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Many human parainfluenza type 3 virus (PIV3) strains isolated from children with respiratory illness are
resistant to neutralization by monoclonal antibodies (MAbs) which recognize epitopes in antigenic site A or B
of the fusion (F) protein of the prototype 1957 PIV3 strain. The F protein genes of seven PIV3 clinical isolates
were sequenced to determine whether their neutralization-resistant phenotypes were associated with specific
differences in amino acids which are recognized by neutralizing MAbs. Several clinical strains which were
resistant to neutralization by site A or B MAbs had amino acid differences at residues 398 or 73, respectively.
These specific changes undoubtedly account for the neutralization-resistant phenotype of these isolates, since
identical substitutions at residues 398 or 73 in MAb-selected escape mutants confer resistance to neutralization
by site A or B MAbs. The existence of identical changes in naturally occurring and MAb-selected neutral-
ization-resistant PIV3 strains raises the possibility that antigenically different strains may arise by immune
selection during replication in partially immune children. Three of the seven clinical strains examined had
differences in their F protein cleavage site sequence. Whereas the prototype PIV3 strain has the cleavage site
sequence Arg-Thr-Lys-Arg, one clinical isolate had the sequence Arg-Thr-Arg-Arg and two isolates had the
sequence Arg-Thr-Glu-Arg. The different cleavage site sequences of these viruses did not affect their level of
replication in either continuous simian or bovine kidney cell monolayers (in the presence or absence of
exogenous trypsin or plasmin) or in the upper or lower respiratory tract of rhesus monkeys. We conclude that
two nonconsecutive basic residues within the F protein cleavage site are sufficient for efficient replication of

human PIV3 in primates.

Parainfluenza type 3 virus (PIV3) is an important respira-
tory tract pathogen of infants and children (2). Infection of
host cells by PIV3 is initiated by two virion surface glyco-
proteins, the hemagglutinin-neuraminidase (HN) and fusion
(F) proteins. After the HN protein binds to sialic acid-
containing host cell receptors, the F protein mediates fusion
of the virion envelope with host cell membranes, thereby
delivering virus nucleocapsids into the cytoplasm. The F
protein is also responsible for fusion of infected cells with
uninfected cells during later stages of replication, resulting in
the appearance of syncytia in infected cell monolayers (21).

Antibodies to the HN or F protein are thought to mediate
their antiviral effect by inhibiting virus attachment, penetra-
tion, or cell-to-cell spread of infection. Monoclonal antibod-
ies (MAbs) which recognize six antigenic sites on the HN
protein have been produced, and neutralizing MAbs recog-
nize 11 epitopes which map to three of the six sites (6).
Similarly, anti-F MAbs detect eight antigenic sites on the F
protein and neutralizing MADbs recognize 14 epitopes within
four of the antigenic sites (3). Antigenic variants of the
prototype strain, selected in vitro in the presence of neutral-
izing anti-F or anti-HN MAbs, have sustained a single amino
acid substitution in the F or HN protein which confers
resistance to neutralization by MAbs (4, 5). Human PIV3 is
a monotypic paramyxovirus, but antigenic polymorphism
has been demonstrated in five of 11 HN neutralization
epitopes of clinical PIV3 isolates (6). In contrast to the
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relative antigenic stability of the HN, only three of 14
neutralization epitopes of the F protein are conserved among
all 37 human PIV3 strains examined and over half of these
strains are refractory to neutralization by specific anti-F
MADbs (3). To determine whether the neutralization-resistant
phenotypes of these naturally occurring strains were associ-
ated with specific amino acid differences, we sequenced the
F genes of seven clinical strains which are not neutralized by
one or more MAbs. Comparison of the antigenic phenotypes
and F gene sequences of the clinical isolates with those of
the prototype PIV3 strain and of laboratory-selected variants
revealed that the deduced F protein sequences of the clinical
isolates differed very little (less than 3%) from that of the
prototype strain. Significantly, however, the differences
among clinical strains frequently involved the same amino
acids which are substituted in the neutralization epitopes of
laboratory-selected MAb-resistant variants.

In addition to having amino acid differences in their
neutralization epitopes, three of the isolates also had differ-
ences in the proteolytic cleavage site sequence of the F
protein. Proteolytic cleavage of the F protein into two
disulfide-linked subunits (22) is necessary for paramyxovirus
infectivity and fusion activity (21), and cleavability of the F
has been shown to be an important determinant of pathoge-
nicity and virulence for avian paramyxoviruses (11). For
canine and avian paramyxoviruses, both the number and
pairing of basic amino acids within the F protein cleavage
site appears to influence the efficiency with which it is
cleaved by trypsinlike host cell enzymes (11, 19). The
prototype human PIV3 cleavage site consists of three basic
residues, two of which are consecutive. The single amino
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acid difference in the cleavage site of one clinical strain
maintained the prototype number and pairing of basic resi-
dues. The cleavage site sequence of two other clinical
isolates differed at two positions and had only two noncon-
secutive basic residues. To determine whether changes in
the cleavage site were associated with altered growth prop-
erties, we compared the replication of the three cleavage site
variants and the prototype PIV3 strain in cell monolayers,
with or without the addition of exogenous proteases, and in
the upper and lower respiratory tract of rhesus monkeys.

MATERIALS AND METHODS

Cells and viruses. LLC-MK2 monkey kidney and Madin-
Darby bovine kidney (MDBK) cells were grown in Eagle
minimum essential medium supplemented with 10% fetal
bovine serum. The prototype PIV3/Washington/47885/57
strain was obtained from the Research Resources Program,
National Institute of Allergy and Infectious Diseases, Be-
thesda, Md. Virus strains Washington/1511/73, Washington/
S6543/73, Washington/589/75, Texas/545/80, Texas/535/81,
Texas/6166/82, and Texas/12677/83 were isolated from chil-
dren with acute respiratory illness and were obtained from
Barbara Jeffries (National Children’s Hospital Medical Cen-
ter, Washington, D.C.) and Julius Kasel (Baylor University,
Houston, Texas). The reactivities of these viruses in en-
zyme-linked immunosorbent assay and neutralization assays
with MAbs produced to the F protein of the prototype PIV3
have been described previously (3). For the present study,
these virus isolates were plaque purified in LLC-MK?2 cell
monolayers and their reactivity patterns with the panel of
MAbs were confirmed. Semiconfluent LL.C-MK?2 cell mono-
layers were infected with PIV3 at a multiplicity of 1.0 in
serum-free Eagle minimum essential medium maintenance
medium. For in vitro virus replication experiments, trypsin
(1 pg/ml; Worthington Diagnostics, Freehold, N.J.) or plas-
min (5 pg/ml; Calbiochem-Behring, La Jolla, Calif.) was
added to the maintenance medium. For production of puri-
fied virions, virions were pelleted from the medium 72 h
postinoculation and were purified by two cycles of sedimen-
tation through 30% sucrose onto a cushion of 45% sucrose.

Nucleic acid sequence analysis. Sequence analysis of the F
gene PIV3 clinical isolates was performed by using a modi-
fication of the Sanger method. Briefly, synthetic oligonucle-
otide primers, based on the published PIV3 F gene sequence
(23), were used to sequence genomic RNA by reverse
transcription in the presence of dideoxynucleotides as pre-
viously described (7). Ambiguities in the sequence resulting
from premature termination of reverse transcription were
resolved by extending the premature termination products of
the original sequencing reactions with terminal deoxynucle-
otidyl transferase (Bethesda Research Laboratories, Inc.,
Gaithersburg, Md.) by using the method of DeBorde et al.
(10). Of the 14.8 kilobases of RNA sequenced in this study,
there were 50 bases which could not be resolved by using
these methods. Of the ambiguous bases, 30 were located in
the 5’ untranslated region and 20 were located in the coding
region of the F gene. These 20 ambiguous bases in the coding
region prevented unequivocal identification of amino acid 37
of Texas/6166/82, amino acids 104, 105, 224, 228, and 335 of
Washington/S6543/73, amino acids 403 and 481 of Texas/
535/81, and amino acid 230 of Texas/545/80.

Virus replication in rhesus monkeys. Replication of PIV3
clinical strains was compared in rhesus monkeys. Groups of
four rhesus monkeys were inoculated intratracheally with
10° 50% tissue culture infectious doses of infectious virus.
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TABLE 1. Distribution and frequency of nucleotide and amino
acid differences” in PIV3 genes and proteins

Nucleotide differences in the:

Noncoding Coding
F f region region Amino acid
| gene trom differences
indicated strain 5' Non- 3’ Non- @)
coding coding 194 to
1to 1811 to 1810°
193 1845°
Wash/1511/73 24 (12.4) 2(5.7) 58 (3.6) 9(1.7)
Wash/S6543/73 25 (12.9) 1.9 60 (3.7) 9@1.7)
Wash/589/75 ND¢ ND 50 (3.0) 8 (1.5)
Tex/545/80 28 (14.5) 38.9) 63 (3.9) 11 2.0)
Tex/535/81 27 (13.9) 3 8.9 64 (3.9) 13 (2.4)
Tex/6166/82 33 (17.1) 1.9 66 (4.1) 11 2.0)
Tex/12677/83 29 (15.0) 3(8.5) 69 (4.3) 13 2.4)
% Mean vari- 14.3 6.2 3.8 2.0
ability

“ Percent differences were calculated with respect to the prototype Wash-
ington/47885/57 strain.

& Nucleotides defining regions of the F gene.

¢ ND, Not done.

Nasopharyngeal swab specimens were obtained from mon-
keys daily for 12 days after inoculation, and tracheal lavage
specimens were obtained on days 2, 4, 6, and 8 after
inoculation. Specimens were stored frozen at —70°C, and the
amount of virus present in nasopharyngeal swabs and tra-
cheal lavage specimens was determined by inoculating 20 .l
of decimal dilutions of test material onto LLC-MK2 cell
monolayers in 96-well plates. The monolayers were ob-
served for cytopathic effects, and virus replication was
confirmed by hemadsorption of cells with 0.1% guinea pig
erythrocytes.

RESULTS

Nucleotide and deduced amino acid sequences of PIV3
isolates. The F gene nucleotide sequences of seven clinical
PIV3 strains were determined and compared with the F gene
sequences of the prototype PIV3/Washington/47885/57
strain. The PIV3 F gene is transcribed into a message of
1,845 nucleotides, which has a coding region of 1,617 nucle-
otides and 5’ and 3’ noncoding regions of 193 and 35
nucleotides, respectively (23). The F genes analyzed con-
tained no deletions or insertions and were approximately
95% conserved in overall sequence. The low frequency of
nucleotide differences in the 3’ noncoding region and in the
coding region of the F genes (6.2% and 3.9%, respectively)
approximated the conservation of the corresponding regions
of the PIV3 HN genes (5) (Table 1). Most of the F gene
sequence variability occurred in the 5’ noncoding region
(14.3% mean variability), which is also the most divergent
region of the HN genes of PIV3 strains (6.8% mean variabil-
ity).

The predicted amino acid sequences of the F proteins
were highly conserved (Table 1). All of the cysteines and
potential N-linked glycosylation acceptor sites were con-
served among the clinical strains, and of the 539 F amino
acids, only 20 differences were identified among the seven F
proteins compared. Of the 20 amino acids which differed
from the prototype sequences, 5 were the same in all seven
strains (Fig. 2) and, therefore, probably represent the PIV3 F
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FIG. 1. Replication of prototype PIV3 (Washington/47885/57) and cleavage site variants (Texas/6166/82, Texas/12677/83, and Texas/
535/81) in rhesus monkeys. The amino acid sequence at positions 106 to 112 is shown for each strain. The arrow marks the site of F protein
cleavage (23), and differences from the prototype sequence are underlined. Groups of four monkeys were inoculated intratracheally with 10°
50% tissue culture infective doses of virus. The amount of virus present in tracheal lavage (upper panels) and nasopharyngeal swab (lower
panels) specimens was quantitated as described in Materials and Methods.

consensus sequence in these positions. The remaining 14
variable amino acids represent less than 3% of the F protein
amino acids.

Identification of cleavage site variants and analysis of their
replication in vitro and in vivo. The F protein cleavage site
sequence of three of the seven PIV3 clinical strains exam-
ined was different from that of the prototype PIV3 strain
(Fig. 1). The prototype human PIV3 cleavage site sequence
consists of three basic residues, two of which are consecu-
tive (Arg-106-Thr-Lys-Arg-Phe-110). Cleavage at the Arg-
Phe bond by a host cell trypsinlike enzyme generates the two
disulfide-linked subunits of the F protein. The consecutive
difference (Arg-108 instead of Lys) within the cleavage site
sequence of Texas/6166/82 did not change the number or
pairing of basic residues in the cleavage site. Texas/12677/83
and Texas/535/81 each had two differences: Glu-108 rather
than Lys, which changed the number and pairing of basic
residues in the cleavage site, and Ser-110 rather than Phe at
the cleavage site. Since other paramyxoviruses require a
minimum number of consecutive basic residues within the
cleavage site for efficient cleavage (11, 19, 25) and virulence
(11, 25), it was of interest to determine whether the observed
changes within the cleavage site of some PIV3 strains was
associated in vitro or in vivo with altered replication. The
cleavage site variants and the prototype strain did not
require the addition of exogenous trypsin or plasmin for
replication in either LLC-MK2 monkey kidney or MDBK
bovine kidney cell monolayers, nor was the amount of
infectious virus produced in these cell lines increased by the
addition of exogenous trypsin or plasmin (data not shown),
suggesting that the above-described cleavage site alterations
did not affect the cleavability of the F protein in these cell
lines.

To determine whether the cleavage site differences in the
clinical isolates were associated with altered replication in
vivo, we compared their replication in rhesus monkeys.
With one exception, the cleavage site variants replicated in
the nasopharynx as well as the prototype strain, achieving
mean peak virus titers of 10*7 to 10°2 50% tissue culture
infective doses per ml on days 6 to 8 (Fig. 1). Replication of

Texas/12677/83 in the nasopharynx was slightly reduced
compared with other strains evaluated. However, this reduc-
tion did not correlate with a specific cleavage site sequence:
Texas/535/81 (which has the same cleavage site sequence as
Texas/12677/83) replicated efficiently in the nasopharynx. In
the trachea, all but one of the cleavage site variants repli-
cated as well as the prototype strain, achieving mean peak
virus titers of 10*2 to 10*° 50% tissue culture infective doses
per ml on day 6. The one exception, Texas/6166/82, was
50-fold restricted in its replication in the trachea but has the
same number and pairing of basic residues in the cleavage
site as the prototype strain. These results indicated that the
cleavage site sequence differences found in the clinical
isolates sequenced do not affect their ability to replicate in
the upper and lower respiratory tract of monkeys.

Identification of amino acid differences responsible for
resistance of clinical strains to MAb neutralization. We have
previously shown that the F proteins of many PIV3 clinical
strains undergo antigenic variation which can be detected by
using MAbs in neutralization assays (3). Laboratory variants
selected with MAbs have specific amino acid substitutions in
F protein neutralization epitopes which are responsible for
their resistance to neutralization by MAbs (4). To determine
whether differences in the same amino acids are responsible
for the neutralization-resistant phenotypes of naturally oc-
curring PIV3 strains, we compared the deduced amino acid
sequences of the F proteins of seven PIV3 clinical isolates
with that of the prototype PIV3 strain and of laboratory-
selected variants derived from it.

The F proteins of the clinical strains were remarkably
similar to the prototype PIV3 strain: of 539 amino acids, only
20 amino acid differences were identified among the seven F
proteins compared (Fig. 2). This level of conservation was
somewhat unexpected, since the seven strains were selected
from a total of 37 strains because they were resistant to
neutralization by one or more MAbs (3). Of the 20 differ-
ences, 2 were located in the signal peptide, which is removed
from the mature F protein and would not, therefore, con-
tribute to antigenic differences among the PIV3 strains.
Furthermore, 4 of the 20 differences were located in the
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FIG. 2. Antigenic phenotypes and amino acid differences in the
F protein of seven PIV3 clinical isolates. Neutralizing MAbs which
recognize epitopes N1 through N14 in antigenic site A, AB, B, or C
of the PIV3 F protein of the 1957 prototype strain, and the amino
acid substitutions in laboratory variants which are selected with
these MAbs are shown. Clinical PIV3 isolates sequenced without
ambiguity are indicated (*), and their susceptibility (+) or resistance
(O) to neutralization by individual MAbs is indicated. Amino acids
which differ from the prototype sequence are shown for each strain,
and differences which represent the PIV3 F consensus sequence
(see Results) are indicated (®). Boxes highlight residues which are
also substituted in MAb-selected laboratory variants (4).

membrane anchor, where they would be unlikely to influ-
ence antibody recognition. Of the 20 changes in the F
proteins of the clinical strains, therefore, only 14 involved
amino acids in the ectodomain of the mature F protein.
Within the ectodomain, 5 of the 14 amino acid differences (at
positions 295, 367, 369, 513, and 516) represented the con-
sensus sequence of the F proteins analyzed (see Fig. 2), and
could not, therefore, account for the different neutralization
patterns. The 11 remaining differences in the 475-residue
ectodomain of the mature F protein represented variability
which was unique to different isolates and could, therefore,
be responsible for their unique antigenic phenotypes.

We have previously shown that antigenic site A of the
PIV3 F protein consists of eight overlapping neutralization
epitopes. Recognition of these epitopes by site A MAbs is
abrogated by a substitution at amino acid 37, 396, 397, or 398
in laboratory-selected neutralization-resistant variants (4).
All of the clinical strains analyzed in the present report were
resistant to neutralization by one or more site A MAbs (Fig.
2). Sequence analysis indicated that three of these strains
(Washington/S6543/73, Texas/545/80, and Texas/535/80) have
an Asp at position 398, which is Gly in the prototype

J. VIroL.

sequence. Although several amino acids in these viruses
could not be unequivocally identified (see Materials and
Methods), the amino acid difference at position 398 (which is
the only difference shared by the three strains) probably
accounts for the resistance of these three strains to neutral-
ization by seven of the site A MAbs, since a single substi-
tution of Asp for Gly-398 in laboratory-selected variants has
been shown to confer resistance to these MAbs (4).

Three of the seven clinical strains which were resistant to
neutralization by one, two, or five site A MAbs (Washington/
1511/73, Washington/589/75, and Texas/12677/83) (Fig. 2)
were sequenced without ambiguity and did not have alter-
ations in any of the residues previously identified as critical
for neutralization by site A MAbs (i.e., amino acids 37, 396,
397, or 398). However, each of them contained a unique
difference which could account for their characteristic neu-
tralization-resistant phenotype with the site A MAbs. For
example, Washington/1511/73 was not neutralized by MAb
¢267 and had a unique change at position 441. Similarly, the
resistance of Texas/12677/83 to MAb ¢214 could be due to a
change at amino acid 101. Interestingly, the only change in
the F protein of strain Washington/589/75 which could
account for its resistance to site A MAbs ¢267 and c214 is at
position 509 within the membrane anchor. The resistance of
Texas/6166/82 to five site A MAbs might result from changes
at residues 108, 141, and/or 492 but also could be due to a
change in amino acid 37 (which could not be unambiguously
deduced because of a sequencing artifact).

Antigenic site B of the PIV3 F protein is composed of
three overlapping neutralization epitopes (N11 through N13)
(Fig. 2). Recognition of these epitopes by site B MAbs is
abrogated by a substitution at amino acid 73 in laboratory-
selected neutralization-resistant variants (4). Furthermore,
the type of substitution at position 73 and the presence of a
second substitution at position 452 in these variants affect
the ability of several site A MAbs to neutralize as well (4).
Sequence analysis indicated that four of the clinical PIV3
strains which are resistant to neutralization by site B MAbs
have a Lys at position 73, which is Arg in the prototype
sequence. The difference at residue 73 is very likely to be
responsible for the resistance of these four strains to the site
B MAbs, because Lys-73 is the only difference shared by
these strains, and a single substitution of Lys for Arg-73 in
laboratory-selected variants confers resistance to these
MADbs (4). Two of these strains which are resistant to site B
MADbs (Texas/545/80 and Texas/535/80) are also resistant to
neutralization by many site A MAbs, which, as described
above, could be accounted for by a change in amino acid
398. The inability of one or two site A MAbs to neutralize
Washington/589/75 and Texas/12677/83 cannot be associated
with any specific amino acid differences in their F proteins
but could be due to their respective differences at positions
509 or 37, 101, 108, and 409.

DISCUSSION

Nucleotide sequence analysis of seven PIV3 clinical iso-
lated indicated that their F genes were highly conserved:
compared with the prototype PIV 3 strain, the F genes differ
by only 4.5 to 5.5%, the highest concentration of nucleotide
divergence being in the 5’ untranslated region. The coding
sequences of the F genes have greater than 96% nucleotide
identity to the prototype strain, and the deduced amino acid
sequences are more than 97% conserved among the strains.
This level of amino acid conservation is higher than that of
the hemagglutinin (HA) and neuraminidase proteins of influ-
enza A viruses of the same antigenic subtype (9, 25).
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Three of the clinical PIV3 isolates examined had cleavage
site sequences which differed from that of the prototype
PIV3 strain. Two of the strains had a Lys to Glu change at
residue 108, which reduced both the number and pairing of
basic residues within the cleavage site. A third PIV3 isolate
had a Lys to Arg change at position 108, which maintained
the number and pairing of basic residues of the prototype
sequence. Changes in the cleavage sites of other paramyxo-
viruses influence the cleavability of the F protein (11, 19, 25)
and, consequently, virus infectivity (21), but the PIV3 cleav-
age site variants were indistinguishable from the prototype
strain in their level of replication in either bovine or simian
kidney cell monolayers, and no correlation was found be-
tween the presence of two rather than three basic residues in
the cleavage site and the level of replication in the upper or
lower respiratory tract of rhesus monkeys.

These results indicated that two unpaired basic residues
within the cleavage site are sufficient for cleavage and
activation of the human PIV3 F protein in LLC-MK2 and
MDBK cells and in the respiratory tract of primates. This
stands in contrast to the F protein of simian virus 5, which
requires a minimum of four basic residues for cleavage in
LLC-MK?2 cells (19), and Newcastle disease virus, which
requires two pairs of consecutive basic residues in the
cleavage site for cleavability and virulence (11, 25). On the
other hand, both Sendai virus F and PIV1 have a single Arg
in the cleavage site (14, 17) and both viruses require trypsin
for growth in bovine or monkey kidney cells, respectively
(12, 15). Also, structural features in addition to the number
of pairs of basic amino acids influence whether trypsinlike
host cell proteases (13) cleave paramyxovirus F proteins
efficiently. The importance of structural elements other than
the number of basic residues in the cleavage site has been
demonstrated to modulate cleavability of the influenza A
virus HA. These features include carbohydrate modification
of amino acids proximal to the cleavage site (16) and changes
in amino acids which are juxtaposed to the cleavage site in
the folded HA molecule (20). The dramatic increase in
cleavability of a pantropic Sendai virus variant which has a
conservative (Arg to Lys) change in the cleavage site accom-
panied by a nonconservative change from Ser to Pro imme-
diately upstream suggests that structural features in addition
to basic amino acids within the cleavage site can also play a
major role in ease of cleavage of the F protein (24). In
addition, the acquisition of susceptibility to plasmin cleavage
which is conferred by a Phe to Ser change immediately
following the Sendai virus cleavage site suggests that regions
of the F protein contiguous to the cleavage site can also
affect cleavage (14). However, in this study the Phe to Ser
change immediately following the cleavage site in two of our
human PIV3 cleavage site variants did not appear to affect
ease of cleavage.

We have previously documented that PIV3 strains having
antigenically distinct HN and F proteins cocirculate in the
human population and that their evolution is different from
that of influenza A virus in that progressive accumulation of
antigenic changes in PIV3 surface glycoprotein neutraliza-
tion epitopes does not occur (3, 4). Results of the present
study indicate that although PIV3 clinical isolates have
almost identical degrees of amino acid variability in their HN
and F proteins (about 3%), the locus of the variability is
different. Whereas none of the HN proteins of clinical
isolates sequenced had differences in amino acid residues
known to be important for recognition by neutralizing anti-
HN MADbs (7), many of the F proteins of clinical strains have
amino acid differences which are identical to the substitu-

HUMAN PIV3 FUSION PROTEIN VARIANTS 1333

tions found in laboratory variants which are selected by and
resistant to neutralizing anti-F MAbs (4). Immune selection
of neutralization-resistant variants is the mechanism which
drives antigenic drift of influenza A (and possibly influenza
B) viruses in the human population, which can be mimicked
in the laboratory by selection of antigenic variants by using
neutralizing anti-HA MADbs (27). For both influenza virus
and PIV3, naturally occurring strains frequently have
changes in more than one antigenic site of the HA or F,
respectively, whereas laboratory-selected variants generally
have a change in only one antigenic site (1, 3). This similarity
suggests the possibility that the variable F epitopes of PIV3
clinical isolates might arise by immune selection and raises
the additional question of whether this variation could play a
role in the ability of PIV3 to reinfect children.

How could antigenic variation in F protein neutralization
epitopes contribute to reinfection of children? It would seem
that any possible replication advantage gained by strains
with antigenically altered F neutralization epitopes would be
abrogated by antibodies to highly conserved neutralization
epitopes on both HN and F glycoproteins. Indeed, the ability
of a few conserved HN and F neutralization epitopes to
induce cross-protective immunity to antigenically divergent
PIV3 strains has been previously demonstrated in rodents
and monkeys (8). In contrast, it has been documented that
many humans develop influenza A virus HA antibodies to a
restricted number of epitopes (26) and that the sera of some
children and adults can discriminate between two influenza
A viruses which differ by only one amino acid in the HA (18).
These studies, although they did not examine the ability of
postinfection sera to neutralize antigenically different influ-
enza A viruses, clearly demonstrated that individuals re-
spond differently to infection by producing antibodies which
may not recognize all or even a majority of protective
epitopes. Therefore, it is possible that if primary infection of
infants and children with PIV3 stimulates an F-specific
antibody repertoire which is epitope-restricted (i.e., directed
toward either nonneutralization epitopes or toward highly
variable neutralization epitopes of the surface glycopro-
teins), strains having antigenically different F neutralization
epitopes might have a selective advantage for infection of the
partially immune host and, therefore, may be involved in
individual cases of reinfection. Alternatively, if a subset of
the F antibodies stimulated by primary infection are of short
duration, strains having different antigenic phenotypes might
have an advantage for reinfection of children. On the other
hand, if children respond immunologically to the HN in a
broad, antigenically unrestricted fashion, PIV3 strains hav-
ing alterations in some HN epitopes would be neutralized by
antibodies to conserved HN epitopes. Evaluation of the
epidemiologic importance of antigenic variation in F neutral-
ization epitopes will require a careful examination of the HN
and F epitope-specific immune responses and the neutraliz-
ing antibody response in infants and children after primary
infection and subsequent reinfection with PIV3.
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