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ABSTRACT Onconase and bovine seminal RNase, two
members of the RNase A superfamily, inhibit humImma no-
defciency virus type 1 replication in H9 leukemia cell 90-
99.9% over a 4-day at concentrations not toxic to
uninfected H9 cells. Two other members of the same protein
family, bovine pancreatic RNase A and human eosinophil-
derived neurotoxin, have no deectabl antiviral activity, dem-
onstrating a s ly selective antiviral activity among ho-
meiogons ribonuceases. The antiviral RNases do not appear to
affect viral particles directly but inhibit replication in host cell
cultures. Onconase, already in clinical trials for cancer ther-
apy, and bovine seminal RNase have potential as antiviral
therapeutics.

Some cytotoxic proteins may play physiological roles in
preventing viral replication. Pokeweed antiviral protein
(PAP), for example, inhibits viral replication in plants (1, 2)
and in mammalian cell culture (3, 4). The mechanism of viral
inhibition stems from the enzymatic deglycosylation of the
28S rRNA by PAP, inhibiting protein synthesis and causing
host cell death (5-7). In plants, PAP is safely sequestered
outside of cells in the absence of virus. It has been proposed
that PAP enters the cell cytosol during viral penetration,
resulting in the death of infected cells and the prevention of
viral reproduction (4, 8). In mammalian cell culture, PAP
inhibits the replication of influenza virus (3) and poliovirus
(4). Similar results have been found with plant proteins
homologous to PAP, including abrin A chain (8), trichosan-
thin (9), and bryodin (10), that all appear to function like PAP.
Diphtheria toxin and Pseudomonas exotoxin A, which en-
zymatically inactivate protein synthesis differently than the
plant toxins, also become more toxic upon viral penetration
of cells (11, 12).

Several members of the PAP family have been examined
for anti-human immunodeficiency virus (HIV) activity. PAP,
MAP 30, and TAP 29 block HIV replication at doses lower
than those that are cytotoxic to cells in culture (13-15).
Tricosanthin is another plant protein homologous to PAP that
expresses N-glycosidase activity, inactivates protein synthe-
sis, and has abortifacient activity. It inhibits HIV-1 infection
in cultured cells (9) and has been tested in man for AIDS
therapy (16, 17).
RNases may also play physiological roles in viral defenses.

Viral infection causes RNase induction in certain plants (18)
that may help block viral replication on plant leaves (19). In
animals, interferon can trigger viral resistance by activating
a 2-5A-dependent RNase (20) that may specifically degrade
viral RNA.

RNases also can be toxic to cells (21, 22). Two human
RNases homologous to RNase A, eosinophil-derived neuro-
toxin (EDN) and eosinophil cationic protein, occur in eosino-
phil granules apparently to help mediate the cytotoxic activ-
ity of eosinophils, and these two RNases are very toxic to
certain neurons (23). Onconase (Alfacell, Bloomfield, NJ), a
frog RNase also homologous to RNase A, is toxic to mam-
malian cells in culture and expresses anticancer activity in
animal models (24). It appears that Onconase binds to the cell
surface, enters the cytosol, and degrades RNA to cause cell
death (25). Another member of the RNase A superfamily,
bovine seminal RNase (BS-RNase), also shows anti-cancer
activity similar to that of Onconase in vitro and in vivo (26,
27). Although these RNases can be toxic to cells when
applied to the outside of cells, RNases become thousands of
times more toxic when artificially introduced into the cytosol
(28, 29).

Entry into the cell cytosol appears to be the rate-limiting
step for the toxicity of RNases (21), and viruses may be able
to function in transporting cell surface or virus-bound
RNases into the cytosol. Consistent with this model, several
fuingal RNases have been found to enter cells upon picorna-
virus, adenovirus, and Semliki Forest virus infection (8). At
subtoxic concentrations of mammalian RNases, where the
RNase binds the cell surface but fails to enter the cell cytosol,
HIV virus particles may carry RNases into the cell where
they may efficiently degrade viral and/or cellular RNA and
inhibit viral replication. By studying four members of the
RNase A superfamily we find that Onconase and BS-RNase,
in contrast to two other homologous RNases, inhibit HIV-1
replication in vitro in H9 leukemia cells.

MATERIALS AND METHODS
RNases. Onconase was purified from frog eggs as reported

(30) and BS-RNase was purified from bull semen as reported
(31). RNase A was purchased from Calbiochem. Recombi-
nant EDN was purified from bacteria expressing the syn-
thetic gene for EDN (unpublished data).
HIV Infectvity and p24 Assays. Uninfected cells of the

CD4-positive H9 lymphocyte line and HIV-1 persistently
infected (HTLV-IIIB strain) H9 cells were obtained from
Robert Gallo (National Cancer Institute, National Institutes
of Health, Bethesda, MD). Both the uninfected and HIV-1
infected H9 cells were grown in RPMI 1640 medium (Media-
tech, Herndon, VA) plus 101% heat-inactivated fetal bovine
serum and 50 ug of gentamycin per ml (BioWbittaker).
The HIV-1 inoculum used in these studies was prepared by

subdividing the persistently infected H9 cultures at a 1:4 split

Abbreviations: HIV, human immunodeficiency virus; PAP, poke-
weed antiviral protein; EDN, eosinophil-derived neurotoxin; BS-
RNase, bovine seminal RNase; EIA, enzyme immunoassay.
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ratio and incubating the cultures at 370C in an atmosphere of
5% CO2 in air. Cells and medium were harvested from these
cultures 4 days later and the cells and the extraneous debris
were removed by centrifugation at 400 x g for 10 min. The
supernatant medium was removed from the cell pellet and
filtered through a 0.45-,um-pore size membrane (Nalge). The
HIV-1-containing filtrate was aliquoted, quick frozen in an
alcohol-frozen CO2 bath, and stored at -70°C. HIV-1 ali-
quots were only thawed once; experimentally unused por-
tions were discarded.
HIV-1 infectivity was determined by endpoint titration in

uninfected H9 cells. H9 cells were plated in 25-cm2 tissue
culture flasks (Costar) at 2 x 105 cells per ml, 5 ml ofcells and
medium per flask. Experimental samples were diluted in
growth medium in serial 10-fold concentration increments,
and duplicate H9 cultures were inoculated with 0.2 ml of
diluted sample. On day 4 after inoculation, an additional 7 ml
of growth medium was added to each culture. Beginning 7
days after inoculation and continued over a period of at least
21 days, cultures were subdivided 1:4 every 4-6 days.
Cultures were observed microscopically for HIV-1-induced
syncytia, and tentative 50%o endpoints were determined.
Infectivity titers computed from syncytia formation results
were verified by HIV-1 p24 antigen capture enzyme immu-
noassay (EIA).
The concentrations ofp24 antigen in experimental samples

were also determined by quantitative HIV-1 p24 antigen
capture EIA performed in accordance with instructions pro-
vided with the kits by the manufacturer (Coulter). Samples
with p24 antigen concentrations exceeding that on the linear
portion ofthe standard curve were diluted and concentrations
were computed by multiplication of results by the dilution
factor.
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Cell Cytotoxicity Assays. H9 cells were plated into 96-well
plates in RPMI 1640 medium containing 10o fetal calf serum
and 50 pg of gentamycin per ml. Each well contained 100 jd

of medium and 2 x 104 cells per well. RNases were added to
the appropriate concentration in 11 id of buffer. The cells
were incubated for 1, 2, 3, or 4 days, pulsed with [14rC]leucine
for 3 hr, harvested onto glass fiber filters in a PhD harvester,
counted, and compared to control cultures lacking the
RNases as described (25).

RESULTS AND DISCUSSION
We assayed the effect of Onconase, EDN, bovine pancreatic
RNase A, and BS-RNase on H9 cells in culture. EDN and
RNase A were nontoxic to H9 cells up to 10-6 M concen-
trations after 1, 2, 3, and 4 days in culture (Fig. 1). In contrast,
Onconase inhibited cell protein synthesis at 10-6 M (Fig. 1B).
BS-RNase inhibited protein synthesis in H9 cells to some
extent at 10-6 M and more dramatically at 10-5 M (Fig. 1D).
These results are similar to those seen in other cell types (25,
26, 32). All four RNases were nontoxic to H9 cells at 10-7 M
and were assayed for anti-HIV activity at this concentration.
When H9 cells were infected with HIV-1, exponential

amplification of viral p24 antigen and reverse transcriptase
activity was seen (Fig. 2 and data not shown). The level ofp24
antigen seen at day 0 was due to the residual HIV-1 inoculum
remaining after H9 cells were washed following HIV-1 ad-
sorption and penetration. Addition of 10-7M EDN (Fig. 2A)
or 10-7 M RNase A (Fig. 2B) to the cell cultures had no
significant effect on viral replication. Onconase, however,
inhibited p24 expression 99-99.9%o at 10-7M (Fig. 2A and B).
In these Onconase-treated cultures, a significant reduction of
p24 antigen levels relative to control cultures was apparent 1
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FIG. 1. H9 cell sensitivity to RNases. H9 cells were incubated 1 (o), 2 (o), 3 (A), or4 (-) days with bovine pancreatic RNase A (A), Onconase
(B), EDN (C), and BS-RNase (D).
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FIG. 2. HIV-1 replication in H9 cultures treated with 10-7 M
Onconase, EDN, RNase A, and BS-RNase in two different exper-
iments. The results of experiment A (A) are plotted on a logarithmic
scale and the results ofexperiment B (B) are plotted on a linear scale.
The HIV-1 inoculum was incubated with or without a 10-7 M
concentration of the specified RNase or control medium for 1 hr at
3WC prior to adsorption to H9 cells (2 x 106 cells per ml) for 2 hr at
370C. The 10-7 M concentration of the RNases was maintained
throughout HIV-1 adsorption where appropriate. The cells were
washed three times with 10 ml of RPMI 1640 medium to remove
residual unadsorbed virus. The washed H9 cells were resuspended at
2 x 105 cells per ml in 5 ml of RPMI 1640 medium plus 10% fetal
bovine serum and 50 pg ofgentamycin per ml and incubated at 37C
in 5% CO2 in air. Cultures were sampled daily up to 4 days following
infection and monitored for p24 antigen by antigen capture EIA.
Onconase at 10-7 M dramatically inhibited HIV-1 replication,
whereas RNase A and EDN at 10-7 M had no effect on HIV-1
replication. BS-RNase at 10-7 M inhibited HIV-1 replication but to
a lesser degree than Onconase.

day after infection and only minimal increases over back-
ground were detected over the 4-day incubation period. We
compared the antiviral activity of BS-RNase to the homo-
logues, RNase A, EDN, and Onconase. BS-RNase signifi-
cantly inhibited HIV-1 replication in H9 cells (Fig. 2B) at 10-7
M, a concentration that did not inhibit uninfected H9 cell
protein synthesis (Fig. iD). The inhibition, however, was
reproducibly smaller than that of Onconase and larger than
that of EDN or RNase A.
HIV-1 infection of H9 cells causes the formation of large

syncytial cell aggregates (Fig. 3B). Syncytium formation was
almost totally abrogated in HIV-1-infected H9 cells incubated
in medium containing 10-7 M Onconase (Fig. 3C) or 10-7 M
BS-RNase (Fig. 3D). The cell aggregates in Onconase- and
BS-RNase-treated H9 cells inoculated with HIV-1 (Fig. 3 C
and D) resembled H9 cells not infected with HIV-1 (Fig. 3A).
In contrast, HIV-1-infected cultures treated with RNase A or
EDN, RNases that did not inhibit HIV-1 replication, showed
syncytia indistinguishable from those seen in HIV-1-infected
control cultures (data not shown). Thus, reduced syncytium
formation correlates directly with the capacity of specific
RNases to inhibit HIV-1 replication measured by p24 antigen
levels (Fig. 2).
The time course of inhibition shows that Onconase pre-

vents the logarithmic growth of HIV (Fig. 2). Ten-fold less

Onconase, 10-8 M, also inhibited HIV-1 replication although
to a lesser degree than 10-7 M Onconase (Fig. 4). By 4 days,
10-8 M Onconase inhibited viral replication 90%. Therefore,
after 4 days, Onconase inhibited HIV replication at doses
1/100th those that inhibited cell viability (Fig. 1). BS-ItNase
also inhibited HIV-1 infection at 10-8 M (data not shown).
Onconase is less active in RNA degradation than is RNase

A or EDN (30). We examined whether or not RNase enzyme
activity of Onconase is required for antiviral activity. Active
site histidine residues of Onconase can be alkylated with
iodoacetamide to decrease enzyme activity, analogous to
histidine modifications of RNase A (30). Onconase alkylated
with different amounts of iodoacetamide to yield prepara-
tions of alkylated Onconase with 30%6 and 2% RNase activity
relative to that of native Onconase were compared in the
HIV-1 assay performed as in Fig. 2. Whereas native Onco-
nase inhibited HIV-1 replication, alkylated Onconase with
2% RNase activity did not inhibit HIV-1 replication at 10-7
M. The alkylated Onconase with 30% enzyme activity ap-
peared intermediate between the native and the 2% active
alkylated Onconase (data not shown). Thus, RNase activity
of Onconase appears necessary for the antiviral activity.
We examined whether Onconase exerted its inhibitory

effect on HIV-1 p24 antigen production and syncytium for-
mation by degrading the RNA genome ofHIV-1 virions prior
to their uptake by susceptible cells, thus reducing their
infectivity. HIV-1 was incubated with or without 10-7 M or
10-8M Onconase, in the same culture medium and under the
same conditions as in the other experiments. Samples of
Onconase-treated HIV-1 and untreated control HIV-1 were
taken after a 2-hr incubation period at 370C and titrated in H9
cells for infectivity as described in Materials and Methods.
As shown in Table 1, no significant differences were found
due to Onconase treatment of the HIV-1 vinons. Thus, the
inhibitory effects of Onconase appear to be mediated at the
cellular level rather than by a direct effect of the RNase on
the infectivity of the virions. However, our results suggest
that treatment of uninfected H9 cells with 10-7 M Onconase
only minimally reduces protein synthesis (Fig. 1). Thus,
HIV-1 infection of susceptible mammalian cells may impart
increased toxicity of certain RNases to the host cell.
There is surprising specificity in HIV-1 inhibition among

the four homologous RNases examined, and the structural
basis for the dramatic difference between the two RNases
inactive against HIV (RNase A and EDN) and the two active
RNases (Onconase and BS-RNase) is unclear. EDN may play
host defense roles in eosinophil killing ofparasites and RNase
A is thought to function in digestion. The physiological roles
of Onconase and BS-RNase are unknown. The potency of
cell cytotoxicity of the RNases correlates with anti-HIV
activity. Although all four RNases were tolerated by H9 cells
at 10-7 M, the two antiviral RNases were both toxic at 10-6
M, whereas the other two RNases were not. However, the
structural basis of the cellular cytotoxicity of Onconase and
BS-RNase remains unknown (21, 22). The RNases examined,
RNase A, EDN, BS-RNase, and Onconase, differ in ribo-
nucleolytic activity by several orders ofmagnitude. Although
RNase activity is required for the antiviral activity of Onco-
nase, for the cytotoxicity of Onconase (25) and for the
neurotoxicity of EDN (33) and Onconase (34), enzyme ac-
tivity per se does not correlate with potency of RNase
cytotoxicity, neurotoxicity, or antiviral activity. Structur-
ally, Onconase is about 30%o identical in amino acid sequence
to RNase A and EDN (30), and BS-RNase subunit sequence
(35) is even closer to that of RNase A with >80%6 identity.
The three-dimensional structure ofBS-RNase (36) and that of
Onconase (37) are very similar to that of RNase A. BS-
RNase, however, differs in tertiary structure from Onconase
and the other RNases as it is a disulfide-linked homodimer
(38). Further structure/function studies based upon the

Proc. Natl. Acad. Sci. USA 91 (1994)
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three-dimensional structure ofthese RNases may soon reveal
the domains of Onconase and BS-RNase involved in anti-
cancer and antiviral activities and yield insight into the
cellular mechanisms of toxicity. Perhaps insensitivity to
placental RNase inhibitor or binding the target cell surface
correlates with the degree of cellular toxicity and anti-HIV
activity (25, 39, 40).
EDN and Onconase are both toxic to Purkinje cells,

whereas RNase A is 5000 times less active (34). However,
EDN and RNase A both lack antiviral activity against HIV-1.
Therefore, the degree of neurotoxicity does not correlate
with the anti-HIV activity among these homologous RNases.

In view of the recently established mechanism of action of
Onconase whereby the cytotoxicity against the 9L glioma cell
line appeared to be due to enzymatic degradation ofcytosolic
RNA, possibly rRNA, and the proposed mechanism of a
series of antiviral plant proteins being that of ribosome
inactivation, we suggest that the specific viral sensitivity to
RNases may be due to virus facilitating the transport of
Onconase and BS-RNase into the cytosol where they become
toxic to the host cell. Although Onconase was not found to
have effects on HIV-1 virus particles, at this point it is not
known whether or not Onconase and BS-RNase demonstrate
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FIG. 4. Dose-response ofOnconase on HIV-I replication and on
H9 cell protein synthesis. HIV-1 p24 antigen levels are indicated in
the presence of 10-7M Onconase (o) and 10-8M Onconase (o). Cell
protein synthesis is shown in uninfected H9 cells in the presence of
10-7 M Onconase (U) and 10-8 M Onconase (e). Onconase inhibits
HIV-1 replication and not H9 cell viability.

FIG. 3. Failure of HIV-1 to

4N.! w Ainduce syncytia in H9 cells in the

presence of Onconase and BS-
RNase. H9 cell aggregates are

shown after 4 days in the absence
of HIV-1 (A), in the presence of

_ X HIV-1 (B), in the presence of
HIV-1 and 10-7M Onconase (C),
and in the presence of HIV-1 and

10-7M BS-RNase (D). Syncytium
F, A_ formation is dramatic in the pres-

ence ofHIV-1 alone (B) and this is
prevented by Onconase and BS-
RNase (C and D). The H9 cell
aggregates in C andD have essen-
tially the same morphology as
those in uninfected H9 cell cul-
tures (A). (x20.)

direct anti-HIV activity, including the potential to cleave the
RNA of HIV-1 intracellularly. However, it appears in our
experiments that the RNases primarily exert their cytotoxic
activity by way of the HIV-infected mammalian cell rather
than on the virus particle itself.
A number of toxic proteins have been engineered to bind

selectively to HIV-infected cells. Monoclonal antibodies or
CD4 molecules linked to ricinA chain (41, 42), Pseudomonas
exotoxin A (43,44), and PAP (13, 45) inhibit viral replication
in cell culture and several of these proteins are currently in
human trials. Possibly the anti-HIV activity ofOnconase can
be further augmented by engineering cell-type-specific bind-
ing moieties into the Onconase molecule. Onconase (46) and
RNase A (28, 47) have been coupled to monoclonal antibod-
ies to target tumor cells and it will be important to determine
whether CD4 or antibodies that bind HIV-infected cells will

increase the endogenous antiviral activity of Onconase.
Onconase has already been tested clinically for cancer and

appears to be well tolerated (48), although blood levels of
Onconase have not yet been determined. When this is
known, comparison of the pharmacology and the maximal
tolerated doses of Onconase in patients with the time course
and dose dependency of antiviral activity in culture may help
predict the extent of antiviral activity possible in man.
Antiviral RNases in general and Onconase and BS-RNase in
particular should be tested in vivo for antiviral activity.

Plant ribosome-inactivating proteins alone and conjugated
to monoclonal antibodies are undergoing testing for anti-HIV
activity in man and bacterial toxins fused to CD4 have also

Table 1. Effect of Onconase on HIV-1 virons
Preincubation HIV-1

Treatment time, hr infectivity

HIV-1 1 105.2
2 105.2

+ 10-8 M Onconase 1 105.2
2 105.2

+ 10-7 M Onconase 1 105.2
2 104.95

HIV-1 virions were preincubated with Onconase at the prescribed
concentrations and times at 37C. The HIV-1 infectivity or viral titer
was then determined by serial dilutions of the viral samples onto H9
cells. The viral titer was not significantly affected by the preincu-
bation with Onconase.

Medical Sciences: Youle et al.
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been tested clinically. These plant and bacterial toxins may
be poorly tolerated in man and are quite immunogenic. In
contrast, Onconase and BS-RNase are members of a super-
family containing several human proteins, including pancre-
atic RNase, EDN, eosinophil cationic protein, and angioge-
nin (21, 22). Thus these RNase homologues of human pro-
teins may be safer and recognized as less foreign and less
immunogenic than plant and bacterial toxins. Further under-
standing of the structure/function relationships that cause
certain members ofthis superfamily to exert antiviral activity
may allow these features to be engineered into the human
members of this superfamily, brngng us even closer to the
humanization of proteins for treatment of HIV.

We thank Dr. W. Ardelt for supplying the alkylated Onconase and
Dr. S. Rybak for thoughtful discussions.
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