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Abstract-This paper investigates the abilities of FK-506 and cyclosporin A (CsA) to inhibit human 
~lymo~honuclear leukocyte (PMNL) degranulation. PMNLs, purified from human blood, were 
stimulated in vitro with A23187, ionomycin, the complement derived peptide CSa, formyl- 
methionylleucinylphenylalanine (FMLP) or phorbol myristate acetate (PMA). Degranulation was 
assessed by measuring the release of either lactoferrin or N-acetyl-/I-D-glucosaminidase (NAG). Both 
IX-506 and CsA produced a concentration-related inhibition of degranulation induced by either A23187 
or ionomycin but did not affect C5a-, FMLP- or PMA-induced degranulation. The lcso values for 
inhibition of degranulation (approximately 0.7 nM for FK-506 and 33.7 nM for CsA) are very close to 
the published values for ~hibition of human T-cell proliferation. Removal of calcium from the incubation 
medium with ethyleneglycolbis(aminoethylether)tetra-acetate (EGTA) totally inhibited calcium iono- 
phore-induced degranulation but had no effect against CSa-, FMLP- or PMA-induced degranulation. 
Preincubation of PMNLs with actinomycin D or cycloheximide did not affect either A23187- or 
PMA-induced degranulation. Non-immunosuppressive analogs of CsA were ineffective at inhibiting 
degranulation. Rapamycin, a macrolide structurally related to FK-506, did not inhibit degranulation but 
it did antagonize the inhibition produced by FK-506. Given the similar profiles of activity of FK-506 and 
CsA in neutrophiis and T cells, we conclude that similar activation or signal transduction pathways may 
be present in both T cells and neutrophils. Because A23187-induced PMNL degranulation was not 
sensitive to either actinomycin D or cycfoheximide, it is apparent that the signal transduction pathways 
ultimately control different cellular functions. 

Cyclosporin A (CsAt), a cyclic peptide, and FK-506, 
a neutral macrolide, are potent immunosuppressive 
agents. Cyclosporin A has been in use clinically for 
over 10 years to prevent allogeneic graft rejection 
[l, 21, whereas PK-506 has only recently undergone 
limited clinical trials for use in the prevention of 
graft rejection following allogeneic liver trans- 
plantation [3]. Both compounds achieve immu- 
nosuppression via inhibition of the transcription of 
a restricted number of T-cell activation genes [4-6]; 
however, the precise mechanism by which this occurs 
is unknown. 

Distinct binding proteins for CsA [7] and for FK- 
506 [8] have been identified, prompting the hy 
pothesis that the binding of immunosuppressants to 
these proteins may relate to their immunosuppressive 
activity. It has been discovered recently that the 
CsA binding protein, cyclophilin, and the F’K-506 
binding protein, FKBP, share a common property 
of catalyzing the c&tram isomerization of peptidyl 
proline bonds [g-11]. The binding proteins are 

* Correspondence: Dr. M. J. Forrest, Department of 
Cell and Molecular Pharmacology, R8OY-145, Merck Sharp 
& Dohme Research Laboratories, P.O. Box 2OC@, Rahway, 
NJ 07065-0900. 

t Abbreviations: CsA, cyclosporin A; PMNL, poly- 
morphonuclear leukocyte; FMLP, formylmethionyl- 
leucinylphenylalanine; PMA, phorbol myristate acetate; 
and NAG, ~-acety~~-D-glucosaminida~. 

widely distributed within the tissues of an animal 
and are highly conserved across different animal 
species [12,13]. It is, however, something of an 
enigma that despite the ubiquitous distribution of 
the binding proteins both CsA and IX-506 are highly 
selective in acting on lymphocytes, particularly T- 
helper cells. The selective action on lymphocytes 
may be explained on the basis of a requirement for 
a particular activation signal or a particular signal 
~~sduction pathway in response to an activation 
signal. This proposal is derived from the observations 
that in T-lymphocytes only those stimuli which 
produce an increase in intracellular calcium are 
sensitive to the effects of either CsA or FK-SO6 
[14,15]. 

For the most part CsA is not reported to affect 
polymo~honuciear leukocyte (Pan) or monocyte 
activation in response to a wide variety of stimuli 
including formylmethionylleucinylphenylalanine 
(FMLP), zymosan activated plasma, phorbol myr- 
istate acetate (PMA) or opsonized zymosan [,16-181. 
There is a report that CsA does reduce calcium 
ionophore (A23187) induced lactoferrin release from 
human PMNLs 1171. Although the concentration 
of CsA used in these experiments, 4yM was 
considerably greater than that required for immu- 
nosuppression in vitro, the effect was specific in that 
degranulation induced by zymosan or PMA was not 
reduced, It has also been reported that CsA, at 
pharmacologi~alIy relevant concentrations, will 
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inhibit the release of histamine, serotonin and 
leukotrienes from human basophils, rat mast cells 
and rat basophilic leukemia cells in response to 
A23187, anti-IgE and, to a lesser extent, in response 
to specific antigen challenge or to concanavalin A 
[ 19-221. Thus, the specificity of CsA may not be for 
a particular cell type but to an activation signal or 
signal transduction pathway whose dist~bution is 
not restricted to T cells. 

We have confirmed and extended the observations 
of an effect of CsA on A23187-induced lactoferrin 
release from neutrophils by comparing the inhibitory 
activities of both CsA and FK-506 against PMNL 
degranulation induced by different agonists. In this 
paper we show that both immunosuppressive agents 
were effective inhibitors of PMNL degranulation 
at concentrations similar to those required for 
immunosuppression. The inhibitory activity was 
restricted to degranulation induced by calcium 
ionophores. We further show that rapamycin, an 
immunosuppressive agent structuraly similar to FK- 
506, and non-immunosuppressive analogs of CsA 
failed to inhibit degranulation. Rapamycin reversed 
the inhibitory effect of FK-506 on PMNL degranu- 
lation similar to its reported action on T-cell 
activation. 

MATERIALSANDMETHODS 

Reagents. A23187, FMLP, PMA, p-nitrophenyl- 
N-acetyl-P-D-glucosaminide, actinomycin D and 
cycloheximide were obtained from the Sigma 
Chemical Co., St. Louis, MO. Ionomycin was 
obtained from Calbiochem, San Diego, CA. FK-506 
and rapamycin were obtained from Dr. R, Borris 
and CsA was provided by Dr. P. Durette, both of 
Merck Sharp & Dohme Research Laboratories. FK- 
506 was isolated from a culture of Strepfomyces 
tsukubaensis derived from the Fujisawa Phar- 
maceutical Company’s (Osaka, Japan) deposit to 
the Danish patent office. Rapamycin was isolated 
according to previously published procedures [23] 
from Streptomyces hydroscopicus cultures deposited 
with the ATCC. FK-506, CsA and rapamycin were 
prepared as 1 mg/mL stock solutions in ethanol and 
stored at -20”; they were diluted into Hanks’ 
Balanced Salt Solution (HBSS) immediately prior 
to use. Recombinant human C5a was provided by 
Dr. M. S. Springer of Merck Sharp & Dohme 
Research Laboratories. 

Cells. PMNLs were isolated from freshly drawn 
heparinized (10 units/ml) human venous blood. 
Blood was gently mixed with an equal volume 
of Dulbecco’s Ca2+/Mg2+-free phosphate-buffered 
saline (PBS) (GIBCO, Grand Island, NY), and then 
30 mL was layered on top of 20 mL of lymphocyte 
separation medium (Organon, Durham, NC) in 50- 
mL polypropylene tubes. The tubes were centrifuged 
at 800 g for 25 min at 25”. The upper layers of plasma 
and mononuclear cells were discarded and the pellet 
of red blood cells and PMNLs were resuspended in 
a red cell lysing solution (155 mM NH&l; 0.1 mM 
K,EDTA; 10mM KHC03) at 4”. The suspension 
was centrifuged immediately at 5OOg for 10min at 
4”. The lysing procedure was repeated until all red 
cells had been removed. The remaining cells (>99% 

PMNL: > 99% viable by Trypan blue exclusion) 
were washed in 50mL of Dulbecco’s Ca2+/Mg2+- 
free PBS containing 1 mg/mL of bovine serum 
albumin (BSA; Sigma) and finally resuspended in 
HBSS (GIBCO) containing 25 mM HEPES buffer 
(GIBCO) and 5 mg/mL BSA. 

Cell incubations. Different concentrations of FK- 
506, CsA or rapamycin were added to OS-mL 
suspensions of PMNL (5 x 106/mL) in polypropylene 
tubes at room temperature for 25 min. Incubations 
were performed at room temperature because at 4” 
the entry of either CsA [7] or FK-506 [8] into cells 
is minimal, whereas at 37” the PMNLs have a 
tendency to clump. In a preliminary experiment, 
slightly less inhibition of degranulation was observed 
using a 15min incubation. At the end of the 
incubation period, 10 nL of cytochalasin B (Sigma) 
was added to all cell suspensions to give a final 
concentration of 5 pg/mL and the cells were 
incubated for a further 5 min at 37”. One hundred 
microliter aliquots in triplicate were added to 
round bottom 96-well microtitre plates (COSTAR, 
Cambridge, MA) containing 1OOpL of appropriate 
stimuli and which had been warmed to 37” prior to 
use. The plates were incubated for a further 10 min 
at 37” and were then centrifuged at 500g for 10 min. 
The supernatants were removed and assayed 
immediately for either lactoferrin or N-acetyl-P-D- 
glucosaminidase (NAG). 

Lactoferrin assay. Lactoferrin was measured by 
an ELISA based on methods described by 
Hetherington et al. 1241. Ninety-six-well microtitre 
plates (Immunoplate 1; NUNC, Roskilde, Denmark) 
were coated with 1OOpL of IgG fraction of 
rabbit anti-human lactoferrin (10 pg,/mL; Cappel 
Laborato~es, West Chester, PA) and incubated for 
16 hr at 4”. The plates were washed three times with 
PBS containing 0.05% Tween 20. One hundred 
microliters of sample or purified human lactoferrin 
(Sigma) was added to the plates which were incubated 
for 1 hr at 37”. The plates were again washed and 
incubated with 100 @L of peroxidase conjugated IgG 
fraction of rabbit anti-human lactoferrin (10 pg/mL; 
Cappel Laboratories). After a further incubation of 
1 hr at 37”, the plates were washed and 100 PL of 
peroxidase substrate (0.4 mg/mL o-phenylene- 
diamine; 0.01% HzOz) was added. Color was allowed 
to develop for 10 min after which time the reaction 
was quenched by the addition of 15OpL of 8 N 
H2S04 and the optical absorbance was read at 
490 nm. 

NAG assay. NAG was assayed using a micro-plate 
version of a method described by Woolen et al. [25]. 
A sample (75nL) was added to a flat bottom 96- 
well tissue culture plate (Flow Laboratories, McLean, 
VA) together with an equal volume ofp-nitrophenyl- 
N-acetyl-/3-D-glucosaminide (8 mM) in 0.1 M citrate- 
phosphate buffer, pH 4.5 (0.1 M citric acid; 0.1 M 
disodium orthophosphate), and incubated at 37” for 
1 hr. Color was developed by the addition of 150 PL 
of 0.2 M glycine buffer, pH 10.0 (0.2M glycine; 
0.2 M NaCl; 0.2 M NaOH), and optical density was 
read at 405 nm. 

Star~ricaf analysis. Comparisons between groups 
of data were made using analysis of variance followed 
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Fig. 1. Effects of CsA and FK-506 on A23187-induced 
PMNL de~anulation. Degranulation of human peripheral 
blood PMNL was measured by (a) lactoferrin release and 
(b) IV-acetyl-@D-ghmosaminidase (NAG) release. Cells 
were stimulated in vitro with the calcium ionophore A23187 
(10-6M) in the presence of different concentrations of 
either CsA (0) or FK-506 (0). Each point is the mean of 
triplicate determinations within a single experiment with 
vertical bars representing SD. A best-fit curve through the 

data was drawn using a fog-parameter fit program. 

by Scheffe’s multiple comparisons. P < 0.05 was 
considered to be significant. 

RESULTS 

Eflects of CsA and FK-506 on A231874nduced 
PMNL degranulation. Human PMNL degranulation 
in response to the calcium ionophore A23187 
(10e6 M) was assessed by the release of both NAG, 
a marker of azurophil granules, and lactoferrin, a 
marker of specific granules 1261. The incubation of 
PMNLs with either CsA or FK-506 produced a 
concentration-related inhibition of degranulation 
(Fig. 1, a and b). The concentrations of immu- 
nosuppressant required for 50% inhibition (rcsa) of 
either azurophil(50.8 and 0.63 nM for CsA and FK- 
506, respectively) or specific (41.0 and 0.46nM) 
granule release were similar. In a series of 
experiments the mean ICKY values for inhibition of 
specific granules were 33.7 + 12.0 and 0.7 f 0.09 nM 
(mean f SEM; N = 7) for CsA and FK-506, 
respectively. It is apparent that some 50-100 times 
more CsA than FK-506 was required for inhibition 
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Fig. 2. Effects of CsA and FK-506 against different PMNL- 
activating stimuli. Degranulation of human PMNL, 
determined by the release of lactoferrin, was measured in 
response to A23187 (W6 M), ionomycin (3 x 10e6M), 
C5a (10e9M), FMLP (10e8 M) and PMA (3 x 10-9M). 
PMNLs were preincubated with either HBSS (D), CsA 
(R;l ,uM) or FK-506 (9; 4 nM). Each column represents 
the mean of three separate experiments with vertical lines 

representing SD, 

of A23187-induced PMNL degranulation. This ratio 
is very similar to the ratio of CsA to FIG506 required 
for immunosuppressive activity [27,28]. When 
10e6M A23187 was used to induce degranulation, 
FK-506 and CsA produced incomplete (70-75%) 
inhibition (Fig. 1, a and b), but at lower 
~ncentrations of A23187 total inhibition of 
degranulation was obtained (data not shown). When 
maximally effective concentrations of CsA (1 PM) 
and FK-506 (4nM) were combined, the percent 
inhibition of degranulation in response to A23187 
(10m6 M) (69%) was no different from that obtained 
using either CsA (75%) or FK-506 alone (74%). 

Effecti of CsA and FK-506 agai~t di~erent FMNL 
acd~ating stimuli. The immunosuppressive activities 
of both CsA and FK-506 in vitro [14,15] and the 
inhibition of PMNL degranulation by CsA in vitro 
[17] are reported to be dependent on the nature of 
the activating signal. With respect to effects on 
lymphocytes the stimuli that are inhibited by GSA 
and FK-506 al1 produce a rise in intracellular calcium. 
In PMNLs the situation is less clear as stimuli which 
are reported to produce a rise in intracellular calcium 
such as zymosan-activated plasma [29] and FMLP 
[30] are not reported to be inhibited by CsA [18]. 
In Fig. 2 we demonstrate that both CsA and FK- 
506 inhibited only calcium ionophore (either A23187 
or ionomy~in) induced de~anulation and not that 
induced by either receptor-mediated stimuli (CSa or 
FMLP) or through direct activation of protein kinase 
C (PMA). The inability of CsA and FK-506 to inhibit 
C5a- and FMLP-induced degranulation was also 
evident when sub-maximal concentrations of agonist 
were used to induce de~an~ation (data not shown). 
Thus, it would appear, at least for PMNLs, that a 
rise in intracellular calcium itself is not the sole 
determinant of whether CsA or FK-506 will have an 
inhibitory effect on cell activation. Rather, the 
inhibitory effect is restricted to stimuli which produce 
a translocation of calcium into the cell from the 
external medium. To test this hypothesis we used a 
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Fig. 3. Requirement of different PMNL-activating stimuli 
for extracellular calcium. Degranulation of human PMNL, 
determined by the release oflactoferrin, was measured in 
resoonse to A23187 (10-6M1. ionomvcin (3 x 10W6M), 
C?& (lOsg M), FMLP’(lO-so) and I’MA (3 x 10e9Mj; 
PMNLs were preincubated with either HBSS (a) or EGTA 
(Ea; 4 mM) for 5 min prior to addition of stimuli. Each 
column represents the mean of three separate experiments 

with vertical lines representing SD. 

protocol designed to remove extracelfular calcium 
from the incubation medium but not to affect 
intracellular calcium stores. PMNLs were incubated 
with ethyleneglycolbis(aminoethylether)tetra-acet- 
ate (EGTA, 4 mM) for 5 min prior to stimulation 
with agonists prepared in buffer containing 4 mM 
EGTA. Using this protocol (Fig. 3), degranulation 
of PMNL induced by A23187 in the presence of 
EGTA was inhibited substantially (P < 0.05), 
whereas C5a-, FMLP- or PMA-induced degranu- 
lation were unaffected (P > 0.05). 

Effects of rupamycin and non-immunosuppressive 
analogs of CsA on PMNL ~egr~nul~tion. Because 
IX-506 and CsA inhibit T-cell activation and PMNL 
degranulation at similar concentrations, we wanted 
to address whether similar signal transduction 
pathways are being inhibited in both cell types. One 
approach to this question is to determine whether 
the inhibition of T-cell activation and PMNL 
degranulation occurs equally with different analogs 
of CsA and FK-506, We selected two analogs of 
CsA, 6-methyl-alanine CsA and 1 I-methyl-leucine 
CsA, which lack immunosuppressive activity. The 
two analogs differ in that 6-methyl-alanine CsA 
binds to cyclophilin, whereas 11-methyl-leucine CsA 
does not [31]. A representative experiment is shown 
in Fig. 4 demonstrating that 6-methyl-alanine CsA 
had no inhibitor activity at concentrations up to 
10 PM. ll-Methyl-leucine CsA did produce inhibition 
but this effect was only seen at concentrations of 
3 PM or greater and may represent a non-specific 
toxicity. In a series of three experiments, ll-methyl- 
leucine CsA at concentrations of 1 and 10,uM 
inhibited A23187-induced PMNL degranulation by 
11.3 + 6.8 and 42.4 & 13.5%, respectively, whereas 
6-methyl-alanine CsA inhibited degranulation by 
6.7 +- 2.0 and 16.6 2 8.0% at the same concen- 
trations. 

Rapamycin, a macrolide antibiotic with structural 
similarity to FK-506 [32], binds to the FK-506 binding 
protein, resulting in inhibition of its peptidylprolyi 
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Fig. 4. Effects of CsA analogs on A23187-induced PMNL 
degranulation. Lactoferrin release from human peripheral 
blood PMNL was measured by ELISA following stimulation 
of cells with the calcium ionophore A23187 (lob6 M) in the 
presence of different concentrations of either CsA (a), 6- 
methyl-alanine CsA (0) or ll-methyl-leucine CsA (0). 
Each point is the mean of triplicate determinations within 
a single experiment with vertical bars representing SD. A 
best-fit curve through the data was drawn using a four- 

parameter fit program. 

isomerase activity,* and has immunosuppressive 
activity [33]. However, the mechanism by which 
rapamycin inhibits murine T-cell proliferation is 
distinct from that of FK-506 or CsA [34]. For 
example, it does not inhibit interleukin-2 (IL-2) gene 
expression and does not show any of the selectivity 
of FK-506 and CsA for calcium-associated activation 
pathways in the lymphocyte. In addition, FK-506 
and rapamycin could be shown to act as reciprocal 
antagonists in T-cell activation 2351. In the PMNL 
degr~ulation assay, rapamycin at concentrations up 
to 100 ng/mL did not inhibit A23187-induced PMNL 
degranulation (Fig. 5). However, when increasing 
concentrations of rapamycin were added to cells in 
the presence of a fixed inhibitory concentration of 
FK-506 (1 nM), rapamycin reversed the inhibition 
of degranulation. 

Effects of acti~omyein D and cyclo~eximi~e ot2 
A23187 and PMA-induced PMNL degranu~ation. 
The immunosuppressive activities of CsA and FK- 
506 are dependent ultimately on the inhibition of 
transcription of a number of lymphokine genes in 
lymphocytes. Because degranulation of neutrophils 
is so rapid, it is unlikely that tr~sc~ptiona1 or 
translational events are involved in degranulation. 
However, to be certain that this was not the case, 
we examined the effects of actinomycin D and 
cycloheximide on A23187- and PMA-induced 
degranulation. Figure 6 demonstrates that pre- 
incubation of neutrophils with either actinomycin D 
or cycloheximide at concentrations of l-10 pg/mL 
for 30 min had no effect (P > 0.05) on either A23187- 
or PMA-induced degranulation. 

* Siekierka JJ, Harrison RK, Lin CS, Hung SHY and 
Sigal NH, Inhibition of FK-506 binding protein peptidyl- 
prolyl c&-tram isomerase activity is not directly related to 
immunosuppression. Manuscript submitted for publication. 
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related to FIG506, was inactive against PMNL 
degranulation. Rapamycin does have immu- 
nosuppressive activity although its mechanism of 
action is clearly different from that of FK-506 
(341. Interestingly, rapamycin has been shown to 
antagonize some of the effects of FIG506 on T cells 
[35], and we also found that rapamycin antagonized 
the inhibitory effect of FIG506 on PMNL degranu- 
lation. These data support a hypothesis that FK-506 
and CsA inhibit similar steps in a signal transduction 
pathway in both lymphocytes and PMNL. 
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Fig. 5. Effect of rapamycin on A23187-induced PMNL 
degranulation. Lactoferrin release from human peripheral 
blood PMNL was measured by ELBA following stimulation 
of cells with the calcium ionophore A23187 (low6 M) in the 
presence of different concentrations of either rapamycin 
(0) or a fixed concentration of FK-506 (1 nM) plus different 
concentrations of rapamycin (0). Each point is the mean 
of three separate experimentswith vertical bars representing 

SD. 

A selective inhibitory effect of CsA for calcium 
ionophore-induced PMNL degranulation has been 
reported previously [17]. Our data not only confirm 
this previous finding but extend the observation to 
include the novel immunosuppressive agent FK-506. 
In addition, we have demonstrated that the inhibitory 
action of CsA is not restricted to the use of 
micromolar concentrations but that CsA and FK- 
506 inhibit ionophore-induced degranulation using 
concentrations of drug equivalent to those required 
for immunosuppression and which can be obtained 
clinically. 
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Fig. 6. Effects of actinomycin D and cycloheximide on 
A23187-induced PMNL degranuiation. Lactoferrin release 
from human peripheral bGod PMNLs was measured by 
ELBA foiiowine stimulation of ceils with the calcium 
ionophore A231%7 (0, 0; 1WM) of PMA (0, n ; 
3 x 10e9 M) in the presence of different concentrations of 
either actinomycin D (a, W) or cycloheximide (0, 0). 
Each point is the mean of triplicate determinations with 

vertical bars representing SD. 

DISCUSSION 

In this paper we have demonstrated that both CsA 
and FK-506 inhibit calcium ionophore-induced 
PMNL degranulation at concentrations equivalent 
to those required for in vitro immunosuppressive 
activity. The inhibitory activities of CsA and FK- 
506 were restricted to calcium ionophore-induced 
degranulation, with responses to C5a, FMLP and 
PMA being unaffected by either CsA or FK-506. 
Analogs of CsA, which have been shown previously 
to lack immunosuppressive activity, were also 
ineffective as inhibitors of PMNL degradation. 
Rapamycin, a macrolide antibiotic structurally 

CsA and FK-506 do not inhibit T-cell proliferation 
induced by all stimuli [14,15]. Rather, they inhibit 
a subset of stimuli, all of which produce an increase 
in intracellular calcium. The increase in intracellular 
calcium in T-cells, by stimuli which are sensitive to 
CsA or FK-506, is a result of mobilization of 
extracellular calcium [36]. Inhibition of PMNL 
degranulation is also restricted to a subset of stimuli, 
calcium ionophores which also require extracellular 
calcium for the observed rise in intracellular calcium. 
Thus, CsA and FK-506 may inhibit a process 
dependent upon the translocation of calcium into 
the cell rather than an increase in intracellular 
calcium itself. Alternatively, the requirement for 
extracellular calcium may distinguish a subset of 
calcium-associated pathways in which a downstream 
biochemical event is sensitive to CsA and FK-506. 
Although we did not examine the effects of CsA 
and FK-506 on intracellular calcium levels in PMNLs 
in response to calcium ionophore, it would appear 
that in other cell types CsA and FK-506 do not alter 
intracellular calcium [ 15,21,37]. The possibility that 
CsA and FIG506 act as chelators of extracellular 
calcium would explain some of the biological effects 
of these compounds. However, the uptake of 
4sCaZ+ in rat basophilic leukemia cells induced by 
aggregation of IgE receptors is not inhibited by 
CsA [21], making this an unlikely explanation. 
Furthermore, if FIG506 were chelating calcium, then 
the ability of rapamycin to reverse the inhibitory 
effects of FK-506 would require that rapamycin 
physically interacts with FK-506, which has not been 
demonstrated previously. 

There is clearly an abundance of evidence to 
suggest that CsA and FK-506 affect identical or 
closely related activation pathways in both PMNLs 
and T-cells. However, this does not imply an identical 
biochemical site of action for both CsA and FK-506, 
since discreet intracellular binding proteins for CsA 
[7] and for FK-506 [S] have been identified. Although 
the binding proteins both exhibit peptidyl-propyl 
isomerase activity [!+ll], it is not clear whether the 
binding of CsA to cyclophilin or FK-506 to FKBP 
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is causally related to immunosuppression or in our 
experiments inhibition of PMNL degranulation. Our 
limited data with CsA analogs and with rapamycin 
would argue against a direct role for the binding 
proteins. 6-Methyl-alanine CsA binds to cyclophilin, 
whereas 11-methyl-leucine CsA shows only weak 
binding activity [31]. However, it was ll-methyl- 
leucine CsA which inhibited PMNL degranulation 
and only at concentrations of 3 PM or greater which 
may represent non-specific toxicity. In a study of a 
larger set of CsA analogs, Durette et al. [31] found 
a correlation between binding activity to cyclophilin 
and immunosuppressive activity. 6-Methyl-alanine 
CsA was an exception to this correlation as it bound 
but had no immunosuppressive activity. Similarly, 
rapamycin bound to FKBP* and did not inhibit 
PMNL degranulation, although it did antagonize the 
effects of FK-506. The investigation of a larger 
number of compounds and a greater understanding 
of the role of the binding proteins would be required 
in order to conclusively ascribe a role to the binding 
proteins in either the immunosuppressive or anti- 
degranulating activities of CsA and FK-506. 

An important ramification for the observation of 
inhibitory effects of CsA and FK-506 in PMNL is 
that these signal transduction pathways may be 
operative in many other cell types, and their 
inhibition by immunosuppressive agents may be 
responsible for some of the toxic effects seen with 
immunosuppressants. A number of examples exist 
of CsA interacting with cells other than lymphocytes 
[38-43]. In many cases the concentrations of CsA 
used are well in excess of that required for 
immunosuppression. In contrast, the effects of CsA 
on cytolytic T-cell function [44] and the release of 
mediators from human basophils [20-221, human 
mast cells [19], rat mast cells [20] and rat basophilic 
leukemia cells [21] are seen at similar concentrations 
(approximately 100 ng/mL) to those reported here. 
The inhibition of release is seen when cells are 
stimulated with calcium ionophore or anti-IgE 
antiserum with lesser effects when specific antigen 
or concanavalin A is used. Mast cell degranulation 
in response to calcium ionophore and to anti-IgE is 
dependent on extracellular calcium [45] and produces 
a rise in intracellular calcium [46]. These data would 
be consistent with CsA affecting a similar signal 
transduction pathway to that described here in 
PMNLs. 

Mediator release from basophils, mast cells and 
neutrophils induced by calcium ionophores is a rapid 
process unlikely to be dependent upon transcriptional 
or translational events. This contention is supported 
by the demonstration that actinomycin D and 
cycloheximide did not reduce A23187- or PMA- 
induced PMNL degranulation (Fig. 6). Therefore, 
it is unlikely that CsA and FK-506 inhibit PMNL 
degranulation by preventing gene expression. Since 
the data presented suggest that CsA and FK-506 
affect similar activation pathways, we view it as 
unlikely that these immunosuppressants act directly 

* Siekierka JJ, Harrison RK, Lin CS, Hung SHY and 
Sigal NH, Inhibition of FK-506 binding protein peptidyl- 
prolyl c&trams isomerase activity is not directly related to 
immunosuppression. Manuscript submitted for publication. 

at the transcriptional level in the lymphocyte. In 
particular, the notion that FK-506 and CsA act by 
inhibition of peptidyl-propyl isomerase catalyzed 
folding of lymphocyte-specific transcription factors 
may not be correct in light of the results in PMNL 
and other cell types. The current data are most 
consistent with the hypothesis that the drugs act at 
a biochemical step in a signal transduction pathway 
common to several different cell types but which 
ultimately subserves different intracellular functions. 

We have presented evidence that both CsA and 
the more recently discovered immunosuppressant 
FK-506 can affect PMNL function at concentrations 
identical to those which produce immunosuppression 
in vitro. These data complement recent findings of 
an inhibitory effect of CsA on cytolytic T-cell 
function and mediator release from basophils and 
mast cells. The extent to which these effects on 
non-lymphoid cells may contribute to in uiuo 
immunosuppression is unclear. The fact that other 
physiological stimuli of PMNL are not sensitive to 
either CsA or FK-506 would argue that inhibition 
of PMNL does not contribute to in viuo immu- 
nosuppression. However, the possibility that similar 
signal transduction pathways exist in both lymphoid 
and non-lymphoid cell types may be relevant to the 
toxic effects of these compounds. 
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