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Recent clinical trials with chimeric antigen receptor
(CAR) redirected T cells targeting CD19 revealed par-
ticular efficacy in the treatment of leukemia/lymphoma,
however, were accompanied by a lasting depletion of
healthy B cells. We here explored CD30 as an alterna-
tive target, which is validated in lymphoma therapy
and expressed by a broad variety of Hodgkin’s and non-
Hodgkin’s lymphomas. As a safty concern, however,
CD30 is also expressed by lymphocytes and hematopoi-
etic stem and progenitor cells (HSPCs) during activation.
We revealed that HRS3scFv-derived CAR T cells are supe-
rior since they were not blocked by soluble CD30 and
did not attack CD30* HSPCs while eliminating CD30*
lymphoma cells. Consequently, normal hemato- and
lymphopoiesis was not affected in the long-term in the
humanized mouse; the number of blood B and T cells
remained unchanged. We provide evidence that the
CD30* HSPCs are protected against a CAR T-cell attack
by substantially lower CD30 levels than lymphoma cells
and higher levels of the granzyme B inactivating SP6/PI9
serine protease, which furthermore increased upon acti-
vation. Taken together, adoptive cell therapy with anti-
CD30 CAR T cells displays a superior therapeutic index
in the treatment of CD30* malignancies leaving healthy
activated lymphocytes and HSPCs unaffected.
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INTRODUCTION

Adoptive T-cell therapy redirected toward defined targets became
one of the most promising strategies in the immunotherapy
of cancer during the last years. T cells were equipped with pre-
defined target specificity by engineering with a chimeric antigen
receptor (CAR), which is composed of an antibody-derived bind-
ing domain linked to an intracellular signaling domain for T-cell
activation upon target encounter. While adoptive therapy with
anti-CD19 CAR-modified T cells produced lasting regression of
leukemia/lymphoma,'? the therapy was associated with a last-
ing B-cell depletion with the need of life-long immunoglobulin

substitution; the identification of a more suitable target for an
antitumor attack while preserving healthy tissues remains a major
issue. With the rare exceptions of tumor-associated neo-antigens,
most potential targets are also expressed by healthy tissues, some
of them by somatic stem and progenitor cells; targeting those
healthy stem cells may result in an impaired tissue regeneration
and serious organ damage in the long-term providing a need to
explore the potential targets with respect to targeting the respec-
tive stem cells.

CD30 is a prominent example of such a target which is
expressed by malignant lymphoid cells, including B- and T-cell
leukemia cells and Reed-Sternberg cells of Hodgkin 's lymphoma,
while also expressed by healthy lymphocytes, although dur-
ing a small window of antigen-driven maturation.>* Due to the
homogeneous and high expression by malignant cells, CD30 is
an attractive and validated target for antibody-based therapies,’
which were proven to be safe. Engineered CAR T cells targeting
CD30 have also shown a potent antilymphoma activity in vari-
ous models,*® however, may cause severe side effects by sustained
targeting healthy lymphocytes and, moreover, by targeting hema-
topoietic stem and progenitor cells (HSPCs), which express CD30
upon cytokine stimulation as revealed by our recent analyses.’
In this scenario in particular, unintended elimination of HSPCs
upon treatment with anti-CD30 CAR T cells would result in a
lasting blood cell aplasia.

To explore the risk of targeting CD30 by adoptive T-cell ther-
apy, we monitored in a comparative fashion the CD30 levels in
freshly harvested and in cytokine stimulated HSPCs. We recorded
in vitro and in the humanized Rag2~~ cy’~ mouse the cytotoxic
potential of anti-CD30 CAR T cells against CD30* healthy HSPCs
compared with their activity against lymphoma cells. The tested
CD30* lymphoma cells were efficiently eliminated by anti-CD30
CAR T cells, whereas, the CD30* HSPCs were barely affected and
retained their full differentiation capabilities and their multi-
lineage reconstitution potential in reconstituted mice, even in the
presence of CD30* CAR T-cells. The resistance of CD30* HSPCs
toward the anti-CD30 CAR T cell attack was associated with
their substantially lower level of CD30 and the high levels of the
granzyme B-inactivating SP6/PI-9 serine protease. The analysis
revealed the favorable therapeutic index of the anti-CD30 CAR
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T-cell therapy for the treatment of lymphoma/leukemia in order
to eliminate the CD30" malignant cells while leaving the healthy
CD30* HSPCs unaffected.

RESULTS

Anti-CD30 CAR T cells mediate a specific response
against CD30* lymphoma cells and are not blocked

by soluble CD30

For the targeted elimination of CD30* lymphoma cells, we
engineered peripheral blood T cells with the anti-CD30 CAR
HRS3scFv-Fc-CD28-. The CAR is composed in the extracellular
moiety of the HRS3 scFv domain for targeting CD30, a mutated
IgG1-hinge domain with reduced Fc receptor binding capacities
to avoid unintended off-target activation by Fc receptor binding'
and the intracellular composite CD28Alck-CD3{ domain for
costimulation enhanced CD3{ signaling without the induction
of IL-2 . Upon retroviral transduction, the anti-CD30 CAR was
efficiently expressed on the cell surface of T cells. Anti-CD30 CAR
engineered T-cells lysed CD30* MyLa cutaneous T lymphoma
cells in a dose-dependent manner while coincubated CD30-
Col0320 tumor cells were not affected (Figure 1a). Anti-CD30
CAR-mediated T-cell activation was not restricted toward T lym-
phoma cells since CD30* L1236 Hodgkin’s B lymphoma cells were
also eliminated with similar efficiency (Figure 1b). Following
subcutaneous coinjection of CD30* MyLa cells into immune-defi-
cient mice, CAR T cells suppressed the establishment of cutane-
ous lymphoma in a dose-dependent manner (Figure 1c). Thus,
anti-CD30 CAR T cells specifically attack CD30* lymphoma cells.
CD30 is shedded by CD30* lymphoma cells and increased serum
CD30 levels accompany progression of CD30* lymphoma/leuke-
mia."”? Cell activation by HRS3scFv containing CARs, however,
is not blocked in vitro by soluble CD30 in concentrations which
are higher as usually observed in lymphoma patient (Figure 1d).
Notably, blocking of the HRS3scFv-CAR by the anti-idiotypic
mAb 9G10 resulted in dose-dependent inhibition of cellular acti-
vation indicating different kinetics. We therefore conclude that
the anti-CD30 CAR HRS3scFv-Fc-CD28-( is a favorite CAR to
redirect T cells toward lymphoma/leukemia.

CD30 is expressed by all HPSC subsets

We previously reported that cytokine stimulation induces CD30
expression on a subset of human umbilical cord blood (UCB)-
derived CD34" cells.” CD30 is furthermore expressed by a subset
of activated T and B cells."”* With respect to safety, HSPCs are a cru-
cial cell compartment and must not be targeted to maintain hema-
topoiesis upon CD30 redirected CAR T-cell therapy. Therefore,
we assessed whether CD30* HSPCs are recognized and eliminated
by anti-CD30 CAR T cells. At first, we studied CD30 cell surface
expression of freshly isolated and of cytokine stimulated CD34*
cells. While only few CD34* cells in the freshly isolated population
expressed CD30 (Figure 2a, day 0), CD30 was upregulated upon
cytokine stimulation, peaking to more than 60% CD30" cells on
days 2 and 3 of culture (Figure 2a,b).

Since CD34* cells comprise a heterogeneous pool of primi-
tive hematopoietic cells, we asked whether CD30 expression may
be associated to linage commitment. We subfractioned HSPCs
according to CD133, CD45RA, CD38, and CD10 expression by
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HSC/multipotent hematopoietic progenitors (HSC/MPP), lym-
phoid-primed multipotent (LMPP), granulocyte and macrophage
primed (GMP), multi-lymphoid primed, and common erythro-
myeloid primed progenitors (Figure 2c); the details for the
identification of the subsets are summarized in Supplementary
Figure S1."*"* We addressed by multicolor flow-cytometric analy-
ses whether transient CD30 expression is specifically associated
with linage commitment. In three independent experiments,
freshly isolated CD34* cells were either immediately character-
ized (day 0) or upon cultivation in the presence of cytokines. Cells
with weak CD30 cell surface expression were found in all subsets
at day 0, with the highest numbers in the LMPP and GMP and the
lowest numbers in the HSC/MPP fraction (Figure 2d). Due to the
induction by serum and cytokines, the CD38 expression strength
does not discriminate LMPP from GMP cells and both progenitor
cell types were cultured together (Figure 2d). CD30 was detected
on cells of all HSPC subsets, with the highest number of CD30*
cells within the LMPP and multi-lymphoid primed subsets and
with 1 day delay in the MPP subset. Thus, CD30 expression is
rather associated with the HSPC maturation but less with a certain
HSPC subtype.

Anti-CD30 CAR T cells did not eliminate activated
CD30* HSPCs

To assess whether the CD30* HSPCs are potential targets for an
anti-CD30 CAR T-cell attack, HSPCs were coincubated with
flow-sorted CAR T cells (Figure 3a). As controls, HSPCs were
cultured with T cells lacking the CAR or MyLa lymphoma cells
were used as alternative target cells. Whereas the CD30* MyLa
cells were killed by the anti-CD30 CAR T cells, the HSPC popula-
tion was not reduced (Figure 3b,c). To detect specific cytolysis
against the CD30* HPSC subset, we sorted HSPCs into the CD30-
and CD30* cells (Figure 4a) and coincubated these cells with
flow-sorted T cells with and without CAR, respectively. As sum-
marized in Figure 4b, CAR T cells produced slightly enhanced
killing of CD30* HSPCs compared to CD30~ HSPCs; however,
cytolysis was substantially less efficient than lysis of the MyLa
lymphoma cells in the same preparation.

Anti-CD30 CAR T cells did not affect lymphocyte or
myeloid cell differentiation

We investigated whether anti-CD30 CAR T cells may impact the
maturation capabilities of cocultured HSPCs. As demonstrated in
Figure 5a, coculture with anti-CD30 CAR T cells did not affect
myeloid colony formation of the HSPCs, but slightly decreased
their potential in erythroid colony formation. To test for adverse
effects of the CAR T cells in vivo, Rag2”~ ¢y’ mice were trans-
planted with HSPCs to establish human hematopoiesis. Upon
successful engraftment, autologous T cells with engineered anti-
CD30 CAR or anti-carcinoembryonic antigen (CEA) CAR for
control were adoptively transferred. To reveal their impact on the
human hematopoiesis, the number of human peripheral blood T
or B cells was monitored over 50 days. The number of CD3* T cells
and CD19" B cells was not altered in any mouse treated with CAR
T cells and not in the control mice which received T cells with an
anti-CEA CAR (Figure 5b). Of note, adoptively transferred anti-
CD30 CAR T cells persisted in the blood and in multiple organs of
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Figure 1 Anti-CD30 chimeric antigen receptor (CAR) T cells mediate a specific response against CD30* lymphoma cells in vitro and in vivo.
Anti-CD30 CAR T cells lyse CD30* lymphoma cells of different origin in a dose-dependent manner. (a) T cells from the peripheral blood were
engineered with the anti-CD30 CAR and cocultivated in serial dilutions (0.5-5 x 10*/well) with CD30* MyLa cutaneous T lymphoma cells or CD30-
Colo320 tumor cells (5 x 10%/well) for 48 hours in 96-well round bottom plates. Coincubation of lymphoma cells with T cells without CAR (w/o CAR)
served as control. The assay was done in triplicates and mean values + standard deviation (SD) were determined. Data represent mean values of one
representative out of three experiments. (b) CAR T cells (2.5 x 10*/well) were cocultivated with CD30* MyLa, L1236 Hodgkin’s lymphoma cells, and
CD30- Colo320 tumor cells (each 5 x 10*/well), respectively. T cells without CAR (w/0) served as control. Specific lysis of tumor cells was determined
by an XTT-based assay. The assay was done in triplicates and mean values (£SD) were determined. Data represent mean values of one represen-
tative out of five experiments. P values were calculated by Student’s T-test. Asterisks indicate significant differences between groups (P < 0.05).
() Anti-CD30 CART cells suppress tumor growth in vivo in a dose-dependent fashion. CAR T cells (2.5 x 10°-1 x 107 cells/mouse) were coinjected with
MyLa cutaneous T lymphoma cells (10’/mouse, groups of five or six animals) and tumor growth was monitored every 2-3 days. Mean values of the
tumor volume (left) and the area under curve values (right) (£SD) were determined. P values were calculated by Student’s T-test. Asterisks indicate
significant differences (P < 0.05) compared with the control group. (d) Blocking of CAR T cells by soluble CD30-Fc. MD45 T cells with anti-CD30
CAR were cocultivated with CD30* L540cy cells (each 5x10%/well) in presence of increasing amounts of CD30-Fc, the HRS3-specific anti-idiotypic
mAb 9G10 and an isotype control mADb, respectively. After 48 hours, culture supernatnants were removed, analyzed for IL-2 secretion and blocking

of CAR T-cell inhibition was determined as described in Materials and Methods. The assay was done in triplicate samples and the mean values + SD
were determined.
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Figure 2 CD34* hematopoietic stem and progenitor cells (HPSCs) express CD30 upon activation and differentiation. (a) CD30 surface expression on
freshly isolated (day 0) and cultured CD34* cells. (b) Quantification of CD30 on the cell surface over time based on flow-cytometric data (as shown in a) of
umbilical cord blood derived CD34* cells from three donors, presented as relative values of all cells or of CD34- cells (+ SD). () Human hematopoietic tree
and definition of HSPC subsets. (d) CD30 expression on HSPC subsets. We used the following marker combinations to identify fractions enriched for HSCs/
MPPs (CD34+CD133*CD45RA-CD38°“CD10"), lymphoid-primed multipotents (LMPPs) (CD34*CD133*CD45RA* CD38"*CD10-), GMPs (CD34*CD133*
CD45RA*CD38*CD10"); multi-lymphoid primed progenitors (CD34*CD133*CD45RA*CD38°*CD10*) and erythro-myeloid primed progenitors (CD34*CD
133°“CD45RA").™ Since the CD38 expression after initiation of culture is not indicative to discriminate LMPP and GMP-enriched fractions, we neglected
its expression for HSPC subset gating on cultured samples and pooled LMPP and GMP fractions to an LMPP fraction.'*¢ A dump channel excluding
7-AAD-positive dead cells and lineage (CD3, CD19, CD56, CD66Db) positive cells and a CD459™ gate were used for all experiments (see Supplementary
Figure $1 for details). The flow-cytometric data show one representative out of three independent analyses; cells from three donors were analyzed.
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Figure 3 Anti-CD30 chimeric antigen receptor (CAR) T cells do not lyse activated hematopoietic stem and progenitor cells (HSPCs). (a) Flow
cytometric cell sorting of CAR* and CAR-T cells. T cells were engineered with the anti-CD30 CAR, stained with anti-higG1 and anti-CD3 antibodies to
detect CAR* T cells and flow sorted to obtain the CD3* CAR- and CD3* CAR* T-cell subsets. (b,c) Cocultivation of CAR T cells with HPSCs and CD30*
lymphoma cells. HSPCs from two healthy donors were isolated by magnetic cell separation procedures from umbilical cord blood and activated in the
presence of FLT3L, SCF, and TPO for 72 hours. Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled CD30* MyLa lymphoma cells (2x10* /
well) and activated HSPCs 1 x 10* (donor UCB612) and 2 x 10* cells/well (donor UCB6135), were cocultivated for 24 hours each with sorted CAR- and
CAR* T cells (2x10*/well), respectively, in 96-well round bottom plates. Cells were recovered and HSPCs labeled with an anti-CD34-PE antibody. Cells
were analyzed by flow cytometry and dead cells were identified by 7-AAD staining (0.5 pg/ml). Representative dot blots demonstrating the gating
strategy of CD34* HSPCs and CFSE-labeled MyLa lymphoma cells and histograms of 7-AAD staining indicating target-cell lysis upon cocultivation
with CAR T cells are shown (b). 7-AAD staining data were used to calculate specific lysis as described in Materials and Methods (c). The assay was
done in triplicates and the mean values + SD were determined. Data show representative results of three analyses with different donors. P values were

calculated by Student’s T-test and significant differences between relevant groups are indicated.

the treated mice until the end of the observation period as detected
by PCR specific for the genomic integrates of the unique anti-
CD30 CAR DNA sequences (Supplementary Figure S2). Data
indicate that the human hematopoiesis in the humanized Rag2-"-
¢y~ mouse was not substantially affected indicating a robust resis-
tance of HSPCs toward an anti-CD30 CAR T-cell attack.

CD30* HSPCs expressed CD30 below the T-cell
activation threshold

There may be at least two, mutually not exclusive mechanisms
for the resistance of CD30* HSPCs toward a lytic CAR T-cell
attack. First, the CD30 level may be below the threshold to elicit
a CAR-mediated T-cell response; second, HSPCs may harbor
cell-intrinsic protection molecules, which harness these cells
against a cytolytic T-cell attack. We compared CD30 expres-
sion levels of activated HSPCs of several donors with those of
MyLa lymphoma cells by flow cytometry. As demonstrated in
Figure 6a,b, MyLa tumor cells have a more than four times
higher mean fluorescence intensity (mfi) of CD30 staining than
the CD30* HSPCs.

To address whether the CD30 level on a target cell impacts
CAR T cell-mediated cytolysis, we took the advantage of MC38
cells, which lack CD30 and which we engineered to express
human CD30 at different levels on their cell surface in order
to obtain cells with low and high CD30 levels. CD30* MC38

Molecular Therapy vol. 24 no. 8 aug. 2016

cells with different CD30 levels were sorted by flow cytometry
(Figure 6¢) and coincubated with CAR T cells. Specific cyto-
toxicity and IFN-y secretion indicating T-cell activation were
recorded and plotted as a function of the CD30 level of the target-
cell surface. As summarized in Figure 6d, the CD30 level cor-
related with the target-cell elimination; however, above a certain
CD30 level, further increase did not improve target-cell lysis. On
the other hand, CD34* HSPCs expressed CD30 levels near the
threshold for CAR T-cell activation inducing only background
to minor cytolytic activities. Compared to CAR T cell-mediated
cytotoxicity, the induction of IFN-y release required much
higher CD30 levels on the target cells (Figure 6e). We assumed
that the CD30 level on HSPCs is near or below the cytolytic acti-
vation threshold and are not sufficient to initiate a productive
CAR T-cell response with respect to cytolysis and IFN-y release.

Since nonmalignant CD30* immune cells, like activated B
cells, are also potential target cells,’® we asked whether these
cells express CD30 above the CAR T-cell activation threshold.
MACS-isolated B cells were activated by soluble CD40L and IL-4
and separated into CD19* CD30~ or CD19* CD30* subsets. Flow
cytometric analyses revealed CD30 levels on B cells in the range
of those of HPSCs (Figure 6f). Consequently, we did not record
specific lysis of CD30* B cells upon coincubation with anti-CD30
CAR T cells whereas CD30* MyLa tumor cells for control were
lysed with high efficiency (Figure 6g).
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Figure 4 Anti-CD30 chimeric antigen receptor (CAR) T cells preferentially lyse CD30* lymphoma cells but not purified CD30* hematopoietic
stem and progenitor cell (HSPC). (a) CD34* HSPCs were isolated by magnetic cell separation from umbilical cord blood of healthy donors, activated
for 3 days, stained with anti-CD34-PE and anti-CD30-FITC antibodies and sorted by flow-cytometry into CD30* and CD30- subsets. (b) Anti-CD30
CAR T cells were flow sorted into CAR* and CAR- subsets and coincubated (2x 10* cells/well) with carboxyfluorescein diacetate succinimidyl ester-
labeled MyLa cells (2 x 10*/well) or with flow-sorted CD30* and CD30- HSPCs (each 1 x 10* cells/well) for 24 hours. Cells were recovered and stained
with anti-CD34 antibody and 7-AAD. The numbers of viable and dead cells were determined and specific lysis was calculated as described in Materials
and Methods. The assay was done in triplicate samples and mean values + SD of a representative analysis out of three are demonstrated. P values
were calculated by Student’s T-test and significant differences between relevant groups are indicated.

CD30* HSPCs did not induce specific degranulation

of CAR T cells but express high levels of the
granzyme B inhibitor PI-9 and were not affected

by bystander-mediated cytolysis

We analyzed whether the capability of anti-CD30 CAR T cells to
discriminate between CD30* lymphoma cells and CD30* HPSCs
are mirrored by an antigen-specific degranulation of the CAR
T cells. To address this issue, we recorded CD107a on the surface
of activated anti-CD30 CAR T cells upon contact with CD30* tar-
get cells. Flow cytometric data confirmed that CAR T cells did not
increase cytolytic degranulation upon contact to CD30* HSPCs
while MyLa cells substantially increased CD107a staining of anti-
CD30 CAR T cells (Figure 7a). For comparison, no specific cyto-
lytic degranulation was observed when T cells without CAR were
coincubated with the respective target cells. Of note, the sponta-
neous degranulation of anti-CD30 CAR T cells was substantially
higher than of T cells without CAR indicating some CAR intrinsic
T-cell activation. In summary, data revealed the insufficiency of
CD30* HSPCs to induce specific degranulation of cytolytic anti-
CD30 CAR T cells.

We now asked whether MyLa lymphoma cells which induce
anti-CD30 CAR T-cell activation cause bystander killing of
HSPCs by CAR T-cells or, vice versa, HSPCs protect MyLa cells
from CAR T-cell killing. To this end, we coincubated anti-CD30
CAR T cells together with both MyLa cells and CD30" HSPCs.
We identified HSPCs by CD34, MyLa cells by CSFE labeling and
recorded the number of dead carboxyfluorescein diacetate succin-
imidyl ester (CFSE)* MyLa cells and CD34* HSPCs, respectively,
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by flow cytometry in the same assay. As summarized in Figure 7b,
MyLa cells were eliminated by CAR* T cells with high efficiency
while the coincubated CD30* HSPCs were not affected. Taken
together, we conclude that activated HSPCs were hardly elimi-
nated in a direct or indirect manner by anti-CD30 CAR T cells
while CD30* lymphoma cells were efficiently eliminated.

Since CD30* HSPCs were resistant toward direct cytoly-
sis by anti-CD30 CAR T cells due to subthreshold CD30 levels,
we addressed whether HSPCs may additionally be protected by
a cell intrinsic mechanism. We hypothesized that the granzyme
B-inactivating serine protease PI-9 may be involved in this pro-
cess. Primarily described as a self-protecting mechanism of cyto-
Iytic T cells,”” PI-9 also protects mesenchymal and embryonic
stem cells from a T-cell attack.'®*° We monitored the PI-9 lev-
els in HSPCs in comparison to CD30* lymphoma cells by flow
cytometry. As summarized in Figure 7c, HSPCs expressed PI-9 at
substantially higher levels than healthy lymphocytes and a panel
of CD30* lymphoma cell lines. Notably, there were no substan-
tial differences in the PI-9 levels of CD30* and CD30- HSPCs
(Figure 7d). While freshly isolated HSPCs had higher PI-9 levels
than lymphoma cells, the levels furthermore increased upon cyto-
kine-mediated activation (Figure 7e). Taken together, we con-
clude that HSPC:s are likely protected from a cytolytic anti-CD30
CAR T-cell attack by near-threshold CD30 and high PI-9 levels.

DISCUSSION

CD30 is a good candidate for redirected T-cell therapy since it is
highly expressed by a panel of B and T lymphoma cells but to a far
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HSPCs (1-3 x 10°/mouse). After successful engraftment of human hematopoiesis autologous T cells with or without anti-CD30 or anti-carcinoem-
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between groups (P < 0.05).

lesser extent by healthy cells including activated lymphocytes.” Our
group was the first to engineer a CAR for redirecting T cells spe-
cifically toward CD30 for the treatment of B-cell Hodgkin’s lym-
phoma and cutaneous T-cell lymphoma.® Currently, anti-CD30
CAR T cells are clinically explored in the adoptive cell therapy
of Hodgkin’s lymphoma?; a trial for the treatment of cutaneous
lymphoma is in planning (NCT01645293). Here we revealed that,
in addition to activated lymphocytes, cytokine stimulated HSPCs,
especially progenitors of the LMPP and MMP subsets, also express
CD30 making these cells potential targets of an anti-CD30 CAR
T-cell therapy with the risk of a lasting impairment of hematopoi-
esis and anemia and lymphodepletion in the treated patients. This
impairment would be more severe on repopulating CD34" cells
which are activated upon lymphodepletion usually preceding CAR
T-cell therapy. Such disturbance would be more severe and clini-
cally less manageable than a selective B-cell depletion upon anti-
CD19 CAR therapy as currently experienced in trials."***

Our comprehensive safety evaluation with this respect
revealed that adoptive cell therapy with HRS3scFv-FcA-CD28A-{
CAR engineered T cells have a high therapeutic index based
on the following properties. The CAR T cells (i) selectively kill
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CD30* lymphoma cells while there is no substantial direct or indi-
rect cytotoxicity against CD30* HSPCs in coincubation assays,
(ii) efficiently eliminate CD30* lymphoma cells in a transplanta-
tion model, (iii) preserve the erythro-myeloid cell differentiation
of cocultured HSPCs, and (iv) preserve an engrafted human hema-
topoietic system in the reconstituted Rag2~~ ¢y~ mouse with nor-
mal blood lymphocyte counts in the long-term. The data indicate
that anti-CD30 CAR T cells display a profound antilymphoma
activity while preserving the CD34* CD30* HSPCs and their dif-
ferentiation capacity. A caveat is that the anti-CD30 CAR T cells
were applied after establishment of the human hematopoietic
system in the humanized mouse; lymphodepletion and repopula-
tion of CD34" cells with the generation of CD30* HSPCs usually
occurs immediately before CAR T-cell therapy. The early toxicities
on the repopulating hematopoiesis were here only addressed by
in vitro assays.

Different and likely synergistic mechanisms contribute to
the profound resistance of CD30* HSPCs toward a cytolytic
attack by anti-CD30 CAR T cells. First, the subthreshold level
of the targeted CD30 on HSPCs while lymphoma cells express
CD30 clearly above the threshold for CAR T-cell activation.
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Figure 6 CD30* hematopoietic stem and progenitor cells (HSPCs) and B cells express CD30 below the activation threshold of anti-CD30
chimeric antigen receptor (CAR) T cells. (a-—c) Comparison of CD30 levels on target cells. (a) MyLa lymphoma cells were stained with the anti-
CD30 antibody or an isotype control antibody and recorded by flow cytometry. (b) HSPCs from four donors were activated and flow sorted into
the CD30- and CD30* subpopulations utilizing the same anti-CD30 antibody; the mean fluorescence intensity (mfi) was recorded. (c¢) Mouse MC38
tumor cells which lack CD30 were engineered to express human CD30. Cells were stained with the anti-CD30 antibody and flow sorted into subsets
with different CD30 levels. Numbers in histograms and above columns represent mfi of CD30 staining in arbitrary units. (d,e) Sorted MC38 tumor
cells (2.5 x 10%/well) were cocultivated for 24 hours with T cells with or without anti-CD30 CAR (2.5 x 10*/well). Target-cell lysis was determined by the
XTT-assay (d) and IFN-y concentration in the supernatants by ELISA (e). The assay was done in triplicate, mean values + SD determined and plotted
against the mfi of CD30 of the respective target-cell subset. P values were determined by the Student’s T-test and significant differences (P < 0.05)
indicated by asterisks. The assay was performed twice with similar results. (f) B cells were activated and flow sorted into CD30- and CD30* subpopu-
lations utilizing the anti-CD30 mAb as described in Materials and Methods. (g) Unseparated and CD30* or CD30- B cells (each 1x10%/well) were
coincubated with CAR* or CAR- T cells (2.5 x 10*/well) for 48 hours. B cells were identified by staining with the anti-CD19 mAb, dead cells by staining
with 7-AAD (0.5 pg/ml) and the number of dead and live B cells was recorded by flow cytometry. Specific B-cell lysis was calculated as described. For
comparison, cytolysis of MyLa cells by CAR T cells was tested in parallel. The assay was done in triplicates and mean values + SD were determined.
P values of relevant groups were determined by the Student’s T-test. Data of one representative analysis out of two are shown.
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in the presence of CD30* lymphoma cells but not CD30* HSPC cells. Anti-CD30 CAR T cells (4 x 10* cells/well) were coincubated with CD30* MyLa
lymphoma cells and flow-sorted CD30* or CD30- HSPCs (each 2x10* cells/well), respectively. Degranulating T cells were identified by staining for
CD107a. After 12 hours, T cells were recovered, stained additionally with anti-CD3 and anti-human IgG1 antibodies to detect CD3* CAR* and CD3*
CAR-T cells, respectively, and analyzed by flow cytometry. Mean values + SD of triplicates were determined and p values calculated by the Student’s
T-test. (b) HSPC bystander lysis by CAR T cells in the presence of CD30* MyLa lymphoma cells. Carboxyfluorescein diacetate succinimidyl ester-(CFSE)
labeled MyLa cells (2x10* cells/well) and CD30* HSPCs (1 x 10* cells/well) were together cocultivated with T cells with or without CAR. Cells were
harvested, labeled with an anti-CD34 antibody and 7-AAD and the number of viable and dead CD34* HSPCs was determined; specific target-cell lysis
was calculated as described in Materials and Methods. Data represent mean + SD of triplicate samples. Statistic analysis was performed by using the
Student’s T-test. Data of a representative analysis out of two are shown. (¢,d) HSPCs express high levels of the granzyme B inactivating PI-9 protease.
HSPCs from umbilical cord blood of healthy donors (n = 6) were activated for 3 days, stained for PI-9 or with an isotype control antibody (iso) and
CD30, respectively. For comparison, peripheral blood lymphocytes of healthy donors (n = 4) and cells from lymphoma cell lines (n = 3) were stained
and analyzed by flow cytometry. (c) Comparison of PI-9 expression between HSPC, peripheral blood lymphocytes and lymphoma cell lines, respec-
tively. (d) Comparison of PI-9 expression between CD30* and CD30- HSPC. Data represent mean values + SD where applicable. (e) HSPCs upregulate
PI-9 upon cytokine-mediated activation. Isolated HSPCs (n = 3) were cultivated either without activation or activated for 3 days as described above.
Cells were recovered and stained for P19 and analyzed by flow cytometry. Data represent mean values + SD. Statistical analysis was performed by
using the Student’s T-test and significant differences were indicated.

CAR-mediated T-cell activation requires CAR cross-linking upon
antigen engegement in order to form supra-molecular clusters,
so-called signaling synapses.* The number of accessible CD30
molecules on the cell surface is thereby a key factor for the effi-
ciency in CAR clustering and finally in T-cell activation. By engi-
neering MC38 cells with various levels of CD30, we revealed that
there is a ceiling of CD30 dose above which increase in CD30
levels did not furthermore increase cytolysis by anti-CD30 CAR
T cells. In contrast, induction of IFN-y release by CAR T cells
increased above the ceiling density for killing. As a consequence,
CD30"" cells like CD30* HSPCs did not evoke a proinflammatory
cytokine response and were not substantially lysed while CD30"¢!
MyLa cells induced cytolysis and IFN-y release by CAR T cells.

Molecular Therapy vol. 24 no. 8 aug. 2016

The data were confirmed utilizing CD30~ and CD30* activated
B cells as target cells that also expressed CD30 nearby or below
the activation threshold of the anti-CD30 CAR T cells. Moreover,
despite some basal degranulation of anti-CD30 CAR T cells that
may be due to CD30 expression on activated T cells resulting in
“spontaneous” self ligation of the CAR, we observed target cell-
specific degranulation of CAR T cells only in presence of CD30"¢!
lymphoma cells but not CD30"* HSPC.

Second, HSPCs show increased levels of the PI-9 serine pro-
tease which is part of the cell-intrinsic protection machinery
towards granzyme-mediated cytolysis. The predominant mecha-
nism of cytolysis by CAR-activated T cells is based on perforin
and granzyme B; Fas/FasL-mediated cell death is of less impact
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in this context.” Transfer of granzyme into target cells during a
cytolytic T-cell attack activates executor caspases and cell death
which can be prevented by high levels of the serine protease PI-9/
serpin-6 (SP6) that irreversibly inactivates granzyme B.* Human
CD34* HSPCs seem to be protected by such a mechanism since
these cells have high PI-9 levels that were further upregulated
upon cytokine-mediated activation (cf. Figure 7c,e). Similarly,
embryonic and mesenchymal stem cells are protected from cyto-
lytic destruction by high levels of PI-9.'8-20

In the case of an anti-CD30 CAR T-cell therapy, activated
CD30" HSPCs are protected by sub- or near-threshold CD30 lev-
els for T-cell activation and by high SP-6/PI9 levels. In contrast,
lymphoma cells provide high CD30 levels and are efficiently
lysed by CAR T cells. These profound differences in the recog-
nition and killing of healthy and malignant cells constitutes a
remarkable high therapeutic index of the anti-CD30 CAR T cells
making an adoptive therapy of CD30* malignancies with anti-
CD30 CAR T cells feasible and safe. In more general terms, the
data imply that a stem cell-related antigen like CD30, which dis-
plays different expression levels by tissue stem cells and malig-
nant cells, may be a clinically safe target as long as the tissue stem
cells are protected from a cytolytic T-cell attack by cell-intrinsic
mechanisms and/or subthreshold levels of the targeted antigen.

MATERIALS AND METHODS

Cell lines and reagents. HEK293T cells are human embryonic kidney
cells that express the SV40 large T antigen.”” The colon carcinoma cell
line Colo320 (ATCC CCL 220.1) was obtained from ATCC, Rockville,
MD. The CD30* lymphoma line MyLa was kindly provided by Prof. R.
Dummer, Zurich. The CD30* Hodgkin lymphoma cell lines L1236 and
L540cy were described earlier.” MC38 is a mouse fibrosarcoma cell line
which was transfected to express CD30. All cell lines were cultured in
RPMI 1640 medium, 10% (v/v) fetal bovine serum (Life Technologies,
Paisly, UK). Anti-CD3 mAb OKT3 was purified from OKT3 hybrid-
oma (ATCC CRL 8001) supernatant by affinity chromatography.
The anti-HRS3 idiotypic antibody 9G10 was described earlier.® The
PE-conjugated F(ab’)2 goat anti-human IgG antibody was purchased
from Southern Biotechnology. Details of utilized fluorochrome-con-
jugated antibodies are listed in Supplementary Table S1. Respective
fluorochrome-conjugated isotype controls were purchased from BD
Biosciences, San Diego, CA. Matched antibody pairs for capture and
detection of human IFN-y and murine IL-2 were purchased from BD
Biosciences. Recombinant IL-2 was obtained from Endogen, Woburn,
MA. Immunofluorescence was analyzed using a FACS-Canto cytofluo-
rometer equipped with the Diva software (Becton Dickinson, Mountain
View, CA). The human CD30-Fc fusion protein® was purified from
supernatants of transfected -chinese hamster ovary (CHO) cells and
myeloma cells, respectively, by affinity chromatography on anti-human
IgG agarose (Sigma, Deisenhofen, Germany), the anti-HRS3 idiotypic
mAb 9G10 was described elsewhere.*

Preparation of human T and B cells. Peripheral blood lymphocytes
were obtained from healthy donors by Ficoll density centrifugation.
T cells were activated initially by OKT3 (100ng/ml) and IL-2 (500U/
ml) and further cultivated in the presence of IL-2 (500 U/ml). B cells
were isolated from peripheral blood lymphocytes by magnetic-activated
cell sorting utilizing anti-CD19 microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). B cells were activated in the presence of 50 ng/ml
soluble CD40L (Immunotools, Friesoythe, Germany) and 10ng/ml IL-4
(Miltenyi Biotec). CD19* B cells were further flow sorted into CD30* and
CD30" subpopulations.
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CARs. The engineering of the anti-carcinoembryonic antigen and anti-CD30
CARs with the modified CD28-CD3( signaling domain and the modified
IgG1-CH2/3 extracellular spacer domains' as well as the retroviral modifi-
cation of T cells and generation of MD45 T cells with anti-CD30 CAR were
described in detail.*** CAR expression was monitored by flow cytometry.

Isolation of human UCB-derived HSPCs. Human UCB was obtained from
unrelated donors after informed consent according to the Declaration of
Helsinki. Mononuclear cells were isolated by Ficoll density gradient cen-
trifugation (Biocoll Separating Solution, Biochrom, Berlin, Germany) and
enriched for CD34* cells as previously described.® Unless indicated oth-
erwise, cells were cultured at a density of 0.5-1x10° cells/ml in Iscove’s
modified Dulbecco’s medium (Lonza, Cologne, Germany), 20% (v/v) fetal
bovine serum (Biochrom), 100 U/ml penicillin, and 100 U/ml streptomy-
cin (Life Technologies, Darmstadt, Germany) and supplemented with
FLT3L, stem cell factor (SCF), and thrombopoietin (TPO) (each at 10ng/
ml) (all Miltenyi Biotec) as previously described.’

Flow cytometry and flow cytometric cell sorting. For flow cytometric cell
sorting, CAR-engineered T cells were stained with fluorochrome-labeled
anti-human IgGl and anti-CD3 antibodies, HSPCs were labeled with
anti-CD30 and anti-CD34 antibodies and B cells with anti-CD19 and anti-
CD30 antibodies, respectively. CAR* T cells and CD30* HSPCs and B cells,
respectively, were identified and purified by flow sorting on a FACSAria cell
sorter (Becton Dickinson). For the analysis of CD30 by HSPC subsets cells,
CD34" cells were additionally antibody stained for the lineage (lin) mark-
ers CD3, CD19, CD56, and CD66b as well as for CD45, CD133, CD45RA,
CD38, and CD10 as previously described.'** See Supplementary Table S1
for antibody details and Supplementary Figures S1 and S2 for the gating
strategy. 7-AAD staining (Beckman Coulter) was used for live/dead cell dis-
crimination. Doublets were discriminated using FSC-A versus FSC-W and
SSC-A versus SSC-W gating. Data were analyzed by using the FACSDiva
(BD) and FlowJo data analysis software (FlowJo LLC, Ashland, OR).
Expression of the granzyme B inactivating serine protease PI-9/Sp6 was
monitored by intracellular cell staining utilizing the anti-PI-9 mAb (clone
7D8; AbD Serotec, Oxford, UK) and the Intrashure intracellular staining kit
(BD Bioscience) according the manufacturer’s recommendations.

Activation of CAR T cells. CAR T cells (0.625 x 10°-5 x 10* cells/well) were
cocultivated for 24-48 hours in 96-well round bottom plates with CD30*
L1236 or MyLa lymphoma cells or CD30- Col0320 tumor cells (each 2.5
5x10* cells/well). Specific cytotoxicity of CAR T cells against target cells
was monitored by an XTT (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-
2H-Tetrazolium-5-Carboxanilide)-based ~colorimetric assay.”” Viability
of tumor cells was monitored using the “Cell Proliferation Kit II” (Roche
Diagnostics, Mannheim, Germany). Values were calculated as means of six
wells containing tumor cells only substracted by the mean background level
of wells containing medium only. Nonspecific 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 fol-
lows: viability (%) = (OD (experimental wells—corresponding number of
T cells))/(OD (tumor cells without T cells-medium)) x 100. Cytotoxicity
(%) was defined as 100-viability (%). Alternatively, MyLa cells were labeled
for 5 minutes at 4 °C with 1.25 umol/l CFSE (Molecular Probes, Life
Technologies, Darmstadt, Germany), extensively washed and cocultivated
in 96-round-bottom plates (2.5x 10* cells/well) with CAR T cells (2.5x 10/
well). After 24-48 hours, cells were recovered, stained with 7-AAD (0.5 ug/
ml), analyzed by flow cytometry, and the number of life and dead cells was
determined. CAR-mediated specific lysis was calculated as follows: spe-
cific lysis (%) = (7-AAD" target cells in experimental wells (%) — 7-AAD*
target cells without T cells (%)). Specific lysis of HSPC and B cells, respec-
tively, (1-2x10*/well) was determined by coincubation with CAR T cells
(2.5%10*well) in 96-well round-bottom plates for 24-48 hours. Cells were
recovered, stained with 7-AAD and anti-CD34 and anti-CD19 antibodies,
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respectively. The numbers of life and dead CD34* and CD19" cells, respec-
tively, were counted and specific lysis was determined as described above. In
some analyses, both HSPCs (10* cells/well) and CFSE-labeled MyLa tumor
cells (2 x 10*/well) were together cocultivated with CAR T cells. Cells were
recovered after 24 hours, stained with anti-CD34 mAbs and 7-AAD, and
specific lysis was determined by flow cytometry as described above. IFN-y
and murine IL2 in culture supernatants was monitored by Enzyme Linked
Immunosorbent Assay (ELISA) by binding to the solid-phase anti-IFN-y
and IL-2 capture antibody (each 1 pg/ml), respectively, and detection by
the biotinylated anti-IFN-y or anti-IL-2 detection antibody (0.5 ug/ml).
The reaction product was visualized by a peroxidase-streptavidin-conjugate
(1:10,000) and ABTS (Roche Diagnostics). Blocking of the anti-CD30-
CAR by soluble CD30 was tested by coincubation with MD45 anti-CD30-
CAR T cells and L540cy cells (each 5x10*/well) in presence of increasing
amounts of sCD30-Fc, the anti-idiotypic mAb 9G10, and an isotype control
mADb, respectively. IL-2 secretion was determined by ELISA and percent
inhibition of T-cell activation was calculated as follows: inhibition (%) =
(mIL-2 release with competitor/mIL-2 release without competitor) x 100.

Colony-forming cell assay. For colony-forming cell assays, 200 CD34* cells
were initially cultivated for 2 days in Iscove’s modified Dulbecco’s medium
supplemented with 20% (v/v) fetal bovine serum and FLT3L, SCE and
TPO (each at 10 ng/ml) in round-bottom 96-well plates. Thereafter culture
medium was replaced by RPMI 1640, 10% (v/v) fetal bovine serum for
another 24 hours either in the presence or absence of 200 CAR* or 200
CAR T cells. Cells were harvested and seeded into 1 ml MethoCult H4434
medium (StemCell Technologies, Cologne, Germany). Hematopoietic col-
onies were scored after 12-14 days as previously described.'**

Degranulation assay. For recording of cytotoxic granule exocytosis,
2.5x10* CAR T cells and 2.5x 10* target cells (MyLa, HSPC) were cocul-
tivated for 12 hours in the presence of monensin (2 pmol/l, Abcam,
Cambridge, UK) and the fluorescein isothiocyanate (FTIC)-conjugated
anti-CD107a mAD. Cells were recovered stained with anti-CD3-APC and
anti-human IgG1-Fc-PE antibodies, analyzed by flow cytometry and the
number of CD3*CAR*CD107a* cells was determined.

CAR T cell-mediated suppression of tumor growth. Rag2”~ cy’~ mice
(Charles River, Sulzfeld, Germany) (five or six animals/group) were subcuta-
neously inoculated with MyLa lymphoma (107 cells/animal) and CAR T cells
(2.5x10°-107 cells/animal). T cells without CAR served as control. Tumor
volumes were recorded every 2-3 days. Area under curve was recorded as
described?®, and statistical analyses were performed by the Student’s T-test.

Engraftment of HSPCs in immune-deficient mice. Newborn Rag2™- c¢y’~
mice were irradiated twice with 2 Gray X-ray each in a three to four hour
interval. Four to six hours after the second irradiation, mice were intra-
hepatically transplanted with UCB HSPCs (1-3 x 10° CD34* cells/mouse).
After 5-6 weeks, successful engraftment was confirmed by the detection
of human CD4*CD45* T cells in the peripheral blood of the transplanted
mice; nontransplanted animals served as control. Autologous T cells from
the same donor were engineered with the CAR as described above and
cells were intravenously applied (2.5x10° CAR T cells/mouse). The num-
bers of human CD30*CD4* T and CD30*CD19* B cells in the peripheral
blood of mice were recorded by flow cytometry.

Statistics. Experimental results from independent representative experi-
ments are reported as mean values + standard deviation. Significance was
calculated by the two-sided Student’s T-test using Microsoft Excel and
Graphpad Prism, respectively.

SUPPLEMENTARY MATERIAL

Figure S1. Gating strategy to identify subsets of HSPCs.

Figure $2. PCR Detection of the CAR in tissues of CAR T cell engrafted
huSCID mice.

Table $1. Monoclonal antibodies utilized for this study.
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