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Abstract

Respiratory syncytial virus (RSV) causes repeated infec-
tions thought to be due to an ineffective immune response.
We examined the hypothesis that incomplete immunity may
result, in part, from RSV-infected alveolar macrophage pro-
duction of IL-10 which can interfere with the production of
immunoregulatory cytokines. We also assessed whether
RSV induced the expression of the 2',5’ oligoadenylate (2-
5A)-dependent RNase L, an endoribonuclease involved in
the antiviral activities of interferons. Human alveolar mac-
rophages were exposed to medium (uninfected control),
RSV, LPS, and RSV + LPS then were assessed for expres-
sion of the cytokines TNF-a, IL-18, IL-8, IL-10, as well as
2-5A-dependent RNase L. LPS up-regulated the expression
of protein and mRNA for all cytokines. RSV stimulated the
protein levels of TNF-a, did not alter IL-18, and decreased
IL-8. RSV markedly stimulated protein expression of IL-10
and 2-5A-dependent RNase L. RSV had minor effects on
the steady state mRNA levels of TNF-a, IL-18, and IL-8,
yet potently induced IL-10. Cells costimulated with RSV
+ LPS demonstrated reduced protein and mRNA levels of
TNF-a, IL-18, IL-8 but synergistically increased IL-10 lev-
els compared to RSV- or LPS-activated cells. Kinetic analy-
sis indicated that RSV induced a delayed and sustained in-
crease in IL-10 transcripts. Furthermore, RSV-infected al-
veolar macrophage supernatants suppressed IL-18 and
IL-8 production by LPS-stimulated alveolar macrophages
as did recombinant IL-10. Anti—IL-10 neutralized these ef-
fects. These studies indicate that RSV is capable of sup-
pressing production of early immunoregulatory cytokines
through induction of IL-10 perhaps mediated by 2-5A —de-
pendent RNase L (or other endoribonucleases) accounting
for the ineffective immune response to this virus. (J. Clin.
Invest. 1995. 96:2445-2453.) Key words: IL-10 - IL-18 « IL-
8 « TNF-a « 2',5' oligoadenylate—dependent RNase L
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Cytokine Expression by Respiratory Syncytial Virus—infected Alveolar Macrophages

Introduction

Respiratory syncytial virus (RSV),' the major pathogen of in-
fant’s and young children’s lungs, has been estimated to cause
approximately one million deaths per year (1, 2). A formalin-
inactivated vaccine for RSV proved deleterious (1), while a
subunit vaccine is still under evaluation (3). Those results,
coupled with the unusual propensity for RSV to cause repeated
infections, suggests this virus may interfere with an effective
immune response (1-4). An effective immune response re-
quires antigen presentation and the ordered expression of cyto-
kines to activate lymphocytes (5). Alveolar macrophages are
the major immune-effector cells resident in the airways, the site
of RSV infection in vivo, and may serve as antigen-presenting
cells for this virus. Both in vivo and in vitro studies demonstrate
that alveolar macrophages serve as a target for RSV infection,
coexpress viral proteins, HLA-DR molecules, and biologically
active cell-associated IL-1 (6, 7). Expression of these molecules
by antigen-presenting cells serve as critical determinants to initi-
ate an effective immune response (5).

We hypothesized that RSV disrupts the orchestrated produc-
tion of cytokines by human alveolar macrophages contributing
to an ineffective immune response. We further examined
whether RSV stimulated expression of the 2',5' oligoadenylate
(2-5A) —dependent RNase L, an endoribonuclease induced by
IFN with preference for UU and UA sequences in single-
stranded RNA (8). Such sequences are present in the 3’ un-
translated regions of most cytokine messenger RNAs. Alveolar
macrophages produce TNF-«, IL-6, and GM-CSF after in vitro
infection with RSV (9, 10). Although RSV infection in vivo
induces alveolar macrophage expression of cell-associated
TNF-a and IL-18 (6, 7), in vitro studies demonstrate this virus:
(a) causes only a transient increase in TNF-a mRNA, which is
substantially less than that induced by LPS (9) (b), does not
stimulate expression of type 1 (a, B) IFN by differentiated
macrophages, and (c) increases the expression of an IL-1 inhibi-
tor (11, 12). Thus, RSV stimulates both stimulatory and inhibi-
tory cytokines that may regulate an effective immune response.

IL-10, originally described as cytokine synthesis inhibitory
factor (13), can potently inhibit expression of cytokines by
blood-derived monocytes (13—16). EBV, a DNA virus, has
incorporated a homologue of the IL-10 gene thought critical to

1. Abbreviations used in this paper: 2-5A, 2',5' oligoadenylate; HPRT,
hypoxanthine phosphoribosyl; pfu, plaque-forming unit; RSV, respira-
tory syncytial virus; RT, reverse transcription.
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latent infection by this virus (17). There is very little known
about the effects of other viruses, particularly RNA viruses
tropic for the lung, on IL-10 expression. The effects of RSV
infection or LPS activation on human alveolar macrophage ex-
pression of IL-10 has not been described. LPS does stimulate
alveolar macrophage expression of TNF-a and IL-183, which
can induce IL-8 production by both macrophages and lung epi-
thelial cells (18). IL-8 is a specific, chemotactic agent for neu-
trophils (19). IL-10 has the potential to suppress IL-8, as well
as other early cytokines (13-16). Finally, IL-10 can promote
a TH, helper cell response thus inducing specific antibodies
which are known to be rapidly induced after RSV infection
(20). Thus, IL-10 might have an important role in the patho-
genic mechanisms regulating the lung immune response to RSV.

We examined alveolar macrophages exposed to medium
(uninfected controls), RSV, LPS (as a maximal stimulus to
cytokine expression), and the combination of RSV + LPS on
the expression of selected stimulatory and inhibitory cytokines.
We specifically focused on the primary cytokines TNF-a and
IL-18, both of which induce expression of IL-8 (18, 19). We
also examined IL-10 which can inhibit the expression of all of
these cytokines (14—16). The purpose of these studies was to
determine if RSV altered the basal or LPS-stimulated cytokine
expression by alveolar macrophages to provide possible insights
into the immune response to RSV. Finally, TNF-a and IFN-g3
can inhibit RSV replication in lung cells through an undefined
mechanism (21, 22). We therefore examined the effects of RSV
on the 2-5A—-dependent RNase L which has the capacity to
degrade viral and cytokine transcripts. The results of these stud-
ies are reported herein.

Methods

Donors. 20 healthy adult donors without a history of respiratory tract
symptoms or use of medications or tobacco within the preceding four
weeks underwent bronchoscopy and bronchoalveolar lavage after in-
formed consent under a protocol approved by the Institutional Review
Board of University Hospitals of Case Western Reserve University.
Procedures for bronchoalveolar lavage were identical to those described
previously (9, 21, 23). Alveolar macrophages were isolated by adher-
ence to plastic for 1 h in the presence of RPMI 1640 containing 10%
(vol/vol) FBS (Hyclone, Logan, UT), 100 U/ml penicillin, 100 ug/
ml streptomycin, and 0.25 pg/ml amphotericin B (all supplements from
Sigma Chemical Co., St. Louis, MO) (culture media). Adherent cells
were > 95% viable as determined by acridine orange and ethidium
bromide staining (21, 23). Greater than 97% of these cells expressed
the macrophage-specific CD 68 antigen (Dako Corp., Carpinteria, CA)
as determined by indirect immunofluorescent staining using methods
previously described (7).

RSV preparation. RSV strain A, was obtained from Robert Chanock,
National Institutes of Health, Bethesda, MD. Virus was propagated as
previously described (21-23) in CV-1 cells (CCl no. 70; American
Type Culture Collection, Rockville, MD). Virus stocks were prepared
from CV-1 monolayers harvested at 48 h after infection. Harvested cells
were sonicated on ice two times (Artek Sonic Dismembrator; Fisher
Scientific, Pittsburgh, PA), then made 100 mM in MgSO,, 1.6 mM
Hepes, 5 mM NaCl, centrifuged at 200 g to remove cellular debris, and
frozen at —70°C. Titer of viral stocks were determined using methods
previously described (21-23). Virus stocks contained undetectable lev-
els of TNF-a, IL-14, and IL-10. IL-8 levels were < 100 ng/ml while IL-
6 levels were 320+40 pg/ml (mean+SD, n = 3 separate determinations)
using assays described below.

Cell culture conditions. Alveolar macrophages at 10° cells/ml were
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exposed to culture media, RSV (3 plaque-forming units [pful/cell),
LPS from Escherichia coli (Lot No. 686709; Difco, Laboratories, Inc.,
Detroit, MI) (10 pg/ml), or both RSV and LPS (same doses) for 2 h
at 37°C in 5% CO,. Prior studies indicated that this dose of RSV
maximally infects and induces alveolar macrophage cytokine expression
(9). Ultraviolet light—inactivated RSV (3 pfu/cell) prepared as pre-
viously described (21) was used in selected experiments as described
in the text to control for the effects of replication-incompetent virus as
well as possible LPS contamination of virus stocks. Monolayers were
then washed twice with media and incubated in fresh media at 37°C in
5% CO, for the times indicated in the text. Cultures were harvested,
centrifuged at 400 g, and cell-free supernatants in multiple aliquots were
flash frozen in methanol dry ice and stored at —70°C until analyzed.

Cell monolayers were overlaid with 4 M guanidine isothiocyanate
containing 0.1 M S-mercaptoethanol, harvested by cell scraping, and
homogenized by 20 strokes through a syringe with a 20-gauge needle.
RNA was extracted with phenol/chloroform exactly as described by
Chomczynski and Sacchi (24) and stored at —70°C until further ana-
lyzed.

Cytokine assays. Parallel supernatant aliquots were analyzed in a
blinded fashion for TNF-a, IL-13, and IL-10 by the Mediator Core
Laboratory of the Airway Disease Center and for IL-8 by one of us (J.
A. Rankin). TNF-a was analyzed by RIA (Amersham International,
Little Chalfont, UK) and IL-13 by ELISA (R & D Systems, Minneapo-
lis, MN) using methods previously described (6, 9). IL-10 was deter-
mined by ELISA (Biosource International, Camarillo, CA) with anti-
bodies that do not cross-react with IL-1a, TNF-a, IL-8, IL-2, or IFN.
IL-8 was determined by ELISA using antibodies and methods previously
described (25, 26). IL-6 levels were determined by ELISA (R&D Sys-
tems, Minneapolis, MN). A neutralizing mAb to IL-6 was obtained
from R&D Systems and recombinant IL-6 was obtained from BioSource
International. A neutralizing rat antibody to human IL-10 was obtained
from Pharmingen, San Diego, CA, while recombinant human IL-10 was
obtained from Genzyme Corp. Cambridge, MA.

RNA analysis. Total RNA was quantitated by spectrophotometry as
well as densitometry of ethidium bromide—stained agarose-formalde-
hyde gels (0.9%, wt/vol). Equal amounts of RNA were transferred to
Genescreen™ (NEN Research Products, Boston, MA) membranes by
capillary blot, cross-linked with ultraviolet light (UV Stratalinker®,
Stratagene Inc., La Jolla, CA), and baked at 80°C for 2 h.

Northern blot analysis was performed using methods previously
described (9, 23, 27). Briefly, Genescreen® membranes were prehy-
bridized with 35% formamide, 1 X Denhardt’s, 2 X SSC, 0.5% SDS,
and 50 pg/ml heat-denatured salmon sperm DNA (prehybridization
buffer) at 42°C for 4 h. Hybridization was performed with 3?P-labeled
cDNA probes for. human TNF-«a, the 560-bp HindIII cDNA fragment
from pAW739 (No. 53163; American Type Culture Collection), IL-
18, the 570-bp BamHI-HindIII fragment from pA.11, originally from
Peter LoMedico (Hoffman La Roche, Inc., Nutley, NJ); IL-8, a plasmid
containing the full-length coding region, from Tiezo Yoshimura (Na-
tional Cancer Institute, Bethesda, MD); IL-10, a plasmid containing the
full-length coding region, from Jan E. de Vries (DNAX, Palo Alto,
CA); a cDNA for human 18 S RNA (provided by Robert Silverman,
Cleveland Clinic Foundation, Cleveland, OH); and glyceraldehyde
phosphate dehydrogenase (GAPDH). cDNA probes were labeled by
random primer extension (Boehringer Mannheim, Indianapolis, IN) and
specific activities ranged from 3 X 108 to 5 X 10° cpm/ug. Membranes
were hybridized at 42°C for 16 h with agitation in prehybridization
media without salmon sperm DNA containing 10 mM EDTA. Mem-
branes were washed sequentially at 25°C in 2 X SSC, 0.5% SDS, 1 X
SSC, 0.5% SDS, and finally at 60°C in 0.1 X SSC, 0.5% SDS then
autoradiographed. Previously bound probes were removed from mem-
branes by incubation in 200 ml of 0.1 X SSC, 0.5% SDS, 0.1 X Denh-
ardt’s, 0.2 mM EDTA, and 0.05% sodium pyrophosphate with agitation
at 75°C for 2 h.

Purified RNA, prepared as described above, was also analyzed by
reverse transcription (RT) and PCR amplification using methods de-



Table 1. Primers Used for Reverse Transcription and Polymerase Chain Amplification

Gene Primer sequence* Position in gene
IL-8 Upstream 5’-ATT TCT GCA GCT CTG TGT GAA GGT GC-3' 144-169
Downstream 5’-TTG TGG ATC CTG GCT AGC AGA C-3' 872-893
IL-10 Upstream 5'-CTG AGA ACC AAG ACC CAG ACA TCA A-3' 323-349
Downstream 5’-CAA TAA GGT TTG TCA AGG GGC TGG GTC-3' 649-674
HPRT Upstream 5'-CGA GAT GTG ATG AAG GAG ATG G-3' 236-257
Downstream 5’-GGA TTG TAC TGC CTG ACC AAG G-3’ 528-549

* Based on references of sequences deposited in Genbank. Ascession numbers: IL-8, M26383; IL-10, M57627; HPRT, M31642.

scribed by the manufacturer (Perkin-Elmer Cetus, Norwalk, CT). Puri-
fied RNA (500 ng) was treated with 50 U of reverse transcriptase in a
final vol of 20 ul of buffer containing 10 mM Tris-HCI, pH 8.3, 50
mM KCl, 5 mM MgCl,, 1 mM dNTPs, 20 U RNase inhibitor, and 2.5
#M random hexamers (all reagents from Perkin-Elmer Corp.). Reac-
tions were performed at 42°C for 45 min. In each experiment, control
samples containing RNA but without RT were performed to insure that
amplification did not occur from residual genomic DNA.

PCR reactions were performed in 50-ul reaction vol containing 10
mM Tris, pH 8.3, 50 mM KCl, 0.7 mM dNTPs, 2 mM MgCl, for IL-
10, and hypoxanthine phosphoribosyl (HPRT), 4 mM MgCl, for IL-8,
and 25 U/ml Amplitac® DNA polymerase (Perkin-Elmer Cetus). Primer
concentrations were 0.15 yM. The primers used for IL-8, IL-10, and
HPRT are shown in Table I. Reactions were overlaid with mineral oil
and processed by melting for 1 min at 95°C, annealing for 2 min at 58,
55, and 62°C for IL-8, IL-10, and HPRT, respectively, and extending
for 3 min at 72°C for the cycle numbers listed in the text. One additional
15 min cycle was used for elongation at 72°C.

The PCR products (10-ul aliquots) were analyzed by agarose gel
electrophoresis and restriction analysis based on sequences deposited in
Genbank (Table I). Initial experiments were performed to insure the
amplified products were specific for IL-8, IL-10, and HPRT. Further-
more, RT-PCR reactions were optimized to yield single products on
agarose gel electrophoresis. IL-8 yielded a product of 749 bp that, after
restriction analysis with EcoRlI, yielded the predicted fragments of 501
and 201 bp. IL-10 yielded a product of 351 bp that, after restriction
analysis with Taql, yielded products of 259 and 92 bp. HPRT yielded
a product of 314 bp that, after restriction analysis, with HindII yielded
the predicted fragments of 177 and 137 bp (not shown).

PCR amplification of RT reaction products were directly propor-
tional to starting RNA concentrations in the range of 100—500 ng for
IL-8, IL-10, and HPRT. The amount of PCR product varied with cycle
number, therefore aliquoets of PCR products were removed at 26, 29, and
31 cycles and were analyzed by densitometry of negative photographs of
ethidium bromide—stained gels. Values that increased linearly with cycle
number were used for comparisons. In each experiment, parallel and
equal aliquots (5 ul) of the RT reaction were amplified by PCR in the
presence of primer pairs for IL-8, IL-10, and HPRT. Agarose gels
contained 10-ul aliquots of the PCR reaction products as well as a
standard curve of pEAR DNA ranging from 1,000-62.5 ng concomi-
tantly stained with ethidium bromide. Photographs of gels were obtained
with Kodak 55 film (Eastman Kodak Co., Rochester, NY) and scanned
by densitometry (SciScan®; US Biochemical Corp., Cleveland, OH).

Western blots. Western blots were performed as previously described
(27). Cell lysates of alveolar macrophages were harvested by scraping
into SDS buffer, adjusted to 75 ug/sample, and electrophoresed on SDS
15% (wt/vol) polyacrylamide gels. After electrophoresis, proteins were
transferred to nitrocellulose membranes in a buffer containing 150 mM
glycine, 50 mM Tris, pH 8.3, 0.025% (wt/vol) SDS, and 15% (vol/
vol) methanol (transfer buffer). Transfer was performed for at 4°C at
500 mA/gel for 1.5 h. Membranes were then blocked for 2 h in 5%

Cytokine Expression by Respiratory Syncytial Virus—infected Alveolar Macrophages

(wt/vol) Camnation® powdered milk, 1% (wt/vol) BSA in a buffer
containing 125 mM NaCl, 0.1% (vol/vol) Tween 20, and 100 mM Tris,
pH 7.0 (blocking buffer). A primary mouse mAb (5 pg/ml in blocking
buffer) specific for the human 2-5A—dependent RNase L was added
for 2 h at 25°C (28). Blots were then washed four times in blocking
buffer and reacted for 1 h at 25°C with a rabbit anti—mouse second
antibody coupled to peroxidase (1:1,000 dilution in blocking buffer)
(Amersham Corp.). Blots were washed four times with blocking buffer
then overlaid with substrate (Amersham Corp.) and exposed to film
(XAR 5; Eastman Kodak) for 10 min.

Western blots of IL-10 were performed on cell lysates + superna-
tants (75 pg/sample) resolved on SDS 15% (wt/vol) polyacrylamide
gels followed by transfer to Immobilon PVDP membranes (Millipore
Corp., Bedford, MA) at 4°C at 70 V for 16 h in transfer buffer. Mem-
branes were blocked as above, and reacted with a goat anti—human IL-
10 antibody (R & D Systems). Membranes were then reacted with a
rabbit anti—goat antibody coupled to peroxidase and developed with
substrate (LumiGlo® Chemiluminescent reagent; Kirkegaard & Perry
Laboratories, Inc., Gaithersberg, MD) as described by the manufacturer.

Statistics. Results shown are mean+SEM or SD as indicated in
the text. Data were assessed for normal distribution with the National
Institutes of Health sponsored CLINFO project. Differences between
medians were assessed by Wilcoxon signed rank tests while differences
between means of normally distributed results were analyzed by Stu-
dent’s ¢ tests and were considered significant with P < 0.05.

Results

Alveolar macrophage supernatant cytokine levels. The accumu-
lation of TNF-a, IL-18, IL-8, and IL-10 in aliquots of superna-
tants from alveolar macrophages exposed to medium (unin-
fected controls), RSV (3 pfu/cell, a dose shown previously to
maximally induce TNF-a, 9), LPS (10 pg/ml), and RSV
+ LPS (same doses) were examined. Results are shown in Fig.
1. Alveolar macrophages incubated in medium alone (control,
C) for 24 h yielded low supernatant levels of TNF-a, IL-18,
and IL-10 while constitutive levels of IL-8 were comparable to
previous studies (25, 26, 29, 30). Alveolar macrophages in-
fected with RSV for 2 h (R), then washed and cultured in fresh
medium for 22 h, had increased supernatant levels of TNF-a
and IL-10 compared to controls. In contrast, RSV infection did
not alter IL-1/ levels and actually suppressed IL-8 levels, albeit
only by ~ 35% (P < 0.05), compared to controls. LPS (L)
markedly stimulated TNF-a, IL-14, and IL-8 production com-
pared to controls but yielded IL-10 levels similar to RSV-ex-
posed cells. Unexpectedly, cells exposed to RSV + LPS (R
+ L) demonstrated significantly (P < 0.05) reduced levels of
TNF-a, IL-18, and IL-8 but markedly increased levels of IL-
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Figure 1. TNF-a (upper left), IL-18 (upper right), IL-8 (bottom left),
and IL-10 (bottom right) protein levels in aliquots of alveolar macro-
phage supernatants. Alveolar macrophages (10° cells/ml) were incu-
bated in culture medium for 24 h (C); exposed to RSV (3 pfu/cell for
2 h) (R); exposed to LPS (10 ug/ml for 2 h) (L); or exposed to LPS
+ RSV (same doses for 2 h) (R + L) as indicated. Alveolar macro-
phages were then placed into fresh media and incubated for 22 h. Super-
natants were harvested, centrifuged at 400 g for 10 min, aliquoted, and
flash frozen at —70°C. All aliquots were analyzed in duplicate or tripli-
cate for TNF-a by RIA, and for IL-18, IL-8, and IL-10 by ELISA as
described in Methods. Results shown are mean*+SEM with n = 8 for
IL-18, n = 13 for TNF-a and IL-8, and n = 5 for IL-10. * P < 0.05
compared to controls and * P < 0.01 by Wilcoxon rank sum with
brackets indicating comparisons between conditions.

10 compared to cells exposed to LPS alone. Thus, RSV differen-
tially altered cytokine expression by alveolar macrophages
yielding a selective increase in TNF-« and IL-10 yet suppressed
the LPS-induced production of TNF-a, IL-14, and IL-8. RSV
+ LPS increased IL-10 expression in a synergistic fashion com-
pared to RSV or LPS alone. Western blots confirmed that RSV
markedly induced the expression of a 17-kD band that specifi-
cally reacted with IL-10 (not shown) consistent with prior stud-
ies (13, 14, 31).

Effects of RSV, ultraviolet light—inactivated RSV, and/or
LPS on alveolar macrophage protein expression. It was possible
that RSV inhibited alveolar macrophage protein synthesis thus
interfering with cytokine expression. To examine this possibil-
ity, alveolar macrophage cell lysates were prepared at 6, 12,
and 24 h after exposure to medium, RSV, LPS, or RSV + LPS
(same doses as above) and analyzed by SDS PAGE. Abundant
cell lysate proteins detected by Coomassie blue staining did not

2448 Panuska et al.

reveal a virus or LPS-induced alteration in protein amounts
through 24 h (not shown). Thus, RSV did not yield a general-
ized suppression of protein expression suggesting other mecha-
nisms might account for these alterations in cytokine expression.

To assess if these effects were mediated by infectious RSV,
ultraviolet light—inactivated RSV (same dose as above prepared
as previously described, 21) was added to alveolar macrophages
for 2 h, replaced with fresh medium, and the supernatants were
harvested after 22 h. TNF-a, IL-14, IL-8, and IL-10 levels were
within +10% of the levels seen with cells exposed to control
medium (n = 3). Furthermore, RSV stocks contained undetect-
able TNF-a, IL-13, IL-10, and IL-8 levels of ~ 100 ng/ml, less
than constitutive levels produced by alveolar macrophages (Fig.
1). RSV stocks did contain IL-6 at ~ 320 pg/ml, and the effect
of IL-6 on alveolar macrophage cytokine expression is assessed
below.

Steady state mRNA levels of TNF-a, IL-18, IL-8, and IL-
10. To assess whether RSV directly altered mRNA transcripts
for these cytokines, Northern blot analyses were performed on
total pooled RNA harvested at 24 h after stimulation from the
first eight sequential donors whose supernatant cytokine results
were shown in Fig. 1. Northern blots were probed sequentially
with 3*P-cDNA probes for TNF-a, IL-13, IL-8, and the 18S
form of ribosomal RNA, Fig. 2 A. Alveolar macrophages ex-
posed for 24 h to medium alone (control, C) yielded undetect-
able steady state transcript levels of TNF-«, and low levels of
IL-13 and IL-8. RSV (R) minimally increased the steady state
mRNA levels of TNF-a, IL-18, and IL-8. RSV + LPS (R + L)
yielded lower steady state transcript levels of TNF-a, IL-18,
and IL-8 compared to cells exposed to RSV. Wells not loaded
with RNA (blank, B) indicated the absence of nonspecific bind-
ing of 3?P-labeled cDNA probes. LPS (L) markedly increased
transcript levels for each of these cytokines and resulted in
higher levels than cells exposed to RSV + LPS. Blots probed
for expression of 18S ribosomal RNA indicated equivalent RNA
loading.

In contrast, IL-10 expression by alveolar macrophages ex-
posed to these stimuli for 24 h differed strikingly. IL-10 and
GAPDH mRNA steady state levels analyzed by Northern blots
are shown in Fig. 2 B (pooled RNA from the five donors whose
IL-10 protein levels were shown in Fig. 1). Alveolar macro-
phages incubated in medium alone (control, C) had undetect-
able IL-10 while those exposed to RSV (R), LPS (L), and
RSV + LPS (R + L) demonstrated increased IL-10 transcripts.
(top). Reprobing this blot for GAPDH mRNA, as a constitutive
housekeeping gene, demonstrated slightly lower GAPDH levels
in LPS and RSV + LPS lanes (bottom).

Densitometry of TNF-a, IL-143, and IL-8 normalized to 18S
rRNA as well as IL-10 normalized to GAPDH are shown in
Fig. 2 C. RSV increased steady state levels of IL-8 and IL-10
compared to controls whereas LPS increased the levels of all
cytokines. In contrast, RSV + LPS selectively stimulated IL-
10 levels while yielding markedly reduced levels of TNF-c, IL-
18, and IL-8 compared to LPS-stimulated cells alone. Thus
RSV alone, or in combination with LPS, stimulated IL-10
mRNA levels.

Kinetics of expression of TNF-a, IL-8, IL-10, and HPRT.
We have previously shown that RSV induces a rapid increase
in TNF-a with a maximum increase at 2 h after viral exposure
that returned to baseline by 8 h after viral exposure (9). TNF-
a can induce expression of IL-8, and a prior study demonstrated
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induction of IL-8 by RSV (10). We therefore focused on the
kinetics of expression of IL-8 and IL-10 from pooled RNA from
three donors. Due to the limited numbers of alveolar macro-
phages obtained from these donors, kinetics were analyzed by
the sensitive method of semiquantitative RT-PCR. Alveolar
macrophages were exposed to LPS, RSV, and RSV + LPS
(same doses as used previously ) for 0, 6, and 12 h after stimula-
tion. Transcripts for IL-8, IL-10, and HPRT, as a housekeeping
gene, were determined by RT-PCR from purified, pooled RNA
(500 ng/reaction determined spectrophotometrically). PCR
products, analyzed by agarose gel electrophoresis, were ampli-
fied in parallel from the same RT reaction as a function of
condition and time. Fig. 3 (A) shows combined results ex-
pressed as the ratio of IL-8/HPRT (left) and IL-10/HPRT
(right) from three separate RT-PCR amplifications of pooled
RNA from these donors (mean+SD). LPS yielded maximal
levels of IL-8 and IL-10 at 6 h. RSV had a minor effect on IL-
8 levels at all time points compared to LPS. RSV stimulated
IL-10 transcripts as potently as LPS at 6 h and caused a sus-
tained increase through 12 h. RSV + LPS yielded lower IL-8
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Figure 2. (A) Northern blot analysis of steady state levels of TNF-a, IL-
18, IL-8, and 18S rRNA at 24 h after stimulation. Total RNA harvested
from eight donors was purified, pooled, quantitated spectrophotometri-
cally, and electrophoresed on 0.8% (wt/vol) agarose-formaldehyde gels.
RNA was blotted to Genescreen® membranes by capillary blot then
probed sequentially with **P-cDNA probes for TNF-a, IL-143, IL-8, and
18S rRNA. C, medium controls; R, RSV; R + L, RSV + LPS; B, blank;
L, LPS alone at doses and times indicated in Fig. 1. (B) Northern blot
analysis of steady state levels of IL-10 and GAPDH from pooled RNA
(five donors) harvested from alveolar macrophages. Northern blots were
probed with **P-cDNA probes for IL-10 (top), then stripped and reprobed
for GAPDH (bottom). Legends are the same as described in A. (C)
Densitometry ratios of TNF-a, IL-18, and IL-8 to 18 s rRNA and IL-10
to GAPDH. Legends are the same as in (A).

transcripts at 6 h compared to LPS alone. In contrast, these
combined stimuli yielded maximal IL-10 levels at 12 h that
were ~ twofold increased compared to LPS- or RSV-activated
cells. Thus, RSV and RSV + LPS did not stimulate IL-8 as
potently as LPS alone. RSV and RSV + LPS did yield a time-
dependent increase in IL-10 transcripts. At 24 h after stimula-
tion, RT-PCR of RNA yielded IL-8 levels that were higher
(~threefold) in LPS- versus RSV- and RSV + LPS —stimulated
cells (Fig. 3 B, representative results from a single donor) com-
pared to HPRT indicating that the transcript levels determined
by this method paralleled results seen with Northern analysis.

IL-10 effects on alveolar macrophage IL-183 and IL-8 ex-
pression. To directly examine whether IL-10 could negatively
regulate cytokine production, the effects of RSV-infected alveo-
lar macrophage supernatants, or authentic recombinant IL-10,
on alveolar macrophage IL-18 and IL-8 expression were as-
sessed. Alveolar macrophages from two donors were stimulated
with LPS (10 pug/ml) and incubated with medium alone, me-
dium supplemented with uninfected or RSV-infected alveolar
macrophage supernatants for 24 h. IL-14 accumulation in super-
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natants was then determined by ELISA (Table II). IL-13 levels
from cells incubated with medium or those supplemented with
uninfected alveolar macrophage supernatants (1:4, vol/vol)
were higher than cells incubated with RSV-infected alveolar
macrophage supernatants (1:4, vol/vol). Addition of a neu-
tralizing antibody to IL-10 at the time of addition of RSV-
infected supernatants completely reversed these effects (Table
II). Addition of recombinant IL-10 (5 ng/ml) completely sup-
pressed IL-14 accumulation which was again reversed by anti—
IL-10. In addition, higher volumes of RSV-infected alveolar
macrophage supernatants yielded increased inhibition (not
shown). RSV-infected alveolar macrophage supernatants (1:4,
vol/vol) also suppressed IL-8 accumulation by LPS-stimulated
alveolar macrophages by 72+11% (mean+SD, n = 2), which
again was completely reversed by anti—IL-10 (not shown).
Thus, RSV stimulates IL-10 expression by alveolar macro-
phages that can inhibit early cytokine expression through an
apparent autocrine mechanism.

RSV stocks did contain IL-6 at levels of 320+40 pg/ml
which could potentially alter the levels of these cytokines. How-

Table II. Effects of RSV-infected Alveolar Macrophage
Supernatants on IL-18 Production by LPS-stimulated
Alveolar Macrophages

LPS-stimulated alveolar macrophage IL-18
Conditiont Anti-IL-10 Donor 1 Donor 2
pg/mi*  pg/ml*
+ medium - 1,422 1,543
+ uninfected supernatant (1:4 vol/vol) - 1,561 1473
+ RSV-infected supernatant (1:4 vol/vol) - 962 1,141
+ RSV-infected supernatant (1:4 vol/vol) + 1,726 1,854
+ IL-10 (5 ng/ml) - ND ND
+ IL-10 (5 ng/ml) + 1,378 1,423

* Values are means of duplicate samples. * Alveolar macrophages were
stimulated with LPS (10 ug/ml) for 2 h then washed and placed for 22
h in fresh medium, or medium supplemented with uninfected or RSV-
infected alveolar macrophage supernatants, rIL-10, or neutralizing anti-
body to IL-10 (Anti—IL-10) (500 neutralizing U/ml) as indicated. ND,
not detectable within the sensitivity of the assay (24 pg/ml).
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ever, addition of recombinant IL-6 at 450 pg/ml to alveolar
macrophages stimulated with LPS had no detectable effects on
IL-18 production whereas addition of 450 ng/ml inhibited by
84+13% (mean=*SD, two separate donors). Because RSV-in-
fected alveolar macrophages have been shown to produce IL-6
at levels of ~ 10 ng/10° cells (10), we assessed IL-13 produc-
tion in the presence of an mAb to IL-6 at levels sufficient to
neutralize 75 ng/ml of IL-6 bioactivity. IL-18 production by
RSV-infected or LPS-activated alveolar macrophages did not
differ by > 18+11% from cells not exposed to anti—IL-6 (n
= 2, separate donors). Thus, IL-10 appeared to primarily ac-
count for the suppression of IL-13 and IL-8 production by RSV-
infected alveolar macrophages.

2-5A—dependent RNase L expression by alveolar macro-
phages. Previous studies have indicated that IL-10 can decrease
cytokine levels through induction of an undefined endoribo-
nuclease that degrades cytokine mRNA transcripts (31, 32).
TNF-a (or IFN) in concert with viral intermediates serve as
the necessary signals to stimulate the expression and activation
of the 2-5A—dependent RNase L (8). This endoribonuclease
degrades single-stranded RNA with preference for UU and UA
sequences and could potentially account for the decreased cy-
tokine transcripts observed in RSV-infected alveolar macro-
phages. Expression of 2-5A—-dependent RNase L by alveolar
macrophages were examined by Western blots after exposure
of these cells to medium alone (uninfected control, C), RSV
(R), LPS (L), and RSV + LPS (R + L) (same doses as used
above) (Fig. 4). Cells exposed to medium or LPS (C and
L, respectively) exhibited nearly undetectable levels of 2-5SA—
dependent RNase L, while RSV and RSV + LPS potently

Mol wt Figure 4. Western blot of
kD C R LR+L 2-5A—dependent RNase
111 » L from lysates of alveo-
480 kD lar macrophages. Lysates
4 > (75 ug/lane) from alve-
45 » olar macrophages ex-
30 * posed to medium con-

trols (C), RSV (R),LPS
(L), and RSV + LPS (R + L) were analyzed by Western blots probed
with an mAb to 2-5A—dependent RNase L as described in Methods.
Molecular weight markers are indicated at the left. Results shown are
from a single donor and were replicated in a second donor.



induced this enzyme (R and R + L, respectively). These results
were reproduced in two separate experiments. Thus, RSV in-
duces the expression of this, and perhaps other, endoribo-
nucleases that may function to regulate the accumulation of
cytokine mRNA transcripts critical to an effective immune re-
sponse.

Discussion

RSV is the major pathogen of infant’s lungs that causes damage
by pathogenic mechanisms only partially understood (1). RSV
infects and replicates rapidly in respiratory airway epithelial
cells as well as alveolar macrophages (21, 22). A short replica-
tion cycle may allow the virus to elude cell-mediated and/or
humoral responses regulated, in part, by macrophage function
(5, 33, 34). It has been shown that RSV directly alters alveolar
macrophage expression of cytokines and major histocompatibil-
ity molecules (6, 7, 9, 10, 21). Damaged, virus-infected cells
could yield additional activating stimuli for macrophages (35).
The studies reported here were designed to determine the effects
of RSV on alveolar macrophage basal and activated (LPS)
expression of cytokines which may offer insights into pathogen-
esis. Here, we demonstrate that RSV differentially stimulates
human alveolar macrophage expression of cytokines and po-
tently stimulates IL.-10. IL-10 suppresses the production of IL-
18 and IL-8 and thus may interfere with the establishment of
an effective immune response to this virus.

A previous study demonstrated that human alveolar macro-
phages respond to exogenous IL-10 with altered immunological
functions (36), but direct studies of IL-10 production by human
alveolar macrophages have not been reported. It has been shown
previously that RSV transiently increases TNF-a expression by
alveolar macrophages after in vitro infection (9, 10). We ex-
tended those previous studies in several important ways. (a)
RSV infection selectively stimulated TNF-a, IL-10, and 2-5A—-
dependent RNase L protein expression by human alveolar mac-
rophages but did not stimulate secretion of IL-13 and actually
slightly suppressed IL-8 (Fig. 1). () RSV induced only a
minor increase in the mRNA levels of TNF-a, IL-183, and IL-
8 at 24 h after infection while LPS markedly stimulated each
of these cytokines. Kinetics of transcript accumulation indicated
that RSV leads to a lesser and more delayed increase in IL-8
compared to LPS. (¢) RSV increased IL-10 protein expression
as assessed by Western blots and increased secretion as potently
as LPS by ELISA quantitation. This was paralleled by increased
mRNA levels at 6 h and sustained through 24 h after stimulation
(Fig. 2). (d) Alveolar macrophages costimulated with RSV
+ LPS demonstrated decreased mRNA transcripts and protein
production of TNF-a, IL-14, and IL-8 but synergistically in-
creased IL-10 levels compared to cells stimulated with LPS or
RSV separately. (¢) Finally, RSV-infected alveolar macrophage
supernatants and recombinant IL-10 inhibited IL-18 and IL-
8 production by LPS-stimulated cells, and this inhibition was
neutralized by anti—IL-10. Combined, these results indicate that
RSV subverts the sustained production of IL-13 and IL-8 and
may attenuate expression of TNF-a relative to LPS.

Prior studies have indicated that IL-10 induces degradation
of TNF-a and IL-1/ transcripts in murine macrophages (31).
In contrast, studies with human monocytes demonstrate that IL-
10 induces degradation of IL-6 transcripts but interferes with
TNF-a and IL-17 at the level of transcription (32). No prior
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studies have addressed the mechanism of IL-10 regulation of
cytokine expression by human alveolar macrophages. Kinetic
studies reported here, and previously (9, 10), demonstrate that
RSV induces a rapid but transient accumulation of TNF-a and
IL-8 mRNA. However, transcript and protein levels of both of
these cytokines were far less than those seen with LPS-activated
cells. Surprisingly, cells costimulated with RSV + LPS showed
a clear dichotomy in cytokine accumulation yielding suppressed
levels of TNF-a, IL-18, and IL-8 mRNA and protein but mark-
edly enhanced levels of IL-10 compared to LPS-activated cells.
RSV + LPS interacted to yield high levels of IL-10 but it is
not yet clear why these levels did not completely suppress TNF-
a, IL-14, and IL-8. Perhaps cells activated by LPS accumulate
these cytokines before RSV induces sufficient IL-10 to be com-
pletely suppressive. Kinetic results (Fig. 4) lend support to this
hypothesis. RSV stocks did contain IL-6 at levels too low (320
pg/ml) to suppress IL-143 production by LPS-activated alveolar
macrophages, although high levels of recombinant IL-6 (450
ng/ml) were inhibitory. IL-6 is produced by RSV-infected alve-
olar macrophages (10), however, addition of high levels of a
neutralizing antibody to IL-6 did not alter the level of IL-18
produced by LPS-activated alveolar macrophages. The mecha-
nism by which RSV interacts with activated macrophages to
suppress production of early cytokines yet increase IL-10 ex-
pression has not yet been examined due to the limited number
of cells recovered by bronchoalveolar lavage from these normal
donors (11+3 X 10° cells, n = 20). The use of human macro-
phage cell lines, where cell numbers are not limiting, may prove
useful for examination of these potential mechanisms.

We did demonstrate that RSV infection, and not LPS stimu-
lation, induced the production of an endoribonuclease with pref-
erence for UU and UA sequences (8) (Fig. 4). The 2-5A—
dependent RNase L is induced and activated by two requisite
signals, i.e., induction of the protein itself by IFN and produc-
tion of the activator 2-5A by the TNF/IFN-induced 2-5A syn-
thetase and double-stranded RNA (8, 37, 38). The 2-5A —acti-
vated RNase L then functions as a potent antiviral enzyme
degrading viral and cellular RNA (8 and references therein).
The 2-5A-dependent RNase L may have a role in restricting
RSV replication in human alveolar macrophages based on the
following findings. Alveolar macrophages support efficient
RSV replication for 24—72 h which thereafter declines by > 50-
fold (23). RSV-infected alveolar macrophages produce low
levels of TNF-a as shown here and previously (9, 10), but
addition of exogenous TNF-a markedly restricts RSV replica-
tion in these cells (21). Furthermore, RSV does not induce type
I IFN production as do other respiratory viruses (12, 39). RSV
and, less potently, RSV + LPS stimulated alveolar macrophages
to increase expression of 2-5A—dependent RNase L (Fig. 4)
whereas LPS alone was not stimulatory. However, LPS did
induce high levels of TNF-a, a cytokine previously shown to

" induce 2-5A synthetase yielding 2-5A which then activates the

2-5A-dependent RNase L (37, 38). It is possible that LPS
induction of TNF-a serves to stimulate 2-5A synthetase while
RSV induces 2-5A dependent RNase L. Thus cells costimulated
with RSV + LPS could have higher levels of the activated 2-
5A—dependent RNase L. The activated 2-5A —dependent RNase
L may degrade viral and cytokine mRNA. The Northern blot
results and transcript levels shown in Figs. 2 and 3 are consistent
with this hypothesis. However, the level of induction of 2-
5A—dependent RNase L may be inadequate to yield detectable
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degradation of abundant RNA species such as 18S ribosomal
RNA levels, HPRT, or GAPDH transcripts (constitutively ex-
pressed), at least through 24 h. Because alveolar macrophages
do not proliferate, direct examination of the role of 2-5A—de-
pendent RNase L in restricting RSV replication or degradation
of cytokine transcripts using strategies such as dominant nega-
tive mutants of 2-5A-dependent RNase L (40) are not yet
possible.

The role of IL-10 in viral infections is only partially under-
stood. IL-10 is expressed by Epstein-Barr—transformed lym-
phocytes and may have a proximal role in establishing the latent
infection characteristic of this virus (17). Vaccinia virus engi-
neered to express IL-10 yields a selective stimulation of cyto-
toxic T lymphocytes and natural killer cells that could poten-
tially facilitate latent viral infection (41). IL-10 is expressed
by lymph node cells in murine models after experimental infec-
tion with influenza (42). Recently, murine studies suggest that
a formalin-inactivated RSV vaccine primes production of IL-10
and IL-4 after RSV infection which yields enhanced pulmonary
histopathology (43). Here, we demonstrated in human cells
that RSV potently enhanced IL-10 production which functioned
biologically to inhibit the expression of critical immunoregula-
tory cytokines.

These results confirm previous studies of TNF-a and IL-183
expression by alveolar macrophages infected with RSV in vitro
or in vivo (6, 7, 9, 10) but contrast with a prior study indicating
that RSV increased alveolar macrophage production of IL-8
protein (10). That study found that RSV-exposed alveolar mac-
rophages accumulate low levels of IL-8 in supernatants (> 100
ng/10° cells), levels far less than the constitutive levels re-
ported here and by other authors (25, 26) and far less than
levels found in alveolar macrophages after simple adherence to
plastic (29). In addition, the RSV A, strain used in those studies
was propagated in HEp 2 cells, whereas we used RSV A, strain
(R. Chanock, National Institutes of Health, Bethesda, MD) that
was plaque-purified and propagated in CV-1 cells, perhaps
yielding virus stocks differing in biologic function. However,
we did find that RSV yielded a slight increase in IL-8 mRNA
transcripts (Fig. 2), consistent with that prior study (10), with-
out yielding an increase in secreted IL-8.

Phagocytosis of pathogens, as well as production of immu-
noregulatory cytokines, serve as critical macrophage functions
in their sentinel role of protecting the host against invading
pathogens (33, 34). Viruses have evolved mechanisms to sub-
vert these macrophage defenses. RSV avoids phagocytic mecha-
nisms by spreading from cell to cell after fusion and syncytial
formation (1). In addition, RSV does not stimulate a sustained
expression of the antiviral cytokines TNF-a and IFN that could
restrict viral replication (9, 12, 39). Furthermore, although RSV
induces expression of immunoregulatory cytokines, it simulta-
neously stimulates production of an IL-1 inhibitor (44). Here,
we found that RSV directly stimulated IL-10 expression and
secretion by alveolar macrophages which functioned to suppress
early cytokine production by activated macrophages. These
findings suggest that IL-10 may have a critical pathogenic role
in the incomplete immune response to RSV.
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