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PREFACE

This seminar referred to latent herpes virus infections in
veterinary medicine, with emphasis on the domestic animals. The
phenomenon of latency is of particular importance in veterinary
medicine because it can jeopardize the successful control and
eradication of diseases such as Aujeszky's disease and
infectious bovine rhinotracheitis, diseases which are often the
cause of great economic losses.

For this reason, the Commission of the European
Communities (CEC) realized the importance of summarizing the
present state of knowledge on latent herpes virus infections in
veterinary medicine. A seminar was therefore organized by the
Federal Research Institute for Animal Virus Diseases in
Tiibingen, Federal Republic of Germany, from September 21 to 23,
1982, as a part of the 'Animal Pathology Programme' of the CEC.
The seminar was attended by 50 participants not only from the
countries of the CEC, and 38 papers were selected for
presentation.

In veterinary medicine, more intensive investigations on
the latency of animal herpes viruses have only relatively
recently been initiated. In contrast, great efforts have been
made for many years to elucidate latency in human and primate
herpes viruses, and consequently the most considerable advances
have been made in this field. Some of the most experienced
scientists working on both systems were therefore invited. As a
result, this seminar was the first occasion on which scientists
from different countries and faculties investigating herpes
virus latency had the opportunity to present and exchange their
latest results. The establishment, maintenance, and
reactivation of latency were discussed including considerations
of the virology, pathology, pathogenesis, immunology and
molecular biology of the diseases. Comparisons could be made
between the results obtained with herpes viruses which are
usually not investigated in their natural host, e.g. herpes
simplex virus, and herpes viruses which allow experiments in

their natural host. In this respect, veterinary medicine has
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the edge on human medicine. The seminar comprehensively
reflected the present state of research on herpes virus latency
and revealed some future trends and perspectives.

We would like express our appreciation of all the
participants who contributed to the success of the seminar. In
addition we would thank to the chairmen and co-chairmen for
their help and for formulating the summary of each session. We
are especially indebted to Mrs. Loraine E. Goddard for helping
to improve the English in a part of the papers, and Mrs.
Marie~Luise Donner and Mrs. Christel Roming for their great
efforts in typing the "Proceedings". We also thank the CEC for
financing the seminar from its budget for the Coordination of Agri-

cultural Research.
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HUMAN, SIMIAN AND MURINE HERPESVIRUSES

Part 1
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HERPES SIMPLEX VIRUS TYPE 1 THYMIDINE KINASE GENE ACTIVITY
CONTROLS VIRUS LATENCY AND NEUROVIRULANCE IN MICE

Y. Becker*, D. Gilden**, Y. Shtram, Y. Asher, E. Tabor,

M. Wellish**, M, Devlin**, D. Snipper, J. Hadar, Y. Gordon+
Department of Molecular Virology and Ophthalmology
The Hebrew University-Hadassah Medical Center,
+ Jerusalem, Isreal
Present address: Dept.of Ophthalmology, Univ.of Pittsburg,
School of Medicine, Pittsburgh, PA., U.S.A
**Present address: Dept.of Neurology, The Univ.of Pennsylvania,
School of Medicine, Philadelphia, PA., U.S.A.
*To whom all correspondence should be addressed.

ABSTRACT

The neurovirulence and latency of herpes simplex virus
type 1 (HSV-1l) was investigated using three virus strains
originally isolated on the basis of plaque morpholgy. These
included a large plaque strain (LP(TK )) with a high level o
thymidine kinase (TK) activity, a small plaque strain (SP(TK ))
with 25% of the TK activity of the LP(TK ) strain was highly
virulent in mice, and after inoculation into the eyes invaded
the trigeminal ganglia and then migrated to, and replicated in,
the brain, killing most of the mice. The SP(TK ) strain also
replicated in the eyes, invaded the trigeminal ganglia and
established latency, but did not reach the brain or kill the
mice. The LP(TK ) strain (with no TK activity) replicated in
the inoculated eyes but did not invade the trigeminal ganglia,
and therefore was unable to establish latency in mice.
Increasing the virus doses of the SP(TK ) strain tenfold, and
therefore the amount of TK expression, enhanced virus
pathogenicity. Thus the degree of virulence of HSV-1 is
dependent on the level of expression,of the viral TK gene.
Infection with the LP(TK ) and SP(TK l strains protected the
mice against infection with the LP(TK ) virulent virus strain.

INTRODUCTION

Studies on the mechanism of herpes simplex virus (HSV)
infections in animals have indicated that the virus requires
the activity of the thymidine kinase (TK) gene for infection of
nerve tissue (Marcialies et al., 1975; Field and Wildy, 1978;
Field and Darby, 1980; Tenser et al., 1979; Tenser and Dunstan,
1979; Tenser et al., 1981; Price, 1979; Price and Schmitz,
1979; Price and Kahn, 1981; Kleine et al., 1981). These
studies, summarized in Table 1, showed that an iododeoxyuridine
(IUdR) -resistant mutant of HSV type 1 (HSV-1) lost its

virulence for rabbits when inoculated into the eye, and
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protected the animals against challenge by the virulent wild
type (wt) virus strain (Marcialis et al., 1975). By means of
injection of HSV-1 into the left pinna of mice (Field and
Wildy, 1978), it was shown that TK mutants of HSV-1 and HSV-2,
selected by bromodeoxyuridine (BUdR), were less virulent than
the parental TK+ virus strains and immunized mice against
challenge by a lethal dose of the parent strain. Not only TK
mutants of HSV-1, but also a mutant producing a low level of
TK, were able to cultiply in the nervous system (Field and
Darby, 1980). It was also reported that TK mutants of HSV-1
resembled TK+ parental strains in their ability to cause
infections in the eyes of guinea pigs or mice, but were unable
to infect the trigeminal ganglion (Tenser et al., 1979; Tenser
and Dunstan, 1979).

In a detailed study, it was reported (Tenser et al., 1981)
that TK , TKt and TK+ HSV-1 strains replicated in ocular
tissue, but the TK mutants were rarely isolated from the
trigeminal ganglia. A relationship was found between the virus
titre in the trigeminal ganglia and the ability of the virus to
produce TK (Table 1).

In studies on the behavior of a TK HSV-1 mutant during
infection of the superior cervical ganglia (SCG) it was found
that TK mutants of HSV-1 did not infect the SCG, while the TK+
strains did (Price, 1979; Price and Schmitz, 1979; Price and
Kahn, 1981). It was not possible to reactivate the HSV-1 TK
mutant from SCG after explantation to in vitro conditions.
Virus strains resistant to acyclovir (ACV) were found to be
latency negative (Klein et al., 1981).

We investigated infection of the eye, trigeminal ganglion
and the central nervous system (CNS) of mice, using mutants of
HSV-1 (NIH strain) originally isolated on the basis of plaque
morphology: a highly virulent large plaque strain, producing a
high level of TK in the infected cells (LP(TK')), a TK mutant
of this strain (LP(TK )) and a small plaque mutant that
produced 25% of the TK activity of the large plaque virulent
strain (SP(TK+)). The results of our experiments confirmed that

the viral TK gene is essential for the infection of the



trigeminal ganglion and for the establishment of latency, since
the virus mutant that produced a low level of TK was able to

establish latency but the TK mutant was not able to do so.

MATERIALS AND METHODS

Virus strains and cells

The NIH wt strain No. 11124 of HSV type 1 was propagated
in BSC-1 cell monolayers grown in Dulbecco's modified Eagle's
medium (DMEM; GIBCO) containing 10% calf serum. The wt virus
that produced a heterogeneous population of 79% large plaque
and 21% small plaque morphology was diluted to yield about 10
plagque-forming units (pfu)/plate, and from these large (2 mm
diameter) and small (0.5 mm diameter) plaques were isolated for
plaque purification. The process was repeated many times until
a small plaque strain was obtained that could be purified three
times with 100% small plaque purity; the large plaque
derivative showed about 95% plaque purity. The large plaque
strain, designated LP(TK+), and the small plaque strain,
designated SP(TK+), each required about 20 hr to reach a virus
titre of 2—4x107 pfu/ml in vitro.

A TK mutant, designated LP(TK ), was isolated from the
large plaque strain by incubating about 100 pfu/plate in the
presence of 20 pg/ml of BUAR in the agar overlay (Dasgupta and
Summers, 1978). Virus plaques were isolated, passaged in the
presence of BUAR and tested for TK activity.

L(TK ) cells were received from Dr. H. Cedar (Department
of Molecular Biology, The Hebrew University-Hadassah Medical
School, Jerusalem) and propagated in DMEM plus 10% calf serum.

TK assay

L(TK ) cells were infected with the HSV-1 mutants at the
same titre and incubated at 37°C. At 10 hr postinfection
(p.i.), the cells were harvested in 10 mM Tris-HCl, pH 7.8 and
2 mM 2-mercaptoethanol and sonicated for 1 min at 15 sec
intervals. Each homogenate was centrifuged for 30 min at
10,000 rpm in the Sorvall ultracentrifuge at 4°C, and the
supernatant fluid was mixed with the TK reaction mixture which
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consisted of 0.2 M sodium phosphate, pH 6.0, 25 mM NaF,
50 pCi/ml of 3H-thymidine methyl-T (5000 mCi/mmol, Nuclear
Research Center, Negev, Israel) and 4 mM ATP. The cell
homogenate and TK reaction mixture in the proportion of 1:2
were incubated at 37°C for 30 min. Each mixture was separated
by thin layer chromatography (TLC) on PEI paper (0.1 mm
cellulose MN 300 polyethyleneimine impregnated; Macherey-Nagel
& Co., Germany) to separate the thymidine monophosphate (TMP)
from the di- and triphosphates. The specific activity of the TK
was calculated from the amount of radioactivity in the TMP/ug
protein/hr.

The V and Km of the TK coded by the various strains of

max
HSV-1 in L(TK ) cells were determined by standard procedures.

Infection of mice

Outbred albino mice, four weeks of age, were infected with
the HSV-1 strains by inoculation on to scarified corneas
(Pavan-Langston et al., 1979). At different time intervals,
mice were sacrificed, and eyes, trigeminal ganglia, pons and
brain were removed. The tissues were kept at -20°C until
processed by Dounce homogenization in 1 ml of phosphate
buffered saline (PBS). After centrifugation, tenfold dilutions
of the supernatant fluid were made in DMEM and were titrated in
BSC-1 monolayers using the plaque assay. Results are expressed
as pfu/ml for each tissue sample. To determine latency, ganglia
were cocultivated with BSC-1 cells by placing a piece of tissue
on the cell monolayer, and the appearance of CPE indicated the
reactivation of the virus from the ganglia. The pathogenicity
of the different virus strains in mice was determined by
corneal infection as above, and the number of animals that

survived was determined.

RESULTS
Studies on TK expression by the HSV-1l strains
The ability of the LP(TK+) and SP(TK+) isolates of the NIH

strain to produce TK in L(TK ) mouse cells was studied. In the

control experiment, uninfected L(TK ) mouse cells were shown to
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have no TK activity, whereas infection of the cells with the HF
strain of HSV-1 produced an active TK enzyme. Both the LP(TK+)
and SP(TK+) virus isolates produced TK, although far less TK
activity was induced by the SP(TK+) strain. Determination of
the Km of the enzyme of the two virus isolates revealed that
the enzymes are identical (Table 2), but the Vmax of the TK
induced by SP(TK') was 25% of that induced by LP(TK').

TABLE 2 Thymidine kinase activity in L(TK ) cells
infected with HSV-1 strains

Virus strain v K

max m
T r : =
LP (TKT) 8.44 x 10°° M/Min 9.47 x 107/ M
sp (Tk™) 2.07 x 10°% M/Min 9.68 x 107/ M

Indeed, the specific activity of the TK induced in L(TK )
cells by LP(TK+) was 4.1 pmol of 3H—TMP/ug protein/hr, as
opposed to 0.96 for the SP(TK+) strain. Thus the SP(TK+) mutant
produces only 25% of the TK produced by the LP(TK+) strain. The

. . +. .
nature of the mutation in SP(TK ) is currently under study.

Infection of mouse eyes

Mice were inoculated into the eyes with the three virus
isolates, using a standard virus inoculum with a titre of
106 pfu/ml. Groups of 10 mice were sacrificed each day for six
days after the infection, and the virus titre in the eyes,
trigeminal ganglia and brain was determined. The results of a
typical experiment (Table 3) show that all three virus strains
replicated in the eyes, with the highest virus titres occurring
at days 1 and 2 postinfection (p.i.). The virus strains LP(TK+)
and LP(TK ) infected 100% of the eyes by day 2, while the virus
strain SP(TK+) infected only 90% of the eyes (Table 3). On the
second day p.i., the mean virus titre in the eyes was about the
same for all three virus strains.

Keratitis was scored and was found to be maximal on day 2
in mice infected with all three virus strains, although
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differences were noted in the severity of keratitis occurred in
eyes infected with LP(TK+), with low scores being noted in eyes
infected with the LP(TK ) or SP(TK+) strains. The inability of
the LP(TK ) strain to produce TK, or the lower TK activity
induced by SP(TK+), did not prevent infection of the eyes, but
the keratitis caused by these two virus strains was milder than
that caused by the LP(TK+) virus strain.

Infection of the trigeminal ganglia

Replication of the three virus strains in the trigeminal
ganglia is shown in Table 3. The LP(TK+) strain replicated in
the ganglia, reaching a maximal titre on day 5, followed by a
gradual decrease in the virus titre at day 6, and no detectable
virus at day 10. On day 6, 90% of the mice were infected and
harbored the LP(TK+) virus. The SP(TK+) virus strain differed
markedly, and only 10-20% of the mice showed signs of virus
infection with a very low virus titer (Table 3). The LP(TK )
virus strain was not detected in the ganglia. The only virus
strain able to replicate consistently with trigeminal ganglia
was the LP(TK+) virus strain, which produces a high level of
TK. Virus that produces no TK, namely the LP(TK ) strain cannot
replicate in the trigeminal ganglia and cause ganglionitis, and
low level TK produces virus, the SP(TK+) strain, shows only

minimal replication at this site.

Invasion of the central nervous system by the three virus

strains

Following the invasion of the trigeminal ganglia, the
LP(TK+) virus strain migrated to the brain. The virus
replicated in the brain, in the pons and in the cerebrum,
reaching a maximum titre at day 6 p.i. (Table 3). 90% of the
mice infected with the LP(TK+) strain showed active virus
replication in the brain. The LP(TK ) virus strain that did not
invade the trigeminal ganglia, and the SP(TK+) virus strain
that reached the trigeminal ganglia but did not cause

ganglionitis, were unable to infect the brain (Table 3).
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These results indicate that the level of expression of the
TK gene of the HSV-1 virus strain determines the sequence of
virus infection: high TK expression allows the virus to cause
ganglionitis; in the absence of TK activity, or when the virus
mutant is a low producer of TK, the virus loses its

neurovirulence.

Pathogenicity of the three virus strains in mice

The virulence of the virus strains after inoculation into
the eyes was determined by the number of mice that survived
(Fig. 1) . The LP(TK+) strain was highly virulent and killed 85%
of the infected mice, whereas the wt virus was slightly less
virulent. However, the LP(TK ) and SP(TK+) strains hardly
killed any mice after infection of the eyes. These results are
compatible with those of the replication of LP(TK+) in the
brain. The LP(TK ) and SP(TK+) strains have lost their

virulence for mice.

100 == LPCTKD)
. 6—t—t—t—t—t—t—t—0—0—8 SP(TK")
80
[72] 4
S
260-
S
> 401 .
o - =0-=0-=0- =0~ —0--0-—0- —0-—0--0-—0--0 WL(TK")
R
20 LP(TK"
(] ——————r—r—r—7—T—7— T T 77T 7T T
0 2 4 6 8 10 122 1% 16 18 20 22
DAYS
Fig. 1 Survival of mice after inoculation with
10" pfu/ml of the three HSV-1 virus isolates and the wt

virus.

The relationship between the virus dose used for infecting
the eyes and virus pathogenicity is shown in Table 4. The
LP(TK ) strain was avirulent at doses of 106 and 107 pfu/ml,
whereas the SP(TK+) was avirulent at a dose of 106 pfu/ml but
became virulent at a dose of 107 pfu/ml.

These results provide additional evidence that the amount
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of TK produced by the herpes virus strain determines its
pathogenicity for mice.

TABLE 4 Survival of mice inoculated with different

doses of the various strains of HSV-1

Virus strain % Survivors
Inoculum dose (pfu/ml)
10° 107
LP (TK') 29 (30/104)2 14 (3/22)
LP(TK ) 93 (105/113) 95 (19/20)
sp(TK™) 90 (112/125) 57 (17/30)
wt (TK") 46 (31/68) 20 (1/5)

Mock-infected control 93 (70/75)

2 No. of survivors/total mice inoculated

Role of the viral TK in the establishment of latent infections

in the trigeminal ganglia

In the above experiments, it was noted that the LP(TK )
mutant did not replicate in the ganglia, while the SP(TK+)
strain infected the ganglia in 20% of the mice, but with a very
low virus titre. It was of interest to determine whether these
two avirulent virus strains were able tc establish latent
infections. For this purpose, each of the two trigeminal
ganglia from each mouse infected with the different virus
strains was cocultivated with BSC-1 cells. Table 5 shows that
the virulent strain LP(TK+) could be recovered from at least
one ganglion in 75% of the mice that survived infection with
the wt virus. With the avirulent strain SP(TK+), virus was
recovered from 80% of the survivors. However, no virus was
recovered from ganglia of mice infected with strain LP(TK )
(Table 5), and it was concluded that the TK strain was unable

to establish latency in the mice. A follow-up study of the
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TABLE 5 Recovery of latent virus from trigeminal ganglia
Virus recovery (%)
Virus 21 days p.i. 116 days p.i.
recovery
Positive Positive Positive Positive
mice ganglia mice ganglia
e(tkt) 75 (6/8)2 56 (9/16)° ND ND
LP(TK ) 0 (0/27) 0 (0/54) 0 (0/9) 0 (0/18)
SP(TK+) 80 (24/30) 65 (39/60) 25 (2/8) 19 (3/16)
wt 100 (9/9) 67 (12/18) ND ND
2 No. of survivors with at least one positive ganglion/no.
of mice

Total positive ganglia/no. tested

(e}

Not done
TABLE 6 Correlation between HSV-1 TK gene activity and
virus pathogenicity
Virus Virus TK gene Kera- Penetration Latency Encepha-
inoculum activity titis to ganglia litis
pfu/ml
+ 6 .
LP(TK ) 10 High ++++ ++++ ++++ ++++
SP(TK+) 107 High ++++ +++ ++++ ++++
sp(Tk™)  10° Low tHHE P -
LP(TK ) 10° None +4++ - - -
++++ high
++ intermediate

none
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state of latency in mice infected with the SP(TK+) strain
revealed that the virus could be reactivated in fewer mice 116
days after infection (Table 5). The reason for this is not

known.

DISCUSSION

The original object of this study was to investigate the
pathogenicity of HSV-1 mutants isolated on the basis of plaque
morphology. A large plaque variant highly virulent for mice and
a small plaque variant that was less virulent were isolated.
Investigation of these mutants showed that the large plaque
LP(TK+) strain was an effective producer of TK, while the small
plaque SP(TK+) strain produced only 25% of the TK activity of
the large plaque strain. We also isolated a large plaque mutant
(LP(TK )) with no TK activity.

In the present study, the relationship between HSV-1
pathogenicity and TK expression was investigated in mice by
using the eyes as the site of inoculation. The course of
infection in the eyes, trigeminal ganglia and mouse brain was
followed on a daily basis after corneal inoculation of the
three virus isolates that differed in their TK activity. We
have shown that a virus strain that cannot induce TK (the
LP(TK ) mutant) is unable to invade the trigeminal ganglion and
establish latency, whereas a virus strain able to produce a low
level of TK (the SP(TK+) mutant) can invade the trigeminal
ganglia and establish latency, but does not reach the pons or
the cerebrum. The LP(TK+) virus strain with a high livel of TK
activity invaded the ganglia, replicated and caused
ganglionitis, and afterwards reched the brain, causing
encephalitis (Table 6).

This study confirms and extends the results of Marcialis
et al. (1975), Field and Wildy (1978), Tenser and Dunstan
(1979) and Price and Khan (1981), who reported that the TK
strains of HSV-1 had lost their pathogenicity, as compared to
the TK+ parent strains, and that the mutant virus strains were
unable to cause latent infections. Nevertheless, the TK
mutants q}d immunize the infected animals against challenge by
the viruient parent strain.



18

Our study showed that the SP(TK+) strain which produces
25% of the TK activity found with the LP(TL+) strain, can
penetrate the ganglia and cause a latent infection at a virus
dose of 106 pfu/ml. However, by increasing the virus dose to
107/pfu/ml and thus increasing the amount of TK produced, the
pathogenicity of the virus was enhanced and the virus reached
the brain and killed the mice (Table 6). These results suggest
that there is a relationship between the level of TK expression
and HSV-1 pathogenicity, as well as between the viral TK gene
and the ability of the virus to establish a latent infection.

Another aspect of the studies summarized in Table 1 is the
demonstration that avirulent strains of HSV-1 (mostly HSV-1 TK
mutants) do exist that are able to protect against infection
with anturally occurring virulent strains. For an avirulent
strain to render maximum protection, it must have lost the
ability to invade the trigeminal ganglion and cause a latent
infection (Klein et al., 1981), while being able to immunize
the eye.
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ABSTRACT

The susceptibility of juvenile and adult Tupaias to
infection with herpes simplex virus (HSV) was investigated in
detail. It was found that HSV type 1 and 2 were highly
pathogenic for juvenile and adult Tupaias. The state of viral
latency was studied using the co-cultivation technique in
those animals which had survived an acute infection.
Infectious virus was recovered from the ganglia of chronically
infected tree shrews. The susceptibility of juvenile Tupaias
to several strains of temperature-sensitive mutants of HSV
type 1 and 2 was also investigated. These experiments revealed
that the animals survived an infection of different ts-mutants
of HSV 1 and 2 and were protected against a superinfection of
a lethal dose of wild-type HSV-1 and/or 2. The state of viral
latency in these surviving animals was studied. It was found
that infectious virus could only be recovered from the spleen
of these animals. Genomic analysis of these newly recovered
viruses showed significant changes as compared to their
parental viruses. This finding led to the development of a
model system for the generation of intertypic recombinants in
vivo.

INTRODUCTION

Plummer and his co-workers succeeded in 1970 in
recovering infectious virus from the ganglia of rabbits which
were inoculated previously with herpes simplex virus.
Therefore the hypothesis on the "neurotropic potential of HSV
and the properties of this virus for remaining in a persistent
state within the nervous system" was confirmed, which was
first postulated by Goodpasture in 1923. The pathogenicity and
latency of HSV has been studied in a variety of laboratory

animals, especially rodents (Plummer et al., 1970; Stevens et
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al., 1971; Scriba et al., 1977). We have been investigating
the pathogenicity and latency of HSV in tree shrews. The
reason why we chose this animal (Tupaia belangeri) for the
study of HSV latency and tropism was based on the fact that,
firstly, the tree shrew is highly susceptible to HSV (Darai et
al., 1979, 1980), and, secondly, that this animal
phylogenetically belongs to higher developed species when

compared to rodents, and is placed nearer to prosimians.

MATERIALS AND METHODS

The experimental approach for this study (e.g. animals,
HSV-1 and 2, ts-mutants of HSV-1 and 2, virus propagation, and
titration, cells, media, neutralization test, co-cultivation
assay and DNA restriction enzyme analysis) was carried out as

described previously (Darai et al., 1978, 1980, and 1983).

RESULTS

Pathogenicity of wild types and temperature-sensitive mutants

of HSV type 1 and 2 in tree shrew

Whilst testing the susceptibility of juvenile Tupaias to
several strains of HSV type 1 and 2 it was found that HSV type
1 and 2 are highly pathogenic for these animals. The
administration of 1.0x10° PFU of HSV type 1 and/or 2 per
animal led to 100% lethality during two to eight days after
inoculation (Darai et al., 1978, 1980). The clinical picture

was manifested as a state of herpetic hepatitis when the

animals were inoculated intravenously, intraperitoneally, and
subcutaneously. The cause of death was generalized herpesvirus
infection with liver necrosis. The highest titre of virus was
found in the liver indicating that the centre for HSV
production is the liver cells. These results confirm the
observation of Mogensen et al. (1974). In contrast, a necrosis
of stomach and intestine was found when the animals were
inoculated orally (Darai et al., 1980, 1982). The animals died

two to six days after oral infection. They were dissected
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after death and/or sacrificed when moribund. The pathological
examination revealed that only stomach and intestine were
affected. Determination of virus production in different
organs of these animals revealed that the highest virus titre
was found in stomach and intestine (Darai et al., 1980, 1982).
The pathogenicity of HSV in the adult Tupaia is similar to
that in the juvenile Tupaia with the exception that the
percentage of lethality is far lower when compared to the
percentage for juvenile animals (100% lethality by 102
PFU/animal). Table 1 summarizes the results of these

experiments.

TABLE 1 Sensitivity of juvenile and adult Tupaia to
infection with HSV-1 and 2

No. of animals Virus No. of animals Lethality
juvenile adult dead/No. of (%)

animals tested

18 18/18 100
HSV-1
57 46/57 80.7
19 19/19 100
HSV-2
47 34/47 72.3

Following HSV

HSV-1l: 17, F. Thea,

HSV-2: HG-52,

type 1 and 2 strains were used:
ANG, WAL
G, Miller

The sensitivity of juveline tree shrews to infection with

different temperature-sensitive mutants of HSV type 1 strain

17 and HSV type 2 strain HG-52

(kindly provided by Dr. John

Subak-Sharpe, University of Glasgow) was investigated. It was

found that in all cases the animal survived an infection of

intravenously administered ts-mutants

(Darai et al., 1980,

1983). The results of these studies are summarized in Table 2.
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The development of antibodies against inoculated
ts-mutants of HSV type 1 and 2 was determined using
neutralization assay as described previously (Darai et al.,
1980). A value of 1:40 to 1:80 of neutralizing antibodies was

found in the inoculated animals 15 days after infection.

TABLE 2 Sensitivity of juvenile Tupaia to infection
with tempreature-sensitive mutants of HSV-2
HG-52, and HSV-1/17.

No.of Virus* PFU/ No.of animals dead/
ani- animal*** No.of animals
mals¥*
4 HSV-2 HG-52 1.0x10% 4/4
(wild-type) (4 days p.i.)
HSV-2 HG-52
4 ts: 1 0/4
4 2 0/4
4 5 0/4
4 9 1.0x107 0/4
4 10 0/4
4 12 0/4
2 13 0/2
1 HSV-1/17 1.0x10° 1/1
(wild-type) (4 days p.i.)
HSV-1/17
+ 6
1 ts: D 5.0x10 0/1
1 ct 5.0x10° 0/1
1 ut 5.0x10° 0/1
1 H 1.0x108 0/1
2 H 1.0x108 0/2
1 Hy o 5.0x10° 0/1
* Average values of weight (g) / age (days) = 15/118
* % ts = temperatur-sensitive mutants

*** The animals were inoculated intravenously



25

The susceptibility of those animals which had initially
been infected with ts-mutants tc infection with a lethal dose
of wild-type HSV type 1 and 2 was tested. These studies
revealed that the animals were protected against a
superinfection of a fatal dose of wild-types HSV-1 and/or 2.
The state of viral latency in these surviving animals was of
special importance and was studied in detail. With this goal
the animals which were infected with ts-mutants and/or
challenged with wild-types of HSV; those animals which
survived an acute infection of wild-type HSV-1 and 2 were
sacrificed several months after infection and/or after
superinfection. A variety of different specimens including
brain, spinal cord, blood, thymus, spleen, kidney, liver,
secretory glands, muscle, and skin were used for virus
recovery using the co-cultivation technique with different
susceptible cell cultures for HSV (Tupaia embryonic kidney
cells) at different incubation temperatures (320C, 37OC, and
330C). Each experimental approach was observed over a period
of 6 to 8 weeks. The summary of these results is given in
Table 3.

The results presented here demonstrate clearly that the
state of viral latency in those animals which had initially
been infected with ts-mutants of HSV-2 and superinfected with
wild-type HSV-1 is different when compared to those animals
which survived an acute HSV (wild-type) infection. In this
case infectious virus was recovered from co-cultivated ganglia
of the animals only. In contrast it was found that under these
conditions the target organ responsible for the persistence of
latent viruses was the spleen of those animals which were
previously infected with ts-mutants and challenged with
wild-type virus. Genomic analysis of these newly recovered
viruses showed significant changes as compared to their
parental viruses.

This finding led to the development of a model system for
the generation of intertypic recombinants in vivo, in
agreement with the generation of intertypic recombinants of

HSV in vitro previously reported by Morse et al. (1977) and
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Preston et al. (1978). The intertypic recombinants of HSV-1

and 2 were generated in tree shrews using a variety of

TABLE 3 Recovery of Herpes simplex virus during
chronic latent infection of tree shrew.

No.of Inoculated Virus Time of Virus recovered
. st ~nd . .
ani- 1 2 sacrifice organs no.of iso-
mals infect. infect. (days af- lation/no.

ter an of animals
infection
4 HSV-1 - 75-105 spinal cord 4/4
13 HSV-2 - 120-240 spinal cord 11/13
5 ts-2HSV-2* - 180-280 spinal cord 1/5
4*% ts:2,5,9,10 - 240 NR 0/4
12,and 13
HSV-2%*
2%*  ts:DT,¢T,H__ - 90-120 NR 0/2
*TrT "syn
HSV-1/17
4 ts H HSV-1/17 - 90-120 NR 0/4
4 HSV-2 HSV-1 240 spinal cord 1/4
4 HSV-1 HSV-2 240 spinal cord 4/4
*
16 ts 2 HSV-2* HSV-1+ 14-240 SPLEEN 16/16
*
8 ts 2 HSV-2% HSV-1+ 240 SPLEEN 8/8
*
4 tsl0 HSV-2* HSV-1+ 240 SPLEEN 4/4
* HSV-2 HG52
** for each ts-mutant
NR not recovered
* following HSV-1 strains were used: 17, F, KOS, and

+ Thea.

ts-mutants of HSV-2 HG-52 and wild-type of HSV-1 (strains 17,
KOS, F) which served as superinfecting virus. The intertypic
recombinants of HSV can also be generated in vivo using
ts-mutants of HSV type 1 and 2 administered simultaneously or
reciprocally. The infected animals were sacrificed at various
times after inoculation and/or superinfection and it was found

that latent HSV could be recovered only from the spleen as
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shown in Table 4.

TABLE 4 Determination of the time necessary for
intertypic interaction of HSV type 1 and 2
in vivo (in tree shrew)

No.of Inoculated Virus Time+of Virus
ani- ISt 2nd sacrifice recover
mals infection* infection* (days p.1i.) ed***
(14 daygt from:
after 177)
1 HSV-1/17%*%* animal dead
5.0x10%p. f.u.
2 HSV-1/17 4 SPLEEN
tsm 2
3 HSV-2 HSV-1/17 20-34 SPLEEN
HG52 1.0x10 p.f.u.
1.0x10
3 p.f.u. HSV-1/F 14-33 SPLEEN

1.0x10 p.f.u.
2 HSV-1/K0S 20-34 SPLEEN

4.3x10 p.£.u.

* Route of infection = intravenously

+ after second infection

*% simultaneous administration with first inoculum

*** all other organs including brain, spinal cord,
blood, thymus, liver, muscle, and skin which were
screened were negative.

The results presented in Table 4 demonstrate clearly that
a minimum time of 4 days is necessary for intertypic
interaction of HSV type 1 and 2 in vivo which is responsible
for a shift of target organs for the persistence of latent HSV
to spleen.

The analysis of plaque-purified reisolated viruses using
a variety of restriction endonucleases revealed significant
alterations in the genome structure of newly recovered viruses

(Table 5). These results indicate that an intertypic
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interaction between HSV-1 and 2 occurred in vivo which is
responcsible for the observed shift in organotropism of latent

virus in tree shrew.

TABLE 5 Genomic alterations which were detected in a
variety of reisolated HSV from the spleen of
infected tree shrews.

Arrangement of cleavage pattern of
Group Enzyme DNA of reisolated HSV
from the spleen
of Tupaia

HSV-1 HSV-2
I Bam HI -B +F and +P
Hind III +0 and +J
IT Hpal -K and -U
Kpn I +L
Bam HI +Q
ITI Bam HI -A +Q and +D
M
IV Eco RI -K +M
additional to II
\% Eco RI -K +M
additional to III
VI group I and II together

- not present
+ present

PATHOGENICITY AND LATENCY OF RECOVERED VIRUSES IN TREE SHREW

The biological properties of the different reisolated
viruses from ganglia or spleen of tree shrew were studied in
vivo. Different animals (juvenile Tupaias) were inoculated
with a variety of recovered viruses and the results are shown
in Table 6. It is apparent that only those virus strains which
were recovered from the spleen of the tree shrew lost their
pathogenicity in the tree shrew and required new attentuated
properties.
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CONCLUSION

Our data presented here demonstrate that intertypic
interactions between temperature-sensitive mutants of HSV in
vivo are experimentally inducible. Although the mechanism of
this complex process is not completely understood at this
stage of investigation, and for its understanding many
detailed

TABLE 6 Sensitivity of tree shrew to infection with different
reisolated HSV from the spleen of Tupaia.

Virus No. of PFU/ Route of Time of No. of
animals animal application death animals
(days) dead/No.of

animals

HSV-T-HD- 4 1.5x107 i.p. 0/4
O/R3 7

1 3.0x10 i.v. 0/1
HSV-T-1469 2 2.OxlO7 s.cC. 0/2
HSV-T-1618 1 3.lxlO7 s.C. 0/1
HSV-T-1628 1 6.3xlO7 s.cC. 0/1
HSV-T-1475 4 7.0x103 i.v. 0/4
1 7.0x10 s.c. 0/1
HSV-T-1489 1 3.0x10’ s.c. 0/1
HSV-1/17 2 1.0x10° i.v. 34 2/2
HSV-1 Thea 8 1.0x10° s.c. 45 8/8
HSV-1 F 2 1.0x10° i.p. 45 2/2

biological and molecular-biological investigations will be
necessary, we can emphasize that the established Tupaia model
system (see Figure 1) is of great help for a study of gene and
gene function of HSV responsible for the tropism,

pathogenicity and latency of this virus.
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A REVIEW OF HSV LATENCY IN EXPERIMENTAL ANIMALS
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INTRODUCTION

Of the five herpesviruses that infect man, only herpes
simplex viruses 1 and 2 (HSV) are not strongly species
specific. Therefore animal models can be used in an attempt to
clarify the pathogenesis of the natural infection in man.
Neural spread of HSV has been appreciated since the 1920' s
(Goodpasture and Teague, 1923; Johnson, 1964; Wildy, 1967; Cook
and Stevens, 1972), but it was not until the 1970' s that
latency in sensory ganglia was documented first in an animal
model and then in man (Plummer et al., 1970; Stevens and Cook,
1971; Bastian et al., 1972; Baringer and Swoveland, 1973).
Latency occurs only in neurons in vivo with usually only 1% of
the neurons involved in sensory ganglia (Cook et al., 1974;
Galloway et al., 1979; McLennan and Darby, 1981; Galloway et
al., 1982; Tenser et al., 1982).

There are comprehensive reviews of the human herpesviruses
in a recent volume (Nahmias et al., 1981). The present brief
review concerns selected aspects of HSV latency in animal
models. Emphasis is placed on maintenance of the latent state

and virus reactivation.

HSV LATENCY AND SPONTANEOUS REACTIVATION IN ANIMAL MODELS

Open discussion of HSV latency often leads to conflicting
views. The problem, in part is lack of agreement in
terminology. Most investigators consider latency as a block in
transcription of HSV DNA (Puga, et al., 1978). This block may
be complete or partial (i.e., transcripts present from only a
limited part of the genome) (Yamamoto et al., 1977; Galloway et
al., 1982). In agreement with the static state hypothesis
(Roizman, 1965), viral replication does not occur. Reactivation

refers to the reversal of the transcriptional block to the
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point where full transcripts appear and viral replication
resumes. Such reactivation may be clinically manifest as
recurrent skin lesions or may be subclinical with or without
HSV shedding at the skin.

There are some discrepant observations that suggest the
dynamic state hypothesis of latency (i.e., a low level of virus
replication) (Baringer and Swoveland, 1974; Scriba, 1975; Hill
and Blyth, 1976; Schwartz et al., 1978). However, these
observations may correspond to the detection of spontaneous,
subclinical reactivations. Such reactivations are very common
in the rabbit model of HSV infection occurring at some time in
100 percent of animals followed for six months (Nesburn et al.,
1967) . Similarly frequent asymptomatic as well as symptomatic
shedding occurs in some selected human population (Douglas and
Couch, 1970). In the guinea pig model, clinical recurrences and
subclinical shedding are so frequent that it is arguable
whether the concept of latency as used in this review fits this
model at all (Scriba, 1975; Donnenberg et al., 1980). In
contrast, spontaneous reactivation is rare in most mouse models
occurring in less than 10 percent of animals followed for three
months (Sekizawa et al., 1980).

As a working hypothesis, it is reasonable to suppose a
varying degree of "leakiness" in HSV transcription in various
species with the greatest degree of "leakiness" in the guinea
pig and the least in the mouse. The question remains which of
these models most closely parallels the natural infection in
man. As a model of recurrent skin lesions, the guinea pig is
certainly preferable. But to study the phenomenon of létency,
the mouse model with its low background of spontaneous

reactivation is preferable.

INDUCED REACTIVATION OF LATENT HSV

The basis for the species difference in spontaneous
reactivation is unknown. Probably related is the question in
man why certain individuals with a latent infection tend to
have frequent recurrences; whereas, others have few or no

recurrences. The question comes down to a discussion of what is
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needed to maintain latency (i.e., maintain the virus
transcriptional block). Suggested answers concern differences
in the virus, the number of ganglion cells infected, the immune
response, or some poorly defined feature of the latently
infected neuron. An experimental approach to determine what
maintains latency involves the study of stimuli that induce

reactivation in latently infected animals.

LATENT SUBCLINICAL
INFECTION REACTIVATION

<

REACTIVATION AMPLIFICATION

/

RECURRENT
INFECTION

Fig. 1 Recurrent herpetic infection produced either by
reactivation of latent HSV or by amplification of a pre-
existing reactivation. The schematic drawing shows a
bipolar sensory neuron with axons projected distally to
the skin surface and proximally into the central nervous
system. The wavy double lines indicate a test stimulus
that is known to induce recurrent herpes: e.g., fever in
man (Greenberg et al., 1969). Without knowing the inci-
dence of spontaneous reactivation in the study population,
it is not possible to tell whether the test stimulus
induced a reactivation or amplified a pre-existing, sub-
clinical reactivation.

Induced reactivation has been detected by scoring skin
lesions or detecting HSV shedding at the skin (Underwood and
Weed, 1974; Blyth et al., 1976; Hurd and Robinson, 1977; Hill
et al., 1978), by culturing infectious virus in cell-free
ganglionic homogenates (Walz et al., 1974; Stevens et al.,
1975; Openshaw et al., 1979), and by demonstrating a serum

antibody rise in antibody negative latently infected Animals
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(Sekizawa et al., 1980). Only the first method can be used in
man. However, as the figure shows, this method is badly
confounded if there is a high background of spontaneous,
subclinical reactivation. Under this circumstance, it is not
possible to tell whether the test stimulus actually triggers
reactivation (i.e., affects viral gene expression in neurons)
or merely makes a pre-existing reactivation clinically
manifest.

This objection is minimized by doing reactivation studies
in the mouse, an animal model with a low level of spontaneous
reactivation. Particular stimuli shown to reactivate HSV in the
mouse include (1) axotomy done close to the ganglia (Walz et
al., 1974), (2) epithelial irritants applied to those nerve
terminals that correspond to the latently infected ganglion
cells (Blyth et al., 1976; Hill et al., 1978; Sekizawa et al.,
1980) , and (3) treatment with the cytotoxic agents
cyclophosphamide or x-irradiation (Kurata et al., 1978;
Openshaw et al., 1979).

Clearly only the third method would be expected to have an
effect on the host immune response. A role for anti-HSV IgG in
the maintenance of latency has been suggested (Stevens and
Cook, 1974). Yet in experimental studies, reactivation occurred
in mice given cyclophosphamide at a time when the serum
antibody titer to HSV was still high (Openshaw et al., 1979).
Moreover, it has been shown that latency is maintained in
certain mice in the absence of detectable neutralizing serum
antibody (Sekizawa et al., 1980).

We favor the hypothesis that individual neurons have a
varying degree of permissiveness for HSV replication (Openshaw
et al., 1981). Ordinarily, neurons are non-permissive (i.e.,
there is a tight transcpritional block). But the same neurons
become permissive under certain circumstances: e.g., transfer
of the ganglion to explant culture, axotomy or other axonal
injury, epithelial trauma, and treatment with cytotoxic agents.
One of these stimuli (axonal injury) has been shown to alter
neuronal gene expression (Levine et al., 1981). Perhaps

associated with this alteration, critical HSV transcripts
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appear and eventually virus replication resumes. In summary,
understanding the relationship between neuronal and viral gene
expression may ultimately provide a clue to the mechanism of
HSV latency.
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THE INFLUENCE OF IMMUNITY, NATURAL RESISTANCE
AND VIRULENCE ON THE PERSISTENCY OF HERPES SIMPLEX
VIRUS FOLLOWING THE INFECTION OF THE NON-INJURED
MUCOUS MEMBRANES OF MICE

K. E. Schneweis

Institute of Medical Microbiology and
Immunology, University of Bonn,
Federal Republic of Germany

ABSTRACT

Using the vaginal route of infection in mice, we could

show that the latency of Herpes simplex virus (HSV) in the
lumbosacral ganglia correlated with the extent and the duration
of the peripheral disease:

1.

Mice which had been pre-immunized by infection with HSV
type 1 (HSV-1) were rarely protected from the take of a
vaginal challenge. Accordingly, protection from latent
infection was moderate, whereas the mice were well
protected against the lethal outcome of the disease.
Immunization with killed vaccine from purified HSV-1 had
even less protective effect on the take of infection and
correspondingly on viral latency, but the low rate of
lethal outcome was similar to that of mice immunized with
the live vaccine.

The marked genetic resistance of intraperitoneally (i.p.)
infected C57 Bl mice was only poorly developed in
vaginally infected mice. The course of the vaginal disease
was not reduced and the incidence of latency was not
diminished. Resistance manifested itself in reduced viral
titre and spread in acute ganglionic infection, and in
decreased lethality.

Whereas wild virus strains of HSV-1 differed considerably
in their neuro-virulence following intracerebral inoculat-
ion, only minor differences could be detected with respect
to the vaginal disease. They did not lead to different
rates of persistent infection. On the other hand,
persistence of the virus was either not established or was
rare respectively, in the case of TK and syn mutant
strains of HSV-1 and HSV-2, which proved avirulent in
vaginal infection.

INTRODUCTION

Whenever selected factors of pathogenesis are studied, it

is often useful to choose experiments with artificial con-

ditions. The relevance of the factors in the course of disease,

however, becomes clearer, if the natural conditions are

simulated. In an experimental model of vaginal herpes simplex
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virus (HSV) infection of mice, it was shown that this is also
true for the influence of immunity (Schneweis et al., 1981),
natural resistance (Schneweis et al., 1982), and virulence on

the latent persistent virus infection.

MATERIALS AND METHODS

Mice: Outbred NMRI mice and - in some experiments - inbred
C57 Bl mice were used. The mice were purchased from Zentral-
institut fir Versuchstiere, Hannover, Federal Republic of
Germany, and were infected when 6 to 8 weeks old.

Viruses: Herpes simplex virus type 1 (HSV-1): Strains MF
(Sturn and Schneweis, 1978); Thea syn (Schneweis et al., 1972);
Hof syn (Munk and Donner, 1963); ANG syn path (Kaerner et al.,
1981); Kit and Dubbs TK (Dubbs and Kit, 1964). Herpes simplex
virus type 2 (HSV-2): Strains EP (Sturn and Schneweis, 1978) ;
Lux syn (derived from a penile isolate in our laboratory); Bry
TK (Thouless, 1972).

Cell cultures: Human Embryo Fibroblasts (HEF) for
cocultivation of the ganglion explants, Vero cells for virus
propagation and titration.

Infection of mice: We used cotton pellets soaked with 106
TCID50 (if not indicated otherwise) to infect the mice
vaginally, carefully avoiding any injury to the mucous
membranes. The take of infection and the virus titre produced
in the vagina were tested by swabs, squashed in 1 ml Eagle's
MEM supplemented with 10% newborn calf serum (Eagle 10).

Acute and persistent infection in the lumbosacral ganglia:
Latency was ascertained by explantation of the lumbosacral
ganglia (L4 to S3) 4 weeks or later post infection (p.i.). The
ganglia of one side were pooled, explanted in plastic tissue
culture flasks (50 ml) and cocultivated with HEF for 4 weeks.
In the phase of acute infection the virus in the ganglia was
titrated in homogenates of the ganglia, removed at the 3rd and
4th d.p.i. and - left and right ganglia separately -
homogenized in 1.5 ml Eagle 10. In one additional experiment
the ganglia were removed on days 2, 4, 6 and 8 pn.i. and

explanted separately in 24-well tissue culture cluster dishes.
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RESULTS

Immunity and latency

Mice which experienced an oral infection with HSV-1
(strain MF) 4 weeks previously, were moderately protected
against vaginal infection with the same strain: Although the
number of takes was only scarcely diminished, virus elimination
from the vagina was clearly accelerated (Fig. 1). Immunization
by a killed vaccine made from purified HSV-1 (Hilfenhaus et
al., 1981), was even less effective. Nevertheless, both
experimental groups were protected equally well against the
lethal outcome of infection: lethality was only 4% in contrast
to 55% in the controls.

°/s pos.

100 1

Controls
/ \"\
75 1 X~ / 0\\\\ X x—%
o
\ /" N

X X

purif., inact. ANy
o, g?V-L S.C. o
AN . A
AN} Immunisation
50 1 ° \
\
\ Infection,
\ HSV-1, oral
\
\
o
\
25 AN
\
\
O\\
T

1 2 3 4 5 6dpi 2 3 4 5 8

Fig. 1 The course of the genital challenge infection
with HSV-1 in mice, which were immunized (o --- o) either
by previous oral infection with HSV-1 (97 mice) or by
application of a heat-killed vaccine from purified HSV-1
virions (59 mice). The control animals (x %) had oral
mock infection (79 mice) or s.c. application of PBS (40
mice) resp. The percentage of positive swabs following
the genital challenge is indicated.
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The ratio and the extent of latent infection correlated

with the duration of vaginal infection (Table 1). The number of

latently infected mice was significantly reduced only in the

group immunized with live virus, whereas the extent of latency
was reduced in both groups. (For this purpose, resistant C57 Bl
mice are more relevant controls than NMRI mice, since the group

of surviving NMRI controls is selected in respect of an

attenuated course of infection).

TABLE 1 Latency following vaginal challenge with
HSV-1 after immunization with live and killed HSV-1.
*¥ see text.

Immunization Latency Left and right

ascertained gangl. affected

NMRI * E=NCERS 52 %
None
C57BL* 47 (70 %) 72 %
67
2 s.c. doses of 47
inact. ,purif.HSV-1 81 (58 %) 45 %
Oral infection 15 o o
with HSV-1 75 (33 9% 33 %

The correlation between latency and peripheral infection

was affirmed by the data in table 2: The frequency of latent

infection decreased proportionally with the number of positive
swabs.

TABLE 2 Incidence of latency in dependence on virus
elimination from the vagina. Swabs were taken 2, 4, 5
and 6 days p.i.

Number of

pos. swabs 4 3 2 1
Latency 23 15 6 3
ascertained 30 (77) 55 (60) 5 (50) 13 (21
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Natural resistance and latency

Since the finding of Lopez (1975) it is well known that

C57 Bl mice resist intraperitoneal infection of 106 TCID

whereas the LD50 of sensitive mice is 1O2 to 1O3 TCID5O.

Surprisingly, the course of vaginal infection in resistant
(C57 Bl) and sensitive (NMRI) mice was identical (Fig. 2). The

viral titre produced in the vagina was also similar in both

50’

strains of mice (Table 3). Accordingly, the numbers of latently
infected animals were equal in both experimental groups.
Looking for a difference in the early infectious cycle, which
could be the reason for reduced lethality in C57 Bl mice, we
found that the viral titer produced in the ganglia of C57 Bl
mice was below that of the sensitive mice.

In order to obtain more evidence for limited virus
production in the ganglia of resistant mice, a number of
infected ganglia were tested. For this purpose, mice were
inoculated in the right foot pad. The ganglia were removed at
days 2, 4, 6 and 8 p.i. and explanted separately. Fig. 3 shows
that resistant mice had less infected ipsilateral ganglia and

contralateral ganglia were infected only in sensitive mice.
/s pos.
100

75 4
1

501

25

0

2 d 12 dp.i.

Fig. 2 Course of the vaginal infection with HSV-1 in
sensitive and resistant mice. Sensitive (NMRI) (x) and
resistagtg(c57 Bl) (o) @iSe were inoculated in the vagina
with 107’7 (——) or 1077 (==-=) TCID5 /0,05 ml. The
extent of the local infection was calcu?ated as percent-
age of positive swabs from the vagina.
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TABLE 3 Course of infection after vaginal inoculation
of HSV-1 in sensitive and resistant mice.

Parameter of Strain of mice
infection NMRI C57 Bl

Titer oghvaginal

swab, 42 Q.p.i. 2,48 2,35
Titer of acute inf.
in lumbos. ganglia 2,83 2,09
Latent ganglionic 18 o 14 o
inf. ascertained 75 (72 %) 78 (77 %)
Deaths per inf. 67 o 33
mice (lethality) 75 (89 %) 57 (34 %)
C57 Bl NMRI
20 - (]
L
| ]
10 4
o
@
£
right
2 ] | 9
| -
left

L3L4AL5L6 S1 S2 L3 L4L5L6 S1S2 ganglia

Fig. 3 Infected lumbosacral ganglia, which were
removed 2 to 8 days after subcutaneous HSV-1 infection
into the right foot pad of resistant (C57 Bl) and
sensitive (NMRI) mice.

Virulence and latency

It was observed that freshly isolated wild virus strains

differed very much in virulence when inoculated intracerebrally
(Table 4).
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TABLE 4 High virulent (hv) and low virulent (1lv) ocular
HSV-1 isolates, tested by i.c. inoculation (Neumann-
Haefelin, 1979).

TCID TCID

hv strains ‘EB‘EQ lv strains —EB—EQ
50 50

281 107" 309 10371

342 10071 317 1031

391 10072 401 10279

In the vaginal infection, however, the strains showed no
striking differences. The only difference we could find in the
course of the peripheral infection was the diminished titre of
the avirulent strains in the vagina towards the end of acute
infection. The slight difference did not result in a reduced
incidence of latency. Lethality, however, was also decreased in

this experimental group (Table 5).

TABLE 5 Vaginal infection with ocular HSV-1 isolates:
3 strains with high intracerebral virulence (hv) and
3 strains with low intracerebral virulence (1lv).

hv strains lv strains
Number of takes 192 (85 ) Toe (80 %)
X;;?ia?igg é?p%?? 103:78 103733
Xi;?ia?ig é?p??? 103188 10317 p< 0,001
mee o Bow Zeew
Lethality T%% (57 2) 32 (39 %) p< 0,05

In contrast to the wild virus strains avirulent mutant
strains (syn and TK strains of HSV-1 and HSV-2) produced weak
peripheral infection. The virus disappeared from the vagina

early (Fig. 4), and the viral titres, which developed in the
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vagina, were low (Table 6). Consequently, latency was very rare
and no mice died (Table 6).
/o
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Fig. 4 Percentage of positive swabs after vaginal
infection of NMRI mice with wild virus strains of
HSV-1 and HSV-2 , syn mutant strains
of HSV-1 o----o0 and HSV-2 o----0, and TK strains of

HSV-1 e

and HSV-2 ceee .

TABLE 6 Vaginal infection with wild and mutant strains
of HSV. ¥*Tested in C57 Bl mice for reasons mentioned
above.
HSV-1 HSV-1+2 HSV-1+2
wild-type* syn TK
Titer in the
vagina, 2 d.p.i. 103’5 102’4 101’4
Latency 47 4 e o
established g7 (70 %) qg (22 %) 76 (O %)
- 34 s O 0
Lethallty TO—8 (31 o) 37 (O %) 27 (O %)
CONCLUSION

It is known that the capacity of establishing latency is

controlled by viral genes and, under special conditions,

independent of virus replication (Lofgren et al.,

1977) . Taking
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the non-injured mucous membranes as inoculation site, however,
adequate virus production in the epithelium seems to be
required for the invasion of the virus into the nervous system.
In the ganglia the acute productive infection is changed to
latent infection, and infected cells are eliminated to some
extent (Walz et al., 1976). The effectiveness of this change
and elimination determines the spread of virus in the ganglia
and the possible invasion into the central nervous system.
Depending upon the mode of immunization, immune factors
influenced both the peripheral and ganglionic infection. The
natural resistance of the host, however, manifested itself
predominantly in ganglionic infection, and the virulence of
viral strains, predominantly in epithelial infection. In the
case of TK strains, there may be another mechanism, which
inhibits the reactivation of latent virus (Price and Khan,
1981).
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DIFFERENCES OF HSV2 STRAINS IN THEIR EFFICIENCY OF ESTABLISHING
LATENT INFECTIONS IN GANGLIA OF GUINEA PIGS

M. Scriba

Sandoz Forschungsinstitut, Brunnerstr. 59,
A-1235 Wien, Austria

ABSTRACT

Pathogenesis of HSV2 infections in guinea pigs after s.c.
or i.d. inoculation is described as characterized by primary
lesions, continuous virus persistence in ganglia and skin and
spontaneously developing recurrent herpes. In contrast to 9
HSV2 strains assayed previously in this model which were all
found to behave similarly, three more HSV2 strains studied were
found to have reduced pathogenicity. They induced less primary
lesions, rare or no recurrent herpes and had reduced capacity
to establish latent ganglionic infection. They persisted,
however, in peripheral tissues to the same extent as the
virulent strains. One of these three strains was a thymidine
kinase negative mutant. In the case of the other two strains
the molecular basis for the lack of pathogenicity and failure
to establish latency in ganglia is not clear.

Infections of guinea pigs with herpes simplex virus type 2
(HSV2) either subcutaneously (s.c.) or intradermally (i.d.)
into the footpad lead to development of primary herpes at the
site of inoculation, characterized by inflammation and
vesiculation. These lesions usually resolve spontaneously
within 2 to 3 weeks. A life-long clinically asymptomatic
infection is established thereafter during which the virus
persists in a latent state in the sensory ganglia subserving
the initially inoculated foot. Unlike in experimentally
infected mice or rabbits or naturally infected humans, however,
in guinea pigs the virus persists in addition to and
independently from ganglionic infection, in the initially
inoculated site of the skin. After s.c. inoculation virus is
found even more regularly to persist locally than in ganglia
(Table 1). Iﬁ both sites virus is not dectable by any direct
assay but only after cultivation of the explanted tissue in
vitro (Scriba and Tatzber, 1981). Yet the virus persists
probably in different states in ganglia and skin: in ganglia
virus is most likely to reside in a latent, i.e.

non-replicative, state, whereas some indirect evidence was
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obtained that virus in the skin is maintained as a low-grade
productive infection (Scriba, 1981). The asymptomatic infection
may often be interrupted by phases of virus reactivation and
subsequent appearance of recurrent herpes at the site of
initial inoculation. The recurrent herpes develops
spontaneously and so far no mechanism triggering these
exacerbations could be identified. The majority of these
recrudescences are apparently induced by virus reactivated in
latently infected ganglia. The role of virus persisting in the
peripheral tissue for the pathogenesis of the infection is
still unclear. We have assayed the pathogenicity of 9 different
strains of HSV2 in this model, including old laboratory strains
as well as a number of recent clinical isolates (Scriba and
Tatzber, 1981). All 9 strains tested were found to induce
primary and recurrent herpes to a similar extent suggesting
that all these strains do not also differ in their ability to
establish latent infections in ganglia.

In continuation of these studies we assayed a number of
laboratory strains in this model and found so far 3 strains to
be non-pathogenic for guinea pigs, namely C5a, HG52 and N9
(Table 2). C5a is a thymidine kinase negative (tk) mutant of
the pathogenic strain 72, the strain with which most of our
animal experiments have been performed; HG52 was obtained from
Dr. Subak-Sharpe's laboratory in Glasgow; N9 is a derivative of
strain MS, adapted to growth at 25°% by Dr. H.F. Maassab, Ann
Arbor (Maassab and McFarland, 1973). Clone N9 was isolated by 3
cycles of plaque-purification from his stock of this so called
"cold variant".

After s.c. inoculation with these 3 strains the incidence
of primary herpes was markedly lower than after infection with
strain 72; this difference was most pronounced after infection
with strain HG52 (18% versus 75% in 72-infected controls).
After i.d. infection only the HG52 infected animals showed a
reduced proportion of primary herpes; all 3 strains induced,
however, less severe symptoms than strain 72. More interesting
is the considerably reduced proportion of animals developing
recurrent herpes after infection with these attenuated strains,

most pronounced again in the HG52-infected animals, where none
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of 34 animals developed recurrent lesions.

Animals were then assayed for virus persisting in dorsal
root ganglia and footpad skin by cocultivation of these tissues
on primary rabbit kidney cells. All s.c. infected animals were
shown to harbor virus in their inoculated footpad,
demonstrating that successful infection had occurred in all
animals with all 4 strains of virus. In none of the C5a or N9
infected animals and in only 6% of HG52 infected animals was
virus detectable in ganglia, whereas strain 72 was recovered
from ganglia of 46% of the guinea pigs. After i.d. inoculation
HSV2 persists less regularly in the footpad skin but more
frequently in the ganglia than after s.c. infection. After this
route of infection C5a was shown to remain in the skin only,
the proportion of positive animals being even higher than in
the 72-infected group. HG52 and N9 on the other hand were found
in both sites, skin and ganglia, at reduced ratios.

The reduced incidence of latent ganglionic infections
established by these 3 strains could be the consequence of
reduced replication in peripheral tissue and accordingly of
less virus reaching the ganglia. To test this possibility we
measured virus replication in the footpad skin after s.c.
infection. Figure 1 demonstrates that after infection with the
virulent virus 72 infectious virus was detectable in all
animals assayed at 24 h post infection (p.i.), the percentage
of positive animals decreasing thereafter until day 11, by
which time virus was undetectable in tissue homogenates. Also
highest titers of virus were usually observed around 24 - 48 h
p-i. (Figure 2). Virus titers in the skin were, therefore,
determined at 24 and 48 h after infection with the various
virus strains (Figure 3). Another virulent strain, K979, was
included in this experiment in additon to strain 72. Virus
titers varied considerably among animals of the same group.
Since only 3 animals were assayed per virus and time point
these data have to be viewed with caution. There is no
evidence, however, that strains N9 and HG52 would replicate
less well in the skin than the virulent strains. Only C5a
reached lower titers than strain 72 at 24 h p.i., a difference

which was no longer observed at 48 h. Thus, an impaired
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Figure 1 Percentage of animals in which virus was
detectable in homggenized footpad skin after s.c.
infection with 10" PFU of HSV 2 strain 72.

capacity to replicate in the skin is probably not the
explanation for the failure of these strains to effectively
induce latent infections in ganglia.

Inability to induce latent infections in the nervous
system has so far been reported for two types of mutants of
HSV1: temperature-sensitive (ts) and tk mutants. Thus Lofgren
and coworkers (1977) have shown that some but not all ts
mutants of HSV1 were unable to establish latency in the dorsal
root ganglia or the brain of mice. No specific mutation could
however be associated with the latency negative strains. A
specific mutation namely the lack of tk could on the other hand
be related to a failure to establish latency in ganglia of mice
and guinea pigs (Tenser and Dunstan, 1979; Tenser, Miller and
Rapp, 1979). Such mutants cannot replicate in neurons, which
are non-dividing cells and, therefore, probably lack any
enzymes needed for thymidylate synthesis, be it by de-novo or
by salvage pathways. Tk viruses can, however, grow in

peripheral tissue, i.e. in potentially dividing cells.
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Figure 2- Virus titers in homogenized footpad skin after
s.c. infection with strain 72. Three animals were assayed
per time point. Stars indicate individual titers, the line
shows geometric means.

It was, therefore, not unexpected, that our tk~ mutant of
HSV2 would not induce latent infections in ganglia. The fact
that it gave rise to a few recurrent exacerbations can probably
be interpreted as evidence that occasionally also the virus
resident in the skin can be activated to induce recurrent
lesions. The basis for the reduced ratios of latency and of
subsequent recurrent infections induced by the other two
strains, HG52 and N9, is not clear. Particularly striking is
the total inability of HG52 to induce recurrent infections
although it was at least occasionally detectable in ganglia.

The strains were tested for their growth capacity in

guinea pig cells in vitro, for tk induction and for growth at
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Figurg 3 Virus Fiters4in footpad skip 24 and 48 h_after
s.c. infection with 10" PFU of five different strains.
Circles indicate individual titers, columns represent the
geometric mean of three animals tested.

elevated temperatures (Table 3). N9 and HG52 induced tk
activity similar to strain 72 in Vero cells as well as in
guinea pig fibroblasts (GPF). Also, virus yields were
essentially similar in both types of cells, although highest
titers were obtained later in GPF than in Vero (72 h in GPF
inoculated at a moi of 0.03, 48 h in Vero cells inoculated at a
moi of 0.003). However, this was true for all four virus
strains tested. To assay for ts markers, virus growth at 34°C
was compared to that at 38.5°C. Strains 72 and C5a were only
slightly reduced at 38.5°C in Vero cells, whereas both strain
N9 and HG52 showed more than one log reduction. This did not,
however, hold in GPF, where all four strains exhibited better
growth at 38.5°C than at 34°C.
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Thus, for both strains HG52 and N9 lack of tk, temperature
sensitivity or host range mutation was not the explanation for
their inability to efficiently induce latent ganglionic
infections in guinea pigs. We have so far not studied whether
these strains can replicate in neurons. The question also
remains open for all three strains studied here, whether the
failure to recover virus from ganglia was really due to the
inability of these strains to establish latent infections or
rather due to the inability to be reactivated. Failure to
replicate in neurons, which has at least been demonstrated for
tk~ strains of HSV1, might well prevent reactivation in vivo as
well as in vitro. Accordingly other techniques should be
applied than cocultivation to search for latent virus, before
differences in the efficiency with which virus strains
establish latency can be proved.

I would like to speculate in this context, that
differences among virus strains in going latent or even more in
being reactivated from a latent state in neurons are an
explanation for the different courses of herpes infections
observed in the natural human infection. Inherent differences
of the herpes strains may be the reason why a large proportion
of humans who have antibodies against the virus and, therefore,
most likely carry a latent infection, never develop overt
recurrent disease, whereas in others frequent recurrences
develop. It would, therefore, be very interesting to compare
the pathogenicity of virus strains recovered from ganglia of
individuals without history of recurrent herpes with the

pathogenicity of isolates obtained from recurrent lesions.
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LATENCY IN MOUSE FOOTPAD AND SENSORY GANGLIA
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Institute of Virology, University of Glasgow,
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*University of Baghdad

Following a primary infection in man, Herpes Simplex
Virus (HSV) usually persists in the latent state and remains
there lifelong. However periodically it may become
spontaneously reactivated and infectious virus is produced -
which can result in overt clinical disease (Wildy et al.,
1982). The latent HSV genome persists in sensory ganglia both
in man and in some laboratory animals, and can be
experimentally reactivated by explantation of ganglia and
culture in vitro (Stevens and Cook, 1971; Bastian et al.,
1972; Stevens, 1975; Barringer, 1975).

The viral genome appears to be latent within the sensory
neuroses of dorsal root ganglia (McLennan and Darby, 1980),
but recovery from central nervous tissue, autonomic ganglia
and the adrenal gland have also been reported (Nesburn et
al., 1972; Knotts et al., 1973; Price et al., 1975; Cook and
Stevens, 1976; Warren et al., 1978). Skin explants from the
sites in man at which HSV recurrences had been observed have
not yielded virus (Rustigan et al., 1976). However, recurrent
HSV has been observed in patients with 'blow-out' fractures
which had severed the nerve supply to the area of skin
involved (Hoyt and Billson, 1976).

HSV-1 and HSV-2 have been isolated from the site of
isolation (footpad and vagina) of latently infected guinea
pigs (Scriba, 1976, 1977; Donnenberg et al., 1980). HSV-1 has
been isolated also from the ear skin (the site of
inoculation) in 8% of latently infected mice in the absence
of overt clinical lesions (Hill et al., 1980). In the course
of experiments aimed to study the viral genes influencing the
ability of HSV to induce latency in mice, we have made new

observations highly relevant to the above prdblem and have to
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date recovered HSV-1 and HSV-2 from the mouse footpad as well
as dorsal root ganglia three months or more after
inoculation.

HSV-1 strain 17 wt, HSV-2 strain HG52 wt and derived
temperature sensitive (ts) mutants (Timbury, 1971; Brown et
al., 1973; Halliburton and Timbury, 1973, 1976; Marsden et
al., 1976) were used to inoculate Biozii (high antibody
responder) strain mice via the rear footpad. The mouse core
body temperature (38.5°C) is nonpermissive for the ts mutants
used. Though the footpads may be somewhat below the core
temperature when the mice are active, while they are close
packed asleep in the nest the footpads will be at or near the
core temperature. The mice were kept minimally for three
months after infection and then tested by explanting the
dorsal root ganglia (DRG) and footpad skin (FP) into culture
and incubating at 31°C with daily screening for production of
infectious virus. Following infection with HSV-1 wt at doses
between 105—106

initial footpad swelling and reddening of the skin, but none

pfu/mouse, the Biozzi mice showed some

became permanently paralysed and all survived (Clements and
Subak-Sharpe, 1983). None of the mice infected with HSV-1 ts
mutants or with HSV-2 wt or ts mutant virus showed any
evidence of illness and none died (Al-Saadi et al., 1983).
The Biozzi strain thus is a member of the resistant group of
mouse strains like the C57 B1/6 strain described by Lopez
(1975) and Kirchner et al. (1977).

Virus was never detected in the supernatant from
explanted DRG earlier than the sixth day after explantation.
The majority of BHS reactivations from explanted ganglia
first appeared between days 7 and 14 and the latest time at
which virus was first detected was 24 days after DRG
explantation. To our initial surprise we reproducibly
obtained virus reactivation also from footpad explants in
mice infected with 105/106 pfu of HSV-1] and HSV-2 wt. No
virus was recovered from the footpad of the 19 mice
inoculated with less than 105 pfu of HSV-1 wt, though their

DRG explants were positive in 14 cases (Table 1). The footpad
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cultures never shed virus before the tenth day after
explantation and on one occasion not until the 42nd day. We
have never detected virus in tissue homogenates made
immediately after explantation, which is in accord with other
reports (Cook and Stevens, 1976; Hill and Blyth, 1976). At
the doses cf HSV used in the present study virus was never
recovered from the left DRG or the left footpad,
contralateral to the site of inoculation. The virus which
reactivated from mice initially infected with a ts mutant in
every case (except for two mice inoculated with tsI) proved
to have retained the ts phenotype. Using the restriction
enzymes BamHI, BglII, HindIII, KpnI and EcoRI (Lonsdale et
al., 1979; Lonsdale, 1979), the DNA fragment profiles of
reactivated viruses were compared with the profiles of the
virus used for initial infection and in very case shown to be
unchanged.

As can be seen from Table 1, HSV-2 wt virus was
recovered with high efficiency from the DRG but much less
frequently from the footpad. As far as the HSV-2 ts mutants
are concerned, ts 5 and ts 10 have not been recovered either
from DRG or from the footpad; mutants ts 3, ts 9 and ts 12
have only been recovered from explanted footpad; mutants ts
11 and ts 13 have been recovered from DRG only; the remaining
six HSV-2 mutants were all recoverable both from DRG and
footpad; but whilst ts 1, ts 6 and ts 7 were obtained from
either site with approximately equal frequency, ts 2, ts 4
and ts 8 reactivated much more frequently from the DRG. HSV-1
wt virus, after initial inoculation with >lO5 pfu, was
readily recovered from DRG or footpad. There is efficient
recovery from DRG of latent HSV-1 sw (these mice were
initially inoculated with 10° or more pfu) and the HSV-1
mutants D syn, tsI syn and tsF syn; ts G syn and ts K syn
have not been recovered so far from the DRG of Biozzi strain
mice; ts K syn is the only HSV-1 ts mutant so far tested to
have been recovered from the footpad. The pattern of recovery
of these HSV-1 ts mutants from the latent state in mice

differs in some respects (eg tsI) from that previously
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TABLE 1 Recovery of HSV (wt) and (ts) mutants following
explantation of dorsal root ganglia and footpad
from latently infected mice (three months after
initial inoculation into the footpad of the right

hind 1imb)
DNA DRG Footpad
Virus pfu/mouse phe- positive/ positive/
inoculated inoculated no- total (%) total (%)
type

HSV-1

wt 17 syn® 10-107 +  Yes' 7/7 (100)
wt 17 syn' 10°-10° +  Yes' 7/9  (78)
wt 17 syn® 10%-10° +  11/15 (73)  0/15 (0)
wt 17 syn® 103-10* + 3/4  (75)  0/4  (0)
ts D syn 6 x 10° - 3/5  (60) 0/5  (0)
ts I syn 1 x 10° +  10/10 (100)  0/9  (0)
ts F syn 1 x 10’ + 8/12  (67) 0/12  (0)
ts G syn* 3.7x10° + 0/15  (0) 0/14 (0)
ts K syn 1 x 10° - 0/10  (0) 2/10 (20)
HSV-2

wt HG52 1 x 10° + 6/6 (100)  2/6 (33)
wt HG52 1 x 10° + 11713 (85)  1/14 (7)
ts 1 x 10° - 4/11 (36)  2/10 (20)
ts 2 7 x 10° - 8/17 (47)  1/16 (6)
ts 3 x 10 + 0/16  (0)  5/15 (33)
ts 4 10° +  12/14 (86)  1/14 (7)
ts 5 x 10° + 0/12  (0)  0/12 (0)
ts 6 108 - 1/16  (6)  1/16 (6)
ts 7 x 10° - 2/14  (14)  1/11 (9)
ts 8 x 10° - 5/14 (35)  1/9 (11)
ts 9 x 10° - 0/11  (0)  1/11 (18)
ts 10 .5 x 10° - 0/13  (0)  0/9  (0)
ts 11 .2 x 10° - 1/12 (8)  0/12 (0)
ts 12 x 10° + 0/14  (0)  1/14 (7)
ts 13 6 x 10° + 2/14  (14)  0/14  (7)
+ Assayed after dissociation of ganglia pooled from

several mice thus no data available on individual mice.
Thymidine kinase negative at both the permissive and
non-permissive temperatures.
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Legend to Table 1:

Three to four week old Biozzi (high antibody responder)
mice were injected subcutaneously into the right rear
footpad with 10%-10°® pfu/mouse of HSV-1 wt, HSV-2 wt or
one of five HSV-1 or thirteen HSV-2 ts mutants. At least
three months after primary infection (when the mice were
totally asymptomatic), the mice were killed using
chloroform. Nine ipsilateral (one sacral, six lumber,
two thoracic) and two contralateral dorsal root ganglia
(DRG) were dissected out and explanted under aseptic
conditions. In addition, footpad tissue from both the
left and the right sides was also explanted from each
mouse and cultured as organ culture in vitro at 31°C. In
18 cases out of the total of 286, the explanted footpad
became contaminated during culture and had to be
discarded. Explant cultures of individual ganglia and
footpad tissue were maintained in Eagle's minimum
essential medium (Glasgow modified) supplemented 50%
foetal calf serum, penicillin 100/units/ml, streptomycin
100 ug/ml, gentamicin 25 ug/ml and nystatin 25 units/ml.
Released virus was detected by screening the supernatant
on semi-confluent BHK cells grown in microtitre plates.
The screening procedure was carried out daily for the
explanted footpad cultures and twice weekly for DRG.
Recovered viruses were screened for growth on Cl3 cells
both at 31°C and 38.5°C (the permissive and
non-permissive temperatures). A mouse in which either
the footpad or any ganglion released infectious virus
was scored as positive. The first screening always took

place within 24 hours after explantation.
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reported (Lofgren et al., 1977; Watson et al., 1980), but

major differences distinguish the two experimental systems

used: notably the route of inoculation, the mouse strain and
the method of screening, though the same virus mutants were
used in both studies.

The distribution of ganglia from which HSV-2 was
recovered differed between the latency positive mutants; wt,
ts 1, ts 2 and ts 4 were recovered from a number of ganglia,
while the other mutants were shed from only one or two
ganglia innervating the footpad (Table 2).

Our results suggest the following tentative conclusions:
1. Non-recovery of HSV-1 ts G syn and HSV-2 ts 5 and ts 10

from either site may indicate that these three mutants

are deficient in functions necessary to establish or
maintain latency in Biozzi mice or for successful
reactivation following explantation.

2. The recovery of HSV-2 mutants (ts 3, ts 9 and ts 12) and
of HSV-1 mutant ts K syn only from explanted footpads
suggests that HSV can go latent in mouse tissues other
than, and apparently independent of, the DRG.

3. Recovery only from DRG of the HSV-1 mutants ts D syn, ts
I syn, and ts F syn and HSV-2 mutants ts 11 and ts 13
further supports the notion of independent states of
latency in footpad and DRG.

4. Only a minority of mice produced virus both from the
footpad and from DRG following explantation, one
infected with HSV-2 wt and one each with ts 4, ts 7 and
ts 8. (In the case of HSV-1 wt, the ganglia from several
mice were pooled and it is not possible to correlate
release of virus from the DRG and footpads). This
further supports the hypothesis that HSV-2 can produce
latent infection independently at the two sites.

5. The observed differences in recoverability of HSV-1 and
HSV-2 ts mutants suggest that the genetic control of the
ability of HSV to produce latent infection is not simple
and involves several virus gene functions. It is

relevant that some DNA positive and some DNA negative
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mutants were shown to induce latent infection while

others failed to do so (Table 1).

With the exception of two isolates from mice inoculated
with ts I, all the reactivants retained the ts phenotype
which excludes reversion to wt as an explanation for their
successful recovery from latency. We cannot rule out the
possibility that some leakiness allowing replication may have
occurred, particularly in the footpad which may ndt always
have been at the mouse core temperature. Any leak-through
would allow the mutant genes parial function and therefore
could favour the establishment of latency. Thus some ts
mutants with latency relevant function may have escaped
detection. But the non-recovery of mutants ts G, ts 5 and ts
10 strongly suggests that their functions are essential for
the establishment of or reactivation from latency.

We have recovered virus from the footpads of 16 HSV-1
inoculated and 17 HSV-2 inoculated Biozzi mice which had been
asymptomatic for at least three months. In the case of HSV-1
mutant ts K and HSV-2 mutants ts 3, ts 9 and ts 12 virus has
only been recovered from the footpad and not from the DRG.
Scriba (1981) has reported the recovery of HSV-2 from footpad
skin, but not the dorsal root ganglia of guinea-pigs infected
with virus into the footpad 10 days after surgical
denervation. Recovery of virus from the peripheral regions
may be due either to reactivation of virus latent within
nervous tissue which subsequently travels via a nerve to the
peripheral site, or to the presence of virus over a long
period in some cells at peripheral sites: although these two
possibilities are not mutually exclusive. We think it most
unlikely that the input virus could have persisted either as
such or in a slowly replicating form during the three months
or more between inoculation and dissection. Moreover we have
never recovered virus directly from homogenates of the
footpad immediately after such explantation. This includes
four cases when we cut a footpad lengthwise in half and
homogenised one half while explanting the other with

subsequent sucessful reactivation. We are forced to conclude



that the virus is capable of establishing a latent infection
in the footpad and, as neural cell bodies have never been
described as located in the footpad, it follows that HSV can
become latent in cells of the mouse other than neurones. The
difference in timing of reactivation from the footpad and
dorsal root ganglia may be a reflection of this. However, at
present we cannot exclude the pcssibility that mechanical
trapping after reactivaticn but before release of virus from
the footpad tissue contribute to the difference in timing. It
does not seem very likely that trapping alone could lead to
the large and consistent difference observed.

Our overall conclusions are: 1) that HSV wt and HSV-2
and some ts mutants can be recovered from the footpad of
latently infected totally asymptomatic Biozzi mice.

2) Recovery of virus from the footpad is apparently
dose-dependent as suggested by the results using HSV-1 wt
(Table 1) . 3) Both HSV-1 and HSV-2 can be recovered from the
dorsal root ganglia. 4) HSV can establish latent infection in
dorsal root ganglia and footpad independently and 5) the
ability to go latent at these sites is affected by ts

mutations in several different HSV genes.

We wish to thank Miss M. Braidwood for her excellent
technical assistance with this study.
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ABSTRACT

Epstein-Barr virus has been linked to infectious
mononucleosis and to the neoplastic diseases nasopharyngeal
carcinoma and Burkitt's lymphoma. The initial evidence for
these relationships was derived from seroepidemiological
studies. Since then other techniques such as nucleic acid
hybridization with tumor material have confirmed these
conclusions. Many studies from various groups have
contributed data. Some of these do not seem to fit into a
unifying concept - for example, EBV is a lymphotropic virus,
but the NPC tumor cells, which carry EBV, are epithelial.
From published data and experimental results obtained in our
laboratory a hypothetical model for the interaction of EBV
with its host - man - is developed.
INTRODUCTION

Epstein-Barr virus (EBV) is a human lymphotropic (human
herpesvirus 4). Its natural target cells are B-lymphocytes,
and receptors for EBV have been demonstrated only on this
cell type. The virus is the causative agent of infectious
mononucleosis and is associated with African Burkitt's
lymphoma, lymphoepithelial carcinoma of the nasopharynx, one
of the most frequent tumors of man in certain areas of
Southeast Asia, and fatal lymphoproliferative disorders in
immunologically compromised individuals (for recent reviews
see Henle and Henle, 1979; Wolf, H., 1981; Purtilo and Klein,
1981). The virus has been shown to be oncogenic for marmosets
(Miller et al., 1972) and is capable of transforming B-cells
from humans and other primates in vitro (Diehl et al., 1969;
Gerber et al., 1969). After primary infection the virus
remains latent in B-lymphocytes of the peripheral blood for
the remainder of the patient's life (Nilsson et al., 1971).
Each of the disease states associated with EBV has a
particular serological pattern (these are shown in Table 1;
data are taken from Henle and Henle, 1979).

EBV can be isolated from throat washings of apparently

healthy persons who have had a previous EBV infection (Gerber
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TABLE 1 Antibodies to EBV antigen.

Disease VCA: IgG IgM TIgA EA EBNA

Normal adults + - - - +

Acute infection

(early) ++ + - + -

Chronic infection + - + +

Reactivation + - + +
NPC ++ - +  +(D) +
BL ++ - - + (R) +

et al., 1972). As shown in Table 1, these individuals have

antibodies to EBV virus capsid antigen (VCA) and to the

nuclear antigen (EBNA) but not to EBV early antigen (EA).

These observations raise a number of questions which must be

answered before we can understand the relationship between

the virus and its host.

1) What is the source of virus in the throat washings of
apparently healthy persons and why do apparently normal
individuals who shed virus have antibodies only to VCA
and EBNA?

2) How does the virus infect epithelial cells which
apparently lack receptors for the virus?

3) How does the virus persist in cells lifelong and what
are the molecular mechanisms underlying the regulated
expression of EBV?

4) Can we develop a model including all observations
described so far which could explain the uneven risk for

NPC by taking into account additional parameters?

RESULTS

1) It might have been predicted that the EBV carrying
lymphocytes in the oropharynx which escaped host control
mechanisms would have been the source of the virus which
can be obtained from healthy individuals. Studies of
others (Morgan et al., 1979) indicated that EBV could be

isolated from saliva collected from Stenson's duct.
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Studies by us on parotid salivary gland tissue (Wolf et
al., 198la,b) have suggested that the cells which
surround or are present in the lumen of the ducts of
this gland are capable of supporting a productive cycle
of EBV replication (Fig.la,b). Production of EBV in
salivary duct cells could also explain the absence of
certain EBV specific serum antibodies in normal adults
(see also discussion). Searches of other tissues of the
oropharynx (e.g. tonsils from healthy individuals
Fig.lc) proved negative as no productively infected cell
could be found using in situ hybridization techniques.

In situ hybridization studies using tonsillar carcinoma

Fig. 1 In situ DNA-DNA hybridization of cryosections
of a,b) normal parotid gland, c) normal tonsil, d)
non-keratinizing tonsillar carcinoma. Cloned EBV DNA
which was labelled in vitro with 32P-orthophosphate by
nick translation was used as a probe (see Wolf et al.,
1981b for methodology). Note that the producing cells
(arrow) in the parotis surround, or are present in, the
ducts (a+b), that the normal tonsil is EBV genome free
(c) and that the tonsillar carcinoma contains EBV
carrying cells (arrow) (d).
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2)

(T.C.) tissue, however, showed that 25% of the specimens
so far tested carried EBV in the epithelial cells
(Fig.1d). This situation resembles somewhat that seen
with Marek's disease virus, where the transformed cells
are T-cells but the lytic expression of the virus occurs
in the germinative epithelium of the feather follicle
(Calnek and Hitchner, 1969).

To date receptors for EBV have been demonstrated only on
B lymphocytes (Jondal and Klein, 1973; Wolf,H.,
unpublished observations) and no other normal
nonmalignant cell type. How then does the virus enter
such cells and persist within them? Initially
microinjection of EBV DNA into a wide variety of
receptor negative cells (Graesmann et al., 1980) and
later transfection with EBV DNA using the calcium
phosphate co-precipitation technique (Stoerker et al.,
1981; Miller et al., 1981) and the implantation of
receptor into the membranes of receptor negative cells
(Volsky et al., 1981) have been used to demonstrate that
once EBV overcomes the barrier to penetration, normal
expression of the virus can occur although synthesis of
EBNA was not observed when only lytic expression was
induced. It was proposed some time ago that syncitium
inducing viruses such as paramyxovirus might induce
fusion between lymphocytes and epithelial cells, thus
allowing the virus to gain access to such cells. Since
then we have demonstrated that EBV itself can induce
fusion. When densely packed monolayers of lymphoblastoid
cells (Bayliss and Wolf, 198la) were infected with EBV
derived from the EBV producing cell line P3HR1l, we
observed the formation of polykaryocytes. Further
studies in which we prepared mixed monolayers containing
both receptor positive (Raji) cells and receptor
negative cells (human fibroblasts, epithelioid cells or
T-lymphoblastoid cells) showed that an infected, EBV
expressing B-lymphoblastoid cell was capable of fusing

with a non-infected receptor negative cell. The
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involvement of the receptor negative cell line in the
fusion event was clearly demonstrated when human
T-lymphoblasts were used in the mixed cultures, since we
could show the presence of T-cell specific antigens on
the surface of the polykaryocytes (Bayliss and Wolf,
1980). A close cell to cell contact as it occurs in
monolayers is necessary for the development of
polykaryocytes. The viral nature of the fusion event and
the mechanisms involved have been studied in detail
using chemical activation of latent genomes and various
metabolic inhibitors. It was shown that an early viral
protein was responsible for the fusion event (Bayliss
and Wolf, 1981b). More recent experiments (Fig.2) have
further substantiated the viral origin of the fusion
inducing protein(s). Purified EBV DNA was transfected
into unrelated cells (NIH 3T3 cells). In addition to the
synthesis of EBV EA, fusion of the transfected cells was
also observed. Further studies with this technique using
cloned fragments of the EBV genome should permit the
mapping of gene(s) encoding the fusion protein(s) on the
EBV genome.

Fig. 2 The formation of polykaryocytes in NIH 3T3
cells transfected with EBV DNA. EBV DNA was purified
from virions isolated from cultures of P3HR1l cells. 10
ug EBV DNA was mixed with 10 ug of NIH 3T3 cell DNA as
carrier and co-precipitated with calcium phosphate
(according to Graham and van der Ebb, 1973). The
precipitate was added to the indicator cells and after
4 h at 37°C the cultures were washed and refed. 24 h
later the cultures were photographed using a phase
contrast photomicroscope. Note the presence of many
nuclei in the polykaryocyte.
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3)

Very little is known at the molecular level of the
mechanisms which regulate the response of the cell to
infection with EBV. As far as we know, all EBV carrying
cell lines express a single viral anﬁigen - EBNA. This

protein could be a repressor protein which prevents

Fig. 3 A summary of the published data on control of
EBV protein synthesis (taken from Bayliss and Wolf,
1981c; Bayliss and Wolf,1982). Synthesis of proteins in
EBV-super-infected Raji cells. Raji cells were
superinfected with EBV derived from P3HR1l cultures and
pulse labelled with 33S-methionine at various times
after infection (the starting times in h for the 30-min
pulses are given above the tracks; approximate molecular
masses are given in kilodaltons at the side of the gel)
In a series of similar experiments various metabolic
inhibitors were added at the time of infection and the
cells were labelled at 12-16 h after infection. Solid
lines on the right indicate protein synthesis in the
presence of the inhibitor named in the column heading.
PAA, phosphonoacetic acid at 200 ug/ml; HU, hydroxyurea
at 4 mg/ml; ara C, cytosine arabinonucleoside at 50
ug/ml; Azet, azetidine at 500 ug/ml; Can + Arg,
canavanine at 500 ug/ml in normal arginine-containing
medium; and Ca, canavanine at 500 ug/ml in arginine-free
medium. The clumn headed "Total" indicates the spectrum
of proteins seen in uninhibited infected Raji cells. The
150-kilodalton protein is synthesized in cultures
treated with phosphonoacetic acid or hydroxyurea but not
in cultures treated with cytosine arabinonucleoside; the
80- and 63-kilodalton proteins can be identified in
extracts of canavanine-treated cells only after
immunoprecipitation because they are relatively poorly
synthesized under these conditions.
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lytic expression. If EBV-carrying cell lines are
infected with a sufficiently high multiplicity, a lytic
cycle will occur (Bayliss and Wolf, 1981c) with the
synthesis of at least 30 virus induced or specific
proteins. These proteins can be divided into 3 groups
according to their kinetics of synthesis, response to
inhibition of DNA synthesis, and requirement for
virus-specified factors. These data are summarized in
Fig.3. Do these observations have ony relevance to
regulated expression of EBV during the stepwise
induction of a lytic cycle by the virus in the absence
of inhibitors? The experiment shown in Fig. 4 indicates
that this is the case. If Raji cells are infected with
decreasing amounts of virus, then the intermediate and
late proteins are no longer synthesized at a certain cut
off value.

Fig. 4 Raji cells were superinfected with various
dilutions of a stock of P3HR1 EBV; 12, 24 and 36 h post
infection the infected cells were labelled for 4 h with
35s-methionine, extracts of the cells were subjected to
immune precipitation and the precipitates analyzed on
SDS-polyacrylamide gels (for methodology see Bayliss and
Wolf, 1981c). At dilutions of 1:5 or 1:10 the same O
spectrum of viral proteins is induced as with the
concentrated (c) virus stock. At dilutions of 1:50 or
lower a very limited spectrum of proteins can be
identified.
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However, a certain subset of the early antigen complex
is made and it is the same subset as that obtained by
chemically induced Raji cells. Similar observations have
been made using an EBV genome negative cell line (BJA).
Immunoprecipitation of EBV proteins allows further
characterization and a linkage to serological data.
These data (Fig. 5) show also that proteins of the EA
complex are synthesized in considerable amounts during
the replication of EBV; yet normal adults do not have
antibodies against these proteins even if they shed

virus.

Fig. 5 An analysis of EBV specified polypeptides by
immunoprecipitation using sera having different
reactivities to EBV specified antigens. ND is a serum
free of EBV antibodies. 6966 and 84 63 have high tfters
against VCA but not EA, serum 7070 has high titers
against both VCA and EA. Proteins 138, 88, 45, 40, 38,
37 are only pecitpitated by the EA positive sera. These
results are representative for a much larger panel of
sera which we have tested.

In an attempt to further substantiate the viral nature
of the polypeptides and to map the genes on the viral
genome which is essential for detailed studies on the
molecular basis for the regulation of viral gene

expression we selected mRNA from
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a producer cell line (P3/HR1) by hybridization to cloned
EBV DNA fragments. This mRNA was then translated in
vitro using a rabbit reticulocyte translation system
(NEN) . With this technique we were able to identify 22
proteins as EBV specific and have mapped their positions

on the EBV genome. These data are summarized in Fig. 6.

Fig. 6 A) In vitro translation of EBV specific mRNA.
EBV DNA fragments cloned in Charon 4a (Buell et al.,
1981) or pBR322 (a gift from D.Hayward) were used. to
select virus specified mRNA from virus producing cells
(P3HR1) by hybridization. The selected mRNAs were
translated in vitro using the rabbit reticulocyte
system. After translation the synthesized proteins were
analyzed by immune precipitation and SDS gel analysis.

One interesting observation which awaits
explanation is that if mRNA from EBV genome negative
cells (BJA-B) is selected using EBV DNA, a mRNA is
obtained which hybridizes to the region spanning 61-72
map units of the EBV genome. This RNA can be translated
in vitro to yield a polypeptide of 85,000 mol.wt. This
region of the EBV genome is known to hybridize to
cellular DNA under stringent conditions and may
represent cellular sequences which have been

incorporated into the viral genome during the course of
evolution.
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Fig. 6 B) A schematic representation of the data
presented in panel A and additional data obtained by
using cloned Bam Hl-fragments of EBV (Skare and
Strominger, 1980). The coding regions for the 22
polypeptides (labelled with their molecular weights in
kilodaltons) are illustrated. As pp 143, 41, 84, 90,
150, 110, 138 were only characterized by Charon clones,
their map positions were not as precisely defined.

4) A model has been developed which attempts to include the
available data and should be useful to predict certain
events or measurable parameters and to design further
experiments, thus allowing the hypothesis to be further
tested. For explanation of the model see legend Fig. 7

and discussion.

DISCUSSION

As suggested in Fig. 7, EBV will infect B lymphocytes
during acute or primary infection, and due to the lack of
immune response the cells will enter into the lytic cycle and
produce a full set of viral antigens (Fig. 6). It seems
probable that not all B-lymphocytes are capable of supporting
a fully lytic infection due to a cellular factor which
prevents expression of EBV (block 1) and these will be
selected for and go on to become the cells which carry EBV
specified antigens, antibodies will be developed against EA,
VCA and EBNA (Table 1). As the immune defense mechanisms of
the body remove the lytically infected cells from the
circulation (block 2), the antibody levels will start to fall
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Fig. 7 The scheme summarizes the suggested biological
effects of EBV described in the text. Block 1 and 2
inhibit the lytic expression of EBV, block 3 suppresses
the proliferation of EBV genome containing lymphoid
cells in the periphery. Block 1: Block at cellular level
(endogenous block). Evidence: only a certain percentage
of cells from cloned cell lines produces virus. This
block is responsible for poor production of virus. Block
2: Block from the outside (exogenous block,
immunological control?). Evidence: in peripheral blood
from patients with infectious mononucleosis, in fresh BL
or NPC biopsies no viral particles can be found. After
explantation into tissue culture a few cells start to
produce virus. EBV tactivated EBV genes; EBV
receptors; virus specific membrane changes.

during the convalescent phase. After a certain period
antibodies to the early antigens disappear. However, as
mentioned above, EBV is produced in the parotid gland. The
viral particles and intracellular virus associated antigens
including EA will be shed into the saliva and reach the
oropharynx. Here the viral particles (but not EA) could bind
to the B-lymphocytes and be presented to the body as
antigens, thus maintaining the antibody titers to VCA; EA,
however, cannot bind to the lymphocytes and will be degraded
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by proteases and not be available to the body as antigens. On
the other hand, the circulating lymphocytes which carry EBV
latently contain EBNA and as far as we know no other EBV
specified protein. These lymphocytes will be subject to the
normal turnover processes, and as they die, EBNA will be
released into the blood stream and thus antibodies to this
antigen will persist. Thus normal convalescent sera will have
low level IgG anti-VCA and anti-EBNA antibodies (Table 1). If
immunosuppresion occurs, either because of other disease
(e.g. Hodgkins's disease) or due to immunosuppressive
therapy, some of the circulating peripheral blood lymphocytes
(PBLs) will escape the normally tight control mechanism and
enter into a cycle of virus replication, causing a secondary
increase in the titers to EA, VCA and EBNA. The very strong
block 3 (see Fig. 7) may, under rare circumstances, be
ineffective and allow the clonal selection of a cell which
differs in its antigenic makeup. This may be true of the
factors which lead to the development of Burkitt's lymphoma.
Environmental mutagens (Birnboim, 1982) and unspecific
"mitogens" (Malaria) (Burkitt, 1969) which facilitate clonal
selection through proliferation may favour this event.
Specific karyotypes in the selected clones (Manolova et al.,
1979) may correlate to the altered antigenic makeup of these
cells. A different view of the steps involved in the
development of Burkitt's lymphoma has been published by Klein
(1979).

Specific genetic constellations (XLP) or acquired
conditions (immunesuppressed transplant recipients) determine
a reduced efficiency of block 3 (cellular response to
proliferating cells). Therefore the selective pressure on
peripheral B-lymphocytes (which already have a potential for
unlimited growth by virtue of the resident EBV genomes) may
be weaker. Under less stringent selective pressure more cells
may favour initial proliferation and facilitate the selection
of cell clones. A specific cytogenetic error (Purtilo, 1980)
may occur under therapy and may induce a change from
polyclonality to monoclonality.
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A close contact between epithelial cells and
B-lymphocytes, which may carry EBV genome, has been descirbed
for the lymphoepithelial ring of the throat (Waldeyer's
ring). This unique tissue may provide the necessary
conditions for EBV-induced fusion between the two cell types,
thus unabling the EBV genome to enter the epithelial cell. If
this hypothesis is true, the EBV should be associated with
other tumors which arise within this tissue. Studies of
patients with non-keratinizing carcinomas arising in
Waldeyer's ring show in several cases a serological bicture
similar to that seen in NPC (Table 2). This prompted us to
look for the presence of EBV genomes in such tumors by in
situ hybridization with cloned EBV DNA. So far we have
detected EBV DNA in two poorly differentiated tonsillar
carcinomas (T.C.) (see Fig. 1d). The major difference between
T.C. and NPC is that only 25% of the limited number of T.Cs
so far tested were serologically related to EBV, whereas 100%
of the NPCs are EBV genome positive; at the moment we cannot
explain these findings. This proposal would be in good
agreement with the proffered model.

Table 2 EBV antibodies in patients with carcinomas located in Waldeyer’s Ring

Tonsillar carcinoma

Name Date of IgA(VCA)  IgG(VCA)  IgA(EA)  EBNA histologic type
birth
W.M., 02.02.02 1:32 1:1024 neg. 1:16  lymphoepithelial Ca
M.M.' 06.09.16 1:256 1:4000 neg. 1:32 lymphoepithelial Ca
B.M. 11.06.39 1:16 1:128 poorly differen-
tiated cell Ca
P.D. 19.12.25 1:160 1:512 neg. unsp. undifferentiated Ca'
H.M. 21.08.32 1:32 1:64 neg. 1:4 lymphoepithelial Ca

Carcinomas of the tongue

w.M. 08.01.34 1:32 1:1024 neg. 1:64 undifferentiated Ca
G.H.' 02.11.09 1:16 1:128 neg. 1:8 lymphoepithelial Ca
S.J. 29.03.25  1:64 1:2048 neg. 1:128 undifferentiated Ca

Carcinomas of the gum

0.M. 31.98.21 1:16 1:1024 1:4 1:16 lymphoepithelial Ca
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Ito observed that certain plant extracts could induce
latent EBV and somehow increase the risk for NPC (Ito et al.,
1981). Croton o0il was one of the first suspected medicaments.
However, it is highly irritant and is used only under close
medical supervision and is therefore unlikely to be a NPC
related risk factor. More recently both Ito and Zeng Yi
(personal communication) have tested altogether over 500
different extracts from 100 plant families and found that 20
of them were capable of activating latent EBV. Some of the
extracts were active in the aqueous form and thus open the
possbility that traditional Chinese herbal medicines, often
applied as teas, may contain EBV-inducing principles. One
difference in the EBV serology of the populations with low
and high risk for NPC development is that in high risk areas
the level of antibody to EBV antigens remains high throughout
life when compared to low risk populations (Zeng Yi, personal
communication). Thus EBV activating substances could
continually stimulate the latently infected B-cells to enter
into a lytic cycle (explaining the consistently high antibody
titers). If follow-up studies could demonstrate a match
between the areas with high risk for NPC and the use of the
discussed plant extracts, a multifactorial causation of NPC

would be further substantiated.
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ABSTRACT

The study of the pathogenicity of different isolates of
Tupaia herpesvirus in its indigenous host, marmosets, and ro-
dents, revealed that intravenous administration of this virus
led to the death of infected juvenile Tupaias only. The
clinical picture was manifested by a generalized virus
infection predominantly inflammatory, hemorrhagic, and with
necrosis of the lungs. In contrast, the majority of the
intraperitoneally inoculated tree shrews survived the
infection. The state of latency of differnt Tupaia herpesvirus
isolates was investigated in vivo using rodents, Tupaias and
marmosets. It was found that Tupaia herpesviruses persist only
in the spleens of Tupaia and New Zealand rabbits infected
previously with different Tupaia herpesvirus isolates. The
identification of the viruses recovered from the spleens of
Tupaia and rabbits by genomic analysis of DNAs revealed no
alteration as compared to the original inoculum.

INTRODUCTION

Tupaia (the tree shrew), a member of the family Tupaiidae,
is regarded as one of the most primitive prosimians bridging
the gap between insectivores and primates. The first discovery
of herpesvirus-like particles in tree shrews (THV isolate no.1l)
was reported in 1970 by Mirkovic et al. from Melnick's
laboratory; this was isolated from a degenerating lung tissue
culture from an apparently healthy animal. Our laboratory has
been intensively involved in investigating the virological
aspects of tree shrews and has succeeded in isolating five
further isolates (THV no. 2 to 6) from different individual
animals. The transmissibility and pathway mechanisms for the
persistence of latent virus in tree shrews is of special
importance since THV-1 to 4 were isolated from imported animals
and THV-5 and 6, which are similar, or identical, to THV-4,
were isolated from animals bred in captivity (F2 and F8

generation). These studies are subject of this review.

History of tree shrew herpesvirus

The data on the isolation of the different strains of
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Tupaia herpesvirus are summarized in Table 1.

TABLE 1 History of different Tupaia herpesvirus isolates

Isolate/ Age of animal Source

strain

isolate 1 2% degenerating lung tissue
strain: 1 culture from an apparently

healthy tree shrew; Mirkovic
et al. (1970).

isolate 2 8 years* degenerating cell culture

strain: 2 from a malignant lymphoma
of a moribund tree shrew;
Darai et al. (1979).

isolate 3 9 years* degenerating cell culture

strain: 3 from a Hodgkin's sarcoma of
a moribund tree shrew; Darai
et al. (1979 and 1980).

isolate 4 11 years* degenerating cell culture

strain: 4 from spleen of a moribund
tree shrew; Darai et al.
(1981 and 1982).

isolate 5 7 years** degenerating cell culture

strain: 4 from spleen of a healthy
tree shrew; Darai et al.
(1983).

isolate 6 4 years*** degenerating cell culture

strain: 4 from spleen of a healthy

tree shrew; Darai (1981,
unpublished) .

* imported animals
** second breeding generation (F2) in captivity

*** eighth breeding generation (F8) in captivity

Biological properties of tree shrew herpesvirus

The morphology of the different Tupaia herpesvirus
isolates was investigated using the electron microscope
(McCombs et al., 1971; Darai et al., 1979, 1980, 1982). The
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intra- and/or extracellular herpesvirus structure was observed

in infected cells. Naked virus capsids of about 100 nm diameter
were measured. Some of the envelope particles contained several
virus capsids in agreement with the first description of THV-1

by McCombs et al. in 1971. The diameter of the envelope ranged

between 200 and 350 nm.

For determination of host range and virus growth a variety
of cell cultures from different species were screened for their
susceptibility to different THV isolates. It was found that the
cells of choice for the propagation and plaque assay of THV
isolates are Tupaia embryonic and/or baby fibroblasts. The
maximum infectivity (lxlO7 to 5x107 p-f.u. x mlnl) was reached
5 days after infection as described previously (Darai et al.,
1979, 1982). In contrast, all other cell cultures, except
primary rabbit kidney cells (5x105 p.f.u. x ml_l), human
embryonic fibroblasts (2.5x103 p.f.u. x ml-l), and marmoset
skin fibroblasts (2xlO2 p.f.u. x mlnl), showed no cytopathic
effect (c.p.e.) during a six-week observation period. The non-
susceptible cell cultures tested were as follows: primary
monkey kidney cells (Cercopithecus aethiops), African green
monkey kidney cells (Vero, CV-1), dog kidney cells (NBL-2), dog
thymus cells (Fcf2th), rat embryonic fibroblasts, hamster
embryonic fibroblasts, mouse embryonic fibroblasts, and chicken

embryonic fibroblasts.

Physical properties of Tupaia herpesvirus DNA

A precise determination of the buoyant density of THV-DNA
by analytical ultracentrifugation gave a value of =1.724 g x
ml-1 corresponding to a GOC content of 65.4%. The other value
was determined from the ultraviolet absorbance-temperature
profile of the DNA. The virual DNAs were cleaved with different
restriction endonucleases, and the cleavage sites of different
restriction enzymes on THV DNA of strains 1 to 6 were
determined. The DNA cleavage pattern of THV strains 1 to 6
after digestion with the restriction enzyme Hind III (A/AGCTT)
are given in Figure 1 and with Eco RI (G/AATTC) in Figure 2;
the data for THV strains 1 to 4 after digestion with the
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Fig.1 Hind III cleavage
pattern of DNAs of Tupaia
herpesviruses 1 to 6;
lanes: 1 = lambda DNA
cleaved with Hind III

and served as internal
marker, 2 = THV-1, 3 =
THV-2, 4 = THV-3, 5 =
THV-4, 6 THV-5, and

7 = THV-6. Agarose slab
gel electorphoresis

(0.5% agarose).

Fig.2 Eco RI cleavage
pattern of DNAs of
Tupaia herpesviruses

1 to 6; lanes: 1 =
lambda NDA cleaved

with Eco RI and served
as internal marker, 2 =
THV-1, 3 = THV-2, 4
THV-3, 5 = THV-4, 6
THV-5, and 7 = THV-6.
Agarose slab gel
electrophoresis (0.5%
agarose) .

restriction enzyme Bam HI (G/GATCC) are shown in Figure 3.

These analyses demonstrate clearly that THV-1] to 4 can be

distinguished from each other. The cleavage patterns of THV-4

and 5 show only minor differences,

for example the Hind III

fragment H of THV-4 is not present in the cleavage pattern of

the THV-5 isolate with the same enzyme. This indicates that

THV-4 and 5 must be similar, and the subtile differences are

due to strain variations between both isolates (Darai et al.,

1983) . The physical map of HSV-2 was constructed using Hind III

and Eco RI restriction endonucleases.



95

Fig. 3 Bam HI cleavage pattern of DNAs of Tupaia
herpesviruses 1 to 4 and a recombinant no. R26 of two
different isolates (THV-2/THV-3) which was generated in
vitro as described previously (Darai et al., 198la);
lanes: 1 = lambda DNA cleaved with Hind III and lane 7 =
with Bam HI served as marker, 2 = THV-1l, 3 = THV-2, 4 =
R26 generated in vitro between THV-2/THV-3, 5 = THV-3 and
6 = THV-4. Agarose slab gel electrophoresis (0.8%
agarose) .

The molecular weights of the THV DNAs were determined by
electron-microscopic measurement of the contour length, which
resulted in a value of about 130 Megadaltons for THV-1 to 4
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(Darai et al., 1981). Single-stranded THV DNA was prepared for
electron-microscopy by heating the viral DNA in formamide and
isolating the single-strands from agarose gel (Koller et al.,
1978) . It was found that single-stranded THV DNA does not
display any extended stem-loop structures. Thus the structure
of THV genomes seems to be unique when compared to the DNAs of
other known herpesviruses from other species.

Sequence homologies of the DNAs of THV-1 to 4 were deter-
mined using blot hybridization experiments between DNAs of THV-
1 to 4.

Virion polypeptides of tree shrew herpesvirus

The virion polypeptides of the different isolates of the
Tupaia herpesvirus were analysed by SDS-polyacrylamide slab gel
electrophoresis and by isoelectric focusing. The viral proteins

35S—methionine—labeled virions

from either non-radioactive or
formed distinct patterns of at least 35 polypeptides ranging in
molecular weight from 12.000 to 230.000. Whilst the majority of
the analogous polypeptides of these viruses were of
indistinguishable electrophoretic mobility, some (e.g.
polypeptides of 82 to 84 K) showed small differences in
apparent molecular weight which were characteristic of the
virus strain (Faissner et al., 1982). The two-dimensional
electropherograms revealed at least 47 discernible protein
spots some of which were specific for a given THV isolate and
which were detectable even in lysates of THV-infected cells. In
addition five glycoproteins were found in purified THV virions
(Faissner et al., 1982; Fligel et al., 1983).

A protein kinase activity was found to be associated with
tree shrew (Tupaia) herpesvirus. The protein kinase was
characterized with respect to its requirements for enzymatic
activity (Fligel and Darai, 1982).

A new thymidine kinase activity is present in Tupaia baby
fibroblast cells infected with the tree shrew herpesvirus (THV,
isolate 2) (Fligel and Darai, 1982a).
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Pathogenicity of tree shrew herpesvirus

The pathogenicity of different Tupaia herpesvirus isolates
was investigated in vivo using rodents, Tupaias, and marmosets.
Clinical disease did not develop in rats, mice, hamsters, and
marmosets. In contrast it was found that the different THV
isolates (THV-1 to 4) are highly pathogenic for juvenile tree
shrews when the animals were inoculated intravenously. However,
the majority of intraperitoneally inoculated animals survived
the infection. The clinical picture was manifested as
inflammatory haemmorhagic necrosis of the lungs and generalized
herpes infection as described previously (Darai et al., 1982,
1983) . Death occurred on the 4th to 8th day after inoculation.
The tissues and whole blood of these animals were titrated for
the determination of the virus yield in different organs using
a plaque assay (Darai et al., 1979, 1982). The results indicate
that the main organs for the propagation of the Tupaia
herpesviruses are lung, spleen, and liver.

In addition it was found that isolate 2 induced malignant
lymphoma in its indigenous host. The first tumour developed
three and a half years after administration. Infectious virus-
was recovered after culturing the tumour cells in tissue
culture. The examination of the genome structure of the
fecovered virus which was performed using restriction enzyme
analysis of the virion DNA resulted in the same cleavage
pattern as the DNA of the THV, which had been inoculated three
and a half years earlier (Darai et al., 1983, 1983a). Parallel
to this observation it was found that THV-2 and 3 are capable
of inducing hyperplasia of the thymus in rabbits, and when
newborn animals were inoculated with THV-2 and 3, they
developed malignant thymoma in a few (8%) cases (Darai et al.,
1980, 1983, 1983a).

The state of viral latency

Latency of different isolates of tree shrew herpesvirus
was studied in a variety of laboratory animals and in its in-
digenous host. It was found that those juvenile tree shrews
which survived the THV infection (administered
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intraperitoneally) are carriers of persisting virus. Infectious
viruses were recovered from the cultured spleens of these
animals only. For this study previously infected animals were
sacrificed and/or splenectomized between 1 and 3 days after
inoculation.

Similar results were obtained using New Zealand rabbits
which were inoculated with THV isolates 1 to 4. Infectious
viruses were recovered only from the spleen of those animals
which were sacrificed several months and/or years post
infection. The cultured spleen cells of these animals developed
cytopathic lesions and released infectious viruses which led to
total cell lysis of the spleen cell cultures (Darai et al.,
1981b, 1982, 1983). The identification of such recovered
viruses from the spleens of Tupaias and rabbits by genomic
analysis of the DNA of reisolated viruses was performed using
restriction enzyme analysis of the viral DNA. Alterations were
not detectable when the cleavage pattern of the viral DNA of
the recovered viruses was compared to its original inoculum. In
cotrast, latent infectious viruses were not recovered from
infected mice, rats, hamsters, and marmosets which were
sacrificed months after the administration of THV-1l to 4,
although a variety of specimens including blood, kidney,
thymus, and spleen were tested.

CONCLUSION

Four strains of Tupaia herpesvirus have been classified
from six isolates of different individual animals. With the
exception of isolate no. 1 (strain 1) (Mirkovic et al., 1970)
all other isolates were obtained from lymphatic tissues of tree
shrews. Isolate no. 2 (strain 2) and isolate no. 3 (strain 3)
were isolated from spontaneously developed lymphatic tumours of
tree shrew (Darai et al., 1979, 1980, 1982a; Hofmann et al.,
1981). Isolates no. 4, 5, and 6 (strain 4) were obtained from
cultured spleen cells of three different tree shrews (Table 1).
The history, and the origin of the detection of all these
isolates indicate that the tree shrew herpesviruses (strain 1

to 4) persist as latent viruses in tree shrews. This state of
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viral latency can also be established experimentally in tree
shrews using these four virus strains.

A number of herpesviruses have been isolated from
different animal species including primates, and according to
their biological properties they have been classified into
three subfamilies, namely Alpha, Beta, and Gammaherpesvirinae
(Roizman et al., 1981). Classification of herpesviridae using
the properties of their genomes resulted in the grouping of
different well investigated herpesviruses into groups A, B, C,
D, and E (Roizman et al., 1981). The detailed analysis of
Tupaia herpesvirus strains 1 to 4 as described above and
summarized in Table 2 does not allow the assignment of the
Tupaia herpesviruses to any one of the three known herpesvirus
subfamilies, or to the groups A to E. At this stage of
investigation it seems appropriate to emphasize that Tupaia
herpesviruses constitute the first members of a new herpesvirus
subgroup.
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ONCOGENIC HERPESVIRUSES OF NON-HUMAN PRIMATES - PERSISTENCE
OF VIRAL DNA IN TRANSFORMED LYMPHOID CELLS

B. Fleckenstein, Sabine Schirm, Christine Kaschka-Dierich
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Erlangen-Nirnberg, Federal Republic of Germany

ABSTRACT

Herpesvirus (H.) saimiri and H.ateles are highly oncogenic
in various non-human primates and in rabbits, causing rapidly
progressing maligmant T-cell lymphomas upon experimental
infection. Cell lines derived from virus-induced tumors and in
vitro transformed lymphoid cells contain non-integrated
circular viral DNA in high multiplicity. Persisting viral DNA
molecules of cell lines that do not produce infectious virus
are highly methylated in the unique L-DNA and repetitive (H)
DNA sequences. Partial denaturation mapping has shown that some
DNA circles contain duplications of L-DNA segments; however all
non-producer cell lines investigated so far have L-DNA segments
that are considerably shorter than the L-DNA region of virion
DNA (110 kbp). The deletions in the circular molecules of
H.saimiri transformed cells were mapped by hybridizations with
cloned probes of virion L-DNA. In the circular DNA of two cell
lines derived from virus induced marmoset lymphomas (1670,
70N2), a 20 kbp segment of L-DNA is missing which corresponds
to the virion L-DNA between map coordinates 0,52 and 0,70. The
rabbit tumor cell line 7710 bears an L-DNA deletion of about 30
kbp (L-DNA map units 0.23 to 0.50). Two sublines of the in
vitro immortalized H1591 cells were investigated. The circular
DNA of one line is missing about 42 kbp of virion DNA; in the
circles of the other H1591 subline at least 47% of the viral
genetic information was found to be absent. The L-DNA missing
in the circular viral genomes could not be found in the linear
fraction of each cellular DNA at the sensitivity level where
0.5 single copy gene/cell would have been clearly detected.
Apparently, an internal L-DNA stretch of at least 63 kbp,
representing 56% of the total viral genetic information, does
not code for viral gene functions that would be consistently
required to guarantee continuous extrachromosomal persistence
or to maintain the state of growth transformation in lymphoid
cells. The high amount of persisting viral DNA stands in
remarkable contrast to low concentration of viral RNA and
virus-coded proteins. The Herpesvirus ateles-associated nuclear
antigen (HATNA) was detected in transformed lymphoid cells with
very high genome copy number; but no trace of viral protein
synthesis was found in other non-producer cell lines.
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CHARACTERIZATION OF HERPESVIRUS SAIMIRI AND
HERPESVIRUS ATELES INDUCED PROTEINS

S. Modrow, H. Wolf

Max von Pettenkofer-Institut flir Hygiene and Medizinische
Mikrobiologie, University of Munich, West-Germany

ABSTRACT

Herpesvirus saimiri-induced cell proteins and structural
?roteins labelled with 3°S-methionine, 32P-orthophosphate and
*C-Glucosamine respectively were analysed after
electrophoresis in SDS-polyacrylamide gels. Early proteins
were accumulated by the use of amino acid analogues.
Thirty-one virus-induced polypeptides were identified, 7 of
these were found to be glyco- and six to be phosphoproteins.
Twenty-one of the H.saimiri-induced cellular proteins were
localized on the virion. By surface iodination, five of these
were located at the envelope and four at the capsid.
Immunoprecipitation with various sera from natural and
experimental hosts revealed antibodies to a specific subset
of viral proteins in tumor-developing animals. Other antibody
species were identical to those found in the natural host,
whereas a further subset was characteristic only for the
natural host with its characteristic subclinical infection.
Using labelled proteins from Herpesvirus saimiri 11
(H.saimiri 11) and the attenuated strain H.saimiri 11 att
respectively, a diference was shown after precipitation with
a serum raised against infected cell proteins of H.saimiri
11.

INTRODUCTION

Herpesvirus saimiri, an endogenous virus of squirrel
monkey (Saimiri sciureus) populations (Meléndez et al., 1968,
1969) is highly tumorigenic in a variety of experimental
hosts, especially in marmosets of the genus Saguinus
(S.oedipus, S.nigricollis, S.fuscicollis) (Deinhardt et al.,
1974), owl monkeys (Aotus trivirgatus) (Hunt et al., 1970,
Meléndez et al., 1971) and New Zealand white rabbits (Daniel
et al., 1974, 1975; Rangan et al., 1976). All these animals
develop a fatal, rapidly proliferating neoplastic disease
with lymphoma in the local and systemic lymph nodes with or
without peripheral lymphoblastic leukemia. Especially the
organs of the reticuloendothelial system show massive
infiltrations with lymphoid cells following virus infection.
In contrast to marmoset monkeys, where the incidence of

neoplastic disease is 100%, the appearance of tumors in owl
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monkeys is often delayed and about 20% of the animals do not
develop tumors. H.saimiri infected New Zealand white rabbits
show a disease pattern similar to that of primates; the
incidence of tumors after infection varies between 20 and 75%
in different studies.

Squirrel monkeys, the natural hosts, are lifelong virus
carriers following inapparent infection early in life. Virus
can be isolated from lymphocytes after cocultivation with
susceptible cells; there is no evidence that virus is
produced in peripheral lymphocytes, suggesting a biological
behaviour similar to that in Marek's disease virus (Calnek et
al., 1970) and EBV (Deinhardt and Deinhardt, 1979; Wolf and
Bayliss, 1979; Wolf et al., 1981; Wolf et al., this volume).

Both viruses are lymphotropic and tumorigenic and have
specialized target cells within the body of the host,
permitting a steady virus production. The suppression of
viral replication in carrier cells and in tumor cells
therefore seems to be an established fact.

To study the regulation of gene expression of H.saimiri,
we characterized the virus-specific proteins synthesized
during the lytic cycle. The time-ordered appearance of
proteins during lytic infection might suggest their possible
regulatory functions. Blocking experiments with translation
inhibitors and especially the use of amino acid analogues
(Honess and Roizman, 1974; Fenwick and Walker, 1978; Bayliss
and Wolf, 1981, 1982) have proved particularly helpful for
further characterization of early proteins which control the
synthesis of polypeptides produced late in the cycle. A
further characterization of the structural proteins and their
localization in the virion by surfac iodination studies led
to a detailed analysis of viral structural proteins. Based on
our protein data, we were able to study the different gene
expression in natural and experimental tumor-bearing hosts.
We immunoprecipitated polypeptides obtained from lytically
infected cells with sera from squirrel monkeys, owl monkeys,
marmosets and New Zealand white rabbits.

In all experiments an attenuated mutant (H.saimiri 11
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att, Schaffer et al., 1975) of the oncogenic H.saimiri 11 was
included. This virus strain is not oncogenic in marmosets
(Wright et al., 1977, 1980) and induces a latent or
persistent infection, similar to that of the oncogenic strain

in squirrel monkeys.

MATERIAL AND METHODS

1. Virus-induced cell proteins

Owl monkey kidney cells (OMK-cells) were cultured in 32
ounce glass prescription bottles or plastic Petri plates
using Minimal Essential Medium (MEM Earl's salts, Gibco)
supplemented with 10% heat-inactivated fetal calf serum
(Seromed) . Cells were infected with H.saimiri 11 or H.saimiri
att at 1-2 PFU/cell and treated as described (Modrow and
Wolf, 1983a). At the times indicated in the experiments,
cells were labelled with 10 pCi/ml 355

methionine-free medium, 7.5 puCi/ml 32P—phosphate (NEN) in

-methionine (NEN) in

phosphate-free medium or 0.75 pCi/ml 14C—glucosamine (NEN) in
glucose-free medium containing 1.1 mg/ml fructose. At the end
of the labelling period cells were rinsed three times with
cold phosphate buffered saline (PBS) to stop amino acid
incorporation, solubilized in solubilization buffer (0.05 M
Tris-HCl, pH 7.0, 2% SDS, 5% mercaptoethanol, 3% sucrose,
bromephenolblue), sonicated for 15 sec with a Branson
sonifier (microtip at its maximum output), heated 5 min at
100°C and stored at -20°C.

Amino acid analogues - 500 pg/ml canavanine (Sigma) in
arginine-free MEM or 500 pg/ml azetidine (Sigma) were added
in a part of the experiments after the adsorption pericd.

Aliquots of 5 pl of the labelled cell extracts were
spotted on Whatman 3 MM filter paper discs, air dried, washed
twice in cold 5% trichloracetic acid (TCA) for 10 minutes and
twice in 95% ethanol. After drying at room temperature,
filters were placed in vials with aquasol 2 (NEN) and
counted.

20000 cpm per slot for >°S-methionine, 10000 cpm for

32P—phosphate and 2000 cpm for 14C-glucosamine labelled
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samples were submitted to electrophoresis in 10%
SDS-polyacrylamide gels {Modrow and Wolf, 1983a).

For in vitro labelling of glycosylated proteins,
unlabelled infected cell extracts were separated in 10%
SDS-polyacrylamide gels and electroblotted onto
nitrocellulose paper sheets (Schleicher and Schuell, BA85,
pore size 0.45 pm) using two carbon plates as electrodes
(25cm x 25cm x 2cm; grade CC, Deutsche Carbone, Frankfurt).
These were covered with 2 sheets of conductive sponge,
available from electronic supply shops. Blotting was
basically done according to the methods of Renart et al.,
(1979) and Towbin et al. (1979) using buffer containing 192
mM glycine, 25 mM Tris-HCl, pH 7.5, 10% methanol with a
constant current of 3 mA/cm? for 2 hours. After the transfer,
sheets were incubated for one hour in 3% BSA, 154 mM NaCl, 10
mM Tris-HCl, pH 7.4 at 40°C before 125I—Concanavalin A
(Medac, iodinated with lactoperoxidase iodination system,
NEN) in 154 mM NaCl, 10 mM Tris-HCl, pH 7.4, 5 mM EDTA, 0.05%
NP40, 3% BSA was added. The filter membranes were incubated
overnight at room temperature, washed in 154 mM NaCl, 10 mM
Tris-HCl, pH 7.4, 5 mM EDTA, 0.05% NP40 and exposed to Kodak
XOMatS film with intensifying screens (Lightning Plus,
DuPont) at =-70°C.

2. Structural proteins

OMK-cells were infected with H.saimiri 11, H.saimiri 11
att, H.ateles 73 or H.ateles 810 and labelled as described
above. Virions were purified from the supernatant over two
combined isopycnic Percoll (Pharmacia) and sucrose gradients
(Modrow and Wolf, 1983b). The labelled proteins were analysed
in 10% sSDS-polyacrylamide gels. Capsids were prepared by
incubation in 0.5% NP40 at 4°C for 15 min and pelleted. The
surface proteins of purified intact virions and capsids were
iodinated using the carrier coupled NEN-lactoperoxidase
iodination system, the labelled proteins were
immunoprecipitated with a serum directed against structural
proteins of H.saimiri 11 and separated in 10%
SDS-polyacrylamide gels.
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3. Immunoprecipitation

OMK-cells were infected with H.saimiri 11 or H.saimiri 1
att and labelled with 358
the end of the labelling period, cells were rinsed three

-methionine as described above. At

times in cold PBS and solubilized in 0.5 ml per 1x10 infected
cells immunoprecipitation buffer (IP-buffer, 1% Triton X-100,
0.1% sps, 0.137 M NaCl, 1 mM CaClz, 1 mM MgClz, 10% glycerol,
20 mM Tris-HC1, pH 9.0, 0.01% NaN,, 1 pg/ml
phenylmethylsulphonylfluoride) and disrupted by sonification.
The extracts were clarified by centrifugation at 100 000 g
for 30 min at 4°C and stored at -20°C.

In order to remove antibodies directed against cellular
proteins, 10 ul of each serum were incubated with 0.5 ml of
an extract of uninfected unlabelled OMK-cells (1x107
cells/ml) overnight at 4°C. 3 mg protein A sepharose-beads
(Pharmacia) preswollen in 100 pl IP-buffer, were added and
the reaction incubated at 4°C for another 2 hours. 0.5 ml of
the labelled protein extracts was added and the immune
complexes were allowed to form during a 3 hours incubation
period at room temperature. The beads were washed with
IP-buffer until supernatants contained no detectable
radioactivity. The washed beads were resuspended in
solubilization buffer and heated 5 min at 100°C to dissociate
the immune complexes and analysed in 10% SDS-polyacrylamide
gels.

4. sera

The sera of squirrel monkeys (Ssl, Ss2, Ss3) and owl
monkeys (Atl, At2, At3) were a gift of L.Falk, New England
Primate Research Center, Southborough, Mass. The Saguinus
nigricollis serum (Shl) was obtained from a monkey which died
of a neoplastic disease 7 weeks after inoculation i.m. with
1x106 PFU H.saimiri 11. The Saguinus fuscicollis (Sfl) was
infected with H.saimiri 11 att and developed a lifelong virus
carrier status without showing any signs of disease. The

serum was obtained 7 years after inoculation. The New Zealand
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white rabbit (NZWR1l) was inoculated intravenously with lxlO6

PFU H.saimiri 11 and died 3 weeks after inoculation. A serum
against viral structural proteins was obtained from a rabbit
(R1) inoculated intracutaneously with multiple doses of
H.saimiri 11 in the presence of complete Freund's adjuvans. A
serum against virus-induced infected cell proteins was
obtained from a goat inoculated with multiple doses of

H.saimiri 11 infected cells (gift of F. Deinhardt, Munich).

RESULTS
1. Time ordered synthesis of viral proteins
a) labelling with 35S—methionine

To study the course of protein synthesis during the
lytic cycle of virus replication, infected cell cultures were
labelled at various times after infection (Fig. 1).
Twenty-one polypeptides were synthesized starting 9 to 10
hours post infection (Fig. 1, lane L-P) and are most likely
late proteins, since their synthesis increased further and
they could also be identified in purified virions (Fig. 4a).
Early proteins could be detected in trace amounts only.

The use of amino acid analogues proved to be helpful to
enrich these early polypeptides and facilitated their
detection and distinction from late proteins. Eleven
virus-induced proteins were synthesized in the presence of
canavanine (Fig. 1, lane B-F); addition of azetidine allowed
six polypeptides to be produced (Fig. 1, lane G-K). Three of
the proteins synthesized in the presence of amino acid
analogues were also found in the virion (gp 88, pp 57, p 28).
When canavanine and azetidine were added to the cultures
simultaneously, the protein pattern appeared
indistinguishable from the one obtained with canavanine alone
(not shown). All protein data are summarized in Table 1.

b) Labelling with 32P-phosphate

Labelling with 32P-orthophosphate showed, that five
viral polypeptides became phosphorylated during the course of
infection (Fig. 2): pp 57, pp 46, pp 28 were found to be late
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viral polypeptides, pp 163, pp 57, pp 41, pp 28 were
synthesized in the presence of canavanine, pp 163, pp 57 and
pp 41 with azetidine added to the cultures.

Fig. 1 Protein profiles from H.saimiri ll-infected
cells labelled at various times after infection with
35s-methionine. Samples of 20000 cpm were applied per
slot. A: molecular weight marker proteins; B:
mock-infected cells, labelled 24-26 hours after mock
infection; virus-infected cells, treated with canavanine
and labelled from 0-4 (C), 4-9 (D), 9-15 (E) and 15-24
(F) hours after infection; virus-infected cells treated
with azetidine and labelled from 0-4 (G), 4-9 (H), 9-15
(I), 15-24 (K) hours after infection; virus-infected
cells labelled without analogues 0-4 (L), 4-9 (M), 9-15
(N), 15-24 (0), 24-26 (P) hours after infection.

c) Labelling with 1'4C-glucosamine

In vivo labelling of viral proteins with (Fig. 3, A-F)
or without subsequent immunoprecipitation (Fig. 3, N-8)
identified seven glycosylated viral polypeptides: gp 152, gp
140, gp 127, gp 88, gp 67, gp 53, gp 50. In the presence of
canavanine, no viral glycoproteins could be identified after
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immunoprecipitation, in the presence of azetidine, gp 127, gp
88, gp 67, gp 53, gp 50 were synthesized in trace amounts.

d) in vitro labelling of glycoproteins
By electroblotting of virus-infeced proteins and
125I—Con A, which

binds specifically to glucose and mannose residues (Goldstein

detection of glycosylated proteins with

et al., 1965), the same polypeptides could be identified as
glycoproteins as by in vivo labelling with 14C—glucosamine
(Fig. 3, T-Y).

2. Structural proteins

The protein profiles of the various H.saimiri and
H.ateles strains are shown in Fig. 4a. Twenty-one structural
polypeptides could be identified for the H.saimiri strains by
labelling with 35S—methionine; two of these proteins (pp 135,
pp 57) were found to be phosphorylated. A comparison of the
protein pattern of H.saimiri 11 and H.saimiri 11 att showed
no differences in the molecular weight of the single protein
bands.

For H.ateles 73 and H.ateles 810, twenty different

35S—methionine

virion proteins could be identified by
labelling. Three of these were found to be phosphorylated (pp
136, pp 57, pp 56). The molecular weights of H.ateles 810
polypeptides differed slightly from H.ateles 73 proteins and
were distinguishable from the protein patterns observed with
H.saimiri isolates.

By surface iodination of purified H.saimiri 11 and
H.saimiri 11 att virions and capsids (Fig. 4b), 5 viral
polypeptides (gp 88, gp 67, pp 57, p 46, p 28) could be
identified as parts of the virus envelope and four
polypeptides as capsid proteins (gp 152, p 146, gp 140, pp
135) . No difference was found between the two strains of

H.saimiri.

Immunoprecipitation

a) Precipitation with sera from Saimiri sciureus
H.saimiri infected cell proteins were labelled early
(6-8 hours p.i.) middle (15-17 hours p.i.), late (24-26 hours
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p.i.) and in the presence of azetidine with 35S—methionine.

The labelled polypeptides were precipitated with three
different sera from squirrel monkeys (Ssl, Ss2, Ss3). In
azetidine-treated cells and at early times after infection
only a few viral proteins were precipitated: gp 152, gp 53,
gp 50, pp 28 in azetidine treated cells and gp 152, p 97, gp
53, p 46 in early labelled cells. A subset of viral proteins,
which are mostly viral structure proteins was identified when
cells were labelled at intermediate and late times p.i. (Fig.
5): p 195, gp 152, p 146, pp 135, gp 127, p 123, p 106, p 97,
gp 88, gp 67, p 61, gp 53, gp 50, pp 28. A serum against
virion proteins produced in rabbits (Rl) was used as positive
control. All sera were tested with mock infected cells to

exclude unspecific binding (not shown).

Fig. 2 Protein profiles from H.saimiri 11 infected
cells labelled with 32P-orthophosphate. Samples of 10000
cpm were applied per slot; cells were labelled 24-26
hours after infection. A: mock-infected cells, B:
infected cells, treated with canavanine, C: infected
cells, treated with azetidine, D: infected cells without
analogues.
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b) Precipitation with sera of experimental hosts

35S—methionine labelled proteins were precipitated with
sera from three different owl monkeys (Atl, At2, At3), one
Saguinus nigricollis (Snl), and one New Zealand white rabbit
(NZWR1) . All these animals were dying of neoplastic disease
after infection with H.saimiri. Sera from the experimental
hosts precipitated at middle and late (Fig. 5) times after
infections a limited number of viral proteins: gp 152, gp
127, p 115, p 80, p 55-57 (p 55 for Aotus trivirgatus, p 57
for S.nigricollis and NZWR), gp 53, gp 50, pp 28. p 146 and
pp 135 were only precipitated with some owl monkey sera in
very small quantities, p 195, p 123, p 106, p 97, gp 88, gp
67, p 61 were never seen. Three proteins, however, were not
found to be precipitated with the sera of the natural hosts:
p 115, p 80, p 55-57. p 115 and p 55-57 are synthesized
already at an early stage after infection, p 115 was not
found in the presence of azetidine.

H.saimiri infected cell proteins were precipitated with
a serum of a Saguinus fuscicollis (Sfl) which was
persistently infected with H.saimiri 11 att. The protein
profiles obtained after precipitation were very similar to
those obtained with sera of Saimiri sciureus, most of the
proteins being structural polypeptides (Fig. 5).

c) Comparison of H.saimiri 11 and H.saimiri 11 att infected

cell proteins

All sera from the natural and experimental hosts showed
no differences in the protein profiles of H.saimiri 11 and
H.saimiri 11 att infected cell proteins. By
immunoprecipitation with a serum against H.saimiri 11
infected cell proteins in a goat, one polypeptide in
H.saimiri 11 infected cells was precipitated which was not
found in H.saimiri 11 att infected cells (Fig. 6); the
protein had a molecular weight of about 55.000 D.

DISCUSSION
The repression of the lytic cycle is essential for the

manifestation of the oncogenic potential of a virus of the
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herpes group, since replication invariably causes the death
of the host cells. It seems reasonable to conclude from
observations with other herpesviruses, that the expression of
viral genes follows a regulated pattern. It would be of great
interest to know where this cascade of regulated expression
is interrupted in the tumor cell (Wolf and Bayliss, 1979) and
eventually to understand the mechanisms responsible for this
regulation. Whereas the highly lytic Herpes simplex virus
allowed detailed analysis of the lytic cycle (Honess and
Roizman, 1974, 1975; Morse et al., 1978; Wolf and Roizman,
1978), it is extremely difficult to obtain results for
Epstein-Barr virus, where an efficient lytic system is not
known (Wolf and Bayliss, 1979; Kallin et al., 1979; Feighny
et al., 1981; Bayliss and Wolf, 1981, 1982). In order to
study the regulation of gene expression, we examined the
course of protein synthesis in cells lytically infected with

H.saimiri.

Fig. 3 Glycosylation of H.saimiri-induced proteins.
A-F: cells labelled with !“C-glucosamine and
immunoprecipitated, G-M: cells labelled with
35gs-methionine and immunoprecipitated, N-S: cells
labelled with !*C-glucosamine, T-Y: cells
electroblotted, labelled with !25I-Con A.

A, G, N, T: mock-infected cells, labelled 24-26 hours
after mock-infection; B, H, O, V: cells infected with
H.saimiri 11 treated with canavanine, labelled 24-26
hours after infection; C, I, P, U: cells infected with
H.saimiri 11, treated with azetidine, labelled 24-26
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hours after infection. D, K, Q, W: cells infected with
H.saimiri 11, labelled 6-8 hours after infection. E, L,
R, X: cells infected with H.saimiri 11, labelled 15-17
hours after infection. F, M, S, Y: cells infected with
H.saimiri 11, labelled 24-26 hours after intection.

Analysis of electrophoretically separated polypeptides
revealed at least 31 virus-induced proteins synthesized
during the course of infection. The polypeptides could be
characterized and classified according to their molecular
weights, their modification and their kinetic appearance in
the lytic cycle. All these data are summarized in Table 1.

As for other members of the herpesvirus group, the
function of early proteins is essential for the synthesis of
polypeptides produced later in the lytic cycle. The amino
acid analogues canavanine (for arginine) and azetidine (for
proline) are incorporated into the polypeptide chains in
place of the corresponding amino acids. By this they affect
the function of the proteins whithout detectably changing
their molecular weights. In the presence of azetidine six
different viral proteins were synthesized (Fig. 1): pp 163,
gp 88, pp 57, p 43, pp 41. In the presence of canavanine 11
polypeptides were produced: p 185, pp 163, p 99, p 94, p 86,
p 80, gp 67, pp 57, p 53, pp 41, pp 28, three of these being
identical with those synthesized in the presence of
azetidine: p 52, pp 41, pp 28. This suggests that two groups
of proteins may belong to a first class of early proteins.
According to the content of arginine and proline and their
participitation in active groups in the polypeptide chains,
their function may be inhibited by the incorporation of
either of the amino acid analogues. The synthesis of a second
class of proteins does not follow. Some of the proteins
synthesized in the presence of analogues were not found in
untreated infected cells. An explanation for this effect may
be that the enrichment in cells with the analogues is
essential for their detection. Alternatively, an altered
posttranslational modification could be responsible for these
proteins.
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Twenty-one polypeptides could be identified as late
proteins (Fig. 1), the synthesis of which started about 9 to
10 hours post infection (p 210, p 195, gp 152, p 146, gp 140,
pp 135, gp 127, p 123, p 106, p 97, gp 88, gp 67, p 61, pp
57, gp 53, gp 50, pp 46, p 36, p 33, p 31, pp 28). The
synthesis of these polypeptides was dependant on prior
DNA-replication; when inhibitors of the viral DNA-synthesis
were added during infection, only a subset of early proteins
was produced (Modrow and Wolf, 1983a). Some of these late
proteins are also synthesized in the presence of amino acid
analogues (gp 88, pp 57, pp 28) and possibly are polypeptides
whose synthesis is required during the whole cycle. By
labelling with 32P—phosphate (Fig. 2), five phosphoproteins
were identified during the course of infection: pp 163, pp
57, pp 46, pp 41, pp 28. pp 135 was found to be
phosphorylated in the virions. This process of
phosphorylation might occur during or be essential for the
assembly of the virion.

The viral glycoproteins were identified by two different

methods: (I) by in vivo glycosylation with 14C—glucosamine
and (II) by in vitro labelling with 125I—Concanavalin A. Both
methods gave similar results - seven viral proteins were

found to be glycosylated: gp 152, gp 140, gp 127, gp 88, gp
67, gp 53, gp 50. These were all late viral proteins as they
were not synthesized at early times after infection or in the
presence of canavanine. When 14C-—glucosamine labelled
proteins were separated ‘without prior immunoprecipitation,
all late viral glycoproteins could be identified beside a
number of host glycoproteins (Fig. 3, N-s). In
canavanine-treated cells (Fig. 3, O) some additional proteins
were detected, which were not seen in immunoprecipitation
experiments. These bands may represent a subset of early
viral proteins which are not recognized by the serum used
here. Alternatively, they may be artefacts due to the
presence of the analogue.

In the in vitro labelling experiments with 125I-Con A,

all glycoproteins with glucose and mannose or derivatives of
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Fig. 4 a) Structural proteins of H.saimiri and
H.ateles. A-D: labelled with 35S-methionine, E-F:
labelled with 32P-orthophosphate. A: H.saimiri 11; B:
H.saimiri 11 att, C: H.ateles 810, D: H.ateles 73, E:
H.saimiri 11, F: H.ateles 73. b) 125I-labelled surface
proteins. A: H.saimiri 11 att capsids, B: H.saimiri 11
capsids, C: saimiri 11 att virions, D: H.saimiri 11
virions.

these sugars are identified by their binding capacity for

125

I-Con A, regardless whether they are of cellular or viral

origin. Due to the experimental procedure no host shut-down

can be observed and viral proteins can be observed as

additional bands only.
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Fig. 5 H.saimiri-infected cells, labelled with
35S-methionine from 24-26 hours after infection and
immunoprecipitated with the sera indicated.

11: H.saimiri 11 infected cells; att: H.saimiri 11 att

infected cells. Ssl, Ss2, Ss3: sera of Saimiri sciureus,

infected with H.saimiri 11; Atl, At2, At3: sera of Aotus
trivirgatus, infected with H.saimiri 11; Snl: serum of

S.nigricollis, infected with H.saimiri 11; Sfl: serum of

S.fuscicollis, infected with H.saimiri 11 att. NZWl:

serum of a New Zealand white rabbit, infected with

H.saimiri 11; Rl: rabbit serum against structural

proteins of H.saimiri.

The analysis of purified virions of H.saimiri 11 and
H.saimiri 11 att revealed 21 polypeptides as viral structural
proteins (Fig. 4a). All these proteins were also identified
as late viral polypeptides being produced late during the
lytic cycle. Two of these proteins located in the virion were
found to be phosphorylated. For H.ateles 73 and H.ateles 810,
20 different proteins could be identified, three of these
were phosphorylated (pp 136, pp 57, pp 56). The molecular
weights of H.ateles 73 proteins differed slightly from
H.ateles 810 polypeptides and were distinguishable from the
protein pattern observed with H.saimiri isolates. The overall
pattern of the protein profiles of the various f.saimiri and

H.ateles strains, however, was fairly similar, 8 proteins
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being conserved according to their molecular weights (p 210,
Qp 146, p 106, p 97, gp 88, p 46, p 36, p 33). The close
relationship of proteins from H.saimiri and H.ateles reflects
the relatedness of their DNAs, which show 35% homology
(Fleckenstein et al., 1978).

To identify the components of virions and capsids, the

surface proteins were labelled with 125

I using the
lactoperoxidase system, which is a very gentle method,
allowing the selective iodination of surface proteins. By
this, four proteins could be identified as capsid
polypeptides (gp 152, p 146, gp 140, pp 135) and five as
parts of the viral envelope (gp 88, gp 67, pp 57, p 46, p 28;
Fig. 4b). No difference was found between the two H.saimiri
strains.

To study the gene expression in the various natural and
experimental hosts, H.saimiri-induced cell proteins were
immunoprecipitated with sera from these animals. In the
natural hosts (Saimiri sciureus) most antibodies are directed
against late viral polypeptides, which are mostly structural
components of the H.saimiri virion (Fig. 4). A very similar
picture was obtained with a serum from a Saguinus fuscicollis
(Sf 1), which was infected with H.saimiri 11 att (Schaffer et
al., 1975). This virus strain is reported to be non-oncogenic
in different marmoset species, and induces a latent or
persistent infection (Falk et al., 1976; Wright et al., 1977,
1980) . Thus the etiological behaviour of H.saimiri 11 att in
marmosets is very similar to that of H.saimiri 11 in squirrel
monkeys. This fact could be demonstrated by
immunoprecipitation experiments: the sera of squirrel monkeys
infected with the oncogenic wild type showed the same
antibody pattern as that obtained from a marmoset infected
with H.saimiri 11 att.

Sera from experimental hosts infected with H.saimiri
which had died from a neoplastic disease showed by
immunoprecipitation, that their antibody specificity was
different from that obtained from the natural host, but very

similar amongst the different species (owl monkey, marmoset,



121

Fig. 6 Cells infected with H.saimiri, labelled with
355-methionine and immunoprecipitated with a goat serum
directed against H.saimiri 11 infected cell protein. A:
mock-infected cells labelled 24-26 hours after
mock-infection; B: H.saimiri 11 infected cells, labelled
8-10 hours after infection; C: H.saimiri 11 infected
cells, labelled 24-26 hours after infection; D:
H.saimiri 11 att infected cells, labelled 8-10 hours
after infection; E: H.saimiri 11 att infected cells,
labelled 24-26 hours after infection.
New Zealand white rabbit). With the sera of all these hosts,
three proteins were precipitated, which were never
precipitated with sera from squirrel monkeys: p 115, p 80, p
55 in owl monkeys and p 57 in S.nigricollis and NZWR
respectively. The slight difference in the molecular weight
(p 55 - p 57) may be due to a different modification in the
various hosts with the antibodies directed against the
modification. p 115 and p 55-57 may be due to a different
modification in the various hosts with the antibodies

directed against the modification. p 115 and p 55 - 57 were
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synthesized already at an early stage after infection; the
synthesis of p 115, however, was inhibited by the treatment
of azetidine and thus may belong to a second regulatory group
of early proteins.

Since all animals developing H.saimiri-induced
neoplastic disease are reported to have high anti-EA titers
(Klein et al., 1973; Pearson et al., 1973, 1974), which

increase with the development of malignant tumors, one might

TABLE 1
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conclude, that the three proteins p 115, p 80, p 55 - 57 are
components of the EA-complex. In natural hosts the anti-EA
titers were found to decline some weeks after the primary
infection.

Between the protein profiles obtained from H.saimiri 11
and H.saimiri 11 att infected cell proteins precipitated with
squirrel monkey, owl monkey, marmoset and NZWR sera
respectively, no differences could be detected. However, one
protein could be identified in H.saimiri infected cells when
the extracts were precipitated with a serum raised in a goat
against H.saimiri 11 infected cells. The molecular weight of
the protein was found to be 55000 D. This protein may either
be a viral protein which is deleted in H.saimiri 11 att, or a
cellular protein, whose synthesis is not induced during
infection with H.saimiri 11 att. As a third possibility, the
differences in the protein patterns may be due to a different
protein modification of H.saimiri 11 and H.saimiri 11 att
induced polypeptides.

The characterization of the polypeptides which present,
themselves in the various experimental and natural hosts as
antigens may be a step towards a better understanding of the
regulatory mechanisms involved in the development of the
H.saimiri induced malignant disease. At least our experiments
show that tests for antibodies directed against specific
antigens could be useful to discriminate between tumor
bearing and non-tumor bearing hosts and that antibodies
reacting with other antigens may be used for a
nondiscriminating diagnosis of the immune status. Although
this may be of interest for hosts infected with H.saimiri,
similar work may prove important for the diagnosis of
infections or neoplastic disease caused by Epstein-Barr virus

and other herpesviruses in man.
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ABSTRACT

This presentation will review what is known about the
factors involved in persistent murine cytomegalovirus (MCMV)
infections, by considering studies on infected mice and cell
lines infected in vitro. In mice of various strains, MCMV
establishes a productive infection in numerous tissues,
although specific cell types within a tissue may be spared.
Dissemination of the virus may be facilitated by a temporary
and generalized immunosuppression. Eventually a variety of
anti-viral responses help to terminate the acute phase of
infection, which is then replaced by a chronic type of
infection in certain tissues, and a true latent infection in
others. Some of the factors which are important in determining
the severity of the acute infection and the establishment and
duration of the chronic phase are: the strain and precise
history of the virus itself; age and strain of mice; the
presence of physical barriers to virus or immune cells (eg.
basement membranes in acini of submaxillary glands);
macrophages, which may control virus dissemination or promote
persistence; and the immune status of the mouse.

The virus has frequently been reactivated from several
tissues of persistently infected mice. The two methods which
have proven successful in reactivation are: immunosuppressive
therapy of the animals; and explantation of tissues, usually
in the presence of embryonic fibroblast cultures. These
studies implicate the presence of virus-controlling factors in
persistently infected animals.

Infections in vitro have been done on numerous cell lines
of murine and non-murine origin. Different responses have been
observed, ranging from efficient production of virus to
limited viral gene expression with no production of virus.
These in vitro studies have indicated the relevance of cell
cycle parameters, and other host cell factors, in determining
the extent of viral gene expression and persistence.

INTRODUCTION

Murine Cytomegalovirus (MCMV) is a herpes virus which is
capable of infecting and persisting in various wild and
laboratory strains of mice. Most of the biochemical and
biological features of the virus have been discussed in two
recent reviews (Hudson, 1979; Osborn, 1982). This presentation
considers only those aspects which are thought to be relevant

to persistent MCMV infections, and hence relevant to
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1)

persistent herpes infections in general.

The term 'persistent infection' is used, because in many
instances it is not clear whether experimental mice have been
chronically infected (producing low levels of infectious
virus) or latently infected (no detectable infectious virus).
The mouse can have both types of infection concurrently. Thus
the virus may be in a true latent state in one type of tissue
or group of cells, while another tissue is continuously
shedding small amounts of virus. Even the designation of
'latent infection' as applied may be misleading, since
insufficient amounts of the tissue may have been sampled for
virus assay. This point will be raised again in a later
section.

The old term 'salivary gland virus' reflects the fact
that infected mice commonly shed small quantities of virus in
their saliva for long periods of time. This probably
represents the normal mode of transmission of MCMV.As a
consequence the mouse probably reinfects itself periodically.

Therefore the problem requiring investigation may not be
simply: 'What factors determine whether or not the virus
replicates', but rather: 'What determines the level of virus
production in a specific tissue'. In this respect CMV's may

differ fundamentally from herpes simplex type viruses.

FACTORS AFFECTING MCMV INFECTIONS IN THE MOUSE

Figure 1 summarizes the kinetics of virus growth in
selected tissues and tﬁe accompanying host responses. The
graph is somewhat idealised in that all of these parameters
have not been compared within a specific mouse strain,
although there are enough data to indicate that several
different strains follow a similar pattern of events, at least
qualitatively. The basic model used in our laboratory is the
SWR/J mouse, which responds to an intraperitoneal infection of
1In the following text only selected references are given. A
more comprehensive bibliography is found in the reviews

mentioned above.
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Fig. 1 Kinetics of virus growth and host responses.
Data for infectious virus (pfu per g. of tissue) and
concanavalin A response of spleen celis are taken from
our studies with SWR/J mice (sg = submaxillary gland; sp
= spleen; k = kidney). Corresponding data for circulating
anti-MCMV antibody (Ab); cytotoxic T-cells (CYT); natural
killer cell activity (NK), and serum interferon (IF),
have been compiled from various published studies
utilizing various strains of mouse. In the upper part of
the diagram the solid lines represent the times of
maximal function, and the broken lines represent times of
uncertainty or disagreement in connection with a
function.

MCMV by replicating the virus transiently in visceral tissues
(as exemplified by the spleen in Fig. 1) and more extensively
in submaxillary glands and kidney. A dramatic but temporary
immunosuppression is observed after three days. This is
illustrated by the abrogation of the concanavalin A response
by spleen cells. The immunosuppression appears to be general,
and may allow the virus to disseminate throughout the body.
However, interferon and natural killer cell activity have been
detected shortly after infection, and eventually circulating

antibody and cytotoxic T-cells are found in abundance. It is
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not clear how these different responses interrelate, although
in concert they do appear to control the amount of virus
produced, and may be responsible for terminating the acute
phase of infection in tissues such as spleen and liver.

The virus then enters a phase of gradually decreasing
production (Fig. 1). The duration of this 'chronic' phase is
clearly influenced by some of the factors enumerated in Table
1, but ultimately virus replication can be terminated.

The factors listed in Table 1 will now be considered

individually.

TABLE 1 Factors involved in MCMV pathogenesis

Factor Involvement in

Acute Persistent

Infection Infection

Virus:
strain (genotype) + ?
history (virulent; attenuated) + +
Host:
age + +
strain (H-2 genes) + +
physical barriers ? +
macrophages + +
cell differentiation + ?
cell cycle + +
immune status (NK cells;

cortisone) + +

(i) Strain of Virus

There exist at least two, and probably many more,
genetically distinguishable strains of MCMV, viz: the so-
called Smith strain, the one deposited in the American Type
Culture collection many years ago, which itself has probably
diverged considerably in different laboratories; and the

'virulent' K181 strain selected by Osborn. These two strains
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differ in their restriction endonuclease patterns and in virus
protein composition (Misra and Hudson, 1980; Dimmock and
Hudson, unpublished data). Although they differ markedly in
virulence, i.e. with respect to the acute infection, they do
not appear to have been compared in regard to persistent
infection.

(ii) History of the Virus

Murine CMV obtained from infected mice rapidly attenuates
upon passage in cell culture (Osborn and Walker, 1971). The
resultant attenuated virus retains the capacity to replicate
in submaxillary glands (whereupon it reverts to virulence),
but not in visceral tissues such as spleen and liver. The
attenuation is accompanied by changes in virus protein
composition (Dimmock and Hudson, unpublished data). The
submaxillary-passaged virus tends to persist longer in the
mouse than does virus repeatedly passaged in fibroblast
cultures (Misra, 1977). It is not known if these differences
are caused by cultivation of the virus in different cell
types, i.e. acinar epithelial cells in the submaxillary gland
compared with fibroblasts in vitro, or by some other feature
of cultivation in vivo compared with in vitro (Selgrade et al,
1981).

(iii) Age of Mouse

In common with numerous other viruses, MCMV is much more
virulent towards young immature mice than older mature mice.
In addition we have found that infected immature SWR/J mice
give rise to a more prolonged chronic phase than do infected
adults (unpublished data). This may be explained by a
quantitatively greater dissemination of the virus during the
earlier stages of infection, when the immune system is nct
properly developed, with the results that tissues are seeded

with more virus.

(iv) Strain of Mouse

A notable host contribution to MCMV pathogenesis is the
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histocompatibility gene status, which has been studied
extensively by Chalmer (Chalmer et al, 1977; Chalmer, 1979).
Table 2 presents a few examples of the relative effect of H-2
genes on mortality in MCMV-infected adults. In general the b
and d haplotypes confer sensitivity to the virus, sensitivity
being dominant in crosses. Other non-H2 genes also contribute
however, and Chalmer has argued for the involvement of at
least four genetic loci (two H-2 linked, two non H-2 linked),
some of which correlate with specific histopathological

effects in certain tissues (Chalmer, 1979).

TABLE 2 Influence of host strain.

Strain H2 Relative LDSOa Influence in
haplotype persistent infection
DBA/1 q <0.4 ?
Balb/c d 1.0 ?
C57/BL b 1.8 ?
C3H/HeJd k >8.2 +
CBA k >8.% ?
SWR/J q >10 +

8These data are examples taken from Chalmer (1979) and
represent LD50 values for young adults.

bData from our laboratory under conditions approximating

those of Chalmer.

The host strain also influences the duration of the
chronic infection. This is illustrated in Fig. 1, from which
it can be seen that the chronic phase is more prolonged, at
least in submaxillary glands, in ICR and SWR mice than in C3H.

(v) Physical Barriers

Conceivably the presence of 'barriers' such as basement
membranes could render a tissue or group of cells relatively
inaccessible to virus, and to immune responses once infection
were established. This could explain why salivary glands
require a long time to become infected in the first place, and
why the infection is then prolonged after this. Henson's group
has shown that the duration of the chronic phase in
submaxillary glands is inversely related to the efficacy of
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the inflammatory response. Ultimately the attack on the acini
is successful and leads to destruction of infected and
adjacent uninfected cells. This process can be alleviated by
cortisone, with the result that virus continues to be produced
and shed (Henson and Neapolitan, 1970).

(vi) Macrophages
Studies from Mims' laboratory and from ours' have

focussed on the roles played by these cells in MCMV
infections. Mims and Gould (1978) have shown that peritoneal
macrophages and Kupffer cells can restrict the spread of MCMV,
although this restriction was relatively ineffective for
salivary gland passaged virus compared with cell-culture
passaged virus. This is an important distinction since wild
mice presumably are exposed to salivary gland virus.
Furthermore, in view of the invariable finding that
blood-borne virus is cell associated rather than free virus,
then perhaps the importance of the macrophage as a 'guardian'
against entry of virus into tissues has been exaggerated. In
fact the few macrophages which do become infected in vivo may
serve as reservoirs for later reinfection. In support of this
concept is the evidence that MCMV can persist in, and can be
reactivated from, spleen and peritoneal macrophages following
infection in vitro or in vivo (Hudson et al., 1978; Brautigam
et al., 1979; and unpublished data).

Thus the macrophage may well be an important factor in
persistent MCMV infections, but for reasons different from

those usually considered relevant to viruses.

(vii) Cell Differenciation
Probably few people would deny the likelihood that MCMV

gene expression is influenced by the state of differentiation

of the host cell, although very little evidence supports this
hypothesis.

Recently Dutko and Oldstone (1981) showed that modulation
of gene expression in teratocarcinoma cell lines could affect

MCMV transcription and replication, the more 'differentiated'
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state favoring replication. Although this behaviour is quite
different from other viruses tested in the same cell lines, it
is evident that MCMV is subject to intracellular host control.
This is also relevant to persistent infections since a cell
carrying a latent MCMV genome may lose this control if host
gene expression is modulated through differentiation or
extracellular factors.

(viii) Cell Cycle

Studies in our laboratory (Muller and Hudson, 1977)
indicated that MCMV can only replicate in fibroblasts if they
are traversing the cell cycle. Specifically a cellular event
associated with early S-phase seems to be required. Further
discussion of this phenomenon appears below. Other cell types
may show a similar requirement. The relevance to persistent
infection stems from the hypothesis that, if a Go—phase
fibroblast carried a latent MCMV genome, then any event which
forced that fibroblast into the cell cycle would also permit

virus replication.

(ix) Immune Status

Several workers have shown that MCMV infection enhances
NK cell activity. The importance of this response in the
control of infection has been inferred from experiments with
beige mutants, which lack significant NK activity and which
are especially susceptible to the virus (Bancroft et al.,
1981). It is generally assumed that the other immune responses
depicted in Fig. 1 are also important in limiting the acute
infection, although they do not prevent the establishment of
persistent infection. Nevertheless, evidence for a continuing
role of the immune system in controlling the virus has been
adduced from the many experiments in which immunosuppressive
treatments have led to the emergence of infectious virus (see
Table 2 and next section).

REACTIVATION OF MCMV

Table 3 summarizes the successful attempts to reactivate
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Reactivation of MCMV
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Experimental Material

Reactivation Stimulus

References

1.

2.

Animals: Wild mice

laboratory infected mice

Tissues:

spleen, lymph nodes

salivary glands,
prostate

embryos

macrophages

Cell cultures:

spleen cultures
3T3 cells

teratocarcinoma
cells

anti-theta serum

graft rejection

mock blood transfusion

cyclophosphamide

anti-lymphocyte serum
+ corticosteroid

co-cultivation with
fibroblasts in vitro

cultivation in vitro

'activation'

co-cultivation with
fibroblasts

cell cycle stimulation

'‘differentiation’

Gardner et al.,
1974

Wu et al., 1975

Cheung and Lang,
1977a

Mayo et al.,
1977

Jordan et al.,
1977

Henson et al.,
1972

Olding et al.,
1975

Wise et al., 1979
Cheung and Lang,
1977

Chantler et al.,
1979

Brautigam et al.,
1979

Hudson et al.,
1978

Muller et al.,
1978

Dutko and 0Old-
stone, 1981
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MCMV from persistently infected mice, tissues and cell
cultures.

(i) Reactivation in Mice

It has been customary to assume that, if infectious virus
cannot be detected in samples of salivary glands or some other
tissues, then the animal must be latently infected (or even
uninfected). As I have already argued above this assumption
may not be balid, for two reasons. Firstly, it is possible
that the levels of virus produced are relatively low (1-100
PFU per organ) and hence difficult to detect by standard
plaque assay techniques, especially if centrifugal inoculation
of indicator cells is not used. We have sometimes had to assay
entire tissues in order to detect a few infectious particles.
Secondly, while the virus may be truly latent in a specific
tissue, it may concurrently be shed continuously (i.e. a
chronic infection) from other tissues. In fact in our
experience it has proven notoriously difficult to obtain
persistently infected SWR/J mice which were completely free of
infectious virus in all tissues assayed, especially if the
mice were immature at the time of infection. Probably in the
wild the mothers are relatively young adults and therefore
still excrete infected saliva, which then infects the
newborns. Under these conditions chronic infection would
prevail. In addition to these problems, individual mice (even
of the same strain) do not all exhibit the same duration of
the chronic phase, and consequently the result that some mice
in an experiment are entirely free of infectious virus is no
guarantee that the others are/élso free of virus.

These arguments in no,;a§ detract from the value of the
systems enumerated in Table 3, however, since the reactivation
is obviously abrogating some kind of control system, so that
virus replication is elevated, either simultaneously in
several tissues, or in one key tissue initially followed by
dissemination to others. And it still remains a possibility
that certain treatments may reactivate the virus from a latent

state in a specific tissue in the face of continuous shedding
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from another.

The point at tissue therefore is not whether the models
in Table 3 are valid or relevant, for they certainly are, but
some of them may represent models for elevating the chronic
infection rather than for reactivating a true latent
infection. With regard to the mechanism involved, the common
denominator for reactivation in mice appears to be some aspect
of %he immune system, since most of these treatments are known
to be 'immunosuppressive'. However, one should bear in mind
that additional non-immunological 'side-effects' probably
accompany all of these treatments, although it is difficult at
present to envisage a common non-immunological mechanism.
Nevertheless a similar dilemma is posed in trying to deduce
the precise immunological mechanism that could be involved,
unless this simply reflects the fact that the virus is
continually controlled by a combination of immune responses.

(ii) Reactivation from Tissues

In these experiments, fragments of tissue or groups of
intact cells are co-cultivated with fibroblast indicator
cells. Reactivation is indicated by the appearance of
characteristic cytopathic effects and the emergence of
infectious virus in the indicator cells. Concurrently portions
of these tissues are assayed for free virus. It is probably
easier to ascertain the absence of infectious virus in such
individual tissues than it is for whole mice, although the
problem raised above may still exist.

Earlier experiments were done with spleens and other
lymphoid tissues, although more recently similar results have
been obtained with submaxillary glands, prostate, embryos, and
peritoneal macrophages.

The mechanism of reactivation is not understood. It is
unlikely to be a simple loss of controlling factors operating
in vivo, since the emergence of infectious virus during
cultivation in vitro usually takes many days. It appears that
virus is first released from its carrier cells in an

infectious form, rather than as a free genome or
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nucleoprotein, since its appearance can be inhibited by
antibody in the culture medium but not by DNase (Hudson et
al., 1978; Wu and Ho, 1979). The virus then spreads in the
indicator fibroblasts and possibly any fibroblasts which have
grown out from the tissue sample. The initial carrier cell or
latently-infected cell could itself be a fibroblast or some
other cell type in which virus replication depends upon the
cell cycle. Non-dividing cells from tissues frequently start
dividng when cultivated in vitro.

(iii) Reactivation in Cell Culture

In order to study the molecular basis of reactivation, we
have resorted to the use of cell culture mcdels, as indicated
in Table 3. These are described in more detail in the next

section.

THE USE OF CELL CULTURE MODELS

In Table 4 is a summary of the extent of virus
replication in various cultured mouse cells. The information
is incomplete in the sense that few of these cultures have
been tested at different phases of the cell cycle or in
relation to extracellular modulators. Furthermore any of these
cells could conceivably harbour a latent infection under
certain conditions.

Non-murine cell types are documented in Table 5.
Evidently MCMV can replicate to some degree in cultures from
rat, hamster, rabbit, sheep and monkey. Also the apodemus CHMV
can replicate in human cells. The Smith strain of MCMV does
not replicate in human cell lines, although some viral genes
can be expressed (Mosmann, 1975; Walker and Hudson,
unpublished). The virus does not appear to do anything in mink
lung cells.

(i) Spleen Cell Cultures

Several years ago we set up the spleen cell culture

system for MCMV infection in vitro. Although the results

provided a few insights into virus-cell interactions, the long
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TABLE 4 Susceptibility of Murine Cells to MCMV in

vitro.

Cell line or tissue Virus yielda (pfu per cell)
Embryonic fibroblasts 10 100

3T3 lines (several) "

3T6 "
MKSA (SV40 transformed kidney) >10

primary brain >1

tracheal epithelial cells® >1
teratocarcinoma cells (several)b -to >1

L.929 <1

Y-1 (adrenal cells) "
primary kidney "
primary spleen "
primary liver "
macrophage lines (several) "
T lymphocytes -
L5178Y (leukemic T-cells) -

3pata from Hudson, 1979: °Dutko and Oldstone, 1981:
cNedrud et al., 1982. Other more recent data, Hudson

et al., unpublished.

term cultivation of persistently infected cells proved
difficult to achieve. We were able to demonstrate that the
virus did not replicate in T-lymphocytes, that B-lymphocytes
were generally unresponsive, and that a low level of infection
occurred in macrophage-like cells.

This system was eventually abandoned because of the
difficulty in maintaining such heterogenous cultures.
Nevertheless we did show that the results mimicked the
virus-cell interactions taking place in vivo (Loh and Hudson,
1979).

(ii) Murine Fibroblasts

The cell cycle dependance of MCMV replication in
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TABLE 5 Susceptibility of Non-Murine Cells to MCMV in

vitro.
Species of Origin Cell Type Virus Yield Viral Gene
(pfu/cell) Expression
Rat Primary cerebellum >1 +
Hamster BHK line <1 +
Rabbit Eﬁi?anngldney; <1 +
Mink MvlLu line? - ?
Sheep Primary fetal brain >1 +
Monkey BSC-1 line <1 +
Human Hela; KB lines - -
Hep-2; WI-38; MRC-5% - +

Data taken from Hudson, 1979. aHudson et al., unpublished.

fibroblasts has been mentioned already. This property is
illustrated in Fig. 2 for 3T3 cells. These cells quickly enter
a quiescent or GO phase as serum growth factors are depleted.
The virus readily infects such cells but will only replicate
when fresh medium containing serum is added. Under these
conditions a substantial fraction of the cell population
initiates a cell cycle. The consequent initiation of S-phase
is followed by viral DNA replication and ultimately the
production of infectious virus (Muller, 1977).

If the infected 3T3 cultures are maintained in the G,
phase, infectious virus eventually disappears completely. But
the virus can be reactivated at any time, however, by simply
providing serum in fresh medium (Muller, 1977). This is
illustrated in Fig. 3, which also shows that the number of
infectious centers remains high. Thus this system furnishes a
useful short term model for studying the establishment of a
latent infection and its reactivation by manipulating the
cells' environment.

In further studies we compared the patterns of viral DNA,
RNA and protein synthesis in S-phase and Go phase cells. The
results are presented in the form of a composite diagram in



6 u—'_'\.\ — 60
5] \ L 40
4 —~  }2
A H R A
6 o—
5 N—. - 60
I~
4- \\ - 40
- 0 - ©
3 20 s
R R R B | v
5 -60 S
S~
E 4- — 40 K}
~ o -4
2 % e 0 2
o e O 2
o . =
- o
. e
10 1 3
9 s
o
8- — o
1 160 e
7 4 —~140 >
6= ~-120 §
5= —-100 i
a4 \LA -8 °
34 i i - 60
2 . ... — . 40
1 ~ 20
1 T T T 17
20 40 60
Hrs.  Post-Serum
Fig. 2 Correlation between cell cycle traverse

and MCMV replication.

Cultures of 3T3 cells were left without medium
change for 9 days. They were infected with MCMV (20
pfu per cell) and, after the adsorption period, were
divided into four groups for the following
treatments: Group A, control, same depleted medium
added back to cells; Group B, depleted medium added
together with 10% fresh serum; Group C, fresh medium
only added without serum; Group D, fresh medium plus
10% serum added. All cultures were assayed for
infectious virus (pfu) and,for mitotic cells (by
autoradiography following “H-thymidine pulses). Data
from Muller, 1977.
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log,, PFU or ICG/mL
(%) »
0\

T2 4 8 8
Days pi
Fig. 3 Infectious virus ( ) and infectious centers

(o) in Go-phase 3T3 cells infected with MCMV on day O. At
the time indicated by the arrow, some cultures received
fresh medium plus 10% serum and were then assayed for pfu

( ).

Fig. 4. During the first four hours of infection in the
S-phase cells at least 17 viral-induced proteins are produced,
accompainied by the transcription of approximately 40% of the
viral genome (i.e. 20% of the viral DNA). Some of these
proteins, and a large fraction of the transcripts, are also
present in the GO phase cells. In the latter, a few additional
genes are transcribed later, but no viral DNA replication can
be detected unless the cell cycle stimulus is provided. In the
S-phase cells viral DNA replication commences at 8 hpi.
accompanied by the transcription of most of the remainder of
the genome, and eventually the production of virion proteins.
Unfortunately there are two limitations to the use of
this 3T3-cell model. Firstly, cultures maintained in the Go
phase represent dying cells, for they cannot be propagated.
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after continuous serum/medium deprivation the cultures

e increasingly difficult to handle and accordingly

iments cannot be done after 10-14 days.

Secondly, different 3T3 cell lines vary somewhat in their

nse to MCMV. Thus in some of these lines it has proven
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Fig. 4 MCMV gene expression in 3T3 cells.

The data have been compiled from several studies
involving MCMV infected S-phase 3T3 cells (solid lines
and bars) and infected Go-phase 3T3 cells (thin lines and
open bars). The upper part of the diagram depicts the
duration and extent of viral protein synthesis. In the
graph bars represent % of DNA transcribed; lines
represent number of viral genomes per cell. The broken
line shows the number of viral genomes per cell following
addition of fresh medium plus 10% serum to the cells.

difficult to block completely the spread of MCMV, which

instead establishes a low level chronic infection. This also

appl;es to mouse embryo cultures, although we have been able

to demonstrate a correlation of cell cycle traverse with MCMV
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replication in the latter. This problem may be explained by
the difficulty in obtaining a state of 100% GO phase cells in
such cultures.

The first of these limitations was circumvented recently
in a study of teratocarcinoma cell lines (Dutko and Oldstone,
1981) . The virus could be maintained in a latent state in at
least one of these 'undifferentiated' cell lines. When such
cells were induced to 'differentiate' viral replication
ensued. This system warrants further analysis, although it is
not clear how the changes taking place in teratocarcinoma
cells after induction of 'differentiation' relate to
infections in defined cells in vivo. But it is interesting
that viral gene expression can be influenced by modulating
cellular gene expression.

Another interesting model is that provided by tracheal
rings cultivated in vitro. The rings can be maintained for
long periods of time in vitro, and MCMV establishes a long
term persistent infection in them. Of particular interest is
the finding that epithelial cells serve as the reservoir of
chronic virus production, and that the continuous production
of infectious virus is dependent upon a continuous low
turnover of dividing cells (Nedrud et al., 1982).

We have recently turned our attention to murine
macrophage cell lines. One of these replicates the virus in a
very low percentage of the cells, similar to that seen in
spleen macrophages, but produces substantial amounts of early
viral proteins. We hope that this system may be useful for
further study.

CONCLUSIONS

It is clear that many factors, host and virus determined,
operate and interplay during the course of acute MCMV
infection. Some of these factors also influence the
establishment and duration of the persistent phase of
infection. The latter represents the net effect of chronic
infection in tissues such as submaxillary gland and kidney,
and a true latent infection in some other tissues such as
spleen.
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In the wild the virus seems to have adapted itself to
provide for the optimal time of transmission and the greatest
degree of persistence.

Reactivation of the virus in mice may represent either an
enhancement of a low level chronic infection in some tissues,
or a release from a latent infection imposed by constraints
operating in other tissues. The immune system has been
implicated as a controlling factor, although it is not clear
how or at what level it may operate.

The study of several cell culture models has indicated
that viral gene expression, and ultimately virus replication,
can be governed by the cell cycle in fibroblasts and possibly
epithelial cells, and by the cellular gene expression program
in othef cell types.
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QUANTITATIVE ANALYSIS OF ACTIVATED CYTOLYTIC T
LYMPHOCYTES PRESENT IN VIVO AFTER INFECTION
WITH THE MURINE CYTOMEGALOVIRUS

U.H. Koszinowski, G.M. Keil, and M.J. Reddehase

Federal Research Institute for Animal Virus Diseases
P.O. Box 1149, D-7400 Tibingen

ABSTRACT

The infection of Balb/c mice with the murine
cytomegalovirus (MCMV) served as a natural virus-host system
to study the in vivo generation of cytolytic T lymphocytes
(CTL) and their precursors (CTL-P). Two modifications of the
limiting dilution technique, the in vitro expansion of CTL-P
in medium containing interleukin only and the in vitro
activation of CTL-P in presence of interleukin and antigen
led to the detection of two distinct maturation stages of in
vivo sensitized virus specific self restricted CTL. A low
frequency set of CTL-P generated an active progeny in vitro
in absence of further antigen restimulation and was denoted
interleukin receptive CTL-P (IL-CTL-P). A high frequency set
required further antigen in vitro to generate functionally
active clones and, therefore, is denoted antigen dependent.
Both sets of cells are generated in vivo only after viral
infection and are present simultaneously at the peak of the
acute immune response. The progeny of IL-CTL-P are H-2
restricted CTL and their generation is not influenced by
selective effects of antigen in vitro. Consequently, we
consider these cells to be the best available representatives
of the genuine in vivo activated immune repertoire. The
investigation of the fine specificity of IL-CTL-P will allow
the definition of those viral determinants which are of
importance in the antiviral T cell response.

INTRODUCTION

Most of the herpesviruses that infect man and animals
exhibit a high degree of species specificity. Only HSV 1 and
HSV 2 are less species specific and are therefore used in
animal models to study the immune response to herpesviruses.
It is, however, questionable if the immuhe defence mechanisms
operative in these experimental models are identical with
those operative in the natural host as a consequence of an
evolutionary acquired balance. Thus it is certainly
advantageous to study herpesvirus infections in the natural
host. The murine cytomegalovirus (MCMV) is in its main
biological features very similar to the human cytomegalovirus
(HCMV) and, therefore, appears to be an excellent model for
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the human disease and for persistent and latent herpesvirus
infections in general (Hamilton, 1982). Both the human and
the murine primary cytomegalovirus infection are usually not
accompanied by major symptoms of illness. Apparent clinical
disease results only if the host is either immunologically
immature, immunodeficient or immunosuppressed. After primary
infection a delicate virus-host balance is maintained that is
characterized by viral persistency, latency and occasional
reactivation. Although it may be disputed whether a true
latency with a complete block of viral replication may result
at later stages of infection, the role of immune control is
beyond doubt because natural or experimental interference
with the immune mechanisms will cause viral reactivation and
severe disease.

Which are the immune mechanisms that maintain the
balanced virus-host interaction during infection? Recently it
has been claimed that it seems very clear that humoral
immunity is nearly irrelevant to the outcome of HCMV
infection in the clinical context of greatest interest
(Osborn, 1981). This could point to the potential role of the
cellular immune response. A specific CTL response is induced
during primary MCMV infection (Quinnan et al., 1978; Ho,
1980) and memory T cells are demonstrable later. However, it
is open to what extent the T cells contribute to the
maintainance of the persistent state. Before a central role
of T cells in the regulation of persistent and latent
herpesvirus infections can be seriously considered more
informations on the magnitude, time and place of
manifestation, and specificity of the T cell response are
required. In particular, a quantitative evaluation of the T
cell response and its correlation with stages of infection is
needed. Furthermore, only if resting T cells can be
distinguished from activated cells the role of these cells
during persistent or latent infection can be investigated.

This report focusses on the description of methods that
allow the quantification of the MCMV specific CTL response

and the distinction of different activation stages of CTL-P.
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RESULTS
Frequency estimation of in vivo activated cytolytic T cell

precursors
The fraction of functionally active cells generated

during primary infection is usually too small to be
detectable in conventional 4 h cytolytic assays. Eighteen
hour assay conditions which are applied to detect the
activity of small numbers of activated T cells may be
obscured by the functional activity of NK cells which cannot
be excluded under these conditions. Furthermore direct
testing of cell populations from lymphoid organs does not
allow a quantification since a given cytolytic potential may
be due to very few cells with strong cytolytic activity or
many cells with low activity. For the enumeration of CTL
specific for MCMV the expansion of individual in vivo
sensitized T cells is required until their clonal progeny is
large enough to be tested.

The protocol used in our experiments is depicted in
Fig.l. Mice were sensitized by footpad infection with MCMV.
Few days after sensitization the draining popliteal lymph
node contains both resting and MCMV sensitized T cells.
During activation and differentiation in vivo a minor
fraction of those T cells which are sensitized by MCMV
antigens already acquire the interleukin responsive state.
These T cells are considered to carry interleukin receptors.
They should proliferate in vitro and maintain their
functional activity provided that sufficient interleukin for
proliferation is present. These conditions were obtained by
culturing replicates containing variable numbers of lymph
node cells in presence of pretested interleukins from a rat
source. To select and expand such cells the draining
popliteal lymph nodes were removed at different times after
infection and the cells were distributed at various
concentrations into microtiter plates in order to expand
activated CTL and their precursors. Usually 24 or 36
individual microcultures per cell concentration were set up
and 8 cell concentrations were tested. CTL-P that gave rise

to a clonal progeny of effector cells in antigen free media
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Fig. 1 Schematic description of the experimental
protocol used to discriminate between different
maturation stages of in vivo activated antigen specific
cytolytic T lymphocyte precursors.

containing interleukin, were termed IL-CTL-P. Another set of
cells was found to require antigen restimulation in order to
generate a functionally active progeny. Restimulation and
expansion conditions were provided by the addition of MCMV
infected murine embryonic fibroblasts to in vitro cultures
that also contained interleukins. These antigen dependent
CTL-P also represent a primed population since in nonprimed
mice no primary response to MCMV in vitro was detectable.
After 5-7 days in vitro culture the functional activity of
the in vitro grown T cells can be tested in conventional
cytolytic assays. Precursor frequencies were calculated by
two established independent methods: the maximum likelihood
estimation (Fazekas de St.Groth, 1982) and the minimum

Chi-square estimation (Taswell et al., 1981).
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Fig. 2 After infection with lO5 pfu MCMV day 8 immune

lymphocytes were analyzed for the presence of
antigen-independent and antigen-dependent cells by
limiting dilution under expansion and restimulation
conditions. Target cells were MCMV infected murine
fibroblasts derived from day 18-21 embryos.

Peak frequencies during primary infections were observed
between day 4 and 8. In the example given in Fig. 2 mice were
primed with 105 pfu and the in vitro culture of activated
cells was set up at day 5 after infection. In the expansion
protocol the frequency of 1 IL-CTL-P in 4000 lymph node cells
was determined and under restimulation conditions about 1 in
1700 lymph node cells could generate cytolytic activity. As
to be expected the activity was a function of the infection
dose. However, the increment of activation was remarkably low
and the increase in relative frequency was accompanied by a
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decrease in cell numbers when high concentrations of
infectious virus were used for priming (data not shown). At
the same time the contralateral lymph node contained very few
CTL-P which indicates that the primary immune response is
mainly local and there is little migration of activated
cells. Despite of the cellular immune response in the
draining lymph node, about three weeks after local infection
the virus could be detected in the salivary gland which
appears to be the privileged organ for MCMV replication
during infection. The frequency estimates for the CTL-P may
change between individual experiments due to age, sex, and
health conditions of mice. However, the detection of in vivo
activated cells that can be expanded under antigen free
conditions is reproducible and even the ratio between the
antigen-dependent and -independent cells was found to be

constant in several experiments.

The different subsets of cells that utilize interleukins

are precursors of antigen specific cytolytic T cells

The in vitro antigen restimulation has been used to
reactivate cytolytic T cells from the memory state. Effector
cells generated that way are H-2 restricted and carry the Lyt
l_, 2+ phenotype. On the other hand, the lineage of the cells
that generate a functionally active progeny in the presence
of interleukins requires further characterization since it
has been reported that NK cells contribute to effector
mechanisms in the early response to MCMV (Quinnan et al.,
1979).

The requirement for interleukin was tested by adding
different doses of interleukin to cell cultures. It was found
that in microcultures containing low numbers of cells no
response could be generated in absence of interleukin while
at higher cell numbers some growth was seen, probably due to
interleukin produced and released from cells within the
culture. Growth and functional activity could be amplified by
additional application of interleukin. Cytolytic function

increases with increasing interleukin concentrations
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TABLE 1 The generation of cytolytic activity is
supported by interleukins.

Target cells

IL-dose MCMV-MEF Rabies-MEF n.i.MEF n.i.Balb 3T3
0 14 1 - -

2.5 23 1 - -
5 29 3 1 -

10 34 9 2 -

20 38 16 4 2

Day 6 immune lymph node cells (105 pfu MCMV) were expanded
for 6 days under oligoclonal conditions with various doses
(v/v) of interleukin from Concanavalin A activated rat
splenocytes. The cultures were split five-fold and tested
twice on syngeneic MCMV infected embryonic fibroblasts
(MCMV-MEF, split control) as well as on a syngeneic cell line
(Balb 3T3), noninfected target cells (MEF), and on MEF
infected with an unrelated virus (Rabies-MEF). The median
values of cytolytic activity, expressed as % specific lysis,
are given.

(Table 1). At high concentrations of interleukin some
nonspecific activity was seen also on target cells infected
with an unrelated virus which was not used for priming. The
lytic activities of cells from individual microcultures
against the two types of virus infected target cells were
analyzed by the rank correlation test and found to be not
correlated. Thus, a separate population with the capacity to
lyse irrelevant target cells proliferated in cultures that
contained high concentrations of interleukin. Indeed, it has
been reported that NK-like cells may be capable to utilize
interleukin (Dennert et al., 1981). In another set of
experiments, IL-CTL-P derived from the Balb/c and the C 57
BL/6 strain were tested for lytic activity against syngeneic
and allogeneic infected and noninfected target cells (Table
2). It was found that the IL-CTL-P derived effector cells are
self-restricted which strongly argues against NK cells.
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TABLE 2 IL-CTL-P derived effector CTL are self

restricted
Responder cells
Target cells (MEF) Balb/c (8-2%)  ©57 BL/6 (H-2P)
Balb/c~-MCMV 33 5.5
C57 BL/6-MCMV 8 14.5
Balb/c not infected 0.5 4.5
C57 BL/6 not infected 1 0.5

Balb/c and C57 BL/6 day 6 immune lymph noge cells were

cultivated under expansion conditions (10~ cells/well).

After six days the cultures (N=24) were split fourfold

and tested on the four fibroblast target cells. The

median values of cytolytic activity are given.

In addition, the surface phenotype of the IL-CTL-P
derived effector cells was determined (Table 3). Effector
cells express the Thy 1+, Lyt 17, 2+ phenotype. Thus, by self
restriction and by Lyt phenotype IL-CTL-P could be
distinguished from activated NK cells and clearly belong to
the cytolytic T cell lineage.

TABLE, 3 IL-QTL—E derived effector cells express the
Thy 1 , Lyt 1 , 2 phenotype

Treatment % spec.lysis on MCMV-MEF Sensitivity
Complement 22

anti Thy 1.2+C 6.5 +

anti Lyt 1.2+C 22 -

anti Lyt 2.2+C 5.5 +

Effector cells grown under expansion conditions

for 6 days were treated with monoclonal antibody and
complement and then tested without correction for cell
numbers in the 4 h cytolytic test. Median values of N=24
individual microcultures in each group are given.
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DISCUSSION
We have demonstrated that after infection with MCMV

cytolytic T cell precursors are generated in vivo which can

be expanded in vitro to generate a functionally active
progeny. These precursors occur as a consequence of the
priming event and are absent in normal mice. By applying
different in vitro culture conditions two subsets could be
discriminated which coexist in the lymph node draining the
infected site (Reddehase et al., 1982). One set of low
frequent antigenspecific CTL-P was defined and positively
selected by the ability to utilize interleukins and the cells
were therefore termed IL-CTL-P. A more frequent cell type
needed in addition to interleukins stimulation by antigen to
mature to functional capacity and was designated antigen
dependent CTL-P. The different sets probably reflect. separate
maturation stages in the sequence from the virgin T cell
precursor to the terminally differentiated CTL. It is open to
further investigation whether those cells that require
antigen stimulation in vitro to. generate an active progeny
represent an immature state in the maturation pathway, or
whether they belong to the early memory pool. So far it is
also unclear whether the antigen dependent cells, although
they are specifically sensitized by MCMV, will contribute to
the antiviral cellular immune response during acute infection
or during the persistent stage at all. On the other hand, the

IL-CTL-P show all characteristics attributed to functionally

active CTL. We think, therefore, that the expansion protocol

permits the best available approach to the analysis of the in
vivo active CTL. Our test system offers several advantages
for the analysis of the role of cytolytic T cells during
acute, latent and persistent herpesvirus infections:

1. In the expansion protocol the definition of frequency
and specificity of individual clones is not influenced
by the selective effects of antigen restimulation in
vitro. The functional activity of monoclonal or
oligoclonal T cell populations is tested. Thus, the

putative existence of effector cells recognizing viral
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antigens that are correlated with the different stages
of the virus replicative cycle is open for
investigation.

2. The experimental protocols allow the distinction between
active and functionally inactive but sensitized T cells
at all stages of infection, and hence active T cells
which may be present at later stages of infection can be
identified in spite of the presence of a memory cell

pool.

REFERENCES

Hamilton, J.D. 1982. Monographs in Virology. (Ed. J.L.
Melnick). (S. Karger, Basel).

Osborn, J.E. 1981. Cytomegalovirus: Pathology, immunology and
vaccine initiatives. J. inf. Dis., 143, 618-630.

Quinnan, G.V., Manischewitz, J.E. and Ennis, F.A. 1978.

Cytotoxic T lymphocyte response to murine cytomegalovirus
infection. Nature, 273, 541-543.

Ho, M. 1980. Role of specific cytotoxic lymphocytes in
cellular immunity against murine cytomegalovirus.
Infect. Immun., 27, 767-776.

Fazekas de St.Groth 1982. The evaluation of limiting dilution
assays. J. Immunol. Meth., 49, R 11-R 23.

Taswell, C. 1981. Limiting dilution assays for the
determination of immunocompetent cell frequencies. I.
Data Analysis. J. Immunol., 126, 1614-1619.

Quinnan, G.V., Manischewitz, J.E. 1979. The role of natural
killer cells and antibody dependent cell-mediated
cytotoxity during murine cytomegalovirus infection. J.
exp. Med., 150, 1549-1555.

Dennert, G., Yogeeswaran, G. and Yamagata, S. 1981. Cloned
cell lines with natural killer activity. Specifity,
function, and cell surface markers. J. exp. Med., 153,
545-556.

Reddehase, M.J., Cox, J.H. and Koszinowski, U. 1982.
Frequency analysis of cytolytic T cell precursors
(CTL-P) generated in vivo during lethal rabies infection
of mice. I. Distinction of CTL-P with different
interleukin sensitivity. Eur. J. Immunol., 12, 519-523.

This work was supported by grant Ko 571/8 from the Deutsche
Forschungsgemeinschaft



SESSION II

BOVIDE, EQUIDE AND FELIDE HERPESVIRUSES

Part 1

Chairman: P.P. Pastoret

Co-chairman: H. Ludwig

159



161

DNA OF BOVINE IPV*-VIRUS (BHV-1, IPV STRAIN) IN THE
SACRAL GANGLIA OF LATENTLY INFECTED CALVES

M. Ackermann and R. Wyler

Institut fiir Virologie, Winterthurerstr. 266a,
CH-8057 Zziirich

ABSTRACT

The trigeminal ganglia of latently BHV-1 (IBR** strain)
infected calves are known to harbour viral DNA. To test if a
IPV-virus strain would lead to a latent infection in sacral
ganglia, two calves were inoculated intravaginally with a
strain of BHV-1 known to cause IPV. The calves were treated
with dexamethasone (DM) 5 weeks and 10 weeks p.i. The
antibody responses to IBR and IPV were monitored throughout
the experiment, and the calves were slaughtered at a latent
stage of infection.

Titers of antibodies neutralizing IPV-virus but not
those neutralizing IBR-virus increased after DM treatment.
IPV-virus reexcretion was observed in the vaginal swabbings 8
and 9 days after the onset of DM administration. Thus,
latency of IPV was verified at the time of slaughtering by
seroconversion, absence of virus shedding and virus
recrudescence after DM treatment.

By in situ hybridisation techniques and autoradiography,
DNA of BHV-1 was detected in 10 of 20 sacral ganglia of
latently infected calves. Viral DNA was restricted to the
nucleus of nerve cells. The results obtained correspond to
those known from nasal infections with IBR strains leading to
a localisation of viral DNA in trigeminal ganglia.

*) IPV : Infectious Pustular Vulvovaginitis
*¥%) IBR : Infectious Bovine Rhinotracheitis



163

ON THE LATENCY OF INFECTIOUS BOVINE RHINOTRACHEITIS VIRUS
INFECTION AND ITS SIGNIFICANCE, ESPECIALLY WITH
REGARD TO THE POSSIBILITY OF CONTROLLING INFECTION

V. Bitsch
The State Veterinary Serum Laboratory,
Bilowsvej 27, DK-1870 Copenhagen V

ABSTRACT

Results of investigations performed from 1969-1971 clearly
demonstrated latency of infectious bovine rhinotracheitis (IBR)
virus infections in experimentally as well as naturally
infected cattle. It was concluded that latency after infection
is the rule rather than the exception. Persistence of
infections in herds as a result of this could readily be
demonstrated in many cases. In some herds very long periods, as
much as one to two years, elapsed between the spread of
infection, and in some cases the infection actually
disappeared. From the results obtained, it was concluded that
control and eradication of IBR virus infections would be
feasible. Some epidemiological data relating to the occurrence
and eradication of IBR virus infection in Danish AI centres are
briefly reviewed, and an attempt to eradicate the infection in
a herd of beef cattle is described: this was initiated 3 years
ago and has so far been successful.

INTRODUCTION

Studdert et al. (1964) demonstrated virus in the prepuce
of a bull 26 days after inoculation with infectious bovine
rhinotracheitis (IBR) virus, and Snowdon (1965), who examined
an experimental genitally infected bull regularly over 19
months, found virus in its prepuce on several occasions during
the first year. He also demonstrated intermittent release of
virus from the vagina of a heifer and found virus in nasal
swabs from another one as late as 17 months after intravenous
inoculation.

This was the current state of knowledge about the latency
of IBR virus infections in cattle when the first cases were
diagnosed in Denmark in January 1969. Virus was isolated from
semen and preputial washings of bulls at an AI centre and from
vaginal samples of cows inseminated with semen from the centre.

The present paper will give results from investigations
subsequently undertaken with the aim of further elucidating
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this phenomenon and its significance, especially with respect

to the possibility of controlling infection.
GENITAL AND RESPIRATORY INFECTION IN BULLS
Experimental infection (Bitsch, 1973)

In March 1969 a bull (Bull A) was inoculated nasally and

preputially with a Danish genital isolate of IBR virus. An

in-contact bull (Bull B) was inoculated into the prepuce after
6 weeks, as preputial washings of this bull had so far been
virus-negative. After 120 weeks the bulls were given injections
of prednisolone.

Results from examinations of preputial washings and blood
samples collected at regular intervals are illustrated in
Figure 1. After the primary infection phase virus was
demonstrated in a nasal swab from Bull B after 1 year and in
nasal samples from both bulls after more than 2 years after
prednisolone treatment.

Semen collected during periods of preputial virus release
was tested for virus and the titer was found to parallel that

of the corresponding preputial washing.

Natural genital infection (Bitsch, 1975)

Data concerning all virus-positive preputial washings from
naturally infected bulls are recorded in Table 1. Three samples
were taken during the primary phase of infection. In one bull
virus was demonstrated as late as 4 years after it had been
found serologically positive.

For the bulls from Centre B with virus-positive washings,
virus was demonstrated in 11 of 27 samples (41%) taken from
February-April 1969, in 7 of 32 samples (22%) taken from
May-October 1969 but in none of 17 samples taken in 1970 and
1971.

Conclusions
From the results obtained in the investigations of both

experimental and natural infections it was concluded that
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