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ABSTRACT

C57/B6 mice received intraperitoneal horse spleen apoferritin
(4 mg) with lipopolysaccharide (0.05 mg); control mice received
0.15 M NaCl. Control and treated animals were killed weekly for
6 wk; blood and urine specimens were obtained, and tissue
samples were secured. Treated animals showed evidence of
significant chronic disease, with proteinuria, hematuria, and ure-
mia. A mild glomerulonephritis was present at 2 wk, with
significant proliferative glomerulonephritis at 4 wk, progressing
to chronic disease with tubulointerstitial changes at 6 wk.
Changes at each time period were uniform between animals. C3
mRNA was first detected by in situ hybridization at 3 wk.
Message was restricted to proximal tubular and periglomerular
epithelial cells. Presence of C3 message preceded the develop-
ment of interstitial inflammation and fibrosis by 1-2 wk, and its
location and intensity paralleled the evolving interstitial disease.
Although extensive mesangial C3 protein deposits appeared
early, there was never C3 message in glomeruli or infiltrating

A variety of primary glomerular diseases can progress to
chronic renal failure. Common to all of these is involvement of
the interstitium with peritubular inflammation, edema, fibrosis,
and tubular atrophy (1). Progression to end-stage renal disease
never occurs in the absence of these features, and their pres-
ence in the early stage of disease is often predictive of
deterioration (2).

Despite recognition of this sequence, there is little under-
standing of the mechanisms by which glomerular inflammation
triggers an interstitial process. Studies of human biopsy mate-
rial from our laboratory have suggested a role for local expres-
sion of complement by the tubular epithelium (3-5). A limi-
tation of this work has been the fact that such material
represents a single time point in the evolution of a complex
disease. Thus, it is not possible to place the presence of tubular
complement component expression into a temporal context.
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cells. Before C3 message became apparent, two cytokines known
to up-regulate C3 transcription in vitro, IL-1 and IL-6, were
detected by immunohistochemistry. The temporal sequence in
this model is consistent with our hypothesis that local synthesis
and activation of C3 in tubular epithelium is important to the
interstitial component of chronic glomerulonephritis. The pro-
cess is independent of the deposition of circulating complement
in the glomerulus, but may be triggered by glomerular cytokines.
(Pediatr Res 48: 200-205, 2000)

Abbreviations
LPS, lipopolysaccharide
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In an effort to test further the hypothesis that tubular com-
plement expression was a potential mediating factor in the
progression of glomerulonephritis, we determined that an an-
imal model would be necessary. The model would need to
feature tubular complement expression, and involve a species
with a defined complement system. It should begin with acute
glomerular inflammation, with gradual progression to interstitial
involvement, permitting assessment of the time at which local
complement synthesis began. The studies reported here describe
the features of such a model, and the evidence supporting a role
for local expression of complement component C3.

METHODS

Animals. Six-week-old male C57/B6 mice were obtained
from the Jackson Laboratory (Bar Harbor, ME, U.S.A.). The
study was approved by the Animal Use Committee of the
Children’s Hospital Research Foundation.

Antisera and reagents. FITC-conjugated goat anti-murine
C3c (the major fragment of C3; Nordic, Capistrano Beach, CA,
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U.S.A.), rabbit anti-mouse IL-1% (Endogen, Cambridge, MA,
U.S.A.) rabbit anti-mouse IL-6 (Genzyme, Cambridge, MA,
U.S.A)), FITC-conjugated goat anti-rabbit [gG (Rockland, Gil-
bertsville, PA, U.S.A.), HSA (Sigma Chemical Co., St. Louis,
MO, U.S.A.), and LPS (Calbiochem, San Diego, CA, U.S.A.)
were obtained as indicated.

Riboprobes. The plasmid pBR322 containing a 2.4-kb
mouse cDNA insert for C3 was obtained from American Type
Culture Collection (Rockville, MD, U.S.A.). A 541-bp product
was generated by PCR using a 5 CAA GGC TTG CAA TAC
CAT GAA GG 3" and a 5’ CCT GTG TGG GGC TGT TAA
ATG 3’ oligonucleotide. The PCR product was then ligated
into a PCR 2.1 TA cloning vector (Invitrogen, Carlsbad, CA,
U.S.A.). Colonies were grown and checked by restriction
enzyme digestion for orientation to obtain sense and antisense
probes. DNA was isolated using Qiagen purification (Santa
Clarita, CA, U.S.A.), linearized, and then transcribed using T7
polymerase, *>S-UTP, and a Promega (Madison, WI, U.S.A.)
transcription kit. The RNA probes were passed over quick-spin
columns (Boehringer Mannheim, Indianapolis, IN, U.S.A.) to
remove unincorporated nucleotides before use.

Urine and blood samples. Blood urea nitrogen concentra-
tion was measured by the Children’s Hospital Medical Center
clinical laboratory. The assay used (Vitros 950, Johnson &
Johnson, Rochester, NY, U.S.A.) has a reported coefficient of
variation of 1.6%. A normal range for murine blood urea
concentration of 12-22 mg/dL was established in 10 normal
6-week-old animals. Urine was analyzed for the presence of
blood and protein by Multistix (Bayer Corporation, Elkhart, IN,
U.S.A.), according to directions supplied by the manufacturer.

Tissue harvesting and processing. Animals were killed by
CO, narcosis. Immediately after death, the kidneys were dis-
sected free and bisected. Tissue samples were frozen in M-1
embedding matrix (Shandon Lipshaw, Pittsburgh, PA, U.S.A.)
for immunohistochemistry or treated with 10% formalin for rou-
tine histology or 4% paraformaldehyde for in situ hybridization.

Blood samples were obtained at the time of death by cardiac
puncture. Before killing, animals were held in metabolic cages
to obtain urine specimens.

Immunohistochemistry. Frozen tissue was cut into 10-pum
sections, dried on positively charged slides, washed with PBS,
and incubated at 37°C for 30 min with 10% normal goat serum.
Excess serum was blotted, and the slides were incubated with
a 1/50 dilution of primary antibody for 1 h at 37°C. The tissue
was washed with PBS. The slides with IL-1> and IL-6 anti-
bodies were then incubated with FITC-conjugated goat anti-
rabbit IgG (1/20 dilution) for 30 min at 37°C and washed again
with PBS. All slides were then mounted with 0.1% p-
phenylenediamine in PBS-glycerol and coded before examina-
tion. Treated sections were examined with UV light in an
incident-light fluorescent microscope, and the fluorescence
pattern (focal, diffuse; mesangial, loop) was defined. Fluores-
cence intensity was graded as negative, or 1+ through 4+.
Control sections lacking primary antibody were included with
each experiment. All sections were examined by two authors
(T.R.W. and D.W.) independently.

Histology. Paraffin-fixed tissue was cut into 4- to 6-um
sections and stained with H&E, PAS, and Jones silver-
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methenamine by standard methods. Sections were coded and
examined independently by two of the authors (T.R.W. and
D.W.) using a variation of the method we have described
previously (6). Glomerular and interstitial regions were each
scored. Glomeruli were scored on a scale of a 0 (absent) to 4+
(extensive, involving all glomeruli) for mesangial proliferation
and mesangial matrix increase. The interstitium was similarly
scored for peritubular inflammation, peritubular matrix in-
crease, and tubular atrophy.

In situ hybridization. Paraformaldehyde-fixed tissue was
used for C3 in situ hybridization, as previously described from
our laboratory (3-5). Sense strand riboprobes were included in
all experiments as negative controls, and mouse liver was used
as a positive tissue control.

Sections were examined by dark-field microscopy at X20
and X40. The presence, distribution, and intensity of signal
was recorded for each tissue by two of the authors (T.R.W. and
D.W.). Signal that was not different from sense strand control
(such as Fig. 1F) was graded as 0, whereas occasional scattered
foci were graded 1+. Focal tubular label involving =50% of
control tubules (such as Fig. 1G) was graded 2+. Label
involving >50% of tubules was 3+, whereas >75% (Fig. 1H)
constituted a 4+ label. A similar scale was applied to periglo-
merular (Bowman’s capsule) label.

Experimental protocol. Animals received injections of HSA
(4 mg) intraperitoneally five times weekly, with LPS (0.05 mg)
intraperitoneally three times weekly. Control animals received
0.15 M NacCl (0.1 mL) five times weekly. At intervals of 1 wk
for a total of 6 wk, one saline and three HSA/LPS-treated
animals were killed, with blood, urine, and tissue samples
obtained as described.

This model was adapted from a previously described method
(7). In pilot studies undertaken to determine the optimal im-
munization schedule, we determined that extending the HSA
immunization from the original 14 d and adding LPS as an
immune adjuvant produced the most consistent, reproducible
lesion.

RESULTS
Histology

Control animals. The appearance of the saline-injected con-
trol animals was uniform at each weekly interval. No changes
in mesangial cellularity or matrix or in the morphology of the
tubulointerstitial areas were seen (Fig. 14).

Treated animals. Between wk 1 and 3, there was a uniform,
progressive increase in mesangial matrix and cellularity. No
interstitial lesions were present. At 4 wk, the glomerular
lesions were more advanced, and rare foci of periglomerular
and peritubular mononuclear infiltration were present (Fig.
1B). At wk 5, the glomerular changes included some obliter-
ation, which involved half the glomeruli by wk 6. The tubular
changes also progressed, with widespread infiltrate and occa-
sional atrophy at wk 5, followed by extensive fibrosis, and
atrophy at wk 6 (Fig. 1C). Most sections at wk 6 showed
essentially end-stage renal disease.
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Figure 1. 4, H&E-stained section from saline-injected animal at 4 wk to illustrate normal glomerulus and interstitium (X450); B, H&E-stained section from
HSA/LPS-injected animal at 4 wk, illustrating proliferative glomerulonephritis (g/) and early periglomerular and peritubular infiltrate (arrow) (X450); C,
PAS-stained section from HSA/LPS-treated animal at 6 wk, illustrating extensive, advanced interstitial involvement (X450); D, «C3c-stained section from
HSA/LPS-treated animal at 2 wk, illustrating early presence of complement deposits in glomerular mesangium (g/) (X500); E, IL-1%-stained section from
HSA/LPS-treated animal at 4 wk, illustrating presence of cytokine in a mesangial distribution (g/) (X500); F, C3 in situ hybridization of section from
HSA/LPS-treated animal at 1 wk, illustrating absence of signal early (X100); G, C3 in situ hybridization of section from HSA/LPS-treated animal at 4 wk
illustrating focal signal in a tubular and periglomerular distribution (X100), H, C3 in situ hybridization of section from HSA/LPS-treated animal at 5 wk,
illustrating extensive, generalized tubular and periglomerular signal (X100).
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Immunohistochemistry

At wk 1, there was no fluorescence with any antisera. Coarse
granular deposits (1+) of C3c first appeared at wk 2 (Fig. 1D),
and progressed to a generalized mesangial pattern that was well
established (2+) by wk 3 and continued through wk 6 (3+).
Beginning at wk 4, some tubular C3c protein was also present.

The IL-1% and IL-6 patterns were similar. Generalized trace
reaction for both cytokines in a mesangial distribution (1+)
was first detected at 2 wk. This was well-established by 3—4
wk (2+), and continued unchanged through the end of the

study (Fig. 1E).

C3 mRNA by in situ hybridization

Control hybridization of the sense and antisense C3 ribo-
probe on murine liver confirmed its activity and specificity. No
C3 mRNA was seen in the kidney tissue of saline-injected mice
at any time.

The treated animals showed no C3 mRNA on wk 1 or 2 (Fig.
1F). By wk 3, however, definite foci of signal were detected in
a periglomerular and proximal tubular location (1+). By 4 wk,
this activity was more extensive (2+), and the signal was
stronger (Fig. 1G). Progressive increase in signal intensity and
distribution occurred on wk 5 (3+) and 6 (4+) (Fig. 1H).

With the exception of the periglomerular signal (from the
epithelium of Bowman’s capsule), there was no evidence of
glomerular C3 mRNA at any time. This observation was
maintained even in situations in which the histology demon-
strated an extensive glomerular infiltrate and immunohisto-
chemistry showed extensive C3 protein deposits.

Also, the interstitial signal was restricted to proximal tubular
epithelial cells. At no time was there evidence of message in
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infiltrating inflammatory cells or in blood vessels. Low-
magnification scanning of sections never showed signal in the
medullary portions of the kidney.

Clinical disease

The animals had hematuria, proteinuria, and progressive
renal insufficiency (elevated urea nitrogen), as detailed in Fig.
2. Two treated animals died, one each at 2 and 3 wk.

Integration of findings

In Figure 2, the sequence of evolution of these findings is
summarized. The depth of shading in this figure represents the
0—4+ scales described in “Methods.” It is notable that glo-
merular cytokine activity is established by wk 2, before any C3
mRNA is seen. In turn, development of interstitial C3 message
at 3—4 wk clearly antedates the development of tubular injury,
which is rare and spotty at wk 4 and not established until wk
5. Finally, the most dramatic change in clinical findings (uri-
nalysis and blood urea nitrogen) do not begin until tubuloin-
terstitial injury is established.

DISCUSSION

Most reported models of glomerulonephritis concentrate on
the development and evolution of the glomerular lesion. In
human disease, however, the severity of glomerulonephritis is
nearly always marked by the nature and extent of the tubulo-
interstitial involvement. In systemic lupus erythematosus, for
example, Esdaile ef al. (8) have shown that the factor most
predictive of deterioration in renal function is the presence of
interstitial involvement in the initial kidney biopsy. Similar
observations have been made in IgA nephropathy (9, 10) and

SUMMARY OF FINDINGS IN HSA/LPS TREATED MICE

WEEK 1

WEEK 2

WEEK3 WEEK 5 WEEK 6

Mesangial proliferation
Mesangial matrix increase
Mesangial C3c

Mesangial IL-1

Mesangial IL-6

WEEK 4

Tubular C3 mRNA

Peri-glomerular C3 mRNA

Tubular C3c

Peri-tubular inflammation

Peri-tubular matrix increase

Tubular atrophy I

Urine Protein/Blood tr/tr

Blood urea nitrogen mg/dl (SD) 21(6)

1+/tr

32(6)

2+/mod

2+/tr 1+/sm 2+/1g

24 (4) 37(11) 45(31) 50(45)

Figure 2. Summary of clinical, histologic, immunohistochemical, and in situ hybridization findings in treated animals. The degree of shading in the bars
represents the 0 to 4+ scale used in tissue analysis (see text for details). The scales for urine blood (trace to large) and protein (trace to 4+) are based on the

dipstick method used.
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membranoproliferative glomerulonephritis (11). Tubulointer-
stitial injury per se results in deterioration in renal function (1,
12).

The mechanism by which some glomerular inflammatory
processes lead to tubulointerstitial disease are not well under-
stood. Such an understanding, however, is potentially very
important. First, it might allow the early recognition of disor-
ders at high risk of progression. Second, it might permit the
design of new treatment strategies.

With human biopsy tissue studies, we have suggested a role
for tubular complement synthesis in this process. Although
complement component C4 appears to be expressed constitu-
tively in all human kidneys studied (3), C3 (4) and B (5) are
differentially regulated.

By in situ hybridization, message for these two components
of the alternative pathway C3 convertase are expressed in the
proximal tubular epithelium of kidneys with interstitial disease.
In the case of C3, this observation has been confirmed by
others (13). Although one group has reported C3 expression by
glomerular cells as well (14), the equal intensity of tubular
message in this study, in our opinion, makes the observation
questionable. Even if the low-level glomerular expression in
this report were real, tubular expression should have been
proportionately much more extensive. In any case, it is difficult
to ascribe importance to low levels of locally produced com-
plement in a structure (the glomerulus) continuously bathed
with plasma components.

Evidence of human renal C3 synthesis has led many to
suggest a role for local complement in disease. For the most
part, however, these suggestions have related to a role in
glomerular inflammation (15). Our work, however, has led to
the generation of a hypothesis that relates local complement
synthesis to progressive interstitial injury. This hypothesis is
based both on our work and on that of others, and is the basis
for the studies described here. According to this hypothesis, the
initial insult in most immune glomerulonephritides includes
direct complement-mediated glomerular injury. The comple-
ment source for this initial step is the circulation (16).

In the course of this glomerular injury, a variety of cytokines
are expressed in the mesangium, either synthesized by resident
mesangial cells or by infiltrating inflammatory cells (17, 18).
Several of these cytokines (IL-1 and IL-6, for example), have
been shown to up-regulate C3 transcription (19). We suggest
that these cytokines may gain access to the proximal tubular
epithelium and the epithelium of Bowman’s capsule via glo-
merular filtrate or, in the case of the proximal tubule, the vasa
recta. This, in turn, could up-regulate C3 expression in these
cells.

Once C3 protein is present in the interstitium, there are a
variety of ways in which it could be activated. Local cell
injury, for example, could result in the basement membrane of
some cells becoming alternative pathway activators. In one in
vitro study (20), proximal tubular epithelial cells in culture
were shown to be alternative pathway activators. The ammonia
content of the interstitium (21, 22) may also result in the
formation of NH,*C3, an effective convertase.

In any event, local production and activation of C3 would
then be capable of mediating interstitial effects in a variety of

WELCH ET AL.

ways. Nonlytic insertion of the MAC into the cell could result in
expression of a variety of proteins, which, in turn, could mediate
progressive inflammation, fibrosis, or cell death (23). Occupation
of C5a receptors could have similar results. Fluid-phase anaphy-
latoxins could also be generated by this process, further recruiting
inflammatory cells to the peritubular environment.

Both our human biopsy studies (3—5) and the model de-
scribed herein are consistent with this hypothesis. These data
suggest that the role of complement in glomerulonephritis may
include, in addition to the well-established induction of glo-
merular injury, mediating the chronic interstitial injury that
accompanies progressive disease. The availability of this well-
characterized model will now permit a more precise study of
the role of complement with gene targeting, as well as analysis
of genes induced in tubular cells by complement deposition.
Such studies, currently ongoing, should also make it possible to
define the complement dependence of the model.
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