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SUMMARY

Experiments on the inhibition of the replication of herpes
simplex virus types 1 and 2 in human embryonic kidney and
primary rabbit kidney cells by cytosine arabinoside have
shown that synthesis of infectious herpes simplex virus type 1
is 2 to 3 times more sensitive to the analog than that of type 2.
With labeled analog, it appears that the relatively greater
concentrations of cytosine arabinoside necessary in hamster
embryo fibroblast cells, compared with rabbit cells, is
probably due to the less efficient uptake of the analog by
these cells. Isopycnic cesium chloride centrifugations of
Sarkosyl-Pronase digests of cells have shown that cytosine
arabinoside may be incorporated into herpesvirus DNA as well
as into cellular DNA, the uptake into the DNA of herpes
simplex virus type 2 being somewhat greater than that of type
1.

INTRODUCHON

The DNA inhibitor ara-C2 was used by Underwood (12) in
the treatment of herpetic keratitis, which led to the
investigation of the effect of the compound on DNA viruses in
experimental systems. By using reduction in plaque size as a
measure of activity, Buthala (1 ) studied the inhibition of HSV
and other DNA viruses by ara-C and by IUdR. Rapp (10)
reported inhibition of HSV plaque formation by ara-C by
incorporation of the ara-C into the overlay medium in the
plaque assay technique. Levitt and Becker (6) prevented DNA
synthesis and the formation of intact virions by adding ara-C
to T-L human amnion and to simian BSC cells at 3 and 6 hr
after infection with HSV.

More recently, after the discovery that there are 2 types of
herpes simplex viruses (HSV.l and HSV-2), Lowry and Rawls
(7) and Person et aL (9) reported that HSV-l is more sensitive
than HSV-2 to IUdR and 9-@3-D-arabinofuranosyladenine. The
former workers used rabbit RK and the latter used chick
embryo fibroblasts, HeLa cells, and the WI-38 strain of human
diploid fibroblasts.

I This study was conducted, in part, under Contract 70-2024 within
the Special Virus Cancer Program of the National Cancer Institute,
NIH, USPHS,and Grant P5-59 from the American CancerSociety.

2 The abbreviations used are: ara-C, 1-@-D-arabinofuranosylcyto5ine

(cytosine arabinoside); HSV, herpes simplex virus; IUdR,
5-iodo-2-deoxyuridine; RK, rabbit kidney cells; HEK, hamster
embryonic kidney cells; HEF, hamster embryonic fibroflast cells;PFU,
plaque-forming units; TCA, trichloroacetic acid.
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In this laboratory, O'Neill and Rapp (8) investigated
chromosomal abnormalities in cells infected with HSV and
treated with ara-C. These and other studies suggested
considerable variation in cytopathic effect and amount of virus
produced in experiments with ara-C, depending on the
particular host cell and on the type of HSV used to infect the
cells. In order to clarify this situation, we conducted this
investigation.

MATERIALS AND METHODS

Three primary cell types were used: HEK, RK, and HEF.
Two strains of HSV-l , Patton (HSV-l P) and Seibert (HSV-l
5), and 2 strains of HSV-2 (HSV-2 307 and HSV-2 333) were
used to infect the cells. Eight-oz prescription bottle cultures of
cells grown in Medium 199 were infected with virus at
multiplicities of approximately 1.5 to 5 PFU/cell. After a 2-hr
adsorption period at room temperature, the cell monolayers
were rinsed twice with 5 ml Tris buffer (pH 7.4), and then
Medium 199 with a specific concentration of ara-C or with no
ara-C was added to each bottle. The virus-infected cultures
were incubated at 37Â°for 20 hr. A few infected cultures with
no ara-C were incubated for 6 hr to establish a noneclipsed
virus base line.

After the incubation period, cells were scraped from the
bottles, and like cultures (usually 3 or 4 bottles) were pooled.
For release of the virus, the pools of cells were quick-frozen,
thawed, and sonically disrupted for 1 min in 5-ml amounts in
mincing tubes. They were then refrozen and stored at _700
until they were assayed for infectious virus by a plaque assay
on RK in 60-mm plastic petri plates. Methylcellulose was used
in the overlay, and the plaques were made visible by the
additionof neutralredafter3 daysfor HSV-2plaquesand
after 4 days for HSV-l plaques.

In the radioisotope experiments, ara-C-3 H was added to
Medium 199 to a final activity of 10 j.tCi/ml, which resulted in
a final concentration of 0.32 jig of ara-C per ml. The labeled
medium was added to cells as described above for the
unlabeled ara-C medium . After 10 hr, aliquots were removed
from the overlying medium for analysis. The cells were
quick-frozen and thawed and were digested overnight with
fmal concentrations of 0.5% Sarkosyl, 0.01 M EDTA, and
Pronase, 1 mg/ml. Aliquots of the digests were removed, and
the 5% TCA-insoluble radioactivity was determined.

In some experiments, aliquots of the digest were added to
cesium chloride, and 60-hr isopycnic centrifugations were
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performed. Four-ml quantities were centrifuged at 30,000 rpm
at 17Â°in a No. 40.3 rotor. After centrifugation, the cellulose
nitrate tubes were punctured at the bottom, and 10-drop
fractions were collected on filter paper discs. The labeled DNA
on the discs was precipitated with 5% TCA, rinsed with
ethanol and acetone, and placed in scintillation vials
containing a toluene fluor. All counts were made in a Beckman
liquidscintillationcounter.

RESULTS

Effect of ara-C on Replication of Herpesviruses. In general,
ara-C reduced the yield of infectious HSV-l and HSV-2 in RK,
HEK, and HEF below the corresponding value for cultures to
which no ara-C was added. Therefore, comparisons were made
and the concentrations of virus synthesized were expressed in
terms of percentage of PFU/mI 20 hr after infection. The
PFU/ml after 20 hr for a particular virus in a particular host
with no added ara-C is expressed as 100%. For virus-infected
HEK and RK, concentrations of ara-C of 10 j.zg/ml or more
blocked all virus replication and reduced the PFU/ml values to
the same values observed in cultures incubated for 6 hr after
infection with no added ara-C. Thus these figures represented
virus added originally, which had not eclipsed, and the
resulting plateaus of constant PFU/ml at varying concentra
tions of ara-C (1 0 j.zg/ml or more) were designated as
noneclipsed virus base lines. For virus-infected HEF, a base
line was not reached even when ara-C concentrations were
increased to as high as 80 j.zg/ml.

In the I st set of experiments, cells were infected with
HSV-l P or HSV-l S and ara-C was added at 5 or 10 .zg/ml;
also included were controls without the inhibitor. The results
obtained are illustrated in Chart 1. In Chart 2, the results of a
similar set of experiments with the HSV-2 viruses, HSV-2 307
and HSV-2 333, are presented. There is a marked difference
between the effect of ara-C on cells infected with HSV-l and
those infected with HSV-2. The results for the 2 strains of a
given virus are strikingly similar. For the HSV-l strains in RK
and HEK, ara-C, 5 j.tg/ml, was as effective as 10 pg/ml in
blocking the synthesis of virus. For the HSV-2 strains, ara-C, 5
pg/ml, did not reduce the values of PFU/ml to the base line
level for uneclipsed virus. The base line level for the same virus
was different from one type of cell to another.

A Comparison of the Sensitivities of HSV-l and HSV-2 to
ara-C. Because of the observed differences between the yield
of HSV-l and HSV-2 in the presence of ara-C, experiments
were designed for lower concentrations of ara-C with 1 HSV- 1
strain infecting RK and HEK. ara-C concentrations of 1, 3, and
S j.zg/ml were used. Results of these experiments are plotted in
Chart 3. The concentrations at which the arbitrarily chosen
tangents to the curves equal â€”1are indicated and made
possible a quantitative comparison of the sensitivities of
HSV-l and HSV-2 to ara-C. On this basis, HSV-l was about
twice as sensitive to ara-C as was HSV-2 in HEK. In RK the
ratios of concentrations of ara-C at the arbitrarily chosen end
points indicated that HSV-1 was about 2.5 times as sensitive to
ara-C as was HSV-2.

The Effects of a Wide Range of Concentrations of am-C on
HSV-infected HEF. As indicated previously, ara-C at
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Chart 1. The effect of ara-Con the infection of HEF, RK, and HEK
with 2 strainsof HSV-1, Patton (P) and Seibert (S).

concentrations of S or 10 j.@g/mlwas not sufficient to block
the synthesis of HSV in HEF. A series of experiments was
performed with both HSV-l and HSV-2 viruses at ara-C
concentrations of up to 80 pg/ml. Results of a typical
experiment of this type are plotted in Chart 4. Although
increased concentrations of ara-C decreased the PFU/ml of
virus at 20 hr after infection, a base line level of uneclipsed
virus was not reached. This was true for both HSV- 1 and
HSV-2.

The Uptake of Radioisotope-labeled am-C by HSV-infected
and Uninfected Cells. The reduced effectiveness of ara-C in
HEF infected with either HSV-1 or HSV-2 suggested that ara-C
might not have been taken up by the HEF as readily as by RK
and HEK. As a test of this hypothesis, the uptake of ara-C-3 H
by the various cells with and without virus was studied. The
methods used have been outlined in â€œMaterialsand Methods.â€•
The activity of the ara-C-containing medium was determined
before and after the 10-hr exposure to the virus-infected and
uninfected cells. Counts were made on lO-jil aliquots. The
results appear in Table 1. More activity remained in the
medium after 10 hr on HEF than in the media on RK and
HEK. There was little difference between uninfected cells and
those infected with HSV-l S with each of the 3 cell types. A
small decrease was noted in the activity of the medium on the
cells infected with HSV-2 333. For verification of the results
of this indirect test, a direct measure of the uptake of ara-C-3 H
into 5% TCA-insoluble material, following Sarkosyl-EDTA
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the graph for cells infected with HSV-1 S and is much larger in
the graph for cells infected with HSV-2 333. These results
were obtained at a time when maximum amounts of virus
DNA could be detected.

DISCUSSION

That the difference in sensitivity of HSV-l and HSV-2 to
ara-C represents a real characteristic difference between the 2
types and does not merely reflect variation in particular strains
is demonstrated by the results in Charts 1 and 2. The
similarities in the shape of the ara-C sensitivity plots for HSV-l
P and HSV-l S (Chart 1) and those for HSV-2 333 and HSV-2
307 (Chart 2) are marked. In contrast, the shapes of the plots
for the 2 HSV-l strains differ markedly from the plots for the
2 HSV-2 strains, particularly in the infection of RK and HEK.
These results support the concept that strains of HSV-l differ
from strains of HSV-2 in their sensitivity to ara-C as previously
shown for the DNA inhibitors 9-@3-D-arabinofuranosyladenine
and IUdR (9).

The quantitative differences in sensitivity to ara-C of

CONC.OF ARk-C
(pg/mi)

Chart 3. A comparisonof the effect of ara-Con 2 types of cells,each
infected with I HSV-l strain and 1 HSV-2 strain.A , HEK infected with
HSV-1 P (upper curve â€”slope of tangent to curve â€”1at 3.5 @sgara-C
per ml) and HSV-2 333 (lower curve â€”slope of tangent to curve â€”1
at 7.4 iig ara-C per ml); B, RK infected with HSV-l P (upper
curveâ€”slopeof tangent to curve = â€”1 at 3.5 @gara-C per ml) and
HSV-2 333 (lower curveâ€”slopeof tangent to curve = â€”1 at 9.3 tg ara-C
per ml).
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Chart 2. The effect of ara-Con the infection of HEF, RK, and HEK
with 2 strainsof HSV-2, 307, and 333.

Pronase digestion of the cells, was made (Table 1). The results
were consistent with the results of the indirect tests. Less ara-C
3 H was taken up by HEF than by RK and HEK. Again, there

seemed to be a higher uptake of labeled ara-C into cells
infected with HSV-2 333. The concentration of ara-C-3H used
in these experiments (0.32 @ig/ml)was not enough to block the
production of herpesviruses.

For determination of whether ara-C was taken up into HSV
DNA and also into cellular DNA, cesium chloride equilibrium
density gradient experiments were performed with cesium
chloride concentrations, and other conditions were selected so
that peaks of both HSV DNA (p 1.728 g/ml) and cellular
DNA (p 1.695 g/ml) might appear in the plots of activity
versus density. Activities in the 10-drop fractions were low,
since the only radioactive label used in the experiments was
that in the ara-C-3 H. The cpm for HEF were so low as to
reveal no peaks of real significance when plotted. They are
therefore not included. Results of the experiments with HEK
and RK appear in Charts 5 and 6, respectively.

In Chart 5, a large peak appears in each of the 3 graphs with
a density close to that for cellular DNA. A peak with a density
close to that for HSV DNA is absent in the graph for
uninfected cells but appears in the graphs for HEK infected
with HSV-l S and HSV-2 333. The peak is much larger in
HSV-2 333-infected HEK. In Chart 6, the peaks corresponding
to RK cellular DNA are much smaller, but again the peak for
HSV DNA, while absent for uninfected RK cells, appears in
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Effects ofara-Con Herpes-infected Cells

representative strains of HSV-l and HSV-2 (Chart 3), made
possible by using lower concentrations of ara-C, might be
determined by any 1 of a number of different methods from
the data plotted. Although each of these methods for
determining end points would yield different concentrations
of ara-C for the same virus in the same cell, the ratios of these

concentrations of ara-C would be approximately the same as
those for our arbitrarily selected method with the use of
points at which tangents to the curves are equal to â€”1.

The experiments with ara-C-3 H indicated that one reason
why ara-C was less effective in blocking HSV synthesis was
that ara-C was not taken up by the HEF as readily as it was by
RK and HEK (Table 1). The reasons for this property of the
HEF are not known.

In the isopycnic CsC1 centrifugation experiments on digests
of cells (both infected and uninfected) grown in the presence
of ara-C-3H, the ara-C-3 H was the only label introduced. The
tritium was either taken up attached to ara-C as ara-C was
incorporated into the DNA or it was taken up as free tritium
after breakdown of the ara-C-3H. Silagi (11) has shown the
former possibility to be the case. By enzymatically degrading
the DNA to nucleosides with alkaline phosphatase and venom,
she showed that the activity was in ara-C in the DNA; ara-C
was incorporated into DNA as ara-C and not as a breakdown

Table 1
ara-C-3Hleft in the medium or taken up into the

acid-insoluble fraction of the cells

CONC.OFARA-C
(,ug/mI)

Chart 4. The effect of ara-Con the infection of HEF with 1 strain of
HSV-1 and 1 strain of HSV-2.
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Chart 5. Isopycnic cesium chloride density gradient centrifugations on infected and
uninfected HEK;B, HEK infected with HSV-l 5; C, HEK infected with HSV-2 333.
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Chart 6. Isopycnic cesium chloride density gradient centrifugations on infected and uninfected RK with ara-C-'H in the medium. A , uninfected
RK; B, RK infected with HSV-l 5; C, RK infected with HSV-2 333.
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product. The larger peaks of HSV-2 DNA, compared with
HSV-lDNA(Charts5 and6), indicatedthat,inbothRKand
HEK, more virus DNA was synthesized before inhibition in the
HSV-2-infected cells than in the HSV-l-infected cells. Perhaps
this may be correlated with the fact that the HSV-2 viruses
were less sensitive to ara-C than the HSV-1 viruses.

It has been shown previously (3â€”5)that the action of ara-C
in blocking DNA synthesis is in inhibiting the reduction of
cytidylate to deoxycytidylate. Cohen (2) has recently reported
evidence for a viral-induced ribonucleotide reductase, after
HSV infection of KB cells, which catalyzes the reduction of
CDP to dCDP. It may be that production of this enzyme in
HSV-infected cells counteracts the effect of ara-C by making
more dCDP than would otherwise be possible in the presence
of the inhibitor without the newly synthesized enzyme.
Should this be true, synthesis of viral-induced ribonucleotide
reductase greater in HSV-2-infected cells than in HSV-l-in
fected cells would explain why HSV-2 was less sensitive to
ara-C than was HSV- 1 and also why more ara-C was taken up
into HSV-2 DNA than into HSV-l DNA in cells infected with
these respective viruses and treated with ara-C. Whether greater
synthesis of viral-induced ribonucleotide reductase in HSV-2-
infected cells is related to a greater oncogenic potential is not
known.
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