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In this study, the role of the double-stranded (ds)
RNA-dependent protein kinase (PKR) in macrophage
activation was examined. dsRNA [polyinosinic:polycy-
tidylic acid (poly IC)]-stimulated inducible nitric
oxide synthase, interleukin (IL)-1at and IL-1f mRNA
expression, nitrite formation and IL-1 release are
attenuated in RAW264.7 cells stably expressing dom-
inant negative (dn) mutants of PKR. The transcrip-
tional regulator nuclear factor (NF)-xB is activated by
dsRNA, and appears to be required for dsRNA-
induced macrophage activation. While dnPKR
mutants prevent macrophage activation, they fail to
attenuate dsRNA-induced IkB degradation or NF-xB
nuclear localization. The inhibitory actions of dnPKR
on dsRNA-induced macrophage activation can be
overcome by treatment with interferon (IFN)-y, an
event associated with PKR degradation. Furthermore,
dsRNA + IFN-y stimulate inducible nitric oxide
synthase expression, IkB degradation and NF-xB
nuclear localization to similar levels in macrophages
isolated from PKR~- and PKR** mice. These findings
indicate that both NF-xB and PKR are required for
dsRNA-induced macrophage activation; however,
dsRNA-induced NF-xkB activation occurs by PKR-
independent mechanisms in macrophages. In addition,
the PKR dependence of dsRNA-induced macrophage
activation can be overcome by IFN-y.
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Introduction

The antiviral response of infected cells includes the
expression and release of type 1 interferons, which then
stimulate the expression of the double-stranded (ds) RNA-
dependent protein kinase (PKR; Meurs et al., 1990;
Thomis et al., 1992; Tanaka and Samuel, 1994). PKR is
a 68 kDa serine—threonine kinase that appears to play a
primary role in mediating the antiviral activities of infected
cells (Hovanessian, 1993; Gale and Katze, 1998). dsRNA
produced during viral replication or viral RNA containing
extended double-stranded secondary structure activates
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PKR (Hovanessian, 1993; Romano et al., 1995; Samuel
et al., 1997; Gale and Katze, 1998). Binding to dsRNA
induces PKR dimerization, autophosphorylation and acti-
vation (Wu and Kaufman, 1997). Once activated, PKR
inhibits protein translation by phosphorylating the
a-subunit of the initiation factor eIF2. Phosphorylation of
elF2a inhibits translation by sequestration of the guanine
nucleotide exchange factor eIlF2B. In addition, PKR has
been shown to participate in transcriptional regulation of
the E-selectin (Bandyopadhyay et al., 2000) and immuno-
globulin x light chain genes (Koromilas et al., 1995).
Importantly, dsRNA-induced E-selectin expression is
attenuated in endothelial cells isolated from PKR-deficient
mice, suggesting that PKR is required for dsSRNA-induced
gene expression (Bandyopadhyay et al., 2000).

The transcriptional regulator nuclear factor kB (NF-«xB)
is activated by dsRNA, and this activation appears to be
mediated by PKR. The NF-kB transcription factor family
consists of c-Rel, pS0 (NF-xB1), p52 (NF-xB2), p65
(RelA) and RelB. These factors are found in a variety of
active homo- and heterodimers, the best characterized
being the pS0—p65 complex (Baeuerle and Henkel, 1994).
NF-xB is found in the cytoplasm sequestered in a complex
with inhibitor protein kB (IxB). Phosphorylation of IxB
triggers ubiquitin-dependent degradation, and subsequent
release of NF-xB (Liou and Baltimore, 1993). NF-xB is
then free to translocate to the nucleus to activate gene
transcription. IxB appears to be one substrate for PKR. In
vitro phosphorylation studies have shown that PKR
directly phosphorylates IkB (Kumar et al., 1994), and
dsRNA-induced NF-kB nuclear localization is attenuated
in mouse embryonic fibroblasts isolated from PKR-
deficient mice (Yang et al., 1995; Kumar et al., 1997).

The antiviral response of macrophages includes the
expression of inducible nitric oxide synthase (iNOS) and
production of nitric oxide. Karupiah et al. (1993) first
showed that interferon-y (IFN-y)-induced inhibition of
viral replication requires macrophage production of nitric
oxide, and viral infection has been shown to stimulate
iNOS expression in both rodent and human macrophages
(Bukrinsky et al., 1995; Kreil and Eibl, 1996).
Macrophage expression of iNOS is dependent upon
NF-xB activation. The 5’ untranslated region of the
iNOS gene contains two NF-xB consensus sequences,
and deletion of these sequences diminishes iNOS reporter
activity in hepatocytes and macrophages (Diaz-Guerra
et al., 1996; Kim et al., 1997). In addition, inhibition of
NF-xB activation by treatment with the antioxidant
pyrrolidinedithiocarbamate (PDTC) prevents macrophage
expression of iNOS and production of nitric oxide in
response to lipopolysaccharide (LPS) and LPS + IFN-y
(Mulsch et al., 1993). Recently, PDTC has been shown to
prevent dsRNA and dsRNA + IFN-y-induced iNOS
expression, nitrite formation and interleukin (IL)-1 release
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by RAW264.7 cells and primary CD1 mouse peritoneal
exudate cells (PEC), respectively (Heitmeier et al., 1998),
suggesting that NF-xB may by required for viral-induced
macrophage activation.

In this study, the role of PKR in dsRNA-induced
macrophage activation has been examined. Using a
dominant negative approach, evidence is presented indi-
cating that dsSRNA-induced iNOS and IL-1 expression by
RAW264.7 macrophages is dependent on functional PKR.
While dominant negative (dn) PKR expression prevents
dsRNA-induced macrophage activation, it does not pre-
vent dsRNA-induced IkB degradation or NF-xB nuclear
localization. The inhibitory actions of dnPKR on dsRNA-
induced macrophage activation can be overcome by co-
treatment with IFN-y. In addition, the genetic absence of
PKR in primary macrophages does not affect the ability of
dsRNA + IFN-vto stimulate iNOS expression, IL-1 release
or NF-kB activation. These findings indicate that dSRNA-
induced RAW264.7 cell activation is PKR dependent, and
that stimulation of a second signaling pathway, in response
to IFN-vy, can overcome the inhibitory actions of dnPKR or
the genetic absence of PKR on dsRNA-induced macro-
phage activation.

Results

Overexpression of dnPKR prevents dsRNA-induced
iNOS expression by RAW264.7 macrophages

The role of PKR in dsRNA-induced macrophage acti-
vation was examined using RAW264.7 macrophages
stably expressing the dn PKR mutants, PKR-M7, which
lacks the first dsRNA-binding domain (Barber et al.,
1992), and PKR-M1, which contains a K296P point
mutation at the ATP-binding site (Wu and Kaufman,
1996). These well-characterized dnPKR mutants have
been shown to prevent dsRNA-induced PKR activation in
a number of cell types (Barber et al., 1992, 1995a, 1995b;
Meurs et al., 1992, 1993; Lee et al., 1994; Wu and
Kaufman, 1996, 1997; Srivastava et al., 1998). Incubation
of RAW264.7 cells with 50 ug/ml polyinosinic:poly-
cytidylic acid (poly IC) stimulates nitric oxide production
and iNOS protein expression following a 24 h exposure,
and iINOS mRNA accumulation following a 6h
incubation (Figure 1A-C). Poly IC fails to stimulate
nitrite formation in RAW264.7 cells stably expressing the
dnPKR mutants PKR-M1 or PKR-M?7. Consistent with a
lack of nitric oxide production, poly IC-induced iNOS
protein expression and iNOS mRNA accumulation by
RAW?264.7 cells expressing PKR-M1 or PKR-M7 follow-
ing 24 and 6 h incubations, respectively (Figure 1B and C),
are attenuated as compared with the levels expressed in
RAW264.7 cells. Also, poly IC stimulates iNOS mRNA
accumulation, protein expression and nitric oxide produc-
tion by RAW264.7 cells stably expressing the vector
controls pBK-CMV and pETFVA (Figure 1A—C and data
not shown). Western blot analysis was used to confirm a
2-fold increase in PKR-M1 expression by RAW-PKR-M1
cells as compared with RAW264.7 and vector control
RAW-pETFVA cells (Figure 1D). Because the mono-
clonal antibody used to detect PKR and PKR-M1 protein
expression failed to cross-react with the truncated form of
human PKR, RT-PCR analysis was used to confirm
expression of mutant PKR-M7 (Figure 1E).

dnPKR prevents dsRNA-induced macrophage activation

Effects of dnPKR on poly IC-induced IL-1
expression and release

In an activated state macrophages express and release the
proinflammatory cytokine IL-1. The effects of dnPKR on
dsRNA-induced IL-1 expression and release were exam-
ined by northern blot analysis and the RINmS5F cell IL-1
bioassay, respectively. Treatment of RAW264.7 cells or
the vector control cells, RAW-pBK-CMV and RAW-
pETFVA, for 24 h with 50 pg/ml poly IC results in an
~16.5-fold increase in the release of IL-1 (Figure 2A). The
release of IL-1 is significantly attenuated in cells express-
ing dnPKR, as poly IC fails to stimulate IL-1 release from
RAW-PKR-M7 and RAW-PKR-M1 cells. The inhibitory
actions of dnPKR on IL-1 release appear to reflect an
inhibition of IL-1 mRNA accumulation. Poly IC-induced
IL-1o0 and IL-1f mRNA accumulation is attenuated in
RAW-PKR-M7 cells as compared with the levels that
accumulate in RAW264.7 cells and the vector control
RAW-pBK-CMV (Figure 2B). Similar results were
obtained using RAW264.7 cells expressing the dnPKR
point mutant PKR-M1 (data not shown). These findings
suggest that PKR is required for poly IC-induced IL-1
expression and release by macrophages.

Effects of dnPKR on IxB degradation and NF-xB
nuclear translocation

Since dsRNA-induced iNOS expression by macrophages
requires NF-kB activation (Heitmeier et al., 1998), and
IkB appears to be a substrate for PKR (Kumar et al., 1994,
1997; Yang et al., 1995), the effects of dnPKR expression
on dsRNA-induced NF-xB nuclear localization and IxB
degradation were examined. Consistent with previous
studies (Heitmeier et al., 1998), treatment of RAW264.7
cells, or RAW cells expressing the vector controls pBK-
CMV and pETFVA, with 50 pug/ml poly IC for 30 min
results in IxB degradation (Figure 3A) and NF-kB nuclear
translocation (Figure 3B). Surprisingly, poly IC-induced
IkB degradation is not modulated by the expression of
PKR-M1 or PKR-M7, as >85% (as determined by
densitometry) of the cellular content of IxB is degraded
in response to poly IC in both the vector control and
dnPKR-expressing RAW?264.7 cells. Also, expression of
PKR-M7 does not impair poly IC-induced NF-xB nuclear
localization (Figure 3B). Similar results were obtained
using RAW-PKR-M1 cells (data not shown). These
findings suggest that PKR is not required for dsRNA-
induced NF-kB activation in RAW264.7 macrophages. To
control for non-specific probe binding, excess (100-fold)
cold NF-kB oligonucleotide inhibits the formation of the
NF-kB—probe complex, and inclusion of antiserum spe-
cific for the p5S0 and p65 subunits of NF-xB reduces the
mobility of the NF-kB—probe complex (supershift, data
not shown).

IFN-y overcomes the inhibitory effects of dnPKR on
dsRNA-induced macrophage activation

Alone, poly IC stimulates an ~10-fold increase in nitrite
production and iNOS expression by RAW264.7 cells.
However, in the presence of IFN-y (150 U/ml), the
stimulatory effects of poly IC on macrophage production
of nitrite are dramatically enhanced from ~10- to ~40-fold
(Figure 4) (Heitmeier et al., 1998). IFN-y also significantly
enhances the level of iNOS protein expressed in response
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Fig. 1. Effects of dnPKR on poly IC-induced nitric oxide production and iNOS expression by RAW264.7 cells. RAW264.7, RAW-pBK-CMV and
RAW-pETFVA (vector controls), or dnPKR-expressing RAW-PKR-M7 and RAW-PKR-MI cells (4 X 10° cells/400 pl complete CMRL-1066) were
treated with or without 50 pg/ml poly IC for 24 h at 37°C. Nitrite production was determined on the cell culture supernatant (A), and iNOS expression
was examined on the isolated cells by western blot analysis (B). (C) Total RNA was isolated from RAW264.7, RAW-pBK-CMV or RAW-PKR-M7
cells (5 X 10° cells/3 ml complete CMRL-1066) following a 6 h incubation with or without poly IC, and iNOS mRNA accumulation was determined
by northern blot analysis. To control for mRNA loading, cyclophilin mRNA accumulation is also shown. (D) SDS samples were prepared from
RAW264.7, RAW-pETFVA and RAW-PKR-M1 cells, and dnPKR expression was examined by SDS gel electrophoresis and western blot analysis.
Note that RAW-PKR-M1 cells express ~2-fold higher levels of PKR (as determined by densitometry) as compared with vector control and wild-type
RAW264.7 cells. (E) Total RNA isolated from RAW264.7, RAW-pBK-CMV and RAW-PKR-M7 was used to confirm dnPKR-M7 mRNA
accumulation by RT-PCR. GAPDH mRNA accumulation is also shown. Results for nitrite production are the average * SEM of three independent
experiments; iNOS and PKR protein expression and mRNA accumulation are representative of three independent experiments.

to poly IC (Figure 4B). Alone, IFN-y fails to stimulate
iNOS expression or nitric oxide formation by RAW264.7
cells (data not shown and Figure 4A, respectively). In
contrast to the inhibitory actions of dnPKR on
poly IC-induced macrophage activation, dnPKR does not
prevent the stimulatory effects of poly IC + IFN-y on iNOS
expression and nitric oxide formation. Treatment of RAW-
PKR-M1 and RAW-PKR-M7 cells with poly IC + IFN-y
results in the expression of iNOS and the production of
nitrite to levels similar in magnitude to those produced by
RAW264.7 cells.

IFN-y also prevents the inhibitory effects of dnPKR
expression on dsSRNA-induced IL-1 release by RAW264.7
cells. Poly IC alone stimulates IL-1 release by RAW264.7
cells, and this stimulatory action is attenuated in dnPKR-
expressing RAW-PKR-M7 and RAW-PKR-M1 cells
(Figure 4C). Alone, IFN-y does not stimulate IL-1 release,
nor does it enhance or reduce the levels of IL-1 released by
RAW264.7 cells in response to poly IC. However, in the
presence of IFN-y, dsRNA stimulates the release of IL-1 to
similar levels in RAW264.7 cells and RAW264.7 cells
expressing PKR-M1 and PKR-M7. These findings indicate
that IFN-y overcomes the inhibitory actions of dnPKR on
IL-1 release, nitric oxide production and iNOS expression.
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Effects of IFN-y on PKR expression by RAW264.7
cells

Previous studies have shown that IFNs stimulate PKR
expression (Roberts et al., 1976; Galabru and Hovanessian,
1985; Tanaka and Samuel, 1994). Therefore, it is possible
that the ability of IFN-y to overcome the inhibitory actions
of dnPKR on macrophage activation may be associated
with increased expression of endogenous PKR by
RAW264.7 macrophages. To examine this possibility,
RAW264.7, RAW-pBK-CMV and RAW-PKR-M7 cells
were treated for 24 h with 50 pg/ml poly IC alone or in
combination with 150 U/ml IFN-v. Surprisingly, treatment
of each of these cell types with poly IC + IFN-y results
in the loss of PKR immunoreactivity (Figure 5A). IFN-y
appears to be the stimulus for the loss of PKR immuno-
reactivity, as poly IC alone does not alter PKR expression,
nor does it prevent the loss of PKR immunoreactivity in the
presence of IFN-y. Alone, IFN-y stimulates a >90% loss of
PKR immunoreactivity that is first apparent and complete
following a 2 h incubation (Figure 5B). PKR degradation is
not associated with changes in PKR mRNA expression, as
similar levels of PKR mRNA accumulate following
treatment with or without IFN-y (Figure 5C). These
findings correlate the ability of IFN-y to overcome the
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Fig. 2. Effects of dnPKR expression on poly IC-induced IL-1
expression and release from RAW264.7 cells. (A) Wild-type
RAW264.7 cells, vector control RAW-pBK-CMV, RAW-pETFVA
cells and dnPKR-expressing RAW-PKR-M7 and RAW-PKR-M1 cells
(4 X 105 cells/400 ul complete CMRL-1066) were treated with or
without 50 pg/ml poly IC for 24 h at 37°C. IL-1 released into the
culture medium was determined using the RINmSF cell IL-1 bioassay.
(B) RAW264.7, RAW-pBK-CMV or RAW-PKR-M7 cells (5 X 106
cells/3 ml complete CMRL-1066) were treated with or without

50 pg/ml poly IC for 6 h at 37°C, total RNA was isolated, and

IL-1ow and IL-1B mRNA accumulation was examined by northern
blot analysis. Cyclophilin mRNA accumulation is shown as an
internal RNA loading control. Results are the average + SEM of
three independent experiments for IL-1 release and representative

of three independent experiments for IL-1 mRNA expression.

inhibitory actions of dnPKR on poly IC-induced iNOS
expression, nitric oxide formation and IL-1 release with the
degradation of PKR in RAW264.7 cells.

Effects of poly IC and IFN-y on iNOS expression
and nitric oxide production by peritoneal
macrophages isolated from PKR~- mice

While dsRNA alone is sufficient to stimulate iNOS
expression, nitric oxide production and IL-1 release from
the macrophage cell line RAW264.7, a combination of two
proinflammatory signals is required to activate primary
mouse peritoneal macrophages (Hibbs ef al., 1990).
Previous studies have shown that in combination, poly IC
and IFN-y are potent activators of CD-1 mouse PEC,
stimulating iNOS expression, nitric oxide production and
IL-1 release (Heitmeier et al., 1998). To determine if PKR
is required for dsSRNA + IFN-y-stimulated iNOS expres-
sion, mouse macrophages were isolated from wild-type
(PKR**) and PKR-deficient (PKR~-) mice. Alone, neither
poly IC nor IFN-y stimulate nitrite formation or iNOS
expression; however, in combination, poly IC + IFN-y
stimulates the expression of iNOS and production of nitrite

dnPKR prevents dsRNA-induced macrophage activation
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Fig. 3. Effects of dnPKR expression on IxB degradation and NF-xB
nuclear localization. (A) RAW264.7, vector control RAW-pBK-CMV
and RAW-pETFVA, or dnPKR-expressing RAW-PKR-M7 and RAW-
PKR-M1 cells (4 X 10° cells/400 ul complete CMRL-1066) were
treated with or without 50 pg/ml poly IC for 30 min at 37°C. The cells
were isolated and IxB levels were determined by western blot analysis.
(B) RAW264.7, RAW-pBK-CMV and RAW-PKR-M7 cells (5 X 10°
cells/3 ml complete CMRL-1066) were treated with or without

50 pg/ml poly IC for 30 min at 37°C. Nuclear extracts were isolated
and gel shift analysis performed. Results are representative of seven
independent experiments for IkB degradation (A) and three
independent experiments for NF-kB nuclear localization (B).

to levels similar to those from macrophages isolated from
PKR** and PKR~~ mice (Figure 6A and B). RT-PCR and
Southern blot analysis (Figure 6C and data not shown,
respectively) were used to confirm the expression of PKR
in PKR** mice and the absence of PKR in PKR~ mice.

Results presented in Figure 3 indicate that dnPKR
expression does not prevent poly IC-induced IxB degrad-
ation by RAW264.7 cells. Consistent with these findings,
poly IC also stimulates a similar time-dependent degrad-
ation of IkB in macrophages isolated from both PKR~-
and PKR** mice (Figure 7A). Following a 15 min
incubation with poly IC, >85% of IkB is degraded in
macrophages isolated from both PKR~~ and PKR** mice.
The levels of immunoreactive IxB begin to return to basal
levels following 3—4 h exposures to poly IC. In addition,
following a 30 min incubation, poly IC stimulates NF-xB
nuclear localization in macrophages isolated from PKR~-
and PKR** mice (Figure 6B). These findings indicate that
PKR does not appear to be required for dSRNA + IFN-y-
induced iNOS expression, NF-kB nuclear localization and
IxB degradation in mouse peritoneal macrophages.

Discussion

In this study, the role of PKR in dsRNA-induced
macrophage activation was examined. Treatment of the
macrophage cell line RAW264.7 with dsRNA (poly IC)
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Fig. 4. IFN-y overcomes the inhibitory actions of dnPKR on dsRNA-
induced iNOS expression, nitric oxide production and IL-1 release
by RAW264.7 macrophages. RAW264.7, RAW-PKR-M7 and
RAW-PKR-M1 cells (4 X 103 cells/400 ul complete CMRL-1066)
were treated with or without 50 pg/ml poly IC and/or 150 U/ml
IFN-vy for 24 h at 37°C. Nitrite production was determined on culture
supernatants (A) and the cells were isolated for western blot analysis
of iNOS expression (B). (C) IL-1 released into the culture supernatant
was determined using the RINmSF cell IL-1 bioassay. Results for
nitrite production and IL-1 release are the average = SEM of three
independent experiments. Results for iNOS expression are
representative of three independent experiments.

results in iNOS and IL-1 expression, nitrite production and
IL-1 release (Heitmeier et al., 1998). However, in two
RAW264.7 cell lines stably expressing dominant negative
forms of PKR (RAW-PKR-M1, K296P point mutant, and
RAW-PKR-M7, first dsRNA-binding domain deletion
mutant) dsRNA-induced IL-1c, IL-1f and iNOS mRNA
accumulation, nitrite production and IL-1 release are
attenuated. These findings support a role for PKR in the
dsRNA-induced iNOS and IL-1 expression by RAW264.7
macrophages.

dsRNA-induced macrophage activation appears to
require IkB degradation and NF-xB nuclear localization
(Heitmeier et al., 1998). We have shown that PDTC
prevents dsRNA-induced NF-xB nuclear localization, IxkB
degradation and iNOS expression by RAW264.7 cells and
CDI mouse macrophages (Heitmeier et al., 1998). PKR
has been shown to activate NF-xB, either by directly
phosphorylating IkB, as demonstrated by in vitro kinase
assays (Kumar et al., 1994), or indirectly by activating IxB
kinase (IKK) (Chu et al., 1999). In mouse embryonic
fibroblasts and endothelial cells isolated from PKR--
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Fig. 5. IFN-y stimulates PKR degradation in RAW264.7 cells.

(A) RAW264.7, RAW-pBK-CMV or dnPKR-expressing RAW-PKR-
M7 cells (4 X 10° cells/400 ul complete CMRL-1066) were treated
with or without 50 pg/ml poly IC and/or 150 U/ml IFN-y as indicated.
The cells were isolated and PKR levels were evaluated by western
blot analysis. (B) RAW264.7 cells (4 X 103 cells/400 ul complete
CMRL-1066) were treated for the times indicated with 150 U/ml
IFN-y, the cells were isolated and PKR levels examined by western
blot analysis. (C) RAW264.7 cells were incubated with 150 U/ml
IFN-y for the times indicated followed by RT-PCR analysis of PKR
mRNA accumulation. Results for (A—C) are representative of three
independent experiments.

mice, dSRNA-induced NF-xB activation is attenuated or
significantly delayed (Yang et al., 1995; Kumar et al.,
1997). In contrast to these previous studies, we show that
dsRNA stimulates a similar time-dependent degradation of
IkB and the nuclear localization of NF-xB in RAW264.7
cells, and RAW264.7 cells expressing PKR-M1 and PKR-
M7. This finding was confirmed using PKR-deficient
macrophages, where dsRNA stimulates a similar time-
dependent degradation of IkB, and NF-xB nuclear local-
ization from PEC isolated from PKR** and PKR~~ mice.
These results suggest that dsSRNA-induced NF-xB acti-
vation in macrophages does not require PKR, while
dsRNA-induced iNOS and IL-1 expression appears to be
NF-xB dependent. The reasons for the differences in
dsRNA responsiveness of macrophages as compared with
endothelial cells/fibroblasts isolated from PKR-deficient
mice are unknown. It is possible, although unlikely, that
NF-kB activation in RAW264.7 cells expressing the
dnPKR point mutant M1 (K296P) may be associated
with the direct activation of IKK by PKR-M1. Chu et al.
(1999) have shown that the catalytically inactive dnPKR
point mutant K296R can directly activate IKK in a
concentration-dependent manner, where low levels of
dnPKR expression fail to activate IKK, but high levels of
dnPKR stimulate IKK activity. While Chu’s studies
provide an alternative explanation for NF-xB activation
in RAW264.7 cells expressing the dnPKR point mutant



>

O PKR +/+
M PKR - I

_.
n

1
—y

Mitrite
(pmol/2000 cells)
=]

5_
T T
Foly IC (50 ug.fm'?)' - * - *
IFN-y (150 U/mil) - - + +
B W | A [+ ] A [ w | [+ ] -
oS = | i :
Paly IC (50 pgiml) -

IFM-y (150 W/ml) -

Cc

GAPDH

Fig. 6. Effects of poly IC + IFN-y on iNOS expression and nitric oxide
production by peritoneal macrophages isolated from PKR~~ mice.
Peritoneal macrophages (4 X 10° cells/400 pl complete CMRL-1066),
isolated from PKR**+ and PKR~ mice, were treated with 50 pg/ml
poly IC and/or 150 U/ml IFN-y for 24 h at 37°C. Nitrite production
was determined on the culture supernatants (A) and iNOS expression
was determined by western blot analysis of the isolated cells (B).

(C) PKR mRNA accumulation in macrophages isolated from PKR**
and PKR~ mice was determined by RT-PCR. Results for nitrite
production are the average + SEM of three independent experiments,
and for iNOS expression and PKR mRNA accumulation are
representative of three independent experiments.

M1 (K296P), these studies are not consistent with our
findings that dsRNA stimulates IxB degradation and
NF-xB nuclear localization in macrophages isolated
from PKR”~ mice. Our findings suggest that dsRNA
activates macrophages by at least two pathways: (i) a
PKR-dependent pathway that is required for IL-1 and
iNOS expression and is independent of NF-kB activation;
and (ii)) a PKR-independent pathway resulting in the
activation of NF-xB.

While dsRNA alone stimulates RAW?264.7 cell expres-
sion of iNOS and production of nitric oxide, the levels
produced are potentiated in the presence of IFN-y.
Importantly, in the presence of IFN-y, dnPKR fails to
prevent dsRNA-induced iNOS expression and nitric oxide
production by RAW264.7 macrophages. Also, in the
presence of IFN-vy, dnPKR fails to prevent dsSRNA-induced
IL-1 release by RAW264.7 cells. Consistent with
our findings, Gusella et al. (1995) have shown that
IFN-y-stimulated tumoricidal activity of elicited mouse
macrophages is not sensitive to the PKR inhibitor
2-aminopurine, while this inhibitor prevents LPS- and
IFN-oB-induced tumoricidal activity. We originally be-
lieved that the ability of IFN-y to overcome the inhibitory
actions of dnPKR on dsRNA-induced macrophage acti-
vation might be associated with an increase in the

dnPKR prevents dsRNA-induced macrophage activation
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Fig. 7. Effects of poly IC on IxB degradation and NF-xB nuclear
localization in macrophages isolated from PKR~~ mice. Peritoneal
macrophages (4 X 10° cells/400 ul complete CMRL-1066) were
isolated from PKR**+ and PKR mice and treated with 50 pg/ml
poly IC for the times indicated. The cells were isolated and IxB
degradation determined by western blot analysis (A). (B) Peritoneal
macrophages (5 X 10° cells/400 ul complete CMRL-1066) isolated
from PKR**+ and PKR~ mice were treated with 50 pg/ml poly IC
for 30 min, nuclear extracts prepared, and NF-xB binding activity
determined by gel shift analysis. Results for (A) and (B) are
representative of two independent experiments.

expression of endogenous PKR. However, IFN-y treatment
of RAW264.7 cells results in PKR degradation. IFN-y-
induced PKR degradation is not modulated by dsRNA, and
dsRNA alone does not stimulate PKR degradation.
Poliovirus infection has been shown to stimulate PKR
degradation in HelLa cells by a mechanism that is
independent of the poliovirus proteases 2A or 3C (Black
et al., 1989, 1993). Also, poliovirus-stimulated PKR
degradation is largely prevented by poly IC. Since
poly IC does not modulate IFN-y-induced PKR degrad-
ation, it is unlikely that the mechanisms for the loss of
PKR in response to the two treatments are similar. Serine
protease activation may be associated with IFN-y-induced
PKR degradation. In preliminary experiments we have
shown that Na-P-tyosyl-L-lysine chloromethyl ketone (a
selective serine protease inhibitor) prevents IFN-y-induced
PKR degradation (unpublished observation). However, we
have yet to identify this IFN-y activated protease.

In contrast to RAW264.7 cells, activation of naive
mouse peritoneal macrophages requires two signals, the
classical stimuli being the combination of LPS and IFN-y
(Hibbs et al., 1990). Consistent with a requirement for two
stimuli, alone neither dsRNA nor IFN-y stimulates
macrophage activation. However, in combination,
dsRNA + IFN-y stimulate iNOS expression, nitrite
production and IL-1 release by primary mouse PEC
(Heitmeier er al., 1998). Importantly, treatment of
macrophages isolated from PKR”~ mice with dsRNA +
IFN-y results in the expression of iNOS, production of
nitrite and release of IL-1 to levels comparable to those
produced by macrophages isolated from PKR** mice.
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These results are consistent with the ability of IFN-y to
overcome the inhibitory actions of dnPKR on dsRNA-
induced activation of RAW?264.7 cells, and indicate that
dsRNA + IFN-y-induced primary mouse macrophage
activation may occur by mechanisms that are independent
of PKR. These findings also dissociate the ability of [FN-y
to stimulate macrophage activation from the ability of this
cytokine to stimulate PKR degradation, as PKR~~ mice
fail to express PKR.

In summary, the findings presented in this study show
that dsRNA-induced macrophage activation is dependent
on PKR, but that the PKR dependence can be overcome by
the addition of IFN-y. dsRNA appears to activate
macrophages by: (i) stimulating a PKR-dependent signal-
ing pathway that is independent of NF-kB activation; and
(i1) stimulating NF-kB activation that is independent of
PKR. Also, by stimulating PKR degradation, IFN-y may
participate in the regulation of PKR-dependent antiviral
activities of macrophages.

Materials and methods

Materials and animals

RAW264.7 cells, RINmSF cells and Dulbecco’s modified Eagle (DME)
media (DME containing 10% heat-inactivated fetal calf serum, 1X
L-glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin) were
obtained from Washington University Tissue Culture Support Center (St
Louis, MO). CMRL-1066 tissue culture medium, L-glutamine, penicillin,
streptomycin, mouse recombinant IFN-y, Lipofectin reagent and
geneticin (G418) were obtained from Gibco-BRL (Grand Island, NY).
Poly IC was purchased from Sigma Chemical Co. (St Louis, MO). Poly IC
was prepared by heating to 50°C in filter-sterilized Tris—EDTA buffer
pH 7.4 containing 15 mM NaCl. Once solubilized, poly IC was slowly
cooled to room temperature to allow for renaturation and then stored at
—20°C prior to use. [0-3?P]dCTP, [y-3?P]dATP and enhanced chemilu-
minescence (ECL) reagents were purchased from Amersham Pharmacia
Biotech (Piscataway, NJ). The pBK-CMV mammalian expression vector
was purchased from Stratagene (La Jolla, CA). NF-xB consensus
oligonucleotide, rabbit anti-IxB, rabbit anti-pS0 and goat anti-p65
antisera were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Horseradish peroxidase-conjugated donkey anti-rabbit IgG
was purchased from Jackson ImmunoResearch Laboratories, Inc. (West
Grove, PA). Rabbit antiserum specific for the C-terminal 27 amino acids
of mouse macrophage iNOS was a gift from Dr Thomas Misko
(G.D.Searle, St Louis, MO). The dnPKR construct, PKR-M7, which
lacks the first dsSRNA-binding domain, was a gift from Dr M.G.Katze
(University of Washington School of Medicine, Seattle, WA). The
pETFVA-K296P dnPKR construct, which contains the K296P point
mutation in the ATP binding site, rabbit anti-PKR antiserum, and PKR~
mice [C57BL/6(J)X129/SV background] have been described (Yang
et al., 1995; Wu and Kaufman, 1997). C57BL/6(J) wild-type mice
(PKR*+, 20-24 g) were purchased from Harlan (Indianapolis, IN). iNOS
and cyclophilin cDNAs were gifts from Dr Charles Rodi (Monsanto
Corporate Research, St Louis, MO) and Dr Steve Carroll (Department of
Pathology, University of Alabama-Birmingham), respectively. IL-1o and
IL-1B cDNAs were gifts from Dr Cliff Bellone (Saint Louis University, St
Louis, MO). All other reagents were obtained from commercially
available sources.

Transfections

RAW264.7 cells were transfected using Lipofectin reagent according to
the manufacturer’s specifications creating four new cells lines: (i) RAW-
pBK-CMYV, which contains the pBK-CMV vector; (ii)) RAW-PKR-M7,
which contains the PKR-M7 mutant in the pPBK-CMYV expression vector;
(iii) RAW-pETFVA, which contains the pETFVA expression vector and
the pBK-CMYV vector (required for stable selection); and (iv) RAW-PKR-
M1, which contains the K296P mutant in the pETFVA expression vector
and the pPBK-CMYV selection vector. Briefly, RAW264.7 cells were plated
at 2 X 10° cells/3 ml complete CMRL-1066 (CMRL-1066 containing
2 mM L-glutamine, 10% heat-inactivated fetal calf serum, 100 U/ml
penicillin and 100 pg/ml streptomycin) and allowed to grow to ~50%
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confluence (~24 h at 37°C under an atmosphere of 95% air/5% CO,).
Plasmid DNA (2 ug), pBK-CMV, pBK-CMV-M7, or pETFVA and
pETFVA-K296 in combination with 1 pug of pPBK-CMV was incubated in
100 pl of CMRL-1066 (containing 2 mM L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin) for 30 min at room temperature,
8 g of Lipofectin were added and the mixture was incubated for an
additional 15 min at room temperature followed by the addition of 800 pl
of CMRL-1066. The cells were washed once with CMRL-1066, and the
DNA-Lipofectin mixtures were added. Following a 24 h incubation at
37°C, the medium was replaced with DME and the RAW264.7 cells were
cultured at 37°C for an additional 48 h. The cells were removed from
growth flasks by treatment with 0.05% trypsin, 0.02% EDTA, and
transferred to T-25 flasks in DME containing 400 pg/ml G418 for
selection of stably transfected cells. The cells were maintained in DME
containing 200 pg/ml G418.

Peritoneal macrophage isolation and cell culture
PEC were isolated from PKR-deficient C57BL/6(J) X 129/SV mice
(PKR) (Kumar et al., 1994; Yang et al., 1995; Der et al., 1997) and
C57BL/6(J) wild-type mice by lavage as previously described
(Beckerman et al., 1993). Following isolation, 4 X 10° cells/400 ul
complete CMRL-1066 were incubated at 37°C under an atmosphere of
95%l/air 5% CO, for 3 h. Cells were washed three times with complete
CMRL-1066 to remove non-adherent cells before treating with poly IC
and/or IFN-vy as indicated in the figure legends. To control for potential
strain differences, the effects of dsRNA + IFN-y on iNOS expression and
nitric oxide production were compared between macrophages isolated
from C57BL/6 X 129 (Jackson Laboratories, Bar Harbor, ME) and
C57BL/6 mice, and no differences were observed (data not shown).
RAW264.7 cells and RINmS5F cells were removed from growth flasks
by treatment with 0.05% trypsin, 0.02% EDTA at 37°C. Cells were
washed twice with complete CMRL-1066, plated at the cell concentration
indicated, and cultured for 2-3 h prior to initiation of experiments.

Polymerase chain reaction

Total RNA (2.5 pg), isolated from RAW264.7, RAW-pBK-CMV and
RAW-PKR-MT7 cells using the Qiagen RNeasy kit according to the
manufacturer’s instructions, was used to prepare a first-strand cDNA
library using the Superscript Preamplification System from Gibco-BRL
(Grand Island, NY) according to the manufacturer’s specifications. A
standard 25 pl PCR was performed as previously described (Arnush et al.,
1998). PCR primers for human PKR were forward primer,
5-GGTACAGGTTCTACTAAACAGG-3’, reverse primer, 5-GAA-
AACTTGGCCAAATCCACC-3" (PCR product size = 413 bp); and
murine PKR, forward primer, 5-GCCAGATGCACGGAGTAGCC-3’,
reverse primer, 5'-GAAAACTTGGCCAAATCCACC-3" (PCR product
size = 722 bp). The human and murine PKR PCR products were
confirmed by restriction digestion with Bg/ll and Ps:I (Promega,
Madison, WI), respectively. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) primers have been described previously (Arnush et al., 1998),
and yield a PCR product of 343 bp. The PCRs used the following profile:
an initial denaturing step of 94°C for 2 min, 28 cycles of 94°C for 45 s,
57°C for 45 s, and 72°C for 1 min 15 s. The samples were then incubated
at 30°C for 2 min. Two microliters of 10X PCRs loading dye (25% Ficoll
400, 0.5% xylene cyanole) were added and 20 pl of each sample were
separated on 1.5% agarose gels containing 0.05 pg/ml ethidium bromide
and products were visualized by UV exposure.

Nitrite and IL-1 determination

Nitrite production was determined by mixing 50 pl of culture medium
with 50 ul of Greiss reagent as described previously (Green et al., 1982).
The absorbance at 540 nm was measured and nitrite concentrations were
calculated from a sodium nitrite standard curve. IL-1 release was
determined using the RINmSF cell bioassay as described previously (Hill
et al., 1996).

Western blot analysis

Protein samples were separated by SDS-PAGE and transferred to
Nitrocell nitrocellulose membranes (Amersham Pharmacia Biotech,
Piscataway, NJ) under semidry transfer conditions as previously
described (Laemmli, 1970; Heitmeier et al., 1997). Antibody dilutions
were: rabbit anti-mouse iNOS, 1:2000; rabbit anti-human IxB, 1:1000;
murine anti-human PKR, 1:1000; horseradish peroxidase-conjugated
donkey anti-rabbit, 1:7000; and donkey anti-mouse, 1:5000. Antigen was
detected by ECL according to the manufacturer’s specifications.



Northern blot analysis

Total RNA (5 pg) was denatured and fractionated by electrophoresis on
1% agarose gels containing 2.2 M formaldehyde. RNA was transferred by
capillary action in 20X SSC (3 M NaCl, 0.3 M sodium citrate pH 7.0) to
Duralon UV nylon membranes (Stratagene, La Jolla, CA), and the
membranes were hybridized to 32P-labeled probes specific for iNOS,
IL-1a, IL-1P and cyclophilin. The DNA probes were radiolabeled with
[0-32P]dCTP by random priming using the Prime-a-Gene nick translation
system from Promega (Madison, WI). The iNOS, IL-10 and IL-13 cDNA
probes have been described previously (Godambe et al., 1993; Heitmeier
et al., 1998). Cyclophilin was used as an internal RNA loading control.
Hybridization and autoradiography were performed as described previ-
ously (Heitmeier et al., 1998).

Nuclear protein isolation and gel shift analysis

Nuclear extracts were prepared from RAW264.7, RAW-pBK-CMV,
RAW-PKR-M7 cells and PEC isolated from PKR and PKR**+ mice as
described previously (Heitmeier et al., 1998). Gel shift analysis of NF-xB
binding to an end-labeled radiolabeled NF-kB consensus DNA
oligonucleotide (5'-AGTTGAGGGGACTTTCCCAGGC-3") was per-
formed as described previously (Heitmeier ez al., 1998).

Densitometry and image analysis

Autoradiograms were scanned into NIH Image version 1.59 using a
COHU high performance CCD camera (Brookfield, WI) and densities
were determined using NIH Image version 1.59 software.
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