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Chen' ' 

Laboratoryy of" Immunology. National Lye Institute, Bethesda. MI) . USA and 'Laboratory of experimental 
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ABSTRACT T 
Rapamycinn (RAPA) is a macrolide antibiotic with 

uniquee immunosuppressive properties. RAPA inhibits 
T-celll function by interlering with IL-2 and IL-4 signal 
transduction.. It does not prevent IL-2 production or 
IL-2RR expression. The efficacy of RAPA in the treatment 
off autoimmune diseases was evaluated using the 
experimentall autoimmune uveoretinitis {EAU} model, 
EAUU was actively induced in Lewis rats by 
immunizationn with S-antigen in Hunter's adjuvant. 
RAPAA and control vehicle were administered by 
continuouss intravenous infusion over a 14 day period 
byy miniosmotic pump. RAPA treatment initiated on the 
dayy of immunization or 7 days later was found to 
efficientlyy inhibit EAU induction. The minimal effective 
dosee was 0.1 mg/kg/d. EAU inhibition was correlated 
withh reduced number of ceils in the immunization site 
drainingg lymph nodes, as weli as with a shift and 
loweringg of the peak of the lymphocyte proliferative 
responsee curve. The anti-S-antigen antibody response 
wass delayed by 3 days under RAPA treatment and the 
serumm levels lowered in a dose dependent manner. An 
initiall body weight loss was observed during the first 
weekk of drug administration, but there was a normal 
weightt gain afterward. 

INTRODUCTION N 

Rapamycinn (RAPA) is a macrolide antibiotic 

originallyy studied for its antifungal properties. It has 

moree recently attracted attention as an 

immunosuppressivee agent (1). It was purified from 

isolatess of Streptomyces hygroscopicus collected on 

Easterr Island (2). RAPA was shown to have a strong 

anti-rejectionn activity in several animal models of organ 

transplantation.. Heart and skin allografts were 

prolongedd in the mouse by intraperitoneal (i.p.) 

injectionn and oral treatment (3, 4). In rats, early 

treatmentt prevented the rejection of heart, kidney, and 

pancreaticoduodenall grafts, while delayed treatment 

couldd reverse the process of ongoing rejection (5-8). 

Overr the past two years the mechanism of action of 

RAPAA has begun to be understood. RAPA was found to 

inhibitt T cell proliferative signals of both Ca2+ 

dependentt and Ca2+ independent pathways (9-12). 

Thee inhibition could not be overcome by the addition of 

IL-22 or IL-4. In fact the production of these lymphokines 

ass well as the expression of the IL-2 receptor were not 

suppressedd by RAPA as they were by cyclosporin A 

(CsA)) and FK 506. On B cells the effect of RAPA varied 

withh the stimulus tested. Mouse B cetl proliferation 

stimulatedd by S-Mercaptoguanine was inhibited in the 

presencee of RAPA but only delayed when stimulated by 

anti-IgMM or lipopolysaccharide (13). On the other hand 

thee pokeweed mitogen driven proliferation and 

antibodyy production of human B cells was profoundly 

suppressedd by RAPA (14). 

Thesee observations and an early report by Martel 

ett al indicated that RAPA could be useful in the 

treatmentt of autoimmune diseases (15). One of the 

bestt described models of these diseases is 

experimentall autoimmune uveoretinitis (EAU). EAU is 

inducedd in various species by immunization with 

purifiedd retinal antigens (16-20). It is better 

characterizedd in the Lewis rat in which retinal lesions 

aree caused by a monocytic infiltration occurring 12 to 

155 days after immunization with S-antigen (S-Ag) (21). 

AA critical role was ascribed to T cells because athymic 

nudee rats are resistant to EAU induction unless 

adoptivelyy transferred with heterozygous syngeneic T 

cellss (22). In the Lewis rat, the T cell responsible for 

transferr was shown to be phenotypically contained 

withinn the CD4+ subpopulation (23). EAU was also 

inhibitedd by treatment with CsA (24), and by selective 

killingg of activated T cells with a recombinant IL-2-toxin 

fusionn protein (25). In this first study on the activity of 

RAPAA in EAU, we report the inhibition of actively 
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inducedd disease with low dose intravenous (i.v.) 

infusionn and characterize its effect on the immune 

response. . 

MATERIALSS AND METHODS 

Immunizationn and, { p imen t protocol 

Malee Lewis rats between 8 to 12 weeks old 

(Charles-River,, Montreal, Que.) were immunized in one 

hindd footpad with 20 ng S-Ag (26) in PBS, emulsified 

1:11 v:v in Hunter's adjuvant (TiterMax™, CytRx, 

Norcross,, Ga.) for a total volume of 40 |il per rat (27), 

RAPAA (provided by Wyeth-Ayerst Reseach, Princeton, 

NJ)) was solubiiized in a vehicle composed of 70% 

polyethylenee glycol MW 400, 10% Tween 80, and 20% 

N,NN dimethylacetamide (Sigma, St. Louis, MO). 

Treatmentt was delivered at the indicated doses by 

continuouss i.v. infusion over a period of 14 days by 

meanss of a miniosmotic pump (Alzet model 2002, Alza, 

Paioo Alto, CA) implanted in the abdominal cavty and 

connectedd to a iumbar vein. Surgery was pertcmed 

underr anesthesia with sodium pentobarbital 40 mg/kg 

inn 0.5 ml PBS injected i.p. EAU was evaluated by 

histopathologicc examination of the eyes 

andd the severity graded from 0.5 to 4.0 as described 

previouslyy (25). The eyes were collected on day 17 

whenn the treatment started on the day of immunization 

(dayy 0), and on day 28 when the treatment started on 

dayy 7. The rats were weighed at seven day intervals 

andd the percent variation was calculated in reference to 

thee treatment initiation weight and is reported as the 

averagee + SD of groups of seven rats. The animals 

weree cared for according to the guidelines of the 

Associationn for Research in Vision and Ophthalmology. 

Lymphocytess proliferation assay 

Ratss were immunized and the treatment with 

RAPAA 1,0 mg/kg/d or vehicle alone was started on the 

samee day. The draining lymph nodes (DLN) of the 

immunizationn site were removed on day 6,9,11,13, 

andd 15, and prepared to single cell suspension. Celts 

weree cultured in flat bottom microtiter plates at 2 x 10$ 

cells/welll in 200 u.1 of RPMI 1640 supplemented with 2 

mMM L-glutamine, 1 mM sodium pyruvate, 0,1 niM non-

essentiall amino acids, 5 x 10 5 M 2- mercaptoethanol, 

andd 50 u.g/ml gentamycin, and containing 10% FBS 

(Hyclone,, Logan, UT). Cultures were done in 

quadruplicatee in the presence of S-Ag 5 ug/ml, or Con 

AA 2 ug/ml (Boehringer Mannheim, Indianapolis, IN), or 

mediumm alone. [3H] thymidine 0.5 u.Ci/well was added 

forr the last 16 h of the 64 h culture period and the 

incorporatedd radioactivity measured by liquid 

scintillationn counting. Results for each time point are for 

groupss of four to eight rats and are given as the 

averagee  SEM of the stimulation indices representing 

(cpmm of Ag-stimulated cultures) / (cpm of non-stimulated 

cultures). . 

Measurementt of antibody production 

Serumm antibody levels against S-Ag were 

measuredd at the indicated time points by solid phase 

ELISAA following Tuyen et al (28). Serum samples were 

measuredd at a 1 ;100 dilution. The secondary 

antibodiess were peroxidase conjugated sheep anti-rat 

IgGG and IgM (Kirkegaard and Perry, Gaithersburg, MD). 

Statisticall differences were evaluated using unpaired 

Student'ss f-test. 

RESULTS S 

Inhibitionn of EAU induction bv RAPA. and immune 

functionn correlates 

Treatmentt was initiated at two different time points. 

Thee capacity of RAPA to inhibit EAU induction was first 

testedd by implanting the osmotic pumps on the day of 

immunization.. Treatment was also started seven days 

afterr immunization when the immune response was 

alreadyy activated to test conditions more pertinent to 

actuall disease. Treatment cannot be defayed until EAU 

hass started because of its brief evolution course. The 

resultss obtained with treatment on the immunization 

dayy showed a complete inhibition of the disease at a 

dosee of 1.0 mg/kg/day (table 1). When treatment at the 

samee dose was delayed for 7 days, the therapeutic 

responsee was also complete (table 1). Graded dose 

reductionn showed that EAU could still be effectively 

inhibitedd at a dose of 0.1 mg/kg/d, while a majority of 

ratss had disease at lower doses. The increase in the 

numberr of cells contained in the lymph nodes draining 

thee site of immunization was significantly reduced by 

RAPAA treatment (figurel). The sensitization of 

lymphocytess to S-Ag during treatment was evaluated 

byy measuring the in vitro proliferative response. The 

resultss are depicted in figure 2. There was a shift of 
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EAU§§ Severity E 

8 / 88 1.78 5 

TABLEE I 

EFFECTT OF RAPAMYCIN ON EXPERIMENTAL AUTOIMMUNE UVEORETINITIS' 

TREATMENT?? Day 0 to 14 Day 7 to 21 

EAU U 

VEHICLE E 

RAPAA 1.00 mg/kg/d 

RAPAA 0.50 mg/kg/d 

RAPAA 0.10 mg/kg/d 

RAPAA 0.05 mg/kg/d 

RAPAA 0.025 mg/kg/d 

** Male Lewis rats were immunized (day 0) in one hind footpad with S-Ag 20 jig/rat 
emulsifiedd 1:1 v/v in 20 |.il Hunter's adjuvant. Results indicate number of rats positive 
forr EAU on histopathological examination. The severity is given by the average 
histopathologicc score (+SE) of positive eyes only. 
 Treatment with Rapamycin or vehicle only was given for 14 days by continuous 
intravascularr infusion in the lumbar vein with an osmotic pump (Alzet model 2002) 
implantedd i.p. either at the time of immunization or 7 days later where indicated. 

§§ The eyes were removed 17 days after immunization. 
HH The eyes were removed 28 days after immunization. 

EAU^ ^ 

14// 15 

0 /15 5 

2 /14 4 

2 /14 4 

5 / 7 7 

6 / 8 8 

Severityy E 

3.777 5 

22 50 0 

3.500 0 

3.699 1 

2.722 5 
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severall days in the proliferation curve as well as a 

loweringg of the peak of the response. Measurement of 

thee antibody production when treatment started on day 

00 showed that it was delayed by three days but 

progressivelyy increased to reach levels close to those 

off the controls at the end of the treatment period (figure 

3-A).. When treatment was started on day 7 with various 

dosess of RAPA. there was a dose dependent decrease 

off the antibody levels for the duration of the three-week 

observationn period (figure 3-B). 

Generall toxicity of RAPA 

AA limited loss of weight in the rats treated with 

RAPAA was observed in all experiments. Compared to 

thee vehicle control group, rats treated with RAPA 10 

mg/kg/dd from day 0 had a 9% average decrease in 

weight.. The variation in the weight of rats after day 7 

treatmentt with various doses of RAPA is shown in figure 

4.. During the first week after pump placement, a similar 

weightt loss was noticeable at all therapeutic RAPA 

doses.. However, during the second week of treatment 

REDUCTIONN OF DLN CELL NUMBER BY RAPAMYCIN 

1200 -

100 0 

800 -

600 -

400 -

20 0 

0 0 

 Vehicle 

(( Rapamycin 1.0 mg 'kg d 

|| } 

| | 1 1 1 1 
JL L 

Figuree 1. 
Viablee cell counts in the DLN of rats, as the average 

DD from groups of 4 to 8 animals immunized with 
S-Agg 20 u.g in Hunter's adjuvant, and treated from day 
00 with RAPA 1.0 mg/kg/d or vehicle alone by 
continuouss i.v. infusion with a miniosmotic pump. 
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EFFECTT OF RAPAMYCIN TREATMENT ON 
LYMPHOCYTEE PROLIFERATION TO S-ANTIGEN 

Figuree 2. 
Inn vitro proliferative response of DLN cells (2 x 1fj5 
cells/well)) to S-Ag 5 ng/ml. Lewis rats were treated 
fromm the day of immunization with RAPA 1.0 mg/kg/d or 
vehiclee alone by continuous i.v. infusion with a 
miniosmoticc pump. Results are given as the average 
S.I.. M of groups o! 4 to 8 rats. 

thee initial loss was regained, and the rats growth 

continuedd normally during the following week. 

DISCUSSION N 

Thee increased understanding of the mechanism of 

uveitiss brought about by the study of EAU in animals 

hass allowed for improvement in our therapeutic 

approach.. In particular the demonstration of the critical 

rolee played by T cells has led to the use of CsA with 

greatt success (29,30). FK 506 is also currently being 

clinicallyy evaluated in Japan for the treatment of severe 

uveitiss (31). RAPA is related to CsA and FK 506 by its 

non-cytotoxicc mode of action, as opposed to agents 

suchh as cyclophosphamide or chlorambucil . CsA and 

FKK 506 prevent the transcription of T cell IL-2 and IL-4 

geness (32-34). RAPA appears to differ from all other 

immunosuppressivee agents through its capacity to 

inhibitt lymphocytes by preventing the signal 

transductionn of growth factors (9-12). This effect was 

reflectedd by the observed reduction in the number of 

cellss present in the lymph nodes of immunized animals. 

EFFECTT OF RAPAMYCIN TREATMENT ON ANTIBODY PRODUCTION 

11 1 

1.0 0 

0.9 9 

0.8 8 

0.7 7 

0.6 6 

0.5 5 

0.4 4 

0.3 3 

0.2 2 

0.1 1 

.. B 

 / / 

'/// '/// f f 

11 / Rapamycin / ^ 

Vehiclee ^ ^ 

Figuree 3. 
Antii S-Ag antibody levels in the serum of rats treated in 
AA from day 0 and in B from day 7 after immunization, 
withh RAPA 1.0 mg/kg/d , 0.1 mg/kg/d (A) or vehicle 

alonee (O). Results are the average M of groups of 
77 rats. The difference between RAPA and vehicle 
treatedd Ab levels w is statistically significant with 
p<< 0.005 at all time points except days 14 and 17 in A. 
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RATSS WEIGHT VARIATION UNDER RAPAMYCIN TREATMENT 

DAYY 14 DAY 21 DAY 28 

Figuree 4. 
Variationn in the weight of rats measured at weekly 
intervalss and given as percent change D relative to 
thee day of treatment initiation (day 7 after 
immunization).. Groups of 7 rats were treated with 
vehiclee alone (D). or RAPA at 1.0 (•) , 0.5 (0),O.1 ( • ) , 
0.055 (E3), or 0.025 (B ) mg/kg/d by continuous i.v. 
infusionn with a miniosmotic pump. 

Thee decrease in the capacity of the remaining cells to 

respondd to stimulation by S-Ag in culture further 

indicatedd that the expansion of the S-Ag specific cell 

populationn had been prevented. 

Higherr levels of antibody production are usually 

obtainedd when immunizing with Hunter's adjuvant 

comparedd to Freund's adjuvant (27). Although using 

Hunter'ss adjuvant, we observed a sizable reduction in 

thee anti-S-Ag antibody levels during RAPA treatment. 

Inn previous reports of EAU induced with S-Ag in 

Freund'ss adjuvant, CsA treatment did not affect the 

antibodyy levels (35), while FK 506 caused a profound 

depressionn of these levels (36). In general the 

persistencee of an appreciable antibody production is 

advantageouss in the immunosuppressive treatment of T 

celll mediated diseases such as uveitis, because it 

helpss to prevent intercurrent complicating infections. 

Onn that account cytomegalovirus retinitis, a common 

opportunisticc viral disease in the immunosuppressed, 

wass reported in patients treated with FK 506 (37). 

Onee of the most serious problems in the treatment 

off autoimmune disease is the need for the 

immunosuppressionn to be sustained for prolonged 

periodss of time. The likelihood of developing 

complicationss from the toxic side effects of the drugs is 

increasedd accordingly. For both CsA and FK 506, the 

mainn concern lies with the kidney toxicity (38. 39). In 

contrast,, reports showing a low renal toxicity of RAPA in 

animalss (40-42) suggest that it would be an 

advantageouss addition to our therapeutic arsenal. The 

resultss reported here certainly indicate that it could be 

effectivee in the treatment of uveitis. The minimal 

effectivee dose of 0.1 mg/kg/d for EAU inhibition is 100 to 

4000 times lower than the intramuscular dose of CsA 

reportedreported previously for day 7 treatment (35, 43). Even 

whenn taking into account the probably increased 

effectivenesss of the i.v. delivery route of RAPA compared 

too the i.m. administration of CsA, our results indicate a 

veryy high degree of therapeutic efficacy of RAPA. The 

therapeuticc effect of RAPA also appears to be prolonged 

becausee the rats remained free of disease on day 28, 

approximatelyy one week after the treatment course was 

stopped.. In regards to the general toxicity, the RAPA 

treatedd rats lost weight only during the first week of 

treatment.. It is possible that the weight loss is due to the 

combinedd toxicity of the anesthetic used for surgery 

togetherr with RAPA, since during the second week of 

treatmentt there was a net weight gain. Rapamycin thus 

appearss to be a promising alternative for the control of 

autoimmunee diseases. 
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