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Summary. - Comparable rates of patient and graft survival after FK506 and cyclosporine treatments have 
been reported in the prevention of liver allograft rejection. On this basis, we examined the effect of FK506 on 
pathogenesis of cytomegalovirus (CMV) infection in mice. FK506 induced apparent immunosuppression in 
mice which could be monitored by the level of antibody production. The effective dose of trinitrophenyl-
keyhole limpet hemocyanin (TNP-KLH) for 50% reduction in antibody production was 0.9 mg/kg. Even in 
such an immunosuppressed status at this or higher dose of FK 506, CMV infection was relatively alleviated, 
which was observed by the frequency of virus isolation and the mean virus titer of the lungs of mice treated 
with 0 . 1 - 1  mg/kg FK506 in comparison to untreated mice. The dose ofFK506 attaining 50% frequency of 
lung infection was 1.5 mg/kg. The activity of natural killer (NK) cells was enhanced in infected mice. This 
enhancement was stronger in infected mice treated with FK506 at 0.32 mg/kg and 10 mg/kg than in untreated 
infected mice on day 3 post infection (p.i.). Thus, an immunosuppressant FK506 augmented inducible NK cell 
activity and alleviated MCMV infection even under immunosuppression. 
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I n t r o d u c t i o n  

FK506 (tacrolimus) has been used as  one o f  the major  
immunosuppressants in liver al lograft  transplantation (Eu­

ropean F K 5 0 6  Mult icentre  Liver Study Group,  1994; Kino  

et al., 1987a,b; Sakr  et al., 1992; Singh  et ai, 1994; Starzl 

et al., 1989; Umemoto  et al., 1993; Wasik et al., 1991). 

A number  o f  studies report  a comparable  rate o f  patient and 

gra f t  survival a f t e r  F K 5 0 6  and cyclosporine treatments in 

t h e  p reven t ion  o f  l iver  a l log ra f t  r e j ec t ion .  In  i m m u n o -

compromized  patients ,  such  as  t ransplant  recipients  and  

'Corresponding author. 
Abbreviations: CMV = cytomegalovirus; MCMV = mouse cy­
tomegalovirus; ELISA = enzyme-linked immunosorbent assay; 
FBS = foetal bovine serum; HCMV = human cytomegalovirus; 
IFN = interferon; MEF = mouse embryo fibroblast; NK = natural 
killer; TNP-KLH = trinitrophenyl-keyhole limpet hemocyanin 

acquired  immunode f i c i ency  s y n d r o m e  ( A I D S )  pat ients ,  

C M V  infect ion h a s  been  o n e  o f  the  t roublesome infect ions 

(Betts andHanshaw,  1977; Ca t ignan ie / a / . ,  1989; Ho ,  1977; 

Jacobson and Mills, 1988; Marke r  et al., 1981;Zaia ,  1993). 

In  those cases,  interestingly, there  has  been  a lower inci­

dence  o r  severity o f  C M V  infect ion a f te r  t reatment  wi th  

F K 5 0 6  than with  cyclosporine (Alessaiani  et al., 1990; Sakr  

et al., 1992; Singh  et al., 1994). Recently, t he  European 

F K 5 0 6  Mult icentre  Liver S tudy  G r o u p  (1994)  observed 

a s ignif icant ly  lower  f r equency  o f  C M V  in fec t ion  w i t h  

FK506 (29/185) than  with  cyclosporine (46/184)  treatment.  

This  indicates that  F K 5 0 6  may m o d i f y  the  course  o f  C M V  

infect ion in transplant recipients.  Therefore ,  w e  utilized the  

mouse  lung infect ion m o d e l  w i th  at tenuated m o u s e  C M V  

( M C M V )  grown in m o u s e  embryo  f ibroblas t  ( M E F )  cu l ­

tures (Osborn,  1982; Shanley and  Presanti ,  1985). Here ,  we  

report  that  low doses  o f  F K 5 0 6  reduced  t h e  severi ty  o f  

M C M V  infect ion by  the  augmentat ion o f  N K  cell activity 

induced by  infection. 
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Materials a n d  Methods 

Cells, virus, and drugs. MEF cells were prepared from ICR 
mouse embryos. MEF and mouse L-929 cells were grown and 
maintained in Eagle's Minimum Essential Medium supplemented 
with 10% and 2% foetal bovine scrum (FBS), respectively. The 
YAC-I cell line, a Moloney leukaemia virus-induced T cell lym­
phoma line was propagated in RPMI 1640 medium supplemented 
with 10% FBS and used for the NK ccll assay. The Smith strain of 
MCMV, provided by Dr. Y. Minamishima, Miyazaki Mcdical 
School, Japan, was propagated in MEF ccll cultures (Hayashi et 
al., 1985). To prepare MCMV stock, infected cultures were sub­
jected to 3 cycles of freezing and thawing, ccntrifuged at 1,500 x g 
for 10 mins, and the resulting supernatants were stored at -85°C 
until use (Shiraki et al., 1990, 1991 a,b). FK506 was from Fujisa-
wa Pharmaceutical Co. Ltd, Osaka, Japan. 

MCMV infection and FK506 treatment ofmice. Ten female ICR 
mice aged 4 weeks were injected subcutaneously (s.c.) with vari­
ous doses of FK506 oncc a day for 17 days, starting on the day 
before the intraperitoneal (i.p.) infection, with 1,000 PFU of 
MCMV On day 16 p.i., the lungs were isolated under ether anes­
thesia and subjected to the virus isolation. Lung homogenates 
(10%) were serially diluted and inoculated into MEF cultures in 
60 mm-Petri dishes, and then overlaid with a nutrient mcthylccl-
lulosc medium. On day 3-4 p.i., the cultures were fixed with 5% 
neutral formalin, stained with Methylene Blue (Shi rak i era/., 1990, 
1991 a,b) and plaques were counted. The frequency of infection 
was assessed simultaneously on infected mouse lungs by the same 
method. 

Antibody production in mice treated with FK506. Antibody 
production to TNP-KLH (Good et al., 1980; Henry and Kimura, 
1980) was examined in 5 mice treated with FK506. ICR mice were 
injected s.c. with FK506 daily for 17 days, starting on the day 
before immunization (day -1), and immunized i.p. with 20 ng of 
TNP-KLH mixed with 4 mg of alum adjuvans on day 0. Antibody 
titer to TNP-KLH was assessed by an enzyme-linked immunosor­
bent assay (ELISA) on day 16 after immunization. A goat anti-
mouse IgG conjugated to horseradish peroxidase (Sigma Chemi­
cal Co., St Louis, MO) was used to assess the amount of the anti­
body bound to TNP-KLH in a sample specimen. 

NK cell activity in mice treated with FK506. Female ICR and 
BALB/c mice at the age of 4 weeks were injected s.c. with 0, 
0.32, and 10 mg/kg FK506 daily, starting on the day before the 
infection, and infcctcd i.p. with 10' PFU of MCMV. NK ccll ac­
tivity of spleen cclls was determined by the chromium-release 
cytotoxicity assay on day 4 in ICR micc and on days I and 3 in 
BALB/c micc p.i., respectively, Microcytotoxicity assays were 
performed as described earlier (Nagasaka et al., 1995; Yamamo-
to at al., 1990). Briefly, target cells were labelled with sodium 
["Crjehromatc (ICN, Costa Mesa, CA) for 2 hrs at 37"C at 
a concentration of 3.7 MBq/106 cells/ml. Splenic effector cells 
were prepared as described (Bancroft et al., 1981; Nagasaka et 
al., 1995). Briefly, the spleens were harvested, teased apart in 
the complete medium, and filtered through a nylon mesh. The 
obtained cclls were ccntrifuged at 400 x g for 5 mins, resuspend-
cd in 0.83% NH^Cl to lyse erythrocytes, scdimcntcd, and washed 
in the complete medium. Effector to target ccll ratios, ranging 

from 100:1 to 8:1, were tested in microtiter plates with 104target 
cells per well. Only the medium instead of the effector cell sus­
pension was added to target cells for the determination of spon­
taneous lysis, and 1% Nonidet P-40 was added shortly before 
the harvest for the determination of total (100%) cell lysis. The 
mixture of target and effector cells was incubated for 4 hrs at 
37"C in a C0 2  incubator and ccntrifuged at 400 x g for 5 mins. 
An aliquot (0.1 ml) of the culture supernatant was taken for the 
counting of radioactivity with an AlokaAutowell gamma counter. 
The data are expressed as follows: 

(tested sample cpm) - (medium control cpm) 

specific  5 lCr release (%)  = x 100 

(Nonidet P-40 control cpm) - (medium control cpm) 

Results 

MCMV infection in the lungs of mice treated with FK506 

In the time course study on M C M V  infection in the lungs, 
the frequency of infection and the virus yield were maximal 
on day 16 p.i. (data not shown). Fig. 1 shows the frequency 
of virus isolation in the lungs o f  mice treated with various 
doses of FK506. Interestingly, the frequency of MCMV in­
fection decreased with increasing dose o f  FK506 from zero 
to 0.1 mg/kg, and reached a minimum between 0.1 mg/kg 
and 1 mg/kg. However, this tendency reversed at higher dos­
es of FK506 (1 mg/kg to 10 mg/kg, which led to higher fre­
quencies of virus isolation. The FK506 dose attaining the 50% 
frequency of lung infection was 1.8 mg/kg and 2.1 mg/kg in 
Exp. 1 and 2, respectively. The frequencies of infection in 
mice treated with 10 mg/kg FK506 (the maximal dose ex­
amined in this study) in two experiments were 82 and 83%. 

Table 1 shows the virus yields in the lungs of infected 

mice treated with various doses of FK506. Similarly, the 

virus titer in the lungs decreased as FK506 increased from 

zero to 1 mg/kg and increased as FK506 increased f rom 
1 mg/kg to 10 mg/kg. Thus, low doses o f  FK506 reduced 
both the frequency of  infection of the lungs and the virus 
titer in the lungs, which was corroborated by repeated ex­
periments. 

Production of antibody to TNP-KLH in mice treated 

with FK506 

Antibody production to TNP-KLH was determined in 
mice treated with various doses of FK506 on day 16 after 
immunization (Table 2). FK506 suppressed the production 
of the antibody to TNP-KLH dose-dependently. The effec­
tive FK506 dose for 50% reduction (EDJ0) in antibody pro­
duction was 0.9 mg/kg. These results indicate that the mice 
could be severely immunosuppressed by the FK506 treat­
ment in this system. 
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Fig.  1 

T h e  frequency  o f  lung  infect ion in infected mice  treated wi th  F K 5 0 6  

Ten m i c c  w e r e  in jcc tcd  s .c .  w i t h  var ious doses  o f  F K 5 0 6  dai ly  f o r  16 

days, s tar t ing o n  the  day  be fo re  infect ion,  w i th  1,000 P F U  o f  MCMV.  

Lung  infect ion w a s  evaluated o n  day  16 p.i.. T h e  f requency  o f  infect ion 

was  determined f r o m  the  n u m b e r  o f  m i c c  with lung infect ion in  the  s ame  

treatment group .  

NK cell activity in mice treated with FK506 

Fig.  2 shows  the  N K  cel l  response  o f  sp leen  cel ls  i n  

BALB/c  m i c e  examined.  T h e  N K  cell activity w a s  low i n  

all uninfected m i c e  o n  day 1, a n d  relatively enhanced in  

mice  t reated wi th  0 .32  m g / k g  F K 5 0 6  a s  compared  wi th  

untreated m i c e  o r  m i c e  treated wi th  10 m g / k g  F K 5 0 6  o n  

day 3 (p  <0.01) .  In contrast,  the  N K  cell activity w a s  mark ­

edly elevated in  infected mice  o n  day 3 p.i.. Th is  activity 

was  s igni f icant ly  elevated i n  infected  m i c e  t reated w i t h  

0.32 m g / k g  o r  10 m g / k g  F K 5 0 6  o n  day 3 a s  compared  wi th  

infected m i c e  without  F K 5 0 6  treatment.  However, there w a s  

n o  s ignif icant  d i f fe rence  between F K 5 0 6  treatments w i th  

0.32 m g / k g  and  10 mg/kg .  This  induction o f  N K  cell activ­

ity apparently reached a plateau at  t he  range  o f  concentra­

tions o f F K 5 0 6  o f  0 .32 m g / k g  to  10 mg/kg.  
In  I C R  mice ,  similar results were  obtained.  In infected 

mice,  t he  N K  cell activity w a s  elevated dose-dependently 

by F K 5 0 6  (Table 3). A f t e r  the  administration o f  F K 5 0 6  at  

0.32 m g / k g  and  10 mg/kg ,  the  N K  cell activity o f  infected 

mice  w a s  s ignif icant ly  elevated ( p  <0 .05  f o r  infected mice  

treated wi th  0 .32 m g / k g  F K 5 0 6  versus untreated mice,  and 

p <0.01 f o r  mice  treated wi th  10 m g / k g  F K 5 0 6  versus u n ­

treated mice) ,  whi le  that  o f  uninfected m i c e  remained very 

Table 1. M C M V  yields in the  lungs  o f  infected m i c c  treated wi th  

F K 5 0 6  

FK.506 (mg/kg)  N u m b e r  o f  m i c c  

0.1 g o f  lungs 

M e a n  P F U  titer pe r  S D  

0 10 153* 2 9 3  

0.1 12 3 1 '  8 6  

0 .32  11 7 2 3  

1 11 14 2 6  

2 .5  11 2 8 9  4 5 5  

3 .2  12 8 4 4  1729 

10 11 1545 1545 

Ten m i c c  we re  injcctcd s.c. wi th  var ious doses  o f  F K 5 0 6  o n c e  a day  f o r  

16 days,  start ing on  the  day  before  infect ion,  w i th  1,000 P F U  o f  MCMV.  

L u n g  infect ion w a s  evaluated o n  day 16 p.i..  Representat ive da ta  a r e  shown  

in this table. "The di f ference  between the  indicated values  w a s  statistically 

s ignif icant  ( p  = 0 .05) .  

Table 2. Suppress ion o f  ant ibody production t o  T N P - K L H  in m i c e  

treated wi th  F K 5 0 6  

F K 5 0 6  

(mg/kg )  

Suppression o f  an t ibody product ion  

(%) 
S D  

0.1 9 .2  18.8 

0 . 3 2  8 .6  18.8 

1 72 .8  2 0 . 5  

3 .2  85 .8  17.4 

10 95 .2  1 1.4 

Five m i c c  were  itijccted s.c. wi th  various doses  o f  FK.506 oncc  a day  f o r  

16 days,  start ing o n  the  day  before  immuniza t ion ,  a n d  immunized  wi th  

T N P - K L H .  Ant ibody titer lo  T N P - K L H  w a s  assessed  b y  EL1SA on  day  

16 af te r  immunizat ion.  

low even af ter  t he  administration o f  FK506 .  Thus ,  t he  in­

duct ion o f  N K  cell activity b y  M C M V  infect ion w a s  aug­

mented  by  F K 5 0 6  also in  I C R  mice .  

Discussion 

FK506  suppressed the  T cell-mediated immune  response 

dose-dependently as  assessed by  ant ibody production. How­

ever, the  M C M V  infection w a s  milder  w i th  low doses  o f  

FK506  which corresponded to  the  range o f  T cell-mediated 

immune suppression in the  mouse  model  used in this study. 

This  discrepancy may  b e  explained by  the  N K  cell activity 

augmented by FK506.  In this s tudy w e  used an  attenuated 

M C M V  strain grown in M E F  cultures t o  assess the  load o f  

M C M V  in immunosuppressed mice.  T h e  frequency o f  virus 

infection and the m e a n  virus yield in the  lungs in this mouse  

model  may represent the  incidence and severity o f  h u m a n  

C M V  ( H C M V )  infection o f  transplant recipients, respective­

ly (Selgrade  et al., 1984; Shanley and Presanti, 1985). 
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D a y  3 

Á 

F K 5 0 6  d o s e s  
( m g / k g ) :  

O 0 

• 0 . 3 2  

A 1 0  

• 0 

• 0 . 3 2  

• 1 0  

FÍK. 2 
N K  cell  act iv i ty  o f  s p l e e n  cells  i n  BALB/c  m i c e  t r e a t e d  w i t h  F K 5 0 6  o n  d a y  1 a n d  d a y  3 p.i.  

N K  ccl l  activity is expressed as  s p e c i f i c  lysis (%)  o f  YAC-1 cclls. Mean va lues  f r o m  3 experiments arc s h o w n .  MCMV-infcctcd ( fu l l  s y m b o l s )  and 
uninfected  (empty  s y m b o l s )  micc.  E/T = the ratio o f  the cfTcctor to the target cclls. 

T a b l e  3 .  N K  cell act iv i ty  o f  s p l e e n  cells  In I C R  m i c e  

F K 5 0 6  
(mg/kg)  

Spec i f i c  lysis in % (SD) F K 5 0 6  
(mg/kg)  

1:8'  1:30' 1:100* 

0 4(3)  7(4) 15(8) 

0 .32  7(4) 13(3) 24(5) 

10 9(5) 15(3) 24(3)  

ICR f e m a l e  m i c c  a g e d  f o u r  w e e k s  w e r e  in jected  s.c. o n c e  a day  w i t h  

various doses  o f  FK506,  starting on  the day b e f o r e  infection, (day -1) for  

5 days.  M C M V  w a s  in jected i.p. at 2 x 10 s  PFU per  m o u s e  on  day  0. 

Spleen l y m p h o c y t e s  w e r e  col lected o n  day 4 p.i. a n d  used as the ef fector  

cclls. Label led  YAC-1 ccl ls  w e r e  u s e d  as the target cclls. ' T h e  ratio o f  the 

e f fector  to the target cclls. 

Quinnan et al. (1981,  1982) have reported that the pre­

existing N K  cell activity and  ant ibody dependent  cel l -me­

diated cytotoxicity play an  important role as  one  o f  the ma jo r  

de fense  mechan i sms  in the acute  phase  o f  H C M V  infec­

tion. T h e  earliest  host  responses  t o  M C M V  infection, the 

interferon ( IFN)  production and subsequent  augmented N K  

cell activity, play crucial roles in the recovery f rom acute 

M C M V  infect ion (Bancrof t  et al., 1981; Catignani  et al., 

1989; Selgrade  et al., 1982; Shanley and Prcsanti,  1985; 

Shcl lam  et al., 1981, 1982; Yung  et al., 1985). F K 5 0 6  has  

little e f fec t  on  the  I I C M V  growth  in vitro (Shiraki et at., 

1991a) and  may not work a s  an a n t i - M C M V  agent,  which  

m a d e  us  t o  specula te  that  this  immunosuppress ive  d r u g  

might  work  a s  an  immunological  modulator.  In this  study, 

w e  observed a milder  lung infection in mice  treated with 

low doses  o f  F K 5 0 6  than in untreated mice,  and  evaluated 

both the  serum IFN level (data  no t  shown)  and  the  N K  cell 

activity a s  t he  poss ib le  fac to rs  a f fec t ing  t h e  severi ty o f  

M C M V  infect ion.  We used a h igher  dose  o f  M C M V  inocu­

lum fo r  the  N K  cell assay than M a r k u s  et al. (1991)  have 

used fo r  the  lung infect ion t o  facil i tate the  e f fec t  o f  those 

factors.  Thus ,  the  N K  cell  activity can  b e  induced strongly 

enough to  characterize the  act ion o f  F K 5 0 6  o n  the  M C M V -

induced N K  cell activity. 

Welsh et al. (1991) have reported that, in SCID mice, the  

IFN levels continued t o  rise over a 10-day-period (Welsh et 

al., 1991), whereas the  N K  cell response peaked on  days 3-5 

and gradually tapered, which indicated that there would b e  

a discrepancy between the IFN titer and  the  level o f  N K  cell 

activity. In our  study, there were  too small  differences in the 

serum IFN levels in FK506-treated groups  (data not shown) 

to  postulate the modulation o f  lung infection b y  the  induc­

tion o f  IFN. In this case, the N K  cell activity was  significant­

ly augmented in infected mice  treated wi th  FK506  as  com­

pared with untreated mice.  T h e  augmentation o f  the  MCMV-

induced N K  cell activity by FK506 mus t  play an important 

role in a mild M C M V  infection in the  lungs in this system. 

T h e  high dose  (10 mg/kg) F K 5 0 6  treatment similarly aug­

mented the MCMV-inducecl N K  cell activity, al though the  

lung infection was severe possibly because o f  strong immun­

osuppression. In contrast, the  low dose  (0.32 mg/kg) FK506  

treatment significantly augmented the  MCMV-induced N K  

cell activity without severe impairment o f  the  host  immune 

system.This augmentation may have resulted in a milder lung 

infection in treated mice  a s  compared wi th  untreated mice.  
There have been reported several differences between two 

immunosuppressants, FK506 and cycrosporine, in the indue-
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tion of  the NK cell activity. Cyclosporine has suppressed the 
induction of  NK cell activity in MCM V-infected rats (Selgrade 
et al., 1992). Whi le  the NK cell activity w a s  sensitive to 
a preincubation of  rat spleen cells or human peripheral mono­

nuclear cells with cyclosporine, it was  resistant to  the  preincu­

bation o f  those cells wi th  FK506 (Markus  et al., 1991; Wasik 

et al., 1991). Thus, these opposite eifects o f  FK506 and cy­

closporine o n  the  N K cell activity may modi fy  the  course o f  

C M V  infection as observed clinically (Alessaiani etal., 1990; 

European FK506 Multicentre Liver Study Group, 1994; Sakr 

et al., 1992; Singh  et al., 1994). Our  study showed the aug­

mentation o f  N K  cell activity in  the case o f  M C M V  infection, 

which may b e  a clue t o  clarification o f  the mechanism of  sup­

pression o f  clinical C M V  proliferation by FK506. 

W e  showed o n e  o f  t he  benef ic ia l  activities o f  a n  immun­

osuppressant,  FK506 ,  wh ich  augmented the  CMV-induced 

N K  cell activity t o  prevent  t he  C M V  infection.  This  type  o f  

augmentat ion o f  t he  N K  cell  activity by  F K 5 0 6  m a y  b e  as­

sociated w i t h  a s ignif icant  reduct ion in  t he  f requency o f  

bacterial  a n d  f u n g a l  infec t ion  in  liver t ransplantat ion a s  

observed clinically (Alessaiani  et al., 1990; European FK506 

Multicentre Liver Study Group,  1994; Sakr  et al., 1992; 

Singh  et al., 1994). T h e  precise  mechan i sm o f  augmenta­

tion o f  N K  cell activity by  F K 5 0 6  remains  t o  b e  determined. 
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