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ABSTRACT Tumor necrosis factor (TNF) a has been
shown to be a major therapeutic target in rheumatoid arthritis
with the success of anti-TNFa antibody clinical trials. Al-
though signaling pathways leading to TNF« expression have
been studied in some detail, there is evidence for considerable
differences between individual cell types. This prompted us to
investigate the intracellular signaling pathways that result in
increased TNF« synthesis from macrophages in the diseased
synovial joint tissue. Using an adenoviral system in vitro we
report the successful delivery of genes to more than 95% of
normal human macrophages. This permitted us to show, by
using adenoviral transfer of IxkBa, the natural inhibitor of
NF-kB, that induction of TNFa in normal human macro-
phages by lipopolysaccharide, but not by some other stimuli,
was inhibited by 80%. Furthermore the spontaneous produc-
tion of TNFa from human rheumatoid joint cell cultures was
inhibited by 75%, indicating that the NF-«xB pathway is an
essential step for TNFa synthesis in synovial macrophages
and demonstrating that NF-«B should be an effective thera-
peutic target in this disease.

There is increasing evidence that chronic inflammatory dis-
eases such as rheumatoid arthritis (RA) are caused by pro-
longed production of proinflammatory cytokines, especially
tumor necrosis factor (TNF) a. These concepts were first
demonstrated by using dissociated rheumatoid joint cell cul-
tures (1-3), then substantiated in animal models of arthritis (4,
5), and formally proven by the success of clinical trials of
anti-TNFa antibody (6-9) and TNF receptor-Ig fusion pro-
teins (10). The definition of TNF« as a therapeutic target in
RA, and subsequently Crohn’s disease (11), has led to a search
for the intracellular signaling pathways that drive TNFa« pro-
duction in these diseases, the blockage of which might mimic
the clinical benefit of anti-TNFa therapy. In RA joints, the
cells producing the majority of TNFa are macrophages (12),
and hence there is considerable interest in understanding the
regulation of TNFa production in human cells of this lineage.

The expression of the TNFa gene is under complex control,
with the p38 mitogen-activated protein kinase pathway con-
trolling translation possibly by actions on the 3" untranslated
region (13), and with the 5’ untranslated region/promoter
containing binding sites for multiple transcription factors,
including NF-kB, AP-1, NF-interleukin (IL) 6, and NF-AT
(14-16). It is not known which of these transcription factors is
essential or rate limiting for TNFa expression. In the murine
RAW 264 cell line and bone marrow-derived macrophages,
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NF-kB was shown to be essential for TNFa production (14,
17), whereas in human lymphoid cell lines NF-AT rather than
NF-«kB was required for TNFa production (15, 16). No data
has yet been reported on the TNFa regulation in normal
primary human macrophages or cells from RA synovium, the
most relevant models for TNFa production in RA.

There are a number of obstacles in studying the biochemical
signaling pathways that are important in regulating TNF«
production in macrophages. One of the most problematic has
been the difficulty in transfecting DNA into macrophages (18),
possibly because this cell lineage is specialized for phagocytosis
and consequently may degrade DNA. To enable the analysis of
such pathways in macrophages we sought a technique to permit
efficient gene transfer into this cell lineage. Adenoviral gene
transfer has many desirable features (19). Adenoviruses infect
a wide spectrum of nondividing cells, in particular respiratory
and gut epithelium (19), the natural targets for infection, but
also endothelium and fibroblasts. Hemopoietic cells are not
natural targets for adenoviral infection, although there are
some reports of 10-20% infection of activated T cells (20).
Adenoviral infection of fresh monocytes has not been re-
ported, but up to 50% of monocytes cultured with growth
factors can be infected (20, 21). In this study we have used
adenoviral vectors to investigate signaling pathways in macro-
phages and human disease tissue. We report that by optimizing
conditions very high adenovirus infection efficiencies can be
achieved in human macrophages with >95% cells expressing
B-galactosidase (B-gal), for example. By using an adenoviral
vector encoding IkBa (AdvikBa), we were able to obtain high
levels of expression of this protein with concomitant inhibition
of NF-«kB. This resulted in suppression of lipopolysaccharide
(LPS)-induced TNFa mRNA and protein in macrophages.
There was also suppression of the spontaneous TNF« produc-
tion in RA synovial cells. These data have major implications
for NF-kB as a potential therapeutic target in RA.

MATERIALS AND METHODS

Cells. Mononuclear cells were isolated from single donor
plateletphoresis residues obtained from the North London
Blood Transfusion Centre (United Kingdom) by Ficoll-
Hypaque centrifugation preceding monocyte separation in a
Beckman GEL elutriator. Monocyte purity was assessed by
flow cytometry using directly congregated anti-CD45 and
anti-CD14 antibodies and was routinely greater than 90%.
Cells were cultured in RPMI medium 1640 with 25 mM Hepes
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GM-CSF, granulocyte/macrophage colony-stimulating factor; B-gal,
B-galactosidase; moi, multiplicity of infection; IL, interleukin.
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and 2 mM L-glutamine supplemented with 5% heat-
inactivated fetal calf serum and 100 units/ml of penicillin/
streptomycin at 37°C. Murine RAW 246.7 cells were main-
tained in the same supplemented medium.

Monocytes were untreated or treated with granulocyte/
macrophage colony-stimulating factor (GM-CSF) (5,000
units/ml), or M-CSF (100 ng/ml), generous gifts of Glenn
Larsen, Genetics Institute, Boston), for 48 hr. Expression of
integrins was assayed by indirect immunofluoresence and
FACS analysis using mAbs to aVB3. LM609, provided by
IXSYS, (San Diego, CA), V5 (undiluted active supernatant
of PSH9-E11 kindly provided by William Smith and J. Gamble,
Hanson Centre, Adelaide, Australia) or the negative control
mAb OX14 (100 pg/ml). Cells were stimulated with 10 ng/ml
LPS (Salmonella typhimurium, Sigma).

Synovium from rheumatoid patients undergoing joint re-
placement surgery was dissociated by cutting into small pieces,
digested with collagenase and DNase (1). The total cell
mixture, with T cells and macrophages as the most abundant
cells, was cultured in 48-well plates at 1 X 10° cells/ml in the
same medium containing 10% heat-inactivated fetal calf se-
rum.

Adenoviral Vectors and their Propagation. Recombinant,
replication-deficient adenoviral vectors encoding the Esche-
richia coli B-gal (AdvpBgal) or having no insert (AdvO) were
provided by A. Byrnes and M. Wood (University of Oxford,
U.K.). An adenovirus encoding porcine IkBa with a cytomeg-
alovirus promoter and a nuclear localization sequence
(AdvlkBa) was as published (22). Viruses were propagated in
the 293 human embryonic kidney cell line and purified by
ultracentrifugation through two cesium chloride gradients
(23). Titers of viral stocks were determined by plaque assay in
293 cells after exposure to virus for 2 hr in serum-free RPMI
medium 1640. After cytokine treatment macrophages were
exposed to virus for 2 hr in serum-free RPMI medium 1640
followed by washing and reculturing the cells in complete
medium for 48-72 hr. Intracellularly expressed B-gal was
assayed by FACS as previously described (24).

Western and Northern Blotting, Electrophoretic Mobility-
Shift Assay, and ELISA Procedures. Cells were scraped off the
plates, and cytosolic and nuclear extracts were prepared as
described by Whiteside et al. (25). Proteins were separated by
SDS/PAGE on a 10% (wt/vol) polyacrylamide gel, ensuring
equivalent amounts loaded per track, followed by electro-
transfer onto nitrocellulose membranes. IkBa and NF-«B p50
and p65 were detected by using antibodies kindly provided by
R. Hay (University of St. Andrews, U.K.), and a horseradish
peroxidase-conjugated donkey anti-rabbit antibody (Amer-
sham) and visualized by enhanced chemiluminescence (Am-
ersham). Anti-p42/44 MAPK was obtained from Santa Cruz
Biotechnology.

For electrophoretic mobility-shift assay, nuclear extracts
were prepared and 20 ug of protein was analyzed for NF-«xB
or AP-1 activity as previously described (24). Northern blot-
ting was performed as described (1), and ELISA for TNFa was
as previously reported (26).

RESULTS

Efficient Gene Transfer into Macrophages with Adenovirus.
Like others (20, 21), we were unable to virally infect freshly
prepared monocytes, as assessed by using an adenovirus
encoding B-gal under the control of cytomegalovirus promoter
(Advpgal), even at a multiplicity of infection (moi) of >1,000
(data not shown). oV integrins have been described to be
cofactors for adenovirus infection (27). aVB3 and aVS5
expression was found to be very low on resting monocytes.
Treatment with GM-CSF or M-CSF for 48 hr up-regulated the
expression of VB3 and aV 5, respectively (Fig. 14). Previous
treatment for 72 hr with GM-CSF or M-CSF resulted in 52%
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Fi1G.1. The effect of cytokine treatment on integrin expression and
adenoviral infection of primary human monocytes. Monocytes were
untreated or treated with GM-CSF and M-CSF for 48 hr followed by
assay for (4) expression of integrins « V3 (broken line), «VB5 (dotted
line), or the negative control OX14 (solid line) using indirect immun-
ofluoresence and FACS (FL1); or B-gal activity subsequent to infec-
tion with Advpgal (dotted line) at a moi of 100 (B) or various moi (C)
assayed by FACS.

or >90% of the cells, respectively, expressing -gal after
infection with Advggal at 100 moi (Fig. 1B). Thus subsequent
studies concentrated on using M-CSF. Moi of 100 and 50 gave
>90% infection, but at a moi of 25, infection was reduced to
20% (Fig. 1C). The capacity of adenovirus to infect monocytic
cell lines then was investigated. Human U937 and THP-1 were
totally refractory, even after treatment with GM-CSF or
M-CSF, which did not up-regulate either of the aV integrins
(data not shown). In contrast, the murine macrophage cell line
RAW 264.7 was readily infected by adenovirus (>95% at moi
of 100, >60% at moi of 10, results not shown), even without
previous exposure to M-CSF.

With successful gene transfer of more than 90%, and
approaching 100% of the monocytes, it became possible to
determine whether the adenoviral system could be used to
analyze the intracellular signaling pathways controlling TNFa.
For this purpose we used a replication-deficient adenoviral
vector expressing porcine IkBa under the control of the
cytomegalovirus promoter that binds human NF-«B (22). A
nuclear localization sequence also had been engineered into
the IkBe, as nuclear expression of this protein can prevent
NF-«B binding to DNA. Infection of endothelial cells with this
virus (AdvIkBe) resulted in specific inhibition of NF-«kB and
markedly reduced expression of proteins such as vascular cell
adhesion molecule 1, and also reduced mRNA expression for
cytokines such as IL-6 and IL-8, which depend on NF-«B (22).

Infection of RAW 264.7 cells and M-CSF-treated normal
human macrophages with AdvikBa resulted in the overex-
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FiG.2. Expression of IkBa in AdvlkBa-infected macrophages and
RAW 264.7 cells. RAW 264.7 cells (4) or M-CSF-treated human
monocytes (B) were untreated or infected with control adenovirus
(Adv0) or infected with the IkBa adenovirus (AdvikBe) at the given
moi. After 48 hr, cytosolic (4 and B) and nuclear (C) extracts were
prepared and assayed for IkBa expression by Western blotting. Blots
were stripped and reprobed for p42/44MAPK as a control.

pression of IkBa (Fig. 2), whereas infection by control virus
had no effect. The antibody used does not recognize murine
IkBa, hence the endogenous protein was not detected in RAW
264.7 cells. Blots were reprobed for p42 mitogen-activated
protein kinase, which showed no change in expression after
adenovirus infection. In human macrophages nuclear IkBa
was also detectable after infection with AdvikBa (Fig. 2C).
LPS induces degradation of IkBa (Fig. 34). Human mono-
cytes infected with AdvIkBea, but not control virus-infected
cells, expressed high levels of IkBa even after LPS stimulation
(Fig. 34). In contrast, IkBB was not affected. Translocation of
the NF-«B p65 subunit into the nucleus after activation by LPS

FA fininon i msirophages o by AdvicBa

F1G. 3. Inhibition of NF-«kB function in AdvlkBea-infected macro-
phages. M-CSF-treated monocytes were infected with AdvO or
AdvlkBa at a moi of 50. A third group was untreated. After an
additional 3 days in M-CSF the cells were washed, and half of each
group was treated (+) or otherwise (—) with 10 ng/ml LPS for 30 min.
(A) The cells then were lysed, and cytosolic and nuclear extracts were
prepared and analyzed for IkBa/B expression in the cytosol, or
p65/p50 expression in the nucleus, by immunowestern blotting. Pro-
tein (150 ug and 50 ug) was analyzed for each cytosol or nuclear
sample, respectively. (B) Nuclear extracts were prepared and 20 ug
protein analyzed for NF-«kB (Upper) or AP-1 (Lower) activity by
electrophoretic mobility-shift assay.
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was nearly abolished by the excess IkBa expression, whereas
NF-«B p50 nuclear localization was only partly diminished
(Fig. 34). Using the electrophoretic mobility-shift assay, nu-
clear NF-«kB DNA binding activity was observed to be greatly
reduced in AdvlkBa-infected cells. In contrast, AP-1 activity,
which is constitutive in M-CSF-treated monocytes, was not
significantly altered by LPS or IkBa overexpression (Fig. 3B).
Analysis of the Role of NF-«kB in TNFa Production in Normal
LPS-Stimulated Macrophages and in Human Rheumatoid Sy-
novial Tissue. Having demonstrated that infection of macro-
phages with the AdvlkBa virus essentially abolished NF-«B
activity in the nucleus, this tool could be used to evaluate whether
NF-«B is required for macrophage TNF« expression. Previous
studies in other systems have given variable results, and the role
of NF-kB in TNFa expression has never been tested in human
primary macrophages, the most relevant cells in the context of
chronic inflammatory disease. The effect of AdvikBa on LPS-
induced TNFa production from normal human macrophages
revealed a dose-dependent inhibition, with >80% inhibition at a
moi of 80 (Fig. 44), whereas control adenovirus had no effect on
TNFa expression. AdvlkBa-inhibited LPS induced TNFa
mRNA expression, whereas there was no effect on a housekeep-
ing gene, glyceraldehyde-3-phosphate dehydrogenase mRNA
(Fig. 4B). The ability of anti-TNFa antibody to interfere with
other proinflammatory cytokines constitutively produced in RA
joint cell cultures was our first clue that TNFa was a therapeutic
target in RA (1-3). The capacity of AdvIkBa to inhibit consti-
tutive TNFa production in rtheumatoid joint cell cultures, an in
vitro model of RA thus was investigated. AdvlkBa reduced TNFa
production, detected by ELISA, by 75 = 15% at a moi of 40 in
five different RA synovial joint cell cultures (Fig. 4C). This
finding indicates that NF-«kB activation is an important step in
generation of TNFa in RA joints, and hence that inhibition of the
NF-«B pathway would be an effective therapeutic target in RA.
Blockage of NFxB in Normal Human Macrophages Does Not
Augment Apoptosis. Inhibition of TNFa-induced NF«B has been
reported to promote apoptosis in a variety of cell lines, e.g., HeLa,
HT1080, Jurkat (28-30). It was thus conceivable that the mech-
anism of AdvIkBa-induced reduction of TNFa production may
have been caused by apoptosis-mediated cell depletion. This is
unlikely as there was no reduction in cell numbers in I«kB
virus-treated macrophages at the moi used, and no indication of
cell death as measured by microscopy or the 3-(4,5-dimethylthia-
zol-2-y1)-2,5-diphenyl tetrazolium bromide assay (data not
shown). Secondly, using a DNA fragmentation assay (31), no
induction of apoptosis was detectable in AdvIkBa-infected mac-
rophages after treatment with exogenous TNF« (Fig. 5). In these
macrophages a mixture of TNFa and cycloheximide induced
apoptosis (Fig. 5). Failure to induce apoptosis in macrophages
was not caused by the effectiveness of the method of inhibiting
NF-kB activity, because TNFa treatment of AdvIkBa virus-
infected Hela cells induced massive apoptosis (Fig. 5). More likely
our results allude to the fact that NF-«B does not have a universal
role in preventing apoptosis, and that this role depends on the cell
type and/or various stages of cell differentiation and cell cycle. In
support of this view, NF-«B has been demonstrated to promote
apoptosis in human embryonic kidney 293 cell line (32).

DISCUSSION

We have shown here that adenoviruses may be highly useful in
delivering genes to normal human macrophages, permitting
analysis of the signaling pathways involved in the production of
cytokines by these cells, and evaluating the pathways involved
in a complex disease such as RA. This technique permitted us
to demonstrate that LPS-induced TNFa production was
NF-«B dependent and set the stage for evaluating whether
NF-«B is involved in the constitutive TNFa production oc-
curring in RA joints. The subsequent demonstration of inhi-
bition indicates that NF-«B is important for TNFa production
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Fi1G.4. AdvlkBa infection inhibits TNF« induction in primary cells
and rheumatoid joint cell cultures. Human monocytes cultured in the
presence of M-CSF for 48 hr were untreated, infected with control
adenovirus (Adv0), or infected with AdvIkBa at various moi. Two days
after infection, cells were replated at 5 X 10° cells per well on a 96-well
plate (4) or at 5-10 X 10° cells per 100 mm Petri dish (B) and
stimulated with 10 ng/ml LPS for 2 hr (4) or 16 hr (B). (A4)
Supernatants were removed and analyzed for TNFa by ELISA. (B)
Cells were harvested and mRNA extracted and subjected to Northern
analysis with the indicated probes. 4 represents results from seven
different blood donors. Data in 4 and B are expressed as a percentage
of the TNF« production from LPS-activated uninfected cells. Using a
paired comparisons Student’s ¢ test, there was significant (P < 0.001)
inhibition at 20:1, 40:1, and 80:1 of AdvIkB. (C) Cells from rheumatoid
synovium were cultured in 48-well plates at 1 X 10° cells and infected
with either AdvikBa or AdvO at a moi of 40 to 1. The supernatants
were taken for ELISA assay at 48 hr; pooled data from the five patients
is shown (=SD). The null hypothesis that there was no change in TNF
production whether cells were infected with AdvIkB or Adv0 could be
rejected (P < 0.05) using a Wilcoxon’s signed rank test on paired
differences compared with untreated cells on each patient.

in RA and is a therapeutic target in this disease. Although
NF-«B has been shown to be activated in RA synovium
previously by immunohistology (33), we have demonstrated a
direct link between NF-«B activation and the production of
TNFa in human RA tissue.

The most practical way of blocking NF-«B function remains
to be ascertained. Several publications have described the
effect of small molecules such as gliotoxin, free radical scav-
engers, and protease inhibitors as potential NF-«B inhibitors
but it is unlikely that these will be sufficiently specific. Previ-
ously, antisense oligonucleotides to p65 have been used to
block NF-«kB activation and this was effective when adminis-
tered locally in a murine model of colitis (34). The possible
benefits or otherwise of inhibiting a single NF-«B subunit,
versus the use of IkBa, which will inhibit the various pre-

Proc. Natl. Acad. Sci. USA 95 (1998)

A
g Apoptosis Gl G2M
%
53 untreated
ETE
ﬁ._
ﬁln"‘ 1w . 10*
-
%
TNF +

ga
£ cycloheximide

S =
1 OTNFrAdO

2

8

-lD 10‘

s

g

#{ TNF+AdvikBa
L

:mﬂ 4]

B

8

E- : 0,
§§~ untreated : 1.5%
= !

- :
-3 =

5 :

= 3%
§f~ TNF+Adv0 !
3=

¥ :

5 ' 721%
§f TNF+ ;

= l{Adv]KBa i

-|D ||°l

Fi1G. 5. Lack of apoptosis with TNFa in IkBa-infected macro-
phages. Human monocytes treated with M-CSF for 48 hr (4) or Hela
cells (B) were plated on 60-mm Petri dishes at a density of 2-3 X 10°
cells per dish. They were left untreated or infected with control
adenovirus or AdvikBa at a moi of 40. Two days after infection, TNFa«
(20 ng/ml) and cycloheximide (2 wg/ml) were added as indicated.
After 16 hr cells were stained for 30 min in 1.5 ml of a hypotonic
fluorochrome solution (50 wg/ml of propidium iodide in 0.1% sodium
citrate plus 0.1% Triton X-100), and the resulting propidium iodide-
stained nuclei were analyzed by flow cytometry. The percentage of
cells in each sector is indicated.

formed dimeric NF-«B factors, are unclear. The recently
cloned I«B kinases (35-39), or other steps in the IxB degra-
dation pathway, or the NF-«B nuclear localization pathway
also would be appropriate drug targets (40, 41). Gene therapy
may be a possibility for a disease where the diseased tissue is
accessible, including RA, Crohn’s disease, or psoriasis (42, 43).
These results also suggest that suppressing the activity of
NF-«B may be a useful target for drugs aimed at reducing the
inflammatory effects of excess LPS, such as in endotoxin-
induced septic shock (44).

Anti-TNFa antibody treatment of RA joint cell cultures has
widespread effects on the cytokine environment. There is
diminished expression of a variety of proinflammatory cyto-
kines, e.g., IL-1, GM-CSF, and IL-6 (3). This probably helps
account for the efficacy of this antibody in vivo as does its
down-regulation of adhesion molecules and chemokines lead-
ing to reduced leukocyte trafficking (45). Preliminary data on
the expression of cytokines by AdvIkBea-infected primary
macrophages and RA synovial cells reveals widespread inhib-
itory effects on IL-1, IL-6, and IL-8 (unpublished work). An
unexpected result was the failure to observe any apoptosis
induced by the AdvIkBe in human macrophages, although cell
death was induced in Hela cells, as in previously published



Immunology: Foxwell et al.

papers (28, 29, 46). To date most studies linking NF-«B to
antiapoptotic effects have been performed in cell lines. How-
ever, normal human macrophages provide a primary nonpro-
liferating model, and it is unclear whether the lack of apoptosis
is caused by the nondividing nature of the cells or whether the
role of NF-«B in protecting cells depends on cell type.

The technique of efficient gene transfer into normal human
macrophages described here provides an approach for evalu-
ating the relative importance of various biochemical pathways
of signal transduction in the many diseases that involve excess
activation of human macrophages, as well as determining the
possible therapeutic effects of interrupting intracellular sig-
naling pathways. A key question is the specificity of inhibition
by AdvIkB. This also has been addressed by assessing effects
of the virus on cytokines like IL-10 and IL-1 receptor antag-
onist, which are not NF-«B dependent. Furthermore, some
stimuli that induce TNFq, e.g., zymosan, are not inhibited by
AdvikB (J.B., K.B,, F.B., B.F., and M.F., unpublished work).
Another benefit of efficient infection of normal cells is that it
allows the regulation of the endogenous chromosomal genes to
be studied, without the requirement for the coexpression of
ectopically expressed reporter constructs or alternatively the
clonal selection of stable cell lines to ensure that an homog-
enously modified cell population is being investigated. Such
stable gene transfer of IkBa ¢cDNA using a retrovirus into
THP-1, a monocytic cell line, recently was described (47). This
was found to partially inhibit LPS-induced NF-«B activation
and markedly reduce IL-1B transcription, IL-6, and IL-8
secretion, results that are consistent with our study (47).
However, this retroviral technique is not possible with most
normal cells, because only dividing cells integrate retrovirus.
Thus, at present the adenoviral method described here is
currently the only one known to permit the dissection of
signaling pathways in normal macrophages. This has permitted
us to demonstrate the importance of NF-«B in the constitutive
TNF« production in rheumatoid synovium, predicting that
blocking NF-«B should be an effective therapeutic target for
RA.
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