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Summary. - Monocytes/macrophages have been known to play an important role in the initiation and 
propagation of human immunodeficiency virus 1 (H1V-1) infection. To analyze the function of these cells 
during the clinical asymptomatic period of infection, we examined the effect of murine peritoneal macrophag­
es and human peripheral blood macrophages on two cell lines latently infected with HIV-1, a promonocytic 
cell line, Ul ,  and a T-cell line, ACH-2. Monokines of the murine peritoneal macrophages induced significant 
viral expression in Ul ,  but not in ACH-2 cells. Experiments employing transient transfection of U937 and 
CEM cells with HIV long terminal repeat (LTR)-chloramphenicol acetyl transferase (CAT) plasmids indicated 
that the effect of these monokines was due to specific activation of the HIV LTR. In contrast, supernatants of 
human macrophages induced viral expression in both ACH-2 and Ul cells. These results suggest that several 
monokines are active in regulating the transition from the clinical asymptomatic period of HIV infection to 
progression to acquired immunodeficiency syndrome (AIDS). 
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Int roduct ion 

HIV is the causative agent of AIDS which is character­
ized by a long clinical asymptomatic period of a decade or 
more. During this stage, CD4+T-lymphocytes form the pri­
mary viral reservoir in the periphery, whereas monocytes/ 
macrophages constitute the main solid tissue reservoir which 
is relatively resistant to HIV-1-induced cytopathological 

'Corresponding author. 
Abbreviations: AIDS = acquired immunodeficiency syndrome; 
CAT = chloramphenicol acetyl transferase; EL1SA = enzyme-linked 
immunosorbent assay; FBS = foetal bovine serum; GM-
CSF = granulocyte/macrophage-colony stimulating factor; HIV-1 = hu­
man immunodeficiency virus 1; LPS = lipopolysaccharide; 
LTR = long terminal repeat; PBL = peripheral blood leukocytes; 
PBMC = peripheral blood mononuclear cells; PBS = phosphate-bufT-
cred saline; PMA = phorbol-12-myristate-13-acetate;TNF-a = tumour 
necrosis factor alpha 

changes. To analyze mechanism(s) of activation or replica­
tion of HIV in the persistent state, U1 and ACH-2 cells were 
used to study the cellular and viral factors involved in these 
processes. Each U1 cell harbors 2 copies o f  the HIV provi-
rus, whereas an ACH-2 cell harbors only one. These cells 
are of monocyte/macrophage and T-cell lineages, respec­
tively. They constitutively produce progeny virions at a very 
low level. It has been reported that a productive replication 
of HIV in these cells can be  triggered by a variety o f  activa­
tors, such as the phorbol-12-myristate-13 acetate (PMA) 
(Folks etal., 1988; Biswas et al., 1992) as well as by several 
cytokines, such as tumour necrosis factor alpha (TNF-a)  
(Duh  etal., 1989; Folks etal., 1989; Poli et al., 1990; Bressler 
et al., 1993; Szabo et al., 1993). Several studies have re­
ported that the mechanisms of HIV replication in these two 
cell lines are different (Chen et al., 1994; Fujinaga  et al., 

1995). For instance, viral replication is enhanced in U1 cells 
by their incubation with exogenous Tat protein whereas that 
in ACH-2 cells does not increase with the addition of this 
protein (Cannon et al., 1994). Lipopolysaccharide (LPS) 
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plus  granulocyte/macrophage colony-stimulating factor  
(GM-CSF) dramatically induced HIV-1 production in U1 
but not in cloned T cell lines (Pomerantze/a/., 1990). This 
study w a s  undertaken to investigate the influence of  monok­

ines on  latently infected monocyt ic  andT-lymphocytic cells 

using mur ine  o r  h u m a n  monocytes/macrophages.  

Materials  and Methods  

Cells. A subclone of HIV-1 -infcctcd U937 cells, U1 (Folks et 
al., 1988), and a subclone of the CEM T-Iymphocytic line, ACH-2 
(Clousc el al., 1989), were kindly supplied by Dr. T.M. Folks, 
Centers for Disease Control and Prevention, Atlanta, OA. U937 
(Sundstrom el al., 1976) and CEM (Foley el al., 1965) cells arc 
described elsewhere. All cells were cultured in RPMI 1640 medi­
um supplemented with 10% foetal bovine scrum (FBS) and kana-
mycin (60 mg/ml) at 37"C in 5% C0 2 .  

P las mii!s. To construct the HIV-LTR-CAT reporter plasmid, 
proviral HIV-LTR of ACH-2 or Ul cells was amplified by PCR 
with an upstream sense primer containing a Pst I site and 
a downstream antisense primer containing a Xbu\ site. The up­
stream primer was ACGTAC'TGAAGC75,GCGCAAGGCTAC'T-
TCC , 7"and the downstimer was TCGTATCTAGA"' CCAGAGT-
CACACAACAGACGGG""(restriction sites arc underlined), and 
these mapped to positions 8753 to 8737 and 131 to 109, respec­
tively, on the HIV Bru sequence (Dclassus el al., 1991). The PCR 
products were digested with Pst I and Xba\ and ligatcd to the ba­
sic CAT vector (Promcga). Therefore, the expression vector pACH-
LTR-CAT contained ACH-2 proviral LTR and pU 1 -LTR-CAT con­
tained Ul  proviral LTR. 
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Fig. I 
K f f e c t  o f  HALH/c a n d  S i l l )  m o u s e  p e r i t o n e a l  m a c r o p h a g e s  (M<|>) o n  

ACII-2  a n d  U l  cells  
ACH-2 or  UI ccl ls  (2 x 10'/mI) were  cul lurcd w i t h  or without mur ine  
peritoneal macrophages  (5 x 10V m l )  for  3 days. Culture supcrnatants 
were  col lected a n d  assayed for HIV p24  ant igen.The  results arc expressed 
as  the means  o f  dupl icate samples  f o r  each set o f  culture conditions.  
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F i g .  2 
E f f e c t  o f  c u l t u r e  s u p e r n a t a n t s  o f  B A L B / c  m o u s e  p e r i t o n e a l  

m a c r o p h a g e s  o n  A C H - 2  a n d  U l  cells  
T h e  supcrnatants o f  cultures i n  w h i c h  various n u m b e r  o f  BALB/c m o u s e  
peritoneal macrophages were  incubated for  4 8  hrs were  added  to ACH-2 
o r U l  cclls  (2.5 x lOVml). A f t e r  incubation, the culture supcrnatants were  
collcctcd and assayed f o r  HIV p 2 4  antigen. T h e  results arc expressed as 
the means  o f  dupl icate samples  for  each set o f  culture conditions.  

CAT assay. CEM and U937 cells were transfected with the HIV-
LTR-CAT reporter plasmids by DEAE-dextran co-precipitation. 
Then, 1 x 107 cells were washed with phosphate-buffered saline 
(PBS) and incubated for 30 mins with 10 ng  of plasmid DNA in 
1 ml of DEAE-dextran (Pharmacia) solution (300 mg/ml). Five 
hours after transfection, the cells were co-cultured with peritoneal 
macrophages of BALB/c or SCID mice. After 48 hrs of incuba­
tion, cell extracts were prepared and CAT activity was measured 
as previously described (Lifson el al., 1986). 

HIV-1 p24 gag antigen assay. In cach experiment, the cell-free 
culture supernatant was collected after incubation and the p24 
antigen level was measured using a commercially available en-
zymc-linked immunosorbent assay (ELISA) kit with an anti-p24 
gag monoclonal antibody, as described in the manufacturer's in­
structions (Abbott Laboratories). 

Macrophages. C.B-17 scid/scid (SCID) and BALB/c mice were 
kept under sterile conditions in an animal house. Murine perito­
neal cclls were collcctcd by washing intraperitoneal cavities of 
unstimulated SCID and BALB/c mice with PBS. Human periph­
eral blood mononuclear cclls (PBMC) were isolated from healthy 
donor blood by Ficoll-Hypaquc gradient ccntrifugation, suspend­
ed in serum-free RPMI 1640 medium in a 75 cm2 flask (Iwaki 
Pyrex) and incubated for I hr in a humidified CO, incubator at 
37"C. After washing off non-adherent cclls, the adherent ones were 
collcctcd and resuspended in RPMI 1640 medium with 10% FBS. 

Substances. TNF-a  (Australia Biologicals), PMA (Promega); 
recombinant human GM-CSF and recombinant murine GM-CSF 
(Gcnzyme); recombinant human TNF-a and recombinant murine 
TNF-a (Pepro Tech EC Ltd); polyclonal anti-human TNF-a an­
tibody, polyclonal anti-murincTNF-a antibody and polyclonal anti-
rnurinc GM-CSF antibody ( R & D  Systems) were used. 



OWATARI, S. etal.: LATENT INFECTION OF CELLS WITH HIV-1 23 

p A C H - 2  
DACH-2 

Fig. 3 
E f f e c t  of m u r i n e  per i toneal  m a c r o p h a g e s  (M(j)) on C E M  a n d  U937 cells t r a n s f c c t e d  w i t h  H1V-LTR-CAT p l a s m i d  

CEM ( A ,  1 x 10 7 cel l s )  or U937 (B, 1 x 10 7 cel l s )  w e r e  transfccted with cither pACH-LTR-CAT (empty columns) or pUl-LTR-CAT plasmid (full 
columns). Five hours af ter  transfcction, the cells were  co-cultured with peritoneal cells (5 x 105/ml) o f  BALB/c or SCID mice. A f t e r  an incubation for  
4 8  hrs, the cell extracts w e r e  assayed for  CAT activity. The results arc expressed as the means o f  duplicate samples for  cach set o f  eulture conditions. 

R e s u l t s  a n d  Discuss ion 

The mechanisms b y  which a low-productive HIV infec­

t ion is converted into a product ive  o n e  are  still unclear.  

Latently infected  cell l ines have been  intensively investi­

gated to  elucidate t he  kinetics o f  H I V  expression in persis­

tent  infect ion mode l s  o f  H I V  in vivo. Different  responses  o f  

A C H - 2  and  U 1  cells  to  several st imulators have been  re­

ported.  

To investigate the  ro le  o f  t he  monocyte /macrophage  in 

vi rus  expression in latently infected cells,  we  initially used 

peri toneal macrophages  o f  BALB/c  o r  S C I D  mice  as  the  

st imulators.  T h e  S C I D  m o u s e  in  part icular  is  characterized 

by  the  absence  o f  funct ional  T- and B-lymphocytes  (Schill­

e r  et al., 1986), therefore ,  it w a s  usefu l  t o  examine  the  m a c ­

rophage  func t ion  in  a T-cell-independent manner .  A C H - 2  

o r  U 1  cells (2 x 104/ml) were  co-cultured f o r  3 days wi th  

p e r i t o n e a l  m a c r o p h a g e s  o f  B A L B / c  o r  S C I D  m i c e  

(5  x 104 cells/ml),  a n d  supernatants  were  collected t o  m e a ­

sure  the  H I V  p 2 4  antigen product ion.  In this  experiment,  

peri toneal macrophages  f r o m  both types  o f  mice  h a d  the  

ability to  induce  v i rus  expression in U 1  cells, bu t  nei ther  

h a d  any ef fec t  o n  v i rus  expression in A C H - 2  cells (Fig. 1). 

These  results  suggested that  certain substances released 

f r o m  these  macrophages  were  selectively activating provi-

rus  in t he  latently infected monocyt ic  U 1  cel ls .The released 

substances might  account  fo r  t he  discordant results obtained 

f r o m  a s tudy us ing  the  S C I D  m o u s e  transplanted wi th  h u ­

m a n  P B L  mode l  in which  the  degree  o f  CD4 + dep le t ion  fo l ­

lowing H I V  infect ion did no t  correlate wi th  the  in vitro cy-

topathicity o f  the  viral strain (Mosier  et al., 1993). 

To examine  whether  the substances  released f r o m  the  

mur ine  macrophages  could b e  found  as  soluble factors  in  

the  culture supernatants,  various numbers  o f  B A L B / c  per i ­

toneal  macrophages  were  incubated f o r  4 8  h r s  and  the  s u ­

pernatants were  added t o  ACH-2  o r  U1 cells (2.5 x 105/ml). 

Af t e r  incubation, the  p 2 4  product ion w a s  calculated.  In  this  

experiment,  the  supernatants selectively activated virus  e x ­

pression in  U 1  cells in  a dose-dependent  m a n n e r  (Fig. 2) .  

In contrast, ACH-2  cells were  no t  affected b y  the  culture 

supernatants and therefore  w e  presumed that  t he  active sub­

stances in these supernatants were  soluble a n d  were  m o s t  

likely cytokines that specifically affected the  monocytic  line, 

and that ACH-2  cells could b e  def ic ien t  in their  receptors.  

A high cell density o f  latently infected cells o r  mur ine  peri­

toneal  macrophages  used in this exper iment  apparently ac­

counted f o r  a high level o f  t he  p 2 4  ant igen product ion a s  

compared t o  the  experiment  in Fig.  1. 

To examine  whether  the  activation o f  the  provirus  con­

tributes to  the  direct s t imulat ion o f  the  LTR region,  U 9 3 7  

a n d  C E M  cells  were  t ransfected with  ei ther pACH-LTR-

CAT or p U  1 -LTR-CAT us ing  the  DEAE-dext ran  co-precip-

itation procedure.  A f t e r  t ransfect ion,  peri toneal  macroph­

ages  o f  SCID o r  BALB/c  m i c e  were  co-cultured wi th  t rans­

fected cells and  incubated at 37°C f o r  4 8  h r s .The  cells  were  

then collected and  their  extracts were  assayed f o r  CAT a c -
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E f f c c t  o f  h u m a n  m a c r o p h a g e s  (Mcj>) o n  A C H - 2  a n d  U1 ce l l s  

A C H - 2 o r U I  c c l l s ( 2 . 5  x 10'/ml) w c r c c o - c u l t u r c d w i t h o r w i l h o u l h u m a n  
m a c r o p h a g e s  ( 5  x IOVml). T h e  eul ture  supcrnatants  w e r e  col lected on 
d a y s  2 ,  4 ,  a n d  6 a n d  m e a s u r e d  lor  HIV p 2 4  ant igen .  T h e  resu l t s  a r c  
e x p r e s s e d  a s  the  m e a n s  o f '  d u p l i c a t e  s a m p l e s  f o r  e a c h  s e t  o f  c u l t u r e  
condi t ions .  
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Fig. 5 
K f f e c t  o f  r e c o m b i n a n t  m u r i n e  | r m )  o r  h u m a n  ( r h )  c y t o k i n e s  o n  

IIIV-1 e x p r e s s i o n  i n  l a t e n t l y  i n f e c t e d  ce l l s  
rmOM-CSF, rmTNI'-t i ,  rhGM-CSF and  r h T N F - a  w e r e  added to ACII-2  
o r  UI c c l l s  (2 x I OVml) to u f i n a l  concentrat ion o f  100 ng/ml.  A f t e r  
4 8  hrs,  the supcrnatants  w e r e  col lcctcd and a s s a y e d  f o r  HIV p 2 4  antigen.  
T h e  resul t s  arc  expres sed  a s  the m e a n s  o f  dupl icate  s a m p l e s  f o r  each set  
o f  culture condit ions.  

tivity. In this experiment, murine peritoneal macrophages 
did not enhance CAT activity in CEM cells  transfected with 
either pACH-LTR-CAT or pUl-LTR-CAT (Fig. 3A).  In 
contrast, these macrophages significantly cnhanccd CAT 
activity  in U937  ccl l s  t ransfected with HIV-LTR-CAT 

o 0.1 1 

Anti-human-TNF- a antibody ( u  g/ml) 

F i g .  6 

N e u t r a l i z a t i o n  o f  HIV-1 e x p r e s s i o n  i n  l a t e n t l y  i n f e c t e d  ce l l s  
s t i m u l a t e d  w i t h  h u m a n  m a c r o p h a g e s  (\li))) o r  n o n - s t i m u l a t e d  b y  

a n t i - h u m a n  T N F - a  a n t i b o d y  
Human macrophages  (2 x 105/ml) w e r e  cultured f o r  4 8  hrs and the culture 
supcrnatants w e r e  collcctcd. Various concentrations o f  anti-human T N F - a  
ant ibody w e r e  added to the supcrnatants,  incubated f o r  1 hr at 3 7 " C  and 
then further  incubated wi th  A C H - 2  o r  U1 cc l l s  ( 2  x lOVml) f o r  4 8  hrs.  
A f t e r  incubation, the culture  supcrnatants  w e r e  col lcctcd and  a s s a y e d  f o r  
HIV p 2 4  antigen.  T h e  resul t s  a r c  e x p r e s s e d  a s  the m e a n s  o f  dupl icate  
s a m p l e s  f o r  each se t  o f  culture conditions.  

(Fig. 3B).To investigate whether the dif ference in the char­

acter o f  the provirus latency in A C H - 2  and  U1 cells might  

b e  correlated with the  LTR promote r  activity, w e  compared  

the activity o f  pACH-LTR-CAT and  p U l - L T R - C A T  s t imu­

lated with T N F - a  and P M A .  In this exper iment ,  there  w a s  

n o  difference in the  CAT activity o f  pACH-LTR-CAT and 

p U  1 -LTR-CAT (data  not  shown) .  This  suggests  that  the  d i f ­

ference in the response t o  macrophages  o f  these  two cell 

lines is not  related t o  the  LTR promoter  activity. 

We a lso  investigated the  e f fec t  o f  h u m a n  monocytes /  

macrophages  obtained f r o m  healthy donor  blood on  cells  

latently infected with FUV. A s  shown in F ig .  4 ,  bo th  A C H - 2  

and U1 cells were  activated by  h u m a n  monocytes /macroph­

ages. T N F - a  and  G M - C S F  (Folks  et al„ 1987; Pomerantz  

et a/., 1990) were previously reported to  induce virus  pro­

duction in latently infected cells.  We tested v i rus  induction 

in ACH-2  and  U1 cells s t imulated by  recombinant  h u m a n  

T N F - a  and GM-CSF. T N F - a  markedly activated both ACH-2 

and  U1 cells, but o n  the  other  hand, G M - C S F  activated only 

U l ,  but not ACH-2  cells (Fig. 5). Moreover,  the  effect  o f  

h u m a n  monocytes /macrophages  was  s ignif icant ly neutral­

ized by polyclonal ant i -human T N F - a .  Especially, proviral 

activation in ACFI-2 cells was  complete ly  inhibited by this  

antibody (Fig. 6). These  results indicate that T N F - a  plays 

a m a j o r  role in viral expression in latently infected cellls 

st imulated with  h u m a n  monocytes /macrophages .  
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In this study, w e  have shown that monokines of  murine peri­
toneal macrophages have the ability to  activate virus produc­

tion in U1, but not  in ACH-2  cells. A s  shown in Fig. 5, recom­

binant murine T N F - a  stimulated both ACH-2 and U 1  cells, 

although recombinant murine GM-CSF did not stimulate ei­

ther cells. T h e  activation o f  latently infected cells by murine 

peritoneal macrophages was  not inhibited by 10 jig/ml anti-

murine T N F - a  antibody and anti-murine GM-CSF antibody, 

which were sufficient to  neutralize 12.5 ng /mlTNF-a  and G M -

CSF, respectively. Therefore, we  presume the existence o f  an  

active substance(s) other than murine T N F - a  and murine G M -

C S F  in the culture supernatant o f  murine peritoneal macroph­

ages. The  substance(s) which has an ability to  induce viral ex­

pression in monocytic cells specifically may  affect only mono­

cytes in SCID mice  transplanted with human PBL.  Therefore, 

this model  may  b e  not appropriate fo r  studying the profile o f  

the pathogenic potential o f  H I V  infection in humans. 

It has also been reported that several cytokines regulate vi­

rus expression in vivo in the clinical asymptomatic period o f  

HIV infection. High levels o f T N F - a  (Lahdevirta etal., 1988; 

Reddy  et al., 1988) and IL-6 (Gallo  et al., 1989; Breen et al., 

1990) in sera o f  A I D S  patients have been reported and an  in 

vitro study o n  the provirus has  shown that several agents in­

cluding cytokines modulate virus expression in various ways. 

Moreover, inappropriate secretion of a series o f  cytokines which 

are usually active in normal homeostatic control may lead to 

stimulation o f  the provirus in persistent infections. Further stud­

ies are needed t o  identify the monocyte/macrophage-derived 

factors and t o  analyze the regulation o f  the provirus in detail in 

order to clarify the  transition f r o m  the clinical asymptomatic 

period o f  H I V  infection to  progression to  AIDS.  
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