by T cells. Peripheral blood T cells from healthy

donors were retrovirally transduced to express the anti-

CD30, anti-CEA, and anti-CD30/CEACARs, as described

in the Materials and Methods. The CAR on T cells was

recorded by staining with anti-CD3 and anti-human IgG

Fc antibodies, and analysis was by flow cytometry.

Representative dot plots of T cells from one donor are

shown (B), and mean fluorescence intensities (mfis) of

6 healthy donors were determined (C). Data represent

the mean values ± SD. (D) CD30-specific CAR T cells

downregulate CD30 expression. Non-transduced and

anti-CEA or anti-CD30/CEA CAR T cells, respectively, of

8 different donors were cultivated in the presence of

500 U/mL IL-2. Cells were assayed for CD30 by staining

with a fluorescein isothiocyanate (FITC)-conjugated anti-

CD30 mAb 1–3 days after transduction, and they were

analyzed by flow cytometry. Data represent the

mean values ± SD. (E) Anti-CD30/CEA CAR T cells lyse

specifically CD30+ and CEA+ target cells. Anti-CEA, anti-

CD30, and anti-CD30/CEA CAR T cells (1.25 � 104/well)

were co-cultivated for 48 h with CEA�CD30+ MyLa,

CEA�CD30� Colo320, or CEA+CD30� LS174T tumor

cells (each 2.5 � 104/well). Viability of target cells

was determined by the XTT assay and cytolysis was

calculated. Data represent mean values of technical

replicates ± SD of a representative experiment. Signifi-

cant differences were determined by the Student’s t test.
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anti-CD30 CAR T cells may be due to the repressive CD30-CD30L
interaction. Accordingly, we found high CD30L levels in IL-10-
secreting T cells, while the CD30 levels were similar in IL-10+ and
IL-10� T cells (Figure 1G). The data suggested that reduced IL-10 secre-
tionwasdue to interferingwith the regulatoryCD30-CD30L interaction.

The expressions of CD30 and its ligand CD30L are tightly regulated in
time upon T cell activation. CD30L appears rapidly upon CD3/CD28
signaling on the T cell surface, peaking within 24 h of the onset of acti-
vation followed by an increase in CD30,20 with amaximum after 48 h,21

implying that the CD30L-CD30 interaction limits the primary immune
response. We accordingly observed high CD30 levels after secondary
CD3/CD28 stimulation of previously activated T cells in the presence
of resting autologous or allogeneic lymphocytes (Figure 2A).Moreover,
CD30upregulation after combinedprimary and secondary stimulations
depended on the presence of primarily activated T cells (Figure 2A).

We asked whether CD30 induction upon secondary stimulation
impairs the cytotoxic immune response of CAR T cells. We re-
1828 Molecular Therapy Vol. 27 No 10 October 2019
corded the lysis of CEA+ LS174T tumor cells
by anti-CEA CAR T cells in the presence of
added resting lymphocytes and agonistic
CD3/CD28 stimulation to induce CD30. As summarized in Fig-
ure 2B, the cytotoxic activity of anti-CEA CAR T cells decreased
under conditions of high CD30 levels. The cytotoxic activity was
restored in the presence of saturating amounts of the anti-CD30
antibody HRS4, which interferes with CD30-CD30L binding.22

Concomitantly, IL-10 levels decreased whereas IFN-g secretion
was not affected. The data sustained our hypothesis that blocking
the CD30-CD30L interaction during activation improves T cell
effector functions.

We asked whether targeting a cancer cell-associated antigen like
CEA can be combined with CD30 targeting and an anti-CD30/
CEA bispecific CAR in order to improve CAR-mediated lysis of
CEA+CD30� cancer cells. The combined anti-CD30/CEA CAR, as
schematically shown in Figure 3A, was expressed on the T cell sur-
face, although at slightly lower levels than the individual anti-CEA
CAR (Figures 3B and 3C). The number of CD30+ T cells decreased
to a similar extent when engineered with the anti-CD30/CEA CAR
(Figure 3D) or incubated with anti-CD30 CART cells (cf. Figure 1B).



Figure 4. Bispecific CD4+ and CD8+ CAR T Cells

Showed Improved Lysis of CEA+ Target Cells

(A) Anti-CEA and anti-CD30/CEA CAR T cells were

labeled with antibodies specific for CD4, CD8, and human

IgG1, which detects the CAR. Labeled cells were flow

sorted in CD4+ or CD8+ cells with or without CAR, and the

mfi of CAR expression was determined. (B) Purified CD4+

and CD8+ CAR T cell populations (3.75 � 103/well) were

co-cultivated for 48 h with CEA� Colo320 or CEA+

LS174T tumor cells (each 2.5 � 104/well). Viability of

target cells was determined by the XTT assay and cytol-

ysis was calculated. Data represent mean values of

technical replicates ± SD; one representative experiment

of two is shown. Significant differences were determined

by the Student’s t test.
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T cells engineered with the anti-CD30/CEA CAR eliminated both
CD30+ CEA� and CD30� CEA+ tumor cells. Whereas T cells with
the respective monospecific CAR lysed only tumor cells with the
respective antigen (Figure 3E), the bispecific CAR T cells lysed
CD30+ and CEA+ tumor cells, indicating that the anti-CD30/CEA
CAR provided specificity for both antigens. Of note, CEA+ tumor
cells were more efficiently eliminated by T cells with the anti-
CD30/CEA CAR than by anti-CEA CAR T cells without the
CD30-targeting domain. In contrast, T cells with the anti-CD30
and the anti-CD30/CEA CAR, respectively, eliminated CD30+

tumor cells with similar efficiencies. We concluded that targeting
CD30 by the combined anti-CD30/CEA CAR improves the T cell
elimination of CEA+ cancer cells.

To exclude that the improvement in eliminating CEA+ cancer cells by
anti-CD30/CEA CAR T cells is due to superior expansion of a T cell
subset, we isolated CD4+ and CD8+ CAR T cells, respectively, by
flow sorting (Figure 4A). Both CD4+ and CD8+ cells expressed the
anti-CD30/CEA CAR at slightly lower levels compared with the
anti-CEA CAR. However, the elimination of targeted CEA+ tumor
cells by T cells with the anti-CD30/CEA CAR was substantially
more efficient than by T cells with the anti-CEA CAR; the observation
holds for CD4+ and CD8+ T cells (Figure 4B). The data confirmed
that both CD4+ and CD8+ T cells redirected by the anti-CD30/CEA
CAR exhibited improved lysis of CD30� target cells that was not
due to higher CAR levels on the cell surface of anti-CD30/CEA
CAR T cells.

The in vitro data were confirmed by CAR T cell killing of cancer
cells in vivo. Higher numbers of CEA CAR T cells efficiently sup-
pressed tumor growth of the CEA+ colorectal cancer line LS174T
(Figure 5A); however, they were not effective at a lower dose
against the more aggressive growing CEA+ cancer cell line
Molecular Therapy Vol. 27 No 10 October 2019 1829
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C15A3 (Figure 5B). At low doses, tumor
establishment of C15A3 cancer cells was
more efficiently prevented by T cells with
the combined anti-CD30/CEA CAR than by
T cells with the anti-CEA CAR (Figure 5B)
again demonstrating improved anti-tumor cell activities of the
anti-CD30/CEA CAR T cells.

To address whether the CAR with anti-CD30 domain improved the
elimination of cancer cells also when targeting other tumor-associated
antigens, we engineered an anti-CD30/TAG72 CAR for targeting
TAG72+ cancer cells (Figure S1A). The monospecific anti-TAG72
CAR served for comparison. T cells with the anti-CD30/TAG72
CAR showed reduced CD30 levels compared with anti-TAG72 CAR
T cells (Figure S1B). Moreover, TAG72+ tumor cells were eliminated
with substantially higher efficiency by anti-CD30/TAG72 CAR
T cells than by anti-TAG72 CAR T cells (Figure S1C). Taken together
redirecting CAR T cells by a CAR specific for the T cell activation
antigen CD30 and a tumor-associated antigen improved the elimina-
tion of CD30� cancer cells.

CD30 signaling is associated with T cell activation; we asked whether
targeting of any activation-induced antigen on T cells in addition to
targeting a cancer-associated antigen results in improved cytotoxic
activities of CAR T cells. We therefore replaced the anti-CD30
single-chain variable fragment (scFv) by a scFv for CD25, since the
high-affinity IL-2 receptor CD25 is highly upregulated by T cells
upon activation (Figure 6A). The anti-CD25/CEA CAR was ex-
pressed in a similar fashion as the anti-CD30/CEA CAR (Figures
6B and 6C). As summarized in Figure 6D, CAR T cells with the
anti-CD25/CEA and anti-CD30/CEA CAR persisted with higher fre-
quencies compared with anti-CEA CAR T cells after stimulation
Strikingly anti-CD25/CEA CAR T cells expanded more rapidly
than T cells with the anti-CEA and anti-CD30/CEA CAR. The data
implied a relatively low fratricide activity and/or a high level of stim-
ulation of anti-CD25/CEA CAR T cells, due to the abundance of the
targeted CD25. Noteworthy, the cytotoxic activity of T cells with the
anti-CD25/CEA CAR against CEA+ LS174T cells was in the same

http://www.moleculartherapy.org


Figure 5. Anti-CD30/CEA CAR T Cells Show Superior Cancer Cell Killing

In Vivo

(A and B) T cells with and without CAR (A, 5� 106 cells/mouse, 20%CAR+; B, 2.5�
105 cells/mouse, 30% CAR +) were co-injected with LS174T (A, 2.5 � 106/mouse)

or C15A3 tumor cells (B, 106 cells/mouse) into Rag�/� cg�/� mice. Tumor volume

was determined every 2–3 days until day 32. Areas under the curve (AUCs) were

calculated and the mean values of 6 mice were determined. Significant differences

were determined by Student’s t test.
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range as T cells with the anti-CEA CAR; however, the activity of the
anti-CD30/CEA CAR T cells was substantially higher (Figure 6F).We
concluded that the increase in cytotoxic activity of CAR T cells is spe-
cifically associated with targeting CD30; targeting any activation-
associated protein like CD25 does not have the same effect but accel-
erated CAR T cell expansion in the long term.

To address the mode of action of the anti-CD30 scFv in the context of
the CEA-targeting CAR, we replaced the HRS3-derived anti-CD30
scFv with the anti-CD30 scFv SH313B5 (Figure 7A). The SH313B5
scFv has CD30L-like activities, as it inhibits the amplification of
CD30+ Karpas 299 cells23 in a similar fashion as soluble CD30L.24

The anti-CD30/CEA CARs and, for comparison, the anti-CEA CAR
were expressed byT cells. The anti-CD30(SH313B5)/CEACARwas ex-
pressed with similar efficiency as the anti-CD30(HRS3)/CEA CAR by
T cells but at lower levels than the anti-CEA CAR (Figures 7B and
1830 Molecular Therapy Vol. 27 No 10 October 2019
7C). More importantly, the anti-CD30(SH313B5)/CEA CAR was not
as efficient as the anti-CD30(HRS3)/CEA CAR in removing CD30+

lymphocytes (Figure 7D). Co-incubation of CEA+ LS174T cancer cells
withT cells expressing the SH313B5 scFvCAR showed reduction,while
T cells with the HRS3 scFv CAR increased the cytolytic activity against
cognate target cells (Figure 7E). Since the HRS3 antibody belongs to
the group of non-agonistic anti-CD30 antibodies, whereas SH313B5
is an agonistic anti-CD30 antibody,25 we assumed that CD30 blocking,
rather than activating, results in improved target cell lysis.

CD30 is reported to downregulate cytotoxic effector molecules in
T cells upon CD30L binding.26 We asked whether targeting CD30
by the antagonistic anti-CD30 scFv HRS3 in the context of the
anti-CEA CAR impacts the levels of perforin and granzyme B. As
summarized in Figures 8A and 8B, the levels of perforin and, in
particular, granzyme B were substantially enhanced in T cells with
the anti-CD30/CEA CAR, but not in T cells with either the anti-
CD25/CEA or the anti-CEA CAR. The data demonstrated that block-
ing the negative regulator CD30 on T cells improved the cytolytic ca-
pacity of CAR-redirected T cells.

DISCUSSION
Successful CAR T cell therapy of malignant diseases requires a
sustained cytotoxic anti-tumor response by activated T cells. The
currently non-satisfying results in trials for the treatment of solid
tumors point to the necessity to further improve and prolong the
T cell response upon primary antigen engagement and activation
through the CAR. Based on the growing evidence for the role of
CD30 in modulating the immune response,27,28 the approach
described here combines targeting of a cancer cell antigen with the
interference with the immune regulator CD30 in order to amplify
the cytotoxic anti-tumor reaction. This is achieved by a dual targeting
CAR that blocks CD30 along with targeting a tumor-associated anti-
gen. T cells with a CD30-blocking and tumor-targeting CAR shape a
specific immune landscape by at least two non-exclusive mechanisms:
(1) CAR T cells are stimulated through CD30+ cells in the tumor
tissue independently of cancer cells, and (2) eliminating CD30+

T cells prevents the inhibition of the cytotoxic T cell response.
Blocking CD30 is required to improve the T cell response, since an
agonistic anti-CD30 antibody proved ineffective in this respect; any
agonistic anti-CD30 antibody targeting the same domain as HRS3
may likewise be suitable. The combined immune-blocking and/or
cancer-targeting anti-CD30/CEA CAR thereby represents a new gen-
eration of smart CARs, which shape in cis the T cell immunity toward
a more favorable and lasting response while targeting in trans the
cancer cells in a tumor-specific fashion.

There is growing evidence that CD30 has a regulatory role during the
secondary immune response. This is underlined by the correlation of
CD30+ immune cells with worse prognosis in solid cancer, including
colorectal cancer29 andmelanoma,27 which goes along with a repressed
cellular immune response.27,28 CD30 seems to be more globally
involved in counter-regulating the cellular response, since it is ex-
pressed by both Th2 as well as Th1 T cells;30 repetitive CD30 signaling



Figure 6. Enhanced Lysis of CEA+ Tumor Cells

Depends on Simultaneous CD30, but Not CD25,

Targeting

(A) Schematic representation of anti-CD30/CEA and

anti-CD25/CEA CARs. (B and C) T cells express the

anti-CD30/CEA and anti-CD25/CEA CAR with similar

efficiency on the cell surface. T cells from the peripheral

blood were grafted with anti-CD30/CEA and anti-CD25/

CEA CARs, as described in the Materials and Methods,

and CAR expression was recorded by flow cytometry

utilizing anti-CD3 and anti-human IgG antibodies,

respectively. Numbers of CD3+CAR+ T cells and mean

fluorescence intensities (mfis) of CAR expression were

determined. A typical dot plot (B) and mean values of

CAR expression (mfis) of 5 healthy donors are shown (C).

(D and E) Anti-CD30/CEA and anti-CD25/CEA CAR

T cells persist similarly but expand differentially during

prolonged cultivation. Anti-CEA, anti-CD30/CEA, and

anti-CD25/CEA CAR T cells were cultivated in the pres-

ence of 100 U/mL IL-2 and recorded for viable CAR+

T cells by flow cytometry (D). The total number of viable

cells was recorded by cell counting (E). Dead cells were

excluded by trypan blue exclusion. A representative

experiment of two is shown. (F) T cells with the anti-

CD25/CEA, anti-CD30/CEA, and anti-CEA CAR,

respectively, and non-modified T cells (w/o) for control

(5 � 103 CAR T cells/well), were co-cultivated for 48 h

with CEA+ LS174T and CEA� Colo320 tumor cells (each

2.5 � 104 cells/well). Viability of target cells was deter-

mined by the XTT assay and cytolysis was calculated.

Data represent mean values of technical replicates of a

representative experiment of two ± SD. Statistical anal-

ysis was performed using the Student’s t test.
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promotes the development of Th2 T cells.31 On the other hand, block-
ing CD30-CD30L signaling by soluble CD30 or by a CD30L-blocking
antibody inhibited the differentiation toward Th2 cells.31 Accordingly,
we found a more pro-inflammatory response and an improved CAR T
attack directed by the combined CAR with the antagonistic anti-CD30
monoclonal antibody (mAb), interfering with CD30L-CD30 signaling,
than with the agonistic anti-CD30 mAb.

During T cell activation, CD30 and its ligand CD30L are transiently
expressed in an orchestrated fashion, with CD30L peaking earlier
than CD30.21Wemoreover found that, in the presence of resting allo-
geneic or autologous T cells, secondary anti-CD3/CD28 stimulation
increased the number of CD30+ T cells, suggesting a role for CD30
in downregulating the acute reaction and shifting an ongoing T cell
response toward Th2 cells during the second wave of T cell activation.
This is supported by the particular cross-talk between CD30L on ma-
lignant cells with activated CD30+ T cells; CD30L+ acute myeloid
leukemia (AML) blasts upregulate CD30 and induce IL-4 secretion
by T cells,20,32 along with inhibiting T cell proliferation33 and down-
regulating their cytotoxic effector molecules.26 Accordingly, we found
higher levels of granzyme B in T cells after blocking CD30 or elimi-
nating CD30+ cells by anti-CD30 CAR T cells. The increase in gran-
zyme B levels was specific, since CAR T cell targeting CD25, which
also results in T cell stimulation, did not produce higher levels of
the cytotoxic effector molecules.

Consequently, the cytotoxic activity of CAR T cells is enhanced upon
depleting CD30+ lymphocytes by a CD30-specific immunotoxin or
CD30-specific CAR T cells. The effect can be combined with tumor
targeting, as shown for targeting CEA or TAG72 on colorectal cancer
cells through the anti-CD30/CEA or anti-CD30/TAG72 CAR, more-
over demonstrating the generality of the strategy. Taken together, the
data indicate superior anti-tumor capacities of redirected CAR T cells
upon blocking CD30, which can be achieved by a combined CD30-
blocking and cancer-targeting CAR.

MATERIALS AND METHODS
Cell Lines and Reagents

HEK293T cells are cells that express the SV40 large T antigen.34 The
colon carcinoma cell lines Colo320 (ATCC CCL 220.1) and LS174T
(ATCC CL-188) were obtained from ATCC (Rockville, MD, USA).
The colon cancer cell line LS-C with high TAG72 expression was
Molecular Therapy Vol. 27 No 10 October 2019 1831
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Figure 7. Enhanced Lysis of CEA+ Tumor Cells

Depends on the CD30-Blocking HRS3-scFv, but Not

the CD30-Activating SH31355B scFv, Domain within

the anti-CD30/CEA CAR

(A) Schematic representation of anti-CD30/CEA CARs.

(B and C) T cells express the anti-CD30(HRS3)/CEA and

anti-CD30(SH313B5)/CEA CAR with similar efficiency on

the cell surface. T cells from the peripheral blood were

grafted with anti-CD30/CEA CARs, and CAR expression

was recorded by flow cytometry utilizing anti-CD3

and anti-human IgG antibodies, respectively. Numbers

of CD3+CAR+ T cells and mean fluorescence intensities

(mfis) of CAR expression were determined. A typical dot

plot (B) and mean values of CAR expression (mfis) (C) of

5 healthy donors are shown. (D) Anti-CD30(HRS3)/CEA

and anti-CD30(SH313B5)/CEA CAR T cells suppress

CD30 expression with different efficiencies. Peripheral

blood T cells were grafted with CARs as described above,

and they were analyzed 24 h after transduction for the

expression of CD30 by flow cytometry, utilizing anti-CD3

and anti-CD30 mAbs, respectively. Data represent mean

values ± SD of 5 healthy blood donors. (E) Anti-

CD30(SH313B)/CEA CAR and anti-CD30(HRS3)/CAR

T cells mediated an anti-CEA CAR T cell attack with

different efficiencies. Anti-CD30/CEA CAR T cells (7.5 �
103 CAR T cells/well) were co-cultivated for 48 h with

CEA+ LS174T or CEA� Colo320 tumor cells (each 2.5 �
104 cells/well). T cells with the anti-CEA CAR and cells

without CAR (PBLs), respectively, served as controls.

Viability of target cells was determined by the XTT assay

and cytolysis was calculated. Data represent the mean

values of technical replicates of a representative experi-

ment of three ± SD. Significant differences were deter-

mined by the Student’s t test.
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kindly provided by Dr. S.H. Itzkowitz,35 Mount Sinai School of Med-
icine, New York, USA, and the CD30+ lymphoma line MyLa was
kindly provided by professor R. Dummer, Inselspital, Zurich,
Switzerland. All cell lines were cultured in RPMI 1640 medium and
10% (v/v) fetal bovine serum (FBS) (Life Technologies, Paisly, UK).

Anti-CD3 mAb OKT3 and anti-CD28 mAb 15E8 were purified
from OKT3 hybridoma (ATCC CRL 8001) and 15E8 hybridoma
(kindly provided by Dr. R. van Lier, Red Cross Central Blood
Bank, Amsterdam, the Netherlands) supernatants, respectively,
by affinity chromatography. The anti-HRS3 idiotypic antibody
9G10 and the anti-CD30 mAbs HRS3 and HRS4 were described
earlier.25,36 HRS4 and HRS3 mAbs share reactivity with a set of
internal image anti-idiotypic mAbs,37,38 indicating recognition of
identical epitopes. The phycoerythrin (PE)-conjugated F(ab’)2
goat anti-human immunoglobulin G (IgG) antibody was pur-
chased from Southern Biotechnology. Fluorochrome-conjugated
anti-CD3, anti-CD4, anti-CD8, and anti-CD30 mAbs were pur-
chased from Miltenyi Biotec (Bergisch Gladbach, Germany). The
allophycocyanin (APC)-conjugated anti-CD30L mAb was pur-
1832 Molecular Therapy Vol. 27 No 10 October 2019
chased from R&D Systems (Minneapolis, MN, USA). Respective
fluorochrome-conjugated isotype controls were purchased from
BD Biosciences (San Diego, CA, USA). Matched antibody pairs
for capture and detection of human IFN-g, IL-2, and IL-10,
respectively, were purchased from BD Biosciences. Recombinant
IL-2 was obtained from Endogen (Woburn, MA, USA). Immuno-
fluorescence was analyzed using a FACS-Canto cytofluorometer
equipped with the Diva software (Becton Dickinson, Mountain
View, CA, USA).

Preparation of Human T Cells

Peripheral blood lymphocytes were obtained from healthy donors by
Ficoll density centrifugation. T cells were activated initially by OKT3
and 15E8 mAbs (100 ng/mL each) and IL-2 (500 U/mL) and further
cultivated in the presence of IL-2 (500 U/mL).

CARs

Engineering of CARs with specificity for the CEA, TAG72, and CD30
with the modified CD28-CD3z signaling and the modified IgG1-
CH2/3 extracellular spacer domains39 as well as the retroviral



Figure 8. Anti-CD30/CEA CAR T Cells Express

Higher Amounts of Cytotoxic Effector Molecules

(A and B) T cells with the anti-CD30/CEA (n = 9), anti-

CD25/CEA (n = 5), and anti-CEA CAR (n = 9), respec-

tively, were stained for perforin (A) and granzyme B (grzB)

(B) expressions or for control with an isotype-matched

antibody of irrelevant specificity (iso). Cells were analyzed

by flow cytometry and mfis were determined. Data

represent the mean values ± SD. Significant differences

were determined using the Student’s t test.
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modification of T cells were previously described in detail.37,40,41 The
generation of anti-CD25 and agonistic anti-CD30 scFvs was
described elsewhere.23,42 CARs containing the anti-CD30 scFv were
generated by linking the scFv-binding domains with a (glycin4serin)4
linker.43

T Cell Modification

Human peripheral blood T cells were retrovirally transduced for CAR
expression.44 T cells were stimulated and transduced on day 2 or 3 by
g-retrovirus containing supernatants or by co-culture with virus-
producing 293T cells as described.9 Retroviruses were produced by
293T cells upon transient transfection with the DNA of the gibbon
ape leukemia virus (GALV) encoding and the gag/pol-encoding
helper plasmid and the plasmid encoding the respective CAR. CAR
expression was monitored by flow cytometry using an antibody
against the common extracellular IgG1 Fc domain.

Flow Cytometry and Cell Sorting

For flow cytometry analysis and cell sorting, CAR-engineered T cells
were stained with fluorochrome-labeled antibodies specific for
IgG1, CD3, CD4, and CD8, respectively, and they were recorded
by a FACSCanto II flow cytometer equipped with the FACSDiva
software (BD Biosciences). CD4+ and CD8+ CAR T cells were
purified by flow sorting using a FACSAria III cell sorter (BD Biosci-
ences). Doublets were discriminated using forward scatter (area)
versus forward scatter (width) and side scatter (area) versus side
scatter (width) gating.

Activation of CAR T Cells

CAR T cells (0.32 � 104–5 � 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 against
antigen-positive target cells was monitored by an XTT-based color-
imetric assay45 using the Cell Proliferation Kit II (Roche, Man-
nheim, Germany). Viability of tumor cells was calculated as the
mean values of six wells containing only tumor cells subtracted
by the mean background level of wells containing medium only.
Non-specific formation of formazane 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, where OD is optical density. Cytotoxicity (%) was defined as
100 – viability (%).

IL-10 Secretion Assay

T cells from the peripheral were activated and cultivated for
72 h as described above. Cells were additionally stimulated for
12 h with OKT3 and 15E8 mAbs (each 1 mg/mL), and IL-10-
secreting cells were identified by the IL-10 secretion assay
(Miltenyi Biotec), according to the manufacturer’s recommenda-
tions. IL-10-secreting cells were additionally stained with anti-
CD3, anti-CD30, and anti-CD30L mAbs and analyzed by flow
cytometry.

Activation and CD30 Induction in T Cells

For the induction of high CD30 expression, T cells from the pe-
ripheral blood were activated and grafted with CARs, as described
above, and further cultivated in the presence of IL-2 (500 U/mL).
After cultivation for 7–9 days, cells were washed and co-cultivated
at 37�C and 5% (v/v) CO2 with freshly isolated allogeneic or
autologous peripheral blood lymphocytes (PBLs) (2.5–5 � 104 lym-
phocytes/well) in microtest plates (Nunc Polysorb, Thermo Fisher
Scientific, Wiesbaden, Germany) that were coated overnight at 4�C
with the agonistic anti-CD3 and anti-CD28 mAbs (each 1 mg/mL
in PBS). After 48 h, cells were recovered and analyzed for CD30
expression by flow cytometry. Alternatively, supernatants were
analyzed for cytokine concentrations. In another set of experi-
ments, anti-CEA-CAR T cells and freshly isolated PBLs (5 � 104

total lymphocytes/well) were co-activated in the presence of
CEA+ LS174T cells (2.5 � 104/well), and the specific lysis of tumor
cells was determined. For the blocking of CD30-CD30L interac-
tion, HRS4 mAb (10 mg/mL) was added, which reacts with epi-
topes on cluster group A of CD3022 and interferes with CD30-
CD30L binding,22 as does HRS3.

ELISA

IFN-g, IL-2, and IL-10 in culture supernatants were monitored by
ELISAbybinding to the solid-phase anti-IFN-g, IL-2, and IL-10capture
antibody (each 1mg/mL), respectively, and detection by the biotinylated
anti-IFN-g, anti-IL-2, or anti-IL-10 detection antibody (0.5 mg/mL).
Molecular Therapy Vol. 27 No 10 October 2019 1833
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The reaction product was visualized by a peroxidase-streptavidin con-
jugate (1:10,000) and 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS; Roche).

CAR T Cell-Mediated Suppression of Tumor Growth

Rag2�/� cg�/� mice (Charles River Laboratories, Sulzfeld, Germany)
(4–8 animals/group) were subcutaneously inoculated with CEA+

C15A3 (106/animal) or LS174T cancer cells (2.5 � 106 cells/animal)
and CAR T cells (2.5�5 � 106 cells/animal). T cells without CAR
served as the control. Tumor volumes were recorded every
2–3 days. The area under the curve (AUC) was recorded as
described,46 and significant differences were determined by the
Student’s t test. Studies were approved by the ethical committee
according to the local guidelines.

Statistics

Experimental results from independent representative experiments
are reported as mean values + SD. Significance analyses were per-
formed by the two-sided Student’s t test using Microsoft Excel and
GraphPad Prism, respectively.
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