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In vivo rapid reduction of alloantigen-activated CD8 " mature cytotoxic T cells by
inhibitors of acidification of intracellular organelles, prodigiosin 25-C and
concanamycin B

M.-H. LEE.,*1 T. KATAOKA,* N. HONJO,} J. MAGAE*{ & K. NAGAI* *Department of Bioengineering, Tokyo Institute
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SUMMARY

Prodigiosin (PrG) 25-C and concanamycin B (CMB) are immunosuppressants that specifically inhibit
the induction of cytotoxic T cells (CTL) without affecting the function of B cells and helper T cells
in vivo. Both compounds inhibit acidification of intracellular organelles and induce destruction of
cytotoxic granules and degradation of perforin in vitro. Here we show that a single intraperitoneal
(i.p.) injection of PrG 25-C, and of CMB, into mice eliminates cytotoxic activity 7 days after
alloantigen stimulation (when mature CTL activity has been detected in control mice), with minimal
effect on the alloantigen-specific antibody titre in serum. FK 506 did not suppress the cytotoxicactivity
with this administration schedule. Suppression was accompanied by a decrease in the CD8*
population and in perforin expression of spleen cells induced by alloantigen stimulation. The
suppression of CTL activity and decrease in CD8 " cell number was detected as early as 7 hr after the
injection of compounds. These results suggest that inhibitors of acidification of intracellular

organelles suppress CTL activity in vivo by reducing the number of mature CD8 " CTL.

INTRODUCTION

Prodigiosin (PrG) 25-C is a family of red pigments produced by
micro-organisms, including Streptomyces spp. and Serratia
spp.'> We have previously determined that these compounds
selectively suppress the concanavalin A (Con A)-induced T-cell
proliferative response as compared to lipopolysaccharide (LPS)-
and phytohaemagglutinin (PHA)-induced responses.® PrG 25-C
suppresses proliferation of T cells with little effect on interleukin-
2 (IL-2) production and IL-2 receptor (IL-2R) formation of
T cells.*> Furthermore, administration of PrG 25-C in vivo
suppresses cytotoxic T-lymphocyte (CTL) generation induced
by alloantigen, whilst antibody production against T-cell-
independent antigen and T-cell-dependent antigen (including
alloantigen) is not suppressed.® In addition, PrG 25-C inhibits
the efferent phase of delayed hypersensitivity reaction induced
by trinitrophenol,” and the rejection of allogeneic skin and heart
transplants.”® Recently it has been reported that PrG 25-C
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suppresses proliferation of T lymphocytes through hypopho-
sphorylation of the retinoblastoma gene product, pRb, and
decreased expression of cell cycle regulators, such as cyclin A,
cyclin E, cdk2 and cdk4.” In contrast, FK 506 and cyclosporin A,
which suppress the nuclear factor of activated T cells (NFAT)
activation through the inhibition of calcineurin,'®!" inhibit IL-2
production, antibody production against T-cell-dependent
antigens and induction of alloantigen-specific CTL, without
affecting proliferation of primed T cells.”!*>"'7 Thus, PrG 25-Cis
an immunosuppressant with a distinct mechanism of action as
compared to FK506 and cyclosporin A.

Recently, we found that the concanamycin/bafilomycin
family of antibiotics, which are specific inhibitors of vacuolar
type-proton ATPase (V-ATPase),'®!? also have Con A-selective
inhibition of T-cell proliferation.® As the V-ATPase regulates
the acidification of intracellular organelles,”! including the
cytotoxic granules of CTL, the possibility exists that concana-
mycin may inhibit the acidification of cytotoxic granules which
results in their disorganization of and degradation of perforin,
thus inhibiting the killing machinery of the CTL.*** Further
studies revealed that PrG 25-C promoted H*/CI” symport
without affecting membrane potential formation or ATP
hydrolysis.>>*® As a result, PrG 25-C was considered to un-
couple proton translocation through V-ATPase and inhibit the
acidification of cytotoxic granules and killing activity of CTL. In
addition, concanamycin, like PrG 25-C, selectively suppresses
CTL generation in response to alloantigen immunization.?’
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Figure 1. Suppression of cytotoxic T-lymphocyte (CTL) activity by single injection of prodigiosin (PrG) 25-C after maturation of CTL
induced by alloantigen stimulation. Mice (three per group) were immunized with P815 on day 0. (a) PrG 25-C was injected on days 0,
3,5, 7 and 9 (0-4 mg/kg, filled square), on day 5 (1 mg/kg, filled triangle) and on day 7 (1 mg/kg, open triangle). (b) PrG 25-C was
injected on day 0 (1 mg/kg, cross). Immunized control, filled circle; naive control, open circle. Mice were killed on day 10 and the CTL
activity of the pooled splenocytes was determined. Two representative results of eight experiments are shown.

Taken together, these results suggest that suppression of CTL
generation in vivo by PrG 25-C and concanamycin may be caused
by the direct inactivation of CTL.

In this work, we compared the efficacy of suppression of
CTL activity in different regimens of administration of PrG 25-
C and concanamycin B (CMB). Our studies indicate that PrG
25-C and CMB suppress CTL activity by the reduction
of mature CD8" effector T cells induced by alloantigen
immunization.

MATERIALS AND METHODS

Immunization with allogeneic antigen and the assay of CTL
Female C57BL/6 (H-2°) mice (6-10 weeks old; Japan Charles
River Inc., Atsugi, Japan) were immunized intraperitoneally
(i.p.) with P815 mastocytoma cells (H-2%, 2 x 107 cells/mouse).
All the experiments using mice and cultured cells were carried
out according to the guidelines of Kanagawa-prefecture,
Japan. The cytotoxic activity of splenocytes was determined
as described previously.® In brief, spleens were removed, teased
to make a single cell suspension and incubated, with >'Cr-
labelled target cells (1 x 10* cells/well) for 4hr at 37° in an
atmosphere of 5% CO,, in RPMI-1640 medium supplemented
with 10% fetal bovine serum, 50 ug/ml of kanamycin, 8 ug/ml of
tylosin tartrate and 50 um 2-mercaptoethanol. The isotope
released into the culture supernatant was measured using a y-
counter. Maximum and spontaneous isotope release was
determined as counts per minute (c.p.m.) in the absence of
effector and in the presence of 1% SDS, respectively. Per cent
lysis was calculated by using the following formula:

% lysis= 100 x experimental c.p.m. —spontaneous c.p.m.

maximum c.p.m. — spontaneous c.p.m.

Anti-P815 antibody titre

SICr-labelled P815 cells (1 x 10* cells/well) were incubated, with
serially diluted sera from mice, for 30 min in 200 ul of high
glucose medium, as described previously.> At the end of the

culture period, 13 ul of rabbit serum was added as a source of
complement and cells were incubated for an additional 30 min.
Isotope released into the culture supernatant and per cent lysis
was determined as described above.

Analysis of surface phenotype

Splenocytes (1 x 10° cells) were stained with phycoerythrin
(PE)-labelled monoclonal antibodies (mAbs), as described
previously.?” The percentage of positive cells was determined
by flow cytometry (Epics Elite; Coulter, Miami, FL).

Western blotting

Western blotting experiments were performed as described
previously.?® In brief, splenocytes (1 x 107 cells) were lysed in
0-1 ml volumes of 2 x sodium dodecyl sulphate (SDS) sample
buffer containing 100 mwm dithiothreitol, and same amounts of
each sample were resolved by electrophoresis in denaturing
polyacrylamide gels (12% acrylamide). The proteins in the gel
were transferred to Immobilon-P membranes (Millipore,
Bedford, MA). Blots were blocked in 5% non-fat dry milk in
TBS-T (Tris-buffered saline: 20mwm Tris, 0-8% NaCl, 0-1%
Tween-20, pH 7-5), probed with a rat anti-mouse perforin mAb
(P1-8, 500ng/ml), and then with a horseradish peroxidase-
conjugated anti-rat immunoglobulin G (IgG) antibody (Santa
Cruz, Santa Cruz, CA). Signals were detected by using the
enhanced chemiluminescence (ECL) system (Amersham, Little
Chalfont, Bucks, UK). The intensity of each band was analysed
by densitometry (Molecular Imager FX; Bio-Rad Labora-
tories, Hercules, CA).

Chemicals

PrG 25-C was kindly donated from Chugai Pharmaceutical Co.
(Gotenba, Japan) and stored at —20°. It was dissolved in
dimethyl sulphoxide at 10mg/ml, and further diluted with
phosphate-buffered saline (PBS, 0-8% NaCl, pH 7-6) contain-
ing 0-2% Tween-80 immediately before injection. CMB was
kindly provided by Taisho Pharmaceutical Co. (Tokyo, Japan).
It was diluted from the stock solution (10 mg/ml in ethanol,
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—20°) in PBS before use. Diluted antibiotics (0-2ml) were
injected i.p. into mice. Anti-mouse perforin antibody, P1-8,
was kindly provided by Dr H. Yagita (Juntendo University,
Tokyo). Fluorescein isothiocyanate (FITC)-labelled anti-CD4,
anti-CD8, anti-Thy-1.2, and anti-B220 antibodies were pur-
chased from Pharmingen. [>'Cr]sodium chromate was obtained
from Amersham. The other reagents used were of analytical
grade and purchased from commercial suppliers.

RESULTS

C57BL/6 (H-2°) mice were immunized with allogeneic
mastocytoma cells, P815 (H-2%). This immunization induces
active CTL in the spleen 10 days after immunization. These
CTL are CD8™" and specific for the H-2¢ haplotype of major
histocompatibility antigen (MHC) class I (Fig. 1 and data not
shown). As reported previously,®’ administration of 0-4 mg/kg
of PrG 25-C on days 0, 3, 5, 7 and 9 completely suppressed the
CTL activity. To determine the administration time that was
most effective in the suppression, we compared the suppressive
effect with a single injection of 1 mg/kg of PrG 25-C. As shown
in Fig. 1(a), administration of PrG 25-C only once on day 5, or
on day 7, was as effective as the multiple treatment schedule. In
contrast, single administration of the same dose of PrG 25-C on
day 0 had no effect on the induction of CTL activity (Fig. 1b).
Single injection of PrG 25-C on day —1 or on day 1, as well as
dual injection on days —1 and — 3, or on days 1 and 3, failed to
inhibit CTL activity on day 10 (data not shown). As significant
CTL activity is attained by day 5 or day 7 (data not shown),
these results indicate that PrG 25-C directly inactivates
activated mature CTL, but does not inhibit induction of
CTL in vivo.

Antibiotics of the concanamycin family inhibit ATPase
activity of V-ATPase,'®!® whereas PrG 25-C uncouples proton
transport mediated by V-ATPase.>>?® Both antibiotics inhibit
acidification by preventing proton pump activity of intra-
cellular organelles, including cytotoxic granules of CTL.>** A
single i.p. injection of 0-4mg/kg of CMB, 7days after the
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immunization, similarly to PrG 25-C completely suppressed
CTL activity (Fig. 2a). The effect was comparable to multiple
administration of 0-4 mg/kg of CMB on days 0, 2, 4, 6 and 8
(data not shown). In contrast, single postoral administration
on day 7 of 300 or 600 mg/kg of FK506, which suppresses the
early phase of CTL induction by inhibiting IL-2 production,”
15717 did not affect CTL activity. We have previously shown
that multiple doses of 200 mg/kg of FK506 on days 0, 3, 5 and 8
suppress CTL generation almost completely.* These results
demonstrate that PrG 25-C and CMB, unlike FK506, directly
inactivate mature CTLs induced by alloantigen immunization.

The alloantigen immunization also induced antibody
against P815 cells. Serum obtained from the mice 10 days after
immunization contained a significant level of anti-P815, as
determined by using the complement-dependent cytolysis assay
(Fig. 2b). A single administration of 0-4 mg/kg of CMB on day
7, which completely suppressed CTL activity, did not affect the
antibody production. Although the single injection of 1 mg/kg
of PrG 25-C partially decreased the P815 antibody titre of the
serum, the suppressive effect of PrG 25-C on CTL activity was
much stronger than the suppressive effect on the allospecific
antibody production.

To study the inactivation of CTL as a function of time,
antibiotics were injected 11 days after alloantigen immuniza-
tion, when CTL activity reached its maximum level, and
cytolytic activity of the splenocytes was determined 7 or 11 hr
after administration (Fig. 3). Administration of 1 or 1-5mg/kg
of PrG 25-C significantly suppressed CTL activity as early as
7hr after administration, and the suppression was more
significant 11 hr after administration. Similar suppression was
observed with the administration of 0-4 or 0-6 mg/kg of CMB.

Mice were immunized with P815, and treated with
antibiotics 11days after the immunization. The spleen
lymphocytes of the mice were analysed by flow cytometry
12hr after the antibiotic injection (Tablel). Alloantigen
immunization markedly increased the total cell number. The
increased cell populations were mainly Thy-1" and CD8™
populations, which mediate CTL activity, and the non-T non-B
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Figure 2. Selective effect of prodigiosin (PrG) 25-C and concanamycin B (CMB) on the function of mature cytotoxic T lymphocytes
(CTLs). Mice (three per group) were immunized with P§15 on day 0. On day 7, PrG 25-C (1 mg/kg, closed square) or CMB (0-4 mg/kg,
closed triangle) was injected intraperitoneally (i.p.), or FK506 (300 mg/kg, open triangle; 600 mg/kg, open square) was administered
orally. The CTL activity of pooled spleens (a), and anti-P815 antibody titre in the pooled serum (b) were determined on day 10.
Immunized control, closed circle; naive control, open circle. The representative result of four experiments is shown.
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Figure 3. The decrease of cytotoxic T-lymphocyte (CTL) activity of the mice treated with prodigiosin (PrG) 25-C or concanamycin B
(CMB) as a function of time. Mice (three per group) were immunized with P815 on day 0, and PrG 25-C (1 mg/kg, closed square;
1-5mg/kg, open square) or CMB (0-4 mg/kg, closed triangle; 0-6 mg/kg, open triangle) was injected intraperitoneally (i.p.) on day 11.
CTL activity of the pooled spleens was determined 7 hr or 11 hr after the injection. Immunized control, closed circle; naive control,
open circle. The representative result of three experiments is shown.

(Thy-1", B220") population. The level of CD4* T cells and
B220" cells showed only a slight increase. A single adminis-
tration of PrG 25-C or CMB suppressed the increase of the
CD8* population as early as 12hr after administration,
without marked decrease of CD4*%, B220" or non-T, non-B
populations. These results suggest that PrG 25-C and CMB
diminish CD8 " CTL activity by the rapid reduction of mature
CTL induced by alloantigen stimulation.

Western blotting demonstrated a marked increase of
perforin expression in spleen cells from mice immunized with
alloantigen, and treatment with PrG 25-C or CMB significantly
reduced the expression of perforin (Fig. 4). It should be noted
that PrG 25-C reduced the expression of perforin to a level
similar to that of the naive control, whereas the expression of
CD8 was reduced to =50% of the immunized control by the
same treatment (Table 1).

DISCUSSION

Our results with specific inhibitors of intracellular acidification
strongly suggest that acidification is essential for maintaining
the integrity of the structure and function of cytotoxic granules

of CTL. The inhibitors, PrG 25-C and CMB, induce the
disorganization of cytotoxic granules and degradation of
perforin, which result in the inactivation of the cytotoxic
function of activated mature CTL in vitro.?>*=" In this work
we studied the direct effect of these inhibitors on mature CTL
activated by alloantigen stimulation in vivo. Our results
demonstrate that a single injection of PrG 25-C, after the
maturation of CTL had been completed, was as effective
as multiple doses throughout the whole induction period,
whereas FK506, which suppresses the early phase of CTL
induction”!3!7 did not have suppressive effects with the same
administration schedule. The suppression of CTL activity was
observed as early as 7 hr after the administration of PrG 25-C,
and was accompanied by a reduction in the number of CD8 ™"
cells, which are mediators of cytotoxic activity. Taken together,
these results suggest that PrG 25-C suppresses CTL activity
in vivo by the rapid decrease of mature CD8" CTL.

The single administration of CMB on day 11 also
inactivated mature CTL and decreased the number of CD8™*
cells. CMB inhibits V-ATPase activity specifically,'®!° whereas
PrG 25-C uncouples proton pump activity mediated by
V-ATPase.?>?% The observation that both inhibitors (which

Table 1. Decrease in the number of CD8 cells (from mice immunized with alloantigen) as a result of prodigiosin (PrG) 25-C and concanamycin B (CMB)

Average cell number per spleen (x 10° cells)

Immunization treatment Total Thy-1" CD4™" CD8™* B220* Thy-1" B220 *
— - 34-3 11-0 61 4-6 20-9 24
+ - 84-7 349 10-0 250 33-8 160
+ PrG 25-C 62-0 19-6 9-:0 10-3 286 13-8
+ CMB 73-3 22:6 93 12-8 342 16-5

Note: PrG 25-C (2mg/kg) or CMB (0-4 mg/kg) was administered intraperitoneally (i.p.) 11 days after the immunization. Mice (three mice per group) were
killed 12 hr after the injection, and the number of lymphocytes in the pooled splenocytes was determined by flow cytometry. The representative result of five

experiments is shown.
*Total cell number (Thy-1" cell number 4+B220% cell number).
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Figure4. Reduction of perforin expression of splenocytes by the
treatment with prodigiosin (PrG) 25-C or concanamycin B (CMB).
Western blotting of whole cell extract of splenocytes used in Table 1
was carried out as described in the Materials and methods. The relative
intensity of each band was quantified by densitometry.

have different mechanisms for the inhibition of granule
acidification) suppressed the CTL activity in vivo, argues
strongly that inhibiting granule acidification is essential for the
suppression of CTL activity by PrG 25-C and CMB in vivo.
Although both inhibitors had more potent suppression on CTL
activity than on production of antialloantigen antibody, PrG
25-C was less selective than CMB. As PrG 25-C also slightly
uncouples the mitochondrial proton pump,’* suppression of
acidification mediated through V-ATPase by PrG 25-C is
less selective as compared to CMB. It is possible that the
suppression of antibody production against alloantigen results
from an effect other than by inhibition of the V-ATPase-
mediated proton pump. PrG 25-C also suppresses the function
of antigen-presenting cells (APC) in alloantigen-stimulated
mixed lymphocyte reaction (MLR), which was not observed
with CMB.?® Such effects of PrG 25-C, which do not result
from the inhibition of acidification of cytotoxic granules, may
contribute to the immunosuppressive effect of PrG 25-C.
Consistent with the PrG 25-C- and CMB-induced reduction
of cytotoxicity and of the CD8* population, administration
of PrG 25-C or CMB reduced the perforin expression in
splenocytes. The effect was more marked with PrG 25-C than
with CMB. The expression level of perforin was reduced to the
level observed in naive mice, while reduction in the number of
CDS8™ cells by PrG 25-C was only partial. Thus, it is probable
that PrG 25-C, but not CMB, degraded the perforin of CD8*
cells that were still present in the spleen. Although previous
work suggested that CMB, but not PrG 25-C, induced
degradation of perforin in vitro,”>* the results of this study
demonstrate that PrG 25-C also induced the degradation of
perforin in vivo. As degradation of perforin by the inhibitors was
dependent on the ability to inhibit the acidification of cytotoxic
granules,”* it is expected that the higher dose of CMB could
induce the degradation of perforin in vivo. PrG 25-C might
inhibit the acidification more effectively in vivo than in vitro.
Although CMB and PrG 25-C inactivate the function of
activated CTL in vitro,”>?*?7 it is probable that they inhibit
CTL activity by inactivation and the subsequent reduction of
activated CTL in alloantigen-stimulated mice. The decrease of
CTL activity and the reduction of CD8™ cells 11 hr after the
injection of antibiotics were closely related to each other (Fig. 4
and Table 1). Although concanamycin A induces disorganiza-
tion of cytotoxic granules and decreases the intracellular

© 2000 Blackwell Science Ltd, Immunology, 99, 243-248

activity of perforin, and induces DNA fragmentation activity,
N-o-benzyloxycarbonyl-L-lysine thiobenzyl-esterase activity,
which is mainly mediated by granzyme A, is conserved,
and the amount of diisopropylfluorophosphoridate-binding
proteins (mainly granzyme A) is not changed.?>* Granzyme
family proteases induce apoptosis, initiated by the activation of
caspase family proteases, if introduced directly into the
cytoplasm of target cells.**? Given that cytotoxic granules
protect CTL from apoptosis with their own cytotoxic
mediators by physical isolation of granzymes in acidic
environments, it is possible that disorganization of cytotoxic
granules promotes the apoptosis of CTL with their own
cytotoxic factors in the granules which are leaked to, and
activated in, the cytoplasm. In fact we recently found that
concanamycin A induced the apoptosis of activated CD8™
CTL, but not apoptosis of CD4* CTL,* which kill tumour
cells through a Fas-mediated mechanism.>** This result is
consistent with the observation that concanamycin A does not
affect the Fas-mediated cytotoxic activity of CTL.3¢

In conclusion, the present study demonstrates that PrG 25-
C and CMB decrease the number of mature CTL which have
been activated through alloantigen stimulation. This effect is
entirely different from the immunosuppressive effect of FK506
and cyclosporin A, which inhibit the early phase of CTL
induction following stimulation with alloantigen. Therefore,
PrG 25-C and CMB may be clinically useful as immuno-
suppressants for the later phase of graft rejection, by
eliminating mature CTL that have escaped suppression by
FK506 and cyclosporin A. PrG 25-C and CMB might also be
of use for studying the effect of CTL in various experimental
models.
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