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Abstract

Chemokines are a family of cytokines whose participation
in inflammation in vivo remains to be established. Using the
rat model of anti-glomerular basement membrane (GBM)
nephritis, we found that mRNAfor the chemokine CINC
(cytokine-induced neutrophil chemoattractant) was in-
duced in the kidney, and the corresponding protein was
elaborated by isolated inflamed glomeruli. Production of
CINC by glomeruli was unaffected by complement- or leu-
kocyte-depletion prior to disease induction. Cytokines which
induce CINC expression in renal cells (TNF-a and IL-1f)
were also expressed in the kidney during glomerular in-
flammation. TNF-a production, unlike CINC, was comple-
ment and leukocyte dependent. In vivo administration of
anti-CINC, but not anti-human IL-8, IgG selectively attenu-
ated the influx of PMNsinto the glomerulus and commensu-
rately diminished proteinuria. The participation of CINC
was not tissue-specific: anti-CINC IgG also diminished the
influx of PMNsin dermal immune complex inflammation.
In sum, we propose that glomerular immune complex
deposition/complement activation leads to cytokine produc-
tion which results in CINC expression by endogenous glo-
merular cells. The CINC produced plays a contributory role
in the influx of PMNsinto the glomerulus in the context of
the activation of other inflammatory mediators. These re-
sults suggest a potential role for CINC homologues, IL-8 and
the GROfamily of chemokines, in human immune complex-
mediated disease. (J. Clin. Invest. 1994. 94:337-344.)
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Introduction

Leukocyte migration from the blood into tissue in the context
of inflammation is a complex phenomenon representing the
integration of chemoattraction, endothelial adhesion, and trans-
endothelial migration. There has been a veritable explosion of
information regarding these processes over the past decade with
the discovery of several families of adhesion molecules and
pro-inflammatory cytokines. Part of this evolution of knowledge
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has included the discovery of a large group of cytokines which
display a variety of proinflammatory properties referred to as
chemokines (for review see references 1 and 2). The chemo-
kines are a family of polypeptides with four conserved cysteine
residues which form two disulfide bonds. This family can thus
be subdivided into two large groups depending on whether or
not there is an intervening amino acid between the first two
cysteines yielding the CXCand CC (or a and /3) subgroups,
respectively.

The principal biologic property of chemokines is their abil-
ity to attract and activate leukocytes in vitro, with the distinction
between the CXCand CC subgroups being their target cell (1,
2). The CXC chemokines, of which IL-8 is the most well-
known member, are active principally towards PMNs; whereas,
the CCchemokines are relatively specific for monocyte/macro-
phages. However, as with most cytokines, additional work has
suggested that these mediators may have pleotrophic effects
(1-4). Very little is known, in fact, about the participation
of the chemokines in inflammation in vivo, and studies have
suggested that these cytokines may not necessarily be proin-
flammatory in all circumstances (5, 6).

In an effort to understand the potential role of CXCchemo-
kines in inflammation, we recently addressed whether the medi-
ator cytokine-induced neutrophil chemoattractant (CINC)'
might play a role in immune complex-mediated inflammation
using the rat model of anti-glomerular basement membrane
(GBM) nephritis (i.e., nephrotoxic nephritis). This model of
glomerular inflammation is induced by a polyclonal anti-GBM
antibody and much of the acute phase injury to the glomerulus is
mediated by PMNs(7, 8). Wechose to focus on this particular
member of the CXCfamily for several reasons: CINC has been
shown to be active as a neutrophil chemoattractant in vitro and
in vivo (9, 10); the potential of renal cells to make CINC in
response to the cytokines TNF-a and IL- IO has been established
(1 1, 12); and, both TNF-a and IL- if have been implicated in
the pathogenesis of immune complex glomerulonephritis
(13-17).

The results we obtained suggest an important role for chem-
okines in mediating leukocyte migration in vivo. Moreover, the
data provide for an understanding of the molecular mechanisms
underlying chemokine synthesis in vivo, and the relative role
of chemokines in the cascade of events which mediate PMN
migration into tissue during immune complex-mediated in-
flammation.

Methods
Induction of immune complex injury. Anti-GBM nephritis was induced
by the injection of a rabbit anti-rat GBMantibody, the preparation

1. Abbreviations used in this paper: CINC, cytokine-induced neutrophil
chemoattractant; CVF, cobra venom factor; GBM, glomerular basement
membrane; GAPDH, glutaraldehyde phosphate dehydrogenase; MPO,
myeloperoxidase.
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of which has been described previously (18). Antiserum preparations
contained no detectable endotoxin (< 0.1 U/ml). Nephritis was induced
with a dose of 0.5 ml/100 g body weight by intravenous injection in
Lewis rats (Charles River, Wilmington, MA). Renal function was then
assessed by collecting urine for 24 h using a metabolic cage and de-
termining proteinuria by a microspectrophotometric method with an
assay system from Bio-Rad laboratories (Richmond, CA). Kidneys
were harvested for PCRanalysis at 1, 2, or 3 h after disease induction
and flash frozen in liquid nitrogen. Kidneys were also harvested for the
isolation of glomeruli (at 3 and 24 h after disease induction) or to obtain
tissue for immunocytochemistry or standard histology (at 3 h after
disease induction). Isolated glomeruli were used for either in vitro
incubation or were dissociated into a single cell preparation for leuko-
cyte quantification (see below).

Dermal immune complex injury was induced with the same immune
complex system as the kidney disease. GBM/anti-GBM immune com-
plexes were formed by mixing equal volumes of anti-GBM antiserum
and a 2 mg/ml suspension of GBMin PBS (incubated at 370C for 30
min). Immune complex injury was then induced by the subcutaneous
injection of 200 yl of immune complexes which yielded a near maximal
injury (data not shown). After 8 h animals were killed and a 6-mm
punch biopsy through the epidermis/dermis (ending in the pre-muscular
fascia) was obtained and weighed. Histology was assessed on formalin-
fixed sections stained with hematoxylin/eosin. Tissue myeloperoxidase
(MPO) was assessed in the remaining tissue using a published protocol
and normalized for tissue weight (19).

In vivo manipulation of inflammation. To assess the role of CINC
in vivo, an affinity-purified preparation of goat anti-rat CINC was used,
the preparation and characterization of which has been recently pub-
lished (20). This antibody does not react significantly with human
IL-8 or rat MCP-l and reacts with the human GROfamily of polypep-
tides with substantially less affinity (- 60-fold lower) (20, 21). Addi-
tionally, reactivity with rat GRO-,/ (known also as MIP-2 (22) is
< 0.01% by ELISA (data not shown). Animals were treated with 1 mg
of affinity-purified goat anti-CINC IgG 1 h before, and coincident with,
disease induction injected intravenously. Nephritic controls were given
a corresponding amount of purified nonbinding goat IgG. Alternatively,
the role of IL-8 was determined by the administration of a monoclonal
against human IL-8 (DM/C7; provided by M. Bolanowski, Monsanto
Co., St. Louis, MO) or an isotype-matched control antibody. DM/C7
does not cross-react with CINC (20, 21). IgG preparations contained
c 0.1 U/ml of endotoxin.

To examine the roles of complement and leukocytes in cytokine
expression, animals were either decomplemented with cobra venom
factor (CVF) or irradiated prior to disease induction. Animals were
decomplemented by administering 10 U/100 g body weight of CVF
(Diamedix, Miami, FL) intraperitoneally 48, 24, and 12 h before the
injection of anti-GBM antibody as previously detailed (18). This proto-
col depresses complement throughout the first 24 h after disease induc-
tion to < 20% of control, completely inhibits the influx of PMNsinto
the glomerulus, and prevents proteinuria (18; and data not shown).
Animals were leukocyte depleted by exposure to 1,000 rads under anes-
thesia 72 h prior to disease induction. This protocol depletes circulating
and resident glomerular leukocytes by > 90% (18; and data not shown).

Glomerular isolation, incubation, and leukocyte quantification. Glo-
meruli were isolated from saline-perfused kidneys using a sieving proto-
col described previously (18). Glomeruli were then used for either ex
vivo incubation or dissociated into a single cell preparation for leukocyte
quantitation. These preparations of glomeruli are free of circulating
leukocytes (18).

Glomeruli were incubated in vitro as previously detailed (18).
Briefly, after two 10-min stabilization periods, glomeruli were incubated
for 10 min (for CINC) or 30 min (for TNF-a). Glomerular supernatants
were then assayed for cytokine production using specific ELISAs for
either CINC (20) or TNF-a (Genzyme Corp., Cambridge, MA). Cyto-
kine production was normalized for both glomerular number and time
of incubation, and is expressed as a production rate (amol/ 103
glomeruli/min). To determine approximate intraglomerular concentra-

tions, an average glomerular radius of 60 um was used (ca. 1 ,1I10'
glomeruli) (23). Intraglomerular concentrations were then estimated by
dividing total production for 30 min by the glomerular volume.

To perform glomerular leukocyte counts, 20-30 X 103 glomeruli
from a single animal were dissociated into a single cell suspension by
means of an enzymatic protocol and stained using an immunoperoxidase
method previously published (24). Briefly, cytospin preparations of
leukocytes were stained with an anti-rat leukocyte common antigen
(CD45; Chemicon, Temecula, CA) antibody, washed, and then exposed
to a rabbit anti-mouse antibody conjugated to horseradish peroxidase
(Bio-Rad Laboratories). Cells were again washed, and bound antibody
was visualized with diaminobenzidine (Sigma Chemical Co.). Hema-
toxylin was used as a counterstain (EM Diagnostic Systems, Inc.,
Gibbstown, NJ). Positively labeled cells were visualized by light mi-
croscopy and categorized by nuclear morphology. The percentage of
positive cells (or leukocyte subsets) were multiplied by the total cell
yield per glomerulus to derive the number of leukocytes (or leukocyte
subsets) per glomerulus. This method correlates well with other methods
of leukocyte quantification such as in situ staining (25).

Determination of cytokine expression in kidney by PCR. RNAwas
extracted from kidney using guanidinium thiocyanate and isolated by
ultracentrifugation on a CsCl gradient using published methods (26).
Reverse transcriptase PCR for CINC, IL-la, and GAPDHwas then
performed on 1 gg of RNAfor 40 cycles using the following sequence:
940C, 30 s; 50TC, 30 s; 720C, 30 s. Primers used for CINC and glutaralde-
hyde phosphate dehydrogenase (GAPDH) expression were HMC3and
HMC20, and JZ138 and JZ139, respectively (27). Primers for IL-lx
were GATCGTCAAGCAGGAGTTCA(sense) and TGGGAAAGC-
TGCGGATGTGA(antisense). Because the rat sequences for IL-1f3
and TNF-a are not available, we used the mouse primers which were
purchased from Stratagene Corp. (La Jolla, CA). Reverse transcriptase
PCRfor IL-i,/ and TNF-a were performed on 1 1Ag of RNAusing the
manufacturer's recommended sequence (IL-l/3, 30 cycles; TNF-a, 35
cycles).

Both normal and nephritic kidneys were examined. As an additional
specificity control, we also examined the expression of cytokines by
PCRin RNAfrom NRK49Fcells (normal rat kidney fibroblasts) with-
out or with IL-l/I stimulation.

Immunocytochemistry of renal tissue. IL-1I, expression was assessed
by immunocytochemistry on fresh frozen kidney tissue. Tissue sections
were blocked with PBS with 10% horse serum (PBSS) and then incu-
bated with hamster monoclonal anti-mouse IL-/I# (Genzyme Corp.) at
a concentration of 50 ug/ml in PBSS. A biotinylated goat anti-hamster
antibody was used as the secondary reagent (Southern Biotechnology,
Birmingham, AL) followed by avidin-biotin-horseradish peroxidase
complexes (Vector Labs, Burlingame, CA). Staining was performed
using diaminobenzidine with a hematoxylin counterstain as with glomer-
ular cell dissociates above. Recombinant mouse IL-l1,6 (provided by Dr.
David Chaplin, Washington University, St. Louis, MO) was used in
competitive binding experiments.

Statistical analysis. Statistical analysis was performed with the aid
of STATA (Computing Resource Center, Los Angeles, CA). Values
are expressed as means±SE. Comparisons between two groups were
made with Student's t test. Comparisons between multiple groups were
made with ANOVAcombined with Bonferroni's correction for multiple
comparisons.

Results

CINC expression/production in nephritis. As early as 1 h after
the injection of the anti-GBM antibody, we found that CINC
mRNAwas detectable in inflamed rat kidney by reverse tran-
scriptase PCRwhereas it was undetectable in normal kidney
(Fig. 1). Induction of CINC was similarly observed in NRK49F
cells exposed to IL-10 (Fig. 1). The induction of CINC mRNA
was accompanied by the elaboration of CINC protein by in-
flamed glomeruli as detected in supernatants from glomeruli
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Figure 1. Induction of CINC during glomerular immune complex in-
flammation. The expression of CINC mRNAin the kidney of normal
and nephritic rats was determined by PCRas detailed in Methods.
Nephritic kidneys were removed 1, 2, or 3 h after disease induction.
The top and bottom panels show the PCRresults using CINC and
GAPDHprimers, respectively. Labels on the sides indicate the sizes of
the expected products. Lanes I to 8, analyses from individual rats (nor-
mal or with nephritis from 1-3 h). Lanes 9 and 10, mRNAfrom
NRK49F rat kidney fibroblasts without or with IL-l/ stimulation as
controls to show the induction of CINC.

isolated 3 h after disease induction and incubated in vitro (Fig.
2). CINC production in vitro was sufficient to produce an esti-
mated glomerular concentration of 4 nM, a concentration which
is chemotactic both in vitro and in vivo (9, 10).

Decomplementation of animals prior to the induction of
nephritis, which abrogates the influx of PMNsinto the glomeru-
lus and prevents proteinuria (18; and data not shown), did not
substantially diminish the elaboration of CINC by glomeruli
(Fig. 2). Leukocyte depletion prior to disease induction also
did not substantially attenuate in vitro production of CINC by
glomeruli from nephritic animals isolated 3 h after disease in-
duction (Fig. 2). Additionally, production of CINC by glomer-
uli isolated 24 h after disease induction, although modestly
decreased relative to glomeruli isolated 3 h after disease induc-
tion (ca. 30%), was still significantly increased relative to nor-
mal glomeruli (Fig. 2).

TNF-a and IL-] expression/production in nephritis. Since
CINC expression and production are induced by TNF-a and
IL-1p6 in vitro (11, 12, 20), and since these cytokines have
been implicated in the pathogenesis of nephritis (13-17), we
subsequently assessed for the production of these cytokines
during nephritis. Recent work has shown that IL-1,8 and TNF-
a mRNAare expressed in nephritic glomeruli (17). Wewere
able to corroborate these data by reverse transcriptase PCR,

-1
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Neph.-3 h+CVF

Neph.-24 h

0 50 100 150 200

CINC production (amol/l103glom./min)

Figure 2. Production of CINC by isolated glomeruli. Glomeruli were
isolated from normal rats and from nephritic, nephritic-decomple-
mented, and nephritic-leukocyte depleted rats 3 h after disease induction
(Neph.-3 h, Neph.-3 h + CVF, and Neph.-3 h + irrad, respectively).
Glomeruli were also isolated from nephritic rats 24 h after disease
induction (Neph.-24 h). Glomeruli were then cultured ex vivo as de-
tailed in Methods, and the resulting supernatants assayed by an ELISA
specific for rat CINC. Results are expressed as a production rate normal-
ized for number of glomeruli (amol/103 glomeruli/min). n = 4, 3, 3,
3, 3 for the groups shown top to bottom. Comparison of normals to all
other groups was statistically significant (P < 0.05).

although we found that IL-la mRNAwas not substantially
upregulated in nephritic kidneys (data not shown).

Weconfirmed the production of TNF-a by inflamed glomer-
uli removed 3 h after disease induction by measuring TNF-a
content in the supernatants from ex vivo glomerular incubations
(Fig. 3). The level of TNF-a production by inflamed glomeruli
was sufficient to yield an estimated intraglomerular concentra-
tion of 0.8 nM. Normal glomeruli made no detectable TNF-a
(< 0.3 amol/ 103 glomeruli/min). TNF-a production, unlike
CINC, was partly complement-dependent (Fig. 3). Decom-
plementation of animals prior to induction of nephritis sup-
pressed TNF-a elaboration by - 50% 3 h after disease induc-
tion. Also, unlike CINC production, TNF-a was largely depen-
dent on the presence of leukocytes (Fig. 3). Leukocyte
depletion decreased TNF-a production by inflamed glomeruli
removed 3 h after disease induction by > 90%. TNF-a produc-
tion also was significantly lower 24 h after disease induction
although it was still detectable (Fig. 3).

We were additionally able to validate the induction of
IL-l1p within the glomerulus, albeit qualitatively, by immunocy-
tochemistry. As shown in Fig. 4, IL-1p staining was apparent
within inflamed glomeruli 3 h after disease induction, whereas
expression by normal glomeruli was nil.

Biological significance of CINC in nephritis. To discern the
contribution of CINC to the acute phase of glomerular inflam-
mation, we next pretreated animals in vivo with affinity-purified
polyclonal anti-CINC IgG (which blocks CINC functional ac-
tivity in vitro) (20). Administration of this antibody signifi-
cantly decreased glomerular inflammation by standard histology
(Fig. 5). This difference was quantified by immunocytochemi-
cal analysis of dissociated glomerular cells. As shown in Fig.
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Figure 3. Production of TNF-a by isolated glomeruli. Glomeruli were

isolated from normal rats and from nephritic, nephritic-decomple-
mented, and nephritic-leukocyte depleted rats 3 h after disease induction
(Neph.-3 h, Neph.-3 h + CVF, and Neph.-3 h + irrad, respectively).
Glomeruli were also isolated from nephritic rats 24 h after disease
induction (Neph.-24 h). Glomeruli were then cultured ex vivo, and the
resulting supernatants assayed by an ELISA specific for TNF-a. Results
are expressed as a production rate normalized for glomerular number
(amol/103 glomeruli/min). n = 3 for all the groups shown. Comparison
of nephritic rats to all the other groups was statistically significant (p
< 0.05).

6 A, anti-CINC IgG decreased the influx of leukocytes into
the glomerulus, principally via its effects on PMNs. Antibody
administration did not affect the population of macrophages in
the glomerulus at this time point. These cells represent a mixture
of both the resident glomerular macrophages as well as the early
influx of blood monocytes (28).

To determine whether this reduction in PMNinflux was

biologically significant, we also assessed the effects of the anti-
CINC IgG on the proteinuria which occurs during the first 24
h following disease induction. Proteinuria during this phase
appears to be attributable mostly to the influx of PMNswith a

smaller component (< 20%) attributable to complement activa-
tion (18). Administration of anti-CINC IgG reduced the acute
proteinuria, commensurate to the reduction in PMNinflux (Fig.
6 B).

As an additional control we examined whether antibody to
human IL-8 had any effect on the acute phase of this model of
inflammation. IL-8 has a similar spectrum of action to CINC
and - 50% homology in primary sequence (29). Although it
is uncertain what the homologues to IL-8 are in sub-human
species, recent studies have shown that monoclonal anti-human
IL-8 IgGs with functional blocking activity decrease PMNin-
flux in rat and rabbit models of acute inflammation (21, 30).
However, we found that an anti-human IL-8 IgG (DM/C7)
was ineffective in diminishing glomerular inflammation or pro-

teinuria in anti-GBM nephritis. Glomerular leukocyte counts
were 113±4 and 117±9 leukocytes/glomerulus in nephritic ani-
mals treated with an isotype-matched control monoclonal and
DM/C7-treated nephritic animals, respectively (n = 3 for both,
P = NS). No differences were noted in the observed numbers

Figure 4. Immunocytochemical staining for IL-l1, in nephritic glomer-
uli. Frozen sections from normal (A) and nephritic kidneys removed 3
h after disease induction (B) were analyzed for IL- 1,6 expression using
a hamster anti-mouse IL-1/3 antibody as detailed in Methods. A repre-
sentative experiment (1 of 3) is shown in which staining was evident
only in inflamed glomeruli. No staining was noted in nephritic kidneys
without primary antibody and staining was competitively inhibited by
the inclusion of IL-1,B 40 ttg/ml with the primary antibody (not shown).

of PMNsor macrophages with the administration of DM/C7
either (data not shown). Proteinuria was 57±4 and 87+25 mg/
24 h in the two groups, respectively (n = 5 for both, P = NS).

Relevance of CINC to dermal immune complex injury. To
discern whether the participation of CINC in immune complex
injury was specific to renal inflammation, we additionally exam-

ined the effect of anti-CINC IgG on immune complex-mediated
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Figure 5. Effect of anti-CINC IgG on glomerular histology. Nephritis
was induced in both control antibody-treated animals and animals pre-

treated with anti-CINC IgG. Renal tissue was then procured 3 h after
disease induction and standard hematoxylin and eosin stained sections
of formalin-fixed tissue prepared. Representative glomeruli from control
antibody-treated and anti-CINC IgG-treated nephritic animals are shown
(A and B, respectively, x400). Control antibody-treated animals (A)
showed a diffuse infiltrative/proliferative glomerulonephritis with a

prominent component of PMNs. Anti-CINC IgG-pretreated nephritic
animals exhibited a less diffuse inflammatory infiltrate and decreased
numbers of PMNs(B).

inflammation in the skin using the same immune complex sys-

tem. As shown in Figs. 7 and 8, anti-CINC IgG significantly
attenuated the influx of PMNsinto the dermis in response to
GBM/anti-GBM complexes as seen both at the level of light
microscopy as well as with the more quantitative assessment
using tissue MPOactivity. In contrast to proteinuria in the above

Figure 6. Effect of anti-CINC IgG on glomerular leukocytes and protein-
uria. (A) Glomeruli were isolated from animals with anti-GBM nephritis
treated with nonbinding IgG and nephritic animals pre-treated with anti-
CINC IgG 3 h after disease induction. Normal glomeruli were also
isolated. Glomerular leukocytes (CD45+ cells) and their subsets were

then quantified in glomerular cell dissociates by immunocytochemistry/
nuclear morphology as detailed in Methods. The two groups of nephritic
rats were significantly different for total leukocytes and PMNs(n = 7
for both, P < 0.05). CD45- cells represent mostly mesangial cells. (B)
Proteinuria was determined in 24-h urine collections from normal con-

trols, animals with anti-GBM nephritis treated with nonbinding IgG,
and nephritic animals pre-treated with anti-CINC IgG. The latter two
groups were significantly different (n = 10 for both, P < 0.05).

studies on nephritis, tissue edema was not affected by the ad-
ministration of anti-CINC IgG either by morphology (in terms
of dermal thickness, Fig. 7) or as determined by the increase
in tissue weight (Fig. 8). These data corroborate previous obser-
vations that subcutaneously injected CINC mediates a transient
influx of PMNsbut not vascular leakage (9).

Discussion

Although much is known about the biochemistry and in vitro
activity of chemokines, little is known about their biological
function in vivo. This study provides compelling evidence for
the participation of the chemokine, CINC, in a rat model of
immune complex-mediated inflammation in vivo. Specifically,
we have established that CINC mRNAis induced early on

after induction of immune-mediated glomerulonephritis, that
the corresponding protein is elaborated by isolated inflamed
glomeruli in physiologically active concentrations, and that in-
hibition of CINC using a function-blocking antibody attenuates
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Figure 7. Effect of anti-CINC IgG on the histology of dermal immune
complex inflammation. Dermal immune complex injury was induced as

detailed in Methods. Representative dermal sections (obtained 8 h after
induction of disease) from animals treated with control IgG (A) and
animals pretreated with anti-CINC IgG (B) are shown (both xI 00).
Animals treated with control IgG evidenced an angiocentric inflamma-
tory cell infiltrate which extended into the dermis and consisted mainly
of neutrophils (dark nuclei within infiltrate were > 90% PMNsunder
higher power, not shown). Dermal edema was also apparent. Animals
treated with anti-CINC IgG showed a much reduced neutrophil infiltrate
but still exhibited dermal edema.

both the influx of PMNsinto the inflammatory locus and the
resulting glomerular damage.

As noted above, recent studies have suggested a role for an

IL-8-like molecule in mediating the migration of PMNs in
acute inflammation using anti-human IL-8 antibody in rats and
rabbits (21, 30). It is unlikely, though, that our results can be
attributed to the participation of an IL-8-like CINC homologue.
Weobserved expression of both CINC mRNAand CINC pro-

tein, and the anti-CINC antibody used does not cross-react sig-
nificantly with the human IL-8/GRO family of chemokines (the
human homologues of CINC) (11) or rat GRO/3. Although
there are technical reasons that may explain the apparent dis-
crepancies between these studies (e.g., differences in antibody
administration, use of different antibodies, differences in in-

Figure 8. Effect of anti-CINC IgG on tissue MPOactivity and edema
in dermal immune complex inflammation. Tissue MPOcontent and
weight was determined 8 h after the injection of immune complexes in
animals pretreated with control IgG, and animals pretreated with anti-
CINC IgG in 6-mm punch biopsies of epidermis/dermis as detailed in
Methods. Tissue MPOcontent and weight were also determined in 6-
mmpunch biopsies of normal epidermis/dermis. The two former groups

were significantly different for MPOcontent only (n = 6 for both,
P < 0.05).

flammatory stimuli), resolution of these issues will ultimately
depend on elucidation of the members of the CXCchemokines
in sub-human species.

Regarding the specificity of the role of CINC in inflamma-
tion, the current data would suggest that the participation of
CINC is not tissue-specific in that our anti-CINC antibody also
blocked the influx of neutrophils in dermal immune complex-
mediated inflammation. Although our current data do not ad-
dress the issue of stimulus-specificity, published work and ob-
servations by us in other models of inflammation suggest that
CINC may participate in the migration of PMNsin response to
multiple inflammatory stimuli (10) (Wittwer, A. J., L. S. Carr,
and J. E. De Larco, manuscript submitted for publication).
These data, in sum, suggest that the role of chemokines in
mediating PMNtrafficking may be a general one.

It is noteworthy from a pathophysiologic point of view that
anti-CINC antibody attenuated proteinuria in our model of ne-

phritis, whereas it had no effect on the generation of dermal
edema in dermal immune complex-mediated inflammation.
This apparent discrepancy likely reflects the difference in the
generation of these two manifestations of tissue injury rather
than a difference in the role of CINC. Proteinuria in anti-GBM
nephritis is mediated largely via the activation of PMNswithin
the glomerulus and their production of reactive oxygen species
or proteinases in situ (7, 8). In contrast, the generation of
tissue edema in dermal immune complex injury results from
the elaboration of vasoactive substances locally (such as PGE2
and peptidoleukotrienes) by resident tissue mast cells (31).

In addition to substantiating a role for CINC in mediating
the trafficking of PMNs, data from the present work also provide
insights into the molecular mechanisms underlying chemokine
synthesis in vivo. As we noted, CINC expression and production
were independent of the presence of complement. Thus,
antibody/immune complex deposition per se appears sufficient
for the expression of CINC. Moreover, the lack of an effect of
either complement- or leukocyte-depletion on the expression of
CINC suggests that CINC is produced exclusively by endoge-
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nous glomerular cells. In support of this latter conclusion, pro-
duction of CINC by transformed kidney cells (epithelioid and
mesenchymal) has been shown previously (11, 12, 20), and
we have observed the production of CINC by cultured mesan-
gial cells (Wu, X., and J. B. Lefkowith, unpublished observa-
tions).

The data also suggest that the expression of CINC is a
function of the expression of the cytokines, TNF-a and IL-1p6,
in that both of these cytokines are upregulated in the context
of nephritis, and prior work has shown that both of these cyto-
kines can induce CINC in vitro (11, 20). The regulation of
TNF-a production, though, appears distinct from that of CINC.
Unlike CINC, TNF-a production was partly complement depen-
dent and largely leukocyte dependent. These data suggest that
TNF-a is derived from leukocytes (resident and elicited) stimu-
lated both via the inciting antibody/immune complexes and the
products of complement activation. Moreover, the lack of TNF-
a production by glomeruli from irradiated animals (which pro-
duce undiminished amounts of CINC) suggests that mecha-
nisms other than TNF-a may be important in regulating CINC
expression. Conjecturally, immune complexes or mesangial
cell-derived IL-1 may stimulate CINC production by endoge-
nous glomerular cells (32, 33).

A final point that the current data speak to is the relative
role of CINC in mediating the influx of PMNs into a focus of
tissue injury. In this study, we noted that anti-CINC antibodies
attenuated the influx of PMNs, not as substantially as comple-
ment depletion (which completely prevents PMNinflux; 18),
but comparably to anti-TNF-a antibodies, soluble TNFreceptor
1, or anti-CD11/18 antibodies (16, 34). Also, we noted that
CINC was produced by glomeruli from complement-depleted
nephritic animals and glomeruli obtained 24 h after induction
of nephritis, when PMNinfiltration is substantially reduced ( 18,
35). These data suggest that CINC is engaged as a distal mecha-
nism in the cascade of mediators controlling PMNtrafficking
into glomeruli. Moreover, they suggest that the production of
CINC per se is not sufficient for PMNmigration, but that it
plays a contributory role in the context of the activation of other
inflammatory mediators.

Based on the current study and other published work (7, 8,
16-18, 24, 34, 35), we would propose the following paradigm
for the cascade of events mediating the influx of PMNsinto
the glomerulus in the context of nephritis. The deposition of
antibody/immune complexes in the glomerulus activates com-
plement. Both antibody and complement together activate resi-
dent macrophages via Fc and complement receptors to express
the cytokines IL-1,6 and TNF-a. These cytokines then serve
both to upregulate endothelial adhesiveness and to lead to the
production of the chemokine, CINC, by endogenous glomerular
cells (e.g., mesangial cells). Additional TNF-a-independent
mechanisms to activate CINC expression may also exist. Com-
plement activation products, CINC, and the upregulation of
endothelial adhesiveness are integrated to produce the initial
PMNinflux and activation. Efficient PMNemigration from the
vasculature, however, requires a cooperative interaction with
platelets. Lipid mediators, such as leukotriene B4, appear to act
as secondary positive feedback loops, which are called into play
only with more substantial inflammation.

In summary, the current study serves to establish the impor-
tance of the chemokine, CINC, in rat immune complex-medi-
ated inflammation and provide insights into the mechanisms
underlying its synthesis and its relative role in the inflammatory

cascade. These studies by implication suggest that human CXC
chemokine homologues, IL-8 and the GROfamily of polypep-
tides, may be similarly important in immune complex injury in
man. Hopefully, developing an understanding of the role of
chemokines in immune complex-mediated tissue damage will
lead to pharmacologic strategies to manipulate immune com-
plex-mediated tissue dysfunction, such as lupus nephritis, in
man.
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