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I. Abstract

ANTIGENIC COMPETITION OF INFLUENZA VIRUS GLYCOPROTEINS:
IMMUNOLOGICAL AND CELLULAR MECHANISMS RESPONSIBLE FOR
THE INFLUENCE OF HEMAGGLUTININ PRIMING ON THE
IMMUNOGENICITY OF THE VIRAL NEURAMINIDASE
by Bert E. Johansson

Advisor: Distinguished Service Professor Edwin D. Kilbourne

In man, vaccination with neuraminidase (NA) in H7N2
influenza virus antigenic hybrids elicits greater anti-NA
response than does N2 NA in H3N2 conventional vaccine,
presumably because humans are H3 hemagglutinin (HA) primed
and anti-H3 anamnestic response depresses concomitant N2
responses by antigenic competition. BALB/c mice were
primed by different schedules of infection with H3N1l, H3N2
and H3N7 viruses and given H3N2 and H7N2 vaccines equival-
ent in NA immunogenicity. 1In schedules using sequential
infections, but not after a single infection with any
virus, anti-N2 booster response was four-fold greater with
H7N2 vaccine. Thus, HA-influenced suppression of immuno-
logic response to viral NA requires adequate HA priming.
Titration of primed helper T (Th) cell activity by
adoptive transfer of purified T cells to athymic mice and
assay of the proliferative response of T cells in B and T
cell mixtures stimulated by reassortant influenza viruses
in vitro has shown: 1) HA is dominant over NA in both B and
T cell priming, 2) an increase in H3 specific B cells

occurs .in mice boosted with H3N2 vaccine and an increase in



iv
N2 specific B cells in those boosted with H7N2 vaccine and,
3) memory B cells function as antigen presenting cells and
interact with memory Th cells in the mediation of intra-
virionic HA-NA antigenic competition in favor of HA.
Analysis of equivalent macrophage-T cell mixtures demon-
strates macrophages from variously immunized and from
unimmunized BALB/c mice are equivalent in their capacity as
antigen presenting cells when stimulated jin vitro with
influenza virus.

Immunization of mice with graded doses of purified .
influenza virus HA and NA antigens demonstrated equivalent
responses'when HA-specific and NA-specific serum antibodies
were measured by enzyme-linked immunosorbent assays
(ELISA). Apparently, the antigenic competition between HA
and NA glycoproteins results from the difference in their
quantitative relationships on the virion surface and not
from differences in intrinsic immunogenicity.

Injection of mice with purified H3 HA or N2 NA
antigen resulted in immunity manifested by reduction in
pulmonary virus following challenge with virus containing
homologous antigens. While H3 immunization with all but
the lowest doses of antigen prevented infection, immuni-
zation with N2 was infection-permissive at all antigen
doses. The demonstrable immunogenicity of highly purified
neuraminidase as a single glycoprotéin without adjuvant and
influenced by HA antigenic competition offers a novel

approach for human immunization against influenza.
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V. INTRODUCTION

Influenza is an acute respiratory tract infection
that can result in a mild inapparent infection or a severe
incapacitating illness. Influenza viruses, the causative
agents of influenza, were termed myxoviruses (Andrewes et
al, 1955) to denote the affinity of the virion for mucin in
the form of mucopolysaccarides and glycoprotein. Laﬁer the
designation was changed to orthomyxovirus to distinguish
them from paramyxoviruses. Influenza viruses are divided
into types A, B, and C, a classification based on genetic
differences and antigenic differences between surface pro-
teins and the major internal proteins, M and NP. Influenza
A viruses are described by a nomenclature which includes
the host of origin, geographic origin, strain number and
year of isolation. The antigenic classification of the HA
and NA are given in parenthesis, e.g. A/PR/8/34 (HIN1).
There are 13 antigenic subtypes of HA (H1-H13) and 9 sub-
types of NA (N1-N9). All subtypes are found in birds, but
only a few in humans (H1,H2,H3; N1-N2), swine and horses.
Influenza A virus has a genome composed of eight negative
sense RNA segments that encode ten viral proteins (Mahy,
1983)., Two of these genes encode for the surface glyco-
proteins, hemagglutinin (HA) and neuraminidase (NA) which
appear as "spikes" on the virion surface when examined by
electron microscopy (Laver and Valentine, 1969). The HA
mediates the initial attachment of the virion to cells via
sialic acid residues (Choppin and Tamm, 1960) and



possesses a fusion capability that enables the virus
envelope to integrate with a lysoendosomal membrane
allowing the interal viral components access to the cell
cytoplasm (Yoshimura and Ohnishi, 1984). Antibodies to HA
neutralize viral infectivity; antigenic variation in this
molecule is mainly responsible for frequent outbreaks of
influenza and for the poor control of infection by
immunization. The HA molecule is present in the virion as
a trimer. Each monomer exists as two chains, HAl and HA2
linked by a disulfide bond (Wilson et al, 198l). The
precursor single polypeptide must be cleaved to produce HAl
and HA2 for the virus particle to be infectious (Lazarowitz
and Choppin, 1975). HA2 is anchored in the membrane by a
sequence of hydrophobic amino acids at the C terminus. As
shown by X-ray crystallography, each HA molecule contains
two main regions: a triple-strand coil of alpha helices and
a globular region of anti-parallel g-sheets (Wiley et al,
1981; Wilson et al, 1981). The cell receptor-binding site
and the variable antigenic determinants are located on the
globular domain (Caton et al, 1982).

The NA is an enzyme which cleaves sialic acid
residues from any oligosaccharide chain possessing that
terminal sugar, including terminal keto groups on the HA
and NA molecules. NA's exact role is not certain but is
probably involved in the release of new virus particles.

NA exists as a spike on the virion with a "head" containing

four coplanar and approximately spherical subunits, and a



centrally attached "stalk" with a transmembrane hydrophobic
region (ﬁaver and Valentine, 1969). NA is oriented in the
opposite way to HA--the transmembrane segment is at the N
terminus. Studies with X-ray crystallography have shown
that the polypeptide chain is arranged in six topologically
identical, four-stranded, anti-parallel 8 -sheets, giving an
overall appearance of propeller -blades (Varghese et al,
1983; Colman et al, 1983). The catalytic site appears to
be a large pocket on the distal surface formed by 18
residues conserved among subtypes (Varghese et al, 1983;
Air et al, 1985). Most of the antigenic variation occurs
in sites that encircle the enzymatic active site (Air et
al, 1985).

Intact virions also contain a third envelope
associated protein called matrix (M) protein, which is the
major virus protein and is associated with the inside of
the membrane (Compans et al, 1970). Inside the viral
envelope are the eight RNA segments, the polymerase pro-
teins (PA, PBl, PB2) which supply the enzymatic machinery
for viral RNA synthesis and nucleoprotein (NP) which assoc-
iates with RNA segments to form ribonucleoprotein (RNP)
(Krug 1971, 1972). RNPs are found in the nucleus of
infected cells (Lin and Lai, 1983).

al_ Re cation and Assembl

As with other enveloped viruses, influenza undergoes

receptor mediated endocytosis. The cell receptor contains

sialic acid (Choppin and Tamm, 1960) and the viral receptor



is the distal end of the HA molecule (Rogers et al, 1983).
Uncoating of the virus occurs as a result of the endosome
containing the ﬁirus particle fusing with a lysosome
(Yoshimura and Ohnishi, 1984). The low pH of the lysosome
catalyzes a conformational change in HA (Skehel et al,
1982) that results in the viral envelope fusing with the
endosomal membrane and the viral genome being released into
the cytoplasm (Simons and Garoff, 1980). The viral nega-
tive strand RNA serves two functions, one transcription and
the other replication; The viral negative strand RNA
within the cell directs synthesis of posifive strand RNA
and messenger (mRNA). Cellular mRNA contributes a capped
methylated primer and 10-15 nucleotides from the 5°' termi~
nal end for incorporation into the viral mRNA (Mahy et al,
1972). This cleavage activity, priming of the nascent
strand and elongation has been shown to occur with isolated
RNA polymerase-RNA complexes composed of PBl, PB2, PA and
VRNA in the absence of NP (Kato, Mizumoto and Ishihama,
1985). Viral transcriptase transcribes genomic RNAs to
make monocistronic mRNAs (+ strand), each of which speci-
fies a single protein. Viral polymerases direct the
replication process. A full-length (+) strand is made and
in turn serves as a template for synthesis of progeny
(- strand) RNA (Beaton and Krug, 1984, Hay et al, 1977).
Two of the eight virus RNA segments, numbers 7 and
8, each encode at least two proteins. Segment 7 contains

three opeh reading frames from two of which gene products



have been found; one encodes the non-glycosylated envelope
protein M1 (matrix protein) in a continuous reading frame,
overlapping this is a second reading frame for a smaller
protein, M2 (Lamb and Choppin, 1983). M2 is not found in
the virion but is expressed at the surface of infected
cells (Zebedee et al, 1985). The two proteins in Segment 8
show a similar relationship. NS1 (non-structural) is
derived from a continuous reading sequence, whereas NS2
results from a splicing event. Neither NS1 or NS2 is found
in the virion and their functions are not clear (Greenspan‘
et al, 1985).

The assembly of the virion occurs in two stages:
assembly of the nucleocapsid and inclusion of this in the
viral envelope. Nucleocapsid assembly appears to take
place in the nucleus, whereas the viral envelope takes
shape at the cell plasma membrane. The latter process
begins in the membrane of the endoplasmic reticulum in
which viral glycoproteiné are first inserted and then
glycosylated as they pass through the Golgi apparatus. HA
and NA are both transported to the cell's apical surface
(Rodriquez-Boulan and Sabatini, 1978); each contains
structural features cap;ble of directing the transport of-
the protein to apical cell surfaces (Jones et al, 1985).
Formation of ribonucleoproteins (nucleocapsids) occurs free
in the cytoplasm (Compaﬁs and Caliguiri, 1973). M1l protein
acts as a bridge between the nucleocapsid and the viral

envelope but how this occurs and whether there is contact



between the glycoproteins, intracytoplasmic segments, and
nucleocapsidé is not clear (Lenard and Compans, 1974).
After assembly at the cell plasma membrane, the completed
influenza virus particles push out from the plasma membrane
in a budding or evagination process not yet understood
(Choppin, 1963; Simons and Garoff, 1980).

The assembled virion exposes only two glycoproteins
to the environment, HA and NA. HA has its most important
roles before replication (i.e., attachment and fusion),
whereas NA may function both before and after replication.
Before replication, NA may act on non-specific inhibitors
in thg extracellular fluids and possibiy to release virus
from mucus (Kilbourne et al, 1975). After replication NA
acts on substrates in or on the infected cell, and on the
virion itself in accomplishing release and detachment from
infected cells (Palese et al, 1974; Palese and Compans,
1976).

A subject of increasing interest is the expression
of viral proteins other than HA and NA at the surface of
infected cells. It has been shown that NP is expressed on
the surface of infected cells (Virelizier et al, 1977;
Yewdell et al, 1981), and that this may also occur in cells
transfected with DNA plasmids containing coding sequences
for NP (Townsend et al, 1984). Less clear results have
been found for matrix (M) proteins. Workers using
polyclonal antisera suggested that M was expressed at the

cell surface (Ada and Yap, 1977; Reiss and Schulman, 1980);



in contrast, workers using monoclonal antibodies havé found
very small amounts of M protein expressed at the cell
surface (Hackett et al, 1980; Yewdell et al, 1981). These
results may be explained as either contamination of the
polyclonal antisera with anti-HA antibodies (Reiss and
Schulman, 1980) or possibly by the anti-M sera recognizing
epitopes shared by M1 and M2, since M2 has been found |
expressed in considerable amounts at the infected cell
surface (Lamb and Choppin, 1983; Zebedee et al, 1985). The
extent to which other internal proteins are expressed on
the infected cell surface has not been fully explored.
However, recent work has shown that anti-influenza virus
cytotoxic T cells recognize the three viral polymerases
(PA, PBl, PB2) and a protein not incorporated into virions,
NSl protein (Bennick et al, 1987).

ntigenic Prope es of al Proteins
" B_Cell Recognition:

Locations of major antigenic sites on the HA mole-
cule have been described using two complementary techni-
ques: 1) generation of a panel of monoclonal anti-HA
antibodies for selecting viral mutants expressing antigeni-
cally changed HA molecules. Analysis of the binding
resulted in construction of an antigenic map of the HA
molecule, 2) an analysis of the three dimensional structure
of HA molecules and a comparison of the amino acid sequen-
ces of the HA from related epidemic and mutant strains

(Webster and Laver, 1980; Wiley et al, 1981; Gerhard et al,



1981). There is consensus that these approaches show four
principal antigenic determinants which have been designated
for the H3 molecule as: site A,B,C, or D (Wiley et al,
1981) and for the Hl molecules as: Sa, Sb, Ca or Cb
(Gerhard et al, 1981, Caton et al, 1982). The antigenic
sites of PR8 Hl1l HA correlate with the structu;;'of the ﬁong
Kong H3 HA, indicating that the HA molecules of these two
subtypes must share many related structural features,
although there is less than 25% sequence similarity between
Hl1 and H3. Moreover, Caton et al (1982) suggest that the
presence of carbohydrate moieties at certain sites could
result in some of the differences in antigenicity observed
between H3 and Hl.

Recently, Nestorowicz et al (1985a) used a panel of
anti-HA monoclonal antibodies to test for binding to
different physical forms of the H3 HA molecule. The HA
used for binding was in three forms--as the trimer, as the
monomer and as a reduced and alkylated form. Their results
indicated that antibodies, including neutralizing antibod-
ies to important antigenic sites, react with conformational
determinants, some of which result from the interface of
regions between monomer subunits in formation of the HA
trimer (i.e., site D). ‘

A number of groups have synthesized short peptides
corresponding to sequences in the HA molecule, induced
antibody formation to these peptides and tested the ability

of these antibodies to react with the HA molecule (Jackson



et al, 1982; nuller et al, 1982; Green et al, 1982;
Nestorowicz et al, 1985b). The peptides aimed to mimic
regions of HA that form important antigenic sites of the
molecule. The results varied. Nestorowicz et al (1985b)
used eight peptides varying in size from 9 to 25 amino
acids, but found only a few to be immunogenic, and only one
induced antibody that bound to intact virus. 1In contrast,
Green et al (1982), reported that 18 of 20 peptides repre-—
senting 75% of the HAl molecule, could elicit antibodies
that bound to HA. However, antibody raised to the intact
HA did not bind to any of the peptides.

HA as the major antigen of influenza viruses
possesses both specific and cross-reacting determinants
(Kilbourne, 1976; Noble et al, 1977). With conventional
serologic methods (e.g., HI) significant cross-reactivity
is limited to strains within a subtype althodgh minor
cross—reactions can be found (Kilbourne, 1976). Russ et al
(1978) found that rabbits immunized with either intact or
purified HA produced antibodies reactive with either HAl or
HA2, and that some antibodies to the HA2 showed a limited
amount of cross-reactivity. 1In particular, serum against
two heterovariant H1 (A/NWS/33 and A/FM/50) viruses reacted
with an HA2 purified from a virus containing H3 HA, but
serum raised against another Hl heterovariant (A/Bel/42) or
an H2 virus (A/Singapore/157) did not react. Using
purified HAl or HA2 in radioimmunoassay, it was observed

that serum raised against HIN1l virus contained two popu-
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lations of antibody binding to HAl or HA2 (Graves et al,
1983). The HA2-specific antibodies to H1 HA had some
homotypic cross-reactivity (i.e. to H3 HA). This observed
cross-reactivity can be explained by the sequence similar-
ity of HA genes; HA2 subunits of influenza A viruses are
highly conserved (Krystal et al, 1982; Skehel et al, 1980).

Similar approaches to those described above are
being used to study the antigenic properties of NA (Air et
al, 1985; Colman et al, 1983). Variation in amino acid
sequence has been observed to occur in regions which form
a nearly continuous surface at the top of the subﬁnit (Air
et al, 1985; Colman et al, 1983). The catalytic site which
is a large pocket of the distal surface appears to be
surrounded by variable regions (Colman et al, 1983).
Studies with monoclonal antibodies to laboratory derived
mutants showed that these variable areas are also antigenic
(Biddison et al, 1977).

Internal proteins of influenza virus have not been
examined to the same extent as HA and NA. Van Wyke et al
(1980) tested five monoclonal antibodies reactive'to
different NP determinants on a large panel of viruses of
different serological subtypes (infecting humans and
animals) isblated between 1930 and 1978. One antibody
detected an apparently invariable region while the other
four detected variable regions. These authors concluded
that point mutations and genetic feassortment contributed

to the antigenic variability of NP but that these changes
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occurred independently of those in the surface glycopro-
tein. Similar findings have been made for M protein (Van
Wyke et al, 1984). Monoclonal antibodies specific for M
were reacted with five influenza A strains. Two antigenic
sites showed antigenic variation, whereas the third appear-
ed to be invariant. At least two of the three antigenic
sites were in nonoverlépping domains. Bucher et al
(unpublished manuscript) using PR8 M-protein purified from
a reassortant virus generated a panel of 18 monoclonai
antibodies reactive to three different antigenic sites.
T cell recognition: T helper ¢ells

The T cell receptor, in contrast to the immuno-
globulin (Ig) receptor on B cells recognizes antigen only
in association with self-MHC antigen. (Benacerraf and
McDevitt, 1972; Zinkernagel and Doherty, 1979). One of the
important findings emerging from studies using protein
antigens and oligopeptides to induce T and B cell respon-
siveness is that different epitopes activate T and B cells
(Maizels et al, 1980; Berzofsky, 1983). Thus, B cells
reactive to lysozyme (Streicher et al, 1984; Allen et al,
1985; Maizels et al, 1980), inflpenza A virus HA (Katz et
al, 1985), myoglobin (Streicher et al, 1984; Berzofsky,
1983) and for the pre-S region of Hepatitis B surface
antigen (Milich et al, 1986) utilize determinants different
from those of T cells stimulated with the same antigen.
Although T and B cells have different reactivities, the

determinants recognized by either can be overlapping or
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adjacent on the propein molecule (Milich et al, 1986).

The requirement of T helper (Th) cells for the
induction of specific immunity to influenza virus proteins
has been well documented (Virelizier et al, 1974; Burns et
al, 1975; Anders et al, 1979). A Th cell function is
needed for the production of neutralizing antibodies during
both primary (Virelizier et al, 1974, Burns et al, 1975)
and secondary (Anders et al, 1979) immune response.
Immunization with whole influenza virus gives rise to
populations of MHC-restricted Th cells in both humans and
mice directed toward the major surface glycoproteins, HA
and NA and the internal proteins M and NP (Hurwitz et al,
1984; Hackett et al, 1985). Two major groups of Th cells
have been described, one that recognizes antigenic
determinants common to all influenza A viruses and the
other that is reactive only to determinants within a given
subtype (Lamb et al, 1982). Analysis of a panel of human T
helper clones induced with influenza A virus revealed that
approximately 50% were subtype cross-reactive with the
majority of these clones reactive with M or NP (Lamb et al,
1982). Comparable results have been obtained in mice,
where, at the clonal level 58% of the Ty hybridomas were
reactive to M or NP and were subtype cross-reactive,
whereas the HA and NA specific hybridomas were subtype
specific (Hurwitz et al, 1985). The specificity of the
cross-reactive Ty population is not limited to internal

components of the virion. It has been shown that both
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subtype specific and cross-reactive T cells can be sfimu-
lated by both HAl and HA2 polypeptide chains of the HA
molecule, but that recognition of antigenic determinants on
HA2 are primarily involved in subtype cross-reactivity
(Katz et al, 1985). Although, an invariant epitope in HAl
capable of eliciting cross—reactive Ty has been identi-
fied using synthetic oligopeptides (residues 306-329 on ﬁl
of PR8) (Lamb et al, 1982; Green et al, 1982). This region
is distant from the four proposed antibody binding sites
involved in viral neutralization. Similarly, Hurwitz et al
(1984) raised several HA-specific T-cell hybridomas and
tested their ability to respond to a panel of PR8 virus
mutants with known amino acid changes. Their results
indicated that 1) immunization with influenza virus elicits
HA-specific T cells that recognize different determinants
than those seen by HA-specific B cells, 2) there are three
'major T cell determinants on the HAl polypeptide, one
corresponding to the same region described by Lamb et al
(1982).

Interestingly, both human and murine Th cells
specific for internal components of the virion are able to
collaborate with B cells in the production of HA specific
antibody (Russell and Liew, 1979, 1980; Lamb et al, 1982;
Scherle and Gerhard, 1986). This phenomenon has been
termed "intermolecular/intrastructural” help (Lake and
Mitchison, 1976). Studies by Scherle and Gerhard (1986)

have shown that Ty cells specific for the internal
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proteins M and NP are as effective in vivo as an HA
specific Th clone in providing help for HA specific B
cells during a primary response. This study also showed
evidence that the observed help followed the rules of a
"cognate interaction™ (i.e., direct T-B interaction) and
therefore, supports the concept of intermolecular/intra-
structural T-B interaction in the anti-influenza response.
A possible mechanism for this phenomenon is that HA
specific B cells capture influenza virus particles via
their surface Ig, but after internalization and processing
present the various processed protein components (e.g. M
NP) of the virus (Johansson et al, 1987c).

T cell recognition: Cytotoxic T cells:

Cytotoxic T cells, like Th cells, differ from B
cells in the requirement for antigen presentation in
conjunction with self-MHC gene products. Shortly after
demonstration that cytotoxic T cells (CTL) could be
generated against influenza virus (Yap and Ada, 1977)
several groups showed that CTL raised to one A strain of
virus could lyse target cells infected with any A strain,
but not with a B strain (Doherty et al, 1977; Zweerink,
Askonas, Millican et al, 1977; Braciale, 1977). Early
studies indicated that CTLs generated during the course of
viral infection of mice show two types of specificity, one,
specific to the stimulating virus and another, broadly
reactive with other influenza subtypes (Braciale, 1977).
Subsequently, limiting dilution analysis showed that the
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majority of CTLs were "cross-reactive" (Owen et al, 1982).
Work with influenza virus infected mice showed that CTL's
can be divided into three groups; 1) those specific for HA
of the stimulating virus, 2) those which recognize HA of
all viruses within a subtype, and 3) those which recognize
targets infected with any A strain virus (Braciale et al,
1981; Koszinowski et al, 1980). °

It had been thought that CTL's would predominantly
recognize surface glycoproteins and particularly HA in view
of the importance of this antigen in viral attachment to
cells. There can be little doubt that in both murine and
human studies HA is recognized by CTL, but the evidence
suggest 1) about 10%-15% CTL precursor cells recognize HA
(Owen et al, 1982; Andrew et al, 1986) and 2) there is
some cross-recognition between Hl and H3 (Kozinowski et al
1980; Braciale et al, 198l1). The preciée locations of the
subtype specific and cross-reactive epitopes are not known.
Wabuke-Bunoti and Fan (1983) reported that HA2 could induce
a weak subtype specific secondary CTL response. Later work
by Kuwano et al (1988) showed that HA2 polypeptide of Hl1 HA
elicited CTL's capable of recognizing a cross reactive
epitope on H1 and H2 subypes, but not on H3.

It is not clear whether or not viral NA is a CTL
target molecule. There is a report suggesting that NA is a
target but it does not unquivocally demonstrate that NA is
recognized by CTL (Sterkers et al, 1985). Recent work has

shown that enzymatically active NA can interfere with
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sensitization of CTL to influenza virus protein (Yewdell et
al, 1988; Hosaka et al, 1988). More work is necessary to
elucidate the role NA plays in CTL recognition.

Several groups have carried out experiments
investigating the CTL recognition of influenza virus
proteins other than the surface glycoproteins. Kees and
Krammer (1984) using limiting dilution analysis of early
responses to reassortant viruses found that up to 90% of
CTL in C57B1/6 mice recognized internal proteins.
Published literature indicates that of the influenza viral
proteins HA (Ennis et al, 1981; Braciale et al, 1986),
possibly NA (Sterkers et al, 1985), NP (Yewdell et al,
1985; Townsend and Skehel, 1984), M (Gotch et al, 198&)
PBl, PB2, PA and NS1 (Bennink et al, 1987) are recognized
by CTLs. Yet recent work has shown that the reactivity of
CTLs to a given protein varies among individuals (Pala et
al, 1986) and between mouse strains possessing different
haplotypes (Bennink et al, 1987; Doherty et al, 1978; Pala
and Askonas, 1985). Yewdell et al (1985) using murine
_target cells infected with a recombinant vaccinia virus
containing the NP gene from PR8, reported that a major
proportion of cross-reactive CTL in BALB/c mice recognize
NP, but that NP was not the sole target antigen recognized
by cross-reactive CTLs. Determination of CTL precursor
frequency by limiting dilution analysis revealed that about
30% recognize NP (Andrew-et al, 1986). There are two

classes of NP-specific CTL, one which is cross-reactive
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among all A strains and another which can distinguish NP
between two groups of influenza A viruses, isolated between
1934-1943 and 1943-1979 (Townsend and Skehel, 1984).
Townsend et al (1984), using mouse L cells transfected with
a series of deletion mutants of the influenza virus NP
gene, showed that human NP-specific CTL recognized three
determinants on NP that are short overlapping fragments.
These determinants were further defined by reactivity to
short synthetic peptides (Townsend et al, 1586).

Antigenic yaﬁiatiog

Two distinct type of antigenic variation occur in
influenza viruses, antigenic drift and major antigenic
‘shifts. Antigenic drift consists of relatively minor
alterations at the genetic level that result in gradual
changes in the surface glycoproteins. Antigenic shift
involves major changes in HA and/or NA.

Antigenic drift in both HA and NA occurs by an
accumulation of point mutations, that result in amino acid
sequence changes. In the case of H3 HA, heterovariants
isolated between 1968 and 1977, most changes occurred in
the HAl molecule, with only three changes in HA2 (Both et
al, 1983). A compilation of various viral protein
sequences showed that HA and NA are most susceptible to
antigenic drift, having amino acid substitutions at a rate
of 0.97% amino acids/year and 0.91% amino acids/year,
respectively, whereas NP and M drifted more slowly at 0.18%
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amino acids/year and 0.07% amino acids/year, respectively
(Huddlestoﬁ and Brownlee, 1982). In nature, HA and NA
apparently undergo relatively independent antigenic
variation (Schulman and Kilbourne, 1969). Drift can be
mimicked in the laboratory by growing virus in the presence
of monoclonal antibody. Variants of both HA and NA that do
not bind the selecting antibody appear at a frequency of
about 10-5 (Portner et al, 1980). The change in antigen-
icity was found, in most cases, to be associated with a
single amino acid change, and, as with naturally occurring
“HA mutants, these changes were clustered in the four known
antigenic sites in HAl (Gerhard et al, 1981; Caton et al,
1982). Similar studies to select NA variants have also
shown single amino acid changes that are clustered in or
near the major antigenic sites (Air et al, "1985; Laver et
al, 1982). When tested with polyclonal antisera, antigenic
variants with only one amino acid change seems to have
little effect on the total antigenic properties of HA or NA
(Air, Laver, Webster, 1987) suggesting that a significant
change from an epidemiological viewpoint requires changes
in two or more sites (Cruse and Lewis, 1987). Possibly,
mutations occur sequentially during the spread of a virus,
so that a change in only one epitope can give some selec-
tive advantage.

Two mechanisms have been proposed to explain antigen
shift. First, it has been shown that genetic reassortment

between different human viral strains (Palese and Young,
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1982) or between human virus and animal or avian influenza
viruses (Webster et al, 1971) can occur in vivo. The
sudden replacement of H2N2 by H3N2 in 1968, can be
explained by this mechanism. Examination of the A/Hong
Kong/1/68 virus revealed that the shift contained 7 genes
(including NA) of a human Asian (H2N2) strain (Scholtissek
et al, 1978a) and an HA gene with strong sequence siﬁilar—
ity (96%) and antigenically related to A/Duck/Ukraine/63
(Fang et al, 1981).

A second explanation for the origin of pandemic
strains is that the "new" virus is actually the "recycling”
of an earlier strain that remained hidden and unchanged in
some unknown place. Evidence for this kind of event was
obtained from the appearance of an HINl virus in northern
China in 1977 that spread worldwide. This "Russian flu"
seems to be identical in all genes to a virus that
circulated in 1950 (Scholtissek et al, 1978b). Was this
virus preserved in a frozen state or conserved in an animal
reservoir?

Antibody Response_to Influenza Virus

Antibody response to influenza infection has been
thoroughly studied in humans and animals, although some
observations from animal studies have yet to be shown in
man. Nonetheless, much of the data pertaining to the role
of antibody in protection and recovery have been derived
from animal studies.

Infection or artificial immunization with influenza
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virus elicits an antibody response to HA, NA, M, and to a
lesser extent NP. The anti-HA response has been best
investigated by study of hemagglutination inhibiting (HI)
antibodies and neutralizing antibodies. The isotype-
specific antibody response to HA using ELISA, has been
studied in people immunized with live cold-adapted (ca)
influenza virus vaccines (Murphy et al, 1982). A charac-
eristic primary serological response was seen in children
experiencing their first influenza infection. Serum IgM
and IgG responses occurred in all cases, whereas IgA
responses occurred much less frequently and at a lower
magnitude. 1IgA was the major Ig response in nasal secre-
tions and occurred in a majority of cases. IgG responses
in nasal secretions were infrequent and of lower magnitude
than IgM and IgA responses (Murphy et al, 1982). A
secondary antibody response was observed in adults primed
by natural infection and subsequently infected with a live
attenuated heterovariant virus (Burlington et al, 1983).
Serum IgG and IgA responses were seen in most cases; there
was a high correlation between serum and secretory IgA
responses. IgM responses were infrequently detected in
serum and not at all in nasal secretions (Burlington et al,
1983).

The kinetics of serum and secretory antibody
response to the HA of intranasally inoculated attenuated
influenza A virus was described by Murphy et al (1982)

using an ELISA sensitized with purified HA. Serum IgM
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response peaked approximately 2 weeks after inoculation and
declined by 4 to 7 weeks. The serum IgG response peaked at
around 4 to 6 weeks. 1IgA in both serum and nasal washings
peaked 2 weeks after immunization. IgM is found after
either experimental immunization or natural infection with
influenza virus but IgM responses during reinfection occur
variably, presumably related to the degree of antigenic
variation between succeeding viruses (Gonchoroff et al,
1982). Serum HI titers gradually decrease over the first 6
months subsequent to infection, then may persist for
several years. Succeeding infections by closely related
virus strains boost immunity to shared epitopes (Couch and
Kasel, 1983). Francis et al (1953) recognized that immuno-
logic response in influenza virus infection was directed
towards the initial priming antigens experienced during
first infection ("original antigenic sin"). Therefore, in
subsequent infections, antigenic determinants shared by the
original and reinfecting virus will stimulate a
predominant, cross-reactive secondary antibody response,
whereas new determinants in the reinfecting variant induce
a primary response (Virelizer et al, 1974).

Antibody response to viral NA has not been as
thoroughly investigated as antibody response to HA. Anti-
body to NA can be detected in serum and nasal secretion
after immunizations or infection with influenza virus
(Murphy et al, 1982; Slepushkin et al, 1971; Schild, 1969;
Kilbourne et al, 1968). Using neuraminidase inhibition
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(NI) assay and ELISA, antibody to NA can be detected in
serum during both primary and secondary infections and may
persist for many years (Murphy et al, 1982). The dynamics
of anti-~NA antibody formation and duration in serum and in
nasal secretions are similar to those for the anti-HA
response (Hruskova et al, 1976). Antibody responses to M
protein and NP have also been found after immunization with
influenza virus (Webster and Hinshaw, 1977; Schild, 1972;
Johansson et al, 1987a). There are no reports of antibody
response to minor virai proteins subsequent to infection
although polyclonal antisera and monoclonai antibodies to
the polymerase (Shaw et al, 1982; Young et al, 1983), NSl
and NS2 (Greenspan et al, 1985) proteins have been prepafed
in animals.
tiviral Activit f Antibody Response

Antibody directed against influenza virus HA can be
neutralizing. Presumably, anti-HA antibody exerts its
effects by preventing attachment of the virus to host cells
(Davenport et al, 1964) or by possibly interfering with the
fusion event subsequent to endocytosis (Yoden et al, 1986;
Kida et al, 1983). Antibody to NA exerts its effects at a
later stage of multicycle infection and is therefore
infection-permissive over a broad range of antibody
concentrations (Schulman, 1969; Kilbourne et al, 1975).
Anti-NA antibody may cause: 1) steric inhibition of enzyme
function, thereby delaying'viral release from the host

cell: 2) cross-linking virions resulting in aggregation of
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viral particles, thus reducing the number of effective
infecting units: 3) cementing of free viral particles to
host-cell associated NA antigen: or 4) inhibition of final
detachment of the budding virion (Kilbourne et al, 1975).
Medjated Immunjit nfluen iru

Specific cell-mediated immunity to influenza anti-
ens has been demonstrated in man (Chow et al, 1979) and in
mice (Reiss and Schulman, 1980). It has been shown that
functional T cells are required for production‘of antibody
to influenza virus proteins (Virelizer et al, 1974; Anders
et al, 1979; Burnes et al, 1975) and that infection is more
protracted in their absence (Wells et al, 1983). Depletion
of L3rat Th cells in mice resulted in suppression of
the formation of antibodies to influenza virus and a
reduction of influenza virus specific CTL activity
(Lightman et al, 1987). This latter finding confirms
studies that show Th cells play a role in the generation
of influenza virus specific CTL response (Reiss and
Burakoff, 1981). In further studies, Lightman, et al
(1987) transferred Lyt2+ or L3T4+ T cells sorted from
spleens of influenza virus infected mice to athymic
recipient mice. The L3T4¥ T cells were not as effective
as Lyt2 cells .in clearing virus from the lungs of recipient
mice infected with influenza virus. Isytz+ CTL have been
shown to protect against iethal infection of mice and
function to clear virus from lungs of infected animals (Lin

and Askonas, 198l1; Taylor and Askonas, 1983).
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A significant proportion of CTLs and T cells
recognize ihternal proteins (Johansson et al, 1987c; Gotch
et al, 1987; Hurwitz et al, 1985; Rees and Kramer, 1984)
and do not discriminate between different influenza virus
strains (Yewdell et al, 1985; Zweernink et al, 1977;
Koszinowski et al, 1980).

Vaccination Against Influenza

Disease caused by influenza virus infection is not a
trivial matter. In the United States influenza can kill
10,000 people in a non-pandemic year and 30,000 people
after an acute epidemic (Frank et al, 1985). Additionally,
in terms of physician/hospital expenses and the time away
from work, the dollar cost to the American economy is
immense. The Surgeon General of the United States Public
Health Service estimated that at least 43 million Americans
are at risk of death from influenza by virtue of their
underlying medical illness and should 'be immunized (Mostow,
1986). Persons over 60 years of age have an increased
case-fatality rate for influenza, probably due to waning
immunity with age and complicating cardiac or pulmonary
disease. As the proportion of elderly persons increases so0
will the need for control of influenza. Additionally,
pregnant women, asthmatics, diabetics, and patients
receiving immunosuppressive drugs for organ transplants or
neoplastic diseases are at high risk for severe influenza,

Influenza A virus infection remains a major public

health problem in spite of the availability of specific
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whole virus influenza vaccines. Traditional infldenza A
vaccines comprise inactivated or attentuated viral strains
which possess the prevalent HA and NA antigens. Antibody
to both major surface antigens can be found in the serum of
individuais immunized with these vaccines (Murphy et al,
1982; Couch et al, 1971). When these vaccines are effec-
tive illness is prevented usually by preventing infection
(Couch et al, 1971; Kilbourne, 1978). These conventional
vaccines are effective only if the HA of the vaccine strain
is closgly matched in antigenic structure to the expected
wild type strain HA. Furthermore, immunity produced in
this way is of short duration (Couch et al, 1974): conse-
quently, annual vaccination may be necessary to perpetuate
immunity.
Inactivated Virus Vaccines

Inactivated virus vaccines are prepared from the
allantoic fluid of virus-infected eggs. Virus is purified
and concentrated by zonal centrifugation or chromatography.
Purified virus can be inactivated by a number of procedures
including treatment with formalin, 8 -propionolactone or
U.V. irradiation. Whole-virus vaccines contain intact
inactivated virus. Split-product vaccines are prepared
from purified formalin-treated virus disrupted with organic
solvents or detergents to solubilize the surface glyco-
proteins. The principle value of split-product vaccines is
their low toxicity. Virtually all contemporary inactivated

influenza vaccines are derived from reassortant viruses
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(Rilbourne, 1987).

Questions have been raised concerning the immuno-
genicity and efficacy of inactivated virus vaccines.
Additionally, concerns about inactivated virus vaccines
include potential toxicity, possible escape from inacti-
vation, brevity of immunity, and the presentation of -
influenza virus antigens by an abnormal route (i.e.
parenteral injection). Sufficient data are now available
to make an assessment of the immunogenicity of inactivated
virus vaccines (Hirst et al, 1942; Ssalk, 1948; Potter,
1982; Murphy and Chanock, 1985). Parenteral administration
of inactivated virus vaccine can induce antibody formation
in man (Chenoweth et al, 1936) and mice (Balkovic and Six,
1986). In primed individuals, (e.g. people with serologic
evidence of exposure to H3N2 influenza virus) parenteral
vaccination with either an H3N2 whole virus vaccine or
split-product vaccine induced "protective" levels of HI
antibody, which prevented infection in 89% of recipients
shortly after vaccination. In contrast, in unprimed
recipients of whole-virus vaccine, only 65% developed
protective levels of serum HI antibody (Murphy and Chanock,
1985). Similar findings were reported on the éerologic
responses to HINl virus (A/NJ/70). Wise et al (1977)
observed that in general, levels of HI antibody were low
after a single dose of vaccine but increased signifi-
cantly in response to a second dose. It was noted,

however, that whole-virus HINl vaccines prepared by Merck,
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Sharpe and Dohme were effective after a single dose of
vaccine,:whereas two doses of whole-virus vaccine prepared
by Merrell-National Laboratories were required to produce
an equivalent serologic response. These different sero-
logic responses correlated with the viral HA content of
each vaccine. Additionally, split-virus vaccines were less
immunogenic than whole-virus vaccines, especially in
younger vaccinees (Wise et al, 1977; Meiklejohn et al,
1977). Other studies showed no difference between these
two vaccine types (Meiklejohn et al, 1977). Results from
several studies demonstrate that the serologic response to
influenza virus vaccine varied according to the age of
recipient and previous exposure to influenza virus (Wise et
al, 1977; Meiklejohn et al, 1977; McLaren et al, 1977;
Gonochoroff et al, 1982). Results of studies in mice are
concordant with those found in humans. That is, split-
virus and whole-virus vaccines were'less immunogenic in
unprimed subjects, however, the immunogenicity of both
types of vaccine were enhanced in subjects primed by
previous influenza virus infection (McLaren et al, 1977).

Vaccination with conventional whole-virus or split-
virus vaccines can also induce an antibody response to the
viral NA (Couch et al, 1971; Kendal et al, 1977; Kilbourne
et al, 1971). 1In one study, a single dose of HINl vaccine
induced NA antibody in 20% of children less thaﬂ 18 years
old (Kendal et al, 1977). In immunologically primed

adults, the NA antibody responses to a single dose of HIN1
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or H3N2 vaccine were 38% and 54%, respectively. 70% of the
children given two doses of HINl1l vaccine had significant NA
antibody levels, bﬁt only 48% of the children given two
doses of H3N2 vaccine produced antibody to NA (Kendal et
al, 1977). Studies with a reassortant influenza A vaccine
(X-31: A/Aichi/2/68[R]) showed that the reassortant vaccine
was as effective as a "standard" influenza vaccine. 1In two
separate studies, 87%-100% of the X-31 vaccinated volun-
teers developed a significant rise in antibody to either NA
or HA (Kilbourne et al, 1971; Couch et al, 1971).

The duration of serum HI antibody resbonse after
vaccination varies according to the recipient's prior anti-
genic experience. Primed subjects retained protective
levels of antibody for approximately one year, whereas
antibody levels decline rapidly in unprimed subjects (Jones
and Ada, 1987).

It has been shown that Th cells are stimulated in
response to influenza virus vaccine (Chow et al, 1979).
However, several groups have shown that inactivated virus
is pot as effective as infectious virus in induction of CTL
(Braciale and Yap, 1978; Webster and Askonas, 1980).
Differences in the immunogenicity of inactivated virus
vaccines with respect to ability to stimulate the host for
a CTL response, have been related to different methods of
inactivation (Ada et al, 1981; Rouse et al, 1988). 1In
studies with mice, virus inactivated by U.V. irradiation or

formaldehyde'induced a poor primary CTL response, and was
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relatively ineffective in priming mice for a secondary CTL
response (Ada et al, 198l; Webster and Askonas, 1980).
Virus inactivated by gamma-irradiation stimulated a
cross~reactive primary CTL response (Wraith and Askonas,
1985) and a secondary CTL response (Owen et al, 1988) in
mice. In primed humans, inactivated virus stimulated a
cross—-reactive CTL response (McMichael et al, 1983). The
ability of inactivated vaccine to stimulate a CTL response
in unprimed humans has not been determined. ‘

The protective efficacy of inactivated vaccine
against influenza virus infection has been 70-90% in
studies of vaccinated military personnel, but protection of
persons in high risk categories (e.g., the elderly) has
been variable (0-80%) (Barker and Mullooly, 1980; Keitel et
al, 1988; WHO Memorandum, 1987). 1In view of antigenic
drift, how effective is inactivated vaccine in induction of
protection against challenge with a heterovariant virus?
This question was addressed in a study by Hoskins et al
(1979), who showed that the first vaccination of young
school boys with a prevailing influenza virus strain
provided protection against that strain, but that the next
annual vaccination with a éubsequent variant did not induce
protection against the second strain. The cumulative
influenza attack rate was the same for unvaccinated boys as
for vaccinated boys, howevef, disease in vaccinated boys

was shifted toward later epidemics (Hoskins et al, 1979).
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Live attenuated virus vaccines

Live attenuated influenza vaccines are being studied
in several countries, however, the World Health Organization
has not formulated recommendations on their routine use (WHO
Memorandum, 1987). Live attenuated vaccines have a
theoretical advantage over inactivated vaccines in that they
mimic natural infection and therefore, could produce a
longer lasting immunity.

A live vaccine virus must be attenuated and not
produce clinical illness in vaccinees or their contacts; the
virus should also be infectious and induce a protective
immunity; furthermore, the vaccine virus should be
genetically stable. There are four main approaches for the
production of live attenuated influenza virus vaccine. They
are: 1) generation of virus "de-adapted" to man by passage
of the virus in a non-human host (e.g., chick embryo); host
range mutants can be derived by use of this strategy; 2)
selection of viruses with specific genetic markers for viral
attenuation. Certain markers such as temperature
sensitivity (ts) and cold-adapted (ca) mutants would
restrict viral growth to the relatively cooler upper
respiratory tract (Jones and Ada, 1987); 3) recombine
naturally occurring avian influenza viruses attenuated for
replication in non-humans with human influenza viruses, with
the expectation that genetically stable attenuated reassort-
ants would emerge (Murphy et al, 1984; Clements et al,

1986); 4) use of genetic engineering techniques to
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create attenuated mutants containing lesions or deletibns in
one or several genes.

Of course, with any of the approaches mentioned above,
the biological markers associated with attenuation could be
transferred reliably by genetic reassortment from a "master"
attenuated influenza strain to a strain containing the
prevailing HA and NA. The ability of influenza viruses td
genetically reassort also represents a major problem with
the use of live virus vaccine, in that reassortment with
other viral strains could result in escape from attenuation.

Clinical studies in man suggest that live influenza A
vaccines can afford protection from disease, however, the
type and amount.of protection afforded varies with the sort
of live virus agent used (Jones and Ada, 1987; Clements et
al, 1986; King et al, 1987). Recently, a study in children
comparing protective efficacy of ca-mutants with inactivated
influenza vaccine has shown that ca-mutants can induce an
immunity equivalent to that induced by conventional inact-
ivated vaccine (King et al, 1987). However, in another study
the ca-mutant was 100-fold less efficient than its inacti-
vated counterpart in the induction of influenza virus-
specific antibody secreting cells (Jones and Ada, 1987).
Clements et al (1986) evaluated an avian-human reassortant
influenza in adult volunteers. The avian-human reassortant
influenza virus, like its avian influenza A parent,
(A/Pintail/119/79) was restricted 100-fold in replication

compared with wild-type human influenza A virus human
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influenza A virus (A/Washington/897/80). Despite this
restriction of replication, infection of human volunteers
with the reassortant virus induced resistance to an anti-
genically homologous wild-type human influenza A virus.
However, difficulty in confirming attenuation and genetic
instability may restrict this approach. The ts mutant
strains have not been used directly as vaccines but have
contributed genes with ts defects to mutant reassortant
viruses (Murphy et al, 1972). Although influenza A
reassortant viruses bearing ts genes were shown to be
attenuated, their genetic instability, leading to reversion
to virulence, has precluded further use.

New approaches to influenza virus vaccine development
include: 1) the synthesis of the appropriate oligopeptides;
2) the synthesis of influenza virus proteins in transforméd
prokaryotes or eukaryotes; 3) the production of anti-
idiotype antibodies; and 4) the use of infectious organisms
as vectors of influenza viral genes.

Green et al (1982) demonstrated that antibodies could
be formed against synthetic peptides representing various
epitopes on the HAl molecule and that such antibodies would
bind to the HA molecule. As yet, immunizatioh with synthe-
tic oligopeptides has been only marginally effective in
protecting experimental animals (Shapira et al, 1984).
Additionally, Hackett et al (1985) described a synthetic
decapeptide made from influenza virus HA that elicits T

helper cells with the same fine recognition specificities
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that occur in response to the whole HA molecule. There
remains a large gap between these experimental results and
what would be required to form an effective vaccine.

DNA copies of all eight influenza virus genomic RNA's
have been cloned into E, colji. (reviewed by Palese and
Kingsbury, 1983). Proteins made in these transformed
bacteria have been produced .in high levels. However, these
bacterial products often elicit antibodies different from
these elicited by the native protein or virus, possibly
because of differences in glycosylation (Nayak et al,

1984) . Better results have been obtained with mammalian
(Gething and Sambrook, 1984) and insect (Kuroda et al, 1986)
cells transfected with the cloned HA gene. The product from
either mammalian or insect cells was immunogenic and induced
a protective immunity in experimental animals. The use of
these products as vaccines has not proceeded very far.

Newly proposed anti-idiotype or internal image
vaccines (Dreesman and Kennedy, 1985; Bona and Moran, 1985),
like those incorporating synthetic oligopeptides, would have
the potential for low toxicity and antigenic specificity.
Presently, there are no anti-idiotype vaccines developed as
influenza virus vaccines. But recent work has shown that
monoclonal antibodies recognizing an idiotype on anti-NA
antibodies increased anti-NA response when injected prior to
infection (Mayer et al, 1987).

A fourth approach involves the use of infectious

agents, such as existing viral vaccines, as vectors of DNA
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coding for influenza virus proteins. Three viruses have
been considered: 1) vaccinia (Smith et al, 1983; Panicali
and Paolietti, 1982), herpes (Roizman and Jenkins, 1985) and
adenovirus (Davis et al, 1985). Most work has been done
with vaccinia. DNA coding for all influenza virus struc-
tural proteins and the three nonstructural proteins have
been inserted into vaccinia (Bennink et al, 1987; Andrew et
al, 1987). Recombinant vaccinia virus vectors containing NP
or HA have induced a primary antibody response and primed
for a CTL respbnse in mice which was not protective (Andrew
et al, 1986). Use of these vectoré as vaccines for human
requires a great deal of development.

The usual object of immunization against influenza
virus is complete inhibition or restriction of infection.
Another strategy is infection-permissive immunization. The
basic premise of this approach involves immunization with
viral proteins that do not elicit neutralizing antibody but
do restrict viral replication, thereby allowing infection
but not disease (Kilbourne et al, 1968). In the case of
influenza virus, antibodies directed against the wviral NA
are not neutralizing but can reduce viral replication below
a pathogenic threshold (Kilbourne et al, 1968; Couch et al,
1974). Preliminary vaccine studies in humans (Beutner et
al, 1979; Couch et al, 1974; Murphy et al, 1972) and mice
(Schulman, Khakpour and Kilbourne, 1968; Schulman, 1969)
have shown that anti-NA immunity induced either by a

reassortant antigenically hybrid virus vaccine or purified
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NA preparation, protected against disease from a virus
containing antigenically homologous NA. Viral challenge
resulted in the development of fully protective immunity
capable of preventing subsequent infection. Studies are in
progress to determine the feasibility of using NA-specific

infection-permissive vaccines in humans.

Antigeni etiti twee
a utinin and u nidas

Both hemagglutinin (HA) and neuraminidase (NA) surface
glycoproteins of influenza A virus are immunogenic and are
the antigens primarily involved in induction of specific
immunity to influenza. HA is generally the superior
immunogen, inducing antibody that directly neutralizes virus
infectivity; antibody to the NA, although not neutralizing,
limits viral replication in multicycle infections (reviewed
by Kilbourne, 1975). "NA specific" immunization can be
carried out with antigenically hybrid viruses that contain
the HA of an animal strain irrelevant to human experience.
Comparative studies of such "NA-specific" and conventional
vaccines in populations primed to prevalent influenza virus
subtypes have shown that H7N2 and H7Nl reassortant wvaccines
(NA-specific) evéke greater NA antibody response than H3N2
vaccines equivalent in NA immunogenicity (Kilbourne, 1976;
Beutner et al, 1979; Chow et al, 1979). Diminished NA
antibody response.in HA primed populations has also been
remarked by Kendal et al (1977).

The first observation of this phenomenon was in groups
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of college students with serologic evidence of experience
with H3N2 viruses, who then received either a conventional
H3N2 vaccine (A/England/42/72), an antigenic hybrid H7N2
virus vaccine (A/Equine/Prague/56 x A/England/42/72) or a.
placebo injection (Kilbourne, 1976). All subjects had
antibody to N2 before immunization and the mean initial HI
and NI titers were compargble in both vaccine groups. Yet,
mean antibody response to N2 was two—-fold greater in those
vaccinated with the H7N2 reassortant virus vaccine. In a
similar study, school age children were immunized with an
H3N2 (A/Port Chalmers/73) vaccine, a NA-specific H7N2
reassortant virus vaccine (A/Equine/Prague/56 x A/Port
Chalmers/73) or a placebo (Beutner et al, 1979). Before
vaccination, all of the children were seronegative for H7,
80% were seronegative for H3-Port Chalmers, and 90% were
negative for N2-Port Chalmers. Vaccination induced sero-
conversion for the Port Chalmers HA and NA specific antibody
in children receiving the conventional vaccine, while the NA
specific vaccine induced only N2-Port Chalmers specific
antibody. Two natural outbreaks of H3N2 influenza A virus
infection occurred during the study period: one caused by
the Port Chalmers strain in the winter of 1974-75; the other
by the Victoria strain in the winter of 1975-76. Analysis
of antibody titers after infection with the Victoria stréin
indicated that uninfected children had relatively high
titers of anti-H3 Port Chalmers and anti-N2 Porﬁ Chalmers

specific antibody regardless of the vaccine they had
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received. It was observed that the antigeniéally hybrid
H7N2 virus vaccine induced a greater frequency and magnitude
of response to the NA antigen. Children who were asymptom-
atically infected with the Victoria strain had mean N2-Port
Chalmers specific NI titers three- to five-fold greater than
those symptomatically infected. In fact, children vacci-
nated with H7N2 demonstrated significantly higher N2 Port
Chalmers NI antibody titers than children who received H3N2
vaccine, both before and after exposure to the Victoria
sgrain. All groups demonstrated equivalent anti-H3 Victoria
HI antibody titers. These data support the role of
NA-specific immunization in protection against influenza.
Furthermore, cell-mediated immunity measured by lymphocyte
transformation assay showed that blood lymphocyte cultures
from children immunized with H7N2 virus vaccine proliferated
to two and one half-times greater number than cells from
H3N2 virus vaccinees in response to in vitro stimulation
with N2 antigen (Chow et al, 1979). The children were
initially seronegative or manifested low titers of H3-Port
Chalmers or N2-Port Chalmers antibody activity before
immunization. The H7N2 vaccine induced no increase in H3
antibody but all subjects demonstrated an increase in
N2-Port Chalmers antibody titers after immunization.
Vaccination with the conventional (H3N2) vaccine resulted in
seroconversion for H3-Port Chalmers and N2-Port Chalmers in
all subjects, but the NI antibody titers in the H3N2 vaccine

group were four- to ten-fold less than in the H7N2 vaccine
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group despite, the two-fold higher NA activity of the H3N2
vaccine (Chow et al, 1979).

Recently, the immunologic response to influenza virus
NA was examined in initially primed and unprimed vaccinees
in whom vaccination with a conventional HIN1l vaccine or H7N1
antigenic reassortant vaccine was followed by natural
infection with an HIN1l influenza virus (Kilbourne et al,
1987). Both vaccines were only marginally NA immunogenic in
initially seronegative subjects, yet in vaccinees initially
seropositive for Hl, significant titer increases occurred
with H7Nl1 vaccine. Furthermore, subsequent infection with
an HIN1l influenza virus boosted NA antibody less effectively
in the initially infection-primed vaccinees than in the
initially seronegative subjects primed by vaccination.
Kilbourne et al (1987) concluded that prior experiencé with
influenza virus HA has a suppressive influence on immune
response to NA. This is consistent with an earlier proposal
that the superiority of the NA specific vaccine (H7N2 or
H7N1l) as an immunogen for antibody to NA might reflect
different processing of NA when it is associated with a
hemagglutinin to which the study population had not been
primed, presumably because subjects were pfimed to the HA
(H1 or H3) and the anti-HA anamnestic response depresses the
concomitant NA response apparently by antigenic competition
(Kilbourne, 1976).

Mechanisms of Intermolecular Antigenic Competition

Intermolecular competition with antigen mixtures
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apparently is dependent on an activity of T cells, Evidence
thatzT cells are involved in intermolecular competition
indicates that antigen competition may be a side effect of
T-B cell cooperation'(Taussig, 1977; Johansson et al

1987¢). Work with synthetic polypeptide antigens has
provided evidence that the mechanism of intermolecular
competition is in part a T cell effect (Taussig et al, 1972;
Taussig et al, 1973). The molecules used were the multi-
chain polypeptides:poly-L-(phe~glu)-poly-DL-ala~-poly-L-lys
[i.e., (phe-G) A-L] and poly-L-(tyr-glu)-poly-L-pro-poly-
L-lys [i.e. (T-G) pro-L]. When mixtures of these synthetic
polypeptides were injected into C3H/Hej mice, which are high
responders to both molecules, the specificity of the ensuing
antibody response depended on the relative amount of anti-
gens in the mixture (Taussig et al, 1973; Taussig, 1977).
When the immunizing mixture contained a molar excess of
(T-G) pro-L over (phe-G) A-L the resulting immune response
was mainly against (T-G) pro-L; the primary response to
(T-G) pro-L was suppressed when the molar ratio was
reversed. These polypeptides were used to immunize mice
that are genetic low responders to (T-G) pro-L (DBA/l mice)
due to a B cell defect not linked to H~2 (Taussig et al,
1973; Shearer et al, 1972). It was shown that (T-G) pro-L
was just as effective in competition against (phe-G) A-L in
the low responder strain, DBA/1 as it was in the high
responder strain CH3/Hej, despite the low production of
pro-L antibody in DBA/l1 mice (Taussig et al, 1973). These
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results indicate that intermolecular competition between
these synthetic polypeptides depends on the presence of T
cells specific'for the dominant antigen rather than on the
amount of specific antibody produced. Furthermore, it was
shown that the carrier molecule A-L was as effective as
(phe-G) A-L as a competitor against (T-G) pro-L, even though
A-L is a very poor immunogen in terms of antibody produc-
tion. When a mixture containing A-L and (T-G) pro-L with

a molar excess of A-L was injected into high responder mice,
the response to (T—G) pro-L was inhibited despite the fact
that no antibody production to A-L was detectable. There is
reason to conclude that A-L is efficiently recognized by T
cells since it is able to act as a carrier for haptenic
groups (Taussig et al, 1972). Therefore, these results
indirectly support a T-cell dependence of intermolecular
competition (Taussig et al, 1973; Taussig, 1977). Additional
studies with mixtures of rabbit Fc and rabbit Fab' have also
been used to study intermolecular competition (Taussig, 1971,
1972). When these fragments were administered into mice in a
.mixture, in Freud's complete adjuvant, it was found that Fc
is the dominant antigen, suppressing the anti-Fab' response
provided that Fc was at least in a three to one molar excess
to Fab' (Taussig, 1971). When an equimolar ratio of Fc to
Fab' was injected, good primary antibody responses were
obtained to both fragments. These results are consistent
with the data obtained from the studies using synthetic
polypepfides (Taussig et al, 1973; Brody and Siskind,
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1969). Apparently, the degree and direction of intermolec-
ular competition are dependent on the relative amounts of
the immunogens in the mixture.

The exact mechanisms of intermolecular antigenic
competition have not been elucidated. However, assuming the
genetic precommitment of antigen-sensitive cells, antigens
which are not linked together on the same molecule should be
recognized separately. Intermolecular competition, on the
other hand, implies a common event in the recoénition or
response to different antigens. Experiments in which
competition was abolished in mice rendered tolerant or
passively administered antiserum to the dominant antigen
(Taussig and Lachman, 1972) lead to the conclusion that
antigen recognition is necessary for dominance in competi-
tion. In reconciling these ideas, one must invoke a model
that contains an antigen processing system through which
many antigens must pass, such as the macrophage processing
of antigen (Taussig et al, 1972). Some authors argue that
this could be a "rate limiting step” of antibody production
at which competition between antigens could occur (Brody and
Siskind, 1969). However, the results from Fc/Fab competi-
tion experiments where aﬁimals were tolerized to the
dominant antigen (Taussig and Lachman, 1972) are not
consistent with such a hypothesis. If processing is
regarded as non-specificnantigen handling by macrophages
after phagocytosis, such a step would have to be missing in

tolerant animals, but macrophage function is not affected by
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specific tolerance (Mitchison, 1969). A more specific
event, and one missing in tolerance must be involved.
Taussig and Lachman (1972) argue that antigen competition is
the result of an early recognition event of the dominant
antigen, which inhibits the early phases of immune induction
to the suppressed antigen. Possibly the initial recognition
of antigen by T cells on the surface of an antigen present-
ing cell (APC) blocks the presentation of other antigens.
Werdelin found that two non-cross reacting co-polymers con-
taining poly-L-lysine could compete with one another,
apparently at the level of antigenic presentation (Werdelin,
1992). Exposure of guinea-pig responder strain APCs to the
co-polymer of L-glutamic acid and L-lysine (GL) inhibited
the subsequent presentation of dinitrophenylpoly-L-lysine
(DNP-PLL) to DNP-PLL primed T cells. Other antigens, not
under the same Ir gene control, had no such inhibitory
effect. Werdelin concluded that the competitive inhibition
observed between GL and DNP-PLL may reflect a competition
for the Ir gene product (i.e., Ia antigens) produced by the
APC. These results were confirmed by using different
synthetic polymers (Rock and Benacerraf, 1983) and peptides
of hen egg lysozyme (Babbitt et al, 1985). Some authors
argue that sites on macrophages or dendritic cells for
antigen presentation could not be so limited that competi-
tion for them could occur. If so, their function as a
presentation device would be severely restricted. Guiliet

et al (1986) showed that stimulation of MHC Class II
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restricted T cell hybridoma generated against bacterib—
phage cI protein could be inhibited by peptide analogues.
They observed that some T cell hybridomas stimulated by a
peptide comprising residues 12-26 (P12-26) differed in
reactivity to truncated analogues of Pl2-26.. These results
suggest that competition depends on the T cell involved. It
may well be that the peptide and the analogues compete fdr
the same site on Class II MHC molecules but the avidity of
the T cell receptor for antigen-MHC complexes ultimately
determines\whether competition occurs. Another possibility
is that the recognition of the dominant antigen results in
an expansion of a population of T suppressor cells which
would act to suppress the response to other antigens
(Taussig and Lachman, 1972). This explanation adequately
accounts for sequential intermolecular competition (i.e.,
the suppression of immune response by an antigen given
"earlier) (Gershon and Kondo, 1971). Intermolecular
competition with antigen mixtures can also be explained by
the action of antigen-specific T suppressor cells. A
stronger antigen, i.e., one for which more immunocompetent
cells are available or an antigen given for the second time,
could stimulate a sufficient degree of suppressor T cell
activity to effectively inhibit the response to the weaker

antigens administered at the same time (Taussig, 1977).
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Statement of the Problem
It was the goal of this project to investigate the

cellular mechanisms of the variable HA-conditioned immuno-

genicity of viral neuraminidase and the immunological para-
meters of the apparent antigenic competition between HA and
NA.

Establishment of a murine model system, duplicating
the antigenic competition observed in man, enabled us to
investigate the cellular mechanisms responsible for this
phenomemon. In this system, the influences of macrophages,
antigenic specific B and T cells and the relative
immunogenicity of HA and NA on intravirionic-antigenic

competition were assessed.
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VIi. Immunologic Response to Influenza Virus
Neuraminidase is Influenced by Prior Experience
with Associated Viral Hemagglutinin:
I. Sequential Infection of Mice Simulates Human Experience*

Both the hemagglutinin (HA) and neuraminidase (NA)
surface glycoproteins of influenza viruses are immunogenic
and are the antigens primarily involved in induction of spe-
cific immunity to influenza. As the major antigen, the HA
induces antibody that directly neutralizes virus infecti-
vity; antibody to the NA, although not neutralizing, limits
viral replication in multicycle infection (Kilbourne et al,
1975). Immunization specific for the viral NA therefore is
infection permissive and can reduce replication of challenge
virus below a pathogenic threshold yet permit sufficient
replication for definitive immunization to both viral
antigens (Kilbourne et al, 1975; Couch et al, 1974). NA
specific immunization can be carried out with antigenically
hybrid viruses (Couch et al, 1974; Kilbourne et al, 1967;
Kilbourne, 1976) that contain the NA of a human virus
together with the HA of an animal virus irrelevant to human
experience.

Comparative studies of such NA-specific and
conventional vaccines in populations primed to prevalent
influenza virus subtypes have shown that H7N2 or H7N1
reassortant (NA specific) vaccines evoke greater NA antibody
response than H3N2 vaccines equivalent or greater in NA

potency (Kilbourne, 1976; Kilbourne et al, 1987). Diminished

* Reproduced from The Journal of Immunology, 1987, Vol. 139, pp. 2010-

2014, by copyright permission of The American Association of
Immunologists.
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NA antibody response in HA primed populations has also been
remarked by Kendal et al (1977). Presumably the inferior
response to NA seen in subjects primed to contemporary human
virus HA antigens reflects some sort of antigenic competi-
tion of unknown mechanism.

This chapter describes the results of preliminary
investigations of the phenomenon in a mouse model system.
Having failed in earlier experiments to duplicate the
phenomenon observed in man by single infections of mice, we
succeeded by priming micelwith two sequential infections
prior to vaccination with antigenically hybrid'and conven-
tional vaccines. Establishment of a mouse model system, in
which the antigenic history of the animal is known and .
precisely controlled has enabled us to investigate cellular

mechanisms responsible for the variable immune response to NA.

MATERIALS AND METHODS
Viruses

The strains of influenza A viruses employed in these
studies are identified in Table I.

_Viruses were grown in the allantoic sac of 10 day old
chick embryos and stored in multiple aliquots at -70°C.

ntis

Antisera used in antigenic characterization assays were
obtained by injecting 1024-2048 HA units of whole U.V.
inactivated virus i.v. into rabbits. A second injection was
given 40 days later and serum specimens were obtained 7

days after thé second injection.
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Animals

Inbred BALB/c female mice (Jackson Labs, Bar Harbor,
ME) 8 weeks of age were used in the infection protocols.
Serologic Methods

Serum specimens were obtained from each mouse by
retroorbital bleeding on the days specified. The sera were
stored at -20°cC. Non-specific inhibitors were destroyed
with V. cholerae NA before use in HI or plaque inhibition
tests. HI tests were performed by the microtiter\method
(Sever, 1962) employing the recombinant viruses

H3,. N1 g °r H7N1 Tests for neuraminidase inhibi-

HK" “PR PR8"°
tion (NI), employing the reassortant virus HlPRBNZHK'
were performed as described by Kilbourne et al (1968) but
with the use of an overnight incubation of virus and sub-
strate (Kilbourne, 1976).

Enzyme-linked immunoabsorbent assays (ELISA) were
performed (Khan, Gallagher, Bucher et al, 1982) on pooled
sera (containing an equal volume of serum from each animal)
from each infection group to determine anti-M-protein res-
ponse. Detergent disrupted reassortant virus, HIN1 (con-
taining A/PR/8/34 M protein) (Rilbourne, 1978a; Palese et
al, 1976) or purified M protein (from HIN1l) were used to
sensitize the test plates (Khan, Bucher, Koul et al, 1982).
400 ng/ml of purified M protein or 1 ug/ml of whole virus
were used at 100 pl per weli.

To determine the degree of antigenic difference

between HBHK and H3PH hemagglutinins, plaque inhibition
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titrations were performed in Madin-Darby Canine Kidney
(MDCK) cell cﬁltures. Monolayer cultures in 60mm plastic
dishes were inoculated with 50-100 pfu of virus. After 30
minutes at 37°C the agar overlay containing the appro-
priate antiserum was placed on the dishes. Based on 50%
plaque reduction, antibody titer ratios were calculated by
the method of Archetti and Horsfall (1950) (a higher R value
represents a greater antigenic difference between viruses
tested). Additionally, HI titrations employing heterologous
and homologous H3 antisera were performed and used in
calculating antibody titer ratios. The degree of antigenic
difference between NZHK and NZPH was determined by NI

tests and plaque size reduction (PSR) (Jahiel and Kilbourne,
1966) in MDCK cell cultures as described above.

The presence of virus in the lungs of animals exposed
to virus in the aerosol chamber or by intranasal inoculation
was demonstrated by methods described previously (Schulman
and Kilbourne, 1963a).

Infection Procedures

Aerosol procedure: mice were randomly divided into
groups of 15-20 animals and exposed to an estimated 100
MIDg, of virus. The conditions under which the aerosol
procédure was carried out were as described by Schulman and
Kilbourne (1963a, 1963b) except that mice were exposed for a
total of 45 minutes.

Intranasal inoculation: Mice were lightly anesthe-
tized with ether and 50 pul of live virus or PBS was
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instilled intranasally.
Vaccines

Sucrose gradient purified viruses HBHKNZHK and H7N2 used
as vaccines were inactivated by U.V. irradiation to a
residual EIDg, of 1071+3/0.1 ml then adjusted to equal
NA activity (3.0 uM of N-acetyl-neuraminic acid released/24
hrs/100 nl). Mice received 0.2 ml of virus i.p. The
vaccine preparations in the Single Infection Protocol
contained approximately 15 ng of total protein; vaccine
preparations used in the Sequential Infections Protocol
contained approximately 2 ug of total protein.

tudy Design f ngle Infection:

The design and results of the single infection
protocol are outlined in Table II. Schedule A provides for
single infection with H3N2 virus followed by i.p. injection
of U.V. inactivated virus vaccine. Schedule B demonstrates
the serologic response to i.p. vaccination. Animals vacci-
nated with sterile PBS demonstrate the serologic response to
infection without vaccination. 1Injection of B/Lee virus
vaccine demonstrates serologic changes due to non-specific
effects of vaccination. The H3N2 and H7N2 vaccine groups
compare the differences in N2 immunogenicity.

70 eight week o0ld female BALB/c mice were randomly
divided into two groups: 40 mice received aerosol exposure
to H3N2 virus (Schedule A), 30 mice were "mock" infected
with sterile PBS (Schedule B). Three days later 2 mice from

Schedule A were randomly chosen and killed for determination
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of their pulmonary virus titer. 30 days after exposure to

virus aerosol the mice were divided into groups of 10

animals each and received i.p. injections of 'vaccine. The

animals were bled for serum every 7 days for 4 bleedings.
tud siagn f equentia nfections

The design and results for the sequential infections
protocol are outlined in Table IV. Both schedules I and II
provide for sequential infection with H3 variant viruses to
maximize priming to the HA antigen. Schedule I for HA
specific priming entails the use of reassortant viruses
(Table I) containing neuraminidase antigens N1 and N7 not
contained in the vaccines to be used in final boosting.
Schedule II employs sequential infection with wild-type H3N2
variants to simulate human experience and prime for both HA
and NA antigens. Subgroups a and b compare the effects of
H3N2 and H7N2 vaccines, while sub-group ¢ demonstrates the
serologic response to sequential infection without
vaccination.

The initial infection by aerosol represents our
standard procedure for insuring uniform infection of mice
with an estimated 100 MIDg, of virus (Schulman and
Kilbourne, 1963a).

The intranasal route was chosen for the second
infection to allow for deposition of sufficient virus in
both upper and lower respiratory tracts to insure reinfec-
tion. Antigenically dissimilar heterovariant H3 viruses

were chosen also to favor reinfection and to induce cross
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TABLE I. VIRUSES USED IN MOUSE MODEL SYSTEM

victus Nomenclature

HANA

nam®

HIN2

H3N??

H3IN2

HN2®

nam®
H1N2®
HIN1®
B7N1?

A/HongKong/1/68 - PR/8/34(R)

A/HongRong/1/68

A/Philippines/2/82 - Equine/Prague/1/56 (R)

A/Philippines/2/82

A/Equine/Prague/1/56-Aichi/1/68 (R)

A/HongKong/1/68-PR/8/34 (R)
A/PR/8/34-HongKong/1/68 (R)

A/New Jersey/11/76 -PR/8/34 (R)
A/Equine/Prague/1/56-Brazil/11/78(R)
B/Lee/40

a reassortant virus

Laboratory

H3ux"1prse

HJHKN2HK

H3PHN7

H3PHN2PH

H7N2HK

B3, N1
"1N2HK
HIN1
H7N1
B/Lee

——>Specific Uge

Aerosol infection:
Schedule I, sequential
protocol

Aerosol infection:
Schedule Il, sequential
protocol: Schedule A,
single protocol

Vaccine: in both
sequential and single
infection protocols

Intranasal infection
Schedule I

Intranasal infection
Schedule IX

Vaccine: in sequential
and single infection
protocol

Test virus in H1 assay
Test virus in NI assay
Test virus in ELISA
Test virus in HI assay

Vaccine: single infection
protocol
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antigenic stimulation of HA antibody response.

Eight week old female BALB/c mice were randomly divi-
ded into two groups of 53 animals each. They were exposed
first to aerosols of virus as shown in Tabie III. Three
days later 6 mice from each group were randomly chosen and
killed for determination of their pulmonary viral titers.
Forty-two days after exposure to virus aerosols the mice
were bled. The following day, the animals in Group I
received reassortant virus H3PHN7 intranasally, and, the
mice in Group II H3PHN2PH virus. Thgee days after
infection lungs from two mice in each group were removed for
demonstration of the presence of virus. 63 days post-
initial infection, the mice in each group were divided into
two sub-groups (a and b) of twenty animals and one subgroup
of five animals (c). One group of mice received an i.p.
injection of the U.V. inactivated vaccine virus H3N2 (sub-
group a); the second group (subgroup b) received the
reassortant virus H7N2 and the third group (c) received
sterile PBS. The animals were bled for serum 7 and 14 days
later.

RESULTS
Single Infection Protocol

eroloqic Respongse to Single Infection

In this section, HI antibody to H3HKN2 (virus

HK'
used for aerosol infection) is referred to as "heterotypic
HI" to distinguish it from HI antibody to the HA of vaccine

virus which is called "homotypic HI". Following aerosol



53

exposure to H3HK NZHK virus all animals had significant
(four-fold or greater) increase in HI antibody to H3HK
(heterotypic HI) and NI antibody to NZHK (Table II,
Schedule A). Further, infection was confirmed by demon-
stration of infectious virus in lung suspensions 3 days
after aerosol exposuré to virus. The mean EID50 from
these lungs was 103‘1/0.1m1 + 0.5. 30 days after aerosol
infection, 82% of the animals infected had significant HI
antibody to H3HK and 42% had NI antibody to NzHK'
Therefore, infection was accompiished and immunity to NA and
HA established.

Respongse to Vaccine in Single Infection

Injection of HBHKNzHK or H7N2HK vaccines into
unprimed mice induced HI antibody to vaccine virus (homo-
typic HI) in all animals receiving vaccine (Table II). 82%
of the animals injected with B/Lee virus vaccine made
B/Lee-specific HI antibody. There were no significant
differences in homotypic HI titers among vaccine groups of
previously unprimed mice (Table II). In animals infected
with H3HKN2HK' all vaccines induced a homotypic HI

response (i.e. antibody to vaccine HA) equivalent to that
seen in unprimed animals. Animals primed by infection to
H3HKN2HK then vaccinated with this same virus had
significant rises (greater than 4 fold) in HI antibody
“typical of a secondary antibody response (Table II). There
were no significant differences in H3 HI antibody (i.e.,

heterotypic antibody) among H3-primed animals that were



Table IX: Single Infection and Vaccination of Mice With Influenza Virus:
Effect of single infection on HI and NI antibody response to Vaccine

Homotapic Betesotypic
H1 HI NI
Days Post- Days Post- Days Post-
Sche- No. Day 0 Day 30lz infection infection infection
dule Mice Infection® vaccine 30 37 42 49 30 37 42 49 30 37 42 49
A 40 H3HKN2HK 1)B/Lee 0 1.0f 3.8 3.2 1.6 0.8 0.2 0.4 3.1 6.5 8.3 8.9
2)B3HKN2HK 0.8 5.2 5.2 6.3 1.0 5.2 5.2 6.2 4.0 8.7 12.6 12.0
3)B7N2aK 0.3 3.0 3.2 2.3 1.2 0.3 1.2 1.8 3.8 10.5 12.3 11.9
4)PBS - - - - 1.9 1.4 0.5 0.5 4.9 6.7 9.3 8.9
B 30 pss® 1)B/Lee 0 0.6 3.0 2.4 o o0 o0 o0 a a4 a o«
2)H3BK“28K ) 0 2.0 2.6 2.4 0 1.8 2.8 2.2 <1 4.1 4.7 5.9
3)!17!12HK 0 2.4 1.7 2.3 0 0 0 0.3 <1 4.02 3.1 5.9
a: by aerosol

by intraperitoneal injection
phosphate buffered saline

Homotypic HI refers to the use of virus in HI that
antigenically matches vaccine virus.

HI test antigen: H3HRN1

Log 2 geometric mean titer reciprocal

141
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vaccinated with B/Lee, H7N2,,. or PBS.
Neuraminijdase Antjibody Responge in Single Infection Protocol

Uninfected animals injected with a virus vaccine
containing N2 NA demonstrated a gradual rise in anti-N2
antibody consistent with a primary antibody response (Table
II, Schedule B). No NI antibody to N2 was detected in unin-
fected animals injected with B/Lee virus vaccine. Uninfec-
ted animals vaccinated with H3, N2 . or H7N2 . virus
vaccine had equivalent levels of N2 antibody. Apparently,
the £3HKN2HK and H7N2HK were équally N2 immunogenic.

Previously infected animals had a dramatic increase in
anti-N2 antibody after i.p. injection of N2-containing
vaccines (Table II, Schedule A). There were no significant
differences in N2 antibody levels between H3N2 vaccinated
mice and mice vaccinated with H7N2, NI antibody levels in
mice injected with B/Lee vaccine and PBS were indistinguish-
able from each other. Thus, single infection with influenza
virus followed by vaccination with reassortant hybrid
vaccines failed to duplicate the phenomenon observed in man
of depression of NA antibody responses by HA priming.

equential Infection Pro ol

Antigenic Characterization of Infecting Viruses

Antigenic differences between the heterovariant H3
hemagglutinins used in this study were demonstrated by HI
and PI (Table III). Based on HI, an antigenic cross-

reactive relationship of less than 0.8% exists between these

HAs. The N2 neuraminidase antigens have an approximately



Table III

Antigenic charactertzation of viruses

HA Antibody NA Antibody
Virus Antiserum Titer,® Antiserum Titer.®
Ratlo Ratlo
H3m(N2m( H3puyN7 H3uxN2ux H3pnN2m
H3,xN1  327.680° 80° 1:4,096°
102,400¢ 4004
H3puN2py 16° 256° 1:16°
400¢ 102,400
H6N2py 20° 140° 1:20.8/
8007  3,200¢
HIN2y ) 416°¢ 29° 1:4.8/
@ Heterologous titer ratfo.
®HI.
:R = 1/256 .. <0.8% antigenically cross-reactive.
Pl
“NL

/R =1/10 .. =12.5% antigenically cross-reactive.

9 psr.
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12.5% antigenic cross-reactive relationship, as demonstrated
by NI assay. Results from PSR and PI tests are consistent
with the NI and HI tests.
Serologic Response to Sequential Infection

All animals had significant (four-fold or greater)
increase in HI antibody following aerosol infection with
H3 N2, virus (Schedule II). Infection was further
verified by demonstration of infective virus in lung
suspensions 3 days after aerosol exposure to virus (Table
V). Intranasal infection with viruses containing hetero-
variant HA (H3PH) 42 days later resulted in little or no
increase in HI antibody to HBHKNI by day 70 (Groups Ic,
IIc, Table IV) but small increases were evident on day 77.
However, HI titers to test virus containing the H3PH HA
homologous to the intranasal challenge virus were signif-
icantly increased. Infective virus was élso demonstrated in
the lungs of animals sampled (Table V). Thus, reinfection
and consequent restimulation of immunity were accomplished.
M-Protein tibodvy Response Afte uenti Infection

A significant M protein antibody response measured by
ELISA occurred in all infection groups (Table VI). Schedule
I animals experienced a greater anti-M protein response than
Schedule II animals on day 42 (following their first
infection). The evidence of greater antigenic stimulation
in Group I is difficult to reconcile with the evidence of
comparable levels of viral replication reflected by

identical pulmonary viral titers at a single point in time



TABLE v

Sequentlal Infection and vaccination of mice with tnfluenza virus antigenic reassortants: Effect of prlor HA priming on NA antibody response

Day 70.
Day 0 Day 42. Pomnyfecuon Day 77
No. of Day 63,
Schedule Mice lnfecm:n Vaccine

":g“l'ﬂ“ HI NI No.2 HI N HI NI

1 19°¢ a) H3xN1 2.9¢ 1.0 H3,uN7 H3;xN2yx . 6.5° 3.0 7.5 4.1
(0.94) (0.0) {0.70) (0.87) (0.50) (0.97)

i8 b) H3,xN1 3.3 1.5 H3puN7 H7N2x 4.7 2.9 5.2 5.9
(0.95) (1.53) H3mN7 {0.93) (0.97) (0.89) (0.83)

5 c) H3,xN1 3.0 1.2 H3puN7 None 3.0 1.0 4.2 1.4
(0.0) (1.48) (0.89) (2.52) (0.73) (2.76)

11 18 a) H3;xN2ux 3.2 4.5 H3puN2py H3,;xN2yx 7.0 5.6 7.2 10.1
{0.46) (1.10) (0.49) {0.73) (0.52) (0.32)

19 b) H3yxN2ux 3.0 5.1 H3puN2py H7N2ux 5.0 6.3 4.7 12.0
(0.96) (1.07) H3puN2py (0.60) (0.62) (0.60) (0.61)

S ¢} H3:xN2ux 20 4.7 H3puN2pu None 3.0 5.0 38 5.6
(0.0) (1.36) {0.57) {0.53) {0.83) {0.83)

m 9 None None H3uxN2ux 1.2 1.2 1.5 2.1
{0.88) (2.26) (0.82) (1.29)

9 None None H7N2ux 0.0 1.0 0. .
(0.0) (3.21) {0.0) (1.31)
¢ By aerosol.
® Intranasal inoculation.

€ Number surviving until day 77.
9 Log 2 geometric mean titer reciprocal (+SD).
€ Hl test virus: H3xN1. NI test virus: HIN2,x. -

8s



Table V

Demonstration of tnfective virus in mouse lungs after administration
of virus

Pulmonary Virus Titers: (ElDso)

Schedule Day3, . Day 45.
aerosol intranasal
{nfection® {nfection®
| 3.5 £ 0.5¢ 3.2+05
1l 3.7+05 3.4+05

2 Six animals tested per schedule.
®Two animals tested per schedule.
¢ Reciprocal mean log 10 titer = SD.

Table VI

M protein anttbody response as detected by ELISA

Day
Test Antigen
0° 42 70t 77°
Purified M F 6480 117 18,476  24.786
protein ) 1-b 20,501 20,871
618
2-a 19.651 27.598
i 1.182 {2-b 20,136  21.310
Disrupted l-a 423941 667.875
virus: HIN1 I 165,106 { 1-b  467.257 524.880
770 |
2.a 492,075 579.851
(I 67629 i,  561.401 553.870
Bovine serum 1 74 { 1-a 89 194
albumin 1-b 226 160
30 |
2-a 216 244
n 82 {2-b 250 186

2 Days after initial exposure to virus, -

® No significant differences among subgroups.

° See Table Il for definition of infection groups.

¢ Numbers represent reciprocal titration endpoints of pooled sera.
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(Table V). However, following a second infection on day 42
and vaccination on day 63, all groups in both schedules
showed an increase in anti-M protein antibody to equivalent
levels. Thus, at the final observation point, there were no
significant differences among subgroups (Ia, Ib, Ila, IIb)
in the antibody response to M protein. M protein is a
homotypically conserved protein, (i.e. relatively invariant
in influenza A virus subtypes) (Lamb and Lai, 1981;
Huddleston and Brownlee, 1982). The lack of significant
differences in the anti-M protein response among subgroups
suggests that each subgroup was antigenically stimulated by
infection and vaccination to an equivalent degree, as
measured by ELISA.
HA Priming Through Infection

Both infection schedules achieved the goal of H3
priming as manifested by primary serologic response after
infection and secondary response following vaccination.
Response to Vaccine in Sequential Infection Protocol

Vaccines were marginal in primary immunogenicity, as
shown by the geometric mean NI antibody titers in Table IV
(Schedule III). However, 9 of 9 animals injected with each
vaccine alone had slight increases in antibody titer by 14
days and theiimmunogenic effect of vaccines in animals
primed by infection is clearly shown in comparisons of
animals in subgroups a and b with the unvaccinated animals
in the ¢ subgroups. The H7N2HK vaccine stimulated H3HK

antibody only minimally in infection primed mice (comparison
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of HI responses of groups b and ¢) and not at all in unin-
fected animals. Five of 9 animals given only H3N2 vaccine
had 4-fold increase in HI antibody to H3HK by day 77.
Neuramjnidase Antibody Response

As expected, significant NA antibody response measured
with HIN2 test virus occurred only in animals in schedule II
infected with N2-bearing viruses. Following vaccination on
day 63, all animals responded with prompt increase in NI
antibody (Day 70) that continued to rise to Day 77. It is
notable that vaccination with H7N2 vaccine evoked signifi-
cantly greater NA antibody response with both infection
schedules than did H3N2 vaccine, despite equivalence of the
vaccines in NA activity. "By Day 77 the anti-N2 booster
response was approximately four-fold greater in groups
receiving H7N2 vaccine, regardless of prior exposure to N2
antigen. A one-way analysis of variance (ANOVA) performed
on the day'77 NI data (p < 0.0001) indicated significant
differences between groups. A Tukey test (Tukey, 1953)
subsequent to ANOVA ( a = 0.05) showed that subgroup IIb was
significantly superior to all other groups in NI antibody
production, and that subgroup Ib was significantly superior
to subgroup Ia in NI antibody production. The highest level
of NA antibody was found in mice primed with N2-containing
viruses, then boosted with H7N2 vaccine. 1In both infection
schedules, the magnitude of the N2 antibody response was
reciprocal to the magnitude of H3 antibody response.

Unexpectedly, infection with viruses containing N1 and



62

N7 NA's primed the response to N2 contained in the vaccine
viruses.(Schedule I).
DISCUSSION

The first requirement for study of the apparent
influence of HA priming on NA antibody response observed in
man has been the establishment of a suitable animal model
system for duplication of the effect. Simulation of human
experience required initial priming by infection followed by
parenteral administration of inactivated virus. Comparison
of H3N2 and H7N2 vaccines in preliminary studies in mice
previously infected with a single infection by‘H3N2 virus
resulted in increased NA antibody response in H7N2 vaccinees
at only one time point after vaccine administration (Table
II-day 37,NI). We tried to better approximate human exper-
ience by preceding vaccination with more than one infection,
on the assumption that enhanced HA priming might be
required. In man, repeated heterovariant (or even homo-
variant) influenza virus infections are the rule (Kilbourne,
1978b).

Because earlier studies of aerosol infection had
demonstrated mice to be completely refractory to homologous
reinfection four weeks after initial infection (Schulman,
1967) we chose to infect sequentially with viruses of the
same subtype having significant antigenic differences in
their HAs. This strategem was successful, and resulted in
1) reinfection, verified by pulmonary virus isolation and

homologous serologic response, and 2) stimulation of
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cross-reactive HI antibody,:albeit at a lower level. These
results were obtained with both infection schedules, demon-
strating that sequential exposure to N2 antigen (Schedule
II) induced no additional immunity to reinfection over that
imparted by the H3 antigen. This result is consistent with
prior evidence that NA-induced immunity is infection
permissive (Schulman, et al, 1968; Schulman, 1969).

With either priming schedule, approximately four-fold
greater titers of NI antibody were induced by vaccine
containing the heterosubtypic H7 HA antigen. Thus, both
primary (Schedule I) and secondary (Schedule II) differences
in NA antibody response were influenced by the HA with which
the identical NA antigens were associated in the vaccine
virus, rather than by prior experience with the NA antigen.
The variable immunogenicity of the influenza virus surface
proteins (HA and NA) can not be due to differing antigen
loads between infection schedules or by antigenic competi-
tion mediated by M protein, since there were no differences
among subgroups in their anti-M protein response.

Was NA antibody response enhanced by the H7 or sup-
pressed by the H3 HA? Certain influenza virus HA antigens
have been found to act as primary B cell mitogens (Anders et
al, 1984); however, we have not demonstrated such activity
in vitro for either the H7N2 reassortant or the H3N2 virus
used in the present studies. Furthermore, primary homol-
ogous H7 antibody response has been unexceptional in humans

(Kilbourne, 1976) or in mice (data not shown). Finally, our
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study in mice involving only a single infection prior to
H7N2 vaccination was only marginally gffective in inducing
greater N2 antibody response.

As suggested earlier (Kilbourne, 1976), the differing
immunogenicity of the H3N2 and H7N2 vaccines is most readily
explained as resulting from antigenic competition in which
expanded populations of H3 specific memory cells might
competitively reduce the opportunity for H3-associated N2 to
bind to B or T céll antigen receptors. Competition in which
‘a stronger antigen is given for the second fime has been
explained as a result of non-specific suppressor T cell
activity (Taussig, 1977) inhibiting the response to a weaker
antigen concomitantly administered. However, as described
in detail in the following chapter, our exploration of the
cellular basis of apparent antigenic competition in our
system has demonstrated that an N2 specific T cell
population plays a significant role (Johansson et al,
1987b). Mice boosted with H7N2 after sequential infection
showed a greater N2 antibody response than mice injected
with H3N2, B/Lee, or saline after infection. This enhanced
ability to respond to N2 antigen can be transferred by
primed T cells. These data strongly suggest that in H7N2
boosted mice there is an éxpanded T helper population
specific for N2.

An unexpected observation was the priming effect of
the H3N1 and H3N7 viruses used in Schedule I on the NA

antibody response evoked by both N2-containing vaccines.
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This effect probably is not related to B cell recognition of
a common cross-reactive determinant shared by NAs of differ-
ent subtype because antibodies reacting with N2 NA were not
detected in mice sequentially infected with N1 and
N7-containing viruses and were not boosted with either
vaccine (Schedule Ic). Therefore, this boosting effect must
be explained at the level of T cell recognition of cross-
reactive determinants not serologically defined, such as
cognate help from T cells recognizing cross-—reactive epi-
topeslon viral proteins other than NA. It is also possiblé
that this effect is related to idiotype specific T cells
which can increase the number of B cells specific for
various antigens bearing a crossreactive idiotype. It has
been shown that monoclonal antibodies specific for N1 and N2
as well as the primary and secondary antibodies elicited
subsequent to infection with X-31 (H3N2) or PR8 (H1N1)
viruses share cross-reactive idiotypes as defined by mono-
clonal antibodies recognizing the idiotype (Mayet et al,
1987).

Influenza A virus NA glycoproteins of different
subtypes appear to differ markedly in amino aci§ sequence
and significant antigenic cross-reactivity has not been
defined previously with antisera. However, studies of amino
-acid sequence of the tetrameric head of the enzyme released -
from the viral membrane by protease demonstrate-conservation
of sequence of N2, N1 and influenza B virus NAs at crucial

sites, strongly suggesting a common structure (Varghese et
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al, 1983). The four catalytic sites of the enzyme have been
identified on the distal surface of the tetrameric head
(Colman et al, 1983). The dependence of NA inhibition by
antibody in NI tests on substrate size (Fazekas de St.
Groth, 1963) indicates that the cgtalytic site of the enzyme
is not itself antigenic and that inhibition of enzyme acti-
vity by antibody is mediated by steric hindrance. Struc-
tural studies (Colman et al, 1983) demonstrate that all of
seven segments of the polypeptide chain identified as
antigenic sites are sufficiently close to the active site to
block access of macromoleéular substrates when these sites
are bound to antibody. The question of shared epitopes
among influenza A virus NAs of different subtypes requires
investigations with additional techniques, including ELISA
(Khan, Gallagher, Bucher, 1982) and plaque size reduction
(Jahiel and Kilbourne, 1966).
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VII. IMMUNOLOGIC RESPONSE TO INFLUENZA VIRUS
NEURAMINIDASE IS INFLUENCED BY PRIOR EXPERIENCE
WITH THE ASSOCIATED VIRAL HEMAGGLUTININ
II. RgDUCED GENERATION OF NEURAMINIDASE-SPECIFIC
L3T4 " HELPER T CELLS IN HEMAGGLUTININ-PRIMED MICE*

The requirement for helper T cells (Th) for the
induction of specific immunity to influenza virus surface
proteins during both primary (Virelizier et al, 1974; Burns
et al, 1975) and secondary (Anders et al, 1979) immune
responses has been well documented. Furthermore, because T
cells have been implicated as an important part of the
mechanism of antigenic competition (Taussig, 1977), we began
our investigation of the cellular mechanisms responsible for
hemagglutinin—-influenced immune response to NA by examining
the effect of specifically primed T cells on neuraminidase
inhibition (NI) antibody production. We have utilized a
mouse model system (Johansson et al, 1987a) in which
apparent ﬁA-NA antigenic competition had been observed as
the source of primed’cells. Quantitation of NA-specific
Th cell activity has been effected by adoptive transfer of
T cells to athymic mice in which NA antibody response was
measured following subsequent exposure to NA antigen.

Further, we determined that 1374t T cells were responsible

for helper activity in this system.

Materials and Methods
Viruses
The strains of influenza A viruses employed in these

studies are identified in Table VII.

* Reproduced from The Journal of Immunology, 1987, Vol. 139, pp. 2015~
2019, by copyright permission of The American Association of Immunol-

ogists.




Table VII

Viruses used in T cell transfer study

Virus Nomenclature

Laboratory

Specific Use

HANA Strain or reassortant designation name pec
subtype
H3N2 A/HongKong/1/68 H31x N2 Aerosol infection and vaccine: group 3
H3N2 A/Philippines/2/82 H3puN2py Intranasal infection
H7N2° A/Equine/Prague/1/56-Aichi/2/68(R) H7N2,x Vaceine group 4
H3N1° A/HongKong/1/68-PR/8/34(R) H3,xN1 Test virus in HI assay
HIN2® A/PR/8/34-HongKong/1/68(R) HIN24x Test virus in NI assay
H6N2° A/Turkey/Mass./75-Alchi/2/68(R) HO6N2;x Vaccine: athymic mice (after T cell transfer)
H6N1° A/Turkey/Mass./75-India/1/80(R) H6N1 Test virus in Hl assay
B/Lee B/Lee/40 B/Lee Vaccine: group 5 cellular experiment

2 Reassortant virus.

89
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All viruses were grown in the allantoic sac of 10 day
old chick embryos and stored in multiplé aliquots at
~70°Cc. All virus strains used as vaccines were sucrose
gradient purified, then inactivated by U.V. irradiation to a

residual EID;, of less than 10_1'3/0.1 ml then adjusted

5
to equal NA activity (3.0u M of N-acetyl-neuraminic acid
released/24 hrs/100 pl). Each animal received an i.p.
injection of 0.2 ml containing approximately 2 yg of total
viral protein.

Animals

Inbred BALB/c female mice (Jackson Labs, Bar Harbor,
ME) 8 weeks of age were used in the infection protocols and
as T cell donors. BALB/cANNCR (nu+/nu+) mice
(NCI-Frederick Cancer Institute, Frederick, MD), age 10
weeks, were used as T cell recipients.

erologic ods

Hemagglutination inhibition (HI) assays, neuraminidase
inhibition (NI) assays, and all other serologic procedures
were performed as described in the previous chapter. The
test virus for NI was HlNZHK. The test virus for the HI
test was either H3HKN1 or H6Nl. (See Table VII).

Infection Procedure

Mice used as spleen cell donors were sequentially
infected with heterovariant H3N2 influenza viruses as
described previously (Johansson et al, 1987a). The schedule
of infection used in this study had been shown to be optimal

for NI antibody production. To confirm infection after
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éerosol and intranasal exposure to virus, five mice subjec-
ted to each infection procedure were randomly se;ected and
killed for determination of pulmonary virus titers.

Preparation of B cell depleted population of spleen
cells

Animals from each vaccine group (Table VIII) were
killed by cervical dislocation and their spleens removed
under sterile conditions. Cell suspensions were made by
teasing apart the spleens in sterile phosphate-buffered
saline (PBS). Erythrocytes were removed by treatment with
ammonium chloride. Cell suspensions were enriched for T
cells by passage over a nylon wool column (Julius et al,
1973) and effluent cells were further depleted of B cells by
the panning method (Wysocki and Sato, 1978) which specifi-
cally binds Ig+ cells. Viability counts were performed by
the trypan blue exclusion method. Final concentrations of
cells were suspended in PBS. Cytofluorometric analysis
(Fig. 1) has shown that 97.5% of the remaining cells stain
positively with fluorescein conjugated anti-Thy 1.2
monoclonal antibody (Miles Scientific, Napaville, IL).

200 u1 of 1.0 x 107 purified viable T cells were
injected intravenously into the tail vein of recipient
athymic mice. |
Preparation of L3T4% or pyt2¥ depleted T cell
populations

T cells were purified from splenocytes as described

above. Purified T cells were treated with énti-L3T4 (to
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TABLE VIII

Immunization protocol and serologlic response of donor mice

Days After Initial Infection

No. of
Group h:lc: 0. (Aerosol 42 42. lr:t:’a- 63 63. Vaccine 707 77
nasal in-
exposure) NI HI jection NI HI injection NI HI NI HI
1 20 Mock® 1.0(0F <1.0(0) Mock® 1.0 0) <1.0 (0) Mock® 1.4 (1.01) <1.0 (0) 1.1(2.1) <1.0(0)
2 20 H3xN2ux 4.8(1.46) 2.5(0.72) H3mN2m 4.5 (2.17) 1.95(0.80) Mock® 5.6(1.64) 2.85(0.88) 7.0(1.96) 2.6 (0.92)
3 20 H3xN2ux 4.7(0.96) 2.3(0.64) H3pmN2p 5.02(2.01) 1.95(0.76) H3uxN2ux 7.1 (0.85) 6.6 (0.96) 11.0(0.31) 7.9 (0.42)
4 20 H3;uxN2ux 4.8(1.83) 2.3(0.57) H3pyN2py; 4.9 (1.96) 2.1 (0.60) H7N2yx 8.0(0.92) 4.5 (0.69) 14.6(0.79) 5.1 (0.96)
5 20 H3,aN2x 5.2(1.62) 2.4(0.50) H3mN2pm 5.4 (2.05) 2.1 (0.64) B/Lee 5.2(1.87) 3.1 (0.57) 6.4(1.81) 3.8(0.88)
6° 10 None None H3N2,x 1.6(0.78) 0.9 (0.32) 3.2(1.09) 2.0(0.91)
44/10 9/10 10/10 10/10
7 10 None None H7N2yx 1.5(0.82) <1.0 (0.0) 2.9 <1.0 (0)
3410 0/10 10/10 0/10

“ Log 2 geometric mean titer (+SD).
® Sterile phosphate-buffered saline.
€ Vaccine standardization groups.
4 Number of responding animals.

HI test virus: H3;cN1.
NI test virus: HIN2y.

L
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eliminate T helper cells) or anti-Lyt2 (to eliminate T
suppressor cells) in the presence of complement (C'). Then
each group of T cells was reconstituted in a 50-50 mixture
with either naive or primed T cells of the same subpopula-
tion previously ablated (Fig. 2). These T cell mixtures
were used in inAvitro spleen cultures of 2 x 107 cells/ml
in a total volume of 200 pl/well (Mishell and Dutton, 1967).
T cell depleted splenocytes were incubated with U.V. inact-
ivated purified influenza virus for 8 hours prior to
addition of T cells. Supernants were assay?d every three
days for the production of NI antibody.

Cytofluorometric analysis (Fig. 3) has shown that
without treatment with specific antibody 49.7% of the T
cells were L3T4" and 36.3% were Lyt2+. After these
unfrabtibnated cells were treated with monoclonal anti L3T4
antibody and C', only 0.7% of the cells stained for L3T4+,
whereas 79.7% stained for Lyt2. Treatment of T cells with
monclonal anti-Lyt2 antibody resulted in 84.1% of the T
cells staining for L3ra”t and 4.6% staining for Lyt2.
Vaccination Protocol

As outlined in Table VIII, 110 eight week o0ld female
BALB/c mice were either sequentially infected with hetero-
variant H3N2 influenza viruses (90 animals) or mock infected
(20 animals). Ten of the infected animals were used to
determine pulmonary virus titers after exposure to virus
(see above). Twenty additional animals were held for later

primary immunization with vaccines alone (Groups 6 and 7,
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T CELL SUBPOPULATION EXPERIMENT

Naive Primed
BALB/c BALB/c
mice mice

Spleen Spleen

Nylon wool ‘ Nylon woolcolum
column panning

Adherent cells T cells

l C'+ anli-thy 12
Antigen presenting cells (APC) Anti-Lyt 2 Anti-L3T4
+ Cl +cl

Inflvenza Avirus HEN2

! ; 1

Add naive Add naive

| [revbete 8hours Lyt 2+cells ¥ L3T4*cells

L (b) (a) (¢)
APC's +Tcell mixtures <& J J J
l Feed daily Lyt 2*|L3T14t
Harvest: Days 3,5,7 - (a)] + +
(b)] N +
(c)| + N

Fig. 2
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panel) or anti-Lyt2+C' (bottom panel)

75




76

Table VIII). 63 days after initial infection, mice were
randomly divided into 4 vaccine groups of 20 animals (Table
VIII). Each vaccine group received an i.p. injection of a
preparation containing either PBS (Group 2), or U.V.
inactivated H3N2 virus (Group 3), H7N2 virus (Group 4) or
B/Lee virus (Group 5). Seven\days later, 5 mice from each
vaccine group were randomly selected as spleen cell donors.
The remaining mice were bled and their sera tested for NI
and HI activity. Purified T cells were obtained from these
donor spleens and either transferred to six 10 week old
female BALB/c nu+/nu+ athymic mice per vaccine group or
used in Mishell-Dutton in vitro assays. 24 hours after T
cell transfer the recipient mice were injected i.p. with
U.V. inactivated H6N2 virus vaccine. The recipient mice
were bled at 7 day intervals for one month.

RESULTS
ogic Response t equential Infection
and Vaccination of Donor Mice

Animals that were sequentially infected and vaccinated
but not used as T cell donors were bled 7 and 14 days after
vaccination.

The infection schedule successfully primed animals to
H3 and N2 as manifested by primary serologic response after
infection (Tabie VIII). All animals had a significant > 2
109 2 (four-fold) increase in HI antibody following aero-
sol infection with H3 N2 virus (Groups 2,3,4, and

HK" “HK
5). Infection was also verified by demonstration of infec-
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tive virus in lung suspensions 3 days after aerosol exposure
to virus (Table IX). Intranasal infection with H3PHN2PH

42 days after aerosol exposure resulted in little or no
increase in HI antibody to H3HK or NI antibody to N2hg

by day 63 but small antibody increases to both surface
antigens unrelated to vaccination were seen by day 70
(Groups 2 and 5, Table_VIII). Additionally, infective virus
was detected in lung suspensions 3 days after intranasal
infection, (Table IX). Therefore, reinfection and restim-
ulation of immunity were accomplished. Priming to both HA
and NA was achieved (Groups 3 and 4), as was previously
described (Johansson et al, 1987a).

Only animals that received an N2-containing vaccine
(Groups 3 and 4) had a prompt increase in NA antibody (day
70), that continued to rise to day 77. As seen before with
this infection protocol, vaccination with H7N2 vaccine
(Group 4) evoked by day 77 a significantly (fourfold)
greater NA antibody response than did H3N2 vaccine (Group 3)
despite equivalence of N2 immunogenicity of the vaccines in
unprimed animals. Additionally, H7N2 vaccine stimulated a
low level of H3HK cross-reactive HI antibody. Vaccina-
tion with H3N2 (Group 3) evoked a secondary response to both
H3 and N2 as manifested by an increased titer to both of
these antigens following vaccination. Injection with PBS
(Group 2) or B/Lee virus vaccine (Group 5) did not evoke a

detectable secondary response to either H3 or N2.



Table IX

Demonstratlon of tnfective vtrus {n mouse lungs after admlinistration -

of virus

Pulmonary Virus Titers: (E!Dso)

Day 3, aerosol® Day 45, intranasal®

4.1° 4.3

2 Method of infection; five animals tested.
® Reciprocal mean log 10 titer.

78
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esponse to Vaccine in Un ed M'ce.

In unprimed mice, both HBHKNZHK and H7N2HK
vaccines were marginally immunogenic as shown by geometric
mean'titers in Table II (Gfoups A énd B). However, 10 of 10
mice injéétéd wiﬁh eiﬁher véécihe alone had slight increases
in N2 antibody 14 days éfﬁer injection, and 10 of 10 animals
given only HBHKNZHK(Group A, Table II) vaccine had four-
fold increases of HI antibody to HBHK.by Day 77, The
significant immunogenic effect of these vaccines in sequen-
tially infected (primed) animals is shown in comparisqn of
animals from Groups 3 and 4 with unvaccinated animals in
Group 2. The H7N2HK vaccine minimally stimulated H3ugx
antibody response in infection primed animals (compare
Groups 3 and 4) and in none of the unipfected animals.

B/Lee virus vacéiné given to animals after infection priming
(Group 5) led to no increase in H3 antibody or N2 antibody
in comparison to animals sequentially infected, then vacci-
nated with sterile PBS (Group 2).

ic sponse_of cipi c

All athymic mice that received T cells responded to
H6N2 vaccine virus, as shown by H6 antibody response (Fig.
4) and N2 antibody response (Table X).

H6N2 reassortant virus vaccine induced H6 specific
antibody in all T cell recipient athymic mice. Only at one
point (day 7 after vaccine) were significant differences
among T cell recipient groups shown (Figure 4). A Tukey
test (oa.= 0.05) subsequent to ANOVA indicated that signi-



Ta}ble X.

T cell transfers: NI antlbody response of reciptent athymic mice

Donor Experience Reciplent Experience Days After Vaccine (NI}®
Grou .
P Infection Vaccine (r:n‘:;'lei > v;::f:: '(e:é;z) 7 14 21 28

1 Mock® Mock + + 2.23¢ 3.70 3.56 3.78
(1.04) (1.97) {2.10) (1.49)

2 +* Mock + + 5.46 6.00 6.20 7.36
(1.03) (1.45) {3.06) {0.80)

3 + H3N2 + + 5.96 8.00 9.70 9.46
{1.30) (1.78) (1.01) (0.86)

4 + H7N2 + + 7.30 9.10 10.50 10.20
(1.39) (0.51) (0.42) (0.81)

5 + B/Lee + + 4.90 5.30 7.3 5.7%
(2.01) (1.11) {0.34) (0.0)

6 - - 2.50 1.0 1.0 1.0
(1.7) (0.0) (0.0) (0 0)

7 - + 1.0 2.8 1.0
(0.0) (3.5) (0.0) (0 0)

2T cells transferred into six mice/recipient groups 7 days after donor vaccine.
® NI test virus: HI1N2yx.

€ Received sterile PBS.

4 Reciprocal log 2 geometric mean titer (+SD).

€ See Table II.

7Only one survivor of six.

na
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ficant differences did not exist between Group 3 (H3N2 vac-—-
cine) and Group 4 (H7N2 vaccine), but the anti-H6 response
of Groups 3 and 4 were significantly different from Group 2
(PBS vaccine), Group 5 (B/Lee vaccine), and Group 1 (MOCK).
By Day 14 through 28, there were no significant differences
amongst groups, although Groups 3 and 4 remained as the
weakest anti H6 responders. All groups had a precipitous
drop in H6 antibody titer between day 21 and 28. Addition-
ally, there was no measurable HI antibody to H3 antigen in
any group, indicative of the specificity of the immune
response in these mice toward H6 HA and N2 NA.

A two way analysis of variance (ANOVA) indicated
significant differences (p <0.0001) in the N2 antibody
response among T cell recipient groups. A Tukey test (a=
0.05) subsequent to ANOVA showed that animals that received
T cells from donors boosted with H7N2 virus (Group 4, Table
X) were significantly superior to all other groups in NI
antibody production. Athymic mice that received T cells
from animals vaccinated with H3N2 virus (Group 3) had the
next highest N2 antibody response compared to other groups.
There were no significant differences between athymic mice
receiving T cells from donors injected with either PBS or
B/Lee virus. Athymic mice getting unprimed T cells from
immunologically naive donofs (Group 1) responded to
challenge virus, albeit at a lower level than primed groups.

No significant amounts of HI or NI antibody were produc-

ed in athymic mice that did not receive T cells (Grps.6,7).
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n_Vit NI Antibody Production of Influenza
irus Primed B cells with L3T4" or Lyt2* celils

Studies with T cell subpopulations indicate that the
helper activity seen in this system re31des in an nL3ra*
cell subpopulation. Cultures containing primed L3T4
cells (Table X1, "b" line) were able to produce 87% to
111.9% of the NI antibody that fintact" control cultures
(Table XI "a" line) produced. In cultures containing cells
from mice 1mmunized with 1nfluenza virus (Groups 2-5) Lyt2
primed cell had no significant effect on NI antibody
production in comparison to unprimed controls (Table XI,
Group lc). Moreover, in any culture from any group, primed
’Lyt2+ T cells did not enhance or suppress NI antibody
production. Also, cultures containing 1374t cells from
mice vaccinated with H7N2 virus after sequential H3N2 virus
infection produced the greatest amount of NI antibody,
confirming findings from our studies in athymic mice.

DISCUSSION

In the present study, we have confirmed earlier
observations that in mice sequentially infected with H3N2
variant viruses, vaccination with homologous H3N2 virus
vaccine evokes a lesser anti-N2 antibody response than H7N2
virus vaccine (Chapter VI). Animals injected with H7N2
virus vaccine had an approximately four-fold greater
anti~NA response than animals boosted with a H3N2 virus
vaccine. The H3 antibody responses in these animals were

inversely related to the N2 antibody response, i.e., H3N2
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Table XI

MISHELL-DUTTON IN VITRO NI ANTIBODY PRODUCTION OF INFLUENZA VIRUS PRIMED
B CELLS CULTURED WITH L3T4+ OR Lyt2+ T CELLS

DONOR EXPERIENCE DONOR T CELL IN VITRO NI ANTIBODY
SUBSET
GROUP  INFECTION VACCINE L3T4* lyt2° DAY 3 DAY 5 DAY 7
a) + + 1.70 291 3.19
(100%) (99.7%) (109%)
1 MOCK MOCK b + n 1.70 2.88 3.49 .
¢ n + 1.67 2.67 3.16
a) + + 2.47 4.49 5.06
(95.9%) (110%) (102%)
2 + MOCK b)) + n 2.37 493 5.10
¢ n + 1.13 2.49 3.00
2 o+ + 331 5.01 .6.41
(99.8%) (86.3%) (101%)
3 + H3N2 b + n 2.95 4.45 6.48
c) n + 1.37 2.69 3.00
a) + + 4.09 6.29 8.24
(111.9%) (91.0%) (91.0%)
4 + HIN2 b + n 458 " 5,72 7.47
o n + 1.77 3.01 3.23
8 + + 252 4.13 5.21
(99.9%) (98.0%) (87%)
5 + Bllee b + n 2.48 4.06 4.52
g n + 1.67 298 297
n = naive T cells

(NI antibody Group "b"/NI antibody Group"a") x 100

(%)
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vaccine elicited a greater H3 antibody response than did
H7N2 vaccine although H7N2 vaccine induced a low level of
H3 cross reactive antibody.

.The requirement of T helper cell activity in the
anti-influenza virus immune response (Burns et al, 1975;
Anders et al, 1979) and eviéence that T cells may be
involved in intermolecular antigenic competition (Taussig,
1977) led us to examine the role of the T cell in the
phenomenon of HA-influenced response to viral NA. Transfer
of influenza virus specific T helper clones to athymic mice
(Scherle and Gerhard, 1986) or co-culture of unprimed B
cells with influenza virus-primed T cells (Anders et al,
1981) resulted in an accelerated and greater anti-influenza
virus antibody response after stimulation with influenza
virus combared td the response following transfer of
unprimed or non-specifically primed T cells.

In the present study, only athymic mice that received
T cells were able to mount a specific antibody response to
vaccine virus, confirming the dependence of immune response
to influenza virus surface antigens upon helper T cells
(Virelizier et al, 1974; Burns et al, 1975; Anders et al,
1979). In our study, primed T cells (Groups 2,3,4, and 5
Table X) elicited a greater anti-N2 response from naive B
cells in athymic mice than did unprimed T cells. Athymic
mice given purified T cells from H3N2 virus-primed donor
mice injected with homologous H3N2 virus had a significantly

lower N2 antibody response to H6N2 vaccine virus antigens



86

than athymic mice given T cells from primed donors injected
with H7N2 virus vaccine, but a significantly greater N2
antibody response than animals injected with B/Lee virus or
PBS. Furthermore, in in vitro antibody production assays,
cell cultures containing L3T4% T cells from donor mice
injected with H7N2 had the greatest NI antibody response to
H6N2 test virus, an effect not seen with Lyt2+ T cells

from any group. These data demonstrate that there was a
relatively impaired expansion of NA-specific L3T4+ T helper
cells in donor mice injected with H3N2 virus after sequen-
tial infection with heterovariant (H3N2) influenza viruses
of the same HA subtype, compared to donor mice injected with
H7N2 virus. The lower N2 antibody response of mice injected
with B/Lee virus or PBS clearly resulted from the lack of
specific boosting antigens in the vaccine (i.e., vaccine did
not contain H3 or N2 antigens). It is not surprising that
the T helper population identified in this study is L3T4+.
There is a very strong correlation between expression of
L3’I‘4+ and both expression of helper phenotype and class II
MHC antigen reactivity (Dialynas et al, 1983; Wilde et al,
1983).

H6N2 virus vaccine induced the formation of H6 HI
antibody in all athymic recipient mice provided with T
cells. It is interesting that the lowest H6 HI titers were
found in T cell recipient mice that had the highest NI
titers . This inverse relationship between HI and NI titers

among T cell recipient groups is consistent with our anti-
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genic competition hypothesis. However, we must reiteratg
that there was a significant difference between H3N2 and‘
H7N2 vaccination groups in N2 antibody response, although
there were no significant differences between these groups
in H6 antibody titers. Assuming that H6 specific T cells
are in equal numbers in all groups and that HA is found in
greater molar amounts than NA on influenza virions (Erickson
and Kilbourne, 1980), one must conclude that the transfer of
an expanded population of N2-specific T helper cells
partially alleviates potential antigenic competition
between HA and NA, at least in activating naive B cells
present in T cell recipient athymic mice. We stress that
the H3N2'and H7N2 vaccines used in the priming of donor mice
induced equivalent antibody response to their homologous HA
kHB or H7) and to NA (N2) antigens in unprimed mice.

The difference in molar amounts of NA and HA on the
influenza virus particle (Compans et al, 1970; Erickson and
Kilbourne, 1980), may account in part for the initially
superior immunogenicity of HA in conventional H3N2 and HINl
virus vaccines (Kilbourne et al, 1987). Changes in the
relative amounts of HA and NA in H3N2 and H7N2 vaccines
cannot explain the decreased N2 antibody response in animals
injected with H3N2 vaccine after sequential infections;
therefore, alterations in the cellular components involved
in the recognition of NA antigen must explain this
observation. Early investigations into the cellular

mechanisms of intermolecular competition have shown that
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when competing antigens are sequentially presented (sequen-
tial intermolecular competition) (Taussig, 1977) the reduced
response to the second antigen results from the action of a
population of antigen-specific T suppressor cells (Gershon
and Kondo, 1971). Intermolecular competition with antigen
mixtures of synthetic polypeptides appérently is also
dependent on T cell activity. Taussig (1977) argues that
intermolecular antigenic competition may be a side effect of
T-B cell cooperation and suggests that T helper cells
compete for space on antigen presenting cells. The competi-
tion for space could be due to any of three mechanisms:

1) Lack of antigen presented in conjunction with MHC
antigens. Iat is not constitutively expressed on all
macrophages, but increases after antigen stimulation (Unanue
et al, 1984). 1Indeed processed antigen not associated with
MHC antigens can be found on the surface of unactivated
macrophages. Antigen not associated with MHC antigens
cannot be recognized by T cell receptors (Schwartz, 1985),

2) Direct antigenic competition for the same Ir gene
product (Werdelin, 1982; Rock and Benacerraf, 1983; Guillet
et al, 1986) or,

3) A preponderance of antigen specific T effector
(helper) cells that crow@ out other Th cells.

In any case, our present experiments indicate that
recognition of antigen by antigen specific T cells plays a

crucial role in intravirionic antigenic competition.
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VIII. Antigen-presenting B cells and T, cells
cooperatively mediate intravirionic antigeniJ’competition
between influenza A virus surface glycoproteins#*

Adoptive transfer experiments have shown that reduced
generation of NA-specific T cells is at least partially
responsible for modulation of antigenic competition in favor
of HA (Johansson et al, 1987b). This work is consistent
with observations that indicate intermolecular competition
is dependent on T cell coopergtion (Taussig et al, 1972;
Taussig, 1973; Taussig et al, 1977). The exact mechanisms of
intermolecular antigenic competition have not been eluci-
dated. However, assuming genetic precommitment of antigen
response cells, antiéens that are not linked together should
be recognized separately. Intermolecular competition,
however, implies a common event in the recognition of
response to different antigens. Taussig and Lachman (1972)
argued that antigenic competition is the result of an event
early in the recognition of the dominant antigen that
inhibits the early phases of immune induction to the sup-
pressed antigen. Furthermore, there is evidence that
intermolecular antigenic competition may be a side effect of
B-T cell cooperation (Taussig, 1977; Scherle and Gerhard,
1980). Scherle and Gerhard (1986) have shown that the B-T
cell collaboration which results in an antiviral immune
response requires a cognate (i.e., direct) T-B interaction,
whether or not the deterﬁinants recognized by the TB and B

cells are located on the same viral protein or on different

* Reproduced from Proceedings of the National Academy of Sciences, USA,
1987, Vol. 84, pp. 6869-6873, by copyright permission of The
National Academy of Sciences.
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proteins within the viral particle (intermolecular/
intrastructural help). Th cells primed to internal viral
components of influenza virus can help HA-specific B cells
produced antibody (Scherle and Gerhard, 1986; Russell and
Liew, 1979, 1980; Lamb et al, 1982).

Recent studies suggest that antigen processing and
presentation are partially a function of B-cells
(Lanzavecchia, 1985). One hypothesis to explain the
antigenic competition between influenza virus surface
glycoproteins takes cognizance of the ability of B cells to
bind, process and present antigen to T cells. This hypo-
thesis assumes that primary immunization with influenza
virus leads to preferential expansion and affinity matura-
tion of B-cells specific for hemagglutinin (HA), the most
abundant surface antigen (Webster et al, 1986). When the
host is reimmunized with the same virus, HA-specific B cells
would preferentially bind the virus and process and present
it to T cells specific for one of the several influenza
viral proteins. This B-T cell collaboration would activate
the T cell and in turn induce antibody production by the B
cell. Since the majority of the B cells would now be
HA-specific and antigen is limiting, the anti-NA response
would be competed out unless the NA is presented in
association with a different HA on the virion (Johansson et
al, 1987a). We have tested this hypothesis by measuring the
proliferative response of purified T cells stimulated by

influenza virus antigens presented by purified B cells.
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These cell populations were obtained from influenza virus-

primed BALB/c mice in which HA and NA specific antibody

responses had been demonstrated (Johansson et al, 1987a).
MATERIALS AND METHODS

Influenza A virus strains used for infection or
vaccination were as described in the previous chapter (Table
VII). Antigenically hybrid, reassortant influenza A viruses
H3Nl1 (A/Hong Kong/1/68-PR/8/34) and H6N2 (A/Turkey/Mass/76-
Aichi/1/68) purified on sucrose gradients were U. V. inacti-
vated to a residual 50% egg infective dose (EIDSO) of less
than 10-1'3/0.2 ml, then used in in vitro proliferation
assays.

Animals. Influenza immunized BALB/c female mice
(Jackson Laboratories, Bar Harbor, ME) from a previous study
(Johansson et al, i987b) were donors of B and T cells used
in the present study. ‘

Infection and Vaccination Procedure. The procedure of

sequential infection with heterovariant H3N2 influenza A
viruses has been described in detail in Chapter II (Table
III). Vaccination procedures were as described in Chapter
III (Table VIII). After two sequential H3N2 infections,
animals were injected with either phosphate buffered saline
(PBS), or B/Lee, A/H3N2, or A/H7N2 influenza virus
vaccines. The immunization schedule and antibody responses
from this study are presented in brief in Table XII.

Preparation of T cell enriched populations from spleen

cells, Purified T cell populations were obtained 3 months
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after final immunization from the spleens of freshly killed
animals as previously described (Johanséon et al, 1987a).
Erythrocyte-free spleen cell suspensions were passed over a
nylon wool column (Julius et al, 1975). The effluent cells
were further depleted of B cells by "panning"™ on anti-Ig
plates (Wysocki and Sato, 1978). Final concentrations of
cells were suspehded in fresh Dulbecco's Modified Essential
Medium (DMEM) with 5% fetal calf serum (FCS). Cytofluoro-
metric analysis using fluorescein labelled anti-thy 1.2
monoclonal antibody showed that greater than 97.5% of these
cells were T-cells.

Preparation of B cell enriched populations from spleen
cells. After lysis of erythrocytes with tris—ammonium
chloride, splenocytes used as a B cell source were brought
to a volume of 3 ml in (DMEM) with 5% FCS, then placed in
100 mm petri dishes (Fisher Scientific) coated with a 1:10
dilution of purified rabbit anti-mouse Ig antibody and
normal rabbit serum (Wysocki and Sato, 1978). The cells
were gently rocked for 70 minutes at 4°C. The plates were
carefully washed five times with 5-10ml of PBS with 1% FCS.
To recover adherent cells, the plate was filled with 20-25
ml of PBS with 1% FCS and the entire surface of the plate
was flushed using a Pasteur pipette. Cells were then
incubated with a 1:30 dilution of anti-thy 1.2 monoclonal
antibody at 4°C for 30 minutes, then with a 1:16 dilution
of rabbit C' at 37°C for 30 minutes. Cytofluorometric

analysis of these cells showed that 95.6% stained positively
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with tetramethylrhodamine labelled rabbit anti-mouse Ig+
antibody.

T cell proliferative response. Purified B cells from
each experimental group were incubated with 100 hemaggluti-
nating units (HAU) of antigenically hybrid reassortant
virus, H3Nl or H6N2, for 8 hours, then gamma-irradiated
(2000 rads), yielding (H3)-specific or NA (N2)-specific
activated B célls. Virus-stimulated B cells (2 x 105/
well) and T cells (4 x 105/We11) were mixed in a micro-
titer plate in a total volume of 200 u1l/well. These
cultures were maintained at 37°C, 5% CO2 for 36 hrs,

then pulsed with 1uCi 3

H-thymidine/well. After 18 hrs of
incubation with label, cells were harvested and radioact-
ivity measured. Cell cultures were maintained in DMEM
containing g —mercaptoethanol (5 x 10-6M) and 10% fetal
calf serum (FCS). The proliferative resbonse of T cells as
measured by 3H-thymidine uptake was studied using B cells
incubated with influenza A viruses H3Nl or H6N2. In the
absence of virus, the T cell proliferative response of
purified B-T cell mixtures from unimmunized animals was
comparable to that found with unfractionated splenocytes in
other studies ( =1500 cpm). However, in the presence of
virus, these background levels were 10-30 x higher, possibly
reflecting non-specific B cell activation by the panning
procedure used in B cell isolation, unbalancing of the

homeostasis established among cells in unfractionated

splenocytes, or by an increased concentration of specific
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- antigen presenting cells in culture. Nonetheless, recent
studies have shown that increased proliferation of T cells
when B cells are used as antigen presenting cells is not the
result of non-specific activation signals generated by the T
cells or components of the medium (Gosselin et al, 1988).
The use of virus reassortants (H6N2 or H3N1l) containing
identical internal proteins (from A/PR/8/34) and only one of
the surface glycoproteins to which the experimental animals
had been previously primed, enabled us to differentiate
cellular responses to each surface antigen. After puri-
fication, each group of purified T cells was paired with
each group of antigen stimulated B cells in a standard
factorial design (Figure 5).
RESULTS
Comparative primary immunogenicity of H3N2 and H7N2

accines as asured by splenocyte oliferation response
In order to determine the comparative immunogenicity
and priming specificity of H7N2 and H3N2 virus vaccines,
splenocytes from unprimed mice injected with either of these
two vaccines were stimulated in vitro by H6N2 or H3N1l test
viruses. These vaccines had induced equivalent antibody
responses to their homologous HA (H3 or H7) and NA (N2)
antigens in unprimed mice (qohansson et al, 1987a, 1987b).
In the present study, splenocytes from these animals
proliferated to equivalent levels when stimulated with H6N2
virus (Table XIII) confirming previous findings that H7N2

and H3N2 inactivated vaccines are equivalent in primary N2
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BALB/c mice
- Spleen
SN
Adherent cells Effluent cells
‘C'* onti-thy 12 tPanm‘ng
Purified B cells Purified Tcells
(96.5%ig*) (97.5%thyl.2t)
t Influvenzo A virus .
HEN2 or HIN/
i 4x109% Tcells /well
Incubote 8hrs
‘Irmd/ale 2000rods

2 x10%8cells /well ——»

l/ncubalc.lsl:aws
iPuI:ed (H-thymidine)

‘/ncwale 18hours

Harvest and count

Fig. 5. Purified cell populations for in vitro
proliferation assays were obtained as

outlined above. See text for details.



Table XII. Immunization protocol and serologic
response of mice to sequential infection

and vaccination with influenza viruses.

Serologic response* on day P11 (postinfection 1)

Titer after infection

Titer after injection

1t 2t Vaccine
Mouse (day 42 (day 63 injection (day 70 (day 77
group PI1) PI1) i.p. (day PI1) PIl)
NI HI NI HI 63PlI1) NI HI NI HI
1 10 1.0 1.0 1.0 Mock 14 1.0 11 10
2 48 25 45 19 Mock 56 28 170 26
3 47 23 S50 19 H3N2¥ 7.1 66 11.0 7.9
4 47 23 49 21 HIN2Y 80 45 146 5.1
5 52 24 54 21 B/Lee 52 31 64 38
Vaccine standardization group
A H3N2 16 09 32 20
B H7N2 1.5 1.0 29 1.0

*NA inhibition (NI) antibody titer (H3N1 test virus) is expressed as
the reciprocal of the geometric mean titer; HA inhibition (HI)
antibody titer (H3N1 test virus) is expressed as the reciprocal of the
geometric mean titer.

tAerosol exposure to A/Hong Kong/1/68(H3N2) virus (groups 2-5),
group 1 being mock-infected (day 0).

$Intranasal inoculation of A/Philippines/2/82(H3N2) (groups 2-5),
group 1 being mock-infected (day 42).

§A/Hong Kong/1/68(H3N2).

YA/Equine/Prague/1/56-Aichi/2/68(R)(HTN2).
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immunogenicity. However, when H3Nl was used as stimulator
virus, only splenocytes from animals injected with H3N2
vaccine proliferated significantly (Table XII), although
splenocytes from H7N2 vaccinated mice did proliferate above
background levels in response to H3Nl virus. This observa-
tion is consistent with the finding that H7 HA can induce
low levels of H3 cross-reactive HI antibody (Johansson et
al, 1987a, 1987b; Kilbourne, 1976). H3Nl test virus stimu-
lated splenocytes from H3N2 vaccinated animals twice as well
as an equivalent dose of H6N2 test virus, suggesting that H3
was the dominant immunogen not only after infection (Table
XIV, lines 6,7 and 13, 14) but also after a single injection

of vaccine.

Priming effects of sequential infection:; Segregation
of B and T cell responses by study of in vitro antigenic
stimulation of B/T cell mixtu;eé, Stimulation of B-T cell

mixtures from unprimed (Group 1) mice with eitﬁer the H3N1
or H6N2 virus resulted in equivalent T cell proliferative
responses (Table XIV, lines 1 and 8).

The priming of cells to both external antigens of the
infecting H3N2 viruses is shown by comparison of lines 6 and
7 (H3-specific recall) and lines 13 and 14 (N2 specific
recall) with proliferative.responses of unprimed cells
(lines 1 and 8).

The immunodominance of H3 over N2 is seen in
comparisons of proliferative response to H3Nl stimulation

(lines 6, 7) with H6N2 stimulation (lines 13, 14) of cells



Table XII1I

Proliferation of splenocytes from unprimed mice
injected with H3N2 or H7N2 vaccine

{*H])Thymidine incorporation

stli’;:;;rt‘:)r after infection,! cpm + SEM
virus* H7N2 HIN2
HG6N2 40,844 + 1817 38,609 = 2202
H3N1 9,095 + 1500 74,773 + 1129
None 1,868 £+ 34 1,39 = 119

*One hundred hemagglutinating units of virus were used as the
stimulus.
*Values are mean cpm = SD of triplicate cultures.

Table XIV

Interaction of B and T cells from sequentially infected
and unimmunized mice

Cell mixture
B cells T cells cpm X

Mouse Invivo Mouse Invivo Test 1073/
Exp. group primed group primed virus min* Rank¥

1 1  Nonet 1 None! HIN1 49
2 1 Nonet 2 H3N2¢ H3N1 97
3 1 Nonet 5 H3N2¢  H3N1 100
B/Lect
4 2 H3aN2# 1 None! H3N1 95
5 5 HaN23 1 None?! H3N1 97
B/Leef
H3N2# 2 H3N2 H3IN1 200
H3N2¢ 5 H3N2 H3IN1 205
B/Lee$ B/Leet
8 1 Nonet 1 None! H6N2 48
9 1 Nonet 2 H3N2t H6N2 94
10 1 Nonet s HIN2¢ HeN2 8S
B/Lect

~N
w N
e OO ao0Om >2> OO0 OOm

1 2 H3N2¢ 1  Nonet H6N2 60

12 S HiN2t 1 Nonet H6N2 69
B/Lect

13 2 H3N2¢ 2 H3N2¥ HeN2 105

14 S  H3N2¢ 5  H3N2t HeN2 117

B/Lec$ B/Lect

*T-cell proliferation as measured by [*H]thymidine incorporation;
values are mean cpm X 10~3/min of triplicate cultures. Replicates
were within = 12% of the mean, so SDs are omitted.

tAnimals given sterile PBS.

Sequential infection by H3N2 heterovariant viruses.

§Injection i.p. of virus.

YTukey test (@ = 0.05) subsequent to analysis of variance (P <
03004) dplaced significantly different groups in rank order as
indicated.
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from the same infected mice. This HA skewed immune response
can be explained as the result of greater B cell priming. A
greater proliferative response in naive T cells was induced
by primed B cells stimulated by H3Nl1l than by primed B cells
stimulated by H6N2 virus (lines 4,5 compared to lines
11,12). 1In contrast, T cells from infected animals
exhibited no difference in proliferative response to H3 and
N2-specific stimulation when mixed with naive B cells (lines
2,3 and 9,10). This result is consistent with current
evidence (Zweerink, Courtneidge, Skehel et al, 1977; Ada et
al, 1981) that T cell memory in influenza virus infection is
primarily for internal proteins of the virus, whereas B cell
memory primarily involves recognition of surface viral
antigens, HA in particular. 1In this context, it is inter-
esting that Group 2 and 5 B cells were only slightly better
at presenting H6N2 to naive T cells than were Group 1
(unprimed) B cells (Table XIV, lines 11 and 12). This
demonstrates that very little B cell memory was established
for N2 even though both groups were infected twice with
viruses containing N2. These results are consistent with
our original hypothesis that very little expansion of '
NA-specific B cells occurs when NA is repetitively presented
in the context of the same HA, and also suggests that

internal proteins elict little or no B cell memory.

Proliferative response of T cells stimulated by H6N2:
Superior proliferation in H7N2 vaccinated animals, Among T

cell groups, those animals injected with H7N2 virus after



100

- sequential infection (Table XV, Column A, Group 4) had the
greatest T cell proliferative response to H6N2 and animals
that received H3N2 vaccine (Group 3) had the next highest
response. The T cell proliferative responses of animals
that received H3N2 vaccine (Group 3) had the next highest
response. The T cell proliferative respoﬁse of animals
injected with PBS (Group 2) or B/Lee virus (Group 5) were
significantly lower than that of Groups 3 and 4 but were not
significantly different from each other. Differences among
proliferative responées induced by the various B cell groups
reflect patterns identical to those found with T cell
groups.

Proliferative response of T cells stimulated by H3N1:
Animals vaccinated with H3N2 show greatest response, When

H3Nl1l was used as stimulating test virus (Table XV, column B)
a different pattern of difference among groups was found. T
cells from groups of animals injected with (H3N2 or H7N2)
virus after sequential infection with H3N2 variants had the
greatest in vitro response to H3Nl stimulator virus. There
were no significant differences among proliferation respon-
ses of T cells taken from animals sequentially infected,
then injected with H7N2 (Group 4), B/Lee (Group 5) or BBS
(Group 2), although these groups were significantly differ-
ent from Group 3 (highest response) and Group 1 (mock
infected:lowest response). The pattern of response among B
cell groups from these mice was identical to the pattern

found with T cell groups: greatest response from Group 3
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Table XV

Rank order of mean T-cell and B-cell proliferation
response to N2-specific and H3-specific antigen stimulation

Exp. A with stimulator virus Exp. B with stimulator virus
HG6N2 H3N1
Mouse Mouse
group Meancpm* Rank! group  Mean cpm* Rank!
‘ : T cells
1 98,872 D 1 95,049 C
2 143,151 C 2 184,892 B
3 209,310 B 3 274,831 A
4 279,894 A 4 183,784 B
5 137,846 C 5 186,280 B
B cells
1 114,401 D 1 94,526 C
2 138,055 C 2 192,017 B
3 181,783 B 3 255,147 A
4 299,095 A 4 192,691 B
5 145,739 C 5 190,455 B

*Mean cpm of [*H]thymidine incorporation in all cultures containing
T cells in experiment A (or B cells in experiment B) from a given
group. Each value represents 15 replicates [five B-cell groups in
experiment A (or T-cell groups in experiment B) from three cultures
per group = 15}.

tTukey test (@ = 0.05) subsequent to analysis of variance (P <
9.3001) dplaced significantly different groups in rank order as
indicated.
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(H3N2 vaccine) followed by Group 4 (H7N2), Group 5 (B/Lee))
and Group 2 (PBS).
omparatjve responses of imed_and un d T cells
timulated by na 1s; a su £f T cell memo By
culturing T cells from each group with naive B cells, we
recreated in vitro a cellular situation comparable to the
transfer of purified T cells to naivé athymic mice
(Johansson et al, 1987b) (see Table XVI). In both these
experiments, segregation of effects due to T cells from each
group was effected. In in vitro assays, dichotomous
responses of T cells were measured by using H6N2 virus to
test for N2 antigen-induced proliferation, and H3Nl virus to
assay for H3 antigen-induced proliferation.
When T cells from each infection/vaccination group
were exposed to naive B cells incubated with H6N2 virus, T
cells from H7N2 vaccinated mice (Group 4) had a significant-
ly higher response than cells of any other group. The T
cell response of Group 3 (H3N2) was significantly greater
than responses of cells of Groups 2 (PBS) and 5 (B/Lee
immunized), but significantly less than that of Group 4
(H7N2) T cells. As expected, the unprimed T cells of Group
1 (MOCK infected) had the least response to stimulation by
H6N2 virus. |
When H3Nl virus was used in this assay instead of H6N2
virus, T cells from animals injected with H3N2 virus after
sequential infection (Group 3), had the highest response.

The proliferation responses to H3Nl by T cells from Group 4



Table XVI

Comparative efficacy of primed and unprimed T cells

stimulated by naive B cells from mock-infected animals (group 1)

[*H]Thymidine incorporation

with test viruses*

T-cell H6N2
mouse In vivo cpm X cpm X
group  priming  107>/min Rank!  10~3/min  Rank!
1 None 48 D 49 C
2 H3N2# 94 C 97 B
3 H3N2# 119 B 146 A
H3N2§
4 H3N2# 194 A 98 B
H7N2§
5 H3N2¢ 85 C 100 B
’ B/Léet

*T-cell proliferation as measured by [*H]thymidine incorporation;
values are mean cpm X 10~3/min of triplicate cultures. Replicates
were within £ 12% of the mean, so SDs are omitted.

tTukey test (@ = 0.05) subsequent to analysis of variance (P <
0.0001) placed significantly different groups in rank order as

indicated.

iSequential infection by H3N2 heterovariant viruses.

§Injection i.p. of virus.
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(H7N2), Group 5 (B/Lee), and Group 2 (PBS) cannot be
separated statistically. Again, cells of Group 1 (Mock
infected) had the lowest jin vitro response to stimulating
virus.
ative efficacy of imed and unprimed B cells in

timulatin oliferative response in naive T cells, To
determine the role of B cells in the response of sequenti-
ally infected and vaccinated mice, we mixed in culture
purified B cells from each group with naive T cells then
exposed them to H3Nl or H6N2 test virus (Table XVII). When
naive T cells were stimulated by B cells from each group
pulsed with H6N2 virus the highest proliferation response
was found in cultures containing Group 4 B cells. This pro-
liferation response was significantly greater than the next
highest response (Group 3). Proliferation responses from
Groups 2 and 5 could not be separated statistically.
However, when H3Nl virus was used to stimulate B cells from
each group, the greatest proliferation of naive T cells
occurred when B cells from Group 3 were used. The prolifer-
ative response of cultures containing B cells from Group 3
was significantly higher than the responses in cultures
containing B cells from Group 3 was significantly higher
than the responses in cultures containing B cells from
Groups 4, 2 or 5, among which there were no statistically
significant differences. It is noteworthy that the degree
of difference between the highest responder groups was

greater when the primed B cells from a group were presenting
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Table XVII

Comparison of primed and unprimed B cells in
stimulating proliferation response in naive T cells from
mock-infected animals (group 1)

(*H]Thymidine incorporation
with test viruses*

Bucell H6N2 H3N1
mouse  In vivo cpm X cpm X
group  priming  10~/min  Rank!  10~3/min  Rank'
1 None 48 D 49 C
2 H3N2¢ 60 C 95 B
3 H3N2} 92 B 162 A
H3N2$
4 H3N2¢ 223 A 100 B
H7N2§
5 H3N2¢ 69 C 97 B
B/Leet

*T-cell proliferation as measured by [*H]thymidine incorporation;
values are mean cpm X 1073/min of triplicate cultures. Replicates
were within = 12% of the mean, so SDs are omitted.

TTukey test (@ = 0.05) subsequent to analysis of variance (P <
0.0002) placed significantly different groups in rank order as
indicated.

Sequential infection by H3N2 heterovariant viruses.

SInjection i.p. of virus.
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viral antigens than when primed T cells from that group were
stimulated by naive B cells (line 4, Table XVII; line 4,
Table XVI).

A-NA_antigenic ¢ tition is demonstrated
antigen-specific in vitro proliferation in B and T cell
mixtures. Purified B cells and purified T cells from
vaccine boosted immunization Groups 3 and 4 were mixed after
B cells had been exposed to test virus. The data summarized
in Table XVIII demonstrate that in mixtures of Group 3 T
cells and Group 3 B cells (line 1), T cells proliferated
more than twice as well as did Group 4 T cells in contact
with group 4 B cells (line 2) in response to in vitro
stimulation with H3Nl virus. Conversely, mixtures of B and
T cells from Group 4 (H7N2 vaccine) responded more than
twice as well to H6N2 virus as cells from Group 3. Although
the first observation is explicable on the basis that Group
4 animals had had less H3 priming, Groups 3 and 4 had had
equal exposure to the N2 antigen. These results are congru-
ent with our previous demonstration of HA~-NA antigenic
competition based on antibody response (Kilbourne.et al,
1987; Johansson et al, 1987a) and provide evidence that the
effect is mediated by B-T cell interaction. Furthermore,
the proliferative response of intergroup mixtures of B and T
cells (lines 3 and 6, Table XVIII) suggests the primary
importance of the B cell as APC in intravirionic antigenic
competition. When T cells and B cells from Groups 3 and 4

respectively, were mixed, the higher response to H3Nl in
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Table XVIII

Intra- and intergroup comparisons of B cell-T cell
interaction in response to in vitro stimulation

{(*H]Thymidine incorporation

Mouse with in vitro viral stimulus,*
group cells . cpm X 1073/min
In vivo
Exp. B T priming H3N1 H6N2

1 3 3 H3N2t " 481 212
. H3N2t

2 4 4 H3N2t 199 439
H7N2t

3 3 4 Mixed?$ 210 189

4 3 1 H3N2t 162 92
H3N2#

5 1 3 H3N2t 146 119
H3N2#

6 4 3 Mixed$ 269 330

7 4 1 H3N2t 100 223
H3N2¢

8 1 4 H3N2t 98 194
H7N2$

*T-cell proliferation as measured by [*H)thymidine incorporation;
values are mean cpm % 10~3/min of triplicate cultures. Replicates
were within * 12% of the mean, so SDs are omitted.

Sequential infection by H3N2 heterovariant viruses.

$Injection i.p. of vaccine virus.

§Group 3 donors were sequentially infected by H3N2 virus and then
injected i.p. with H3N2; group 4 donors were similarly infected but
were injected with H7N2 virus.
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vitro stimulation occurred when Group 3 B cells were used.
Conversely, a greater response to H6N2 virus occurred when
Group 4 B cells were used. The predominant role of B cells
was most clearly seen when primed B cells from these two
groups presented either H6N2 or H3Nl virus to naive T cells
(lines 4 and 7). An additional point of interest is that
the greatest response to in vitro stimulation with H3N1l
virus was in mixtures of Group 3 B and T cells. Also, when
Group 4 B cells are paired with Group 4 T cells, prolifer-
ative response to H6N2 was superior to that shown with
intergroup cell mixtures.
Discussion

The relative immunogenic inferiority of N2 antigen
when administered in vaccine virus containing H3, the
hemagglutinin previously encountered by animals sequentially
infected with H3N2 heterovariants, cannot be explained by
differential immunogenicity of the H3N2 or H7N2 vaccines.
Studies in unprimed mice showed that when given at equal
dosage, the two vaccines induced comparable levels of NI
(anti-N2) antibody and homologous HI antibody (Johansson et
al, 1987a) and the present studies have shown equivalent
N2-specific response of splenocytes in vitro. A likely
explanation for this phenomenon posits a different
immunologic response at the level of recognition and
presentation of NA antigen in association with novel HA
antigen. The studies presented here provide evidence for a

difference in the recognition and processing of vaccine
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viral particles in mice primed to H3 antigen. H3N2 viral
particles are apparently preferentially captured by H3
memory B cells which reduce the opportunity for N2 to unite
with B or T cell receptors that would result in N2 antibody
production whereas capture of H7N2 viral particles by N2
memory B cells is unimpaired‘by concomitant H3 recognition.
In either case processed viral antigens can then be
presented to immune T cells, resulting in the activation of
both the T and B cells.

In the present study we have also shown that the
proliferative response of T cells from H7N2 injected animals
mixed with naive B cells stimulated by H6N2 virus was
superior to that of any other T cells group (Table XVI).
However, when H3Nl vi;us was used to stimulate the same T
cells mixed with naive B cells, the resulting proliferative
response was significantly inferior to the proliferation of
T cells from H3N2 vaccinated mice mixed with naive B cells.
These results are consistent with our previous finding of
reduced generation of Th cells specific for N2 antigen in
animals sequentially infected by H3N2 heterovariant viruses
then injected with H3N2 vaccine. We have now demonstrated
both an expansion of N2-specific B cells in mice boosted
with H7N2 vaccine and an expanded H3 specific B cell popula-
tion iﬁ H3N2 vaccinated mice. Furthermore, the present jin
vitro system has énabled us to segregate and assess indepen-
déntly the role of B and T cells in immunization by H3N2

influenza viruses and has resulted in a clear definition of
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the contribution both of primed B cells and Th memory

cells in the mediation of intravirionic antigenic competi-
tion. Differences in proliferative responses among B-T cell
mixtures cannot be explained as the effect of unique inter-
facing among cells removed from the same animal (Table XV)
or among naive cells (Tables XVI and XVII). When B cells
‘from H3N2-boosted mice were mixed with T cells from the
other groups and stimulated with H3Nl, it is clear that
regardless of T cell group, they always yielded a better
response than was observed with any other B cell group.
Similarly, the proliferative response induced by H6N2 virus
with B cells from H7N2 vaccinated mice was always superior
to the proliferation of any other group, regardless of the T
cell group employed. While this effect was seen with both
H3Nl-stimulated B cells as well as H6N2-stimulated B cells
of H7N2 vaccinated mice, the effect was more pronounced with
H6N2. This probably resulted from the fact that all B cell
groups with the exception of those from naive animals were
primed to H3 antigen, while B cells from H7N2 vaccinated
mice were better primed to N2 antigen. This point is
supported by the observation that B cells from animals that
were not injected with influezna A virus vaccine antigens
after sequential infection induced significantly greater T
cell proliferation in response to H3Nl virus than occurred
with H6N2 virus. Also, T cells from H3N2 vaccinated mice

always responded better to H3Nl than did other T cells,
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regardless of the B cells used in antigen presentation, and
T cells from H7N2-vaccinated animals were always better
responders to H6N2 virus, regardless of the B cells used.
However, an interfacing effect was observed in homologous
cell mixtures: the greatest proliferative response to H6N2
virus was in homologous B-T cell mixtures from H7N2 vacc-
inated mice and the greatest response to H3Nl virus was in
B-T cell mixtures from mice given H3N2 vaccine. Taken
together, all these data provide evidence that both B cells
and T cells contribute to intravirionic antigenic competi-
tion between influenza virus surface glycoproteins.

The model we propose for intravirionic antigenic
competition aésumes that antigen presentation by macrophages
probably precedes or coincides with antigen presentation by
B ceils. This assumption is based on recent work indicating
that only activated B cells serve as efficient antigen
presenters (Chesnut, Colon and Grey, 1982; Kakiuchi et al,
1983), and that B cells play this role only in secondary
immune responses or late in primary response (Lanzavecchia,
1985; Hutchings et al, 1987). We postulate that in the
first recognition of influenza virus antigens by the immune
system, viral particles are probably engulfed by macro-
phages processed, and presented to T cells. Because HA is
found in greater molar amounts on the virion surface than NA
(Compans et al, 1970) and because the degree and direction

of antigenic competition are dependent on the relative
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amounts of competing immunogens, the resulting immune
response is relatively HA skewed. Subsequent infections
with influenza virus reinforce bias toward HA response by
continuing to select HA reactive B and/or T cell clones with
greater frequency than NA reactive clones. If, however,
infection (or vaccination) occurs with a virﬁs containing a
previously encountered NA and an HA to which the host is
immunologically naive, NA specific memory B cells, expanded
by previous exposure, more efficiently capture viral
particles and present antigen to memory T cells, resulting
in B and T cell activation. Resting B cells recognizing the
novel HA are probably competed out by the more efficient
activated NA specific B cells. Clones specific for this new
HA will undergo essentially a primary immune response, with
an inherently slower reaction time than that which
characterizes the secondary response.

Our model for intravirionic antigenic competition
differs conceptually from the model proposed by Taussig
(1977) for intermolecular antigenic competition that
stresses T cell participation. Our model proposes not only
T cell involvement but also competition at the level of B
cell recognition. In intravirionic antigenic competition,
the competing antigens are on the same virus particle and‘
therefore can be taken up and.presented by the same B cell,
whereas studies of intermolecular competition involve
mixtures of antigenic molecules which, because they are

unlinked, cannot be presented by the same B cells.
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Our studies have direct application in defining the
complex immunologic response in influenza and reinforce
earlier proposals (Couch et al, 1974) for an unconventional
approach to immunization that utilizes viral NA as a primary
immunogen (Couch et al, 1974; Kilbourne, 1984). To the
degree that antibody to the viral NA is important in
immunity to influenza (Schulman, 1975), the repeated damping
of response to this antigen in favor of HA with each
reinfection intrinsically and inevitably. prohibits the
attainment of balanced immunity to both HA and NA antigens.
The situation is analogous to the well documented phenomenon
of "original antigenic sin" (Francis et al, 1953) - a
perversion of the anamnestic response in which primed
response to conserved HA epitopes outstrips and may
interfere with primary response to newly mutated antigenic
sites on the HA of the notoriously changeable influenza A
virus. Thus, both original antigenic sin and intravirionic
antigenic competition may operate to compromise the attain-
ment of immunity to influenza by fostering inappropriate

immunologic response.
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IX. Macrophages do not mediate priming-dependent
intravirionic antigenic competition between
influenza A virus surface glycoproteins

Macrophages play an important immunoregulatory role as
phagocytes capable of ingesting and catabolizing many extra-
cellular molecules, including viral proteins, and as secre-
tory cells, releasing certain soluble factors continuously
or in response to anﬁigen binding and phagocytosis (Unanue
and Allen, 1987). T helper (Th) cells recognize processed
antigen in association with MHC gene products on the surface
of macrophages and accessory cells (Rosenthal and Shevach,
1973). It is during this interaction of Ty cells and
macrophages that the initial stages of antigenic competition
occur (Babbitt et al, 1986) due to direct competition for Ia
molecules (Werdelin, 1982; Rock and Benacerraf, 1983;
Guillet et al, 1986) or competition between Th cells of
different specificities for antigen-MHC complexes.

In the previous chapter we have shown that B cells
specific for viral surface glycoproteins can present viral
antigens to reactive T cells and thereby mediate antigenic
competition (Johansson et al, 1987c). In the present study
we confirm earlier findings that macrophages can present
influenza viral antigens to immune T cells (McLaren and
Pope, 1980; Rodgers and Mims, 1982; Mak and Ada, 1984) but
find that after initial response to infection macrophages do

not mediate HA-NA intravirionic antigenic competition.
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at als and Methods
iruses

Influenza A virus strains used for infection or
vaccination were as described earlier (Johansson et al,
1987a). Antigenically hybrid, reassortant influenza A virus
H6N2 (A/Turkey/Mass/76-Aichi/2/68 [Rj) (Johansson et al,
1987¢c) was purified on a sucrose gradient and inactivated by
UV irradiation to a residual 50% egg infective dose
(EIDg,) of 10-1'1/0.2 ml, then used in in vitro T cell
proliferation assays.
Anjimals

Influenza A virus primed BALB/c female mice (Jackson
Laboratories, Bar Harbor, ME) from an earlier study
(Johansson et al, 1987b) were donors of macrophages and T
cells used in the bresent'study.
Preparatjon of purified c opulations from spleen cells

Purified T cell populations were obtained 3 months
after final immunization as previously described (Johansson
et al, 1987b; 1987c). Erythrocyte-free spleen cell suspen-
sions were passed over a nylon wool column (Julius et al,
1974) and the effluent cells were further depleted of B
cells by "panning” on anti-Ig+ rabbit anti-mouse immuno-
globin) plates (Wysocki and Ssato, 1978). Cytofluorometric
analysis with fluorescein labeled anti-thy 1.2 monoclonal
antibody showed that at least 97.5% of these cells were T

cells.
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Infection and vaccination protocol

The procedure for sequential infections with hetero-
variant H3N2 influenza A viruses has been described in
detail (Johansson et al, 1987c). Vaccination procedures
were as described by Johansson, et al (1987¢). The immuni-

zation schedule is presented in Table XIX.

Preparation of enriched macrophage populations from
splenocytes

Enriched populations of macrophages were obtained from
mice of each experimental group (Table XIX) by passing
splenocytes over nylon wool columns. Adherent cells were
eluted off the column with cold (4°C) saline (0.85% NacCl,
w/v), this fluid was forcibly pushed out of the column.
These cells were then "panned"” on petri dishes coated with
purified rabbit anti-mouse Ig+ (Wysocki and Sato, 1978).
Cells not bound by Ig+ were recovered from the fluid by
centrifugation. Cytofluorometric analysis of these cells
showed that fewer than 0.3% were stained with tetramethyl-
rhodamine labelled rabbit anti-mouse Ig+ antibody.

T cell oliferativ esponse

Purified macrophages from each experimental group
(Table XIX) were incubated with 100 hemagglutinating units
(HAU) of the antigenically hybrid reassortant virus, H6N2,
for 8 hours, then gamma-irradiated (2000 rads). Virus-
stimulated macrophages (2 x 105/We11) and T cells (4 x
105/We11) from each group were co-cultured in a total

volume of 200 nl/well. These cultures were maintained at
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Table XIX.

1st

Infection

H3HKN2HK

H3HKN2HK

H3HKN2HK

H3HKN2HK
HBHKNZHK

ization Expe
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ence of Mic

in_Macrophage Studies

2nd

Infection

H3puN2py

HBPHNZPH

H3PHN2PH

H3PHN2PH

H3pyN2py

Vaccine

Mock
Mock
H3HKN2HK
H7N2HK

B/Lee

Immunization protocol for mice from which macrophages were

obtained.

First infection was with A/Hong Kong/1/68 (H3N2),

and the second infection with A/Philippines/1/82(H3N2) (7).

Mock infections and injections were with sterile phosphate-

buffered saline.,

Vaccine preparations consisted of U.V.

inactivated viruses that were injected intraperitoneally.
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37%, 5% co, for 36 hours, then pulsed with 1uCi
3H—thymidine/Well. After 18 hours of incubation with
label, cells were harvested on glass wool filters and
radioécﬁi#ity ﬁéééuréd. Eaéh Qioup of purified T cells was
paifed with eééh gfbdp of éntigen pﬁlsed macrophages in a
standard factorial design (See Figure 6). )

The H6N2 virus reassortant contained identical inter-
nal proteins (from A/PR/8/34) and the N2 neuraminidase to
which the experimental animals have been previously primed,

enabling us to compare N2 specific responses of each group.
Results
Variation in T cell proliferation response to H6N2

virus, Among T cell groups, animals injected with H7N2 virus
after sequential infection (Group 4, Table XX-A and XX-B)
had the greatest T cell proliferative response to H6N2 and
animals injected with H3N2 vaccine (Group 3) had the next
highest response. Proliferation responses among sequen-
tially infected animals injected with phosphate-buffered
saline (Group 2) were statistically indistinguishable from
those of animals similarly infected but injected with B/Lee
vaccine (Group 5). T cells from naive animals (Group 1) had
the least response to in vitro stimulation with H6N2 virus.
These results are congruent with other in vitro prolifer-
ation assays (Johansson et al, 1987&) and adoptive transfer
studies (Johansson et al, 1987b) which demonstrated the role
of NA-specific T memory cells in intravirionic antigenic

competition.



Table XX. Comparison of macrophages and B cells as
antigen presenting cells

Stimulator virus Stimulator virus
2; ma a H6N2: B cell _as APC
a: B:
T cells of T cells of
Group Mean cpn  Rank Group Mean cpn  Rank
1 7,347 D 1. 98,872 D
2 20,750 Cc 2 143,151 C
3 34,714 B 3 209,310 B
4 51,225 A 4 2?9,894 A
5 20,866 C 5 137,846 C
C: R:
_ Macro-
phages
of B cells of
group Meap cpm  Rank Group _Mean cpm. Bank
1 20,313 A 1 114,401 D
) 2 20,994 A 2 138,055 C
3 23,373 A 3 181,783 B
4 23,996 A 4 299,095 A
5 21,992 A S 145,739 c

2 x 105 APC were co-cultured with 4 x 105 T cells in
triplicate wells. APC had been incubated with 100 HAU of
H6N2 influenza A virus for 8 hours, then irradiated (2000
rads). Results are expressed as the mean cpm of
3B-thym1dine incorporation of all cpltures within a given
group (i.e. triplicate wells x 5 groups = 15 total wells).
Note that the cells from test mice were mixed in culture in
a factorial design (i.e. Group 1 T cells paired with groups
1,2,3,4 and 5 B cells, etc.) Data in columns B and D are

from Chapter VII, Table XV.
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BALB/c mice

Spleen
Nylon wool Nylon woo/
column column

Adherent cells Effluent cells

i Panni/fg ‘Ponm’ng

Purified macrophages Purified Tcells
(0.3%Ig+) (97.5%thyl.2+)
Influenza A virus
Y HENZ t
- 4x105 Tcells /well
* Incubate 8 hrs
GROUP
Irradiate 2000 rads f'(l) é 6 6 (b
- 2x105 apc twell —» 20 O O O G
3000 CC
4() C) () ("
. Incubale 36 hours
Pulsed (H3-thymidine)
%Incubafe 18 hours

Harvest and count

Fig. 6. Cell purification procedure and T cell

proliferation assay protocol for

macrophage studies.
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Macrophages do not have specific
antigen—-presenting memory
There were no statistically significant differences in
T cell proliferation among macrophage groups. Equivalent

3_thymidine

levels of T cell proliferation as measured by H
uptake were shown for all groups, inclﬁding T cells from
naive animals. Thus, macrophages do not have antigen
specific memory, since there were no differences among
macrophages from different experimental groups in their
ability to induce T cell proliferation. This is in contrast
to the variation found when B cells from each infection
group were used as antigen presenting cells. B cells
induced various levels of T cell proliferation dependent
upon the nature of B cell immunological priming (Table XX
and Johansson et al,-1987c).’
DISCUSSION

Experiments described in the previous chapter indicate
intravirionic antigenic competition is the result of B-T
cell collaboration (Johansson et al, 1987c). 1In the present
study we demonstrate that macrophages do not mediate HA/NA
antigenic competition. Macrophages from either naive or
influenza A virus (H3N2) primed mice were capable of pre-
senting H6N2 virus to either virus primed or naive T cells.
There were, howeQer, no differences among groups in the
ability of macrophages from immunized or unimmunized mice to
induce T cell proliferation, although there were differences

among T cell groups in their ability to proliferate in
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respoﬁse to H6N2 virus.

The finding that macrophages can present antigen to
MHC-restricted T cells is not new, but contrasts with
differences observed in T cell proliferative response when B
cells are used as APC. Although initial competitive events
during primary response probably occur at the level of
recognitibn by T cells of antigen on the macrophage (Babbitt
et al, 1986; Taussig and Lachman, 1972; Guillet et al, 1986;
Brody and Siskind, 1969) mediation of antigenic competition
subsequent to specific immunization is dominated by antigen
presenting memory B cells. The superiority of B cells in
antigen presentation (Chesnut et al, 1982) is confirmed
directly in the present study in comparison of the amount of
T cell proliferation induced by macrophages in naive (or
primed) T cells to that induced by B cells in naive (or

primed) T cells (Table XX).
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X. Comparative immunogenicity of influenza A
virus surface glycoproteins:
I. Purified viral hemagglutinin and neuraminidase
are equivalent immunogens

Antigenic competition exists between the HA and NA of
influenza A viruses and is manifest after immunization with
whole virus as a suppression of anti-NA immune response.
Immunodominance of HA over NA was seen in the T cell
proliferation responses of mice sequentially infected with
H3N2 viruses; stimulation with H3Nl virus induced
significantly greater proliferation than stimulation with
non-homologous H6N2 virus (Johansson et al, 1987c). This HA
skewed immune response can be explained as the result of
greater B and T cell pfiming to HA during infection
(Johansson et al, 1987c).

This difference in priming capability could be due to
known differences in relative molar amounts of HA and NA in
the virus or to intrinsic immunogenic differences between
the two profeins. The present study compares the relative
immunogenicity of influenza virus HA and NA in BALB/c mice
injected with graded doses of purified H3 HA or N2 NA.
Specific antibody response to each surface glycoprotein was
evaluated employing reassortant viruses in hemagglutination
inhibition (HI) and neuraminidase inhibition (NI) tests and
purified antigens in enzyme-linked immunosorbent assays
(ELISA).

at s and Methods

Viruses: The strains of influenza A viruses used in



Table XXI. Viruses used in this study

Virus Nomenclature

HANA : Laboratory

subtype Strain or reassortant designation Name Specific Use

H6N2 A/Turkey/Mass/75-Aichi/2/68 (R) H6N2HK Source of purified
N2 neuraminidase

H3N1 A/Hong Kong/1/68-PR/8/34 (R) H3HKN1PR8 Source of purified

: H3 hemagglutinin
H3N2 A/Aichi/2/68 (R) H3HKN2HK HI antigen
HIN2 A/PR/8/34-Hong Kong/1/68(R) Bl gN2, 0 NI antigen

vt
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these studies are identified in Table XXI. All viruses were
grown in the allantoic sac of 10 day old chick embryos and
stored in multiple aliquots at -70°C.

Animals: Inbred BALB/c female mice (Jackson Labs,

Bar Harbor, ME) 8 weeks of age were used in this study.

Is f purified HA and NA f influen 8
.Virus preparation: Reassortant influenza A virus

strains H6N2 (A/Turkey/Mass/75~Aichi/2/68 [R]) and H3N1l
(A/Hong Kong/1/68-~ PR/8/34 [R]) were used as sources of N2
neuraminidase and H3 hemagglutinin, respectively. Viruses
were grown in the allantoic sac of 10 day old chick embryos
at 37°C for 40 hours. Eggs were chilled at 4°c for at
least 18 hours prior to harvesting. Cellular debris was
removed by centrifugation at 11,000 rpm (Sorvall GSA rotor)
for 10 minutes. Virus was pelleted from the clarified
supernatant by a second centrifugation at 35,000 rpm
(Beckman Ti45 rotor) for 45 min. The virus pellet was
resuspended in phosphate-buffered saline (PBS; 0.01 M sodium
phosphate, 0.14 M NaCl [pH7]), layered over a 30%-60%
sucrose gradient and centrifuged at 25,000 rpm (Beckman SW27
rotor) for 90 min. The virus band was collected, diluted
with PBS, and recentrifuged at 35,000 rpm (Beckman Ti45
rotor) for 45 min.

E action and purjifjcatjon of surfa anti 8:
H3 HA and N2 NA were extracted and purified from influenza
virus particles as described by Gallagher et al (1984) with

several modifications (Fig. 7). Virus pelleted from 200 eggs
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HGNZAichi or H3HKN1PR8

v
Inoculate eggs

’

v
Allantoic fluid is clarified of
cellular debris by centrifugation

acent atilo
1) initial pelleting .
2) sucrose gradient banding
3) virus pelleted from band

- act

1) suspend virus ;g sodium acetate
buffer with Ca
2) disrupt virus with octyl glucoside

3) centrifuge - save HA-NA rich supernate

!

a c a f NA a

1) add CTaB

2) apply to DEAE-Sephadex column

3) Elution of NA with
0.05 M Tris-HCl pH 7.5 buffer

4) Elution of HA with 0.05M Tris-HCl1l (pH 7.5)
0.1M NaCl and 1% Triton X-100 buffer

Dialyze to remove residual detergent

Figure 7. Protocol for isolation of influenza

virus HA or NA
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(yield 20-40 mg) was resuspended in 1 ml sodium acetate
buffer (0.05 M sodium acetate, 2mM CaClz, 0.2 mM EDTA [pH
7.0]1). The resuspended viral preparation was refluxed
through a 19 gauge needle to assure a homogeneous suspen-
sion. An equal volume of 15% octylglucoside (octyl-g -D-
thioglucoside, Calbiochem Co.) in sodium acetaﬁe buffer was
added with vigorous vortexing. This suspension was
centrifuged at 15,000 rpm (Beckman Ti50.1 rotor) for 60
min. The supernatant was carefully removed from the pellet
and reserved as the HA-NA rich fraction. 2% aqueous
cetyltrimethylammonium bromide (CTAB, Sigma Chemical Co.)
was added to the HA-NA rich fraction to a final concen-
tration of 0.1% CTAB (100 ul 2% CTAB/2ml solution). This
solution was applied to a DEAE-Sephadex‘(A-So; Pharmacia
Fine Chemicals) ion exchange.column fbed, 0.7 cm x 6.0 cm)
previously swollen and equilibrated with 0.05 M Tris-

- hydrochloride (pH 7.5) containing 0.l1% octylglucoside (NA
eluting buffer). 10-15 fractions (2 ml/fraction) were
collected using the NA~eluting buffer, then the elution
buffer was changed to low salt HA eluting buffer (0.05M
Tris-hydrochloride [pH 7.5], 0.1 M NaCl and 0.1% Triton
X-100). After 10-15 fractions (2ml/fraction) were obtained
the elution buffer was changed to high salt HA eluting
buffer (0.05 M Tris-hydrdchloride [pH 7.5], 0.2M NaCl, and
0.1% Triton X-100). After chromatography, individual

fractions were dialyzed against sodium acetate buffer with

2mM CaCl, for 96 hrs to remove any residual detergent.
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ca™ in buffers stabilizes viral NA enzymatic activity
(Boschman and Jacobs, 1965; Dimmock, 1971) and immuno-
genicity (E.D. Kilbourne, unpublished results). Each
fraction was tested for neuraminidase activity with fetuin
substrate (Aminoff, 1961) and hemagglutinating activity with
chicken red blood cells (cRBC) (Palmer et al, 1975). Frac-
tions showing optimal activity were analyzed by SDS-poly-
acrylamide gel electrophoresis under non-reducing conditions
by the method of O'Farrell (1975). Gels were silver stained
by the method of Ohsawa and Ibata (1983).

NA isolated by this procedure co-elutes with viral
lipids and spontaneously forms liposomes subsequent to
dialysis (Gallagher et al, 1984). Protein was quantitated
by the Lowry assay (Lowry et al, 1951).

Serologic Methods: Sera were obtained from mice by
retroorbital bleeding. Mice were bled five times at seven
day intervals subsequent to boosting. Non-specific
inhibitors were destroyed with V. cholerae NA before use of
sera in HI tests. HI tests were performed by the microtiter
method (Sever, 1962) employing the reassortant viruses H3N2
(A/Aichi/2/68[R] [X-31]) and H6N1l (A/Turkey/Mass/75 -
India/1/80[R]). Tests for neuraminidase inhibition (NI),
employing the reassortant viruses HIN2 (A/PR/8/54-Hong
Rong/1/68 [R]) and HINl (A/PR/8/34) were performed as
described previously (Kilbourne, 1976). ELISA were done
(Khan, Gallagher, Bucher et al, 1982) on individual serum

specimens from every animal and every bleeding. Purified
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N2 NA or purified H3, in carbonate buffer (0.15M/Na2C03-
0.035 M NaCO3 pH 9.6), were used to sensitize the plates.
400 ng/ml of NA or HA were used in a volume of 100 ul per
weii. Antibbdy binding was déﬁeéted by éikéline phosphatase
cohjuéatéd éhéeb ahﬁi-mousé IQ (IQGl, IgGZa' I1gGy}yr
IgG3 and IgM) dsed ét the manufacturer's recommended
dilution (ICN Bioﬁedical, Inc., Costé Mesa, CA).

Immunizations: The Study design and immunization
protocol are outlined in Table XXII. 180 BALB/c mice were
randomly divided into two groups of 90 animals, each group
received injections of either purified H3 hemagglutinin or
purified N2 neuraminidase. These two groups were further
subdivided into nine subgroups of 10 animals, each member of
these subgroups received injections of antigen as
indicated. Injections were given either with Freund's
Complete Adjuvant (FCA) into the hind foot pads or
intravenously (i.v.) without adjuvant. Day 42 boosting
injections of 1 ug of HA or NA were given intraperitoneally
(i.p.) without adjuvant.

RESULTS

c ac ization of purified ant ns

Fractions from the N2 NA purification from H6N2 virus
that had high NA activity (» 3.5 M N-acetyl neuraminic acid
released/100 y 1/hr) and did not show any hemagglutination of
chicken RBCs, were pooled and analyzed by silver staining of
polyacrylamide-SDS gels following electrophoresis. As shown

in Figure 8, no viral protein bands were detected except for
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Table XXII: Study design and immunization protocol
for NA/HA immunogenicity studies

Freund's
Amount of Complete Day 42
Group # ant;gen(ggl Adjuvant Boost(gg)
A 0.2 - 1.0
B 1.0 - 1.0
C 5.0 - 1.0
D 25.0 - 1.0
1 0.2 + 1.0
2 1.0 + 1.0
3 5.0 + 1.0
4 25.0 + 1.0
X 0.0 - 1.0

Mice received either purified H3 hemagglutinin or

N2 neuraminidase.

Animals given antigen in Freund's Complete Adjuvant were
injected in the hind footpads; animals given antigen alone

were injected intravenously by the tail vein.

All 1.0 ug booster injections were given intraperitoneally
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a single band in the position of N2 NA. Fractions eluted
from chromatography of disrupted H3Nl virus were pooled
based on high HA activity (> 1280 HAU/50 ul) and minimal NA
activity (<0.032 uM N-acetyl neuraminic acid released/100
1/hr). Analysis on SDS gel revealed only a single band in a
position corresponding to H3 HA (Fig. 8). Furthermore, at
the highest dosage of antigen there was no antibody detec- .
table by ELISA (i.e., threshold 6.2 log2) against H6 HA in
mice immunized with N2 NA purified from H6N2 virus or
antibody specific for N1 NA in mice immunized Qith H3 HA
purified from ﬁBNl virus (data not shown).
Primary Immune Response to Purified HA or NA.

In both the H3 HA and N2 NA immunization protocols,
1 ug of purified antigen without adjuvant was administered
i.p. 42 days following a control i.v. injection of sterile
PBS (Table XXII, group X). 1 pg doses of H3 HA and N2 NA
induced equivalent but low levels of specific ELISA antibody
which peaked 14 days after injection (Fig. 9). There were
no significant differences in HA and NA antigen-specific
primary immune responses measured by ELISA with respect to
the maximum antibody titers induced or response kinetics.
Measurements of antibody by HI or NI proved less sensitive.
No NI antibody against N2 NA was found in any of the 10
mice injected with 1 g of NA antigen (Fig. 10a). Of the 10
mice injected with purified H3 HA only 1 mouse had
detectable levels of HI antibody against H3 (Fig. 1l0c).
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Fig. 8: 1l ug of each detergent disrupted whole virus was
run in lanes marked PR8, H6N2 and HKPR8. 100 ng
of purified antigens were run in lanes marked N2
and H3. 1Influenza virus proteins, identified on
the left, indicate migration of proteins from PR8
virus, in this 10% SDS-PAGE under non-reducing

conditions,
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PRIMARY ANTIBODY RESPONSE TO
PURIFIED H3 HEMAGGLUTININ AND N2 NEURAMINIDASE
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Fig. 9: Mice were injected with sterile PBS on day 0, then
42 days later were immunized .with 1 yg of N2 NA
(e---®), or 1 ug of H3 HA (+-—+). Sera taken on

the days specified were tested in ELISA.
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Secondary immune response to purified HA and NA,

Data on secondary response are summarized graphically
in Figures 10 and 11. Purified N2 NA and purified H3 HA
were immunogenic at all dosages (0.2 - 25.0 ug) whether
injected with or without FCA. As expected, there were
significant differences in antibody response between groups
receiving injections containing FCA and those that did not
have adjuvant (analysis of variance (ANOVA): p > 0.0001).
Antibody response to any given dose was always greater in
the presence of adjuvant. Specific antibody titers in mice
immunized with either purified H3 HA or N2 NA peaked 14 days
after administration of a 1 ug boost. This 14 day peak was
observed in HI (H3 primed mice), NI tests (N2 primed mice)
and in ELISA (both antigen groups) regardless of antigen
dosage.

Overall, slightly higher antibody titers measured by
ELISA were found in mice injected with N2 NA. This differ-
ence was not statistically significant. There were
significant differences among most dosage groups (p >
0.0001), but tests subsequent to ANOVA found no statisti-
cally significant differences in NI or ELISA antibody titers
in animals injected with 5 ug or 25 uyg of N2 NA (Fig. 11).
Both of these groups had a significantly greater antibody
response than the 0.2 or 1 pg groups. However, when
purified N2 NA was given with FCA, significant differences
were found between 5 pg and 25 pg groups as well as among

groups given lesser doses.
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Antibody to N2 from mice injected with purified N2

alone (panel A) or N2-FCA (Panel B) was measured by

NI using whole HIN2 virus,

Antibody to H3 from

mice injected with purified H3 alone (panel C) or

H3-FCA (Panel D) was measured by HI using whole

H3N2 virus.
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Purified N2 (panels A and B) or H3

(panels C and D) were used to coat ELISA plates.
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The pattern of differences in H3 antibody measured by
ELISA and HI tests in animals that received purified H3 was
similar to that found with N2 immunized animals. Injections
of 5 g or 25 g of H3 antigen given without FCA, were not
significantly different from each other, but were signifi-
cantly different from the 1.0 ug and 0.2 pg groups. When
FCA was included in the inoculum, significant differences (p
> 0.0003) in ELISA (Figure 1ll) and HI tests (Figure 10) were
found among all groups, with response proportional to anti-
gen dose.' The kinetics of HI and NI antibody responses
differed. Although both glycbproteins induced significant
rises in antibody titer from day 7 post-boost to maximum
titer levels on day 14, mice injected with N2 NA had exper-—
ienced a 15-39% decline in antibody titer by day 49 (Figure
10), whereas the decline from maximal HI titer in H3 immuni-
zed mice by that time ranged from 53-77%. However, these
apparent differences in the rate of decline of HA and NA
antibody were not as pronounced when antibodies were
measured by ELISA. In N2 immunized mice there was no sig-
nificant difference between NA antibody measured by ELISA on
days 14 and 49; (69-83% of maximum titer was found on day
49). 1In comparison, H3 antibody titers were 53-87% of maxi-
mum titers by day 49, which represents a slightly signifi-
cant difference (p > 0.076) between day 14 and day 49 ELISA
antibody to HA. Furthermore, although NI antibody titers
correlated highly with N2 antibody titers measured by ELISA

(r = 0.94), the intensity of association between HI and H3
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ELISA antibody was not as great (r = 0.63).
DISCUSSION |

In this chapter we have shown that the influenza A
virus surface glycoproteins, HA and NA, are equivalent
immunogens in primary and secondary immune responses when
equal amounts of these antigens are administered as purified
proteins separated from other viral proteins. Injection of
purified HA or NA induced identical maximum levels of speci-
fic antibody in ELISA tests (Fig.‘llA-D). Because there are
apparently no intrinsic differences between NA and HA in
immunogenicity, the antigenic competition between HA and NA
that results in greater B and T cell priming to HA antigen
(Johansson et al, 1987c) is most likely a manifestation of
the greater molar amount of HA found on the virion's surface
and hence its presentation in greater amount to the antigen
recognition elements of the immune system. This is consis-
tent with one of the features of antigenic competition
between mixed'antigens, i.e., a marked dependence on the
relative proportions of the antigens in the mixture. The
direction and extent of antigen competition are influenced
by the dose pf the antigens (Brody and Siskind, 1969) and
their relative molar ratios (Taussig et al, 1972). A
typical example of this was found in competition between
diptheria and tetanus toxoids in a mixed vaccine (Barr and
Llewellyn-Joﬁes, 1953a, 1953b). One way, therefore, to
avoid competition when mixed antigens are injected is to

"balance" the mixture, i.e., adjust the proportions of the
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antigens so that competition does not occur. Such
adjustment may assume particular importance when influenza
vaccines are prepared for human use. Because there appear
to be ho intrinsic differences in the immunogenicity of HA
and NA, balanced formulations of the two antigens might
induce a more "balanced" anti-influenza virus response,
avoiding the HA-skewed response to present inactivated
influenza virus vaccines (Kilbourne et al, 1987).

Although HA and NA induced equivalent levels of
specific antibody and similar response kinetics in ELISA,
interesting differences in antibody response curves are
apparent if antibody responses to the two antigens are
measured by NI or HI tests. Measured by any method (ELISA,
HI or NI) antibody response to both HA and NA peaked 14 dgys
after secondary antigenic stimulation. Thereafter, the
degree of antibody decline varied in relation to the
immunizing antigen used (HA or NA) and the test employed in
the measurement of antibody. The trends observed both in
increase and decline of antibody were essentially uninflu-
enced by the use of adjuvant except for the greater magni-
tude of response in the adjuvant groups (See Fig. 10).

The sustained levels of ELISA antibodies seen with
both antigens (Fig. 11) probably reflects both the greater
accessibility of epitopes in that assay system and its lack
of dependence on the biologic activity of the antigens to
which antibody is measured. Thus, changes in antibody

avidity might go undetected in a system that scores multi-
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valent antibody to multiple antigenic siteé. In contrast,
both HI and NI tests depend on competition between antibody
and either red blood cell receptors or enzyme substrate for
combination with virion antigens, and, understandably, might
be more susceptible to decline of high avidity antibodies.
In fact, the rate of decline was greatest (down to 20% of
peak) for HI antibody, while the difference beﬁween NI and
NA ELISA titers at 49 days after boost was minimal. Even
though the NI test measures the blocking of biologic (i.e.,
enzymatic) function it may be more comparable to the ELISA
in that it may measure a broad range of antibodies to
different sites, any of which can act by steric hindrance to

block enzymatic activity.
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XI. Comparative immunogenicity of influenza A virus
surface glycoproteins. II. Contrasting influence
on influenza virus infection of specific immunity
induced by purified hemagglutinin or neuraminidase
We have shown that purified hemagglutinin (HA) and
neuraminidase (NA) (major and minor influenza virus
antigens, respectively) are immunogenically equivalent in
the induction of antibody measured by enzyme linked
immunosorbent assay (ELISA). However, past evidence
indicates critical differences in the nature of immunity
induced by HA or NA. Earlier studies in which HA and NA
were segregated in antigenically hybrid reassortant viruses
(Kilbourne, 1976; Schulman, 1969) or that employed
chemically isolated NA antigen (Kilbourne et al, 1968;
Schulman et al, 1968) established the different roles of the
two viral proteins in the induction of immunity to influenza
virus infection. Anti-NA antibody is infection-permissive,
in that antibody against NA does not prevent acquisition of
infection (Kilbourne et al, 1975; Schulman et al, 1968).
However, NA immunization can reduce viral replication below
a pathogenic threshold so that infection can occur without
apparent disease (Beutner et al, 1979; Couch et al, 1974;
Kilbourne et al, 1973; Ogra et al, 1977). Antibody against
HA is generally regarded as neutralizing, presumably
preventing infection by interfering with viral attachment to
host cells (Yoden et al, 1986) or by possibly interfering
with the fusion event subsequent to endocytosis (Kida et al,

1983; Yoden et al, 1986).
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Preliminary vaccine studies in humans (Beutner et al,
1979; éouch et al, 1974; Kilbourne, 1976) and experiments in
mice (Schulman, 1969; Schulman et al, 1968) have shown that
anti-NA immunity, induced either by a reassortant antigen-
ically hybrid virus vaccine or by a purified NA preparation,
protected against disease from a virus containing
antigenically homologous NA. ,Viral challenge resulted in
the development of fully protective immunity capable of
preventing subsequent reinfection.

Vaccination with conventional inactivated influenza
vaccines, containing both HA and NA, stimulates immunity
against both antigens (Murphy et al, 1982) although
immunologic response to NA is severely suppressed in primed
subjects through HA-NA antigenic competition (Johansson et
al, 1987a; Kilbourne, 1976). Therefore, with biantigen
vaccines the effect of anti-HA immunity is overriding and
infection usually is prevented.

Having established that isolated HA and NA are
equivalent immunogens on a weight basis we undertook the
present study to investigate their relative immunizing
capacity'without the confounding effects of the high HA to
NA ratio per virion characteristic of whole virus vaccines,
or of intravirionic/intermolecular HA-NA antigenic
competition.

ate s _and Methods
nimals: BALB/c female mice immunized with graded doses of

purified H3 HA or N2 NA as described in the previous chapter



were used in the present study. The HA and NA antibody
titers of these animals on the day of challenge infection
are summarized in Table XXIII.

Viruses; The strains of influenza A virus used in this
study have been described in the previous chapter). Wwild-
type H3N2 (A/Hong Kong/1/68) virus was used for infecting
mice. All viruses were grown in the allantoic sac of

10 day old chick embryos and stored in multiple aliquots at
-70°C. |

Infection grotocolsi 50 days after an intraperitoneal
booster injection of 1 ug of purified H3 HA or N2 NA, 10
mice from each primary dosage group were inoculated intra-
nasally under light ether anesthesia with 100 50% mouse
infective doses (MIDSO) of H3N2 virus. The surface
glycoproteins contained in this virus are identical to the
purified H3 HA and N2 NA used to immunize the animals.
Titration of pulmonary vjirus:

Three days after inoculation of virus, five mice from
each group were killed and 10_2 screening dilutions of
homogenized lung suspensions were injected into 10 day old
chick embryos. The presence of hemagglutinin in harvested
allantoic fluids identified virus-positive lungs. Indivi-
dual virus-positive lungs were titrated for plaque-forming
infective virus by inoculation of decimal dilutions (10-1
- 10—8) of lung suspensions in Madin-Darby canine kidney
(MDCK) cell cultures (3 60 mm plastic plates/dilution).

After iﬁcubation at 37°c for 72 hours (Jahiel and

143
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Table XXIII. Specific antibody titers of mice on the day of H3N2 virus challenge

Immunizations H3 antibody N2_Aptibody
1 antigen! In 12l ¢ 2 pcal e ELISA® 818  ELisa
1 None - - 0 < 4.0 <1l.0 < 4.0
2 H3 0.2 - 0.8 9.0 - -
3 H3 1.0 - 1.4 9.7 - --
4 m 5.0 - 2.1 12.7 - —
5 H3 25.0 - 2.6 13.3 ‘ - --
6 H3 0.2 + 2.3 11.1 - -
7 H3 1.0 + 3.0 12.9 - -
8 H3 5.0 + 4.2 14.7 - —
9 H3 © 25.0 + 6.3 17.1 < 1.0 < 4.0
10 None - - 0 < 4.0 < 1.0 < 4.0
11w 1.0 - - 2.10  10.5
12 N2 5.0 - - - 3.90 13.3
13 N2 1.0 + - - 4.03  12.8
14 N2 5.0 + - 6.37  15.1
15 N2 2.5 + <1.0 < 4.0 8.54  17.0

1 Purified HBHK or purified N2,

2 All animals were injected with an initial dose and boosted with 1 g of
antigen 42 days later

3 Freund's Complete Adjuvant was given in conjunction with antigen where
indicated

4 Himagglutinin inhibition test: geometric mean reciprocal log 2 endpoint
titer

5 Neuraminidase inhibition test: mean reciprocal log2 endpoint titer

6 Enzyme linked immunosorbent assays: geometric mean reciprocal log2
endpoint titers
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Kilbourne, 1966), cell monolayers were stained with 0.1%
crystal violet and plaques counted.

RESULTS
Infection in unimmunized mice; Infective virus was

recovered from all 10 mice that had not been immunized with
H3 HA or N2 NA antigens. Titration of pulmonary virus in
each of these animals in MDCK cells gave a geometric mean
endpoint titer of 1.53 x 10~% PFU/0.2 ml of a 1.0% lung
(v/v) suspension.
H3N2 virus infection in N2 immunized mice: Consistent with
past evidence that NA antibody is infection permissive
(Jahiel and Kilbourne, 1966; Kilbourne et al, 1975), we
found that all mice immunized with purified N2 NA were
infected when challenged with H3N2 virus containing homol-
ogous NA. The occurrence of infection in these N2-primed
mice was independent of N2 antibody concentrations; i.e.,
all mice were infected over a broad range of antibody levels
(Figure 12). However, the concentration of infective virus
decreased in direct relation to pre-infection levels of
anti-N2 antibody (Fig. 13). At the lowest N2 antibody
level, reduction in pulmonary virus less than 2-fold (80%)
was observed, but a further increase in N2 antibody level of
approximately 200-fold was associated with a 10-fold reduc-
tion of virus.

H3N2 virus infection jin H3 jimmunized mice, Mice |
immunized with purified H3 HA had comparable antibody titers

to those of N2 immunized animals (Table XXIII). However,
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PERCENT OF IMMUNIZED MICE INFECTED WITH H3N2 VIRUS
(Based on presence of virus in the lungs)

N2 IMMUNIZED MICE  H3 IMMUNIZED MICE
100% 100% 100% 100%

|00}

S0

PERCENT INFECTED

25 18%

2 2 0%
(1:4-110) (1:16-1:32){1:32-1:2048) (<l:4-1:4) (18-116)(1:32 - 1.128)
SERUM NI ANTIBODY SERUM HI ANTIBODY

Figure 12, 1Incidence of infection in mice immunized
with N2 (on left) or H3 antigen (on right)
infected with H3N2 virus containing homol-
ogous antigen. Infection is defined by the
detection of egg-infective virus in normal
lungs in a concentration of 1072/0.2 ml of

a 1% lung suspension (v/v).
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REDUCTION IN PULMONARY VIRUS AS
A FUNCTION OF NI ANTIBODY

1000 j | T T

NUMBER OF PLAQUE FORMING UNITS

O 2 4 6 8 0]
LOG, NI ANTIBODY |

Figure 13. Plot of PFU as a function of the amount of
NI antibody in N2-immunized mice challenged

with 100 MID of H3N2 virus.

50
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unlike N2 NA primed animals, H3 immunized mice were
susceptible to infection only at relatively low HA antibody
levels (HI < 1l:4). Suppression of infection was evident at
HI titers of only 1:8. 1In animals with HI antibody titers
greater than 1:16, infection was ablated. (Figure 12).

As in the case of NI antibody, different levels of HI
antibody were associated with proportional and reciprocal
changes of pulmonary virus concentration (Fig. 14). At the
lowest HI antibody level, an approximately 2-fold reduction
in pulmonary virus was observed but a further two-fold
increase in HI titer was associated with an approximately
100-fold reduction of virus (Fig. 14). These curves (Figs.
13 and 14) demonstrate that HA immunization was infection
permissive only in association with a low level of immuni-
zation reflected in a very narrow antibody titer range. At
most antibody levels infection was suppressed; in contrast,
NA immunization, while associated with decreased virus, was
infection-permissive over a broad range of antibody concen-
trations.

DISCUSSION

The present study of isolated purified antigens
confirms earlier evidence that NA-specific immunity is
infection permissive over a broad range of antibody levels
(Schulman et al, 1968) and that anti-HA immunity can prevent
infection at relatively low antibody concentrations. That
the effect of NA immunization may be mediated directly by

circulating N2 antibody, is suggested by previous evidence
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REDUCTION IN PULMONARY VIRUS AS
A FUNCTION OF HI ANTIBODY

1000;

100+ | .

O
1
|

NUMBER OF PLAQUE FORMING UNITS

ol oLl oL 1 4
0O | 2 3 4 5 6
LOG, HI ANTIBODY

Figure 14. Plot of PFU as a function of HI antibody in
mice infected with H3N2 virus. PFU were
calculated from lungs of mice primed to H3 HA

then infected with 100 MID50 of H3N2 virus.
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that passive administration of NA-specific antibody can
ameliorate infection (Schulman et al, 1968).

Precise measurement of infectious virus present in
immunized animals revealed critical differences between
immunity induced by HA and NA. Immunization with purified
HA in a wide range of doses prevented infection by virus
bearing an antigenically homologous HA, a situation analo-
gous to the immunity established by vaccination with conven-
tional influenza vaccines. Purified N2 NA induced immunity
similar to that seen subsequent to vaccination by antigen-
ically hybrid "NA-specific" vaccine viruses (Beutner et al,
1979; Couch et al, 1979; Kilbourne, 1976; Ogra et al, 1977).
Although challenge virus contained N2 antigenically identi-
cal to the priming N2 NA, evidence of infection was found
even in mice given the highest doses of NA. The present
study of graded dose response is in agreement with previous
studies that demonstrated the induction of infection permis-
sive immunity by a single dose of NA purified by electro-
phoretic separation (Kilbourne et al, 1968; Schulman et al,
1968).

Although immunity is seldom absolute, the non-permis-
sive, anti-infective immunity inddced by the influenza virus
HA appears to be operative over a range of antibody concen-
trations, with infection occurring only at the lowest anti-
body levels. .The wide window of pérmissiveness afforded by
even the highest concentration of NA antibody was antici-

pated from earlier in vitro studies. Investigations by
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Jahiel and Kilbourne (1966) on the influence of antisera to
HIN1l and H2N2 influenza viruses on the plaquing character-
istics of an HIN2 antigenically hybrid virus, showed
kinetics in the reduction of virus replication remarkably
similar to those found in intact animals in the present
study. A plot of viral plaque size against antibody concen-
tration demonstrated reduction in plaque size to be princi-
pally a function of NA-specific antibody, while HA specific
antibody completely inhibited plaque formation except for a
narrow zone of plaque size reduction near the titration
endpoint (Fig. 15).

The contrasting effects both in vitro and in vivo of
antibody to HA and NA proteins are most likely a reflection
of the different biological roles HA and NA play in the
virus replication cycle, the HA being essential in viral
attachment and initiation of infection and the NA inhibitory
to virus release (Kilbourne et al, 1975). The présent study
of purified surface antigens demonstrates that a cardinal
element in establishing immunity to influenza is recognition
of the surface glycoproteins of the virus. However, these
findings do not negate the importance of cognate help in B/T
cell interactions, in which humoral immune responses to HA
or NA are suppbrted by T cells reactive with internal
components of influenza virus (Johansson et al, 1987c;
Russell and Liew, 1979, 1980; Scherle and Gerhard, 1986).
After sequential H3N2 virus infection of mice, T cells from

these animals proliferated equally in response to hetero-
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Figure 15. Plot of median plaque size radius versus
decreasing amount of specific antibody. Cells
were infected with reassortant HIN2 virus; agar
overlay contained either antibody to HIN1 virus
(HA H1l specific) (O—©) or to H2N2 virus (N2
specific) anti-N2 antibody (@—@). (Data
replotted from Jahiel and Kilbourne, 1960).
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subtypic (HIN1l) influenza virus internal proteins, but
véried in their response to HA and NA (Johansson et al,
1987c).

In conjunction with basic data on the primary
immunogenicity of the purified NA and HA antigens of
influenza virus, the present study shows clearly that
immunization with either antigen alone éan alter the course
of infection. Most important, we have shown unequivocally
that in its immunizing effect on virus replication, NA is
not merely a weaker HA but that the partial immunity it
induces permits subsequent (further immunizing) infection to
occur even at the highest level of immunity induced. Thus,
immunization with purified NA offers a truly unique approach
to the prevention of influenza. It is likely that as a
single viral protein NA will have less toxicity than whole
virus vaccines, live or inactivated. As isolated from
detergent disrupted virus (Kilbourne et al, 1968), NA is
highly antigenic, and adjuvants, although demonstrably
enhancing, should not be required for its use in man.
Finally, the slower rate of antigenic drift of NA in both
HINl (E.D. Kilbourne, unpublished data) and H3N2 (Johansson
et al, 1987a) subtypes offers the prospect of more lasting
immunity than that induced by the HA antigen or by

conventional vaccines.
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VIII. Epiloque

The series of exéeriments comprising this thesis have
shown in a murine model system that antigenic competition
between influenza virus HA and NA, which is manifest as a
suppression of anti-NA response, results from greater B cell
and Th cell priming to viral HA than to NA. This greater
priming to HA reflects the high HA/NA molar ratio found on
intact virions. When isolated from the virion and injected
as purified antigens, HA and NA are equivalent immunogens.
Moreover, isolated glycoproteins induced an immunity paral-
leling that seen with whole viruses in which HA and NA have
been segregated by reassortment, in that NA-specific immuni-
zation was infection-permissive and HA-specific immunization
suppressed infection. The results of these experiments
highlight the potential of using purified NA for vaccination
against influenza in humans. What is now needed are
experiments designed to ascertain:

1) the minimal immunogenic dose of purified NA in

humans;

2) reactogenicity of the purified NA-vaccines;

3) the duration of immunity engendered by this

vaccination;

4) the toxicity of purified NA vaccine in young

children.
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Additional experiments should investigate the use of
purified NA as a "companion—vaccine" to conQentional
inactivated vaccines in order to increase anti-NA response.
Also, purified NA could be injected simultaneously with or
before a live influenza virus vaccine to increase anti-NA
resﬁonse that would serve as an additional guard against

viral escape from attenuation.
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XIII. APPENDIX: ABBREVIATIONS

antigen presenting cell
complement

cytotoxic T lymphocyte

50% egg infectious dose
enzyme-linked immunosorbent assay
hemagglutinin glycoprotein
hemagglutination titer
hemagglutination inhibition
Madin-Darby Canine Kidney cell line
50% mouse infectious dose
neuraminidase glycoprotein
neuraminidase inhibition
nucleoprotein

phosphate buffered saline

T helper cell

ultraviolet light



157

XIV. BIBLIOGRAPHY

Air, G.M., Els, M.C., Brown, L.E., et al. 1985. Location of
antigenic sites on the three-dimensional structure of the
influenza N2 virus neuraminidase. Virol. 145:237.

Air, G.M., Laver, W.G. and Webster, R.G. 1987. Antigenic
variation in influenza viruses. Contr. Micro. Immunol. 8:20.

Ada, G.L. and Yap, K-L. 1977. Matrix protein expressed at
the surface of cells infected with influenza viruses.
Immunochem. 14:643.

ada, G.L., Leung, K.N. and Ertl, H.C. 1981. An analysis of
effector T cell generation and function in mice exposed to
influenza A or Sendai viruses. Immun. Rev. 58:4.

Allen, P.M., Matsueda, G.R., Haber, E. and Unanue, E.R.
1985, Specificity of the T cell receptor: two different
detﬁrminants are generated by the same peptide and the
I-A™ molecule. J. Immunol. 135:368.

Aminoff, D. 1961. Methods for the quantitative estimation of
N-acetylneuraminic acid and their application to hydroly-
sates of sialomucoids. Biochem. J. 81:384-392.

Anders, E., Peppard, P., Burns, W. and White, D. 1979. In
vitro antibody response to influenza virus. I. T cell
dependence of secondary response to hemagglutinin.

J. Immunol. 123:1356.

Anders, E., Katz, J., Jackson, D. and White, D. 198l. In
vitro antibody response to influenza virus. II. Specificity
of helper T cells recognizing hemagglutinin. J. Immunol.
127:669.

Anders, E., Scalzo, A. and White, D. 1984. Influenza viruses
are T cell independent B cell mitogens. J. Virol. 50:960.

Andrew, M.E., Coupar, B.E., Ada, G.L. and Boyle, D.B. 1986
Cell-mediated immune responses to influenza virus antigens

expressed by vaccinia virus recombinants. Micro. Path.
1:443,

Andrew, M.E., Coupar, B.E., Boyle, D.B. and Ada, G.L. 1987.
The roles of influenza virus haemagglutinin and nucleopro-
teins in protection: analysis using vaccinia virus recombi-
nants. Scan. J. Immunol. 25:21.

Andrewes, C.H., Bang, F.B. and Burnet, F.M. 1955. A short
description of the myxovirus group (influenza and related
viruses). Virol. 1l:176.



158

Archetti, J. and Horsfall, F. 1950. Persistent antigenic
variation of influenza A viruses after incomplete neutral-
ization in ovo with heterologous immune serum. J. Exp. Med.
92:441.

Babbitt, B.P., Allen, P.M., Matsueda, G., Haber, E., and
Unanue, E.R. 1985. Binding of immunogenic peptides to Ia
histocompatibility molecules. Nature 317:359.

Balkovic, E.S. and Six, R.H. 1986. Pulmonary and serum
isotypic antibody responses of mice to live and inactivated
influenza virus. Am. Rev. Respir. Dis. 134:6.

Barker, W.H. and Mullooly, J.P. 1980. Influenza vaccinatlon
of elderly persons. J.A.M.A. 244:2547.

Barr, M. and Llewellyn-Jones, M. 1953a. Some factors
influencing the response of animals to immunisation with
combined prophylactics. Br. J. Exp. Path. 34:12.

Barr, M. and Llewellyn-Jones, M. 1953b. Interference with
antitoxic responses in immunisation with combined prophy-
lactics. Br. J. Exp. Pathol. 34:233.

Beaton, A.R. and Krug, R.M..1984. Synthesis of the templates
for influenza virion RNA replication in vitro. Proc. Natl.
Acad. Sci. USA 81:4682.

Benacerraf, B. and McDevitt, H.O. 1972. Histocompatibility-
linked immune response genes. Science 175:273.

Bennink, J.R., Yewdell, J.W., Smith, G.L. and Moss, B.
1987. Anti-influenza virus cytotoxic T lymphocytes recog-
nize the three viral polymerases and a nonstructural pro-
tein: responsiveness to individual viral antigens in major
histocompatibility complex controlled. J. Virol. 61:1098.

Berzofsky, J.A. 1983. T-B reciprocity. An Ia-restricted
epitope-specific circuit regulating T cell-B cell inter-
action and antibody specificity. Surv. Immunol. Res. 2:223.

Beutner, K., Chow, T., Rubi, E., Strussenberg, J., Clement,
J. and Ogra, P. 1979. Evaluation of a neuraminidase=-specific
influenza A virus vaccine in children: antibody responses
and effects on two successive outbreaks of natural infec-
tion. J. Inf. Dis. 140:844.

Biddison, W.E., Doherty, P.C., and Webster, R.G. 1977.
Antibody to influenza virus matrix protein detects a common
antigen on the surface of cells infected with type A
influenza viruses. J. Exp. Med. 146:690.

Bona, C.A. and Moran, T.M. 1985. Idiotype vaccines. Ann.



159

L'Instit. Pasteur/Immunologie 136:21.

Boschman, T.A.C. and Jacobs, J. 1965. The influence of
ethylenediaminetetraacetate on various neuraminidases.
Biochem. Zeithsch. 342:532.

Both, G.W., Sleigh, M.J., Cox, N.J. and Kendal, A.P. 1983.
Antigenic drift in influenza H3 hemagglutinin from 1968-
1980. Multiple evolutionary pathways and sequential amino
acid changes at key antigenic sites. J. Virol. 48:52.

Braciale, T.J. 1977. Immunologic recognition of influenza
virus infected cells. Cell Immunol. 33:423, °

Braciale, T.J., Henkel, T.J., Lukacher, A. and Braciale,
V.L. 1986. Fine specificity and antigen receptor expression
among influenza virus-specific cytolytic T lymphocyte
clones. J. Immunol. 137:995.

Braciale, T.J. and Yap, K.L. 1978. Role of viral infectivity
in the induction of influenza virus-specific cytotoxic T
cells. J. Exp. Med. 147:1236.

Braciale, T.J., Andrew, M.F. and Braciale, V.L. 1981, Heter-
ogeneity and specificity of cloned lines of influenza virus-
specific cytotoxic T lymphocytes. J. Exp. Med. 153:910.

Brody, N. and Siskind, G. 1969. Studies on antigenic
competition. J. Exp. Med. 130:821.

Buckler-White, A.J., Naeve, C.W. and Murphy, B.R. 1986.
Characterization of a gene coding for M protein which is
involved in host range restriction of an avian influenza A
virus in monkeys. J. Virol. 57:697.

Burlington, D.B., Clements, M.C., Meiklejohn, G., Phelan, M.
and Murphy, B.R. 1983. Hemagglutinin specific antibody
responses in immunoglobulin G, A and M isotypes as measured
by ELISA after primary or secondary infection of humans with
influenza A virus. Infect. Immun. 41:540.,

Burns, W., Billups, L. and Notkins, A. 1975. Thymus
dependence of viral antigens. Nature 256:654.

Caton, A.J., Brownlee, G.G., Yewdell, J.W. and Gerhard, W.
1982, The antigenic structure of the influenza virus
A/PR/8/34 hemagglutinin (H1 subtype). Cell 31:417.

Chenoweth, A., Waltz, A.D., Stokes, J., Jr. et al, 1936.
Active immunization with the viruses of human and swine
influenza. Am. J. Dis. Child. 52:757.

Chesnut, R.W. and Grey, H.M. 198l1. Studies on the capacity



160

of B cells to serve as antigen-presenting cells.
J. Immunol. 126:1075-1079.

Chesnut, R.W., Colon, S.M. and Grey, H. 1982. Antigen
presentation by normal B cells, B cell tumors and
macrophages: functional and biochemical comparison.

J. Immunol. 128:1764-1768.

Choppin, P.W. 1963. On the emergence of influenza virus
particles from host cells. Virol. 21:278.

Choppin, P.W. and Tamm, I. 1960. Studies of two kinds of
virus particles which comprise influenza A2 virus strains.
II. Reactivity with virus inhibitors in normal sera.

J. Exp. Med. 112:921.

Chow, T., Beutner, K. and Ogra, P. 1979. Cell-mediated
immune response to the hemagglutinin and neuraminidase
antigens of influenza A virus after immunization in humans.
Infect. Immun. 25:103.

Clements, M.L., Betts, H.F. and Murphy, B.R. 1985,
Comparison of immune responses and efficacies of inactivated
and live virus vaccines. J. Cell. Biochem. Supp. 9C:284.

Clements, M.L., Snyder, M.H., Buckler-White, A.J., Tierney,
E.L., London, W.T. and Murphy, B.R. 1986. Evaluation of
avian-human reassortant influenza A/Washington/897/80 x
A/Pintail/119/79 virus in monkeys and adult volunteers.

Je. Clin. Micro. 24:47.

Colman, P.M., Varghese, J.N. and Laver, W.G. 1983.
Structure of the catalytic and antigenic sites in influenza
virus neuraminidase. Nature 303:41.

Compans, R.W. and Caliguiri, L.A. 1973. Isolation and
properties of an RNA polymerase from influenza virus and
infected cells. J. Virol. 11l:441.

Compans,; R., H-D. Klenk, Caliguiri, L. and Choppin, P. 1970.
Influenza virus proteins. 1. Analysis of polypeptides of
the virion and identification of of spike glycoproteins.
Virology 42:880.

Couch, R., Douglas, R., Fedson, D. and Kasel, J. 1971.
Correlated studies of a recombinant influenza virus vaccine.
III. Protection against experimental influenza in man. J.
Inf. Dis. 124:473.

Couch, R., Kasel, J., Gerin, J., Schulman, J. and Kilbourne,
E. 1974. Induction of partial immunity to influenza by
neuraminidase-specific vaccine. J. Inf. Dis. 129:411.



161l

Couch, D.B. and Kasel, J.A. 1983. Immunity to influenza in
man. Ann. Rev. Microbiol. 37:529.

Cruse, J.M. and Lewis, R.B. 1987. Contemporary concepts of
antigenic variation. Contr. Microbiol. Immunol. 8:1.

Davenport, F.M., Hennessy, A.V., Brandon, F.M., Webster,
R.G. et al. 1964. Comparisons of serologic and febrile
responses in humans to vaccination with influenza A viruses
or their hemagglutinins. J. Lab. Clin. Med. 63:5.

Davis, A.R., Kostek, B., Meeson, B.B. et al. 1985. Expres-
sion of hepatitis B surface antigen with a recombination
adenovirus. In: Chanock, P., Lerner, R. and Brown, F. (eds.)
Modern Approaches to Vaccines. Cold Spring Harbor Harbor
Labs., New York, p. 85.

Dialynas, D.P., Quan, Z.S., Wall, K.A., et al. 1983. Charac-
terization of the murine T cell surface molecule, designated
L3T4, identified by monoclonal antibody GK1l.5: similarity of
L3T4 to the human Leu-3/T4 molecule. J. Immunol. 131:2445,

Dimmock, N.J. 1971. Dependence of th§+activity of an
influenza virus neuraminidase upon Ca“’'. J. Gen. Virol.
13:481-483.

Doherty, P.C., Effros, R.B. and Bennink, J. 1977. Hetero-
geneity of the cytotoxic response of thymus derived lympho-
cytes after immunization with influenza virus. Proc. Natl.
Acad. Sci. 74:12009.

Doherty, P.C., Biddison, W.E., Bennink, J.R. and Knowles,
B.B. 1978. Cytotoxic T cell responses in mice infected with
influenza and vaccinia viruses vary in magnitude with H2
genotype. J. Exp. Med. 148:534.

Dressman, G.R. and Kennedy, R.C. 1985. Anti-idiotypic
antibodies: implications of internal image based vaccines
for infectious diseases. J. Infec. Dis. 151:761.

EnniS, F.A.' ROCk' AoHo’ Qi' K—Lo' et alo 19810 HLA~-
restricted virus-specific cytotoxic T-lymphocyte responses
to live and inactivated influenza vaccines. Lancet 2:887.

Erickson, A.H. and Kilbourne, E.D. 1980. Comparative amino
acid analysis of influenza A viral proteins. Virol. 100:34.

Fang Min Jou, W., Huylebroeck, D. et al. 198l1. Complete
structure of A/Duck/Ukraine/63 influenza hemagglutinin gene:
Animal virus as progenitor of human H3 Hong . Kong 1968
influenza hemagglutinin. Cell 25:315.

Fazekas de St. Groth, S. 1963. Steric inhibitions: neutrali-



162

zations of a virus-borne enzyme. Ann. N.Y. Acad. Sci.
103:674.

Fazekas de St. Groth, S. and Webster, R.G. 1966. Disquisi-
tions on original antigenic sin. I. Evidence in man. J.
Exp. Med. 124: 331.

Fleischer, B., Becht, H. and Rott, R. 1985. Recognition of
viral antigens by human influenza A virus-specific T lympho-
cyte clones., J. Immunol. 135:2800.

Francis, T., Jr., Davenport, F.M. and Hennessy, A.V. 1953. A
serological recapitulation of human infection with different
strains of influenza virus. Trans. Assoc. Amer. Phys. 66:
231-239.

Frank, J.W., Henderson, M. and McMurry, L. 1985. Influenza
vaccination in the elderly. 1l. Determinants of acceptance.
Can. Med. Assoc. J. 132:371.

Gallagher, M., Bucher, D., Dourmashkin, R. et al. 1984.
Isolation of immunogenic neuraminidases of human influenza
virus by a combination of genetic and biochemical
procedures. J. Clin. Micro. 20:89.

Gerhard, W., Yewdell, J., Frankel, M. and Webster, R.G.
1981. Antigenic structure of influenza virus haemaggluti-
nin defined by hybridoma antibodies. Nature 290:713.

Gershon, R. and Kondo, K. 1971. Antigenic competition
between heterologous erythrocytes. I. Thymic dependency. J.
Immunol. 106:152,

Gething, M.J. and Sambrook, J. 1982. Construction of
influenza hemagglutinin genes that code for intracellular
and secreted forms of the protein. Nature 300:598.

Gonchoroff, N.J., Kendal, A.P., Phillips, D.J. and Reiner,
C.B. 1982. Immunoglobulin M and G antibody response to type
and sub-type specific antigens after primary and secondary
exposures of mice to influenza A viruses. Infect. Immun.
35:510. ;

Gosselin, E.J., Tony, H-P. and Parker, D.C. 1988. Charac-
terization of antigen processing and presentation by resting
B lymphocytes. J. Immunol. 140:1408-1413.

Gotch, F., McMichael, A., Smith, G. and Moss, B. 1987.
Identification of viral molecules recognized by influenza-
specific human cytotoxic T lymphocytes. J. Exp. Med.
165:408-416.

Graves, P.N., Schulman, J.L., Young, J.F. and Palese, P.



163

1983. Preparation of influenza virus subviral particles
lacking the HAl subunit of hemagglutinin: Unmasking of
cross~reactive HA2 determinants. Virol. 126:106.

Green, N., Alexander, H., Olson, A. et al. 1982, Immunogenic
structure of the influenza virus hemagglutinin. Cell 28:477.

Greenspan, D., Krystal, M., Nakada, S. et al. 1985, Expres-
sion of influenza virus NS2 nonstructural protein in
bacteria and localization of NS2 in infected eucaryotic
cells. J. Virol. 54:833.

Guillet, J.G., Lai, M.Z., Briner, T.J. et al. 1986. Inter-
action of peptide antigens and class II major histocompati-
bility complex antigens. Nature 324:260.

Hackett, C.J., Askonas, B.A., Webster, R.G. and van Wyke, K.
1980. OQuantitation of influenza virus antigens on infected
target cells and their recognition by cross reactive cyto-
toxic T cells. J. Exp. Med. 151:1014.

Hackett, C., Hurwitz, J., Dietzschold, B. and Gerhard, W.
1985, A synthetic decapeptide of influenza virus hemag-
glutinin elicits T helper cells with the same fine
recognition specifies as occur in response to whole virus.
Je. Immunol., 135:1391.

Hay, A.J., Lomniczi, B., Bellamy, A.R. and Skehel, J.J. .
1977. Transcription of the influenza virus genome. Virol.
83:337.

Hinshaw, V.S., Bean, W.J., Webster, R.G. and Easterday, B.C.
1978. The prevalence of influenza viruses in swine and the
antigenic and genetic relatedness of influenza viruses from
man and swine. Virol. 89:51.

Hirst, G.K., Richard, E.R., Whitman, L. et al, 1942. Anti-
body response of human beings following vaccination with
influenza viruses. J. Exp. Med. 75:495.

Hosaka, Y., Sasao, F., Yamanaka, K. Bennink, K. et al. 1988.
Recognition of non-infectious influenza virus by class
I-restricted murine cytotoxic T lymphocytes. J. Immunol.
140:606. -

Hoskins, T.W., Davies, J.K., Smith, A.J. et al. 1979.
Assessment of inactivated influenza-A vaccine after three
outbreaks of influenza A at Christ's Hospital. Lancet 1:33.

Hruskova, J., Syrucek, L., Tumova, B. et al 1976. Levels of
immunoglobulins and antibodies to hemagglutinin and neura-
minidase of influenza virus in nasal secretions after
natural infection. Acta Virol. 30:126.



164

Huddleston, J. and Brownlee, G. 1982. The sequence of the
nucleoprotein gene of human influenza A virus strain
A/NT/60/68. Nucleic Acids Res. 10:1029.

Hurwitz, J., Heber-Katz, E., Hackett, C. and Gerhard, W.
1984. Characterization of the murine T helper response to
influenza virus hemagglutinin: Evidence for three major
specificities. J. Immunol. 133:3371.

Hurwitz, J., Hackett, C., McAndrew, E. and Gerhard, W. 1985.
Murine T helper response to influenza virus: Recognition of
hemagglutinin, neuraminidase, matrix and nucleoprotein. J.
Immunol. 134:1994.

Hutchings, P., Rayner, D.C., Champion, B.R. et al. 1987.
High efficiency antigen presentation by thyroglobulin-
primed murine splenic B cells. Eur. J. Immunol. 17:393-398.

Jackson, D.C., Murray, J.M., White, D.O., Fagan, G.W. &
Tregear, G.W. 1982. Antigenic activity of a synthetic
peptide comprising the "loop" region of influenza virus
hemagglutinin. Virology 120:273.

Jahiel, R. and Kilbourne, E.D. 1966. Reduction in plaque
size and reduction in plaque number as differing indices of
influenza virus antibody reactions. J. Bacter. 92:1521.

Johansson, B.E., Moran, T.M., Bona, C.A., Popple, S.W. and
Kilbourne, E.D. 1987a. Immunologic response to influenza
virus neuraminidase is influenced by prior experience with
the associated viral hemagglutinin. II. Sequential infec-
tion of mice. simulates human experience. J. Immunol.
139:2010-2014.

Johansson, B.E., Moran, T.M., Bona, C.A., and Kilbourne,
E.D. 1987b. Immunologic response to influenza virus
neuraminidase is influenced by prior experience with the
associated viral hemagglutinin. III. Reduced generation of
neuraminidase-specific helper T cell in hemagglutinin-primed
mice. J. Immunol. 139:2015-2019.

Johansson, B.E., Moran, T.M. and Kilbourne, E.D. 1987c.
Antigen-presenting B cells and helper T cells cooperatively
mediate intravirionic antigenic competition between
influenza A virus surface glycoproteins. Proc. Natl. Acad.
Sci. USA 84:6869-6873.

Jones, P.D., and Ada, G.L. 1986. Influenza virus-specific
antibody-secreting cells in the murine lung during primary
influenza virus infection. J. Virol. 60:614.

Jones, P.D. and Ada, G.L. 1987. Influenza virus-specific
antibody-secreting cell and B cell memroy in the murine



165

lung after immunization with wild-type, cold~adapted variant
and inactivated influenza viruses. Vaccine 5:244.

Jones, L.V., Compans, R.W., Davis, A.R. et al. 1985.
Surface expression of influenza virus neuraminidase and
aminoterminally anchored viral membrane glycoprotein in
polarized epithelial cells. Mol. Cell. Biol. 5:2181.

Julius, M., Simpson, E. and Herzenberg, L. 1973. A rapid
method for the isolation of functional thymus derived murine
lymphocytes. Eur. J. Immunol. 3:645.

Kakiuchi, T., Chesnut, R.W. and Grey, H.M. 1 1983. B cells
as antigen-presenting cells: the requirement for B cell
activation., J. Immunol. 131:109-114.

Kato, A., Mizumoto, K. and Ishihama, A. 1985. Purification
and enzymatic properties of an RNA polymerase~RNA complex
from influenza virus. Virus Res. 3:115.

Katz, J.M., Laver, W.G., White, D.O. and Anders, E.M. 1985,
Recognition of influenza virus hemagglutinin by sub-type
specific and cross-reactive proliferative T cells; contribu-
tion of HAl and HA2 polypeptide chains. J. Immunol. 134:616.

Kees, U. and Krammer, P.H. 1984. Most influenza A virus-
specific memory cytotoxic T lymphocytes react with antigenic
epitopes association with internal virus determinants.

J. Exp. Med. 159:365-377.

Keitel, W.A., Cate, T.R. and Couch, R.B. 1988. Efficacy of
sequential annual vaccination with inactivated influenza
virus vaccine. Am. J. Epidem. 127:353.

Kendal, A., Noble, G. and Dowdle, W. 1977. Neuraminidase
content of influenza vaccines and neuraminidase antibody
response after vaccination of immunologically primed and
unprimed populations. J. Inf. Dis. 136:415.

Kerbel, R.S. and Eidinger, D. 1971. Further studies of
antigenic competition., III. A model to account for the
phenomenon based on a deficiency of cell-to-cell interaction
in immune lymphoid cell populations. J. Exp. Med. 133:1043.

Khan, M., Gallagher, M., Bucher, D., Cerini, C. and
Kilbourne, E.D. 1982a. Detection of influenza virus
neuraminidase-specific antibodies by an enzyme-linked
immunosorbent assay. J. Clin. Micro. 16:1043.

Khan, M., Bucher, D.J., Koul, A.K., et al. 1982. Detection
of antibodies to influenza virus M protein by an enzyme-
linked immunosorbent assay. J. Clin. Microbio. 16:813-820.



166

Kida, H., Webster, R.B. and Yanagawa, R. 1983. Inhibition of
virus-induced hemolysis with monoclonal antibodies to
different antigenic areas on the hemagglutinin molecule of
A/Seal /Massachusetts/1/80 (H7N7) influenza virus. Arch.
Virol. 76:91.

Kilbourne, E.D. 1975. Immunization strategy: infection per-
missive vaccines for the modulation of disease. In: Modern
Approaches to Vaccines, R.M. Chanock and R.A. Lerner (eds.),
Cold Spring Harbor Laboratory, New York, pp. 269-273.

Kilbourne, E. 1976. Comparative efficacy of neuraminidase-
specific and conventional influenza virus vaccines in
induction of antibody to neurmalnldase in humans. J. Infec.
Dis. 134:384.

Kilbourne, E.D. 1978a. Genetic dimorphism in influenza
viruses: Characterization of stably associated hemagglutinin
mutants differing in antigenicity and biological properties.
Proc. Natl. Acad. Sci. USA 75:6258.

Kilbourne, E.D. 1978b. Influenza as a problem in immuno-
logy. J. Immunol. 120:1447.

Kilbourne, E.D. 1984. Immunization strategy: infection-
permissive vaccines for the modulation of infection. 1In:
Modern Approaches to Vaccines, R.M. Chanock and R.A. Lerner
(eds.), Cold Spring Harbor Lab., New York, pp. 269~274.

Kilbourne, E.D. 1987. Influenza. Plenum Medical Book
Company, New York. 359 pp.

Kilbourne, E., Christenson, W. and Sande, M. 1968. Antibody
response in man to influenza virus neuraminidase following
influenza. J. Virol. 2:761.

Kilbourne, E., Laver, W., Schulman, J. and Webster, R. 1968.
Antiviral activity of antisera specific for an influenza
neuraminidase. J. Virol. 2:28l.

Kilbourne, E.D., Palese, P. and Schulman, J.L. 1975.
Inhibition of viral neuraminidase as a new approach to the
prevention of influenza. 1In: Perspectives in Virology, Vol.
IX., M. Pollard (ed.), Academic Press, New York, pp.99-113.

Kilbourne, E.D., Schulman, J.L., Schild, G.C., Schloer, G.
Swanson, J. and Bucher, D. 1971. Correlated studies of a
recombinant influenza virus vaccine. I. Derivation and char-
acterization of virus and vaccine. J. Infec. Dis. 124:449.

Kilbourne, E.D., Lief, F.S., Schulman, J.L., Jahiel, R.I.
and Laver, W.G. 1967. Antigenic hybrids of influenza
viruses and their implications. In: Perspectives in



167

Virology, Vol. V., M. Pollard (ed.), Academic Press, New

Kilbourne, E.D., Cerini, C.P., Khan, M.W., Mitchell, J.W.
Jr. and Ogra, P.O. 1987. Immunologic response to the
influenza virus neuraminidase is influenced by prior exper-
ience with the associated viral hemagglutinin. I. Studies
in human vaccinees. J. Immunol. 138:3010-3013.

King, J.C., Gross, P., Denning, P.F., et al. 1987. Compar-
ison of live and inactivated influenza vaccine in high risk
children. Vaccine 5:234.

Koszinowski, U.H., Allen, H., Gething, M-J., Waterfield,
M.D., Klenk, H.-D. 1980. Recognition of viral glycoproteins
by influenza A-specific cross-reactive cytolytic T lympho-
CyteS. Jo Expo Medo 1513945-9583

Krug, R.M. 1971. Cytoplasmic and nucleoplasmic viral RNPs
newly synthesized during the latent period of viral growth
in MDCK cells, Virol. 44:125,

Krug, R.M. 1972. Cytoplasmic and nucleoplasmic viral RNPs
in influenza virus-infected MDCK cells. Virol. 50:103.

Krystal, M., Elliott, R.M., Bergz, E.W., Young, J.F. and
Palese, P. 1982, Evolution of influenza A and B viruses:
conservation of structural features in the hemagglutinin
genes. Proc. Natl. Acad. Sci. USA 79:4800.

Kuroda, K., Hauser, C., Rott, R., Klenk, H.-D. and Doerfler,
W. 1986. Expression of the influenza virus haemagglutinin
in insect cells by a baculovirus vector. EMBO 6:1359.

Kuwano, K., Scott, M., Young, J. and Ennis, F. 1988. HA2
subunit of influenza A Hl and H2 subtype viruses induces a
protective cross-reactive cytotoxic T lymphocyte response.
Je. Immunol. 140:1264.

Lake, P. and Mitchisbn, N.A. 1976. Regulatory mechanisms in
the immune response to cell surface antigens. Cold Spring
Harbor Sympos. Quant. Biol. 41:589.

Lamb, R.A. and Choppin, P.W. 1983. Gene structure and repli-
cation of influenza virus. Virol. 81:382.

Lamb, R.A., Eckels, D.D., Lake, P., Woody, J.N. and Green,
N. 1982. Human T cell clones recognize chemically synthe-
sized peptides of influenza hemagglutinin. Nature 300:66.

Lamb, R.A. and Lai, C.J. 1981, Conservation of the
influenza virus membrane protein (Ml) amino acid and an
open reading frame of RNA segment 7 encoding a second



168

protein (Mz) in HIN1l and H3N2. Virol. 112:746.

Lamb, R.A., Eckels, D.D., Phelan, M., Lake, P., and Woody,
J. 1982, Antigen-specific human T lymphocyte clones: viral
antigen specificity of influenza virus immune clones. J.
Immunol. 128:1428.

Lamb, J. and Green, N. 1983. Analysis of the antigen speci-
ficity of influenza haemagglutinin-immune human T lymphocyte
clones: indentification of an immunodominant. region for T
cells. Immunol. 50:659.

Lamb, J., Woody, J., Hartzman, R. and Eckels, D. 1982. In
vitro influenza virus-specific antibody production in man:
antigen-specific and HLA-restricted induction of helper
activity mediated by cloned human T lymphocytes. J.
Immunol. 129:1465.

Laver, W.G. and Valentine, R.C. 1969, Morphology of the
isolated hemagglutinin and neuraminidase subunits of the
influenza virus. Virol. 38:105.

Laver, W.G., Air, G.M., Webster, R.G. and Markoff, L.J.
1982, Amino acid sequence changes in antigenic variants of
type A influenza virus N2 neuraminidase. Virol. 122:450.

Lanzavecchia, A. 1985. Antigen-specific interaction between
T and B cells. Nature 314:537.

Lazarowitz, S.G. and Choppin, P.W. 1975. Enhancement of the
infectivity of influenza A and B viruses by proteolytic
cleavage of the hemagglutinin polypeptide. Virol. 68:440.

Lenard, J. and Compans, R.W. 1974. The membrane structure of
lipid-containing viruses. Biochim. Biophys. Acta. 344:51.

Lightman, S., gobbold, S., Waldmann, H. and Askonas, B.A.
1987. Do L3T4 T cells act as effector cells in protec-
tion against influenza virus infection. Immunol. 62:139.

Lin, Y.L. and Askonas, B.A. 198l. Biological properties of
an influenza A virus-specific killer T cell clone. J. Exp.
Med. 154:225.

Lin, B.C. and Lai, C.J. 1983. The influenza virus nucleo-
protein synthesized from cloned DNA in a simian virus 40.
vector is detected in the nucleus. J. Virol. 45:434.

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Radall, R.J.
1951. Protein measurement with the Folin-phenol reagent. J.
Biol. Chem. 193:265-275.

Mahy, B.W.J. 1983. Mutants of influenza virus. In: Genetics



169

of Influenza Viruses, P. Palese and D.W. Kingsbury (eds.),
Springer-Verlag, New York, pp. 192-254,

Mahy, B.W.J., Hastie, N.D., Armstrong, S.J. 1972. Inhibition
of influenza virus replication by =-amantin: mode of action.
Proc. Natl. Acad. Sci. USA 69:1421.

Maizels, R.M., Clarke, M.A., Harvey, A., Milter, A. and
Sercarz, E.E. 1980. Epitope specificity of the T cell
proliferative response to lysozyme: proliferative T cells
react predominantly to different determinants from those
recognized by B cells. Eur. J. Immunol. 10:509.

Mayer, R., Ioannides, C., Moran, T., Johansson, B.E. and
Bona, C. 1987. Effect of syngeneic anti-idiotypic antibody
on influenza virus neuraminidase antibody response. Viral
Immunol. 1l:121.

Mak, N. and Ada, G. 1984. The acquisition of anti-influenza
virus activity by macrophages. Immunobiol. 166:458.

McLaren, C. and Popé, B. 1980. Macrophage dependency of jin
vitro B cell response to influenza virus antigens. J.
Immunol. 125:2679.

McLaren, C., Verbonitz, M., Daniel, S., Gruggs, G. and
Ennis, F. 1977. Effect of priming infection on serologic
response to whole and subunit influenza virus vaccines in
animals. J. Inf. Dis. 136:S5706.

McMichael, A.J., Gotch, F.M., Noble, G. and Beare, P. 1983.
Cytotoxic T-cell immunity to influenza. New Eng. J. Med. .
309:13-17.

Meiklejohn, G., Eickhoff, T. and Graves, P. 1977. Antibody
response of young adults to experimental influenza A/New
Jersey/76 virus vaccine. J. Infec. Dis. 136:5456.

Milich, D.R., Thornton, G.B., McLachlan, A., McNamara, M.K.
and Chisari, F.V. 1986. T and B cell recognition of native
and synthetic pre-S-region determinants of HBsAg. 1In:
Modern Approaches to Vaccines. R.M. Chanock, R.A. Lerner
and F. Brown (eds.). Cold Spring Harbor Laboratory, New
York, pps. 221-239,

Mishell, R. and Dutton, R. 1967. Immunization of disasso-
ciated spleen cell cultures from normal mice. J. Exp. Med.
126:423.

Mitchison, N.A. 1969. The immunogenic capacity of antigen
taken up by peritoneal exudate cells. Immunol. 16:1-14.

Mostow, S.R. 1986. Influenza-A preventable disease not being



170

prevented. Am. Rev. Respir. Dis. 134:1.

Muller, G.M., Shapira, M. and R. Arnon. 1982. Anti-influenza
response achieved by immunization with a synthetic conju-
gate. Proc. Natl. Acad. Sci. USA 59:569.

Murphy, B.R., Buckler-White, W., London, J. et al. 1984.
Avian-human reassortant influenza A viruses derived by _
~mating avian and human influenza A viruses. J. Infect. Dis.

150:841.

Murphy, B.R. and Chanock, R.M. 1985. Immunization against
viruses. In: Virology, B.N. Fields (ed.), Raven Press, New

Murphy, B.R., Kasel, J. and Chanock, R. 1972. Association of
serum anti-neuraminidase antibody with resistance to
influenza in man. New Eng. J. Med. 286:1329. :
Murphy, B.R., Nelson’ DeLey Wright, P.F., Tierney' E.L.,
Phelan, M.A. and Chanock, R.M. 1982, Secretory and systemic
immunological response in children infected with live
attenuated influenza A virus vaccines. Infect. Immun.
36:1102-1108.

Nayak, D.P., Davis, A.R., Ueda, M., Bos, T.J. and
Sivasubramanian, N. 1984. Characterization of influenza
virus glycoproteins expressed from cDNAs in prokaryotic and
eukaryotic cells. 1In: R.M. Chanock, R.A. Lerner (eds.),
Modern Approaches to Vaccines. Cold Spring Harbor Labora-
tory, New York, pps. 165-172.

Nestorowicz, A., Laver, G. and Jackson, D.C. 1985a.
Antigenic determinants of influenza virus haemagglutinin. X.
A comparison of the physical and antigenic properties of
monomeric and timeric forms. J. Gen. Virol. 65:1687.

Nestorowicz, A., Tregear, G.W., Southwell, C.N. et al,
1985b. Antibodies elicited by influenza virus hemagglutinin
fail to bind to synthetic peptides representing putative
antigenic sites. Mol. Immunol. 22:145,

Noble, G.R., Kaye, H.S., Kendal, A.P. and Dowdle, W.R. 1977.
Age related heterologous antibody responses to influenza
virus vaccination. J. Infect. Dis. 136:5686.

O'Farrell, P.H. 1975. High resolution two-dimensional
electrophoresis of proteins. J.Biol. Chem 250:4007-4021.

Ogra, P.L., Chow, Tes Beutner' KoRo' RUbi, Ee, et al, 1977.
Clinical and immunologic evaluation of neuraminidase~speci-
fic influenza A virus vaccine in humans. J. Infec. Dis.
135:499-516.



171

Ohsawa, K. and Ebata, N. 1983. Silver stain for detecting 10
femtogram quantities of protein after polyacrylamide gel
electrophoresis. Anal. Biochem. 135:409-420.

Owen, J.A., Allouche, M. and P.C. Doherty. 1982. Limiting
dilution analysis of the specificity of influenza immune
cytotoxic T cells. Cell. Immunol. 67:49.

Owen, J.A., Dudzik, K.I., Klein, L. and Dorer, D.R. 1988.
The kinetics of generation of influenza-specific cytotoxic
T-lymphocyte precursor cells. Cell. Immunol. 111:247.

Pala, P. and Askonas, B.A. 1985. Induction of K-restricted
anti-influenza cytotoxic T cells in C57Bl mice: importance
of stimulator cell type and immunization route. Immunol.
55:601.

Pala, P., Townsend, A.R.M., and Askonas, B.A. 1986. Viral
recognition by influenza A virus crossreactive cytotoxic T
cells: the proportion of Tc that recognize nucleoprotein
varies between individual mice. Eur. J. Immunol. 16:193.

Palese, P. and Compans, R.W. 1976. Inhibition of influenza
virus replication in tissue culture by 2-deoxy-2,3-dehydro-
N-trifluoroacetylneuraminic acid: mechanism of action. J.
Gen. Virol. 33:159.

Palese, P. and Kingsbury, D. (eds.) 1983. The Genetics of
Influenza Viruses. Springer-Verlag, Vienna, New York.

Palese, P. and Young, J. 1982, Variation of influenza A, B,
and C viruses. Science 215:1468.

Palese, P., Tobita, K., Ueda, T. et al, 1974. Characteriza-
tion of temperature sensitive influenza virus mutants
defective in neuraminidase. Virology 61:397.

Palese, P., Ritchey, M., Schulman, J. and Kilbourne, E.D.
1976. Genetic composition of a high-yielding influenza A
virus recombinant: a vaccine strain against "swine"
influenza. Science 194:334.

Palmer, D.F., Dowdle, W.R., Coleman, M.I. and Schild, G.C.
(eds.) 1975. Advanced laboratory techniques for influenza
diagnosis. Center for Disease Control, Atlanta, GA.

Panicali, D. and Paoletti, E. 1982. Construction of pox~-
viruses as cloning vectors: insertion of the thymidine
kinase gene from herpes simplex virus into the DNA of infec-
tious vaccina virus. Proc. Natl. Acad. Sci. USA 79:4927.

Portner, A., Webster, R.G. and Bean, W.J. 1980. Similar
frequencies of antigenic variants in Sendai, vesicular



172

stomatitis and influenza A viruses. Virol. 104:235.

Potter, C.W. 1982. Inactivated influenza virus vaccine. In:
Basic and Applied Influenza Research, A.S. Beare (ed.), CRC
Press, Florida, pp. 119-156.

Reiss, C.S. and Schulman, J.L. 1980. Influenza type A virus
M protein expression on infected cells is responsible for
cross—reactive recognition by cytotoxic thymus derived
lymphocytes. Infect. Immun. 29:719.

Reiss, C.S. and Burakoff, S.J. 198l. Specificity of the
helper T cell for the cytolytic T lymphocyte response to
influenza viruses. J. Exp. Med. 154:541.

Rock, K. and Benacerraf, B. 1983. Inhibition of antigen-
specific T lymphocyte activation by structurally related Ir
gene controlled polymers. Evidence of specific competition
for accessory cell antigen presentation. J. Exp. Med.
157:1618.

Rodgers, B. and Mims, C. 1982. Role of macrophage activation
and interferon in the resistance of alveolar macrophages from
infected mice to influenza virus. Infect. Immun. 36:1154.

Rodriquez-Boulan, E. and Sabatini, D.D. 1978. Asymmetric
budding of viruses in epithelial monolayer a model system for
study of epithelial polarity. Proc. Natl. Acad. Sci. USA
75:5071 ‘

Roger, G.N., Paulson, J.C., Daniels, R.S. et al. 1983. Single
amino acid substitutions in influenza hemagglutinin change
receptor binding specificity. Nature 304:76.

Roizman, B. and Jenkins, F.J. 1985. Genetic engineering of
novel genomes of large DNA viruses. Science 229:1208.

Rosenthal, A. and Shevach, E. 1973. Function of macrophages
in antigen recognition by guinea pig T lymphocytes. 1I.
Requirements for histocompatible macrophages and lymphocytes.
Je Exp- Medo 138:1154.

Rouse, B.T., Norby, S. and Martin, S. 1988. Antiviral cyto-
toxic T lymphocyte induction and vaccination. Rev. Inf.
Dis. 10:16,

Russ, G., Styk, B. and Polakova, K. 1978. Antigenic
glycopeptides HAl and HA2 of influenza virus hemagglutinin.
II. Reactivity with rabbit sera against intact virus and
purified undissociated hemagglutinin. Acta Virol. 22:371.

Russell, S. and Liew, F. 1979. T cells primed by influenza
virion internal components can cooperate in the antibody



173

response to haemagglutinin. Nature 280:147.

Russell, S. and Liew, F. 1980. Cell cooperation in antibody
responses to influenza virus. I. Priming of helper T cells
by internal components of the virion. Eur. J. Immunol.
10:791.

Salk, J.E. 1948. Reactions to concentrated influenza
vaccines. J. Immunol. 58:369.

~

Scherle, P.A. and Gerhard, W.A. 1986. Functional analysis of
influenza-specific helper T cell clones in vivo. J. Exp.
Med. 164:1114.

Schild, G.C. 1969. Antibody against influenza A2 virus
neuraminidase in human sera. J. Hyg. Camb. 67:353.

Schild, G.C. 1972. Evidence for a new type-specific struc-
tural antigen of the influenza virus. J. Gen. Virol.15:99

Scholtissek, C., Hoyningen, V. von, and Rott, R. 1978.
Genetic relatedness between the new 1977 epidemic strains
(HIN1l) of influenza and human influenza strains isolated
between 1947 and 1957. Virology 89:613.

Scholtissek, C., Rohde, W., von Hoyningen, V. et al. 1978a.
On the origin of the human influenza subtypes H2N2 and H3N2.
Virol. 87:13.

Schulman, J. 1969. The role of anti-neuraminidase antibody
in immunity to influenza virus infection. Bull. WHO 41:647.

Schulman, J.L. 1967. Experimental transmission of influenza
virus infection in mice. III. Differing effects of immunity
induced by infection and by inactivated influenza virus

vaccine on transmission of infection. J. Exp. Med. 125:467.

Schulman, J.L. 1975. Immunology of influenza. In: Influenza
Viruses and Influenza, E.D. Kilbourne (ed.), Academic Press,
New York, pp. 373-393.

Schulman, J.L. and Kilbourne, E.D. 1963a. Experimental
transmission of influenza virus infection in mice. I. Period
of transmissibility. J. Exp. Med. 118:257.

Schulman, J.L. and Kilbourne, E.D. 1963b. Experimental
transmission of influenza virus infection in mice. II. Some
factors affecting the incidence of transmitted infection. J.
Exp. Med. 118:267.

Schulman, J.L. and Kilbourne, E.D. 1969. Independent vari-
ation in nature of hemagglutinin and neuraminidase antigens
of influenza virus: distinctiveness of hemagglutinin antigen



174

of Hong Kong/68 virus. Proc. Natl. Acad. Sci. 63:326-333.

Schulman, J.L., Khakpour, M. and Kilbourne, E.D. 1968.
Protective effects of specific immunity to viral neuramini-
dase on influenza virus infection of mice. J. Virol. 2:778.

Schwartz, R.H. 1985. T lymphocyte recognition of antigen in
association with gene products of the major histocompatabil-
ity complex. Rev. Immunol. 3:237.

Sever, J. 1962, Application of a microtechnique to viral
serological investigation. J. Immunol. 80:320.

Shapira, M., Jibson, M., Muller, G. and Arnon, R. 1984.
Immunity and protection against influenza virus by synthetic
peptide corresponding to antigenic sites of hemagglutinin.
Proc. Natl. Acad. Sci. USA 81:2461.

Shaw, M.W., Lamon, E.W. and Compans, R.W. 1982. Immunologic
studies of the influenza A virus nonstructural protein NSl.
J. Exp. Med. 156:243.

Shearer, G., Mozes, E. and Sela, M. 1972. Contribution of
different cell types to the genetic control of immune respon-
ses as a function of the chemical nature of the polymeric side
chains (poly-proyl and poly DL=-alayl) of synthetic immunogens.
J. Exp. Med. 135:10009.

Simons, K. and Garoff, H. 1980. The budding mechanisms of
enveloped animals viruses. J. Gen. Virol. 50:1

Skehel, J.J., Bayley, P.M., Brown, E.B. et al 1982. Changes in
the conformation of influenza virus hemagglutinin at the pH
optimum of virus-mediated membrane fusion. Proc. Natl. Acad.
Sci. USA 79:968.

Slepushkin, A.N., Schild, G.C., Beare, A.S., Chinn, S. and
Tyrrell, D.J. 1971. Neuraminidase and resistance to vaccina-
tion with live influenza A2 Hong Kong vaccines. J. Hyg. Camb.
69:571.

Smith, G.L., Murphy, B.R. and Moss, B. 1983. Construction and
characterization of an infectious vaccinia virus recombinant
that expresses the influenza haemagglutinin gene and induces
resistance to influenza virus infection in hamsters. Proc.
Natl. Acad. Sci. USA 80:7155.

Sterkers, G., Michon, J., Henin, Y., Gomard, E., Hannoun, C.,

and Levy, J.P. 1985, Fine specificity analysis of human
influenza-specific cloned cell lines. Cell Immunol. 94:394,

Streicher, H.Z., Berkower, I.J., Busch, M., Gurd, F.R. and



175

Berzofsky, F.A. 1984. Antigen conformation determines
processing requirements for T-cell activation. Proc. Natl.
Acad. Sci. USA 81:6831.

Taussig, M. 1971. Studies on antigenic competition: I.
Antigenic competition between the Fc and Fab fragments of
rabbit IgG in mice. Immunol. 20:51.

Taussig, M. 1977. Antigenic competition. 1In: The Antigens,
Vol. IV, M. Sela (ed.), Academic Press, New York,
pPp.333-368. :

Taussig, M. 1972. Studies on antigenic competition: III. Is
there a competitive step in tolerance induction? Eur. J.
Immunol. 2:118.

Taussig, M. and Lachman, P. 1972. Studies on antigenic
competition. II. Abolition of antigen competition by
antibody against or tolerance to the dominant antigen: a
model for antigen competition. Immunol. 22:185.

Taussig, M., Mozes, E., Sherer, M. and Sela, M. 1972.
Studies on the mechanism of antigen competition: analysis of
competition between synthetic polypeptide antigens. Eur. J.
Immunol. 2:448. '

Taussig, M., Mozes, E., Sherer, M. and Sela, M. 1973.
Antigenic competition and genetic control of the immune
response. A hypothesis for intramolecular competition.
Cell. Immunol. 8:299.

Taylor, P.A. and Askonas, B.A. 1983. Diversity in the
biological properties of anti-influenza cytotoxic T cell
clones. Eur. J. Immunol. 13:707.

Townsend, A.R.M. and Skehel, J.J. 1984. The influenza
virus nucleoprotein gene controls the induction of both
subtype specific and cross-reactive T cells. J. Exp. Med.
160:552.

Townsend, A.R.M., McMichael, A.J., Carter, N.P.,
Huddleston, J.A. and Brownlee, G.G. 1984. Cytotoxic T cell
recognition of the influenza nucleoprotein and haemaggluti-
nin expressed in transfected mouse L cells. Cell. 39:13.

Townsend, A.R.M., Rothbard, J., Gotch, F. et al. 1986. The
epitopes of influenza nucleoprotein recognized by cytotoxic
T lymphocytes can be defined with short synthetic peptides.
Cell 44:959-968.

Tukey, J.W. 1953. The problem of multiple comparisons.
Dept. of Statistics, Princeton University (unpublished



176

Ph.D. dissertation).

Unanue, E. and Allen, P. 1987. The basis for immunoregu-
latory role of macrophages and other accessory cells.
Science 236:551. '

Unanue, E.R., Beller, D.I., Lu, C.Y. and Allen, P.M. 1984.
Antigen presentation: comments on its regulation and
~mechanism. J. Immunol. 132:1.

Van Wyke, K.L., Hinshaw, V.S., Bean, W.J. and Webster, R.G.
1980. Antigenic variation of influenza A virus nucleo-
protein detected with monoclonal antibodies. J. Virol.
35:24.

vVan Wyke, K.L., Yewdell, J.W., Peck, L.J., and Murphy, B.R.
1984. Antigenic characterization of influenza A virus
matrix protein with monoclonal antibodies. J. Virol.
49:248. N

varghese, J.N., Laver, W.G. and Colman, P.M. 1983.
Structure of the catalytic and antigenic sites in influenza
virus neuraminidase. Nature 303:35.

Virelizier, J.L., Allison, A., Oxford, C. and Schild, G.C.
1977. Early presence of nucleoprotein antigen on the sur-
face of influenza virus-infected cells. Nature 266:52.

Virelizier, J.L., Postlethwaite, R., Schild, G.C., and
Allison, A. 1974. Antibody response to antigenic determinants
of influenza virus hemagglutinin. I. Thymus dependence and
antibody formation and thymus independence of immunological
memory. J. Exp. Med. 135:1559.

Virelizier, J.L., Allison, A. and Schild, G.C., 1974. Antibody
response to antigenic determinants of influenza virus
hemagglutinin. II. Original antigenic sin: A bone marrow
derived lymphocyte memory phenomenon modulated by thymus
derived lymphocytes. J. Exp. Med. 140:1571.

Wabuke-Bunoti, M.A.N. and Fan, D.P. 1983. Isolation and
characterization of a CNBr cleavage peptide of influenza viral
hemagglutinin stimulatory for mouse cytolytic T lymphocytes.
J. Immunol. 130:2386.

Webster, R.G. and Askonas, B.A. 1980. Cross-protection and
cross-reactive cytotoxic T cells induced by influenza virus
vaccines in mice. Eur. J. Immunol. 10:396.

Webster, R.G., Campbell, C.H. and Granoff, A. 1971. The in
vivo production of "new" influenza A viruses. Virol. 44:317.



177

Webster, R.G. and Hinshaw, V.S. 1977. Matrix protein from
influenza A virus and its role in cross-protection in mice.
Infec. Immun, 17:561.

Webster, R.G., Hinshaw, V.S., Bean, W.J. et al. 1981.
Characterization of an influenza A virus from seals. Virol.
113:712.

Webster, R.G. and Laver, W.G. 1980. Determination of the
number of non-overlapping antigenic areas on Hong Kong
(H3N2) influenza virus hemagglutinin with monoclonal
antibodies and the selection of variants with potential
epidemiological significance. Virol. 104:139.

Wells, M.A., Daniel, S., Diev, J., Kiley, S. and Ennis, F.A.
1983. Recovery from a viral respiratory tract infection.

IV. Specificity of protection by cytotoxic T lymphocytes.

Je. Immunol. 130:2908.

Werdelin, O. 1982. Chemically related antigens compete for
presentation by accessory cells to T cells. J. Immunol. 129:
1883.

White, J., Helenius, A. and Gething, M.-J. 1982, Haemagglu-
tinin of influenza virus expressed from a cloned gene
promotes membrane fusion. Nature 300:658.

wilde, D.B., Marrack, P., Kappler, J., Dialynas, D. and
Fitch, F.W. 1983. Evidence implicating L3T4 in class II MHC
antigen reactivity; monoclonal antibody GKl.5 (anti~L3T4a)
blocks Class II MHC antigen-specific proliferation, release
of lymphokines and binding by cloned murine helper T
lymphocyte lines. J. Immunol. 131:2178.

Wiley, D.C., Wilson, I.A. and Skehel, J.J. 198l. Structural
identification of the antibody binding site of Hong Kong
influenza haemagglutinin and their involvement in antigenic
variation. Nature 289:373.

Wilson, I.A., Skehel, J.J. and Wiley, D.C. 198l. Structure
of the haemagglutinin membrane glycoprotein of influenza
virus at 3 A resolution. Nature 289:366.

Wise, T.G., Polin, R., Mazur, M. and Ennis, F.A. 1977.
Serologic responses after two sequential doses of influenza
A/New Jersey/76 virus vaccine in normal young adults. J.
Inf. Dis. 136:5496.

World Health Organization Memoranda, 1987. Progress in the
development of influenza vaccines. Bull. W.H.O0. 65: 289.

Wraith, D.C. and Askonas, B.A. 1985. Induction of influenza
A virus specific cross-reactive T cells by a nucleoprotein/



178
hemagglutinin preparation. J. Gen. Virol. 66:1327.

Wraith, D.C. 1986. Induction of influenza A virus cross-
reactive cytotoxic T lymphocytes by purified viral proteins.
In: Options for the Control of Influenza, A. Kendal and P.
Patriarca (eds.), Alan R. Liss, Inc., New York, pp. 461-468.

Wysocki, L. and Sato, V. 1978. "Panning" for lymphocytes: a
method for cell selection. Proc. Natl. Acad. Sci. USA
75:2844,

Yap, K.L. and Ada, G.L. 1978. Cytotoxic T cells in the lungs
of mice infected with an influenza A virus. Scand. J.
Immunol. 7:73. ' '

Yap, K.L. and Ada, G.L. 1977. Cytotoxic T cells specific
for influenza virus—-infected target cells. Immunol. 32:151.

Yewdell, J.W., Bennink, J.R. and Hosaka, Y. 1988. Cells
process exogenous proteins for recognition by cytotoxic T
lymphocytes. Science 239:637.

Yewdell, J.W., Bennink, J.R., Smith, G. and Moss, B. 1985,
Influenza A virus nucleoprotein is a major target antigen
for cross-reactive anti-influenza A virus cytotoxic T
lymphocytes. Proc. Natl. Acad. Sci. USA 82:1785.

Yewdell, J.W., Frank, E. and Gerhard, W. 198l. Expression of
influenza a virus internal antigens on the surface of
infected P815 cells. J. Immunol. 126:1814.

Yewdell, J.W., Gerhard, W. and Bachi, T. 1983. Monoclonal
antihemagglutinin antibodies detect irreversible antigenic
alterations that coincide with the acid activation of
influenza virus A/PR/8/34 mediated hemoloysis. J. Virol.
48:239.

Yoden, S., Kida, H., Kawabara, M., Yanagawa, R. and Webster,
R.G. 1986. Spin-labeling of influenza virus hemagglutinin
permits analysis of the conformational change at low pH and
its inhibition by antibody. Virus. Res. 4:251-261.

Yoshimura, A. and Ohnishi, S.I. 1984. Uncoating of
influenza virus in endosomes. J. Virol. 51:497.

Young, J.F., Dresselberger, V., Palese, P. et al. 1983.
Efficient expression of influenza virus NS1 non-structural
proteins in Escherichia coli. Proc. Natl. Acad. Sci. USA
80:6105.

Zebedee, S.L., Richardson, C.D. and Lamb, R.A. 1985,
Characterization of the influenza virus M, integral
membrane protein and expression at the infected-cell surface



179

form cloned cDNA. J. Virol. 56:502.

Zinkernagel, R.M. and P.C. Doherty. 1979. MHC restricted
cytotoxic T cells: studies on the biological role of
polymorphic major or transplantation antigens determining T
cell restriction specificity function and responsiveness.
Adv. Immunol. 27:52.

Zweerink, H.J., Askonas, B.A., Millican, D., Courtneidge,
S.A. and Skehel, J.J. 1977a. Cytotoxic T cells to type A
influenza virus: viral hemagglutinin induces A-strain
specificity while infected cells confer cross-reactive
cytotoxicity. Eur. J. Immun. 7:630-635.

Zweerink, H.J., Courtneidge, S., Skehel, J.J., Crumpton, M.,
and Askonas, B.A. 1977b. Cytotoxic T cells kill influenza
virus infected cells but do not distinguish between
serologially distinct type A viruses. Nature 267:354-356.



