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Abstract
Objective—NF-κB activation is associated with several inflammatory disorders, including
rheumatoid arthritis (RA), making this family of transcription factors a good target for the
development of antiinflammatory treatments. Although inhibitors of the NF-κB pathway are
currently available, their specificity has not been adequately determined. IκBα is a physiologic
inhibitor of NF-κB and a potent repressor experimentally when expressed in a nondegradable
form. We describe here a novel means for specifically regulating NF-κB activity in vivo by
administering a chimeric molecule comprising the super-repressor IκBα (srIκBα) fused to the
membrane-transducing domain of the human immunodeficiency virus Tat protein (Tat-srIκBα).

Methods—The Wistar rat carrageenan-induced pleurisy model was used to assess the effects of
in vivo administration of Tat-srIκBα on leukocyte infiltration and on cytokine and chemokine
production.

Results—Systemic administration of Tat-srIκBα diminished infiltration of leukocytes into the
site of inflammation. Analysis of the recruited inflammatory cells confirmed uptake of the
inhibitor and reduction of the NF-κB activity. These cells exhibited elevated caspase activity,
suggesting that NF-κB is required for the survival of leukocytes at sites of inflammation. Analysis
of exudates, while showing decreases in the production of the proinflammatory cytokines tumor
necrosis factor α and interleukin-1β, also revealed a significant increase in the production of the
neutrophil chemoattractants cytokine-induced neutrophil chemoattractant 1 (CINC-1) and CINC-3
compared with controls. This result could reveal a previously unknown feedback mechanism in
which infiltrating leukocytes may down-regulate local production of these chemokines.

Conclusion—These results provide new insights into the etiology of inflammation and establish
a strategy for developing novel therapeutics by regulating the signaling activity of pathways
known to function in RA.
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NF-κB is a blanket term referring to homodimers and heterodimers of a subset of the Rel
family of transcription factors (1,2). Five members of the NF-κB family have been
identified in mammals: RelA (p65), RelB, and c-Rel, which contain transactivation domains,
and p50 and p52, which are expressed as precursor proteins p105 (NF-κB1) and p100 (NF-
κB2), respectively. The p50/p65 dimer is the most common form found in the cytoplasm of
unstimulated cells, where it is usually bound to the α- or β-isoform of the inhibitor of κB
(IκBα or IκBβ) via ankyrin repeats (3). Stimulation of the cell by a number of different
sources (e.g., tumor necrosis factor α [TNFα], interleukin-1β [IL-1β], oxidative stress, and
lipopolysaccharide [LPS]) leads to activation of the IκB kinase (IKK) complex. Activated
IKK phosphorylates IκBα at Ser32 and Ser36 (or the respective serine residues on IκBα),
which causes its polyubiquitination and 26S proteasomic degradation (4). Disruption of the
NF-κB/IκBα complex results in the inactivation of a nuclear export signal and the
accumulation of NF-κB in the nucleus (5), where it initiates gene transcription. A large
number of different genes with NF-κB–binding domains in their promoters have been
identified, including several proinflammatory genes (6,7).

NF-κB activation is associated with many chronic inflammatory diseases, including
rheumatoid arthritis (RA), osteoarthritis, inflammatory bowel disease, asthma, ulcerative
colitis, multiple sclerosis, and atherosclerosis (1,2). Immunohistochemical analysis of
synovium from RA patients detected nuclear localization of NF-κB, which is indicative of
its activation (8,9). Experiments in cultured rheumatoid synovial fibroblasts demonstrated
constitutive activation of NF-κB that was further augmented by addition of the
proinflammatory cytokines IL-1β or TNFα (10,11). Importantly, expression of a dominant-
negative mutant of the IKKβ subunit of the IKK complex blocked the activation of NF-κB
and the release of cytokines from these cells (12). The involvement of NF-κB in
inflammatory joint disease has been also corroborated by studies in animal models, in which
inhibition of NF-κB activity strongly reduced the severity of arthritis (13).

The involvement of NF-κB in inflammatory diseases and the large number of
proinflammatory mediators regulated by this transcription factor makes this molecule an
attractive target for antiinflammatory treatments (7,14). Agents currently used to inhibit NF-
κB signaling are small compounds that inhibit proteasome function and therefore IκBα
degradation, decoy oligonucleotides, peptides that interfere with the nuclear translocation of
NF-κB and, recently, small compounds that inhibit the enzymatic activity of the IKKβ
subunit (14-16). However, the specificity of some of these compounds has not been
conclusively determined, and the in vivo use of other biologic inhibitors may be hampered
owing to the drawbacks of the currently available delivery vectors.

We recently described a novel way of regulating NF-κB activity in vitro by combining the
protein-transducing domain (PTD) of the human immunodeficiency virus Tat protein with
the super-repressor IκBα (Tat-srIκBα) (17). The Tat PTD, in common with similar domains
found in VP22 from herpes simplex virus (18) and Antennapedia from Drosophila (19), is a
region rich in positively charged amino acids that are thought to interact with negatively
charged phospholipids in mammalian plasma membranes. This interaction facilitates entry
of the protein into the cell. The srIκBα is a mutant form of IκBα in which Ser32 and Ser36

have been substituted for alanines. Because it cannot be phosphorylated by IKK, srIκBα
binds irreversibly to NF-κB (20,21). Previous studies have shown that proteins fused to Tat
PTD are carried inside cells when added exogenously, and furthermore, these “cargo”
proteins retain their biologic activity within the cell (22-25). Tat-srIκBα fusion protein was
capable of entering Jurkat T cells and HeLa cells in vitro, and could be
coimmunoprecipitated with p65. Furthermore, it prevented TNFα- and IL-1β–induced NF-
κB–mediated transcription, demonstrating that the srIκBα portion retained its biologic
function within the cell (17).
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Here we describe the in vivo effects of Tat-srIκBα in the rat carrageenan-induced pleurisy
model, a well-characterized model of inflammation that has previously been used for the
development of antiinflammatory and antirheumatic drugs (26). Following intrapleural
injection with carrageenan, proinflammatory mediators are released, and the pleural cavity
fills with edematous fluid (27). In the early phase, neutrophils are the predominant
infiltrating cell type, peaking in numbers at ∼6 hours; the neutrophils are later replaced by
macrophages and lymphocytes (28). NF-κB activation has been demonstrated in cells
recovered from pleurisy exudates at both early and late time points (28,29). We show here
that Tat-srIκBα, when administered intravenously in the early phase, can inhibit neutrophil
recruitment to the pleural cavity and can modulate local production of cytokines and
chemokines. This inhibition was associated with enhanced apoptosis of cells entering the
pleural cavity.

MATERIALS AND METHODS
Expression and purification of Tat fusion proteins

Purification of fusion proteins was performed as previously described (23), with some
modifications. BL21(DE3)pLysS bacteria (Novagen, Madison, WI) transformed with Tat-
srIκBα– or (Tat-β-gal)–expressing constructs were grown to an optical density of 0.5 in
Luria-Bertani/ampicillin medium, and cultures were induced for 3 hours with 1 mM IPTG
(Sigma-Aldrich, Dorset, UK). Bacterial pellets were resuspended in buffer Z (8M urea, 100
mM NaCl, and 20 mM Tris, pH 8.0) containing 15 mM imidazole and a cocktail of protease
inhibitors (5 μg/ml each of pepstatin A, chymostatin, and leupeptin, 50 μg/ml of 4-[2-
aminoethyl]benzenesulfonyl fluoride, and 50 units/ml of aprotinin; Calbiochem, La Jolla,
CA), at 5 ml/gm of wet weight. Lysates were rotated at room temperature for 1 hour and
clarified by centrifugation at 12,000g for 30 minutes at room temperature. One milliliter of
50% Ni2+-agarose (Qiagen, Crawley, UK)/phosphate buffered saline (PBS) slurry was
added to every 4 ml of lysate, and incubation was carried out for 1 hour at room
temperature. The beads were washed extensively with buffer Z containing 15 mM
imidazole, and bound material was eluted with buffer Z containing 1M imidazole.

Eluted proteins were dialyzed extensively against PBS at 4°C or desalted in PD-10 columns
(Amersham Pharmacia Biotech, Buckinghamshire, UK), aliquotted, and stored at −70°C.
Protein concentration was determined with a bicinchoninic acid protein assay kit (Pierce,
Rockford, IL), and purity was assessed by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE).

For some experiments, Tat-IκBα and Tat-β-gal proteins were labeled with N-
hydroxysuccinimide–fluorescein (Pierce) according to the manufacturer's instructions, while
bovine serum albumin (BSA; Sigma-Aldrich), labeled in an identical manner, was used as a
control.

Tat fusion protein administration and carrageenan-induced pleurisy
Male Wistar rats (Tuck and Sons, Battlesbridge, UK) with a mean ± SD body weight of 150
± 20 gm were injected intravenously with 200 μg of Tat-β-gal or Tat-srIκBα in PBS or with
200 μl of PBS alone (10 animals/group). After 30 minutes, 0.15 ml of 1% (weight/volume)
λ-carrageenan (Sigma-Aldrich) was injected into the pleural cavity of all rats, and
inflammatory exudates were collected 6 hours later, as previously described (26). All animal
experimentation was done according to the regulations for the care and use of animals.
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Electrophoretic mobility shift assay (EMSA)
EMSAs were performed as previously described (29). Briefly, cells recovered from pleural
exudates were disrupted in lysis buffer containing 20 mM HEPES (pH 7.9), 350 mM KCl, 1
mM MgCl2, 0.5 mM EDTA, 20% (volume/volume) glycerol, 0.6% (v/v) Nonidet P40, and 5
mM dithiothreitol (DTT). Also included was a cocktail of protease inhibitors containing 0.5
mM phenylmethylsulfonyl fluoride, 5 μg/ml each of leupeptin, chymostatin, and pepstatin
A, and 0.5 μg/ml of aprotinin (all from Calbiochem). NF-κB consensus (5′-
AGTTGAGGGGACTTTCCCAGGC-3′) oligonucleotide (Santa Cruz Biotechnology, Santa
Cruz, CA) was end-labeled with T4 polynucleotide kinase (Promega, Southampton, UK)
using γ32P-ATP (ICN Biochemicals, Oxfordshire, UK) as substrate.

Binding reactions were carried out for 30 minutes on ice in a 20-μl final volume using 20 μg
of protein extract in binding buffer (50 mM Tris HCl, 250 mM NaCl, 5 mM MgCl2, 2.5 mM
EDTA, 2.5 mM DTT, 0.5 μg of poly[dI-dC] [Becton Dickinson, Oxford, UK], 2% [v/v]
Ficoll, and 2.5% glycerol [v/v]). Specificity of binding for NF-κB species was determined
by competition with a 100-fold excess of unlabeled NF-κB consensus and mutant (5′-
AGTTGAGGCGACTTTCCCAGGC-3′) oligonucleotides. Oligonucleotide/protein
complexes were visualized following electrophoresis of binding reactions on 5%
nondenaturing polyacrylamide gels and autoradiography.

Caspase 3 assay
Caspase 3 activity in cells collected from pleural exudates was assessed in duplicate using
the Apo-ONE assay (Promega, Madison, WI) according to the manufacturer's instructions.
Briefly, 1 × 106 cells were treated with the caspase substrate Z-DEVD-R110 (Biotium,
Hayward, CA) in lysis buffer, and caspase 3 activity was monitored according to the
fluorescence intensity of rhodamine released from the substrate using a Tecan GENios
(Jencons, UK) detector over a time period of 18 hours. The values obtained at the 18-hour
time point following substrate addition are reported.

Cytokine and chemokine assays
TNFα, IL-1β, cytokine-induced neutrophil chemoattractant 1 (CINC-1), and CINC-3 were
assayed in cell-free inflammatory pleural exudates using commercially available sandwich
enzyme-linked immunoassay kits (Amersham Biosciences, Buckinghamshire, UK)
according to the manufacturer's instructions.

Western blotting for apoptosis-associated markers
Inflammatory cells collected from pleural exudates were lysed in radioimmunoprecipitation
assay buffer (0.1% SDS, 5 mM EDTA, 1% Nonidet P40, 0.5% deoxycholic acid, 150 mM
NaCl, 50 mM Tris HCl) supplemented with protease inhibitors and 1 mM sodium
orthovanadate. Insoluble material was removed by centrifugation, and lysate aliquots
representing equivalent amounts of protein were resolved by 12% or 10% SDS-PAGE.
Proteins were transferred onto polyvinylidene difluoride membranes and probed with
polyclonal antibodies to caspase 9, poly(ADP-ribose) polymerase (PARP), IκBα (all from
Cell Signaling Technology, Beverly, MA), or JNK-1 and inducible nitric oxide synthase
(iNOS) (Santa Cruz Biotechnology), followed by horseradish peroxidase–conjugated protein
A (Amersham Biosciences). Blots were developed using the enhanced chemiluminescent
system (Amersham Biosciences).

Flow cytometry
Cells (1 × 106) recovered from the pleural exudates of rats given intravenous injections of
PBS, Tat-β-gal, or Tat-srIκBα were stained for phosphatidylserine exposure with a
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fluorescein isothiocyanate (FITC)–labeled annexin V kit (Sigma-Aldrich) according to the
manufacturer's instructions. Positively stained (apoptotic) cells were identified by flow
cytometry (FACSCalibur; Becton Dickinson).

Statistical analysis
Statistical analysis was performed using the Mann-Whitney U test. Data are expressed as the
mean ± SEM.

RESULTS
Reduced cell infiltration into the pleural cavity after systemic administration of Tat-srIκBα

To determine whether Tat fusion proteins enter cells in vitro and in vivo, we labeled Tat-
srIκBα and Tat-β-gal with FITC, and conjugated proteins were either incubated with Jurkat
T cells or injected intravenously into animals. FITC-labeled BSA served as control. Analysis
of Jurkat T cells by flow cytometry showed uptake of Tat-srIκBα and Tat-β-gal, but not
BSA (Figure 1A). In rats injected intravenously with FITC-conjugated Tat-β-gal or Tat-
srIκBα, fluorescent cells could be detected in the pleural infiltrate following induction of
pleurisy with carrageenan (Figure 1B). This suggests that Tat fusion proteins were entering
cells in the bloodstream, which were then recruited to the pleural cavity in response to
carrageenan injection. No fluorescent cells were detected in rats treated with FITC-labeled
BSA.

Next, we looked at the effects of Tat-srIκBα treatment on cell numbers at the peak of the
inflammatory response. When given intravenously 30 minutes prior to intrapleural
carrageenan injection, 200 μg of Tat-srIκBα significantly reduced inflammatory cell
recruitment to the pleural cavities of rats at 6 hours (by 59.1% versus PBS [P < 0.001] and
by 61.3% versus Tat-β-gal [P < 0.01]) (Figure 1C). We have found that washing the pleural
cavity of control animals that have not been challenged with carrageenan yields ∼4–6 × 106

cells, which are mostly mononuclear cells (Gilroy DW: unpublished observations).

Reduced NF-κB activity in inflammatory cells from Tat-srIκBα–treated animals
To determine if the DNA-binding activity of NF-κB in cells infiltrating the pleural cavity
was inhibited by Tat-srIκBα, we analyzed by EMSA cell lysates representing equivalent
amounts of protein. DNA-binding activity was readily detected in inflammatory cell lysates
from rats treated with PBS or Tat-β-gal, but was strongly reduced in cells recovered from
rats treated with Tat-srIκBα (Figure 2A). Competition experiments using unlabeled
consensus or mutant κB oligonucleotides indicated the presence of 2 different NF-κB
complexes, both of which were inhibited by Tat-srIκBα. These complexes represent p50/
p65 heterodimers and p50/p50 homodimers (29,30). Western blot analysis of similar
aliquots of these cell lysates using anti–JNK-1 antibodies was used as loading control
(Figure 2B).

To determine whether the reduction in DNA binding activity was reflected in a reduced
transcription of NF-κB–responsive genes, the cell lysates were analyzed for expression of
iNOS protein, which is up-regulated at 6 hours (27). Although some variability in iNOS
expression was noticed among different animals in the same group, overall there was clear
inhibition of iNOS expression in infiltrating cells collected from Tat-srIκBα–treated rats,
mirroring the reduction observed in the DNA-binding activity of NF-κB (Figure 2C).

Elevated caspase activity in inflammatory cells from Tat-srIκBα–treated animals
Because NF-κB signaling can be antiapoptotic (31-33), we assessed apoptosis as a possible
cause of the reduction in recruited cell numbers in Tat-srIκBα–treated rats. Apoptosis is
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associated with the cascading activation of a series of caspases, of which caspase 9 is one of
the first (34). Caspase 9 was activated in lysates from rats treated with Tat-srIκBα, as
indicated by the absence of inactive 51-kd procaspase 9 and the presence of the active 38-kd
form and 17-kd cleaved product (Figure 2D). Additional cleaved products migrating at ∼25–
27 kd were also observed, possibly indicating an alternative cleavage site for caspase 9 in
neutrophils. In rats treated with PBS or Tat-β-gal, the 51-kd procaspase 9 was the
predominant band, with only weak signals detected for the 38-kd, 25–27-kd, and 17-kd
cleaved products (Figure 2D).

Caspase 9 activates caspase 3, which, in turn, cleaves a number of different substrates in the
cytoplasm, including PARP (35). PARP is a 116-kd DNA repair enzyme that is
indispensable in maintaining cell viability, and the cleavage of PARP is a defining
characteristic of apoptosis (36). In rats treated with PBS or Tat-β-gal, the full-length 116-kd
PARP was detected (Figure 2E). However, in rats treated with Tat-srIκBα, the 116-kd
molecule was strongly reduced and replaced with the cleaved, disabled 89-kd fragment.

To directly assess caspase 3 activity in inflammatory cell lysates, a fluorescence-based
method was established first in Jurkat T cells stimulated with phytohemagglutinin, a lectin
known to induce apoptosis in this cell line (Figure 3A). This method revealed an increase in
caspase 3 activity in inflammatory cell lysates from Tat-srIκBα–treated animals compared
with Tat-β-gal– and PBS-treated littermates (Figure 3B). We also stained inflammatory cells
isolated from 6-hour pleurisy exudates with annexin V, which binds to phosphatidylserine
on the surface of apoptotic cells. This method has been previously used in this in vivo model
to determine the magnitude and kinetics of inflammatory cell apoptosis (37). A significant
increase in annexin V binding was detected in inflammatory cells from Tat-srIκBα–treated
animals compared with PBS- and Tat-β-gal–treated cohorts (Figure 3C). As was shown in a
recent study, over the time course of the inflammatory response, such differences in annexin
V binding represent a significant shift toward apoptosis (37). Taken together, these results
suggest that inhibition of NF-κB in infiltrating neutrophils by Tat-srIκBα administration
accelerates apoptosis.

Reduced potency of locally administered Tat-srIκBα in inhibiting cell infiltration
We also examined the effects of Tat-srIκBα when administered intrapleurally 30 minutes
prior to carrageenan injection. A small reduction in the numbers of recruited cells was
observed; however, the difference was not significant compared with the PBS group or the
Tat-β-gal group (Figure 4A). Analysis of cell lysates showed some reduction in NF-κB
DNA-binding activity in inflammatory cells from the Tat-srIκBα–treated group (Figure 4B);
however, this was not significant enough to inhibit transcription of iNOS (Figure 4D).
Western blot analysis of lysates with anti–JNK-1 antibodies was used as loading control
(Figure 4C). Thus, the potency with which Tat-srIκBα inhibits NF-κB activity and
migration of neutrophils into the inflamed site depends on its route of administration.

Changes in local production of cytokines and chemokines in Tat-srIκBα–treated animals
Key cytokines are associated with the development of inflammatory responses. We
examined total levels of IL-1β and TNFα in 6-hour pleural exudates from rats treated with
PBS or Tat fusion proteins. There was a reduction in the levels of IL-1β and TNFα in
exudates from the Tat-srIκBα–treated group (Figures 5A and B, respectively), which, in the
case of IL-1β, were significantly lower compared with the Tat-β-gal–treated control group.
Because NF-κB activity is involved in the production of both IL-1β and TNFα, this result
may suggest that intravenously administered Tat-srIκBα does not accumulate in sufficient
concentration in the pleural cavity to completely block the production of TNFα and IL-1β
and possibly other NF-κB–regulated mediators. Alternatively, other transcription factors,
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which are not inhibited by the Tat-srIκBα repressor, may contribute to the transcriptional
control of these genes (38,39).

We also evaluated levels of CINC-1 (the rat homolog of human GROα) (40), and CINC-3
(also known as macrophage inflammatory protein 2) (41). CINC-1 is produced in zymosan-
induced pleurisy (42) and following intrapleural injections of TNFα (43); however, no data
are available on CINC-3 production in this model. Surprisingly, the levels of CINC-1 in Tat-
srIκBα–treated rats were significantly elevated above the levels in the PBS-treated (P <
0.0001) and Tat-β-gal–treated (P < 0.05) groups (Figure 5C). A more dramatic difference
was seen for CINC-3 production, where levels in the Tat-srIκBα–treated group were
elevated by more than 100-fold compared with the levels in the control groups (P < 0.0001)
(Figure 5D).

DISCUSSION
The NF-κB signaling pathway has emerged as a key mediator of inflammation and therefore
represents a target for the treatment of inflammatory disorders (14,16). In RA, synovial
fibroblasts cultured in vitro in the presence of TNFα underwent apoptosis when srIκB
mutant was expressed by means of an adenovirus vector (44), suggesting that NF-κB plays a
critical role in supporting the survival of this cell type in RA joints. That the hyperplasia in
RA joint is NF-κB driven has been suggested by other studies (45). Also, the production of
TNFα by macrophages, a critical cell type that controls aspects of inflammation in RA
joints, was shown to be dependent on NF-κB activity (46).

An increasing number of inhibitors are currently being developed that block the NF-κB
signaling pathway at various steps. Compounds that inhibit proteasome function, and
therefore IκBα degradation, are used in experimental settings to assess involvement of NF-
κB (15). However, because such inhibitors would be expected to block the physiologic
turnover of unrelated proteins as well, nonspecific effects will most likely be a serious
drawback for their use in the clinic. Use of decoy oligonucleotides to block DNA binding of
NF-κB and RNA interference technology to modulate the expression of genes that
participate in the NF-κB pathway (i.e., IKKβ) could be more specific than proteasome
inhibitors (14,47). Their use, however, could be limited because of the need for safe and
efficient delivery systems, and although virus vectors are able to achieve such expression,
they also have the potential to induce NF-κB activation, hence curtailing the effects of the
inhibitor and complicating the interpretation of the results. Another class of recently
developed small-molecule inhibitors blocks NF-κB activation by inhibiting the IKKβ
subunit of the IKK complex (16). As is the case for other kinase inhibitors, their specificity
for IKKβ has to be demonstrated before they can be used as antiinflammatory drugs.

To directly and specifically inhibit NF-κB action, we previously constructed a membrane-
penetrating form of the super-repressor IκBα, Tat-srIκBα, and showed that, when added
exogenously to cells in culture, the repressor was able to inhibit the biologic activity of NF-
κB (17). Here, we extended our studies by investigating the effects of the Tat-srIκBα
chimera in an in vivo model of inflammation. When injected intravenously shortly before
administration of the inflammatory stimulus, Tat-srIκBα reduced the number of leukocytes
migrating from the bloodstream to the site of inflammation. In addition, inflammatory cells
recovered from the pleural cavity of Tat-srIκBα–treated animals displayed elevated caspase
activity compared with those from controls, suggesting that, in addition to their reduced
migratory response, these cells were more prone to apoptosis. These results are consistent
with studies that demonstrate activation and a prosurvival role for NF-κB in neutrophils
following stimulation of the cells with proinflammatory cytokines or type I interferon
(30,48).
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Accelerated apoptosis is one possible mechanism through which Tat-srIκBα reduces
neutrophil numbers in the pleural cavity when given intravenously. Neutrophils that take up
the inhibitor in the bloodstream and are then exposed to proinflammatory stimuli are prone
to apoptosis because of their inability to activate NF-κB and, hence, are less capable of
transmigration. Alternatively, because adhesion molecule promoters contain NF-κB–binding
domains (E-selectin, intercellular adhesion molecule 1, and vascular cell adhesion molecule
1 [49]), it is possible that failure to up-regulate the expression of such molecules on vascular
endothelial cells may contribute to the decrease in the number of cells that accumulate at
sites of inflammation. Consistent with this model, it was recently demonstrated that NF-κB
action in cells of nonhematopoietic origin is important for leukocyte recruitment during
LPS-induced pneumonia (50).

In contrast to the effects of systemic administration, when the Tat-srIκBα inhibitor was
delivered locally, only a marginal reduction in neutrophil migration was observed following
induction of inflammation. Therefore, the route of administration can determine the potency
of inhibition in this in vivo model. A plausible explanation for this difference is that when
administered intravenously, Tat-srIκBα is taken up by circulating cells, blocking the activity
of NF-κB possibly before the cells are exposed to stimuli generated by the intrapleural
injection of carrageenan. In contrast, when Tat-srIκBα is administered intrapleurally,
neutrophils are most likely exposed to significant doses of the inhibitor after they are
activated and induced to migrate into the pleural cavity.

As expected, production of the key proinflammatory cytokines TNFα and IL-1β was
reduced in pleural exudates from Tat-srIκBβ–treated animals, although it was not
completely abolished. Lack of complete inhibition could be due to the action of regulatory
transcription factors other than NF-κB, as has been reported for the IL-1β genes, for which
it was shown that NF-κB is only a component that can amplify a core inducible activity
regulated by CCAAT/enhancer binding protein β (NF-IL6) (38,39). Therefore, complete
inhibition of transcription of certain proinflammatory cytokines in vivo may depend upon
targeting other transcription factors as well.

Surprisingly, the concentrations of the neutrophil chemoattractants CINC-1 and CINC-3
were strongly increased. Over the course of these experiments, we noticed that exudates
with the lowest number of infiltrating cells contained the highest levels of CINC-3. This
may indicate that inflammatory neutrophils that infiltrate the site of inflammation are able to
down-regulate the production of CINC-1 and CINC-3, and possibly other mediators, by
resident cells. This type of down-regulation could represent a feedback mechanism that
prevents continuous infiltration of cells. Similar observations in a model of murine LPS-
induced neutrophil recruitment to bronchoalveolar spaces have been reported (51).
Therefore, membrane-permeable inhibitors of signaling cascades delivered in vivo may be
useful tools for uncovering novel biologic mechanisms.

In summary, our results demonstrate the importance of NF-κB in neutrophil migration and
survival during inflammation and establish a methodology that can be applied to regulate
signaling pathways in vivo. This methodology opens the way for the development of a new
type of antiinflammatory agent that can be used in RA and other inflammatory disorders.
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Figure 1.
Cell uptake of Tat fusion proteins and reduced neutrophil recruitment to the pleural cavity
by Tat-srIκBα. A, Fluorescence-activated cell sorter (FACS) analysis of Jurkat T cells
incubated with fluorescein isothiocyanate (FITC)–conjugated Tat-srIκBα, Tat-β-gal, or
bovine serum albumin (BSA) control. B, FACS analysis of inflammatory neutrophils
collected at 4 hours from rats with carrageenan-induced pleurisy after intravenous injection
of FITC-conjugated Tat-srIκBα, Tat-β-gal, or BSA. C, Total number of inflammatory cells
collected from 6-hour pleural exudates induced by carrageenan after systemic administration
of phosphate buffered saline (PBS), Tat-β-gal, or Tat-srIκBα. Values are the mean and SEM
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of 10 animals per group. ** = P < 0.01 versus Tat-β-gal controls and P < 0.001 versus PBS
controls.
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Figure 2.
Reduced NF-κB activity, but elevated caspase activation, in inflammatory neutrophils from
Tat-srIκBα–treated animals. A, DNA-binding activity of NF-κB in cell lysates of
infiltrating neutrophils obtained from 6-hour pleural exudates following systemic
administration of Tat fusion proteins or phosphate buffered saline (PBS) vehicle. Results
from 2 animals from each treatment group are shown. Protein/oligonucleotide complexes
specific for NF-κB were determined by competition with unlabeled NF-κB consensus or
mutant oligonucleotides, using inflammatory cell lysates from PBS-treated animals. Protein
concentrations in cell lysates were quantified with the bicinchoninic acid kit. B, Western
blotting with anti–JNK-1 antibodies (loading control). Similar aliquots from these lysates
were probed with antibodies to C, inducible nitric oxide synthase (iNOS) to determine the
expression of NF-κB-regulated genes, and with antibodies to D, caspase-9 and E,
poly(ADP-ribose) polymerase (PARP) to detect caspase-mediated cleavage of protein
substrates. Full-length proteins and their cleaved products are indicated; ns = nonspecific.
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Figure 3.
Increased apoptosis of infiltrating leukocytes in Tat-srIκBα–treated animals. A, Jurkat T
cells (1 × 105) were treated for 16 hours with the indicated concentrations of
phytohemagglutinin (PHA) and analyzed for caspase 3 activity using a specific rhodamine-
labeled substrate. Values are the mean and SEM of duplicate measurements. B, Caspase 3
activity detected in 1 × 106 cells from each pleural exudate obtained from animals treated
intravenously with phosphate buffered saline (PBS) or Tat fusion proteins. Shown are the
cumulative data collected from 3–4 animals from each treatment group, with each sample
analyzed in duplicate. C, Inflammatory cells from animals treated with PBS or Tat fusion
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proteins were analyzed for annexin V binding immediately after collection from the pleural
cavity. Shown are the cumulative data from 5 animals from each treatment group. All values
are the mean and SEM. ** = P < 0.01 versus Tat-β-gal and PBS controls.
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Figure 4.
NF-κB activity and cell recruitment following intrapleural administration of Tat-srIκBα. A,
Total number of cells infiltrating the pleural cavity of animals injected intrapleurally with
200 μg of the indicated Tat fusion proteins or with phosphate buffered saline (PBS) control
30 minutes before the induction of pleurisy. Values are the mean and SEM. The DNA-
binding activity of B, NF-κB and C, JNK-1 and the expression of D, inducible nitric oxide
synthase (iNOS) in inflammatory cell lysates from animals treated locally with Tat fusion
proteins were determined by Western blotting.
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Figure 5.
Changes in cytokine and chemokine production in animals treated with the Tat-srIκBα
repressor. Cell-free exudates collected from 6-hour pleural exudates were analyzed by
enzyme-linked immunosorbent assay for the presence of the proinflammatory cytokines A,
interleukin-1β (IL-1β) (* = P < 0.05 versus TAT-β-gal group) and B, tumor necrosis factor
α (TNFα), as well as for C, cytokine-induced neutrophil chemoattractant 1 (CINC-1) (* = P
< 0.05 versus TAT-β-gal control and P < 0.0001 versus phosphate buffered saline [PBS]
control) and D, CINC-3 (*** = P < 0.0001 versus TAT-β-gal and PBS controls). Values are
the mean and SEM total protein present in the exudates.
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