
Background
In spite of potent first-line therapies for chronic lymphocytic leukemia, treatment remains pal-
liative and all patients frequently relapse. Treatment options for these patients are more limit-
ed. BL22 is a recombinant protein composed of the variable region of a monoclonal antibody
that binds to CD22 and of PE38, a truncated Pseudomonas exotoxin. BL22 is a very potent drug
already used in patients with hairy cell leukemia, whereas in chronic lymphocytic leukemia its
cytotoxicity is limited by a lower expression of CD22. Here we demonstrate that this limitation
can be overcome by pre-activation of chronic lymphocytic leukemia cells with bryostatin 1.

Design and Methods
Primary malignant B cells from chronic lymphocytic leukemia and mantle cell lymphoma
patients were used in vitro to assess the therapeutic impact of drug combinations using BL22
and bryostatin 1.

Results
We demonstrate that bryostatin 1 sensitizes chronic lymphocytic leukemia cells for the cyto-
toxic effects of BL22 through activation of protein kinase C and subsequently increased CD22
surface expression. Dose and time response analysis reveals that activation of protein kinase C
further activates an autocrine feedback loop degrading protein kinase C-βII protein. Depletion
of protein kinase C-βII and upregulation of CD22 persist for several days following pre-stimu-
lation with bryostatin 1. Therefore, our data provide a rationale for the sequential administra-
tion of BL22 following bryostatin 1 treatment. In addition to primary chronic lymphocytic
leukemia cells, bryostatin 1 also sensitizes diffuse large B-cell lymphoma and mantle cell lym-
phoma cells to BL22 induced apoptosis.

Conclusions
Our data suggest that the combination of bryostatin 1 with antibodies directed against CD22
is a potent drug combination for the treatment of low- and high-grade B-cell lymphoma. 
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Introduction

New treatment options for patients with CLL have
demonstrated high efficacy and complete remission rates of
over 50%.1-3 The combination of the monoclonal antibody
rituximab and fludarabine-based chemotherapies has now
become the standard first-line therapy for young and fit
CLL patients. However, in spite of excellent overall
response rates, the disease still remains incurable with
increasing shorter progression free survival (PFS) following
salvage therapies. Therefore, new treatment options are
needed for patients who relapse after immunochemothera-
py and those who are ineligible for such treatments.
BL22 is a recombinant protein composed of the variable

region of a monoclonal antibody that binds to CD22 on the
surface of normal and malignant B cells and of PE38, a trun-
cated Pseudomonas exotoxin A.4 BL22 has demonstrated
significant in vivo cytotoxicity in patients diagnosed with
relapsed hairy cell leukemia following treatment with
cladribine.5 We previously demonstrated that BL22 induces
cell death in CLL, involving the intrinsic apoptotic pathway.
However, apoptosis induction correlates with the expres-
sion of CD22 on the surface of CLL cells and is only mod-
erate in ‘CD22 low’-expressing cells.6 The aim of this study
was to increase BL22 cytotoxicity by modulating the sur-
face expression of CD22 on leukemic cells. 
Bryostatin 1 is a macrocyclic lactone which was isolated

from the marine bryozoan Bugula neritinamore than 30 years
ago. It modulates the family of protein kinase C (PKC)
enzymes due to the structural similarities to the PKC-acti-
vating second messenger diacylglycerol.7 Evidence from
several groups indicates that PKC activity plays an impor-
tant role in the pathogenesis of CLL and is crucial for cell
survival by regulating anti-apoptotic proteins such as Mcl-1
and Bcl-2.8,9 The effects of bryostatin 1 are complex and
include induction of differentiation of CLL cells,8 modula-
tion of Fas/CD95 signaling10 and downregulation of PKCs.11
However, after phase I/II evaluation, it is now evident that
bryostatin 1 has minimal single agent activity and, there-
fore, combined treatments of bryostatin 1 and chemothera-
peutics were investigated in clinical trials.12,13
The ability of bryostatin 1 to induce a ‘hairy cell pheno-

type’ in CLL cells, including the marked upregulation of
CD22, prompted us to investigate whether it could enhance
the cytotoxicity of BL22. By using dose-response evaluation
of bryostatin 1 we demonstrate that the combination of
BL22 and bryostatin 1 increases the cytotoxicity of the
immunotoxin not only through upregulation of CD22, but
also through modulation of PKC-βII. The upregulation of
Mcl-1 appears to be an undesirable effect of bryostatin 1
and may account for an impaired activity in CLL cells when
used as monotherapy. Notably this upregulation of Mcl-1
was not sufficient to block the cytotoxicity of BL22.
Furthermore, we demonstrate in vitro that the combination
of bryostatin 1 and BL22 can be separated temporally,
allowing enhanced cytotoxicity and potentially decreasing
side effects in vivo.

Design and Methods

Cell samples
Approval for the study was obtained from the local ethics com-

mittee and all patients taking part gave their informed consent.
Peripheral blood was obtained from patients with a diagnosis of

B-CLL who had not been treated for at least three months. At the
time of analysis, all patients were clinically stable, free from infec-
tious complications and undergoing routine clinical outpatient
review. 
All cell lines used for the experiments were obtained from

DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen; GmbH, Braunschweig, Germany). Cells were char-
acterized by morphology, immunphenotyping, cytogenetics and
molecular genetics. A detailed description of each cell line can be
found on http://www.dsmz.de/

Statistical analysis
Data from individual experiments are presented as mean

+SEM. Statistical significances were determined using unpaired
and paired t-tests as appropriate. P<0.05 was considered statisti-
cally significant. 
Further details of study Design and Methods are available in the

Online Supplementary Appendix.

Results

Bryostatin 1 enhances the cytotoxic effects of BL22 
in primary CLL cells

BL22 is a genetically engineered antibody directed
against CD22 and is composed of the variable region of a
monoclonal antibody coupled to a truncated pseudomonas
exotoxin A.4 We have previously reported that BL22 is
active in a subset of CLL patients, but this activity is
reduced in patients expressing only low levels of CD22.6 In
contrast to CLL, BL22 has demonstrated strong in vivo
activity in hairy cell leukemia, characterized by high
expression levels of CD22.5
Bryostatin 1 is a PKC-modulator with minimal single

agent activity in CLL. Interestingly, bryostatin 1 induces a
‘hairy cell’-phenotype in CLL. These morphological
changes include cell enlargement and formation of cyto-
plasmatic extensions and are associated with an upregula-
tion of CD2214 (Figure 1A). We, therefore, hypothesized
that bryostatin 1 may enhance the cytotoxic effects of
BL22. To test this, CLL cells were incubated in the absence
or presence of bryostatin 1 (1 and 50 ng/mL) and BL22 (1
µg/mL). In order to reduce spontaneous apoptosis of CLL
cells ex vivo and to mimic microenvironment survival sig-
nals, CLL cells were cultured on a murine fibroblast cell line
Ltk–15 (kindly provided by P. Pérez-Aciego). Leukemic cells
were sufficiently protected from spontaneous apoptosis
when cultured on Ltk– cells (Figure 1B, bars 1 and 2).
Bryostatin 1 showed no cytotoxic effects on CLL cells cul-
tured on feeder cells. However, the cytotoxic effect of BL22
was not abolished in the presence of survival signals
derived from bystander cells (Figure 1B). Importantly, bryo-
statin 1 significantly sensitized primary CLL cells to the
cytotoxic effects of BL22. (Relative apoptosis induction
compared to CLL cells cultured on Ltk– cells: BL22 alone,
mean 9%, range 0-33%; BL22 + bryostatin 1 (1 ng/mL),
mean 28%, range 10-65%; BL22+ bryostatin 1 (50 ng/mL),
mean 45%, range 24-78%). The expression of ZAP70 and
CD38 in CLL cells is a surrogate marker for poor prognosis.
Patients’ characteristics according to the samples used for
our experiment (Figure 1B) are shown in Table 1. These
show that the combination of BL22 and bryostatin 1 is
highly effective in low- and high-risk patients (Online
Supplementary Table S1). 
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We hypothesized that an increased binding and uptake
of the immunotoxin occurred due to an increased expres-
sion of CD22 by bryostatin 1 on the surface of CLL cells.
To test this hypothesis, surface protein expression of CD22
was determined by flow cytometry 24 h after stimulation
of leukemic cells with bryostatin 1. An isotype matching,
non-specific antibody was used as negative control. We
observed a significant upregulation of CD22 at a bryo-
statin1 dose of 1 ng/mL (Figure 1C). Importantly, the sur-
face expression of CD22 varies between CLL patients,
ranging from low to moderate expression.6 By analyzing
the expression of CD22 in response to bryostatin 1 (1
ng/mL) we observed that ‘CD22-low’ and ‘high’ expressers
up-regulate CD22, although the effect was more pro-
nounced in CLL cells with a higher baseline expression of
CD22 (Figure 1C).  
Surprisingly, higher doses of bryostatin 1 (50 ng/mL) fur-

ther enhanced the cytotoxic effect of BL22 compared to 1
ng/mL (Figure 1B), but CD22 upregulation peaked at a dose
of 5 ng/mL and was significantly less pronounced with
50ng/mL bryostatin 1 (Figure 1D). These data indicate that
additional mechanisms than enhanced CD22 expression
must account for the sensitizing effects of bryostatin 1 on
BL22.

Bryostatin 1 up-regulates the expression of CD22
through PKC-β, but not Erk
As reported above, bryostatin 1-induced differentiation

of CLL cells requires both PKC and extracellular signal-
related kinase (Erk)-activity.14 Of all classical PKC-isoforms
PKC-βII is over-expressed in CLL and contributes signifi-
cantly to the pathogenesis.16-18 In order to characterize
which of these pathways was required for CD22 upregu-
lation, CLL cells were exposed to bryostatin 1 (1 ng/mL) in
the presence of the small molecule inhibitors enzastaurin
and PD98059. Enzastaurin is an acyclic bisindolyl-
maleimide that was developed as a selective and specific
PKC-β inhibitor.19 PD98059 is a widely used inhibitor of
the Erk1/2 pathway. Leukemic cells were pre-incubated
with the inhibitors 2 h before stimulation with bryostatin
1. Blockage of PKC-β abrogated the upregulation of CD22
by bryostatin 1, whereas inhibition of the Erk-pathway
had no effect on the expression of CD22 (Figure 2A).
Conclusively, bryostatin 1 up-regulates CD22 using PKC-β
as main conduit.
Since our data suggested that PKC-β is a mediator of

bryostatin 1-induced upregulation of CD22, we analyzed
the expression of PKC-βII 24 h after stimulation with bryo-
statin 1. We noticed that ‘low dose’ bryostatin 1 (1 ng/mL)
did not affect the expression levels of PKC-βII (Figure 2B,
lanes 2 and 3). In contrast, higher doses of bryostatin 1 (50
ng/mL) depleted the expression of PKC-βII in CLL to levels
undetectable by immunoblotting (lane 4). Inhibitory effects
of PKC activators have been observed on the expression of
PKC isoforms and may be related to a negative feedback
loop involving proteasomal protein-degradation, protein-
proteolysis and vesicle-dependent degradation.20,21
Importantly, even though low-dose bryostatin 1 (1 ng/mL)
is sufficient to up-regulate CD22 on CLL cells (Figure 1),
this activation seems to be incapable of activating this feed-
back loop. The dose-dependency of PKC-βII degradation
appeared to be isoform-specific, since the expression levels
of PKC-εwere unaltered upon ‘low’- and ‘high-dose’ bryo-
statin 1 treatment (Figure 2B). 
In the light of the pro-apoptotic effects of PKC-inhibitors

in CLL,17,18 we hypothesized that depletion of PKC-βII aug-
mented the cytotoxic effects of BL22. In order to prove this
hypothesis and to rule out the possibility that the down-
regulation of PKC-βII by bryostatin 1 was merely an
epiphenomenon, PKC-βII activity was blocked with the
small molecule inhibitor enzastaurin. BL22-induced cell
death was significantly enhanced in the presence of enzas-
taurin. The pro-apoptotic effect of the combined treatment
of BL22 and enzastaurin exceeded the additive effects of
single agent treatment, suggesting a synergism between
blockage of PKC-β and BL22 induced cell death (mean
apoptosis induction: enzstaurin+BL22 41%; enzastaurin
13.8%; BL22 18.7%; Online Supplementary Figure S1).
Notably, expression levels of CD22 remained unchanged in
enzastaurin-treated CLL cells (data not shown).

Bryostatin 1 primes primary CLL cells for the cytotoxic
effects of BL22
To further characterize the kinetics of CD22 upregula-

tion and PKC-βII depletion following bryostatin 1 expo-
sure, bryostatin 1 was removed after 24 h and CD22/ PKC-
βII expression was monitored by flow cytometry and
immunoblotting. Successful removal of bryostatin 1 from
the cell culture was monitored by expression of Mcl-1, a
putative downstream target of activated PKC8 (data not
shown). The upregulation of CD22 following a 24-h expo-
sure to bryostatin 1 was maintained for at least 72 h after
removal of bryostatin (Figure 3A). Remarkably, we
observed that PKC-βII expression did not recover within
72 h after removal of bryostatin 1 (Figure 3B, lanes 6, 8 and
10). 
This result prompted us to investigate whether sensitiz-

ing effects with BL22 could last for several days after bryo-
statin 1 treatment. From a clinical point of view, sequential
therapies offer a strategy to reduce drug-interactions and
side effects while increasing the cytotoxic effect. To
address whether this was a feasible approach for BL22-
based therapies, CLL cells were primed with bryostatin 1
(1 ng/mL and 50 ng/mL) for 24 h. Forty-eight and 72 h after
removal of bryostatin 1, leukemic cells were exposed to
BL22 for an additional 24 h. Priming of CLL cells with
bryostatin 1 significantly enhanced the cytotoxic effects of
sequentially administered BL22 (Figure 3C). Due to a sig-
nificant amount of apoptosis in the medium control after
several days of in vitro culture, the pro-apoptotic effect of
BL22 was less pronounced than in CLL cells protected by
pro-survival factors (Figure 1B).

BL22 overcomes bryostatin 1-induced upregulation
of Mcl-1 and p-Ser70-Bcl-2
Based on results from phase I/II clinical trials, it is evident

that bryostatin 1 has only minimal single agent activity in
CLL.12,13,22 Mechanistically this may be related to the fact
that bryostatin 1 acts as a mixed antagonist/agonist of
PKC. Bryostatin 1 has been shown to induce Mcl-1 expres-
sion in CLL cells, thus enhancing apoptosis resistance.23
Accordingly, we also observed that bryostatin 1 attenuated
the cytotoxic effect of the chemotherapeutic drugs fludara-
bine, doxorubicine and vincristine (data not shown). In order
to further evaluate the relative contribution of Mcl-1 induc-
tion by bryostatin 1 to BL22 toxicity, we analyzed the
expression of apoptosis-regulating proteins after treatment
with BL22, bryostatin 1 or a combination hereof. As
expected, a strong upregulation of Mcl-1 in CLL cells upon
bryostatin 1 treatment was observed. Low-dose (1 ng/mL)

BL22 and bryostatin in CLL
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bryostatin 1 was significantly more potent in inducing Mcl-
1 than high-dose (50 ng/mL) bryostatin 1 (Online
Supplementary Figure S2A, compare lane 2 to lanes 7 and 8).
Accordingly, single agent treatment with bryostatin 1 sig-
nificantly reduced spontaneous apoptosis of CLL cells
(Online Supplementary Figure S2B). In addition to the upreg-
ulation of Mcl-1, bryostatin 1 induced phosphorylation of
Bcl-2 at serine-70. This phosphorylation increases the bind-
ing of the pro-apoptotic Bim to Bcl-2 and enhances the
anti-apoptotic properties of Bcl-2.18 In addition, Bim-func-
tion was further impaired due to degradation of BimEL in
bryostatin 1-treated cells. We observed a reduced elec-
trophoretic mobility of BimL in broystatin 1-treated cells,
indicative of posttranslational modifications mediated by
PKC. These modifications of Bim were not affected by
BL22, excluding the possibility that BL22-mediated apop-
totic effects were mediated by Bim. In contrast, single
agent BL22 diminished the expression of Mcl-1 and XIAP
(Online Supplementary Figure S2A, lanes 2 and 3). The com-
bination of BL22 and bryostatin 1 attenuated the upregula-
tion of Mcl-1 and phosphorylation of Bcl-2 (Online
Supplementary Figure S2A, compare lanes 4 and 5 to 7 and
8). Importantly, expression levels of Mcl-1 and phospho-
ser70-Bcl-2 were still above baseline-levels (Online

Supplementary Figure S2A, compare lanes 4 and 5 to lane 1),
indicating that bryostatin 1 has unfavorable effects on the
expression of anti-apoptotic proteins. However, BL22 can
overcome the anti-apoptotic effects of bryostatin 1 mediat-
ed by upregulation of Mcl-1 and phosphorylation of Bcl-2
(Online Supplementary Figure S2B). The pro-apoptotic effect
of BL22 in combination with bryostatin 1 was not related
to induction of Noxa or Puma (Online Supplementary Figure
S2A). 
Under co-culture conditions of leukemic B cells and stro-

mal cells (LTK–), bryostatin 1 lacked the anti-apoptotic
effect we had observed in the previous experiment (com-
pare Online Supplementary Figure S2B and Figure 1B). This
raised the question as to whether bryostatin also mediated
the upregulation of Mcl-1 and downregulation of PKC-βII
in the presence of stromal cell-derived survival factors. In
order to address this question, primary CLL cells were cul-
tured on LTK– cells for up to 72 h. Continuous administra-
tion for 72 h had been used in clinical trials with bryostatin
1 in order to shift the balance from PKC-agonistic to antag-
onistic properties.22 Notably, even in the presence of stro-
mal cells, bryostatin 1 significantly up-regulated the
expression of Mcl-1 (Online Supplementary Figure S2C).
Continuous exposure to bryostatin 1 for 72 h depleted
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Figure 1. Bryostatin 1 sensitizes CLL cells for the cytotoxic effect of BL22. (A) Primary CLL cells were incubated with bryostatin 1 (1 ng/mL
and 50 ng/mL). After 48 h, cells were spun onto a slide, stained according to “Pappenheim staining” and analyzed for morphological changes
using light microscopy. Treatment results in an increase in cell size and formation of cytoplasmatic extensions (black arrows). One represen-
tative experiment out of 3 is shown.  (B) Co-culture of CLL cells on a murine fibroblast cell line Ltk– significantly reduced spontaneous apop-
tosis (bars 1 and 2). Co-cultured CLL cells were exposed to BL22 (1 μg/mL), bryostatin 1 (1 ng/mL and 50 ng/mL) or a combination hereof.
Apoptotic cells were analyzed by Annexin-V/ PI staining after 48 h (n=12). Whilst bryostatin 1 alone had no effect on survival of co-cultured
CLL cells, it sensitized CLL cells for apoptosis induction by BL 22 immunotoxin. (C) Baseline expression of CD22 was analyzed by flow cytom-
etry. Samples were categorized as “low expresser” when less than 10% of cells were above the threshold determined by the isotype control.
CD22 expression was analyzed 24 h after treatment with bryostatin 1 (1 ng/mL); (n=8 for low expresser and n=10 for high expresser). (D)
CLL cells were exposed to increasing doses of bryostatin 1. The shift in graph profile according to dose is shown. After 24 h, surface expres-
sion of CD22 was assessed by flow cytometry using fluoresced primary antibodies. Left panel: one representative patient is shown: his-
tograms show fluorescence intensities (shaded), superimposed with that of an isotype control (solid line; left panel) or medium control (solid
line; panel 2-5). Right panel: CD22 expression following bryostatin 1 treatment of 10 patients was quantified and revealed a strong upreg-
ulation of CD22 at a dose range from 1 ng/mL to 5 ng/mL; however, levels declined with higher doses of bryostatin 1.
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Mcl-1 expression only in cells treated with higher doses of
bryostatin 1 (50 ng/mL), indicating that PKC-antagonistic
effects of bryostatin 1 are dose- and time-dependent. PKC-
βII expression was depleted upon high-dose bryostatin 1
expression according to our results obtained from CLL cells
cultured in the absence of feeder cells (compare Online
Supplementary Figure S2C and Figure 3B).

Combined treatment with BL22 and bryostatin 1 is
active in diffuse large B-cell and mantle cell lymphomas
The expression of surface CD22 is not limited to CLL

cells, but it can also be detected at even higher levels in B-
pro-lymphocytic leukemia, mantle cell lymphomas, mar-
ginal zone lymphomas, diffuse large B-cell lymphomas,
and in 70% of follicular B-cell lymphomas.24-26 Clinical trials
with either ‘naked’ CD22 antibodies or labeled-antibodies
are currently underway in nearly all these B-cell malignan-
cies (see http://www.clinicalTrials.gov). We were, therefore,
interested in seeing whether enhanced cytotoxic effects
with bryostatin 1 and BL22 could also be achieved in other
B-cell malignancies. Karpas422,27 DB28 and Sudhl-429 are cell
lines derived from patients with diffuse large B-cell lym-
phomas. Cells were treated for 24 h with bryostatin 1 at a
dose of 1 ng/mL and then expression of CD22 was ana-
lyzed. All cell lines up-regulated surface CD22 in response
to bryostatin1 (Figure 4A). Notably, the upregulation was
much stronger in DB and Sudhl-4 cells compared to
Karpas422 cells (Figure 4A). BL22-induced cell death when
used as single agent in all cell lines, but its pro-apoptotic
effect was dramatic only in Sudhl-4 cells (Figure 4C). The
combined treatment of bryostatin 1 (1 ng/mL) and BL22
displayed synergistic effects in DB cells according to an
increase in CD22 expression. Due to the high sensitivity of
Sudhl-4 cells to BL22, no further increase in apoptosis-
induction could be detected in spite of a significant upreg-
ulation of CD22. In contrast, Karpas422 cells were relative-
ly resistant to single agent or combined treatment of BL22
and bryostatin 1 (Figure 4C).
Similar to DLBCL cells, mantle cell lymphoma (MCL)

cells were equally sensitive to single agent treatment with

BL22 or bryostatin 1 (Figure 4D). However, bryostatin 1
failed to induce an upregulation of CD22 on the surface of
Granta30 cells (Figure 4B). Accordingly, no increase in BL22
induced toxicity was observed in these cells upon treat-
ment with bryostatin 1. Additionally, high levels of Bcl-2 in
Granta cells may also contribute to the lack of synergism
between bryostatin 1 and BL22.31 In contrast, the upregula-
tion of CD22 in Jeko-cells32 was associated with significant-
ly increased cell death induced by BL22 (Figure 4B and D). 
These cell lines were suitable models to exclude the

remote possibility that free-dissociated pseudomonas-
toxin from BL22 was responsible for the lymphoma cell
death. Therefore, we performed knockdown experiments
for CD22 on Sudhl-4 cells. The surface expression of CD22
could be reduced by repeated transfection with an siRNA
directed against CD22 (Figure 4E). Such modified cells
were exposed to BL22 for 24 h. Reduced expression of
CD22 attenuated the cytotoxic effects of BL22, indicating
that surface expression of CD22 determines the efficacy of
BL22 (Figure 4F).  
In addition, we tested whether primary mantle cell lym-

phoma cells derived from patients with leukemic variants
of MCL were susceptible to the drug combination of bryo-
statin 1 and BL22. Single agent bryostatin 1 had no pro-
apoptotic effect, but rather displayed an anti-apoptotic
effect. However, bryostatin 1 enhanced the cytotoxic
effects of BL22 on primary MCL cells (Figure 4G). 
Surprisingly, we noticed that single agent bryostatin 1

exerts cytotoxic effects in 5 out of 5 cell lines (Figure 4C
and D) in contrast to primary CLL and MCL cells (Figure 1B
and Figure 4G). 
These data suggest that the combination of bryostatin 1

and BL22 may be useful not only for the treatment of CLL,
but also in other B-cell malignancies.

Discussion

Targeting CD20 with monoclonal antibodies directed
against various cell surface proteins has become a common

BL22 and bryostatin in CLL
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Figure 2. Bryostatin 1 induced upregulation of CD22 depends on PKC-β activity. (A) CD22 upregulation by bryostatin 1 is blocked by the PKC
inhibitor enzastaurin (10 μM) but not by the ERK inhibitor PD98059 (50 μM). Cells were pre-treated with inhibitors for 120 min and then
cultured with bryostatin 1 (1 ng/mL) for 24 h. The same results were obtained in 3 out of 4 individual experiments. (B) Primary CLL cells
were exposed to either 1 ng/mL or 50 ng/mL bryostatin 1 for 24 h. Cells were then harvested and analyzed for the expression of PKC-βII
or PKC-ε. To indicates cell lysates from CLL cells freshly isolated from peripheral blood. Results from 3 experiments revealed the same
results.
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approach to treat patients with B-cell lymphomas.
However, in CLL, CD20 is a weak target and requires
excessively high doses of CD20 directed antibodies such as
rituximab33 or ofatumumab34 in order to achieve significant
clinical responses with monotherapies. Alternative target
proteins on CLL cells are CD22, CD23, CD40, CD70 and
HLA-DR. Monoclonal antibodies directed against each of
these proteins have been developed and demonstrated pre-
clinical activity, and some of them have already been tested
in clinical trials. 
Epratuzumab is an anti-CD22 humanized antibody and

has shown single agent activity in patients with relapsed
and refractory B-cell lymphomas.35 However, its activity in
CLL patients was only modest, possibly related to varia-
tions in CD22 expression on the surface of leukemia cells.
The conjugation of protein toxins to monoclonal antibody
is a neat and efficient way of increasing their toxicity. BL22
is a monoclonal antibody directed against CD22 and fused
to a truncated Pseudomonas exotoxin.4 Of 11 CLL patients

treated in an early phase I clinical trial with BL22, only one
patient had a partial response and 3 patients showed minor
responses.12 In sharp contrast, this drug has demonstrated
noteworthy clinical responses in patients with refractory
hairy cell leukemia (HCL) with a median progression free
survival of 36 months in patients achieving a complete
remission.5 This discrepancy between CLL and HCL in
terms of response to BL22 is most likely related to a much
lower surface expression of CD22 on CLL cells compared
to HCL cells. In addition, all CLL patients included in this
trial had been more heavily pre-treated than HCL patients
before receiving BL22. Interestingly, in spite of excessive
prior treatments, BL22 was surprisingly well tolerated with
reversible toxicities not exceeding grade 1-2 at the MTD
level. Most common side effects of BL22 included transfu-
sion-related fever, fatigue, elevation of liver enzymes and
hypoalbuminemia.36 Based on these results, BL22 appears
to be a potent drug for the treatment of B-cell malignancies,
but its efficacy in CLL is hampered by low expression of
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Figure 3. Sequential treatment of BL22 following bryostatin 1. (A) Primary CLL cells were exposed to either 1 ng/mL or 50 ng/mL bryostatin
1 for 24 h. Cells were then washed three times in PBS/10% FCS in order to remove bryostatin 1 and re-cultured in medium/ FCS. After the
time points as indicated, cells were harvested and surface CD22 expression was analyzed by flow cytometry. Histograms show fluorescence
intensities following bryostatin 1 treatment (shaded; (Bry), superimposed with that of medium control (solid line; (M)). Experiments were car-
ried out in triplicates: one representative experiment is demonstrated. (B) Cells were treated as described in (A). After the time points as
indicated, cells were harvested and analyzed for the expression of PKC-βII or PKC-ε. T0 indicates cell lysates from CLL cells freshly isolated
from peripheral blood. Results from 3 experiments revealed the same results. (C) CLL cells were either pre-treated with 1 ng/mL or 50
ng/mL bryostatin 1 or kept in medium alone. After 24 h of incubation, bryostatin 1 was removed by washing cells three times in PBS/ FCS.
Cells were re-cultured in medium/ FCS. After 48 or 72 h BL22 was added to pre-treated cells at a dose of 1 μg/mL. Apoptotic cells were
determined following Annexin-V/PI staining after an additional 24 h (n=3). Apoptosis-induction by BL22 was calculated by subtracting spon-
taneous apoptosis of CLL cells cultured in medium.
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surface CD22 in some cases of CLL. In line with this obser-
vation, we have previously reported that the expression of
CD22 is low in 50% of CLLs, irrespectively of disease
stage, age, sex or leukocyte counts.6 The pro-apoptotic
effect of BL22 in vitro is strongly correlated to the density of
CD22 on the surface of CLL cells, indicating that the
expression of CD22 is crucial for BL22 toxicity to malig-
nant cells.6
The purpose of this study was to overcome this limita-

tion by increasing the cytotoxicity of BL22 through an
upregulation of CD22. Phorbol esters have been reported
to induce differentiation of CLL cells.37 Bryostatin 1 is a
structurally related compound lacking the tumor-promot-
ing effects of phorbol esters. Bryostatin 1 induces morpho-

logical changes in CLL, including an increase in cell size,
irregularity in cell shape, and formation of cytoplasmatic
extensions (Figure 1A). These changes into a ‘hairy cell
phenotype’ are accompanied by an upregulation of
CD22.14 Bryostatin 1 exerts a wide range of biological
activities and differentiation of CLL cells is related to acti-
vation of PKCs.  The molecular mechanisms of apoptosis
induction with bryostatin 1 treatment are complex and lit-
tle understood. Bryostatin 1 and related compounds were
described to act as mixed PKC agonist/antagonists. Short-
term exposure to bryostatin 1 causes activation of PKC and
subsequent upregulation of anti-apoptotic proteins.23 In
contrast, pro-apoptotic effects of bryostatin 1 are thought
to be related to diminished enzyme activity due to protea-
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Figure 4. Bryostatin 1 and
BL22 exert anti-lymphoma
effects in DLBCL and mantle
cell lymphoma cells. (A)
Diffuse large B-cell lym-
phoma cell lines or mantle
cell lymphoma cell lines (B)
were exposed to bryostatin 1
(1 ng/mL) (red line). After 48
h the expression of CD22
was determined by flow
cytometry and compared to
untreated cells (shaded his-
tograms). (C) DLBCL cells or
(D) mantle cell lymphoma
cell lines were treated with
bryostatin 1 (1 ng/mL) or
BL22 (100 ng/mL) or a com-
bination of both drugs. After
48 h the amount of apoptot-
ic cells was analyzed by
Annexin-V/PI staining.
Experiments were carried
out in triplicates. (E) Sudhl-4
cells were either transfected
two times with an siRNA
against CD22 or a control
siRNA. CD22 surface  expres-
sion was reduced as deter-
mined by flow cytometry
analysis. (F) CD22-modified
cells were exposed for an
additional 24 h to BL22 (100
ng/mL) before cell death
was analyzed by Annexin-V
staining. One representative
experiment out of 4 is
shown. (G) Primary mantle
cell leukemic cells from 3
different patients (#M3,7,10)
were treated with bryostatin
1(B) at a concentration of 1
and 50 ng/mL for 48 h.
Single agent treatment
reduced spontaneous apop-
tosis of primary MCL cells
(◊). In contrast, the cytotoxic-
ity of BL22 (1000 ng/mL)
was enhanced in the pres-
ence of bryostatin 1 ( ☐ ).  
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somal protein degradation following long-term exposure to
bryostatin 1.38
To date, few data are available on the clinical activity of

bryostatin 1 in CLL. Over ten years ago, bryostatin 1 was
given to refractory or relapsed CLL patients. Of the 3 CLL
patients treated with bryostatin 1, 2 showed a significant,
but only transient decrease in peripheral-blood lympho-
cyte counts, whereas the third patient did not respond to
therapy.12 A few years later, the same group conducted a
phase II clinical trial. Of the 8 patients treated with bryo-
statin 1, 2 showed a partial remission and disease stabilized
in an additional 2 patients.22 In an independent trial, NHL
patients were treated sequentially with bryostatin 1 and
fludarabine (or vice versa). The overall response rate was
reported to be 40% with only one patient achieving a com-
plete remission.13 Based on all available data, bryostatin 1
appears to be a safe drug in CLL patients. The most fre-
quently reported side effects were dose-dependent myalgia
that resolved spontaneously after several weeks. There
were no reports of severe hematotoxicity or myelosup-
pression in patients receiving single agent bryostatin
1;13,22,39,40 however, this might be of greater concern in com-
bination with other chemotherapeutic drugs. Conclusively,
these clinical data indicate that bryostatin 1 has only mod-
est activity in CLL and its effect is rather cytostatic than
cytotoxic. On a molecular base, this may be explained by
the properties of bryostatin 1 not only acting as a PKC
inhibitor, but also partially activating PKCs. 
Our findings confirm that the combination of bryostatin

1 and BL22 has positive effects on apoptosis induction in
CLL cells. Using two arbitrarily chosen concentrations of
bryostatin 1, we discovered that two distinct mechanisms
contribute to this: at low-dose bryostatin 1 (1 ng/mL), pre-
dominate activation of PKC causes a strong upregulation of
CD22 on CLL cells (Figures 1 and 2, Online Supplementary
Figure S1). Subsequently, increased binding of BL22 and
uptake of the immunotoxin kills leukemia cells.
Interestingly, the upregulation of CD22 following bryo-
statin 1 treatment occurred in CD22 low- and high-express-
ing CLL cells (Figure 1C). In addition, high-dose bryostatin
1 (50 ng/mL) depletes PKC-βII from CLL cells in association
with a more moderate upregulation of CD22 and Mcl-1.
The precise mechanisms of apoptosis induction by BL22 in
the presence of bryostatin 1 remain elusive. In spite of a
predominant role for Mcl-1 in CLL, high levels of Mcl-1 did
not protect CLL cells from BL22 induced cell death. Du et al.
demonstrated that release of the pro-apoptotic Bak from
Mcl-1 was crucially dependent for Pseudomonas exotoxin
induced apoptosis in MEFs.41 However, elevated levels of
Mcl-1 in BL22 and bryostatin 1-treated CLL cells (Online
Supplementary Figure S2A) suggest that also other mecha-
nisms need to be taken into account. Based on the observa-
tion that inhibition of PKC-β by enzastaurin strongly
induces apoptosis in CLL cells17,18 (Online Supplementary
Figure S1), we conclude that loss of PKC-βII and increased
binding of BL22 following bryostatin 1 treatment is induc-
ing cell death. We demonstrated that the combination of
enzastaurin and BL22 strongly induced cell death of CLL
cells by an amount exceeding the pro-apoptotic effect of
either compound alone (Online Supplementary Figure S1).
Since CD22 is up-regulated by bryostatin 1 in spite of a loss
of PKC-βII (Figure 1C and D, Figure 2B) it remains unclear
whether this is a persistent effect due to a transient activa-
tion of PKC-βII (before protein degradation) or dependent

on the activation of other PKC-isoforms.
One intriguing question arising from our work is what

plasma levels of bryostatin 1 are achievable in vivo.
Applying our findings to in vivo settings, plasma concentra-
tions of at least 1 ng/mL of bryostatin 1 are needed to sen-
sitize cells to the cytotoxic effects of BL22. One problem of
the clinical application of bryostatin 1 has been the lack of
reliable pharmacological studies. This is related to both a
shortage of sensitive analytical methods and to the rapid
clearance of bryostatin 1 after intravenous administration.39
To tackle the problem, PKC activity has been assessed
instead in patients receiving bryostatin 1.40 Based on several
reports, either continuous or bolus administration of bryo-
statin 1 was able to down-regulate PKC in PBMC. Since the
concentration of bryostatin 1 required to increase CD22
expression on CLL cells is below the dose necessary to
deplete PKC (Figure 1D and 2B), one can envisage that
achievable in vivo concentrations will be sufficient to
increase BL22 toxicity. Another pharmacokinetic aspect of
bryostatin 1 is its ability to accumulate in lipophilic tissues.
Therefore, bone marrow concentrations might even
exceed plasma levels.
Sequential treatment of monoclonal antibodies and cyto-

toxic drugs is a common way of increasing cytotoxicity
and avoiding potentially harmful drug interactions and side
effects. For instance, rituximab is given one day before
chemotherapy in nearly all patients diagnosed with B-cell
lymphomas. Sequential treatment of bryostatin 1 and flu-
darabine has already been proven to be effective in CLL
patients.13 Here we provide in vitro evidence that priming
CLL cells for 24 h with bryostatin 1 significantly increases
the cytotoxicity of BL22 administered even several days
after (Figure 3C). The initial treatment with bryostatin 1
increases the expression of CD22 and depletes PKC-βII
from CLL cells. Both effects last for several days (Figure 3A
and B) allowing administration of BL22 several days after
bryostatin 1. Based on our in vitro experiments and the
strong clinical activity of BL22 in hairy cell leukemia, we
believe that the combination of BL22 and bryostatin 1
could constitute a very effective treatment for relapsed or
refractory CLL patients.  Both drugs have already been
given to CLL patients and displayed moderate side effects
when given as monotherapy.
In addition to CLL, we show that BL22 and bryostatin 1,

either given as single agent or in combination, exert strong
pro-apoptotic effects in diffuse large B-cell lymphomas and
mantle cell lymphoma (Figure 4). Therefore, this drug com-
bination may be a promising new treatment option for a
variety of B-cell malignancies. However, our study is limit-
ed to in vitro experiments and we can only speculate that
the synergism between the two drugs can be translated in
vivo. Therefore, clinical trials are needed to prove whether
or not this is a feasible therapeutic approach in the treat-
ment of CLL and B-cell lymphoma patients.
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