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TABLE 1. Comparison of effect of PBS6 and PBS7
on the protective actioni of endotoxin-stimulated
mouse interferon in L cellsa
Logio VSV yield (PFU/ml)
Diluent added
to L cells

Interferon

6 hr after challenge at

dose

I hr

3 hr

5 hr

7.45
7.65
7.42
7.20

7.70
7.25
7.70
6.65

7.65
7.18
7.75
5.70

D-J

6

None
100 units
None
100 units
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F
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7.0

FIG. 2. Effect of pH range on interferon action in L
cells. Cultures were incubated for 5 hr with 400 units
of interferon in PBS at each pH. After removal of the
interferon, the cultures were washed and challenged
with VSV. Virus yields were determined in fluids harvested after 6 hr of incubation of the cultures in growth
medium.

a Duplicate cultures were exposed to 100 units
of endotoxin interferon in PBS6 or in PBS7;
control cultures were exposed to diluent only.
After 1, 3, or 5 hr at 37 C, the solutions were removed, the cultures were washed with growth
medium, and they were then challenged with
VSV. After incubation for 6 hr in growth medium
at 37 C, the released virus was harvested and
assayed.

The possibility that the data obtained above
were the result of inactivation of interferon in
PBS6 at 37 C was eliminated by diluting the L-cell
interferon in PBS6, PBS7, or Eagle's medium,
and incubating it at 37 C or at 4 C for 5 hr. No
significant change in the titer of the inhibitor was
observed under any of these conditions.

tively inhibited; at pH 6.5 a partial inhibition of
Influence of pH 6.0 on the initial interaction oj
the development of resistance was observed. At interferon with L cells. A second explanation for
pH 6.0 no resistance developed. The virus yields the lack of development of resistance at pH 6.0
in control cultures in PBS6 that lacked interferon is, possibly, that the initial reaction between interwere not significantly different from the yields
feron and L cells was blocked at this pH. To test
from controls in PBS7 and PBS8. By contrast, this possibility, cultures exposed to 400 units of
the decrease in virus yield in cultures exposed interferon from NDV-infected L cells in cold
to PBS below pH 6.0, with or without interferon, PBS6, PBS7, or Eagle's medium were incubated
resulted from the increasing toxicity for L cells for 15 hr at 4 C. After this time, the interferon
was removed and the cultures were washed three
of the acidified PBS solutions.
To determine whether the effects described times with cold Eagle's medium and transferred
could be reproduced with an interferon other than to 37 C. The resistance to challenge virus was
that induced in L cells by NDV, similar studies measured by the yield inhibition method at 0, 2,
4, 6, and 8 hr after the transfer of the cultures to
were conducted using the inhibitor released into
the circulation of mice after injection of E. coli 37 C. The results summarized in Fig. 3 show that
endotoxin (endotoxin interferon). Duplicate cul- resistance to the virus challenge developed at the
tures were treated with 100 units of endotoxin same rate regardless of the pH at which the interinterferon diluted in PBS6 or in PBS7 as pre- feron solution was applied. These data indicate
viously described. After incubation at 37 C for 1, that the initial interaction of interferon with L
3, and 5 hr, the cultures were washed, challenged cells takes place at pH 6.0, even though resistance
with VSV, and the yield of progeny virus was does not develop under these conditions.
Maintenance of cell resistance at pH 6.0.
determined. Control values were obtained from
cultures treated with PBS at the same pH but Another possible explanation for the failure of
without interferon. The results of these studies cell resistance to develop at pH 6.0 is that the
(Table 1) showed that endotoxin interferon be- metabolic products required to express the antihaved similarly to interferon from NDV-infected viral action of interferon (13) were unstable at
L cells. Resistance to challenge with VSV did this pH. If interferon protection were dependent
not develop in cultures treated with interferon in upon the so-called "second protein" and if this
material were unstable in cells exposed to pH 6.0,
PBS6.
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FIG. 3. Lack ofeffect of pH 6.0 on initial interaction
of interferon and L cells. L cells were incubatedfor 15 hr
FIG. 4. Maintenance of cell resistance at pH 6.0.
at 4 C with interferon in PBS6, PBS7, or in Eagle's Cultures treatedfor 15 hr at 37 C with 270 units ofintermedium. After this period, the cultures were washed feron in Eagle's medium were washed and transferred
three times with cold medium, 3 ml of Eagle's medium to PBS6, PBS7, or to fresh Eagle's medium, and incuwere added, and the cultures were transferred to 37 C. bation was continued. After various times in these media,
At the times shown, the cultures were challenged with the cultures were challenged with VSV according to the
VSV by the yield inhibition method. Virus yield in con- yield inhibition method. The results with Eagle's medium
trol cultures without interferon was 2.1 X 107 PFU/ml. were similar to those in the other diluents and are not
shown.

cells in which interferon protection had been
established would become more susceptible to
infection when held at this pH. To test this possibility, L-cell cultures were inoculated with 270
units of L-cell NDV interferon in Eagle's medium
and incubated for 15 hr at 37 C. The cultures
were then washed with PBS6, PBS7, or Eagle's
medium, covered with 3 ml of the same solution,
and incubated again at 37 C. After 0, 4, 8, and 24
hr of additional incubation at 37 C, the cultures
were challenged with VSV and the yield of progeny virus was determined as described previously.
The results of this experiment, plotted in Fig. 4,
show that interferon protection, once established,
is equally stable in cells exposed to PBS6 or PBS7.
The results from cultures exposed to Eagle's mediumwere identicalto the data obtained with PBS6
and PBS7.
Influence of PBS6 on macromolecular synthesis
in L cells. Another possible explanation for the
failure of cells treated with interferon at pH 6.0
to develop resistance to virus is that macromolecular synthesis might be inhibited at this pH,
thus preventing the formation of significant
amounts of "second protein." This possibility
was tested by measuring the difference in the rate
of incorporation of '4C-leucine and 3H-uridine
into protein and RNA, respectively, as a function
of the pH of the PBS to which the cells were
exposed. Replicate cultures of L cells were treated

0

Io
e *-- C1LEUCINE INCORPORATION

80
gr

<oz
ZI
,_r-

-0-

H3 URIDINE

INCORPORATION

60

40

O

.
-

20
azcoOUL

0

1

-0

--.

-O

*

4
3
2
TIME (HOURS) IN PBS-6

5

FIG. 5. Influence of exposure of L cells to PBS6 on
protein and RNA synthesis. Cultures were treated with
PBS6 or PBS7 for the intervals shown, then pulsed
with 14C-leucine or 3H-uridine. At each time interval,
the trichloroacetic acid-precipitable counts in the cells
exposed to PBS6 were compared to the counts in cells
in PBS7. (Average of counts incorporated into PBS7
control cultures: "4C-leucine, 1,717 counts per min per
culture; 3H-uridine, 524 counts per min per culture.)

with either PBS6 or PBS7 and after intervals of 10
mi to 5 hr they
pulsed with radioactive
precursors as described above. The results of these
experiments, summarized in Fig. 5, clearly demonstrated that the rates of both 14C-leucine and 3Hwere
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PBS7 control cultures: 14C-leucine, 1,247 coun2ts per
min per culture; 3H-uridine, 1,801 counits per miii per
culture.)
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at

uridine incorporation were decreased by about
70%0 within 20 min of exposure to PBS6.
Additional incorporation studies were carried
out to determine the effect on macromolecular
synthesis of exposure to a range of pH. These
experiments at pH values from 4.5 to 7.0 were
conducted as described for PBS6, except that a
single 5-hr incubation period at 37 C was applied
at each pH. The results of these studies (Fig. 6)
show that the incorporation of both "4C-leucine
and 3H-uridine was progressively reduced at
decreasing pH. In PBS5 and PBS5.5, no significant synthesis of either RNA or protein was
observed.
DISCUSSION

The data presented show that exposure of L
cells to PBS at pH 6.0 results in a rapid and
reversible inhibition of both RNA and protein
synthesis. Control of macromolecular synthesis
by exposure to PBS at pH 6.0 offers certain advanover the use of the usual chemical or antibiotic inhibitors. In addition to the speed and
reversibility of the inhibition of synthesis, the
treatment does not involve entry into the cell of
molecules or ions that are not ordinarily present.
The mechanism by which exposure of L cells to
PBS6 depresses RNA and protein synthesis is
under investigation; preliminary studies indicate

tages

that exposure of L cells for 20 min to PBS6
causes a disaggregation of polysomes. Parallel
studies of chick embryo cell cultures showed that
these cells are more resistant to the effects of
lowered pH than are L cells. The basis for the
species and cell differences is being explored.
The results confirmed that interferon can
interact fully with L cells even though resistance
does not develop (3, 9). We used a lowered range
of pH to demonstrate a model system for separating the initial interferon-cell interaction from the
synthetic processes essential for the development
of resistance.
Previous studies of the effect of change of pH
on the action of interferon have been reported by
Gifford (6) and by De Maeyer and De Somer (1).
The pH range covered in these reports was from
6.8 to 7.6. Gifford (6) concluded that in chick
embryo cells the plating efficiency of the vaccinia
virus challenge was altered by changes in pH,
but that the action of interferon was not significantly affected. De Maeyer and De Somer (1),
using a continuous line of rat tumor cells, reported an increase in interferon titer at pH 6.8
compared to pH 7.2. However, since both papers
covered only a narrow physiological range of
pH, the inhibition of interferon activity at the low
pH used in this study was not observed.
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Protective Effects of Specific Immunity to Viral
Neuraminidase on Influenza Virus Infection
of Mice
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Antibody specific for viral neuraminidase can be demonstrated in mice following
(i) pulmonary infection with influenza virus, (ii) immunization with ultraviolet-inactivated influenza virus, (iii) immunization with isolated neuraminidase of influenza A2 virus, and (iv) passive immunization with sera of rabbits immunized with
isolated A2 neuraminidase. Neuraminidase antibody produced by any of these
methods exerts a profound inhibiting effect on virus replication in the lungs of mice
challenged with strains of virus having homologous neuraminidase protein, even in
the absence of hemagglutinating inhibiting antibody to the challenge virus, and results in markedly decreased pulmonary virus titers and diminished lung lesions.
These observations suggest that antineuraminidase immunity may play a significant
role in the protection against influenza virus challenge observed in mice after infection or artificial immunization.

It is now well established that hemagglutinin
and neuraminidase are antigenically distinct
proteins of the envelope of influenza virus, and
that by genetic recombination hybrid (recombinant) viruses can be produced in which hemagglutinin is derived from one parental virus and
neuraminidase from the other (7, 8, 11). Such
antigenically hybrid viruses in which hemagglutinin and neuraminidase proteins from different subtypes have been segregated have proved
useful in the isolation of neuraminidase free of
demonstrable hemagglutinin protein (11) and in
the production of specific antibody to viral
neuraminidase (7).
In aneuploid cell culture, in ovo, and in chick
shell-membrane systems, neuraminidase antibody
is non-neutralizing except in high concentrations,
but it partially inhibits virus replication by its
effect on the release and yield of influenza virus
from cells (7, 14, 16; R. G. Webster, W. G. Laver,
and E. D. Kilbourne, submittedfor publication).
In earlier studies of mice immunized by infection with antigenically hybrid influenza A viruses,
equivalent protection was found after challenge
with viruses which contained either the same
hemagglutinin or the same "minor" (neuraminidase) antigen possessed by the immunizing virus
(9).
We now report a further comparison of the

relative effectiveness of specific immunity to viral
neuraminidase and immunity to viral hemagglutinin in protecting mice against challenge with
influenza virus infection. In these experiments,
antibody to neuraminidase was produced in mice
(i) by infection with recombinant viruses in which
hemagglutinin and neuraminidase were derived
from parents of different subtypes, (ii) by injection of ultraviolet-inactivated preparations of the
same viruses, (iii) by injection of purified A2
neuraminidase, or (iv) by passive immunization
with rabbit antibody to the enzyme.

MATERIALS AND METHODS
Cells and plaque assay. Clone 1-5C4, derived from
the Wong-Kilbourne variant of the human aneuploid
Chang conjunctival cell line, was used for plaquereduction tests (15). The methods for assay of plaques
and for plaque inhibition with antisera have been
published in detail (5, 15).
Viruses. Most of the viruses employed have been
described in earlier reports (9). These include Aol
NWS and A2/Jap. 305 (mouse adapted) and the following recombinants: unadapted and mouse-adapted
strains of X-7, X-3, X-lL, and X-9 (17 passages in
mice), X-7(F1), and X-15 (hybrid of A/equine 1 containing A2 neuraminidase) (6). The antigenic designation of these viruses (Table 1) was made in accordance
with a system described previously (7, 8).
Ultraviolet inactivation of virus. In some instances,
allantoic fluid seed viruses were inactivated by ultra778
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occurred.
Isolation of A2 neuraminidase. The purification and
disruption of X-7(F1) virus and the isolation and
elution of the neuraminidase protein from cellulose
acetate strips were carried out by methods described
previously (11).
Virus titrations. Lungs were removed at designated
periods after infection and ground in glass tubes according to techniques described previously (12).
Serial 10-fold dilutions of ground lung suspensions
were inoculated into eggs, and after 40 hr of incubation allantoic fluids were harvested and were tested
for hemagglutination with human "O" red cells at a
1:4 dilution. Titration end points were calculated in
terms of the dilution of lung tissue infecting 50% of
the chick embryos.
Scoring of pulmonary lesions. A modification of the
maximal score method was used, in which the extent
of pulmonary lesions was expressed as a percentage
of the total lung surface (4).
Aerosol infection of mice. The apparatus and procedures used to generate aerosols of infectious virus
have been described previously (12). During theperiods in which they were inside the aerosol chamber,
mice were exposed to an estimated 10 to 100 mouse
infective doses of the challenge viruses employed.
Intranasal inoculation. In some experiments, rabbit
antiserum was delivered intranasally to mice. Mice
were lightly anesthetized with ether, and three drops
(0.05 ml) of the appropriate serum was delivered into
the nostrils through a 26-gauge needle.
Bronchial washings. Mice were killed by cervical
fracture, and the trachea was dissected free of the
esophagus and surrounding connective tissue. A

TABLE 1. Antigenic designation of viruses employed
in the present study
Virus

Neuraminidase
Hemagglutinin
subtype
subtype

X-7 ......
Ao
X-7(F1)...
Ao
X-3 ......
Ao
X-1L
A2
X-9
A2
X-15 ...... A/equine
......

......

A2
A2

Ao
A2

Ao

Antigenic

designation

AoEAoE
Aoeb
A2E
A2e

A2

Eq E

Ao

Aoe

1/56
NWS
Jap. 305...

......

A

A2

A2

A2E

E = A2 neuraminidase.
b e = Ao neuraminidase.

a

no. 20 adapter was inserted into the trachea through a
small hole and tied in place by thread. An amount of
1 ml of sterile saline (0.1% gelatin) was injected into
the trachea and lungs and then was aspirated back into
a sterile syringe (0.4 to 0.8 ml was recovered). These
fluids were treated as undiluted bronchial washings,
and all subsequent dilutions were expressed accord-

ingly.
RESULTS
Demonstration of neuraminidase antibody in
mice after influenza virus infection. Mice were
infected with 100 mouse infective doses of
Ao/NWS or A2/Jap. 305 virus or were exposed
to an aerosol of saline. Serum specimens and
bronchial washings from 10 mice in each group
were separately pooled 4 weeks later for antibody

determination. Hemagglutinating-inhibiting (HI)
activity was measured against the two infecting
viruses and against recombinant X-15 (equine E)
virus [a virus inhibitable in hemagglutinationinhibition tests with antibody to A2 neuraminidase (E) (6)]. Enzyme-inhibiting antibody was
measured against X-7 (Fl) (AoE) and X-9 (A2e)
recombinant viruses, and plaque size-reducing
activity was titrated in human conjunctival cells
infected with X-9 (A2e) or X-7 (AoE) viruses
under antibody in agar overlays. The results
(Table 2) demonstrate that, following influenza
virus infection of mice, hemagglutinating-inhibiting antibody appeared in bronchial secretions, as
well as in the serum, and that antibody to the
neuraminidase component of the infecting virus
was present in the serum. This neuraminidase antibody was demonstrated by inhibition of enzymatic activity of intact X-9 (A2e) or X-7 (Fl)
(AoE) virus and by plaque size reduction of viruses
containing neuraminidase homologous to the neuraminidase antibody. The HI activity against X-1 5
virus in sera of mice previously infected with
A2/Jap. 305 virus is additional evidence of A2
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violet (UV) irradiation prior to parenteral inoculation
into mice. Fluids were centrifuged at 8,000 rev/min,
dialyzed at pH 7.2 overnight, and then subjected to
UV light from a 7.5-w GE lamp at a distance of 17.8
cm for 2 min. After this procedure, residual infectivity
for eggs could be demonstrated only with undiluted
fluids in the presence of cortisone. The fluids then were
adjusted to identical hemagglutination titers prior to
inoculation of mice.
Mice. Specific pathogen-free male Manor Farm
mice (MF-1) 8 to 16 weeks of age were used.
Eggs. White Leghorn chick embryos 10 to 12 days
of age were used to assess the infectivity titer of all
tissues.
Hemagglutination-inhibition tests. Hemagglutination
tests with mouse and rabbit sera were performed by
methods described previously (17).
Enzyme-inhibition tests. Enzyme-inhibition tests
with mouse and rabbit sera were carried out with a
fetuin substrate according to methods described previously (7, 11). Measurements of inhibition of A2
neuraminidase (E) were made with X-7(FI) virus
adjusted to give optical density readings of 300 to 800
at 549 nm in a Bausch and Lomb Spectronic-20
colorimeter or Beckman DU-2 spectophotometer.
Measurements of inhibition of Ao neuraminidase (e)
were made with the same substrate using an 18-hr
incubation period of X-9 (A2e) virus and substrate.
Titers of antisera are expressed as the dilution at
which 50% inhibition of neuraminidase activity

