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REVIEW ARTICLE

Cellular Immunity in Glomerulonephritis

HOWARD M. FILLIT, MD,
and JOHN B. ZABRISKIE, MD

From The Rockefeller University, New York, New York

IMMUNOLOGIC MECHANISMS have been thought
to be responsible for glomerular disease since the turn
of the century.8489 Since then, thorough investiga-
tions have clearly defined a role for humoral immune
mechanisms, including immune complexes and anti-
glomerular basement membrane antibody, in the
pathogenesis of glomerular disease.16'27'104'151 These
investigations were made possible by the application
of a number of technologic advances in humoral im-
munology and their application to the study of ani-
mal models and the human disease. Quantitative
methods for the measurement of antibodies have ex-
isted since the turn of the century.66 The advent of
immunofluorescence18,153 and assays for the detection
of immune complexes12 53'1" have added a new di-
mension to our understanding of humoral nephroim-
munology. As a result of advances in the study of hu-
moral immune mechanisms, and because of the lack
of clear evidence for an observable mononuclear cell
infiltration in most forms of glomerulonephritis, in-
vestigators thought a role for cellular immune effec-
tor mechanisms in glomerular disease was unlikely.26
Perhaps, when seen in a historical light, the prejudice
of renal immunologists in assuming that all human
glomerular disease is mediated by humoral mecha-
nisms is therefore understandable. Indeed, assays for
the measurement and detection of cellular immune
sensitization to antigen were really introduced for the
first time in the mid 1960s.43'99 Furthermore, the ex-
act role and importance of immune complexes and
anti-glomerular basement membrane antibody in
renal disease has recently been reexamined.21 In all
likelihood, both humoral and cellular immune mech-
anisms are important in the development of glomeru-
lonephritis, as is true in many other chronic immune-
mediated diseases.143 Thus, the application of ad-
vances in cellular immunology to glomerular dis-
ease has just begun, and cellular nephroimmunology
is in its relative infancy. In this review, we will pre-

sent the current evidence and concepts regarding the
hypothesis that cellular immune mechanisms are im-
portant in the pathogenesis of glomerular disease.

It would be beyond the scope of this review to pro-
vide the reader with a basic course in cellular immu-
nology. Such reviews are available.47"110"114 Readers
probably have some understanding of the nature and
scope of cellular immunity and its importance in both
homeostatic and pathologic processes. In antitumor
immunity, antiviral immunity and in immunity to
other chronic infections such as tuberculosis, cellular
immunity plays a crucial role. As in humoral immu-
nity, the inflammatory cascades and resultant tissue
destruction incited by cellular immune mechanisms
may cause local pathologic changes in tissue, such as
granuloma formation, fibrosis, and scarring. In addi-
tion, again as in humoral immunity, cellular autoim-
munity directed against native or altered host anti-
gens may occur.

However, in contrast to humoral immunity, the
main effector function in cellular immunity is pro-
vided by the T lymphocyte, which is easily distin-
guished in vitro by its surface markers from the anti-
body producing B lymphocyte. T lymphocytes medi-
ate cellular immune function in a number of ways. T
lymphocytes may cause tissue injury directly. The T
lymphocyte is capable of killing host cells by itself
(lymphocyte-mediated cytotoxicity), in conjunction
with antibody but not complement (antibody-depen-
dent cell-mediated cytotoxicity), via the activation of
macrophages, and via the release of a number of lym-
phokines with varied functions, such as lymphotox-
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ins (which are directly cytotoxic) and migration-
inhibition factor and T-cell growth factor (which
have recruitment and amplication roles in the de-
velopment of a cellular immune reaction).

In addition, the T lymphocyte has important im-
munoregulatory functions. Helper and suppressor T
lymphocytes directly regulate the function of B cells
and thus antibody production. Abnormalities in T
lymphocyte regulatory function may permit the de-
velopment of autoimmunity (via humoral or cellular
mechanisms) or lead to an inappropriate antibody re-
sponse with pathologic consequences. Finally, the T
lymphocyte has important regulatory effects on the
function of macrophages, via the release of lympho-
kines, which direct the macrophage to an antigenic
site and activate the macrophage. The macrophage
may then perform a number of effector functions of
its own, including phagocytosis and cytotoxicity.
The monocyte is the circulating precursor of the

tissue macrophage. The macrophage is important in
the initiation and development of the immune re-
sponse by binding antigen and processing it for rec-
ognition by the T lymphocyte. The macrophage also
releases a number of immunoregulatory molecules.
Finally, like the polymorphonuclear leukocyte, the
macrophage may cause local tissue destruction by the
release of a number of enzymes during the process of
phagocytosis.
The result of antigen-directed reactivity of T cells

and macrophages in a cell-mediated immune reaction
is a lesion known as the delayed hypersensitivity re-
action. A full discussion of the characteristics of de-
layed hypersensitivity, or cell-mediated immunity, is
beyond the scope of this review but may be found
elsewhere.118 Important differences exist between
humoral reactions and cell-mediated reactions with
regard to their mode of induction, the type of anti-
gens to which these systems react, and the pace of the
reaction. Histologically, the cell-mediated reaction
is characterized by a predominance of mononuclear
cells with varying proportions of macrophages and T
cells, but not plasma cells. Depending on the pace of
the cell-mediated reaction, the histologic reaction
may vary from only a few mononuclear cells to a
massive infiltration with true granuloma formation
or necrosis. It is difficult to identify a cell-mediated
reaction in vivo, although new methods involving the
use of monoclonal antibodies may facilitate the iden-
tification of T cells and macrophages in tissue. The
demonstration of in vitro reactivity of lymphocytes
to an antigen does not prove that cell-mediated im-
munity is involved in vivo. Although the demonstra-
tion of antigen-specific cytotoxic lymphocytes in
vitro is highly suggestive of cell-mediated immunity,
a true pathogenic role for cell-mediated immunity

can only really be proven by the transfer of T lym-
phocytes from a sensitized donor to a normal recipi-
ent, with subsequent tissue damage-a procedure
that is obviously difficult to perform in man. Finally,
it should be noted that immune-mediated diseases are
often the result of a combination of both humoral
and cell-mediated immunity, and the presence of one
type of immunity does not exclude the other.

In summary, cellular immune effector mechanisms
elucidated mainly over the past 20 years have clearly
been shown to have important protective immune
functions and to contribute to the development of
pathologic immune processes. In this review, we will
attempt to use cellular immunity as a general term re-
ferring to the role of T cells in immune reactions, in-
cluding both their regulatory functions on humoral
immunity and their effector functions. We will refer
to cell-mediated immunity as those immune reactions
which involve T cells and macrophages as direct
agents of injury.

Mononuclear Cells and Glomerulonephritis
With this brief background in mind, let us return

to our theme concerning the role of cellular immunity
in glomerular disease. An increase in the cellularity
of glomeruli of patients with glomerulonephritis
(GN) is a well-established observation."4 However,
whether this increased cellularity is due to prolifer-
ation of intrinsic glomerular cells or to invading mo-
nonuclear cells from the circulation has long been
controversial. As early as 1929, cells that were thought
to be invading mononuclear cells were noted, espe-
cially in cases of chronic proliferative glomerulone-
phritis.103 In 1951, Jones65 concluded that invading
mononuclear cells were present in glomeruli of pa-
tients dying of acute poststreptococcal glomerulo-
nephritis and postulated that these cells were related
to the disease process. Perhaps the first experimental
investigations on the origin of the proliferating mo-
nonuclear cells was by OkumuraI1I in 1971. Applying
electron microscopic (EM) examination to the study
of the passive serum sickness model of glomerulone-
phritis, he demonstrated that the proliferative
changes occurring in the first 1-2 hours consisted
mainly of mesangial hypercellularity, endothelial
swelling, and accumulation of polymorphonuclear
cells. However, between 4 and 12 hours these poly-
morphonuclear cells disappeared, and the predomi-
nant intraluminal cell was mononuclear in appear-
ance. Extending these observations to the nephrotoxic
model of glomerulonephritis, Kondo72 '3 noted that
the predominant cell type associated with the onset of
proteinuria was a monocyte, identified on EM exami-
nation by its numerous lysozymes, vacuoles, and ves-
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GLOMERULONEPHRITIS 229

icles and a prominent Golgi apparatus. In addition,
lymphocytes and plasma cells were identified in the
crescents of Bowman's space. Other investigators have
made similar observations67109 Thus, these studies at-
tempted to identify clearly the presence of monocytes
and lymphocytes in the glomeruli of man and in ani-
mals with experimentally induced glomerulonephritis.
Within the decade a series of articles appeared that

more clearly defined the role these mononuclear cells
play in glomerular lesions. Using an accelerated form
of nephrotoxic nephritis (NTN), Schreiner et all27
showed that in the early stage of the disease a promi-
nent infiltration of polymorphonuclear cells was seen
in association with the onset of early proteinuria.
However, by 4 days only mononuclear cells were seen
in the capillary lumen, coinciding with a second phase
of proteinuria. The mononuclear cells were identified
as monocytes by EM criteria. To determine whether
these monocytes played an active role in glomerular
pathology, these investigators exposed animals to
whole-body irradiation (which kills mainly mono-
cytes and not polymorphonuclear cells). Early pro-
teinuria persisted in association with polymorpho-
nuclear cells, but late proteinuria and monocytes
were now absent. To demonstrate that the prolifer-
ating mononuclear cells were extrinsic to the glomer-
uli, the investigators preimmunized animals with tri-
tiated thymidine, which radiolabeled proliferating cells
(predominantly monocytes of bone marrow origin)
prior to the induction of nephritis. The results dem-
onstrated that in 1-2 days a significant number of
labeled cells were in the glomeruli of the experimental
animals and not in the controls. Thus, in this model,
invading extrinsic mononuclear cells that were identi-
fied as monocytes contributed to glomerular hyper-
cellularity, and these cells appeared to be intimately
associated with late-phase proteinuria.
The role of mononuclear cells in causing glomeru-

lar damage was emphasized further in the studies of
Bhan et al.7'8 In the accelerated NTN model7 they
showed that when lymph node cells from animals im-
munized to rabbit IgG were injected into animals that
had received subnephritogenic doses of rabbit anti-
rat kidney serum, glomerular lesions developed,
while the controls that received lymphocytes from
animals immunized to albumin did not have glomer-
ular lesions. The lesions consisted of segmental hy-
percellularity, with necrosis in some of the glomeruli.
Tritiated thymidine experiments demonstrated the
presence of proliferating cells in the glomeruli of
animals receiving transferred lymph node cells from
donor animals sensitized to the rabbit IgG. Both in-
trinsic glomerular cell proliferation and invading
mononuclear cells appeared to account for glomeru-

lar hypercellularity. In another series of experiments
these investigators established that transferred T cells
from lymph nodes of immunospecifically sensitized
animals were capable of inducing the hypercellular
reaction.

Using another paradigm,8 these investigators in-
jected preformed immune complexes containing ho-
mologous antibodies and foreign antigen into rabbits
intravenously and then demonstrated localization of
the complexes to the glomeruli. Subsequently, lym-
phocytes, and in other experiments purified T cells,
from donor animals sensitized to the injected foreign
antigen were injected into recipient rabbits and were
followed by an injection of tritiated thymidine. By
histologic criteria, mesangial hypercellularity was
seen only in animals given immune complexes and
appropriately sensitized lymphocytes or purified T
cells. Autoradiographs revealed increased numbers
of labeled cells in the mesangial regions and the glo-
merular capillary loops of animals that received im-
mune complexes and appropriately sensitized cells.
Electron micrographs suggested that the increase in
cellularity was mainly due to an influx of circulating
mononuclear cells. Unfortunately, these experiments
were not correlated with the actual development of
proteinuria. In summary, Bhan's studies7 8 demon-
strated that in the accelerated NTN model, and in an
immune complex model, immunologically specific
sensitized lymphocytes are necessary for the induc-
tion of glomerular hypercellularity and probably are
involved in the development of cell-mediated reac-
tion in the glomeruli.

Other investigators",'50 have employed the nude
mouse, which lacks a thymus and therefore an effec-
tive T-cell system, to demonstrate the importance of
an intact cellular immune system for the development
of glomerulonephritis. In both an immune complex
and an autoimmune model, these investigators have
shown that nude mice have fewer proliferative changes
in their glomeruli and less severe or no glomerulo-
nephritis, probably because of a decline or absence of
antibody production to relevant antigens in each
model. Thus, an important role for the thymic-de-
pendent T-cell system in the development of glomer-
ulonephritis is suggested by these experiments. The
thymic effect may be mediated via T-cell-dependent
antibody responses or perhaps via thymus-dependent
cellular immune effector mechanisms that remain to
be elucidated.
Another approach to the problem of an important

role for cellular mechanisms in renal disease have
been experiments that have reexplored the acute se-
rum sickness model of glomerulonephritis. By histo-
logic observations, an increase in glomerular cellular-
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ity was clearly noted to be associated with the immune
clearance phase somewhat preceding the onset of
proteinuria. At this point intraluminal monocytes
were identified by EM study, and histochemical non-
specific esterase staining confirmed these findings."
Studies employing colloidal carbon suggested that
the invading cells were phagocytic and had an im-
mune clearance role. 123 Another recent study"O
demonstrated that anti-macrophage serum reduces
the degree of glomerular hypercellularity and pro-
teinuria in the acute serum sickness model.

However, in a heterologous immune complex
model of GN, Bakkers suggested that cell-mediated
immune responses were not critical to the develop-
ment of proteinuria. In this model, cell-mediated re-
sponses to relevant antigens were detected by mac-
rophage-inhibition factor production and delayed-
type hypersensitivity skin reactions and were then
suppressed by immunosuppression of the animals.
Such immunosuppression given only during the autol-
ogous phase of the disease did not prevent protein-
uria. However, immunosuppression given during the
induction of the disease did prevent the development
of cell-mediated sensitization and the autologous
phase of proteinuria and glomerular deposition of
autologous IgG. These results suggest that cellular
immunity may be important during the induction
phase in this particular model.

Striker136 employed an interesting approach to the
question of whether the mononuclear cells seen in
hypercellular glomeruli were derived from resident
mesangial cells or invading blood monocytes. Taking
advantage of the morphologically obvious giant
lysosomes of Chediak-Higashi (CH) mice, cross
transplantation of bone marrow cells between nor-
mal mice and CH mice were performed. Monocytes
with giant lysosomes became apparent in the periph-
eral blood of the normal mice. These animals were
then given preformed immune complexes. When the
kidneys were subsequently examined by electron
microscopy, mesangial electron-dense deposits were
noted. Infiltrating cells containing giant lysosomes
were observed. These cells entered mesangial regions
and contained the electron-dense deposits in their
giant lysosomes. In addition, it was noted that nor-
mal CH mesangial cells did not contain giant lyso-
somes, suggesting they were not monocyte-derived
cells. In summary, the results suggested that invading
monocytes play an important role in the clearance of
immune complex from the glomerulus.
A similar approach was taken by Schiffer. 125 Tak-

ing advantage of the presence of Y bodies in male
cells, but not in female cells, these investigators
searched for the presence of cells positive for Y

bodies in a man who had received a transplanted
human kidney from a woman. Y-body-positive cells
were found in glomerular crescents, but not in trans-
planted kidneys with only mesangial hyperplasia,
again suggesting that invading monocytes contribute
to crescent formation but are not normally part of
the mesangium.

Further confirmation regarding the presence of
monocytes in glomerular pathology has recently
come from tissue culture experiments. In this ap-
proach, glomeruli isolated by graded sieving are
grown in vitro. Employing a classic nephrotoxic
nephritis model, investigators58 141 have induced the
formation of crescents in rabbits by giving sheep
anti-rabbit glomerular basement membrane (GBM)
antiserum. In addition, sheep were immunized with
rabbit GBM in order to induce an autoimmune (Steb-
lay type) GN. Subsequently, by Day 14, crescents
were observed. The glomeruli from these animals
were cultured in vitro. Normally, only two cell types
grow from cultured glomeruli: mesangial and epi-
thelial cells.42 However, a third cell type was repro-
ducibly grown from crescentic glomeruli, and this
cell was the predominant cell type in culture. Using a
number of cell identification techniques, the cell was
identified as a macrophage. The importance of
deposited fibrin to the participation of macrophages
in glomerular crescents was also demonstrated.59
Defibrinated animals failed to develop crescents in
this model. Although macrophages were cultured
from both noncrescentic and crescentic glomeruli
with proliferation, macrophages were only identified
by EM examination in Bowman's space in animals
that had not been defibrinated, suggesting that fibrin
deposition in Bowman's space is an important
stimulus for macrophage migration in crescent for-
mation, but not with regard to macrophage accumu-
lation within capillary loops.
These authors have also applied their technique to

the study of human glomerular outgrowths obtained
from biopsy material.2 A number of different histo-
logic lesions were studied. Generally, only glomeruli
from patients with crescentic forms of GN grew cells
that resembled macrophages. These cells were rarely
seen in outgrowths of normal glomeruli. The cells
were identified as macrophages by time lapse cine-
matography, ability to ingest yeast, and electron
microscopy. By time lapse cinematography, the cells
were seen to grow from the crescents and were the
predominant cell type of the crescent.
More recently investigators have applied the tech-

niques of glomerular cell culture to the study of acute
and chronic serum sicknesswO as well. These studies
demonstrated an important association of glomeru-
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lar hypercellularity with the onset of proteinuria, im-
mune elimination of antigen, and the deposition of
IgG and C3 in glomeruli. The hypercellularity of the
glomeruli was shown to be due to the presence of
macrophages by glomerular cell culture, as well as by
histochemical staining for nonspecific esterase and by
electron microscopy, in both acute and chronic
serum sickness models.
The question of whether mesangial cells are tissue

macrophages with immune function has long been
debated. Early studies by Farquhar33 suggested that
the mesangial cells have phagocytic abilities. How-
ever, more recent studies suggest that resident
mesangial cells do not have phagocytic function. The
advent of glomerular cell culture has permitted new
approaches to this problem (reviewed in Foidart et
a142). Mesangial cells in tissue culture do not appear
to have phagocytic abilities, nor to express monocyte/
macrophage cell surface markers. Indeed, the mesan-
gial cells appear more closely related to smooth mus-
cle cells and are seen to contract in response to vaso-
active agents such as angiotensin and vasopressin.3
However, a recent study suggests that a small sub-
population of mesangial cells express Ta markers and
Fc receptors and have phagocytic abilities.128 This
observation, if confirmed, will have important im-
plications for our understanding of local glomerular
immunity, both cellular and humoral.

In an interesting and perhaps highly practical ap-
plication of the search for elements of the cellular im-
mune system in glomerulonephritis, Monga et al107
studied 28 patients with chronic glomerulonephritis
and histologic proliferation. These authors used the
nonspecific esterase technique to stain the human
biopsy specimens for the presence of monocytes. Pa-
tients with cryoglobulinemia and membranoprolifer-
ation, idiopathic membranoproliferative glomerulone-
phritis, and diffuse proliferative glomerulonephritis
associated with systemic lupus erythematosus were
studied. Monocytes were identified in biopsy material
in a number of cases, particularly in patients with
cryoglobulinemia. Another study by Magil92 had sim-
ilar results. An interesting conclusion in this study
was the correlation of nonspecific esterase-positive
cells in glomeruli with subendothelial deposits, but
not in glomeruli with subepithelial or predominantly
mesangial deposits. Thus, these studies showed that
monocytes can be identified in the glomerular lesions
of biopsy material from patients with GN.

In summary, studies during the past 10 years have
clearly shown that circulating mononuclear cells
infiltrate the glomerulus in a number of forms of ex-
perimental and human glomerulonephritis. The
presence of monocytes was first suggested by histo-

logic and electron-microscopic studies and more
recently confirmed by glomerular cell culture tech-
niques and other in vivo experimental manipulations,
including tritium labeling of circulating mononuclear
cells. By these techniques, monocytes have been iden-
tified in the glomeruli of animals with nephrotoxic
serum nephritis, acute and chronic serum sickness,
and in persons with crescentic and proliferative GN
associated with cryoglobulinemia and systemic lupus
erythematosus. Thus, macrophages probably con-
tribute to glomerular hypercellularity. In addition,
experimental manipulations, including the removal
of monocytes by irradiation or anti-macrophage
serum, clearly suggest a role for macrophages in
causing proteinuria in both nephrotoxic serum
nephritis and in acute and chronic serum sickness.
Macrophages also appear to play a role in clearing
immune complexes from the glomerulus, and this is
probably their physiologic role. However, the pri-
mary stimulus for monocyte infiltration of the
glomerulus is unknown. Possibilities include non-
specific infiltration mediated by complement-induced
chemotaxis, monocyte Fc receptor activity associated
with immune complex deposition, collagen peptide-
induced chemotaxis,1"6 or an antigen-specific event
related to classic cellular immune processes mediated
via the T lymphocyte. The observation of an Ia-
positive mesangial cell has important implications for
the development of a local antigen-specific cellular
immune response and will probably be important to
future investigations in this area. As will be noted in
the next section, both organ-specific and antigen-
specific cellular immune reactivity is found in human
glomerulonephritis. Investigations of the role of such
immunospecific cells in causing glomerular cell cyto-
toxicity are now possible because of the advent of
glomerular cell culture in vitro. Future studies will
also probably investigate the role that invading
macrophages and lymphocytes play in the develop-
ment of glomerular sclerosis and the proliferation of
intrinsic glomerular cells via the release of soluble
mediators. 1920,45,81 146 Indeed, preliminary studies in-
vestigating the interaction of inflammatory mediators
and mesangial cell matrix production in tissue culture
have been reported. 136

Cellular Autoimmunity to Glomerular
Antigens in Glomerulonephritis

The possibility that certain histologic forms of
human glomerulonephritis might be associated with
autoimmunity to specific glomerular antigens was
first suggested by the demonstration of anti-fetal
kidney antibodies in patients with acute and chronic
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GN during the 1950s.'47'988 The subsequent demon-
stration of circulating anti-adult (collagenase solu-
bilized) GBM antibodies in a small percentage of pa-
tients (<5'Oo) with glomerulonephritis has been well
documented.95'l52 Thus, the presence of a humoral
immune response to a particular glomerular antigen
(the GBM) has been well documented in human and
experimental GN.'35
The first study to suggest the occurrence of cellular

autoimmunity to glomerular antigens in GN was re-
ported by Bendixen in 1968.6 This report followed
relatively closely in time the development of the
migration inhibition assay for detecting cellular
hypersensitivity to specific antigens, first described in
1962 by George and Vaughan.43 This assay is based
on the observation that in response to an antigen,
sensitized T lymphocytes release a lymphokine
(migration-inhibition factor), which immobilizes
macrophages to the site of the antigen. The inhibition
of macrophage movement is then measured experi-
mentally. Bendixen showed that white blood cells
from 13 of 15 patients with biopsy-proven glomer-
ulonephritis exhibited migration inhibition to a crude
fetal kidney homogenate, while patients with pyelo-
nephritis and normal controls showed no migration
inhibition to the kidney homogenate. Subsequently,
Rocklin,'20 using a modification of the migration in-
hibition assay and collagenase-solubilized adult
GBM obtained by sonication of glomeruli as antigen,
showed that while only 1 patient of a total of 30 nor-
mal and "non-nephritic" controls exhibited cellular
reactivity to GBM, 7 of 14 patients with glomerular
disease were found to have cellular sensitization to
GBM.

Bendixen's and Rocklin's early studies6 120 were
soon elaborated on by Mahieu,93 using a more de-
fined patient population with biopsy-proven GN. In
Mahieu's study,93 the leukocyte migration inhibition
(LMI) assay was used to detect cellular sensitivity to
GBM and tubular basement membrane (TBM) solu-
bilized by collagenase. A passive hemagglutination
assay for the coexistence of circulating antibodies to
basement membrane antigen was also employed. The
results demonstrated that 4 of 14 patients with focal
proliferative GN and 5 of 15 patients with diffuse
proliferative GN (including three with poststrepto-
coccal disease) had cellular immune sensitivity to
GBM. None of 16 controls and none of a total of 40
patients with minimal changes, membranous lesions,
membranoproliferative lesions, pyelonephritis, and
congenital nephropathies had cellular sensitization to
GBM. However, 5 of 15 patients with major vascular
lesions (including polyarteritis and cortical necrosis)

also had positive results. Only 2 of the patients with
glomerulonephritis who had cellular sensitivity to
GBM had linear IgG staining. The remainder had
granular IgG on immunofluorescence. Further, cir-
culating antibodies to the GBM were detected in only
50% of the patients with cellular sensitivity to the
GBM. Clinically, all the patients with cellular and
humoral sensitivity to GBM had low creatinine
clearance rates and rapidly progressive courses.

Three other studies have confirmed observations
regarding cellular reactivity to GBM24,91,101 in pro-
liferative GN, using similar GBM antigenic prepara-
tions and the LMI assay. In summary, the salient
points of these studies include the following: 1) near-
ly all patients with circulating antibodies to GBM, or
linear deposits on the GBM by immunofluorescence,
can be shown to have cellular immune reactivity to
GBM; 2) some patients with granular deposits by im-
munofluorescence and no circulating antibodies to
GBM have cellular reactivity to GBM; 3) patients
with clinically active and progressive proliferative
GN have more cellular reactivity than patients with
inactive disease. Thus, these studies suggest that
cellular autoimmunity to the GBM may play an ac-
tive role in the pathogenesis of proliferative GN,
both in the presence and in the absence of detectable
humoral GBM autoimmunity.
The importance of the antigenic preparation of

GBM used for detection of cellular immunity to
GBM in idiopathic GN was first noted by Mallick.98
While previous studies (except for Bendixen,) used
adult GBM, Mallick used a crude humanfetal kidney
antigen in the migration inhibition assay to detect cel-
lular sensitivity to renal tissue among patients with bi-
opsy-proven GN and the nephrotic syndrome. Again,
6 of 7 patients with diffuse idiopathic proliferative le-
sions (5 of whom had granular immunofluorescent IgG
deposits) and 2 of 4 patients with focal proliferative
lesions had positive cellular reactivity to the fetal an-
tigen. However, in contrast to previous studies, 8 of 8
patients with minimal-change lesions (all adults) were
also reactive to the fetal kidney antigen, as were 3 of
6 patients with membranous lesions. Only 2 of 23
controls were positive reactors. Although again con-
firming previous reports of cellular reactivity to GBM
among patients with idiopathic proliferative lesions,
the use of fetal kidney antigen demonstrated a wider
spectrum of in vitro cellular immunologic reactivity
to renal antigens among patients with other histolog-
ic forms of GN, including minimal-change and mem-
branous lesions. A further discussion regarding cellu-
lar immunity in minimal-change and membranous
nephropathy will be presented later. Mallick's and
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Bendixen's work emphasizes the importance of the
type of antigenic preparation used in the detection of
cellular immunity in various forms of GN.
Our own studies35-38 have confirmed the presence

of cellular reactivity to GBM with the use of the lym-
phocyte blastogenesis assay in patients with prolifer-
ative GN. These studies have further emphasized the
importance of the antigenic preparation used for the
detection of cellular sensitivity to GBM, and have
provided a possible mechanism for the development
of GBM autoimmunity in the previously nonimmune
host.
To begin with, it should be noted that all the pre-

viously described studies used a form of the migra-
tion inhibition assay to detect cellular immunity to
GBM. A study by Gotoff48 in a small number of pa-
tients used the lymphocyte blast transformation
assay to detect cell-mediated immunity to adult, tryp-
sin solubilized GBM. Significant lymphocyte blasto-
genesis in response to GBM was found in a single pa-
tient with Goodpasture's syndrome.
Our first study35 employed three preparations of

human GBM, prepared not by sonication of whole
glomeruli (as in the previous studies), but by
detergent extraction. 105 A batch of GBM prepared in
this manner was briefly sonicated for a workable
suspension and was considered native GBM. A por-
tion of the native GBM was then "altered" by either
collagenase (resulting in a soluble preparation) or
mixed glycosidases, which altered the carbohydrate
of the GBM without altering the protein backbone.
The rationale for these treatments was based on the
observation that polymorphonuclear leukocytes148
and macrophages126 release these enzymes ex-
tracellularly during attempted phagocytosis of im-
mune complexes. Thus, we postulated that the
deposition of immune complexes along the GBM,
followed by the intrusion of phagocytic cells which
release enzymatically active compounds to the local
milieu, might chemically alter the GBM and expose
new immunogenic sites. This process could initiate an
ongoing autoimmune process.

In our initial study we found significant lympho-
cyte blastogenesis in response to glycosidase-treated
and not to native or collagenase-treated GBM in pa-
tients with proliferative GN. In addition, less signifi-
cant cellular reactivity was seen in patients with focal
segmental sclerosis and membranous nephropathy.
Normal controls and patients with nonglomerular
renal disease were not reactive. In a subsequent
study, we have confirmed these findings38 in a
separate group of patients, with more stringent
criteria for positive cellular reactivity. The serum

from patients with chronic GN and lymphocyte reac-
tivity to altered GBM were also tested for the
presence of circulating immune complexes37 by the
method of Hay53 and for the presence of circulat-
ing antibodies to collagenase-solubilized native GBM
by immunodiffusion3 and by radioimmunoassay.36
Neither circulating immune complexes nor circulat-
ing autoantibody to GBM were found in patients
with cellular reactivity, suggesting that in chronic
GN, cellular reactivity to glomerular antigens is pres-
ent in the absence of humoral reactivity. Recently,
Matsumotol02 confirmed that patients with glomer-
ulonephritis -and, again, particularly the prolifer-
ative group- have cellular reactivity to glycosidase-
altered GBM using the leukocyte adherence inhibition
assay. Thus, these studies demonstrated lympho-
cyte reactivity to altered GBM antigens in some pa-
tients with idiopathic proliferative GN, adding to the
previously discussed evidence gathered when the
migration inhibition assay was used and, further,
suggesting that cellular immune sensitization and
effector mechanisms may play a role in the patho-
genesis of idiopathic proliferative GN, perhaps in the
absence of humoral immunologic reactivity.

There are a number of hypotheses regarding how
GBM autoimmunity might develop in a previously
apparently normal host. Concepts regarding the
development of autoimmunity and the concept of im-
munologic reactivity to altered self antigens are not
unique to GN and may be viewed as general im-
munologic phenomena. 139 One theory postulates that
a primary event involves alterations of host antigens
that may occur in a number of ways. For example,
microbes secrete a number of enzymes capable of
altering host antigens.25 In addition, microbial toxins
may release or uncover normally hidden antigens.
Virus-infected cells may express viral antigens on the
cell surface, causing these cells to be seen as foreign
by the host because of the expression of altered cell
surface antigens.122 Environmental agents, including
toxins and drugs, may also cause alterations of host
antigens. 138 Finally, cross-reactions between microbial
antigens and either native or altered host antigens may
be important in genetically predisposed individuals.90.156

In addition, autoimmunity may be a physiologic
phenomenon whose function is to recognize altered
host antigens and serve as a mechanism for their
removal. For example, senescent red blood cells ac-
cumulate altered cell surface antigens during the ag-
ing process. These altered antigens are recognized by
host immunoglobulin, and immunoglobulin-coated
aged blood cells are rapidly removed by the reticulo-
endothelial system.68 It is thought that sialic acid, a
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normally terminal carbohydrate of glycoproteins,
may play a role in this and a number of other regula-
tory processes, both biologic and immunologic. 121 In-
deed, the role of glycoprotein carbohydrates as regu-
latory moieties is a new and fascinating area of ongo-
ing biologic research' with potentially important
implications for research in glomerulonephritis. In
fact, recent studies have dealt with this subject in the
context of immune complex glomerulonephritis.40
A final point of view regarding the development of

autoimmunity focuses on altered immunoregulation,
which perhaps may play a role in certain forms of
more generalized autoimmune diseases involving the
kidney, such as sytemic lupus erythematosus,10 and
perhaps in minimal-change nephrotic syndrome and
membranous nephropathy.

In the case of proliferative GN, there have been
few studies directly addressing the question of how
glomerular autoimmunity develops. With regard to
altered host GBM antigens, Mahieu94 studied the
specific antigenic determinant responsible for cellular
reactivity as measured by the LMI assay in patients
with proliferative GN. These studies showed that the
disaccharide glycoprotein of the GBM appeared to
contain the major antigenic sites. Further, the major
immunodeterminant appeared to be galactose. How-
ever, galactose is not normally an exposed terminal
carbohydrate of the GBM. Similar findings have been
noted during experimental immunization with GBM.29
Thus, these studies suggest that perhaps normally
hidden carbohydrate moieties of the GBM may be
the major antigenic foci for autoimmunity and exper-
imental immunization.
Our own studies have focused on the use of altered

GBM antigens as test antigens for the detection of
cellular immune reactivity in patients with GN. Thus,
we have found that cellular immune reactivity in pa-
tients with proliferative GN is directed primarily
against glycosidase-altered GBM. Studies using
periodate reduction have been used for investigation
of the immunochemical determinants of the GBM to
which cellular reactivity in proliferative GN is
directed. Periodate treatment breaks the six-carbon-
ring structure of carbohydrates and destroys their an-
tigenicity. Periodate reduction of glycosidase-altered
GBM eliminates lymphocyte reactivity to glyco-
sidase-altered GBM.39 These studies suggest that in
patients with proliferative GN, cellular reactivity is
directed against a carbohydrate antigen of the GBM
exposed after glycosidase treatment and destroyed by
periodate reduction. We have also used specific gly-
cosidases in a sequential fashion to cleave carbo-
hydrates from the GBM, on the basis of a knowledge
of the probable structure of the heteropolysaccharide

glycoprotein of the GBM.32'69133 Removal of termi-
nal sialic acid alone with neuraminidase does not re-
sult in lymphocyte reactivity.36 However, subsequent
removal of galactose with P-galactosidase (after neu-
raminidase treatment) does result in significant lym-
phocyte reactivity in patients with proliferative GN.
The release of sialic acid and galactose from human
GBM by these enzymes has been confirmed by the
thiobarbituric acid assay,"' and by gas-liquid chro-
matography.39 Amino acid analysis of altered GBM
showed no differences when compared with native
GBM prepared by us and others.149 A continued so-
phisticated biochemical approach to this problem
will, we hope, help to demonstrate definitely that cel-
lular immune reactivity in proliferative GN is di-
rected primarily against altered GBM antigens.

In summary, a number of studies have demon-
strated that cellular autoimmunity to glomerular
antigens in various forms of GN can be found with
the use of different assays for the detection of
cellular immunity. The particular antigen employed
in these studies may be crucial. The possibility that
glomerular autoimmunity may be directed against
altered, and not native, glomerular antigens has been
suggested by a few studies. Future investigations will,
it is hoped, further characterize the etiology and
mechanisms of cell-mediated glomerular autoim-
munity in various forms of GN. In this context, the
relationship of glomerular altered antigens to
glomerular fetal antigens may be important. In addi-
tion, the role of lymphocytes specifically sensitized to
glomerular antigens in mediating macrophage func-
tion, as discussed in the previous section, and directly
on glomerular cell function (for example, basement
membrane collagen production146) and toxicity will
probably be areas of fruitful research. Some of these
phenomena may be mediated by polypeptide lym-
phokines, which may have therapeutic implications,
particularly in proliferative glomerulonephritis and
in glomerular sclerosis. 134 The advent of glomerular
cell culture techniques makes these experiments cur-
rently feasible.42

Cellular Sensitivity to Streptococcal
Antigens in Glomerulonephritis

A number of investigators have observed height-
ened sensitivity to streptococcal antigens in chronic
glomerulonephritis. 24,35,38,91,101,154 These studies sug-
gest that those cases with heightened sensitivity to
streptococcal antigens are a result of an initial acute
poststreptococcal GN. However, other possible ex-
planations are that heightened sensitivity to strep-
tococcal antigens may 1) result in immunologic reac-
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tivity to cross-reactive native or altered GBM anti-
gens and thus exacerbate the autoimmune responsels5
or 2) represent some other underlying abnormality of
the immune system that contributes to the develop-
ment of GN. Thus, these observations suggest that
the streptococcus plays a permissive role in certain
forms of glomerulonephritis, regardless of initial
etiology; so that heightened sensitivity to the strepto-
coccus may be a marker of autoimmune sensitization
to cross-reactive GBM antigens62 or may possibly
represent some other role for streptococcal sensitivity
in the disease process.
The initial observation of heightened cellular reac-

tivity to streptococcal antigens in GN was made by
Zabriskie.154 In this study, 13 patients with progres-
sive glomerulonephritis demonstrated significant
direct migration inhibition and lymphocyte blasto-
genesis to particulate streptococcal antigens, includ-
ing streptococcal walls and membranes from nephri-
togenic and nonnephritogenic strains, but not soluble
streptococcal antigens, including M and T proteins,
group-specific carbohydrate, mucopeptide, cytoplas-
mic materials, and bacterial nucleic acids. Normal
controls and patients with nonglomerular renal
disease exhibited minimal migration inhibition in
reaction to the streptococcal antigens. Reaction to a
control antigen was similar in controls and patients
with glomerulonephritis, demonstrating the specifici-
ty of the heightened response to the streptococcal
antigen.

These results were subsequently confirmed by
Macanovic9l and Dardenne,24 using the migration in-
hibition assay. In general, the reactivity found to
streptococcal membrane preparations correlated with
reactivity to GBM among patients with proliferative
GN. In Dardenne's study,24 patients with Goodpas-
ture's syndrome reacted only to GBM and not to
streptococcal antigens. Our own studies35'36 employ-
ing the blastogenesis assay also found heightened
cellular reactivity to streptococcal antigens among
patients with heightened reactivity to glycosidase-
altered GBM. However, no differences in the
response to PHA or BCG were noted between pa-
tients who responded to GBM and those who did not,
again confirming the specificity of such streptococcal
reactivity. 38

Bhat9 suggested that patients with poststreptococ-
cal chronic GN had depressed blastogenesis in re-
sponse to streptococcal antigens. It should be noted
that this study is the only study specifically employing
patients with documented poststreptococcal GN,
while the previously reported studies employed idio-
pathic proliferative GN. Thus, the patients in Bhat's
study4 generally had progressive glomerular sclerosis,

not active proliferative lesions. These patients did not
differ from controls in their response to PHA, PPD,
or SKSD, ruling out the possibility of generalized im-
mune deficiency. Further, they found similar results
in both autologous and homologous serum, sug-
gesting that a serum blocking factor was not respon-
sible for the observed depression of reactivity to
streptococcal antigens. Similar findings have been
reported by Kryzmanske.76 The possibility exists that
streptococcal specific suppressor cell hyperactivity is
present in patients with chronic poststreptococcal
GN, and that this may be either a physiologic or a
pathologic response.

Williams"'O studied T-lymphocyte surface markers
and streptococcal antigen-binding cells during acute
poststreptococcal glomerulonephritis (APSGN) in
man. They found depressed proportions of T cells
during the acute disease, with an increased number of
streptococcal binding cells. Depressed levels of T
gamma and T mu (suppressor and helper) cells were
also found when compared with those of patients
with uncomplicated streptococcal infections. These
results may have implications for understanding
cellular immune events during APSGN in man.

In summary, although the role of streptococcal anti-
gens in idiopathic proliferative GN is not yet defined,
many of these patients have heightened reactivity
to streptococcal antigens. The migration inhibition
assay and the blastogenesis assay have both demon-
strated similar findings and have shown a correlation
between GBM reactivity and streptococcal reactivity.
In general, such heightened reactivity does not ap-
pear to be nonspecific. Further, it has been suggested
that the basis of this phenomenon is a cross-reaction
between streptococcal antigens and either native or
altered GBM antigens. In the specific case of chronic
poststreptococcal GN, with progressive glomerular
sclerosis, depressed cellular reactivity to streptococ-
cal antigens has been demonstrated. Further studies
are clearly required to delineate the role of altered
cellular immunity to streptococcal antigens in
different forms of GN.

Cellular Studies of Minimal-Change
Nephrotic Syndrome

Minimal-change nephrotic syndrome (MCNS) is a
form of glomerular disease of unknown etiology, char-
acterized by normal glomerular histologic character-
istics, epithelial cell swelling, and foot process fusion
on electron-microscopic examination, and highly se-
lective proteinuria. A number of clinical immune ab-
normalities have been observed in this disease. These
include the often striking steroid responsiveness,15
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the induction of remission by measles infection and
the susceptibility to certain bacterial infections,
depressed serum IgG and IgA, and elevated serum
IgM44'129 with normal serum complement,83 and
other abnormalities (reviewed in Glassock,45 Mal-
lick97). Shaloub130 (1974) suggested that MCNS may
be related to a T-cell disorder, particularly a disorder
of suppressor T cells. The basic postulate here is that
the glomerulus is an innocent bystander in MCNS,
and that glomerular injury in MCNS is related to the
presence of a soluble circulating factor, released
because of a primary cellular immune abnormality,
that has the observed pathologic effects in the glo-
merular capillary.

Recent observations have also suggested generalized
cellular immune abnormalities in MCNS that may be
related to the presence of a factor in the serum of pa-
tients with nephrotic syndrome that inhibits lympho-
cyte proliferation.108.142 Similar observations of serum
factors that inhibit lymphocyte proliferation have
been found in uremia from any cause, and the ques-
tion of whether the inhibiting serum factor is specific
to MCNS, or related to uremia, has been raised. 100,124
Indeed, a number of important changes in both hu-
moral and cellular immunity occur in uremia.28'119
A vascular permeability factor derived from lympho-

cytes of patients with MCNS has been described. '78
However, recently this factor has also been found in
nephrotic syndrome of any cause, 132 again raising the
question of specificity for MCNS versus the nephrotic
syndrome in general. In any case, it has been postu-
lated63 that this factor might be a lymphocyte-derived
product with toxicity for the glomerular permeability
barrier. Of interest in this context, Kreisberg75 (1979)
has suggested that macrophages are capable of induc-
ing loss of glomerular polyanion and proteinuria in
an experimental model of GN.

Circulating immune complexes have been found in
MCNS.14,82'117 These complexes could be a cause of
nonspecific activation of lymphocytes, resulting in
circulating lymphokine production, could have block-
ing abilities that induce lymphocyte paralysis, or could
simply represent an epiphenomenon that could con-
tain important clues to the antigen responsible for or
related to abnormal cellular immune dysfunction. In
any case, classic immune complex injury mechanisms
related to their glomerular deposition do not appear
operative in MCNS, since there is no evidence for
glomerular deposition by immunofluorescence or
electron microscopy.
A recent observation by Kerpen70 suggested an ab-

normality in T-cell markers in patients with MCNS.
They demonstrated the presence of circulating T cells
(by sheep RBC rosetting techniques) that also had

receptors for complement, normally a B-cell marker.
In addition, a decreased number of null cells were ob-
served, with a normal number of B cells as deter-
mined by the presence of cell-surface immunoglobin.
Smith13' found a decreased number of lymphocytes
with complement receptors in adenoid tissue from
patients with MCNS. These studies suggest that
MCNS patients may have an abnormal lymphocyte
subpopulation.
A few experimental investigations have observed

organ-specific cellular imune abnormalities in MCNS.
Eyres31 has suggested that patients with MCNS have
lymphocyte-mediated cytotoxicity directed against an
epithelial cell culture derived from human kidney.
Ooi'13 has suggested the presence of lymphocytotox-
ins in the serum of patients with MCNS. Mallick98
demonstrated the presence of cellular reactivity di-
rected toward a fetal kidney antigen preparation, as
measured by the MIF assay. Cabilli13 suggested lym-
phocyte transformation to glycosidase-altered GBM
could be demonstrated in patients with MCNS. This
observation may be of interest, since glycosidase-
altered GBM may be similar antigenically to fetal
GBM. These observations suggest that organ specific
cellular reactivity to fetal kidney antigens could be
related to the development of MCNS. Alternatively,
reactivity to fetal antigens could also represent a gen-
eralized abnormality of the cellular immune system.

In summary, a number of studies have suggested
abnormalities in the cellular immune system in pa-
tients with MCNS. At this time, we do not have a clear
understanding of the immune defect in these patients.
However, most evidence appears to suggest that some
abnormality in the T-cell system leads to the release
of a soluble factor that alters glomerular permeabil-
ity. It is also possible that a circulating soluble factor
leads independently to both altered glomerular per-
meability and a dysfunction of the cellular immune
system.

Cellular Immune Studies in
Membranous Nephritis

Heymann's nephritis is induced by immunizing rats
with a kidney suspension in Freund's adjuvant. 56 The
prominent pathologic characteristic of the resultant
glomerulonephritis is a membranous lesion with base-
ment membrane thickening and no cellular prolifer-
ation or invasion. Clinically, the animals develop the
nephrotic syndrome. The mechanism of injury in this
model was investigated by Glassock46 and thought
to be at least partly immune-complex-mediated. The
responsible antigen was isolated by Edgington30
and found to be derived from renal proximal tubular
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epithelial cells. It was postulated that the immu-
nization of rats with heterologous renal tubular
antigen (RTE) resulted in the termination of toler-
ance to autologous RTE and the development of au-
toimmunity to autologous RTE. The presence of cir-
culating autologous RTE and antibody to RTE would
result in chronic membranous nephropathy, via cir-
culating immune complex mechanisms. However,
circulating immune complexes have not been demon-
strated in human membranous glomerulonephritis.'2
Further, although RTE was demonstrated by immu-
nofluorescence in the glomeruli of the animals, circu-
lating RTE was not found by Glassock.46 There is
conflicting evidence for the role of RTE in human
membranous GN.17'106 It has subsequently been sug-
gested that in situ formation of immune complexes
might account for the lack of circulating immune
complexes in membranous nephropathy.23 It has
also been proposed that circulating antibodies to
cross-reactive glomerular antigens may be involved in
the pathogenesis of Heymann's nephritis.145 These
and other investigations 22,34,41,96,145 employing the
passive Heymann nephritis model have shown that
heterologous serum, and indeed heterologous IgG,
directed against the brush border antigen responsible
for classic Heymann's nephritis (Fx lA) can induce a
model of membranous nephropathy in animals, clear-
ly demonstrating a role for humoral mechanisms in
the development of this disease via in situ immune
complex formation.

Earlier studies by Hess55 and Heymann57 demon-
strated that the transfer of serum alone from animals
with ongoing Heymann's nephritis did not result in
renal disease, while the transfer of lymphoid cells
alone from affected animals did result in renal disease,
similar to the original disease. Both Hess5s and Hey-
mann57 used a number of experimental manipula-
tions designed to control for immune reactions against
organism-specific antigens (or histocompatibility an-
tigens) by using inbred strains of animals. Transfer
of cells from normal animals and control animals
that were immunized with irrelevant antigens did not
result in renal disease. These results suggested that a
cellular immune reaction might be involved in the
pathogenesis of this model. However, these experi-
ments have been criticized, and evidence against a
role for lymphoid cells alone causing Heymann's
nephritis was summarized by Unanue. 144 Thus,
whether Heymann's nephritis is actually transferable
by lymphoid cells alone is controversial.

Investigations of cellular immunity in membra-
nous nephropathy have been provoked by the possi-
bility that the disease is transferable by lymphoid
cells alone. Grupe49 studied the role of cellular immu-

nity in Heymann's nephritis by applying the technique
of migration inhibition, using the immunizing renal
suspension as antigen. In these experiments, animals
were immunized to Heymann's antigens in Freund's
complete adjuvant, and the majority of animals de-
veloped the nephrotic syndrome. Significant migra-
tion inhibition was seen to the kidney antigen in these
animals at 8-12 weeks. Some reactivity was also seen
to control liver antigen, but no reactivity was seen to
lung antigen. Control animals, immunized with either
Freund's adjuvant alone or given aminonucleoside of
puromycin to induce the nephrotic syndrome, had no
cellular reactivity to any antigens. Of 8 animals de-
veloping Heymann's nephritis, all had significant mi-
gration inhibition to kidney antigen, while only 3 of 6
animals had precipitating circulating antibodies to
kidney antigens when tested by immunodiffusion.
These results suggest that lymphocytes from animals
with Heymann's nephritis are sensitized to kidney an-
tigen and secrete migration-inhibition factor in the
presence of this antigen.

Studies by Mallick98 and our own work35'36 have
also suggested that organ-specific glomerular autoim-
munity can be found in membranous nephropathy,
using GBM antigens as test stimuli. Using a fetal kid-
ney antigenic preparation and the migration inhibi-
tion assay, Mallick98 found that 3 of 6 patients with
membranous nephropathy demonstrated cellular im-
munologic reactivity. Our own studies using glyco-
sidase-altered GBM35,36 also showed low-grade lym-
phocyte blastogenesis responses in a few patients
with membranous nephropathy. Interestingly, one of
these patients became a quite strong reactor to al-
tered GBM in our assay during a period when his dis-
ease entered a more rapidly progressive stage toward
uremia.39 Whether his disease had actually trans-
formed from membranous nephropathy to a glomer-
ular autoimmune disease, as has been previously
observed,71 is a provoking possibility.
A study by Holm61 suggested that lymphoid cells

from animals with Heymann's nephritis were cyto-
toxic to an in vitro grown kidney cell line, which ap-
peared to be predominantly an epithelial cell type.
An elaborate method for determining cytotoxicity es-
sentially measured '4C-thymidine release from la-
beled kidney cells. Lymphocytes were obtained from
the peripheral blood and lymph nodes of nephrotic
and control rats that had been immunized to liver
and lung homogenates and adjuvant alone. Micro-
scopic examination revealed adherence of nephrotic
lymphocytes to cultured cells within 3 hours and the
appearance of degenerative cellular changes by 48
hours. Somewhat similar findings were found with
liver-sensitized cells, but not in other control groups.
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Radioisotope cytotoxicity experiments further sug-
gested the nephrotic lymphoid cells were cytotoxic to
cultured kidney cells, some specificity being demon-
strated. Serums from nephrotic rats were also tested
for cytotoxicity of cultured kidney cells in the pres-
ence of fresh complement, but no cytotoxicity was
observed.

Studies of the development of cellular immunity to
the probable antigen responsible for Heymann's ne-
phritis have been done by Litwin.85 In these studies,
the semipurified antigens Fx IA derived from renal
cortex in complete Freund's adjuvant was injected in-
tradermally into rats. A similarly derived, nonnephri-
togenic fraction, known as Fx 1B, was used as a con-
trol. Rats injected with Fx IA developed proteinuria
by 8 weeks, with glomerular lesions resembling mem-
branous nephropathy, while control rats remained
normal. Intradermal skin testing with Fx IA in ani-
mals developing proteinuria were positive in 9 of 14
animals, and histologic sections showed typical de-
layed hypersensitivity reactions in the skin. Control
intradermal skin testing with Fx lB was negative.
Lymphocyte cultures done at the same time revealed
significant blastogenesis to the Fx IA in 10 of 13 pro-
teinuria rats but was negative to Fx 1B. In a subse-
quent study, Litwin86 investigated the sequential
kinetics of the onset of humoral and cellular immu-
nity in the Heymann model. For these experiments,
the responsible purified antigen (RTE) identified by
Edgington30 was also employed for the detection of
cellular immunity. In this study, at the time of onset
of proteinuria, all rats had positive delayed hypersen-
sitivity to RTE by skin testing. At the same time,
most rats had significant lymphocyte blastogenesis to
RTE and Fx IA. Precipitating antibodies to normal
rat proximal tubular cells were detected in most rats
by about 6 weeks after immunization. A Clq test for
circulating immune complexes also became positive
in most animals, although this generally occurred
after the onset of proteinuria. Histologically typical
membranous nephropathy with granular IgG deposi-
tion on immunofluorescence examination was noted.
These results suggest that the onset of membranous
nephropathy in Heymann's nephritis is associated not
only with a humoral immune response to the respon-
sible antigen, but also with a cell-mediated immune
response, which has been demonstrated by intrader-
mal skin testing, migration-inhibition assays, and
lymphocyte blastogenesis. Two recent studies87'52
have focused on the role of suppressor cells in Hey-
mann's nephritis, suggesting that the induction of Fx
lA-specific suppressor T cells may modify antibody
production and prevent or inhibit the development of
glomerulonephritis.

Finally, a study by Ooitt2 in patients with idio-
pathic membranous nephropathy showed that lym-
phocytes from these patients have a diminished abil-
ity to produce immunoglobulin in vitro. Specifically,
B cells were incubated with a nonspecific activator,
pokeweed mitogen, and the production of IgG and
IgM was measured. Lymphocytes from patients with
membranous nephropathy produced significantly less
IgG and IgM than controls. In co-culture experiments,
lymphocytes from patients with membranous ne-
phropathy suppressed the production of immuno-
globulin by control lymphocytes. However, by remov-
ing the T cells or monocytes from the lymphocytes of
membranous nephropathy patients, the suppressor
was eliminated. These results suggest that patients
with membranous nephropathy have a primary cellu-
lar immune defect, namely, an abnormal suppressor
cell. This defect could lead to diminished ability to
produce immunoglobulin, resulting in prolonged an-
tigenic stimulation and circulation, and particularly
in prolonged antigen excess. This could lead to a pro-
pensity for the development of in situ immune com-
plex disease and could account for the development
of membranous nephropathy in these patients.

In summary, a number of studies have investigated
the role of cellular immunity in membranous ne-
phropathy, in both animal models and in human dis-
ease. Early studies of Heymann's nephritis have sug-
gested that membranous nephropathy is transferable
by lymphoid cells alone, and not by serum. However,
recent studies suggest Heymann's nephritis is trans-
ferable by serum, and particularly IgG directed against
appropriate brush border antigens. Other studies
have demonstrated cellular immune reactivity to the
responsible RTE antigen in Heymann's nephritis.
Still other studies of organ-specific cellular immunity
in membranous nephropathy have shown cellular re-
activity to GBM antigens and cellular cytotoxicity to
renal cells. These studies are difficult to evaluate in
view of the clear lack of cellular infiltration in the
glomeruli in membranous nephropathy. Whether
such reactivity reflects an underlying abnormality in
cellular immunity or indicates transformation of
membranous nephropathy into a progressive autoim-
mune stage cannot be determined at this time. Final-
ly, the possibility that an abnormal suppressor cell
may be found in patients with membranous nephrop-
athy has been suggested. These studies provide highly
provocative evidence that, despite the lack of cellular
infiltration or proliferation in the glomeruli of pa-
tients with membranous nephropathy, a primary de-
fect in the cellular immune system may lead to glo-
merular pathology via abnormal regulation of the
humoral system. In the animal models, it appears
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that the induction of suppressor cells prevents mem-
branous disease, while in man it has been suggested
that suppressor cells are overactive and permissive
for the development of membranous disease. We
may speculate that relatively complete suppression of
antibody production prevents disease in animals,
while partial suppression is permissive for disease in
man. Normal immunoregulation would presumably
result in full antibody production, complete immune
clearance, and no disease.

Summary and Conclusions

In this review, we have attempted to present both
data and hypotheses that have accumulated predomi-
nantly during the last 20 years that suggest a role for
cellular immunity in the development of glomerulo-
nephritis. These facts and ideas were made possible
by advances that have occurred in cellular immunol-
ogy during this time. Thus, it appears that cellular
immune mechanisms play an important role in classic
models of glomerulonephritis, such as the immune
complex models, nephrotoxic serum nephritis, and
Heymann's nephritis. Data has also accumulated in
man suggesting that cellular immune mechanisms are
important in the development of human glomerulo-
nephritis, perhaps in the absence of humoral mecha-
nisms. Although humoral effector mechanisms clearly
play a role in the development of certain forms of
glomerulonephritis, we may speculate on the basis of
recent data that the expression of abnormal humoral
immunity in certain forms of glomerulonephritis may
be the result of a primary abnormality in the cellular
immune system, which regulates antibody produc-
tion. Thus, our perspective should include not only
cell-mediated effector mechanisms in glomerulone-
phritis, but also cellular immune mechanisms of sen-
sitization to antigen and immunoregulation of anti-
body production.

In summary, investigators have demonstrated that
macrophages are important effector cells in animal
models and are present in the glomeruli of patients
with certain forms of GN. Immunospecific T cells
may play a role in attracting macrophages to the glo-
merulus and the site of foreign or altered host anti-
gen. In some cases, these immunospecific T cells may
be autosensitized to native or altered glomerular anti-
gens. The mechanism by which such glomerular au-
toimmunity occurs is not known, although hypotheses
have been presented. Cellular sensitization to strepto-
coccal antigens in human glomerulonephritis may be
an important clue to the role of microbial influences
in GN and serve as a model for possible mechanisms
by which exogenous stimuli may cause, exacerbate,

and contribute to the progression of glomerular dis-
ease. In minimal-change nephrotic syndrome and
membranous glomerulonephritis, it appears that
more generalized cellular immune abnormalities may
contribute to the development of GN. In MCNS, an
abnormality in suppressor cells appears to result in
the release of a factor, in response to an unknown
stimulus, which induces glomerular capillary perme-
ability. In membranous nephropathy, abnormal im-
munoregulation of the humoral immune system by
the cellular immune system may be permissive for the
development of in situ immune complex formation.

Since the cellular immune system can be therapeu-
tically manipulated, we can express hope that ad-
vances in cellular nephroimmunology will not only
lead to an understanding of why and how glomerulo-
nephritis occurs, but also to effective modes of treat-
ment. However, a great deal of work by investigators
in the field of cellular nephroimmunology needs to be
done before the practical implications of this work
come to fruition. Finally, although glomerulonephri-
tis is really a rather uncommon disease, despite its
implications for the individual patient, glomerular
disease serves as an excellent model of capillary in-
jury and probably vascular injury in general, as well
as a model for organ-specific autoimmune disease
and the effects of generalized immune disorders on
the capillary. In this light, although cellular nephro-
immunology is still a young field, recent and future
investigations will, we hope, make an important con-
tribution to the body of knowledge and understand-
ing of glomerular disease and vascular disease and
cellular immunology in general.
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