Respiratory Syncytial Virus Infection Results in Activation of
Multiple Protein Kinase C Isoforms Leading to Activation of
Mitogen-Activated Protein Kinase'
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Respiratory syncytial virus (RSV) is an important respiratory pathogen that preferentially infects epithelial cells in the airway and
causes a local inflammatory response. Very little is known about the second messenger pathways involved in this response. To
characterize some of the acute response pathways involved in RSV infection, we used cultured human epithelial cells (A549) and
optimal tissue culture-infective doses (TCIR,) of RSV. We have previously shown that RSV-induced IL-8 release is linked to
activation of the extracellular signal-related kinase (ERK) mitogen-activated protein kinase pathway. In this study, we evaluated
the upstream events involved in ERK activation by RSV. RSV activated ERK at two time points, an early time point consistent
with viral binding and a later sustained activation consistent with viral replication. We next evaluated the role of protein kinase

C (PKC) isoforms in RSV-induced ERK kinase activity. We found that A549 cells contain the C&"-dependent isoformsa and g1,

and the C&*-independent isoformss, €, 1, n, 0, and £. Western analysis showed that RSV caused no change in the amounts of
these isoforms. However, kinase activity assays demonstrated activation of isoforérwithin 10 min of infection, followed by a
sustained activation of isoforms1, 8, €, and p 24—48 h postinfection. A cell-permeable peptide inhibitor specific for thé isoform
decreased early ERK kinase activation by RSV. Down-regulation of the other PKC isoforms with PMA blocked the late sustained
activation of ERK by RSV. These studies suggest that RSV activates multiple PKC isoforms with subsequent downstream acti-
vation of ERK kinase. The Journal of Immunology,2001, 166: 2681-2687.

major cause of serious lower respiratory disease innificant work has been done on RSV-induced transcription of the

young children (<2 years of age). A large number of IL-8 gene, not much is understood about the second messenger
children hospitalized with bronchiolitis (40—-60%) and pneu- pathways that generate this response. Previous work in this labo-
monia (10-25%) are infected with RSV (1-4). In addition, a ratory has described the role of the transcription factorsdSrnd
significant percentage of children develop chronic pulmonaryap-1 in the production of IL-8 by RSV-infected epithelial cells
function abnormality after RSV infection (5-7). RSV is asso- (16, 17). We have also established a link between activation of
ciated with significant morbidity in children with chronic lung extracellular signal-related kinase (ERK), a mitogen-activated pro-
diseases such as cystic fibrosis, bronchopulmonary dysplasigein kinase (MAPK), and release of IL-8 after RSV infection (15).
and congenital heart disease (8-10). Recent evidence has sugrhs study, we extend these observations by showing that RSV
gested that early RSV infection contributes to the developmenbroduces a biphasic activation of ERK. An early ERK activation
of asthr_na (10_1.3)' L . after infection appears consistent with viral binding and entry, the

RSV Isa neganve-st_rgnded RNA VIrus in t_he geRuumovi- later activation consistent with active viral replication. Activation

rus, family Paramyxoviridag(14). RSV infection targets the re- of one or more protein kinase C (PKC) isoforms is a likely can-

spliratlory eplthellym and. elicits a local |nflamm§tor¥ reSponse'didate for upstream events leading to ERK activation by RSV.
This is characterized by inflammatory cellular infiltration and re- . . ) O 4
The MAPK family of signaling molecules is involved in mul-

lease of inflammatory mediators from both epithelial and activated.

immune cells (14-18). Release of IL-8 by respiratory epithelialt'ple cell functions, including differentiation, division, and death
' (19). Five distinguishable MAPK subfamilies have been identified

in mammalian systems; the best described of these are the ERK
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I I uman respiratory syncytial virus (RS¥V)nfection is a  cells is an important consequence of RSV infection. Although sig-
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membrane structure events, mediate immune responses, and regtution was then centrifuged at 15,080y for 10 min, and the supernatant
ulate gene transcription and cell growth (29). The PKC enzymewvas saved. Protein concentration in the cell lysates was measured by Brad-

[ : ; ; ; itina i fOrd assay, mixed 1:1 with 2 8ample buffer (20% glycerol, 4% SDS, 10%
family includes multiple isoforms that display different activities in 2-ME, 0.05% bromophenol blue, and 1.25 M Tris, pH 6.8, all chemicals

the presence or absence of cofactors, including calcium, diacylyere obtained from Sigma), and separated by SDS-PAGE. Cell proteins
glycerols (DAG), and phospholipids (29, 30). The PKC isoformswere transferred to a nitrocellulose membrane by electroblotting. The
can be categorized into three classes based on these differences: thembrane was then blocked with 5% nonfat milk in TTBS (Tris-buffered

conventional isoforms (designateg 81, 82, andy) are dependent ~ Saline with 0.1% Tween 20) for 1 h, then incubated in with the desired

N . primary Ab diluted in 5% milk TTBS for an additional hour (in the case of
on both C&" and DAG, the novel isoformsy( e, 7, i, ando) are the phosphorylation-specific Abs, the blots were incubated with the pri-

Cé& " independent but DAG dependent, and the atypical isoformsnary Ab overnight at 4°C). The blots were then washed four times with
(A and?) are neither C&" nor DAG dependent (31, 32). As a part TTBS and incubated for 1 h with HRP-conjugated secondary Ab. Immu-
of this study, we have determined the PKC isoforms present iforeactive bands were developed using a chemiluminescent substrate (ECL
A549 cells and evaluated their activation by RSV. Plus; Amersham) and visualized by autoradiography.

We found that RSV infection activated ERK kinase in eplthellal |solation of Cytop|asmic and membrane PKC isoforms
cells in a biphasic pattern, both immediately following viral bind- ) .
ing and later during active viral replication. In evaluating the up- Negative controls and A549 cells exposed to RSV at a dilution &f 20*

9 9 ; P o g p _TCIDs¢ml were harvested by scraping in lysis buffer (see Western proto
stream events responsible for ERK activation, we found that actizol) without Tween 20 (40@ul). The isolates were then sonicated for 10 s
vation of the atypical isoform, PKE, was involved in early ERK  and fractionated by centrifuging at 100,080g for 10 min. The superna-
activation. We also found that multiple €adependent PKC iso  tant containing the cytoplasmic fraction was immediately frozen22°C

3 ; ; _ ot or later analysis. The membrane pellet was resuspended in lysis buffer
forms and Raf-1 were associated with the long-term activation O]f/vith 1% Tween 20 and sonicated for 5 s. Following a 20-min incubation

ERK by RSV. on ice, cell debris was removed by centrifugation, and the supernatant
. containing membrane-associated proteins was frozen7&°C. Western

Materials and Methods analysis was performed as described above.

Reagents

PKC isoform depletion or inhibition

CL-4B beads were purchased from Sigma (St. Louis, MO). Myelin basic

- : . '/AB49 cells were exposed to PMA (100 ng/ml) for 24 h, followed by in-
protein (MBP) was purchased from Upstate Biotechnology (Lake Placid ection with RSV at 2x 10" TCIDgy/ml for an additional 30 min or 24 h.

NY). GammaBind Sepharose beads were purchased from Pharmacia Bi K C protein depletion was evaluated by Western analysis for specific PKC

tech (Piscataway, NJ). Abs (ERK 2, sc-4024, Raf-1, sc-133, laKec- . : : e
isoforms. To examine the effect of PKC isoform inhibition on ERK 2
208, PKCBL, sc-209, PKCB2, sc-210, PKC?, sc-937, PKCe, sc-214, ;o0 activity, specific inhibitory peptides (PKEG myr-SIYRRGAR

PKC 7, sc-215, PKCu, sc-935, and PKG@, sc-726) were purchased from RWRKL-OH; PKC af, myr-RFARKGALRQKNV-OH; nonsense, myr-

Santa Cruz Biotechnology (Beverly, MA). Phosphorylation-specific Abs ) - )
were purchased from Cell Signaling (phosphoERK, threonine 202/tyrosiné'RIS.RAGRYRANWYRKR-OH’ the myristate on the N terminus of these
peptides allows for membrane permeability) were added to the culture

204) and Upstate Biotechnology (phosphoRat-1, serine 338). Aml'rabbltmedium 1 h before RSV infection. Whole cell protein from treated cells

anti-mouse, anti-rat, and anti-goat HRP-linked Abs and nitrocellulose pa- d appropriate controls was then harvested and assaved for ERK 2 kinase
per were purchased from Jackson ImmunoResearch (West Grove, PA) aactivitsp(sepe below) Y

Amersham Life Science (Arlington Heights, IL), respectively. Goat anti-
RSV antiserum was purchased from Biodesign International (Kennebun

ME; B65860G). p->2P]ATP was purchased from DuPont-NEN Life Sci ki'mmunopreCIpltatlon

ence Products (BLU 502Z; Boston, MA). Cells were harvested by rinsing with PBS, followed by scraping into lysis
buffer (see Western blot protocol), and incubated on ice for 20 min. These
Cell culture lysates were then sonicated for 20 s and centrifuged at 15:0g@or 10

3 Min, and the supernatant was saved. Protein concentration was measured
' by Bradford assay. A quantity amounting to 200— 60§ of total protein
om each sample was cleared by incubating for 2 h with nonspecific rabbit

A549 cells, a tumor cell line with properties of alveolar epithelial cells (3
34), were obtained from American Type Culture Collection (ATCC, Ma-

nassas, VA). We have previously shown that the response of A549 cells t ) .
RSV is similar to that of normal airway epithelial cells (16). The cells were 9G (1 ng/sample), and unconjugated GammaBind Sepharosgl(sam-

incubated at 3T in 5% CO, The tissue culture medium was Eagle’s pl_e)_. After centrifuging, the supernatants were transferred to a tube con-
MEM (Life Technologies, Grand Island, NY) supplemented with 10% FBS taining 3ug/sample of Ab bound to GammaBind Sepharose and rotated at
(HyClone, Logan, UT), and 40 mg/ml gentamicin. The A549 cells used in

our studies had been subcultured by trypsinization no more than 25 times Kinase Activity Substrate

from stock originally designated at pass 70. ERK 2 - mm e ww @ MBP
Virus Western Immunoprecipitation

RSV, strain A2, lot 995594, was obtained from ATCC, where it was har- ERK 2 S S i i s (g g EAK 2
vested at a concentration oflfissue culture-infective dose (TCLR/ml,
as measured in confluent HEP-2 cells. TgDefers to the quantity of
virus that will produce obvious cytopathic effects in 50% of the tissue 20+
culture plates infected and was calculated using the method of Reed and
Munch (16). Sterile vials were kept frozen-aL35°C. For all experiments,

the virus was rapidly thawed at 37°C and used immediately.

»

a
]
5
Western analysis £ 10 *
o
Western analysis was used to evaluate PKC isoform presence and viral £ 5
replication. For these assays, whole cell proteins were obtained from A549
cell controls and cells infected with RSV at a final dilution of2 10" pl——
TCIDs/ml, a concentration previously shown to produce maximal IL-8 RSV Control 30min 6hr  48hr

release by A549 cells (16). At sequential time points following exposure to : ’ )

RSV, cells were harvested in lysis buffer that contained 0.05 M Tris, prIGtJEE ih RZ\S/\; ac(t)l\;]atig ERK I:;:)nas_e gﬁSAéthelllzs.hAgiS)hcellsavzzri
7.4,0.15 M NaCl, 1% Nonidet P-40, 0.5 M PMSF, pg/ml aprotinin, 10 Teated with. orohn, WWmin, SUmin, 3, 6n, 12h, 24N, an :
wg/ml leupeptin, 50ug/ml pepstatin, 0.4 mM sodium orthovanadate, 10 ERK-Z was |mmunopreC|p|tat_ed from whole cell lysates, and a_klnase ac-
mM sodium fluoride, and 10 mM sodium pyrophosphate (all protease inlivity assay was performed using MBP as a substraté\n autoradiogram
hibitors were obtained from Boehringer Mannheim, Indianapolis, IN). Theof phosphorylated MBP following a kinase activity ass&y.A graph
cells were then sonicated for 20 s to ensure complete lysis. The lysatshowing densitometry data from four separate experimenis.< 0.05.
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A. Results
RSV activates ERK 2

Kinase Actlvity Substrate i . : .
-y T B uex We initially determined whether RSV infection of A549 cells ac-
tivated the MAPK, ERK 2. To do this, we seeded A549 cells at a
Wasm immungprecipiation subconfluent density, allowed them to grow for 1 day, then added
al-1 < = SN B0 B9 & R RSV. At sequential time points, whole cell protein was harvested
RSV 0 100 3 33 20 & and in vitro kinase activity assays were performed (Fig. 1). In all
experiments, we found both an early and a later, more pronounced
B. activation of ERK by RSV. In some experiments, we also found a
25 peak of activity that occurred at 6 h; however, this was not a
* consistent finding. For this reason, all additional experiments were
8 21 T done at the early (10—30 min) and late (24—48 h) time points. The
g e early activation (10—30 min) coincides with viral binding; the late
g : activation accompanies viral replication. It is of interest that we
o 1- have previously shown that there also is a biphasic response of
E IL-8 mMRNA to RSV (16, 17). These data were confirmed using
0.5 Western analysis for activated ERK (phosphorylated on threonine
0 202 and tyrosine 204) (Fig. 2). The Western for activated ERK
Control 48 hrs showed a significant increase in the amounts of activated ERK at
RSV both early and late time points after RSV infection.

FIGURE 2. RSV activates Raf-1 in A549 cells. A549 cells were treated

with RSV for 0 h, 10 min, 30 min, 3 h, 24 h, and 48 h. Raf-1 was immu- .o

noprecipitated from whole cell lysates, and a kinase activity assay Wagepl'cat'on

performed using MEK as a substrafe. An autoradiogram of phosphor-  \We next evaluated the activation of Raf-1 by RSV. Raf-1 is a

ylated MEK following a kinase activity assa, A graph showing den-  \ye||-described activator of MEK, the kinase directly upstream of

sitometry data from four separate experimentsp < 0.05. ERK (35-37). Raf-1 was immunoprecipitated from RSV-treated
whole cell lysates and in vitro kinase activity assays performed.

4°C overnight. The beads with the immunoprecipitated protein were su Fig. 2 demonstrates that RSV activates Raf-1 and consequently

sequently washed three times with high salt buffer (0.5 M Tris, pH 7.4, 0.50MEK at 24 and 48 h, but not at earlier time points. Because MEK
M NaCl, and 1% Nonidet P-40) and three times with lysis buffer. The is the kinase directly upstream of ERK, the data suggest that the
immunoprecipitated complexes were either released witis@mple buffer  early activation of ERK seen in Fig. 1 cannot be a consequence of
for Western analysis or used to determine kinase activity. Raf-1 activity. This is confirmed in a Western for activated Raf-1

(serine 338 phosphorylation) (Fig. 3) (38).

RSV activates Raf-1 at time points consistent with viral

Kinase activity assay

The solution containing the immunoprecipitate was centrifuged to pelletDetectable RSV replication occurs in the same time frame as
the Sepharose and attached Ab/kinase complex. The protein-containing,stained RSV-induced ERK activit

pellet was washed twice with kinase buffer (20 mM MgCR5 mM y

HEPES, 20 mMg-glycerophosphate, 20 mig-nitrophenylphosphate, 20  To demonstrate a temporal association of RSV replication with the
mM sodium orthovanadate, and 2 mM DTT). The pellet was suspended iffgte activation of ERK, we evaluated the time course of viral pro-

20 pl kinase buffer, to which 2QuM ATP and 5uCi yATP (32) were : - : ~
added. Substrates, 10y MBP (dephosphorylated MBP) or g MEK-1 te!n synthesis in A549 cells by Western analysis. Whole cell pro
or 5 ug ERK (polyhistidine-tagged fusion proteins from Santa Cruz Bio- t€ins from RSV-infected A549 cells were separated by SDS-

technology, Santa Cruz, CA), were added last to bring the total assay volPAGE, transferred to membranes, and immunoblotted for viral
ume to 25ul. The reaction was continued at 25°C for 15 min to 1 h proteins. In Fig. 4, we show that detectable viral protein first ap-
depending on the kinase, and stopped by the addition gfl2ample of iaears at 24 h postinfection. Ongoing viral replication continues

2x sample buffer (see Western protocol). The samples were incubated f . . .
5 min at 95°C and run on a 12% SDS-PAGE gel. The gel was dried, an hrough the 48-h time point. Beyond 48 h, infected A549 cells

autoradiography was performed to visualize ¥e-labeled MBP, MEK-1,  rapidly progress toward cell death (data not shown). These studies
or ERK. Densitometry measurements of individual bands were obtainedshow that significant RSV replication is temporally associated with

and fold increase was calculated. the late sustained activation of ERK by RSV.

Statistical analysis A549 cells contain multiple PKC isoforms

Statistical analysis of the densitometric data was performed by determinin - C
the fold increase of all the samples as they relate to the control. Statisticﬂlumple studies in other systems have demonstrated that PKC or

comparisons were performed using a pairéest, with a probability value ~ SPecific PKC isoforms are involved in Raf-1 and subsequent ERK
of p < 0.05 considered to be significant. activation (39-42). To investigate this possibility in RSV-induced

FIGURE 3. RSV increases the phosphorylation

of ERK and Raf-1 in A549 cells. A549 cells were @ Q}é\ Qﬁé\ Q}é‘ f
A A
& & & & &

treated with RSV for 30 min or 24 h. Whole cell 0°°

lysates were obtained, and Western analysis was per-

formed for phosphorylated ERK (TH¥ and Tyrf°%)  PhosphoERK — — . PhosphoRat-1
and phosphorylated Raf-1 (S&). Primary Ab con

centrations of 1:500 and secondary Ab concentra- Total ERK &S s Smm—s — ~ Total Raf-1
tions of 1:10,000 were used. Immunoreactive bands ERK Phosphorylation Raf-1 Phosphorylation

were visualized using ECL Plus. Blots were stripped
and reprobed for total protein (ERK and Raf-1).
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6 shows that RSV activates the isoforms P&@nd{ at early time
points (<3 h), and3l, 6, €, and u at later time points (>24 h).
PKC activation has been associated with translocation of the en-
zyme to the cell membrane (29, 32). To confirm PKC isoform
activation by RSV infection, we also evaluated the translocation of

these enzymes from the cytoplasm to the membrane. We harvested
‘ cytosol and membrane protein fractions from cells infected with
RSV for 48 h and noninfected controls. Western analysis for in-
* dividual PKC isoforms was then performed on the separate frac-
tions. Fig. 7 shows an increase in the membrane-associated quan-
RSV 0 3 24 48 tities of PKC isoformsg1, 8, €, andu at 48 h postinfection. These

(hrs) are the same isoforms with increased activity at later time points

by in vitro kinase assay. Combined, these results provide substan-

FIGURE 4. RSV proteins increase over time. A549 cells were treatedijg| evidence that RSV activates the PKC isofordrsnd ¢ shortly

with RSV and then harvested at 0, 3, 24, and 48 h. Western blots of wholg,f;a, binding, and isoformgl, 5, €, andu after initiation of viral

cell lysates were probed with goat anti-RSV antiserum. Primary Ab con- rotein synthesis

centrations of 1:1000 and secondary Ab concentrations of 1:50,000 WerB '

used. Immunoreactive bands were visualized with ECL. This is a repre otjyation of PKC( is necessary for RSV-induced ERK

sentative of three experiments. activation at early time points

We have previously shown in alveolar macrophages that LPS ac-
ERK activation, we initially determined the profile of PKC iso- tivates ERK in a PKC{-dependent manner (28). Based on this
forms present in A549 cells. Western analysis for each of thelinformation and the increase in PKactivity within minutes of
described PKC isoforms showed that only si 81, 8, €, u, and RSV infection, we next evaluated the role of PKGn RSV ac-
{) are present in A549 cells (Fig. 5). The total amounts of eacHivation of ERK. To do this, we made use of pseudosubstrate-
specific isoform did not appear to change over the time course o$pecific peptides. PKC isoforms are maintained in an inactive form
RSV infection, as shown by analysis of both control cells and ofby the binding of a pseudosubstrate region on their N-terminal to

cells 48 h postinfection (Fig. 5). the substrate-binding domain in the catalytic region (32, 43).
] ) ) Pseudosubstrate-specific peptides inhibit the catalytic activity of
RSV activates multiple PKC isoforms PKC isoforms by binding to the substrate-binding domain (Fig.

The effect of RSV on PKC activation was determined by perform-8C). Myristolation on the N terminus of the peptides makes them
ing in vitro kinase activity assays at sequential time points follow-membrane permeable. In these experiments, A549 cells were
ing infection. The activity was determined for the individual PKC treated with myristolated inhibitory peptides (PKCpseudosub-
isoforms by using specific Abs to separately immunoprecipitatestrate specific, PK@p pseudosubstrate specific, or nonsense) for

each isoform from whole cell lysates before the activity assay. Figl h before addition of RSV. Whole cell proteins were obtained and
an ERK kinase activity assay was performed. Fi§.shows that

blocking PKC{ prevents RSV-induced ERK 2 activation. Control

A. Coinventional Isoformis experiments with a nonsense peptide oragh isoform-specific
PKCo 80 kD
A. B.
PKCR1 we— 80 kD Conventional Isoforms 2
Kinase Substrate g 15
mPKC &
31?:; 0 48 o e e -— MBP S aPKCe §
B. Novel Isoforms bl L o N\
RSY 0 10° 30° 3h 24h 4Bh Li] Early Late —
PKCE s sy, BOKD formi 6
Kinase Move! aolons Substrate E :EEE 5
— — — 4 b L
wxce 00 kD 5 _— s MBP E
e T Ll 2
PKCl e s 105 kD w i L
rsv P — dee mmm W= MBP Early Late
0 48 2
(hrs) RSV 0 10 30' 3h 24h 4Bh §15 - OPKC [
C. Atypical Isoforms Kinase  ADypicallsoforms e 5 .
{ T R W WS s we= MBP ;“
——— °
PKC( 80kD RSV 0 10 30' 3h 24h 48h s
(1]

RSV 0 48 Early Late

o) FIGURE 6. PKC 3§ and{ are activated at early time points, and PRC
FIGURE 5. PKC isoformse, Bl, 6, €, u, and{ were detected in A549  §, €, and . are activated at late time points. A549 cells were treated with
cells. A549 cells were treated with RSV for 0 and 48 h. Western analysisRSV for 0 h, 10 min, 30 min, 3 h, 24 h, and 48 h. PKC isoformsfgl, 8,
was performed on whole cell lysates, and immunoreactive bands were vie, ., or {) were immunoprecipitated from whole cell lysates, and a kinase
sualized with chemiluminescence (ECL). Primary Ab concentrations ofactivity assay was performed using MBP as a substfgtAutoradiograms
1:1000 and secondary Ab concentrations of 1:10,000 were used. Shown iof the phosphorylated MBP found after kinase activity assays. This blot is
this figure are the PKC isoforms found in A549 cells both constitutively representative of three separate experim@jtBensitometry data from the
and after 48 h of RSV infection. kinase activity assays.
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A. Conventional Isoforms

e :m-mmf@‘ .ﬁéﬁhﬁ*‘{:mm

O E—— e W MBP
B1 — . e Western Immunoprecipitation
RSVIT“T‘ 1] S ——— . | €]

(hrs)

B. Novel Isoforms B. f é‘ -ﬁ'{“{ J: .

C M C M

f

== Total ERK

E —— e

c. il u-n::—,,.
o — —

—_

RSV 0 a8
(hrs)

C.

Atypical Isoforms

cC M C M
(T — —

FIGURE 8. Blocking PKC{ activity blocks the early activation of ERK

RSV 0 48 2 by RSV. A549 cells were treated with RSV (30 min) with and without an

(hrs) inhibitory peptide (added 30 min before the RSV). ERK 2 was immuno-
FIGURE 7. RSV causes membrane translocation of multiple PKC iso- Precipitated from whole cell lysates, and a kinase activity assay was per-
forms. A549 cells were treated with RSV for 0 and 48 h. Cytosol (C) andformed using MBP as a substrat. An autoradiogram of the phosphor-
membrane (M) fractions were obtained, and Western analysis for the spa/ated MBP found after a kinase activity assay. Also included is a Western
cific PKC isoforms was performed. The figure shows the immunoreactiveanalysis for ERK 2 demonstrating equal loading of the kinase in the ac-
bands visualized by chemiluminescence (ECL). Primary Ab concentration§Vity assay. This blot is representative of three separate experinins.
of 1:1000 and secondary Ab concentrations of 1:10,000 were used. Thi¥/estern analysis of whole cell lysates demonstrating ERK phosphorylation
blot is representative of three separate experiments. This figure demorvatching the kinase activity data. Primary Ab concentrations of 1:500 and

strates that RSV infection causes the membrane translocation of all thé€condary Ab concentrations of 1:10,000 were used. Immunoreactive
isoforms (except) that demonstrated activity in Fig. 6. bands were visualized using ECL Plus. Blots were stripped and reprobed

for total protein (ERK).C, A diagram demonstrating how an isoform-
specific peptide would block activity of a particular PKC isoform.
inhibitory peptide showed no effect on ERK 2 activity. These data
were confirmed using Western analysis and Abs to activated ERK
(pThrP°2 and pTyr®?) (Fig. 8B).

] ) ) o ) of ERK by RSV. Other studies (insulin signaling) have demon-
Blocklng_ of multlple PKC isoforms inhibits late RSV-induced strated that PKQ can activate MEK, the dual kinase that phos-
ERK activation phorylates the threonine and tyrosine responsible for ERK activa-
To examine the role of other PKC enzymes in ERK activation,tion (47). The late activation of ERK was temporally related to
RSV-stimulated ERK 2 activity was studied in cells depleted of theviral protein synthesis and replication. This late activation did not
conventional and novel PKC isoforms. PMA has been shown ta:orrelate with the activity of PK@, but rather with the activities
result in activation and eventual depletion of all PKC isoforms of Raf-1 and the PKC isoformgl, §, €, and u. Depleting these
except the atypicalfj isoform (44-46). Following 24-h pretreat- soforms by PMA pretreatment did not inhibit early activation, but
ment with PMA, A549 cells were infected with RSV and subse- giq pock the late, sustained ERK activation. Therefore, late acti-
quently harvested at 30 min and 48 h. Western blotting for indi~a4ion of ERK may result from PKC-induced activation of Raf-1,
vidual isoforms and ERK 2 in vitro kinase assays WasIeading to activation of MEK and subsequently ERK. Taken to-

subsequent_ly_ performed on the isolated whole cell_proteln. Ag. 9 gether, these studies suggest that RSV-induced ERK activation and
shows astriking decrease in the levels of all PKC isoforms eXcepsubsequent inflammation depend on the differential activation of
£ in the PMA-treated cells. Fig. B and C, shows that PMA

pretreatment abolished the late ERK 2 activation, but had no Subr_nultlplg PKC |sgforms n a t|me-depgnd§nt mf“‘””er' .
Previous studies have shown that viral infection can result in the

stantial effect on the early activation of ERK 2 by RSV. These '~ ¢ ; | h d that i
studies suggest that multiple €adependent PKC isoforms are actnyaﬂon 0 MA_PK_(48_51)' K_ullme etal. (52) s _OWPT that in-
fection of cells with influenza virus leads to the activation of p38,

involved in RSV replication-dependent ERK activation. X ) ; i
ERK, and c-Jun N-terminal kinase. Infection with the EBV results
Discussion in the activation of the MAPK (ERK) (49), as does infection with

The goal of the current study was to further define signaling event§!!V type-1 (50, 51). Rodems et al. (48) found that CMV causes an
in the induction of inflammatory mediators after RSV infection. €arly, sustained activation of ERK kinase. Johnson et al. (53) dem-
This study evaluated the role of various PKC isoforms in the ac-onstrated that human CMV infection produced activation of ERK

tivation of ERK kinase by RSV. We found that in A549 cells, RSV at both an early time point (5-15 min) and a late time point (4—8

caused two separate peaks of ERK activity, an early (10—-30 minlp) after infection. This study also showed activation of p38, but

and a late (24—48 h) activation of ERK (Fig. 10). The early timeonly at late time points (8—48 h). Our results demonstrating a
point, consistent with viral binding, was matched by activation of biphasic activation of ERK in response to RSV are consistent with
PKC ¢. Furthermore, inhibiting PK@ blocked the early activation the effects reported for these other viruses.
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FIGURE 9. Depletion of multiple PKC isoforms blocks ERK 2 activation by RSV at replication-consistent time points. A549 cells were treated with
PMA (100 ng/ml) for 24 h to deplete all of the PKC isoforms except PKControl and PMA-treated cells were then infected with RSV for 30 min or

for 48 h, and ERK kinase activity was determinéd.Demonstrates isoform depletion of all the isoforms, except fowy the PMA treatment. Western

blots of whole cell lysates were probed with anti-PKC isoformas @I, 8, €, u, and¢). B, An ERK kinase activity assay performed on control and
RSV-treated cells both in normal and PMA-treated cells at 30 min. MBP was used as a substrate. Also shown is a Western analysis of the immunopre
cipitates showing equal loading of the kinase in the activity asSaydAn ERK kinase activity assay performed on control and RSV-treated cells both in
normal and PMA-treated cells at 48 h. ERK 2 was immunoprecipitated from whole cell lysates, and a kinase activity assay was performed using MBP as
a substrate. Also shown is a Western analysis of the immunoprecipitates showing equal loading of the kinase in the activity a&ayndBbtire
representative of two separate experiments.

We have previously shown that RSV-induced IL-8 mRNA in- duction, but also to the effectiveness of viral replication or in-
creases occur in a biphasic manner, an early activation that adection. Yang et al. (55) reported that that ERK was involved in
companies viral binding and a later peak that requires viral repli-activation of HIV-1 gene expression in latently infected cells.
cation (15, 17). We have also demonstrated that IL-8 production i§he induction of HIV-1 protein synthesis by cytokines and
linked to ERK activation (15). Fiedler et al. (54) have demon- phorbol esters was inhibited by PD98059, a specific inhibitor of
strated that blocking viral replication with ribavirin also blocks ERK. In a second study, they found that the HIV-1 proteins,
RSV-induced IL-8 release and NEB activation. These studies Rev, Tat, p17 (Gag), and Nef, could all be directly phosphor-
confirm the importance of replication in the inflammatory responseylated in vitro by activated ERK (56). In another HIV-1 study,
of epithelial cells to RSV. They suggest that viral protein synthesislacque et al. (57) identified ERK as a virion-associated protein
or the accumulation of viral proteins is coincident with activation that increased HIV-1 infectivity. In this system also, PD98059
of signaling pathways upstream of cytokine production. These pathad a major effect, decreasing viral infectivity (57).
terns of intracellular signaling appear to be distinct from cellular The data presented in this study suggest that activation of the
responses to viral binding and internalization at the earlier timeERK MAPK by RSV is regulated in part by activation of a number
points. of PKC isoforms. There is an early and a late sustained activation

A number of studies have suggested the possibility that acef ERK. Our data suggest that the upstream activators involved in
tivation of the ERK MAPK is linked not only to cytokine pro- the two time points are different. As with insulin and LPS, PKC
appears to be the upstream activator of ERK at the early time point
with RSV infection (28, 47). Later, the sustained activation of
ERK (24-48 h) is linked to activation of Raf-1, and this in turn is
linked to a number of conventional and novel PKC isoforms. The
biological relevance of these findings relates in part to our prior
observations, which have shown that ERK activation is linked to
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