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Abstract
BACKGROUND
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can result in clinically significant multi-system disease including involvement in the kidney. The underlying histopathological processes were unknown at the start of the pandemic. As case reports and series have been published describing the underlying renal histopathology from kidney biopsies, we have started to gain an insight into the renal manifestations of this novel disease.

AIM
To provide an overview of the current literature on the renal histopathological features and mechanistic insights described in association with coronavirus disease 2019 (COVID-19) infection. 

METHODS
A systematic review was performed by conducting a literature search in the following websites-‘PubMed’, ‘Web of Science’, ‘Embase’ and ‘Medline-ProQuest’ with the following search terms-“COVID-19 AND kidney biopsy”, “COVID-19 AND renal biopsy”, “SARS-CoV-2 AND kidney biopsy” and “SARS-CoV-2 AND renal biopsy”. We have included published data up until February 15, 2021, which includes kidney biopsies (native, transplant and postmortem) from patients with COVID-19. Data on clinical presentation, histopathological features, management and outcome was extracted from the reported studies.

RESULTS
The total number of biopsies reported on here is 288, of which 189 are postmortem, 84 native and 15 transplants. The results are varied and show underlying pathologies ranging from collapsing glomerulopathy and acute tubular injury (ATI) to anti-nuclear cytoplasmic antibody associated vasculitis and pigment nephropathy. There was variation in the specific treatment used for the various renal conditions, which included steroids, hydroxychloroquine, eculizumab, convalescent plasma, rituximab, anakinra, cyclophosphamide and renal replacement therapy, amongst others. The pathological process which occurs in the kidney following COVID-19 infection and leads to the described biopsy findings has been hypothesized in some conditions but not others (for example, sepsis related hypoperfusion for ATI). It is important to note that this represents a very small minority of the total number of cases of COVID-19 related kidney disease, and as such there may be inherent selection bias in the results described. Further work will be required to determine the pathogenetic link, if any, between COVID-19 and the other renal pathologies.

CONCLUSION
This report has clinical relevance as certain renal pathologies have specific management, with the implication that kidney biopsy in the setting of renal disease and COVID-19 should be an early consideration, dependent upon the clinical presentation.
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Core Tip: Coronavirus disease 2019 (COVID-19) affects multiple organ systems, including the kidneys resulting in acute kidney injury. Multiple pathologies and different mechanisms have been attributed to the pathogenesis of kidney disease in COVID-19. This systematic review aims to provide an overview of the histopathological findings reported in kidney biopsies associated with COVID-19 infection.


INTRODUCTION
The novel coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes the disease coronavirus disease 2019 (COVID-19), was first identified in Wuhan, China in 2019; it has resulted in a global pandemic. The first cases were reported to the World Health Organization on December 31, 2019[1]. As of February 27, 2021, there were over 112 million cumulative cases and more than 2.5 million deaths worldwide[2]. The initial disease presentation is typically with respiratory symptoms[3], however, the multisystem effects of SARS-CoV-2 infection are now widely acknowledged and include cardiac, gastrointestinal tract, neurological, hematological and renal involvement[4-8]. It is recognized that patients with kidney dysfunction and COVID-19 have an increased risk of adverse outcomes[8,9]. A recent systematic review has shown an estimated incidence of acute kidney injury (AKI) of 10.0% in hospitalized patients with COVID-19[10]. Furthermore, within the United Kingdom, since September 1, 2020 and March 18, 2021, 3981 of 24542 (16.2%) patients with COVID-19 admitted to intensive care have required renal replacement therapy (RRT). Of these, 2633 (66.1%) died[11]. 
Various mechanisms of AKI secondary to COVID-19 have been proposed–from direct intrarenal infection to dysregulation of the renin-angiotensin-aldosterone system, to altered hemodynamic control, coagulation and cytokine homeostasis[12]. These proposed mechanisms require further validation with pathological correlation. An increasing number of case reports of patients with COVID-19, who have undergone kidney biopsies, are now published. The underlying pathology in these reports is varied and includes acute tubular injury (ATI) and collapsing glomerulopathy (CG) associated with high-risk apolipoprotein L1 (APOL1) alleles. Here, we provide a rapid clinical review of the current literature to help delineate the range of renal histopathological features associated with COVID-19. It is important to note that the case reports and series described in this review only represent a very small minority of the total number of cases of COVID-19 related kidney disease, and as such there may be inherent selection bias in the results described.

MATERIALS AND METHODS
Eligibility criteria
We included all research articles reporting histopathological findings in kidney biopsies from adult patients (> 18 years) with concurrent COVID-19 infection. These included native, transplant and postmortem kidney biopsies. We only included articles published in the English language. All studies published before February 15, 2021, were included in this review.

Search strategy and study selection
A systematic literature search was conducted by two independent authors (VJ and HW) in the following websites-‘PubMed’, ‘Web of Science’, ‘Embase’ and ‘Medline-ProQuest’. The search terms incorporated the following-“COVID-19 AND kidney biopsy”, “COVID-19 AND renal biopsy”, “SARS-CoV-2 AND kidney biopsy” and “SARS-CoV-2 AND renal biopsy”. The articles were screened by three authors (VJ, HW and RC) for relevance and duplicate publications were removed. Duplicate screening and eligibility check was performed by JS. The study selection was carried out as per the Preferred Reporting Items for Systematic Reviews and Meta Analyses (PRISMA) guideline (Figure 1).

Data extraction
Data including patient demographics (age, gender, ethnicity), co-morbidities, clinical presentation (COVID-19 and renal manifestations), kidney parameters at baseline (serum creatinine, serum albumin and proteinuria), time from COVID-19 diagnosis to kidney biopsy, management (COVID-19 and renal specific), indication for RRT and outcome (renal specific and all-cause outcomes) were extracted from each article. Data is illustrated as figures and tables.

Study registration
A pre-defined review protocol was registered at the PROSPERO international prospective register of systematic reviews, registration number CRD42020218048. Available from: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42020218048. 

RESULTS
Our review identified a total of 59 studies reporting COVID-19 related histopathological diagnoses from kidney biopsy. Of these 59 studies, 30 reported on native kidney biopsies, 9 reported on transplant biopsies, 3 reported on a mixture of native and transplant kidney biopsies and 17 reported on post-mortem kidney biopsies (Figure 2). In total, there were 84 native biopsies, 15 transplant biopsies, and 189 post-mortem biopsies. Our review describes the presentation, management, and outcomes of the various pathologies. The various pathologies reported are listed in Supplementary Table 1.

Native kidney biopsies
A list of all histopathological features reported in native kidney biopsy is illustrated in Figure 3.

Collapsing focal segmental glomerular sclerosis (CG)
CG was reported in 19 out of 30 native kidney biopsy studies which encompassed a total of 40 patients[13-30]. The median age of this cohort was 55 years with a predominance of males (80%) and black ethnicity (92.5%). A history of hypertension was reported in 30 patients and 11 patients had diabetes mellitus. APOL1 genetic mutation was reported in 10 patients. Non-resolving AKI and nephrotic range proteinuria (NRP) were the most common indications for kidney biopsy. The median time between COVID-19 positivity [as measured by polymerase chain reaction (PCR)] and kidney biopsy was 10 d. The most frequent treatment approach included steroids and hydroxychloroquine. There were 27 patients who needed RRT, of which 8 became dialysis independent on discharge, and 2 died. Table 1 illustrates the studies that demonstrated CG in kidney biopsy and their characteristics.

ATI
ATI was the second most frequent pathological process described in the kidney biopsies of patients with COVID-19 infection (observed in 14 patients over 6 studies)[13,14,17,31-33]. Of these 14 patients, 10 had a history of hypertension and five were diabetic. Nine (64%) were male with a median age of 60.5 years. AKI was the main presenting feature in all of these cases with three patients also reporting NRP. Eleven patients needed dialysis of which four remained dialysis dependent on discharge, and two patients died in hospital. Lenti et al[31] reported the presence of viral particles in endothelial and tubuloepithelial cells from the kidney biopsy of one patient[31]; this patient did not require dialysis and was discharged from hospital after 15 d. Table 2 illustrates the studies which describe ATI on kidney biopsy in association with COVID-19. 

Thrombotic microangiopathy 
Thrombotic microangiopathy (TMA) was observed in eight patients in three studies. Sharma et al[14] reported two cases presenting with TMA and severe AKI requiring dialysis in association with COVID-19 infection[14]. The first patient had a background of gemcitabine treatment for cervical malignancy. She had no COVID-19 respiratory symptoms and was noted to be Coombs immunoglobulin (Ig) G positive. She was managed with steroids and rituximab for suspected Autoimmune Hemolytic Anemia and gemcitabine induced TMA. The second patient had severe COVID-19 respiratory manifestations requiring mechanical ventilation. There were signs of alternative pathway activation (low factor H, raised serum CBb and C5b-9). She was given treatment with tocilizumab, steroids, anakinra, convalescent plasma and eculizumab. Unfortunately, both patients died. 
Akilesh et al[17] described five patients with histological findings of TMA on light microscopy[17]. All five patients had hypertension and AKI with biochemical features of TMA, prompting a kidney biopsy. Three of these patients also had histopathological features consistent with concurrent collapsing Focal Segmental Glomerulosclerosis (FSGS). Two patients were noted to have had gemcitabine treatment for underlying malignancy. All five required dialysis and only one patient recovered renal function without needing further dialysis. Management was supportive for all except one patient who received plasma exchange and eculizumab, though she remains dialysis dependent (Supplementary Table 2).

Antinuclear cytoplasmic antibody associated vasculitis
In a case series of 10 COVID-19 positive patients who underwent kidney biopsy for AKI, Sharma et al[14] reported one patient (64-year-old Black male) with a positive myeloperoxidase (MPO) antibody in which his kidney biopsy demonstrated crescentic glomerulonephritis (GN), supporting a diagnosis of antinuclear cytoplasmic antibody (ANCA) associated vasculitis[14]. Electron microscopy features and immunostaining were negative for viral RNA particles. The same patient was reported as one of two cases by Uppal et al[34] in which COVID-19 was managed with oxygen support, tocilizumab, and convalescent plasma[34]. When his COVID-19 re-test became negative, the patient was initiated on methylprednisolone and rituximab; his renal function recovered back to baseline and further dialysis was not required. 
A second case reported by Uppal et al[34] presenting with AKI, hematuria and proteinuria with concomitant COVID-19 infection, had proteinase 3 (PR3) ANCA positivity[34]. Kidney biopsy features were consistent with crescentic or focal segmental necrotizing GN. A skin biopsy of this patient, who had a new-onset skin rash, revealed leukocytoclastic vasculitis. The patient received hydroxychloroquine treatment alongside methylprednisolone and rituximab, achieving good outcomes: Reduction in PR3 from 57.3 units/mL to 28.8 units/mL and improvement in serum creatinine from 4.0 mg/dL to 2.0 mg/dL. Moeinzadeh et al[35] described another case of a 25-year-old male diagnosed with PR3 ANCA vasculitis who presented with AKI and pulmonary hemorrhage[35]. He was managed with methylprednisolone, plasma exchange, cyclophosphamide and hydroxychloroquine. The patient’s renal function stabilized on these treatments, and he avoided the need for acute dialysis. 
Jalalzadeh et al[36] described a 46 year old female with a background of scleroderma and type 2 diabetes, who presented with respiratory and abdominal symptoms[36]. She had been diagnosed with COVID-19 six months previously. She had a significant AKI with proteinuria and was found to have a raised MPO titer at 161.8 units. She was managed with captopril (concern for potential scleroderma renal crisis), and methylprednisolone for 3 d. She did not require RRT and was discharged home. Kidney biopsy revealed a crescentic GN with 45 out of 48 glomeruli globally sclerosed. 

Anti-glomerular basement membrane (anti-GBM) disease 
Kudose et al[13] reported a case of anti-GBM disease in a COVID-19 positive patient who presented with pulmonary infiltrates on chest X-ray and severe AKI[13]. Kidney biopsy revealed crescentic GN alongside ATI with microcyst formation and interstitial infiltrates. The patient was managed with steroids, cyclophosphamide, and plasma exchange without an improvement in renal function; he was initiated on dialysis therapy. 
Prendecki et al[37] described eight patients who presented with positive anti-GBM serology[37]. Though none of these patients had positive results for COVID-19 PCR, four patients tested positive for SARS-CoV-2 IgM. All eight patients reported non-specific prodromal symptoms although only five reported respiratory symptoms and/or diarrhea. None of the patients had pulmonary manifestations. Of the four patients with positive findings for SARS-CoV-2 IgM, crescentic linear IgG was reported in the kidney biopsy for two patients. With a confirmed histological diagnosis of anti-GBM disease, these two patients were treated with steroids, cyclophosphamide, rituximab and plasma exchange. One patient achieved complete recovery of renal function. 

IgA vasculitis
Suso et al[38] described a case of a 78-year-old man who had COVID-19 associated respiratory failure along with extremely high IL-6 levels (177 pg/mL)[38]. He received treatment with hydroxychloroquine, lopinavir/ritonavir, dexamethasone, ceftriaxone, azithromycin, and tocilizumab. The patient presented three weeks later with a triad of arthralgia, cutaneous vasculitis and haematoproteinuria. Kidney biopsy was performed and showed crescentic manifestations in two of the seven glomeruli and mesangial IgA deposits, raising the possibility of IgA vasculitis as a result of COVID-19. The patient was treated with methylprednisolone followed by rituximab. He improved clinically with a reduction in proteinuria, and on discharge his creatinine improved to 1.4 mg/dL (baseline 0.78 mg/dL). 
Huang et al[39] described a 65-year-old Chinese female who presented with headache, myalgia, fatigue, dark colored urine and flank pain[39]. She had haematoproteinuria. Kidney biopsy showed 16 glomeruli, 5 of which were globally sclerosed, with 2+ IgA staining on immunofluorescence. Electron microscopy showed mesangial electron dense deposits. She was treated with methylprednisolone for 3 d and oseltamivir for 5 d. Dialysis was not required, and she was discharged home. 

Lupus nephritis
Kudose et al[13] described a case of a 27-year-old African female with a previous diagnosis of class II lupus nephritis who presented with COVID-19 associated respiratory failure[13]. On presentation, she displayed clinical features of nephrotic syndrome and AKI. Kidney biopsy revealed histopathological features of Class IV/Class V lupus nephritis. The patient was managed with steroids following kidney biopsy. She deteriorated clinically and died from multi-organ failure on her 6th day of hospital admission. 

Minimal change disease
Kudose et al[13] described a single case of minimal change disease (MCD) in a young African-Caribbean patient with a homozygous G1 APOL1 variant presenting to hospital with nephrotic syndrome[13]. This patient went into partial remission following treatment with steroids in addition to azithromycin and hydroxychloroquine for COVID-19. Akilesh et al[17] presented another case of MCD in an elderly Caucasian female who presented with nephrotic syndrome[17]. The patient had a kidney biopsy six weeks after a positive COVID-19 PCR test. A full remission was achieved within four weeks after receiving high-dose steroid management. 

Membranous nephropathy
Two reported cases of membranous nephropathy (MN) in association with COVID-19 infection were identified[13]. In these cases, both patients had NRP. The first patient had immunohistochemistry positive for phospholipase A2 receptor (PLA2R) on kidney biopsy staining and was treated with tacrolimus. He remained COVID-19 positive, although a reduction in proteinuria was noted. The second patient had previous cervical neoplasm and did not have PLA2R antibodies but had positive serum anti-dsDNA and antinuclear antibody were identified. The patient was not initiated on any active treatment and is currently under nephrology follow-up without the need for dialysis. 

Oxalate nephropathy
Three cases of oxalate nephropathy in patients with positive COVID-19 status were identified in our review[27,40]. All three patients presented with AKI and received vitamin C in high doses as management for sepsis-related acute respiratory distress syndrome. Kidney biopsy showed calcium oxalate monohydrate crystals on hematoxylin and eosin staining, which were birefringent under polarized light. The scanning electron microscope and X-ray spectrometry analyses confirmed the presence of calcium oxalate monohydrate crystals. None of the patients required dialysis treatment and all three were discharged after clinical recovery. 

Post infectious GN
Akilesh et al[17] reported a case of post infectious GN in a 69-year-old Caucasian female presenting with AKI and NRP[17]. She had a background history of diabetes mellitus and recurrent E. coli urinary tract infection. Kidney biopsy revealed the presence of subepithelial deposits, granular C3 staining, advanced changes related to diabetic nephropathy and severe ATI. The patient improved clinically but remained dialysis dependent.

Pigment nephropathy
Pigment nephropathy was reported in two case reports[13,14]. In both cases, the patients presented with ATI, with raised creatinine kinase levels and myoglobinuria secondary to rhabdomyolysis. The kidney histopathology showed pigment cast and was positive for myoglobin immunohistochemistry. Both patients required dialysis; one patient achieved complete recovery whilst the other deteriorated and died during hospitalization. 

Atypical hemolytic uremic syndrome
There was one case report of atypical hemolytic uremic syndrome (aHUS) that reactivated post COVID-19 infection[41]. A 28-year-old Caucasian female who had previously been diagnosed with aHUS aged 3 presented with fever, dysphagia and headache. She had an AKI along with proteinuria. She was managed with eculizumab, did not require RRT and was discharged with a creatinine of 2 mg/dL. 

Granulomatous interstitial nephritis
A 62-year-old Caucasian male presented with cough, fever and myalgia[42]. He had an AKI with non-NRP. He required critical care admission and was treated with hydroxychloroquine and continuous veno-venous hemofiltration for 38 d. Kidney biopsy was performed 32 d post admission and showed 34 mostly normal glomeruli with multiple non-caseating granulomas consistent with granulomatous interstitial nephritis. He survived to discharge and remained dialysis independent. 

Transplant biopsies
We have also identified case reports highlighting histopathological changes amongst transplant recipients in the setting of COVID-19 infection[13,17,43-51] (Figure 4 and Table 3). Two cases of CG have been reported in transplant biopsies in addition to severe ATI changes, both in patients of African-Caribbean origin and presenting with AKI and NRP[43,47]. The antiproliferative agent (mycophenolate mofetil) was withheld in both cases. Whilst one patient recovered renal function, the other remained dialysis dependent. In one case the donor was found to have low risk APOL1 variant with G2 heterozygosity[47], a risk factor for CG, whilst the other case did not have genetic testing but on in-situ hybridization, viral RNA was detected in the tubulo-epithelial cell[43].
Recurrence of FSGS was reported in two cases in association with COVID-19 infection. The first case report describes a patient who had a second recurrence of FSGS (16 wk post-transplant) in the setting of COVID-19 infection and resolved spontaneously with viral clearance[45]. The second case presented with AKI and nephrotic syndrome five weeks post-transplant in a patient with high risk homozygous G2 APOL1 variant[48]. This patient was treated with steroids and renin-angiotensin-aldosterone system (RAAS) inhibition with improvement of renal parameters. 
Yamada et al[51] describe a case in which the renal presentation was with AKI and NRP. The biopsy showed minimal change disease[51]. The patient was treated with high dose steroids and partial remission was achieved. Both the recipient and donor were homozygous for high risk G1 APOL1 variant and biopsy was taken five days after admission for COVID-19 infection.
There were 2 cases of isolated ATI in patients presenting with AKI[13,17]. These patients did not receive any specific treatment and were discharged with good renal outcomes, with the creatinine of one returning to baseline (around 1.3 mg/dL) shortly after biopsy[17].
Kudose et al[13] describe one case of a patient with grade 2A T-cell mediated rejection (TCMR) one-month post-transplant[13]. The patient had positive donor specific antibodies (DSA) and was treated with steroids, tocilizumab and thymoglobulin. Her creatinine stabilized and she was discharged. In the same case series, there was a case of transplant cortical infarction with the patient remaining dialysis dependent. A further case of transplant infarction was described by Webb et al[49]. A 49-year-old male presented with respiratory symptoms and AKI. He was managed with oxygen, steroids, low molecular weight heparin and ertapenem. He required dialysis and were subsequently discharged home. Kidney biopsy showed almost complete infarction of the renal cortical parenchyma with no viable glomeruli seen. 
A case of de-novo DSA positivity was reported by Akilesh et al[17] in a patient presenting with AKI six weeks post COVID-19 infection[17]. The patient had active antibody mediated rejection (AMR) in the biopsy and was managed with steroids, plasma exchange, intravenous immunoglobulin, and rituximab. Another case of chronic active AMR was described in a patient who developed AKI and proteinuria on a background of known transplant glomerulopathy[17]. The biopsy showed signs of activity with C4 complement component (C4d) positivity and TMA. There were also mesangial changes with IgA deposition, which may indicate concurrent IgA changes. The primary kidney disease was unknown. Abuzeineh et al[44] reported a case of a 54-year-old male with a renal transplant from 2015 who presented with AKI and was managed with fluids, oxygen, antibiotics, antifungals and tocilizumab[44]. Subsequent transplant biopsy revealed AMR which was managed with intravenous immunoglobulin.
Jespersen et al[46] describe one patient who underwent a transplant kidney biopsy which showed TMA[46]. The patient presented with abdominal pain without any respiratory symptoms. Computerized tomography (CT) scan confirmed acute pancreatitis and they developed hemolytic anemia with worsening kidney function. Management was supportive; RRT was not needed, and they were discharged home.
Westhoff et al[50] described a case of kidney allograft infiltration with SARS-CoV-2. The patient had received a pancreas-kidney transplant 13 years prior and presented with SARS-CoV-2-pneumonitis, new insulin requirement, renal transplant AKI and high tacrolimus levels likely secondary to diarrhoea. Immunosuppression was rationalised to steroid monotherapy. Kidney transplant biopsy revealed mild ATI and mononuclear cell inflammation, in addition to SARS-CoV-2 spike protein RNA present in the interstitium and tubular epithelial cells, demonstrated via in-situ hybridisation. However, serum RT-PCR remained negative. This patient later developed neurological complications with cerebrospinal fluid positive for SARS-CoV-2 PCR requiring admission to intensive care. The patient made an excellent recovery and was discharged with complete resolution of renal transplant AKI and partial pancreatic graft recovery. Post-mortem studies have suggested that kidney viral tropism likely occurs due to viraemia and perfusion of the kidney with infected blood. However, kidney infiltration despite negative serum testing suggests a possible alternative pathophysiological mechanism.

Post-mortem biopsies
We identified 17 reports describing post-mortem kidney biopsies[52-68]. The most common findings were ATI, arterionephrosclerosis[64] and FSGS[52,55,67], with other findings including renal vein thrombus[52], pigment cast nephropathy[67], IgA staining[64,67], IgG humps on EM consistent with post-infectious GN[67], chronic interstitial nephritis[52,54,60], nodular diabetic glomerulosclerosis[57] and oxalosis[56,59] (Figure 5). The findings are summarized in Table 4.
Farkash et al[55] reported isometric tubular vacuolization on light microscopy, these corresponded to coronavirus like particles in the tubular epithelial cells noted in electron microscopy[55]. Remmelink et al[63] have reported positive viral RNA on PCR from renal samples of 10 of their 14 cases[63]. In the cases series by Su et al[67] three patients showed nucleocapsid SARS-CoV-2 positivity on in situ hybridization in tubuloepithelial cells[67].
Treatments received varied and included steroids, azithromycin, tocilizumab, hydroxychloroquine and anakinra. One of the significant limitations of the postmortem series is autolysis which often occurs resulting in many samples being excluded.

DISCUSSION
A wide range of histopathological findings were reported in the kidney biopsies of patients in association with COVID-19 infection. CG appears as the dominant histopathology amongst glomerular diseases, being observed in 40 out of 84 native kidney biopsies. In non-COVID-19 patients, CG is a distinct and aggressive variant of FSGS more commonly observed in African-Caribbean ethnic groups. It is characterized by glomerular tuft collapse in segmental or global distributions, where there is concurrent hypertrophy and hyperplasia of the overlying podocytes[69-71]. Recent reports highlighted the significance of podocytopathy as the major histopathological manifestation of COVID-19 induced glomerular disease[72]. CG is commonly associated with various infections and inflammatory conditions, such as human immunodeficiency virus (HIV) and systemic lupus erythematous[73]. Current opinion on COVID-19 associated CG suggests its pathogenesis as a multifactorial process. Direct viral podocyte invasion is supported by electron microscopy findings of coronavirus particles within the cytoplasm of podocytes in native and post-mortem biopsies. Suggestions of CG secondary to cytokine release from systemic COVID-19 manifestations have been proposed, particularly in those with APOL1 high risk genotype and African-Caribbean ethnicity[13-22,24-29]. Basic-science studies have shown viral infections stimulating interferon production which in turn encourages APOL1 gene expression[74]. 
Izzedine et al[28] argue in favor of a direct causal link between SARS-CoV-2 infection and the occurrence of CG and have suggested using the term COVIDAN (in a similar way to HIVAN for HIV associated nephropathy)[28]. Homozygosity for APOL1 risk alleles (G1/G2) confers significantly increase risk for CG[16]. This suggests kidney injury caused by SARS-CoV-2 is likely to manifest in different ways in different individuals depending on genetic risk (for example CG or direct viral mediated ATI). 
ATI is another frequently reported pathological finding in the kidney biopsies described in this review. It most frequently causes frank epithelial necrosis with cellular debris in the tubular lumen[75]. Unsurprisingly, the hemodynamic compromise associated with COVID-19 related sepsis syndrome is thought to be the primary contributing factor to the development of ATI. ATI has also been reported to manifest through direct invasion of SARS-CoV-2 particles in renal tubular epithelium and podocytes via the angiotensin-converting enzyme 2 (ACE2) inhibitor pathway, causing AKI[12]. Intrarenal injury through the ACE2 pathway leads to mitochondrial dysfunction and progresses to acute tubular necrosis[12]. It should be recognized that biopsy findings of ATI are common even when there are other intrarenal pathologies, given the effects of SARS-CoV-2 particles on direct tubular injury. 
A hypercoagulable state has been observed involving various organ complications in patients with COVID-19, of which there were several presentations of TMA. However, whether TMA is directly caused by COVID-19 in the majority of published cases remains uncertain. Many of the patients described have multiple co-morbidities, increasing their risk of coagulopathy. Increasing evidence supports the role of COVID-19 in contributing to procoagulatory interactions with the endothelial system[76]. TMA occurs where endothelial dysfunction and destruction is caused by pathological stimulation of immune cells, which leads to activation of the micro-thrombotic pathway and complement activity[75]. 
There have been reports of anti-GBM disease in patients with COVID-19. It has been hypothesized that respiratory insults from COVID-19 may expose the cryptic target of the Goodpasture antigen, leading to widespread pulmonary injury in the alveolar capillary membranes and glomerular basement membrane injury seen in anti-GBM nephritis[13,37]. However, coincidental associations remain a distinct possibility. 
As with the other histopathologies described in COVID-19-associated kidney biopsies, vasculitis often presents with AKI. The pathophysiological mechanism of vasculitis induced by the SARS-CoV-2 virus remains elusive due to the scarce number of available kidney biopsies, though AKI within this context is believed to have been caused by glomerular hypoperfusion and tubular necrosis leading to fibrinoid necrosis in the arterial wall of small intrarenal vessels[38,39,77]. Neutrophil extracellular trap (NET) formation is well known to be part of the innate inflammatory process of SARS-CoV-2 infection. The inflammatory state of SARS-CoV-2 may in turn affect immunotolerance and lead to ANCA antibody formation. It is postulated that NET formation could be the source of presentation of MPO or PR3 antigen[34]. There is also the possibility that vasculitis in association with COVID-19 is a co-incidental finding, given the tens of millions of people who have acquired COVID-19.
Toxic nephropathies such as oxalate and pigment nephropathy have surprisingly had multiple descriptions in patients with COVID-19 disease (given the relative rarity of these presentations in non-COVID-19 disease). The mechanisms for how SARS-CoV-2 infection directly causes these conditions are unclear, and the authors of the original reports attribute these cases to their conventional pathophysiology[13,14,27,40]. 
Other forms of GN associated with COVID-19 are mainly reported as individual cases at present and will require further corroboratory reports to help establish if there is indeed an association with COVID-19 and to explain what the pathophysiological mechanism may be.
The findings from post-mortem biopsies are consistent with live patient biopsy reports in that there is a wide range of histopathological processes observed in patients with COVID-19. Whilst ATI was seen in all post-mortem series, there were also a number of other pathologies observed. This provides additional support to the hypothesis that a kidney biopsy should be considered in more patients with COVID-19 associated AKI.
As this review draws on case reports and case series, we have been limited in only being able to perform a qualitative analysis. In addition, whilst this data provides useful insights, we must remember that the vast majority of patients with AKI do not undergo a kidney biopsy and so there may be inherent selection bias in those cases presented here. Furthermore, there was significant autolysis observed in the postmortem series resulting in a lot of the data being excluded from analysis. 
It is also likely that some of the rarer glomerulonephritidies, such as lupus nephritis and ANCA associated vasculitis, are coincidental and simply occur concomitantly with COVID-19 infection rather than as a direct consequence of it. 
Nevertheless, we believe this provides an up-to-date, substantial insight into the underlying renal histopathological processes occurring in patients with COVID-19, given the number and range of case reports and series[78,79]. This has clinical relevance as for many of these conditions the AKI may not recover with standard management. As such, clinicians should pay careful attention to features of GN, and ensure that patients are followed up in the outpatient setting. In view of the significant number of histopathological findings reported in association with COVID-19 infection, we would recommend an early kidney biopsy where appropriate (e.g. unresolved AKI, proteinuria, positive immunology tests) at the safest possible time which can guide the management approach.

CONCLUSION
This review summarizes 59 published case reports and series which describe the histopathology of native, transplant and post-mortem kidney biopsies in patients with COVID-19. In addition to expected ATI, there were many other histopathological processes observed in association with COVID-19, with CG being prominent. There was significant variation in ethnicity, presentation creatinine and proteinuria, requirement for RRT and outcomes. This suggests that COVID-19 may cause multiple different effects in the kidney. Whilst the underlying pathological processes of ATI and CG resulting from COVID-19 can be hypothesized based on our current understanding of kidney disease, further work is required to determine what, if any, is the link between COVID-19 and some of the other processes described. It is a distinct possibility that many of the rarer glomerulopathies occurred coincidentally with COVID-19 infection. The need for kidney biopsy should be carefully considered in patients presenting with COVID-19 and kidney disease.

ARTICLE HIGHLIGHTS
Research background
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can result in clinically significant multi-system disease, including involvement in the kidney. A wide range of histopathological findings have been reported in kidney biopsies in association with coronavirus disease 2019 (COVID-19) infection.

Research motivation
Renal dysfunction in COVID-19 infection is reported in association with multiple pathologies. However, the mechanism behind these pathologies is not well understood. 

Research objectives
This systematic review was conducted to provide an overview of the current literature on the renal histopathological features and mechanistic insights described in association with COVID-19 infection. 

Research methods
A systematic review was performed by conducting a literature search in the following websites-‘PubMed’, ‘Web of Science’, ‘Embase’ and ‘Medline-ProQuest’ with the following search terms- “COVID-19 AND kidney biopsy”, “COVID-19 AND renal biopsy”, “SARS-CoV-2 AND kidney biopsy” and “SARS-CoV-2 AND renal biopsy”. Data on presentation, histological features, management and outcome was extracted from the reported studies.

Research results
Our review identified a total of 59 studies reporting COVID-19 related histopathological diagnoses from kidney biopsy. Of these 59 studies, 30 reported on native kidney biopsies, nine reported on transplant biopsies, three reported on a mixture of native and transplant kidney biopsies and 17 reported on postmortem kidney biopsies. In total, there were 84 native biopsies, 15 transplant biopsies, and 189 postmortem biopsies. Many histopathological features were described, including acute tubular injury (ATI), collapsing focal segmental glomerular sclerosis, thrombotic microangiopathy and vasculitis.

Research conclusions
Many other histopathological processes were observed in association with COVID-19 in addition to the expected ATI, highlighting the need for an early kidney biopsy.

Research perspectives
Whilst the underlying pathological processes of a few conditions developing due to COVID-19 infection can be hypothesized based on our current understanding of kidney disease, further work is required to determine what, if any, is the link between COVID-19 and some of the other processes described.
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Figure Legends
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Figure 1 PRISMA flow diagram.
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Figure 2 Number of studies describing the different types of kidney biopsy in patients with coronavirus disease 2019.
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Figure 3 Native kidney biopsy histopathological features reported in association with coronavirus disease 2019.
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Figure 4 Transplant kidney biopsy histopathological features reported in association with coronavirus disease 2019.
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Figure 5 Postmortem kidney biopsy histopathological features reported in association with coronavirus disease 2019.


Table 1 Native kidney biopsy outcomes of collapsing glomerulopathy in coronavirus disease 2019 cases
	Ref.
	Age
	Sex
	Ethnicity
	Comorbidities
	Renal Px
	Baseline creatinine (mg/dL)
	Presentation creatinine (mg/dL)
	Presentation proteinuria (g/day)
	Presentation albumin (g/L)
	Treatment received
	Outcome (renal and survival)
	RRT needed
	Time to biopsy
	Haematuria

	Kudose et al[13] 
	46
	M
	B
	Obesity
	AKI, NS
	1.1
	12.5
	5.8
	3.1
	Tocilizumab/Steroids
	DD
	Yes
	-
	< 10

	Kudose et al[13]
	62
	M
	B
	HTN, prostate cancer, CKD
	AKI, NS
	2
	10.7
	12.1
	3.1
	None
	DI
	No
	-
	< 10

	Kudose et al[13]
	62
	M
	B
	HTN, DM, prostate Cancer
	AKI, NRP
	1
	11.6
	19
	2.4
	HCQ, Steroids
	DI
	No
	-
	-

	Kudose et al[13]
	57
	M
	B
	HTN, hepatitis C, CKD
	AKI, NRP
	1.1
	4.9
	6.2
	2.5
	None
	DI
	No
	-
	< 10

	Kudose et al[13]
	61
	M
	B
	HTN, obesity
	AKI, NRP
	Normal
	15
	9
	2.5
	-
	DD
	Yes
	-
	-

	Sharma et al[14] 
	77
	F
	B
	HTN
	AKI
	1
	8.15
	1.5
	-
	HCQ, Steroids
	DI
	Yes
	-
	No

	Wu et al[16] 
	63
	M
	B
	HTN, DM
	-
	1.3
	4.9
	12.7
	-
	-
	DD
	Yes
	-
	< 10

	Wu et al[16]
	64
	F
	B
	HTN, DM
	-
	1.5
	4.2
	4.6
	-
	-
	DI
	No
	-
	Negative

	Wu et al[16] 
	65
	F
	B
	HTN, DM
	-
	1.3
	2.9
	13.6
	-
	-
	Died
	Yes
	-
	Negative

	Wu et al[16]
	44
	M
	B
	-
	-
	1.4
	11.4
	25
	-
	-
	DD
	Yes
	-
	50-100

	Wu et al[16] 
	37
	M
	B
	-
	-
	1
	9
	-
	-
	-
	Died
	Yes
	-
	< 10

	Wu et al[16]
	56
	M
	B
	HTN
	-
	1.2
	6.7
	3.6
	-
	-
	DI
	Yes
	-
	> 100

	Akilesh et al[17]
	46
	M
	B
	HTN
	AKI, NS
	-
	8.7
	13.7
	-
	-
	DD
	Yes
	2 wk
	No

	Akilesh et al[17]
	60
	F
	B
	HTN
	AKI, NRP
	-
	5.7
	21
	-
	-
	-
	-
	4 wk
	No

	Akilesh et al[17]
	58
	F
	B
	HTN
	AKI, NS
	-
	10.2
	20
	-
	-
	DD
	Yes
	-
	-

	Akilesh et al[17]
	44
	M
	H
	-
	AKI, NRP
	-
	12
	11.4
	-
	-
	DD
	Yes
	6 wk
	No

	Akilesh et al[17]
	58
	M
	B
	-
	AKI, NRP
	-
	11.3
	4
	-
	-
	DI
	Yes
	Day 4
	Yes

	Akilesh et al[17]
	47
	M
	B
	HTN
	AKI, TMA
	-
	6.6
	7.6
	-
	-
	DD
	Yes
	Day 25
	Yes

	Akilesh et al[17]
	63
	F
	B
	HTN
	AKI, NRP, TMA 
	-
	6
	20
	-
	-
	DD
	Yes
	Day 10-14
	Yes

	Gupta et al[18] 
	71
	M
	I
	HTN, DM
	AKI, NS
	1.19
	4.49
	18.46
	2
	Steroid (Prednisolone 60mg OD)
	DD
	Yes
	1st-D6, 2nd 2 mo
	No

	Gupta et al[18]
	54
	M
	B
	HTN, DM
	AKI, NS
	1.08
	4.67
	16
	1.6
	None
	-
	No
	Day 30
	No

	Noble et al[43]
	54
	M
	B
	HTN, obesity
	AKI, NRP
	125
	6.54
	4.08
	-
	None
	DI
	Yes
	Day 16
	Yes

	Kissling et al[19]
	63
	M
	B
	HTN 
	AKI, NRP
	-
	1.2
	5
	-
	None
	DI
	No
	Day 8
	-

	Magoon et al[21]
	28
	M
	B
	-
	AKI
	-
	0.99
	2
	-
	None
	DI
	Yes
	Day 7-34
	Yes

	Magoon et al[21] 
	56
	M
	B
	HTN, CKD
	AKI, NRP
	-
	3.17
	21
	-
	None
	DI
	Yes
	-
	Yes

	Gaillard et al[20]
	79
	M
	B
	HTN, MGUS, CKD
	AKI, NRP
	-
	2.55
	11.4
	2.9
	Dexamethasone, lopinavir/ritonavir, PLEX
	DD
	Yes
	Day 5
	No

	Sharma et al[15] 
	67
	M
	B
	HTN, DM
	AKI, NRP
	1
	2.2
	3.2
	-
	HCQ/steroids
	DD
	Yes
	Day 8-8/52
	< 10

	Sharma et al[15] 
	49
	M
	B
	HTN
	AKI
	0.95
	4.85
	2.59
	-
	HCQ/steroids
	DD
	Yes
	> Day 4
	< 10

	Nlandu et al[22]
	48
	M
	B
	HTN, DM
	AKI, NS
	0.72
	15.9 
	18
	-
	Chloroquine, azithromycin, vitamin C
	DI
	Yes
	Day 30
	No

	Deshmukh et al[23]
	42
	M
	I
	-
	NS
	-
	1
	8
	'hypoalbuminaemia' noted
	Ramipril 
	-
	No
	Day 24
	Yes

	Kadosh et al[24] 
	56
	M
	B
	CKD
	AKI, NRP
	-
	1.86 (peak 7.78)
	1.97 (peak 7.35)
	-
	MMF and steroids stopped, azithromycin, nitozaxonide
	DI
	No
	> Day 7
	-

	Coutourier et al[25] 
	53
	M
	B
	HTN 
	AKI, NRP
	1.02
	1.89 (peak 2.20)
	5.64 (peak 18.7)
	1.3 (day 3)
	Oseltamivir, HCQ, chloroquine, azithromycin
	DI
	No
	Day 3-11
	No

	Couturier et al[25] 
	53
	M
	B
	HTN, Hepatitis B
	AKI, NRP
	1.35
	5.34 (peak 6.01)
	1.5 (peak 2.65)
	-
	-
	-
	No
	> Day 7
	No

	Larsen et al[26] 
	44
	M
	B
	HTN, DM, CKD
	AKI, NRP 
	1.4
	4
	3.9 (peak 25)
	2.5
	None
	DD
	Yes
	Day 8
	Yes

	Malhotra et al[27]
	64
	M
	B
	HTN, DM, CKD, HIV on HAART
	AKI, NRP
	-
	2.3
	2.74
	-
	Solumedrol, zinc, Vitamin C, Oxitris Filter
	DD
	Yes
	Day 11
	Yes

	Izzedine et al[28]
	49
	F
	B
	CKD, heart transplant, type 2 diabetes, HTN, obesity
	AKI, NS
	1.78
	2.39
	6.6
	1.7
	-
	DI
	Yes
	Day 8
	< 10

	Izzedine et al[28]
	38
	F
	B
	CKD, SLE, HTN, obesity
	AKI, NS
	14.64
	11.7
	-
	1.9
	-
	DI
	No
	-
	< 10

	Laboux et al[29]
	47
	M
	B
	HTN
	AKI
	0.8
	30.3
	1.2
	2.5
	Dialysis
	DI
	Yes
	Day 30
	-

	Malik et al[30]
	57
	M
	B
	-
	AKI, NS
	-
	2.0 then 3.4
	14.9
	3.4
	Antibiotics, oseltamivir, oxygen
	DD
	Yes
	-
	-

	FSGS with podocytopathy

	Akilesh et al[17] 
	59
	M
	B
	HTN, DM
	AKI, NRP
	-
	11.9
	> 12
	-
	Unknown
	-
	Unknown
	Day 11
	-


AKI: Acute kidney injury; B: Black; CKD: Chronic kidney disease; DM: Diabetes mellitus; DD: Dialysis dependent at hospital discharge; DI: Dialysis independent at hospital discharge; F: Female; H: Hispanic; HAART: Highly active antiretroviral therapy; HCQ: Hydroxychloroquine; HIV: Human immunodeficiency virus; HTN: Hypertension; I: Indian; M: Male; MGUS: Monoclonal gammopathy of undetermined significance; MMF: Mycophenolate mofetil; NRP: Nephrotic range proteinuria; NS: Nephrotic syndrome; PLEX: Plasma exchange; SLE: Systemic lupus erythematosus; TMA: Thrombotic microangiopathic anemia; FSGS: Focal Segmental Glomerulosclerosis.

Table 2 Native kidney biopsy outcomes of acute tubular injury and necrosis in coronavirus disease 2019 cases
	Ref.
	Age
	Sex
	Ethnicity
	Comorbidities
	Renal presentation
	Baseline creatinine (mg/dL)
	Presentation Creatinine (mg/dL)
	Presentation proteinuria (g/day)
	Presentation albumin (g/L)
	Treatment received
	Outcome (renal and survival)
	RRT needed
	Time to biopsy 
	Haematuria

	Sharma et al[14]
	62
	M
	Hispanic
	T2DM
	AKI and proteinuria
	-
	1.2
	3 
	-
	Steroid, HCQ, anakinra, plasma
	Died
	Yes
	-
	Yes

	Sharma et al[14] 
	69
	M
	Hispanic
	HTN
	AKI, proteinuria, anti-cardiolipin positive
	-
	0.9
	2.4
	-
	Steroid, HCQ, anakinra, plasma
	Died
	Yes
	-
	Yes

	Sharma et al[14]
	76
	F
	Caucasian
	T2DM, HTN 
	Severe AKI and Proteinuria
	-
	1 (peak 4.4)
	0.9 
	-
	None
	DI
	No
	-
	No

	Sharma et al[14]
	59
	M
	Black 
	HTN, CCF
	AKI, Proteinuria and raised K:L ratio
	-
	4.5 (peak 6)
	2.8
	-
	None
	DI
	No
	-
	Yes

	Sharma et al[14]
	69
	F
	Black
	HTN, Hyperlipidaemia
	AKI NRP
	-
	1.9
	7.6
	-
	Steroids
	DD
	Yes
	-
	No

	Kudose et al[13] 
	43
	F
	Black
	T2DM, HLD, streptococcal infection, obesity (BMI 52.5)
	AKI
	-
	3.5 (peak 6.7)
	1
	-
	None
	DD
	Yes
	-
	Yes

	Kudose et al[13] 
	67
	M
	Caucasian
	HTN, Gout, Obese
	AKI on CKD 
	- 
	5.7 
	0.3 
	-
	Tocilizumab, HCQ, azithromycin
	DD
	Yes
	-
	Yes

	Kudose et al[13] 
	51
	M
	Black 
	HTN, AF, HLD, CVA, BPH 
	AKI on CKD 
	1.8
	4.8
	0.5
	-
	HCQ
	DI
	No 
	-
	Yes

	Akilesh et al[17] 
	34
	F
	Caucasian
	HTN, T2DM
	AKI NS 
	-
	1.2 
	7
	-
	-
	DI
	No
	Day 4
	No

	Akilesh et al[17] 
	67
	F
	Hispanic 
	HTN
	AKI
	-
	1.4
	1
	-
	-
	DI
	No
	Day 5
	Yes

	Lenti et al[31]
	25
	M
	Caucasian
	-
	AKI NS 
	-
	3.8
	0.48
	-
	-
	-
	-
	-
	-

	Rossi et al[32] 
	49
	M
	Caucasian
	Obesity 
	AKI
	-
	-
	-
	-
	HCQ, Lopinavir/Ritonavir
	DI
	Required when in hospital
	-
	-

	Papadimitriou et al[33]
	52
	M
	-
	HIV, HTN, coronary artery disease, Factor V deficiency
	AKI
	Normal
	7.5
	1.85
	-
	-
	DD
	Yes
	Day 10
	-

	Papadimitriou et al[33]
	64
	M
	-
	AF, hyperlipidaemia, gout
	AKI
	1
	1.4
	-
	-
	I&V, IV heparin then apixaban (AF), 4 units blood following haematemesis, meropenem (E. coli in sputum), RRT day 22 to 33, MRSA > linezolid
	DI
	Yes
	Day 84
	-


AKI: Acute kidney injury; AF: Atrial fibrillation; BPH: Benign prostatic hypertrophy; CCF: Congestive cardiac failure; CKD: Chronic kidney disease; CVA: Cerebrovascular accident; DD: Dialysis dependent at hospital discharge; DI: Dialysis independent at hospital discharge; DSA: Donor specific antibodies; HCQ: Hydroxychloroquine; HIV: Human immunodeficiency virus; HLD: Hyperlipidaemia; HTN: Hypertension; I&V: Intubated and ventilated; K:L ratio: Kappa:lambda light chain ratio; RRT: Renal replacement therapy; T2DM: Type 2 diabetes mellitus.

Table 3 Transplant kidney biopsy findings in coronavirus disease 2019 cases
	Ref. 
	Age
	Sex
	Ethnicity
	Comorbidities
	Renal Presentation
	Baseline creatinine (mg/dL)
	Presentation creatinine (mg/dL)
	Presentation proteinuria (g/day)
	Presentation albumin (g/L)
	Treatment received
	Outcome (renal and survival)
	RRT needed
	Time to biopsy 
	Haematuria

	T-cell mediated rejection 

	Kudose et al[13] 
	54
	F
	Caucasian
	IgA Nephropathy, Donor Specific Ab +ve, HTN, obesity
	AKI
	1.7
	2.6
	0.2
	-
	Steroids, Tocilizumab, thymoglobulin, IVIG
	DI
	No 
	-
	Yes

	ABMR

	Akilesh et al[17] 
	47
	F
	Black
	HIV-associated Nephropathy, Deceased Donor Tx 2015, Vascular Rejection Post-Tx, HTN
	AKI
	-
	1.63
	2
	-
	Renal transplantation, 5-MTP, PLEX  
IVIG 
	-
	-
	6 wk
	No

	Akilesh et al[17] 
	54
	M
	Asian 
	Chronic Transplant Glomerulopathy, C4d –ve, HTN, T2DM 
	AKI with Proteinuria 
	1.9
	5.2 
	3
	-
	Regular MMF withheld, regular tacrolimus dose reduced, steroids 
	DI
	No
	6 wk
	No

	Abuzeineh et al[44]
	54
	M
	Black
	Diabetic nephropathy, Tx, HTN
	AKI
	1.4
	2.6
	-
	-
	IVF, MMF discontinued, NHF oxygen, antibiotics, antifungals, tocilizumab
	DI
	No
	73 d
	-

	Acute tubular injury 

	Akilesh et al[17] 
	42
	M
	Hispanic 
	Live Donor Tx 2019, HTN 
	AKI
	1.27
	1.53
	0.15
	-
	-
	DI
	No
	7 wk
	No

	Kudose et al[13] 
	54
	F
	Hispanic 
	ADPKD, Deceased Donor Tx 2020, HTN
	AKI 
	2.5
	2.9
	0.2
	-
	None
	DI
	No
	-
	-

	Westhoff et al[50]
	69
	M
	-
	Diabetic nephropathy
	AKI
	1.1
	2.2
	-
	-
	IV hydrocortisone, tacrolimus and MMF held, HCQ, levetiracetam
	DI
	No
	14 d
	-

	FSGS

	Doevelaar et al[45]
	35
	M
	Black 
	Deceased donor Tx 2019
	AKI, Normothermic Regional Perfusion 
	-
	1.7
	3.29
	-
	Steroids (Hydrocortisone 200 mg/d)
	DI
	No 
	34 d 
	-

	Oniszczuk et al[48] 
	49
	M
	Black 
	Renovascular disease, deceased donor Tx 2020
	AKI, Nephrotic Syndrome 
	1.47
	2.17
	3.27
	2.7
	Steroids, ACE Inhibitor 
	DI
	No 
	2 wk
	-

	Yamada et al[51] 
	49
	F
	Black 
	Pre-eclampsia, Live donor Tx 1995 (from sibling) 
	AKI, Normothermic Regional Perfusion 
	1.6 
	3.4 
	6.3 
	3.8 at diagnosis with COVID-19 
	ACE Inhibitor, Steroids (Prednisolone 60 mg with quick wean due to side effects)
	DI
	No 
	5 d 
	-

	Collapsing FSGS

	Noble et al[43] 
	45
	M
	Black
	Malignant HTN, Obesity (BMI 42.6), Live Donor Tx 2016
	AKI, Nephrotic syndrome 
	3.22
	4.69
	1.09
	-
	MMR withheld on admission, restarted after 14 d. Steroid (Prednisolone dose doubled from 10 mg OD to 20mg OD)
	DD 
	Yes
	12 d
	Yes

	Lazareth et al[47]
	29
	M
	Black
	Urinary Schistosomiasis, Deceased Donor Tx 2015, Previous ABMR in Jan 2020
	AKI, Nephrotic Syndrome 
	3.18
	6.06
	0.49
	2.8
	MMF withheld temporarily 
	DI
	No 
	2 d
	-

	Transplant infarction 

	Kudose et al[13] 
	22
	M
	Black
	Membranous Nephropathy PLA2R +ve, Deceased Donor Tx 2018, HTN
	AKI
	-
	9.4
	-
	-
	Tocilizumab, HCQ, Azithromycin 
	DD
	Yes
	-
	-

	Webb et al[49]
	49
	M
	-
	Chronic glomerulonephritis, HTN, DCD renal transplant 2001 with subsequent ABMR, CMV
	AKI
	0
	2.03
	-
	-
	Nasal high flow oxygen, prednisolone, enoxaparin, ertapenem
	DD
	Yes
	27 d
	-

	TMA

	Jespersen et al[46]
	49
	F
	-
	FSGS
	AKI
	-
	2.81
	-
	-
	Supportive
	DI
	No
	> 22 d
	-


5-MTP: 5-methoxytryptophan; Ab: Antibody; ABMR: Antibody mediated rejection; ADPKD: Autosomal dominant polycystic kidney disease; AKI: Acute kidney injury; CMV: Cytomegalovirus; DCD: Donor after circulatory death; DD: Dialysis dependent at hospital discharge; DI: Dialysis independent at hospital discharge; FSGS: Focal and segmental glomerulosclerosis; HCQ: Hydroxychloroquine; HIV: Human immunodeficiency virus; HTN: Hypertension; IVF: Intravenous fluids; IVIG: Intravenous immunoglobulin; MMF: Mycophenolate mofetil; NHF: Nasal high flow; PLA2R: Phospholipase 2 receptor antibody; PLEX: Plasma exchange; T2DM: Type 2 diabetes mellitus; Tx: Transplant.

Table 4 Post-mortem kidney biopsy findings in coronavirus disease 2019 cases
	Ref.
	Number in series
	Number with kidney histology
	Age-median (range)
	Gender (male), n (%)
	Comorbidities, n (%)
	AKI, n (%)
	RRT, n (%)
	Covid treatment, n (%)
	Pathological findings, n (%)

	Bradley et al[52]
	14
	14
	73.5 (42-84)
	6
	Diabetes 5, HTN 9, CKD 5
	6 (1 at presentation)
	
	-
	ATI 11, FSGS 1, chronic inflammation 1, renal vein thrombus 1

	Su et al[67]
	26
	26
	69 (39-87)
	19
	Diabetes 3, HTN 11, CKD 2
	-
	5 (6 no record)
	Arbidol 10, Ribavirin 2, Lopinavir/ritonavir 5, steroids 15
	ATI 26, TMA 1, FSGS 2, pigment nephropathy 3, IgA 1, pyelonephritis 2, PIGN 1

	Santoriello et al[64]
	42
	31 (11 excluded due to autolysis)
	71.5 (38-97)
	29
	Diabetes 17, HTN 30, CKD 8
	31 (94)-stage (38.1)
	8 (36)
	Plaquenil 36, steroids 22 (61% combination), tocilizumab 6 (17%)
	ATI 31, TMA 6, collapsing FSGS 1, chronic inflammation 27, IgA 1

	Farkash et al[55]
	1
	1
	53
	-
	-
	1
	1
	HCQ, IL-6 blinded trial
	ATI 1

	Werion et al[68]
	49
	6
	64 (54-74)
	34
	Diabetes 10, HTN 23, CKD 7
	11 (22)
	2 (4)
	HCQ 48 (98%), azi 7 (14%), steroids 7 14%), IL-7: 8 (16.5%), tocilizumab 1 (2%)
	ATI 5, FSGS 1, chronic inflammation 2

	Lax et al[60]
	11
	11
	N/A
	8
	Diabetes 5, HTN 8
	6 (54.5)
	-
	Azi/HCQ 2
	ATI 11, chronic inflammation 2

	Golmai et al[56]
	12
	12
	75 (49-92)
	10
	Diabetes 4, HTN 9, CKD 1
	9
	8
	Tocilizumab/HCQ/steroids 7, HCQ/steroids 4
	ATI 9, oxalosis 1

	Falasca et al[54]
	18
	9
	76.5 (27-92)
	12
	Diabetes 4, HTN 4 , CKD 2
	-
	-
	
	Chronic inflammation 12

	Schurink et al[65]
	21
	21
	68 (41-78)
	16
	Diabetes 1
	15 (71); 10 stage 3
	5
	Chloroquine 10 (48%), antiviral 4 (19%), steroids 5 (24%)
	ATI 12, TMA 1

	Hanley et al[58]
	10
	9
	73 (IQR 52-79)
	7
	HTN 4
	-
	-
	-
	ATI 9, TMA 5

	Rapkiewicz et al[62]
	7
	7
	60 (44-65)
	3
	Diabetes 5, HTN 6, CKD 1
	-
	-
	Azi/HCQ 2, Azi/HCQ/Tocilizumab 2, Azi/HCQ/Anakinra
	ATI 7, TMA 1

	González Pessolani et al[57]
	4
	2
	78
	2
	Diabetes 1, HTN 1
	2
	
	-
	ATI 2, TMA 1

	Jacobs et al[59]
	1
	1
	78
	1
	HTN 1
	1
	1
	Azi/HCQ/steroids
	ATI 1, Oxalosis 1

	Sekulic et al[66]
	2
	2
	(54-81)
	2
	Diabetes 2, HTN 2, CKD 1
	2
	-
	Remdesivir 1
	ATI 2

	Remmelink et al[63]
	17
	17
	72 (62-77)
	12
	Diabetes 9, HTN 10, CKD 3
	15
	-
	HCQ 15, Steroids 2, Lopinavir/ritonavir 2, Remdesivir 2, Oseltamivir 1
	-

	Brook et al[53]
	5
	3
	75 (58-82)
	1
	Diabetes 2, HTN 3, CKD 1
	-
	-
	-
	ATI 3

	Menter et al[61]
	21
	17
	76 (53-96)
	17
	Diabetes 7, HTN 21, CKD 4
	-
	-
	-
	ATI 14, TMA 2


AKI: Acute kidney injury; ATI: Acute tubular injury; Azi: Azithromycin; CKD: Chronic kidney disease; FSGS: Focal and segmental glomerulosclerosis; HCQ: Hydroxychloroquine; HTN: Hypertension; IgA: Immunoglobulin A; IL-6: Interleukin-6; PIGN: Post infectious glomerulonephritis; RRT: Renal replacement therapy; TMA: Thrombotic microangiopathy.
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