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Bryostatin 1 activates splenic lymphocytes and
induces sustained depletion of splenocyte protein
kinase C activity in vivo after a single intravenous

administration
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Bryostatin 1 activates and subsequently down-regulates
protein kinase C (PKC) in vitro and has potential use as
an immunomodulator and as an anti-cancer agent.
Despite extensive examination of its activities in vitro
and anti-tumor effects in vivo, previous studies have
failed to document that bryostatin 1 modulates total cel-
lular PKC activity in tumor or normal tissues when admi-
nistered in vivo. After a single bolus injection of
bryostatin 1 (1.0 ung) in normal C57BI1/6 mice, blood was
drawn at various intervals and assayed for bryostatin 1
levels. In addition, spleens from bryostatin-treated mice
were harvested 10 min to 10 days after treatment,
weighed and analyzed for cell numbers, PKC activity and
cell surface phenotypes. Bryostatin 1 levels in plasma
rose rapidly, reaching peak levels of 56.5 nM less than
1 min after injection, and then declined to undetectable
levels by 1 h. A similar pattern was observed when bryos-
tatin 1 was incubated with leukemia celis in vitro, raising
the possibility that the rapid fall in plasma levels resuits
from intracellular uptake and binding. Bryostatin 1
induced marked depletion of total splenocyte PKC activ-
ity (as much as 69% relative to control values) at 24-96 h
after drug administration, but not at earlier times (i.e.
1 h). A single injection of bryostatin 1 also induced
expression of the T cell activation marker CD69, leading
to positivity in 53% of cells at 3-24 h versus 11% in
control mice, and resulted in marked splenomegaly, asso-
ciated with increased numbers of nucleated cells at 48—
96 h. Together, these studies demonstrate that despite
rapid disappearance of the drug from plasma, a single i.v.
dose of bryostatin 1 exhibits significant and sustained
effects on normal murine spleen cells, including early
lymphocyte activation, prolonged depletion of PKC activ-
ity, spenocyte proliferation and splenomegaly. These
findings may have implications for attempts to under-
stand the in vivo effects of bryostatin 1 in normal host
tissues.
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Introduction

Bryostatin 1 is a macrocyclic lactone isolated from
the marine bryozoan Bugula neritina,' and has
been shown to exhibit antitumor and immunomo-
dulatory properties in preclinical studies.? Like the
phorbol esters, bryostatin 1 is a potent activator of
the calcium- and phospholipid-dependent serine-
threonine kinase, protein kinase C (PKC).? The basis
for the unique pattern of activity of bryostatin 1
remains unclear, but may result from isoform-spe-
cific effects* or from its capacity to induce extensive
PKC down-regulation.’ Unlike the phorbol esters,
however, bryostatin 1 is not a tumor promoter; in
fact, it can block certain phorbol-mediated actions
that it does not itself possess.6 In view of its pro-
mising preclinical activity, several phase I trials of
bryostatin 1 have recently been conducted in
humans’~® and others are currently underway.
Bryostatin 1 has been found to modify the
response of normal and malignant cells to ionizing
radiation and chemotherapeutic agents, and to
potentiate host immune mechanisms. For example,
Sredni et al. reported that when combined with the
ogranotellurium compound AS101, bryostatin 1
accelerated the recovery of murine bone barrow
and spleen cell counts following radiation or che-
motherapy.'® Recently, we have shown that bryos-
tatin 1 can be employed to expand T lymphocytes
with anti-tumor activity ex vivo,'"'? to enhance the
radioprotective effect of granulocyte macrophage
colony stimulating factor in vivo'? and to potentiate
ara-C-induced apoptosis in human leukemia cells in
vitro.'* However, the results of an earlier report
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suggest that bryostatin 1 administered in vivo does
not significantly alter PKC activity in normal murine
tissues, including the spleen, or in tumor cells.’® It
should be noted that the latter study involved only
short-term (i.e. 1 h) assessment of PKC activity in
target tissues, even though in vitro data suggested
that PKC depletion may be delayed and more pro-
longed. Furthermore, our interest in the use of
bryostatin 1 in vivo to potentiate chemotherapy
effects on cancer cells made it essential that the
kinetics and duration of any effects on PKC be deli-
neated in detail. The present studies were therefore
undertaken to test the hypothesis that a single bolus
injection of bryostatin 1 could in fact exert measur-
able effects (i.e. as determined by total PKC activity
and/or T cell activation markers) in normal splenic
cells when monitored over more prolonged
intervals.

Experimental procedures
Mice

Virus-free C57Bl/6 mice were obtained from
Charles River (Wilmington, MA). Mice were used
at 8-12 weeks of age and were caged in groups
of six or fewer, with food and water ad libitum.
All guidelines at the Medical College of Virginia,
which are in conformity with AAALAC and US
Department of Agriculture recommendations for the
care and humane experimental use of animals, were
followed.

Materials

Bryostatin 1 was isolated from the marine inter-
tebrate B. neritina as originally described' and
material for these studies was obtained from the
National Cancer Institute (Bethesda, MD). Bryosta-
tin 1 was reconstituted from powder by preparing a
stock solution in DMSO at 10~ * M concentration for
short-term storage; this was diluted in Hanks’
balanced salt solution (HBSS) to 10~ M working
solution immediately prior to use. For i.v. injection,
the final concentration was 2 pg/ml and 0.5 ml was
injected as a bolus. This dose (1 pg/mouse) was
based on previously published data on toxicity,
anti-tumor and immunomodulatory effects, 21516 as
well as our own preliminary experiments. Recom-
binant human interleukin-2 (IL-2) was kindly
provided by Chiron (Emeryville CA).
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Treatment and cell preparation

Mice were treated with bryostatin 1 employing a
staggered schedule so that all spleens could be har-
vested simultaneously for fluorescence activated
cell sorting (FACS) and PKC assays. After euthaniz-
ing mice, spleens were rapidly removed and
weighed. Splenocyte suspensions were prepared
by pressing spleens through 100-mesh stainless
steel screens with a syringe piston and washing with
cold HBSS. Erythrocytes were lysed with Gey’s solu-
tion, as previously described.'” Single cell suspen-
sions were placed on ice within 30 min of sacrifice.
Nucleated cells were counted using a Coulter Coun-
ter (Coulter Electronics, Hialeah, FL) after lysis of
erythrocytes.

PKC assays

Activity of the total cellular PKC was determined by
an adaptation'® of the method of Yasuda et al.'®
using materials provided by Gibco/BRL (Gaithes-
burg, MD). Pelleted cells were homogenized in
0.01 M Tris, 5 x 10~* M EDTA, 5 x 10~ * M EGTA,
pH 7.5, containing 25 pg/ml protease inhibitors
(aprotinin, leupeptin) and 0.5% Triton X-100. The
homogenate was incubated on ice for 30 min, cen-
trifuged for 2 min at 1200 g and maintained on ice
pending assay. The homogenates were partially
purified by passage over DEAE—cellulose with elu-
tion in homogenization buffer containing 0.01 M f-
mercaptoethanol and 0.2 M NaCl. Enzyme fractions
were normalized for total protein content and
added directly to an assay reaction mixture contain-
ing mixed micelles of phosphatidylserine and PMA
in suspension. The reaction was initiated by addi-
tion of 2.5 x 107> Ci/ml [y-*?PIATP, 2 x 107> M
non-isotopic ATP and 5 x 10~ > M synthetic peptide
substrate (acetylated myelin basic protein peptide;
AcMB4 ,4). After a 5 min incubation at 30°C, ali-
quots of the reaction mixture were transferred to
nitrocellulose filters and the reaction was termina-
ted by immersion of the discs in cold 1% (V/V)
phosphoric acid. The discs were washed thoroughly
and radioactivity was quantified by conventional
liquid scintillation. Total cellular PKC activity was
expressed as counts per minute (c.p.m.)/mg of cel-
lular protein. Values for each condition were
obtained from the average of duplicate determina-
tions and control spleens (from untreated mice)
were assayed in each experiment. Data were nor-
malized based upon control values for each indivi-
dual experiment and presented as a percentage of



control activity for all mice at each time point, repre-
senting the results of seven separate experiments.

Pharmacokinetic studies

For studies of bryostatin 1 levels, mice were first
anesthetized by inhalation of methoxyflurane (Pit-
man-Moore, Mundelein, IL) and then injected with
1.0 ug of bryostatin 1 i.v. At various times after infu-
sion (30 sto 24 h), citrated blood was obtained from
the orbital plexus and centrifuged at 400 g for
10 min to obtain plasma. Mice were re-anesthetized
as needed to obtain blood samples and each sample
was pooled from five mice. Plasma was assayed for
levels of bryostatin 1 using a minor modification of a
previously described platelet aggregation based
assay, based on the aggregation lag-phase of iono-
phore-stimulated platelets.’ Platelet aggregation
was measured using a Chronolog whole blood lumi-
aggregometer (Havertown, PA). Platelet-rich plasma
(0.5 ml) was placed in an aggregometer cuvette
equipped with a stirring bar. The platelet concen-
tration was set to 30 000/ul by diluting platelet-rich
plasma with platelet-poor plasma. Calcium iono-
phore (Sigma, St Louis, MO), final concentration
0.038 uM, was added to the platelet-rich plasma and
allowed to incubate for 1 min at 37°C. Once a stable
baseline was obtained, prewarmed test plasma or
medium (0.4 ml) was then added to the calcium
ionophore-stimulated platelets. Platelet aggregation
was monitored electrically as an increase in impe-
dance (ohms). Using this assay, lag phase time in
minutes is inversely proportional to bryostatin 1
concentration and is sensitive to bryostatin 1 con-
centrations as low as 2 nM. A lag phase of 60 min or
greater corresponds to the absence of detectable
bryostatin 1. Bryostatin 1 levels were extrapolated
from a standard curve created by adding known
amounts of bryostatin 1 to normal mouse plasma.

FACS analysis of surface markers

For FACS analysis of lymphocyte surface markers,
cells were stained with fluorescein-labeled mono-
clonal antibodies, as previously described,?' and
anlayzed on a Becton-Dickinson FACStar (Mountain
View, CA). Control isotype matched antibody, anti-
CD69, anti-CD3, anti-CD4, anti-CD8, anti-CD56 and
anti-CD25 antibodies were obtained from PharMin-
gen (San Diego, CA).
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Statistical methods

Data on PKC levels, spleen weights and cell counts
were tested for normality and homogeneity; for sta-
tistical analysis of PKC levels, a log transformation,
which satisfied the normality assumption, was used.
The statistical significance of treatment effects was
determined by analysis of variance (ANOVA),
and pairwise comparisons between experimental
groups and to controls were made utilizing
Dunnett’s test for unpaired observations.??

Results

Immediately (30 s) after i.v. infusion, bryostatin 1
could be detected in plasma at 56.5 nM. Subse-
quently, bryostatin 1 levels rapidly declined and
were undetectable (i.e. below 2 nM) by 60 min (see
Figure 1). A possible explanation for the rapid dis-
appearance of bryostatin 1 from plasma is provided
by the data shown in Figure 2. In these studies,
bryostatin 1 was added to cultures of HL-60 cells
(2 x 10’ cells/ml) at a concentration of 25 nM. At
various intervals, aliquots of the cell suspension
were removed, centrifuged and the supernatant
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Figure 1. Pharmacokinetics of bryostatin 1 in vivo. At
various times after a single infusion of bryostatin 1
(1.0 ug/mouse), plasma samples were obtained and
assayed for bryostatin 1 as described in Methods. Each
data point represents the concentration in a pooled sample
of plasma from two mice obtained at the time shown.
Samples obtained at 60 min, 120 min and 24 h exhibited
lag phases of greater than 60 min (not shown), indicating
the absence of detectable bryostatin 1. This experiment
was performed twice, with identical results.
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Figure 2. Pharmacokinetics of bryostatin 1 disappearance
from culture medium after addition to HL-60 leukemia cells.
Bryostatin 1 was added to cultures of HL-60 cells (2 x 10°
cells/ml) at an initial concentration of 25 nM. Cells were
pelleted and samples of the medium removed at various
times as shown and assayed for bryostatin 1. Data shown
are combined results from four separate experiments, with
duplicate measurements for each sample; thus, each point
represents the mean concentration + SEM of a total of
eight determinations. Samples obtained at 240 min exhib-
ited lag phases of greater than 60 min (not shown), indicat-
ing the absence of detectable bryostatin 1.

assayed for bryostatin 1 levels. Under these condi-
tions, concentrations of bryostatin 1 in the medium
declined to undetectable levels by 4 h. In these stu-
dies, levels of bryostatin 1 incubated in medium
without cells remained unchanged (data not
shown).

As depicted in Figure 3, bryostatin 1 did not mod-
ify total splenocyte PKC activity at intervals of 1 h or
less following i.v. administration (1.0 pg). However,
by 24 h, a statistically significant reduction in total
splenocyte PKC activity was noted (i.e. to 57% of
control values; p<0.05). Moreover, significant
reductions in PKC activity were noted at longer
intervals and persisted for at least 96 h after a single
i.v. injection of bryostatin 1 (i.e. 56% of control at
48 h, 38% of control at 72 h and 31% at 96 h;
p<0.05 in each case). Overall, ANOVA indicated
that the effect of time after treatment was significant,
with p<0.001. In addition, marked reduction in
PKC activity was observed as long as 10 days fol-
lowing bryostatin 1 injection, although these results
were based on a limited number of animals.

When splenocytes were monitored for evidence
that bryostatin 1 induced T lymphocyte activation
(as it does in vitro), no significant change was noted
in the majority of T cell markers, including CD25
(data not shown). There was, however, a rapid and
short-lived increase in the proportion of cells
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Figure 3. Total cellular PKC activity in splenocytes from
mice treated with bryostatin 1. Spleens were harvested
from mice at various times after infusion of 1 ug of bryos-
tatin 1 i.v. Results from seven separate experiments were
pooled and bars represent the mean percentage relative to
controls for the same experiment ( + SD). The number of
spleens assayed at each time point is shown in parenth-
eses above each bar. Overall, time after treatment effect
was significant by ANOVA, with p<0.001. Pairwise com-
parisons to the control spieens by Dunnett’s tests resulted
in p<0.05 for 24, 48, 72, 96 and 240 h. Other groups
(10 min and 1 h) were not statistically different from con-
trols.

expressing CDG69, an early marker of lymphocyte
activation (Figure 4). The peak percentage of
CD69* cells (as high as 53%) was observed 3—
25 h after bryostatin 1 treatment (in three separate
experiments) versus 11% positive in control mice.
Beyond 24 h, CD69 expression rapidly declined,
eventually returning to control levels. In addition,
as shown in Figure 5, bryostatin 1 treatment induced
a statistically significant increase in spleen weights
48-96 h after drug treatment (p < 0.001 overall; for
pairwise comparisons versus controls, p<0.05 at
48, 72 and 96 h). In a separate series of three addi-
tional experiments, involving a total of 18 mice per
group, control mice and mice treated with bryosta-
tin 1£IL-2 (7500 IU i.p. twice a day for six doses)
were weighed and sacrificed 3 days after bryostatin
1 infusion. As shown in Figure 6, mean spleen
weight for the bryostatin-treated groups was more
than 200% that of controls. In contrast, mean total
body weight was slightly less for the bryostatin-trea-
ted group than for controls (20.0+0.38 versus
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Figure 4. FACS analysis of splenocyte CD69 expression at various intervals after infusion of bryostatin 1. Spleens were
harvested at times shown and analyzed as described in the text for expression of CD69 and other cell surface markers.
Dotted curves correspond to cells stained with control isotype-matched antibody (10 000 events) and solid lines
correspond to anti-CD69 antibody (5000 events). Results shown are representative of three separate experiments.
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Figure 5. Spleen weights at various times after bryostatin 1
infusion. Spleens were harvested and weighed at times
shown after infusion of 1 pg bryostatin 1 i.v. Each bar
represents the mean (+ SD) of spleen weights from six
separate experiments. The number of mice in each group
is shown in parentheses above the bar. By ANOVA, overall
significance for treatment effect was p <0.001. For pair-
wise comparisons using Dunnett's test, p<0.05 for 48,
72 and 96 h versus controls. Spleens weighed at earlier
time points were not significantly different from controls.
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Figure 6. Spleen weights combined from three separate
experiments in control mice, 3 days after iv. infusion of
bryostatin 1 (1 pg) or after bryostatin 1+IL-2 (7500 IU
b.i.d. for 3 days). Each bar represent the mean for 18 mice
(£ SD). Both experimental groups were significalty differ-
ent from the controls {p<0.05) and spleen weights for
bryostatin + IL-2 were significantly greater than for bryos-
tatin 1 alone, analyzed by ANOVA.
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Figure 7. Nucleated spleen cell counts combined from
three separate experiments, in control mice, 3 days after
i.v. infusion of bryostain 1 (1 ug) or after bryostain 1 + IL-2
(7500 IU b.i.d. for 3 days). Each bar represents the mean
for 18 mice (+ SD). Both experimental groups were signif-
icantly different from the controls (p < 0.05) and ceill num-
bers for bryostain + IL-2 were significantly greater than for
bryostatin 1 alone, analyzed by ANOVA.

22.1+£0.25 g, p<0.001). The increase in spleen
weights was paralleled by a marked increase in
nucleated cells per spleen (Figure 7). Addition of
IL-2 to the bryostatin 1 treatment resulted in modest
further increases in both spleen cell counts and
spleen weights, which were also statistically signif-
icant compared to bryostatin 1 alone or controls.

Discussion

The present data clearly indicate that a single i.v.
bolus dose of bryostatin 1 exerts significant and
sustained in vivo effects on murine splenocytes.
Previous studies have either failed to demonstrate
an effect of bryostatin 1 on normal or neoplastic
tissues in intact animals or have not addressed this
issue directly. For example, Schucter et al. reported
that administration of bryostatin 1 reduced the num-
ber of pulmonary metastases in C57B1/6 mice bear-
ing the B16 melanoma, but were not able to
document increased cell-mediated cytotoxicity of
normal splenocytes exposed to this agent in vitro.?
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The results of other in vivo studies indicated that
bryostatin 1 exerted anti-tumor activity against
MO576 reticulum cell sarcoma, L10A B cell lym-
phoma, B16 melanoma and Waldenstrom'’s macro-
globulinemia, and reduced resistance of mice to
Salmonella typhimurium'®?>** However, in these
studies the effects of bryostatin 1 on normal or
tumor cell PKC activity was not examined. In a
recent investigation, this issue was addressed
through the performance of short-term (i.e. 1 h)
assays of cytosolic and membrane PKC activity in
several normal tissues (e.g. brain, liver, spleen) and
in L10A lymphoma cells obtained from C57Bl/6
mice receiving an identical dose of bryostatin 1,
and these did not reveal measurable changes.’® In
view of a precipitious decline in bryostatin 1 plasma
levels, it was postulated that rapid clearance/ degra-
dation of bryostatin 1 accounted for its putative lack
of in vivo activity. An early reduction in neutrophil
cytosolic PKC activity was noted in that study, pre-
sumably reflecting enzyme translocation from cyto-
sol to membrane. However, this decline should be
distinguished from the decrease in total cellular
activity described in the present communication.
The latter phenomenon is analogous to that descri-
bed in cells chronically exposed to certain PKC acti-
vators in vitro and presumably results from enzyme
degradation.*® More recently, in a phase 1 clinical
trial of bryostatin 1 infused i.v. over 24 h, PKC activ-
ity in human peripheral blood showed neither a
consistent pattern of PKC activation nor down-reg-
ulation during the time of treatment, but again, no
data for later times were available.?® Our findings
(Figure 1), utilizing a bryostatin 1 bioassay which is
over a log more sensitive than previously published
methods,"® confirm the rapid decline in plasma
levels. However, the results of the in vitro studies
shown in Figure 2 raise the possibility that mamma-
lian cells may rapidly bind and/or incorporate
bryostatin 1. Thus, the rapid disappearance of
bryostatin 1 from plasma may reflect extensive
uptake by circulating peripheral cells or tissues,
rather than systemic degradation of the compound.
Definitive resolution of this question awaits the
availability of radiolabeled bryostatin 1 suitable for
pharmacokinetic studies.

Relatively little information is currently available
concerning the in vivo immunomodulatory activity
of bryostatin 1, either in humans or in animals. Phi-
lip et al. have shown that plasma levels of interleu-
kin-6 and tumor necrosis factor (TNF) rise in
patients receiving bryostatin 1 by i.v. infusion.®
More recently, Scheid et al. demonstrated that in
vitro or in vivo exposure to bryostatin 1 increased



interleukin-2 (IL-2)-induced proliferation in human
peripheral blood mononuclear cells (PBMC).°
Although CD25 expression was increased by in
vitro exposure of human PBMC to bryostatin
1+1IL-2, no significant changes in PBMC lympho-
cyte markers, including CD25, were noted after in
vivo treatment with bryostatin 1. The absence of any
change in T cell subsets or CD25 expression in vivo
is consistent with our findings in murine spleno-
cytes, but Scheid et al. did not examine CDG9
expression in their patients’ cells nor did they moni-
tor PKC activity in PBMC from patients receiving
bryostatin 1. The results described herein indicate
that, while bryostatin 1 does in fact disappear
rapidly from plasma after infusion, it exerts a pro-
found in vivo effect on normal murine splenocytes
which can ony be detected considerably after the
initial administration. The immunomodulatory
actions of bryostatin 1 on T cell activation and pro-
liferation have been temporally related to a rapid
translocation of PKC to the cell membrane.?”?®
Moreover, the combination of bryostatin 1 and
AS101 has been shown to induce splenocyte pro-
liferation in vivo following irradiation,'® indirectly
suggesting a role for PKC activation in this setting.
However, for technical reasons, it may not be fea-
sible to harvest and prepare splenocytes rapidly
enough to assess very early activation events,
thereby explaining the failure to detect short-lived
increases in membrane-associated PKC activity.
Based upon what is known about the early events
leading to lymphocyte activation,?”"?® the increased
expression of CD69 at 3-24 h presumably results
from early and transient activation and translocation
of PKC, which would no longer be detectable by
10 min.

The protracted time course of the PKC inhibitory
effect here was unanticipated and could be related
to the pharmacokinetics of bryostatin 1 distribution
or to prolonged binding of this compound to its
intracellular target (i.e. PKC). With regard to the
latter possibility, the results of the platelet-aggrega-
tion-based bryostatin 1 assay indicate that incuba-
tion of HL-60 cells with bryostatin 1 results in rapid
and prolonged disappearance of this agent from the
medium. A similar phenonomen might account for
the rapid decline in plasma bryostatin 1 levels in
vivo. Alternatively, the sustained in vivo effect of
bryostatin 1 might stem from its action on peripheral
blood cells which subsequently migrate to the
spleen, or to elaboration of inflammatory cytokines
(e.g. TNF or IL-6) by accessory cells, as previously
reported.® A recent study in patients receiving
bryostatin 1 by continuous infusion suggests that

Effects of Bryostatin 1 in vivo on murine splenocytes

bryostatin 1 may in fact induce sequestrian of per-
ipheral blood cells.?® It is noteworthy that in the
initial patients treated with 25 pg/m? bryostatin 1
as part of an ongoing phase Ib trial at our institution,
prolonged down-regulation of total PKC activity has
also been noted (unpublished observations), sug-
gesting that this phenomenon is not species-
specific.

Finally, whereas much attention has focused on
the ability of bryostatin 1 to activate PKC, it is con-
ceivable that down-regulation of PKC, or perhaps of
specific PKC isoforms, might be responsible for at
least some of this compound’s actions. For example,
bryostatin 1 has been shown to be highly effective
in down-regulating PKCx in several systems.>?®
Consequently, the long-term of effects of bryostatin
1 could stem from alterations in the pattern of
expression of individual PKC isoforms, of which at
least nine exist.”” In this regard, it is noteworthy
that inhibition down-regulation of PKC activity
has been associated with potentiation of ara-C-
induced apoptosis in human leukemia cells in
vitro.'® The present findings raise the possibility
that a similar phenomenon might occur in the in
vivo setting.

Conclusion

The purpose of this study was to characterize the
pharmacokinetics and pharmacodynamics of bryos-
tatin 1 after a single i.v. injection in mice. The pre-
sent findings indicate for the first time that despite
rapid disappearance from plasma after i.v. infusion,
a single dose of bryostatin 1 caused rapid activation
of splenic lymphocytes (53% CD69* at 3-24 h) and
marked splenocyte proliferation. The expansion of
spleen cell numbers and organ size (2- to 3-fold)
was further increased by addition of modest doses
of IL-2. Bryostatin 1 also induced late and sustained
down-regulation of PKC activity in vivo (as much as
69% less than controls). Collectively, these obser-
vations indicate that bryostatin 1 exerts profound
and sustained in vivo effects on normal murine lym-
phoid tissues, findings which may have significant
implications for the clinical use of this compound as
an anti-neoplastic and immunomodulatory agent.
Studies designed to evaluate further the mechan-
isms by which bryostatin 1 exerts in vivo effects
and to characterize additional immunologic and
hematological consequences of in vivo bryostatin
1 administration are currently underway.

Anti-Cancer Drugs - Vol 7 - 1996 305



HD Bear et al.

References

10.

11.

12.

13.

14.

15.

306

. Pettit GR, Herald SL, Doubek DL, Arnold E, Clardy J.

Isolation and structure of bryostatin 1. J Am Chem Soc
1982; 104: 6846-8.

. Schuchter LM, Esa AH, May WS, Laulis MK, Pettit GR,

Hess AD. Successful treatment of murine melanoma with
bryostatin 1. Cancer Res 1991; 51: 682-7.

. Berkow RL, Kraft AS. Bryostatin, a non-phorbol ester

macrocyclic lactone, activates intact human polymor-
phonuclear leukocytes and binds to the phorobol ester
receptor. Biochem Biophys Res Commun 1985; 131:
1109-16.

. Szallasi Z, Smith CB, Pettit GR, Blumberg PM. Differential

regulation of protein kinase C isozymes by bryostatin 1
and phorbol 12-myristate 13-acetate in NIH 3T3
fibroblasts. J Biol Chem 1994; 269: 2118-24.

. Levine BL, May WS, Tyler PG, Hess AD. Response of

Jurkat T cells to phorbol ester and bryostatin: develop-
ment of sublines with distinct functional responses and
changes in protein kinase C activity. J Immunol 1991;
147: 3471-81.

. Kraft AS, Smith JB, Berkow RL. Bryostatin, an activator of

the calcium phospholipid-dependent protein kinase,
blocks phorbol ester-induced differentiation of human
promyelocytic leukemia cells HL-60. Proc Natl Acad Sci
US 1986; 83: 1334-8.

. Prendiville J, Crowther D, Thatcher N, et al. A phase I

study of intravenous bryostatin 1 in patients with
advanced cancer. Br J Cancer 1993; 68: 418-24.

. Philip PA, Rea D, Thavasu P, et al. Phase I study of

bryostatin 1: assessment of interleukin 6 and tumor
necrosis factor a induction in vivo. J Natl Cancer Inst
1993; 85: 1812-8.

. Scheid C, Prendiville J, Jayson G, et al. Inmunomodula-

tion in patients receiving intravenous bryostatin 1 in a
phase I clinical study: comparison with effects of brtyos-
tatin 1 on lymphocyte function in vitro. Cancer Immunol
Immunotber 1994; 39: 223-320.

Kalechman Y, Albeck M, Sredni B. In vivo synergistic
effect of the immunomodulator AS101 and the PKC
inducer bryostatin. Cell Immunol 1992; 143: 143-53.
Tuttle TM, Inge TH, Bethke KP, McCrady CW, Pettit GR,
Bear HD. Activation and growth of murine tumor-spe-
cific T-cells which have in vivo activity with bryostatin 1.
Cancer Res 1992; 52: 548-53.

Lind DS, Tuttle TM, Bethke KP, McCrady CW, Bear HD.
Expansion and tumour specific cytokine secretion of
bryostatin-activated T-cells from cryopreserved axillary
lymph nodes of breast cancer patients. Surg Oncol 1993;
2: 273-82.

Grant S, Traylor R, Pettit GR, Lin P-S. In vivo radio-
protective effects of the PKC activator bryostatin 1, either
alone, or in conjunction with rmGM-CSF in C3h/HeN
and BALB/c mice. Blood 1994; 83: 663-7.

Grant S, Jarvis WD, Swerdlow PS, et al. Potentiation of
the activity of 1-f-D-arabinofuranosylcytosine by the
protein kinase C activator bryostatin 1 in HL-60 cells:
association with enhanced fragmentation of mature
DNA. Cancer Res 1992; §2: 6270-8.

Berkow RL, Schlabach L, Dodson R, et al. In vivo admin-

Anti-Cancer Drugs - Vol 7 - 1996

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

istration of the anticancer agent bryostatin 1 activates
platelets and neutrophils and modulates protein kinase C
activity. Cancer Res 1993; 53: 2810-5.

Hornung RL, Pearson JW, Beckwith M, Longo DL. Pre-
clinical evaluation of bryostain as an anticancer agent
against several murine tumor cell lines: In vitro versus in
vivo activity. Cancer Res 1992; 52: 101-7.

Bear HD. Tumor-specific suppressor T-cells which inhi-
bit the in vitro generation of cytolytic T cells from
immune and early tumor-bearing host spleens. Cancer
Res 1986; 46: 1805-12.

Jarvis WD, Povirk LF, Turner A], et al. Effects of bryos-
tatin 1 and other pharmacological activators of protein
kinase C on 1[f-D-arabinofuranosyllcytosine-induced
apoptosis in HL-60 human promyelocytic leukemia
cells. Biochem Pharmacol 1994; 47: 839-52.

Yasuda I, Kishimoto A, Tonaga S, Tominaga M, Sakurai
A, Nishizuka Y. Assay of protein kinase C in vitro using
synthetic peptide substrates. Biochem Biophys Res Com-
mun 1990; 166: 1220—4.

Carr ME, Carr SL, Grant S. A sensitive platelet-activation-
based fractional assay for the antileukemic agent bryos-
tatin 1. Anti-Cancer Drugs 1995; 6: 1-8.

Inge TH, McCoy KM, Susskind BM, Barrett SK, Zhao G,
Bear HD. Immunomodulatory effects of transforming
factor-f on T lymphocytes. Induction of CD8 expression
in the CTLL-2 cell line and in normal thymocytes. J
Immunol 1992; 148: 3847-56.

SAS Institute 1. SAS/STAT user’s guide, version 6. SAS
Institute, Cary, NC 1989.

Mohammad RM, Al-Katib A, Pettir GR, Sensenbrenner LL.
Successful treatment of human Waldenstréom’s macroglo-
bulinemia with combination biological and chemother-
apy agents. Cancer Res 1994; 54: 165-8.

Kraft AS, Adler V, Hall P, Pettit GR, Benjamin WH, Jr, and
Briles DE. In vivo administration of bryostatin 1, a pro-
tein kinase C activator, decreases murine resistance to
Salmonella typbimurium. Cancer Res 1992: §2: 2143-7.
Rodriguez-Pena kA, Rozengurt E. Disappearance of
Ca**-sensitive phospholipid-dependent protein kinase
activity in phorbol ester-treated 3T3 cells. Biochem Bio-
phys Res Commun 1984; 120: 1053-9.

Jayson GC, Crowther D, Prendiville ], et al. A phase I trial
of bryostatin 1 in patients with advanced malignancy
using a 24 hour intravenous infusion. Br J Cancer 1995;
72: 461-8.

Hess AD, Silanskis MK, Esa AH, Pettit GR, May WS.
Activation of human T lymphocytes by bryostatin. J
Immunol 1988; 141: 3263-9.

Isakov N, Galron D, Mustelin T, Pettit GR, Altman A.
Inhibition of phorbol ester-induced T cell proliferation
by bryostatin is associated with rapid degradation of
protein kinase C. J Immunol 1993; 150: 1195-204.
Hug H, Sarre TF. Protein kinase C isoenzymes: diver-
gence in signal transduction? Biochem J 1993; 291: 329—
43,

(Received 27 December 1995; accepted 10 January
1996)



