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A distinct clinical presentation of respiratory syncytial virus (RSV) infection of humans is bronchiolitis,
which has clinical features similar to those of asthma. Substance P (SP), a tachykinin neuropeptide, has been
associated with neurogenic inflammation and asthma; therefore, we chose to examine SP-induced inflamma-
tion with RSV infection. In this study, we examined the production of pulmonary SP associated with RSV
infection of BALB/c mice and the effect of anti-SP F(ab), antibodies on the pulmonary inflammatory response.
The peak production of pulmonary SP occurred between days 3 and 5 following primary RSV infection and day
1 after secondary infection. Treatment of RSV-infected mice with anti-SP F(ab), antibodies suggested that SP
may alter the natural Kkiller cell response to primary and secondary infection. In mice challenged after
formalin-inactivated RSV vaccination, SP appears to markedly enhance pulmonary eosinophilia as well as
increase polymorphonuclear cell trafficking to the lung. Based on studies with a strain of RSV that lacks the
G and SH genes, the SP response to RSV infection appears to be associated with G and/or SH protein
expression. These data suggest that SP may be an important contributor to the inflammatory response to RSV

infection and that anti-SP F(ab), antibodies might be used to ameliorate RSV-associated disease.

Respiratory syncytial virus (RSV) is one of most important
respiratory pathogens of infants and young children worldwide
(12, 24, 28, 29, 35). Acute bronchiolitis is the most distinctive
feature of RSV infection in infants and young children, and
RSV is the most important cause of bronchiolitis (26, 51, 66).
Bronchiolitis is an acute inflammatory process of the respira-
tory bronchioles leading to symptoms of obstructive airway
disease. The clinical presentation of bronchiolitis is similar to
that of asthma (48, 51, 64). These similarities have led inves-
tigators to consider that the mechanisms underlying RSV
bronchiolitis and asthma may be similar (46, 48, 56, 65).

Recent studies have raised the possibility that neurogenic
factors, including tachykinins such as substance P (SP), may
contribute to pulmonary inflammation associated with asthma
(4, 17, 31, 59). For example, SP is active at nanomolar concen-
trations and has diverse actions including induction of vascular
extravasation of immune cells (15, 21), increased adhesion of
polymorphonuclear cells and eosinophils to endothelium (36),
and potentiation of immune functions of lymphocytes, macro-
phages, mast cells, and eosinophils (42). SP is thought to act
primarily through the specific neurokinin 1 receptor (NK-1R)
(3,9, 10, 43). It is possible that SP can also act in a receptor-
independent fashion, because it is a small (11-amino-acid)
amphiphilic/amphipathic molecule that can pass through the
cellular membrane. The functional relevance of SP in pulmo-
nary inflammation is indicated by studies of NK-1R knockout
mice (11). In these studies, immune complexes, which induce
vascular permeability and allow infiltration of inflammatory
cells into the lungs of normal mice, had no effect in NK-1R
knockout mice. These data suggest that SP can initiate immune
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complex-mediated pulmonary inflammation. These findings
were supported by studies which showed a reduction in the
magnitude of inflammatory cell recruitment to lungs of anti-
gen-primed mice intratracheally challenged with antigen and
given systemic administration of a selective antagonist of
NK-1R (32).

The possibility that RSV-mediated bronchiolitis and asthma
have similar mechanisms contributing to the disease process
suggested to us that a factor such as SP might contribute to
both diseases. In this report, we describe studies which exam-
ine the induction of SP and anti-SP F(ab), antibody (Ab)
inhibition of SP activity during RSV infection in mice. We use
anti-SP F(ab), Ab fragments to avert SP induction by immune
complexes. In addition, we took advantage of an RSV strain
that lacks the G and SH proteins (33) to determine if either of
these proteins contributes to SP-associated inflammation dur-
ing RSV infection. These studies suggest that SP may have an
important role in the inflammatory response to RSV and the G
and/or SH protein a role in induction of SP during infection.

MATERIALS AND METHODS

Animals, immunizations, and anti-SP treatment. Four- to six-week-old, spe-
cific-pathogen-free, female BALB/c mice were purchased from Harlan Sprague
Dawley Laboratories (Indianapolis, Ind.). The mice were housed in microisolator
cages and fed sterilized water and food ad libitum. Mice were anesthetized with
Avertin (2,2,2-tribromoethanol) and then intranasally (i.n.) infected with 10*
PFU of RSV strain Bl or CP52 diluted in phosphate-buffered saline (PBS;
GIBCO Laboratories, Grand Island, N.Y.). Mice were immunized with formalin-
inactivated B1 (FI-B1) or Fl-parainfluenza virus type 3 (PIV3) with 10* PFU
equivalents in the superficial gluteal muscle. All immunized animals were rested
>3 weeks prior to challenge. Mice were i.n. challenged with 10* PFU of either Bl
or CP52. At various time points postinfection (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 in
Hanks balanced salt solution containing 1% bovine serum albumin (BSA) (Sig-
ma). No fewer than three mice per treatment were examined per time point.
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TABLE 1. SP levels in the BAL following infection and challenge with B1 and CP52
Concn (pg/ml) of substance P in BAL
Treatment

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
None 220 =50 250 = 40 250 = 40 200 = 30 250 = 50 240 = 10
B1 200 = 25 220 =20 450 = 80 800 = 120 550 = 80 450 = 50
CP52 175 = 30 300 = 60 400 = 50 500 = 20 350 = 50 200 = 50
B1 + Bl 1,000 = 90 260 = 50 ND“ 200 = 20 ND 220 =20
B1 + CP52 700 = 50 175 £ 20 ND 250 = 60 ND 220 = 50
CP52 + Bl 750 = 60 400 = 100 220 = 50 ND 200 = 40 ND
CP52 + CP52 500 = 30 250 =20 200 = 50 ND 250 = 50 ND
FI-B1 180 = 20 140 = 20 ND 200 = 50 ND 220 =20
FI-CP52 120 = 20 140 = 50 ND 150 = 20 ND 200 = 20
FI-B1 + Bl 1,200 = 120 800 = 80 450 = 120 ND 300 = 90 ND
FI-B1 + CP52 410 = 100 200 = 60 225 =20 ND 250 = 80 ND
FI-CP52 + Bl 600 = 150 220 =20 225 =50 ND 200 = 50 ND
FI-CP52 + CP52 600 = 150 180 = 50 150 = 50 ND 200 = 20 ND

“ND, not determined.

The anti-SP F(ab), treatments were given in. at 18 h prior to harvest of
immune organs. Either 200 pg of anti-SP F(ab), (Accurate Chemical and Sci-
entific Corp., Westbury, N.Y.) or 200 g of normal mouse F(ab), Ab (Jackson
ImmunoResearch Laboratories, Inc., West Grove, Pa.) was used for the treat-
ments. F(ab), Ab was prepared by 37°C overnight incubation of the Ab in citrate
buffer containing 5 pg of pepsin/pg of Ab (Sigma). The Ab was centrifuged at
10,000 X g for 30 min, resuspended in PBS (GIBCO), and run over a protein A
column (Sigma) to separate F(ab), from Fc Ab fragments.

Viruses. RSV strains B1 (33) and CP52 (33) and the JS strain of PIV3 were
propagated in Vero cells (African green monkey kidney fibroblasts [ATCC CCL
81]) maintained in RPMI 1640 (GIBCO) supplemented with 2% heat-inacti-
vated (56°C) fetal bovine serum (HyClone Laboratories, Salt Lake City, Utah),
1% L-glutamine, and 1% antibiotic-antimycotic (tissue culture medium [TCM])
(all from GIBCO). Upon detectable cytopathic effect, the medium was decanted
and replaced with a minimal volume of Dulbecco’s modified 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 methylcellulose plaque
assay on Vero or HEp-2 cells. Bl is the parent virus from which CP52 was
derived.

Vaccines. Formalin-inactivated virus was prepared as described previously
(62). Briefly, 1 part formalin (Sigma, St. Louis, Mo.) was incubated with 4,000
parts clarified virus lysate (B1, CP52, 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 (GIBCO) and
subsequently precipitated with aluminum hydroxide (4 mg/ml; Sigma), resus-
pended in 1:100 the original volume in serum-free minimal essential medium,
and stored at 4°C.

Virus titer in lungs. The quantities of infectious virus present in individual
lung homogenates at various days p.i. or challenge with either B1 or CP52 were
determined. Identical weights of individual lung isolates were homogenized in
PBS and assayed by plaque assay upon monolayers of Vero cells. Lung titers
between B1 and CP52 were similar at day 2 p.i. (mean PFU/g of lung tissue
ranged between 350 and 500) but were moderately different at both day 4 p.i.
(mean PFU/g of lung tissue ranged between 900 and 1,200 for CP52 and between
1,500 and 2,100 for B1) and day 6 p.i. (mean PFU/g of lung tissue ranged between
200 and 500 for CP52 and between 650 and 1,100 for B1).

Quantitation of SP. A competitive enzyme-linked immunosorbent assay based
on the competition between free SP and a SP tracer for a limited number of
SP-specific antibody binding sites was used as suggested by the manufacturer
(Cayman Chemical, Ann Arbor, Mich.). Dilutions of BAL were analyzed against
an SP standard, and the results were calculated as percent sample or standard
bound/maximum bound. Intra- and interassay coefficient of variation was =<10%.

Flow cytometry. Single-cell suspensions of BAL cells were blocked with 10%
normal mouse serum (Jackson ImmunoResearch Laboratories) in PBS and then
stained with the appropriate combinations of fluorescein isothiocyanate- or
phycoerythrin-labeled anti-CD3¢e (145-2C11), anti-CD45R/B220 (RA3-6B2),
anti-pan NK cell (DX5), antineutrophil (RB6-8C5), anti-adhesion molecule
(CD11b), and mouse isotype Ab controls (all from PharMingen, San Diego,
Calif.). A lymphocyte gate was used to select 10,000 events for CD3" and B220™
lymphocytes; 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 procedure used for intracellular (IC) cytokine
staining was modified for microculture staining as described previously (61).
Briefly, the IC transport of cytokines was inhibited by culturing cells in PBS

containing GolgiStop (PharMingen) for 4 h at 37°C, thereby allowing for accu-
mulation of cytokines in the Golgi of the cells. The cells were washed in PBS
(GIBCO), stained with an appropriate dilution of fluorescein isothiocyanate
anti-CD3 for 30 min on ice, washed, and resuspended in Cytofix/Cytoperm
(PharMingen) for 30 min on ice. The cells were washed in Cytofix/Cytoperm and
resuspended in the appropriate dilution of phycoerythrin-labeled anti-interleu-
kin-2 (IL-2) (JES6-5H4), anti-IL-4 (BVD4-1D11), anti-IL-5 (TRFKS), anti-IL-6
(MP5-20F3), or anti-gamma interferon (IFN-y) (XMG1.2) Ab (all from Phar-
Mingen) diluted in PBS containing 1% BSA and 0.1% saponin. The cells were
stained on ice for 30 min, washed and resuspended in PBS containing 1% BSA,
and analyzed on the FACScan.

Lymphocyte enrichment. Lymphocytes isolated from three pooled spleens of
BALB/c mice were enriched for CD4* or CD8" T lymphocytes by using strepta-
vidin-coated magnetic beads (Dynal AS, Oslo, Norway) coupled to biotin-anti-
CD8a (53-6.7; PharMingen) or to biotin-anti-CD4 (RM4-5; PharMingen). A
portion of the CD4* and CD8* T lymphocytes were analyzed by flow cytometry
(FACScan; Becton Dickinson) and found to be enriched to >95% with the
magnetic beads.

H&E staining of BAL cells. BAL cells were washed from the lungs of anes-
thetized mice with PBS containing 0.1% BSA, using a 1-ml syringe and 18-gauge
cannula (Baxter, Deerfield, I1l.) as previously described (61). Cells were kept at
4°C, and portions were cytospun onto glass microscope slides, fixed, and stained
in hematoxylin and eosin (H&E).

Cell proliferation assay. Spleen cells from RSV-immune mice were collected
and cocultured in triplicate at 10° cells/well in 96-well U-bottom plates (Costar)
with TCM, 10~ or 10~° M SP, or concanavalin A (CA) at 2 p.g/ml. To confirm
SP-induced cell proliferation, a portion of the wells received anti-SP antibodies
(Accurate) diluted appropriately in TCM to give a final dilution of 1:10, 1:100 or
1:1,000 per well. At day 3 poststimulation, all cells were pulsed with 1 wCi of
[*H]thymidine (Amersham, Arlington Heights, Ill.) per well, diluted in TCM for
an additional 24 h, then harvested onto fiberglass filters (Cambridge Technolo-
gies, Cambridge, Mass.), and analyzed with a Packard beta counter (Meridan,
Conn.). The stimulation index represents the mean counts per minute of stim-
ulated cells over the mean counts per minute of unstimulated (TCM) cultures.

RESULTS

SP levels in the BAL specimens. To determine the level of
SP in the BAL associated with acute RSV infection, the level
of SP in naive mice was compared to SP levels in mice i.n.
infected with either B1 or CP52 (Table 1). The baseline levels
of SP in BAL specimens ranged from 200 to 250 pg/ml, and a
level of =350 pg/ml was always significantly above baseline and
therefore considered indicative of an increase in SP levels
(Table 1). After primary infection, an increase in SP levels
occurred at day 3 p.i., peaked on day 4 p.i., and then decreased
to baseline levels by day 5 p.i. for CP52-infected mice and day
6 p.i. for Bl-infected mice. The peak SP levels were signifi-
cantly higher for Bl-infected mice. In previously immunized
mice, peak SP levels occurred on day 1 p.i. and returned to
baseline by day 2 p.i. except for CP52-immunized mice infected
with Bl. Consistent with the results after primary infection,
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FIG. 1. SP-induced cell proliferation or inhibition of SP-induced cell prolif-
eration by in vitro addition of anti-SP F(ab), Ab. (A) Intact spleen cells and
CD4"- or CD8"-enriched RSV-immune T cells were cocultured with TCM, CA,
or various doses of SP. The proliferation values are given as a stimulation index
determined by dividing the mean experimental proliferation value by the mean
of the TCM control proliferation value. (B) Intact spleen cells and CD4*- or
CD8"-enriched RSV-immune T cells were cocultured with TCM, CA, or various
doses of SP and anti-SP F(ab), Ab. The proliferation values are given as a
stimulation index determined by dividing the mean experimental proliferation
value by the mean of the TCM control proliferation value. The addition of either
a 1:10 dilution of anti-SP F(ab), or nIg F(ab), Ab to CA-stimulated cultures did
not affect the stimulation index (data not shown).

mice immunized with CP52 and challenged with CP52 had the
lowest levels of SP whereas mice immunized with Bl and
challenged with B1 had the highest levels of SP in the BAL.
These data suggest that G and/or SH proteins contribute to
production of SP in the BAL.

The possibility that G and/or SH is important to SP produc-
tion after RSV infection was further supported by experiments
with mice immunized with formalin-inactivated vaccine (Table
1). In these experiments, there was a marked increase in peak
levels and persistence of higher levels of SP in BAL specimens
of mice immunized and challenged with B1 containing the G
and SH proteins. The peak SP levels were =2-fold higher than
that for other groups and were elevated through day 3. When
CP52 was used for the formalin-inactivated immunization or
challenge or both, SP levels were elevated only on day 1.

Inhibition of SP with anti-SP Ab. To determine the effect of
SP on the lymphocyte compartment, unseparated (intact) cells
and CD4" and CD8" T cells isolated from the spleens of
RSV-immune mice were cocultured with various concentra-
tions of SP or CA (Fig. 1A). Unseparated cells, CD4" cells,
and CD8" T cells proliferated extensively during coculture
with 107> to 10~7 M SP; however, within the T-cell population,
CD4" T-cell proliferation was more remarkable. Cell prolifer-
ation by all cell subsets was minimal at 10~® and 10~? M SP but
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was statistically above the level of proliferation observed for
coculture with TCM. Proliferative responses by spleen cells
from naive mice revealed that minimal cell proliferation oc-
curred in response to SP for both unseparated cells and CD4™*
and CD8" T cells (data not shown). This result suggests that
activated CD4" T cells are more responsive to SP in vitro.

To determine if anti-SP Abs could block SP-mediated cell
proliferation, we cocultured RSV-immune cells with anti-SP
ADb and determined the level of proliferation (Fig. 1B). Three
dilutions (1:10, 1:100, and 1:1,000) of anti-SP Ab were added
to cultures of either unseparated cells or CD4" or CD8" T
cells cocultured with 10~° M SP. A 1:10 dilution of anti-SP Ab
added to the cells at the beginning of culture fully inhibited
SP-mediated proliferation. A dose-responsive inhibition of
proliferation was observed. This result showed that lymphocyte
proliferation mediated by SP was inhibited by anti-SP antibody
and that the inhibitory effect is not limited to a particular
subset of T cells.

Anti-SP treatment decreases RSV-associated pulmonary in-
flammation. Since we were able to inhibit SP in vitro with
anti-SP Ab, we chose to use anti-SP F(ab), antibodies to block
the actions of SP in vivo, thereby allowing us to examine the
contribution of SP to the pulmonary inflammatory response to
RSV. To determine the effect of anti-SP Ab treatment on cell
numbers in the lungs of mice during primary infection by B1,
mice were administered either PBS, 200 pg of F(ab), normal
immunoglobulin (nlg) Ab, or various doses of anti-SP F(ab),
Ab 24 h prior to harvest of the BAL (Fig. 2). BAL cell numbers
were similar following treatment with PBS, nlg, or 2 pg of
anti-SP Ab but were significantly lower at days 2, 3, and 4 p.i.
for mice treated with 20 or 200 g of anti-SP Ab. By days 5 and
6 p.i., the cell numbers were similar between groups. These
data suggest that anti-SP Ab treatment alters cell trafficking to
the lung during the early (i.e., days 2 to 4 p.i.) phase of the
immune response to RSV.

To determine if anti-SP Ab treatment altered the recruit-
ment of a particular cell type to the lung, H&E staining of BAL
cells was used following infection with either B1 or CP52 and
treatment with anti-SP F(ab), or nlg F(ab), Ab (Table 2). The
cell profiles in the BAL of mice infected with Bl and treated
with either nlg F(ab), or anti-SP F(ab), Ab were similar at
days 2 and 4 p.i. (Table 2). At these time points, the primary
cell types in the BAL were macrophages, followed by lympho-
cytes, polymorphonuclear leukocytes and eosinophils.

Examination of the cell surface markers on the BAL cells
identified differences between anti-SP treatment and nlg treat-
ment for B1- and CP52-infected mice after primary infection
(Table 2). There was a significant increase in the percent of
DX5" cells after anti-SP treatment in Bl-infected mice to
levels similar to those seen in both groups of CP52-infected
mice. There was no significant change associated with anti-SP
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FIG. 2. Effect of PBS, nlg F(ab), Ab, or various doses of anti-SP F(ab), Ab
on the total cell number in the lungs of mice following acute RSV Bl infection.
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TABLE 2. BAL cell types by H&E staining and by flow cytometry at days 2 and 4 after infection with B1 or CP52 and
treatment with nlg F(ab), or anti-SP F(ab), Ab

T " Chall Day 2 p.i. Day 4 p.i.
€ 0 allenge +
ar}llglysis treatm%:nt Cell type” Range, Median % Range, Median %
% positive (P value)” % positive (P value)”
H&E staining Bl + nlg Macrophage 85-95 89 (>0.10) 80-93 85 (>0.10)
PMN 0-4 2 (>0.10) 0-4 3 (>0.10)
Eosinophil 1-5 4 (>0.10) 0-2 2 (>0.10)
Lymphocyte 4-8 5(>0.10) 2-12 10 (>0.10)
B1 + anti-SP Macrophage 88-98 94 78-94 85
PMN 0 0 1-5 2
Eosinophil 0 0 0-6 2
Lymphocyte 5-14 6 8-15 11
CP52 + nlg Macrophage 80-95 88 (>0.10) 88-96 90 (>0.10)
PMN 0-4 3 (>0.10) 0-6 2 (>0.10)
Eosinophil 0 0(>0.10) 1-5 2 (>0.10)
Lymphocyte 6-12 9 (>0.10) 4-10 6 (>0.10)
CP52 + anti-SP Macrophage 90-98 94 80-94 88
PMN 0 0 1-6 2
Eosinophil 0 0 0-6 2
Lymphocyte 4-15 6 5-12 8
Flow cytometry Bl + nlg CD4 18-25 20 (>0.10) 19-25 22 (>0.10)
CD8 6-12 8 (>0.10) 8-15 12 (>0.10)
B220 6-10 7 (>0.10) 4-6 5(>0.10)
DXS5 4-9 6 (<0.01) 4-8 6(<0.01)
RB6-8C5 4-6 4 (>0.10) 9-14 12 (>0.10)
B1 + anti-SP CD4 15-20 16 21-28 25
CD8 6-8 6 6-12 8
B220 2-6 5 4-7 6
DXS5 10-17 12 15-24 19
RB6-8C5 4-6 5 6-12 8
CP52 + nlg CD4 19-25 24 (>0.10) 25-30 28 (>0.10)
CD8 9-15 10 (>0.10) 10-15 12 (>0.10)
B220 4-6 4 (>0.10) 3-6 4 (>0.10)
DXS5 14-18 15 (>0.01) 18-24 20 (>0.10)
RB6-8C5 8-14 10 (<0.01) 15-20 18 (<0.01)
CP52 + anti-SP CD4 16-21 20 20-30 26
CD8 5-12 8 5-14 10
B220 2-6 4 2-8 5
DXS5 8-14 10 15-20 18
RB6-8C5 4-10 5 6-12 10

“ For comparison between nlg and anti-SP-treated mice given the same challenge virus.
® A lymphocyte gate was used to select 10,000 events for CD3* and B220* lymphocytes; 10,000 ungated events were used for analysis of DX5*, RB6-8C5*, and

CDI11b™ cells.

treatment for other cell types for Bl-infected or cell types for
CP52-infected mice. As noted previously (61), CP52-infected
mice had significantly increased numbers of DX5% and/or
RB6-8C5™ cells compared to Bl-infected mice. These data
suggest that SP can alter the trafficking of polymorphonuclear
(RB6-8C5™) and NK (DX5%) cells to the lung during the
inflammatory response to RSV, and this effect is in part asso-
ciated with the presence of the G and/or SH proteins.
Anti-SP ameliorates enhanced pulmonary inflammation in
FI-RSV-immune mice challenged with RSV. RSV challenge of
BALB/c mice immunized with FI-RSV results in enhanced
pulmonary inflammation characterized by eosinophilia and a
robust granular cell infiltrate (49, 62). To elucidate the role of
SP in enhanced disease, FI-Bl-immune mice were challenged
with either B1 or CP52 and subsequently treated with nlg
F(ab), or anti-SP F(ab), Ab (Table 3). As a control, FI-PIV3-

immune mice were similarly challenged with either B1 or CP52
(Table 4). Administration of anti-SP compared to administra-
tion of nlg to FI-B1-immune mice challenged with B1 dramat-
ically altered the pulmonary cell infiltrate. In the BAL, the
percentage of macrophages increased approximately twofold,
whereas the percentages of PMN and eosinophils decreased
approximately 2- and threefold at days 2 and 4 p.i. (Table 3).
This pattern of pulmonary cell infiltrate was very similar to that
for FI-Bl-immune mice challenged with CP52 (Table 3). Ad-
ministration of anti-SP F(ab), Ab had no significant impact on
the cell profile in FI-Bl-immune mice challenged with CP52.
These data demonstrate that anti-SP F(ab), Ab treatment can
inhibit eosinophilia and PMN infiltration associated with FI-
RSV vaccination.

The BAL cell surface phenotypes were examined from FI-
RSV-immune mice treated with anti-SP or nlg antibody (Table
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TABLE 3. BAL cell types by H&E staining and by flow cytometry at days 2 and 4 after B1 or CP52 challenge of FI-RSV-immune
mice treated with nlg F(ab), or anti-SP F(ab), Ab

Day 2 p.i. Day 4 p.i.
Type (_)f Immunization + challenge Cell type? - —
analysis + treatment Range, Median % Range, Median %
% positive (P value)” % positive (P value)
H&E staining FI-B1 + B1 + nlg Macrophage 38-50 44 (<0.01) 40-53 46 (<0.01)
PMN 15-20 18 (<0.01) 6-15 10 (<0.01)
Eosinophil 19-30 28 (<0.01) 24-38 30 (<0.01)
Lymphocyte 8-15 10 (<0.01) 10-22 14 (>0.10)
FI-B1 + B1 + anti-SP Macrophage 88-96 87 70-84 75
PMN 0 0 2-11 5
Eosinophil 2-12 8 4-16 10
Lymphocyte 4-12 5 2-12 10
FI-B1 + CP52 + nlg Macrophage 88-98 91 (>0.10) 78-90 82 (>0.10)
PMN 0-1 1(>0.10) 0-10 5(>0.10)
Eosinophil 0-5 3 (>0.10) 1-5 5(>0.10)
Lymphocyte 2-10 5(>0.10) 6-12 8 (>0.10)
FI-B1 + CP52 + anti-SP Macrophage 90-96 95 78-94 88
PMN 0 0 0-2 2
Eosinophil 0 0 0-5 2
Lymphocyte 3-12 5 2-10 8
Flow cytometry FI-B1 + B1 + nlg CD4 18-25 24 (>0.10) 22-28 26 (>0.10)
CD8 5-8 10 (>0.10) 5-10 8 (>0.10)
B220 5-10 7 (>0.10) 3-5 3 (>0.10)
DXS5 5-12 8 (<0.01) 5-18 10 (<0.01)
RB6-8C5 5-10 6 (>0.10) 7-12 10 (>0.10)
FI-B1 + B1 + anti-SP CD4 18-26 22 21-26 24
CD8 8-10 10 5-11 8
B220 3-6 5 2-5 5
DXS5 14-20 17 14-25 20
RB6-8C5 2-10 6 5-12 10
FI-B1 + CP52 + nlg CD4 22-28 24 (>0.10) 26-30 28 (>0.10)
CD8 5-10 8 (>0.10) 5-14 10 (>0.10)
B220 6-8 6 (<0.05) 4-8 6 (>0.10)
DXS5 14-20 15 (>0.10) 18-25 20 (>0.10)
RB6-8C5 12-20 14 (<0.01) 20-25 24 (<0.01)
FI-B1 + CP52 + anti-SP CD4 17-22 21 25-28 28
CD8 6-12 10 10-15 12
B220 8-12 10 6-12 8
DXS5 10-18 14 17-20 18
RB6-8C5 5-10 8 6-10 9

“ Comparison between nlg and anti-SP-treated mice given the same challenge virus.
® A lymphocyte gate was used to select 10,000 events for CD3* and B220* lymphocytes; 10,000 ungated events were used for analysis of DX5*, RB6-8C5*, and

CDI11b™ cells.

3). Administration of anti-SP Ab compared to nlg to FI-B1-
immune mice challenged with B1 resulted in an increase in the
percentage of cells positive for DX5" cells and to a level
similar to that observed following challenge with CP52 (Table
3). The percentage of cells positive for other surface markers
was unaltered. This increase in DX5™" cells is comparable to
that noted earlier with primary and secondary infection with
B1 (Table 2) and is also seen in mice immunized with FI-PIV3
and challenged with B1 (Table 4). Administration of anti-SP
Ab had some effect on FI-Bl-immunized mice challenged with
CP52. The percentage of RB6-8C5™ cells was significantly de-
creased. A similar effect was observed at day 2 p.i. in FI-PIV3-
immune mice challenged with CP52 (Table 4). The percent-
ages of cells positive for other cell surface markers were similar
for FI-Bl-immune mice challenged with CP52 and was not
affected by administration of anti-SP F(ab), Ab. These data

suggest that SP can alter trafficking of NK cells and PMN, an
effect in part associated with G and/or SH proteins.

Anti-SP Ab treatment suppresses IC cytokine expression by
CD3™ T lymphocytes. To address one of the mechanisms by
which anti-SP F(ab), Ab treatment may modify the BAL cell
profile, we examined the IC cytokine profiles of pulmonary
CD3™" T Ilymphocytes during the peak (day 5 p.i.) of the acute
response to Bl infection (Fig. 3). Mice were administered
various doses of anti-SP F(ab), Ab or treated with a single
200-p.g dose of nlg F(ab), antibody and examined at 18 h (Fig.
3A) or 36 h (Fig. 3B) posttreatment for Thl or Th2 cytokine
expression. At 18 h posttreatment, a marked dose-responsive
reduction in IL-2, IL-4, IL-5, IL-6, and IFN-y expression oc-
curred for mice given 20 or 200 pg of anti-SP F(ab), Ab (Fig.
3A). Less of an effect was observed for mice treated with 2 pg
of anti-SP F(ab), Ab compared to nlg F(ab), Ab treatment.
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TABLE 4. BAL cell types by H&E staining and by flow cytometry at days 2 and 4 post-B1 or -CP52 challenge of FI-PIV3-immune
mice treated with nlg F(ab), or anti-SP F(ab), antibodies
Day 2 p.i. Day 4 p.i.
Type (_)f Immunization + challenge Cell type? - —
analysis + treatment Range, Median % Range, Median %
% positive (P value)” % positive (P value)
H&E staining FI-PIV3 + Bl + nlg Macrophage 80-92 90 (>0.10) 81-97 88 (>0.10)
PMN 0-6 4 (>0.10) 5-10 4 (>0.10)
Eosinophil 0-3 1(>0.10) 2-4 2 (>0.10)
Lymphocyte 2-10 5(<0.05) 5-10 6(<0.01)
FI-PIV3 + Bl + anti-SP Macrophage 80-95 87 84-90 85
PMN 0 0 0-8 4
Eosinophil 2-5 3 0-4 1
Lymphocyte 5-15 10 10-14 10
FI-PIV3 + CP52 + nlg Macrophage 90-98 96 (>0.10) 90-98 96 (<0.01)
PMN 0 0 (>0.10) 0-3 2 (>0.10)
Eosinophil 0 0 (>0.10) 0 0(>0.10)
Lymphocyte 2-8 4 (>0.10) 2-4 2(<0.01)
FI-PIV3 + CP52 + anti-SP Macrophage 88-98 95 80-88 84
PMN 0 0 4-12 6
Eosinophil 0 0 1-5 2
Lymphocyte 4-10 5 6-14 8
Flow cytometry FI-PIV3 + Bl + nlg CD4 20-28 26 (>0.10) 25-34 28 (>0.10)
CD8 10-15 12 (>0.10) 15-21 18 (<0.01)
B220 4-10 5(>0.10) 9-14 10 (<0.01)
DX5 2-8 5(<0.01) 0-8 5(<0.01)
RB6-8C5 2-8 4 (>0.10) 2-10 5(>0.10)
FI-PIV3 + Bl + anti-SP CD4 20-28 25 18-30 26
CD8 8-20 15 10-15 12
B220 3-6 4 2-10 5
DX5 8-18 14 14-25 18
RB6-8C5 2-11 7 5-10 6
FI-PIV3 + CP52 + nlg CD4 18-25 22 (>0.10) 20-28 25 (>0.10)
CD8 8-15 10 (>0.10) 10-16 14 (>0.10)
B220 4-10 8 (>0.10) 4-8 5(>0.10)
DX5 15-21 18 (>0.10) 20-26 24 (>0.10)
RB6-8C5 10-16 15 (<0.01) 10-22 19 (>0.10)
FI-PIV3 + CP52 + anti-SP CD4 21-28 26 22-32 26
CD8 6-18 8 8-20 15
B220 4-10 5 4-9 5
DX5 14-18 15 20-25 22
RB6-8C5 4-12 8 12-20 15

“ For comparison between nlg and anti-SP-treated mice given the same challenge virus.
® A lymphocyte gate was used to select 10,000 events for CD3* and B220* lymphocytes; 10,000 ungated events were used for analysis of DX5*, RB6-8C5*, and

CDI11b™ cells.

The effects of anti-SP F(ab), Ab treatment were not long
lasting, as there were no differences observed between anti-SP
F(ab), and nlg F(ab), Ab treatment at 36 h posttreatment
(Fig. 3B). It is likely that the anti-SP antibody is rapidly cleared
from the lung following treatment.

DISCUSSION

The results of this study suggest that SP has an important
role in pulmonary inflammation mediated by RSV infection.
We show that SP is produced in the lungs of RSV-infected
BALB/c mice, and inhibition of SP with anti-SP F(ab), Ab
alters the inflammatory cell infiltrate and expression of cyto-
kines by T lymphocytes. The effect of anti-SP F(ab), Ab on the
BAL infiltrate suggests that SP can inhibit trafficking of DX5™
NK cells to the site of infection and, in the absence of G and/or

SH proteins (CP52), increase the number of RB6-8C5* PMN
during primary and secondary RSV infection. The role of SP
appears to be even greater in the enhanced inflammatory re-
sponse associated with FI-RSV vaccination. The administra-
tion of anti-SP F(ab), antibody was associated with a marked
alteration in the type of inflammatory cells in the BAL. This
alteration suggests that SP can induce a marked increase in
eosinophils and PMN during RSV infection of FI-RSV-im-
mune mice. Treatment with anti-SP F(ab), Ab decreased the
percentage of cells positive for some IC cytokines, suggesting
that SP may in part alter the inflammatory response by altering
the expression of cytokines.

The fact that anti-SP F(ab), Ab had little effect on the
inflammatory response in mice challenged with the CP52 virus
suggests that the G and/or SH proteins have a substantial role
in the induction of SP during RSV infection. Although our
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FIG. 3. In vivo anti-SP Ab treatment suppresses IC cytokine expression by CD3* T lymphocytes. (A) Mice were treated day 5 after RSV infection with doses of
anti-SP F(ab), Ab or nlg F(ab), Ab; the BAL cells were recovered 18 h posttreatment and analyzed for IC cytokine expression. (B) Mice were treated day 5 after RSV
infection with doses of anti-SP F(ab), Ab or nlg F(ab), Ab; the BAL cells were recovered 36 h posttreatment and analyzed for IC cytokine expression.

data do not directly implicate the G protein since CP52 lacks
the genes for both the G and SH proteins, we suspect the G
protein is most likely to affect SP production. The G protein is
becoming a key focus in studies of pathogenesis of RSV dis-
ease. Previous studies have suggested that the G protein ex-
pressed in a vaccinia virus construct can prime for pulmonary
eosinophilia (5, 30), and several G protein peptides have been
linked to the induction of eosinophilia as well. Several studies
have shown that a polarized Th2-type immune response can be
induced by priming with the G protein (18, 23, 30, 62) and
more specifically with the region spanning residues 193 to 203
(53) or 183 to 197 (58) of the G protein. In part contradictory
but in line with studies showing that live virus primes for both
Thl- and Th2-type responses, the 183-197 region of G has
been shown to induce both IL-5 and IFN-y responses in G-
primed mice challenged with RSV (58). It appears that the Th2
cytokine response to this region may be down regulated by
CD8™ T cells (54). A recent study suggests that the cytokine
response to this epitope is major histocompatibility complex
independent (55) and that differences in the cytokine response
may reflect different T-cell reactivities for this region. The
results from the present study suggest that SP may be a ma-
jor factor in the G-protein-induced inflammatory response to
RSV infection, and this could explain a major histocompati-
bility complex-independent response. SP is a neuropeptide pri-
marily secreted from afferent neurons and is likely not affected
by cytokine production. By utilizing anti-SP F(ab), antibodies
to inhibit SP produced during infection or challenge with B1 or
CP52, the present study links SP to the apparent G and/or SH
protein inhibition of DX5" (NK) cells in pulmonary inflam-
mation and enhanced disease. The data reveal that anti-SP
F(ab), Ab treatment can decrease trafficking to the lung of
eosinophils and PMNs in FI-RSV-immunized mice challenge
with RSV. The basis of this link is under further investigation.

It is likely that SP is an important and previously unappreci-
ated contributor to the inflammatory response to RSV.

Assessing the presence of tachykinins (or SP) and charac-
terizing their effects on cells of the immune system has been
the object of several studies that have suggested that SP might
alter the immune response (2, 16, 42, 45, 47). Several studies
have reported that SP facilitates lymphocyte proliferation in
response to mitogenic stimulation (1, 19) and increases cyto-
kine production (6, 7, 20, 22, 36-38, 40, 44, 50). SP has also
been shown to regulate macrophage function such as superox-
ide anion production (8, 14, 39, 57). Macrophages themselves
express preprotachykinin mRNA (27, 34), suggesting that they
may produce SP. Tachykinins, such as SP, have been shown to
stimulate production of proinflammatory cytokines such as
IL-1, IL-6, and tumor necrosis factor alpha by monocytes and
macrophages (6, 7, 20, 22, 36-38, 40, 44, 50). Interestingly,
eosinophils in Schistosoma granulomas were shown to produce
SP and that the T cells infiltrating the granulomas had upregu-
lated the SP-specific NK1 receptors (63). It is intriguing to
speculate that SP may also be produced during eosinophilia as-
sociated with RSV-mediated enhanced in mice and in asthma
in humans. There are a few studies which have examined
tachykinins for their role in human diseases such as rheuma-
toid arthritis (13, 25) and asthma (4, 31, 41, 52). However, the
relationship of SP and pathology in these diseases has yet to be
fully appreciated.

It appears that SP contributes to the inflammatory response
mediated by RSV infection, that the G and/or SH proteins are
important to the induction of the SP-mediated response, and
that a number of different immune cells cooperate in the SP-
associated inflammatory response. Our finding that a single
dose of anti-SP F(ab), Ab is sufficient to alter inflammation
associated with an ongoing RSV infection suggests a possible



VoL. 74, 2000

therapeutic use for anti-SP Ab in RSV and possibly other
inflammatory diseases.
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