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Although respiratory syncytial virus (RSV) infeaticss the most important cause of
bronchiolitis in infants, the pathogenesis of RSskdse is poorly described. We
studied histopathologic changes in a panel of lisgye specimens obtained from
infants with fatal cases of primary RSV infectidmthese tissues, airway occlusion
with accumulations of infected, apoptotic celludi@bris and serum protein was
consistently observed. Similar observations weoadioafter RSV infection in New

Zealand black (NZB) mice, which have constitutiediciencies in macrophage
function, but not in BALB/c mice. A deficiency ihé number of alveolar macrophages



in NZB mice appears to be central to enhanced skesdrecause depletion of alveolar
macrophages in BALB/c mice before RSV exposureltedun airway occlusion. In

mice with insufficient numbers of macrophages, R&éction yielded an increased

viral load and enhanced expression of type | isteri—-associated genes at the height of
disease. Together, our data suggest that innaiberthan adaptive, immune responses
are critical determinants of the severity of RSdrimhiolitis.
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Respiratory syncytial virus (RSV) infection canuksn life Jthreatening bronchiolitis
and is responsible fer120,000 hospitalizations of infants in the Unitadt&s each year
[1]. RSV infection in infancy has also been assodiatgh chronic wheezing? 3].

The pathogenesis of RSV infection is poorly undmydt and most hospitalized infants
lack known risk factors4]. Therefore, further study of the pathogenesiR8V may
improve preventive and therapeutic approaches.

The understanding of RSV pathogenesis primarilydesn based on data obtained
from experimental models of primary infection irdemts, which generate a robust, T
lymphocyte—dominant immune response to RS\g]. Interferon (IFN)+ production
and cytotoxic CD8 T lymphocyte responses limit Mieovery in these models. The
development of adaptive responses coincides witlowi limitation, whereas

RSV associated lung injury is severely blunted in nigaking both CD4 and CD8 T
lymphocytes, despite an increase in virus recof/éf9]. Thus, T lymphocyte responses
in rodents are critical determinants of both RS&&chnce and tissue injury. In contrast,
the contributions of innate immune responses a®dertain. NK cells are thought to
promote the antiviral CD8 response, and their oent is dependent on binding of
RSV F protein (RSV'F) to Toll'Jlike receptor (TLR) 410, 11]. However the
importance of NK cells either in viral clearanceamthe immunopathologic changes
associated with RSV has not been established. R&uces less type | IFN than do
other viruses, possibly because of the interfesictgpns of RSViencoded nonstructural
proteins L2-15]. Mice lacking the type | IFN receptor (IFNAR) denstrate virus
recovery similar to that shown by wildype littermates, with minimal change in lung
pathologic findings 15]. Plasmacytoid dendritic cells (pDCs) are an intg@otr source of
IFN o, and studies of pDC depletion have suggestedb@t 'derived IFN Ja limits
RSV associated tissue injury by suppressing the CDgmpbhocyte response, rather
than through a direct antiviral mechanishg,[17]. Together, these studies suggest that
any role for innate immunity in limiting viral reiphtion is redundant to other clearance
mechanisms, and that type | IFN signaling modasflyences immunopathologic
changes.

The most serious consequences of RSV infectionranaeonates and elderly
individuals, and either immunologic immaturity or @npaired immune response to
infection has been implicated in disease exacenbdiid]. In this regard, in vitro
studies of alveolar macrophages obtained from teffir®-20] and from elderly
subjects 21] have demonstrated multiple functional deficiesciacluding impaired



oxidative burst, chemokine release, and phagojtosmpared with alveolar
macrophages acquired from healthy adults. Defi¢gsnio macrophage function,
including poor recognition and uptake of apoptogtls, have also been reported in
patients with systemic lupus erythematosus (SR&2)23] and in multiple mouse
strains, including SLEpredisposed New Zealand mi&] 25]. Therefore, we
investigated the consequences of RSV infectionaw Mealand black (NZB) mice, to
determine whether impaired macrophage function trafflect the respiratory viral
disease phenotype. In young NZB mice without th& $henotype, we observed
greatly enhanced primary RSV disease, with patholcigaracteristics strikingly similar
to those associated with RSV bronchiolitis in humannates. Our studies highlight the
role of macrophages in both viral clearance andlugisn of inflammation associated
with RSV infection. In the context of impaired maghage function, innate immune
responses may accelerate immunopathologic chamgesravide novel therapeutic
targets in serious RSV disease in humans.

M ethods

Animalsinvolved in experiments. Six[weekJold NZB and BALB/c mice were
obtained from Harlan and Jackson LaboratoriesinAlivo experiments were
conducted according to the guidelines of MedImnmamsstitutional animal care and use
committee.

RSV infection. Mice were subjected to anesthesia with isofluragferde intranasal
administration of0'pfu of RSV strain A2 (RSVAZ2). Experiments were teraied on
day 6 after infection. For depletion of alveolararaphages, empty liposomes (NOF
Corporation) were formulated with saline bufferlwir without clodronate (hereafter
referred to as “clodronate liposomes”) (Sigma),cading to the manufacturer’s
recommendations. Fifty microliters of clodronafglkomes, an equal volume of empty
liposomes, or saline vehicle alone was administargdnasally. RSV infection was
performed as previously described, 48 h after pos administration. Anti-mouse
IFNAR (provided by R. Schreiber) or isotype contmdnoclonal antibody
(Medimmune) was administered at a dose of 40 mgékdhe intraperitoneal route, 12
h before infection and then on day 3 after infectio

Virusrecovery Lung tissue was homogenized in saline buffer. 8gmiluted
samples were added to monolayers of Hep2 cellslayri0 after infection, cell
monolayers were fixed and stained with crystaletiod aid in plague identification.
Virus recovery was calculated and expressed asuhmer of plagueforming units
per milliliter.

Lunglavage. Animals were euthanized using @Qhe airway was cannulated and
underwent lavage with 0.5 mL of saline. Cytokinad ahemokines were measured in
lavage fluid by use of commercial kits, and laviagesociated cells recovered by
lowIspeed centrifugation underwent flow cytometric gsisl for the detection of
surface markers. Detailed protocols are providezpimendix A which is not available
in the print version of th@ournal



Detection of transcripts and proteinsin wholel/lung tissue specimens. RNA was
purified from wholellung tissue specimens by use of an RNeasy Plus Kitini
(Qiagen), and cDNA was synthesized using the SpaterScript Double PrePrimed
96 Kit (Clontech). Gene expression was measuratyusagMan realtime polymerase
chain reaction (PCR; Applied Biosystems) perforraedording to the manufacturer’s
protocols and is described appendix A which is not available in the print version of
theJournal For ELISA measurements, lung tissue specimens amogenized and
clarified, and pooled lung tissue specimens wesessed in triplicate wells. Soluble
Fas and cytokines were detected using commer@gerds, as detailed appendix A
which is not available in the print version of thaurnal

Macrophage assays. Peritoneal macrophages were collected by lavageiegt cold
saline on day 4 after administration of thioglyatdl. Apoptosis was induced in Jurkat
cells by treatment with staurosporineyrol/L, for 24 h. The epithelial cell lines

MLE 112 and NZBK (i.e., a respiratory syncytial virusS®—permissive kidney cell
line derived from the NZB mouse strain; providedJay Levy) were infected with
RSVAZ2 at an MOI of 10 for 24 h. Target cells weaibdled with carboxyfluorescein
succinimidyl ester (CFSE) and were coincubated yétitoneal macrophages for 45
min. Macrophages were collected, and fluoresceraedetermined by flow cytometry.
To study the release of inflammatory mediators lagmphages, apoptotic cells were
opsonized with recombinant galecti (R&D Systems) and then were coincubated
with macrophages for 18 h. Cytokines were assassagpernatants by multiplex
ELISA.

Human RSV bronchiolitis. Postmortem lung tissue specimens were obtained from
infants with fatal RSV bronchiolitisi:(= 9 ) at Hospital Roberto del Rio (Santiago,
Chile). RSV infection was confirmed by identificari of viral antigen through
immunohistochemical analysis (IHCA). Uninfected ramiung tissue specimens
obtained from infants dying of asphyxia were okedifrom the Brain and Tissue Bank
for Developmental Disorders at the University ofrjland (Baltimore).

Histopathologic assessment and IHCA. Lungs were inflated with buffered formalin
and then were embedded in paraffin blocks for @sicg. Sections were deparaffinized
using consecutive xylene washes, and they weralrated using an ethanol gradient.
After rehydration, heatinduced epitope retrieval was performed. IHCA wedgrmed
using antibodies detecting proliferating cell naclantigen (PCNA; AbCam), Fas
(Chemicon), or total RSV antigens (Chemicon), adicay to the manufacturer’s
instructions.

Statistical analysis. Data are expressed as mean values (xSE). SigraeBoaas
assessed using a paired Studenttest, with/ < .05denoting statistical significance.

Results

Histopathologic characteristics of RSV infection in mice. After inoculation withi "
pfu of RSVA2, BALB/c mice develop mild early diseas which virus recovery peaks
at approximately day 4 after infection and inflantioxa peaks at approximately day 6,



when virus recovery is decreasiri. [At the peak of inflammation, BALB/c mice
demonstrate perivascular infiltration and inteiadtiaccumulation of lymphocytes; there
is no occluding material in the airway, and pentmoiolar inflammation is sparse
(figure 1A—C). We expected to find similar characteristics aita infection in

6 ]weekold NZB mice, which have the same Bd haplotype as BALB/c mice and
display no autoimmune symptoms. Instead, we fourdtty enhanced acute respiratory
disease that was fatal #80% of NZB mice by day 6 after infection. Histologi
assessment of lung tissue specimens demonstratedsave immune cell infiltrate
around vessels and bronchioles and within alvesgacesfigure 1D—F). Occlusion of
small and large airways with an admixture of seprotein, cellular debris, and
inflammatory cells was prominerfiqure 1E, arrowhead¥ The obstructing material
and bronchiolar epithelium were found to have negaesults of periodic acid—Schiff
(PAS) stainingffgure 1F). Enhanced disease in NZB mice was entirely depanoh
virus infection, because UVirradiated virus yielded no inflammation or airway
occlusion (sedégure B, in appendix Bwhich is not available in the print version of
theJournal).

Figure 1. Histopathologic assessment of respiragngytial virus (RSV) infection
in mouse and human lung tissue. Fivi® 6_]week]old BALB/c (A—C)and New
Zealand black (NZBJD—F) mice were inoculated withi"pfu of RSV strain A2 via the
intranasal route. Lung tissue specimens were delfiean day 6 after infection.
Hematoxylineosin (HE) staining and periodic acid—Schiff (PA&)ining were
performed on formalinfixed tissue section#\, andD, HE-stained tissue from
uninfected mice; HE stained tissueR andE) and PASIstained tissued andF)
specimens obtained from R8&Nhfected mice on day 6 after infectid@, Uninfected
pediatric lung tissue specimens stained with HEV R&®nchiolitis—affected lung tissue
specimens, stained with HH) or PAS stair(l). Arrows denote airway occlusions. The
bar denotes 3am (except for PAS stain€[ F, andl], for which the bar denotes 15

um).

Comparison with RSV disease in human neonates. Histologically, the pathologic
changes observed in NZB mice after RSV infectionengtrikingly similar to the
changes recently observed in humans neonates BithdiseaseZ6]. Analysis of
tissue specimens obtained at autopsy from humamate® with RSV bronchiolitis
revealed dense inflammatory infiltrate and occloabthe airway with PASnegative
serum protein and fluid mixed with cellular delfigure 1G—I). In lung tissue
specimens obtained from both RSMfected NZB mice and from humans with fatal
RSV bronchiolitis, RSV antigen was prominently aé¢¢el in both the alveolar and the
bronchiolar epithelium, as well as in the celldabris within occlusiondifure 2. In
addition, robust expression of the apoptosis marear{igure 3A) and the proliferation
marker PCNA figure 3) was detected in the respiratory epithelium, sstigg
ongoing epithelial apoptosis and reparative praegsboth humans and NZB mice
after infection. Enhanced Fas expression in theepitble NZB strain at the peak of



RSV infection was confirmed by ELISA performed ohale llung homogenates (see
table C1 in appendix Cwhich is not available in the print version oétlournal).

Figure 2. Respiratory syncytial virus (RSV) antigkiection in New Zealand black
(NZB) mice after RSV infection and in humans witB\Rbronchiolitis. Detection of
RSV antigens by immunohistochemical analysis (IHOAung tissue obtained from
NZB mice before and after RSV infecti@eft panels)and of uninfected lung tissue and
RSV bronchiolitis—affected tissue obtained at asyojpom human infant&ight
panels).RSVLIpositive alveolar tissue specimgmnsiddle panelsand RSV positive
bronchiolar epitheliungbottom panelsare shown. The bar denotes;is.

Figure 3. Epithelial activation in New Zealand blgddkZB) mice after respiratory
syncytial virus (RSV) infection and in humans WRISV bronchiolitis. Detection fA)
Fas andB) proliferating cell nuclear antigen by immunohidtemical analysis (IHCA)
of lung tissue specimens obtained from NZB micetefnd after RSV infectiofeft)
and of uninfected lung tissue and RSV bronchielai$ected tissue specimens obtained
from human infants at autopéyght). IHCA was performed on formalinfixed,
paraffin_embedded lung tissue specimens by use of an antrgameval method.
Arrowheads denote alveolar epithelial cells. Thedsmotes 1mm.

Antiviral cytotoxic responsesin mice. Recovery of virus from susceptible NZB mice
was increased 10fold, compared with recovery from BALB/c controkegtable C1

in appendix Cwhich is not available in the print version oétlournal). Therefore, we
investigated whether an inefficient or skewed immuesponse to RSV might be
responsible for both increased viral recovery améigr lung tissue damage. Previous
studies involving immunocompetent mouse models Ivapdéicated irregularities of the
adaptive immune response, either lymphocyte hypsitseéty or altered T helper
lymphocyte skewing, in enhanced acute RSV diseadelalayed viral clearancB{9,
16, 17]. We recovered fewer T lymphocytes from the luof)slZB mice, compared
with BALB/c mice figure 4A), with similar CD4:CD8 ratios and similar IFN
production noted in the 2 strains. Thus, enhanchanphocyte responses to virus
infection seemed not to be responsible for enhadissghse in NZB mice. We also
examined whether CD8 T cells were functionally #ann the NZB strain. In a flow
cytometry—based assay, lung lymphocytes exhibggalytic activity against an
RSVUinfected, major histocompatibility complex (MHC)—toled epithelial cell line.



The cytolytic activity of lymphocytes acquired frddZB mice was similar, on a
per_Icell basis, to that of lymphocytes acquired from BALB/c strain (seégure B2

in appendix Bwhich is not available in the print version oétlournal). In summary,

we observed an4 fold reduction in CD8T cells in susceptible NZB mice, compared
with MHC[Imatched BALB/c mice, with normal IENy production and no intrinsic
defect in cytolytic activity noted. Taken togethirese subtle differences in adaptive
immunity are insufficient to explain the extremeceptibility of NZB mice to RSV.
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Figure 4. Lymphocyte and macrophage responsespoagsy syncytial virus

(RSV) infection.A, Lung lassociated lymphocytes after RSV infection. BALB/xl
New Zealand black (NZB(= 5 ) mice were inoculated withi“pfu of RSV strain A2.
Immune cells recovered by lung lavage were analyseitow cytometry for the
presence of CD4 (CD8D8 CD49b) and CD8 (CD3CD8 CD49b) lymphocytes. The
mean no. of recovered lymphocytes (£SE) is shovataDepresentative of 3
experiments are showB, Macrophage uptake of apoptotic T lymphocyte and

RSV infected epithelial target cells. Thioglycollatelicited peritoneal macrophages
were incubated with carboxyfluorescein succinimigisier (CFSE)—labeled targets. The
mean no. of CFSEpositive macrophages (+SE) recovered from 4 welshown. Data
representative of 3 experiments are sha@Release of inflammatory mediators.
Peritoneal macrophages were challenged ex viva8dr with opsonized (opson.)
apoptotic lymphocytes or RSWUnfected epithelial cells. Released inflammatory
mediators were measured by multiplex ELISA perfairimetriplicate. Mean + SE are
reported. Data representative of 3 experimentslaoen. IL112p70, interleukin 12
407kDa subunit; KC, keratinocytederived chemokine; MCP1, monocyte
chemotactic protein—1; MLE, mouse lung epithel&ll tne, derived from the FVB
mouse strain (permissive for RSV infection); NZBKRSV—permissive kidney cell line
derived from the NZB mouse strain; Poly I:C, pobsmic:polycytidylic acid;

RANTES, regulated on activation, normally T celpeassed and secreted; TNF, tumor
necrosis factor. ¥ = .05 ; **P =.01.

Antiviral and anti _inflammatory macrophage functionsin mice. Mice prone to
autoimmune disease, including New Zealand straiarge deficiencies in macrophage
function, including poor recognition and phagocigasf apoptotic cells4, 25. We
tested macrophages obtained from BALB/c and NZBseairains for the uptake of 3
separate cellular targets: RSnfected mouse epithelial cells derived from eitN&iB
or FVB strains and from apoptotic Jurkat T lymphesy NZB macrophages were less
efficient at target cell uptakédure 4B). To determine whether the release of
inflammatory mediators from macrophages differetivieen NZB and BALB/c mice,
macrophages were stimulated with nonspecific stinsuch as Toll receptor ligands or
opsonized target cells, for 18 h, and supernataate analyzed for proinflammatory
mediators. Activated BALB/c macrophages releasgtl juantities of chemokines,
including keratinocyte derived chemokine (KC); regulated on activatiorrnmally T



cell expressed and secreted (RANTES); monocyte otaatic protein—1 (MCP1);
and tumor necrosis factor (TNF){figure 4C). BALB/c macrophages also secreted
interleukin (IL)-12 70/kDa subunit (1LL112p70) after TLR4 ligand stimulation.

In contrast, after stimulation with Toll ligands @psonized cell targets, NZB
macrophages produced less KC and TNFlittle MCP11, and no 1112 p70 with
lipopolysaccharide stimulation. We hypothesized tha hyporesponsiveness of
macrophages to RSVinfected targets and apoptotic inflammatory celightbe
associated with bronchiolar occlusion, and we atersid the possible role of alveolar
macrophages in limiting RSVassociated disease in BALB/c mice. In publishedistu
of clodronate liposome formulation27], a single intranasal administration depleted
alveolar macrophages from the lungs of healthy BALmice within 48 h, without
triggering recruitment of inflammatory cells to thesue. We confirmed this
observation in our own studies (degire B3 in appendix Bwhich is not available in
the print version of thdournal). We therefore compared primary RSV infection in
BALB/c mice that received an intranasal dose oflcdoate liposomes with primary
RSV infection in BALB/c mice that received salinehicle control. We also examined
RSV infection in mice receiving empty liposomes jethdampen the phagocytic
capacity of macrophages without cell depleti@8 [ Recovery of virus from the lungs
was increased >10fold in animals receiving either clodronate lipossor empty
liposomes before RSV infection, compared with afsmeaceiving saline vehicldigure
5A). Overall, inflammation was similar among all RShfected groups. However,
bronchiolar occlusion with serum protein and celtudebris was present in BALB/c
mice receiving the empty liposome formulation, #nglas prominent in BALB/c mice
with alveolar macrophage depletidig(re 3B-C). Of note, inflammatory mediators
associated with macrophage activation in vitroludmg RANTES, KC, TNF!a, and
macrophage inflammatory proteire-{MIP[]1a), were reduced in the lung tissue of
clodronate liposome recipients after RSV infectiseetable C2 in appendix Cwhich
is not available in the print version of theurnal). IFN(]y levels were elevated after
RSV infection in all treatment groups and did natrelate with blockade of the
airways.
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Figure 5. Depletion of alveolar macrophages befespiratory syncytial virus (RSV)
infection in BALB/c mice. BALB/c mice received saé (PBS), empty liposomes
(Liposome), or liposomes formulated with clodron@@#odronate) via the intranasal
route before inoculation with“pfu of RSV strain A2A, On day 4 after infection,
wholellung tissue specimens were harvested from a sobgate. Virus recovery was
assessed by plague assay from tissue homogeBatésmatoxylinleosin staining of
formalin_ifixed tissue sections was performed on day 6 &ifection. Representative
bronchioles from each group are shown. The arravotds airway occlusiort,
Histopathologic findings associated with RSV infestwere evaluated (5 mice/group).
Overall inflammationgray bars)and bronchiolar occlusiofwhite bars)were



separately assessed. Mean values (£SE) are shdwmad\nflammation and occlusion
detected. # < .05 ; ¥ < (1,

Innate antiviral mechanismsin mice. Inefficient macrophage responses in NZB mice
appeared to be associated with an elevated viadl dmd moresevere
RSV(associated disease. Because abnormalities in irmatane function have been
observed in the NZB strai29], we considered whether dysregulation of additiona
innate antiviral mechanisms might contribute toarded RSV disease. We first studied
NK cells, which are thought to limit RSV infectidirough lysis of viruslinfected
targets and local secretion of IEN [10]. We observed greatly expanded numbers of
NK cells in the lungs of susceptible NZB mice a8V infection, compared with
BALB/c control mice figure 64), a finding that suggests that NK cells were fioral
and their activity perhaps exaggerated after irdadh NZB mice. Next, we examined
type | IFN signaling, which is associated with thigacellular antiviral state (reviewed
in [30]), and pDCs, which are thought to amplify the aindil state by providing a burst
of cytokines, including IFNla and TNF-e [16, 17]. Gr1'"CD11¢ pDCs were greatly
enhanced in the lung tissue of NZB mice after R&¥dtion figure @8). Although
neither IFN Ja nor IFN 1B was detected in lung tissue specimens by use 84 [(data
not shown), there was &80 /fold increase in the type | IFN—-induced transcript
oligoadenylate synthetase 3 (OAS3), the IRkihduced gene with tetratricopeptide
repeat 1 (IFIT1), and IFNinduced gene 44 (IFl144), at the peak of illnesSzAB mice,
compared with shaminfected mice fgure 6C). Monokine induced by IFNy (MIG)
protein was increased in the lungs of NZB micerdR8V infection (se¢éable C1 in
appendix Cwhich is not available in the print version oétlournal). In addition, after
infection, IFN Jinducible myxovirus resistance (Mx) protein wasusity detected in
the bronchiolar epithelium, where viral antigen Wasalized (sedigure B4 in

appendix B which is not available in the print version oétlournal).

Figure 6. Type Il interferon (IFN) signaling pathwagdNew Zealand black (NZB)
mice after respiratory syncytial virus (RSV) infiect. Mice were inoculated witi"pfu
of RSV strain A2. On days 2 and 4 after infectithrg animals were euthanized, and
lung tissue underwent lavage with saline. Recovaliéaells (CD4956CD3") (A) and
plasmacytoid dendritic cells (pDCs) (CD1Ge1.1") (B) were assessed by flow
cytometry. The mean no. of cells (xSE) recoveredhf6 mice is shown. Data
representative of 3 experiments are sha@nlotal RNA was recovered from the lung
tissue of NZB mices{ = 7) that were inoculated with RSV or with vehiclentwl (i.e.,
sham inoculated). IFNinducible genes were assessed using quantitatiyenpoase
chain reaction (QqPCR) on day 6 after infection. IRhducible gene¢D) and RSV N
protein (RSVIN) transcript(E) were assessed on day 6 after infection in NZB mice
(» = 7) that were sham inoculated (sham) or that receavgype | IFN receptor
(IFNAR) neutralizing antibody or irrelevant isotypentrol antibody (control 1g),
before infection. OAS, type | IFN—induced transtopgoadenylate synthetase 3;



IFIT1, IFN[linduced gene with tetratricopeptide repeat 1; IFIEM[linduced gene 44.
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Similar codetection of Mx protein with viral antigevas found in BALB/c mice in
which alveolar macrophages were depleted before R&¥¢tion, but not in BALB/c
mice with intact lung macrophages ($egire B5 in appendix B which is not available
in the print version of th@ournal). We then considered whether defects in the
intracellular antiviral state might contribute tohanced viral burden in NZB mice. To
address this hypothesis, NZB mice were administarpbphylactic dose of IFNAR
neutralizing monoclonal antibody or an isotypeatched control antibody before RSV
infection. The IFNAR neutralizing antibody sign#ictly reduced detection of IFIT1,
OAS3, and IFl44f{gure @). At the same time, detection of the RSV trangcrip
encoding N protein was enhancédyre ), suggesting that the intracellular antiviral
state was functional in infected NZB mice. Thusiate immune pathways appear to be
intact, exaggerated, and yet insufficient to cR&V infection in NZB mice.

Discussion

In immunocompetent mouse models, and, presumabigdult humans who have
limited lung pathologic findings after RSV infeatiocytotoxic and IFN/y—producing
lymphocytes, including NK cells and CD¥ cells, contribute to protection by limiting
virus replication and destroying virusfected epithelial cells. Depletion of CD&nd
CD4" lymphocytes in immunocompetent mice results irhbigvirus recovery after
infection, but it does not lead to the extensiilammation and obstruction of the
airway lumen seen in NZB mice in this stu@. [This observation points to a second
mechanism (not requiring lymphocytes) that limitBammation after primary RSV
infection. Our data strongly suggest that the daemacrophage is responsible for
attenuating lung inflammation triggered by RSVNAB mice, which lack normal
macrophage responses to infected cells and apoplelris, enhanced RSV
immunopathologic findings were observed. In facimibers of cytolytic NK and CD8
cells, together with the level of local IFN secretion, were in the range considered to
be normal in NZB mice and yet were not sufficiemtiimit acute RSV disease. Similar
enhanced disease was observed inwijghe BALB/c mice in which alveolar
macrophage function was antagonized using eitlogirchate liposomes to deplete
macrophages outright or empty liposomes to satyradgocytic capacity without
depletion. It is important to note that, even inmomocompetent animals, NK cells and
CD8 lymphocytes, which are minimally phagocyticl€¢B1], and IFNs do not clear
virus by themselves but, instead, facilitate dedion of infected cells in a process that
is completed by phagocytic macrophages. This pgnadias been demonstrated in
mouse models of vesicular stomatitis virus and llgogytic choriomeningitis virus
infection, in which depletion of a subset of sptemacrophages yielded enhanced virus
recovery with increased morbidity and mortalitysgie high levels of IFN and the
presence of both Thl and Th2 adaptive antiviral inewresponse8-34].

Apoptotic cellular debris, if left uncleared by maghages, is injurious. In models of
acute lung injury, IFNIB elaborated from injured cells induces bystandepsgsis and
recruits granulocyte3f—36]. Persistent debris also further antagonizes npdnage



function, a process implicated in the “vicious Bfoof SLE pathogenesigy). In

BALB/c mice and NZB mice with alveolar macrophagplktion, we propose that
reduced macrophage function delays clearance ioingirand infected epithelial cells
(fiqure 7, left panely. The hyporesponsiveness of macrophages in tlgeldaosts virus
replication and celltolIcell spreadfigure 7, left middle pangl Type | IFN and other
chemokines expressed by infected epithelia resrumtune cells, which undergo
apoptosis after activation in lung tissue. These #gpoptotic cell corpses, left uncleared
by macrophagedi@ure 7, bottom lef), release such factors as IER, MIG, and
IFNJy—inducible protein—10 (IP10), which recruit additional inflammatory cellsdan
accelerate tissue destruction. Thus, acute, enddR8¥ disease in
macrophageinsufficient mice (and, perhaps, in human infanesults from both a
failure to clear virusliinfected cells and a failure to limit inflammatiand bystander
injury [38, 39]. Similar conclusions were reached in a recerdystf parainfluenza

virus infection in RANTES!deficient mice, in which viral persistence, enhahce
inflammatory cell infiltration, and increased maitiawere observed4Q]. In that study,
RANTES appeared to be critical in maintaining lungcrophage survival in the face of
viral infection and, therefore, bolstered virusacknce. In our models, expression of
RANTES after RSV infection was limited both in NzZ&ice and in BALB/c mice with
alveolar macrophage depletion, perhaps suggestigicrine/paracrine role for
RANTES in maintaining alveolar macrophage surviMalunction after viral challenge.

Figure 7. Comparison of respiratory syncytial vi(RSV)—associated pathologic
findings in New Zealand black (NZB) and BALB/c meustrains. In NZB mice, a
deficient uptake of input virions by alveolar mgahages results in unchecked
epithelial infection(top left). Inflammatory mediators, especially type | IFN, are
released from infected and apoptotic céthsddle left).Failure of NZB macrophages to
clear epithelial cell corpsdbwer left)results in occlusion of the airway lumen and
bronchiolitis. In BALB/c mice, alveolar macrophagasd dendritic cells intercept input
virions (top right), limiting epithelial infection. Continued macropleagurveillance of
the epithelium results in rapid removal of infectedls and apoptotic debris from the
airway (middle right).The peak of RSV disease in BALB/c is characterizgd
lymphocyte recruitmer{lower right)in response to a decreasing RSV burden, with
minimal epithelial involvement.

These observations underscore the role of lungopaages as sentinels in lung tissue
(fiqure 7, right panel3. In addition to scavenging virions and infectetis;
macrophages are an early source of chemokinesimafiéetion figure 7, middle right
pane). This early chemokine burst rapidly recruits ¢gtoc and IFN y—secreting
lymphocytes, curtailing the spread of virus in lineg epithelium figure 7, bottom right
pane). The highly efficient macrophage response to REkddent strains typically
used for animal models possibly explains the respént for extremely high inocula to
induce disease in these animd&sd]. Moreover, the pathologic changes induced in



these highiinoculum models appear to represent hyperactivati@n otherwise
appropriate response to virus in animals with ndignfanctioning macrophages.

The similarity between RSVinduced damage in NZB mice and human infants
suggests a common pathogenesis. The immunologatiéumnof lung macrophages in
human neonates is incompletely studied; howevetyragonal defects in infant
alveolar macrophages, cord blood macrophages, andegtes 19-20, 41-43] have
been reported. Previous studies of monkéy fats 5], and rabbits46, 47] have

also demonstrated functional immaturity of alveastarcrophages during neonatal life.
Genetic conditions that impair pulmonary macrophfagetion also have been
associated with an increased risk of severe RS&ades48-50]. On the basis of these
findings, it seems quite possible that uptake t#dted epithelial cells, recruited
immune cells, and damaged bystanders by alveolaraphages is inefficient in
infants, as in NZB mice, and may be the sharedslasipredisposition to severe RSV
disease. Vaccination strategies with the potetdigtimulate local macrophage function
safely may be particularly effective approachemifants and others with compromised
lung macrophage function.

In response to RSV, human neonates and NZB mipdagisd apoptotic airway
epithelial cells, reparative epithelial processesl occlusion of airways with
mucin_Jpoor material. Importantly, these pathologic chage in marked contrast to
those associated with other respiratory conditfeasuring airway occlusion. For
example, in human allergic asthma and rodent marfedsthma, Th2 lymphocytes and
their associated cytokines are critical contribsittor disease; moreover, there is little to
no activation of type Il alveolar cells, and theaay lumen is occluded with

PAS Ipositive mucus produced by proliferative bronchi@pithelia. These
observations demonstrate that at least 2 distaittgqbogic processes can lead to airway
occlusion. These 2 pathways may differentially dbate to bronchiolitis, asthma, or
asthma exacerbated by respiratory virus infecdomore complete understanding of
the inflammatory cascade associated with persisgeoptotic debris may yield novel
strategies in the treatment of respiratory disetesssiring airway occlusion.
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Supplementary Materials and M ethods

Antibodiesfor ELISA and flow cytometry. Cytokine and chemokine levels were
measured in lavage fluid by use of commercial ks Linco, for cytokine detection
by Luminex multiplex assay, and from R&D Systenus,dtandard ELISA detection of
interferon (IFN)-, interleukin 110, and monokine induced by IEN. For flow



cytometric analysis, antibodies recognizing Gr149yCD11c, CD11b, CD3, CD4, and
CD8 were obtained from Becton Dickinson Bioscien&suble Fas was detected in
mouse lung homogenates by use of a commercialijadle@ ELISA kit (R&D

Systems). Cytokine mediators were measured usaogremercial multiplex kit (Linco).

RNA extraction and real [Jtime quantitative polymerase chain reaction (PCR)

analysis. After purification of RNA with an RNeasy Plus MiKit (Qiagen), cDNA
was synthesized using a Sprint PowerScript Doul#®iimed 96 Kit (Clontech). Gene
expression was measured using TagMan ree PCR (Applied Biosystems)
according to the manufacturer’s protocols. The pregts were obtained from Applied
Biosystems as TagMan gene expression assays. RORsned either the reference
gene (glyceraldehyde hosphate dehydrogenase) or the genes of interest:
IFN[Jinduced gene 44, IENinduced gene with tetratricopeptide repeat 1, tylpeN—
induced transcript oligoadenylate synthetase 3,R8d N protein. The experiments
were performed using an ABI Prism 7700 Sequencedden System (Applied
Biosystems) under the following conditions: 2 mirb@°C and 10 min at 95°C,
followed by 2 1step PCR performed for 40 cycles for 15 s at 956(lwed by 1 min at
60°C. The number of PCR cycles needed to croseealtbld of a statistically
significant increase in fluorescence (with “Ct” déing the threshold cycle) was
measured using Applied Biosystems software.
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Figure B1. Validation of respiratory syncytial vir(RSV) strain A2 (RSVA2) stock
in vivo. SixJweekJold animals had light anesthesia induced by isafiar
administration. Three groups of mice (5—7 mice/giaeceived 100 mL of inocula of
intact RSVA2 (" pfu/dose) stock, the same viral stock that hach lne&ctivated by
ultraviolet irradiation for 30 min before inoculaii, or saline vehicle control. Mice were
permitted to inhale inoculum and then were placeshicroisolator cages to recover
from anesthesia. The experiment was terminatedagrédafter infection, and harvested
lung tissue specimens were inflated with formafinRepresentative micrographs of



hematoxylin leosin (HE)—stained tissue obtained from each amgélegroup. The bar
denotes 1um. B, A histopathologist who was blinded to the studyugs analyzed
HEIstained lung tissue specimens (from 5-7 mice/grogore was assigned on a
scale from 0 (denoting healthy tissue) to 3 (demphighly inflamed and occluded
tissue). The mean score (£SE) for each group ieshd!* = .05
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Figure B2. Celllmediated cytotoxicity assay. Cells obtained by bhaalveolar
lavage (BAL) on day 6 after infection were testeddytotoxic activity. In brief, a
respiratory syncytial virus (RSV)—permissive kidreg}l line derived from the New
Zealand black (NZB) mouse strain (NZBK; providedJay Levy, University of
California, San Francisco, San Francisco) was doubbeled using a proprietary
fluorescent dye and a granzyme B substrate thitsygefluorescent product when
cleaved (both were purchased from Oncolmmunin)elsabcells were then infected
with RSV strain A2 at an MOI of 10. Twentyour h after in vitro infection,

BAL [Tacquired lymphocytes were counted and added toultere at an effector:target
(E:T) ratio ranging from 0:1 to 20:1. After 2 h,;ra@rsion of the granzyme B substrate
to its fluorescent product was assessed by flowrmgtry. Cytolytic activity was
expressed as the percentage of douptesitive cells. Data representative of duplicate
experiments are shown.

4

Figure B3. Depletion of alveolar macrophages in \bydiposomes formulated with
saline buffer with clodronate (hereafter referre@s “clodronate liposomes”).
SixJweek Jold BALB/c mice had light anesthesia induced by adstration of
isoflurane. Three groups of mice (5—7 mice/groupjeninoculated via the intranasal
route with a 50/uL preparation of salinéiop), empty liposomes in saline buffer
(middle),or clodronate liposomdbottom).The experiment was terminated 48 h later,
and harvested lung tissue was inflated with formahlveolar macrophages were
identified by immunohistochemical analysis perfodsing an antibody reactive with
galectin13. Representative micrographs are shown. The batde 3Qum.




Figure B4. Detection of interferarinducible myxovirus resistance gene (Mx)
proteins by immunohistochemical analysis (IHCA)CIAl was performed using
polyclonal antibodies detecting Mx protein antigé@iemicon) in lung tissue
specimens obtained from BALB/c mifleft) or New Zealand black (NZB) mideght).
Tissue specimens sham infected with respiratorgyiad virus (RSV)(top panels);
tissue specimens on dayriddle panelsand day bottom panelsafter RSV
infection. The bar denotes 1.
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Figure B5. Depletion of lung macrophages and enldhdegection of respiratory
syncytial virus (RSV) antigens (Ags) and interferamducible myxovirus resistance
gene (Mx) protein. Sixweek Jold BALB/c mice had light anesthesia induced by
administration of isoflurane. Three groups of m(iéemice/group) were inoculated via
the intranasal route with 50 of saline or an equal volume of liposomes forneda
with clodronate in saline. Two days later, eacltugravas inoculated witii'pfu of

RSV strain A2 stock or vehicle control. The expexithwas terminated on day 6 after
infection. Lung tissue specimens were inflated viattmalin, embedded in paraffin, and
sectioned. Hematoxylineosin (HE) staining was performed to assess general
histopathologic assessment, and Mx and RSV antiggens detected by
immunohistochemical analysis (IHCA). Representathrerographs are shown. The bar
denotes 3@m (for HE staining) or 1fam (for Mx and RSV IHCA).

Table C1. Comparison of immune mediators and viraevery in BALB/c and New
Zealand black (NZB) mice.
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Table C2. Influence of alveolar macrophage depletiorchemokine recovery after
respiratory syncytial virus (RSV) infection.
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