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Abstract 

Post-str e ptococcal glomerulone phritis (PSGN) is primaril y associated with pr eceding gr oup A str e ptococcal skin or thr oat infections, 
now mainly observed in economically disadvantaged communities. This condition significantly predisposes individuals to later-life 
chronic kidney disease and concurrent renal complications, with the elderly experiencing increased severity and less fav oura b le out- 
comes. Str e ptococcal pyr o genic e xoto xin B and ne phritis-associated plasmin r ece ptor ar e identified ne phritog enic antig ens (nephrito- 
g ens). Pathog enesis of PSGN is multifactorial. It can inv olv e the formation of antigen-antibody immune complexes, causing inflamma- 
tor y dama ge to r enal glomeruli. De position of circulating imm une complexes or in situ formation of immune complexes in glomeruli, 
or both, results in glomerulonephritis. Additionally, molecular mimicry is hypothesized as a mechanism, wherein cross-reactivity 
between anti-str e ptococcal antibodies and glomerular intrinsic matrix proteins leads to glomerulonephritis. Besides, as observed in 

clinical studies, str e ptococcal inhibitor of complement, a str e ptococcal-secr eted pr otein, can also be associated with PSGN . Ho wever, 
the interplay between these str e ptococcal antigens in the pathogenesis of PSGN necessitates further investigation. Despite the clinical 
significance of PSGN, the lack of cr edib le animal models poses challenges in understanding the association between str e ptococcal 
antigens and the disease process. This re vie w outlines the postulated mechanisms implicated in the development of PSGN with 

possible therapeutic approaches. 

Ke yw ords: post-str e ptococcal glomerulone phritis; chr onic kidney disease; str e ptococcal pyr o genic e xoto xin B; nephritis-associated 

plasmin r ece ptor; str e ptococcal inhibitor of complement; animal model 
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Introduction 

Str eptococci ar e ubiquitous Gr am-positiv e bacteria found as nor- 
mal micr obial flor a in humans (Wong and Ste v ens 2013 ). It 
causes a wide range of non-invasive and invasive diseases (Mar- 
tin and Green 2006 , Avire et al. 2021 ). Streptococci are also as- 
sociated with immune-mediated complications, including post- 
stre ptococcal glomerulone phritis (PSGN), acute rheumatic fe v er,
rheumatic heart disease, paediatric autoimm une neur opsyc hi- 
atric disorders, and r eactiv e arthritis (Car a petis et al. 2005 , Pr ato et 
al. 2021 , Brouwer et al. 2023 ). In most cases of post-streptococcal 
immune complications, the primary infections may not be de- 
tected. The global incidence of streptococcal infections, includ- 
ing p y oderma and pharyngitis, exceeds 700 million cases annu- 
ally, with PSGN cases estimated to exceed 4.7 million (Carapetis 
et al. 2005 , Marshall et al. 2011 , Walker et al. 2014 , Alhamoud et 
al. 2021 ). 

PSGN is associated with prior skin or throat infections, mainly 
caused by Streptococcus pyogenes , a group A streptococcus (GAS),
Recei v ed 14 July 2024; revised 2 September 2024; accepted 27 September 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
nd less fr equentl y by Streptococcus dysgalactiae subspecies equi-
imilis (SDSE; group C or G streptococcus) (Rodriguez-Iturbe and 

aas 2016 ). Appr oximatel y 1–2 weeks after untr eated str eptococ-
al throat infections, and 3–6 weeks following unr esolv ed str ep-
ococcal skin infections, a portion of individuals de v elop PSGN
Walker et al. 2014 ). PSGN is pr e v alent among c hildr en (5–12 yr),
lthough it can affect the elderly ( ≥60 yr) who are immunocom-
r omised with concurr ent co-morbidities (Nasr et al. 2011 , Nasr et
l. 2013 ). The elderly experience more severity and a poor progno-
is compared to children (Nasr et al. 2011 ). Approximately 25%–
0% of PSGN cases are asymptomatic and are diagnosed inciden-
all y during r outine urinal ysis (Yoshizawa et al. 1996 , Rawla et al.
022 ). The affected individuals present with macroscopic haema- 
uria, oliguria, facial oedema, and hypertension, but may also dis-
lay other symptoms (Table 1 ). Subsequent haematobiochemical 
ssays and urinal ysis r e v eal hypoalbuminemia, pr oteinuria, in-
reased serum creatinine and urea, reduced estimated glomerular 
ltr ation r ate, ele v ated C-r eactiv e pr otein, decr eased complement
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Table 1. Common clinical presentations in PSGN. 

Clinical manifestations Case frequency References 

Gross haematuria 30%–50% Rawla et al. ( 2022 ) 
Oliguria < 50% Xu and Somers ( 2020 ) 
Hypertension 60%–80% Rawla et al. ( 2022 ) 
Periorbital oedema 65%–90% Elzouki ( 2012 ) 
Protein uria (ne phrotic range) 2%–5% 

a , > 20% 

b Tasic ( 2008 ), Luo et al. ( 2010 ) 
Azotaemia 83% 

b Rodriguez-Iturbe and Haas ( 2016 ) 
Congestive heart failure 43% 

b Rodriguez-Iturbe and Haas ( 2016 ) 

a Paediatric case. 
b Geriatric case. 
Abbre via tion: PSGN: post-streptococcal glomerulonephritis. 
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3, along with increased white blood cell count, increased neu-
r ophil/l ymphocyte r atio, and ele v ated anti-str eptol ysin O titr es
Satoskar et al. 2014 , Demircioglu et al. 2018 , Satoskar et al. 2020 ,
lhamoud et al. 2021 , Rawla et al. 2022 ). 
The incidence of PSGN is high in middle- to low-income coun-

ries (Barnett et al. 2018 , Demircioglu et al. 2018 , Satoskar et al.
020 , Thorgrimson et al. 2022 ). It is also observed among the First
ations Peoples of high-income countries (May et al. 2016 , Ra-
anathan et al. 2017 , Demircioglu et al. 2018 , Thorgrimson et

l. 2022 ). Ethnic bac kgr ound, socioeconomic status, and access to
ealthcare, including antibiotic usage are considered factors for
ifferences in the disease incidence. Although an equal sex differ-
nce in GAS throat and skin infections is observed, a 2:1 male-to-
emale ratio in PSGN has been reported (Wannamaker 1970 , Bald-
in et al. 1974 , Te wodr os et al. 1992 ). Genetic predispositions have
lso been suggested (Layrisse et al. 1983 , Mori et al. 1996 , Bakr et
l. 2007 ). Curr entl y, the worldwide incidence of PSGN has declined
 emarkabl y, particularl y in middle- to high-income countries, due
o impr ov ed living standards, hygiene pr actices, better access to
ntibiotic ther a py, and healthcar e (WHO 2005 , Rodriguez-Iturbe
nd Musser 2008 , Rodriguez-Iturbe and Haas 2016 ). Despite these
dv ances, the dia gnosis of PSGN may be delayed in patients who
o not show overt clinical signs on presentation (Pais et al. 2008 ).
esides, genetic variations within prevalent streptococcal strains
nd host susceptibility have led to the r e-emer gence of the disease
Ralph and Car a petis 2013 , You et al. 2018 ). 

PSGN is a significant risk factor for later-life c hr onic kidney dis-
ase (CKD) (Hoy et al. 2012 , Balasubramanian and Marks 2017 ).
ppr oximatel y 30%–40% of individuals with a prior history of

mm une-mediated nephr opathy and acute kidney complications
r ogr ess to CKD and kidney failure within 20 yr (Julian et al. 1988 ,
ehta et al. 2015 ). Clarkson et al. ( 2019 ) reported that nearly one

n eight, who suffer fr om CKD, pr ogr ess to kidney failure with
igh mortality. No specific treatment and pr e v ention str ategies for
SGN have been developed yet, and early diagnosis and symptom-
ased medical intervention are essential in mitigating further
isks (Satoskar et al. 2020 , Brant et al. 2022 , Khou et al. 2022 ). In
his narr ativ e r e vie w, m ultifactorial mec hanisms that may con-
ribute to kidney damage in PSGN have been outlined. The need
or preclinical models to test novel therapeutic approaches based
n these mechanisms is also highlighted. 

treptococcal virulence and 

ephritogenicity 

he major virulence factors (Table 2 ) expressed by streptococci
nclude M pr otein, str eptol ysins O and S, C5a pe ptidase, stre p-
ococcal pyrogenic exotoxins (Spe), streptococcal protective anti-
ens (Spa), streptococcal inhibitor of complement (SIC), strep-
okinase, and superantigens (chromosome-encoded: SpeG, SpeJ,
peQ, SpeR, and SmeZ; pr opha ge-encoded: SpeA, SpeC, SpeH, SpeI,
peK–M, and SSA) (Sagar et al. 2008 , Brouwer et al. 2023 ). Some of
hese factors, such as Spa or SIC, are found to be restricted in their
istribution to specific emm types (Hartas and Sriprakash 1999 ).
tr eptococcal isolates wer e tr aditionall y c har acterized based on
erotype-specific antiserum that was developed against the M
r otein. Str eptococci ar e no w categorized accor ding to the se-
uence of the 5 ′ end (variable region) of the emm gene that en-
odes the M protein (this is referred to as emm typing) (Walker et
l. 2014 ). 

The streptococcal strains associated with renal dysfunctions
re confined to specific M pr otein ser otypes (i.e. M1, M2, M4, M12,
25, M42, M49, M55, M57, M60, and M61) (Cunningham 2000 , Bal-

subramanian and Marks 2017 , Satoskar et al. 2020 ). The nephri-
ogenic fractions, including streptococcal plasma membrane and
ther secretory proteins are considered to be implicated in PSGN.
ecent investigations suggest that two ‘nephritogenic’ antigens

nephritogens), namel y str eptococcal pyr ogenic exotoxin B (SpeB)
nd nephritis-associated plasmin receptor (NAPlr) are primarily
ssociated with PSGN, rather than the M proteins (Batsford et al.
005 , Balasubramanian and Marks 2017 , Satoskar et al. 2020 ). In
ddition, SIC, found within some of these M types has been doc-
mented to be associated with renal complications (Sriprakash
t al. 2002 , Karmarkar et al. 2013 ). Further investigations are re-
uired to identify the role of SIC in renal pathology. In addition, the
ombined effects of streptococcal antigens in causing or exacer-
ating renal impairment remain unexplored. Investigating these

nteractions is crucial for the development of more effective diag-
osis, treatment, management, and prevention strategies. 

a thogenic mec hanisms implica ted in PSGN
mmune complex formation is the main precondition for PSGN,
lthough se v er al other host- and pathogen-r elated factors (Fig. 1 ,
able 3 ) may contribute to the pathogenesis (Yoshizawa et al.
992 , Nordstrand et al. 1999 , Satoskar et al. 2020 , Mosquera
nd Pedreañez 2021 ). We hypothesize that the pathogenesis
f PSGN may involve three distinct pathways or a combina-
ion of these (Fig. 1 ). First, stre ptococcal ne phritogenic anti-
ens (e.g. NAPlr/SpeB) themselves can convert plasmin from
he plasminogen, facilitating the activation of glomerular ma-
rix metalloproteinases (MMPs). These antigens can also acti-
ate the complement system through the alternative pathway
Satoskar et al. 2020 , Mosquera and Pedreañez 2021 ). All these
actors can lead to a defective extracellular matrix composition,
long with the chemotaxis of inflammatory cells that release cy-
okines/c hemokines (Mosquer a and Pedr eañez 2021 ), r esulting in
he degradation of the glomerular basement membrane (GBM)
Fig. 1 a; plasmin-mediated injury). 
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Second, glomerular subepithelial immune deposits may cause 
he damage to the podocytes via three different mechanisms 
Fig. 1 b; immune complex-mediated injury), i.e. circulatory im- 

une complex formation, in situ immune complex formation,
nd molecular mimicry. In case of circulatory immune complex 
ormation (Fig. 1 b 1 ), antibodies bind the streptococcal antigens
e.g. N APlr/SpeB/SIC) in the cir culation to form complexes. Dur-
ng glomerular filtration, these immune complexes can deposit in 

he dense capillary tufts of the glomeruli (Satoskar et al. 2014 , Bal-
subramanian and Marks 2017 , Satoskar et al. 2020 ). In the e v ent
f in situ immune complex formation (Fig. 1 b 2 ), antibodies bind
pecifically to the streptococcal antigens (e.g. NAPlr/SpeB/SIC) 
lread y embed ded in the glomerular capillary tufts and form
omplexes (Balasubramanian and Marks 2017 , Satoskar et al.
020 ). Additionall y, antibodies a gainst str eptococci can cr oss-
eact (Fig. 1 b 3 ) with intrinsic glomerular matrix proteins (extra-
ellular), such as laminin, collagen, and heparan sulphate pro- 
eoglycan, via molecular mimicry and form immune complexes 
Kefalides et al. 1986 , Satoskar et al. 2020 ). 

The immune deposits, in the glomerular capillary tufts (specif- 
cally in the subepithelial region) through either of the above- 

entioned pathwa ys , r epr esent the accum ulation of IgG, IgM,
nd/or IgA, along with complement C3 (Sorger 1986 , Mosquera
nd Pedreañez 2021 ). These result in the activation of com-
lements leading to the release of chemotaxins C3a and C5a

Satoskar et al. 2020 ). This further causes the recruitment of
eutr ophils, monocytes/macr opha ges, and helper (CD4) or cyto-
oxic (CD8) T cells in the glomerulus (Mosquera and Pedreañez
021 ). The infiltration of inflammatory cells results in the re-
ease of pro-inflammatory cytokines and reacti ve o xygen species,
eading to glomerular inflammation and subsequent damage to 
he glomerular capillary tufts (Satoskar et al. 2014 , Satoskar et
l. 2020 ). The glomerular damage mainly involves injury to the
odoc yte c ytoskeleton leading to podocyte detachment from the
BM, whic h initiates pr oteinuria (Mosquer a and Pedr eañez 2021 ,
runo et al. 2023 ). 

Third, SIC thr ough m ultiple mec hanisms may cause podocyte
njury that can lead to glomerulonephritis . T he SIC-mediated 

odocyte damage may occur when renal filtration facilitates the 
ngress of circulating SIC into the glomerular milieu. SIC may sub-
equentl y infiltr ate podocytes, wher ein it binds and co-localizes
intr acellularl y) with Ezrin (Fig. 1 c). Since Ezrin-Radixin-Moesin
re the structural proteins of cell membrane and functionally link
he cytoskeleton to the plasma membrane, binding of SIC-Ezrin 

ay cause cytoskeletal defects leading to podocytopathy and 

poptosis of podocyte, resulting in podocyte detachment from the 
BM, alterations in slit diaphragm, and proteinuria. This mecha- 
ism is based on the observation that SIC can penetrate intact ep-

thelial cells (an uncommon c har acteristic for proteins) and bind
ainly to the F-actin-binding site located at the carboxyl end of

zrin (Hoe et al. 2002 ). This inter action r esulted in the colla pse of
he cytoskeletal structure and the subsequent loss of cellular in-
egrity (Hoe et al. 2002 ). Additionally, SIC is highly immunogenic,
nd SIC antibodies are persistent (Hoe et al. 2000 ). These proper-
ies of SIC and anti-SIC antibodies , ma y pro vide opportunity for
mmune complex-mediated damage to glomeruli (as shown in 

ig. 1 b 1 , b 2 ). 

a thological fea tures in PSGN 

atients with PSGN can be diagnosed (Fig. 2 ) based on histopathol-
gy, imm unofluor escence, and electr on micr oscopy findings
Rodríguez-Iturbe and Batsford 2007 , Satoskar et al. 2020 ,
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Figur e 1. P ostulated mechanisms implicated in the development of PSGN. GAS initially causes pharyngitis and p y oderma. In a proportion of 
individuals, untreated or repeated streptococcal infections lead to post-streptococcal complications of the kidney. Three distinct pathways, or a 
combination of these , ma y be associated with the pathogenesis. (a) Plasmin-mediated injury: Streptococcal nephritogenic antigens (e.g. SpeB/NAPlr) 
can convert plasminogen to plasmin that can activate glomerular MMPs and modify extracellular matrix composition, including chemotaxis of 
inflammatory cells, leading to degradation of GBM. (b) Immune complex-mediated injury: This involves glomerular subepithelial immune complex 
deposition via three different mechanisms; (b 1 ) streptococcal antigens (e.g. SpeB/NAPlr/SIC) could interact with antibodies in circulation to form 

complexes that deposit in the GBM, (b 2 ) streptococcal antigens (e.g. SpeB/NAPlr/SIC) could deposit in the GBM, and circulatory antibodies specific to 
these antigens can cross the glomerular capillary endothelial lining and bind these exogenous antigens already embedded in GBM, (b 3 ) 
anti-streptococcal antibodies might transverse the capillary endothelium and cross-react with glomerular intrinsic matrix proteins (i.e. 
endogenous/nativ e antigens). Imm une complexes formed thr ough an y of these mec hanisms can activ ate complement cascade (C5b-9), 
monocyte/macr opha ge and neutr ophil r ecruitment, activ ation, and cytokine r elease r esulting in inflammation and injury to glomerular capillary tufts 
and podocytes. (c) SIC-mediated injury: Circulatory SIC may penetrate the podocyte, bind, and co-localize with Ezrin intr acellularl y. This may cause 
cytoskeletal defects leading to podocytopathy. GBM: glomerular basement membrane, ICs: immune complexes, MMPs: matrix metalloproteinases, 
NAPlr: nephritis-associated plasmin receptor, PSGN: post-streptococcal glomerulonephritis, SIC: streptococcal inhibitor of complement, SpeB: 
str eptococcal pyr ogenic exotoxin B. 
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lhamoud et al. 2021 ). Using light microscopy, normal and ab-
ormal glomeruli can be typically identified (Fig. 2 a–c ). Abnor-
al glomeruli are characterized by diffuse or focal endocapil-

ary hypercellularity (Satoskar et al. 2014 , Satoskar et al. 2020 ).
n many cases, numerous polymorphonuclear leukocytes (neu-
r ophils) ar e seen. Glomerular cr escents ar e uncommon and ar e
ssociated with adverse clinical outcomes (Balasubramanian and
arks 2017 , Satoskar et al. 2020 ). Mesangial hypercellularity and
ild expansion of mesangial matrix can also be detected (Fogo

nd Kashgarian 2016 , Satoskar et al. 2020 ). Acute tubular necro-
is may be evident, identifiable by irregular dilation of tubules
nd the presence of eosinophilic cast-like materials or sloughed
emi-viable tubule epithelial cells within the renal tubules (Jen-
ette et al. 2014 , Satoskar et al. 2020 ). Additionall y, ther e may be
 variable degree of tubulointerstitial inflammation and oedema.
mm unofluor escence (Fig. 2 d) shows a classical granular ‘lumpy-
umpy’ C3 deposition (with or without IgG) along the glomeru-
ar capillary loops and mesangium variably described as garland
attern and starry sky pattern (Satoskar et al. 2014 , Satoskar et
l. 2020 , Rawla et al. 2022 ). In later stages of the disease, only
he mesangial staining is detectable. Electron microscopy (Fig. 2 e)
r equentl y shows lar ge and scatter ed dome-sha ped subepithelial
lectron-dense deposits (humps) (Satoskar et al. 2014 , Rawla et
l. 2022 ). These distincti ve sube pithelial de posits ar e usuall y de-
ectable within the first few weeks of PSGN, later decreasing in
umber. T hus , sparse mesangial and subendothelial deposits are
ypically found in most cases of PSGN (Satoskar et al. 2020 ). 

ajor streptococcal antigens associated 

ith PSGN 

peB 

peB is an extracellular, cationic cysteine protease secreted as
 zymogen by GAS and is recognized as a potent nephritogen
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Figure 2. Histological features of kidney pathology. (a) Light microscopy demonstrating normal renal cortex (Haematoxylin and Eosin stain, 
200 × magnification); (b) Light microscopy demonstrating abnormal glomerulus in PSGN with diffuse hypercellularity including numerous neutrophils 
and mesangial cell increase (Haematoxylin and Eosin stain, 200 × magnification); (c) In PSGN, a cellular crescent (black star) is observed in the 
glomerulus (Periodic acid-Schiff/diastase stain, 100 × magnification); (d) Immunofluorescence demonstrating granular staining of C3 along the 
glomerular capillary loops in PSGN (400 × magnification); (e) Electron microscopy demonstrating characteristic subepithelial deposit/hump (white 
star) and se v er al smaller subendothelial deposits (arrows) in PSGN. 
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Batsford et al. 2005 , Satoskar et al. 2020 ). SpeB has an abil-
ty to convert the plasminogen into plasmin (Batsford et al.
005 , Satoskar et al. 2020 ). The activated plasmin causes prote-
lysis leading to glomerular damage, resulting in the develop-
ent of PSGN. In addition to the interaction with plasminogen,

peB cleaves C3 and subsequently activates the alternative com-
lement pathwa y. Furthermore , like other superantigens , SpeB
r edominantl y binds to the major histocompatibility complex
lass II molecules on the antigen-presenting cells and to specific
 β chain of T cell receptors, which ultimately leads to hyper-
tim ulation and activ ation of T cells and initiates the inflam-
ation of glomeruli (Satoskar et al. 2020 ). SpeB can form com-

lexes with immunoglobulin and co-localize with complement in
lomerular subepithelial deposits (humps), the hallmark of PSGN
Batsford et al. 2005 ). The localization of SpeB in the glomerulus is
acilitated by the cationic c har ge of this protein, allowing interac-
ion with the negativ el y c har ged GBM (Vogt et al. 1990 ). Glomeru-
ar deposits of SpeB have been detected in kidney biopsies of pa-
ients with PSGN and in a mouse model of glomerulonephritis
Batsford et al. 2005 , Luo et al. 2007 ). Earlier r esearc h has demon-
trated that majority of the convalescent sera from patients with
idney diseases were found with higher antibody titres of SpeB
nd its zymogen precursor (zSpeB) than those of other strepto-
occal antigens , i.e . str eptol ysin O, DNase B, and gl ycer aldehyde-
-phosphate dehydrogenase (GAPDH) (Parra et al. 1998 , Batsford
t al. 2005 ). 

SpeB may also exhibit other distinct biological properties. For
nstance, SpeB and zSpeB have been found to induce apoptosis
nd pr olifer ation in human leuk ocytes (Vier a et al. 2001 ). Mor e-
ver, they can increase the production of cytokines in leukocytes
Viera et al. 2007 ). SpeB can also promote the production of an-
iotensin II, along with increasing o xidati ve stress, in mesangial
ells and leukocytes (Viera et al. 2009 ). Increased angiotensin II
nd o xidati v e str ess ar e pr edicted to play crucial r oles as media-
ors of inflammatory processes in renal tissues and in the context
f PSGN. It is interesting, ho w ever, that the gene encoding SpeB is
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absent in all strains of SDSE (Xie et al. 2024 ). This suggests that 
SpeB is not the sole contributor to the aetiology of PSGN. 

NAPlr 
The NAPlr is a cell surface protein and nephritogen of GAS, which 

shows distinct homology in the nucleotide sequence with strep- 
tococcal GAPDH and is regarded as structurally and functionally 
identical to GAPDH (Winram and Lottenberg 1996 , Yoshizawa et 
al. 2004 , Oda et al. 2010 , Oda et al. 2012 , Uchida and Oda 2020 ).
Cir culating N APlr can deposit in the mesangium and GBM by ad- 
hesion. It can also be localized within the glomerular endocapil- 
lary neutrophils or on the endothelial cells of patients with PSGN 

(Yamakami et al. 2000 , Oda et al. 2010 ). The NAPlr-positive neu- 
trophils can cause damage to the mesangium and GBM by pro- 
moting the plasmin-catalyzed proteolysis. NAPlr activates plas- 
min by binding with high affinity and maintains its pr oteol ytic 
activity (Lottenberg et al. 1987 ). Activated plasmin can directly 
damage glomerular extracellular matrix proteins fibronectin and 

laminin, or indir ectl y by activ ating pr o-matrix metallopr oteases 
(Vassalli et al. 1991 , Uchida and Oda 2020 ). Plasmin can also ini- 
tiate glomerular inflammation by attracting monocytes and neu- 
tr ophils (Montrucc hio et al. 1996 , Burysek et al. 2002 ) and further 
pr omote imm une complex de position in the glomerular sube p- 
ithelial spaces . T he imm une complexes can easil y pass thr ough 

the damaged GBM to form sube pithelial de posits (humps) (Mos- 
quer a and Pedr eañez 2021 ). It has been r eported that NAPlr can 

also activate the alternative complement pathway and cause 
glomerular capillary damage (Yoshizawa et al. 2004 ). 

Urinary plasmin was found to be higher in patients with PSGN 

than in healthy individuals (Oda et al. 2012 , Satoskar et al. 2020 ).
Glomerular deposition of N APlr w as observed in 100% of patients 
with PSGN within two weeks after the disease onset and in 84% 

of patients within a month after the disease onset (Oda et al.
2012 ). This suggests that NAPlr deposition in renal glomeruli de- 
cr eases ov er time. A study fr om Ja pan sho w ed anti-N APlr anti- 
body in > 90% of convalescent serum samples from patients with 

PSGN, but only in 60% of patients with uncomplicated strepto- 
coccal infections (Yoshizawa et al. 2004 ). In addition, antibodies 
against NAPlr have been detected in a minor proportion ( < 5%) of 
patients with renal complications other than PSGN (Yamakami et 
al. 2000 ). 

SIC 

SIC is a negativ el y c har ged, extr acellular pr otein secr eted by M1 
and M57 GAS strains (Akesson et al. 1996 , Fernie-King et al. 2001 ,
Binks et al. 2003 ). A SIC-like protein called ‘distantly related to 
SIC’ (DRS) that shares some biological properties with SIC has 
also been reported to be produced by M12 and M55 GAS and some 
strains of SDSE (Minami et al. 2011 , Smyth et al. 2014 ). 

SIC has a wide range of activities. It inhibits the function of the 
membr ane attac k complex (MAC) of complement by r estricting 
the insertion of C5b67 into the bacterial cell membr ane, ther eby 
inhibiting complement-mediated lysis of bacteria (Akesson et al. 
1996 , Westman et al. 2018 ). Ho w e v er, inhibition of complement- 
mediated cell lysis may not be of significance for Gr am-positiv e 
GAS. SIC binds to another MAC inhibitor clusterin and also to 
histidine-ric h gl ycopr oteins, inhibiting the complement system 

and potentially leading to the deposition of SIC in the affected 

glomeruli of patients with prior streptococcal infections (Akesson 

et al. 1996 , Sriprakash et al. 2002 ). Furthermore, SIC can block 
the cytol ytic pr operties of se v er al antimicr obial peptides found on 

mucosal surfaces (Fernie-King et al. 2002 , Frick et al. 2003 , Fernie- 
ing et al. 2004 , Binks et al. 2005 , Å kesson et al. 2010 , Pence et al.
010 , Frick et al. 2011 ). 

A higher proportion of subjects with recorded history of PSGN
n a PSGN-endemic region of the Northern Territory of Australia,
ho w ed antibodies to SIC and DRS than those with no recorded
istory of PSGN (Martin and Sriprakash 1996 ). This suggests an
ssociation between SIC and DRS in the de v elopment of PSGN.
urthermore, past infection with SIC-positive GAS is a risk fac-
or for CKD in the Mumbai area (Karmarkar et al. 2013 ). Ho w ever,
he exact mechanisms of how SIC and/or DRS may contribute to
he pathogenesis of PSGN, CKD, and kidney failur e hav e yet to be
n vestigated. T he a vailability of a preclinical animal model will
nable interrogation of the early events following exposure to SIC
nd other proteins associated with PSGN. 

 protein 

he M protein is a cell-wall-associated protein and a major viru-
ence factor of v arious GAS ser otypes (Cunningham 2000 ). Cross-
eactivity of M proteins with basement membrane and renal 
lomeruli has been documented in se v er al studies. Ser a fr om pa-
ients with PSGN have demonstrated cross-reactivity with base- 

ent membrane collagen, laminin, and heparan sulphate pro- 
eogl ycan, while ser a gener ated in r abbits a gainst amino termi-
 us of stre ptococcal M pr otein hav e shown cr oss-r eactivity with
uman glomeruli (Fillit et al. 1985 , Kefalides et al. 1986 , Kraus
nd Beachey 1988 ). Additionall y, str eptococcal M pr otein has been
ound to contain an autoimmune epitope shared with human re-
al glomeruli and my ocar dium (Kraus et al. 1990 ). 

M pr oteins hav e been shown to be associated with the
athogenesis of PSGN. Ka plan experimentall y demonstr ated that
lomerular tufts in mice were one of the primary sites for the de-
osition of M proteins (Kaplan 1958 ). Furthermore, Kantor ( 1965 )
ound that streptococcal M protein was effective in inducing
lomerular lesions in rats and mice . T hese lesions were charac-
erized by localized M protein-fibrinogen complexes, implicating 
 protein in the pathogenesis of PSGN. Furthermore, Humair et al.

 1969 ) observed that M protein, either independently or in combi-
ation with fibrinogen, induced kidney lesions in mice . Whereas ,
ur ov a et al. ( 2013 ) induced experimental glomerulonephritis in
abbits with GAS M protein (type12), characterized by anti-IgG 

r oduction, incr eased glomerular deposition of IgG, and immune
omplexes, with subsequent complement activation. In contrast,
tudies on renal specimens of patients with PSGN have indicated
hat factors other than M protein may contribute more signifi-
antly to the development of PSGN (Treser et al. 1971 , Rodríguez-
turbe et al. 1980 ). 

treptokinase 

treptokinase is an extracellular secreted protein of GAS (John- 
ton and Zabriskie 1986 ). It is non-protease in nature and can
ct as a plasminogen activator (Babashamsi et al. 2009 ). The as-
ociation of streptokinase with PSGN has been reported in sev-
r al studies. Str eptokinase was found to be a mediator of PSGN
n a mouse model, c har acterized by the glomerular deposition
f streptokinase and subsequent activation of complement cas- 
ade (Nordstrand et al. 1998 ). Howe v er, Nordstr and et al. ( 1999 )
bserv ed that r enal inter actions with certain nephritis-associated
 ariants of str eptokinase might be needed for the initiation of
SGN. To confirm this observation, allelic substitution of strep- 
okinase gene was carried out, resulting in reduced nephritogenic 
a pacity (Nordstr and et al. 2000 ). While some investigations sug-
est a correlation between streptokinase and the pathogenesis of 
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SGN, other studies have reported inconsistent associations (Vil-
arreal et al. 1979 , Mezzano et al. 1992 , Tewodros et al. 1995 ). 

Stre ptokinase can acti vate plasminogen, leading to subsequent
lasmin-mediated degradation of extracellular matrix proteins
nd local activation of complement and coagulation pathways
Bajaj and Castellino 1977 , Nordstrand et al. 1999 ). Streptokinase-

ediated plasminogen activation has been shown to vary among
nimal species and humans (Wulf and Mertz 1969 ). Poon-King et
l. ( 1993 ) identified another protein with human plasmin-binding
roperty other than streptokinase, in the same nephritogenic
tr ain of str eptococcus, although did not further c har acterize this
rotein. To identify the association and/or specific roles of strep-
ococcal proteins, either by themselves or in combination, in the
athogenesis of PSGN, robust animal models may be required. 

reatment and pre v ention of PSGN 

arl y dia gnosis and subsequent antibiotic treatment (penicillin or
rythr omycin) of str eptococcal infections can pr e v ent the de v el-
pment of PSGN (Bateman et al. 2022 ). Protecting the glomeruli
rom persistent insults via the aforementioned pathways impli-
ated in PSGN is a promising avenue to mitigate progression.
lasmin-mediated injury to the renal glomeruli leading to protein-
ria can be inhibited by amiloride (Egerman et al. 2020 ). This agent
an inhibit the plasminogen activation, leading to pr e v ention of
lasmin-mediated injuries to GBM and podocytes . Furthermore ,
his inhibitory effect can pr e v ent plasmin-mediated stimulation
f epithelial sodium channel activity and subsequent sodium re-
ention contributing to hypervolemia and hypertension (Ray et al.
018 , Chen et al. 2019 ). Hence, plasminogen and proteinuria may
erve as biomarkers for monitoring the progression of PSGN. 

Ther a peutic a ppr oac hes tar geting both the induction and in-
ibition of apoptosis to resolve hypercellularity and inflamma-
ion might be effective to prevent chronicity in patients with
SGN (Mosquer a-Sulbar an et al. 2024 ). In cases of immune-
ediated glomerulonephritis (IMGN) caused by circulating anti-

odies, plasma pher esis with endopeptidase imlifidase has been
sed to r a pidl y r emov e nephritogenic antibodies (Uhlin et al.
022 ). In addition, glucocorticoids remain a treatment option for
MGN, although their uses are limited by their side effects. Mono-
lonal antibodies (belimumab/rituximab), complement inhibitors
C5aR inhibitors), and calcineurin inhibitors can be used for the
reatment of IMGN as steroid-sparing agents (Anders et al. 2023 ). 

Actin cytoskeleton stabilization is crucial for treating podocy-
opathies. In podocyte injury, various proteins (nephrin, podocin,
D80, synaptopodin, and α3 integrin) act as urinary biomarkers

Singh et al. 2015 ). In this context, rituximab, cyclosporine, and
batacept have been described as potential therapeutics (Singh
t al. 2015 ). Additionally, podocyte replenishment using fibroblast
ro wth factors, c yclin-dependent kinase inhibitors, or glycogen
ynthase kinase-3 inhibitors could be effective treatment options
Obligado et al. 2008 , Singh et al. 2015 ). Ther efor e, ther a peutic a p-
r oac hes potentiall y include imm unosuppr essiv e, imm unomodu-

atory, and podocyte-stabilizing agents, as well as treatments tar-
eting both systemic and intr a glomerular hypertension. To e v al-
ate the efficacy of these ther a pies in pr e v enting the pr ogr ession
f PSGN, well-c har acterized pr eclinical models ar e r equir ed. 

Curr entl y se v er al str eptococcal v accines, including str eptococ-
al M protein-based vaccines are being developed to prevent
tr eptococcal infections, whic h hav e the potential to significantly
ecrease the incidence of post-streptococcal complications (Doo-

ey et al. 2021 , Fan et al. 2024 ). While designing suc h v accines, con-
ideration should also be given to cover streptococcal strains that
re known to produce proteins implicated in the pathogenesis of
SGN. 

ecessity for preclinical models 

xperimental models , i.e . in silico , in vitro, in vivo , and bioengi-
eered models, can provide vital clues regarding the pathophysi-
logy of v arious r enal diseases (Gozalpour and Fenner 2018 , Rizki-
afitri et al. 2021 , Shi et al. 2021 , Bichlmayer et al. 2022 ). Due to
imited access to kidney biopsies and the ethical consideration of
btaining tissue samples from patients, animal models are ideal
o investigate the early events in the pathogenesis of PSGN, CKD,
nd kidney failur e (Sripr akash et al. 2002 , Oda et al. 2010 , Oda et
l. 2012 , Karmarkar et al. 2013 ). Induced (sur gical/c hemical) and
pontaneous models have been reported for the studies of renal fi-
rosis and glomerular nephropathy (Hosszu et al. 2021 , Liang and
iu 2023 ). In a r e vie w by Yang et al. ( 2010 ), various models (sponta-
eous glomerular and interstitial injury models, hypertensive vas-
ular injury models, genetically engineered models, and acquired
odels) have been cited for investigating CKD. 
Labor atory animals, suc h as r ats , mice , and rabbits , ha ve been

sed to study the pathogenesis of immune-mediated renal com-
lications (Nordstrand et al. 1996 , Nordstrand et al. 1998 , Burova
t al. 2013 , Naka et al. 2020 ). Of the many described models to
tudy glomerular complications and nephr opathy, onl y a limited
umber of animal studies have investigated the role of SpeB in
SGN (K uo et al. 1998 , K uo et al. 2004 , Luo et al. 2007 ). To our
nowledge, no animal studies have been conducted to determine
he role of NAPlr or SIC, either independently or in combination
ith other streptococcal proteins, in the pathogenesis of PSGN. 
Rodent models are the preferred models due to the conve-

ience of animal management, alongside the animals’ rapid re-
r oductiv e maturity and shorter life span (Ericsson et al. 2013 ,
ush et al. 2014 ). Rat strains (W istar, Lewis, F awn-hooded, Fisher,
nd Spr a gue–Da wley) ha v e been most commonl y used as models
or renal and cardiovascular diseases (Grossman 2010 ). Lewis rats
ave been used successfully to model autoimmune complications

i.e. rheumatic heart disease and autoimmune ence phalom yelitis)
Pitar ok oili et al. 2017 , Rafeek et al. 2021 , Rafeek et al. 2022 ). In par-
icular, the inbred male Lewis rats have an increased tendency to
e v elop autoimm une complications compar ed to cr oss-br ed r ats.
hile a ge-r elated r enal impairments (i.e . glomerulonephritis , re-

al fibrosis, and degeneration) are more common in male rats
han in female rats (Yang et al. 2010 ), male rats have fewer hor-

onal fluctuations with age . T herefore , male Lewis rats may be a
esir able pr eclinical model for the study of PSGN. 

onclusions 

ndia gnosed or untr eated PSGN leads to life-thr eatening compli-
ations, whic h r equir e r enal r eplacement ther a py. Curr entl y, kid-
ey biopsy, along with haematobiochemical assays and urinalysis,
emains the k e y to clinical diagnosis. SpeB and NAPlr have been
stablished as major nephritogens of streptococci. Other strep-
ococcal virulence factors, such as M protein and streptokinase,
lthough associated with PSGN, are no longer considered primary
ephritogens . T here is also clinical evidence to suggest an asso-
iation of another streptococcal virulence factor, SIC, with PSGN.
v er all, our curr ent understanding suggests that the aetiology of
SGN could be attributable to possibly multiple streptococcal fac-
ors operating by multiple mechanisms. For further understand-
ng, a suitable animal model is needed, which may also facilitate
he assessment of potential ther a peutic a ppr oac hes. Homing in
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on the streptococcal factors responsible for PSGN and exploring 
ther a peutic modalities may offer us a hand in pr e v entativ e mea- 
sures. 
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