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Summary 

The interaction between Herpesvirus macaca and lymphoblastoid cells grown 
in continuous culture, or purified from rhesus blood, was studied as a model for 
latent  or chronic herpesvh'us infection of leukocytes. Continuous lymphoblastoid 
cell lines infected in vitro were PA3, a human cell line with bone~marrow derived 
(B)-lymphocyte characteristics; LM/DM, a rhesus cell line with BB-lymphocyte 
characteristics ; and MOLT-4, a human cell line with thymus-derived (T)-lympho- 
cyte characteristics. 

A distinct pa t tern  of interaction was found for each lymphoblastoid cell line. 
A small but stable fraction of cells continued to express virus-specific antigens for 
more than three weeks following infection of the ]3-type lymphoblastoid cell lines 
of rhesus and human origin. Herpes'virus macaca replicated only in PA3 cells. 
Viral replication did not occur and viral antigens were not detected in either 
peripheral Iymphocytes or MOLT-4 cells. The observations suggest that  Herpes- 
virus macaca interacts in distinct patterns with different lymphoid cell lines 
in vitro, and that  within a given culture, subpopulations of lymphoid cells are 
present at  a given time which respond to the virus differently. 

Introduction 

Interest  in persistent viral infections has intensified as latent viruses have 
been increasingly implicated in carcinogenesis. The ability of herpseviruses to 
persist in the tissues of animals despite the presence of circulating antibodies 
directed against them is characteristic of the group. Lymphocytes  appear to be 
target cells for infection, by  several primate herpesviruses. Thus, Epstein-]3arr 
virus (E]3V) infects bone marrow-derived (]3) lymphoeytes of man (17, 26), and 
EBV antigens can be detected for years after infection in the lymphoeytes of 
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individuals who have EBV antibody (5). Human cytomegalovirus (CMV) may be 
recovered from leukoeytes of infected patients (11). Lymphocytes are the target 
cells for Herpesw:rus saimiri (HVS) infection of the saguinus, aotus, and saimiri 
species of New World primates (1, 8, 33) and also for infection by Herpesviru.s 
ateles (21). 

Herpes simplex virus (HSV) has been found to replicate in vitro in lymphoeytes 
only after they have been stimulated with a mitogen like phytohemagglutinin 
(PHA) (24). Peripheral lymphoeytes permit replication of EBV in vitro ; the infected 
lymphocytes undergo blastoid transformation (14, 27). Continuous ]ympho- 
blastoid cell lines (LCLs) composed of cells with unlimited growth potential have 
been demonstrated to support the replication of many viruses including EBV 
(7, 16) and HVS (29). An advantage of LCLs in experimental study is that  they 
may be propagated indefinitely, permitting long term observation and manipula- 
tion of the system. 

Herpesvirus macaca (HVM), first designated the "leukocyte.associated herpes- 
virus", or LAHV (12), was originally isolated from the leukocytes of juvenile 
rhesus monkeys by  cocu]tivation with a suitable indicator fibroblast line. Virus 
was recovered from leukoeytes for months following experimental or natural 
infection despite the presence of circulating neutralizing and complement-fixing 
antibodies in the host animal (12, 3). Antigenically distinct from all other known 
primate herpesviruses, HVM is the only herpesvirus of Old World primates yet 
described which is recoverable from host peripheral leukocytes (2). Although 
HVM has not been shown to cause detectable illness in naturally or experimentally 
infected host animals, the oneogenic potential of this virus has not been completely 
explored. Like HVS, EBV, and CMV, HVM is capable of long term persistence in 
peripheral leukocytes, and could provide a useful model for the investigation of 
herpesvirus-host relationships. 

Materials and Methods 

Cell Cultures 
Peripheral lymphoeytes were obtained from ~1acaca mulatta raised from infancy 

in isolation cages (Litton Bionetics, Rockville, MD) and free of HVM neutralizing 
antibody. Blood samples were collected in preservative-free heparin (Hynson, ~vVest- 
cott, and Dunning, Baltimore, MD) ; lymphocytes were purified by the Ficoll-Hypaque 
technique (4). The lymphocytes were washed and resuspended in ~PMI 1640 media 
containing neomycin 80 ~zg/ml, glutamine 2 m~, and 10 per cent fetal calf serum 
(RPMI 1640 -k 10 per cent FCS). After overnight incubation at 37 ° C in 5 per cent CO2, 
nonadherent cells were decanted for experimentation. 

Cell lines used were PA3, derived from EBV-transformed human peripheral 
lymphocytes (26); LM/DM, derived from peripheral leukocytcs of a rhesus monkey 
with myelogenous leukemia (6); and MOLT-4, derived from peripheral lymphocytes 
of a human with acute lymphoblastie leukemia (22). LM/DM and MOLT-4 lack EBV 
genome (18, 32). PA3 contains the EBV genome but lacks demonstrable EBV viral 
capsid antigen (VCA) (26). PA 3 and LM/DM have B-lymphocyte eharaetvristies (32), 
whereas MOLT-4 has thymus-derived (T) lymphocyte characteristics (22). 

WI-38 cells were used as the indicator cell line for HVM. Monolayers were main- 
tained in Eagle's Basal Essential Medium containing 80 ~zg/ml, glutamine 2 raM, 
and 2 per cent fetal calf serum (EMEM 2 per cent FCS). 
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Virus 
T h e  551 s t r a i n  of H V M  was used exclus ive ly  in these  s tudies .  Vi rus  pools were 

p r e p a r e d  b y  in fec t ing  W I - 3 8  cells w i t h  H V M  a n d  h a r v e s t i n g  w h e n  50 pe r  cen t  of t he  
cells in  t he  rnono layer  d e m o n s t r a t e d  c y t o p a t h i c  effect  (CPE).  I n f ec t ed  cells a n d  super-  
n a t a n t  were s u b j e c t e d  to t h r e e  cycles of freezing a n d  thawing .  The  virM suspens ion  
was clar if ied b y  cen t r i f uga t i on  a t  2000 r . p . m ,  for 10 minu te s ,  t h e n  passed  t h r o u g h  a 
0.45 ~ mi l l ipore  f i l ter ,  a n d  s to red  a t  - - 7 0  ° C. Vi rus  t i t r a t i o n s  were  pe r fo rmed  b y  
d e t e r m i n i n g  t h e  TCIDs0 in  W I - 3 8  cu l tu res  b y  a m i c r o t i t e r  m e t h o d  (12) us ing  t h e  
l~eed-Muench ca lcu la t ion  (30). 

In/ection o/LCLs and Rhesus Lymphoeytes 

L y m p h o c y t e s  a n d  LCLs were w a s h e d  w i t h  R P M I  1640, t h e n  r e s u s p e n d e d  in 1 ml  
v i ru s  suspens ion  a t  a mu l t i p l i c i t y  of in fec t ion  of 1. Af te r  a 2 h o u r  a d s o r p t i o n  pe r iod  at. 
37 ° C, cells were  w a s h e d  5 t imes  a n d  r e suspended  in R P M I  t640  ~- 10 pe r  c e n t  FCS a t  
a c o n c e n t r a t i o n  of 1 × 106 celIs/ml. Al iquo t s  of t he  f inal  wash  s u p e r n a t e  were a s sayed  
for infect ious  virus .  Dup l i ca t e  in fec ted  cu l tu res  of each LCL, or pe r iphe ra l  l ymphoey te s ,  
were m a i n t a i n e d  in 75 cm 2 p las t ic  f lasks (Fa lcon  Plas t ics ,  Oxnard ,  CA) a t  37 ° C, in  5 pe r  
cen t  CO~. I n  some expe r imen t s ,  pe r iphe ra l  l y m p h o c y t e  cu l tu res  were in fec ted  a n d  
s u b s e q u e n t l y  m a i n t a i n e d  in  t he  presence  of P H A  (Welleome Labora to r i e s ,  B e c k e n h a m ,  
E n g l a n d )  2 izg/ml. Cont ro l  cu l tu res  received t he  same  i n o c u t u m  v o l u m e  of v i rus  free 
med ia ,  a n d  were m a i n t a i n e d  u n d e r  iden t ica l  condi t ions .  To m a i n t a i n  each  cu l tu re  
u n d e r  t h e  s ame  condi t ions ,  cell c o n c e n t r a t i o n s  were a d j u s t e d  at, 2 4 - - 4 8  h o u r  in t e rva l s  
to  I × 106 cells/ml. 

A t  2 4 - - 7 2  h o u r  in te rvMs,  a l iquors  of in fec ted  a n d  con t ro l  cu l tu res  were t a k e n  for 
t o t a l  a n d  v iab le  cell counts ,  ex t raee l lu la r  a n d  cel l -associated v i rus  t i t r a t ions ,  cocult i-  
r a t i o n  assay  on  W I - 3 8  i nd i ca to r  monolaycrs ,  a n d  for I-IV3~ specific immunof luorcseenee .  

E x t r a e e l l u l a r  v i r u s  was  a s sayed  b y  inocu la t ing  W I - 3 8  m o n o l a y e r s  w i t h  serial  
d i lu t ions  of s u p e r n a t a n t s  f rom l y m p h o c y t e  cu l tu res  wh ich  were f irst  passed  t h r o u g h  
0.45 ~ mi l l ipore  fi l ters.  Cel l -associated v i rus  was a s sayed  b y  inocu la t ing  W I - 3 8  mono-  
layers  w i t h  serial  d i lu t ions  of 0.45 ~ mi l l ipore-f i l te red  lysa tes  p r e p a r e d  b y  freezing 
a n d  t h a w i n g  of w a s h e d  lymphoey te s .  Serial  d i lu t ions  of v iable ,  5 × w a s h e d  l y m p h o i d  
cells were coeu l t i va t ed  w i t h  W I - 3 8  mono laye r s  ove rn igh t .  N o n a d h e r e n t  ceils were t h e n  
r emoved ,  a n d  f resh  E M E M  ~- 2 pe r  cen t  FCS added .  All  cu l tu res  were  obse rved  for  
C P E  for 8 weeks  before  be ing  d i sca rded  as nega t ive .  

Immunofluoreseence 
A n  ind i rec t  immunof luo rescence  t e s t  for t he  presence  of in t r ace l lu la r  H V M  specific 

an t igens  was deve loped  us ing  h y p e r i m m u n e  r a b b i t  a n t i - H V M  se rum which  was 
d e m o n s t r a t e d  to  be  free of c ross - reac t ing  an t ibod ie s  for rhesus  VCM or o the r  p r i m a t e  
herpesv i ruses ,  i nc lud ing  E B V ,  b y  immunof luoreseenee .  A f luoreseein i so thyoc iona te -  
c o n j u g a t e d  eapr ine  a n t i r a b b i t  g lobul in  (Meloy Labora to r i e s ,  Springfield,  VA)  was used.  
Cells to  be  e x a m i n e d  were r e suspended  in a phospha t e - sa l i ne  buf fe r  p H  7.4, eyto-  
cen t r i fuged  on to  glass microscope slides, air  dr ied,  t h e n  f ixed for 16 hou r s  in  cold 
acetone.  

Ceils were e x a m i n e d  for E B V  VCA b y  ind i rec t  immunof luorescence  us ing  h u m a n  
sera  wh ich  was  d e m o n s t r a t e d  to  be  pos i t ive  or nega t i ve  for E B V  an t ibodies ,  a n d  a 
f luoreseein  i so th iocyor ta t e -con juga ted  capr ine  a n t i - h u m a n  (Meloy Labora to r i e s ,  
Springfield,  VA).  A n  ave rage  of 1000 cells f r om each  of two p r e p a r a t i o n s  were e x a m i n e d  
for each  sample .  

Iododeoxyuridine ( IUdR) Treatment 
At iquo t s  of in fec ted  a n d  un in fec t ed  l y m p h o b l a s t o i d  cells were r e suspended  in 

R P M I  1640 -~ 10 pe r  c en t  FCS c o n t a i n i n g  60 ~g/ml  IUdl~ .  Af te r  72 hou r s  of i ncuba -  
t ion,  t h e  cells were  w a s h e d  3 t imes  in fresh med ia  a n d  r e suspended  at. 1 × 106 eells/ml 
Jn R P M I  1640 4- 10 pe r  cen t  FCS w i t h o u t  I U d g .  
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Results 

Counts of viable and nonviable cells were made daily for each infected and un- 
infected culture. Doubling time for all LCL cultures under experimental conditions 
was approximately 4 days, and no significant differences in growth rate between 
infected and uninfected cultures were found. The observed interactions between 
HVM and 3 LCLs are summarized in Figures 1--3. Following the extensive initial 
wash procedure, virus recovered from culture medium was reduced from 106 TCIDs0 
to less than 101.5 TCIDs0/ml. The further drop in titer to zero during the first 
24 hours in culture probably represents thermal inactivation of residual virus. 
The rate of inactivation of cell free HVM at  37 ° C under the experimental condi- 
tions was determined and is presented as the superimposed dashed line in Figure 1 b. 
Thus, any- extraeellular virus found in culture supernatants after 24 hours post- 
infection most likely represents virus released from infected cells. 

A distinct pat tern of interaction was found for each LCL. A small but stable 
fraction of cells continued to express virus-specific antigens for more than 3 weeks 
following infection of the B-type LCLs of rhesus and human origin. No virus- 
specific antigen was detected in MOLT-4, the T-type LCL of human origin. 

The most common immunofluoreseent pat tern of infected cells was a diffuse 
but intense staining suggesting both nuclear and cytoplasmic viral antigens, 
although in some cells a distinct, speckled, intranuelear pat tern was discerned. 
Uninfected WI-38 cells were not stained by this technique, and control (non- 
immune) rabbit  sera or conjugates did not stain infected cells. The HVM-specifie 
fluorescence could be readily discerned from the nonspeeifie, diffuse staining of 
occasional dead cells. 

HVM appeared to replicate on~T in PA3, the human B-type LCL (Fig. 1). 
Extracellular virus titers increased reprodueibly after 24 hours post infection, 
reaching a maximum on the fourth day. I t  is unlikely tha t  permissive secondary 
infection of PA3 cells occurred, since no extra.cellular infectious virus was found 
by  the seventh day post-infection or thereafter. The largest percentage (2.4 per 
cent, or 1 in 42 cells) of PA3 cells producing IIVM antigen was also found on the 
fourth day, and a maximum of cells capable of transferring infectious virus (1 in 
105 cells) by  cocultivation was found at this time. A small but  detectable fraction 
(1 in 106 cells) of PA3 cells remained capable of transferring infectious virus by  
coeultivation at  8 days post-infection, at  a time when infectious extracellular 
virus could no longer be detected. Beyond 8 days post-infection, however, PA3 
cells were not found to transfer infectious virus by  coeultivation. Thus a small but  
persistent fraction of PA3 cells were abortively infected by  HVM, in which viral 
antigen continued to be expressed for at  least 3 weeks following infection; the 
fraction of PA 3 cells capable of supporting replication of infectious virus appeared 
to be smaller and short-lived. 

Although barely detectable infectious virus persisted in the supernatants of LM/ 
DM cultures for 3 days post-infection, no increase in the tiger of extracellular virus 
occurred. I t  is unlikely, therefore, that  replication of HVM took place in LNI/DM 
cells (Fig. 2). A small (0.5 per cent) but persistent fraction of the rhesus LCL cells, 
however, produced virus-specific antigen beginning at  24 hours post-infection and 
continuing for at least 3 weeks thereafter. Cells capable of transferring infectious 
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virus by eoeultivation were detected 24 hours post-infection; the proportion in- 
creased to a maximum of 1 ceil in 2 × 104 on the fourth day  post-infection. By 
6 days post-infection and thereafter, no LM/DM cells transferred infectious virus. 
Unlike PA3, then, LM/DM rhesus LCL cells did not appear to permit replication 
of HVM, but a proportion of cells were transiently capable of transferring infectious 
virus to permissive cells by eocultivation. As with PA3, a small persistent fraction 
of LM/DM cells, abortively infected with HVM, produced virus-specific antigen. 

Neither permissive nor abortive infection of the T-type LCL, MOLT-4, 
occurred (Fig. 3). These cells of human origin nevertheless appear to have surface 
receptors for HVM. Cells capable of transferring HVM by eoeultivation persisted 
for 4 days following infection. Barely detectable extraeellular virus also persisted 
for 4 days (and no longer) following infection. 

To determine whether or not infectious virus might be present within infected 
cells without release into culture medium, aliquots of cells from each culture were 
taken, washed thoroughly, and subjected to 3 cycles of freezing and thawing. 
Previous experience in our laboratory indicated that  this proeedure did not 
significantly reduce the infectivity of HVM suspensions. No infectious virus was ob- 
tained from any LCL culture in this manner.  An electron microscopic s tudy of 
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infected LCL cells has thus far failed to reveai evidence of intracellular herpesvirus 
or subpartictes. Since the number  of LCL cells in any  culture capable of producing 
virus or virM antigens was so low, however, it would not, be surprising if such eeHs 
had been missed. 

Since it had been previously shown (13, 15) that, t reatment  of LCLs with inhibi- 
tors of DNA synthesis could induce synthesis of EBV antigens and/or virus in 
LCLs containing EBV genome, a similar procedure was a t tempted  ~dth LCLs 
which had been infected with HVM. By  4 weeks post-infection, none of the three 
LCLs produced infectious virus either spontaneously of following cocultivation 
with the WI-38 permissive cell line. PA3 and LM/DN cultures, however, con- 
tinued to have a small proportion of cells producing HVM-assoeiated antigens, 
indicating retention of at least par t  of the viral genome within these cells. I U d R  
t rea tment  of these cultures, however, did not result in production of infectious 
virus nor did it alter the fraction of cells producing IIVM antigen in any of the 
LCLs. Cell division owas inhibited as excepted. 

Peripheral lymphoeytes obtained from seronegative monkeys or from normal 
human donors showed no evidence of infection following inoculation with HVM. 
This may  be analogous to HSV, which requires activation of lymphoeytes before 
such cells will permit  viral replication (24). However, we were unable to demonstrate 
replication of HVM in peripheral lymphoeytes activated by  PIIA. 
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Although PA3 contained EBV genome, it did not spontaneously produce 
EBV VCA antigens. To determine whether t tVM superinfection might induce 
s3mthesis of EBV-speeific antigen, we examined PA3 cells for EBV antigen by  
immunofluorescence and found none before or after exposure to HVM. As expect- 
ed, LN/Dh{ and MOLT-4 cells, which lack the EBV genome, were negative for 
EBV-speeific immunofluorescenee before or folIowing exposure to HVM. 
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D i s e u s s l o n  

Only ~ small fraction of cells in ~ given B-type LCL sustained permissive or 
abortive infection, and despite evidence that  intraeellular viral genome persisted 
for at  least there weeks in these cultures, the fraction of antigen positive cells 
remained small and did not increase. This phenomenon ha.s been noted in other 
in vitro sytems of primate herpesvirus infected lymphoid cells. Thus, in PHA 
activated leukocyte cultures exposed to HSV for ten days, virus-specific antigen 
was demonstrated in only 1 per cent of cells (24). The P 3 J  LCL infected with 
HSV supported viral replication, while the EB3 LCL sustained abortive infection 
in which a persistent fraction of 0.2--3.0 per cent of cells contained HSV antigen 
for at, least 20 days following exposure to the virus (10). Infection of EBV genome- 
containing LCLs with HSV did not induce the synthesis of intracellular EBV 
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antigens nor infectious EBV particles (10), consistent with our observations with 
HVM. 

In  a number  of in vitro systems, including the HVM-LCL interaction, the 
fraction of cells producing virus or viral antigens may  remain reproducibly small 
and persistent during long term culture. Thus, a maximum of 6 per cent of cells 
in th i r ty  LCLs established from patients with infectious mononucleosis and 
containing EBV genome expressed EBV specific antigens (19, 23); the majori ty 
of these had less than  3 per cent antigen positive cells (5), and m a n y  had a persistent 
fraction of as little as 0.1 per cent with EBV specific immunofluorcscence. Similarly, 
less than  1 cell in 106 in a LCL derived from an t tVS infected owl monkey pro- 
duced infectious virus; no herpes-like particles were seen by  electron microscopy 
(9). Only 0.1--2.0 per cent of cells in a LCL established by  in vitro infection of 
lymphocytes with I-IVS formed infectious centers when eocultivated with permissive 
cells, and no more than 2 per cent of cells produced intracellular ItVS specific 
antigens (9, 28). Only 0.5 per cent of cells in the MLC-1 LCL derived from an HVS 
infected marmoset  had electron microscopic evidence of herpesvirus infection, 
although 9 per Gent of the LCL cells yielded I-IVS-like virus when eocultivatcd 
with permissive cells. 

I t  may  be tha t  only a small fraction of LCL cells are susceptible to I-IVM 
infection at a given time. A smaller fraction of PA3 LCL cells appeared to permit  
replication of HVM at  a given time during the first four days post infection, than 
produced viral antigen. Since permissive herpesvirus infections are ]ytic (31), 
the few cells permitting viral replication may  have died out after a single replicative 
cycle (apparently 2 4  days) without significantly altering the growth rate of 
the whole culture. Replication of HSV in (PHA stimulated) lymphocytes is 
dependent on the multiplicity of infection (24). By analogy, singe only a small 
proportion of PA 3 cells appear to be susceptible to permissive I-IVM infection at a 
given time, the low effective secondary multiplicity of infection may  have been 
insufficient to permit  persistence of Iytic infection. 

In  the ease of LM/DM, in addition to a small fraction of cells sustaining abortive 
infection with HVM, there is a transient increase in the subpopulation of infected 
cells capable of transferring infectious virus by eocultivation with permissive cells. 
I t  is possible that  this represents replication of virus which may  be activated, 
then transmit ted by  cell-cell contact. This subpopulation of cells may  represent a 
second form of abortive infection in which cocu]tivation may  result in transfer 
of virus, but, the infected LCL cells are at  a selective disadvantage and eventually 
are outgro~n by the uninfected cells. 

We found no evidence of viral replication or abortive infection in MOLT-4 cells. 
T-LCLs generally do not contain EBV genome and are not capable of supporting 
EBV infection (17). SinGe LCLs derived from IIVS-infected lymphoeytes have 
T-cell characteristics (28), the significance of T-cell resistance to t IVM infection 
is uncertain. 

Our observations suggest that  I-IVM interacts in distinct patterns with different 
LCLs, and tha t  within a LCL, subpopnlations of lymphoid celts are present a t  a 
given time which respond to HVM infection differently. The type of infection 
may  be dependent not only upon characteristics of the host cell, but also upon the 
particular metabolic state, or phase of the cell cycle, within a given culture. 
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Recently,  Herpesvirus ateles and  saimiri have been demonst ra ted  to be capable 
of inducing neoplasms of lymphoid  cells in New World primates (20, 21) and  EBV 
has been associated with lymphoid neoplasia in ma n  (7). The implications of 
demonst ra ted  HVM infection of LCLs of h u m a n  and  rhesus der ivat ion for h u m a n  
disease remain  to be fully assessed. In terac t ions  of herpesviruses and  LCLs, how- 
ever, m a y  provide a useful model for the further  elucidation of the mechanisms 
regulat ing the es tabl ishment  and  main tenance  of herpesvirus la tency in  lymphoid  
cells. 
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