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Autoimmune diseases are due to a break- 
down of the tolerant state to autologous con- 
stituents. Some autoimmune diseases, includ- 
ing kidney diseases, can occur spontaneously 
in man. Our present understanding of the 
pathogenesis of human autoimmune diseases, 
however, is based mainly on the results of 
studies of diseases induced in laboratory an- 
imals by appropriate immunization. These 
diseases usually involve strong immunization 
such as incorporation of autologous tissue in 
“adjuvants,” like Freund’s adjuvant, or im- 
munization of animals with a similar tissue 
from a different species that shares cross-re- 
active antigens. 

Autoimmune reactions can be manifested 
by the production of autoantibodies and/or 
of autoreactive T cells. Thus, tissue damage 
may result from the reaction of antibodies 
with antigens present in the kidney, from tissue 
deposition of circulating immune complexes, 
and from cellular immune processes (1, 2). 
These mechanisms of hypersensitivity are not 
mutually exclusive. It is only for didactic rea- 
sons that we arbitrarily classify the various 
autoimmune renal diseases as if they were in- 
duced by a single pathogenic mechanism (Ta- 
ble I). In this review two groups of animal 
models of nephritis will be described. In the 
first group kidney lesions are induced by au- 
toantibodies reacting with structural kidney 
antigens such as those of basement membranes 
or those present on the surface of cells. In 
immunofluorescence microscopy the immune 
reactants may be found along basement 
membranes in either a linear (e.g., in anti- 
basement membrane nephritis) or a granular 
pattern (e.g., in Heymann glomerulonephri- 
tis). In the second group the nephropathies 
are conceivably the result of deposition in the 
kidney of circulating autologous immune 
complexes. The immune complexes accu- 
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mulate in a granular pattern. Where possible, 
we will present evidence that similar diseases 
occur in man. Because insufficient solid data 
are available, a separate discussion of the role 
of autoreactive T cells in the development of 
kidney diseases is not included in this review. 

I. Injury Resulting from the Interaction of 
Autoantibodies with Structural Antigens of the 
Kidney. 1. Glomerulonephritis Mediated by 
Antibodies to Glomerular Basement Mem- 
brane (GBM). a. Animal models. i. Glomer- 
ulonephritis resulting from immunization with 
GBM antigens. Steblay and his associates have 
shown that sheep immunized with either het- 
erologous (human) or homologous GBM in 
complete Freund’s adjuvant develop GBM 
antibodies and a rapidly progressive, crescentic 
glomerulonephritis (3). Some of the antibodies 
are clearly autoantibodies because they react 
with autologous GBM. Study by direct im- 
munofluorescence microscopy shows char- 
acteristic linear deposits of sheep IgG along 
the GBM. C3 may be bound to GBM in a 
similar pattern. Antibodies eluted from dis- 
eased kidneys react in vitro with sheep and 
human GBM, as well as with alveolar base- 
ment membranes (ABM) (4). The antibodies 
eluted from kidneys of sheep with Steblay’s 
glomerulonephritis react with structural com- 
ponents localized mainly in the lamina rara 
interna of the GBM. This reaction is com- 
pletely inhibited by prior absorption of the 
antibodies with collagenase-digested human 
GBM. Furthermore, the antibodies eluted 
from kidneys of nephritic sheep inhibit the 

’ The term “immune complex nephritis” has been tra- 
ditionally used to encompass all those nephropathies in 
which granular immune deposits are found irrespective 
of whether these deposits are formed locally or from cir- 
culating immune complexes. Therefore, this term will only 
seldom be used in this review. 
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TABLE I. KIDNEY DISEASES WITH AN AUTOIMMUNE PATHOGENESIS 

1. Injury resulting from the interaction of autoantibodies with structural antigens of the kidney 
1. Glomerulonephritis mediated by antibodies to glomerular basement membrane (GBM) 

Glomerulonephritis resulting from immunization with GBM antigens 
Glomerulonephritis induced by mercuric chloride 

a. Animal models 
i. 
ii. 
111. Spontaneous glomerulonephritis ... 

b. Human glomerulonephritis 

a. Animal models 

b. Human glomerulonephritis (?) 

a. Animal models 

2. Glomerulonephritis mediated by antibodies to glomerular epithelial antigens 

i. Heymann glomerulonephritis 

3. Tubulo-interstitial nephritis mediated by antibodies to tubular basement membrane (TBM) 

i. Tubulo-interstitial nephritis resulting from immunization with TBM antigens 
ii. Anti-TBM antibodies following kidney transplantation 

b. Human tubulo-interstitial nephritis 

a. Animal models 
b. Tubular injury in man (?) 

4. Tubular injury mediated by antibodies to tubular epithelial antigens 

11. Injury presumably resulting from deposition in the kidney of circulating autologous immune complexes 
1. Glomerulonephritis 

a. Animal models 
i. Glomerulonephritis induced by graft-versus-host or host-versus-graft reactions 
ii. Glomerulonephritis induced by thyroglobulin or sperm antigens 
iii. Glomerulonephritis induced by antigens of basement membranes and of the collagen matrix 
iv. Glomerulonephritis in mice with spontaneous lupus-like syndrome 

i. Systemic lupus erythematosus nephritis 
ii. Other types of glomerulonephritis 

b. Human diseases 

2. Tubulo-interstitial nephritis 
a. Animal models 
b. Human diseases 

reaction of Goodpasture’s antibodies (see Sect. 
Ilb) with human GBM, suggesting that com- 
mon antigenic determinants of the GBM react 
with Steblay’s and Goodpasture’s antibodies 
(5) .  Steblay’s glomerulonephritis can be pas- 
sively transferred with antibody to sheep, 
which develop a glomerulonephritis identical 
to that of the donor animal (4). Sheep passively 
or actively immunized do not develop au- 
toimmune hemorrhagic pneumonitis despite 
the presence in the circulation of elevated lev- 
els of antibodies capable of reacting with sheep 
ABM in vitro. It is conceivable that, in addition 
to antibodies, other factors increasing the per- 
meability of the alveolar capillary wall may 
be required for the development of lung injury 
(6). In the sheep model the precise role of the 
mediators of the inflammatory reaction is not 
well established. The exudative lesions are 
characterized by accumulation of bloodborne 
macrophages which contribute to the for- 
mation of crescents (2). 

Anti-GBM glomerulonephritis can be in- 
duced by both xeno- and allo-immunization 
of rats, rabbits, mice, guinea pigs, and mon- 
keys (2). The urine of normal rabbits contains 
GBM antigens that, when used for immuni- 
zation of rabbits, induce anti-GBM glomer- 
ulonephritis. In guinea pigs complement ac- 
tivation does not seem important for the de- 
velopment of proteinuria. Mice immunized 
with human GBM develop a conspicuous ex- 
pansion of the lamina rara externa and large 
“spikes.” The eluates from kidneys of nephritic 
mice contain all IgG subclasses but only IgGl 
binds to normal mouse GBM. This finding 
was interpreted as indicating that in vivo fix- 
ation to the GBM of IgG subclasses other than 
IgGl results from synthesis of antibodies to 
abnormal GBM components generated as a 
consequence of the initial injury induced by 
GBM antibodies of the IgG, subclass (7). 

ii. Glomerulonephritis induced by mer- 
curic chloride (HgC12). New Zealand rabbits 
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injected intramuscularly with HgC12 develop 
a biphasic, systemic disease first characterized 
by autoantibodies reactive to basement mem- 
branes and collagen matrix and, then, by an- 
tigen-antibody complexes containing the 
same kind of antibodies (8). A similar biphasic 
disease occurs in Brown-Norway rats (9, 10). 
In these animals the autoimmune response 
depends upon two or three genes, one of which 
is H-1 linked (1 1). Other studies have shown 
that HgC12 induces a polyclonal B-cell acti- 
vation (12) and, possibly, a loss of T-cell 
suppression function (1 3). In the rat a prolif- 
erative and exudative glomerulonephritis can 
be observed 10 to 15 days after the beginning 
of administration of HgC12. In the rabbit this 
initial inflammatory injury was not described. 
In a later stage of HgC12 injection both rabbits 
and rats develop a systemic immune complex 
disease, including membranous glomerulo- 
nephritis (Sect. I1 1 aiii), presumably as a con- 
sequence of tissue deposition of circulating 
immune complexes (10, 14). 

iii. Spontaneous glomerulonephritis. A 
glomerulonephritis induced by antibodies to 
GBM was described in the horse (1 5). 

b. Human glomerulonephritis. Lerner et 
al. (1 6 )  have shown that human renal disease 
may infrequently (1.5-2% of the nephritic 
population) result from autoantibodies di- 
rected against constituents of the GBM. Anti- 
GBM glomerulonephritis is usually charac- 
terized by extensive crescent formation and 
rapid deterioration of renal function. Because 
of antigenic similarities among GBM, TBM, 
and ABM, anti-GBM glomerulonephritis may 
be associated with tubulo-interstitial nephritis 
and/or with hemorrhagic pneumonitis. A 
number of clinical syndromes can result. 
“Anti-renal basement membrane nephritis” 
is characterized by the presence of antibodies 
to GBM and TBM. In “Goodpasture’s dis- 
ease” or “anti-GBM glomerulonephritis with 
hemorrhagic pneumonitis” antibodies binding 
to GBM and ABM are found. The antigens 
responsible for the immune response occurring 
in Goodpasture’s disease and in some cases 
of isolated rapidly progressive glomerulone- 
phritis are contained in the noncollagenous 
fractions of the GBM (2) and, especially, in 
their most cationic 25- and 45-kDa compo- 
nents ( 17). One of the antigenic sites is located 

on a polypeptide with a molecular weight of 
26,000 ( 18). Immunocytochemical studies 
have shown that these antigenic components 
are restricted to the lamina rara intema of the 
GBM (19). 

The basic pathogenetic mechanism respon- 
sible for anti-GBM glomerulonephritis or 
Goodpasture’s disease is, at least partially, 
known. The demonstration that anti-GBM 
antibodies are responsible for the development 
of the disease is based on the following evi- 
dence: first, linear deposits of IgG, frequently 
but not always associated with C3, are present 
along the basement membranes; second, an- 
tibodies to GBM can be detected in the cir- 
culation, especially after bilateral nephrec- 
tomy; third, the immunoglobulins eluted from 
diseased kidneys contain antibodies, that, 
upon intravenous injection into monkeys, 
bind in a linear pattern to the GBM and induce 
a proliferative and exudative glomerulone- 
phritis and proteinuria; and, fourth, anti-GBM 
glomerulonephritis may recur in a renal graft 
if transplantation is performed when anti- 
bodies are still present in the circulation of 
the recipient (2, 20). 

The demonstration of linear deposits of IgG 
in ABM of patients with Goodpasture’s disease 
together with the observation that anti-ABM 
antibodies cross-react with GBM suggests that 
the immunological mechanisms inducing in- 
jury in the lung and in the kidney are identical. 
Although etiologic factors are not known, 
three hypotheses may be considered. First, ex- 
ogenous antigens, cross-reacting with GBM 
and ABM, could initiate autoantibody for- 
mation. Second, endogenous GBM or ABM, 
secreted in increased amounts or altered in 
composition, could be the immunogenic 
stimulus. Third, an abnormality of the im- 
mune response, involving polyclonal B-cell 
activation and other alterations of stimulatory 
or inhibitory signals, may predispose individ- 
uals carrying the HLA-DRW2 allotype to de- 
velop basement membrane antibodies. The 
chief difference between experimental and 
human anti-GBM glomerulonephritis is the 
absence of lung hemorrhage in laboratory an- 
imals. The observation that in patients with 
anti-GBM nephritis lung disease may be ab- 
sent despite the presence in the circulation of 
antibodies cross-reacting in vitro with ABM 
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and the demonstration that the titer of cir- 
culating antibodies does not correlate with the 
severity of lung involvement in patients with 
Goodpasture’s disease suggest that, besides 
antibodies, additional factors are needed for 
lung disease to occur (6, 21). 

2. Glomerulonephritis Mediated by Anti- 
bodies to Glomerular Epithelial Antigens. a. 
Animal models. i. Heymann glomerulone- 
phritis. Heymann and his associates (22) de- 
scribed the development of nephrotic syn- 
drome in rats immunized with homogenates 
of homologous kidney in Freund’s adjuvant. 
The massive proteinuria is caused by glo- 
merular lesions characteristic of membranous 
nephropathy. The disease is associated with 
the formation of autoantibodies reactive with 
antigens present on the cells of proximal tu- 
bules (a cellular fraction called F X 1A) (23) 
and also expressed on glomerular visceral ep- 
ithelial cells. More recently the antigen has 
been characterized as a glycoprotein (gp 330) 
concentrated mainly in the “coated pits” of 
the plasma membrane of the apical part of 
the proximal tubule cells, and in the plasma 
membrane of glomerular visceral epithelial 
cells, and of other absorptive epithelia (24). 

An immune complex disease similar to ac- 
tive Heymann nephritis develops in rats soon 
after passive transfer of homologous F X 1A 
antibodies (25). A comparable membranous 
nephropathy can also be induced by passive 
transfer of heterologous F X 1A antibody (26). 
Since perfusion of isolated rat kidney with 
heterologous antibody to F X 1A is followed 
by formation of granular immune deposits 
along the epithelial side of GBM, it is con- 
ceivable that the granular immune deposits 
of IgG found along GBM arise by the reaction 
of the perfusing antibodies with the gp 300 
antigen present in glomeruli (27,28). Whether 
in situ formation of immune complexes plays 
an exclusive role in the pathogenesis of active 
Heymann nephritis remains a matter of de- 
bate. 

The development of Heymann nephritis is 
genetically controlled. Five different inbred rat 
strains, representing three haplotypes of the 
major histocompatibility locus H- 1, were 
studied. It was found that Lewis, AS (H-1), 
and Lewis X BDV (H-ld) were highly sus- 
ceptible to disease stimulation, whereas 

Brown-Norway and Lewis X Brown-Norway 
were resistant or only slightly susceptible. 
These findings indicate that the expression of 
the disease is linked to genes of the major 
histocompatibility complex (29). 

b. Human glomerulonephritis (?). Tu- 
bular antigens, similar to those responsible for 
Heymann glomerulonephritis, were tenta- 
tively identified in Japan in a few patients 
with membranous glomerulonephritis. Out- 
side Japan, these observations were not con- 
firmed (2), with the exception of one patient 
with glomerulonephritis and tubulo-interstitial 
nephritis that appeared to have analogies with 
Heymann nephritis (30). It is conceivable, 
however, that in patients with idiopathic 
membranous nephropathy autoantibodies 
have reacted in situ with structural glomerular 
capillary wall components other than the 
Heymann antigen. 

3. Tu bulo- int erst it ial Nephritis Mediated by 
Antibodies to Tubular Basement Membrane 
(TBM). a. Animal models. i. Tubulo-intersti- 
tial nephritis resultingfrom immunization with 
TBM antigens. The first laboratory model of 
tubulo-interstitial nephritis induced by anti- 
body reactive with TBM was described by 
Steblay and Rudofsky in guinea pigs immu- 
nized with rabbit TBM (31). The animals de- 
velop a severe renal disease as well as auto- 
antibodies that react with the guinea pig’s own 
TBM to form continuous linear deposits of 
IgG, detectable by direct immunofluorescence 
tests, along the basement membrane of prox- 
imal tubules. C3 is also bound to TBM in the 
same pattern. The kidneys of immunized 
guinea pigs become swollen and petechiae are 
visible at the surface. Examination by light 
and electron microscopy reveals interstitial 
mononuclear cell infiltrates and formation of 
giant cells which surround and destroy the 
tubules. The glomeruli exhibit little or no 
pathologic changes despite the presence of 
weak IgG deposits along GBM. Absorption 
studies with renal eluates reveal that TBM 
shares antigens with GBM, although some 
TBM determinants are distinct from those of 
GBM. Guinea pigs of strain 13 develop tubulo- 
interstitial nephritis with conditions of im- 
munization that usually do not generate a 
comparable disease in strain 2. The increased 
susceptibility to develop anti-TBM antibody 
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appears to be inherited as a single dominant 
or codominant trait, linked to the major his- 
tocompatibility complex (32). With larger im- 
munizing doses of TBM antigens, strain 2 an- 
imals develop tubulo-interstitial nephritis in- 
distinguishable from that seen in strain 13 and 
outbred Hartley guinea pigs, although longer 
time is required for the full expression of severe 
disease in strain 2. The disease can be trans- 
ferred to animals of the same species with 
serum or renal eluates or with autoantibodies 
of the IgG, or IgG2 isotype. If transferred by 
IgGl or by IgG2 autoantibodies, the recipient 
guinea pigs generate antibodies of the isotype 
that had not been transferred and higher titers 
than expected of the isotype that had been 
transferred (33). This “autoimmune amplifi- 
cation,” similar to that described in autoim- 
mune hemolytic anemia, could have impor- 
tance in the self-perpetuation of the disease. 

Anti-TBM tubulo-interstitial nephritis can 
be induced in guinea pigs genetically deficient 
in C4. Passive transfer of tubulo-interstitial 
nephritis by serum can be inhibited by de- 
pletion of complement, using cobra venom 
factor, or by depletion of leukocytes with ir- 
radiation. Furthermore, an inhibition of the 
autoimmune anti-TBM response and the en- 
suing disease is achieved by injection of het- 
erologous antibodies to the anti-TBM anti- 
bodies. This inhibition may be caused by id- 
iotype suppression (34). The disease cannot 
be transferred by sensitized lymphocytes. 

Another model of anti-TBM tubulo-inter- 
stitial nephritis was described in Brown-Nor- 
way and Lewis X Brown-Norway rats im- 
munized with Sprague-Dawley rat kidney ho- 
mogenate in complete Freund’s adjuvant and 
pertussis vaccine (35). The evidence support- 
ing a primary pathogenetic role for anti-TBM 
autoantibodies in this model consists of: first, 
presence of linear deposits of rat IgG and C3 
along TBM; second, presence of anti-TBM 
antibodies in the serum and in renal eluates 
of immunized rats; and third, transfer of the 
disease to normal rats with serum or renal 
eluates of nephritic rats. The histopathology 
of the tubulo-interstitial nephritis observed in 
rats is similar to that seen in guinea pigs. 
However, several weeks after the onset of tub- 
ulo-interstitial nephritis, Heymann nephritis 
may also appear, with characteristic granular 

deposits of IgG and C3 along glomerular cap- 
illary walls. 

Anti-TBM tubulo-interstitial nephritis in 
Brown-Norway or Lewis X Brown-Norway F, 
hybrid rats has been produced by immuni- 
zation with bovine TBM (36). The analysis of 
the various antibodies generated in this animal 
model shows that only the antibodies reactive 
with autologous collagenase solubilized TBM 
are deposited in the kidneys of nephritic rats 
and play a major role in the development of 
inflammatory injury. Studies of cross-absorp- 
tion indicate that these antibodies are induced 
by an immune response to bovine TBM an- 
tigens cross-reactive with the TBM of BN 
rats (37). 

ii. Anti- TBM antibodies following kid- 
ney transplantation. Anti-TBM antibodies 
may be generated by renal allograft implan- 
tation [for review see Ref. (38)]. In one study, 
however, the anti-TBM response was shown 
not to be autoimmune in nature. Lewis rats 
receiving Lewis X Brown-Norway F, hybrid 
kidneys develop anti-TBM antibodies which 
bind to kidneys of the donor, but not of the 
recipient, strain. In contrast, Brown-Noway 
rats receiving Lewis X Brown-Norway F1 hy- 
brid kidneys do not make anti-TBM antibod- 
ies. The observations indicate that the anti- 
body response is generated by a TBM alloan- 
tigen introduced by transplantation (39). 

Renal alloantibody formation was studied 
in Lewis rats immunized with DA rat kidney 
homogenates or receiving DA renal allografts. 
Using a 1251 anti-IgG binding assay with kidney 
homogenate as target tissue, it was found that 
the alloantigen is present in the TBM of prox- 
imal convoluted tubules and in Bowman’s 
capsule, that the locus coding for this alloan- 
tigen is not linked to the major histocompat- 
ibility complex, and that the immune response 
to the TBM alloantigen does not induce de- 
tectable graft damage (40). 

b. Human tubulo-interstitial nephritis. 
There is convincing evidence that anti-TBM 
disease occurs in man, although it is rare. Anti- 
TBM tubulo-interstitial nephritis is well doc- 
umented in association with anti-GBM glo- 
merulonephritis (2, 17, 38). The presence of 
anti-TBM antibodies is indicated by linear de- 
posits of IgG, and occasionally of C3, along 
TBM. As the eluates of renal tissue contain 
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antibodies which react with GBM, TBM, and 
ABM, the autoantibodies appear to be directed 
against antigenic determinants shared by these 
three structures. In order to evaluate the 
pathogenic role of anti-TBM antibodies, a 
comparative immunopathologic study was 
performed in three groups of patients: one 
with anti-GBM glomerulonephritis, another 
with anti-GBM and anti-TBM nephritis, and 
still another with nephritides not associated 
with autoantibodies to renal basement mem- 
branes. The results showed that tubulo-inter- 
stitial nephritis is most frequent and severe 
when anti-TBM autoantibodies are detectable. 
It was concluded that autoantibodies to TBM 
contribute to the development of tubulo-in- 
terstitial lesions (4 1). 

Anti-TBM antibodies have been detected 
in the sera and in TBM of a few patients with 
severe acute tubulo-interstitial nephritis ap- 
parently not associated with concomitant fac- 
tors (2, 38). Attempts to transfer the disease 
to BN rats or to other mammals by iv injec- 
tions of serum antibodies have been unsuc- 
cessful and only minimal binding of human 
IgG to TBM was found, suggesting that the 
antigen is not readily available to circulating 
IgG (personal observations). Anti-TBM an- 
tibodies may occur in recipients of renal al- 
lografts (2, 38). In some of these patients the 
antibodies react with the TBM of both the 
graft and the native kidneys and, therefore, 
behave as autoantibodies. In other patients, 
however, the antibodies react only with the 
TBM of the grafted kidney, suggesting that 
they may have been generated by an alloim- 
mune response to a foreign TBM antigen 
present in the graft but not in the recipient. 
Anti-TBM antibodies have also been described 
in association with immune complex glo- 
merulonephritis and in some patients with 
tubulo-interstitial nephritis associated with 
administration of methicillin. 

4. Tubular Injury Mediated by Antibodies 
to Tubular Epithelial Antigens. a. Animal 
models. In rats with Heymann nephritis au- 
toantibodies bind in vivo to antigens of the 
apical part of the cells of the proximal tubules 
during the first week of proteinuria. Antibodies 
with similar reactivity are found in the urine. 
Concomitantly, an extensive loss of microvilli 

of epithelial cells of proximal tubules are ob- 
served. The results of indirect immunofluo- 
rescence tests using Heymann antibodies on 
kidneys of rats with Heymann nephritis con- 
firm the loss of antigens from the tubules. In 
rats with Heymann nephritis of long duration, 
which have little or no circulating antibodies 
and persistent proteinuria, a partial recovery 
of tubular epithelia is seen. Direct evidence 
of the cytotoxic action of these autoantibodies 
on proximal tubule cells has been obtained 
from passive transfer experiments (42). 

Tamm-Horsfall protein is an antigen pres- 
ent in the plasma membrane of the cells of 
the thick ascending limb of Henle’s loop (43). 
When rats are immunized with Tamm-Hors- 
fall protein, they develop granular immune 
deposits, containing this antigen, immuno- 
globulin, and complement, at the base of the 
epithelium of the thick ascending limb. Infil- 
tration of leukocytes is observed around these 
segments of the nephron. These lesions are 
induced by in situ formation of immune com- 
plexes that originate from a reaction between 
plasma membrane antigens and circulating 
antibodies (44). 

b. Tubular injury in man (?). Granular 
deposits of immunoglobulin along the TBM 
of proximal convoluted tubules have been de- 
scribed in one patient with membranous glo- 
merulonephritis that appeared to be analogous 
to Heymann nephritis (30). If, however, a tu- 
bular injury comparable to Heymann ne- 
phritis occurs in man, its frequency is very 
rare. Antibodies reacting with the apical part 
of the cells of proximal convoluted tubules 
have been detected in the sera of patients with 
renal allografts (45). Proof that these anti- 
bodies contribute to the development of tu- 
bular damage is still lacking. 

Antibodies to Tamm-Horsfall protein are 
frequently detected in the sera of patients with 
urinary tract obstruction, infection, and ves- 
icoureteral reflux. In some patients with tub- 
ulo-interstitial nephritis deposits of Tamm- 
Horsfall protein are found sequestered in the 
renal interstitium where they should have the 
potential for eliciting inflammatory and im- 
munologic responses (46, 47). However, a 
precise correlation between Tamm-Horsfall 
antibodies. abnormal interstitial deposits, and together with degeneration and proliferation . - ~ 
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tubulo-interstitial nephritis has not been es- 
tablished. 

11. Injury Presumably Resulting from 
Deposition in the Kidney of Circulating Au- 
tologous Immune Complexes. I .  Glomerulo- 
nephritis. a. Animal models. i. Glomerulo- 
nephritis induced by graft-versus-host or host- 
versus-graft reactions. One of the most 
common pathologic events in FI mice with 
chronic graft-versus-host reaction (GVHR) is 
membranous glomerulonephritis (48). The 
disease has all the characteristic immuno- 
pathologic features of immune complex in- 
jury. In the initial experiments it was assumed 
that the nephritogenic antibodies were anti- 
H-2 alloantibodies produced by donor B cells 
(49). Later, however, it became evident that 
autoreactive B cells normally exist and can be 
triggered by a number of mechanisms, in- 
cluding GVHR. It was found that F1 mice 
with GVHR develop a disease resembling 
murine lupus with host-derived autoantibodies 
against erythrocytes, and nuclear antigens. The 
underlying mechanism of the autoimmune 
response in GVHR is thought to consist of an 
abnormal cooperation between alloreactive 
helper T cells of the donor and the normally 
existing (auto)reactive B cells of the recipi- 
ent (50). 

A similar membranous glomerulonephritis 
occurs in mice perinatally inoculated with re- 
lated F, hybrid spleen cells (51). The model 
of host-versus-graft reaction is characterized 
by a rapid fatal evolution with severe depletion 
of T lymphocytes in lymphoid organs, influx 
of polymorphonuclear leukocytes, early ac- 
tivation of the B-cell system with hypergam- 
maglobulinemia and immune complex dis- 
ease, disseminated intravascular coagulation, 
hepatic necrosis, and intestinal hemorrhage. 
The disease does not appear to be related to 
any special H-2 incompatibility between host 
and F1 donor. Other studies of host-versus- 
graft reaction induced by perinatal injection 
of semi-allogeneic F1 hybrid spleen cells show 
that mice develop a lupus-like autoimmune 
disease characterized by hypergammaglobu- 
linemia, autoantibodies, especially rheumatoid 
factor-like and anti-single-stranded DNA an- 
tibodies, systemic immune complex injury, 
and transplantation tolerance, as assessed by 
the inability of the recipient’s spleen cells to 

generate cytolytic responses to donor alloan- 
tigens (52). The antinuclear antibodies bear 
allotypes specific of the F1 donor as well as 
the parental host, indicating that the auto- 
antibodies are of both donor and host origin. 
The mechanisms that stimulate autoreactive 
B cells are not firmly established but could 
involve a stimulus from T helper cells, a T- 
cell-independent polyclonal B-cell activation, 
or an impairment of the function of suppressor 
T cells. 

ii. Glomerulonephritis induced by thy- 
roglobulin or sperm antigens. Autologous thy- 
roglobulin or sperm acrosomal antigens may 
induce a mild immune complex glomerulo- 
nephritis. Rabbits immunized with thyro- 
globulin develop glomerular lesions when the 
amount of thyroglobulin available for immune 
complex formation is artificially increased 
(5 3). Likewise, granular deposits of immune 
complexes are found in glomeruli of some 
vasectomized rabbits with persistent high 
concentrations of circulating anti-sperm an- 
tibodies. As immunoglobulins eluted from the 
kidneys of these rabbits bind to acrosomes, it 
is possible that the glomerular lesions result 
from a local deposition of circulating antigen- 
antibody complexes (54). 

iii. Glomerulonephritis induced by 
antigens of basement membranes and of the 
collagen matrix. If administered in large 
amounts, compounds containing mercury are 
nephrotoxic and cause tubular lesions. When 
injected in small doses into rabbits or Brown- 
Norway rats, however, HgC12 induces a mem- 
branous glomerulonephritis (55). As men- 
tioned in Section I 1 a.ii the autoimmune re- 
sponse is first characterized by formation of 
antibodies reactive with rabbit or rat basement 
membranes and collagen matrix and, later, by 
circulating antigen-antibody complexes, con- 
taining the same kind of autoantibodies de- 
tected during the first stage of disease (8-10, 
14). Studies performed with the aid of syn- 
geneic kidney transplantation have shown that 
the renal lesions are due to an alteration of 
the immune response rather than to direct 
renal injury. Furthermore, these studies have 
demonstrated that the membranous glomer- 
ulonephritis occurs only when antigen-anti- 
body complexes are detectable in the circu- 
lation. This finding is consistent with the in- 
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terpretation that in the HgC12 model the 
granular immune deposits seen in the sub- 
epithelial part of the GBM are not, or not 
exclusively, formed in situ (56). 

iv. Glomerulonephritis in mice with 
spontaneous lupus-like syndrome. Mice with 
lupus-like syndrome provide a useful model 
for the study of a generalized autoimmune 
disease that includes a glomerulonephritis 
characterized by granular deposits of antigen- 
antibody complexes, containing native ( 5  7) 
and single-stranded (58) DNA. The possibility 
that part of these immune deposits may be 
formed in situ is a matter of debate (59). The 
most studied strains are NZB, NZB/NZW F1, 
MRL, and the BXSB mice. All these animals 
develop hypergammaglobulinemia, anti-DNA 
and other antinuclear antibodies, anti-retro- 
viral gp 70 antibodies, circulating immune 
complexes, and glomerulonephritis, the most 
common cause of death (60). The features of 
the disease, however, are different from strain 
to strain and concern the amounts and spec- 
ificities of the autoantibodies, the rapidity of 
progress of nephritis, the influence of sex on 
the severity of the disease, and the extent and 
nature of lymphoid hyperplasia (60). NZB/ 
NZW F1 females, BXSB males, and MRL/ 
Mp-lpr/lpr develop immunopathological ab- 
normalities a few weeks after birth and sig- 
nificant mortality within the first 6 months of 
life. MRL/Mp-lpr/lpr also have necrotizing 
polyarteritis and a rheumatoid arthritis-like 
disease associated with rheumatoid factors in 
the serum, anti-Sm antibodies, and frequently 
monoclonal y-globulins of the IgGl and IgG2, 
varieties. In contrast, in NZB, BXSB females, 
and MRL/Mp the disease occurs in the second 
year of life. In (NZB X BXSB)FI the incidence 
of coronary vascular disease and myocardial 
infarction is as high as 75% (61). In all mouse 
strains the development of overt systemic dis- 
ease is associated with enhanced production 
of polyclonal autoantibodies and a switch from 
IgM to IgG antibody production, with sub- 
sequent formation of pathogenic antigen-an- 
tibody complexes (6 1 ). 

Studies of appropriate bone marrow, spleen, 
or fetal liver cell chimeras show that the au- 
toimmune disease is not induced by abnormal 
autoantigens but rather by abnormalities of 
the lymphoid-precursor cells, related to the 
genetic background (6 1). The autosomal re- 

cessive lpr (lymphoproliferation) gene in 
MRL-Zpr/Zpr mice, a Y-chromosome-linked 
gene in BXSB males, and females hormones 
in NZB/NZW F1 are responsible for the early 
development and for the particular severity 
of the disease. The abnormality of the lym- 
phoid-precursor cells is mainly expressed by 
a B-cell hyperactivity manifested by increased 
numbers of IgG-containing and/or Ig-secreting 
cells, increased numbers of cells which spon- 
taneously form antibodies to incidental an- 
tigens, such as haptens, and increased numbers 
of colony-forming B cells. The cause of B-cell 
hyperactivity has not been definitively estab- 
lished. It could be due to an intrinsic B-cell 
defect, abnormal levels of suppressor or helper 
T cells, or abnormalities in the way B cells 
respond to accessory signals from suppressor 
or helper T cells (61). The data presently 
available argue against any consistent alter- 
ation related to suppressor T cells as the re- 
sponsible factor. In contrast, they support the 
interpretation that an abnormal response to, 
and/or production of, T-cell-derived B-cell 
activating factors may have a central role in 
the pathogenesis of the autoimmune disease 
(62). B cells from BXSB and NZB/NZW 
strains, once triggered by the usual signals, 
give abnormally high responses. In contrast, 
B cells from MRL-lpr/lpr respond normally 
but are exposed to an increased help provided 
by T cells. This helper function, which is not 
antigen specific, is induced by a soluble B-cell 
differentiation factor promoting a switch from 
IgM to IgG antibody production with pre- 
dominant secretion of IgG2 antibodies, the 
primary subclass of IgG involved in autoan- 
tibody and immune complex formation in 
mice with lupus-like disease (62). 

b. Human diseases. i. Systemic lupus er- 
ythematosus (SLE) nephritis. The best ex- 
ample of autoimmune immune complex glo- 
merulonephritis in man is nephritis in SLE. 
In that disease, nuclear antigens including na- 
tive (63) and denatured DNA (64) (presum- 
ably of endogenous nature), antinuclear an- 
tibodies, and complement components, in- 
cluding the membrane attack complex (65), 
are found in glomeruli. Additional antigen- 
antibody systems, such as IgG-anti-IgG com- 
plexes may also be important in the patho- 
genesis of the disease (66). A wide spectrum 
of histologic lesions is found in glomeruli and 
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in tubulo-interstitial structures. There is evi- 
dence that the type and severity of glomerular 
lesions may depend on the quantity and qual- 
ity of the antibodies. As for possible analogies 
between the features of human and murine 
lupus, the disease manifestation in NZ mice 
parallels that in humans in the sex distribution 
and the immunopathological aspects of the 
disease. The BXSB males could be the coun- 
terpart of a recently described lupus that affects 
primarily fathers and sons. In contrast, the 
disease in MRL-lpr/lpr has no apparent hu- 
man counterpart (61, 62). 

ii. Other types of glomerulonephritis. 
Immune deposits have been identified in the 
glomeruli of patients with thyroiditis and glo- 
merulonephritis (67, 68). Anti-thyroglobulin 
antibodies are usually present in great excess 
in the circulation during thyroiditis. Therefore, 
nephritogenic immune complexes in equiv- 
alence or in slight antigen excess are seldom 
found. Therapeutic manipulation, such as ra- 
dioiodine therapy or irradiation, may either 
increase the amount of antigen available in 
the circulation or decrease the antibody con- 
centration, leading to formation of nephri- 
togenic immune complexes. 

IgG-anti-IgG complexes, of rheumatoid 
factor type, have been considered as possible 
nephritogenic agents in several glomerulo- 
nephritides including SLE (66), post-strepto- 
coccal glomerulonephritis (69), and essential 
cryoglobulinemia (70). It is unknown whether 
an antigen, besides IgG, is present in these 
immune complexes. Other complexes present 
in glomerular immune deposits might be 
formed by specific IgG antigenic determinants 
(idiotypes) and by anti-idiotype antibodies 
(71, 72). 

During the course of GVHR induced by 
bone marrow allotransplantation, some pa- 
tients develop autoantibodies and immune 
complex glomerulonephritis (73). It is con- 
ceivable that the pathogenesis of this renal 
injury is similar to that occurring in non-au- 
toimmune strains of mice undergoing exper- 
imentally induced GVHR (see Sect. I1 1 a.i). 
Nephrotic syndrome, possibly due to immune 
complex glomerulonephritis, has been ob- 
served in children successfully treated with 
fetal liver transplantation for severe combined 
immunodeficiency (74). In these patients the 
possibility of an unusual chronic form of 

GVHR, induced by the transplantation of 
healthy stem cells, cannot be excluded. 

2. Tubulo-interstitial Nephritis. a. Animal 
models. The first description of autologous 
immune complex tubulo-interstitial nephritis 
was in rabbits injected with preparations of 
homologous renal tissue (75) or given repeated 
renal allografts (76). The rabbits develop 
granular deposits of IgG and C3 along TBM 
of proximal tubules, interstitial fibrosis, tu- 
bular cell damage, and thickening or splitting 
of TBM. Mild and focal interstitial infiltration 
of mononuclear cells is present. Some rabbits 
have glucosuria and aminoaciduria. The im- 
munoglobulins eluted from diseased kidneys 
react with the deposits present along TBM in 
the diseased kidneys and with the cytoplasm 
of the epithelial cells of proximal tubules of 
normal rabbits. It seems, therefore, that the 
immune deposits along TBM result from the 
reaction of circulating autoantibodies with 
autologous antigens as they move out of tu- 
bular cells (77). A similar mechanism may be 
responsible for the immune deposits observed 
at the epithelial side of the basement mem- 
brane of proximal tubules of rats with active 
Heymann nephritis. 

b. Human diseases. Granular deposits of 
IgG and C3 along TBM, usually associated 
with tubulo-interstitial nephritis, are found in 
50-60% of patients with proliferative SLE glo- 
merulonephritis. The deposits have been 
shown to react with fluorescein-conjugated 
antibody to thymidine and cytidine, indicating 
that DNA is a constituent of the immune de- 
posits (78, 79). 

Aside from those found in SLE nephritis, 
extraglomerular immune deposits in the kid- 
ney are rare in patients with glomerulone- 
phritis. Patients with renal allografts may oc- 
casionally develop granular deposits of IgG 
and C3 along TBM, similar to those described 
in rabbits receiving multiple renal allografts 
(SO). It is unknown, however, if these tubular 
immune deposits result from in situ formation 
of autologous immune complexes. 

This study was sponsored by Grant AI-10334 of the 
National Institute of Allergy and Infectious Diseases, U.S. 
Public Health Service. 
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