
JOURNAL OF VIROLOGY,
0022-538X/00/$04.0010

Oct. 2000, p. 9317–9321 Vol. 74, No. 19

Recombinant Respiratory Syncytial Virus That Does Not
Express the NS1 or M2-2 Protein Is Highly Attenuated

and Immunogenic in Chimpanzees
MICHAEL N. TENG,1 STEPHEN S. WHITEHEAD,1 ALISON BERMINGHAM,1 MARISA ST. CLAIRE,2

WILLIAM R. ELKINS,3 BRIAN R. MURPHY,1 AND PETER L. COLLINS1*

Respiratory Viruses Section1 and Experimental Primate Virology Section,3 Laboratory of Infectious Diseases,
National Institute of Allergy and Infectious Diseases, Bethesda, Maryland, 20892, and Bioqual, Inc.,

Rockville, Maryland, 208502

Received 11 May 2000/Accepted 28 June 2000

Mutant recombinant respiratory syncytial viruses (RSV) which cannot express the NS1 and M2-2 proteins,
designated rA2DNS1 and rA2DM2-2, respectively, were evaluated as live-attenuated RSV vaccines. The
rA2DNS1 virus contains a large deletion that should have the advantageous property of genetic stability during
replication in vitro and in vivo. In vitro, rA2DNS1 replicated approximately 10-fold less well than wild-type
recombinant RSV (rA2), while rA2DM2-2 had delayed growth kinetics but reached a final titer similar to that
of rA2. Each virus was administered to the respiratory tracts of RSV-seronegative chimpanzees to assess
replication, immunogenicity, and protective efficacy. The rA2DNS1 and rA2DM2-2 viruses were 2,200- to
55,000-fold restricted in replication in the upper and lower respiratory tracts but induced a level of RSV-
neutralizing antibody in serum that was only slightly reduced compared to the level induced by wild-type RSV.
The replication of wild-type RSV in immunized chimpanzees after challenge was reduced more than 10,000-fold
at each site. Importantly, rA2DNS1 and rA2DM2-2 were 10-fold more restricted in replication in the upper
respiratory tract than was the cpts248/404 virus, a vaccine candidate that retained mild reactogenicity in the
upper respiratory tracts of 1-month-old infants. Thus, either rA2DNS1 or rA2DM2-2 might be appropriately
attenuated for this age group, which is the major target population for an RSV vaccine. In addition, these
results show that neither NS1 nor M2-2 is essential for RSV replication in vivo, although each is important for
efficient replication.

Respiratory syncytial virus (RSV) is the leading etiologic
agent of serious pediatric viral bronchiolitis and pneumonia
worldwide and is responsible for approximately 100,000 hospi-
talizations and 4,500 deaths among infants and children in the
United States per annum (7, 14, 25). In addition, RSV infec-
tion can cause severe respiratory illness in the elderly (23) and
in immunocompromised individuals (28). To date, an effective
licensed vaccine for RSV is not available despite the pressing
need for such an agent.

Since 1967, our laboratory has focused on developing a live-
attenuated RSV vaccine for intranasal administration. By
mimicking a natural infection, such a vaccine should stimulate
both cellular and humoral immunity and would obviate the
potentiated disease that was observed with certain nonrepli-
cating or subunit vaccines (7, 16, 24, 27). The intranasal route
also partially abrogates the immunosuppressive effects of ma-
ternal antibodies present in the sera of young infants and
stimulates both local and systemic immunity (10).

A number of live-attenuated RSV vaccine candidates have
been developed by biological or recombinant methods and
evaluated in animals and humans (8, 15, 16, 29, 30, 32). The
most promising biologically derived candidate, a cold-passaged
(cp) temperature-sensitive (ts) virus called cpts248/404, was
evaluated in RSV-naive 1- to 2-month-old infants and was
found to be infectious, immunogenic, and protective against a
second vaccine dose (33). However, some vaccinees experi-
enced mild upper respiratory tract congestion, indicating that

further attenuation is necessary. In addition, virus isolated late
during the course of infection from a single vaccinee showed
partial phenotypic reversion and loss of an attenuating muta-
tion. Thus, our strategy to develop improved live-attenuated
vaccine candidates has been (i) to use recombinant methods to
combine attenuating mutations identified in a panel of biolog-
ically derived attenuated viruses including cpts248/404 and (ii)
to develop new types of attenuating mutations by focusing on
gene deletions which should be refractory to genetic reversion.

RSV is the prototype member of the Pneumovirus genus of
the family Paramyxoviridae. Its genome is a single-stranded,
negative-sense RNA of 15.2 kb that encodes 10 subgenomic
mRNAs from which 11 proteins are translated. These proteins
include the nucleocapsid N protein, phosphoprotein P, and
large polymerase subunit L, which together comprise the min-
imal viral polymerase; fully processive transcription by the
RSV polymerase requires the presence of the transcription
antitermination factor M2-1 (6, 18, 19, 34). There are four
envelope-associated proteins: the internal matrix (M) protein
and three transmembrane surface proteins, namely, the attach-
ment (G), fusion (F), and small hydrophobic (SH) proteins (7).
Finally, RSV encodes two nonstructural proteins, NS1 and
NS2, and also the M2-2 protein, whose status as structural or
nonstructural is unknown. NS1 and M2-2 appear to have roles
in RNA synthesis.

We previously described a reverse-genetics system for pro-
ducing recombinant subgroup A RSV (rRSV) by coexpression
of antigenomic RNA and the N, P, L, and M2-1 proteins from
cotransfected plasmids (5). One application of this system has
been to identify viral genes that can be deleted or silenced
without ablating replication in vitro but are still necessary for
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virus replication in vivo (4, 26). Deletion of the SH gene re-
sulted in a virus, designated rA2DSH, that replicated in vitro
with an efficiency equal to or slightly better than that of wild-
type rRSV (rA2) and which was moderately attenuated in mice
and chimpanzees (4, 29). rRSV from which the NS2 gene was
deleted, designated rA2DNS2, exhibited reduced growth kinet-
ics and a reduced yield of infectious virus in vitro and was
markedly attenuated in mice and chimpanzees (26, 29). Similar
in vitro properties were noted for a recombinant bovine RSV
from which the NS2 gene was deleted (2). These two deletion
mutations are now being incorporated into recombinant live-
attenuated vaccine candidates for clinical evaluation.

More recently, the M2-2 open reading frame was silenced in
rRSV (rA2DM2-2, previously designated rA2-K5) by mutating
each of the three potential translational initiation codons and
inserting a translation termination codon in each of the three
reading frames (1). A second research group made a compa-
rable virus in which M2-2 was silenced by deletion of most of
its open reading frame, which resulted in a virus that appeared
to be phenotypically similar to rA2DM2-2 (20). The rA2DM2-2
virus exhibited increased plaque size, reduced growth kinetics
(though the final titer was similar to that of the wild type), and
a partial shift in RNA synthesis from RNA replication to
transcription (1). Thus, the M2-2 protein appears to be a reg-
ulatory protein that negatively regulates transcription and pos-
itively regulates RNA replication. In addition, an rRSV was
constructed from which the NS1 gene was deleted by the re-
moval of nucleotides 122 to 630 in the antigenomic cDNA,
resulting in the joining of the upstream nontranslated region of
NS1 to the translational initiation codon of NS2. This virus,
designated rA2DNS1, exhibited reduced RNA replication,
plaque size, and growth kinetics and an approximately 10-fold
lower yield of infectious virus in vitro (M. N. Teng and P. L.
Collins, submitted for publication). Other paramyxoviruses en-
code proteins, such as the V protein of Sendai virus, that are
not essential for replication in vitro. However, ablation of
expression of V by recombinant Sendai virus results in atten-
uation in vivo (22). It was suggested that this protein func-
tioned to antagonize some aspect of the mouse’s innate im-
mune system. More recently, the V protein of simian virus 5
was shown to block signalling for both type I and type II
interferon responses (13). Any of the RSV “accessory” pro-
teins, including the NS1, NS2, M2-2, SH, and G proteins, are
candidates for antagonizing host immune mechanisms.

In the present study, we evaluated the rA2DM2-2 and
rA2DNS1 viruses for replication, immunogenicity, and protec-
tive efficacy in the upper and lower respiratory tracts of chim-
panzees, the only experimental animal in which RSV replica-
tion and virulence approaches that observed in humans. The
rA2DM2-2 and rA2DNS1 viruses described above were con-
structed in the original version of the antigenomic cDNA de-
scribed by Collins et al. (5). All recombinant viruses that have
been constructed for vaccine purposes in our laboratory con-
tain two types of modification to this background: (i) the in-
troduction of a set of six translationally silent restriction mark-
ers in the L gene, called the sites mutations, and (ii) two amino
acid substitutions in the F protein, called the HEK mutations,
which make the recombinant virus identical at the amino acid
level to the wild-type RSV A2 parent from which the cpts248/
404 series of biological vaccine candidates was derived (21, 30).
These mutations were shown to be phenotypically silent in
chimpanzees (32). The rA2DNS1 virus used in this study was
reconstructed in a sites-HEK background, in preparation for
clinical evaluation, whereas the rA2DM2-2 virus is in the orig-
inal genetic background, a difference that is not relevant for
the present study (1, 30).

The rA2DNS1 and rA2DM2-2 viruses were administered
individually to juvenile RSV-seronegative chimpanzees by
combined intranasal and intratracheal inoculation, as de-
scribed previously (11). Since both viruses were attenuated in
vitro, we chose to inoculate the animals with 105 PFU per ml
per site, which is a 10-fold higher concentration than that
typically used to inoculate chimpanzees. To monitor virus rep-
lication in the upper and lower respiratory tracts, respectively,
nasopharyngeal swabs and tracheal lavage samples were col-
lected at intervals over 10 days postinfection and subsequently
were assayed for virus titer. The mean peak virus titer was
determined for each group (Table 1). The chimpanzees were
monitored daily for rhinorrhea, a symptom of upper respira-
tory tract illness, and the mean peak score was determined for
each group (Table 1). Due to the limited availability of RSV-
seronegative chimpanzees, the number of animals per group
was small, making it necessary to include controls from previ-
ous studies in which we had evaluated biologically derived
RSV strain A2 (wild-type RSV A2), rA2, rA2DSH, rA2DNS2,
and a recombinant version of the above-mentioned cpts248/404
vaccine candidate (rA2cp248/404) (Table 1).

Levels of replication of rA2DNS1 and rA2DM2-2 were re-
duced more than 2,200-fold and more than 2,800-fold, respec-
tively, in the upper respiratory tract compared to that of rA2
(Table 1). Shedding of rA2DNS1 or rA2DM2-2 was detected
sporadically and at a low level beginning 2 to 7 days postinfec-
tion, and each animal shed virus over a period of 3 to 8 days
(data not shown). Thus, the recovered virus was not carried
over from the initial inoculum but represented replication near
the level of detection over a period of several days. In the lower
respiratory tract, the level of replication of rA2DNS1 was re-
duced more than 17,000-fold compared to that of rA2, while
rA2DM2-2 was undetectable at all time points (greater than
55,000-fold reduction). It is important to note that the dose of
rA2DNS1 and rA2DM2-2 used was 10-fold greater than that of
rA2. Furthermore, both viruses were more attenuated than
rA2cp248/404, which was given at the same dose, particularly
in the case of rA2DM2-2, which was not recovered from the
lungs of infected chimps. In addition, both rA2DNS1 and
rA2DM2-2 were unusual in being equally restricted in the
upper and lower respiratory tracts. In the upper respiratory
tract, each virus was approximately 10-fold more restricted
than cpts248/404 and 175-fold more restricted than rA2DNS2.
Since upper respiratory tract congestion was observed during
clinical evaluation of the cpts248/404 virus in 1- to 2-month-old
infants (33) and since infants of that age are obligate nose
breathers, mutations that confer a level of restriction of repli-
cation in the upper respiratory tract greater than that of
cpts248/404 would be desirable for inclusion in a live-attenu-
ated vaccine virus. Animals receiving rA2DNS1 or rA2DM2-2
had slightly more rhinorrhea than those infected with
rA2cp248/404, though still less than that of animals infected
with a 10-fold smaller dose of rA2. While it is possible that the
absence of NS1 or M2-2 resulted in a virus that retained a
moderate level of virulence but replicated poorly, we think that
this possibility is unlikely. Our experience is that quantitation
of rhinorrhea and the comparison of such values from different
studies performed at different times can be somewhat subjec-
tive and hence not completely reproducible. We anticipate that
further evaluation, including clinical studies, will show that the
amount of residual virulence associated with rA2DNS1 and
rA2DM2-2 will reflect their greatly reduced replication.

Despite the highly restricted replication of these viruses,
immunization with either rA2DNS1 or rA2DM2-2 induced a
level of RSV-neutralizing antibody in serum that was within
threefold of that induced by rA2cp248/404 (Table 1). Further-
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more, animals previously infected with either rA2DNS1 or
rA2DM2-2 were highly resistant to the replication of wild-type
RSV administered intranasally and intratracheally 56 days
postimmunization (Table 2). The levels of protection in both
cases were similar in the upper respiratory tract and somewhat
lower in the lower respiratory tract than that seen with cpts248/
404, both in mean peak titer and in mean days of shedding.

The challenge in developing a live-attenuated RSV vaccine
is to eliminate residual virulence without compromising immu-
nogenicity. Observations to date indicate that the severity of
RSV disease is closely related to the level of RSV replication
in the respiratory tract. It is possible that one or more atten-
uating mutations that reduce virulence through another mech-
anism will be identified; indeed, it was hoped that deletion of
one or more of the nonessential RSV proteins, such as those
described in the present paper, might reveal such a virulence

factor. However, a factor of this nature has not yet been iden-
tified for RSV. Thus, the present method for attenuating RSV
is to reduce its level of replication, which unfortunately can
reduce its immunogenicity due to the reduced production of
antigen. The attenuating mutations that we have identified to
date include (i) a set of five amino acid substitutions in the N,
F, and L proteins that were identified in cpRSV and that
confer attenuation in chimpanzees and humans (9, 16, 32); (ii)
a series of amino acid substitutions in the L protein and a
nucleotide substitution in the gene-start signal of the M2 gene,
which were identified in biologically derived ts derivatives of cp
RSV and which each confer the ts and attenuation phenotypes
(12, 15, 21, 30); and (iii) deletion of individual or combinations
of RSV genes such as the SH and NS2 genes (4, 26). Bovine
RSV genes have also been used to confer attenuation based on
host range restriction (3). Here, we add two additional knock-

TABLE 1. rA2DNS1 and rA2DM2-2 are highly attenuated in both the upper and lower respiratory tracts of
chimpanzees but are highly immunogenic

Virus used
to infect

chimpanzeesa

No. of
animals

Doseb (per site,
log10 PFU)

Mean peak virus titerc (log10 PFU/ml) 6
SE (Duncan grouping)

Mean peak
rhinorrhea

scored

(range, 0–4)

Mean neutralizing
antibody titer in serume

(reciprocal log2)

Nasopharyngeal
swab Tracheal lavage Day 0 Day 28

Wild-type
RSV A2f

2 4.0 5.0 6 0.35 (A) 5.5 6 0.40 (A) 3.0 ,3.3 11.2

rA2g 2 4.0 4.9 6 0.15 (A) 5.4 6 0.05 (A) 2.5 ,3.3 10.5
rA2DSHg 3 4.0 4.6 6 0.10 (A) 3.8 6 0.31 (B) 1.0 ,3.3 10.2
rA2DNS2g 4 4.0 3.8 6 0.41 (B) 1.4 6 0.29 (C) 1.0 3.4 10.6

rA2cp248/404g 4 5.0 2.5 6 0.25 (C) 1.4 6 0.37 (C) 0.8 3.4 10.6
rA2DNS1 4 5.0 1.6 6 0.12 (D) 1.2 6 0.43 (C) 2.0 ,3.3 9.8
rA2DM2-2 4 5.0 1.5 6 0.09 (D) ,0.7 1.8 ,3.3 9.1

a All recombinant-derived viruses contain the sites and HEK mutations (see the text), except for rA2DM2-2.
b Chimpanzees were inoculated by the intranasal and intratracheal routes with the indicated amount of virus in a 1-ml inoculum per site.
c Nasopharyngeal swab samples were collected daily for 10 days, and tracheal lavage samples were collected on days 2, 5, 6, 8, and 10. Mean peak titers were calculated

and assigned to statistically similar groups by Duncan’s multiple-range test (a 5 0.05). Means in each column with different letters are significantly different.
d The amount of rhinorrhea was estimated daily and assigned a score (0 to 4) that indicated extent and severity. Scores indicate severe (4), moderate (3), mild (2),

trace (1), or no (0) rhinorrhea. Shown are the mean peak scores.
e Serum RSV-neutralizing antibody titers were determined by a complement-enhanced 60% plaque reduction assay using wild-type RSV A2 and HEp-2 cell

monolayer cultures incubated at 37°C. RSV-seronegative chimpanzee serum used as a negative control had a neutralizing antibody titer of ,3.3 log2 reciprocal. Adult
human serum used as a positive control had a neutralizing antibody titer of 11.4 log2 reciprocal.

f Historic controls from the study of Crowe et al. (10).
g Data from the study of Whitehead et al. (29).

TABLE 2. Infection of chimpanzees with rA2DNS1 or rA2DM2-2 induced significant protection against subsequent challenge with
wild-type RSV A2 in the upper and lower respiratory tracts

Immunizing
virus

Inoculum dosea

(log10 PFU/ml)
No. of

animals

Replication of RSV challenge virus at the indicated siteb

Mean
peak

rhinorrhea
score

Nasopharynx Trachea

Mean no.
of days of

shedding 6 SE

Mean peak
titerc 6 SE

Mean no.
of days of

shedding 6 SE

Mean peak
titer 6 SE

rA2DNS1 5.0 4 2.8 6 0.75 1.7 6 0.46 1.0 6 0.41 1.8 6 0.73 1.0
rA2DM2-2 5.0 4 3.5 6 0.87 2.3 6 0.71 1.0 6 0.71 1.7 6 0.63 1.0

rA2DNS2d 4.0 4 ND 1.9 6 0.30 ND 2.2 6 0.77 1.0
cpts248/404e 4.7 2 3.5 6 0.50 2.3 6 0.25 0 ,0.7 1.0
Nonee 2 8.5 6 0.50 5.0 6 0.35 6.0 6 1.0 4.8 6 0.30 3.0

a Each virus was initially administered at the indicated dose in a 1.0-ml inoculum given intranasally and intratracheally.
b On day 56, chimpanzees were challenged with wild-type RSV A2 administered at a dose of 104 PFU/ml in a 1.0-ml inoculum given intranasally and intratracheally.

Nasopharyngeal swab samples were collected daily for 12 days, and tracheal lavage samples were collected on days 2, 5, 6, 8, and 12. ND, not determined.
c Mean peak titers (log10 PFU/ml) were calculated by using the peak virus titer achieved in each animal.
d Data from the study of Whitehead et al. (29).
e Historic control animals from the study of Crowe et al. (10) were used.
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out mutations to the list, namely, the deletion of NS1 and the
silencing of the M2-2 open reading frame.

Among the mutant viruses shown in Table 1, the order of
increasing attenuation in seronegative juvenile chimpanzees
was rA2DSH , rA2DNS2 , rA2cp248/404 , rA2DNS1 ,
rA2DM2-2. All viruses provided similar, high levels of protec-
tion against challenge with wild-type RSV (Table 2). Thus,
rA2DNS1 and rA2DM2-2 each have the desired property of
being slightly more attenuated than rA2cp248/404, the recom-
binant version of cpts248/404, which was slightly too reacto-
genic in RSV-naive 1- to 2-month-old infants, as mentioned
above (33). The finding that rA2DM2-2 is slightly more atten-
uated than rA2DNS1 increases the chances that one of these
viruses will have an optimal level of attenuation. The seroneg-
ative juvenile chimpanzee is somewhat less permissive to RSV
replication and disease than is the RSV-naive human infant.
Thus, whether rA2DNS1, rA2DM2-2, or both have an appro-
priate level of attenuation can be determined only by clinical
trials with the target vaccine population, 1- to 2-month-old
infants.

Deletion mutants should be extremely stable both in vitro
and in vivo, thus making them attractive candidates for vaccine
development. This property might be important in light of the
finding that one infant who had been vaccinated with cpts248/
404 shed virus that exhibited a partial reversion (33). A low
level of genetic instability in an RSV vaccine likely would not
be a problem in normal individuals, particularly considering
the high prevalence of fully virulent wild-type RSV. However,
vaccine virus might have prolonged replication in immunocom-
promised individuals. Thus, it would be desirable to engineer a
recombinant vaccine virus to contain attenuating mutations
that cannot revert.

Although the major target for an RSV vaccine is the 1- to
2-month-old infant, a second target is the elderly. The cpts248/
404 vaccine candidate, which was insufficiently attenuated in
the RSV-naive infant, was found to be overattenuated in the
RSV-experienced adult (17). Thus, a live-attenuated vaccine
for RSV-naive infants will need to be more attenuated than
one for use in adults. Since the rA2DNS1 and rA2DM2-2
viruses are similar to cpts248/404 in their levels of replication,
they likely will be too attenuated to be useful as an adult
vaccine. However, each virus is appropriate for further evalu-
ation as a pediatric RSV vaccine, either as currently con-
structed or with the inclusion of a single or a combination of
additional attenuating mutations. It should be noted that if
either candidate vaccine proves satisfactory, a partner sub-
group B candidate can be rapidly generated by replacing the F
and G glycoproteins (31).

We thank Robert Chanock for critical review.
This work is part of a continuing program of research and develop-

ment with Wyeth Lederle Vaccines through CRADA no. AI-000087
and AI-000099.
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