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Abstract

Background—Cyclosporine (CsA), prednisolone (Pred), and sirolimus (Sir) are
inimunosuppressive compounds inhibiting lymphocyte proliferation at the cytokine gene
transcription (CsA and Pred) or signal transduction (Sir) levels.

Methods—Double- and triple-drug interactions were simultaneously studied using lectin-induced
proliferation of isolated cell lymphocytes (ICLP) and whole blood lymphocytes from men and
women as well as two-way mixed lymphocyte reaction assays. Drug interactions were described
with isobolograms and quantitated with the universal response surface approach by estimating the
interaction parameter a.

Results—All compounds inhibited more than 89% of control proliferative responses. In each
assay, CsA was less potent than Pred (3- to 14-fold) and Sir (5- to 11-fold). Sir was of similar or
higher potency than Pred and 1.5-fold more potent in men than women. Pred was 1.4 times more
potent in women but this was found only in the ICLP assay. All combinations were synergistic
(a>0), with greater synergism found for combinations involving Sir, especially in the ICLP
(a>13) and two-way mixed lymphocyte reaction (a>40) assays. Moreover, the Sir/Pred interaction
in the ICLP assay was two to five times more synergistic in women, because their mean a was 56
compared with 13 in men. Double-combination a values were able to reasonably describe CsA/
Pred/Sir triple-interaction effects.

Conclusions—These studies indicate that CsA, Pred, and Sir act and synergistically interact in
vitro, with gender and assay as additional factors, and that whole blood lymphocyte proliferation
cultures are useful in assessing the nature and intensity of drug interactions.

The immunologic response is one barrier to successful transplantation and T cell-mediated
rejection is the major contributor to acute and chronic rejections leading to graft failure (1).
Thus, to avoid or delay rejection, inimunosuppressive therapy is used to decrease cell-
mediated reactivity and relies on specific (e.g., OKT3, cyclosporine [CsA*], and tacrolimus)
and nonspecific (e.g., steroids and azathioprine) immunosuppressive drugs (2). Combination
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therapy is required to produce adequate immunosuppression with acceptable toxicity. The
classic maintenance therapy involves CsA, prednisolone (Pred), and azathioprine (1).

Sirolimus (Sir) is a new macrolide immunosuppressive compound acting at the mid-late Gy
phase through an original mechanism blocking transductional signals produced by the
fixation of cytokines (e.g., interleukin [IL]-1, IL-2, and IL-6) to their membrane receptors
(3,4). Sir differs from CsA and steroids in its mode of action because at the G phase, CsA
acts by inhibiting IL-2 gene transcription and steroids act by decreasing cytokine (e.g. IL-1,
-2, -6) and cell surface molecule (e.g., intercellular adhesion molecule-1, lymphocyte
function-associated antigen-1) gene transcription (3, 5, 6). Thus, as CsA, Pred, and Sir act
through different mechanisms at the cytokine gene transcription or signal transduction
levels, we hypothesize that their combination may produce additive or synergistic
therapeutic effects.

To assess this issue, double- and triple-drug interaction experiments were conducted in vitro
on human lymphocytes. Mixed lymphocyte reaction (MLR) as well as lectin-induced
isolated cell lymphocyte proliferation (ICLP) assays have been used as in vitro models for
cell-mediated rejection (7-10), but they may not properly reflect in vivo phenomena as the
separation of mononuclear cells from whole blood is required. De Groote et al. (11)
demonstrated that diluted whole blood culture, as it mimics the natural environment, may be
the most appropriate milieu to study cytokine production and, thus, lymphocyte function
(12). Therefore, CsA/Pred/Sir actions and interactions were simultaneously studied in these
three lymphocyte proliferation assays to uncover possible assay-related differences.
Moreover, as gender may affect the response to immunosuppressive drugs, the present
studies used cells from both men and women. Indeed, higher rates of rejection have been
observed in female recipients of cardiac allografts (13) including those receiving CsA and
azathioprine maintenance therapy (14). Also, early withdrawal of maintenance steroids is
less often achievable in female allograft recipients (15).

Currently, the nature and intensity of drug interactions can be assessed by several methods
as thoroughly examined in a recent review (16). The isobologram method (17) was selected
to describe drug interactions because no assumptions are required on the constancy of the
interaction across drug concentrations. Because this method cannot predict the combined
effect for new conditions, the universal response surface approach (URSA) (18) was used to
quantify the interaction. URSA describes the interaction surface with a single statistical
summary parameter named o and possesses interpolating and extrapolating capabilities.

This article presents the results of CsA/Pred/Sir interactions in three in vitro human
lymphocyte proliferation assays. Differences were found between assays but all
demonstrated the synergistic interactions between CsA, Pred, and Sir in double or triple
combinations. Gender differences were found especially for Sir and its combination with

* Abbreviations: a, double-drug interaction parameter using URSA; Back, % of Smax not affected by the drug; B, triple-drug
interaction parameter using URSA; CsA, cyclosporine; v, slope of the concentration-effect relationship; hsp, heat shock protein; 1C5,
drug concentration producing response equal to 50% of Smax-Back; ICLP, isolated cell lymphocyte proliferation; IL, interleukin;
Imax, maximum inhibitory effect; MLR, mixed lymphocyte reaction; NF-AT, nuclear factor of activated T cell; Pred, prednisolone;
Sir, sirolimus (rapamycin); Smax, maximum stimulation (100%); URSA, universal response surface approach; WBLP, whole blood
lymphocyte proliferation.
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Pred. These results are promising indications for the therapeutic application of CsA/Pred/Sir
combinations, because these agents display nonoverlapping side effects. Also, the use of
whole blood lymphocyte proliferation (WBLP) culture in assessing the nature and intensity
of drug interactions is extended.

MATERIALS AND METHODS

Reagents

CsA and Sir were obtained as gifts from Sandoz Research Institute (East Hanover, NJ) and
Wyeth-Ayerat Research (Princeton, NJ). Pred and phytohemagglutinin-L were purchased
from Sigma Chemical Co. (St. Louis, MO). Stock solutions of each drug were made in
cthanol and kept at —20°C (CsA and Pred) or —80°C (Sir) for the duration of the study.
Serial dilutions of the stock solutions with complete media were made fresh on each
experimentation day in borosilicate sterile glasB tubes. Final ethanol concentrations in
incubation wells were always less than 0.23%.

Study subjects

Caucasian male (n=6) and female (n=3) drug-free volunteers were included; women
receiving birth control pills were excluded. Volunteers were in good health, ranging in age
between 25 and 40 years. Women were not within 5 days of ovulation on study day because
lower cell-mediated immune response occurs during this period (19). Blood was collected in
heparinized glass tubes at 9 a.m. on the day of experiment and kept at room temperature for
use within 6 hr.

ICLP and two-way MLR

The two-way MLR was selected instead of the usual one-way MLR, because less than 20
different drug combinations can be studied at once with the latter method. As stated later in
the section Interaction assays, 96 combinations were needed to fully characterize drug
actions and interactions, and the two-way MLR made it possible. Peripheral blood
mononuclear cells were isolated from blood diluted 1/1 (v/v) with RPMI 1640 (LiFe
Technologies, Grand Island, NY) by Ficoll-Paque 400 (Pharmacia LKB, Uppsala Sweden)
density centrifugation. The interface containing lymphocytes and monocytes was washed
three times with RPMI 1640, and the cells were resuspended in isolated lymphocyte
complete medium (RPMI 1640 supplemented with 2 mM -glutamine, 20 mM HEPES, 100
U/ml penicillin, 100 pg/ml streptomycin, 0.25 mM 2-mercaptoethanol [Life Technologies],
and 10% heat-inactivated human serum). The number of cells was determined by trypan
blue exclusion using a hemocytometer, and viability >95% was found in all cases,
Mononuclear cells (50000/well) were cultured in 96-well flat-bottom microtiter plates
(Falcon 3072; Becton Dickinson, Lincoln Park, NJ) after the addition of different drug
combinations. Proliferation was induced by the addition of phytohemagglutinin-L (ICLP) at
an optimized final concentration of 3 pg/ml or by the addition of 50000 cells obtained from
another donor (MLR) to each well. All cultures were performed in triplicate in a total
volume of 200 pl per well. After incubating phytohemagglutinin-stimulated cultures for 72
hr or two-way MLRs for 6 days at 37°C in a 7.5% CO,-humidified air incubator, cultures
were pulsed with 1 pCi of [3H]thymidine per well (New England Nuclear, Boston, MA) for
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20 hr. Cells were then harvested onto microplates, dried, and counted in liquid scintillation
fluid using a Top Count Microplate Scintillation Counter (Packard Instruments Co.,
Meriden, CT).

WBLP

Blood was diluted 1/20 (v/v) with whole blood complete medium (ICLP medium with 0.25
mM 2-mercaptoethanol). This dilution factor was proven to generate optimum proliferation.
Diluted blood (160 pl) was plated per well. All cultures were performed in triplicate after the
ICLP procedure. The only difference was in the addition of a 3% hydrogen peroxide
washing step before drying the microplates. This step decreased the color quenching due to
the presence of red blood cells on the micicroplate filters.

Interaction assays

Interaction experiments were conducted in 96-well plates. Each plate contained 96 different
conditions (1/well): 90 drug combinations, 4 maximum stimulation (Smax) controls, and 2
background samples. Triplicates were determined by preparing three identical plates as
suggested by Levasseur et al. (20). Drug combinations were distributed as follows. To
properly quantify CsA/Pred/Sir double and triple interactions, single-drug inhibition curves
have to be defined accurately. Therefore, for each compound, 10 different concentrations
spanning over 4 log-units were studied (30 conditions). Plates included samples with no
drug-producing maximum responses (Smax) and with no mitogen and no [3H]thymidine
(Back). To fully define each interaction, five combination ratios at the drug concentration
producing a response equal to 50% (ICsp) of Smax-Back were studied and characterized
with three combination concentrations (15/interaction). They were chosen to theoretically
produce 25%, 50%, and 75% inhibition of Smax, assuming additive interaction. The five
ratios at the ICgq (1:1,1:2, 2:1,1:4, and 4:1) were selected to reasonably describe each
interaction with the isobologram method. Their adequacy was checked by performing
experiments with a factorial design containing 17 ratios. For triple interactions, the five
ratios at the 1Cgp were 1:1:1, 4:1:1, 1:4:1, 1:1:4, and 4:1:4. All drug combinations were
prepared in a stock plate and dispensed using multichannel pipettes. The use of stock plates
allowed for studying ICLP and WBLP for two donors along with their MLR using the exact
same conditions.

Data analysis

Single drug inhibition—Observed effects were directly expressed as percent of Smax, as
background noise was negligible (<0.1% Smax), With increased drug concentrations, lower
proliferative responses were obtained. The concentration (C)-effect (E) relationship was
modeled with the sigmoid Imax: model:

(Smaz — Back) - C7 C..a

orl=
1CH)+C IC [(E — Back),,_,/(Smaz — E)|" /o4 @

50.CsA Cs

E=Smax—

Smax is the maximum proliferative response and is fixed to 100%. The percent of Smax at
infinite concentration is the background or Back. Thus, the maximum inhibitory effect
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(Imax) of the drug is equal to (Smax — Back), The slope of the curve is given by y and ICgg
is the drug concentration producing 50% of Imax.

Double and triple interaction with URSA—Combination data were analyzed with the
isobologram method (17) and URSA (18). The equation applied to the CsA/Pred double
interaction is:

C

== CsA
1_1050.05/4 -[(E — Back),_,/(Smaz — E)| /A
+ Crred
IC,, ¢ [(E - BaCk)Pmd/(SmaﬂJ — E)]*l/'yp’”‘fd -
+a . Ciia . Chrred
AU [~ Back),,[(Smaz — B)] O 1C,, (B~ Back),, /(Smar — B)] 7T

The first and second part of equation 2 can be recognized as equation 1 written for CsA and
Pred. The last part is the combination term and contains the interaction parameter a. If a is
equal to zero, the interaction between CsA and Pred is Loewe additive and the combination
effect is the simple addition of the effects of CsA and Pred alone. When a is positive, Loewe
synergism is indicated, meaning that a similar effect can be achieved with lesser drug
concentrations. When « is negative, antagonism is indicated. The magnitude of a is directly
related to the degree of bowing of isobols. Increased synergism will be translated into
greater bowing of isobols and larger positive a values.

An extension of equation 2 was used for the triple-drug combination data. It included the
three double combinations (acsa/pred: AcsAssin Crredssir) @S Well as the triple-combination
term containing the interaction parameter Bcsaspredssir- 1T P 1S equal to zero, there is no
alteration of the three double-drug interactions inside the triple combination. If 8 is positive,
additional synergism is found within the triple interaction; if 3 is negative, antagonism is
present.

Statistical analysis

URSA analysis was performed by means of nonlinear regression fitting using the ADAPT I
program (Biomedical Simulations Resource, Los Angeles, CA), applying the General Least
Squares procedure and the bisection technique previously described (18) with CsA, Pred,
and Sir concentrations treated as independent variables. Single-drug parameters were
obtained initially and used as initial estimates in the simultaneous quantitation of the three
double-drug interactions (Back, 1Cs, v, and a). These parameter values were fixed during
the estimation of . Assuming a normal distribution of the errors from the observed data and
predicted values, the variance was defined as o1-M(0,Ci)°2, where o1, and o, are the vectors
of variance, 0 is the vector of dynamic parameters, and M(6,Ci) are the predicted values
from the URSA at combined concentration Ci.

Statistical results are expressed as mean + SD. Parametric and nonparametric tests were used
to assess assay- and gender-related differences. The MLR results were not included in the
statistical analysis, because larger variabilities were obtained in replicates and parameter
estimates. Relationships between parameters were quantified using orthogonal regressions,
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because each estimated parameter has a certain degree of error. Data analysis was performed
using SAS software (version 6; SAS Institute, Cary, NC) and P<0.05 was chosen as the
level of significance.

RESULTS

Single-drug inhibition
Single-drug inhibition curves for two selected individuals are presented in Figure 1. At
negligible drug concentrations, Smax was achieved. With increased concentrations, lower
mitogenic responses were obtained. The Imax was observed at drug concentrations of
1,000-10,000 nM. Concentrations needed to achieve 50% of Imax (ICsgq) were greater for

CsA than for Pred or Sir. Single-drug parameters (Back, ICgg, and v) for the three drugs are
reported in Table 1 for the MLR, ICLP, and WBLP assays in men and women.

CsA inhibits lymphocyte proliferation to a greater extent in WBLP and MLR, as mean Imax
were 100% compared with 91% in ICLP, A 1.5- to 3-fold lower potency was found in
WBLP for both men and women producing a shift of the concentration-effect curve to the
right (Fig. 1). The gender difference in CsA potency was inconsistent between assays: 1Csq
values were lower in men in ICLP (129 nM compared with 192 nM in women) but higher in
WBLP (396 nM compared with 265 nM). Moreover, the steepness of the concentration-
effect relationship was higher in ICLP and MLR than in WBLP, possibly related to
decreased cell heterogeneity during the lymphocyte isolation process.

Pred inhibits on average 94% to 99% of Smax regardless of assays and gender. Lower Pred
potency was observed in ICLP, in which the mean 1Cgy was 55 nM in men compared with
29 nM in WBLP and 27 nM in MLR. The WBLP concentration-effect curves were shifted to
the left of ICLP curves (Fig. 1). No significant gender differences were found; however,
higher Pred potency was obtained in women for ICLP.

Sir acts later in the cell-cycle phase than CsA and Pred. Even added 8 hr after the initiation
of lymphocyte proliferation, Sir retains its activity but lower ICsq values were found. These
findings are due to Sir instability, as the decrease in ICgq with an increased time-delay
occurs due to Sir degradation in culture medium as measured by high-performance liquid
chromatography (our unpublished data). These findings occur in ICLP and WBLP cultures,
and the rate of degradation was not modified by the presence of the few red blood cells. To
render the assay practical, Sir was added at the same time as CsA and Pred. Sir inhibited
lymphocyte proliferation from 90% to 94%, and the inhibition was greater in WBLP in men.
ICsq values were significantly 2-fold lower in ICLP and 1.5-fold lower in men compared
with women in both assays. Values obtained in MLR were closer to WBLP values.

When comparing the three compounds, all inhibited on average more than 89% of Smax, but
CsA potency was significantly lower than Pred and Sir in the three assays. Sir potency was
greater than Pred (threefold) and CsA (eightfold) in ICLP. Similar potency of Sir and Pred
was observed in WBLP and MLR. An interesting pattern for the steepness parameter (y) was
obtained in ICLP (Table 1). The later the compound acts during the cell cycle, the larger the
cell heterogeneity and the lower the v value. Indeed, y was 0.95 for Sir, 1.1 for Pred, and 3.3
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for CsA in women. This pattern was not clearly observed in WBLP and may be due to the
greater cell heterogeneity.

Double- and triple-drug interactions

In analyzing double-drug interaction data, all combinations were found to be mainly
synergistic because the combination effect curves drawn with 1Cs-normalized
concentrations were shifted to the left of single-drug effect curves (Fig. 2). Applying the
isobologram method for each interaction, a majority of ratios were found in the synergistic
region (Fig. 3), but most isobols were asymmetric as confirmed by the full factorial design
(Fig. 4). The relation between isobol shapes and the URSA a values can be seen in Figure 3,
where greater bowing in the isobols translated into larger a values. The a values obtained
for the different assays in men and women were always greater than zero and are
summarized in Table 2. Higher synergism was obtained with isolated lymphocyte assays,
especially for the Pred/Sir combination as presented in Figure 4: the greater synergism in
ICLP can be seen in the tightening of the three-dimensional fishnet into the bottom far left
corner of the cube.

Comparing the three double interactions, greater synergism was obtained for combinations
involving Sir, especially in ICLP (a>13) and MLR (a>40). In addition to assay differences,
a significant gender effect was observed for Pred/Sir, because their interaction was two to
five times more synergistic in women. This was unrelated to gender differences in individual
Pred and Sir potencies, because there was no correlation between ICsq and o values.

In describing the triple interaction, all confidence intervals on  estimates were wide and
contained zero, because no additional synergism was found within the triple combination.
Thus, double combination a values reasonably predicted triple interaction effects (Fig. 5).

DISCUSSION

Successful transplantation requires sufficient immunosuppression, and T-cell-mediated
reactivity is the major contributor to acute and chronic rejections leading to graft failure (1).
Therefore, immunosuppressive therapy is used to decrease humoral and cell-mediated
reactivity by partially blocking rate-limiting steps in the immune response (2). Combination
therapy is required to produce adequate immunosuppression with acceptable toxicity,
because these compounds display severe side effects such as nephrotoxicity (CsA and
tacrolimus), neurotoxicity (CsA), myelotoxicity (azathioprine), diabetes mellitus (steroids),
and hyperlipidemia (Sir) (1, 21, 22). Therefore, combination therapy should include
compounds that are additive or synergistic only in their therapeutic effects and display
nonoverlapping side effects, leading to the choice of CsA, Pred, and Sir for the present
studies.

A convenient and reasonable way to assess drug interactions is by studying in vitro systems
mimicking in vivo settings. MLR as well as ICLP assays have been successfully used in
studying double or triple combinations involving most immunosuppressive agents (7-10).
However, the WELP assay may better reflect in vivo conditions as suggested by De Groote
etal. (11), and its applicability in defining single drug effects has been assessed previously
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(12, 23, 24), Some differences were found between ICLP and WBLP especially for Pred and
Sir (24). The present article extends the comparison between MLR, ICLP, and WBLP assays
from single-drug to double- and triple-drug interactions using CsA, Pred, and Sir.

As expected, assay-related differences were found with single drugs, especially for 1Cgg
values. All compounds inhibited more than 89% of control proliferative responses. In each
assay, CsA was less potent than Pred (3- to 14-fold) and Sir (5- to 11-fold), and Sir was of
similar or higher potency than Pred. The present 1Csq values are similar to published results
(24). Assay discrepancies may be related to the presence of red blood cells or to the greater
cell heterogeneity inherent in WBLP assays. Indeed, all three drugs distribute into red blood
cells and in vitro blood/plasma ratios are close to 2 for CsA and Pred, and 10 for Sir (25). As
blood was diluted 27 times and hematocrit values averaged 0.41 in females to 0.47 in males,
red blood cell distribution explains less than 10% of the 2- to 3-fold and larger WBLP 1Cgg
values of CsA and Sir, The greater cell heterogeneity observed in WBLP cultures may be
another important parameter in explaining assay-related differences, as CsA, Pred, and Sir
may have different activities on each leukocyte subset (3, 5). Therefore, it may be important
to study and compare drug effects in WBLP and ICLP cultures, especially for drugs acting
on different leukocyte populations.

Analysis of interaction data using the isobologram and URSA methods was successful
owing to the careful study design. All combinations were synergistic, with greater synergism
found for combinations involving Sir, especially in ICLP and MLR assays in which only
mononuclear cells are present (Fig. 4). During the induction of proliferation, T-helper
lymphocytes are activated after the recognition of foreign molecules by T-cell receptors
(Fig. 6). This activation creates an increase in intracellular calcium concentrations, leading
to activation of calcineurin/calmodulin activity. This complex is responsible for the
dephosphorylation of the T-cell specific IL-2 transcription factor called nuclear factor of
activated T cell or NF-AT. Initiation of IL-2 gene transcription requires the presence of
several transcription factors: NF-AT, NF-xB, AP-1, and NP-1L-2A. Both CsA and Pred act
on these initial activation steps (Fig. 6). After binding to its cytosolic cyclophilin protein,
CsA inhibits calcineurin/calmodulin activity, decreasing the translocation of NF-AT into the
nucleus (3). The mechanism of action of corticosteroids is more intricate and incompletely
understood (5,6,26,27). After binding to their cytosolic receptor complex containing heat
shock proteins (hsp90 and hsp59), they enter the nucleus after the cytoplasmic release of
hsp90. After nuclear loss of hsp59, steroids alter gene transcription by binding to DNA
glueocorticoid-responsive elements. In lymphocytes, steroids decrease the availability of
NF-xB by increasing the production of its inhibitory molecule, Ix-Ba, thus decreasing IL-2
gene transcription (26, 27). In addition, CsA produces increased intracellular steroid
concentrations by interacting with P-glyco-proteins (28). Therefore, as CsA and Pred act at a
similar level, they interact with only slight synergism, possibly in relation to increased Pred
intracellular concentrations.

Newly synthesized IL-2 binds to its membrane receptor and activates a cascade of events
partially consisting of kinase (p70s6k, cdk2) and cyclin (cyclins D, E, A, and B) activations
and leading the cell to S-phase (4) (Fig. 6). After binding to the cytosolic protein FKBP12,
Sir blocks lymphocyte reactivity by inhibiting kinase and cyclin activations produced by the
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fixation of cytokines to their membrane receptors (3, 4). Moreover, Sir binds to FKBP59 or
hsp59, possibly altering normal corticosteroid receptor activity. Tacrolimus, a Sir-related
compound binding to hsp59 with similar affinity, modifies glucocorticoid binding,
increasing receptor affinity but decreasing the separation rate and transfer of the steroid-
receptor complex to the nucleus (29, 30). In addition, Sir produces increased intracellular
steroid concentrations by interacting with P-glycoproteins (28). Thus, as Sir acts at different
levels than Pred and CsA, combinations with Sir display intense synergism, confirming in
vitro and in vivo results obtained in humans (7,10, 31).

Gender-related differences were observed with single drugs as well as in interactions. Sir
was 1,5-fold more potent in men. A gender effect of corticosteroids# occurs in lymphocyte
trafficking (32), but similar differences were only observed in | CLP, in which Pred was 1.4
times more potent in women. Interestingly, a gender effect was obtained with the Sir/Pred
combination, for which synergism was two to five times higher in women independently of
the gender effect on Sir and Pred alone. However, for the same combined concentrations,
similar effects were obtained for both genders in WBLP culture. Therefore, gender may not
be of major importance for double and triple combinations of CsA, Pred, and Sir.

As CsA, Pred, and Sir display nonoverlapping side effects, their triple combination is
promising in transplantation as well as in controlling autoimmune diseases or allergic
reactions (4,9). Moreover, the combination with Sir is of particular interest because Sir may
reduce chronic rejection by inhibiting arterial smooth muscle cell proliferation (1, 33).
Additional pharmacodynamic and pharmacokinetic interactions may arise in vivo because
CsA, Pred, and Sir are metabolized by CYP-3A4 enzymes and Pred alters lymphocyte
trafficking, decreasing the number of T-helper lymphocytes present in blood (32). Decreased
Pred clearance with increased Sir exposure was observed in renal transplant patients (34).
Thus, greater synergistic interactions between the three compounds may occur in vivo (31).

In conclusion, CsA/Pred/Sir double and triple interactions were examined in human
lymphocyte proliferation assays. Differences were found between assays, but all
demonstrated synergistic interactions, especially for combinations containing Sir. Gender
differences were found especially for Sir and its combination with Pred, These results are
promising indications for the therapeutic application of CsA/Pred/Sir combinations, because
they display nonoverlapping side effects. Moreover, WBLP cultures are extremely useful in
assessing drug actions and interactions in vitro.
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Figure 1.
CsA, Pred, and Sir inhibition of lymphocyte proliferation induced by lectins in ICLP (O)

and WBLP (2) assays. The upper and lower panels display results from representative
female and male subjects, respectively. Both assays were performed the same day using
identical conditions.
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Figure2.
URSA for the three double-drug interactions constructed with the 9 drug combinations

covering three ratios at the 1Csq (4, 1:1; O, 1:4; and O, 4:1) in a female subject using ICLP
(upper panel) and WBLP (lower panel) assays. The concentrations are normalized by the
ICsq values for each compound. A shift of the interaction curve to the left of single-drug
curves (curves without data points) indicates synergism (a>0) and the absence of shift
indicates additivity (a=0). Alpha values are reported.
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Figure 3.
Isobolograms at the 1Csq ()and ICsq (<) for the three double-drug interactions constructed

with the five drug combination ratios at the ICsq (1:1, 1:2, 2:1, 1:4, and 4:1) in a female
subject using ICLP (upper panel) and WBLP (lower panel) assays. Diagonal lines depict
additivity.
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Pred /1Cgy

Three-dimensional representation of the URSA for the Pred/Sir interaction in ICLP (left)
and WBLP (right) along with the isobolograms at the 1Cgq. Seventeen different ratios were
studied with five to eight points per ratio. The fishnets are the best fitting surface. The 90-
combination data set is plotted ort the same graph, with vertical lines indicating the distance
between the mean data point and the surface. @, Above the surface; O, below the surface.
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URSA applied to the triple-drug interaction. CsA (
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), Pred (—), and Sir (— ——)

single-agent effects are simulated along with the triple-combination effects assuming
double-drug interaction a values. Observed effects are reported for the ratio 1:1:1 at the
ICsq. Drug concentrations were normalized by their 1Csq values. A shift of the interaction
curve to the left (or right) of predicted combined effects will have indicated additional
synergism (or antagonism) within the triple combination. Double-interaction a values are
reported for CsA/Pred (CP), CsA/Sir (CS), and Pred/Sir (PS).
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Figure®6.
Detailed mechanism of action of CsA (square), Pred (diamond), and Sir (triangle) in

antigen-presenting cells and T lymphocytes. Inhibition is represented by a negative sign;
stimulation is represented by a positive sign within the drug symbol. Abbreviations used in
the figure: Cyp, cyclophilin; FRAP, FKBP-rapamycin-associated protein; GRE,
glucocorticoid repressive element; Pg-P, P-glyco-protein; TcR, T cell receptor.
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Table 2

Summary of a values for double-drug combinations

Qcsa/pred  GcsA/Sr Opred/Sir
MLR (n) 3)
Mean 9.35 40.7 41.0
sD 13 48 29
ICLP assay
Female (n) (5)
Mean 4.72 217 56.38.0,C
SD 2.3 23 30
Male(n) (5)
Mean 10.6 25.2 12,52
sb 12 40 9.0
WBLP assay
Female (n) (6)
Mean 2.87C 6.93 6.680
SD 2.0 4.1 3.0
Male (n) 6)
Mean 5.65 7.12 3.68
SD 4.1 52 2.4

aSignificant difference between culture types for the same combination and gender (P<0.05).

bSignificamt difference between gender for the same combination and culture type (P<0.05).

CSignificant difference between combinations for the same gender and culture type (P<0.05).
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