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ABSTRACT

SCHULMAN, JEROME L. (Cornell University Medical College, New York, N.Y.), AND
EDWIN D. KILBOURNE. Induction of partial specific heterotypic immunity in mice by
a single infection with influenza A virus. J. Bacteriol. 89:170-174. 1965.-MIice infected
4 weeks previously with influenza A virus were found to be partially immune when
challenged with influenza A2 virus. This partial immunity was demonstrated by re-

duced titers of pulmonary virus, decreased mortality, and less extensive lung lesions.
A specific immunological basis for this protection was suggested by the absence of any
protection in animals previously infected with influenza B virus when challenged withi
A2 virus, or in animals previously infected with influenza A virus when challenged with
influenza B virus. Parenteral inoculation with inactivated influenza A virus did not
induce partial immunity to A2 virus challenge. An accelerated rise of hemagglutinating-
inhibiting antibody after A2 virus challenge was demonstrated in animals previouslxy
infected with influenza A virus.

Immunitv to influenza is oenerally considered
specific for the viral subtype that induces the
infection. In natural human infection, this view
is most dramatically illustrated by- the vaccine
failures of 1947 (Francis, Salk, and Quilligan,
1947) and the pandemic of 1957-both sequels
of antigenic mutation of influenza A viruses
(Al and A2) so extreme as to circumvent immu-
nity engendered by the earlier A v-ariants.

In the past decade, studies based on sero-
epidemiological data (D)avenport, Hennessy, and
Francis, 1953; Lief and Henle, 1960), as well as
serum-absorption studies of experimentally
immunized animals (Jensen et al., 1956) have
suggested strongly that minor antigens are
shared by viral strains of all four subtypes. Thus,
the influenza A subtypes differ in the major
cal)sid antigens responsible for specific immunity
and immunization but also share minor capsid and
nucleoprotein antigens. There is no evidence
that the nucleoprotein antigen induces immunity
to influenza v-irus infection (Lennette and Hors-
fall, 1941), and the concept of significant hetero-
typic immunity engendered by the minor antio,ens
is at p)resent an attractive hypothesis to elxplain
the apparent increase in imnmunity wvith increas-
ing age.

In earlier studies of the viruses of human
and swine influenza, it Nvas demonstrated that

ferrets, mice, and swine convalescent from infec-
tion of human or swine influenza Xvir uses had less
extensive lpulmonary lesions and decreased mor-
tality following challenge with the heterotvpic
VXirus. However, neutralizing antibody to the
heterotypic viruis was regularly demonistrable in
the se.ra of such animals only after repeated
infection or immunization w-ith the homiotvpic
virus (Smith, Andrewes, and Laidlaw, 1933,
1935; Shope, 1935, 1937; Francis and Shope,
1936; Shope and Francis, 1936). In riecent in-
xvestigations by Henle and Lief (1963), it was
showN-ni that rel)etitive homotvpic infection may
elicit formation of heterotvpic viral-specific
coml)lement fixing and neutralizing antibodies in
guinea pigs. IMore iml)ortant, it was also dem-
onstrated that quadruple (but not single) infec-
tionis of imice with an Al virus induced heterotvpic
immunity to all other A subtypes as determined
bV LI) 50.
The l)resent studies w-ere dlesigned to investi-

,gate further the problem of specific immunity
(rather then antibody specificity) in influenza,
by use of a murine experimental model in which
pulmonary virus titers may be measured with a
high level of reproducibility and confidence
(Schulman and Kilbourne, 1963a), with the
exl)ectation that the criterion of lessened x'iral
multiplication after challenoe would constitute a
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sensitive and definitive indicator of specific
heterotypic immunity.

MATERIALS ANI) METHODS
Mice. Manor Farm (MF-1) specific pathogen-

free male mice, 10 to 16 weeks of age, were em-

ployed in all experiments. Mice were housed in
stainless-steel boxes in groups of 10, or in pairs in
smaller stainless-steel containers with wire-mesh
floors.

Lungs were removed aseptically at designated
intervals and ground in glass tubes in accordance
with techniques previously described (Schulman
and Kilbourne, 1963a).

Viruses. The Stuart-Harris neurovirulent vari-
ant of WS virus (NWS) and PR8 virus were em-

ployed as strains of influenza A virus, and an

unadapted, inhibitor-sensitive strain of virus,
isolated at The Rockefeller Institute (RI/5+;
Choppin and Tamm, 1959), and mouse-adapted
Jap. 305 virus were used as influenza A2 viruses.
In some experiments, the Lee strain of influenza
B virus was also used.

Viral titrations. Virus content of ground sus-

pensions of individual mouse lungs was measured
by techniques previously described (Schulman
and Kilbourne, 1963a).

Hemagglutinating-inhibiting (HI) antibody titra-
tions. HI antibody was titrated in individual
mouse sera at appropriate intervals, by use of the
mouse-adapted A2 (Jap. 305) virus as the antigen.
Control sera from uninfected mice were collected
at each time interval, and used to exclude the
possibility of serum inhibitor affecting the results.
It was found in preliminary tests that, with this
antigen, trypsin or periodate treatment of serum

was not necessary. Sera were heated at 56 C for
30 min, and then serial twofold dilutions of 0.2
ml of heated serum were made in phosphate-
buffered saline (PBS). A 0.2-ml amount of the
mouse-adapted Jap. 305 virus containing 16 to 32
hemagglutinating units was added to each tube.
Then 0.4 ml of human "O" red cells was added,
and after 50 min at room temperature the tubes
were observed for the absence or presence of
agglutination.

Scoring of pulmonary lesions. A modification of
the maximal score method (Horsfall, 1939) was

used in which the extent of pulmonary lesions was

expressed as a percentage of total lung surface.
Aerosol procedure. The apparatus and the

technique used to generate an aerosol mist of
infective virus has been described elsewhere
(Schulman and Kilbourne, 1963b).
Mice were exposed during a 30-min period to an

estimated 100 MID55 of each of the viruses em-

ployed.

RESULTS

Induction of heterotypic immunity by exposure
of mice to aerosols of live virus. Table 1 summarizes
the results of one experiment in which mice

TABLE 1. Effect of previouis infection of mice with
heterotypic or heterologolus virus on sstbseqatent

challenge with influenza A2 viruts

Iniialinecton Challenge PulmnonaryInitial infection infection* virus titers Mortality

None A2 (Jap. 7.9 ±t .49 15/15 (100%o)
305)

B (Lee) A2 (Jap. 7.4 i .43 ND$
305)

A (PR8) A2 (Jap. 6.5 ± .38 ND
305)

A (NWS) A2 (Jap. 5.5 + .542/15 (13.3%)
305)

A2 (R1I/5+) A2 (Jap. <1.0
305)

None B (Lee) 6.0 ND
A (PR8) B (Lee) 6.1 ND
A (NWS) B (Lee) 6.0 ND

* At 4 weeks after initial infection.
t Logio , EID50 , mean of individual titers (five

animals in each group).
I Not determined.

were infected by aerosol with 100 MID50 of the
viruses indicated, and challenged 4 weeks later
with aerosol mists of Jap). 305 (A2) or influenza
B (Lee) viruses. C.ontrol animals were exposed
to an aerosol of saline 4 weeks prior to challenge.
Five mice in each groul) were autol)sied 72 hr
after challenge, and pulmonary titers of infective
virus were determined by separate titration of
each lung in eggs. Observations for mortality
were conducted on 15 animals initially infected
with NWS virus and then challenged with Jap.
305 virus, and 15 control animals challenged with
Jap. 305 virus. The results indicated that p)rior
infection of mice with two strains of influenza A
virus (NWS and PR8) induced some cross-
protection to challenge with A2 (Jap. 305) virus.
This was demonstrated by reduced pulmonary
virus titers compared to control animals 3 days
after challenge, and, in the case of animals
previously infected with NWS virus, reduced
mortality 7 days after challenge. The effect
appears to be immunologically specific, because
prior infection with influenza A (PR8 or NWS)
virus did not lead to reduced pulmonary virus
titers upon challenge with influenza B (Lee)
virus. Conversely, prior infection with influenza
B (Lee) virus had no effect upon challenge with
A2 (Jap. 305) virus. Immunity resulting from
prior infection with homologous virus was
absolute after a 4-week interval, in that no virus
was demonstrable in lungs of mice infected with
one A2 strain (RI/5+), and challenged with
another (Jap. 305).
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FIG. 1. Pulmonary viruis titers (EID5o) and
pulmonary lesions in animals previously infected
with .heterotypic or heterologous viruses and
challenged with Jap. 305 viruis.

TABLE 2. Effect of parenteral immunization with
inactivated influenza A virus upon subsequent

challenge with A2 viruis

Pulmonary virus
Injection5 Challengeb titersc (72 hr

after challenge)

Saline A2 (Jap. 305) 7.5
A (PR8)d A2 (Jap. 305) 7.7

Saline A (NWS) 7.2
A (PR8)d A (NWS) 5.6

Saline A (PR8) 7.0
A (PR8)d A (PR8) <4.7e

a Three intraperitoneal injections of 0.2 ml at
weekly intervals.

b At 1 week after final injection.
C EID50 , logio five animals in each group.
d Injection of 200 CCA units/ml; HI antibody

titer to PR8 virus = 1:128.
e No virus at 10-5 dilution in any of five lungs.

In another similar experiment, p)ulmonary
virus titers were measured at daily intervals over
a 4-day period to determine whether cross-
protection was demonstrable at more than one
time period after challenge with A2 virus. The
results (Fig. 1) indicated that at every interval,
pulmonary titers of A2 virus were lower in
animals previously infected with influenza A
(NWS) virus than in mice previously infected
with influenza 13 (Lee) virus or previously ex-
posed to a saline aerosol. (The P value of the
differences is less than 0.05 in six of the eight
possible comparisons.) An additional group of
mice was infected with PR8 virus and challenged
4 weeks later with the Jap. 305 virus. After 72

hr of infection, these mice had a mean pulmonary
virus titer of 1068 (not shown in Fig. 1). This
single observation was in accord with the de-
creased viral titers induced by prior infection
with NWS-also of the influenza A subtype. The
reduced pulmonary virus titers in mice previously
infected with NWS virus were associated with less
extensive pulmonary lesions. Of eight animals in
each group observed for 7 days, there were eight
deaths in the Lee and saline groups and no deaths
in the NWS group. In the same experiment,
similar groups of mice were challenged with
aerosols of NWS or Lee virus. Prior infection with
NWS or PR8 virus had no effect upon subsequent
challenge with Lee virus, as contrasted to the
effect on Jap. 305 challenge (Table 2). In this
experiment, prior infection with A2 (RI/5+)
virus did not modify pulmonary virus titers 72
hr following NWS challenge.

;lttempted induction of heterotypic immunity by
parenteral inoculation of inactivated virus. It was
of interest to determine whether a partial,
heterotypic immunity could be induced by paren-
teral immunization with inactivated virus, as
well as by exposure to live virus infection. Mice
were inoculated intraperitoneally at weekly
intervals with 0.2 ml of formalin-inactivated
PR8 virus (200 chick cell agglutinating units per
ml) for a total of three injections. One week after
the last injection, they were challenged with Jap.
305, NWS, or PR8 virus at a time when mean
homotypic HI antibody titer was 1:128 (Table 2).
No plrotection (as evidenced by reduction in pul-
monary virus titers) was afforded to mice im-
munized with inactivated PR8 virus and then
challenged with A2 (Jap. 305) virus infection. In
contrast, PR8-immunized animals were at least
partially protected upon challenge with either the
PR8 or NWS strains of influenza A virus. Thus,
homotypic but not heterotypic immunity was
elicited by parenteral immunization in this ex-
peliment.

.l ntibody response to challenge infection as an
indication of heterotypic immunity. Attempts were
also made to determine whether the partial
immunity to A2 virus challenge afforded by prior
NWS virus infection was associated with a more
rapid appearance or greater titer of HI antibody
to A2 virus after challenge. iMice were infected
with NWS or Lee virus by aerosol, or were ex-
posed to an aerosol of saline. They were chal-
lenged with Jap. 305 virus by aerosol 4 weeks
later. HI antibodies to Jap. 305 virus were
measured in individual sera of five animals from
each group (Fig. 2). HI antibodies to this virus
were not demonstrable before day 7 in any of the
three groups. On day 7, however, all of the mice
p)reviously infected with NWS virus had demon-

172 J. BA~CTERIOL.



Vol.. 89, 1965 HETEIIOTYPIC IMMUNITY WITH INFLUENZA A VIRiUSES

strable titers of antibody, wN-hereas only one out
of five animals in each of the other two groups
had detectable antibody. Despite this accelerated
immune response in animals previously infected
with NWAS v-irus, reduced titers of virus were
demonstrable in the lungs of these animals as
early as 24 to 28 hr after challenge with Jap. 305
v-irus, long before circulating antibody was de-
tectable.

DISCUSSION

The l)resent studies demonstrate that signifi-
cant immunity may be induced in mice by a single
aerosol-mediated infection with an influenza A
virus, heterotypic, but not heterologous, to the
v-irus subsequently used for challenge. This
partial immunity is reflected by 10- to 100-fold
reduction in the titers of infective challenge virus
in the lungs, by diminution of macroscopically
discernible pulmonary lesions, and by reduction
in mortality. That this partial immunity is
specific is strongly indicated by the failure of
antigenically heterologous (influenza B) virus
either to induce l)artial immunity, or to indicate
immunity wlhen used in the challenge infection.
Further, heterotypic (influenza A), but not
heterologous (influenza 13), virus infection led to
an accelerated homotypic antibody response to
the challenge virus suggesting specific anti-
genic recall, and hence, the sharing of antigens
op)erative in immunity.

It is unlikely that the partial immunity induced
by heterotvpic infection is a nonspecific effect.
The course of the initial immunizing infections
with the several viruses emp)loyed was quite
comparable, because all but the RI/5+ strain of
influenza A2 Xvirus were mouse-adapted and
multiplied to comparable levels in the lung, and
induced gross lesions of comparable degree. Viral
interference may be excluded as a likely mecha-
nism of immunity in the present studies, because
earlier studies (Schulman and Kilbourne, 1963a)
of influenza virus infection in the mouse lung
have shown this to be a phenomenon of relatively
brief duration. Interference is inducible also with
heterologous virus, and no effect wras observed
with heterologous (Lee) virus in the piresent
inv-estigation.
The present studies have been concerned with

the ultimate expression of immunity as evidenced
by reduction in viral replication and disease, and
not with the quality of the antibody response.
Nevertheless, they offer confirmation of the work
of Henle and Lief (1963), and extend their ob-
servations on heterotypic lprotection after re-
peated monotypic infection by demonstrating
that substantial immunitv may be engendered
by a single heterotypic infection. In accord also
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FIG. 2. HI antibody response after challenge
with Jap. 305 mrirs in animals previouisly infected
with heterotypic or heterologo 7s ridr oses.

with the earlier studies of cross-immunity with
human and swvine influenza viruses, protection
in the absence of detectable heterotvpic anti-
body was observ,ed in our experiments.
The failure of repeated parenteral injections of

noninfectiv e virus to provide heterotypic im-
munity is of interest, particularly because high
levels of cireculating homotypic antibody wvere
induced. This observation is consistent with
earlier evidence that the antibody formed in
response to p)arenteral injection of nonreplicating
virus is more strain-slecific than that. produced
after infection (Francis 1959). However, it may
simply reflect a lesser antioenic mass provided
by l)aienteral injection compared to that elabo-
rated during infection. Alternatively, the greater
efficacy of immunization with live virus may be
related to the priming of antibodyr-forming cells
in p)roximity to the respiratory tract.. T'his latter
hypothesis is consistent with our finding that
mice previously infected wvith heterot.ypic virus
have accelerated antibody response to the chal-
lenge v-irus despite reduced concentrations of
virus in the lung after challenge. Thus, reduced
v,ira] relplication may- be the sequel of prompt
local antibody reslponse, l)rimed by earlier
heterotvpic infection.
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