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BALB/c mice sensitized to vaccinia virus expressed G protein of respiratory syncytial virus (RSV) develop a
Th2-type cytokine response and pulmonary eosinophilia when challenged with live RSV. In this study, BALB/c
mice were immunized or challenged with an RSV mutant lacking the G and SH proteins or with DNA vaccines
coding for RSV G or F protein. F or G protein DNA vaccines were capable of sensitizing for pulmonary
eosinophilia. The absence of the G and/or SH protein in the infecting virus resulted in a consistent increase
both in pulmonary natural killer cells and in gamma interferon and tumor necrosis factor expression, as well
as, with primary infection, a variable increase in neutrophils and CD11b™ cells. The development of pulmonary
eosinophilia in formalin-inactivated RSV-vaccinated mice required the presence of the G and/or SH protein in
the challenge virus. These data show that G and/or SH protein has a marked impact on the inflammatory and

innate immune response to RSV infection.

Respiratory syncytial virus (RSV) is the primary agent of
serious lower respiratory tract disease in young children and is
also associated with serious lower respiratory tract disease
throughout life (4, 10, 20). For these reasons, it is important to
develop a safe and efficacious vaccine. Early studies of children
given a formalin-inactivated RSV (FI-RSV) vaccine had the
disastrous consequences of enhanced pulmonary disease upon
reexposure to live RSV (5, 35). The gravity of the results from
this early vaccination attempt widened the vaccine search to
include subunit vaccines as well as live, attenuated virus vac-
cines (8, 9, 17, 21, 24, 33). The use of a live, attenuated virus
vaccine is a promising approach, since attenuated vaccines
mimic natural infection, which is not associated with enhanced
disease following reinfection. For development of both live,
attenuated and subunit vaccines, an understanding of the
pathogenesis of disease is likely to be important. In the case of
subunit vaccines, it is critical to understand the pathogenesis of
the enhanced disease associated with FI-RSV vaccination to
ensure that new vaccines will not have similar deleterious con-
sequences. In the case of live, attenuated vaccines, it is impor-
tant to understand the pathogenesis of natural disease, to im-
prove our ability to design a safe and effective vaccine from an
RSV infectious clone.

The G and SH proteins of RSV are unusual compared to
most other respiratory viruses. Relatively little is known about
the SH protein, but the G protein contributes to both protec-
tive immunity and immune-mediated disease. The G protein
has both a secreted and a membrane-bound form. Recent
studies with BALB/c mice suggest that it is the secreted form
that is most effective in inducing pulmonary eosinophilia and
enhanced disease (12, 16, 22). The G protein has also been
linked to increased expression of Th2 cytokines (13, 14, 23, 28).
Recent evidence suggests that there is a T-cell epitope on the
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G protein that by itself is capable of inducing eosinophilia
(25); in addition, immunization of BALB/c mice with native
or vaccinia virus-expressed G glycoprotein has previously been
shown to induce eosinophilia (12, 16, 28).

A cold-adapted temperature-sensitive strain of RSV, termed
CP52, was evaluated in animals and humans as an RSV vaccine
candidate (7). CP52 was shown to have a deletion of both the
SH and G genes, resulting in a loss of expression of the SH and
G proteins during infection (18). Despite the lack of SH and G
genes, CP52 replicates and forms syncytia in tissue culture and
has restricted replication in mice, nonhuman primates, and
humans (18, 37). The deletion of the SH and G proteins pro-
vided us with an opportunity to examine the impact of these
two proteins on the RSV immune response.

In this report, we describe studies of CP52 compared to its
parent strain, B1. These studies provide important insights into
the effect that the G and/or SH protein has on the type of
inflammatory cells, cytokines expressed by immune cells, and
the cytotoxic T lymphocytes (CTL) seen in response to RSV
infection.

MATERIALS AND METHODS

Viruses. The B1 strain of RSV, B1 derivative strain CP52, and the JS strain of
human parainfluenza virus 3 (PIV3) were propagated in Vero cells (African
green monkey kidney fibroblasts [ATCC CCL 81]) maintained in RPMI 1640
(GIBCO Laboratories, Grand Island, N.Y.) supplemented with 2% heat-inacti-
vated (56°C) fetal bovine serum (FBS; HyClone Laboratories, Salt Lake City,
Utah), 1% L-glutamine, and 1% antibiotic-antimycotic (all from GIBCO)
(TCM). Upon detectable cytopathic effect, the TCM was decanted and replaced
with a minimal volume of Dulbecco’s modified phosphate-buffered saline (D-
PBS) and frozen at —70°C. The flask was thawed, and the loosely adherent cell
monolayer was scraped off with a cell scraper (Costar, Cambridge, Mass.) and
collected. The cells and supernatant were frozen at —70°C, thawed, and then
centrifuged at 2,000 X g for 15 min at 4°C. The titer was determined by meth-
ylcellulose plaque assay on Vero cells.

Virus titer in lungs. The quantities of infectious virus present in individual
lung homogenates at various days after infection with either B1 or CP52 were
determined. Identical weights of individual lung isolates were homogenized in
PBS and assayed by plaque assay on monolayers of Vero cells (18, 34).

Vaccines. Formalin-inactivated virus was prepared as described previously
(30). Briefly, 1 part formalin (Sigma, St. Louis, Mo.) was incubated with 4,000
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TABLE 1. BAL cell types by H&E staining and flow cytometry at days 3 and 6 after B1 or -CP52 primary infection
H&E staining Flow cytometry
Infection® cell Day 3 p.i. Day 6 p.i. cell Day 3 p.i. Day 6 p.i.
typeb Range, % Median % Range, % Median % phenotyped Range, % Median % Range, % Median %
positive (P°) positive (P) positive (P) positive (P)
B1 MAC 80-88 84 (>0.10) 78-90 86 (>0.10) CD3 38-44 42 (>0.05) 3044 36 (>0.05)
PMN 2-6 4 (>0.10) 0-4 1(>0.10) B220 4-10 6 (>0.10) 9-16 12 (<0.05)
EOS 1-5 2 (>0.10) 0-5 3 (>0.10) DXS5 2-8 5(<0.01) 8-12 8 (<0.01)
LYM 4-15 10 (>0.10) 2-12 10 (>0.05) RB6-8C5 0-4 2(<0.01) 8-12 8(<0.01)
CD11b 5-12 8 (<0.01) 6-10 7 (<0.01)
CP52 MAC 75-90 85 75-88 87 CD3 27-32 30 19-25 23
PMN 2-8 4 2-11 4 B220 1-4 2 2-5 4
EOS 0-3 1 1-8 4 DXS5 18-25 20 24-35 28
LYM 6-16 10 2-5 5 RB6-8C5 14-18 15 18-25 22
CD11b 20-24 22 15-24 21

“ Mice were i.n. infected with 10* PFU of virus.

® BAL was collected and analyzed by H&E staining for percent MAC, PMN, EOS, and LYM.

¢ The nonparametric Mann-Whitney analysis was used to test for significant differences in percent cells between B1- and CP52-infected mice within each grouping.
Total cell numbers in BAL of B1- and CP52-infected mice ranged from 4 X 10° to 4.5 X 10%/ml and from 3.8 X 10° to 5.5 X 10°/ml, respectively.

4 BAL was collected and analyzed by flow cytometry for percent CD3* T cells, B220" B cells, DX5" NK cells, RB6-8C5 neutrophils, and CD11b* PMN.

parts clarified virus lysate (B1 or PIV3) for 3 days at 37°C and pelleted by
centrifugation for 1 h at 50,000 X g. The volume of virus was adjusted to a 1:25
dilution of the original volume in minimal essential medium (MEM; GIBCO)
and subsequently precipitated with aluminum hydroxide (4 mg/ml; Sigma), re-
suspended in 1:100 the original volume in serum-free MEM, and stored at 4°C.
DNA vaccines were prepared by using pcDNA3 plasmids (InVitrogen Corp., San
Diego, Calif.) constructed with G or F protein cDNA from RSV strain A2 as
described previously (29, 36). Plasmid-purified G protein DNA vaccine (pcDNA-
G), F protein DNA vaccine (pcDNA-F), and control (pcDNA only) were diluted
in PBS containing 25% sucrose. Mice were anesthetized and then immunized in
each tibialis anterior muscle with 100 wl of DNA vaccine (100 wg/ml). Mice were
boosted with a total of 200 pl of DNA vaccine (100 pwg/ml) every week for 4
weeks. To confirm plasmid expression in vivo, sera from eye bleeds was collected
weekly and analyzed by indirect enzyme-linked immunosorbent assay for anti-
bodies against RSV-infected and uninfected Vero cells. Prior to live virus chal-
lenge, RSV-specific antibody titers for G-immunized mice ranged from 1:64 to
1:256, and those for F-immunized mice ranged from 1:128 to 1:256 by enzyme-
linked immunosorbent assay.

Virus infection and sampling. Four- to six-week-old, specific-pathogen-free,
female BALB/c mice were purchased from Harlan Sprague Dawley Laboratories
(Indianapolis, Ind.). The mice were housed in microisolator cages and fed ster-
ilized water and food ad libitum. Mice were anesthetized with Avertin (2,2,2-
tribromoethanol), then intranasally (i.n.) infected with 10* PFU of B1 or CP52
diluted in PBS (GIBCO). Mice were immunized intraperitoneally (i.p.) with 10*
PFU equivalents of FI-B1 or FI-PIV3 in the superficial gluteal muscle. All
immunized animals were rested for >3 weeks prior to challenge. Mice were i.n.
challenged with 10* PFU of either B1 or CP52. At various time points postin-
fection p.i., mice were anesthetized and exsanguinated by severing the right
caudal artery, and lymphoid organs were removed. All organs were collected on
ice in Hanks balanced salt solution. To collect bronchoalveolar lavage (BAL)
cells, the lung was lavaged three times with Hanks balanced salt solution con-
taining 1% bovine serum albumin (BSA; Sigma).

Flow cytometry. Single-cell suspensions of BAL cells were blocked with 10%
normal mouse serum (Jackson Laboratories, Bar Harbor, Maine) in D-PBS, and
then stained with the appropriate combinations of fluorescein thiocyanate
(FITC)- or phycoerythrin (PE)-labeled anti-CD3e (145-2C11), anti-CD45R/
B220 (RA3-6B2), anti-pan natural killer (NK) cell (DXS), antineutrophil (RB6-
8C5), anti-adhesion molecule (CD11b), and mouse isotype antibody controls (all
from PharMingen, San Diego, Calif.). A lymphocyte gate was used to select
10,000 events for CD3" and B220* lymphocytes, and 10,000 ungated events were
used for analysis of DX5", RB6-8C5*, and CD11b* cells. The distribution of
cell surface markers was determined in two-color mode on a FACScan with
CellQUEST software (Becton Dickinson, Mountain View, Calif.). The proce-
dure used for intracellular cytokine (IC cytokine) staining was modified for
microculture staining from the protocol described by PharMingen. Briefly, the
intracellular transport of cytokines was inhibited by culturing cells in PBS con-
taining GolgiStop (PharMingen) for 3 h at 37°C, thereby allowing for accumu-
lation of cytokines in the Golgi complex of the cells. The cells were washed in
PBS (GIBCO), stained with an appropriate dilution of FITC anti-CD3 for 30 min
on ice, washed, and resuspended in Cytofix/Cytoperm (PharMingen) for 15 min
on ice. The cells were washed in Cytofix/Cytoperm and resuspended in the
appropriate dilution of PE-labeled anti-interleukin-2 (IL-2) (JES6-5H4), anti-
IL-4 (BVD4-1D11), anti-IL-5 (TRFKSY), anti-IL-6 (MP5-20F3), anti-IL-12

(C15.6), anti-gamma interferon (IFN-y) (XMG1.2), or anti-tumor necrosis fac-
tor alpha (TNF-a) (MP6-XT22) antibody (all from PharMingen) diluted in
D-PBS containing 1% BSA and 0.1% saponin. The cells were stained on ice for
30 min, washed, resuspended in D-PBS containing 1% BSA, and analyzed on the
FACScan.

H&E staining of BAL cells. BAL cells were washed from the lungs of anes-
thetized mice with PBS (GIBCO) containing 1% BSA (Sigma) by using a 1-ml
syringe and 18-gauge cannula (Baxter, Deerfield, Ill.) as previously described (31,
32). Cells were kept at 4°C, and portions were cytospun onto glass microscope
slides, fixed, and stained in hematoxylin and eosin (H&E).

MHC class I- and II-restricted CTLp assays. Major histocompatibility com-
plex (MHC) class I-restricted target cells used were the mouse mastocytoma line
P815 (ATCC TIB 64). Class II-restricted target cells used were a low-expressing
MHC class I subclone of the B-cell lymphoma line A20 (ATCC TIB 208). Both
cell lines were maintained in RPMI 1640 (GIBCO) containing 10% FBS (Hy-
Clone) plus 1% antibiotic-antimycotic (GIBCO). The target cells were prepared
by suspending 10° cells in 1.0 ml of serum-free MEM (GIBCO) containing 10*
PFU of B1 (or comparable dilution of uninfected cell control lysate) for 18 h at
37°C followed by addition of 1.0 ml of MEM containing 10% FBS and 200 pn.Ci
of >'Cr (Na,CrO4 Amersham, Arlington Heights, Ill.) and incubation for an
additional 2 h at 37°C. The cells were then washed and resuspended to an
appropriate concentration in TCM comprised of S-MEM (GIBCO) containing
10% FBS (HyClone), 1% essential amino acids, 2% nonessential amino acids,
2% sodium pyruvate, 2% L-glutamine, 1% antibiotic-antimycotic (all from
GIBCO), and 50 pM 2-mercaptoethanol (Sigma). Virus-specific CTL precursor
(CTLp) prevalence was determined by using a modification of a well-established
limiting-dilution assay (30).

RESULTS

BAL Cell infiltrate during primary infection, immunization,
and challenge. Effects of the G and/or SH protein on the types
of cells responding to pulmonary infection were examined at
days 3 and 6 after B1 or CP52 primary infection (Table 1) or
challenge (Table 2). Loss in body weight following infection
was used as one indicator of the severity of illness. There was
a decrease in body weight following infection with both B1 and
CP52, but no significant differences in weight loss were
detected between B1- and CP52-infected mice (data not
shown). Determination of titers of infectious virus in the lungs
of B1- and CP52-infected mice revealed that significantly more
infectious virus was present at days 4 to 6 p.i. in Bl-infected
mice than in CP52-infected mice (Fig. 1A). The numbers of
cells responding to pulmonary infection were similar except for
day 6 p.i. (Fig. 1B). BAL infiltrate (hereafter referred to simply
as BAL) was examined for inflammatory cells by microscopic
examination of H&E-stained cells and by flow cytometry to
broadly characterize the cellular components in the BAL. For



VoL. 73, 1999

IMMUNE RESPONSE TO AN RSV VACCINE CANDIDATE

7101

TABLE 2. BAL cell types by H&E staining and flow cytometry at days 3 and 6 after challenge with B1 or CP52 in previously infected mice

Treatment? H&E staining Flow cytometry
Day 3 p.i. Day 6 p.i. Day 3 p.i. Day 6 p.i.
Infection  Challenge Cell[ : ; Cell : :
type” Range, % Median % Range, % Median % phenotype“ Range, % Median % Range, % Median %
positive (P°) positive (P) positive (P) positive (P)

B1 B1 MAC 80-88 82 (>0.10) 78-88 86 (>0.10) CD3 30-40 38 (>0.10) 28-35 32 (>0.10)
PMN 0-4 2 (>0.10) 0-5 2(>0.05) B220 0-1 1(>0.10) 2-5 2 (>0.10)
EOS 0-1 1(>0.05) 4-9 5(>0.05) DX5 5-8 5(<0.01) 4-9 8 (<0.01)
LYM 12-20 15 (>0.10) 5-10 7(>0.10) RB6-8C5 2-8 5(<0.05) 5-10 6 (>0.10)
CDl11b 2-8 6 (<0.01) 2-8 5 (>0.10)

B1 CP52 MAC 76-80 78 62-78 72 CD3 3645 40 26-38 32

PMN 0-6 2 5-13 8 B220 2-6 4 1-6 2

EOS 2-8 6 9-20 12 DXS 28-35 30 22-30 26

LYM 10-17 14 2-9 8 RB6-8C5 10-15 12 5-8 5

CD11b 22-36 24 4-6 4

“ Mice were i.n. infected and challenged with 10* PFU of virus.

® BAL was collected and analyzed by H&E staining for percent MAC, PMN, EOS, and LYM.

¢ The nonparametric Mann-Whitney analysis was used to test for significant differences in percent cells between B1- and CP52-infected mice within each grouping.
Total cell numbers in BAL of Bl- and CP52-infected mice ranged from 3 X 10° to 4.5 X 10%/ml and from 3.5 X 10° to 5.5 X 10°/ml, respectively.

4 BAL was collected and analyzed by flow cytometry for percent CD3* T cells, B220" B cells, DX5" NK cells, RB6-8C5 neutrophils, and CD11b* PMN.

H&E studies, at least 100 cells/BAL were scored as either
macrophage (MAC), polymorphonuclear cell (PMN), eosino-
phil (EOS), or lymphocyte (LYM) based on morphologic and
staining features of the cells. In three separate experiments
(three mice per experiment), the cell types resulting from ei-
ther B1 or CP52 primary infection were similar at days 3 and
6 p.i. (Table 1). At days 3 and 6 p.i., MAC was the predominant
cell type in the BAL, the second most common cell type being
LYM. Small numbers of both PMN and EOS were observed.
By flow cytometry, however, we did see significant differences
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in some cell types. At both day 3 and day 6 p.i., the CP52-
infected mice had considerably higher numbers of DX5* and
RB6-8C5" cells. There were significantly more CD11b™ cells
and significantly fewer B220" cells in CP52-infected mice at
day 6 p.i. (Table 1). Taken together, these experiments strongly
suggest that the G and/or SH protein decreases the NK cell
(DX5™" cells) response to RSV infection and can alter expres-
sion of the adhesion molecule CD11b as well as the presence
of RB6-8C5" cells. In Bl-immunized mice challenge with
CP52, compared to challenge with B1, extensive differences in
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FIG. 1. (A) Mean PFU per gram of lung tissue *+ standard error of the mean determined following infection with B1 or CP52 in BALB/c mice. Six to nine mice
were examined at each time point except for days 3, 5, and 7 p.i., when 14 mice per time point were examined (*). (B) Six to nine mice were i.n. infected with B1 or
CP52, and total cell numbers in the BAL were determined by staining with 1% crystal violet dye and microscopic examination.
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TABLE 3. BAL cell types by H&E staining and flow cytometry at days 3 and 6 after challenge with B1 or CP52 in control mice

H&E staining
Treatment”

Flow cytometry

Day 3 p.i. Day 6 p.i. Day 3 p.i. Day 6 p.i.
Cell Cell
.. e?  Range, % Median % Range, %  Median % henotype? Range, % Median % Range, % Median %
Immunization  Challenge ~ ¥P" TIACE (P°) positive @y DO sitive (P) positive (P)

Vero B1 MAC 88-95 90 (>0.10) 76-90 87 (>0.10) CD3 35-40 38 (>0.10) 30-44 35 (>0.10)
PMN 0-2 1(>0.10) 1-4 1(>0.05) B220 0-6 4 (>0.10) 1-3 1(>0.10)
EOS 0 0 (>0.10) 0-2 1(>0.10) DX5 2-6 4 (<0.01) 6-15 12 (<0.05)
LYM 5-15 9 (>0.10) 10-20 11 (>0.10) RB6-8C5 0-2 2(<0.01) 1-7 3 (<0.05)
CDl11b 8-12 10 (<0.05) 1-5 5(<0.01)

Vero CP52 MAC 80-92 86 72-80 80 CD3 30-40 35 34-45 36

PMN 2-10 5 8-16 8 B220 2-8 4 3-6 5

EOS 0-4 2 1-4 2 DX5 18-30 25 16-25 23

LYM 2-10 7 8-12 10 RB6-8C5 15-20 20 8-12 10

CDl11b 25-30 28 10-15 15

abd See Table 2, footnotes a, b, and d.

¢ The nonparametric Mann-Whitney analysis was used to test for significant differences in percent cells between B1- and CP52-infected mice within each grouping.
Total cell numbers in BAL of B1- and CP52-infected mice ranged from 3 X 10° to 5 X 10%/ml and from 3 X 10° to 5.5 X 10°/ml, respectively.

the types of some infiltrating BAL cells were evident (Table 2).
There was a small increase in the percentage of MAC at both
day 3 and day 6 p.i. and a decrease in EOS at day 6 p.i. (Table
2). The most striking difference, however, was in the increase
in the percentage of DX5™ cells (Table 2). Similar to primary
infection with CP52 (Table 1), Bl-immune mice challenged
with CP52 had a dramatically higher percentage of DX5* cells
in the BAL at both day 3 and day 6 p.i. These results support
the primary infection data and show that the G and/or SH
protein suppresses the NK response to RSV infection. By day
6 p.i., the percentage of RB6-8C5™ cells in the BAL was no
longer increased in CP52-challenged mice (Table 2). The re-
sults for Vero-immunized mice challenged with B1 and CP52
suggest that the cellular antigens did not have a substantial role
in the pulmonary response to RSV challenge, as the distribu-
tion of cell types was similar to that seen after primary infec-
tion (Table 3). Additionally, two controls in the B1 and CP52
challenge experiments (Vero-immunized mice [Table 3] and
pcDNA-immunized mice [Table 6]) demonstrate the consis-
tent increase in DX5" cells, RB6-8C5™ cells, and CD11b ex-
pression at day 3 p.i.

The characteristics of the inflammatory response in FI-B1-
immunized mice were investigated (Table 4). In these experi-
ments, the effects of the G and/or SH protein were quite
remarkable. At day 3 p.i., there was a sixfold increase in per-
cent EOS and a twofold decrease in percent MAC in the
Bl-compared to CP52-challenged mice (Table 4). Similar dif-
ferences were observed at day 6 p.i., i.e., a fivefold decrease in
percent MAC and an eightfold increase in EOS in B1- com-
pared to CP52-challenged mice. These results were virus spe-
cific since they were not observed for mice similarly challenged
after FI-PIV3 immunization (Table 4). The small increase in
the numbers of EOS in the BAL of FI-PIV3-immunized mice
challenged with CP52 (13%) compared to the numbers of EOS
following primary CP52 infection (4% [Table 1]) suggests that
some of the EOS response may have been induced by cellular
antigens or adjuvant.

To address the effect of sensitization with the G protein on
the pulmonary inflammatory response, the cellular compo-
nents in the BAL from mice immunized with cDNA designed
to express the F protein (pcDNA-F), the G protein (pcDNA-
G), or nothing (pcDNA) were examined (Table 5). In these
experiments, prior immunization with both pcDNA-G and
pcDNA-F was associated with similar high numbers of EOS in

the BAL at days 3 and 6 after challenge with B1 (Table 5). In
addition, challenge of pcDNA-F-sensitized mice with either B1
or CP52 resulted in high numbers of EOS at both day 3 and
day 6 p.i. These data suggest that the F protein can sensitize for

TABLE 4. BAL cell types at days 3 and 6 after challenge with B1
or CP52 in mice vaccinated with formalin-inactivated virus

H&E staining
Treatment®

Cell Day 3 p.i. Day 6 p.i.

type?
Immuni- Challenee Range, % Median % Range, % Median %

zation & positive (P°) positive (P)

FI-B1 B1 MAC 3042 35(<0.01) 6-15 14 (<0.01)

PMN 2-8 6 (>0.01) 3-8 6 (>0.10)

EOS 30-40 32(<0.01) 50-62 50 (<0.01)

LYM 25-30 27(>0.05) 25-38 30(<0.05)
FI-B1 CP52 MAC 68-75 72 68-75 75

PMN 2-9 5 5-11 6

EOS 2-10 5 1-7 6

LYM 15-22 18 10-18 13
FI-CP52 BI1 MAC 80-88 83(>0.10) 85-92 89 (>0.10)

PMN 0-5 2 (>0.10) 1-6 4 (>0.10)

EOS 2-8 6 (>0.10) 04 2 (>0.10)

LYM 5-11 9 (>0.10) 3-10 5(>0.10)
FI-CP52 CP52 MAC 7885 81 87-96 94

PMN 3-9 5 1-6 2

EOS 0-6 2 0 0

LYM 10-18 12 2-8 4
FI-PIV3 Bl MAC 82-90 87(>0.10) 58-72 70 (>0.10)

PMN 1-6 3(>0.10) 11-18 11(>0.10)

EOS 0-4 2 (>0.10) 8-14 8 (>0.10)

LYM 6-12 8 (>0.10) 6-12 11 (>0.10)
FI-PIV3  CP52 MAC 76-88 80 52-76 72

PMN 2-6 6 6-11 10

EOS 2-10 5 6-19 13

LYM 6-14 9 6-18 5

@ Mice were i.n. infected with 10* PFU of virus or i.p. administered 10* PFU
equivalents of formalin-inactivated virus.

® BAL was collected and analyzed by H&E staining for percent MAC, PMN,
EOS, and LYM.

¢ The nonparametric Mann-Whitney analysis was used to test for significant
differences in percent cells between B1l- and CP52-infected mice within each
grouping. Total cell numbers in BAL of B1- and CP52-infected mice ranged from
3 X 10° to 6 X 10°/ml and from 3 X 10° to 6 X 10°/ml, respectively.
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TABLE 5. BAL cell types at days 3 and 6 after challenge with B1 or CP52 in mice immunized with G or F DNA vaccine
H&E staining Flow cytometry
Treatment®
Day 3 p.i. Day 6 p.i. Day 3 p.i. Day 6 p.i.
Cell Cell
. e?  Range, % Median % Range, % Median % henotype? Range, % Median % Range, % Median %
Immunization  Challenge oP positive (P) positive (P) P oP positive (P) positive (P)

pcDNA-G B1 MAC  48-60 54 (<0.01) 40-52 49 (<0.01) CD3 22-40 34 (>0.10) 20-42 25 (>0.10)
PMN 2-8 6 (>0.10) 2-10 9(>0.05) B220 1-10 5(>0.10) 2-9 6 (>0.10)
EOS 25-40 32 (<0.01) 22-38 35(<0.01) DXS 16-28 18 (<0.01) 22-38 25 (<0.05)
LYM 5-12 8 (>0.10) 3-20 7(>0.10) RB6-8C5 6-15 8 (<0.05) 6-18 8 (>0.10)
CD11b 14-25 16 (<0.01) 3-7 7 (<0.01)

pcDNA-G CP52 MAC  80-92 84 80-96 9 CD3 25-34 28 10-25 17

PMN 4-12 6 0-3 1 B220 1-8 4 0-12 5

EOS 0-4 2 1-4 4 DX5 30-44 36 35-46 40

LYM 6-15 8 5-12 6 RB6-8C5 10-20 15 3-14 12

CD11b 28-36 34 20-35 26
pcDNA-F B1 MAC  40-55 47 (>0.05) 20-55 40 (>0.05) CD3 25-32 30 (>0.10) 20-28 24 (>0.10)
PMN 6-14 10 (>0.05) 18-30 18 (>0.05) B220 5-12 10 (>0.05) 5-12 8 (>0.10)
EOS 20-34 28 (>0.10) 38-47 40 (<0.01) DXS 20-30 22 (<0.01) 22-35 28 (<0.01)
LYM 12-20 15 (>0.10) 0-3 2(>0.10) RB6-8C5 12-20 18 (>0.10) 10-16 12 (<0.01)
CD11b 30-38 34 (>0.10) 2-12 9(<0.01)

pcDNA-F CP52 MAC  58-72 68 54-80 61 CD3 30-38 32 18-24 20

PMN 0-5 2 5-14 10 B220 0-5 2 4-14 8

EOS 18-25 22 22-30 26 DXS5 3648 44 48-59 55

LYM 5-16 8 2-8 3 RB6-8C5 18-28 25 20-25 23

CD11b 34-40 36 22-30 25

“ Mice were i.n. infected with 10* PFU of virus or i.p. immunized with a DNA vaccine as described in Materials and Methods.

® BAL was collected and analyzed by H&E staining for percent positive MAC, PMN, EOS, and LYM.

¢ The nonparametric Mann-Whitney analysis was used to test for significant differences in percent cells between B1- and CP52-infected mice within each grouping.
Total cell numbers in BAL of Bl-challenged mice ranged from 2.2 X 10° to 5.5 X 10°/ml, and those in CP52-infected mice ranged from 2.0 X 10° to 5.5 X 10°/ml.

4 BAL was collected and analyzed by flow cytometry for percent positive CD3* T cells, B220" B cells, DX5* NK cells, RB6-8C5 neutrophils, and CD11b* PMN.

EOS in the absence of the G and/or SH protein (CP52) during
challenge. Flow cytometry revealed that there were some dif-
ferences in cell types between pcDNA-F- and pcDNA-G-im-
munized mice (Table 5). As seen in all other experiments,
levels of DX5™ cells were higher in CP52-challenged mice than
in Bl-challenged mice. At day 3 p.i., pcDNA-F-immune mice
challenged with B1 had slightly higher levels of LYM, RB6-
8C5" cells, and CD11b™" cells than similarly challenged
pcDNA-G-immune mice; however, these differences were ab-
sent at day 6 p.i. (Table 5). In addition, both pcDNA-F- and
pcDNA-G-immune mice challenged with CP52 had higher lev-
els of CD11b™ cells than did Bl-challenged mice at both day 3
and day 6 p.i. In control studies, mice immunized with the
empty pcDNA vector and challenged with either B1 or CP52
did not show any difference in cell type at either day 3 or day
6 p.i. by H&E staining. However, at both day 3 and day 6 p.i.,
higher numbers of DX5" and RB6-8C5™ cells were found in
the BAL of CP52-challenged mice (Table 6), a result similar to
that for primary infection (Table 1). At day 3 p.i., CP52-chal-
lenged mice had higher levels of CD11b expression (38%) than
Bl-challenged (10%) mice. By day 6 p.i., there were no signif-
icant differences in CD11b expression between groups.

IC cytokine expression. IC cytokine expression provided ad-
ditional information on possible effects of the G-SH protein
complex on the immune response to RSV (Table 7). A major
difference between B1- and CP52-infected mice is that B1 mice
exhibited more of a Th2-type cytokine profile than did CP52-
infected mice. This was evident in the primary infection at days
3 and 6 p.i., when higher levels of IL-5 and IL-6 were expressed
by Bl-infected mice (Table 7). In contrast, CP52-immune mice
expressed higher IFN-y at both day 3 and day 6 p.i. A similar

Th2 cytokine profile, manifested by an increase in IL-4 and
IL-6 in Bl-immune mice, was evident at day 6 after challenge
with B1 but not CP52 (Table 7). An increase in IL-12, possibly
associated with the increase of NK cells during CP52 challenge
(Table 2), occurred in CP52-immune mice challenged with
CP52, suggesting that expression of the G and/or SH protein
may also induce a Th2-type response during secondary infec-
tion.

MHC class I- and class Il-restricted RSV-specific CTLp
frequencies. The CTLp frequencies were determined in the
BAL, cervical lymph nodes (CLN), and spleen during primary
(Fig. 2) and secondary (Table 8) infection with B1 or CP52.
The MHC class I-restricted CTLp frequencies for BAL, CLN,
and spleen were similar throughout the primary response fol-
lowing either B1 or CP52 infection (Fig. 2). However, a signif-
icant difference between CP52 and B1 was detected for all cell
types at day 5 p.i., when MHC class II-restricted frequencies
following CP52 infection were delayed compared to B1. By day
7 p.., class Il-restricted CTLp frequencies were similar and
remained comparable throughout the period of study (Fig. 2).
To determine if the G and/or SH protein affected CTLp fre-
quencies in the secondary response, mice were immunized with
B1, CP52, or Vero cell lysate control and then challenged with
the same and reciprocal viruses (Table 8). The most prominent
difference between Bl and CP52 challenge occurred in the
spleen at day 3 p.i., when class I and II CTLp frequencies for
CP52-immune mice challenged with CP52 were significantly
lower (Table 8). The other difference in frequency occurred at
day 5 p.i., in the BAL, when a significant decrease in class II
CTLp frequency was detected in CP52-challenged B1-immune
mice (Table 8).
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TABLE 6. BAL cell types at day 3 and 6 after challenge of control mice with B1 or CP52
H&E staining Flow cytometry
Treatment®
Day 3 p.i. Day 6 p.i. Day 3 p.i. Day 6 p.i.
Cell Cell
. e?  Range, % Median % Range, % Median % henotype? Range, % Median % Range, % Median %
Immunization  Challenge oP positive (P) positive (P) P oP positive (P) positive (P)
pcDNA B1 MAC 85-92 88 (>0.10) 78-96 94 (>0.10) CD3 25-36 0 (>0.10) 33-42 35 (<0.01)
PMN 0-5 2 (>0.10) 1-5 3(>0.10) B220 1-10 5(>0.10) 1-16 8 (>0.10)
EOS 0-2 2 (>0.10) 0-2 1(>0.10) DX5 0-8 5(<0.01) 3-12 7 (<0.01)
LYM 5-11 8 (>0.10) 0-2 2(>0.10) RB6-8C5 2-10 5(<0.05) 1-9 6 (<0.01)
CDl11b 8-15 10 (<0.01) 2-10 6 (>0.10)
pcDNA CP52 MAC 80-95 87 70-94 92 CD3 30-40 34 12-17 14
PMN 1- 3 0-12 3 B220 0-4 2 4-10 6
EOS 0 0 1-6 1 DX5 30-38 35 37-54 48
LYM 2-12 10 1-5 4 RB6-8C5 8-28 22 19-25 22
CDl11b 25-40 38 3-10 6

“ Mice were i.n. infected with 10* PFU of virus or with pcDNA as described in Materials and Methods.

® BAL was collected and analyzed by H&E staining for percent positive MAC, PMN, EOS, and LYM.

¢ The nonparametric Mann-Whitney analysis was used to test for significant differences in percent cells between B1- and CP52-infected mice within each grouping.
Total cell numbers in BAL of Bl- and CP52-infected mice ranged from 2.0 X 10° to 3.5 X 10°/ml and from 2.2 X 10° to 3.5 X 10°/ml, respectively.

4 BAL was collected and analyzed by flow cytometry for percent CD3* T cells, B220" B cells, DX5" NK cells, RB6-8C5 neutrophils, and CD11b* PMN.

DISCUSSION

With RSV infection, Th2-type cytokine expression and eo-
sinophilia are associated with increased pulmonary disease,
and the G protein of RSV has been shown to prime for both.
Our studies, which contrast the response to CP52, which lacks
the G and SH genes, with that of the B1 parent strain contain-
ing both genes, provide some new insights into the impact of
the G and/or SH protein on the immune response to RSV
infection. Most notably, the presence of the G and/or SH
protein after both primary and secondary infections appears to
markedly decrease NK cells and increase Th2 cytokines in the
pulmonary response to infection. Additionally, the marked
pulmonary eosinophilia observed in FI-RSV-immunized mice
challenged with RSV appears to require the G and/or SH
protein in the challenge virus.

We did not expect the pronounced effect that the G and/or
SH protein had on DX57 cells. DX5 expression is unique to
NK cells and belongs to the Ly-49 gene family of class I-rec-
ognizing receptors (19). NK cells serve as an early defense
against certain intracellular infections, including viral infec-
tions, and are recruited to the lung during the initial phase of
primary RSV infection (15). When the G and/or SH protein
was absent in a primary infection, a consistent increase in
DX5" cells and often a corresponding increase in neutrophils
(RB6-8C5™" cells) and CD11b* cells was observed. The in-

crease in NK cells and neutrophils in the BAL when the G
and/or SH protein was absent was also observed following
secondary infection. We suspect that the G and/or SH protein
inhibits trafficking and/or activation of these cells, possibly in a
fashion similar to the inhibition of neutrophil induction shown
to occur for Ebola virus (38). Interestingly, the Ebola G pro-
tein has many similarities to the RSV G protein, including high
levels of glycosylation and production of a secreted form.
The dramatic pulmonary eosinophilia resulting from RSV
challenge of mice immunized with FI-RSV, pcDNA-G, or
pcDNA-F highlights the potential for priming, or vaccination,
to impart a detrimental inflammatory response to subsequent
RSV infection. The apparent critical role of the G and/or SH
protein in the pulmonary eosinophilic response in FI-RSV-
immunized mice is consistent with other studies demonstrating
that the G protein can sensitize for eosinophilia (1-3, 12, 16).
We did not, however, expect to see significant pulmonary eo-
sinophilia in pcDNA-F-immunized mice nor, given the results
for FI-RSV-immunized mice, to see eosinophilia in mice chal-
lenged with CP52. These results clearly show that the G and/or
SH protein is not essential for eosinophilia and, contrary to
some reports (1, 12, 26, 28), show that the F protein can prime
for an eosinophilic response under appropriate conditions (11,
27). We suspect that the difference in the eosinophilic response
between our studies and other studies probably results from

TABLE 7. IC cytokine expression by CD3™ T cells in BAL at days 3 and 6 after a primary or secondary infection with B1 or CP52

Mean % positive IC cytokine expression = SEM?

Infection® Infection Challenge Day 3 p.i. Day 6 p.i.
1L-2 1L-4 1L-5 IL-6  IL-12 IFN-y TNF-a IL-2 1L-4 1L-5 IL-6  IL-12 IFN-y TNF-a
Primary B1 None 73 5%£2 206 246 7x2 169 12=*3 72 174 25+5 287 5x2 19%5 16*6
CP52 None 2*x2 11%£4 6*x3 105 5%2 36*x5 35x11 134 175 11x3 173 12x6 41%x9 18=x7
Secondary Bl Bl 53 1927 1926 9*x4 11£4 10x3 43*x12 6x2 154 8*x2 13£2 8*x2 6*x2 28=*4
B1 CP52 10*x2 122 14*x4 124 9%x3 9*x4 458 168 8*x2 6*x3 6*3 10+x3 10*+4 33x4
CP52 B1 8§8+3 104 169 5*x2 7x3 7x3 32x10 4*x2 8x2 9*+3 4*x2 6*3 6*3 36*6
CP52 CP52 123 6%x2 9*x3 9x3 133 10£3 32*x9 10*x4 6*x2 4=*x2 8x2 10x4 8x2 28=*8

@ Mice were i.n. immunized with 10* PFU of B1 or CP52, rested, and then challenged with 10* PFU of either B1 or CP52.

® For three individual experiments, three mice per experiment.
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FIG. 2. Frequencies of virus-specific, MHC class I and II-restricted CTLp in the BAL, CLN, and spleen determined following immunization with B1 and CP52.
CTLp frequencies were estimated by using linear regression and 95% confidence intervals about the slope of the regression line, plotting the number of cells versus
the number nonresponding cultures. The 95% confidence intervals were used to determine significance, which is indicated by P < 0.05%.

differences in route of administration or expression vector
(vaccinia virus versus DNA vaccine). Others have noted that
the route and form of immunization can determine the out-
come of the eosinophilic response (3). In these studies, mice
immunized i.p. with a recombinant vaccinia virus expressing

either soluble or membrane-anchored G glycoprotein did not
generate an eosinophilic response compared to the strong eo-
sinophilic response induced by scarification. One explanation
for the apparent G and/or SH protein requirement for eosin-
ophilia after FI-RSV immunization, but not after pcDNA-F
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TABLE 8. Frequencies of virus-specific, MHC class I- and
II-restricted CTLp in BAL and spleen

Day post- Treatment® Reciprocal CTLp frequency”
challenge  pyunization  Challenge  Source Class T Class IT
3 B1 B1 SPL* 53,800 85,300
Bl CP52 SPL 33,500 56,300
CP52 B1 SPL 33,200 68,200
CP52 CP52 SPL 88,200¢  >10%
Vero Bl SPL 55,500 >10°
Vero CP52 SPL 79,900¢  >10%¢
B1 B1 BAL 42,200 78,400
Bl CP52 BAL 41,800 52,200
CP52 B1 BAL 21,500 72,600
CP52 CP52 BAL 77,500 81,900
Vero B1 BAL 45,400 454,600
Vero CP52 BAL 112,300¢ >10%
5 Bl Bl SPL 9,400 20,300
B1 CP52 SPL 6,500 33,400
CP52 Bl SPL 15,500 22,700
CP52 CP52 SPL 13,000 14,500
Vero B1 SPL 7,900 62,100
Vero CP52 SPL 13,000 73,800¢
Bl Bl BAL 8,200 7,700
Bl CP52 BAL 11,400 28,900¢
CP52 B1 BAL 6,400 19,300
CP52 CP52 BAL 13,300 5,600
Vero B1 BAL 10,500 21,700
Vero CP52 BAL 45,4004 42,2004

“ Mice were immunized and/or challenged with 10* PFU of Bl or CP52.

b Estimated by using linear regression and 95% confidence intervals about the
slope of the regression line, plotting the number of cells versus the number
nonresponding cultures. The 95% confidence intervals were used to determine
significance, which is indicated by P < 0.05%.

¢ SPL, spleen.

4 Indicates a statistically significant difference (P < 0.05%) of CTLp frequen-
cies between groups for the same MHC-restricted target cell.

immunization of mice follows from recent studies suggesting
that CD8™ T cells play an important regulatory role in the type
of response to RSV infection (15, 27). In these studies, mice
were primed with a vaccinia virus construct that generates a
strong CD8™" T-cell response; when challenged with live RSV,
the mice developed a Thl-type T-cell response without eosin-
ophilia. In B,-microglobulin-deficient mice (which lack func-
tional CD8" T cells), priming with the RSV F protein was
shown to result in marked eosinophilia upon RSV challenge
(27). In addition, when mice are primed with an immunogen
that induces primarily CD4" T cells, the response to RSV
infection is predominantly Th2 type and is associated with
pulmonary eosinophilia. We suspect that the FI-RSV-immu-
nized mice developed a vigorous CD4™" T-cell response to the
G and/or SH protein that either overwhelms or inhibits CD8"
memory T cells induced by other viral proteins. Consequently,
when the G and/or SH protein was not present in the challenge
virus, fewer CD4" T cells were induced, allowing the CD8"
T-cell response to progress and abate the Th2 and eosinophilic
responses. The G protein has been shown to be ineffective
in inducing CD8" T cells (23). Similarly, we suspect that
pcDNA-F and pcDNA-G favor induction of CD4" over CD8*
T cells, and preliminary data from our laboratory suggest that
this is the case.

Cytokine expression is an important determinant in the type
of immune and inflammatory response to infection and can
affect disease outcome for a number of infections, including
RSV. For example, evidence suggests that a Th2-type cytokine

J. VIROL.

response is important in the development of enhanced disease
following FI-RSV vaccination (6, 11, 34). The cytokine pattern
seen with the absence of the G and/or SH protein is consistent
with the earlier observations that the G protein can prime for
a Th2-type cytokine response (1, 2). When G and SH proteins
were present in the challenge virus, we saw a higher percentage
of cells expressing IL-4 and IL-5 (Th2 cytokines) and lower
percentage expressing IL-2 (Thl) cytokine.

A scarcity of information exists with respect to the frequency
of RSV-specific CTLp generated following primary infection
(30), and no studies have examined secondary infection. The
CTLp results suggest that the response to CP52 is delayed.
This delay could be the result of a number of factors, including
the less efficient replication of this virus, the lack of G and/or
SH protein epitopes available to induce CTLp, or other factors
such as a difference in cytokine milieu associated with CP52
compared to B1.

In summary, our data demonstrate that the G and/or SH
protein has a pronounced impact on the immune response to
RSV infection, both as immunogen and as protein in the chal-
lenge virus. Our data do not allow us to differentiate between
the effects of the G and SH proteins; however, previous studies
lead us to hypothesize that the effect is probably attributable to
the G protein. As noted above, the G protein has been shown
to prime for Th2 cytokines and eosinophilia (3, 12, 13, 16, 25).
Our speculation is that the G and/or SH protein modifies the
kinetics, pattern, or magnitude of chemokines produced in the
inflammatory response to RSV infection. The consequence is
altered recruitment and trafficking of innate immune cells to
the site of infection, thus providing a temporary advantage for
the virus. This hypothesis is currently under investigation. In-
dependent of which protein (G and/or SH) is responsible for
the findings presented here, these data advance our under-
standing of the pathogenesis of RSV disease and suggest an
intriguing direction for future studies of RSV disease.
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