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Efficacy of an adapted granzyme B-based anti-CD30 cytolytic
fusion protein against PI-9-positive classical Hodgkin lymphoma
cells in a murine model
S Schiffer1,2, HP Hansen3, G Hehmann-Titt4, M Huhn1, R Fischer2, S Barth1,2,5 and T Thepen2,5

Tumors develop when infiltrating immune cells contribute growth stimuli, and cancer cells are selected to survive within such a
cytotoxic microenvironment. One possible immune-escape mechanism is the upregulation of PI-9 (Serpin B9) within cancer cells.
This serine proteinase inhibitor selectively inactivates apoptosis-inducing granzyme B (GrB) from cytotoxic granules of innate
immune cells. We demonstrate that most classical Hodgkin lymphoma (cHL)-derived cell lines express PI-9, which protects them
against the GrB attack and thereby renders them resistant against GrB-based immunotherapeutics. To circumvent this disadvan-
tage, we developed PI-9-insensitive human GrB mutants as fusion proteins to target the Hodgkin-selective receptor CD30. In
contrast to the wild-type GrB, a R201K point-mutated GrB construct most efficiently killed PI-9-positive and -negative cHL cells. This
was tested in vitro and also in vivo whereby a novel optical imaging-based tumor model with HL cell line L428 was applied.
Therefore, this variant, as part of the next generation immunotherapeutics, also named cytolytic fusion proteins showing reduced
immunogenicity, is a promising molecule for (targeted) therapy of patients with relapsing malignancies, such as cHL, and possibly
other PI-9-positive malignancies, such as breast or lung carcinoma.
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INTRODUCTION
A major problem of conventional cancer therapy is its lack of
specificity. Thus, more specific approaches are now under
investigation to exclusively kill abnormal cells. One of the
strategies comprises the development of immunotoxins, which
consist of a cell-binding moiety and a cell death-inducing agent.
As plant- or bacteria-derived toxins can cause severe side effects,
the generation of less immunogenic compounds is essential. This
led to the fourth generation of immunotoxins, first so coined by
Mathew and Verma,1 which include humanization of both the cell-
binding ligand as well as the pro-apoptotic enzyme. Owing to the
high effectiveness and importance of granzymes during the
immune response of humans, these serine proteases are
promising candidates for the development of antitumor immuno-
therapies. The best studied and the most promising one is
granzyme B (GrB),2–8 an effector molecule stored in the granules
of cytotoxic immune cells to kill transformed tumor or virus-
infected cells.9,10 However, its antitumoral efficacy is limited by
irreversible inhibition by PI-9. PI-9 is co-expressed in the cytosol of
cytotoxic immune cells to avoid autotoxicity in case of granule
leakage of misdirected GrB. Several tumors have also been
described to express PI-9, such as breast cancer,11 metastasizing
melanoma,12 lung cancer13 and prostate cancer,14 and also
classical Hodgkin lymphoma (cHL) is a typical example for this
phenomena.15 It has been shown that PI-9 expression is
heterogeneous within the tumor cell population. As a very high
number of positive tumor cells predict unfavorable clinical

outcome, these might be positively selected upon immune sur-
veillance.12,16 Killing these treatment-resistant cells may therefore
strongly increase the therapeutic success and possibly lifespan.
Therefore, we recently generated a variety of GrB mutants, which
showed a reduced PI-9-inhibitor binding in the first experimental
studies.17 Here, we introduce a novel GrB-based antitumor
approach targeting the cHL receptor CD30. As animal model for
HL, only L540cy cells are established so far. In addition, based on
the recently suggested optical-imaging technique,18 we here
describe a novel tumor model with the cHL cell line L428.
Subsequently, we were able to compare the cytotoxic efficacy of
cytolytic fusion proteins (CFPs) using four different GrB point
mutations17,19 in the PI-9-binding site of GrB not only in vitro but
also in vivo. In this study, the R201K GrB mutant demonstrated the
best antitumor efficacy against both PI-9-positive and -negative
tumor cells.

MATERIALS AND METHODS
Protein preparation
The pMS plasmid encoding EGb-H22(scFv)20 was used to construct EGb-
Ki4(scFv) by replacing the coding sequence for the single chain variable
fragment H22(scFv)6 by Ki4(scFv).21 Mutations were inserted with specific
primers via site-directed mutagenesis by overlap extension.17 The
construct (Figure 1a) includes an enterokinase site, enabling the activation
of GrB22 and an IGk leader sequence for secretory expression.20 Secretory
mammalian expression in HEK293T cells and purification via affinity
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chromatography of EGb-Ki4(scFv) and its mutants were done as described
previously.6

Cell lines
The cHL cell lines L540cy,23 L428 (DSMZ, ACC 197), L1236 (DSMZ, ACC 530),
the AML cell line HL60 (DSMZ, ACC-3) and the Human Embryonic Kidney
cell line HEK293T (ATCC, CRL-11268) were cultivated in RPMI 1640 plus
Gluta-MAX-I, including 10% (v/v) fetal calf serum, 100mg/ml penicillin and
streptomycin at 37 1C, and 5% CO2. Altogether, 100mg/ml Zeocin was
added to the transfected HEK293T cells for selection purposes.

Protein characterization
Enzymatic activity. The proteolytic activity of 100 nM Gb-Ki4(scFv) and
GbR201K-Ki4(scFv) after enterokinase digestion was detected by cleavage
of 200mM of the synthetic substrate Ac-IETD-pNA (Calbiochem/Merck,
Darmstadt, Germany) which mimicks the cleavage site of pro-caspase 3.
The reaction was monitored in an ELISA plate reader (BioTek Instruments,
Epoch, Bad Friedrichshall, Germany) at 405 nm and 37 1C for 60 min in a
2-min interval.

Binding. The binding of Gb-Ki4(scFv) and its mutants to L428 was
evaluated via flow cytometric analysis (CellQuest Version 3.3 (Becton
Dickinson, Heidelberg, Germany)) and WinMDI 2.8, (The Scripps Institute,
West Lafayette, IN, USA). A total of 4� 105 cells were washed with PBS and
incubated with 1 mg purified protein in 100ml PBS for 30 min on ice. After
washing, cells were incubated with anti-His Alexa 488 for 30 min on ice in
the dark. The CD30-negative HL60 cell line was used as a negative control.

For the determination of the affinity constant Kd, different concentrations
of Gb-Ki4(scFv) or GbR201K-Ki4(scFv) were incubated with target cells L428
and L540cy. Mean fluorescence intensities were evaluated via WinMDI 2.8
and compared by non-linear-regression determinations in GraphPad Prism
4.0, La Jolla, CA, USA.

Serum stability. A total of 70 ng/ml purified protein was incubated
with 50% murine serum at 37 1C for different time periods between
0 and 48 h. Remaining protein binding activity was measured via flow
cytometric analysis as described elsewhere,24 here with 400-fold dilution of
7.5ml of the mixture.

Internalization determination
Ki4(scFv)-SNAP protein was produced by secretory expression of HEK293T
cells as described above for Gb-Ki4(scFv), and coupled to Alexa-Fluor-BG-
647 according to the manufacturer’s instructions (NEB). In order to verify
internalization, 4� 105 cells were incubated at 4 or 37 1C, respectively, for
2 h with 1 mg Ki4(scFv)-SNAP-BG-647 in 300ml PBS or only in PBS as
negative control. After washing of the cells, antigen-dependent inter-
nalization was detected by confocal laser-scanning microscopy (TCS SP5).

Detection of endogenous PI-9 and GrB-PI-9 complex
Cells were lysed with PBS containing 1% Triton X-100. Endogenous
PI-9 was detected by western blot or flow cytometry using the anti-
bodies antihuman PI-9 (clone 7D8, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and GAM-PO or GAM-FITC (Sigma-Aldrich, Taufkirchen, Germany),
respectively. Signal detection on western blots was done by
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Figure 1. (a) Schematic structure of the protein EGb-Ki4(scFv). After purification, it is activated via enterokinase (‘E’)-digestion site indicated by
an arrow. (b) Coomassie-stained SDS-PAGE gel with purified Gb-Ki4(scFv) before and after activation with enterokinase. (c) Results of apoptosis
assay (annexin V/propidium iodide staining) on PI-9� L540cy cells and PI-9þ L428 cells after incubation with 33 nM Gb-Ki4(scFv). Numbers are
% of cells within corresponding quadrant. (d and e) Expression of PI-9 in cHL cell lines L428, L1236 and L540cy. (d) Total soluble protein
(40mg/lane) was loaded on a gel for SDS-PAGE, and PI-9 was subsequently detected in a western blot using the antihuman PI-9 (clone 7D8)
and GAM-PO. (e) 1� 106 cells, as indicated, were fixed, permeabilized and stained with antihuman PI-9 (7D8) and GAM-FITC. PI-9 expression
was determined by flow cytometry. (f ) Complex formation of PI-9 and Gb-Ki4(scFv) within cell lysates of L540cy and L428 cells after
pre-incubation with Gb-Ki4(scFv) ‘G’ or buffer ‘B’. Altogether, 40 mg total soluble protein was loaded on SDS-gel, and western blot was analyzed
with antihuman GrB. Unspecific band was detected on the same height of CFP.
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chemiluminescence detection system (Leica LAS-3000, Fujifilm, Duessel-
dorf, Germany). Mean fluorescence intensities were evaluated by flow
cytometry and WinMDI 2.8.

Endogenous complex formation was determined after incubation with
Gb-Ki4(scFv) as described for apoptosis assay. Analysis was done as above
using antihuman GrB (clone 2C5, Santa Cruz) and GAM-PO.

Cytotoxicity assays
A total of 2� 105 cells were incubated for 48 h either with 11 nM or with
different dilutions of CFP in 12-well-plates, if not otherwise indicated.

Viability. For subsequent dose-depending evaluation of viability, the
metabolic activity of cells towards tetrazolium salt XTT was applied
according to the manufacturer’s instructions (Serva, Heidelberg, Germany).

Toxicity. For apoptosis assay after incubation with CFPs, annexin V-GFP
and propidium iodide were added to the washed cells as described
before.6 Dead cells and early and late apoptotic cells were detected by
flow cytometry. The buffer control was assigned a viability of 100% and
treated samples were converted accordingly.

Caspase 3/7. In order to determine the caspase 3/7 activity a
preluminescent caspase 3/7-DEVD-aminoluciferine substrate (Caspase-Glo
3/7 Assay, Promega GmbH, Mannheim, Germany) was added to the treated
cells. The measured luminescence signal is directly proportional to the
activity of caspase 3/7 and was normalized to the background signal
produced by Gb-Ki4(scFv).

Biological activity of selected CFPs in vivo
Animal experiments were approved by the local Animal Care and Use
Review Committee. A total of 5� 106 L428 cells transfected with the FR
fluorescent protein, Kat2,18 (pTag-Katushka2-N; Evrogen, Moscow, Russia) or
L540cy (not transfected), resuspended in 50% Matrigel (growth factor-
reduced; BD Bioscience, Heidelberg, Germany), were injected
subcutaneously into the right hindlimb of 8-week-old female BALB/c nu/
nu mice (Charles River, Germany). Tumor growth was monitored by
molecular imaging with the CRi Maestro system (Cri Inc, Woburn, MA, USA)
for L428 as described before18 (n¼ 7 per group); for L540cy (n¼ 6 for
GbR201K-Ki4(scFv), n¼ 3 for GbR201K-H22(scFv)) triplet caliper
measurements were done. Treatment schedules are shown in Figures 5a
and 6a. Targeting of CD30þ L540cy cells with Ki4(scFv)-SNAP-BG-747 was
done according to published protocols.25 Tumors were resected from
sacrificed animals and cut into 8-mm sections on a freezing microtome.
After drying, tissue slices were stained with Ki4(scFv)-SNAP-BG-Vista-Green
and signals visualized via confocal microscopy (Leica, TCS SP5).

Statistics
Statistical analysis was done by two-tailed t-test using GraphPad Prism 4.0;
Po0.05 was considered to be statistically significant.

RESULTS AND DISCUSSION
GrB is one of the most potent and well-established effector
molecules having the highest potential for targeted antitumor
therapy due to the human origin of its enzymatic activity. This
minimizes unwanted immune reactions in patients related to
CFPs. Their potential has been shown in tumor cell lines that are
resistant against cytotoxic drugs. However, its efficacy is
diminished by the endogenous inhibitor PI-9 that can be
expressed by tumors as escape mechanism. This expression
correlates with unfavorable prognosis for the patients, so that a
specific killing of those cells could be beneficial and the
development of PI-9-resistant GrB-based CFPs could meet this
demand. On the down side, such alterations may introduce novel
sequences with potential antigenicity.

We fused GrB to the CD30 targeting murine Ki4(scFv), which is the
anti-CD30 single chain of choice, due to its property of not binding
the shed CD30 receptor.26 This is important as it has been reported
that CD30 ectodomain shedding occurs at high incidences,27 which
could lead to an off-target capturing of the CFP. We selected cHL
and used the receptor CD30 as target in a proof-of-principle model
because it has already been successfully used in CFP-based
approaches, for example, by Brentuximab–Vedotin28 or Ki4(scFv)-
ETA.21 The mammalian expression of our constructs that results in
natural glycosylation patterns of GrB was successful. To obtain the
enzymatically active protein Gb-Ki4(scFv), EGb-Ki4(scFv) had to be
activated by enterokinase. The purified protein before and after
enterokinase digestion is shown in Figure 1b. Proteolytic activity was
verified via colorimetric substrate assay, whereby no differences
between the kinetics of wild-type Gb-Ki4(scFv) versus its mutant
GbR201K-Ki4(scFv) were observed (Figure 2). The comparative
enzymatic activities of all the generated mutants have been
published earlier and indicate no significant difference between
the mutants and the wild type described here.17

cHL represents a typical disease for the application of CFPs, as
despite of high cure rates, 15–30% of the cHL patients relapse
after conventional therapy, and this is associated with poor
prognosis. This treatment resistance can be due to tumor-escape
mechanisms like induction of PI-9 or downregulation of the CD30
receptor. During an initial apoptosis assay, we observed a limited
effect of wild-type Gb Ki4(scFv) on L428 cell line, whereas
successful induction of cell death was seen on L540cy cells
(Figure 1c). As marked differences in CD30 receptor expression
were observed (Figure 3c) and to assure that cytotoxic differences
were not due to subsequent diminished internalization, we tested
internalization of Ki4(scFv)-SNAP-BG-647 as described earlier.25

Thereby, we observed complete internalization after 2 h at 37 1C
(Figure 3d), so that the described effect could be excluded. Only
External binding was observed after incubation at 4 1C, excluding
unspecific internalization. After lysing the cells following treat-
ment with Gb-Ki4(scFv) analysis by western blot with a GrB-
specific antibody, we observed an additional high-running band
within the probe derived from Gb-Ki4(scFv)-treated L428 cells,
which was absent in the one of L540cy (Figure 1f). As shown
before, this could be interpreted as the SDS-stable complex
between PI-9 and Gb-Ki4(scFv).29 At the same time and in spite of
the non-specifically detected band at the same expected height of
Gb-Ki4(scFv) within the buffer control, we could thereby verify the
successful internalization of the CFP. Additionally, via western blot
and flow cytometric analysis, we demonstrated that the HL cell
lines differ in their PI-9 expression. Therefore, the T-typed L540cy
lacked PI-9, whereas the B-typed cells, L1236 and L428, showed a
strong expression (Figures 1d and e). These findings are in
accordance with an earlier study showing that 10% of all tested HL
patients (n¼ 57) expressed the inhibitor.15 In addition, this
expression was also found upon Epstein–Barr virus infection,
which is a major cause of B-type HL30 and was recently even
directly linked to Epstein–Barr virus-positive cases of HL.31
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Figure 2. Enzymatic activity of Gb-Ki4(scFv) and its mutant
GbR201K-Ki4(scFv) determined via a colorimetric assay based on
the synthetic GrB substrate Ac-IETD-pNA. Absorbance at 405 nm was
monitored in a 2-min interval for 60min at 37 1C. Activities for both
constructs were the same.
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As mentioned earlier, PI-9-insensitive GrB candidates were
generated and published previously, their applicability and
efficacy on cells in vitro and in vivo, however, remained to be
established.17 Here, the three most promising candidates: R28K,
R201A and R201K and an additional one previously described in
literature, K27A,19 were compared with the wild-type protein for
binding activity and affinity to target cells and serum stability of
the protein. Results are shown for the best mutant R201K. As
exemplary shown for cell line L428 in Figures 3a and b, both wild
type and mutant specifically bind to the target cells and do not
exhibit unspecific binding to a CD30-negative cell line, HL60. The
affinity constants Kd were 3.6 nM on L540cy and 1.5 nM on L428 for
Gb-Ki4(scFv), and 5.7 nM and 1.9 nM for GbR201K-Ki4(scFv),
respectively. Additionally, their serum stability was compared to
the stability in buffer (Figures 3e–g). A sufficient stability for at

least 10 h in serum could be confirmed for both constructs. Next,
we tested the cytotoxic activity of the mutants in comparison to
the wild-type CFP on the PI-9-negative cell line L540cy. The
observed IC50 values were all in the same range between 1.7 and
5.1 nM (Figure 4a). To confirm apoptosis induction, we performed
an annexin V assay depicted in Figure 4b, with normalized data
converted to viability. From the data, it could be concluded that
the point mutations did not alter stability, binding affinity or
cytotoxicity towards PI-9-negative cells of Gb-Ki4(scFv).

Based on the initial studies indicating a decreased apoptotic
effect of Gb-Ki4(scFv) due to the expression of endogenous PI-9
(Figures 1c and f), we compared the in vitro antitumor efficacy of
the four GrB mutants in PI-9-positive cells (Figures 4c). The most
effective one, R201K, reduced the viability in both PI-9-positive
(L428, L1236) and PI-9-negative (L540cy) cell lines, resulting in
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62% viability in L1236, 70% in L428 and 40% in L540cy compared
with the untreated control (Po0.001). The strong differences in
apoptosis between the L540cy on one hand, and the L1236 and
L428 on the other hand induced by all constructs used (compare
Figures 4b and c, respectively) can be explained by the
published, lower overall sensitivity for apoptosis induction by
the latter two.32,33 Moreover, the PI-9-positive, CD30-expressing
chronic myeloid leukemia cell line, K562,34 showed a differential
effect to the wild type and mutant in apoptosis induction. Here,
58% of the cells were killed by GbR201K-Ki4(scFv), whereas the
wild-type did not induce cell death at all (data not shown). We
could further verify our results by a statistically significant
increase of caspase 3/7 activity (Figure 4d), an indicator
of apoptosis induction, within the PI-9-positive cells after
incubation with GbR201K-Ki4(scFv), in contrast to the treat-
ment with Gb-Ki4(scFv), which only produced the expected
background signal. The wild-type and the already published
mutant K27A were effective in PI-9-negative cells only.

In vivo studies for cHL have so far been strongly restricted, as
the only cell line that sufficiently grows in mice is L540 or L540cy.
PI-9-positive L428 cells only grow slowly and transiently in mice so

that caliper measurement of tumor size is impossible. However, by
Kat2-transfection of these cells, we were nevertheless able to
monitor tumor growth by optical imaging. In this subcutaneous
tumor model, the therapeutic efficacy of the wild-type Gb-Ki4(scFv)
and its best mutant GbR201K-Ki4(scFv) were compared. GbR201K-
H22(scFv) was used as a non-binding control. Only the mutant was
able to kill PI-9-positive cells in vivo. Here, the tumor size reduction
was statistically significant compared with both wild type (Po0.05)
and control (Po0.005), whereas the difference between the
determined relative tumor size for the wild-type treated and the
control group were not statistically significant (Figure 5b).

No difference in cytotoxic activity between Gb Ki4(scFv) and its
mutant R201K was detected on PI-9-negative cells in vitro,
therefore, only the mutant was used to confirm its effectiveness
on PI-9-negative cells in vivo. Treatment with GbR201K-Ki4(scFv)
triggered an arrest of tumor growth, whereas tumors in mice
receiving non-binding GbR201K-H22(scFv) increased to over 100%
of the original size (mm2) (Po0.001, Figure 6b).

Therefore, in contrast to the GrB wild type, our newly developed
mutant GbR201K-Ki4(scFv) was able to kill both PI-9-positive
and -negative tumor cells in vitro as well as in vivo.
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Staining of tissue sections cut from both L540cy and
L428 tumors after excision confirmed the continued expression
of CD30 after treatment with the Ki4(scFv)-derived constructs
(Figures 5c and 6c). This excludes the reduction of CD30 by the
tumor as mechanism to escape treatment. In addition, we

confirmed CD30 receptor expression by the tumor cells in vivo.
This was done using optical in vivo imaging, as described
previously.18,25 We injected Ki4(scFv)-SNAP-BG-747 into L540cy
tumor-bearing mice, resulting in localization of the signal in the
tumor only (Figure 6d).
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Figure 5. Results of mouse experiments with L428-induced tumors. (a) Treatment schedule indicating intravenous (i.v.) injection of L428 cells,
protein injection and days of measurement. (b) Relative tumor size after treatment with fusion proteins, as indicated. Tumor size was
estimated by imaging with the Cri Maestro System. The mutant GbR201K-Ki4(scFv) caused a decelerated tumor growth as compared with the
unspecific control GbR201-H22(scFv) (**) and to the wild-type Gb-Ki4(scFv) (*). The difference between Gb-Ki4(scFv) and GbR201K-H22(scFv)
was not significant (ns). (c) Confocal microscopy of Ki4(scFv)-SNAP-BG-Vista-Green (i) stained tissue sections of control-treated L428 tumors,
Kat2 signal from transfected cells is visible in red (ii) and the overlay of an enlarged image.
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Figure 6. Results of mouse experiments with L540cy-induced tumors. (a) Treatment schedule indicating i.v. injection of cells, protein injection
and days of measurement. (b) Relative tumor size is shown at time points as indicated upon treatment with mutant GbR201K-Ki4(scFv) versus
control GbR201K-H22(scFv). The difference between the curves was determined to be statistically significant with Po0.001 (***). (c) Confocal
microscopy of Ki4(scFv)-SNAP-BG-Vista-Green-stained tissue sections of control-treated L540cy tumors. (d) Receptor depending targeting of
L540cy with Ki4(scFv)-SNAP-BG-747 in vivo after 6 h. Protein was applied i.v. into L540cy-bearing mice. Measurement was taken with deep-red
filter set ((730–950 nm) (i) background signal, (ii) image with fluorescence signal (yellow, Ki4(scFv)-SNAP-BG-747).
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In conclusion, we here for the first time in a proof-of-principle
model demonstrate that residual therapy-resistant cancer cells can
be killed when the resistance is due to PI-9 expression as escape
mechanism. This was accomplished by a targeted immunother-
apeutic approach comprising our novel GrB R201K variant, which
kills these resistant, PI-9-positive cells in addition to PI-9-negative
tumor cells. This finding is not just beneficial for HL treatment, but
can also bear clinical relevance for the treatment of other
hematological disorders, or solid tumors that potentially express
PI-9 or selected PI-9-positive cells under immune surveillance or
tumor therapy. As PI-9 expression correlates with an unfavorable
clinical outcome, our targeted treatment approach using the here-
described mutant GrBs may lead to specific elimination of these
resistant cells, resulting in an improved therapeutic effect.
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