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TABLE 2. Titers of HI, enzyme-inhibiting (EI), and
plaque size-reducing (PSR) antibody in sera
and bronchial wash fluids obtained from mice
4 weeks after immunizing infection with Ao/NWS
and A2/Jap. 305 viruses

Virus infection

Test Virus
NWS Jap. 305

Se- Bron- Se- Bron-
ruawasha rum washa

HI. NWS Aoe 512b 16 <8 <8
Jap. 305 A2E <8 <8 512 64
X-15 EqE <8 <8 128 <8

El. X-9 A2e 50 <2 <2 <2
X-7(F1) AoE <2 <2 2 <2

PSR. X-9 A2e 400 NTC NT NT
X-7 AoE NT NT 200 NT

a Pooled sera and bronchial wash fluid, 10 animals in each
group.

b Reciprocal of dilution producing HI of 4 units of hemag-
glutinin; 50% reduction in enzymatic activity and reduction
in plaque size.

c Not tested.

neuraminidase antibody, since the only nonequine
viruses capable of inducing the formation of such
antbody are those which contain A2 neuramini-
dase (6). The absence of demonstrable enzyme-in-
hibiting antibody in bronchial wash fluids may
well be the consequence of the large dilution factor
involved in obtaining these fluids.

Immunization and reciprocal challenge of mice
with hybrid viruses in which hemagglutinin and
neuraminidase proteins have been derived from
viruses of different subtypes. Mice were infected
by exposure to an aerosol of 100 MID5o (mouse
infectious doses) of mouse-adapted X-3 (Aoe),
X-7 (AoE), X-1L (A2E), or X-9 (A2e) viruses;
control mice were exposed to a saline aerosol.
Serum specimens from five animals were pooled
for titration of HI and enzyme-inhibiting activity
4 weeks later, and the remaining mice in each
group were challenged with each of the four re-
combinant viruses and with wild-type parental
NWS (Aoe) and Jap. 305 (A2E) viruses. Pul-
monary virus titers were measured 48 hr after
challenge. The results (Tables 3 and 4) demon-
strate that 4 weeks after the immunizing infec-
tion mouse sera contained HI antibody against
viruses that possessed the same hemagglutinin
antigen as the immunizing virus and the enzyme-
inhibiting antibody to the neuraminidase of the
immunizing virus. Thus, following infection with
X-7 (AoE) virus which contains hemagglutinin
protein derived from its A) parent and neuramini-
dase derived from its A2 parent, mice had serum
antibody to the Ao hemagglutinin and to A2

neuraminidase (E). Conversely, X-9 (A2e) im-
munized mice had HI antibody to A2 hemagglu-
tinin and to Ao neuraminidase (e). Following
subsequent challenge with a virus containing the
neuraminidase protein of the immunizing virus,
but a different hemagglutinin, replication of the
challenge virus in the lungs was inhibited by
99.9% or more. In some instances, this protection
was so effective that no virus was demonstrable
in the lungs 48 hr after challenge. When immuniz-
ing and challenge viruses contained the same
hemagglutinin but different neuraminidase pro-
teins, inhibition of replication of the challenge
virus was greater. However, because of the loga-
rithmic expression of titers, the increment of
protection represents less than 0.1% of the virus
titers in lungs of unimmunized animals. Interpre-
tation of these results is complicated by evidence
of heterotypic protection (13) expressed by low-
level cross-reactivity in hemagglutination-inhibi-
tion tests and by lower pulmonary virus titers in
instances where the immunizing and challenge
viruses differed in their content of both neuramini-
dase and hemagglutinin proteins. It became im-
portant, therefore, to examine the effect of anti-
neuraminidase immunity under experimental
conditions where heterotypic immunity could
not be demonstrated.

Challenge of mice immunized by infection with
X-3 (Aoe), X-IL (A2E), and X-9 (A2e) recombinant
viruses with X-15 (Eq E) virus. In preliminary
studies in this laboratory with mice immunized
by infection with influenza Ao and A2 viruses, no

TABLE 3. Titers of hemagglutinating-inhibiting
(HI) and enzyme-inhibiting (El) antibody in
sera of mice immunized by infection with Aoe,
AOE, A2E, and A2e recombinant viruses

Immunizing infectiona
Determination

X-3 X-7 X-1L X-9 Saline
Aoe AoE A21E A2e

HI titer vs.
NWS (Aoe) .......... 512b 256 <16 <16 < 16
Jap. 305 (A2E) ....... < 16 < 16 64 64 < 16
X-3 (Aoe)........... 256 128 <16 32 <16
X-7 (AoE) .......... 256 256 <16 <16 < 16
X-1L (A2E) ......... <16 <16 64 64 <16
X-9 (A2e) ........... <16 <16 16 128 <16
X-15 (EqE) ......... <16 64 128 <16 <16

EI titer vs.
X-7(F1) virus(AOE).. 2 50 50 <2 <2
X-9 virus (A2e) .....40 <2 2 50 <2

a Four weeks before bleeding.
b Titers expressed as reciprocal of serum dilu-

tion producing HI with 4 units of hemagglutinin
and 50% reduction of enzymatic activity.
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TABLE 4. Pulmonary virus titers of mice immunized by infection with Aoe, AoE, A2E, A2e recombinant
viruses challenged with the same hybrid viruses and with Ao/NWS and A2/Jap. 305

influenza viruses

Challenge infection

Immunizing infection'
NWS Jap. 305 X-3 X-7 X-IL X-9
Aoe A2E Aoe AoE A2E A2e

X-3 (Aoe).-----<1.7 (0/5)b 5.9 (5/5) <1.7 (0/5) <2.4 (2/5) 6.4 (5/5) <3.7 (3/5)
X-7 (AoE) ....... <1.7 (0/5) 3.6 (5/5) <1.7 (0/5) <1.7 (0/5) <3.4 (3/5) 6.5 (5/5)
X-1L (A2E). 6.2 (5/5) <1.8 (1/5) 7.3 (5/5) 4.5 (5/5) <3.7 (3/5) <2.0 (1/5)
X-9 (A2e). <1.7 (0/5) <1.7 (0/5) <3.0 (2/5) 7.0 (5/5) <1.7 (0.5) <1.7 (0/5)
Saline.7.0 (5/5) 7.1 (5/5) 7.6 (5/5) 7.8 (5/5) 6.9 (5/5) 7.2 (5/5)

a, By aerosol exposure 4 weeks prior to challenge.
I Mean titer EID5 log10o (numbers in parentheses = number with titer

exposed).

heterotypic protection was observed after chal-
lenge with A/equine1/56 virus. Mice immunized
by aerosol infection with nonadapted recombi-
nant viruses X-3 (Aoe), X-7 (AoE), X-1L (A2E),
and X-9 (A2e) were challenged 4 weeks later with
X-1 5 (Eq E) virus. Pulmonary virus titers of X-15
virus, 3 days after challenge, were appreciably
reduced in those animals that had been immunized
by infection with X-7 (AoE) or X-1L (A2E)
viruses, both of which contain A2 neuraminidase
(E) identical to the enzyme component of the
challenge virus (Table 5). In contrast, immuniza-
tion by infection with X-3 and X-9 viruses, both
of which lack the A2 enzyme, had no effect on
pulmonary virus titers 3 days after challenge
with X-15 virus. Thus, in a situation in which
heterotypic immunity related to hemagglutinin is
not demonstrable, the immunizing effect of anti-
neuraminidase immunity is apparent.

Immunization of mice with UV-inactivated re-
combinant viruses. Groups of mice were injected
intraperitoneally with 0.5 ml of UV-inactivated
X-7 (AoE) or X-3 (Aoe) virus or saline at weekly
intervals for 3 weeks. One week after the last
injection, five mice from each group were bled,
and the remaining mice were challenged by ex-
posure to an aerosol of Jap. 305 (A2E) virus.
Pulmonary virus titers, lung lesions, and serum
HI antibody titers were measured at intervals
after challenge. The results (Table 6) demonstrate
that immunization of mice with inactivated X-7
virus resulted in lower pulmonary virus titers and
less extensive lung lesions following challenge
with Jap. 305 (A2E) virus. In contrast, only
minimal evidence of heterotypic protection was
observed as a result of immunization with X-3
(Aoe) virus. Thus, immunization with an inac-
tivated recombinant virus (X-7) containing the
same (A2) neuraminidase protein as the challenge
virus (Jap. 305) but a different (Ao) hemagglutinin

of 102 or greater per number

TABLE 5. Effect of prior intfection of mice with
Aoe, AoE, A2E, and A2e recombinant viruses on
pulmonary virus titers 72 hr after challenge with
recombinant X-15 (Eq E) virus

Initial infection X-15 (Eq E)challenge titer'

X-3 (Aoe) ............... 6.6
X-7 (AoE) .............. 5.5
X-1L (A2E) ............. 4.2
X-9 (A2e) .............. 6.2
Saline ................. 6.5

' EID50, log1o, five animals in each group.

resulted in appreciable protection against the
challenge infection. In addition, it should also be
noted that X-7 immunized mice demonstrated a
more rapid serum HI antibody response to the
challenge virus than saline or X-3 immunized
mice. Thus, 6 days after challenge when HI anti-
body at a titer of 1: 8 or greater was not demon-
strable in any of the sera of mice from either of the
other groups, five of the five X-7 immunired
animals had HI antibody to Jap. 305 virus in
their sera.

Immunization of mice with isolated A2[X-7(FJ)]
neuraminidase. Mice were injected subcuta-
neously with 0.3 ml of a mixture of equal parts of
saline and complete Freund's adjuvant or of a
1:16 dilution of isolated A2 enzyme (E) derived
from X-7(F1) (AoE) and adjuvant. The injec-
tions were repeated 40 days later, and 7 days after
the booster injection three mice from each group
were bled. Serum antibody levels were measured
in HI tests against Jap. 305 (A2E), X-7(Fl)
(AoE), X-9 (A2e), and X-15 (Eq E) viruses.
Enzyme-inhibition titers were determined with
X-7(Fl) (AoE) virus, and plaque size-reducing
titers were determined against X-7 (AoE) and
NWS (Aoe) viruses in clone 1-5C-4 human con-
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junctival cells (Table 7). Immunization of mice
with E neuraminidase did not induce production
of HI antibody against any of the viruses tested
except X-15 (Eq E), but it did produce serum
titers of 1:400 of enzyme-inhibiting antibody
against X-7(F1) enzyme. In addition, the pooled
sera of mice immunized with purified (E) enzyme
had plaque size-reducing activity against X-7
virus (AOE) but not against NWS (Aoe)-a virus
that differs from the X-7 virus recombinant only
in having a different neuraminidase protein (e).
When groups of mice similarly immunized were

challenged with Jap. 305 (A2E) virus, the results
given in Table 8 were obtained. Mice immunized
with (E) neuraminidase had considerably lower
pulmonary virus titers than control mice 2 and 4
days after Jap. 305 virus challenge; they had less
extensive lung lesions 7 days after challenge.

In addition, enzyme (E) immunized and unim-
munized mice were challenged with X-7(F1)
(AoE), X-15 (Eq E), NWS (Aoe), and X-9 (A2e)
viruses. Titers of pulmonary virus 3 days after
challenge are given in Table 9. Significant reduc-
tions of pulmonary virus titers were observed
when mice immunized with (E) neuraminidase

were challenged with viruses that contain A2 (E)
enzyme [X-7(F1), X-15] but not when they were

challenged with viruses that have an antigenically
different neuraminidase protein, e.g., (NWS,
X-9).

Thus, immunization of mice with isolated A2
neuraminidase (E) resulted in enzyme-inhibiting
serum antibody to A2 neuraminidase and, despite
the lack of serum antibody reactive in hemagglu-
tination-inhibition tests with any of the challenge
viruses except X-15, led to significant protection
against challenge infection with viruses containing
A2 neuraminidase.

Passive immunization of mice with rabbit anti-
serum to purified E neuraminidase. Mice were

immunized passively by intraperitoneal injec-
tion of 0.5 ml of a 1:10 dilution of rabbit anti-
serum to X-7(F1) enzyme (106-day bleeding) or

with a 1:2 dilution of rabbit anti-X-9 (A2e)
antiserum; control mice were injected with normal
rabbit serum. All but five mice from each group
were challenged 24 hr later by an aerosol in-
fection with Jap. 305 (A2E) virus. As part of the
same experiment, previously unimmunized ani-
mals were injected with the same antisera

TABLE 6. Effect of immuniization of mice with two UV-inactivated recombinant viruses (Aoe and AoE)
on pulmonary virus titers, lunzg lesions, and HI antibody response followinlg challenge

with Jap. 305 (A2E) virus

Pulmonary virus titer Lung lesions (%) HI antibody titerb (Jap. 305 A2E)
Immunizationa

Day 2 Day 4 Day 6 Day 4 Day 6 DayO Day 2 Day 4 Day 6 Day 8

X-3 (Aoe)... 7.9 7.2 6.5 8 45 <1:8 <1:8 <1:8 <1:8 1:16
X-7 (AoE) - 7.3 6.3 4.6 3 10 < 1:8 <1:8 <1:8c < 1: 14d 1:38
Saline.. 8.3 7.7 6.6 20 50 <1:8 <1:8 <1:8 <1:8 1:16

aUV-irradiated virus (hemagglutination titer = 1:64 per 0.1 ml); 0.2 ml intraperitoneally at
weekly intervals; challenge, 7 days after third injection.

b EID5o loglo , five animals in each group.
Two of five sera positive for HI at 1:8 dilution.
Five of five sera positive for HI at dilution of 1:8 or greater.

TABLE 7. HI, enzyme inihibitinig (El), and plaque size-reducintg (PSR) antibody respolnse in mice immunized
with purified A2 neuraminidase

HI antibody titer EI titerb PSR titerc

Immunizationa
Jap. 305 X-9 (A2e) X-7 (F1) X-15 X-7 (F1) X-7(AoE) NWS (Aoe)(A2E) (AoE) (Eq E) (AoE)

Saline-adjuvant <1:8 <1:8 <1:8 <1:8 <1:10 <1:200 <1:200
Enzyme-adjuvant <1:8 <1:8 <1:8 1:128 1:400 1:8,000 <1:200

a Subcutaneous injection, 0.3 ml of a mixture of equal parts of saline and complete Freund's ad-
juvant or of a 1:16 dilution of purified X-7(F1) enzyme and Freund's adjuvant, 47 and 7 days prior to
bleeding.

Dilution of serum inhibiting 50% of neuraminidase activity of X-7(F1) virus.
Final dilution of antiserum incorporated in agar overlay effective in reducing plaque size.
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TABLE 8. Effect of immunization with isolated A2
neuraminidase on influenza Jap. 305 (A2E)

virus infection of mice

Pulmonary
virus titersb Lung

Immunization" lesions (%),
day 7

Day 2 Day 4

Saline-adj uvant ....... 7.8 7.2 44.0
Enzyme-adjuvanta. 5.5 <3.7 5.0

Subcutaneous injection as in Table 7.
b EID5so, logio, five animals in each group.

TABLE 9. Effect of immuntizationt with purified A2
neuraminidase oni challenge infections with
influenza viruses which do and do not contain
A2 enzyme (E)

Pulmonary virus titers 72 hrs
after challengeb

Immunization.
X-7 (F1) NWS X-9 X-15

(AoE) (Aoe) (A2e) (Eq E)

Saline-adjuvant 5.1 6.8 6.0 6.7
Enzyme-adjuvant ... <2.1 7.0 6.4 4.4

a Subcutaneous injection as in Table 7.
b EIDs5o, logio, five animals in each group.

intranasally, 24 hr after infection with Jap. 305
virus. Uninfected cohort mice of all these im-
munization groups were used to obtain serum and
bronchial washings for antibody determinations
48 hr after infection of their cohorts. Pulmonary
virus titers were determined in the infected mice
2 and 4 days after infection, and lung lesions were
assessed on the seventh day of infection. The ex-

perimental design is given schematically in Table
10, and the results appear in Table 11. Mice im-
munized intraperitoneally with rabbit anti-A2
neuraminidase (Anti-E) serum 24 hr before in-
fection or intranasally 24 hr after infection, al-
though lacking antibody in their sera or bronchial
secretions to the A2 hemagglutinin of the chal-
lenge Jap. 305 (A2E) virus were partially pro-
tected. They had considerably lower pulmonary
virus titers 2 and 4 days after infection and far
less extensive lung lesions 7 days after infection
than their respective controls; they demonstrated
a greater degree of protection than mice passively
immunized intraperitoneally or intranasally with
X-9 antiserum, despite the presence of low levels
of HI antibody against the challenge virus in the
serum or bronchial washings of the X-9 immu-
nized groups.

DISCUSSION
Immunity in influenza has long been correlated

with the presence of HI antibody directed against
hemagglutinin (3). Such antibody can neutralize
the virus as can antibody to the dissociated hemag-
glutinin (2). Recent studies suggest that influenza
virus neuraminidase represents only 7 to 15% of
the total virus protein (10), that the ratio of
hemagglutinin to neuraminidase sites on the
virion surface is 2:1 (R. G. Webster, W. G. Laver,
and E. D. Kilbourne, J. Gen. Virol., in press),
and that neuraminidase probably occupies no
more than 25% of the virus surface (R. G. Web-
ster, W. G. Laver, and E. D. Kilbourne, J. Gen.
Virol., in press). Perhaps, related to these facts,
antibody to the enzyme is nonneutralizing and
modifies infection by its effects on the release and
yield of virus from cells (1, 7, 14, 16; R. G.
Webster, W. G. Laver, and E. D. Kilbourne,
J. Gen. Virol., in press). Therefore, it is re-
markable that neuraminidase antibody is as ef-
fective as it has been shown to be. In in vitro
infection this effect is readily measurable by the
limitation of the extension of plaque radius (5) in
the continued presence of antiserum specific for
the neuraminidase component of the virus.
The present in vivo studies demonstrate that

antibody specific for viral neuraminidase appears
in the blood of mice following pulmonary infec-
tion with influenza viruses. Neuraminidase anti-
body is demonstrable in high titer in mice even
following infection with influenza Ao/NWS, a
virus whose enzyme is extremely unstable at
37 C (1 la). Neuraminidase antibody is produced,
therefore, not merely as a consequence of injec-
tion of rabbits with large doses of intact, pre-
formed virus but also as the result of replication of
virus in the lungs following aerosol infection of
mice with approximately 100 IDW. Preliminary
studies of natural infection of man have demon-
strated four- to eightfold increases in enzyme-
inhibiting antibody to A2 neuraminidase in paired
sera of patients in the epidemic of 1967-1968 (E.
D. Kilbourne, W. N. Christenson, and M.
Sande, J. Virol., in press).
Our studies show that the induction of anti-

neuraminidase immunity in mice, whether
achieved by passive transfer of preformed anti-
body, by parenteral injection of enzyme, or by
infection, can profoundly influence the course of
subsequent influenza virus infection. Infection of
mice with intact viruses (Table 4) results in al-
most as much protection against challenge with a
virus containing homologous neuraminidase as is
observed following challenge with a virus con-
taining homologous hemagglutinin. We do not
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suggest that immunity after infection or artificial
immunization is as much the consequence of
neuraminidase antibody as of hemagglutinin
antibody but rather that under certain circum-
stances antineuraminidase immunity may provide
significant additional protection. For example, at

borderline levels of HI antibody the additional
effects of neuraminidase antibody may be crucial.
Thus, in earlier experiments, immunization of
mice by infection with X-7 (AoE) virus, avirulent
for mice, led to production of low levels of HI
(anti-Ao) antibody. However, equal (and partial)

TABLE 10. Passive immunizationi of mice initraperitoneally (ip) antd inttrantasally (in) with rabbit anitiserum
to X-7(FJ) nzeuiraminzidase anid with anztiserum to X-9(A2e) virus, EXPERIMENTAL DESIGN

Day

-1

Anti-E- ip
Anti-E ip
Anti-X-9b ip

Anti-X-9 ip
Normal rabbit
serum (NRS)
ip

NRS ip

0
Ai-

A2 infection

A2 infection

A2 infection

A2 infection

A2 infection

2

Pulmonary virus
Antibody
Pulmonary virus

titer
Antibody
Pulmonary virus

titer

- |Antibody
Anti-Ec in Pulmonary virus

titer
Anti-E in Antibody
Anti-X-9c Pulmonary virus

in titer
Anti-X-9 Antibody

in

NRS in Pulmonary virus
titer

NRS in 'Antibody

Pulmonary virus

Pulmonary virus
titer

Pulmonary virus
titer

Pulmonary virus
titer

Pulmonary virus
titer

Pulmonary virus
titer

n Intraperitoneal inoculation 24 hr before infection, 0.5 ml of a 1:10 dilution of 106-day bleeding from
rabbit immunized with X-7(FI) neuraminidase (enzyme-inhibiting titer, 1:4,000).

b Intraperitoneal inoculation 24 hr before infection, 0.5 ml of a 1:2 dilution of serum from a rabbit
immunized with X-9 virus (A2e) (HI titer vs. X-9 virus 1:256).

c Intranasal administration of 0.05 ml.

TABLE 11. Effect of passive immutnizationi of mice intraperitonieally (ip) anid initrallasally (in) with rabbit
antiserum to purified A2 nieuraminidase an2d to A2 hemagglutinin onl inlfectionl of mice with

inifluieniza A2/Jap. 305 virus inifection

Antibody titers (day 2)
________________ __________________ Pulmonary

___________________ --- rvirus titersd Lung
Immunizationa HI (Jap. 305) E16 lesions

______________________________________________________(day 7)

Serum BWb Serum BW Day 2 Day 4

Anti-enzyme ip <1:8 <1:8 1:200 <1:4 5.1 4.8 0
Anti-X-9(A2e) ip 1:32 <1:8 <1:10 <1:4 6.6 5.5 9
Normal rabbit (NRS) serum ip <1:8 <1:8 <1:10 <1:4 7.2 6.9 67

Anti-enzyme in <1:8 <1:8 <1:10 1:16 5.7 5.7 17
Anti-X-9(A2e) in <1:8 1:16 <1:10 <1:4 6.7 6.6 44
NRS in <1:8 <1:8 <1:10 <1:4 8.2 7.3 63

See Table 10 for dose and time of inoculation.
b Bronchial wash fluid.
c Dilution of serum or bronchial wash fluid inhibiting enzyme activity of X-7(F1) virus by 50%.
d EID50, log1o, five animals in each group.

Group no.

la
2

2a
3

3a
4

4a
S

5a

6

6a

Lung lesions

Lung lesions

Lung lesions

Lung lesions

Lgeo
Lung lesions

Lung lesions
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reduction of pulmonary virus titer occurred fol-
lowing subsequent challenge with NWS (Aoe)
and Jap. 305 (A2E) viruses, but refractoriness to
reinfection with homologous X-7 virus was
complete (9).
The results of immunization of mice with iso-

lated A2 neuraminidase derived from X-7(Fl)
virus confirm the observations of infection-
induced immunity. Injection of the isolated
neuraminidase stimulates the production of anti-
body only to A2 neuraminidase (E) (7) so that
the marked inhibition of virus replication ob-
served after challenge with viruses containing A2
neuraminidase represents the specific protective
effect of antineuraminidase immunity.
The greater protection to A2E (Jap. 305) chal-

lenge observed in mice immunized passively with
A2 neuraminidase antiserum (anti-E) compared
to that observed in mice immunized passively
with X-9 (anti-A2e) antiserum does not provide
evidence that the neuraminidase antibody is
more active than the hemagglutinin antibody. No
attempt was made in this experiment to inject
equivalent quantities of the two antibody mole-
cules. This experiment does provide additional
evidence, however, that immunity to infection
with influenza A viruses is not exclusively a func-
tion of the titers of hemagglutinin antibody in
serum or respiratory secretions. The observation
that mice with antibody to neuraminidase,
although lacking antibody to hemagglutinin, were
more protected than mice with low levels of anti-
body specific to the hemagglutinin component of
the challenge virus suggests that in the circum-
stances of this experimental design neuraminidase
antibody titers provide a more accurate assess-
ment of the level of immunity than hemagglutinat-
ing inhibiting antibody titers.
Antibody to the viral neuraminidase may have

an additional effect on influenza virus infection
of the intact mammalian host. Preliminary studies
in this laboratory showed that mice immunized
with isolated A2 neuraminidase are far less able
to transmit infection than mice with equal re-
ductions of virus titer achieved by prior immuniza-
tion with hemagglutinin protein. Neuraminidase
antibody, therefore, may prevent not only the
release of virus from the cell surface inhibiting
the spread of virus to adjacent cells but also may
prevent the expulsion of virus into the environ-
ment and subsequent spread of infection.
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Titers of vaccinia virus consistently increased in cultures of washed phytohemag-
glutinin-treated, peripheral blood leukocytes of a vaccinated adult. Concomitantly,
a gradual rise occurred in the numbers of infected leukocytes, as determined by the
infective center assay. Increase in viral titer was accompanied by cell injury, decline
in cell numbers, and decreased acid production. Leukocytes not pretreated with
phytohemagglutinin appeared to form infective centers after exposure to the vac-
cinia agent, but they did not replicate infectious virus. For viral replication, the con-
tinuous presence of phytohemagglutinin was required.

The present investigation was designed pri-
marily to define parameters of a cell culture sys-
tem in which quantitatively reproducible results
can be obtained in analyses of factors that in-
fluence the capacity of leukocytes to support viral
replication. The system chosen consisted of
human blood leukocytes and vaccinia virus, an
agent that has not yet been reported to multiply
in such cells, although it was the first to be culti-
vated in the white blood cells of lower animals
(3).

MATERIALS AND METHODS

Viruses. Two lines of the Massachusetts Antitoxin
Laboratory strain of vaccinia virus were used. The
first, chick cell vaccinia virus (CCVV), had been car-
ried through many passages in embryonated eggs and
was partially purified by differential centrifugation.
The second line of virus, human cell vaccinia virus
(HCVV), was derived from calf lymph smallpox vac-
cine and was passed several times in monolayer cul-
tures of strains of cells developed from human
placental tissue by Elizabeth A. Grogan. Titers of
stock CCVV and HCVV were 6 X 107 and 3 X 106
plaque-forming units per ml (PFU/ml), respectively,
when titrated in cultures of the AH-1 line (5) of grivet
monkey renal cells (GMK). CCVV and HCVV were
both employed because at first it was postulated that a
human cell-adapted virus might replicate to a greater
extent in human leukocytes. However, clearly defined
differences in this respect were not observed.

White blood cell cultures. Leukocytes from a single
healthy vaccinated adult were employed throughout.
Erythrocytes from blood taken in a syringe wet with
heparin (approximately 20 to 50 units/ml) were sedi-

mented either by gravity or by addition of a 1% solu-
tion of dextran, and the leukocyte-rich plasma was
removed. Leukocytes were washed three times and
resuspended in Eagle's medium containing twice the
usual concentration of amino acids and vitamins and
15%,0 fetal bovine serum. The initial concentration of
white cells, which were often mixed with some
erythrocytes, was adjusted to 6 X 105 white cells per
ml. Cultures were maintained at 37 C in an atmosphere
of 5%/o C02 in air. Where indicated, phytohemagglu-
tinin-M; (PHA Difco) diluted to a final concentration
of 200 ,ug/ml was added to the culture.

Inoculation of virus. After 3 days of incubation at
37 C, nearly all of the cells were found suspended in
the culture fluid. Before inoculation, the medium was
separated by centrifugation and was replaced. As
routine, after 2 to 5 hr in a roller wheel at 37 C, the
cultures were washed repeatedly with neutralized
Hanks' solution, and a medium containing PHA at
the original concentration was replaced.

Viral titrations. A standard plaque assay was used
for all titrations. Total virus was measured by titrating
the entire contents of cultures which were previously
frozen and thawed rapidly three times. Each titration
was performed on two or more AH-1 GMK mono-
layer cultures in petri dishes. After 2 hr of incubation
at 37 C, the inoculum was removed, and an overlay
consisting of Eagle's basal medium with 2%0 fetal calf
serum and 1.5So agar was added. After 3 days at 37 C,
the preparations were stained with neutral red, and
the plaques were counted.

Assay of infective centers. Most of the virus free in
the medium was removed by repeated washing of the
cells (usually six times). To neutralize virus adherent
to the cell surface, the cells were then treated with
hyperimmune goat antivaccinia serum diluted 1:4
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(virus neutralizing titer >1:1,000). As a control,
preimmunization goat serum was employed. (These
reagents were a gift from Philip Coleman, National
Communicable Disease Center, Atlanta, Ga.). After
the cell-serum mixtures were incubated at 37 C for
1 to 2 hr, the cells were counted. Dilutions of the mix-
tures were prepared, and samples of each dilution were
distributed on duplicate GMK monolayer cultures,
which were then handled as described in the preceding
section. Portions of each dilution were also centrifuged
at 1,500 rev/min for 5 min, and the infectivity titers
of supernatant fluids were determined.

Mitotic indices and cytomorphology. The proportion
of cells in mitosis was determined by the method of
Moorehead (6). Cellular morphology was examined
in air-dried coverslip smears of cells, fixed in methyl
alcohol, and Giemsa stained.

RESULTS

Demonstration of viral replication. In prelimi-
nary experiments, PHA-stimulated leukocyte
cultures were exposed to decreasing input multi-
plicities of both CCVV and HCVV. Portions of
the leukocyte cultures were assayed for total virus
content immediately after washing and 3 days
after incubation. A 3 to 80-fold increase in in-
fectivity titer with both strains occurred during
this interval. The increase, however, was greater
in cultures that were infected with less than 1

PFU per cell.
To establish that the increase in viral titer was

the result of replication in infected cells, and not
due to other factors such as disaggregation of
clumped viral particles, infective centers were

determined on the day of inoculation and again
3 days later. The results (Table 1) demonstrated

an increase in infective centers, not neutralizable
by excess antiserum, from approximately 0.47%
of cells on the day of inoculation to about 18%
of cells on the third day after infection. In the
cultures treated with normal serum, there was an

increase in the proportion of plaque-forming
cells from 5% on the day of inoculation to 60%
3 days later. That these increases were associated
with an increase in total virus content is also
apparent from the data (Table 1). The observed
increment in viral titers in the antiserum-treated
cultures presumably reflects an increase in intra-
cellular virus.

Determination of the kinetics of viral replica-
tion demonstrated gradual increases in total virus,
extracellular virus, and antiserum-treated infec-
tive centers after inoculation of PHA-treated
leukocytes. Total virus did not increase until
more than 8 hr following infection. Maximal
levels of virus were reached approximately 72 hr
after infection with an inoculum of 0.25 PFU per
cell. At the peak of viral increase, extracellular
virus comprised less than one quarter of the total
virus in the culture. Assuming that the increase in
total virus observed during the first 20 hr of in-
fection represents replication during a single
cycle in the cells initially infected, the yield per
infected cell was calculated as 30 or 40 PFU on
the basis of data obtained in two experiments.

Effect of vaccinia on cell numbers and morphol-
ogy ofleukocytes. Figure 1 graphically summarizes
the results of an experiment in which the number
of cells in cultures treated with stock virus, ultra-
violet-irradiated virus, or suspending medium

TABLE 1. Infective centers and cell-associated virus after exposure of PHA-treated leukocytes
to vaccinia virusa

Cells b Calculated no. of Observed PFU/mlTime Tube Treatment associated No. of cells in cells associated with after freezing and
(day) with virus culture virus thawing

O 1 Antiserum 0.3 50,000 150 105
0 2 Antiserum 0.5 60,000 300 100
0 3 Normal Serum 5.3 72,000 3,800 1,420
0 4 Normal Serum 4.5 98,000 4,400 1,920

3 5 Antiserum 11 75,000 8,300 5,000
3 6 Antiserum 24 35,000 8,400 23,000
3 7 Normal Serum 63 25,000 15,700 100,000
3 8 Normal Serum 54 25,000 13,500 66,000

a PHA-treated leukocyte cultures, after 3 days incubation at 37 C, were exposed to 1 PFU/cell of
HCVV. After 4 hr at 37 C, cells were washed six times. Portions of cells then treated with either goat
antivaccinia serum or normal goat serum were incubated for 1 hr, and infective centers were determined.
Remaining cells were washed three times to remove serum, resuspended, counted, frozen and thawed
three times, and assayed for total virus content. The entire procedure beginning with the washes was
repeated 3 days after exposure.

b Cell counts made after washing to remove serum, immediately before cultures were frozen.
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