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Inhibition of Macrophage Nuclear Factor-�B Leads
to a Dominant Anti-Inflammatory Phenotype that
Attenuates Glomerular Inflammation in Vivo
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Infiltrating macrophages (m�) can cause injury or
facilitate repair, depending on how they are activated
by the microenvironment. Studies in vitro have de-
fined the roles of individual cytokines and signaling
pathways in activation, but little is known about how
macrophages integrate the multiple signals they re-
ceive in vivo. We inhibited nuclear factor-�B in bone
marrow-derived macrophages (BMDMs) by using a
recombinant adenovirus expressing dominant-nega-
tive I�B (Ad-I�B). This re-orientated macrophage acti-
vation so they became profoundly anti-inflammatory
in settings where they would normally be classically
activated. In vitro , the lipopolysaccharide-induced ni-
tric oxide, interleukin-12, and tumor necrosis fac-
tor-� synthesis was abrogated while interleukin-10
synthesis increased. In vivo , fluorescently labeled
BMDMs transduced with Ad-I�B and injected into the
renal artery significantly reduced inducible nitric ox-
ide synthase and MHC class II expression when acti-
vated naturally in glomeruli of rats with nephrotoxic
nephritis. Furthermore, although they only com-
prised 15% of glomerular macrophages, their pres-
ence significantly reduced glomerular infiltration and
activation of host macrophages. Injury in nephro-
toxic nephritis was also decreased when assessed
morphologically and by severity of albuminuria. The
results demonstrate the power of Ad-I�B-transduced
BMDMs to inhibit injury when activated by acute im-
mune-mediated inflammation within the glomerulus.
(Am J Pathol 2005, 167:27–37)

Macrophage infiltration is one of the hallmarks of severe
or progressive renal disease, and studies over the past
decade provide compelling evidence that they cause
tissue injury. The severity of injury correlates with the
intensity of the macrophage infiltrate in patients with glo-
merulonephritis and in experimental models.1,2 Immuno-
histological studies show that macrophages infiltrating
the kidneys of patients and rodents with focal necrotizing
glomerulonephritis express MHC class II molecules and
inducible nitric oxide synthase, as well as other activation
markers typical of a pro-inflammatory phenotype. Purified
glomerular macrophages from rats with acute nephritis
have the characteristics of classically activated (cyto-
toxic) macrophages.3

Proof of the pathogenetic role of macrophages is pro-
vided by macrophage depletion and repletion experi-
ments in rodent models of acute nephritis, which show
that depletion abrogates glomerular injury and that this is
reversed by adoptive transfer of macrophages. Further-
more, activation of adoptively transferred cells with inter-
feron-� (IFN-�) increases their toxicity4 while inhibiting
JNK, a key pro-inflammatory signaling pathway greatly
decreases it.5 However, the intensity of glomerular mac-
rophage infiltration does not always correlate with the
severity of injury,6,7 and there is indirect evidence that
they contribute to resolution of glomerular inflammation.
The adoptive transfer into the kidney of small numbers of
macrophages expressing anti-inflammatory cytokines
such as interleukin (IL)-4 and IL-10 provides evidence of
the effectiveness of anti-inflammatory macrophages in
reducing renal inflammation.8,9 This is consistent with
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studies of inflammation in lung and skin that clearly dem-
onstrate the importance of macrophages for resolution of
injury and for tissue repair.10,11

These results highlight the heterogeneity of inflamma-
tory macrophages, and insights into how this occurs have
been gained from in vitro studies analyzing the different
activating factors and downstream intracellular signaling
pathways. IFN-� together with pro-inflammatory stimuli
such as lipopolysaccharide (LPS) or tumor necrosis fac-
tor-� (TNF-�) induce classical macrophage activation
characterized by anti-microbial and cytotoxic properties
as part of the host responses to infection or autoimmune
disease,12 whereas exposure to IL-4 or IL-13 results in
alternatively activated macrophages that attenuate in-
flammation and promote tissue repair.13 Other stimuli
result in different, less well-characterized activation
states (reviewed in Ref. 14). By contrast, incubation with
exogenous IL-10 de-activates macrophages,15 and IL-10
is an important negative feedback regulator in pro-inflam-
matory macrophages. Accordingly, macrophages acti-
vated by ligation of IL-1 and TNF-� superfamily receptors
(including Toll-like receptors), oxidative stress, and UV
radiation16 rapidly release large amounts of pro-inflam-
matory mediators, but later, they synthesize large quan-
tities of IL-10.15 The nuclear factor-�B (NF-�B) signaling
pathway plays a central role in the pro-inflammatory mac-
rophage responses to LPS, but it is not known how the
subsequent IL-10 response is controlled and, specifi-
cally, whether NF-�B is involved.

In resting cells, NF-�B is sequestered in the cytoplasm
by inhibitor of NF-�B (I�B). Stimulation of signaling path-
ways leads to activation of I�B kinase complex, which
phosphorylates I�B serines at positions 32 and 36. I�B
then can be ubiquitinated and degraded by the 26S
proteosome, releasing NF-�B, which translocates to the
nucleus where it initiates transcription of NF-�B-sensitive
genes. The question remains how macrophages with an
inhibited NF-�B pathway will respond to the inflammatory
environment in vivo and what effect they in turn will have
on the progression of injury. Our strategy was to charac-
terize the properties of rat bone marrow-derived macro-
phages (BMDMs) transduced with a recombinant adeno-
virus expressing dominant-negative I�B to block NF-�B
signaling. The dominant-negative form of I�B has serine
32 and 36 mutated to alanine, so it cannot be phosphor-
ylated and degraded.17 This provides a highly effective
biological approach to block NF-�B signaling.

We hypothesized that inhibition of NF-�B by transduc-
tion with a constitutively active I�B would inhibit the pro-
inflammatory consequences of classically activated mac-
rophages while leaving the delayed IL-10 response
intact. If this were the case, then NF-�B-inhibited macro-
phages entering an acutely inflamed glomerulus or other
pro-inflammatory environment would respond by ex-
pressing IL-10 without prior release of pro-inflammatory
mediators and thus might be profoundly anti-inflamma-
tory. Accordingly, we designed the present experiments,
first, to ascertain whether inhibition of NF-�B did abrogate
the IL-10 response in vitro, and we then used a novel
strategy to determine the effects of infusing small num-
bers of NF-�B blocked cells on injury in rats with neph-

rotoxic nephritis. The results demonstrate that NF-�B-
blocked macrophages release IL-10 after activation, and
that such macrophages do not become classically acti-
vated after infusion into the kidneys of rats with nephro-
toxic nephritis but instead have a dominant anti-inflam-
matory effect and attenuate injury.

Materials and Methods

Cells and Reagents

Rat BMDMs were isolated by aspiration of the femur and
tibia and suspended in culture medium comprising Dul-
becco’s modified Eagle’s medium supplemented with
10% heat inactivated fetal calf serum, 100 U/ml penicillin,
and 100 �g/ml streptomycin with the addition of 20%
L929 conditioned medium produced using a standard
protocol;18 this yields a population of �95% macro-
phages. For all studies, cells were cultured for 5 days
after harvesting, after which time they were transduced
with adenovirus. Nephrotoxic serum was produced ac-
cording to our standard protocol.19

Recombinant Adenoviruses and Transduction

The recombinant adenoviral vectors adenovirus express-
ing dominant-negative I�B� (Ad-I�B�) and p65RHD were
a gift from Christian Jobin (University of North Carolina)
and Joseph Anrather (Harvard Medical School, Boston,
MA), respectively, and were prepared as described pre-
viously.20 Briefly, cDNA coding for dominant-negative
I�B� and p65RHD were cloned into the pAC.CMV-
pLpASR�vector. The resulting pAC.CMV/I�B plasmid
plus the purified fragment of ClaI-digested DNA from
E1-deleted adenovirus type 5 and p65RHD/pAC.CMV-
pLpASR� vector with the pJM17 recombination plasmid
containing the full-length adenoviral genome with a de-
letion in the E1 region were coinfected into 293 cells
(human embryonic kidney cells). Adenovirus clones ob-
tained by limiting dilution in 293 cells were tested for both
Ad-I�B� and p65RHD overexpression using Western
blotting. Null adenovirus containing no insert (Ad-null), a
gift from Dr. F. Graham (Ontario, Canada), was used as
control virus throughout the study. All adenoviruses were
produced in 293 cells and subsequently purified on a
caesium chloride gradient, dialyzed against 10 mmol/L
Tris buffer, pH 7.4, with 10% (v/v) glycerol, and stored at
�70°C; viral preparations had low or zero levels of endo-
toxin. Viral titer was determined by plaque assay on
human embryonic kidney 293 cells. Transduction was
performed in standard medium with 2% fetal calf
serum.21

Electrophoretic Mobility Shift Assay

Rat BMDMs uninfected or infected for 48 hours with 100
pfu/cell of Ad-null, Ad-I�B, or p65RHD were stimulated
for 2 hours with 100 ng/ml LPS (Sigma-Aldrich, Dorset,
UK) and/or 10 ng/ml IFN-� (BD Biosciences Pharmingen,
Cowley, Oxford, UK) and incubated for 15 minutes with
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ice-cold buffer containing 10 mmol/L Hepes, 10 mmol/L
KCl, 0.1 mmol/L EGTA, 0.1 mmol/L EDTA, and 1 mmol/L
dithiothreitol supplemented with a cocktail of protease
inhibitors with broad specificity for the inhibition of serine,
cysteine, aspartic proteases, and aminopeptidases (Sig-
ma-Aldrich). Cells were lysed by adding 10% Nonidet
P-40, supernatant was removed, and the pellet resus-
pended in ice-cold buffer containing 20 mmol/L Hepes,
0.4 mmol/L NaCl, 1 mmol/L EGTA, 1 mmol/L EDTA, 1
mmol/L dithiothreitol, and 5% glycerol supplemented with
protease inhibitors. The mixture was incubated for 60
minutes, and supernatants (nuclear extract) were re-
moved by centrifugation. Equal amounts of nuclear ex-
tracts were incubated for 10 minutes at 37°C with
[�-32P]ATP-radiolabeled NF-�B oligonucleotide (5�-AGT
TGA GGG GAC TTT CCC AGG C-3� 3�-TCA ACT CCC
CTG AAA GGG TCC G-5�) (Promega, Southampton,
United Kingdom), and the DNA protein complexes were
separated on a 5% polyacrylamide gel.

Measurement of Cytokines and
Nitrite Generation

Normal BMDMs and BMDMs transduced with Ad-null or
Ad-I�B for 48 hours were stimulated for 24 hours with 100
ng/ml LPS (Sigma-Aldrich) and/or 10 ng/ml IFN-� (BD
Biosciences Pharmingen) in 1-ml wells. Supernatants
were removed, and cells were harvested and counted.
The concentration of cytokines in the supernatant was
determined by capture enzyme-linked immunosorbent
assay using kits specific for TNF-�, IL-10, active TGF-�,
(BD Pharmingen) and IL-12 (Biosource International Cal-
ifornia). Generation of NO by macrophages was as-
sessed by nitrite production assayed using a Greiss re-
action22 without reduction of nitrite. To detect cell surface
expression of MHC II or CD86, BMDMs were treated with
IFN-� and scraped off wells, and 4 � 105 cells/ml were
incubated for 1 hour with 2 �g/ml fluorescein isothiocya-
nate (FITC)-conjugated monoclonal to either mouse anti-
rat MHC class II Ia IgG (Serotec, MCA46FT) or mouse
anti rat CD86 (B7-2, 555018; BD Pharmingen) and ana-
lyzed by flow cytometry Specific labeling was determined
by comparing with nonspecific staining using a FITC-
labeled isotype-matched control mAb. Expression of
MHC class II or CD86 was determined in terms of specific
mean fluorescence relative to isotype control antibody. In
each experiment, 10,000 events per sample were
collected.

Nephrotoxic Nephritis (NTN) and in Vivo
Delivery of Macrophages

Inbred male Sprague-Dawley rats (200–250 g) (Harlan,
Bicester, Oxon) were pre-immunized with subcutaneous
injection of 1 mg of rabbit IgG (Sigma-Aldrich) in Freund’s
complete adjuvant and injected intravenously 1 week
later with rabbit nephrotoxic serum. This results in mac-
rophage infiltration, acute glomerular injury, and crescent

formation. Normal and transduced macrophages were
labeled with a red fluorescent membrane label, PKH-
26GL21 and harvested into serum-free media immedi-
ately before injection. Labeled macrophages were in-
jected directly into the renal artery 24 hours after
induction of NTN by performing a midline laparotomy and
isolating the left renal artery. The cells were injected into
the artery over 1 to 2 minutes, and renal blood flow
re-established in less than 5 minutes. Groups of at least
six rats were killed 2, 3, or 6 days after disease induction.
The proportion of glomerular macrophages that had been
adoptively transferred was measured in two ways. First
the proportion of NF�B-blocked macrophages was cal-
culated using immunohistology by relating the number of
fluorescent PKH 26GL-labeled (adoptively transferred)
macrophages to the total number of ED1-positive glomerular
macrophages in 50 consecutive glomeruli. The proportion was
also calculated using flow cytometry by determining the pro-
portion of CD11b-positive cells (identified using OX42, Serotec
MCA275FT) that also were labeled with PKH 26L.

Albuminuria and Pathology

Rats were housed in metabolic cages for 14 hours each
day for up to 6 days after disease induction for urine
collection. Urine albumin concentration was determined
using rocket electrophoresis21 and albuminuria calcu-
lated as the total albumin excreted over 24 hours. Sec-
tions of renal tissue fixed in methyl Carnoy’s fixative were
paraffin embedded, and 3-�m sections were cut before
routine staining with hemotoxylin and eosin (H&E),
methenamine silver, and Acid Fuchsin Orange G (to high-
light necrotic lesions and fibrin deposition) and immuno-
histochemistry. Tissue sections were examined histolog-
ically for severity of glomerular injury by a pathologist
blinded to the origin of the sample, using a standard
scoring system as follows; necrosis (0, absent; 1, focally
present over single glomerular segments; 2, widespread)
and sclerosis (0, absent; 1, mild; 2, moderate; 3, severe).
Glomerular numbers affected by crescents were counted
per 40 glomeruli. Total cellularity was quantified (nuclear
counts/glomerular cross-section, mean of 20 glomeruli)
regardless of the nature of the cells as infiltrating macro-
phage numbers were assessed independently. Glomer-
ular macrophage infiltration was assessed in tissue sec-
tions that were deparaffinized in xylene and rehydrated in
graded alcohol before being incubated with an antibody
to CD68 (ED1 Serotec, MCA341R) or MHC class II (OX6,
Serotec, MCA46R). The primary antibodies were visual-
ized by alkaline phosphatase-labeled rabbit anti-mouse
and mouse APAAP (Dako) and developed using Fast red
as a substrate. The number of ED1 and MHC class II-
positive cells were counted in 50 glomeruli at �200 mag-
nification by two independent observers, and the aver-
age number per glomerulus was calculated. Mesangium
stained weakly for MHC class II in some cases, but strong
positive staining was only observed in macrophages as
identified by a double stain with ED1.

NF-�B Inhibition Induces Anti-Inflammatory m� 29
AJP July 2005, Vol. 167, No. 1



Isolation of Glomeruli

Kidney was cut into pieces of �1 mm3 in ice-cold Paris
buffer (20 mmol/L Tris/HCl, 125 mmol/L NaCl, 10 mmol/L
KCl, 10 mmol/L sodium acetate, and 5 mmol/L glucose)
and tissue sieved through 250- and 150-�m sieves, and
glomeruli were collected on a 63-�m filter. For visualiza-
tion of the fluorescent macrophages within glomeruli, the
isolated glomeruli were labeled with anti-rabbit IgG FITC
(Sigma-Aldrich) that binds to the rabbit IgG from the
nephrotoxic serum deposited on the glomerular base-
ment membrane, and the number of PKH-26GL-positive,
fluorescent cells in 100 glomeruli was counted.

Isolation of Glomerular Cells

Isolated glomeruli were washed in Hanks’ balanced salt
solution (HBSS) with calcium and magnesium (Sigma-
Aldrich) and then incubated for 10 minutes at 37°C in 4 ml
of prewarmed HBSS containing 0.5 mg/ml trypsin, 1
mg/ml collagenase (Type I), and 0.1 mg/ml DNase
(Sigma-Aldrich). After washing in HBSS without calcium
and magnesium, the partially digested glomeruli were
incubated in 2 mmol/L EDTA, disodium salt in the same
buffer for 10 minutes at 37°C. For final dissociation, the
cell preparation was passed five times through a 23-
gauge needle, and cells were washed in HBSS and
counted.

Flow Cytometry Analysis

MHC class II-positive macrophages were detected by
incubating 8 � 105 isolated glomerular cells/ml for 1 hour
with 4 �g/ml of FITC-conjugated monoclonal to anti-rat/
mouse I-A IgG (Serotec, MCA46FT). For detection of
inducible nitric oxide synthase (iNOS), cells were fixed
and permeabilized by Cytofix/cytoperm reagent (BD
Pharmingen), blocked with 10% goat serum (Sigma-
Aldrich), and incubated for 1 hour with 2 �g/ml anti rat
iNOS23 followed by FITC-labeled goat anti-rabbit IgG
(Sigma-Aldrich) for 1 hour. Specific labeling was com-
pared with nonspecific staining using a FITC-labeled iso-
type-matched control antibody. Single-cell preparations
of glomeruli were analyzed on a FACSCalibur and using
CellQuest software (BD Biosciences). A gate was set to
include all PKH-26L-labeled cells, and the FL1 fluores-
cence from these (ie, those MHC class II or iNOS posi-
tive) was displayed as a histogram (Figure 4A). Results

were expressed as the percentage of PKH-26L-labeled
cells that were MHC class II or iNOS positive relative to
isotype control antibody.

Statistics

Results are presented as mean � SD, and differences
between groups of cells or animals were tested using a
two-way analysis of variance followed by a multiple range
test (Tukey analysis) or a Mann-Whitney nonparametric
ranking test.

Results

Characterization of Macrophages Transduced
with Ad-I�B

Our previous work has shown rat BMDMs are transduced
with 50 to 150 pfu/cell recombinant adenoviruses with
high efficiency and little toxicity.8,9,21 We confirmed this
was true for Ad-I�B transduction because of reports that
NF-�B inhibition can increase sensitivity to apoptosis.24

Viability was not significantly altered when BMDMs were
transduced with Ad-I�B at these concentrations (Table
1). Expression of the dominant-negative I�B protein, as-
sessed by Western blotting, reached a maximum by 48
hours, and the expression was not influenced by LPS or
IFN-�. Consequently, a viral dose of 100 pfu/cell was
used in subsequent transductions.

The ability of dominant-negative I�B to suppress
NF-�B nuclear translocation was confirmed on electro-
phoretic mobility shift assay (EMSA). We investigated the
presence of Rel/NF-�B in the nuclear extract of either
unstimulated or LPS and IFN-�/LPS-stimulated cells. LPS
or IFN-�/LPS stimulation resulted in an increased Rel/
NF-�B translocation to the nucleus (Figure 1). Confirma-
tion that the identified EMSA band was p65 was obtained
by transducing macrophages with an adenovirus ex-
pressing a dominant-negative form of p65. This gives an
intense p65 band that was supershifted by pre-incuba-
tion with anti-p65 antibodies. In contrast, transduction of
macrophages with Ad-I�B resulted in a marked decrease
in nuclear NF-�B that was not increased by either LPS or
a combination of IFN-�/LPS stimulation thus indicating
sequestration of RelA/NF-�B in the cytoplasm.

As expected, NO, TNF-�, and IL-12 responses were
profoundly inhibited in Ad-I�B-transduced macrophages

Table 1. Properties of Ad-I�B-Transduced Macrophages

Pfu/cell
Percentage of

cells transduced
Mean fluorescent

intensity Viability

50 64 � 4 122 99 � 8
100 89 � 6 143 100 � 6
150 86 � 8 137 98 � 11
200 72 � 5 149 89 � 7

Transduction efficiency, mean fluorescence intensity, and viability of Ad-I�B-transduced bone marrow-derived macrophages as determined by flow
cytometry using an anti-rat I�B antibody and by propidium iodide, respectively. Maximum transduction efficiency with minimum cell death was
achieved with 100 pfu/cell.
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(Table 2), demonstrating the effectiveness of blocking
pro-inflammatory effects. Also, transduction with either
Ad-I�B or Ad-null did not inhibit LPS-induced IL-10 syn-
thesis (Table 2). In fact the response was amplified in
Ad-I�B-transduced cells. TGF-� synthesis did not differ in
control and Ad-I�B-transduced BMDMs.

Next, we assessed the ability of Ad-I�B transduction to
block classical macrophage activation by the combina-
tion of IFN-� and LPS. The increase in IL-12 was signifi-
cantly attenuated in Ad-I�B-transduced cells (Figure 2A).
Interestingly, the IL-12 response substantially increased
by 48 hours, even though levels remained significantly
less than those of normal BMDMs and Ad-null-trans-
duced cells. Ad-I�B also blocked the normal IFN-�-in-
duced increase in NO generation (Figure 2B), MHC class
II expression (Figure 2C), and CD-86 expression (Figure
2D) seen in normal and Ad-null-transduced BMDMs.

Therefore functioning of the NF-�B pathway was essential
for the normal BMDM response to IFN-�.

Transduction with Ad-I�B radically altered the inflam-
matory potential of macrophages activated by LPS not
only by inhibiting pro-inflammatory mediators but also by
enhancing IL-10 expression (Table 2), resulting in a
threefold decrease in the overall ratio of TNF-�, IL-12,
and nitrite relative to IL-10. Therefore inhibition of NF-�B
not only decreases the potential for macrophages to
cause injury when exposed to LPS but favors an anti-
inflammatory phenotype. To determine whether they be-
haved in a similar way when activated in the more com-
plex environment in vivo, their properties were examined
in a macrophage dependent model of acute immune-
mediated inflammation (NTN).

In Vivo Properties of NF-�B-Inhibited
Macrophages

Fluorescently labeled BMDMs injected into the renal ar-
tery localize poorly to normal glomeruli but efficiently to
inflamed glomeruli in rats with NTN8,9,21 with retention
times within glomeruli with a t1⁄2 of approximately 4 days.
More than 85% of glomeruli in the injected kidney con-
tained transduced cells (Figure 3) with those glomeruli
containing 6.1 � 2.4 injected BMDMs/glomerulus. Glo-
merular macrophages in the acute phase of NTN develop
a fixed, classically activated phenotype.22,25,26 The effect
of transduction with Ad-I�B on this activation was as-
sessed by injecting transduced, fluorescently labeled
macrophages into kidney and analyzing single cells pu-
rified from the glomeruli by flow cytometry to determine
the activation state of only the labeled, injected BMDMs
(Figure 4A). After 24 hours of residence in nephritic glo-
meruli (ie, 48 hours after induction of nephritis), both the
number of injected macrophages expressing iNOS (Fig-
ure 4B) and the mean fluorescent intensity (MFI) of the
positive cells were significantly reduced in Ad-I�B-trans-
duced macrophages (MFI, Ad-I�B 35.4 � 2.9; Ad-null,
64.7 � 13.1). The changes were more marked after 48
hours (MFI, Ad-I�B 40.5 � 5.8; Ad-null, 80.5 � 9.8).
These results are consistent with the decrease in NO
production by Ad-I�B-transduced macrophages stimu-
lated with IFN-� and LPS in vitro. After 24 hours resi-
dence, there was a significant increase in the number of

Figure 1. Ad-I�B suppresses LPS-induced nuclear translocation of NF-�B.
BMDMs were transduced with relevant adenoviral vectors and stimulated 48
hours later with either LPS or a combination IFN-�/LPS. Nuclear extracts were
removed and analyzed for the presence of NF-�B using EMSA. Identity of
NF-�B was assessed by a supershift (SS) in the NF-�B molecule that resulted
from the incubation of cell extract from LPS-stimulated cells with 2 �g/ml of
rabbit polyclonal antibody directed against the N-terminal of p65 subunit and
by transduction with Ad-p65RHD, which produced a prominent nuclear
band.

Table 2. Effect of Ad-I�B Transduction on Nonstimulated and LPS-Induced TNF-�, IL-12, Nitrite, IL-10, and Active TGF-�
Expression by Rat Bone Marrow-Derived Macrophages

Nontransduced Ad-null

LPS

Ad-I�B Nontransduced Ad-null Ad-I�B

TNF-� (pg/ml) 28 � 2 250 � 31* 128 � 11* 1342 � 121 1721 � 165 572 � 58†

IL-12 (pg/ml) BLD BLD BLD 172 � 18 198 � 21 100 � 8†

Nitrite (�mol/L) 12 � 2 39 � 2* 27 � 8* 166 � 11 176 � 13 62 � 7†

IL-10 (pg/ml) 88 � 10 64 � 4 130 � 19* 1607 � 156 1718 � 132 2058 � 189†

TGF-� (pg/ml) 3685 � 333 3583 � 343 3201 � 227 3473 � 510 2349 � 250 2577 � 390

Ad-I�B transduction resulted in the inhibition of NO release and TNF-� and IL-12 production by macrophages in response to LPS stimulation while
IL-10 concentration was elevated. BLD, below limit of detection. Results are means � SD (n � 5) and were compared by ANOVA followed by a
multiple range test (Tukey analysis).

*P � 0.05 compared with nontransduced cells.
†P � 0.05 compared with nontransduced and Ad-null transduced cells.
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Ad-null-transduced BMDMs that expressed MHC class II,
and this response was greatly attenuated in Ad-I�B-
transduced macrophages (Figure 4, A and B). In contrast
to iNOS, the MFI of the positive cells was the same in both

groups, suggesting that NF-�B inhibition has a stochastic
(ie, all or none) response for MHC class II rather than a
modulating one. After 48 hours of residence, there was
no significant difference in expression of MHC class II
between the groups (Figure 4B).

The results demonstrate that Ad-I�B transduction sig-
nificantly reduced two of the key properties of classically
activated macrophages that develop within acutely in-
flamed glomeruli. This suggests they may have a re-
duced capacity to induce injury and raises the important
question of whether they are actively anti-inflammatory and
reduce injury by naturally recruited host macrophages.

Effect of NF-�B-Inhibited Macrophages on
Macrophage-Induced Injury in Vivo

Figure 5 shows significant injury in our NTN model with
glomerular crescents, fibrosis, and macrophage infiltra-
tion 6 days after induction of nephritis. Epithelial cellular
crescents with fibrin deposition, some macrophages, and
fibrosis but no sclerosis predominate in this model. Injury
was reduced in rats treated with Ad-I�B-transduced mac-
rophages (Figure 5, right panel) compared with control
nephritic rats (Figure 5, left panel) or rats treated with
Ad-null-transduced macrophages (Figure 5, middle
panel). There were significantly fewer crescents, signifi-
cantly less necrosis and sclerosis, and although not sta-
tistically significant, less cellularity in glomeruli of rats
treated with Ad-I�B, using a standard scoring system for
histologically examining the severity of glomerular injury
(Table 3).

The adoptively transferred Ad-I�B-transduced macro-
phages comprised only 11 � 1.5% of the total macro-
phages infiltrating the glomerulus (in the case of rats
injected with Ad-null-transduced cells). Consequently,
there were approximately 10-fold more normal host mac-
rophages infiltrating the glomerulus than there were
adoptively transferred NF-�B blocked macrophages. De-
spite this, injection of Ad-I�B-transduced BMDMs signif-

Figure 2. Effects of IFN-�/LPS and IFN-� alone on normal and transduced
BMDMs. Normal rat BMDMs and BMDMs transduced 48 hours previously
with Ad-null or Ad-I�B� were left unstimulated or stimulated for a further 24
hours with IFN-� or IFN-� followed 4 hours later by LPS (for determination
of IL-12). Supernatant was removed, and IL-12 was determined by enzyme-
linked immunosorbent assay (A) and nitrite measured using Greiss reaction
(B) (mean � SD, *P � 0.05). Unstimulated cells have no detectable IL-12
production, and all of the bars in the graph represent cells stimulated with
IFN-�/LPS. Cells were harvested, and cell surface expression of MHC II (C)
or CD86 (D) was analyzed by flow cytometry. Solid graphs are cells stained
with irrelevant nonspecific FITC-labeled isotype-matched control antibody.
Ad-I�B transduction resulted in the inhibition of IL-12 in response to IFN-�
and LPS and inhibition in nitrite and MHC class II and CD86 production by
macrophages in response to IFN-�. Graphs shown are representative for
results from four experiments.

Figure 3. Glomerular localization of PKH 26L-labeled BMDMs to the glo-
meruli of rats with NTN. Glomeruli were isolated from kidneys injected 24
hours previously with Ad-I�B-transduced (top) or Ad-null-transduced (bot-
tom) BMDMs. The transduced macrophages were labeled with PKH-26L and
fluoresce red (left panels). The glomerular basement membrane has been
labeled with an anti-rabbit FITC IgG that binds to the deposited IgG in the
glomerulus, showing that large numbers of Ad-I�B- or Ad-null-transduced,
fluorescently labeled BMDMs localize efficiently in all of the glomeruli (right
panels).
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icantly reduced the number of host inflammatory macro-
phages infiltrating glomeruli (Figure 6A). Consequently,
the injected BMDMs constituted 15 � 2% of total macro-
phages in this group. There was a significant reduction in

the number (and proportion) of host macrophages ex-
pressing MHC class II in rats treated with Ad-I�B-trans-
duced BMDMs (Figure 6B). At day 3, the decrease in
MHC class II was less evident, correlating with results of
flow cytometry that did not demonstrate decreased MHC
class II at this time point. Ad-I�B-transduced macro-
phages also significantly attenuated glomerular injury
when assessed functionally by the severity of albumin-
uria, particularly at early time points, (Figure 7) again
indicating they had a strong protective effect on disease.

Discussion

NF-�B is a critical regulator of macrophage pro-inflam-
matory responses in vitro, and inhibiting it down-regulates
these responses. Here, we determined whether blocking
NF-�B could also significantly impair the pro-inflamma-
tory potential of macrophages in an in vivo inflamed en-
vironment. We demonstrate NF-�B has broader effects
on macrophage function as transduction with a domi-
nant-negative I�B not only inhibited release of pro-inflam-
matory cytokines and nitric oxide on LPS activation but
also enhanced IL-10 synthesis. More importantly, NF-�B
inhibition prevented classical activation of macrophages
infiltrating an inflamed environment in vivo. Instead Ad-
I�B-transduced BMDMs are strongly anti-inflammatory,
and small numbers of them profoundly attenuated glo-
merular injury in vivo in nephrotoxic nephritis by reducing
both infiltration and activation of host macrophages.

Our demonstration that macrophages expressing
dominant-negative I�B have reduced IL-12 and TNF-�
synthesis and NO generation when stimulated with LPS is
entirely consistent with previous studies.27,28 The com-
bined stimulation of macrophages with LPS and IFN-�
results in enhanced expression of these genes presump-
tively because their promoter regions contain STAT-bind-
ing sites as well as NF-�B sites. IFN-� itself activates
NF-�B via an RNA-dependent protein kinase.29–31 It is not
surprising that dominant-negative I�B decreased NO
generation by BMDMs activated with IFN-� alone. More
surprisingly, the repressor completely abrogated IFN-�-
induced expression of MHC class II and CD86 by BM-
DMs. This implies an essential role for NF-�B in at least
some STAT 1-dependent IFN-� responses. The two most
likely explanations for this are either that NF-�B facilitates
STAT-1 binding to promoter regions of the two genes, or
that its inhibition induced the synthesis of molecules that
directly inhibit IFN-� signaling, such as the Suppressors
of Cytokine Signaling proteins.32 Regardless of the
mechanism(s), the ability of dominant-negative I�B to
inhibit classical macrophage activation is important for
the in vivo studies because glomerular macrophages in
the acute phase of NTN are classically activated.

Many stimuli that increase pro-inflammatory mediators
by activating NF-�B also induce the anti-inflammatory
cytokine IL-10,15 albeit with a delayed time course. Few
studies have examined the influence of NF-�B on this
process, and the published results are contradictory.
Studies of the NF-�B pathway in genetically deficient
mice showed that an I�B kinase 2 deletion caused a

Figure 4. A: Flow cytometry analysis of PKH 26L-labeled cells after recovery
from single-cell preparations of inflamed glomeruli. Controls are indicated by
PKH 26GL-positive cells in the presence of MHC class II isotype control (I),
and MHC class II-positive cells in a glomerular preparation in the absence of
injected PKH 26L-positive cells (II). Bottom histograms indicate the percent-
age of total glomerular cells that are Ad-null-transduced (III) or Ad-I�B-
transduced (IV) injected, PKH 26GL-positive cells that stain (top right
quadrant) or do not stain (top left quadrant) for MHC class II. The
expression of MHC class II was significantly less in Ad-I�B-transduced mac-
rophages. Dot blots shown are representative for results from at least six rats
per group. B: Activation of injected labeled BMDMs after conditioning by
inflamed glomeruli. Individual transduced macrophages were recovered
from inflamed kidney, and their properties were analyzed by flow cytometry
as described in Materials and Methods. Ad-I�B-transduced macrophages
exhibited a significant decrease in their expression of iNOS (24 and 48 hours
of exposure to an inflamed environment) and MHC class II (after 24 hours)
as compared with injected, Ad-null-transduced macrophages. *P � 0.05
compared with Ad-null-transduced cells.
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significant reduction in LPS-induced bone marrow-de-
rived macrophage IL-10 secretion,33 whereas p50 defi-
ciency, which acts further down the pathway, enhanced
it.28 These differences were reflected by results from in
vivo studies that demonstrated a reciprocal relation be-

tween IL-10 concentrations and the development of ath-
eromatous inflammation. Using a similar strategy to ours,
Bondeson et al27 transduced human monocytes with a
dominant-negative I�B and found that the transduced
cells had no significant decrease in IL-10 expression on

Figure 5. Representative histological and immunohistological analysis of glomeruli. A to C: H&E-stained section; D to F: Acid Fuchsin Orange G stain; G to I: silver
methenamine stain; J to L: immunostaining of ED-1-positive cells (red cytoplasmic staining). Kidney sections are from control nephritic animals (A, D, G, and J),
animals treated with Ad-null-transduced cells (B, E, H, and K), and animals treated with Ad-I�B-transduced cells (C, F, I, and L), showing clear evidence that
animals treated with Ad-IkB-transduced cells have reduced glomerular injury. Original magnification, �400.

Table 3. Histological Analysis of Kidney Sections at Day 6 from Control Nephritic Rats and Rats Treated with Ad-null or Ad
I�B-Transduced Macrophages

Control Ad-null Ad-I�B

Necrosis 1.9 � 0.2 2 � 0.6 1.3 � 0.2*
Sclerosis 0.9 � 0.3 1.5 � 0.4 0.3 � 0.08*
Glomerular cellularity/gcs 96 � 10 97 � 8 86 � 6
Crescents/40 glomeruli 7 � 2.5 7.5 � 2 3 � 0.6*

The scoring system for necrosis and sclerosis was translated into numerical values (see Material and Methods) and are averages � SD calculated
from six rats.

*P � 0.05 compared with noninjected nephritic rats or rats injected with Ad-null transduced cells (Figure 9).
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exposure to LPS despite a marked attenuation in expres-
sion of pro-inflammatory cytokines. A recent study by
Wessels et al34 demonstrates a similar principal with
BCL-3, an I�B like protein that interacts exclusively with
p50 and p65. They demonstrate that LPS-induced BCL-3
functions as an anti-inflammatory regulator in macro-
phages by attenuating transcription of pro-inflammatory
cytokines and activating IL-10 expression. Thus, interrup-
tion of the NF-�B pathway either by dominant-negative
I�B or p50 deficiency has little effect on cytokine secre-
tion by resting macrophages, but exposure to LPS or
classically activating factors results in unrestrained IL-10

synthesis with little or no synthesis of pro-inflammatory
cytokines. This potential is clearly demonstrated by the
ratios of TNF-�, nitrite, and IL-12 relative to IL-10, which
suggests that NF-�B-inhibited macrophages might be
anti-inflammatory and immunosuppressive in vivo. How-
ever, caution must be exercised in extrapolating in vitro
studies to the situation in vivo because of uncertainties
about activation by single cytokines rather than the
hugely more complex situation in vivo.

Direct studies in vivo are essential, and our use of the
rat NTN model provided unique opportunities for analyz-
ing macrophage activation in the much more complex
environment. NTN is a reproducible model of immune-
mediated renal injury. Macrophage-dependent injury is
induced by the host immune response to foreign IgG
planted in the kidney after injection of heterologous anti-
glomerular basement membrane antibodies.35–39 Fluo-
rescently labeled normal and manipulated macrophages
injected into the renal artery localize to nephritic glomer-
uli, and we have developed methods whereby they can
be recovered for analysis after activation in vivo. Infiltrat-
ing macrophages are classically activated with increased
expression of MHC class II and iNOS.

Inhibiting NF-�B did not affect the ability of cells to
localize to inflamed glomeruli, but flow cytometry studies
demonstrate they were not activated normally, in that they
had less iNOS and MHC class II expression. Interest-
ingly, the administered cells had uniformly lower expres-
sion of iNOS after both 24 and 48 hours of residence
within the inflamed glomeruli, whereas the MHC class II
response only affected a proportion of the cells and was
relatively transient, suggesting a stochastic effect. This is
reminiscent of the stochastic responses to macrophage
activation in vivo that we have previously described within
the glomerulus, both in nephrotoxic nephritis3,26 and in
the Thy1.1 model of proliferative nephritis;40 and in the
eye in uveitis.41 Regardless of the precise type of mac-
rophage activation that occurs, our results show also that
I�B-transduced macrophages markedly attenuate the
macrophage-dependent glomerular injury in NTN.

The most striking observation is the potency of the
anti-inflammatory effect of the Ad-I�B-transduced macro-
phages. The injected cells comprised only 4 � 1.2% of
total glomerular cells and approximately 15% of the infil-
trating macrophages in rats injected with Ad-I�B-trans-
duced cells and 11% in rats injected with Ad-null-trans-
duced cells. This is a critical demonstration of the power
of small numbers of these cells to alter the microenviron-
ment within the inflamed glomerulus and thus prevent
infiltration and activation of host macrophages. Trans-
duced macrophages remain in the kidney for a short time
but have longer term consequences on disease resulting
in approximately 20% reduction in naturally infiltrating
host macrophages. The increased IL-10 secretion pro-
vides a possible but not exclusive mechanism for these
effects. We have previously shown that macrophages
transduced with an adenovirus expressing IL-10 had sim-
ilar effects on glomerular injury in the model9 when high
local concentrations were achieved. The production of
IL-10 from NF-�B modified-cells was significantly in-
creased but unlikely in vivo to reach concentrations pro-

Figure 6. Effect of NF-�B-inhibited macrophages on macrophage-induced
injury in vivo. Comparison of the mean numbers � SD of ED1 (pan macro-
phage marker) (A) and MHC class II-positive (B) cells per glomerulus in
kidney sections from control nephritic rats (control) and nephritic rats in-
jected with Ad-I�B or Ad-null-transduced macrophages. Injection of NF-�B-
inhibited macrophages caused a significant reduction in the number of ED-1
and MHC class II-positive macrophages, indicating NF-�B-inhibited macro-
phages result in a decrease in inflammation. *P � 0.05 compared with
noninjected nephritic rats or rats injected with Ad-null-transduced cells.

Figure 7. Albuminuria in rats with NTN. Albuminuria was measured as a
marker of the severity of disease. Injection of Ad-I�B macrophages into the
renal artery resulted in a marked reduction in albuminuria up to day 4
compared with Ad-null-treated animals or control nephritic rats, indicating a
reduction in severity of nephritis. *P � 0.05 compared with noninjected
nephritic rats or rats injected with Ad-null-transduced cells; n � 6 animals in
all groups at each time point.
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duced from macrophages transduced with an IL-10-ex-
pressing adenovirus. We are currently investigating this
phenomenon as well as the role played by other factors
produced by NF-�B-inhibited macrophages in modifying
disease.

In summary, we have shown that inhibiting the NF-�B
pathway in macrophages by transduction with a domi-
nant-negative I�B has profound effects on their function
both in vitro and when they are activated naturally in vivo
in NTN. Instead of becoming classically activated and
causing injury, they develop profound anti-inflammatory
properties, and very small numbers are capable of atten-
uating glomerular injury by inhibiting influx of host mac-
rophages and preventing their normal activation. Strik-
ingly, these effects operate after the induction of injury.
They emphasize the potential of macrophages as a
therapeutic target in immune-mediated inflammatory
disease.
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