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Tacrolimus-Rapamycin Combination Therapy for
Experimental Autoimmune Uveoretinitis

Eiko Ikeda, Naofumi Hikita, Kotaro Eto and Manabu Mochizuki

Department of Ophthalmology, Kurume University School of Medicine, Fukuoka, Japan

Abstract: Tacrolimus and rapamycin both belong to a new family of immunosuppressants,
immunophilin ligands, but the mechanisms by which they inhibit T cell activation are differ-
ent. Therefore, we tested the immunosuppressive effects of combination therapy with low
doses of tacrolimus and rapamycin on experimental autoimmune uveoretinitis (EAU) in rats.
Male Lewis rats, immunized with S-antigen (S-Ag) were given intraperitoneal injection of
the combined drugs for 14 days after the immunization with S-Ag. Effects were evaluated by
clinical observations, histological examination and immune response. The combination ther-
apy with tacrolimus (0.1 mg/kg per day) and rapamycin (0.03 mg/kg per day) achieved 100%
suppression of clinical EAU and 66.7% suppression of histological EAU; tacrolimus com-
bined with a higher dose of rapamycin (0.1 mg/kg per day) caused 100% suppression clini-
cally and histologically. Therapy with either drug alone achieved only partial suppression:
tacrolimus alone (0.1 or 0.2 mg/kg per day) or rapamycin alone (0.03-0.2 mg/kg per day).
Doubling the dose of either drug produced only 16.7% suppression with rapamycin or 50%
suppression with tacrolimus. The serum antibody levels to S-Ag and proliferative response of
lymphocytes to S-Ag were also significantly suppressed by the combination therapy with low

doses of tacrolimus and rapamycin. Jpn J Ophthalmel 1997;41:396-402 © 1997 Japanese

Ophthalmological Society
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Introduction

Tacrolimus (FK506) is a new antibiotic of the mac-
rolide family isolated from the fermentation broth of
Streptomyces tsukubaensis.! The compound binds to
a specific cytosolic binding protein, FK-binding pro-
tein (FKBP), forming a complex which inhibits ex-
pression of the early phase of T-cell activation genes,
thus inhibiting T-cell-mediated immune responses.
The effect of tacrolimus on uveitis was tested in reti-
nal soluble antigen (S-Ag)-induced experimental au-
toimmune uveoretinitis (EAU); it suppressed the
development of EAU at doses 30 times lower than
cyclosporine, when given from the day of immuniza-
tion.” Furthermore, tacrolimus suppressed the inten-
sity of EAU when given only after the onset. The ef-
ficacy of tacrolimus and its safety for uveitis patients
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were tested in a multi-center clinical trial in Japan.
The clinical study revealed that tacrolimus was effec-
tive in refractory uveitis including Behget’s disease,
although there were a variety of adverse side effects
which included renal impairment, neurological symp-
toms and hyperglycemia.> Rapamycin, also an antibi-
otic of the macrolide family, was isolated from the
fermentation broth of Streptomyces hydroscopicus
more than a decade ago.*> Although the structure of
rapamycin is very similar to tacrolimus (Figure 1) and
the two compounds share the same cytosolic binding
protein (FKBP), their molecular mechanisms of im-
munosuppression are different. Tacrolimus inhibits
the early phase of T-cell activation genes, while rapa-
mycin inhibits the late phase of IL-2 receptor-medi-
ated T-cell activation. Rapamycin inhibited develop-
ment of S-Ag-induced EAU at doses between 0.025
and 1.0 mg/kg per day when administered by contin-
uous intravenous infusion by miniosmotic pump.®
Because the therapeutic applications of cyclospo-
rine, tacrolimus, and rapamycin appear to be very
limited, combination therapy with these drugs at low
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Figure 1. Structure of tacrolimus and rapamycin.

doses might be beneficial. Rapamycin (0.01 mg/kg
per day) combined with cyclosporine (2 mg/kg per
day) was significantly more effective in suppressing
EAU than either drug alone.” The present study
was, therefore, aimed at investigating the efficacy of
combination therapy with tacrolimus and rapamycin
for EAU.

Materials and Methods
Animals

Rats of the inbred Lewis strain were purchased
from Charles River Japan (Atsugi, Kanagawa). Male
rats 8-10 weeks of age were used. These investiga-
tions conformed to the ARVO Resolution on the
Use of Animals in Research.

Immunization

S-Ag was prepared at our laboratory from bovine
retinas according to the methods of Dorey et al® and
Fujino et al.” The antigen was emulsified (1:1, v:v) in
complete Freund’s adjuvant (CFA; Difco, Detroit,
MI, USA), containing Mycobacterium tuberculosis
H37 RA (Difco) at a concentration of 2.0 mg/mL. A
total volume of 100 pL per rat, containing 20 pg
S-Ag, was injected into one hind footpad.

Drugs

Tacrolimus (a gift from Fujisawa Pharmaceutical
Co., Ltd., Osaka) was suspended in 1/15 mol/L phos-
phate-buffered saline (PBS) (pH 7.4), and rapamy-

cin (a gift from Wyeth-Ayerst Research, Princeton,
NJ, USA) was solubilized in a vehicle composed of
0.2% sodium carboxymethylcellulose (Sigma Chem-
ical, St. Louis, MO, USA), 0.25% polyoxyethylene
(20) sorbitan monooleate (Wako Pure Chemical In-
dustries Ltd., Osaka), and distilled water.

Therapy

The rats were divided into three groups: single
drug therapy with tacrolimus (0.1 or 0.2 mg/kg per
day), single drug therapy with rapamycin (0.03, 0.06,
0.1, or 0.2 mg/kg per day), and combination therapy
with tacrolimus (0.1 mg/kg per day) and rapamycin
(0.03 or 0.1 mg/kg per day). Drugs were given by in-
traperitoneal injection once a day on days 0-14 after
immunization with S-Ag. Control rats were treated
with intraperitoneal injection of PBS and the vehicle
for rapamycin.

Evaluation of EAU

Rats were monitored daily under an operation mi-
croscope for clinical evaluation of EAU develop-
ment. The onset of EAU was confirmed when fibrins
were detected in the anterior chamber. The clinical
score was graded into four categories: 0, no inflam-
mation; 1+, mild inflammation with small fibrins in
the anterior chamber; 2+, moderate inflammation
with hypopyon; 3+, severe inflammation with hy-
popyon, hyphema, and protrusion of the eyeball.!®

All eyes were enucleated under general anesthesia
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with diethylether on days 15-17 after immunization,
fixed in 2.5% glutaraldehyde 4% formaldehyde solu-
tion, and embedded in glycol methacrylate. Sections
cut at 4 pm were stained with hematoxylin and
eosin, and examined with a light microscope. The
EAU scores by histological examinations were as
follows: 0, no inflammation; 0.5+, inflammatory cell
infiltration of the retina without lesion or with pho-
toreceptor damage covering less than 1/4 of the ret-
ina; 1+, photoreceptor outer segment damage in =>1/4
of the retina; 2+, lesion extending to the outer nu-
clear layer and in =1/4 of the retina; 3+, lesion ex-
tending to the inner nuclear layer and in =1/4 of the
retina; 4+, full thickness retinal damage in =1/4 of
the retina.!!

Evaluation of the Immune Responses

Antibody levels in sera. The heparinized periph-
eral blood and spleen were collected under general
anesthesia, before the rats were sacrificed by CO,.
Blood samples were used to measure the serum lev-
els of antibody to S-Ag using an enzyme-linked im-
munosorbent assay (ELISA). Briefly, 96-well polyvi-
nylchloride plates (Becton Dickinson Labware,
Lincoln Park, NJ, USA) were coated with S-Ag (100
pL per well at a concentration of 5 pg/mL) in 1/15
mol/L. phosphate buffer (PBS, Iatron Laboratories,
Tokyo) at pH 9.6. After overnight incubation at 4°C
and washing five times with 1/15 mol/L PBS (pH
7.4), the wells were incubated with 1/15 mol/L PBS
(pH 7.4) containing 10% fetal calf serum (FCS) (Bi-
oserum, Victoria, Australia) for 1 hour at room tem-
perature. After washing the wells again as described
above, an aliquot (100 wL) of serial dilution of serum
samples, diluted with 1/15 mol/L. PBS (pH 7.4) con-
taining 10% FCS were added. Following incubation
for 1 hour at room temperature, the wells were
washed five times with 1/15 mol/L PBS (pH 7.4).
One hundred pL of a 1:1000 dilution of peroxydase
conjugated anti-rat IgG (Wako) was added to each
well, and the plates were incubated for 1 hour at
room temperature. Excess conjugates were washed
out and 100 pL of substrate solution (0.4 mg/mL
o-phenylenediamine in citrate PO, buffer, pH 4.8,
supplemented with 0.0093% H,0, shortly before
use) was added to the wells. After 10 minutes of in-
cubation at room temperature, the optical density
(OD) was measured at 492 nm using an automated
device (Titertek Multiscan MCC/340, Flow laborato-
ries, McLean, VA, USA). Antibody levels were ex-
pressed as the absorbance values at 1:640 dilution of
each serum sample.
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Proliferative responses of lymphocytes. Prolifera-
tive responses of lymphocytes to S-Ag or Concanava-
lin A (Con A) (Sigma) were measured using non-ad-
herent spleen cells. Briefly, the spleens from the rats
were gently teased in RPMI-1640 medium (Gibco,
NY, USA), supplemented with 100 U/mL penicillin,
100 pwg/mL streptomycin, 2 mmol/L L-glutamine, and
2% FCS. The cell suspension was washed twice in
the medium and was depleted of erythrocytes using
10% Tris-ammonium chloride. The cell suspension
was incubated in 100 X 20 mm plastic dishes (Corn-
ing, NY, USA) at 4°C for 1 hour and nonadherent
cells were collected. The nonadherent splenocytes
were cultured in triplicate in a 96-well u-bottomed
plate (4 X 10° cells/well) (Becton Dickinson Lab-
ware) in RPMI-1640 medium with 5% FCS. The cul-
tures were stimulated with S-Ag (2 pg/mL) or Con
A (5 pg/mL) for 4 days at 37°C with 100% humidity
with 5% CO; in air, and pulsed with 1.0 wCi [H3]thy-
midine for the last 16 hours of culture. The cells were
harvested with an automatic cell harvester (Micro 96
harvester 11055, Skatron, Oslo, Norway), and incor-
porated radioactivity was measured by a liquid scin-
tillation counter (LSC-1000, Aloka, Tokyo). The re-
sults were expressed as the arithmetic means of
counts per minute (cpm) * SD of triplicate measur-
ing and the arithmetic means of stimulation index
(cpm of stimulated cultures) / (cpm of nonstimulated
cultures) = SD.

Systemic Condition

To monitor the systemic condition of the rats,
their body weight was measured before the therapy,
on day 7 and day 14 during the drug therapy. The
body weight was expressed as a percent increase of
the baseline (before therapy).

Statistical Analysis

Statistical analysis was carried out using Student’s
t-test, x* test, or Mann—-Whitney U-test, as indicated.

Results

Effects of Tacrolimus and Rapamycin on
Clinical EAU

The clinical evaluation of EAU in rats treated
with tacrolimus and/or rapamycin is summarized in
Table 1. All control rats treated with PBS and the
vehicle (Group A in Table 1) developed severe EAU
on day 11.8 = 1.0 (mean * SD) post-immunization.
Single drug therapy with tacrolimus or rapamycin
(Groups B-G) suppressed EAU in a dose-dependent
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Table 1. Effects of Drug Therapy on Clinical EAU
Development

EAU Development
Drug (mg/kg per day) Eyes With Clinical
Group  Tacrolimus Rapamycin EAU/Total Score?
A — — 20/ 20° 24 +0.7
B 0.1 — 8/10 1.1+x04
C — 6/12° 2705
D — 0.03 11/12° 25*05
E — 0.06 10/ 12° 2.6 205
F — 0.1 6/12" 22x08
G — 0.2 5/12b¢ 14 =405
H 0.1 0.03 0/18 —
1 0.1 0.1 0/14 —

#Final clinical score of EAU eyes (mean * SD).
b P < 0.05 by ¥ test as compared with group H.
¢P < 0.05 by ¥? test as compared with group L.

manner. The lower dose of tacrolimus (0.1 mg/kg per
day) had minimal effects and a twofold higher dose
suppressed EAU in only one-half of the treated rats.
Similarly, low doses of rapamycin (0.03 and 0.06 mg/kg
per day) had minimal effects on EAU. Even with the
highest dose of rapamycin tested, 0.2 mg/kg per day, a
complete suppression of EAU was not achieved. In
contrast to the single drug therapy, combination ther-
apy with low doses of tacrolimus (0.1 mg/kg per day)
and rapamycin (0.03 or 0.1 mg/kg per day) achieved
complete suppression of EAU by clinical evaluation
and the difference was statistically significant (Table 1).

Drug Effects on Histological EAU

Drug effects were further evaluated by histologi-
cal examinations (Table 2 and Figure 2). All eyes in

Table 2. Effects of Drug Therapy on Histological Score
of EAU

Histological Examination

Drug (mg/kg per day) Eyes With

Group  Tacrolimus Rapamycin  EAU/ Total Score®
A — — 20/ 20b¢ 2.9 +1.3d
B 0.1 — 9/10b¢ 1.6 = 0.5¢
C 0.2 — 6/12¢ 23+ 1.44
D — 0.03 11/ 12b¢ 3.1 =08
E — 0.06 10/ 12b¢ 33 =09
F — 0.1 7/12¢ 20x14
G — 0.2 6/12¢ 23+ 144
H 0.1 0.03 6/18 1.0 £ 0.0
I 0.1 0.1 0/14 —

“Severity indicated by histological score of EAU eyes (mean = SD).
bP < 0.05 by x° test as compared with group H.

°P < 0.05 by ¥’ test as compared with group 1.

4P < 0.05 by Mann Whitney U-test as compared with group H.
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control rats (Group A in Table 2) exhibited high his-
tological scores (Figure 2A). The histological exami-
nations essentially confirmed the clinical evalua-
tions. The highest doses of either tacrolimus (0.2 mg/
kg per day) or rapamycin (0.2 mg/kg per day) alone
caused only 50% suppression. Much higher suppres-
sion (12/18, 66.7%) was achieved by combination
therapy (0.1 mg/kg per day of tacrolimus and 0.03
mg/kg per day of rapamycin), and the histological
score in this group was significantly lower than con-
trol (Table 2 and Figure 2B). None of the eyes in rats
treated with tacrolimus (0.1 mg/kg per day) combined
with rapamycin (0.1 mg/kg per day) (Group I) devel-
oped EAU which could be detected by histological
examinations (Figure 2C).

Drug Effects on Immune Responses

The antibody levels in the sera and proliferative
responses of lymphocytes are summarized in Tables
3 and 4. Control rats (Group A) exhibited high levels
of antibody to S-Ag, and high proliferative responses
to S-Ag and Con A. A low dose of tacrolimus (0.1
mg/kg per day) did not suppress the antibody levels
and proliferative responses of lymphocytes. Rapam-
ycin (0.03 mg/kg per day) significantly suppressed
only the antibody levels. A higher dose of rapamycin
(0.1 mg/kg per day) suppressed both antibody levels
and proliferative responses of lymphocytes. A com-
bination therapy of tacrolimus (0.1 mg/kg per day)
and rapamycin (0.03 or 0.1 mg/kg per day) caused
much stronger suppression in the antibody levels
and proliferative responses of lymphocytes. In addi-
tion, the immune responses in the combination ther-
apy groups were significantly lower than those in the
group treated with tacrolimus alone (Group B).

Systemic Condition

Body weight was monitored as a parameter of the
systemic toxic effects of the drugs (Figure 3). Con-
trol rats immunized with S-Ag without drug therapy
gained body weight as time passed. None of the ther-
apies tested in the study affected body weight com-
pared to the control group.

Discussion

The data recorded here demonstrated that tacroli-
mus and rapamycin are either additive or synergistic
in the suppression of EAU in rats. Combination
therapy with low doses of tacrolimus (0.1 mg/kg per
day) and rapamycin (0.03 mg/kg per day) (Group H
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Figure 2. Histological changes in drug-treated rats (Hematoxylin and eosin, bar: 20 um). (A) Control rat treated only with
PBS and rapamycin vehicle: maximum (+4) EAU changes. (B) Rat treated with a combination of tacrolimus (0.1 mg/kg per
day) and rapamycin (0.03 mg/kg per day): minimum (+1) EAU changes. (C) Rat treated with tacrolimus (0.1 mg/kg per
day) and rapamycin (0.1 mg/kg per day) showing no change in EAU.

in Table 1) produced 100% suppression of clinical
EAU, whereas doubling the dose of tacrolimus
alone (0.2 mg/kg per day) or rapamycin alone (0.06
mg/kg per day) caused only 50% or 16.7% suppres-
sion, respectively (Groups C and E). Although one-
third of the animals in the group undergoing combi-
nation therapy had EAU histologically (Group H in
Table 2), its incidence and histological score was sig-
nificantly lower than in animals in the single drug
therapy groups. In addition, combination therapy
with 0.1 mg/kg per day tacrolimus and 0.1 mg/kg per
day rapamycin (Group I) caused a complete sup-
pression of EAU by histological confirmation. In our
previous study, a complete suppression of EAU was
achieved by intraperitoneal tacrolimus at a dose of
1.0 mg/kg per day, which is a tenfold higher dose
than used for combination therapy in the present ex-

periment. These data strongly suggest that tacroli-
mus and rapamycin are synergistic, rather than addi-
tive. This notion was further supported by the drug
effects on the immune responses.

Table 3. Effects of Drug Therapy on Antibody to
S-Antigen

Drug (mg/kg per day) Antibody to S-Ag
Group  Tacrolimus  Rapamycin (OD at 492 nm)
A — — 1.281 + 0.420 (n = 8)
B 0.1 — 1.149 + 0.548 (n = 8)
D — 0.03 0.531 + 0.424 (n = 9)*
F — 0.1 0.290 + 0.345 (n = 9)*
H 0.1 0.03 0.162 * 0.125 (n = 9)>*
I 0.1 0.1 0.047 = 0.017 (n = 11)2°

3P < (.05 by Student’s ¢-test as compared with group A.
bpP < 0.05 by Student’s t-test as compared with group B.
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Table 4. Effects of Drug Therapy on Lymphocyte Proliferation

Group Tacrolimus

Drug (mg/kg per day)

Proliferative Response of Lymphocytes

Rapamycin None

A

B

0.1

0.1

0.1

0.03

0.1

0.03

0.1

4034.4 + 1497.92
(n=7)
3049.8 + 910.9
(n=6)
6070.6 + 3099.2
(n=6)
6390.5 = 2400.0
(n=S5)
64747 = 1719.9
(n="7)
6157.6 = 4028.2
(n=5)

Con A (2 pg/mL) S-Antigen (5 ng/mL)
107340.9 + 81794.7 10976.2 = 6917.1
[26.6 + 203] [2.7 + 1.7]°
63827.1 + 48589.9 7551.7 = 2493.0
[20.9 *+ 15.9] [2.5 + 0.8]
125100.8 = 79005.0 11501.4 = 11711.0
[20.6 = 13.0] {19 = 1.9]
104210.5 =+ 93985.0 7733.6 + 6212.3°
[163 = 14.7] (12 = 1.0]
76868.5 = 35339.5¢¢ 6497.0 = 3723.9°¢
[11.9 + 5.5} [1.0 = 0.6]
78271.0 * 36584.7¢ 7614.3 + 4327.3¢°4
[12.7 + 59 (1.2 +0.7]

2Mean c.p.m. of incorporated [H?] thymidine = SD.
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bMean stimulation index *+ SD.

¢P < 0.05 by Student’s #-test as compared with group A.
4P < 0.05 by Student’s t-test as compared with group B.

Tacrolimus inhibits the expression of the early
phase of T cell activation genes, including IL-2, IL-3,
IL-4, gamma interferon, tumor necrotizing factor
and granulocyte-macrophage colony stimulating fac-
tor. On the other hand, rapamycin has no effect on
the expression of these early T cell activation genes,
but strongly inhibits the late IL-2 receptor associated
signal pathway. The differences in the immunosup-
pressive properties between the two drugs are con-
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Figure 3. Body weight of drug-treated rats. The body weight
was expressed as percent increase of body weight before
treatment. +: control. [I: tacrolimus 0.1 mg/kg per day. s+:
tacrolimus 0.2 mg/kg per day. A: rapamycin 0.03 mg/kg per
day. $: rapamycin 0.06 mg/kg per day. V: rapamycin 0.1
mg/kg per day. O: rapamycin 0.2 mg/kg per day. B: tacroli-
mus 0.1 mg/kg per day + rapamycin 0.03 mg/kg per day. @:
tacrolimus 0.1 mg/kg per day + rapamycin 0.03 mg/kg
per day.

sidered to be, at least in part, attributed to the syner-
gistic effects.

The combination of the two drugs was well toler-
ated in the experiment. All rats gained body weight
during therapy. Minimal weight loss occurred com-
pared with the control group, but the body weight in
the combination group was not statistically different
from that in the control group. The most signifi-
cantly toxicity of rapamycin reported in the litera-
ture was myocardial toxicity in the rat at 1.0 mg/kg
per day'? which is a thirtyfold higher dose than the
dose used in this study. As for tacrolimus, a previous
clinical study in uveitis patients revealed that thera-
peutic doses of tacrolimus by oral administration
caused a variety of adverse side effects, such as renal
impairment, neurological symptoms, gastro-intesti-
nal symptoms and hyperglycemia.? Although the
route of administration and species were different,
0.1 mg/kg per day of tacrolimus in combination with
rapamycin (0.03 mg/kg per day) was not toxic, but
effective in suppressing EAU in the present experi-
ment. Therefore, the use of rapamycin in combina-
tion with tacrolimus allows administration of a dose
of each drug much lower than the minimal toxic
dose, and yet still maintains a therapeutic effect.

In conclusion, the present data suggest that a com-
bination therapy with low doses of tacrolimus and
rapamycin might be beneficial in treating patients
with refractory uveitis, for better efficacy and less
adverse side effects.

This study was supported by a grant from the Ministry of Educa-
tion, Science, Sports, and Culture of Japan (#05771458).




402

References

. Kino T, Hatanabe H, Hashimoto M, et al. FK506, a novel im-

munosuppressant isolated from a streptomyces: 1. Fermenta-
tion, isolation, and physio-chemical and biological character-
istics. J Antibiotics 1987;40:1249-55.

. Kawashima H, Fujino Y, Mochizuki M. Effects of a new immu-

nosuppressive agent, FK506, on experimental autoimmune uve-
oretinitis in rats. Invest Ophthalmol Vis Sci 1988;29:1265-71.

. Mochizuki M, Masuda K, Sakane T, et al. A multicenter clini-

cal open trial of FK506 in refractory uveitis, including Beh-
get’s disease. Transplant Proc 1991;23:3343-6.

. Sehgal SR, Baker H, Vezina C. Rapamycin (AY-22, 989), a

new antifungal antibiotic: II. Fermentation, isolation and
characterization. J Antibiot 1975;28:727-32.

. Vezina C, Kudelski A, Sehgal SN. Rapamycin (AY-22, 989), a

new antifungal antibiotic. Taxonomy of the producing strep-
tomycete and isolation of the active principle. J Antibiot
1975;28:721-6.

. Roberge FG, Xu D, Chan CC, et al. Treatment of autoim-

mune uveoretinitis in the rat with rapamycin, an inhibitor of

10.

11.

12.

Jpn J Ophthalmol
Vol 41: 396402, 1997

lymphocyte growth factor signal transduction. Curr Eye Res
1993;12:197-203.

. Martin DF, DeBarge LR, Nussenblatt B, et al. Synergistic ef-

fect of rapamycin and cyclosporin A in the treatment of ex-
perimental autoimmune uveoretinitis. J Immunol 1995;154:
922-7.

. Dorey C, Cozette J, Faure JP. A simple and rapid method for

isolation of retinal S-antigen. Ophthalmic Res 1982;14:3498-
502.

. Fujino Y, Kawashima H, Okumura A, Mochizuki M. Purifica-

tion and uveogenicity of retinal antigens. Ophthalmol Jpn
1987;91:498-508.

Kawashima H, Mochizuki M. Effects of new immunosuppres-
sive agent, FK506, on the efferent limb of the immune re-
sponses. Exp Eye Res 1990;51:565-72.

Roberge FG, Lorberboum-Galski H, Le Hoang P, et al. Selec-
tive immunosuppression of activated T cells with the chimeric
toxin IL-2-PE40. J Immunol 1989;143:3498-502.

Chan CC, Martin DF, Xu D, Roberge FG. Side effects of ra-
pamycin in the rat. J Ocul Pharmacol Ther 1995;11:177-81.



