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Human lymphocyte cultures produced large amounts of interferon after treat-
ment with the enzyme galactose oxidase. Interferon production was detectable as

early as 3 h after enzymatic treatment and reached a level of about 104 reference
units 20 to 24 h later. Galactose oxidase-induced interferon appeared to be
immune interferon on the basis of acid lability, lack of neutralization by antibody
to leukocyte interferon, and slow kinetics of activation of the cellular antiviral
state. Interferon production was inhibited to the same extent (99%) by pretreat-
ment of the cells with ,B-galactosidase or with neuraminidase followed by ,B-
galactosidase, suggesting that the critical event for activation of interferon pro-

duction is the oxidation of exposed galactose residues on lymphocyte membrane.

Human lymphoid cell cultures stimulated by
viruses, mitogens, or specific antigens produce
two distinct types of interferon (IF) molecules.
One type, called leukocyte IF, is induced by
viruses (3), by B-lymphocyte mitogens (7), and
by foreign or tumor cells (2, 16). This IF is
thought to be produced by B or "null" lympho-
cytes (2, 15). The other type, called immune IF,
appears to be produced by T lymphocytes stim-
ulated by specific antigens or by T-cell mitogens
(8, 17-19). However, it has not been established
whether the production of one type of IF rather
than the other is determined by the type of
producing cell or by the kind of stimulus it
receives (10). Rather, it has been shown that: (i)
immune IF can be induced by B-cell mitogens
(7), as well as by T-cell mitogens; (ii) leukocyte
IF can be induced by specific antigens (14); and
(iii) T-cell mitogens can induce immune IF pro-
duction in purified B lymphocytes (6, 7). An-
other open question is whether IF production,
which always precedes deoxyribonucleic acid
(DNA) synthesis, plays a role in lymphocyte
activation or whether it is a result of mitogenesis.
Finally, only limited information is available to
delineate the relationship existing between the
events that trigger IF production and the pro-
duction of the other lymphokines released dur-
ing lymphocyte activation. Investigation ofthese
questions will require identification of the spe-
cific steps of lymphocyte activation. Since all of
the substances capable of IF induction in lym-
phocytes have a complex macromolecular struc-
ture and since the active site(s) responsible for
the induction has not been identified, the molec-
ular definition of the mechanisms of lymphocyte

activation and IF induction has not been possi-
ble. Because lymphocyte activation has been
obtained after oxidation ofmembrane-bound ga-
lactose residues by galactose oxidase (1, 5, 11,
12), we initiated studies to investigate whether
this enzyme, whose mechanism of action is
known, is also capable of IF induction.

MATERIALS AND METHODS
Lymphocytes were obtained as previously described

(11) from healthy adult donors and, after Ficoll-Hy-
paque gradient sedimentation, were incubated over-
night at 370C in McCoy 5A medium containing 10%
autologous heat-inactivated serum at a concentration
of 2 x 106 cells per ml.

Activation by galactose oxidase was performed as
previously described (11). Briefly, lymphocyte suspen-
sions (107 cells per ml in 0.15 M phosphate-buffered
saline) were treated with various concentrations of
galactose oxidase (Worthington Biochemicals Corp.)
for 30 min at 240C. The cells were then washed exten-
sively with Eagle minimal essential medium, resus-
pended in McCoy medium at a concentration of 2 x
106 cells per ml, and incubated at 370C for various
times. Some cultures were pretreated with actinomy-
cin D (10 tg/ml for 1 h at 370C), ,f-galactosidase (PL
Biochemicals; 800 U/ml for 30 min at 240C), or Vibrio
cholerae neuraminidase (Schwarz/Mann; 50 U/ml for
1 h at 37°C) before treatment with galactose oxidase.
DNA synthesis was determined as previously de-

scribed (11) by a 2-h pulse-labeling with [3H]thymidine
(New England Nuclear Corp.; 0.5 Ci/2 x 10W cells;
specific activity, 2.0 Ci/mmol).

IF was incubated overnight in human WISH cell
cultures, and the activity was measured as previously
described (4) by inhibition of Sindbis virus hemagglu-
tinin yield after a single growth cycle. The antiviral
activity found in the samples was shown to be IF
mediated by current criteria (activity against different
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viruses, inactivity on heterologous cells, and blocking
by actinomycin D).

RESULTS

Effect of treatment with different doses
of galactose oxidase on IF induction and
DNA synthesis. The results of a representative
dose-response experiment are shown in Fig. 1, in
which IF production (Fig. 1A) and DNA synthe-
sis (Fig. 1B) have been reported for each dose of
galactose oxidase treatment. It may be seen that
every dose of the enzyme applied induced both
IF production and DNA synthesis. These two
parameters show remarkable correlation, both
reaching the maximum response at the level of
5 U of galactose oxidase. However, the IF re-
sponse, which appeared exceptionally high in
cultures treated with 5 to 20 U of galactose
oxidase, was already maximal at 24 h whereas
DNA synthesis developed later, between 24 and
48 h, and reached the maximum level at 72 h.
Both IF synthesis and [3H]thymidine incorpo-
ration were completely prevented in cultures
pretreated with actinomycin D. Pretreatment
with f8-galactosidase or with neuraminidase fol-
lowed by 8-galactosidase strongly reduced the
response (up to 99%). Additionally, IF produc-
tion did not occur in cells treated with heat-
inactivated galactose oxidase (60'C for 30 min).
Kinetics of IF production. To determine

the kinetics of IF production more accurately,
we treated lymphocyte cultures with galactose
oxidase (5 and 20 U/ml) and harvested samples
for IF titration after 3, 6, 11, 24, and 48 h. The
results of a representative experiment are shown
in Fig. 2. It may be seen that very low levels of
IF were already detectable at 3 h posttreatment;
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the levels increased substantially between 3 and
11 h and reached the maximum titer between 11
and 24 h. Lymphocyte cultures from six different
donors showed slightly different responses (not
exceeding 30% of the response shown) only dur-
ing the first 6 h, whereas the later samples
showed nearly identical responses. No signifi-
cant differences were observed between cultures
induced with 5 U of galactose oxidase and those
induced with 20 U.
Characterization of galactose oxidase-in-

duced IF. The properties ofrepresentative sam-
ples of galactose oxidase-induced IF were stud-
ied in comparison with samples of previously
identified human leukocyte and immune IF. The
results of these experiments are summarized in
Table 1.
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FIG. 2. Kinetics of IF production in lymphocyte
cultures treated with galactose oxidase (20 U/ml).
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FIG. 1. IF production (A) and activation of DNA synthesis (B) in lymphocyte cultures at different times

after induction with various concentrations ofgalactose oxidase.
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TABLE 1. Comparative properties ofgalactose
oxidase-induced IF, leukocyte IF, and immune IF

% of antiviral activity expressed after:

Preincuba- 10-min incu-
Type of IF 1-h treat- tion with an- bation with

ment at tibody to hu- human
pH 3.0 man leuko- WISH cell

cyte IF cultures

Leukocyte 100 0 33
Immune 0 100 0
Galactose 0 100 0

oxidase
induced

It may be seen that galactose oxidase-induced
IF shares with immune IF all the properties
tested, and it may therefore be temporarily iden-
tifed as immune IF. Final identification will be
achieved by determination of other properties,
such as molecular weight and sensitivity to mer-
captoethanol (13).

DISCUSSION
For the first time, IF production has been

obtained after enzymatic treatment of the pro-

ducing cells, which implies that in this system,
oxidation of the membrane galactose residues
may be the triggering event for IF induction.
The present findings show that galactose oxidase
is an extremely potent inducer of immune IF:
comparative studies carried out in this and other
laboratories, using different mitogens as in-
ducers, have produced substantially lower IF
yields (4, 6, 9). Further, with galactose oxidase
induction the genetic derepression of the im-
mune IF locus occurs very early, as compared
with other inducers, as indicated by the appear-
ance of IF only a few hours after induction. That
this IF comes from de novo synthesis and not
from the release of preformed material is shown
by the inhibition of IF production in cells pre-
treated with actinomycin D. Induction by the
enzyme specifically is shown by the findings that
IF induction is prevented by inactivation of the
inducer at 60°C or by the cleavage of galactose
residues of the cell membrane by pretreatment
with f3-galactosidase or with neuraminidase fol-
lowed by 8-galactosidase. The hypothesis that
IF production could have been stimulated by
foreign ribonucleic acid present as a contami-
nant in the enzyme preparation is invalid be-
cause treatment of galactose oxidase with ribo-
nuclease under conditions which would hydro-
lyze both single- and double-stranded ribonu-
cleic acids did not affect its IF-inducing activity.
This extremely prompt and potent IF produc-

tion is interesting, not only in view of practical
applications, such as large-scale immune IF pro-

duction, but also because it raises important
questions concerning the correlations between
IF production and cellular DNA synthesis,
which in this system do not appear significantly
different from those observed in lymphocytes
stimulated with other mitogens. Another inter-
esting question being studied is whether galac-
tose oxidase stimulates IF preferentially over
other lymphokines, since our previous studies
showed poor production of migration inhibition
factor and lymphotoxin in this system (11).

Therefore, we believe, that the identification
of at least one specific event which is responsible
for activating IF induction may represent an
important starting point for a clearer definition
of several crucial problems, including: (i) the
type(s) of receptors involved in mitogenic, anti-
genic, or viral induction of IF; (ii) the relation-
ship between IF induction and other parameters
of cell activation (lymphokines, DNA synthesis,
etc.); and (iii) the availability of the receptors as
modulators of cell responses, which will require
studies involving treatment with other enzymes
(neuraminidase, trypsin, etc.) and aldehyde
blocking agents. These problems are now under
study.
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