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Abstract: Anti-glomerular basement membrane (anti-GBM) disease is a rare but serious autoimmune disease, which is characterized
by the development of pathogenic antibodies to type IV collagen antigens in the glomerular and alveolar basement membranes. This
results in rapidly progressive glomerulonephritis (GN), alveolar hemorrhage, or both. A variety of environmental factors can trigger
the disease in genetically predisposed patients. Temporal associations with influenza, SARS-CoV-2 infection, and COVID-19
vaccination have been described although there is insufficient evidence to suggest causality. Anti-GBM disease accounts for
approximately 20% of the cases of rapidly progressive GN cases secondary to crescentic GN, but is an uncommon cause of end-
stage kidney disease. Early diagnosis by detection of circulating antibodies, increased awareness of atypical as well as complex clinical
variants of the disease, and combined therapy with immunosuppression and plasma exchange has improved the prognosis of patients
with this potentially fatal disease. Progress has been hampered by the rarity of anti-GBM disease, but new agents and therapeutic
regimens are emerging.
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Anti-glomerular basement membrane (anti-GBM) disease is an autoimmune small- vessel vasculitis caused by immu-
noglobulin (Ig) G autoantibodies that are mainly directed against the non-collagenous domain of the a3 chain of type IV
collagen in the glomerular basement membrane.' These antibodies typically cause a rapidly progressive GN, often
combined with pulmonary hemorrhage because the autoantibodies react with the same epitope in the alveolar basement
membrane.”

The basement membranes in the glomerular and pulmonary alveolar capillaries are complex structures lined by
endothelial and epithelial cells. The principal component of the basement membrane is type IV collagen (Figure 1),
which includes three alpha subunits: alpha3, alpha4 and alpha5 chains (Figure 1A). Each chain comprises a long
collagenous domain, a non-collagenous amino terminus (7S), and a non-collagenous domain (NC1) at the carboxyl
terminus. NC1 domains of the alpha3, alpha4 and alpha5 chains join to form an extensively crosslinked helical molecule
known as a protomer (Figure 1B)."** The protomers dimerize at NC1 domains to form hexamers, that further interconnect
to form a collagenous meshwork. Deposition of additional proteins such as agrin, laminin, and nidogen completes the
formation of the basement membrane.* The anti-GBM antibodies are most strongly reactive to alpha3 (IV) NCI,
although there may also be variable reactivity to alpha5 (IV) NCI and a lesser extent, alpha4 (IV) NC1."* The
autoantibodies bind to two epitopes, designated EA and EB, located at the amino acid residues 17-31 and 127-141
respectively, in the NC1 domain of alpha3 (IV) (FigurelC).® These epitopes are partly buried and hidden during the
assembly of hexamers.

Immunofluorescent microscopy demonstrates characteristic intense and diffuse linear IgG deposition along the
glomerular basement membrane (Figure 2). On light microscopy the glomeruli characteristically display segmental or
global necrosis, and rupture of the capillary tufts, associated with prominent crescent formation in most of the cases
(Figure 3).”* The glomerular changes are temporally homogeneous, with all glomeruli presenting the same stage of the
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Figure | (A) Cartoon showing alpha3, alpha4 and alpha5 chains of type IV collagen. Each chain consists of collagenous component in the middle with non-collagenous domains (7S and
NCIl) at the ends. (B) NC| domains of the alpha3, alpha4 and alpha5 chains join to form a triple helical extensively crosslinked molecule known as protomer. The protomers dimerize at
NCI domains to form alpha3.alpha4.alpha5 (IV)NCI hexamers. (C) Cartoon depicting NC| domain of the alpha3 chain of type IV collagen with two epitopes, namely EA (residues 17—
31) and EB (residues 127-141). Copyright © 2022 Mohammed Akhtar, Corel Corporation and its licensors. All rights reserved.

Figure 2 Immunofluorescent microscopic image showing intense linear deposition of IgG along the glomerular capillaries. The adjacent crescent is devoid of fluorescence
(magnification 400 X).

disease process. Other findings usually include intratubular red cells, interstitial edema, and interstitial inflammatory
infiltrate composed of lymphocytes, plasma cells, and macrophages. Periglomerular accentuation of the mononuclear
infiltrate is commonly seen in association with variably sized ruptures of the Bowman capsules. Multinucleated giant
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Figure 3 Light microscopy of the renal biopsy featuring cellular crescents in both the glomeruli, and a large number of inflammatory cells within. There is extensive
destruction of the glomerular tufts (Hematoxylin and Eosin staining; magnification 300 X).

cells or granulomas in and around the glomeruli may also be found.” In the chronic phase, the glomeruli may show
fibrous and fibro-cellular crescents, later leading to global glomerulosclerosis with interstitial fibrosis and tubular
atrophy.

Epidemiology

The annual incidence of anti-GBM disease is estimated at fewer than 2 cases per million population — about 10 times
lower than that of ANCA-associated vasculitis.* It has a predilection for European Caucasians, though it occurs across all
racial groups. A bimodal distribution of age-specific incidence rates has been recognized that peaks in the third decade
(characterized by male preponderance, frequent concomitant lung hemorrhage, high level of specific anti-GBM anti-
bodies, but ANCA negativity) and seventh decade (demonstrating even gender distribution, infrequent lung hemorrhage,
lower levels of anti-GBM antibodies with broader reactivity, but frequent ANCA positivity).”'® DRB1*¥1501, DRB1*03,
and DRB1*04 have been shown to be associated with increased susceptibility to the disease.'' In addition, environmental
triggers have been proposed to incite the disease in susceptible individuals.'? Basement membrane injury from various
etiological agents (including infection, smoking, organic solvents, nephrectomy/ extracorporeal shock wave lithotripsy)
can either initiate the disease by exposing the cryptic epitopes in glomerular/alveolar basement membrane with
consequent antibody production and immune-mediated glomerular and/or pulmonary damage; or unmask the covert
disease by releasing autoantigens in patients who had pre-existing circulating anti-GBM antibodies. Consistent with these
hypotheses is the fact that pulmonary hemorrhage occurs in nearly all current cigarette smokers but is uncommon in
nonsmokers.'> Similarly, outbreaks of anti-GBM disease have been described during influenza epidemics.'*!” More
recently, temporal clustering of anti-GBM disease during COVID-19 pandemic has been reported.'®2° The affected
patients had prodromal viral illness 1-6 weeks before presentation with anti-GBM disease, and tested positive for viral
RNA, or IgM and/or IgG antibodies to SARS-CoV-2 spike protein, raising the possibility of SARS-CoV-2 infection as
a possible trigger for the disease.'®° A case of recurrence of anti-GBM disease presenting with pulmonary hemorrhage
and crescentic GN following COVID-19 has also been described.?' Several cases of anti-GBM disease related to SARS-
CoV-2 vaccination have been published recently.”>>* Although a temporal relationship has been noted, there is
insufficient evidence to postulate causality. Nevertheless, it is plausible that the immune response to the vaccine mimics
the biological response to natural infection resulting in anti-GBM disease in susceptible patients. With the continuation of
mass vaccination programs, the advent of more potent vaccines (ie mRNA), and recommendations of booster doses,
long-term pharmacovigilance is required to determine the incidence of anti-GBM disease secondary to vaccination, and

its clinical outcomes.
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Impact

Anti-GBM disease is a rare disease and an uncommon cause of end-stage kidney disease [ESKD].?® It accounts for only
up to 5% of all types of GN, and 20% of the cases of rapidly progressive GN cases secondary to crescentic GN.?%
However, the disease has a major impact on those who are affected. Patient and renal survival depends largely on the
severity of kidney dysfunction at presentation.”®*’ Need for mechanical ventilation, oligo-anuria, >85% cellular
crescents on renal biopsy, and dialysis dependency at presentation are among the strongest predictors of poor outcomes.
One-year patient and renal survival rates following a diagnosis of anti-GBM disease have previously been reported to be
73% and 25%, respectively.”® However, timely diagnosis, increased cognizance of disease heterogeneity, and early
institution of intensive therapy has changed the outlook of this disease, resulting in a two-fold higher kidney survival rate
since 2007.%*

Long-term patient and graft survival after kidney transplantation for anti-GBM patients are comparable to IgA
nephropathy as a cause of ESKD.?' However, 5-10% of kidney transplant recipients with underlying Alport syndrome
develop overt anti-GBM disease, which has a major impact on affected patients — the risk of irreversible graft failure
approaches 90%, usually within a few weeks to months after diagnosis and re-transplantation is rarely successful.*?

Management Strategies
Management of anti-GBM disease takes into consideration the following salient features of the disease:

1-Anti-GBM antibodies are considered pathogenic, and are detected in the majority of cases.®*** A «

seronegative”
variant of anti-GBM disease is well recognized which is characterized by diffuse linear staining of GBM by IgG on
immunofluorescence microscopy without detectable anti-GBM antibodies in the serum by enzyme-linked immunosorbent
assay (ELISA), Western blot, or indirect immunofluorescence, and which has the potential of progressing to end-stage
renal disease.*”*¢

2-Renal function diminishes rapidly in anti-GBM disease; early treatment is often the key to better clinical outcomes.*

3-1t is typically a single-phase disease, unlike most other types of GN or vasculitis, with initially severe renal and
pulmonary involvement, but infrequent subsequent relapses. Hence, maintenance immunosuppression therapy is usually
not required.

4-There is substantial heterogeneity. At one end of the spectrum are patients with a milder clinical phenotype—“aty-
pical anti-GBM disease”-who have subtle renal involvement (hematuria and/or proteinuria but relatively preserved renal
function) without pulmonary hemorrhage.®> At the other end of the spectrum are the vast majority of patients with
“classic” anti-GBM who present with a rapidly progressive crescentic GN.*” About 50% of the latter have a full blown
pulmonary-renal syndrome with severe alveolar hemorrhage. Fewer than 10% present with pulmonary disease, although
they often have renal disease histologically.’® Another interesting subset of anti-GBM patients, the “double-positive”
patients, are those who exhibit co-existence of ANCA and anti-GBM antibodies. Acknowledging the entity of serone-
gative anti-GBM disease, “double positivity” has been more precisely defined as the association of ANCA and
histological features of anti-GBM disease, with or without circulating anti-GBM antibodies.?” These patients demonstrate
a hybrid phenotype, although the anti-GBM component is the dominant phenotype.**° Their initial clinical presentation
is aggressive, similar to that of “single-positive” anti-GBM patients (RPGN and alveolar hemorrhage) but they display
several features of ANCA associated vasculitis, such as older age, longer prodromal illness, systemic organ involvement,
histological evidence of chronicity (interstitial fibrosis and glomerulosclerosis), and tendency to relapse.**°

The primary therapeutic aim is to rapidly decrease the level of anti-GBM antibodies and reduce inflammation. This
can be achieved by removing preformed circulating IgG by extracorporeal therapy, or by blocking the production of new
antibodies using immunosuppressive therapy. An emerging approach is to hydrolyze and degrade the antibodies, using

proteolytic enzymes. Supportive care, including dialytic and mechanical ventilatory support is provided when indicated.

Extracorporeal Therapies to Remove Preformed Anti-GBM Antibodies
Although never submitted to randomized controlled trials, plasma exchange (PLEX) has been considered standard of care
since the 1970s, and there is convincing evidence of its clinical effectiveness.”’*'™** PLEX is recommended in all
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patients with renal limited disease except those who are dialysis-dependent at presentation, have 100% glomerular
crescents or >50% globally sclerotic glomeruli.** This grade 1B recommendation by KDIGO Glomerulonephritis Work
Group is primarily based on overwhelming evidence from observational studies that showed better clinical outcomes
compared with patients treated with immunosuppressive treatment alone. Similarly, the American Society for Apheresis
advocates PLEX as the first line treatment for patients with anti-GBM disease who have diffuse alveolar hemorrhage or
non-dialysis-dependent renal failure.*® PLEX might have an additional benefit of removing cytokines, complement
components, or adhesion molecules from plasma, thereby attenuating inflammation and tissue injury.*’ Prognosis of
classical anti-GBM disease is strongly correlated with rapid reduction in anti-GBM antibody levels. Hence, it is vital that
intensive PLEX is implemented early in the course of anti-GBM disease (60mL/kg; max 4 L of plasma processed
per session) and continued on daily basis, if possible, till anti-GBM titer becomes negative/ markedly suppressed, and
hemoptysis resolves. This usually occurs in two to three weeks in most patients.*®*’ In patients with seronegative anti-
GBM disease, who have no detectable circulating anti-GBM antibodies, PLEX should be continued until the resolution
of evidence of ongoing pulmonary or glomerular injury.*®

Immunoadsorption (IA) and double filtration plasmapheresis (DFPP) have been utilized at some centers to remove
circulating antibodies in patients with crescentic GN, including those with anti-GBM disease. In DFPP, two types of
filters are employed; the first filter separates the plasma, which then passes through a second “plasma component
separator” before being returned to the patient. This makes DFPP a more selective modality for removing pathogenic
antibodies compared to PLEX and lessens the need for blood product replacement. Clinical outcomes are comparable to
those of PLEX.® IA allows more profound antibody removal with efficiency exceeding that of PLEX. It might have
a role in patients with very high anti-GBM antibody levels or those with persistence of anti-GBM antibodies despite
PLEX therapy.’'>*

Immunosuppressive Therapy to Block the Generation of New Antibodies
No randomized study has defined the optimal immunosuppressive regimen. The use of systemic glucocorticoids and
cyclophosphamide, the mainstays of immunosuppressive treatment, has relied largely on historical comparisons and on
data extrapolated from trials in other forms of GN and vasculitis. Oral prednisone is started at a dose of 1 mg/kg per day
to a maximum of 60 mg/day, and oral cyclophosphamide at 2mg-3mg/kg/day (adjusted for GFR and age).*’ Prednisone is
slowly tapered down to zero by 6 months; cyclophosphamide is administered for 2—3 months with the dose titrated to
maintain total leukocyte count to > 4 x10°/ L. Regimens of intravenous methylprednisolone, and intravenous cyclopho-
sphamide derived from other forms of crescentic GN are used for fulminant anti-GBM disease at some centers though
there is inadequate data to support this approach.* Mycophenolate mofetil has been used successfully as an alternative to
cyclophosphamide to prevent known toxicities of the latter.>

Rituximab is being increasingly used in the field of immune-mediated glomerular disease. It is a chimeric anti-CD20
monoclonal antibody that depletes CD-20 positive B cells via antibody-dependent cell-mediated cytotoxicity, comple-
ment-dependent cytotoxicity, and apoptosis, thereby suppressing antibody production.’® Although it has demonstrated
efficacy in ANCA-associated vasculitis and membranous nephropathy, its evidence-based use remains limited in anti-
GBM disease due to a lack of controlled studies.

Proteolytic Cleavage of IgG: A Novel Strategy of Depleting Pathogenic Antibodies

The IgG-degrading enzyme of Streptococcus pyogenes (IdeS) is a novel therapeutic proteinase that cleaves human IgG
preventing subsequent complement and neutrophil- induced injury.”> It works with dramatic efficacy and efficiency,
decreasing the anti-GBM antibody titer to an undetectable/ non-toxic level within hours. An additional advantage of IdeS
(over PLEX) is that it also degrades kidney-bound IgG. Initial reports in 3 patients with refractory anti-GBM nephritis
revealed that IdeS led to rapid reduction in anti-GBM antibodies, but renal outcomes did not improve; none of the
patients achieved dialysis independence.’® It is noteworthy that these patients had been on dialysis for an extended period
of time before IdeS was administered, raising the possibility that accelerated breakdown of anti-GBM antibodies using
IdeS earlier during the course of the illness might have led to favorable renal outcomes. This hypothesis was tested in an
open-label multicenter Phase II study (GOOD-IDES). This study evaluated the efficacy and safety of a single dose of
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IdeS in 15 patients with severe anti-GBM disease (eGFR<15mL/min and high circulating anti-GBM antibodies)
receiving corticosteroids, cyclophosphamide, and PLEX but absence of anuria for more than 48 hours, dialysis
dependency of more than 5 days, or ongoing moderate-severe pulmonary hemorrhage.’®>” At inclusion, 10 patients
were dialysis-dependent; the remaining 5 patients had eGFR of 7-14mL/min. Anti-GBM antibody titer normalized in all
patients within 6 hours after IdeS administration, although a rebound of antibodies was observed in 10 patients, requiring
PLEX. At six months, 10 patients were dialysis independent. The safety profile was good; no serious unexpected
suspected adverse reactions were seen. Hence, IdeS might offer a significant clinical advantage over PLEX and
immunoadsorption, in the management of patients with fulminant anti-GBM disease when swift clearance of pathogenic
antibodies is desirable for abatement of inflammation.

Selecting Management Strategy According to the Clinical Status and
Phenotype of the Disease

Renal function declines more rapidly in anti-GBM disease than in other forms of rapidly progressive GN because
antibodies bind rapidly and tightly to the GBM.>® There is a direct correlation between anti-GBM antibody titer, serum
creatinine at presentation, and the percentage of glomeruli with crescents.”” Prompt initiation of treatment is often the
key to better clinical outcomes.* Hence, if the clinical suspicion is high, it is preferable to initiate treatment with high-
dose steroids (and PLEX in selected cases), rather than waiting for histological confirmation.

For most patients with anti-GBM associated RPGN, combination therapy of plasma exchange (PLEX), cyclopho-
sphamide, and prednisone, introduced by the Hammersmith group remains the standard treatment.”’ This includes
patients with “double-positive” disease as the phenotype of their disease at presentation is comparable to that of classic
anti-GBM disease.*”*° Renal outcomes are much better using a combination of PLEX and immunosuppressive therapies,
compared to immunosuppressive treatment alone.”® Prophylaxis against peptic ulcer, pneumocystis and osteoporosis is
employed in patients receiving this immunosuppressive regimen. Advanced renal failure with creatinine >600 pmol/l,
oligo-anuria, or dialysis-dependency at presentation is usually associated with severe crescentic disease and renal
scarring (>85% cellular crescents or >50% globally sclerotic glomeruli). These patients are unlikely to recover renal
function, and, in the absence of pulmonary hemorrhage, they are not good candidates for intensive treatment.?*>¢°
However, combined PLEX and immunosuppressive therapy should be considered if i) the renal biopsy reveals early non-
fibrotic crescents and concomitant acute tubular necrosis,?’ ii) the patient has a very short history of progressive renal
dysfunction,®' iii) the patient has double-positive disease (more likely to recover independent kidney function even after
initially requiring dialysis, as compared to single-positive anti-GBM patients),** or iv) the patient has concomitant
pulmonary hemorrhage, regardless of the degree of renal dysfunction.*®

Patients who are refractory to standard management, or who have intolerable adverse effects from cyclophosphamide will
be candidates for rituximab therapy.®® Rituximab has been shown to effectively induce complete remission of alveolar
hemorrhage but, unfortunately, not improve renal outcomes in dialysis-dependent patients at presentation, even if antibody
titer became negative.®> Data from the RAVE trial suggest the superiority of rituximab over cyclophosphamide in attenuating
antibody production in ANCA-associated vasculitis. Hence, rituximab may have a special therapeutic role in double-positive
patients.®* Varying doses and schedules of rituximab have been used in anti-GBM disease. Some used weekly doses of
375 mg/m? for 2 to 6 weeks, while others administered a single or two doses of 1000 mg. It is noteworthy that rituximab is
rapidly removed from circulation by PLEX, so the PLEX schedule needs to be devised carefully (allowing at least 48 hours
after administration of rituximab prior to the next PLEX session).

Patients with atypical anti-GBM disease usually have mild renal disease and absence of diffuse crescentic GN. They
do not require immunosuppressive therapy unless they develop signs of progressive GN.®

Anti-GBM disease usually follows a single-hit course, although relapses have been reported.®®*” Patients who respond to
the initial immunosuppressive therapy, and recover do not need maintenance immunosuppression. However, double-positive
patients carry the long-term risk of relapse similar to patients with ANCA-associated vasculitis, so maintenance therapy
should be considered using either azathioprine (2mg/kg body weight), or rituximab (500—1000 mg each, every 6 months) for
about 2 years.®® Rituximab might also have a role in patients who have a relapsing disease.
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Anti-GBM patients with ESKD can be transplanted after 6 months of persistent negativity of anti-GBM antibodies.
Clinically significant post-transplant disease recurrence is rare (approximately 2%) although histological recurrence in
the form of linear IgG staining in the glomeruli without other glomerular lesions may be as high as 50%.*° Therapeutic
strategies are similar to those used in the treatment of disease in the native kidneys. PLEX is instituted, immunosuppres-
sion is augmented (high dose steroids and a switch from antimetabolites to cyclophosphamide for 2-3 months), and
higher CNI trough levels are maintained. Allograft failure from disease recurrence is exceedingly rare.

A de novo anti-GBM disease can develop in approximately 5% of patients with Alport syndrome who receive
a kidney transplant, usually within the first year following transplantation. This occurs because the neo-antigens
contained in the basement membrane in the kidney allograft (that were lacking in the native kidneys) trigger antibody
production. The de novo alloantibodies are primarily directed against the alpha5 chains of type IV collagen in the donor
kidney, as opposed to mainly alpha3 chains in anti-GBM disease involving native kidneys.”' Clinically, GN appears
indistinguishable from anti-GBM disease of native kidneys; histology reveals prominent crescentic changes, necrosis,
and inflammation. Unfortunately, these patients are less likely to respond to traditional treatment, so the risk of
irreversible graft failure approaches 90% within a few weeks to months after diagnosis.*® Re-transplantation carries
the same grim prognosis.

Concluding Remarks

Anti-GBM disease has emerged as a multidimensional entity; a spectrum of several phenotypes with distinct renal
outcomes and response patterns to treatment modalities. Serological testing for both anti-GBM antibodies and ANCA, as
well as renal histopathological evaluation is required for recognizing disease-variants, determining prognosis, and
devising appropriate treatment plans. Progress toward new treatments has been hampered by the rarity of anti-GBM
disease, but new therapies are emerging. Phase III clinical trials are required to confirm the therapeutic efficacy and
safety of IdeS. Even if approved for clinical use in anti-GBM disease, IdeS is unlikely to completely obviate the need for
any of the components of the established therapy. PLEX will still be required to curb the rebound of antibodies that often
occurs after IdeS administration, and immunosuppression will remain obligatory to suppress antibody formation and
inflammation. Orally administered complement component C5a receptor inhibitors have been found to be effective in
replacing high-dose glucocorticoids in treating vasculitis.”® It will be interesting to see if such agents can also be used in
anti-GBM disease to decrease glucocorticoid toxicity. A multipronged approach that utilizes all three modalities
(immunosuppressive therapy, IdeS, and PLEX) might have the potential to effectively treat the disease and yet minimize
the adverse effects of each individual component.
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