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Antiviral Activity of Shiga Toxin Requires Enzymatic Activity and Is
Associated with Increased Permeability of the Target Cells
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This study expanded our earlier finding that Shiga toxin type 1 (Stx1) has activity against bovine leukemia
virus (BLV) (W. A. Ferens and C. J. Hovde, Infect. Immun. 68:4462-4469, 2000). The Stx molecular motifs
required for antiviral activity were identified, and a mechanism of Stx action on virally infected cells is
suggested. Using inhibition of BLV-dependent spontaneous lymphocyte proliferation as a measure of antiviral
activity, we showed that Stx2 had antiviral activity similar to that of Stx1. Enzymatic and antiviral activities
of three StxA1 chain mutants deficient in enzymatic activity or aspects of receptor-mediated cytotoxicity were
compared. Using protein synthesis inhibition to measure enzymatic activity, the mutant E167D was 300-fold
less catalytically active than wild-type StxA1, was minimally active in antiviral assays, and did not inhibit
synthesis of viral proteins. Two StxA1 mutants, A231D-G234E and StxA11 (enzymatically active but unable to
kill cells via the classical receptor-mediated route), had undiminished antiviral activity. Although binding of
radiolabeled StxA1 to bovine blood cells or to free virus was not detected, flow cytometric analysis showed that
the number of BLV-expressing cells were specifically reduced in cultures treated with Stx. These unique and
rare lymphocytes were highly permeable to 40- and 70-kDa fluorescent dextrans, indicating that direct
absorption of toxins by virus-expressing cells is a potential mechanism of target cell intoxication. These results
support the hypothesis that Stx-producing Escherichia coli colonization of the gastrointestinal tract may benefit
ruminant hosts by the ability of Stxs to exert antiviral activity.

Ruminant animals are a reservoir for Shiga toxin (Stx)-pro-
ducing Escherichia coli (STEC) that can cause hemorrhagic
colitis and life-threatening sequelae in humans (15, 23, 25).
STEC are part of the normal ruminant gastrointestinal micro-
biota and are frequently isolated from cattle, sheep, and deer
(8, 38, 41, 45). Surveys of healthy domesticated cattle routinely
show a high prevalence of STEC in animals around the world
(7, 8, 10, 12, 34–36). The reasons for the wide distribution of
STEC in ruminants are not known. The possible benefits aris-
ing from gastrointestinal tract colonization by STEC include
postulated enhancement of gastrointestinal mucosal architec-
ture (E. D. E. Hoey, C. G. Currie, R. W. Else, A. Nutikka,
C. A. Lingwood, D. L. Gally, and D. G. E. Smith, Abstr. 101st
Gen. Meet. Am. Soc. Microbiol. 2001, Abstr. B-222, 2001) and
antiviral activity (17).

Bovine leukemia virus (BLV) is an oncogenic retrovirus that
infects B lymphocytes and induces chronic, benign, mostly sub-
clinical infection in cattle (20). Most BLV-infected animals
experience some elevation in peripheral B lymphocyte num-
bers, and about one-third develop persistent lymphocytosis, a
preneoplastic polyclonal expansion of peripheral B lympho-
cytes containing provirus (16). The majority of these cattle
remain clinically normal, but a small percentage develop a
B-cell lymphosarcoma (21). Although resistance to BLV dis-
ease includes humoral and cellular immunity (21), the pres-

ence of STEC flora may constitute another factor limiting the
viremia and disease progression. A hallmark of peripheral
blood mononuclear cells (PBMC) from cattle in the persis-
tently lymphocytotic stage of BLV infection is spontaneous
lymphocyte proliferation (SLP) when placed in culture (55,
56). SLP is initiated by a rapid derepression of viral gene
transcription and viral protein synthesis (3, 20, 21), so it is a
measure of viral activity. Previous work by Ferens and Hovde
shows that Stx specifically blocks BLV-dependent initiation of
SLP and does not cause indiscriminate cell death (17). On this
basis, we used cultured PBMC from BLV-positive cattle as a
model system for investigating the antiviral activity of the Stxs.
Although inhibition of SLP is not a direct measure of antiviral
activity, we refer to it as an antiviral assay rather than as a cell
proliferation inhibition assay because it represents cell division
specifically triggered by BLV derepression.

The family of Stxs includes Stx1, Stx2, and Stx2 variants (13).
These toxins belong to a larger group of proteins called the
ribosome-inactivating proteins (RIPs) (found in a variety of
higher plants and some bacteria) that share structural features
and have N-glycosidase enzymatic activity. Intoxication of eu-
karyotic cells by RIPs leads to a rapid inhibition of protein
synthesis and cell death (49). Most RIPs are hemitoxins (en-
zymatically active A chains), and some are holotoxins (one A
chain associated with a specific number of B chains). B sub-
units mediate toxin binding to receptors on eukaryotic cells
and receptor-mediated endocytosis (31). Thus, holotoxins are
highly toxic to cells expressing receptors for a B subunit(s), but
not to receptor-deprived cells, and are not toxic to normal cells
as isolated A chains (5, 14, 24). Plant hemitoxins are not toxic
to plants that synthesize them and have low cytotoxicity against
animal cells, unless the cells have high pinocytic activity (11,
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59). However, these hemitoxins can enter and eliminate virally
infected plant cells (4) and some are also found to be highly
toxic to various virally infected animal cells (24).

Stxs have a single enzymatically active �32-kDa A subunit
noncovalently associated with a pentamer of �7.7-kDa B sub-
units. The A subunit is an N-glycosidase that cleaves a specific
adenine residue on 28S rRNA in 60S ribosomal subunits (13,
26), and the pentamer of B subunits mediates binding of ho-
lotoxin to toxin receptors. Stx1 and Stx2 bind to globotriosyl-
ceramide (Gb3) (31, 33) expressed by Vero cells and also by
other types of sensitive cells, including human renal endothe-
lial cells (42). Following internalization, toxin enters the cy-
tosol via retrograde transport from the trans-Golgi network
(47). The A chain is proteolytically cleaved into a 27.5-kDa A1

fragment (enzymatically active) and a small A2 fragment that,
in an intact A chain, obstructs access to the catalytic center and
mediates A-B association (2, 22). Thus, receptor-mediated cy-
totoxicity of Stxs requires an enzymatically active A chain ca-
pable of association with B subunits and able to complete
retrograde transport into the cytosol. Consequently, StxA1
chain mutations that abolish receptor-mediated Stx1 cytotox-
icity include mutations in the catalytic center, mutations that
render the A chain unable to associate with B subunits, or
mutations within a hydrophobic region of StxA1 required for
cell trafficking. Thus, we selected three previously constructed
and characterized StxA1 mutants, each one deficient in a dif-
ferent aspect of receptor-mediated cytotoxicity, for analysis of
antiviral activity. The enzymatic mutant E167D has several-
hundred-fold-lower enzymatic activity than wild-type StxA1
due to a replacement, within the catalytic center, of a glutamic
acid 167 with an aspartic acid (28). The cell-trafficking mutant,
A231D-G234E, is enzymatically active but crippled in retro-
grade transport due to replacements (outside of the catalytic
center) of an alanine 231 with an aspartic acid and a glycine
234 with a glutamic acid (54). The association mutant StxA11
is enzymatically active but unable to associate with B subunits
due to a deletion of 39 amino acids at the carboxy terminus (2).

Here we expanded the initial finding by Ferens and Hovde
of Stx1 antiviral activity (17) by (i) measurement of Stx2 anti-
viral activity; (ii) analysis of antiviral activity of three specific
mutant toxins, each deficient in different molecular motifs re-
quired for receptor-mediated cytotoxicity; (iii) characterization
of the identity of the presumptive cellular targets; (iv) assess-
ment of StxA1 binding to bovine cells and to viral particles; and
(v) exploration of the permeability of target cells.

MATERIALS AND METHODS

Animals. Holstein cows naturally infected with BLV were from the dairy herd
of the University of Idaho (Moscow, Idaho). These BLV-positive cattle were
seropositive for antibody to the BLV protein gp51 by agar gel immunodiffusion
and were in an advanced (persistently lymphocytotic) subclinical stage of disease
(6). BLV-negative cattle were from the BLV-free herd at Washington State
University Knotts Dairy Center (Pullman, Wash.), were seronegative for BLV,
and maintained normal white-blood-cell counts.

Toxins. Wild-type StxA1 and mutants of StxA1 were purified using previously
described methods (28, 54, 60). Briefly, periplasmic proteins were extracted from
recombinant E. coli by treatment with polymyxin B sulfate (50 �g/ml), concen-
trated by 80% ammonium sulfate precipitation, dialyzed, and adsorbed to a
Matrex Gel Green A agarose column (Amicon, Beverly, Mass.) equilibrated with
10 mM phosphate-buffered saline (PBS). The toxins were eluted at �0.3 M NaCl
by using a gradient of 0.15 to 1.0 M NaCl. Toxins were dialyzed against 10 mM
PBS, and their concentrations were measured using a Bio-Rad microassay with

bovine serum albumin as a standard. Wild-type StxA1 was purified from E. coli
SY327(pSC25) (28), the enzymatic mutant E167D was purified from E. coli
SY327(pSC25.1) (28), the cell-trafficking mutant A231D-G234E was purified
from E. coli SY327(pUC�H25) (54), and the A-B association mutant StxA11 was
purified from E. coli DH5�(pRD500) (2). Wild-type Stx2 holotoxin was a gift
from A. D. O’Brien (Uniformed Services University of the Health Sciences,
Bethesda, Md.) (37).

Protein synthesis inhibition assay. Enzymatic activity of the toxins was mea-
sured in a protein synthesis inhibition assay by using a luciferase assay system
(Promega Corporation, Madison, Wis.) according to the manufacturer’s instruc-
tions. Briefly, various amounts of purified toxins in PBS were preincubated with
rabbit reticulocyte lysate at 30°C for 20 min. Following preincubation, the lysates
were combined with leucine-free and methionine-free amino acid mix, RNasin
RNase inhibitor, luciferase RNA, and nuclease-free water. Protein synthesis was
allowed to proceed for 90 min, an aliquot of the reaction mixture was combined
with luciferase assay reagent, and the resulting chemiluminescence was measured
over a 10-s period with a 2-s delay, using a luminometer (Lumat LB 9507;
Berthold Technologies U.S.A., Oak Ridge, Tenn.).

Lymphocyte culture and spontaneous proliferation assay. Blood was collected
from cows into acid citrate dextrose (1 part to 4 parts of blood). PBMC were
purified as described previously (17). Briefly, buffy coat cells were separated by
centrifugation on Accu-Paque lymphocytes at a density of 1.086 g/ml (Accurate
Chemical and Scientific Corp., Westbury, N.Y.). PBMC were washed thrice in
Hanks’ balanced salt solution (HBSS) (Sigma, St. Louis, Mo.) supplemented with
2% heat-inactivated fetal bovine serum (FBS) (HyClone, Logan, Utah) at 4°C.
The cells were cultured in 96-well culture plates (Corning, Corning, N.Y.) seeded
with 0.5 � 106 cells/well at a final density of 2.5 � 106 cells/ml in RPMI 1640
(Invitrogen, Carlsbad, Calif.) supplemented with 20% FBS–2 mM L-glutamine–
100 U of penicillin/ml–100 �g of streptomycin/ml. DNA synthesis was assayed by
incorporation of [3H]thymidine (Perkin-Elmer Life Sciences, Boston, Mass.)
added in the amount of 1.0 mCi/well 48 h after cell culture commencement and
16 to 18 h prior to cell harvest. Cells were harvested on a semiautomated 96-well
plate harvester (Skatron Inc., Sterling, Va.), and the amount of incorporated
[3H]thymidine was determined by liquid scintillation spectroscopy (Packard In-
strument Co., Downers Grove, Ill.) and expressed in counts per minute. The
proliferation assays were done in quadruplicate, and the percentage of inhibition
of proliferation was expressed as follows: (counts per minute of cultures with
toxin/counts per minute of cultures without toxin) � 100.

Antibodies. Polyclonal antibody to StxA1 was generated by a standard tech-
nique in New Zealand White rabbits. Murine monoclonal antibodies were ob-
tained from the Washington State University Monoclonal Antibody Center
(Pullman, Wash.). Antibodies specific for bovine B-cell markers recognized B-B1
(BAS9A; immunoglobulin M [IgM]), B-B2 (BAQ44A; IgM), or CD21-like
(GB25A; IgG1) antigens, and antibody specific for T-cell markers recognized
bovine CD3 (MM1A; IgG1). Monoclonal antibodies against BLV were specific
for a capsid protein, p24 (MW3; IgG1), or for an envelope glycoprotein, gp51
(MW1; IgG1). The control antibody was mouse IgG1 specific for E. coli glyco-
proteins (coliS 69A).

BLV expression assay. Two-milliliter aliquots of PBMC (0.5 � 106 cells/ml)
were placed in culture dishes with or without 0.5 �g of toxin/ml. The harvested
cultures were separated by centrifugation into cells and cell-free supernatants for
analysis of cell-associated virus and cell-free virus, respectively. The cells were
processed by repeated freeze-thaw cycles in 0.5 ml of 0.1 M Tris buffer (pH 7.5)
with 0.1 M EDTA and 0.1 M phenylmethylsulfonyl fluoride, and complete lysis
was determined microscopically. The cell lysates and the cell culture superna-
tants were transferred to nitrocellulose by using a 96-well blotter (Schleicher &
Schuell, Keene, N.H.). The membranes were probed with antibodies against
BLV proteins p24 and gp51, followed by anti-mouse antibody conjugated to
alkaline phosphatase. Immunoblots were developed using 5-bromo-4-chloro-3-
indolylphosphate and nitroblue tetrazolium as the substrate, according to the
manufacturer’s instructions, and scanned with a Hewlett-Packard densitometer.
The results were quantitated with the Molecular Analyzer analytical program.
Cultures of PBMC from BLV-free cattle served as negative controls.

Toxin binding assays. Purified StxA1 was iodinated using Iodo-Beads (Pierce
Endogen, Rockford, Ill.). One bead was incubated with 0.5 mCi of carrier-free
Nal25I (Amersham Pharmacia Biotech, Piscataway, N.J.) and 10 �g of StxA1 in
100 �l of 50 mM sodium phosphate (pH 7.4) for 7 min at room temperature.
Labeled StxA1 was separated from free iodine by using a Bio-Gel P-10 column
(Bio-Rad Laboratories, Hercules, Calif.) equilibrated with PBS. The specific
radioactivity of the labeled toxin ranged from 3 to 30 �Ci/�g. The iodinated toxin
was tested for its enzymatic activity in a protein synthesis inhibition assay (see
above) with unlabeled toxin as a control. PBMC, granulocytes, and erythrocytes
from BLV-positive and BLV-negative cattle were incubated at concentrations of
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2 � 107 cells/ml with 0.5 �g of the iodinated toxin/ml for 60 min at 4 or 37°C to
prevent or to allow active internalization, respectively. The harvested cells were
collected onto GF/B membranes (Whatman International Ltd., Maidstone, En-
gland) pre-soaked in 0.3% polyethyleneimine. The radioactivity of filter mem-
branes (containing bound toxin) and of filtrates (containing free toxin) was
measured in a COBRA II gamma counter (Packard Instrument Co.).

BLV virions were prepared from a BLV-infected bat lung cell line, BLV-bat2,
as previously described (52). Virions were tested directly (dot blots), or the
antigen was concentrated and fractioned electrophoretically on polyacrylamide
gel and transferred to nitrocellulose. Blots were probed with StxA1 followed by
rabbit polyclonal anti-StxA1 antibody and anti-rabbit antibody conjugated to
alkaline phosphatase. Immunoblots were developed and scanned as described
above for the BLV expression assay.

Flow cytometry. Staining and formaldehyde fixation of cells for flow cytometric
analysis was performed in 96-well plates by using a standard protocol (53).
Second-step reagents were goat anti-mouse antibodies conjugated to fluorescein
isothiocyanate, R-phycoerythrin, and Tricolor (Caltag, Burlingame, Calif.). Data
were acquired on a FACSCalibur flow cytometer (Becton Dickinson Immuno-
cytometry Systems, San Jose, Calif.) with a 488-nm argon laser. Viable and
nonviable cells were gated on the basis of forward and side scatter. Results were
analyzed using Becton Dickinson analytical software (CellQuest and Attractors).

Cell permeability assay. Permeability of cells to macromolecules was assayed
with fluorescein-conjugated lysine-fixable dextrans of 3-, 40-, and 70-kDa molec-
ular mass (Molecular Probes, Eugene, Oreg.). One million cells suspended in 100
�l of RPMI 1640 with 10% FBS (RPMI–10% FBS) were added to a mixture
containing 50 �l of 15 �g of primary antibody to cell surface molecules/ml of
HBSS, 20 �l of 10 mg of dextran/ml of HBSS, and 30 �l of RPMI–10% FBS.
Cells were incubated for 60 min on ice to allow passive uptake of dextrans,
washed, incubated for 20 min on ice in 100 �l of RPMI–10% FBS with secondary
antibodies, washed, and fixed with 2% formaldehyde in PBS. Control samples
were incubated without dextrans or without second-step antibodies. All washes
were done with PBS supplemented with 2% gamma-globulin-free horse serum.
Cells exhibiting green fluorescence of 1.1 log or greater were considered positive
for dextran. Typically, 50,000 cells were collected per sample.

Statistical analysis. The results are presented as arithmetic means � standard
errors (SE) of three or more replicates. The results of the protein synthesis
inhibition assays were analyzed using a linear regression. The results of the
permeability assays were analyzed by analysis of variance, after cosign transfor-
mation of percentages expressed as values ranging from 0 to 1, using MINITAB
statistical analysis software (Minitab, Inc.).

RESULTS

Stx2 had antiviral activity similar to that of Stx1. To deter-
mine whether antiviral activity is common to the Stxs prevalent
in cattle, Stx2 holotoxin (�70 kDa) was tested for its ability to
suppress BLV-dependent cell proliferation and compared to
that of StxA1 (�32 kDa). To ensure that the toxins were
enzymatically active, they were tested in a protein synthesis
inhibition assay. On a molar basis, Stx2 was 2.5-fold less enzy-
matically active than StxA1 when compared for 50% protein
synthesis inhibition (regression analysis; data not shown) (Fig.
1A). Antiviral activity was measured as inhibition of SLP (Fig.
1B). Stx2 had slightly more antiviral activity than StxA1, since
fourfold less Stx2 than StxA1 (on a molar basis) inhibited cell
proliferation by 50%. These results indicate that Stx1 and Stx2
had similar enzymatic and antiviral properties. Although the
antiviral effects of Stx in vitro do not require the Gb3-binding
B subunit (17), both Stx1 and Stx2 holotoxins were more po-
tent on a molar basis than the A chain alone. This could be due
to numerous factors that we did not measure, such as differ-
ential proteolysis, loss of enzymatic activity, and/or differences
in cell internalization.

Enzymatically active StxA1 mutants retained antiviral ac-
tivity in spite of a loss of receptor-mediated toxicity. The ob-
servation that the antiviral activity of Stx1 did not require the
Stx1 B subunit (17) prompted us to investigate whether muta-

tions of StxA1 that abolish receptor-mediated cytotoxicity to-
wards Vero cells and other Gb3-expressing cells (54) would
also affect the antiviral activity of StxA1. Thus, we analyzed the
ability of three well-defined StxA1 mutants to inhibit protein
synthesis and suppress SLP (Fig. 1). The enzymatic mutant
E167D had 300-fold less activity than StxA1 when compared
for 50% inhibition of protein synthesis, and its ability to inhibit
protein synthesis was significantly different from that of the
other toxins at concentrations ranging from 1.0 to 20 �g/ml (P
� 0.01, analysis of variance) (Fig. 1A). The enzymatic activities

FIG. 1. Comparison of Stx2 and StxA1 mutant enzymatic and an-
tiviral activities. Enzymatic and antiviral activities of Stx2, three mutant
toxins, and StxA1 were compared in protein synthesis (A) and cell
proliferation (B) inhibition assays. Rabbit reticulocyte lysates were
preincubated with various amounts of StxA1, Stx2 holotoxin, A-B
association mutant (StxA11), enzymatic mutant (E167D), or cell-traf-
ficking mutant (A231G-D234E) or with no toxin, and these lysates
were then used in a luciferase protein synthesis assay. Toxin enzymatic
activity was expressed as a percentage of that of the control and was
calculated by dividing the amount of luciferase made by lysates incu-
bated with toxin by the amount of luciferase made by lysates without
toxin. PBMC from BLV-positive cattle were cultured for 72 h with
various amounts of StxA1 or Stx2 holotoxin or with no toxin. Antiviral
activity was expressed as a percentage of that of the control and was
calculated by dividing the amounts of [3H]thymidine incorporated by
PBMC cultured with toxins by the amounts incorporated by PBMC
cultured without toxin. Data are means � SE from two experiments
performed in duplicate (protein synthesis inhibition) or four experi-
ments performed in quadruplicate (PBMC proliferation).
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of the A-B association mutant StxA11 and the cell-trafficking
mutant A231D-G234E were both similar to that of wild-type
StxA1 (Fig. 1A). StxA11 required a 2.3-fold-lower molar con-
centration than wild-type StxA1, and A231D-G234E required
the same molar concentration as wild-type StxA1 for 50%
inhibition of protein synthesis.

The antiviral activity of the toxins was tested in a SLP sup-
pression assay and expressed as the ability to suppress BLV-
dependent cell proliferation (Fig. 1B). The antiviral activity of
the mutant toxins was associated with enzymatic activity but
not with other functional characteristics. The mutants that
retained undiminished enzymatic activity (StxA11 and A232D-
G234E) suppressed SLP as effectively as wild-type StxA1.
Thus, neither of the mutations located outside of the catalytic
center decreased antiviral activity of the toxins, in spite of
abolishing the ability of mutant toxin to associate with B sub-
units (StxA11) or to undergo retrograde transport within in-
toxicated cells (A232D-G234E). The less-active enzymatic mu-
tant E167D had reduced antiviral activity and required a 40-
fold-higher concentration than other toxins to inhibit cell
proliferation by 50%. Interestingly, this molecule not only did
not inhibit cell proliferation at concentrations �10 �g/ml but
(at concentrations ranging from 0.1 to 0.5 �g/ml) consistently
increased proliferation by 35 to 40% compared to the control.

StxA1 enzymatic activity was required for suppression of
BLV protein expression. The impact of StxA1 on viral protein
expression was assessed by measuring the amounts of BLV
proteins p24 and gp51 in cell culture. PBMC from BLV-posi-
tive cattle were cultured with wild-type StxA1 or with enzy-
matic mutant E167D or without toxin, and BLV proteins were
measured. Harvested cultures were separated into cells and
cell-free supernatants to measure cell-associated and cell-free
viral proteins, respectively (Fig. 2). Cell-associated BLV pro-
teins were not detectable in ex vivo PBMC by immunoblotting
(data not shown) but could be detected 12 h postculture (rel-
ative intensity of 0.04; data not shown). At 24 h postculture and
later, cell-associated BLV proteins were prominent in control
cultures not treated with toxin and apparent in cultures treated
with the enzymatic mutant E167D but barely detectable in
cultures treated with StxA1 (Fig. 2A).

In contrast to BLV protein expression associated with cells,
the cell-free supernatants from cultures incubated with toxins
contained amounts of BLV proteins either similar to (48 h) or
greater than (72 h) those found in the control cultures. The
finding that StxA1-treated cultures harvested at 48 h and 72 h
contained small amounts of BLV proteins associated with cells
but high amounts of BLV proteins in the culture supernatants
suggests that the interaction of StxA1 with target cells inter-
rupted virion assembly and induced cell death and/or loss of
membrane integrity to a much greater extent than that of
E167D. Such a possibility would be consistent with our results
of flow cytometric analysis, which suggested that the percent-
age of BLV-expressing cells was reduced in cultures treated
with StxA1 but not in cultures treated with the enzymatic
mutant E167D or without toxin. However, due to a scarcity of
BLV protein-positive cells among the PBMC from BLV-pos-
itive cattle (�2% in uncultured ex vivo PBMC), the results
regarding the changes in prevalence of BLV-expressing cells
were inconclusive and are not shown.

StxA1 did not bind to bovine blood cells or to viral particles.

To test whether StxA1 binds to corpuscular blood components,
whole blood from BLV-positive and BLV-negative cattle was
fractionated by density centrifugation into PBMC, granulo-
cytes, and erythrocytes and the fractions were incubated with
125I-labeled StxA1. The enzymatic activity of radiolabeled
toxin was similar to that of the unlabeled toxin in the protein
synthesis inhibition assay, indicating that iodination did not
disrupt the molecular structure of StxA1 (data not shown).
Leucocytes and erythrocytes from BLV-negative and BLV-
positive cattle did not bind appreciable amounts of the radio-
labeled toxin (data not shown). Notwithstanding that StxA1

FIG. 2. Effect of the presence of StxA1 and the enzymatic mutant
E167D on BLV expression by cultured PBMC from BLV-positive
cattle. PBMC from BLV-positive cattle were cultured with StxA1 (1.0
�g/ml) or enzymatic mutant E167D (1.0 �g/ml) or without toxin and
were harvested at 24, 48, and 72 h postculture. Cells (A) and culture
supernatants (B) were assayed for expression of BLV proteins p24 and
gp51 by blotting the lysed cells or cell-free culture supernatants onto
nitrocellulose and probing with mouse monoclonal antibodies to p24
and gp51 followed by anti-mouse Ig antibody conjugated to alkaline
phosphatase. Blots were developed using 5-bromo-4-chloro-3-in-
dolylphosphate and nitroblue tetrazolium as the substrate, and the
reaction intensities were quantified using a densitometer. PBMC from
BLV-negative cattle were used as controls. The experiment was per-
formed four times with PBMC from three BLV-positive cattle, and the
results of a representative experiment are shown.
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entry into target cells would be necessary for suppression of
SLP or viral protein synthesis, it is likely that direct assessment
of toxin entry into cells using radiolabeled toxin was beyond
the limits of sensitivity of the assay due to the scarcity of
BLV-expressing cells (�2% in ex vivo PBMC). In addition,
toxin binding to virions was assessed in dot blots of BLV virus
and immunoblots of concentrated viral antigens probed with
StxA1. No binding was detected (data not shown). Thus, the
results of all toxin binding measurements support the conten-
tion that StxA1 interacts with selected and rare cellular targets
in PBMC cultures.

BLV-expressing cells were highly permeable to macromole-
cules. Although we have not excluded the possibility of recep-
tor-mediated binding of the A subunit to bovine PBMC, the
finding that suppression of BLV-dependent SLP occurred in
cultures treated with either the isolated Stx1 A chain (devoid
of receptor-binding B subunits) or with the cell-trafficking mu-
tant A231D-G234E (crippled in retrograde transport) strongly
indicated that the toxin enters the cytosol of target cells di-
rectly. Because virally infected cells often exhibit increased
permeability to macromolecules due to virus-induced alter-
ations in the cell membrane (reviewed in reference 9), we
hypothesized that entry of StxA1 into the relatively rare cellu-
lar targets in PBMC cultures involved increased permeability
of the cells expressing BLV. Accordingly, the permeability of
PBMC from BLV-positive cattle was assessed using flow cy-
tometry. The cells were stained with Tricolor-labeled mono-
clonal antibody MW1, specific for BLV surface unit glycopro-
tein (51,000 molecular weight [gp51]), and incubated with
fluorescein-conjugated 40-kDa dextran to compare the perme-
ability of PBMC negative for gp51 to that of PBMC positive for
gp51. Cells expressing gp51 on their surfaces are engaged in
virion assembly; cells not expressing gp51 are not expressing
virus. In three separate experiments, PBMC from three BLV-
positive cattle were gated on the basis of gp51 expression and
their levels of permeability were assessed by measuring green
fluorescence. Cells exhibiting green fluorescence above 1.1 log
were considered dextran positive and were divided arbitrarily
into groups of cells exhibiting low fluorescence (1.1 to 2.05 log)
and high fluorescence (2.05 to 3.7 log). Cell not expressing
virus (gp51 negative) were rarely permeable to dextran, as 2.2,
10.1, and 13.7% of these cells exhibited low levels of green
fluorescence and 0.8, 2.2, and 1.1% of these cells exhibited high
levels of green fluorescence (values from each of the three
animals, respectively). In contrast, cells expressing virus (gp51
positive) consistently internalized dextran, as 9.8, 20.0, and
33.8% of these cells exhibited low levels of green fluorescence
and 14.1, 16.6, and 15.2% exhibited high levels of green fluo-
rescence (values from each of the three animals, respective-
ly). These data are representative of three experiments per
animal.

Because of the high degree of BLV tropism for B cells,
gp51-positive PBMC are comprised primarily of B lymphocytes
whereas gp51-negative PBMC are comprised of B lymphocytes
and other categories of mononuclear blood cells. Thus, com-
paring permeability levels of total PBMC could produce biased
results, since BLV rarely infects cells other than B lymphocytes
(16, 48). Accordingly, we compared the permeability of the
total B-cell population with the permeability of gp51-positive
cells and T cells by using dextrans of 3-, 40-, and 70-kDa

molecular mass (Fig. 3). The fact that similar proportions of
gp51-positive cells were permeable to 40- and 70-kDa dextrans
(Fig. 3B and C and data not shown) indicates that direct
absorption of toxin into the cytosol via the cell membrane is an

FIG. 3. Permeability of T cells, B cells, and gp51-positive PBMC
from BLV-positive cattle. PBMC from BLV-positive cattle were incu-
bated for 1 h with 3-kDa (A), 40-kDa (B), or 70-kDa (C) fluorescein-
conjugated dextrans (green fluorescence) and analyzed by flow cytom-
etry. Lymphocyte subpopulations were identified on the basis of
staining with Tricolor-labeled monoclonal antibodies (red fluores-
cence) as T cells (positive for bovine CD3 and comprising 26% of the
total cells), B cells (positive for CD21-like antigen and comprising 48%
of the total cells), and gp51-positive cells (BLV-expressing cells posi-
tive for viral gp51 antigen and comprising 1.6% of the cells) (designa-
tions at right of each graph). Cells were assessed for dextran content by
measuring green fluorescence; cells exhibiting fluorescence below 1.1
log were considered dextran negative (N) and cells exhibiting fluores-
cence above 1.1 log were considered dextran positive and were divided
into groups of cells exhibiting low fluorescence (L; 1.1 to 2.05 log) or
high fluorescence (H; 2.05 to 3.7 log). Data are histograms of dot plots
(50,000 cells per sample) from a representative experiment with one
BLV-positive cow. The cell numbers are relative and are not compa-
rable between histograms, because the individual histograms were
scaled independently.
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entry route potentially accessible to the isolated A chain of
Stx1 (�32 kDa) and also to Stx1 holotoxin (�70 kDa).

The permeability of total B cells from BLV-positive cattle to
dextrans was lower than the permeability of gp51-positive cells
but higher than the permeability of T cells, which rarely exhib-
ited green fluorescence above background, even after incuba-
tion with low-molecular-mass dextran (Fig. 3A). Since the B
cells from BLV-positive cattle with persistent lymphocytosis
exhibit abnormal characteristics (50, 51) and cannot be con-
sidered normal, it was important to compare the permeability
of B cells from BLV-positive cattle with the permeability of B
cells from BLV-negative cattle (Fig. 4). The latter cells consis-
tently showed miniscule permeability to dextrans whereas the
permeability of total B cells from BLV-positive cattle was
consistently greater, indicating that not only BLV-expressing
cells but also some other B cells from these animals may have
been permeable and sensitive to toxin.

DISCUSSION

This study supported the hypothesis that STEC colonization
of the gastrointestinal tract may benefit ruminant hosts by the
ability of Stxs to exert antiviral activity. We showed that (i)
antiviral activity was common to Stx1 and Stx2, (ii) the catalytic
center was required for antiviral activity, (iii) StxA1 mutants
unable to kill cells via the classical receptor-mediated route
had undiminished antiviral activity, (iv) StxA1 did not bind to
bovine blood cells or to free virus, (v) Stx activity was targeted
to BLV-expressing B lymphocytes, and (vi) BLV-expressing B
lymphocytes were highly permeable to macromolecules.

We used natural BLV infections in cattle as a model to study
the impact of toxin on viral activity. Removal of PBMC from
autologous serum containing specific antibody against BLV
precipitates a chain of events in which provirus becomes de-

repressed and viral protein synthesis and virus release occur.
The number of cells expressing virus ex vivo is �2%, and upon
culturing this proportion may increase. Viral derepression is
accompanied by SLP, a rapid proliferation of a small number
of B cells (and some T cells) that are not expressing virus. The
highest number of replicating cells can be measured 72 h post-
culture. SLP can be blocked by treating cultures with toxin
within 12 h, but the toxin has little effect if added later (17).
Thus, toxin interferes with the initiation of SLP but has little
effect on the subsequent proliferation of cells that do not
express virus. Our hypothesis is that only the rare BLV-ex-
pressing cells are sensitive to toxin because viral synthesis in-
creases membrane permeability of these cells, allowing toxin
entry with ensuing inhibition of viral protein synthesis and
elimination of SLP. Our findings in vitro suggest that Stx is a
factor in limiting BLV infection in cattle to the status of a
chronic well-tolerated disease rather than an acute deadly dis-
ease.

The finding that both Stx1 and Stx2 had antiviral activity in
vitro buttresses a conjecture of antiviral activity in animals
carrying STEC. This finding is consistent with research show-
ing the cytotoxic activity of plant RIPs against virally infected
animal cells (18, 19) and work showing that RIPs have antiviral
activity for the plants that synthesize them (49). Cattle are
transiently colonized at various times by STEC expressing Stx1,
Stx2, and/or Stx2 variants in some combination. Toxins can be
detected in fecal samples from cattle, indicating that STEC
express toxin in vivo (30), and individual cattle are likely ex-
posed to Stxs in their gastrointestinal tracts. Stxs translocate
through the human intestinal epithelium (1) and therefore may
have a similar ability in the bovine gastrointestinal mucosa.
The notable lack of detrimental effects of the presence of Stx
in cattle is likely due to the absence of Gb3 in the bovine
vasculature (46); however, the recent finding of Gb3 on bovine
crypt epithelial cells in the small and large intestine indicate
that Stxs binding plays a role in STEC intestinal colonization
(27) and may facilitate transport of toxin systemically. Reports
of cattle colostral antibodies to Stx1 and Stx2 (44) indicate that
the toxins leave the bovine intestinal lumen and are processed
by the cells of the mucosa-associated lymphatic system. Also,
reports of the presence of neutralizing antibodies to Stx1 in
serum indicate systemic exposure to this toxin (32, 44); possi-
bly, these antibodies remove toxin in sensitized animals. How-
ever, anti-Stx2 neutralizing antibodies are not detected in se-
rum (32, 44); therefore, this toxin does not enter the
circulation or, more likely, does not elicit a systemic immune
response. Thus, lymphocytes may interact with Stx in the in-
testinal mucosa and/or in the systemic circulation.

The finding that the enzymatic activity of Stx was necessary
for antiviral activity is similar to that of data showing that plant
RIPs must maintain enzymatic activity to exert antiviral impact
(49, 57, 58). We did not identify the substrate for this enzy-
matic activity, but it may be the host cell ribosome or viral
nucleic acid(s). Recent studies showed that mutant pokeweed
antiviral proteins devoid of antiribosomal activity but capable
of depurination of capped mRNA transcripts retain antiviral
activity (29). We demonstrated the requirement for enzymatic
activity by using the well-characterized E167D mutant that
contains a conservative substitution (aspartic acid for a glu-

FIG. 4. Permeability of B lymphocytes from BLV-negative and
BLV-positive cattle. PBMC from BLV-negative or BLV-positive cattle
were incubated for 1 h with 40- or 70-kDa fluorescein-conjugated
dextrans (green fluorescence) and analyzed by flow cytometry. On the
basis of staining with Tricolor labeled monoclonal antibodies (red
fluorescence), lymphocyte subpopulations were identified in separate
samples as B cells (positive for CD21-like antigen) and as BLV-ex-
pressing cells (positive for viral gp51 antigen) and assessed for dextran
content by measuring green fluorescence. Cells exhibiting fluorescence
above 1.1 log were considered dextran positive and were divided into
groups of cells exhibiting low fluorescence (1.1 to 2.05 log) or high
fluorescence (2.05 log to 3.7 log). Results are percentages of cells in
each category exhibiting green fluorescence � SE. Data are from a
representative experiment performed in triplicate.
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tamic acid at position 167) to disable the catalytic center with-
out significantly altering molecular integrity (28).

The A-B association mutant StxA11 has enhanced enzymatic
activity because it lacks 38 carboxy-terminal amino acids (2)
that block the catalytic center in the full-length A chain (22). In
spite of the fact that StxA11 was enzymatically more active than
wild-type StxA1 or the cell-trafficking mutant A231D-G234E,
it did not have more antiviral activity than these toxins. Al-
though we did not measure toxin stability, the A-B association
mutant StxA11 may have been more susceptible to degradation
in culture medium and/or inside intoxicated cells than the
other toxins. Also, our assay method may not have been sen-
sitive enough to detect differences in antiviral activity that
might result from severalfold differences in enzymatic activity.

The molecular motifs required for receptor-mediated cyto-
toxicity of Stxs were not necessary for antiviral effect. Both the
StxA11 mutant (unable to associate with B subunits) and the
A231D-G234E mutant (crippled in cell-trafficking ability) had
antiviral activity similar to that of a wild-type StxA1. These
results are consistent with the antiviral activity of the ricin A
chain and of RIP hemitoxins (39, 43). Furthermore, antiviral
activity of StxA11 and of A231D-G234E mutants, which are
devoid of receptor-mediated cytotoxicity towards Vero cells,
pointed to the direct absorption of toxins by virus-expressing
cells as a possible mechanism of target cell intoxication.

We showed that the numbers of BLV-expressing cells (i.e.,
cells positive for the presence of BLV protein gp51 on their
surfaces) were reduced in cultures treated with Stx. Although
the identity of the cells targeted by Stxs in the course of SLP
suppression was not unequivocally established, previous results
indicate that the antiviral action of Stxs is not indiscriminate
and targets select and infrequently occurring cells (17). This
determination is supported by the present findings that StxA1
did not bind to bovine erythrocytes, bovine leukocytes, or free
viruses. Flow cytometric analysis suggested that the BLV-ex-
pressing cells in PBMC cultures are eliminated by StxA1, but
we were unable to detect absorption of radiolabeled StxA1 by
the BLV-expressing cells or any other cells in PBMC cultures.
We ascribe this failing to the following constraints. First, the
proportion of BLV-expressing cells (the presumptive targets)
in culture was very low, limiting our ability to analyze them
directly. Second, the toxin exerts a lethal cytotoxic effect at
extremely low intracellular concentrations and may have killed
the target cells before they accumulated a detectable amount
of the toxin. Third, the loss of BLV-expressing cells during
incubations and washings was proportionally greater than the
loss of other cells.

Since viruses are known to increase cell membrane perme-
ability of infected cells (9), we hypothesized that increased
permeability of BLV-expressing cells to toxins may be involved
in SLP suppression and may explain the sensitivity of these
cells to Stx. Although we did not measure toxin entry into cells,
we did show that BLV-expressing cells were permeable to
70-kDa molecules and that the permeability of B lymphocytes
from cattle with BLV-induced persistent lymphocytosis greatly
exceeded the permeability of B cells from BLV-negative cattle.
From these results we surmise that the cells that express BLV
constitute the primary targets of Stxs. In addition, some B cells
from BLV-positive cattle (not expressing BLV but permeable
to macromolecules) may be secondary target cells, since most

of these cells contain BLV provirus (40) and are physiologi-
cally abnormal (50, 51).
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