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"Renal pathology usually shows cytotoxic T-cell with a paucity of eosinophils, which is notably different
from classic AIN from other medications. The median age of patients with NSAIDs induced AIN is
around 50 years. Patients with NSIADs induced AIN may concomitantly develop nephrotic syndrome
but frequently have sub nephrotic range proteinuria with median urine protein of 1.1 g/d. The median

time of exposure is 3 months before the diagnosis.(3)"
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For children 26 months of age in whom antipyretic and anti-inflammatory activity are desired
we suggest oral ibuprofen as the initial antipyretic agent (7).
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Acute interstitial nephritis is a kidney lesion that typically causes a decline in kidney

function and is characterized by an inflammatory infiltrate in the kidney interstitium. It

is most often induced by drug therapy. AIN is also caused by...a variety of infections

remote to the kidney (eg, Legionella, leptospirosis, and streptococcal organisms).
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INTRODUCTION

Acute interstitial nephritis (AIN) is a Kidney lesion that typically causes a decline in
kidney function and is characterized by an inflammatory infilirate in the kidney
interstitium [1]. It is most often induced by drug therapy. AIN is also caused by
autoimmune disorders or other systemic disease (eg, systemic lupus erythematosus
[SLE], Sjogren's disease, sarcoidosis), a variety of infections remote to the kidney

(eg, Legionella, leptospirosis, and streptococcal organisms), immunoglobulin G4 (IgG4)
disease, and tubulointerstitial nephritis with uveitis (TINU) syndrome [2-10].

An overview of the clinical manifestations and diagnosis of AIN is presented in this topic
review. The treatment of AIN is discussed separately. (See "Treatment of acute
interstitial nephritis".)

Interstitial nephritis associated with SLE, sarcoidosis, the TINU syndrome, and
Sjogren's disease is also discussed elsewhere.

o(See "Lupus nephritis: Diagnosis and classification", section on "Tubulointerstitial
lesions'.)

o(See "Tubulointerstitial nephritis and uveitis (TINU syndrome)".)

o(See "Kidney disease in primary Sjégren's disease".)

o(See "Kidney disease in sarcoidosis”.)

ETIOLOGY
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In initial reports, the vast majority of cases of AIN resulted from exposure to beta-lactam
antibiotics, particularly methicillin. However, drugs other than antibiotics, as well as
infections and other underlying conditions, are also recognized as clinically significant
causes.

The distribution of causes of AIN has been reported as follows [6,9,11-13]

eDrugs — 70 to 75 percent (with antibiotics responsible for approximately 30 to 50

percent of these cases)

oSystemic disease including sarceoidosis, Sjdgren's disease, systemic lupus

erythematosus (SLE), and others — 10 to 20 percent

sInfections — 4 to 10 percent

sTubulointerstitial nephritis and uveitis (TINU) syndrome — less than 5 percent
Drugs — Virtually any drug can cause AIN, although only a few have been reported
with any frequency. While there are single case reports of many drugs associated with
AlIN, we attribute cause to a previcusly unreported drug only when the study reports that
AIN was confirmed by kidney biopsy and the patient was not concomitantly taking other
drugs that can cause AIN. In many cases, a causal link with the drug is established by
observing the onset of kidney function impairment after initiating the drug and its
resolution after discontinuing the drug.

On the other hand, it may be difficult to identify the culprit drug in some patients with
biopsy-proven AIN who are taking multiple medications.

AIN was particularly common with methicillin, occurring in up to 17 percent of patients
who had been treated for more than 10 days [5,14,15]. Methicillin is no longer
manufactured.
Other common drugs that cause AIN include [2-4,13,15-29]:
sNonsteroidal antiinflammatory agents (NSAIDs), including selective
cyclooxygenase (COX)-2 inhibitors
ePenicillins and cephalosporins
eRifampin
eAntimicrobial sulfonamides, including trimethoprim-sulfamethoxazole
«Ciprofloxacin and, perhaps to a lesser degree, other quinolones
eDiuretics, including loop diuretics such as furosemide and bumetanide, and
thiazide-type diuretics
«Cimetidine (only rare cases have been described with other H-2 blockers such
as ranitidine)
sAllopurinol
oProton pump inhibitors (PPls) such as omeprazole and lansoprazole
e5-aminosalicylates (eg, mesalamine)
eAnticancer drugs, such as immune checkpoint inhibitors (ICPi; such
as ipilimumab and nivolumab)
The development of drug-induced AIN is not dose-dependent, and a recurrence or
exacerbation of AIN can occur with a second exposure to the same or a related drug
[30].
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Several studies have shown an association between PPls and AIN [26-29].

(See "Proton pump inhibitors: Overview of use and adverse effects in the treatment of
acid related disorders", section on 'Kidney disease')

AIN can be a common complication among patients with inflammatory bowel diseases
(IBD). In most patients with IBD, AIN has been attributed to treatment with 5-
aminosalicylates [31,32], although AIN has also been described in treatment-naive
patients [33].

Different types of anticancer drugs can cause AIN [34]. AK| has been reported in
approximately 1 to 5 percent of patients receiving an ICPi

(ie, ipilimumab, nivolumab, pembrolizumab, atezolizumab); AIN is the most common
type of kidney pathology in such patients [35-40]. In the largest observational study of
ICPi-associated AKI, 93 percent of the patients biopsied had AIN [39]. Median time of
onset of AKIl was 14 weeks (interquartile range 6 to 37 weeks). A lower baseline
estimated glomerular filtration rate, concomitant use of PPls, and combination therapy
with different ICPis were independently associated with an increased risk of developing
AKI. The vast majority of patients stopped the ICPi (97 percent) and were treated with
glucocorticoids (86 percent). Complete or partial recovery was observed in 85 percent
of patients. Re-introduction of the ICPi led to a recurrence of AKIl in only 23 percent of
patients. Additional details of kidney toxicity related to ICPis are discussed elsewhere.
(See "Overview of toxicities associated with immune checkpoint inhibitors", section on
'Kidney'.)

Infections — Multiple organisms have been associated with AIN

including Legionelia, Leptospira, cytomegalovirus

(CMV), Streptococcus, Mycobacterium tuberculosis, Corynebacterium diphtheriae,
Epstein-Barr virus (EBV), Yersinia, polyomavirus, Enterococcus, Escherichia coli,
adenovirus, Candida, and others [10,13,41-43]. A histologic variant of AIN that is
characterized by granuloma formation has been associated with Mycobacterium, fungi
(histoplasmosis, coccidicidomycosis), bacteria (Brucella, Chlamydia, Francisella),
spirochetes (Treponema), and parasites (Leishmania, Toxoplasma) [44]. However, the
most common etiology of granulomatous interstitial nephritis in westernized countries is
medication-related disease [45]. (See 'Histology' below.)

Initial reports suggested that organisms such as Legionella, Leptospira, CMV,

and Streptococcus primarily invaded organs remote from the kidney and exerted an
inflammatory response in the kidney without invading the kidney [42,43]. However, more
recent reports describe the identification of organism-specific antigens or DNA in kidney
proximal tubule cells of patients with AIN [41,46-48].

Drug-induced AlN is also relatively common among HIV-infected patients, although
infections and immunologic syndromes associated with HIV infection can also induce
AlIN [49,50].

AIN has rarely been reported in patients with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) virus infection. With infection, the AIN may have been
related to medications rather than the viral infection itself [51,52]. AIN has also been
reported after vaccination for SARS CoV-2 although proof of the vaccination as the
etiologic stimulus is unproven [53].

Associated with systemic disease — Numerous systemic disorders have been
associated with AIN. These primarily include SLE, sarcoidosis, and Sjogren's disease.
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In a series of 133 patients with biopsy-proven AIN, of autoimmune etiologies,
sarcoidosis was the most common [13]. (See "Kidney disease in primary Sjégren's
disease" and "Kidney disease in sarcoidosis” and "Lupus nephritis: Diagnosis and
classification", section on 'Tubulointerstitial lesions'.)

Patients with SLE and those with granulomatosis with polyangiitis often have interstitial
nephritis accompanying the characteristic glomerular disease and may rarely present
with AIN, even in the absence of glomerular disease.

Less common causes of AIN include IgG4-related disease [54,55] and
hypocomplementemic tubulointerstitial nephritis [56-58]. IgG4-related disease is a
systemic disorder characterized by the infiltration of multiple organs by a
lymphoplasmacytic infiltrate that is rich in IgG4-positive plasma cells, resulting in diverse
clinical manifestations, including autoimmune pancreatitis, enlarged lacrimal and
salivary glands and periorbital tissue, and tubulointerstitial nephritis [54,59-65].

(See "Clinical manifestations and diagnosis of IgG4-related disease™.)

Rare causes of AIN include antitubular basement membrane (TBM) antibodies [66-68],
interstitial infiltration by immunoglobulin M (IgM)-positive plasma cells [69], and
myelodysplastic syndrome [70]. In anti-TBM mediated AIN, anti-TBM antibodies lead to
linear staining with immunoglobulin along the TBMs on immunofluorescence
microscopy [66-68,71]. This can occur in the presence or absence of concurrent anti-
glomerular basement membrane antibodies [66,67] and has been described in patients
with membranous nephropathy [71] (see "Membranous nephropathy: Pathogenesis and
etiology" and "Anti-GBM (Goodpasture) disease: Pathogenesis, clinical manifestations,
and diagnosis"”, section on 'Kidney biopsy'). IgM plasma cell-mediated AIN is
characterized by diffuse interstitial infiltration by IgM-positive plasma cells [69]. The
clinical findings include a mild-to-moderate kidney function impairment and a high
prevalence of distal renal tubular acidosis, Fanconi syndrome, and antimitochondrial
antibodies. Serum IgM levels are markedly elevated. Corticosteroid treatment may lead
to kidney function improvement in some patients.

Tubulointerstitial nephritis and uveitis (TINU) syndrome — Some patients with
interstitial nephritis have the TINU syndrome. Patients present with interstitial nephritis
and uveitis and occasionally with systemic findings including fever, weight loss, fatigue,
malaise, anorexia, asthenia, abdominal and flank pain, arthralgias, myalgias, headache,
polyuria, and/ocr nocturia. The TINU syndrome is discussed elsewhere.

(See "Tubulointerstitial nephritis and uveitis (TINU syndrome)".)

Older patients — There may be differences in the distribution of underlying causes of
AIN among older and younger patients. In one review, patients 65 years and older were
more likely to have drug-induced AIN compared with patients aged 18 to 64 years (87
versus 64 percent), and less likely to have AIN related to autoimmune or systemic
diseases (7 versus 27 percent) [72]. There is no known biologic reason for this
predilection, which is most likely related to polypharmacy in older individuals. The most
common causative agents among older patients were penicillin and omeprazole.

A rare type of AIN in older patients is antibrush border antibody (ABBA) disease, which
is caused by circulating antibodies reactive with megalin, an antigen present in the
proximal tubule [73-75]. Most patients are elderly men who present with AKI and
subnephrotic proteinuria. Concurrent pathelogies are frequently identified (eg, diverse
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glomerular and systemic diseases, malignancies, monoclonal paraproteinemia). Renal
biopsy shows IgG staining along tubular basement membranes as a distinctive feature.
The prognosis is poor, although some cases respond to immunosuppression.

EPIDEMIOLOGY

AlN is demonstrated in 1 to 3 percent of all kidney biopsies [76,77]. When analysis is
restricted to biopsies performed in the setting of acute kidney injury (AKI), the
percentage rises to approximately 13 to 19 percent [77,78].
Some studies suggest that the incidence of AIN is increasing, particularly among older
subjects [13,72,77]. The reasons for this change are complex and difficult to assess but
may include an aging population base, increasing polypharmacy (including nonsteroidal
antiinflammatory drugs [NSAIDs] and proton pump inhibitors [PPIs]) in older people, and
an increasingly less restrictive policy of kidney biopsies in older patients with AKI. The
true incidence of AIN may also be underestimated for the following reasons [26]:
»A confirmatory kidney biopsy is often not done in older and frail patients;
empirical treatment is often preferred.
o The prevalence of AIN caused by PPls, 5-aminosalicylates, and NSAIDs and
often without obvious associated symptoms is increasing [26]. Skin rash and
eosinophilia are significantly less common with these drugs than in antibiotic-
induced AIN. (See 'Clinical manifestations' below.)

CLINICAL FEATURES

Clinical manifestations — With AIN from any cause, patients may present with
nonspecific signs and symptoms of acute kidney dysfunction. These may include the
acute or subacute onset of nausea, vomiting, and malaise. However, many patients are
asymptomatic [10]. Patients may be oliguric or nonoliguric; in a retrospective study that
included 60 cases of AIN (92 percent of which were drug induced, with the remainder
idiopathic), oliguria was present among 51 percent [11]. Gross hematuria occurs in
approximately 5 percent of individuals [11].
Patients usually do not have significant proteinuria, and nephrotic syndrome occurs in
<1 percent of patients with AIN [11]. An exception occurs among patients who have
nonsteroidal antiinflammatory drug (NSAID)-induced AIN, which may occur concurrently
with NSAID-induced membranous nephropathy or minimal change disease.
(See 'NSAID-induced AIN and nephrotic syndrome' below and "Membranous
nephropathy: Pathogenesis and etiology", section on 'Drugs’.)
Patients may present with symptoms related to the cause of the AIN. Classically,
patients with drug-induced AIN were reported to have symptoms and/or signs of an
allergic-type reaction, including rash, fever, and eosinophilia [79]. However, in a more
recent review of three series that totaled 128 patients with AIN (of whom 70 percent had
drug-induced disease), these findings of a typical allergic response were relatively less
common at presentation [9]:

eRash — 15 percent

sFever — 27 percent
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oEosinophilia — 23 percent

o Triad of rash, fever, and eosinophilia — 10 percent
A similar incidence of findings was reported in two retrospective series, which collected
a total of 121 patients [80,81]. Rash, fever, eosinophilia, and the triad were observed in
22, 36, 35, and 11 percent, respectively [11]. Arthralgias were observed in 45 percent of
the patients [11].
Thus, the originally described classic triad is less commonly observed than initially
reported. This is probably due to the absence of cases of methicillin-induced AIN and
(perhaps) the increased inclusion of cases not directly resulting from an allergic
response [10]. In addition, some agents, such as NSAIDs and proton pump inhibitors
(PPls), are less commonly associated with fever, rash, and eosinophilia compared with
other agents [81,82].
There is no typical range of time of onset for medication-induced AIN. The onset of
drug-induced AIN following drug exposure may range from three to five days (as occurs
with a second exposure to an offending drug), to as long as several weeks, to many
months (as occurs following a first exposure to an offending drug) [2,3]. However, the
latent period from initial drug exposure may be as short as one day with rifampin [3] or
as long as 18 months with an NSAID [82].
Patients who have AIN that is not related to a drug may have symptoms related to an
associated infection or systemic condition such as systemic lupus erythematosus (SLE),
sarcoidosis, the tubulointerstitial nephritis with uveitis (TINU) syndrome, and Sjégren's
disease. (See "Tubulointerstitial nephritis and uveitis (TINU syndrome)"” and "Kidney
disease in primary Sjégren's disease" and "Kidney disease in sarcoidosis" and "Lupus
nephritis: Diagnosis and classification”, section on 'Tubulointerstitial lesions'.)
Patients with immunoglobulin G4 (lgG4)-related interstitial nephritis may have extrarenal
signs and symptoms. In a series of 23 patients, nonspecific symptoms such as fever,
arthralgias, skin lesions, and edema were present in three, five, one, and two patients,
respectively [63]. Overall, 96 percent of patients with lgG4-related AIN had extrarenal
lesions, including sialadenitis in 19 (82 percent), lymphadencpathy in 10 (44 percent),
autoimmune pancreatitis in 9 (39 percent), dacryoadenitis in 7 (30 percent), and lung
lesions (interstitial pneumonia and nodular lesions) in 6 (26 percent) [63]. In another
study that included 118 patients with IgG4-related interstitial nephritis, extrarenal
involvement by IgG4-related disease was present in 79 percent [83]. The most common
extrarenal organs/tissues involved were the pancreas (40 percent), liver/biliary tract (18
percent), salivary glands (17 percent), lung (16 percent}, and retroperitoneum
(retroperitoneal fibrosis; 9 percent).
Laboratory and radiographic findings — In general, patients with AIN present with
some combination of the following laboratory findings, with some variation based upon
the underlying cause [2-4,9,801]:

elncreased plasma creatinine — Virtually all patients have a rise in the plasma

creatinine concentration on presentation [80,81]. If AIN is drug induced, the

increase in creatinine is temporally related to administration of the offending drug.

Acute kidney injury (AKI) may be severe; in two retrospective series, among 121

patients who presented with AIN, 40 percent required dialysis [80,81].

oEosinophilia and eosinophiluria — Although eosinophilia (defined by an absolute

blood eosinophil count of 2500 eosinophils/microl) is only found in 25 to 35
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percent of AIN cases [9,11,80,81], its finding in a patient with AKI with no other
apparent cause should raise the suspicion of drug-induced AIN. Eosinophiluria,
defined by eosinophils that account for more than 1 percent of urinary white cells
by Hansel stain [5,84], has been associated with AIN [85]. However, urinary
eosinophils are not useful in distinguishing AIN from other causes of AKIl, and the
absence of eosinophiluria does not exclude the possibility of AIN. The lack of
clinical utility of eosinophils in diagnosing AIN was best shown in a retrospective
study that correlated urinary eosinophils with biopsy-proven AIN [86]. Five-
hundred sixty-six patients had both a kidney biopsy and a test for urinary
eosinophils performed for AKI. Among 179 patients who had a positive test for
urinary eosinophils (defined as 21 percent of urinary white cells), only 28 had AIN
on biopsy. Conversely, among 387 patients who had a negative test for
eosinophils, 63 had biopsy-proven AIN. In this study, urinary eosinophils were
found in multiple other kidney diseases, including acute tubular necrosis and
crescentic and proliferative glomerulonephritis, and their presence did not alter the
pretest probability of AIN on biopsy.

Some reports [81,82], though not all [86], have suggested that eosinophilia and
eosinophiluria are less common in AIN induced by NSAIDs compared with other
drugs.

»A characteristic urine sediment — The urine sediment usually reveals white cells,
red cells, and white cell casts (picture 1A-B). Red blood cell casts, which are
typically seen in glomerulonephritis, have also been described in AIN, although
this is rare [87]. Some patients will, however, have no urinary sediment findings or
isolated microhematuria and leukocyturia. The absence of urinary findings does
not exclude a diagnosis of AIN.

oA variable degree of proteinuria — Proteinuria can range from none or minimal to
>1 g/day. In two retrospective series that included a total of 121 patients, the
mean and median protein excretions were 0.9+1.1 g/day (range 0 to 6 g/day) and
0.70 g/day (interquartile range 0.39 to 1.0 g/day), respectively [80,81]. Older
individuals may be more likely to have significant proteinuria [78].

Occasional patients will have nephrotic-range proteinuria [2,3,11]. Concurrent
nephrotic syndrome due to minimal change disease or membranous nephropathy
can rarely be seen with NSAIDs and, in selected cases, induced

by ampicillin, rifampin, interferon, or ranitidine [11,24,82,88,89]. In one study cited
above, however, although proteinuria was significantly higher among NSAID-
induced AIN as compared with other types of drug-induced AIN, nephrotic-range
proteinuria was rare [81]. In addition, although these and other drugs may induce
heavy proteinuria [14], an underlying disease (such as diabetic nephropathy or
glomerulonephritis due to bacterial endocarditis) may be responsible for at least
part of the proteinuria in some patients.

«Evidence of tubulointerstitial damage — Signs of tubulointerstitial damage, such
as the Fanconi syndrome and renal tubular acidosis, may be present but rarely
dominate the clinical picture [25].

oHigh fractional sodium excretion — The fractional excretion of sodium (FENa) may
be >1 percent, which is in part indicative of tubular damage [2]. Calculators for the
FENa are available using either standard units (calculator 1) or Sl units (calculator



2) (see "Fractional excretion of sodium, urea, and other molecules in acute kidney
injury", section on 'Approach to using fena in acute kidney injury'). However, lower
values may be seen, particularly in patients who are nonoliguric and have less
severe kidney failure [90,91].

sRadiographic findings — There are no radiographic findings that are diagnostic for
AIN. Radiographic findings, including marked enlargement of kidneys with low-
attenuation lesions, may be seen among patients with IgG4-related AIN [55].

Microbiologic features unique to different culprit organisms are presented separately.
(See appropriate topic reviews.)

IgG4-related disease and hypocomplementemic interstitial nephritis — In addition
to the above findings, patients with immunoglobulin G4 (IgG4)-related disease or
hypocomplementemic interstitial nephritis usually have elevated serum total IgG and/or
IgG4 levels or hypergammaglobulinemia and may have low serum complement
concentrations [63,92]. In one series of IgG4-related tubulointerstitial nephritis, among
23 patients, complement C3, C4, or both were reduced in 16 [63]. In another study that
included 118 patients with IgG4-related interstitial nephritis, elevated IgG4 levels were
present in approximately 80 percent and low C3 or C4 was present in approximately 60
percent of patients who had available laboratories [83].

DIAGNOSIS

AIN should be suspected in a patient who presents with an elevated serum creatinine
and a urinalysis that shows white cells, white cell casts, and, in some cases,
eosinophiluria. Red blood cells and, rarely, red blood cell casts can be also observed
[23,94], although gross hematuria is distinctly unusual. Drug-induced AIN should be
suspected when the onset of characteristic laboratory findings is temporally related to
the initiation of a new drug, particularly one that has been previously reported to cause
AIN. However, occasional patients have a bland sediment with few cells or casts [18].
Thus, a relatively normal urinalysis should not exclude the diagnosis.

A definitive diagnosis of AIN is made by kidney biopsy. It is often considered
unnecessary to make a definitive diagnosis, such as among patients who have clearly
documented onset of kidney failure after initiation of a common culprit drug and who
improve immediately upon stopping the offending agent.

We suggest a kidney biopsy for the following patients who are suspected of having AIN:

sPatients who have a characteristic urinalysis for AIN but are not being treated
with a drug known to cause AIN.

oPatients who are being treated with a drug known to cause AIN but do not have a
characteristic urinalysis. Some of the drugs that cause AIN can alse preduce other
forms of acute kidney injury (AKI). As an example, nonsteroidal antiinflammatory
drugs (NSAIDs) can exacerbate prekidney disease by inhibiting the production of
vasodilator prostaglandins [82]. (See "NSAIDs: Acute kidney injury".)
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oPatients who are being considered for treatment with glucocorticoids for AIN
(usually drug induced). Among selected patients (such as those at high risk of
complications of a biopsy or who do not wish to undergo a biopsy), glucocorticoids
may be initiated without first obtaining a kidney biopsy. However, among patients
who do not improve after the first five to seven days of empiric glucocorticoid
therapy, those without contraindications should have a biopsy in order to exclude
other diagnoses or severe interstitial fibrosis. (See "The kidney biopsy", section on
'‘Contraindications' and "Treatment of acute interstitial nephritis".)

sPatients with putative drug-related AIN who are not treated with glucocorticoids
initially and do not have a recovery following cessation of drug therapy [2,80]. We
typically perform a kidney biopsy approximately two weeks after cessation of the
offending drug if there has been no improvement in the kidney function over that
time. However, clinicians wait a variable amount of time to allow for recovery
before performing a biopsy. Some wait for three to four days, whereas others wait
until the patient is approaching the need for kidney replacement therapy.

«Patients who present with advanced kidney failure, providing the onset of kidney
failure is known to be relatively recent (ie, within three months).

sPatients with any features (such as high-grade proteinuria) that cause the
diagnosis of AIN to be uncertain.

Patients who have a characteristic urinalysis for AIN but do not have an elevated
creatinine may also be considered for biopsy, but such patients rarely come tc medical
attention since the urinalysis is usually only performed after the detection of an
increased serum creatinine. Moreover, it is usually simpler and safer just to remove
potential offending medications in such cases.

Prediction models have been created to diagnose AIN from the electronic medical
record [95,96]. However, the role of such models in clinical care is currently unclear.,

The approach to the treatment of patients diagnosed with AIN, tubulointerstitial nephritis
with uveitis (TINU), and kidney sarcoidosis is presented separately.

*(See "Treatment of acute interstitial nephritis".)

o(See "Kidney disease in sarcoidosis”.)

«(See "Tubulointerstitial nephritis and uveitis (TINU syndrome)".)
Histology — The major histologic changes are interstitial edema and a marked
interstitial infiltrate consisting primarily of T lymphocytes and monocytes (picture 2A-E)
[2,9]. Eosinophils, plasma cells, and neutrophils also may be found. The classic lesion
of "tubulitis" is found when inflammatory cells invade the tubular basement membrane
(TBM).
Some histologic features may suggest particular variants of AIN. As an example,
granuloma formation is particularly characteristic of sarcoidosis, although it may be
seen in any form of AIN [S7]. In some series, granuloma formation also suggests a
greater likelihood of infection-induced AIN compared with AIN without granulomas. In a
review of 40 biopsies of patients with granulomatous kidney disease (including 37
patients with interstitial nephritis, two with associated pauci-immune crescentic
glomerulonephritis, and one with vasculitis), sarcoidosis was present in 20 patients (50
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percent) and drug-induced and Mycobacterium infection present in seven (18 percent)
and five (13 percent), respectively [98]. However, in a number of other series,
medication-induced interstitial nephritis was the leading cause of granulomatous
interstitial nephritis, equaling or exceeding sarcoidosis in all.

Infection is a more likely etiology in areas where infections associated with
granulomatous disease are more common than in westernized countries [45]. As
described above, other infections that have been associated with granulomatous AIN
include fungi (histoplasmosis, coccidioidomycosis), bacteria {Brucella, Chlamydia,
Francisella), spirochetes ( Treponema), and parasites (Leishmania, Toxoplasma) [44].
(See 'Infections' above.)

Characteristic features that suggest immunoglobulin G4 (IgG4)-related disease include
a plasma cell-rich interstitial infiltrate, storiform interstitial fibrosis, an increase in IgG4-
positive plasma cells, and the presence of TBM immune complex deposits [55,83]. A
small proportion of patients with IgG4-related interstitial nephritis also have
membranous nephropathy (MN): in a study of 118 patients with IgG4-related interstitial
nephritis, 13 patients (11 percent) were found to have concomitant MN [83].

Patients with interstitial nephritis related to lupus usually have concurrent glomerular
lesions. (See "Lupus nephritis: Diagnosis and classification", section on 'Clinical
features’ and "Lupus nephritis: Diagnosis and classification”, section on 'Histopathologic
classification of LN' and "Lupus nephritis: Diagnosis and classification", section on
'Other forms of lupus kidney disease’.)

Differential diagnosis — The differential diagnosis of AIN includes all other causes of
AKI. The diagnostic approach to the patient with AKI from any cause is presented
elsewhere. (See "Diagnostic approach to adult patients with subacute kidney injury in an
outpatient setting".)

In general, the urinary findings will help distinguish AIN from other causes of AKI. The
urinalysis, for example, typically shows granular and epithelial cell casts and free
epithelial cells in acute tubular necrosis; red cell casts, as well as red and white cells in
acute glomerulonephritis; and few, if any, abnormalities in hemodynamic AKI or
obstruction.

Among patients with a predominance of white blood cells and white blood cell casts,
renal atheroemboli should be considered, particularly among older patients [99].
Similarly to AIN, renal atheroemboli may present with eosinophiluria, eosinophilia, and
skin lesions. However, atheroemboli are more commonly associated with a reticular
pattern (livedo reticularis) and digital infarcts, whereas AlIN is associated with a
characteristic rash that is diffuse and maculopapular. The history may also distinguish
between AIN and renal atheroemboli. Many atheroemboli occur in the setting of
atherosclerotic cardiovascular disease and are preceded by an endovascular
procedure. (See "Clinical presentation, evaluation, and treatment of renal
atheroemboli" and "Clinical presentation, evaluation, and treatment of renal
atheroemboli”, section on 'Risk factors'.)

Among patients who have a completely negative sediment, as in all patients with AKI| of
obscure origin, obstruction should be considered as part of the differential diagnosis.
Imaging studies {usually an ultrasound) generally exclude the presence of obstruction,
except in rare cases when the diagnosis of AKI is made within the first two to three days
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(see "Clinical manifestations and diagnosis of urinary tract obstruction (UTO) and
hydronephrosis"). In all patients, imaging should be done prior to kidney biopsy.
Novel noninvasive biomarkers such as tumor necrosis factor-alpha, interleukin-9, the
urine ratio of retinol-binding protein-to-creatinine, and the urinary protein CXCL9 may
help distinguish AIN from other diagnoses [100-102]. However, the role of such
biomarkers in clinical care is currently unclear.

ESTABLISHING THE CAUSE

Once a diagnosis of AIN is made by biopsy, the underlying cause should be
determined. As discussed above, the vast majority of cases of AIN are caused by a
drug. A careful review of medications, including the timing of initiation in relation to the
onset of acute kidney injury (AKI}, may reveal the likely culprit agent.

Less commonly, a drug is not identified or suspected. Among such patients, a histologic
diagnosis of AIN should provoke a search for underlying infection and systemic
disorders including systemic lupus erythematosus (SLE), sarcoidosis, Sjégren's
disease, tubulointerstitial nephritis and uveitis (TINU) syndrome, IgG4 disease, and
antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis.

In some cases, histologic features may suggest the underlying disease that is
associated with AIN. As an example, granulomas are more likely to be seen in patients
with sarcoidosis than in other forms of AIN. Additionally, AIN related to SLE may be
accompanied by characteristic glomerular lesions. Immunoglobulin G4 (IgG4)-related
disease may be suggested by the presence of tubular basement membrane (TBM)
immune complex deposits and an increase in immunoglobulin G4 (IgG4)-positive
plasma cells in the interstitium [55]. However, testing for IgG-4 specific plasma cells is
not routinely performed at most centers.

Such histologic features, although often suggestive, are not diagnostic, and, in general,
the etiology of non-drug-related AIN must be established by means other than the
kidney biopsy. Among patients who have AIN that is not believed to be related to a
drug, we perform the following tests:

+Chest radiograph to evaluate for sarcoidosis, tuberculosis, and other infections.
Among patients in whom the chest radiograph is nondiagnostic, a high-resolution
chest computed tomography (CT) should be obtained to evaluate for sarcoidosis.
o«Serum levels of angiotensin-converting enzyme (ACE) and measurement of
serum calcium and urinary calcium excretion to evaluate for sarcoidosis.

eSerum QuantiFERON gold test or a purified protein derivative (PPD) to exclude
tuberculosis, particularly in granulomatous AIN.

sSerologic tests, in select cases, to exclude histoplasmosis, coccidioidomycosis,
toxoplasmosis, and Epstein-Barr virus (EBV). Urinary antigen test to

exclude Legionella infection and urine culture to exclude leptospirosis.

«ANCA to exclude ANCA-associated vasculitides.



eAntinuclear antibody (ANA) and double-stranded DNA (dsDNA) to exclude SLE.
+C3 and C4 to evaluate for SLE and IgG4-related disease and
hypocomplementemic AIN. These tests, however, neither diagnose nor exclude
these disorders.

oAnti-Ro/SSA, anti-La/SSb antibodies, C-reactive protein, and rheumatoid factor
to exclude Sjégren's disease.

sSerum protein electrophoresis.

oSlit lamp examination in patients with eye pain or redness to evaluate for
tubulointerstitial nephritis and uveitis (TINU syndrome).

sThe diagnostic evaluation of a particular infection-related AIN should be guided
by extrarenal clinical manifestations.

NSAID-INDUCED AIN AND NEPHROTIC SYNDROME

Nonsteroidal antiinflammatory drugs (NSAIDs) may cause AIN with an interstitial
infiltrate composed primarily of T lymphocytes, and with the nephrotic syndrome due to
minimal change disease or membranous nephropathy [82,103-105].

This disorder is most likely to occur with fenoprofen but probably can be induced by any
nonselective NSAID. There have also been case reports of selective cyclooxygenase
(COX}-2 inhibitors also being associated with this pattern of injury [21,106,107].

How NSAIDs produce AIN and nephrotic syndrome are not known; it is possible that
COX inhibition by the NSAID results in the preferential conversion of arachidonic acid to
leukotrienes, which can then activate helper T cells.

Affected patients typically present with hematuria, pyuria, white cell casts, proteinuria,
and an acute rise in the plasma creatinine concentration. The full picture of an allergic
reaction (fever, rash, eosinophilia, and eosinophiluria) is typically absent, but one or
more of these findings may be present. Spontaneous recovery generally occurs within
weeks to a few months after therapy is discontinued [82,103]. All NSAIDs should be
terminated in patients suspected of having NSAID-induced AIN. Since topically
administered NSAIDs can be systemically absorbed, such therapy should also be
terminated [108].

There is no definitive evidence that corticosteroid therapy is beneficial in this setting.
However, a course of prednisone may be considered in patients whose kidney failure
persists more than one to two weeks after the NSAID has been discontinued [2].

(See "Treatment of acute interstitial nephritis".)

Such patients should avoid the subsequent administration of NSAIDs. Relapse may
occur with rechallenge [109].

SOCIETY GUIDELINE LINKS

Links to society and government-sponsored guidelines from selected countries and
regions around the world are provided separately. (See "Society guideline links: Acute
kidney injury in adults".)
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INFORMATION FOR PATIENTS

UpToDate offers two types of patient education materials, "The Basics" and "Beyond
the Basics." The Basics patient education pieces are written in plain language, at the
5n to 6v grade reading level, and they answer the four or five key questions a patient
might have about a given condition. These articles are best for patients who want a
general overview and who prefer short, easy-to-read materials. Beyond the Basics
patient education pieces are longer, more sophisticated, and more detailed. These
articles are written at the 10 to 12+ grade reading level and are best for patients who
want in-depth information and are comfortable with some medical jargon.

Here are the patient education articles that are relevant to this topic. WWe encourage you
to print or e-mail these topics to your patients. (You can also locate patient education
articles on a variety of subjects by searching on "patient info" and the keyword(s) of
interest.)

sBasics topic (see "Patient education: Acute interstitial nephritis (The Basics)™
SUMMARY AND RECOMMENDATIONS

»Overview — Acute interstitial nephritis (AIN) is a kidney lesion that causes a
decline in kidney function and is characterized by an inflammatory infiltrate in the
kidney interstitium. Drugs, particularly antibiotics, are the most common cause of
AIN. Cther causes include autoimmune disorders, infections, sarcoidosis, and
tubulointerstitial nephritis with uveitis (TINU) syndrome. (See 'Infroduction’ above.)
oEtiology

*Drugs — Drugs that most commonly cause AIN are nonsteroidal

antiinflammatory drugs (NSAIDs, including selective cyclooxygenase [COX]-2

inhibitors), penicillins and cephalosporins, rifampin, antimicrobial

sulfonamides, ciprofloxacin and other quinolones,

diuretics, cimetidine, allopurinol, proton pump inhibitors (PPls), 5-

aminosalicylates (eg, mesalamine), and checkpoint-inhibiting monoclonal

antibodies. Many other drugs can occasionally cause AIN.

(See Drugs' above.)

*Infections — Infections that have been associated with AIN

include Legionella, Leptospira, cytomegalovirus (CMV), and Streptococcus.

Other, less commonly associated organisms include Corynebacterium

diphtheriae, Epstein-Barr virus (EBV), Yersinia, and

polyomavirus. Mycobacterium infection is associated with a granulomatous

variant of AIN. (See 'Infections’ above.)

*Autoimmune disorders — Autoimmune disorders that have been associated

with AIN include sarcoidosis, Sjégren's disease, systemic lupus erythematosus

(SLE), and granulomatosis with polyangiitis. Less common causes of AIN are

immunoglobulin G4 (IgG4)-related disease, anti-tubular basement membrane
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(TBM) antibodies, hypocomplementemic tubulointerstitial nephritis, and the
TINU syndrome. (See 'Associated with systemic disease' above.)
«Clinical features
«Clinical manifestations — Patients with AIN present with nonspecific signs
and symptoms associated with acute kidney injury (AKIl). Signs and symptoms
of an allergic-type reaction may be present, including rash, fever, and
eosinophilia, although only 10 percent of patients have the full triad of rash,
fever, and eosinophilia. {See 'Clinical manifestations' above.)
*Laboratory findings — Patients generally present with a rise in the plasma
creatinine concentration, which (if drug induced) is temporally related to
administration of the offending drug. Urine sediment usually reveals white
cells, red cells, and white cell casts. Urinary eosinophils may be present but
lack the specificity and sensitivity to either exclude or diagnose AIN. Protein
excretion is usually only mildly or moderately increased. (See 'Laboratory and
radiographic findings' above.)
eDiagnosis — AIN should be suspected in a patient who presents with an elevated
serum creatinine and a urinalysis that shows white cells, white cell casts, and, in
some cases, eosinophiluria. Drug-induced AIN should be suspected when the
onset of characteristic laboratory findings are temporally related to the initiation of
a new drug, particularly one that has been previously reported to cause AIN. A
definitive diagnosis of AIN is made by kidney biopsy. Selected patients with
suspected AIN will benefit from kidney biopsy. (See 'Diagnosis' above.)
sEstablishing the cause — Patients who have a histologic diagnosis of AIN and
are not on a drug known to cause AIN should be evaluated for another underlying
etiology. (See 'Establishing the cause' above.)
Use of UpToDate is subject to the Terms of Use.
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Introduction: Acute interstitial nephritis (AIN) is a significant cause of acute kidney injury, with varying
etiologies and outcomes. This study aimed to examine the causes, clinical characteristics, management,
and kidney outcomes in patients with biopsy-confirmed AIN.

Methods: A retrospective review was conducted on 166 patients diagnosed with AIN through kidney bi-
opsy at Mayo Clinic between 2012 and 2023. Demographic, clinical, laboratory, and pathological data were
collected. The primary outcome was kidney function recovery within the first 6 months. Statistical analyses
included univariable and multivariable logistic regression, Kaplan-Meier survival analysis, and Cox pro-
portional hazards modeling.

Results: Medications were the primary cause of AIN (67%), followed by autoimmune diseases (20%) and
infections (6%). Within 6 months, 76% of patients achieved kidney recovery. Multivariable analysis indi-
cated that moderate to severe interstitial fibrosis and tubular atrophy (IFTA) and dialysis requirement were
associated with nonrecovery, whereas a prebiopsy diagnosis of AIN was positively associated with kidney
recovery. Drug-related AIN had higher recovery rates compared to all other causes (81% vs. 66%, P= 0.04),
and moderate to severe IFTA and dialysis need remained significant predictors of decreased recovery.
Steroid therapy, used in 81% of patients, did not significantly influence kidney recovery in the overall
cohort or in drug-induced AIN.

Conclusion: This study provides insights into the characteristics and outcomes of biopsy-confirmed AIN.
IFTA and dialysis requirement were significant factors associated with worse kidney outcomes. These

findings may help inform clinical management and prognostication in patients with AIN.
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IN is a significant and potentially reversible cause

of acute kidney injury, particularly among hos-
pitalized individuals, accounting for 15% to 27% of
cases."” Whereas some patients experience full recov-
ery of kidney function, a considerable proportion,
ranging from 30% to 70% may not achieve complete
recovery and instead progress to chronic kidney dis-
ease (CKD).” Studies show that individuals with biopsy-
confirmed AIN have a 5% to 7% risk of advancing to
end-stage kidney disease (ESKD), requiring dialysis.*”
The etiology of AIN is diverse, with drugs impli-
cated in over two-thirds (70%—75%) of cases, followed
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by autoimmune diseases {10%—20%), and infections
(4%-10%).>” Consequently, the clinical, laboratory,
and histopathological presentations of AIN can vary
significantly.® Treatment typically involves the cessa-
tion of any offending agents and the administration of
immunosuppressive therapy, mainly stercids, although
the efficacy of this regimen is currently under
debate.">>*"" The clinical management of patients
with AIN presents significant challenges due to its
frequently uncharacteristic and atypical manifestations
in many cases. It remains unclear whether specific
clinical and laboratory characteristics can predict
response to steroids and improved kidney outcomes,
An in-depth exploration of the clinicopathological at-
tributes, including the effects of steroid therapy and
kidney outcomes, is critically needed.

In this retrospective analysis, we explored the eti-
ology, clinical presentation, histopathological features,

Kidney International Reports (2024) 9, 3542-3552
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laboratery findings, and steroid treatment in a cohort
of 166 patients diagnosed with biopsy-confirmed AIN
over the past 10 years. Our aim was to pinpoint
prognostic indicators associated with kidney outcomes.

METHODS

Study Population

This study was approved by the Institutional Review
Board of Mayo Clinic. We conducted a retrospective
chart review of patients diagnosed with biopsy-
confirmed AIN at Mayo Clinic between January 1,
2012, and December 31, 2023. We used Mayo Data
Explorer to search and identify eligible patients in
Renal Pathology Laboratory database. Subsequently,
we manually reviewed kidney pathology reports to
confirm AIN diagnosis. The study excluded patients
aged <18 years, those diagnosed with glomerulone-
phritis or primary vascular disease, and those with
transplant biopsies.

Data Collection

We reviewed and collected demographic, clinical,
laboratery, and pathological data. A pathologic diag-
nosis of AIN is based on the presence of prominent
interstitial inflammation in the nonfibrotic cortex and
tubulitis.' Biopsy time was established as the baseline.
Leukocytosis was defined by a leukocyte count greater
than 10.5 X 10°/L, eosinophilia was defined by an
eosinophil count exceeding 0.5 x 10°/L, and eosino-
philuria was defined by more than 1% urine eosino-
phils. The estimated glomerular filtration rate was
calculated using the CKD-Epidemiology Collaboration
formula, expressed in ml/min per 1.73 m®

Kidney Outcomes

The primary outcome assessed was the recovery of
kidney function, determined by the available serum
creatinine (sCr) measurement within the first 6 months.
Complete recovery was achieved when the sCr level
returns to within 25% of its baseline or to below 1.4
mg/d] if the baseline is unknown. Partial recovery was
defined as a reduction in sCr by at least 50% from its
peak, without returning to within 25% of the baseline.
No recovery included cases that did not meet the
criteria for complete or partial recovery or those
remaining on kidney replacement therapy.

The secondary outcome, evaluated at the 6-month
follow-up, included normal kidney function, progres-
sion to CKD, and ESKD. Normal kidney function was
characterized by a final sCr level < 1.4 mg/d], pro-
gressive CKD by an sCr level = 1.4 mg/dl, and ESKD if
the patient continued on dialysis therapy or had
received a kidney transplant. The definitions for kid-
ney recovery and secondary kidney outcomes in this

Kidney International Reports {2024) 9, 3542-3552
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study aligned with those used in our institution's
previous study, which covered the period from 1993 to
2011," to facilitate a comparison of AIN outcomes be-
tween the 2 timeframes.

Statistical Analysis

Data were expressed as either mean & SD or median
with interquartile range for continuous variables, and as
counts with percentages for categorical variables. Cate-
gorical characteristics between groups were compared
using either Fisher exact test or chi-square test. For
continuous variables, the ¢ test or Wilcoxon rank sum
test was employed for comparisons between 2 groups,
whereas 1-way ANOVA was used to assess differences
across multiple groups. Kidney recovery was analyzed
using Kaplan-Meier survival analysis. Univariable and
multivariable logistic regression analyses were con-
ducted to identify factors associated with kidney re-
covery. In addition, a Cox proportional hazards model
was employed to assess the association between steroid
treatment and kidney recovery. Results from the logistic
and Cox models were presented as odds ratios and
hazard ratios with 95% confidence intervals (CI),
respectively. Statistical significance was set at P < 0.05.
Statistical analyses were carried out using JMP Pro
software, version 14.3.0 (SAS Institute Inc., NC).

RESULTS

Comparative clinical characteristics of patients
achieving versus those not achieving kidney recovery
within 6 months.

A total of 166 patients with AIN were identified in
this study. In Table 1, we display the demographic and
clinical data for the entire cohort. The average age was
59 = 17 years, with approximately half being male. The
incidence of rash, fever, and oliguria was notably low
within the cohort, affecting less than 16% of patients.
Only 2 patients exhibited the triad of these symptoms,
representing 1.2% of the study group.

Within the cohort, a significant portion of the pa-
tients (76%; 126 out of 166} experienced kidney re-
covery either complete (n = 85) or partial (r = 25), with
a median recovery time of 1.7 months. Approximately
18% of patients in the nonrecovery group had an un-
known cause of AIN, a proportion significantly larger
than the 6% observed in the recovery group (P =
0.05). The baseline sCr did not differ between those
who recovered and those who did not (1.2 £ 0.5 vs. 1.4
£ 0.7, P = 0.58). Compared to patients with recovery,
those without recovery had a higher incidence of
moderate to severe IFTA (59% vs. 22%, P < 0.001) and
global glomerulosclerosis (44% vs. 17%, P = 0.003),
presence of granulomas (33% vs. 17%, P =0.04}, and a
need for dialysis (40% vs. 7%, P < 0.001); however,
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Table 1. Clinical, laboratory, histopathological, and treatment comparisons in the entire acute interstitial nephritis cohart: recovery versus
nonrecovery

Characteristics All patlents (¥ = 166) Recovery (n = 126)" Nonrecovery (n = 40) Pvalue
Age at the blopsy (yr) 58.6 £ 17.0 59.0 +16.7 56.4 +17.6 0.78
Male sex, n (%) 83 (49.7) 63 (50.0) 20 (50.0) >0.99
Whiie race, 1 (%)° 152 (93.2) 122 (97.6) 30 (79.0) <0.001
BMI (kg/m?) 296 £77 206170 2951908 0.63
Comorbidities, 17 (%) 168 (86.2) 119 (84.9) 39 (87.5) 0.68
Prebiopsy AIN diagnosis, n (%) 130 (78.3) 106 (84.1) 24 (60.0) 0.003
Causes of AIN
Drug-related, 7 (%) 111 (86.9) 90 (71.4) 21 (62.5) 0.03
Aukimmung-felatad, n (%) 33 (19.9) 27 (21.4) 8 (15.0) 0.49
Infection-related, n (%) 10 (8.0) 6 (4.9) 4(10.0) 0.52
Unknown, 7 (%) 15 (9.0) 8 (6.4) 7175) 0.06
Other, n (%) 424 2(1.8) 2 (5.0) na
Multiplo couses, 7 (%) 7(4.2) 7 (5.6 0 hy
Clinleal presantation
Rash, 1 (%) 21 (12.7) 16 (12.7) 5 (12.5) >0.99
Fevar, 17 (%) 23 (13.9) 186 (12.7) 7(17.5) 0.44
Oliguria, n (%) 27 (16.3) 16 (12.7) 11 (27.5) 0046
Triad sign, /7 (%) 2(1.2) 2(1.6) 0 >0.99
CKD prior fo biopsy, 1 (%) 59/161 (36.6) 41/123 (33.9) 18/38 (47.4) 013
Baseline sCr (mg/dl) 1.3+05 12 +05 14 £07 0.58

Baseline sCr in GKD (mg/dl) 1.8+ 06 17 £05 1907 0.31

Basgline eGFR in CKD (mlimin per 1.73 m?) 42 (32-50) 42 (33-50) 26 (25- 50) 0.34

Baseline sCr without CKD (mg/dl) 1.0+ 02 10 £02 1.0 £0.12 >0.99

Bassline aGFR without CKD ¢ml/min per 1.73m?) 78 (71-80) 78 (69-89) 79 (74-84) 0.43
Kidney size, 1 137 103 34 0.23

Normal, 7 (%) 123 (89.8) 95 (92.2) 28 (82.4)

Small, 7 (%) 4 (2.9) 2(1.9 2 (6.9)

Large, 7 (%) 10 (@7.3) 6 (6.8) 4(11.8)
AK| stage 165 126 39 0.78

Shige 1 33 (20.0) 26 (20.6) 7080

Sige 2 32 (19.4) 23 (18.3) 9 (23.1)

Siage 3 100 (60.6) 77 (61.1) 23 (59.0)
Kidney biopsy
IFTA, n 163 125 39 <0.001

None, 77 (%) 44 (27.0) 41 (32.8) 30D

Mild, 77 (%) 89 (41.7) 56 (44.8) 13 (33.3)

Modaralg, n (%) 35 (21,5) 23 (18.4) 12 (30.8)

Sovere, 1 (%) 16 (9.8) 5 (4.0) 11 (28.2)
Globally glomerulosclerosls, 7 163 125 39 0.003

None, 1 (%) 77 (41.2) 64 (51.2) 14 (35.9)

Mild, 77 (%) 48 (29.4) 40 (32.0) 8 (20.5)

Moderate, n (%) 26 (16.0) 16 (12.8) 10 (25.6)

Severe, 1 (%) 12 7.4 5(4.0) 7 (18.0)
Granuloma present, 7 (%) 34 (20.5) 21 (16.5) 13 (32.5) 0.04
Laboratory fest
sCr at biopsy (mg/dI) 3.0 2.04.7) 29 2047 3.1 @2.1-6.6) 0.21
Peak sCr (mg/dl) 3.8 (2.5-6.2) 3.8 (2.5-56.9) 4.4 2.3-14) 0.43
Albumin af biopsy (g/dl) 3.7 £074 3.73 £0.76 3.62 + 0.69 0.45
24h profelnura at blopsy (g/24-h) 0.5 (0.2-0.9) 04 (0209 0.6 (0.2-2.2) 0.10
CRP af biopsy (mg/dD) 17.1 (6.0-61.3) 229 (5.9-684) 10.4 (2.9-15.4) 0.02
ESR at biopsy (mm/h) 48 (30-85) 49 (31-92) 35 (17-68) 0.33
Neutrophil count (x 10°9L) 5.2 3.6-7.0) 6.4 (3.6-7.1) 43 2867 0.04
Lymphogyfes count (x 10%1) 1.3 (0.9-1.8) 1.3(1.0-1.8) 1.2 (0.7-1.7) 0.53
Leukocytosis, 77 (%) 31 (18.7) 27 (1.8 4 (10.0) 0.18
Eosinophilia, 7 (%) 22151 (14.6) 19/118 (16.1) 3133 (9.1} 0.41
Lrine WBC present, n (%) 135/183 (82.8) 108/125 (84.0) 30/38 (78.9) 0.47
Uring RBC prasent, n (%) 111/164 (67.7) 86 (68.3) 25/38 (65.8) 0.84
Urine WBC cast present, 77 (%) 6183 (3.1) 4/125 (3.2) 1138 (2.6) >0.99

{Continued on following page)
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Table 1. {Continued) Clinical, laboratory, histopathological, and treatment comparisons in the entire acute interstitial nephritis cohort recovery
Versus nonrecovery

Characteristics All patlents (¥ = 166) Recovery (n = 126)" Nonrecovery (n = 40) Pvalue
Urine RBC cast present, 77 (%) 17183 (0.6) 11125 (0.8) 0 >0.99
Eosinophilurla, # (%) 131102 (12.7) 10/72 (13.9) 3/30 (10.0) 0.75
Urine RTE cell present, 7 (%) 20/164 (12.2) 18 (14.3) 2/38 (5.3) 017
Lrine RTE cast present, 7 (%) 3/162 (1.9) 3124 (2.4) 0 >0.99
Urine granular cast present, 7 (%) 35/164 (21.3) 24 (19.1) 11/38 (29.0) 0.26
Treatment
Skreid therapy, n (%) 134 (80.7) 104 (82.5) 30 (75.0) 0.36
Time fo start steroid afier biopsy (d) 200 2(1-B) 2(1-14) 0.26
Duration of steroids (weeks) 10 (6-24) 10 (6-24) 9 (5-23) 071
IV steroids given initially, n (%) 25/138 (18.1) 221107 (20.6) 31 (9.7 020
MMF, 1 (%) 8 (4.8) 7 (5.6 1{2.5) 0.68
Dialysis required, n (%) 25 (15.1) 8@ 16 (40.0) <0.001
Decth, n (%) 8 (4.8) 3(2.4) 5(12.5) 0.02
Kidney ouicome
Recovery within the filst 8 mo na

Gomplele recovery, 1 (%) 86 (b1.2)° na na

Partlal recovery, # (%) 41 (24.7) ng nd

No recovery, 17 (%) 40 (24.1) na na
Time 1o recovery (mo) na 1.7 (08, 3.1) na
Quicome at 6-mo follow-up, # 128°¢ 97 31 <0.0001

Normal kidney function, /7 (%) 50 (39.0)° 50 (51.6) 0

Progressive CKD, n (%) 63 (49.2) 47 (48.5) 16 (61.6)

ESKD, n (%) 15 (11.7) 0 15 (48.4)

AIN, acute interstitial nephritis; AKI, acute kidney injury; BMI, boedy mass index; CKD, chronic kidney disease; CRP, C-reactive protein; eGFR, estimated glomerular filiration rate; ESKD,
end-stage kidney disease; ESR, erythrocyte sedimentation rate; ICls, immune checkpoint inhibitors; |IFTA, interstitial fibrosis and tubular atrophy; I0R, interquartile range; MMF,
mycophenolate mofetil, na, not applicable; NSAIDs, non-steroidal anti-inflammatory drugs; PPls, proton pump inhibitors; RTE, renal tubule epithelial; sCr, serum creatinine; WBC, white

blood cell; RBC, red blood cell.

Results are presented as mean = SD or median ({IQR} for continuous variables and as n {%} for categorical variables.

®Tha recovary indicates either complets or partial recovery.
®Unreleased in 2 patients did not acisve racovery.
°Patients who achievad complats
different from their baseline lavel of 1.3 3 0.5 mg/dl {P = 0.23).
dEight petiants died, and 30 pati
at the 6-month end point.

y had their sCr levels dacrease from a peak of 4.5 & 29 mg/dl {median 3.7 mg/dl, 1QR: 2.4-556) to 1.4 - 0.4 mg/d|, which was not statistically

ware lost to follow-up at the 6-month end point {26 from the recovery group and 4 from the nonrecovery group}. Thus, there were 128 patients in total

°In patients who reached normal kidney function, their sCr levels decreased from a peak of 4.7 + 3.1 mgill imedian 3.7 mg/dl, 1QR: 2.3-6.0) to 1.1 + 0.2 mg/dl, with no significant

difference compared to their haseline value of 0.98 £ 0.24 mg/dl (P = 0.36).

they had lower levels of C-reactive protein (CRP; 10
mg/dl vs. 23 mg/dl, P = 0.02} and neutrophil counts
(4.3 x 10°/L vs. 5.4 x 10°/L, P = 0.04). Among patients
who achieved kidney recovery, 71% had drug-related
AlIN, compared to 53% in those who did not recover
(P = 0.03). At the 6-month follow-up, kidney function
normalized in half of the patients who achieved kidney
recovery. In contrast, all patients who did not recover
experienced either progressive CKD (52%) or pro-
gressed to ESKD (48%).

Causes of AIN

In Table 2, we outline the various causes of AIN.
Medications emerged as the predominant cause,
responsible for 67% of cases; with autoimmune dis-
eases contributing to 20%; and infections contributing
to 6%. In 9% of cases, the cause of AIN could not be
determined. In addition, 4.2% of patients had multiple
causes for their AIN, such as a combination of drug-
related and autoimmune or infectious diseases. In the
category of autoimmune-related AIN, Sjogren’s

Kidney International Reports {2024) 9, 3542-3552

syndrome and sarcoidosis were the most common
causes (33% and 21%, respectively). Among the
infectious-related AIN, bacterial and fungal infections
were the primary causes, accounting for 50% and 40%
of these cases, respectively. Within the drug-related
category, antibiotics were the most common cause,
making up 36% of these cases, followed by proton
pump inhibitors (PPIs) at 29%, immune checkpoint
inhibitors (ICIs} at 18%, and nonstercidal antiin-
flammatory drugs (NSAIDs) at 14%. Notably, 14% of
the drug-related cases involved multiple drugs, and
other drugs were implicated in 21% of cases. Further
details on specific medications are provided in
Supplementary Table S1.

Predictors for Kidney Recovery in the Entire
Cohort

Across the entire cohort, univariable analysis identi-
fied White race, prebiopsy AIN diagnosis, a known
cause of AIN, drug-related AIN, and CRP levels as
factors associated with increased kidney recovery
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Table 2 All causes of acute interstitial nephritis

Causes Number of patients, 2 (%)
Drug-induced 111 (68.9)°
Antibiotics 40 (36.0)
PPIs 32 (28.8)
ICls 20 (18.0)
NSAIDs 16 (13.5)
Other drugs 23 (20.7)
Mulfiple drugs 16 (14.4)
Aulcimmune related 33 (19.9)°
Sjogren syndrome® 11 (33.3)
Sarcoidosis 7(21.2)
TINU 30.1)
VEXAS syndrome 3(.1)
IgG4-related 2 (6.1)
1BD 2 (6.1)
SLE 1(3.0)
GPA 13.0)
VD 1 @30
Crohn disaase 13E.0
RA and allergic rhinitis 1(3.0)
Infactious 10 (6.0)"
Bacferial® 6 (50.0)
Viral® 1(10.0)
Fungal® 4 (40.0)
Other 4 (2.4
Malignaney’ 3 @5.0)
Calclum oxalate depostt 1 (25.0)
Multiple causes 7 (4.2)
Drug and oulcimmune® 6 @57
Drug and infectious diseass” 1(14.3)
Unknown 16 (9.0)°
CviD, variable i deficiency; GPA, granulomatosis with palyangiitis; RA,

rtheumatoid arthritis; 1BD, inflammatory bowel disease; ICls, immune checkpoint in-
hibitors; NSAIDs, nonsteroidal antiinflammatory drugs; PPls, proton pump inhibitors;
SLE, ic lupus eryth TINU, interstitial nephritis and uveitis
syndrome.

*The percentage in the entire cohort.

®One patient also had rheumatoid arthritis.

One Escherichia cofi, 1 Klebsiella aerogenes, 1 methicillin-sensitive Stephylocaceus
aureus {MSSA}, 1 mycab ion, and 1 St lact
9BK virus.

®0One candida, 2 histoplasmasis, and 1 unidentified.
'0One B cell chronic lymphoeytic Isukemia, 1 B cell lymphoma, and 1 multiple myeloma.
90ne combination of antibiotic {sulfonamides) and Sjogren syndrome, 1 combination of
antibiotic {penicillin and z-pakfazithromycin}, PPl (omeprazole) and Sjogren syndrome, 1
combination of NSAID {ibuprofen} and Sjogren syndrome, 1 combination of PPl (eso-
meprazole) and IgGd-related di 1 bination of PPl (omeprazole) and SLE, and 1
combination of mesalamine and Crohn disease.

"Cambination of antibictic (fluroguinolenes) and E cof.

: s
lum

a L)

(Table 3). Conversely, the presence of oliguria, IFTA,
global glomerulosclerosis, and granulomas, as well as
24-hour proteinuria and the need for dialysis, were
factors associated with decreased kidney recovery.
Within the study cohort, 134 patients (81%) received
steroid therapy. Univariable analysis indicated that
steroid therapy was not significantly associated with
kidney recovery (P = 0.41). Subsequent multivariable
analysis indicated that only IFTA (OR: 0.15; 95% CL:
0.03—0.70; P = 0.02) and dialysis requirement (OR:
0.07; 95% CIL 0.01-0.64; P = 0.02) were significant
predictors for decreased kidmey recovery, whereas
prebiopsy diagnosis of AIN was a strong indicator
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Table 3. Univariable and multivariable analysis of predictors
influencing kidney recovery in the entire cohort

Univariable analysis Muktivariable analysls
P
Variables OR(95% CI)° Pvalve  OR(95% CI)™®  wulue
Age® 1(0.89-1.02) 039
Male 0.98 (0.48-2.00) 097 - -
White race 10.9 (3.0-62.2) <0.0001 0.12 (0-136) 0.55
Prebiopsy AIN diagnosis  3.36 (1.53-7.42) 0.003 108 (1.7-69.3) 001
Drug-relatsd 2.2 (1.1-4.6) 0.04 152 (0.31-7.52) 0.61
Known cause 3.2 (1.0-9.9 0.04 1.13(0.08-17.00) 0.3
Oliguria 0.38 (0.16-0.92) 0033 1.69(0.15-18.3) 0.78
IFTA (moderate/severe)  0.20 (0.09-0.42) <0.0001 0.16 (0.03-0.70) 0.02
Global 026 (0.11-0.58) 0001 032 (0.07-152) 0.15
glomarulosclerosis
(moderate/severe)

Granuloma present 0.4 (0.2-0.8) 004 071011442 0N
24-h profeinuria 0.64 (0.46-0.85) 0001 0.54(0.21-1.35) 0.18
CRP® 1.01 (1.00-1.03) 0046 1.01(0.98-1.04) 0.6
Neutrophil count® 1.01 (0.94-1.21) 033 - -
Dialysis required 0.11 (0.04-0.28) «0.0001 007 (0.01-0.64) 0.02
Steroid frectment 1.4 (0.6-3.3) 0.41 -

AIN, acute interstitial nephritis; Cl, confidence interval; CRP, C-reactive protein; IFTA,
interstitial fibrosis and tubular atrophy.

"0dds ratios (OR) with 95% Cl and Pvalues calculated using logistic regression model to
identify factors associated with recovery in the entire cohort.

"The variables with # < 005 in univariable analysis were used for multivariable
analysis.

“OR is per unit changs in regression.

(OR: 10.8; 95% CI: 1.7-69.3; P = 0.01) for increased
kidney recovery.

We further assessed the effectiveness of steroid
therapy on kidney outcomes by comparing these re-
sults with those of patients who did not receive steroid
treatment (Supplementary Table $2). Most variables,
including kidney outcomes within the first 6 months
and the time to recovery, did not differ between the 2
groups; exceptions were lower peak sCr (3.6 mg/dl vs.
7 mg/dl, P = 0.002), need of dialysis (12% vs. 28%,
P = 0.03), and incidence of ESKD (8% vs. 32%, P =
0.004), as well as higher albumin levels (3.8 & 0.6 g/
vs. 3.2 &= 1.0 g/l, P = 0.02) observed in the steroid-
treated group.

Effects of Steroid Therapy on Kidney Recovery
in the Entire Cohort

Within the entire cohort, survival analysis demon-
strated that steroid treatment did not influence kidney
recovery (log-rank test: P = 0.84) (Figure 1). Further
analysis, both unadjusted and adjusted for various
variables revealed no significant difference in kidney
recovery between patients who received steroid ther-
apy and those who did not (Table 4).

Kidney Outcomes of Drug-Related AIN

Upon diagnosis of AIN, all drugs implicated in the
condition were discontinued. According to the data in
Supplementary Table 83, drug-induced AIN was

Kidney International Reports (2024) 9, 3542-3552
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Figure 1. Kidney recovery between steroid and nonsteroid treatment
in patients with AIN. One hundred thirty-three patients were treated
with steroid, whereas 32 were not. The effectiveness of steroid
therapy in achieving either complete or partial kidney recovery was
evaluated through Kaplan-Meier analysis, with a log-rank test result
of P = 0.84. The average recovery time for kidneys in patients
receiving steroid treatment was 62 days, similar to the 64 days
observed in patients who did not receive steroid treatment.

associated with a higher incidence of rash (17% vs.
4%, P = 0.01) and elevated CRP (23 mg/dl vs. 12 mg/
dl, P = 0.04) and neutrophils (5.6 x 10°/L vs. 4.3 X
10°/L, P= 0.01). In addition, these patients had a lower
prevalence of CKD prior to biopsy (30% vs. 51%, P =
0.01), as well as reduced granuloma formation (14% vs.
33%, P = 0.01). Although the proportion of drug-
induced AIN with steroid therapy was comparable to
those with other causes (85% vs. 73%, P = 0.09), the
duration of steroid use was significantly shorter (me-
dian 8 weeks vs. 16 weeks, P = 0.002) in drug-induced
AIN, Of the patients with drug-induced AIN, 81%
achieved kidney recovery, significantly higher than
the 66% observed in patients with other causes of AIN

Table 4. Comparative likelihood of kidney recovery in AIN: steroid
vs. nonsteroid therapy

Variables HR (85% CI)° Pwlue

Nonadjusted 1.32 (0.84-2.71) 0.46

Adusted for
Sex 1.41 (0.68-2.92) 0.35
\While mcs 157 (0.71-3.52) 0.27
Prebiopsy AIN diagnosis 1.37 (0.66-2.89) 0.56
Oliguria 1.38 (0.66-2.88) 0.39
IFTA 1.29 (0.81-2.72) 0.50
Global glomerulosclerosis 1.44 (0.67-3.1) 0.35
Granuloma present 1.32 (0.64-2.72) 0.45
Known cause 1.25 (0.59-2.66) 0.56
Drug related 1.34 (0.64-2.78) 0.44
CRP 1.3 (0.41-4.19) 0.66
Dialysls required 1.39 (0.65-2.98) 0.39
All the abowe variables 3.86 (0.19-79.9) 0.38

AIN, acute interstitial nephritis; Cl, confidence interval; CRP, C-reactive protein; HR,
hazard ratio; IFTA, interstitial fibrosis and tubular atrophy.
“HR and 95% ClI calculated using proportional Cox hazard model.
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(P = 0.04). Approximately half of the patients with
drug-induced AIN had normal kidney function at the
6-month follow-up, in contrast to the 79% of patients
with other causes who developed ESKD or progressive
CKD (P = (.004).

We also conducted a comparison of the clinical
characteristics between patients with drug-induced
AIN who achieved recovery and those who did not
recover (Supplementary Table S4). Compared to pa-
tients who experienced recovery, those without re-
covery exhibited a higher incidence of moderate to
severe IFTA (57% vs. 19%, P = 0.003) and global
glomerulosclerosis (43% vs. 15%, P = 0.03), along
with a greater dialysis need (33% vs. 7%, P = 0.003).
Conversely, their levels of CRP were lower (7.5 mg/d]
vs. 32 mg/dl, P = 0.03). At the 6-month follow-up,
kidney function normalized in 61% of the patients
who achieved kidney recovery, whereas every patient
who did not recover experienced either progressive
CKD or progressed to ESKD.

The proportion of patients undergoing steroid
therapy was consistent between the recovery and
nonrecovery groups in cases of drug-related AIN (83%
vs. 91%, P = 0.52), as shown in Supplementary
Table S4. We evaluated kidney outcomes in patients
with drug-induced AIN who received steroid therapy
versus those who did not {Table 5). The proportion of
kidney recovery was comparable between the 2 groups
(80% vs. 88%, P = 0.59). Kidney outcomes at the 6-
moenth follow-up were also similar (P = 0.99).

In this study, the distribution of patients with drug-
induced AIN was as follows: 30 associated solely with
antibiotics, 16 with PPIs, 18 with ICIs, and 7 with
NSAIDs. Supplementary Table S5 details comparisons
of clinicopathological features across these 4 categories.
Most variables showed no significant differences be-
tween the groups. However, NSAID-related AIN
exhibited a lower incidence of comorbidities compared
to the other groups (57% vs. 97%—100%, P = 0.001).
Nearly all patients in the ICL-related AIN group had
normal or mild IFTA, whereas approximatcly one-third
of patients in the other groups displayed moderate to
severe IFTA (P = 0.02). Kidney interstitial eosinophils
were also less prevalent in the ICI-related group
compared to the other groups (33% vs. 50%—86%, P =
0.002). Only 43% of NSAID-related AIN received ste-
roid therapy, compared to 80% in antibiotics and 94%
in PPI or ICI groups (P = 0.01). The duration of stercid
use was shortest in the antibiotics group (6 weeks vs.
8-10 weeks in other groups, P = 0.02). All patients
with ICI-related AIN achieved recovery and none
developed ESKD, whereas 29% of patients within
NSAID group did not achieve recovery and 40% pro-
gressed to ESKD (P = 0.03).
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Table 5. Kidney outcomes in drug and autoimmune-induced AIN: comparisons of steroid therapy and nonsteroid therapy

Drug-induced AIN (7 = 111)

Autoimmune-induced AIN (7 = 27)

Stercld therapy (n = 94) Nensterold thempy (7 = 17) P wvalue Steroki therapy (n = 27) P value®

Mycophenolate mofetil, 17 (%) 3@32) 0 >098 5 (18.5) 0.01
Recovery within 6 mo, n 94 17 0.68 27 0.06

Complete recovery, n (%) 49 (52.1) 11 (64.7) 14 (51.9)

Parial recovery, n (%) 26 (27.7) 4(23.5) 7(25.9)

No racovery, 1 (%) 19 (20.2) 2 (11.8) 6 (22.0)
Time fo recovery (d) 43 (21-84) 28 (17-135) 0.78 82 (44-166) 0.04
Time fo start steroids (d) 1(1-3) na na 6 (1-16) 0.03
Quicomne at 6-monih follow-up, n 69 12 0.98 26 0.06

Normal kidney funcfion, » (%) 3 (49.3 6 (50.0) 6 (23.1)

Progressive CKD, 71 (%) 30 (43.5) 5.7 18 (69.2)

ESKD, n (%) 5(7.3) 1(8.3) 2@.7)

AlN, acute interstitial nephritis; CKD, chronic kidney disease; ESKD, end stage kidney disease; IOR, interquartile range; na, not applicable.
Results are presented as median {IOR} for continuous variables and as n {%) for categorical variables.
®The P value for comparisons of patients with steroid therapy between drug- and autoimmune-related AIN.

In addition, all 27 patients with AIN solely affected
by autoimmune disease werc treated with steroids.
Significantly, 5 patients with autoimmune-related AIN
were treated with mycophenolate mofetil, in contrast to
just 3 patients with drug-induced AIN who underwent
steroid therapy (P = 0.01). Table 5 shows that for
autoimmune-related AIN, steroids were initiated at a
median of 6 days after biopsy. Of these cases, 78% (n =
21) experienced kidney recovery, with a median re-
covery period of 82 days. The time to initiate steroid
therapy and the duration of kidney recovery for
autoimmune-related AIN were considerably longer
than for drug-induced AIN, where the median time
were 1 day and 43 days, respectively, with statistically
significant differences (P = 0.03 and P = 0.04).
Notably, among patients who received steroid treat-
ment, kidney recovery and outcomes were similar be-
tween drug-induced and autoimmune-related AIN
(P = 0.06 for both).

Characteristics of Patients With AIN who
Underwent Dialysis

Within the entire cohort, 25 patients required dialysis;
of these, 36% (9 out of 25) achieved either complete or
partial recovery. Meanwhile, 61% (11 out of 18) pro-
gressed to ESKD at the 6-month follow-up
(Supplementary Table S6). Medications were the pri-
mary cause of AIN necessitating dialysis, representing
more than half of the cases (52%, 13 out of 25).
Importantly, 64% of patients who progressed to ESKD
exhibited severe IFTA, whereas none of the patients
without ESKD presented with severe IFTA (P = 0.02).

Predictors of Kidney Recovery in Drug-Induced
AIN

Univariable analysis revealed that factors such as
moderate to severe IFTA, global glomerulosclerosis,
CKD prior to biopsy, and the necessity for dialysis were
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associated with decreased kidney recovery; whereas
steroid treatment was not a predictor of kidney re-
covery (Supplementary Table S$7). Further multivari-
able analysis demonstrated that only moderate to
severe IFTA (OR: 0.24; 95% CI: 0.06—0.85; P = 0.03)
and the need for dialysis (OR: 0.17; 95% CI: 0.04-0.79;
P = 0.02) remained significant predictors for decreased
recovery.

Effects of Steroid Therapy on Kidney Recovery
Within 6 Months in Drug-Induced AIN

Survival analysis, which included all 111 patients with
drug-related AIN, showed that steroid treatment did
not significantly affect kidney recovery within the
initial 6 months (log-rank test: P = 0.42) (Figure 2). The
results from both unadjusted and adjusted analyses
(cither sex, kidney size, IFTA, global glomerulo-
sclerosis, CKD prior to biopsy, dialysis required, or all
these variables) indicated that there was no significant
difference in kidney recovery between patients who
received steroids and those who did not (Table 6).

This study offers significant insights into the etiology,
clinicopathological manifestations, and prognostic fac-
tors associated with AIN, as well as the impact of ste-
roid therapy on kidney outcomes in the last decade.
Our research demonstrates that the primary cause of
AIN continues to be drug-induced, aligning with
earlier studies that identify medications as the foremost
contributors to AIN (Supplementary Table sg). 812
Among these agents, antibiotics remain the most
frequently implicated in AIN, although there is a
decreasing tread compared to the previous period (24%
versus 35%, P = 0.07). Notably, the incidence of AIN
related to PPIs is increasing (19% vs. 10%, P = 0.01).
Importantly, AIN associated with ICIs is emerging and
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Figure 2 Kidney recovery between steroid and nonsteroid treatment
in patients with drug-related AIN. Among 111 patients with drug-
induced AIN, 94 received steroid therapy, whereas 17 did not The
effectiveness of steroid therapy in achieving either complete or
partial kidnay racovery was evaluated through Kaplan-Meier anal-
ysis, with a log-rank test result of P = 0.42. The average recovery
time for kidneys in patients receiving steroid treatment was 56 days,
similar to the 64 days observed in patients who did not receive
steroid treatment

now represents 12% of the entire cohort and 18% of
drug-related AIN, paralleling the rising prevalence of
cancer and the expanded use of ICTs. > In our cohart,
AIN related to ICIs has already surpassed that associ-
ated with NSAIDs. In addition, AIN related to ICI
treatment frequently involves concurrent use of other
drugs such as PPIs.'® In this study, 2 patients received
both ICIs and additional drugs, accounting for 10% (2
out of 20) of ICI-related AIN. Specifically, one used a
PPI, and the other was on antibiotics, a PPI, and an
NSAID. Interestingly, the incidence of AIN with an
unknown cause has increased from 1% during the 1993
to 2011 period to 9% currently (P = 0.0001), whereas
the rate of prebiopsy diagnosis of AIN has also
increased (78% compared to 55%, P < 0.0001). The
percentage of patients receiving steroid therapy
remained similar (86% during 1993—2011 vs. 81% in

Tahle 6. Comparative likelihood of kidney recovery in drug-related
AIN: steroid versus nonsteroid therapy

Varlables HR (85% CI)° Pvalue

Nonadjusted 2.64 (0.61-11.45) 0.20

Adjusted for
Sex 2.74 (0.83-11.92) 0.8
Kidney size 3.56 (0.48-26.2) on
IFTA 2.72 (0.62-11.84) 0.8
Global glemerulosclerosis 2.67 (0.61-11.68) 0.9
CKD prior fo biopsy 2.63 (0.60-11.586) 0.20
Dialysls required 2.61 (0.60-11.36) 0.20
All the abowe variables 3.24 (0.41-25.9) 0.27

Cl, confidence interval; CKD, chronic kidney disease; HR, hazard ratio; IFTA, interstitial
fibrosis and tubular atrophy.
“HR and 95% ClI calculated using proportional Cox hazard model.
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the current period, P = 0.21). Whereas 6-month out-
comes were comparable between the periods, the time
to recovery appears to be shorter in the current period,
with a median of 6.8 weeks compared to 12 weeks
previously. These findings indicate a shift in etiology,
characterized by increased use of PPIs and especially
ICLs. Steroid therapy continues to be extensively uti-
lized in patients with AIN. Whereas kidney outcomes
were similar to those in earlier periods, recovery time
has decreased in the current period, likely due to
improved early recognition of this condition.

This retrospective analysis underscores the
complexity and varied etiology of AIN, highlighting
the significant variability in kidney outcomes among
affected patients. The pivotal findings of this study
elucidate the differential impact of underlying causes—
predominantly drugs, autoimmune conditions, and
infections—on kidney recovery. Significantly, drug-
induced AIN was more amenable to recovery, con-
trasting with cases attributed to autoimmune diseases
or infections, which werc less likely to scc kidney
function restitution. The disparity in recovery rates
might be attributable to the direct reversibility of drug
effects upon cessation compared to the often-
progressive nature of autoimmune or infectious etiol-
ogies.”'* Remarkably, in cases of drug-induced AIN,
patients recovered faster, typically within 1.7 months,
compared to 3 months for other causes of AIN.
Furthermore, a larger proportion of patients with drug-
induced AIN reached recovery, whereas fewer pro-
gressed to ESKD relative to those with AIN from other
causes, It is important to note that within the drug-
induced AIN group, about 20% of patients who did
not recover eventually died, and 40% advanced to
ESKD.

As previously reported,” the clinical presentation of
AIN was varied, with only a minority of patients
exhibiting the classic triad of rash, fever, and eosino-
philia as well as relatively bland urine. This un-
derscores the diagnostic challenge posed by AIN,
necessitating a high index of suspicion and often reli-
ance on kidney biopsy for definitive diagnosis.” Lab-
oratory findings such as elevated CRP and neutrophil
counts were more pronounced in drug-related AIN,
potentially reflecting a more robust inflammatory
response in these cases.

Histopathologically, the presence of moderate to
severe IFTA was significantly associated with worse
kidney outcomes, consistent with previous
studies.'*"" Nevertheless, a prebiopsy diagnosis of
AIN was positively associated with kidney recovery.
These findings underscore the critical need for early
detection and intervention to prevent irreversible
kidney damage. Although some studies have reported
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that greater interstitial inflammation correlates with
better kidney function recovery, 1820 e were unable to
assess this in our study due to the lack of a consistent
quantification of the nonscarred cortex involved by
inflammation. In addition, our data show that the need
for dialysis at presentation strongly predicted poor
recovery, reflecting the severity of kidney impairment
in these patients. Notably, over half of those with se-
vere IFTA progressed to ESKD by the 6-month follow-
up. Other potential clinical or histological factors
affecting AIN prognosis include advanced age, severity
of tubulitis, and the presence of granulomas, though
their impact remains uncertain.**-*"-*

Steroid therapy, frequently used for AIN, was
promptly initiated in 80% of the cohort within 2 days
after biopsy. The majority of patients with AIN related
to antibiotics, PPIs, and ICIs were treated with steroids.
In contrast, only 43% of those with NSAID-related
AIN received steroid therapy. Although steroids are
traditionally believed to mitigate the inflammatory
process in AIN, kidney outcomes over the initial 6
months were similar across these groups; analysis using
proportional Cox regression and survival analysis
indicated that steroid treatment had no impact on
kidney recovery outcomes in both the overall AIN
cohort and specifically within the drug-related AIN
subgroup. This observation is especially pertinent in
light of the current discussions surrounding the
effectiveness of steroids in managing AIN.! Notably,
several studies have demonstrated the benefits of
employing steroids, especially when used early in cases
of drug-induced AIN.>*"* It is important to recognize
that the limited number of patients who did not receive
steroids in the cohort, both for drug-related AIN and
overall, complicates any comparative analysis and firm
conclusion drawing; selection bias persists even after
adjustments. Furthermore, the small size of the sub-
group with non—drug-related AIN precluded analyses
of prognostic factors and the effectiveness of steroids.
Consequently, it is difficult to definitively conclude
that steroids have no potential benefit in AIN. Further
clinical trials are necessary to better determine the role
of steroids in the treatment of AIN. The lack of sig-
nificant benefit observed in this study may prompt a
reevaluation of current treatment protocols and
encourage exploration of alternative or adjunctive
therapies.”'

Although kidney outcomes did not differ between
the steroid-treated group and the untreated group
within the initial 6 months, by the end of this period,
only 8% of the patients in the steroid-treated group
developed ESKD, compared to 29% in the nonsteroid
group. This indicates that steroids may have a pro-
longed protective effect against the progression of

3550

51

J Miao et al.: Kidney Outcome of Acute Interstitial Nephritis

AIN.” A recent randomized clinical trial suggested that
prednisolone may improve long-term outcomes of CKD
in patients with an unknown etiology.”® Notably, all
patients with ICI-related AIN experienced some level of
kidney recovery, either complete or partial. This group
also displayed minimal or absent IFTA and had the
lowest presence of eosinophils compared to those with
AIN related to antibiotics, PPIs, and NSAIDs. By the
end of the 6-month follow-up, 40% of the NSAID-
related AIN group had progressed to ESKD, whereas
none in the ICI and PPT groups did, and only a small
portion of the antibiotic-related group developed
ESKD. In cases of drug-related AIN, the presence of
IFTA and the necessity for dialysis were also identified
as risk factors impacting kidney recovery. This obser-
vation calls into question the conventional reliance on
corticosteroids for managing AIN, particularly when
considering the risks associated with long-term steroid
use, such as infections and metabolic disturbances.
This aspect of treatment demands a reevaluation,
potentially paving the way for clinical trials to estab-
lish more refined criteria for steroid administration in
patients with AIN.

We acknowledge several limitations of this study.
First, the retrospective design inherently limits our
ability to ascertain causal relationships and may be
subject to biases related to data collection and selection.
Second, the identification of AIN was exclusively
dependent on biopsy, potentially excluding patients
with clinical AIN who did not undergo this procedure,
thereby introducing selection bias. The variability in
treatment approaches, because not all patients received
standardized therapy, could influence the outcomes
independently of the disease process itself. Further-
mere, the study may not have adequately controlled for
all potential confounding variables that could influence
the outcomes, such as variations in the severity of
initial kidney injury, patient comorbidities, or the
precise timing and dosage of steroid therapy.

In conclusion, the study offers crucial insights into
the determinants of kidney recovery in AIN, demon-
strating that though the cessation of causative agents
and management strategies, including steroid therapy,
are standard, their effectiveness varies substantially
across different patient subgroups. The potential ben-
efits of steroid therapy in patients with AIN cannot be
ruled out, underscoring the necessity of additional
clinical trials. Crucially, the extent and severity of
irreversible kidney damage present at the time of bi-
opsy significantly influences outcomes. Although this
assumption is widely held, data from large cohorts
underscore the importance of early intervention and
setting realistic expectations for recovery. Puture
research should focus on refining treatment protocols,
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exploring novel therapies, and conducting long-term
follow-up studies to enhance kidney recovery in pa-
tients with AIN. These findings contribute to a deeper
understanding of AIN and provide a foundation for
improving patient care and outcomes in this chal-
lenging clinical condition.
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Abstract

Background: Acute interstitial nephritis (AIN) is one of the
chief causes of acute kidney injury (AKI). AIN might be pro-
duced by drugs, infections, autoimmune diseases, or can be
idiopathic. Among these etiologies, drug-induced AIN (DI-
AIN) is the dominant one in many countries. Even when DI-
AIN is suspected, identification of the putative drug is chal-
lenging. Summary: DI-AIN is an increasingly common cause
of AKI. Diagnosis continues to pose a challenge for physi-
cians due to nonspecific clinical symptoms, and the fact that
it can be triggered by a wide variety of medications. Further-
more, the gold standard for the diagnosis is kidney biopsy.
All these aspects render the diagnosis more difficult. The
withdrawal of the causative drug of DI-AIN is the centerpiece
of the treatment, and if early restoration of original kidney
function is not obtained, several studies support the treat-
ment with steroids especially when they are started quickly.
Key Messages: Almost all drugs have the potential to pro-
duce drug-induced acute interstitial nephritis (DI-AIN); how-
ever, antibiotics, nonsteroidal anti-inflammatory agents,

and proton pump inhibitors account for the majority of the
reported cases. DI-AIN is produced by an idiosyncratic de-
layed type IV hypersensitivity reaction, but the precise
pathophysiological mechanism remains to be elucidated.
DI-AIN symptoms are nonspecific, and most of the patients
will present mild symptoms including malaise, nausea, and
vomiting. The classical triad, associating fever, rash, and eo-
sinophilia, is seldom present. Nonoliguric acute kidney in-
jury is the main renal manifestation of DI-AIN. Tubular non-
nephrotic range proteinuria is usually present. Diagnosis of
DI-AIN relies on maintaining a high index of suspicion in
those patients at greater risk, but kidney biopsy is required
to confirm diagnosis. Histologically, AIN is characterized by
the presence of an extensive interstitial infiltrate, mainly
composed of lymphocytes and monocytes, but eosinophils,
plasma cells, histiocytes, and polymorphonuclear cells can
also be found. The withdrawal of the presumed causative
drug of DI-AIN is the mainstay of the treatment. When there
is no evidence of kidney function recovery after an interval
of 5-7 days since interrupting the treatment with the sus-
pected drug, several studies support the treatment with ste-
roids, especially when they are promptly started. Eary corti-
costeroids would decrease the inflammatory infiltrates of
the kidney interstitium, thus preventing the risk of subse-
guent fibrosis. © 2022 S, Karger AG, Basel
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Introduction

Acute interstitial nephritis (AIN} is one of the leading
causes of acute kidney injury (AKI), and probably, the
real frequency is underestimated since a significant num-
ber of AKI of unclear etiology would correspond to AIN
if a noninvasive diagnostic tool rather than a kidney bi-
opsy was available. Histologically, it is characterized by
inflammatory infiltrates in the kidney interstitium, with
usually preserved glomerulus and vessels. This disease
was first described in 1898, mainly associated with infec-
tious diseases [1]. However, this changed during the XX
century when drug-induced AIN (DI-AIN) started to be
relevant, currently assuming 85% of AIN cases. The first
cases of DI-AIN were 7 patients with penicillin-induced
AIN. Since then, a considerable number of cases and mul-
tiple drugs have been involved.

Currently, DI-AIN roughly represents the leading
cause of AIN in many countries, but infectious AIN isstill
an important cause of AIN in less developed countries. It
has been estimated that DI-AIN is the third most com-
mon cause of AKI in hospitalized patients [2].

It is difficult to assess the exact prevalence of DI-AIN
since studies are based on retrospective analysis and most
notably because the gold standard for the diagnosis is kid-
ney biopsy. According to biopsy data registries, it is pos-
sible to extrapolate an approximate prevalence of the dis-
ease. Globally, it has been estimated that on average be-
tween 0.5% and 5% of all kidney biopsies performed have
the disease [3]. Nevertheless, this percentage increases up
to 27% if the biopsy is performed in the setting of an AKI
[2]. In the Spanish Registry of Glomerulonephritis, the
percentage of biopsies meeting this diagnosis has in-
creased from 3.6% to 10.5% during the past decade, with
a more pronounced increase in the elderly population
(from 1.6% to 12.3%). Such an increase is apparently
linked to the generalized use of antibiotics and other
over-the-counter medications such as proton pump in-
hibitors (PPIs) and nonsteroidal anti-inflammatory
agents (NSAIDs) in most countries. DI-AIN is highly
prevalentamong the elderly with an estimated prevalence
0f19% [4]. These differences could be explained by sev-
eral points: chronic medication and over-the-counter
medication are more common among older patients, they
tend to present some degree of renal impairment, and to
the fact that kidney biopsies are nowadays performed
more frequently in this group.

Todate, three major drug classes (antibiotics, NSAIDs,
and PPIs) accounted for 80-90% of the reported cases of
DI-AIN. Howevet, a new class of medications, immune
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checkpoint inhibitors (ICIs), has increasingly gained at-
tention as a cause of AIN [5]. These new drugs pose the
same diagnostic or therapeutic challenges as other DI-
AIN, but they add an important ethical question since in
some patients there is not an alternative treatment, and
therefore, the treatment with ICIs cannot be discontin-
ued.

Pathogenesis

It has been suggested that the underlying mechanism
of DI-AIN would be a type IV idiosyncratic delayed hy-
persensitivity reaction mediated by T cells. This hypoth-
esis is supported by several observations: eosinophils are
commonly found in kidney biopsy, T cells are found to be
the dominant lymphocytes forming sometimes granulo-
mas, the symptoms of AIN remind those of a systemic
hypersensitivity reaction, the time course of disease, and
the negative immunofluorescence (IF) staining for im-
munoglobulins, and complement favor all together a type
IV hypersensitivity reaction theory [6, 7].

Several mechanisms have been proposed to explain
how drugs can exert hypersensitivity responses, but the
precise physiopathological mechanism is still unknown
(Fig. 1). It is possible that more than one pathological
mechanism contributes to the final renal damage, which
depends on the putative drug [6, 8].

One of the most widespread theories to explain the
pathogenesis of the disease is the formation of haptens.
Some drugs might have the ability to become immuno-
genic by binding to proteins through covalent links [8-
11]. This new complex, termed hapten, has the capacity
to act as an immunogenic antigen, and thus, it would be
able to stimulate an immune response. This process can
occur locally in the kidney, where drugs will bind to renal-
specific tubulointerstitial proteins or in the peripheral
circulation, that is, beta-lactam antibiotics. If hapteniza-
tion occurs peripherally, the haptens will be carried out
to the kidneys, where they will become “trapped”, and
subsequently, filtered and endocytosed by the tubular ep-
ithelial cells of the kidney, starting the first phase of the
immunogenic process, the antigen-recognition and pre-
sentation phase [10].

Tubular epithelial cells will process and metabolize the
antigens, and then they will be presented to dendritic cells
(DCs). DCs are located in the kidney interstitium, but
they are in tight contact with tubular epithelial cells
through their long-foot processes. This allows them to
detect any problem and to further propagate cell injury
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Fig. 1. DI-AIN pathogenesis. The pathogenesis of DI-AIN is driv-
en by different mechanisms. Haptens: drugs might have the ability
to form protein complex termed “haptens” which elicit renal dam-
age after recognition by DCs and subsequent T- cell-mediated tox-
icity. P-iconcept: Some drugs with some special structural features
might stimulate T cells allowing a noncovalent bind to the major

[12]. When DCs are exposed to antigens, they become ac-
tive by expressing the antigenic compounds as peptides
on their surface major histocompatibility complex II
molecules. Thereafter, DCs migrate from the kidneys to
the regional lymph nodes to present the antigen to naive
T cells, which are then activated, and migrate to the anti-
genic source of injury,

Damaged cells will become activated, and they will gen-
erate proinflammatory chemokines and cytokines that
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histocompatibility peptide complex. This method has some simi-
larities to superantigen stimulations. Direct damage: drugs might
cause direct tubular damage. Antibodies: even if cytotoxic T-cell
injury is most frequently involved in pathogenesis of AIN, there
are some cases related to antibody- mediated damage.

will induce the recruitment of macrophages and the pro-
liferation of fibroblasts [13]. Due to the massive prolifera-
tion of fibroblasts, there will be an increased amount of
extracellular matrix by epithelial-mesenchymal transition
process. This reaction is associated with tubular cell dam-
age and kidney damage, which in the long term could lead
to fibrosis and chronic kidney disease (CKD) [10, 14, 15].

DI-AIN is mainly a cell-mediated process. This hy-
pothesis is supported by the observation that T cells are
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the predominant lymphocytes in DI-AIN renal biopsies
[8]. Another fundament is the observation of drug-spe-
cific T cells in the peripheral blood of patients with biop-
sy-proven DI-AIN with simultaneous demonstration by
immunohistochemistry of these T lymphocytes (either
CD4+ or CD8+) in the kidney interstitium on kidney bi-
opsy specimens [9, 16].

Alternatively, it has been described that drugs might
directly interact with the immune receptors such as the
T-cell receptor or the major histocompatibility complex.
This process has been designated as “pharmacological in-
teraction with immune receptors” or the p-i concept. This
“pharmacologic” interaction can lead to T-cell activation
and expansion, thereby producing an immunogenic re-
sponse [11, 17].

However, it seems that there might be other relevant
pathophysiological mechanisms that contribute to trig-
gering this process. Therefore, several hypotheses have
been proposed to explain the pathogenesis of the disease.

It has been hypothesized that drugs might produce a
direct toxic damage to interstitial kidney structures that
would render them immunogenic. Injured cells will se-
crete proinflammatory chemokines and cytokines that
will attract inflammatory cells and induce the prolifera-
tion of fibroblasts that ultimately cause interstitial fibrosis
[6, 18]. A second theory proposes that drugs could elicit
an immune response by mimicking self-peptides due to
structural similarities, thereby producing a cross-reactiv-
ity reaction between the tubular basement membrane
(TBM) and the interstitial antigen [6, 19].

Some human leukocyte antigen (HLA) genotypes have
been found to be associated with AIN. Cheng et al. [20, 21]
demonstrated that HLA-DR was expressed in the majority
of the patients with DI-AIN included in their study. More-
over, HLA-DR expression correlated to the severity of tu-
bular atrophy and interstitial fibrosis. In addition, there
was a positive correlation between the number of DR-pos-
itive cells in the interstitium and tubules [20, 21]. Accord-
ingly, other studies have studied the susceptibility to the
disease among other HLA genotypes. HLA-DQ seems to
beimplicated in pathogenesis. According to a single-center
prospective cohort, HLA-DQALI, -DQBI, and -DRBI are
risk alleles both for DI-AIN and TINU syndrome. Histo-
logically, this study showed that there were positive corre-
lations between the number of interstitial CD4+ T lym-
phocytes and the tubular expression of HLA-DRand HLA-
DQ. In the same way, the infiltration of monocytes/
macrophages into the interstitial compartment and into
the renal tubular wall was closely correlated with the tubu-
lar expression of HLA-DR and HLA-DQ [22].
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Even if the injury in DI-AIN is mainly cell-mediated,
the immune reaction in AIN can also be driven by the
antibody-mediated immunity in a minor proportion of
cases. It has been described in some cases that antigen-
antibody complexes can deposit in the kidney, leading to
kidney injury [14]. Even so, this is a rare finding, and it
is often associated with tubulointerstitial injury. In these
patients, IF staining demonstrates linear IgG deposition
along the TBM. For example, methicillin is known to in-
duce DI-AIN by the deposition of a granular immune
complex along the TBM [23]. Some reports of methicil -
lin-induced AIN have identified antibodies targeting a
specific hapten in the TBM. Other drugs such as NSAIDs,
phenylhydantoin, and allopurinol might also cause posi-
tive IF staining. Rifampicin-induced AIN is associated
with the production of anti-rifampicin antibodies. It is
likely that in DI-AIN, the same pathological pattern is
the product of different triggers, and it is induced by dis-
tinct mechanisms as it happens in other kidney disor-
ders.

The duration and severity of the effector phase will de-
pend on the duration of the renal insult. In case of an in-
tense and long exposition to the antigen, tubular epithe-
lial cells will produce inflammatory chemokines and cy-
tokines (T'GF-b, IL1, IL4, lipid peroxidation products,
ET-1, IGF-1, PDGF-BB) that will elicit activation of en-
dothelial cells, the recruitment of fibroblasts, and the ir-
reversible process of tubulointerstitial fibrosis [15].

Etiology

‘The most common causes of AIN can be clustered in
drug-induced, infections-related, autoimmune diseases
and idiopathic forms, being the first one responsible for
more than two-thirds of the cases, followed by infection-
related AIN in 15% of cases. Etiology of AIN changes with
aging since the elderly tend to have more frequent DI-
AIN, especially due to PPIs and penicillin, and a lower
incidence of AIN due to autoimmune diseases or system-
ic causes [4].

A large number of drugs can be implicated in the
pathogenesis of the disease, and at least from a theoretical
point of view, any drug can induce AIN (Table 1). How-
ever, NSAIDs, PPIs, and antibiotics continue to be the
most common drugs involved in AIN [24].

In the study conducted by Murithi et al. [25], antibiot-
ics were the most prevalent cause (49%), followed by PPIs
(14%) and NSAIDs (11%). Valluri etal. [26] reported that
antibiotics and PPIs were the most prevalent causes of
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Table 1. DI-AIN eticlogies

Drug class Examples Time Symptoms Characteristics
Antibiotics Beta-lactams: methicillin Early onset of AKl {after  Features of an allergic reaction (skin 2-3:1 male-to-female ratio
some days or weeks) rash, fever, and eosinophilia) Older childrenand young adults
Fever is the most common feature Extra-renal manifestations usually
Rash and/or arthralgias are less disappear after 2 weeks
common Time to complete renal recovery
Macroscopic hematuria awaits 1.5 months
Pyuria (with or without leukocyte Anti-TBM antibodies
casts)
Non-beta-lactams: rifampicin Headache Equal rate between males and
Chills, dark-colored urine without females
hematuria Dose-dependent mechanism
Oliguric acute renal failure associated with the production of
Hemolytic anemia: anti-rifampicin antibodies
thrombocytopenia and hemolysis The majority of these patients
Hepatitis require acute dialysis, but most
Renal glycosuria although not all, subsequently
recover renal function
Two-thirds of patients require renal
transplantation
Vancomycin Inconsistent pyuria Noninfectious granulomas might be
observed
NSAIDs Nenselective COXinhibitors:  Long duration of Systemic allergic symptoms (fever, Less intense interstitial
fenoprofen, ibuprofen, treatment prior to rash, or eosinophilia) are rare inflammation and tubulitis and
naproxen development of AIN Nephrotic syndrome eosinophils are not predominant;
COX-2 inhibitors: celecoxib (6—18 months) Older populations have a higherrisk ~ sometimes granulomas, papillary
and rofecoxib Nephrotic range proteinuria is more necrosis, MCD, and membranous
common nephropathy
Hematuria is rare
Antiviral Abacavir Eosinophiluria
Indinavir Crystalluria
Aciclovir
Atazanavir
PPIs Omeprazole, lansoprazole, 1 week to 9 months. Rarely present with triad Less severe AKI but lower
pantoprazole, esomeprazole  Commonast 10-11 hypersensitivity symptoms probability of recovery by 6 months
weeks Inconsistent pyuria
5-Amino- Sulfasalazine, mesalamine, During the initial year Fever and rash in <10% of patients
salicylates olsalazine of therapy inconsistent pyuria
Idiosyncrasy
Allopurinol Exfoliative rash (sometimes severe)
Inconsistent pyuria

Antineoplastic
agents

ICls (ipilimumab, nivolumab,
pembrolizumab)
Lenalidomide

1-24 months
ICls: large latency
period from drug
administration

Extrarenal manifestations such as
hypo physitis or colitis may precede
AKI

ICls; milder creatinine elevation,
leukocyturia

ICls: Slow decrease in creatinine
after treatment

DI-AIN can be produced by several medications. This table comprises the most frequent responsible agents. AKI, acute kidney injury; ICls,immune check-
point inhibitors; NSAIDs, nonstercidal anti-inflammatory agents; PPls, proton pump inhibitors.

DI-AIN in their cohort (35%) followed by NSAIDs (20%).
The multicenter retrospective study by Gonzilez et al.
[27] showed that antibiotics and NSAIDs were the two
primary offending classes of drugs, comprising 93% of
the patients. It is possible that the pattern is changing, and
recently, Ferndndez-Judrez et al. [28] reported that the
most frequently offending drugs were NSAIDs (27%),

followed by antibiotics (22%) and PPIs (4%).

82
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With regard to antimicrobial agents, beta-lactam an-
tibiotics are the most frequently involved drugs, and
methicillin is the most well-documented drug. Methicil -
lin is reported to induce AIN in up to 17% of the patients
who have received at least 10 days of treatment [29]. It is
characteristic that kidney injury appears days after drug
intake. Extrarenal manifestations are characterized by
hypersensitivity reaction features (skin rash, fever, and
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eosinophilia), with fever being the most common mani-
festation, whereas rash and/or arthralgia are less com-
mon.

Although NSAIDs can induce kidney injury by several
mechanisms, these drugs are well-known causes of DI-
AIN and have become one the most frequent causes.
Most individuals are older than 50 years and are chronic
users. Elderly patients are at a particularly high risk as
they commonly take NSAIDs and have underlying co-
morbidities that increase their overall risk. Although all
NSAIDs can be pathogenic, some nonselective NSAIDs
are less toxic than others as they produce fewer effects on
kidney prostaglandins, that is, low-dose aspirin, low-dose
ibuprofen, and sulindac [14, 30, 31]. Clinically, NSAID-
induced AIN is characterized by fewer extrarenal symp-
toms and longer latency periods.

Current use of PPIs is associated with a significantly
increased risk of AIN. According to a nested case-control
study, the crude incidence rate of PPI-related DI-AIN is
estimated in 11.98 (95% CI 9.11-15.47) per 100,000 per-
son-years [32]. PPIsare one of the more widely prescribed
medications worldwide. These drugs are often perceived
as safe, but the use of PPIs beyond their established indi-
cations is dangerous because it can produce a substantial
kidney impact. According to some reports, PPIs are the
second most frequent cause of DI-AIN, accounting for
14-64% of the cases [33, 34]. Its clinical presentation is
nonspecific, and the interval within the drug use and the
onset of AIN ranges between 1 week and 9 months. The
severity of AKI in PPI-induced AIN may be lower com-
pared to other drugs like antibiotics, but the probability
of recovery is also lower [25].

This could be explained by the longer duration of
treatment and the consequent greater exposure to the
drug. These characteristics draw a kidney injury that is
especially challenging in its diagnosis and whose clinical
expression would be more compatible with CKD than
with AKI episodes. In fact, recent studies have focused on
analyzing the effect of PPIs on long-term kidney function,
and the results suggested that omeprazole might be asso-
ciated with an increased risk of CKD [33, 34].

In alarge northern European cohort analysis compar-
ing new users of PPIs and histamine H2-receptor antago-
nists, PPIs users were at increased risk of suffering worse
kidney outcomes. Indeed, they were at higher risk of dou-
bling creatinine levels (hazard ratio [HR]: 1.26, 95% CI
1.05-1.51), of decreasing eGFR more than 30% (HR: 1.26;
95% CI 1,16-1.36), and for the development of end-stage
kidney disease (HR: 2.4;95% CI: 0.76-7.58) and AKI (HR:
1.3; 95% CI: 1-1.69). Howevet, the results should be treat-

Updated Review of Drug-Induced Acute
Interstitial Nephritis

59

ed with caution as the results have wealnesses that limit
conclusions about causality because the strength of the
association was modest (HR: 1.26 for both), and there is
considerable potential for residual confusion [35, 36].

In the last decade, drugs such as 5-aminosalicylic acid
or new therapies against cancer like ICIs have started to
play an important role in the pathogenesis of this disease.
ICIs, such as nivolumab, ipilimumab, or pembrolizumab,
have recently been described as causes of AIN with simi-
lar clinical and histologic features to the rest of DI-AIN
but with longer latency periods. However, the etiopatho-
genesis can be due to a change in the immune system that
can cause a loss of tolerance against endogenous antigens
or that ICI reduces tolerance to other coexisting drugs
implicated in AIN. Some articles have shown a close rela-
tionship with concomitant use of PPIs [37].

Cortazar et al. [38-40], reported that concomitant use
of PPIs was a risk factor for DI-AIN together with dual
ICI therapy and baseline eGFR <30 mL/min/1.73 m?. Ac-
cordingly, combination treatment with more than one
ICI increases the probability to develop DI-AIN, and also
the severity of the eventual episode [41-43].

Clinical Manifestations

Symptoms are highly variable, and most of the patients
will present mild symptoms. Therefore, diagnosis of DI-
AIN relies on maintaining a high index of suspicion in
those patients at higher risk for this disease, but, in the
end, kidney biopsy is still needed to confirm AIN diagno-
sis.

In the majority of cases, AIN-related symptoms are
nonspecific, including malaise, nausea, and vomiting.
However, many patients are asymptomatic. The classical
triad, composed of fever, rash, and eosinophilia, is seldom
present accounting for 10% of the cases [44]. However,
when this entity was initially reported, this triad was more
frequently found. Some agents, such as NSAIDs and PPIs,
are less commonly associated with fever, rash, or eosino-
philia compared with other agents.

Skin eruptions are usually maculopapular or morbil-
liform, although diffuse erythroderma versus toxic epi-
dermal necrolysis may also develop [2, 45]. On the other
hand, fever can be low grade or intermittent but it can be
absent [45].

Regarding the interval of time between the start of the
drug and the episode of DI-AIN, beta-lactams and ceph-
alosporins usually have a close correlation between drug
initiation and the development of AIN. However, PPIs
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and NSAID-induced kidney injury occur with longer
drug exposure [4, 34]. When we analyzed ICI-related DI-
AIN, there is a longer latency period from drugadminis-
tration to diagnosis of DI-AIN compared to other drugs
and a slower decrease in creatinine after treatment [3].
Rifampin is unique in that the interstitial nephritis gener-
ally occurs when the antibiotic is reintroduced after an
interval, and the latent period may be as short as 1 day.

Renal Manifestations

Nonoliguric AKI is present in every DI-AIN case. Hy-
perkalemic, hyperchloremic metabolicacidosis, inconsis-
tent with the degree of kidney failure, may be present and
provides a clue that the tubulointerstitium is the site of
kidney injury [46].

Tubular nonnephrotic range proteinuria is usually
present in the setting of DI-AIN (90% of the patients).
Proteinuria range usually varies from 0.7 to 1.5 g/24 h.
Older individuals might be more likely to have a higher
degree of proteinuria [47]. The incidence of nephrotic
syndrome seems to be low and accounts for around 2.5-
3% of the patients [2, 28, 48]. Patients with NSAIDs re-
lated to AIN tend to present higher proteinuria levels
than other types of drugs inducing AIN, and nephrotic-
range proteinuria seems to be a specific complication of
NSAIDs. Nephrotic syndrome has been only exception-
ally reported with other types of drugs such as methicillin
[49]. In this setting, nephrotic proteinuria has been re-
ported in 80% of the patients, more often associated with
fenoprofen, naproxen, and ibuprofen or selective COX-2
inhibitors [50]. Nevertheless, in some patients, nephrotic
proteinuria might be due to an underlying disease, so its
presence might raise the suspicion for a concomitant dia-
betic kidney disease or another underlying glomerular
disease [51]. In these cases, it is highly recommended
evaluating previous blood and urine tests.

Despite the foregoing, the absence of nephrotic range
proteinuria does not exclude the possibility of NSAID-
related AIN because in some published series, a much
lower prevalence has been documented. To explain the
susceptibility to proteinuria caused by NSAIDs, it has
been hypothesized that the underlying pathogenic mech-
anism would be a decrease in the synthesis of prostaglan-
dins induced by NSAIDs, which could lead in an in-
creased conversion of arachidonic acid to leukotrienes,
producingan activation of T-helper cellsinducing diffuse
podocytes damage [52]. Extrarenal manifestations {(low-
grade fever, skin rash, and eosinophilia) thatare frequent-
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ly observed in AIN associated with antibiotics and other
drugs are characteristically absent in NSAID-induced
AIN [52, 53]. Urinalysis will present diverse abnormali-
ties such as sterile pyuria in up to two-thirds of the cases;
leukocyte casts (3—14%), and hematuria [40, 54].

In early clinical case reports, in which methicillin was
the predominant putative agent, macroscopic hematuria
appeared as a common finding of this entity; however, it
is currently a very rare initial presentation [55]. While
microscopic hematuria is more common, and it is found
in nearly two-thirds of the patients, the presence of hema-
turia is known to be associated with a more severe disease
and worse kidney outcomes [56]. The presence of red-
blood-cell casts was once thought to be specific for glo-
merular disease; however, up to one-third of AIN patients
exhibit red-blood-cell casts, probably related to disrup-
tion of interstitial blood vessels and leakage of erythro-
cytes to the tubular Jumen [57]. Acute tubulointerstitial
injury can induce tubular dysfunction, clinically detected
as glycosuria. In astudy of our group, glycosuria was pres-
ent in the 21% of biopsy-proven AIN cases, compared to
the 4% in those AKI due to other etiologies. The specific-
ity for glycosuria and AIN was 99% (95% CI: 97-99%).
Further studies are needed to confirm this finding [58].

Eosinophiluria

The presence of urinary eosinophils may be explained
by the release of eosinophil granules after activation, with
the potential for leaking into the tubules and being ex-
creted into the urine [59]. Even if eosinophiluria was tra-
ditionally considered a classical biomarker in AIN, the
presence of eosinophiluria in the urinary sediment is a
nonspecific, and unreliable finding since it can be seen in
many other kidney diseases such as renal abnormalities,
urinary tract infections, acute tubular necrosis, and glo-
merulonephritis. Muriithi et al. [60] identified 566 pa-
tients with CKD caused by different etiologies, including
91 patients with AIN, 80% of them with DI-AIN. They
found eosinophiluria in a variety of diagnoses besides
AIN. Using a >1% urinary eosinophils cut-off, only 31%
of AIN patients were identified, with a similar rate in
acute tubular necrosis (29%). When increasing the cut-off
up to 5%, sensitivity declined, but specificity improved.
However, eosinophiluria was a poor test to discriminate
against AIN and other kidney diseases [60]. In another
study conducted in 1994 comprising 51 patients with sus-
pected AIN, the sensitivity of eosinophiluria was 40% for
the detection of AIN, and the positive predictive value
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was 38% [24]. Hansel stain has been considered as a better
method to visualize urinary eosinophils than Wright's
stain [59].

Sterile Pyuria

Sterile pyuria is a common nonspecific finding (50-
75% of the patients), especially in the setting of antibiotics
related to AIN.

Urinary Sodium

It is a common belief that urine sodium concentration
and fractional excretion of sodium would be low in these
patients, but the reality is that it is unhelpful in the diag-
nosis of AIN as both can be either elevated or depressed
[51].

Histology

The definitive diagnosis of AIN is given by the kidney
biopsy. However, as previously mentioned, kidney biopsy
is not always performed because on many occasions, we
are faced with fragile patients, mild increase of serum cre-
atinine, or at high risk of complications of the technique,
assuming the diagnosis of this entity.

Histologically, it is characterized by the presence of an
extensive interstitial infiltrate, mainly composed of lym-
phocytes and monocytes, but eosinophils, plasma cells,
histiocytes, and polymorphonuclear cells can also be
found. When immunohistochemical techniques are per-
formed, the mononuclear component in drug-associated
cases is mostly T lymphocytes.

It can also associate images of tubulitis and, accompa-
nying this, typically, there are tubular degeneration signs
such asloss of brush border, flattening of the epithelium,
and desquamation of cells toward the tubular lumen. Re-
generative changes such as mitosis and enlarged nuclei
with prominent nucleoli can be found.

Initially, the inflammatory infiltrate can be associated
with interstitial edema, but with time, it can develop fi-
brosis and tubular atrophy, these findings being charac-
teristic of chronic interstitial nephritis. Elderly patients
tend to present with a higher percentage of sclerotic glo-
meruli and more interstitial fibrosis and tubular atrophy
[4]. Both the glomerular and vascular compartments are
usually normal except when they have some other associ-
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ated pathology, something that is always important to
rule out.

IF does not usually show immune deposits, and fibrin-
ogen deposits can be detected in the interstitium. In those
associated with penicillins and cephalosporins, sporadic
cases have been described with the presence of linear IgG
and C3 in tubular bases. At the electron microscope level,
no specific findings are detected.

Granulomatous interstitial nephritis is a different, but
less common, form of presentation. It is associated with
drugs such as NSAIDs, antimicrobialslike vancomycin or
ciprofloxacin, and also granulomatous diseases like sar-
coidosis or TINU syndrome. Granulomas are mainly
composed of macrophages and multinucleated giant

cells.

Treatment

There is general agreement that withdrawal of the pre-
sumed causative drug is the mainstay of the treatment of
DI-AIN. But even when DI-AIN is suspected, identifica-
tion of the putative drug is challenging for several reasons
among others due to the large list of possible putative
drugs implicated in DI-AIN, the time from starting the
drugto AKIis quite ranged, and thelack of precise screen-
ing methods to discriminate the offending drug [3].

This situation is even more complicated with the ever
more widespread use of over-the-counter medicines such
as NSAIDs or PPIs. Patients usually perceive these drugs
as secure with low side-effect profile, and patients usually
take them for chronic conditions during months or even
years increasing the risk for side adverse effects [34, 61—
63]. In these situations, only an in-depth focused inter-
view can uncover the uptake of this kind of drugs. An-
other difficult situation are those patients treated with
polypharmacy, especially those with chronic diseases and
the elderly, which are at a particularly high risk for DI-
AIN for their inherent fragility, eventual impaired kidney
function and other comorbidities [64].

Despite all the efforts to identify the responsible drug,
sometimes the culprit drug cannot be withdrawn or sub-
stituted due to its inherent benefits. This situation occurs
frequently in AIN induced by chemotherapeutic drugs,
specifically by ICL

When there is no evidence of kidney function recovery
after a 5-7-day period since interrupting the treatment
with the suspected drug, many studies support the treat-
ment with steroids, especially when they are promptly
started (Fig. 2). The rationale for thisapproach is that ear-
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Reevaluate after 1 week

Yes

Is there a complete

renal response?

Standard

Withdraw the
presumed causative
drug

Is there an improvement in
serum creatinine?
(i.e. a reduction of 50%)

Oral prednisone 0.8—1 mg/kg/day during 2 weeks* |

Is there a complete

follow-up

Yes No

renal response?

Initiate Maintain same
tapering _ N gogns
Duration: N | precnisone
3 weeks Yes No 2 more

weeks

Initiate
tapering

Duration:

Check renal
function

Fig. 2. Proposed treatment algorithm for DI-AIN. The mainstay
for the treatment of DI-AIN is the withdrawal of the suspected
medication. We recommend reevaluating serum creatinine after a
week. In case there is not a significant improvement, we suggest
starting treatment with oral prednisolone 0.8-1 mg/kg during 2

ly corticosteroids would reduce the inflammatory infil-
trates of the kidney interstitium, thus preventing the risk
of subsequent fibrosis. In moderate-to-severe cases of
AIN, the period from the withdrawal of the drug to the
start of corticosteroids treatment could even be shorter.
Clarkson and colleagues [48] published a retrospective
study on 60 patients diagnosed with AIN (92% DI-AIN),
although clinical follow-up data were only available in 42
patients. They found no difference in kidney function at
6 and 12 months of follow-up between patients treated
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weeks. Once there is a complete renal response, we advocate to
initiate steroid tapering, whereas in case of an incomplete re-
sponse, we suggest to maintain the same dose of prednisone 2 more
weeks and then to initiate tapering, which should last 5-7 weeks.

with corticosteroids (60%) and those who merely re-
ceived supportive treatment (40%) [48]. The Madrid In-
terstitial Nephritis Group studied 61 patients with kid-
ney-biopsy-proven DI-AIN. Most patients received cor-
ticosteroids (85%). After a mean follow-up of 19 months,
kidney function showed a greater improvement in those
treated (final serum creatinine 2.1 mg/dL (range 0.7-
12.7) compared to those not treated (final serum creati-
nine 3.7 mg/dL {range 0.7-8.9) (p < 0.05), and thenumber
of patients who required kidney replacement therapy was
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Fernandez-Juarez

Color version available online

£20Z JequisaoN 90 Uo 188nB Aq Ipd" L 9G5ZS000/SZPESEE/.L/T/ . bLIPG-8joIe e U0 1668/ R Wol pepecjumoq



Fig. 3. Relapses. Some of the patients who
have suffered an episode of DI-AIN must
face a re-exposure to the drug that had pre-
viously been suspected as a culprit of the
disease. If the patient suffers a new episode
of DI-AN, the drug should be withdrawn
but if there isno new episode, it is necessary
to test other drugs.

Check for other drugs or

underlying systemic disease

Previous

episode of
DI-AIN

Rechallenge with
the previously
suspected drug

New episode of
DI-AIN

No Yes

Withdraw the drug and
follow-up

significantly lower (3.8% vs. 44.4%, p value <0.001) [27].
Interestingly, in this study, there was a significant correla-
tion between the delay in the onset of corticosteroid treat-
ment after drug withdrawal and the final kidney function
(r=0.45, p < 0.005). Specifically, the benefit was greatest
for patients, who received early treatment with steroids,
in particular during the first week after stopping the caus-
ative drug.

Later studies showed similar findings. In the study
conducted by Muriithi et al. [25], 86% of the patients re-
ceived steroids, and the rest of patients received conserva-
tive treatment. After 6 months, serum creatinine in both
groups was similar (1.4 vs. 1.5 mg/dL). An interesting ob-
servation in this study is the fact that patients achieving
partial or complete remission started corticosteroid treat-
ment earlier (at 8 and 11 days, respectively), whereas pa-
tients not attaining remission commenced treatment
considerably later (at 35 days) (p value = 0.05) [25].

In view of the published results, the following studies
have focused on the question of when it is optimal to in-
troduce corticosteroids. This controversy has been ad-
dressed in a study including 182 patients with biopsy-
proven cases of DI-AIN treated with corticosteroids.
Those patients starting treatment with corticosteroids
during the first 2 weeks showed better kidney outcomes,
In contrast, treatment started beyond 4 weeks exhibited
little benefit on the final kidney function. More in detail,
the mean time to start corticosteroid treatment was 9 days
in the group that had complete recovery, 12 days in the
group that had partial recovery, and 29 days in the group
that had no recovery (p value = 0.008) [28].
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On the other hand, the length of the therapy is nota
trivial matter because the use of corticosteroids might
producea wide range of adverse effects. Therefore, a strict
balance of the dose and the duration of the treatment
must be considered to avoid administering more doses
for longer than necessary. Despite its importance, the du-
ration of the treatment with corticosteroids has not been
discussed in depth. The study conducted by Fernandez-
Juarez et al. [28], discussed the length of the duration of
the treatment, concluding that the greatest kidney func-
tion recovery was obtained when the entire treatment
lasted 8 weeks at maximum, out of which, 3 weeks would
correspond to high-dose corticosteroids therapy followed
by a tapering period of up to 5-6 weeks.

In conclusion, treatment of AIN remains a challenge
since evidence in the literature comes mainly from retro-
spective studies. The first step in the treatment of DI-AIN
is to remove the causative agent of the disease; however,
there is evidence on the use of corticosteroids for the
treatment of this entity when started rapidly. Therapy
should not exceed a total duration of 8 weeks maximum,
of which 3 weeks would correspond to high doses of cor-
ticosteroids followed by a tapering period of up to 5-6
weeks (Fig. 3).

The treatment alternatives for these patients are not
yet standardized. In fact, there is not enough evidence in
the literature that encourages the use of other immuno-
suppressive agents. Clinical cases treated with other im-
munosuppressive agents, such as cyclophosphamide, cy-
closporine, or mycophenolate, are scarce in the literature
[65, 66]. In this setting, a recent report of 8 patients with
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corticosteroid dependency and recurrent AIN docu-
mented an interesting beneficial effect of mycophenolate

mofetil.

Prognosis

Theinitial reports of D-AIN related to methicillin sug-
gested that this entity was a relatively benign disease with
a favorable prognosis. Nevertheless, this is far from real-
ity because almost 40% of the patients suffering DI-AIN
will experience an incomplete renal recovery with some
degree of CKD [15],and around one-third of the patients
will require dialysis [45]. The elderly, in addition to being
at greater risk for the disease, also have a worse prognosis
and usually have more severe kidney failure even requir-
ing hemodialysis [4].

Approximately 2% of all CKD is considered to be due
to AIN, which is equivalent to 10 million prevalent world-
wide cases. Furthermore, AIN is the primary cause of
ESRD in 3-4% of all the cases [67]. It is one of the few
potentially treatable causes of AKI if identified and treat-
ed early [68]. However, delayed or missed AIN diagnosis
leads to ongoing inflammation, resulting in interstitial fi-
brosis, tubular atrophy, and permanent kidney damage,
which may be the explanation for CKD occurring in 40-
60% of patients after an episode of AIN [25, 61].

The discovery of a DI-AIN biomarker would be a fun-
damental finding in order to establish an eatly and defi-
nite diagnosis. Several novel biomarkers have been evalu-
ated as potential diagnostic and prognostic tools. Some
studies have highlighted the role of MCP-1, KIM-1, IL-9,
and sC5b-9 as possible biomarkers of the disease. Diag-
nostic techniques have also been developed, such as the
lymphocyte transformation test, which measures the pro-
liferation of lymphocytes in the presence of a drug. For
example, in one case, a patient developed DI-AIN in the
setting of the treatment with nivolumab and lansoprazole
[44]. The LTT demonstrated reactivity against lansopra-
zole and not against nivolumab, indicating which was the
culprit drug [24, 59, 60, 69].

Despite different attempts, much remained to be done
in order to elucidate the prognostic factors of DI-AIN. So
far, any clinical or histological factors have been shown to
have an impact on the prognosis. Some authors have tried
to correlate the extent of interstitial infiltrates, the severity
of tubulitis, the extent of fibrosis, or the presence of granu-
lomas with the outcome of the disease with despair results
[6, 15]. The fact that fibrosis and chronic tubular damage
is patchy may justify this lack of correlation [25, 70].
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Relapses and Refractory Disease

Recurrent AIN is a rare condition, which is associated
with worse prognosis and renal survival. In a Spanish
study, 22 out of 205 patients diagnosed with DI-AIN pre-
sented a clinical relapse after the drug withdrawal. Twen-
ty-seven percent of them had the causative drug reintro-
duced before the relapse, and 41% of these patients had
an undiagnosed autoimmune disease underneath, with a
previous wrong diagnosis of DI-AIN. In this study, only
the presence of microhematuria, at the time of diagnosis,
was more frequently seen in those with an underlying sys-
temic disease.

The treatment landscape for patients with relapses is
not standardized. In fact, there is not enough evidence in
the literature supporting the use of other immunosup-
pressive agents than corticosteroids.

In case of refractory disease, it is highly recommended
to identify if there is another putative cause, rather than
the suspected drug, for example, an underlying disease
(Fig 3).Itis also important to mention that when chron-
ic kidney damage is already established and the acute in-
filtrate has already given way to chronic infiltrate and tu-
bulointerstitial fibrosis, the damage is no longer revers-
ible, and therefore, kidney recovery could not be possible.
Thus, corticosteroids should be avoided in those with ad-
vanced fibrosis.

Faieta and colleagues [71], reported one case of refrac-
tory ICI-induced AIN successfully treated with mycophe-
nolate mofetil. The patient was diagnosed with DI-AIN
related to nivolumab, which is a PD-1 inhibitor, in the
context of the treatment of a metastatic clear-cell renal-
cell carcinoma. The patient was initially treated with cor-
ticosteroids for this condition but suffered three relapses.
Finally, therapy with pulse 500 mg IV methylpredniso-
lone and 1 daily gram of mycophenolate mofetil was initi-
ated, and the patient recovered kidney function [71].

Conclusion

DI-AIN is an increasingly common entity in clinical
practice and an increasing cause of AKI. Its diagnosis re-
mains a challenge for clinicians, due to the nonspecific
clinical manifestations and because it can be produced by
a myriad of drugs. Certainly, this makes it extremely dif-
ficult to identify the causative agent due to polypharmacy
in patients and in other cases because it is difficult to con-
trol the use of over-the-counter drugs.
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So far, the optimal treatment of this entity is not well

characterized because there are no clinical trials that pro-

vide the highest level of evidence. However, it is consid-
ered that the fundamental pillar of treatment consists in
the withdrawal of the drug, and if an early recovery of the
baseline kidney function is not obtained, treatment with
corticosteroids might hasten the recovery of kidney func-
tion, and thesedrugs should be started as soon as possible.

10

11

Conflict of Interest Statement

Juarez.

Author Contributions

Conceptualization: Gema Fernandez-Juarez and Beatriz San-
chez-Alamo; methodology: Gema Fernandez-Juarez; literature re-
view: Clara Cases-Corona and Beatriz Sanchez-Alamo; writing —
original draft: Beatriz Sanchez-Alamo and Clara Cases-Corona;
writing — review and editing: Beatriz Sanchez-Alamo and Gema
Fernandez-Juarez; visualization: Beatriz Sanchez-Alamo and
Gema Fernandez-Juarez; and supervision: Gema Fernandez-

Data Availability Statement

The authors have no conflicts of interest to declare.

Funding Sources

All articles analyzed during this review are included in the ref-
erences. Further inquiries can be directed to the corresponding

author.

No funding was required to conduct this review.

References

Councilman WT, Acute interstitial nephritis,
] Exp Med. 1898 Jul;3(4-5):393-420.

Praga M, Sevillano A, Aufién P, Gonzilez E.
Changes in the actiology, clinical presentation
and management of acute interstitial nephri-
tis, an increasingly common cause of acute
kidney injury. Nephrol Dial Transplant. 2015
Sep;30(9):1472-9,

Raghavan R, Eknoyan G. Acute interstitial ne-
phritiss a reappraisal and update. Clin
Nephrol. 2014 Sep;82(3):149-62.

Muriithi AK, Leung N, Valeri AM, Cornell
LD, Sethi S, Fidler ME, et al. Clinical charac-
teristics, causes and outcomes of acute inter-
stitial nephritis in the elderly. Kidney Int.
2015 Feb; 87(2):458-64.

Barreto EF, Rule AD. Management of drug-
associated acute interstitial nephritis. Kid-
ney360. 2020 Jan;1(1):62-4.

Rossert J. Drug-induced acute interstitial ne-
phritis. Kidney Int. 2001 Aug;60(2):804-17.
Paucksakon P, Fogo AB. Drug-induced ne-
phropathies. Histopathology. 2017 Jan;70(1):
94-108.

Krishnan N, Perazella MA. Drug-induced
acute interstitial nephritis: pathology, patho-
genesis, and treatment. [ran ] Kidney Dis.
2015 Jan;9(1):3-13.

Spanou Z, Keller M, Britschgi M, Yawalkar N,
Fehr T, Neuweiler ], et al. Involvement of
drug-specific T cells in acute drug-induced
interstitial nephritis. ] Am Soc Nephrol. 2006
Oct;17(10):2919-27.

Raghavan R, Shawar 8. Mechanisms of drug-
induced interstitial nephritis. Adv Chronic
Kidney Dis, 2017 Mar;24(2):64-71.

Pichler WJ]. Pharmacological interaction of
drugs with antigen-specific immune recep-

Updated Review of Drug-Induced Acute
Interstitial Nephritis

12

13

14

15

16

17

18

19

tors: the p-i concept. Curr Opin Allergy Clin
Immunol, 2002 Aug;2(4):301-5.

Kitching AR, Hutton HL. The players: cells
involved in glomerular disease. Clin | Am Soc
Nephrol. 2016 Sep; 11(9):1664-74.

Buysen JG, Houthoff HJ, Krediet RT, Arisz L.
Acute interstitial nephritis: a clinical and
morphological study in 27 patients. Nephrol
Dial Transplant. 1990;5(2):94-9.

Sathick I], Zand L, Kamal AN, Norby SM, Ga-
rovic VD. Acute interstitial nephritis: etiolo-
gy, pathogenesis, diagnosis, treatment and
prognosis. Nephrol Res Rev. 2013 Jan;5(1):
13-20.

Rossert ], Fischer E. Acute interstitial nephri-
tis. Comprehensive clinical nephrology. Phil-
adelphia: Elsevier Limited; 2018.

Kelly CJ, Neilson EG. Contrasuppression in
autoimmunity. Abnormal contrasuppres-
sion facilitates expression of nephritogenic
effector T cells and interstitial nephritis in
kdkd mice. ] Exp Med. 1987 Jan;165(1):107—
23,

Gerber BO, Pichler WJ. Cellular mechanisms
of T cell mediated drug hypersensitivity. Curr
Opin Immunol. 2004 Dec;16(6):732-7.
Rastegar A, Kashgarian M. Long-term analge-
sic use and renal disease. Kidney Int. 1999
Feb;55(2):743.

Rojas M, Restrepo-Jiménez P, Monsalve DM,
Pacheco ¥, Acosta-Ampudia Y, Ramirez-
Santana C, et al. Molecular mimicry and au-
toimmunity. | Autoimmun. 2018 Dec;95:
100-23.

Cheng HF, Nolasco F, Cameron ], Hildreth G,
Neild GH, Hartley B, et al. HLA-DR display
by renal tubular epithelium and phenotype of
infiltrate in interstitial nephritis. Nephrol

21

27

Dial Transplant, 1989;4:205-15, Buscar con
Google [Internet]

Cheng HF, Nolasco F, Cameron JS, Hil-
dreth G, Neild GH, Hartley B, et al. HLA-
DR display by renal tubular epithelium and
phenotype of infiltrate in interstitial ne-
phritis. Nephrol Dial Transplant. 198%;4(3):
205-15,

JiaY,SuT, GuY, LiC, Zhou X, Su J, et al.
HLA-DQAL, -DQBI, and -DRB1 alleles as-
sociated with acute tubulointerstitial nephri-
tis in a Chinese population: a single-center
cohort study. ] Immunol. 2018 Jul;201(2):
423-31.

Border WA, Lehman DH, Egan JD, Sass HJ,
Glode JE, Wilson CB. Antitubular basement-
membrane antibodies in methicillin-associat-
ed interstitial nephritis. N Engl ] Med. 1974
Aug;291(8):381-4.

Ruffing KA, Hoppes P, Blend D, Cugino A,
Jarjoura D, Whittier FC. Eosinophils in urine
revisited. Clin Nephrol, 1994 Mar;41(3):163-
6.

Muriithi AK, Leung N, Valeri AM, Cornell
LD, Sethi S, Fidler ME, et al. Biopsy-proven
acuite interstitial nephritis, 1993-2011: a case
series. Am ] Kidney Dis. 2014 Oct;64(4):558-
66.

Valluri A, Hetherington L, Mcquarrie E,
Fleming 8, Kipgen D, Geddes CC, et al. Acute
tubulointerstitial nephritis in Scotland. QJM.
2015 Jul;108(7):527-32.

Gonzélez E, Gutiérrez E, Galeano C, Chevia
C, de Sequera P, Bernis C, et al. Early steroid
treatment improves the recovery of renal
function in patients with drug-induced acute
interstitial nephritis. Kidney Int. 2008 Apr;
73(8):940-6.

Nephron 2023;147:78-90
DOL: 10.1159/000525561

45

89

£20Z JequisaoN 90 Uo 188nB Aq Ipd" L 9G5ZS000/SZPESEE/.L/T/ . bLIPG-8joIe e U0 1668/ R Wol pepecjumoq



28

29

30

31

32

33

35

36

37

38

39

40

Fernandez-Juarez G, Petez [V, Caravaca-
Fontdn F, Quintana L, Shabaka A, Rodriguez
E, et al, Duration of treatment with corticoste-
roids and recovery of kidney function in acute
interstitial nephritis. Clin ] Am Soc Nephrol.
2018 Dec;13(12):1851-8.

Nolan CM, Abernathy RS. Nephropathy as-
sociated with methicillin therapy. Prevalence
and determinants in patients with staphylo-
coccal bacteremia, Arch Intern Med, 1977
Aug;137(8):997-1000.

Pamuk ON, Cakir N. The renal effects of the
addition of low-dose aspirin to COX-2 selec-
tive and nonselective antiinflammatory
drugs. Clin Rheumatol. 2006 Feb;25(1):123—
5.

Mann JF, Goerig M, Brune K, Luft FC. Ibu-
profen as an over-the-counter drug: is there a
risk for renal injury? Clin Nephrol. 1993 Jan;
39(1):1-6.

Blank ML, Parkin L, Paul C, Hetbison P. A
nationwide nested case-control study indi-
cates an increased risk of acute interstitial ne-
phritis with proton pump inhibitor use. Kid-
ney Int, 2014 Oct;86(4):837-44.

Nast CC. Medication-induced interstitial ne-
phritis in the 21st century. Adv Chronic Kid-
ney Dis. 2017 Mar;24(2):72-9.

Sierra F, Suarez M, Rey M, Vela MF. System-
atic review: proton pump inhibitor-associat-
ed acute interstitial nephritis. Aliment Phar-
macol Ther. 2007 Aug;26(4):545-53.

Klatte DCF, Gasparini A, Xu H, de Deco P,
Trevisan M, Johansson ALV, et al. Associa-
tion between proton pump inhibitor use and
risk of progression of chronic kidney disease.
Gastroenterology. 2017 Sep;153(3):702-10.
Bjorkman DJ. Proton pump inhibitors and
chronic kidney disease: causation or another
false alarm? Gastroenterology. 2017 Sep;
153(3):638-40.

Cortazar FB, Marrone KA, Troxell ML, Ralto
KM, Hoenig MP, Brahmer JR, et al. Clinico-
pathological features of acute kidney injury
associated with immune checkpoint inhibi-
tors. Kidney Int. 2016 Sep;90(3):638—47.
Brahmer JR, Lacchetti C, Schneider B], Atkins
MB, Brassil K], Caterino JM, et al. Manage-
ment of immune-related adverseevents in pa-
tients treated with immune checkpoint inhib-
itor therapy: American Society of clinical on-
cology clinical practice guideline. J Clin
Oncol. 2018 Jun;36(17):1714-68.

Cortazar FB, Kibbelaar ZA, Glezerman IG,
Abudayyeh A, Mamlouk O, Motwani S, et al.
Clinical features and outcomes of immune
checkpoint inhibitor-associated AKI: a multi-
center study. ] Am Soc Nephrol. 2020 Feb;
31(2):435-46.

Moledina DG, Perazella MA. Proton pump
inhibitors and CKD. ] Am Soc Nephrol. 2016
Oct;27(10):2926-8.

41

43

47

49

50

51

52

53

54

55

56

Shirali AC, Perazella MA, Gettinger S. Asso-
ciation of acute interstitial nephritis with pro-
grammed cell death 1 inhibitor therapy in
lung cancer patients. Am ] Kidney Dis. 2016
Aug;68(2):287-91.

Larkin J, Chiarion-Sileni V, GonzalezR, Grob
I, Cowey CL, Lao CD, et al. Combined
nivolumab and ipilimumab or monotherapy
in untreated melanoma. N Engl | Med. 2015
Jul;373(1):23-34,

Murakami N, Borges '], Yamashita M, Riella
LV. Severe acute interstitial nephritis after
combination immune-checkpoint inhibitor
therapy for metastatic melanoma. Clin Kid-
ney J. 2016 Jun;9(3):411-7.

Bhandari], Thada PK, Arif H. Tubulointersti-
tial nephritis. In: StatPearls, Treasure Island,
FL: StatPearls Publishing; 2021 [cited 2021
Dec 22]. Available from: http://www.ncbi.
nim.nih.gov/books/NBK557537/.

Perazella MA, Markowitz GS. Drug-induced
acute interstitial nephritis. Nat Rev Nephrol.
2010 Aug;6(8):461-70.

Toto RD. Acute tubulointerstitial nephritis.
Am ] Med Sci. 1990 Jun; 299(6):392-410.
Haas M, Spargo BH, Wit E], Meehan SM. Eti-
ologies and outcome of acute renal insuffi-
ciency in older adults: a renal biopsy study of
259 cases, Am ] Kidney Dis, 2000 Mar;35(3):
433-47,

Clarkson MR, GiblinL, O’Connell FP, O’Kelly
P, Walshe JJ, Conlon P, etal. Acute interstitial
nephritis: clinical features and response to
corticosteroid therapy. Nephrol Dial Trans-
plant. 2004 Nov;19(11):2778-83.

Neugarten ], Gallo GR, Baldwin DS. Ri-
fampin-induced nephrotic syndrome and
acute interstitial nephritis. Am | Nephrol.
1983 Feb;3(1):38-42.

Riella MC. Principios de Nefrologia e Distar-
bios Hidroeletroliticos. Guanabara Koogan;
2018,

Nussbaum EZ, Perazella MA. Diagnosing
acute interstitial nephritis: considerations for
clinicians. Clin Kidney J. 2019 Dec;12(6):
808-13.

Mérida E, Praga M. NSAIDs and nephrotic
syndrome. Clin ] Am Soc Nephrol. 2019 Sep;
14(9):1280-2.

Praga M, Gonzdlez E. Acute interstitial ne-
phritis, Kidney Int, 2010 Jun;77(11):956-61,
Fogazzi GB, Ferrari B, Garigali G, Simonini P,
Consonni D. Urinary sediment findings in
acute interstitial nephritis. Am J Kidney Dis.
2012 Aug;60(2):330-2.

Galpin JE, Shinaberger JH, Stanley TM, Blu-
menkrantz M]J, Bayer AS, Friedman GS, et al.
Acute interstitial nephritis due to methicillin.
Am ] Med. 1978 Nov; 65(5): 756-65.

Esteras R, Fox JG, Geddes CC, Mackinnon B,
Ortiz A, Moreno JA. Hematuria is associated
with more severe acute tubulointerstitial
ephritis. | Clin Med. 2020 Jul;9(7):E2135.

Nephron 2023;147:78-90
DOI: 10.1159/000525561

66

57

59

61

62

69

70

71

Martinez Valenzuela L, Draibe ], Fulladosa X,
Torras J. New biomarkers in acute tubuloint-
erstitial nephritis: a novel approach to a clas-
sic condition. Int ] Mol Sci. 2020 Jan;21(13):
4690.

Landaluce E, Leén M, Shabaka A, Fernandez-
Juarez G. Renal glycosnria in acute renal fail-
ure as a diagnostic predictor of acute tubu-
lointerstitial nephritis. 2021 Sep.

Kodner CM, Kudrimoti A, Diagnosis and man-
agement of acute interstitial nephritis. Am Fam
Physician. 2003 Jun;67(12):2527-34.

Muriithi AK, Nasr SH, Leung N. Utility of
urine eosinophils in the diagnosis of acute in-
terstitial nephritis. Clin | Am Soc Nephrol.
2013 Nov;8(11):1857-62.

Simpson I], Marshall MR, Pilmore H, Manley
B, Williams L, Thein H, et al. Proton pump
inhibitors and acute interstitial nephritis: re-
port and analysis of 15 cases. Nephrology.
2006 Oct; 11(5):381-5.

Ray S, Delaney M, Muller AF. Proton pump
inhibitors and acute interstitial nephritis.
BM]J. 2010 Sep;341:c4412.

XieY, Bowe B, Yan Y, Xian H, Li T, Al-Aly Z.
Estimates of all cause mortality and cause spe-
cific mortality associated with proton pump
inhibitors among US veterans: cohort study.
BMJ. 2019 May;365:11580.

Davison AM, Jones CH. Acute interstitial ne-
phritis in the elderly: a report from the UK
MRC glomerulonephritis register and a re-
view of the literature. Nephrol Dial Trans-
plant. 1998;13 Suppl 7:12-6.

Preddie DC, Markowitz GS, Radhakrishnan J,
Nickolas TL, D’Agati VD, Schwimmer JA, et
al. Mycophenolate mofetil for the treatment
of interstitial nephritis. Clin ] Am Soc
Nephrol. 2006 Jul;1(4):718-22.
Rodriguez-Iturbe B. Is mycophenolate
mofetil a new treatment option in acute inter-
stitial nephritis? Clin | Am Soc Nephrol. 2006
Jul;1(4):609-10.

Saran R, Robinson B, Abbott KC, Bragg-Gresh-
am J, Chen X, Gipson D, et al. US renal data
system 2019 annual data report: epidemiology
of kidney disease in the United States. Am ]
Kidney Dis. 2020 Jar;75(1 Suppl 1): A6-7.
Moledina DG, Perazella MA. The challenges
of acute interstitial nephritis: time to stan-
dardize, Kidney360. 2021 Jun; 2(6):1051-5,
Fletcher A. Eosinophiluria and acute intersti-
tial nephritis. N Engl ] Med. 2008 Apr;
358(16):1760-1.

Schwarz A, Krause PI, Kunzendorf U, Keller
F, Distler A. The outcome of acute interstitial
nephritis: risk factors for the transition from
acute to chronic interstitial nephritis. Clin
Nephrol. 2000 Sep;54(3):179-90.

Faieta A, Dancik T. Refractory acute interstitial
nephritis in the setting of nivolumab therapy.
Case Rep Nephrol. 2021 Mar; 2021:6640154.

Sanchez-Alamo/Cases-Corona/
Fernandez-Juarez

£20Z JequisaoN 90 Uo 188nB Aq Ipd" L 9G5ZS000/SZPESEE/.L/T/ . bLIPG-8joIe e U0 1668/ R Wol pepecjumoq



European Journal of Internal Medicine 101 (2022) 21-28

Contents lists available at ScienceDirect
European Journal of Internal Medicine

journal homepage: www.elsevier.com/locate/ejim

Review Article

Acute kidney injury associated with non-steroidal anti-inflammatory drugs

Nattawat Klomjit >, Patompong Ungprasertb

2 Division of Nephrology and Hypertension, University of Minnesota, Minneapolis, USA

Chack for
updates

® Department of Rhy i and gic Diseases, Cleveland Clinic, Cleveland, OH, USA

ARTICLEINFO ABSTRACT

Keyword: Non-steroidal anti-inflammatory drugs (NSAIDs) ate ones of the commonly preseribed drugs worldwide. They
Non-steroidal enti-inflammatory drugs primarily inhibit cyclooxygenase (COX) enzyme which is responsible for conversion of phospholipids to various
ﬁmlsddn L prostaglandins (PGs). Disruption in PGs production affects the kidneys in several ways, including vasocon-
mte ey fjury striction that may result in ischemic acute kidney injury (AKI) in at-risk patients. They also impair salt and water

Nephrotic syndrome
Acute interstitial nephritis
AIN

Prostaglandin

PGs

CoxX

Cyclooxygenase

excretion, leading to edema and hypertension. Other complications include hyperkalemia, hyponatremia,
nephrotic syndrome, acute interstitial nephritis and chronic kidney disease progression. AKI from NSAIDs is
usually reversible with favorable prognosis after discontinuation of NSAIDs. Avoidance of NSAIDs exposure is
extremely important, especially among high-risk patients.

1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are one of the most
commonly prescribed drugs that are accounted for 5-10% of all pre-
scriptions in the United States. [1] Acetyl salicylic acid (ASA) is the first
agent that was discovered in 1893. [2] Since then, many agents have
been developed and widely used for various conditions. NSAIDs exert
their anti-inflammatory effect via cyclooxygenase (COX) inhibition.
Their common adverse effects include gastrointestinal ulcers, cardiac
toxicity, bleeding diathesis, allergic reaction and renal complications,
[3,4] with acute kidney injury (AKI) being the most common form of
NSAIDs-induced renal injury. Other renal manifestations include hy-
pertension, edema, hyponatremia, hyperkalemia, nephrotic syndrome,
papillary necrosis and interstitial nephritis, [5] In addition, several
studies have demonstrated a relationship between exposure to high dose
NSAIDs and progression to advanced stage chronic kidney disease (CKD)
[6]. Unfortunately, despite the well-established adverse effects, the
frequency of NSAIDs utilization among high risk patients, such as those
with heart failure, hypertension and CKD, remains high. [7] A study of
kidney transplant recipients demonstrated that 11% of them were pre-
scribed NSAIDs, in which about two-third of the prescriptions were from
primary care physicians and less than 509 had appropriate laboratory
menitoring, [8]
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The purpose of our review is to summarize the current evidence on
mechanism of action of NSAIDs and their effects on the kidneys. We also
provide detailed information on each renal complication with a focus on
clinical presentation, treatment and outcome.

1.1. Mechanism of action of NSAIDs

NSAIDs inhibit cyclooxygenase (COX) which is also known as pros-
taglandin H synthase. [9] There are two distinct isoforms of COX: COX-1
and COX-2, COX-1 is ubiquitous and constitutively expresses in normal
cells. On the other hand, COX-2 is largely upregulated in inflammatory
state. [10] However, several studies have demonstrated an expression of
COX-2 during normal state in several organs such as brain, reproductive
organs and kidneys. [11] The two isoferms of COX are 60% identical and
located at luminal compartment of endoplasmic reticulum and nuclear
membrane. [9] NSAIDs bind with COX-1 via reversible hydrogen bond
whereas the binding of COX-2 is an irreversible active process. [12] COX
enzyme primarily involves in eicosanoid biosynthesis which converts
arachidonic acid to prostaglandin (PG) Ga. PGG» is then converted to
PGH; via peroxidase enzyme. [13] Ultimately, PGH; is metabolized to
various types of PG including PGE;, PGFyy, PGI; and thromboxane (TX)
A, via isomerase enzymes (Fig. 1). [2] NSAIDs exert their
anti-inflammatory property mainly via COX-2 inhibition whereas COX-1

0953-6205/© 2022 European Federation of Internal Medicine, Published by Elsevier B.V. All rights reserved.
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inhibition often results in adverse effects. NSAIDs can be classified based
on their COX-2 selectivity: non-selective COX inhibitors and selective
COX-2 inhibitors. [11] NSAIDs can also be classified based on their
chemical structure and property such as carboxylic acids, acetic acids
and propionic acids.

1.2, Pathophysiology of NSAIDs-induced acute kidney injury

NSAIDs primarily incite AKI via hemodynamic alteration from
prostaglandins imbalance. [14] As previously mentioned, COX-1 is
generally expressed in the kidneys during non-inflammatory state.
Additionally, low level of COX-2 expression can be found in macula
densa. [15] PGs are expressed in several parts of nephron, including
glomeruli, juxtaglomerular apparatus (JGA), loop of Henle, interstitial
and tubular cells. Their function and sitespecific expression help
maintaining and modulating renal function (Fig. 1).

PGI; (Prostacyclin) is up-regulated by vasoconstrictive hormones
such as angiotensin II, vasopressin, endothelin and norepinephrine.
Various injuries, including renal ischemia and autoimmune process in
renal parenchyma, can stimulate PGI3 production. [16] Its receptors are
located at glomerular mesangial cells, endothelial cells and podocytes.
[17] I enhances arteriolar vasodilation, decrease vasopressin and in-
crease sodium excretion, thus promote diuresis. It can also attenuate
podocytes contraction and inhibit leukocyte adhesion and aggregation.
[18]

PGE; is expressed in all type of renal cells but mostly in glomeruli
and collecting ducts. There are three types of PGE, synthase, including
microsomal PGE synthase (mPGES)-1, mPGEs-2 and cytosolic PGE
synthase. PGE; binds to EP receptor which has 4 subtypes (EP{-EPy).
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[19] EP1/EP3 act as vasoconstrictor whereas EP2/EP4 act as vasodilator
of afferent arterioles. EP2/EP4 also serve as vasodilator for vasa recta. It
is a mediator of renin-angiotensin aldosterone synthesis (RAAS) that can
stimulates renin release via EP3 from the macula densa. [19] Overall,
PGE; promotes vasodilation, natriuresis and aquaresis. [5]

TXA3 is widely expressed and can be found in macrophages, lung,
peritoneum and kidneys. Expression of TXA; particularly abundant in
platelet which promotes platelet activation and aggregation. [20] In the
kidneys, TXA, is primarily expressed in glomeruli. It promotes vaso-
constriction and podocytes contraction, thus decrease renal blood flow
and glomerular filtration (GFR) [6].

PGFy, is converted from PGD; via 11-ketoreductase. It is highly
expressed along genitourinary tract, including ovaries and kidneys. [21]
Distal convoluted tubule and cortical collecting duct are the main sites of
renal expression. It promotes sodium and water excretion via trans-
cellular transport of sodium independently of blood pressure and GFR.
[6,22] It also simulates thiazide-sensitive Na-Cl- cotransporter in distal
convoluted tubule. [23]

NSAIDs deplete locally produced PGs in the kidneys and, thus, blunt
vasodilatory and other compensatory effects. These effects are especially
crucial for high-risk patients who already have up-regulated RAAS and
vasoconstrictive mediators (endothelin-1 (ET-1) and norepinephrine) as
they are dependent en vasodilation properties of PGs to maintain normal
renal hemodynamics. PGI; and PGE; are the main vasedilators. PGIz
enhances afferent, efferent and capillary tuft dilatation. PGE; also di-
lates afferent arterioles. [24] Removal of vasodilators can impose un-
opposed severe renal vasoconstriction. Ultimately, this may lead to
irreversible renal ischemia and acute tubular necrosis. [25] Several
animal studies have shown that prostacyclin reduction increases risk of
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Fig. 1. Prostaglandins production cascade, locations and their functions. Abbreviations: PG, prostaglandin; TXA2, thromboxane A2.
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ischemic kidney injury [26] and endothelial PGs could protect kidneys
from ischemic insult, [18] These studies confirm the inhibitory role of
NSAIDs in PGs production leading to ischemic injury (Fig. 2).

1.3. Risk factors for AKI in NSIADs user

NSAIDs associated AKI typically occurs in patients with pre-existing
compromised kidney hemodynamics [27]. Studies have shown that
NSAIDs do not alter kidney functions in otherwise healthy people. There
are several risk factors as summarized in Fig. 2. Patients are character-
istically dependent on vasodilatory effect of renal prostaglandins to
maintain renal blood flow and GFR. This typically occurs in patients
with RAAS activation, such as those with heart failure, liver cirrhosis,
nephrotic syndrome and volume depletion [5,28]. In a case series of
pediatric patients without significant underlying medical conditions, all
patients with NSAIDs associated AKI had a history of volume loss [29]. A
salient study of patients with severe congestive heart failure has
demonstrated RAAS activation along with systemic upregulation of PGI;
and PGEp, suggesting the importance of vasodilatory effect of PGs in
these patients [30].

Other risk factors include older age, male gender, hypertension,
diabetes, CKD and concomitant use of nephrotoxic agents [24,31]. The
tisk of AKI is doubled in older population [32]. Nonetheless, NSAIDs can
increase risk of AKI in pediatric population who are at risk for volume
depletion [33,34]. Kidney transplant recipients are also at higher risk of
NSAIDs associated AKI with the risk of almost three times higher than in
native kidneys [35].

Selective COX-2 inhibitors were previously thought to have less renal
effect due to the specificity toward COX-2. However, subsequent studies
demonstrated that both traditional NSAIDs and selective COX-2 in-
hibitors can enhance the risk of AKI although the association of selective
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COX-2 inhibitors and AKI may not be as strong as traditional NSAIDs
[36,37]. A retrospective cohort study demonstrated that selective COX-2
inhibitors use was associated with rapid eGFR decline in both short term
(«1 year) and intermediate term (1-2 year) among CKD patients and
eGFR continued to decline after NSAIDs discontinuation [38]. However,
a recent meta-analysis did not display a significant association between
AKI and selective COX-2 inhibitors [37]. Among traditional NSAIDs,
indomethacin may confer the highest risk of AKI compared to other
NSAIDs [37].

NSIADs users who are on concomitant diuretic and RAAS inhibitor
(RAAS{) have 30-60% increased risk of AKI which is higher than the risk
of AKI from NSIADs alone or NSIADs with either diuretics or RAASI. [29,
40] The risk is at the highest within one month of initiation [40].
Notably, the risk of AKI in concomitant users advances as the age in-
creases [39]. Due to its high AKI risk, patients who use of NSAIDs, di-
uretics and RAASi concomitantly is typically known as the “triple
whammy”, In this circumstance, there is an overwhelming disruption of
renal autoregulation, resulting in a drastic reduction in GFR and
ischemie insult [41]. Other medications that appears to heighten the risk
of AKI when used in conjunction with NSAIDs include acyclovir, vala-
cyclovir, tenofovir and proton-pump inhibitor [42,43].

2. Clinical presentation

Renal manifestation of NSAIDs is protean, including fluid retention
leading to edema, hypertension, hyperkalemia, AKI, nephrotic syn-
drome, papillary necrosis and interstitial nephritis [28]. Clinicians
should be aware of these manifestations and promptly ask for history
NSAIDs exposure. These manifestations are demonstrated in Fig. 3.

Upregulated RAAS and vasoconstrictive
mediators (ET-1 and NE)

PGS — %}P

Maintain renal
hemodynamics,
blood flow and GFR

Renal vasoconstriction

* Chronic kidney disease

* Older age
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* Diabetes

* Concomitant use of
diuretic or RAASI ‘

* Other nephrotoxic agents

NSAIDs 7

Unopposed
| vasoconstriction
| leading to L GFR and
| renal blood flow

Ischemic kidney injury and
acute tubular necrosis

Fig. 2. Risk factors of NSAIDs induced nephrotoxicity and mechanism of acute kidney injury. Abbreviations: RAAS], renin angiotensin aldosterone system inhibitor;
PGs, prostaglandins; NSAIDs, nonsteroidal anti-inflammatory drugs; ET-1, endothelian-1; NE, norepinephrine.

23

&9



N. Klomjit and P. Ungprasert

\‘,

Edema: Na+ and Cl-
retention

[ J
-0

Hypertension:
Vasoconstriction,
Na+ and Cl-
retention

Eurcpean Journdal of Internal Medicine 101 (2022} 21-28

LY XY,

Hyponatremia:
“* Vasopressin

activities, SIADH

Hyperkalemia:
JGFR, |\ RAAS

High risk patients

4

Acute kidney injury &
papillary necrosis:
Vasoconstriction

Acute interstitial
nephritis:
Allergic reaction

Nephrotic syndrome
(MCD,MN):
Podocyte injury,
immune process

Fig. 3. Spectrum of NSAIDs induced nephrotoxicity. Abbreviations: NSAIDs, nonsteroidal anti-inflammatory drugs; SIADH, syndrome of inappropriate anti-diuretic
hormone; GFR, glomerular filtration rate; RAAS, renin angiotensin aldosterone system; MCD, minimal change disease; MN, membranous nephropathy.

2.1. Hypertension

NSAIDs have been shown to elevate blood pressure in both normo-
tensive and hypertensive patients [44]. Earlier studies have shown that
indemethacin, naproxen and piroxicam have the greatest effect on blood
pressure whereas the least effect is observed in sulindac [44-46].
However, recent studies including a double- blind, randomized multi-
center trial have shown that ibuprofen is harboring the greatest effect on
blood pressure compared to non-selective and selective COX-2 inhibitors
[47]. In fact, COX-2 inhibitors minimally affect BP with only 2.3% blood
pressure increase during the use [47]. In general, blood pressure can be
increased by 2-5 mmHg in NSAIDs user [44,46]. In hypertensive pa-
tients, patients who receive beta-adrenergic antagonist appear to have
the highest increase in blood pressure after exposure to NSAIDs
compared to those who receive other anti-hypertensive agents [46].
There are several possible mechanisms that can explain the rise of blood
pressure, including AKI, vasoconstriction, salt and water retention and
vascular endothelial dysfunction [44,47].

2.2. Edema

The incidence of NSAIDs-induced edema is fairly low (<10%) [48].
Patients may have 0.5-1 kg weight gain as a result of NSAIDs exposure
[49]. Prostaglandin deficiency (particularly PGE;) induces reduction in
renal blood flow and GFR [48]. It enhances Na-+ and Cl- reabsorption via
Loops of Henle and up-regulation of vasopressin. Lastly, it can
up-regulate endothelin-1 which, in turn, promotes Na+ and Cl- reab-
sorption. All of these would ultimately result in salt and water retention
and edema [44,50].
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2.3. Hyponatremia

NSAIDs associated symptomatic hyponatremia is rare [491], It often
occurs in patients with other risk factors of hyponatremia, such as heart
failure, cirrhosis, hypovolemia and thiazide diuretic use [6,51,52].
NSAIDs can induce hyponatremia via several mechanisms. They block
the PGE, inhibitory effect of vasopressin-activated adenylate cyclase in
collecting duct, resulting in up-regulation of vasopressin activity [49].
There are several case reports that concomitant use of NSAIDs and
desmopressin can generate severe hyponatremia [53,54]. NSAIDs use in
marathon rummer and other athletes also increases risk of hyponatrernia
during their performance. In a study of 28 marathon runners, there was
a reduction of serum sodium in NSAIDs user whereas serum sodium was
increased in non-NSAIDs users [55]. Vasopressin level was noted to be
higher in hyponatremic athletes compared to normonatremic group
[56]. Hence, potentiation of vasopressin via NSAIDs may explain the
observed elevated risk. NSAIDs can reduce medullary blood flow thus
increase hypertonicity of medullary interstitium and promotes water
absorption [49]. There are also case reports of syndrome of inappro-
priate antidiuretic hormone (SIADH) after exposure to different NSAIDs,
including ibuprofen, indomethacin, piroxicam, sulindac, diclofenac and
ketorolac. [57-59] However, other vasopressin stimuli often co-existed
with NSAIDs use in these reports [6,58]. Moderate to severe hypona-
tremia is associated with an increased risk of in-hospital mortality [60].

2.4. Hyperkalemia

PGs can promote renal blood flow, resulting in increased GFR and
potassium clearance. They also increase distal Na+ delivery and pro-
mote potassium excretion via distal tubule. Furthermore, PGs secreting
from macula densa can enhance renin secretion, aldosterone preduction
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and increase kaliuresis [5]. These mechanisms are compromised in
NSAIDs users, resulting in diminished potassium clearance. Typically,
serum potassium rises by 0.2-0.6 mEq/L. Nonetheless, life-threatening
hyperkalemia has been reported [61]. Patents with CKD, diabetes and
concomitant RAASi use are at increased risk of hyperkalemia [31,49,
62]. Risk of hyperkalemia varies by type of NSAIDs and both
non-selective and selective COX-2 inhibitors can cause hyperkalemia
[38,63].

2.5. Acute kidney injury

NSAIDs associated AKI does not often frequently in otherwise
healthy person. Studies have demonstrated modest increased risk of AKI
in the community setting with OR ranging between 1.5 to 2.1 [32,37].
AKI could be seen as early as 1-3 days after exposure depending on
NSAIDs half-life [5]. Patients usually present with mild to moderate rise
in creatinine and minimal proteinuria although dialysis may be required
in rare instances [29]. Renal pathology typically reveals evidence of
tubular injury with vacuolated and loss of brush border, leading to
simplification of tubular epithelial cells, although biopsy is usually not
required in mild to moderate cases [25]. Inflaimmatory cells infiltration
may present [25,64]. In severe case, bilateral renal infarctions may
occur [65]. There are also case reports of NSAIDs-induced AKI via
massive thabdomyolysis [66]. Renal function usually improves within
2-7 days after NSAIDs withdrawal [5] and other conservative manage-
ment, such as fluid resuscitation. [29] However, permanent kidney
damages may occur, particularly in patients with more chronic use.

2.6, Acute interstitial nephritis (AIN)

AIN is characterized by inflammatory cell infiltration in tubulo-
interstitial compartment. Patients often present with AKI and some
may have other systemic symptom such as rash, arthralgia, fever and
peripheral eosinophilia [67]. Of all AIN cases, drug-induced AIN ac-
counts for more than two-third and NSAIDs are ones of the most com-
mon culprits [67]. Renal pathology usually shows cytotoxic T-cell witha
paucity of eosinophils, which is notably different from classic AIN from
other medications [68]. The median age of patients with NSIADs
induced AIN is around 50 years. Patients with NSIADs induced AIN may
concomitantly develop nephrotic syndrome but frequently have sub-
nephrotic range proteinuria with median urine protein of 1.1 g/d [69].
About two third of patients developed AKI stage 3 with median peak
serum creatinine of 3.6 mg/dl. The median time of exposure is 3 months
before the diagnosis. Patients often respond well to steroid therapy and
70% have improved kidney function to near normal [69]. Some studies
suggest that early steroid treatment is associated with better outcome
[70].

2.7. Nephrotic syndrome

Nephrotic syndrome may occur in NSAIDs users irrespective of their
baseline kidney function [28]. It usually occurs between 2 weeks and 18
months after exposure [28]. Minimal change disease (MCD) and mem-
branous nephropathy (MN) are previously thought to be the two most
common nephrotic syndromes associated with NSAIDs use [71]. How-
ever, a recent large cohort study from the UK has found that membra-
nous nephropathy (39%), focal and segmental glomerulosclerosis
(FSGS) (20%) and diffuse crescentic glomerulonephritis (11%) were
actually more common than minimal change disease (9%4). Nonetheless,
it should be noted that only 10% of patients in this cohort underwent a
kidney biopsy [72]. They also found that past NSAIDs use (between 2
months and 2 years) as well as current use (2 to 4 weeks) increased odds
of nephrotic syndrome with the ORs of 1.24 (1.07-1.43) and 1.34
(1.06-1.70), respectively [72]. Acetic acid derivatives (aspirin) and
propionic acid derivatives (ibuprofen, naproxen and fenoprofen) are
associated with higher odds [72]. Tip lesion FSGS is also reported in an
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NSAIDs user [73]. Pathophysiology of NSAID induced nephrotic syn-
drome remains unclear but it has been postulated that NSAIDs can
induce podocyte injury which may incite immune process leading to
autoantibodies production [74].

MCD secondary to NSAIDs is often accompanied by severe AKI and
may occur with or without concurrent interstitial nephritis [75-77].
Kidney pathology typically demonstrates minimal changes under light
microscopy and diffuse foot process effacement under electron micro-
scopy [76]. Treatment involves NSAIDs discontinuation and immuno-
suppression, Prognosis is generally favorable,

MN is the most common cause of nephrotic syndrome in adults [78].
Prior to the discovery of phospholipase A2 receptor antibody, it has been
categorized as primary and secondary MN (in which drug-induced MN
belongs to) [79]. Kidney pathology usually reveals mesangial expansion
with thickened basement membrane with immunofluorescence dis-
playing IgG granular capillary loop staining. IgG subclass may aid in
differentiating primary and secondary MN. Primary MN predominantly
has IgG4 deposition whereas secondary MN (such as NSAIDs-induced
MN) frequently has IgG1 deposition [74]. However, antigen identifica-
tion of immune deposits may now become more clinical relevant than
the IgG subclass [80]. A study of NSAIDs-induced MN reported the mean
age of 55 years old with median onset of 43 weeks (range from 4 weeks
to 3 years) after exposure. Most patients had massive proteinuria with
mean proteinuria of 10.2 g/day but none required dialysis. Proteinuria
usually improved after drug cessation and conservative management
without immunosuppression, which is different from primary MN that
usually required immunosuppressive treatment [81]. Re-introduction of
NSAIDs may result in a relapse of MN [74].

2.8. Papillary necrosis (PN)

PN is a rare kidney disease with reported prevalence of 0.1% and
3-5% in non-diabetic and diabetic patients, respectively,[82] although
the prevalence can be as high as 20% in an autopsy series [83]. Risk
factors include prolonged NSAIDs use, diabetes mellitus and sickle cell
anemia [84,85]. Patients can present with non-specific symptoms such
as nocturia, dysuria, pyuria, microscopic hematuria, proteinuria and
ureteral colic [86]. Some patients may develop back pain and passing
sloughed papillae in the urine [85]. In a severe case, necrotic papillae
can clog up ureter resulting in bilateral ureteral obstruction [87]. Kidney
imaging may demonstrate calyceal haziness or failure of contrast media
filling of minor calyces [86]. Kidney pathology typically reveals coag-
ulative necrosis at renal papilla. Fibrosis and calcification are common
in chronic cases [85]. Several animal studies have confirmed the role of
NSAIDs in its pathogenesis [88-90], The anatomical vascular bundles of
papillary vessels that only a single or few vessels supplying renal
papillae results in over dependency of local PGs in maintaining blood
flow to the papillary tip. Therefore, papillary tip is especially vulnerable
to severe ischemia in the setting of PGs depletion from NSAIDs [86].
Renal outcome is favorable in PN with less than 2% required dialysis
upon diagnosis and 6% during the follow-up period [91].

2.9. Chronic kidney disease progression

The association between NSAIDs use and risk of CKD has not been
well-established as earlier studies that demonstrated an enhanced risk of
CKD among NSAIDs users suffered from several biases and methodo-
logical flaws [92,93]. Nonetheless, more recent studies with better
quality appear to show the same result. In a community study, NSAIDs
users have a higher odds of developing CKD with OR of 1.63 (95% CI
1.22-2.19) [32]. They are also at increased risk of CKD progression,
particularly among high dose users, with the pooled OR 1.26 (95% CI
1.06-1.50) [94,95]. The risk appears to be especially heightened among
those with history of hypertension and diabetes [96,97]. Unfortunately,
NSAIDs are still prescribed in majority of CKD patients. A recent
cross-sectional study showed that nearly two-third of CKD patients were
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prescribed NSAIDs and 80% of them were regular users [98].
2.10. Renal cell carcinoma (RCC)

Kidney cancer is one of the most common cancers in the United
States with RCC being the most common type accounting for 85% aof
cases. Studies have suggested that non-aspirin NSAIDs may increase the
misk of RCC [99-102]. A recent meta-analysis found that non-aspirin
NSAIDs users had a higher risk of incident RCC with the pooled rela-
tive risk of 1.25 (95% CI 1.06-1.46). A dose-response relationship was
also observed [103]. The pathophysiology remains unclear but may bhe
related to chronic kidney injury leading to DNA damage and carcino-
genesis [102].

2.11. Treatment and outcomes

Discontinuation of NSAIDs along with conservative management is
generally sufficient for management of renal complications from these
drugs. More importantly, avoidance of NSAIDs is crucial especially in
high-risk patients. In patients with mild CKD (stage 1-3), only short-term
use (<5 days) with close monitoring is allowed. [6] In CKD stage 4, if it is
felt to be necessary and no other alternative agents, short-term and low
dose NSAIDs may be considered but with close monitoring for renal
toxicity. NSAIDs should be avoided in stage 5 CKD due to high risk of
renal complications [6]. AKI secondary to NSAIDs use is typically
reversible after discontinuation with a favorable prognosis. Similarly,
patients with nephrotic syndrome (MN and MCD) usually respond to
NSAIDs withdrawal along with conservative management. However,
some patients may require immunosuppression particularly in severe
and refractory cases. Similarly, patients with AIN typically responds to
NSAIDs discontinuation but often require short course of steroid to
ameliorate the inflammation.

3. Conclusion

NSAIDs are ones of the most common prescribed drugs worldwide.
They exert their anti-inflammatory action via COX inhibition leading to
PGs imbalance. PGs depletion subsequently induces vasoconstriction
and impairment of salt and water excretory function. Patients with CKD
and upregulated RAAS (heart failure, liver failure or volume depletion)
are at increased risk of renal toxicity. AKI from ischemic insult is the
most common pattern of renal complications. Hypertension, hyper-
kalemia, hyponatremia, edema, nephrotic syndrome, AIN and CKD
progression are also observed. Discontinuation of NSAIDs along with
conservative management is generally sufficient for management of the
renal complications. More importantly, avoidance of NSAIDs is crucial
especially in high-risk patients.
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INTRODUCTION

Tuberous sclerosis complex (TSC) is a genetic disease with autosomal dominant
inheritance. (See "Tuberous sclerosis complex: Genetics and pathogenesis”, section on
'‘Genetics'.)

This topic will review the renal manifestations of TSC, which include angiomyolipomas
(AMLs), renal cysts, renal cell carcinoma (RCC), and other, less common
manifestations. Sporadic renal AMLs and renal AMLs associated with sporadic
pulmonary lymphangiomyomatosis (LAM) are discussed elsewhere (see "Renal
angiomyolipomas (AMLs): Management"). The clinical features, diagnosis, and
management of TSC are also discussed in detail elsewhere. (See "Tuberous sclerosis
complex: Clinical features" and "Tuberous sclerosis complex associated
lymphangioleiomyomatosis in adults" and "Tuberous sclerosis complex: Management
and prognosis".)

GENETICS AND PATHOGENESIS

+Genetics — TSC is caused by mutations in either the TSC17 gene on
chromosome 9 ar the TSC2 gene on chromosome 16. The gene product

of TSC1 is hamartin, and the gene product of TSC2 is tuberin. (See "Tuberous
sclerosis complex: Genetics and pathogenesis”, section on 'Genetics'.)

TSC2 mutations generally produce a more severe phenotype

than TSC17 mutations [1,2]. This includes a higher frequency and severity of renal
angiolipomas and renal cysts and a higher risk for the development of renal cell
carcinoma (RCC). (See "Tuberous sclerosis complex: Genetics and
pathogenesis", section on 'Genotype-phenotype correlations'.)
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TSC2 mutations may also be associated with autosomal dominant polycystic
kidney disease (PKD) since the TSC2 gene is adjacent (tail-to-tail) to

the PKD1 gene. Deletions that inactivate both genes are associated with
polycystic kidneys that are most often diagnosed during the first year of life or
early childhood; this disorder is called the TSC2/PKD1 contiguous gene
syndrome. By contrast, somatic mosaicism, which is well documented in TSC, can
greatly attenuate both phenotypic manifestations and severity of the disease [3].
This condition is due to a TSC mutation acquired by one of multiple pluripotent
stem cells during early embryogenesis and is increasingly recognized in TSC
patients with no detectable mutations using next-generation sequencing [4].

(See TSC2/PKD1 contiguous gene syndrome' below and "Autosomal dominant
polycystic kidney disease (ADPKD}: Genetics of the disease and mechanisms of
cyst growth", section on 'Genetics'.)

The prevalence of renal lesions in TSC increases with age, eventually affecting up
to 80 percent of patients [2,5-8].

ePathogenesis — The monogenic cause of TSC is well established, but the
pathogenesis of TSC-associated kidney lesions (eg, angiomyolipomas [AML] and
cysts) remains incompletely understood [9]. Biallelic TSC7 or TSC2 inactivation is
sufficient for human AML formation [10,11] but genetic studies of kidney cystic
lesions in murine models identified second-hit TSC71 or TSC2 mutations in only 30
percent of cysts [12,13], suggesting other mechanism(s) may be involved in cyst
formation. The nature of second-hit somatic TSC7 or TSC2 mutations in TSC
kidney lesions is also complex. Although most such mutations are unique,
identical second-hit TSC71 or TSC2 mutations have been documented in AMLs
and pulmonary TSC (ie, lymphangiomyomatosis [LAM]) within the same patient
[14,15]. Two models have been proposed to explain this unusual observation: (1)
the “benign metastasizing model” stipulates that AML and LAM lesions arise from
a third lesion from an unknown primary site such as the lymphatic system, which
metastasizes to both the kidney and lung; or (2) the “developmental mutagenesis
model” posits that somatic loss of TSC7 or TSC2 in a polypotent stem cell that
forms constituents of both the kidney and lung during early embryonic
development gives rise to spatially distinct lesions of identical genetics later in life
[S]. Finally, the specific cell-of-origin for kidney AML lesions and cysts also
remains uncertain. It is possible that cell potency at the time of

somatic TSC17 or TSC2 mutagenesis is proportional to the complexity of the
kidney lesion: specifically, somatic TSC71 or TSC2 mutation events that occur later
in more specialized cell types may generate less compositionally complex lesions
(egq, fat-poor AML) [9].

ANGIOMYOLIPOMAS

Epidemiology — Angiomyolipoma (AML) is the most common renal lesion observed
among patients with TSC. In various series, AML have been reported in 75 to 85
percent of TSC patients with renal lesions and in 49 to 60 percent of TSC patients
overall [2,5,6] (see 'Genetics and pathogenesis' above). AMLs belong to a family of
tumors collectively referred to as "neoplasms with perivascular epithelioid
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differentiation," which were previously called "perivascular epithelioid cell tumors" and
now are referred to as "PEComas" [16]. These tumors arise by clonal proliferation of
epithelioid cells distributed around blood vessels [17] and, in patients with TSC, include
renal AMLs and pulmonary lymphangioleiomyomatosis (LAM). A TSC-associated AML
lesion may be due to clonal expansion of pericytes in the kidney that has undergone
biallelic {ie, germline plus a somatic) mutations of a TSC gene [18].
Among patients with TSC, the prevalence and size of renal AMLs increase with age
[2,5,6,19-25]. Renal AMLs are more numerous and reach a larger size in women than in
men, suggesting a hormonal effect on TSC development and growth, which can also
occur in prepubertal girls, who have higher estradiol levels than boys [26].
In one study of 164 children with TSC who underwent serial renal ultrasonography or
computed tomography (CT), there were no renal AMLSs in the first year of life [22,23]. In
contrast, renal AMLs were present in 37 percent of the children between one and five
years of age and in 41 percent of boys and 63 percent of girls after five years of age.
Increasing prevalence with age has been described in older children with TSC. In a
longitudinal study of 60 such patients, renal AMLs were present in 48 percent of boys
and 60 percent of girls at a mean age of 6.9 years and in 76 percent of boys and 83
percent of girls at follow-up at a mean age of 10.5 years [5]. The overall prevalence of
AMLs among patients with TSC is discussed above. (See 'Genetics and
pathogenesis' above.)
In addition to the increase in prevalence of renal AMLs, the number and size of renal
AMLs also increase with age [2,5,6,24,25].
oIn the above series of children with TSC who had follow-up at a mean age of 10.5
years, growth of renal AMLs occurred in 10 of 18 boys (3 an increase in number
and 7 an increase in size) and in 18 of 27 girls (17 an increase in number and all
18 an increase in size) [5].
oln a large series from the Netherlands (351 adult TSC patients and 244 with at
least one AML 23.5 cm) in which AML were classified according to size, number,
and renal morphology, the median age of patients with no detectable AML >1 cm
was 37 years, whereas the median age with stage 3 (ie, at least one AML 23.5
cm) was 46 years (table 1) [27].

Cautious interpretation is warranted when considering these ultrasound data, however,
because ultrasound often cannot detect fat-poor angiomyolipomata, and approximately
a third of patients demonstrate such fat-poor lesions.

Histology — There are two major histologic types of renal AMLs associated with TSC:
classic and epithelioid (picture 1) [20,28,29]. (See "Renal angiomyolipomas (AMLs):
Management".)

An epithelial component may be more common in patients with TSC than patients with
sporadic AML, 27 versus 7 percent in one series [30]. Epithelioid variants may undergo
malignant transformation. Although this is infrequent, the relative risk is greater in
patients with TSC [30-32].

The histology of AMLs is discussed in detail separately. (See "Renal angiomyolipomas
(AMLs): Management".)

Clinical presentation — Although renal involvement is common in TSC, many patients
have few or no symptoms related to the kidney disease [8]. Thus, most patients with
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TSC-related AML come to attention on surveillance imaging. (See '"Tuberous sclerosis
complex: Clinical features" and "Tuberous sclerosis complex: Evaluation and
diagnosis”, section on 'Initial evaluation' and "Tubercus sclerosis complex; Management
and prognosis", section on 'Renal disease'.)

Occasionally, patients with TSC present with a renal AML, either because of
retroperitoneal hemorrhage, hematuria, or impingement of the AMLs on normal tissue,
which can impair renal function.

Following are common clinical presentations:

sHemorrhage — The most commeon clinical manifestations of symptomatic renal
AMLs are related to hemorrhage (hematuria, intratumoral, or retroperitoneal
hemorrhage) and to their mass effect (abdominal or flank mass, flank pain and/or
tenderness, hypertension, and renal insufficiency) [2,20,25,33,34]. The chances of
developing symptoms among patients who have an AML is directly related to its
size. As a rule, renal AMLs larger than 4 cm are more likely to grow, develop
micro- and macroaneurysms, and cause symptoms [20,34]. The International
Guidelines for surveillance and management of TSC have recommended that
AMLs that are 23 cm in diameter and enlarging should be treated preemptively
[35].
AMLs may cause significant and occasionally life-threatening hemorrhage. Renal
AMLs are the most common cause of Wunderlich syndrome, a life-threatening,
nontraumatic renal hemorrhage into the subcapsular and perirenal spaces [36].
The risk of significant hemorrhage is related to the degree of vascularity, the AML
size, and the size of aneurysms within the AML. Increased vascularity [37] and/or
aneurysm size (5 mm or more) [38] are associated with an increased risk of AML
rupture. The risk of bleeding may rise during pregnancy, possibly due to rapid
growth induced by hormonal changes and/or increased blood volume [39-42].
«Chronic kidney disease (CKD) — Some patients develop significant renal
impairment, including end-stage kidney disease (ESKD), due to destruction of
renal tissue related to extensive bilateral renal AMLs. (See 'Chronic kidney
disease' below.)
sAnemia — Anemia is common. In the series from the Netherlands, anemia was
present in 60 percent of patients overall and positively correlated with the size and
number of AMLs [27].
sHypertension — Hypertension is often observed. Hypertension is less commoen in
patients who only have renal AMLs compared with patients who have renal cysts
with or without AMLs. Hypertension correlates with the size and number of AMLs
[27].
Malignant renal epithelioid angiomyolipomas — In contrast to the uniformly benign
prognosis of classic renal AMLs, epithelioid variants may undergo malignant
transformation, although this is infrequent. Malignant transformation is manifested by
local recurrence and/or distal metastases. The relative risk is greater in patients with
TSC, but most patients with malignant transformation have sporadic renal AMLs [30-32].
Diagnosis
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Radiographic diagnosis — The diagnosis of renal AMLs is usually made by imaging
studies (magnetic resonance imaging [MRI], CT, or ultrasound) and relies on the
demonstration of the tumor. We generally usually use MRI for the initial screen and use
ultrasound alternating with MRI to monitor growth, depending on findings. It is
occasionally difficult to get good-quality MRI without motion artifact unless general
anesthesia is used among patients with cognitive impairment. Ultrasound should be
followed up with MR if a lesion is detected. The international guideline recommends
MRI for diagnosis and imaging every one to three years [43].

Renal angiomyolipoma on CT imaging

Image 1

The fat, if present, appears hyperechogenic on ultrasound; has a low attenuation value
on CT scan (image 1); and, with MRI, appears bright on T1-weighted images, dark on
T2-weighted images with fat saturation, and intermediate on T2-weighted images [6,44-
47]. The early, small lesions have a characteristic radial, striated, or wedge-shaped
pattern, with the base of the wedge facing the surface of the kidney. As the AMLs grow,
there may be a mass effect within the renal parenchyma, or they can become exophytic
(ie, grow outward).

The diagnostic accuracy often depends upon the amount of fat tissue in the tumor. A
potential source of error in the interpretation of imaging studies is that small amounts of
fat can be found within the borders of renal cell carcinomas (RCCs) that invade renal
sinus fat (which is the major differential diagnosis to AMLs). The demonstration of fat
occasionally leads to misinterpretation of an RCC as an AML. In addition, approximately
5 percent of renal AMLs contain at least components with minimal amounts of fat and
are called minimal fat or fat poor. It is difficult to distinguish fat-poor AML (either classic
AML [predominantly composed of smooth muscle cells] or epithelicid AML) from RCC
and oncocytoma. Failure to detect fat in an AML may also be due to intratumoral
hemorrhage obscuring the fat attenuation signal. (See 'Renal cell carcinoma’' below.)
Specific radiographic criteria have been proposed that define fat-rich, fat-poor, and fat-
invisible AML based on quantitative values observed on CT and MRI [48]. A fat-invisible
AML (defined by CT attenuation greater than -10 HU and an MRI tumor-to-spleen ratio
of 0.71 or greater and a signal intensity index of 16.5 percent or less) requires biopsy for
diagnosis [48,49]. The approach to fat-poor AML, defined by attenuation of more than -
10 HU on CT images but with an MRI tumor-to-spleen ratio less than 0.71 or a signal
intensity index greater than 16.5 percent, is controversial [49]. Often, combining imaging
modalities can be helpful.

Radiologic features of TSC
Image 2
Several findings on CT, MRI, and CT/positron emission tomography (PET) may help to
distinguish renal AMLs with no or minimal fat from RCC. These include (image 2) [50-
5]
eAdjacent fat attenuation pixels within the lesion by thin-section unenhanced CT
sHomogeneously high attenuation on unenhanced CT
sHomogeneous and prolonged enhancement pattern on dynamic contrast-
enhanced CT
sLow T2 signal intensity on MRI
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eMicroscopic fat on in-phase and opposed-phase gradient echo MR sequences
sHomogeneous signal on diffusion-weighted MRI

Other tests have also been evaluated:

«Combining tumor to renal cortex signal intensity ratios on T1- and T2-weighted
images, signal intensities on in- and opposed-phase gradient echo MRIs, and
arterial-to-delayed enhancement ratio has been reported to differentiate AML
without visible fat from RCC with 73 percent sensitivity, 99 percent specificity, and
96 percent accuracy [53].
sDual-tracer 18F-fluorodeoxyglucose (FDG) and 11C-acetate PET/CT have been
reported to differentiate fat-poor AMLs from RCC with 94 percent sensitivity, 98
percent specificity, and 97 percent accuracy [54]. AMLs showed negative 18F-
FDG but markedly increased 11C-acetate metabolism, significantly higher than
RCC.
The diagnostic approach to renal masses, including surveillance, is discussed at length
elsewhere. (See "Diagnostic approach, differential diagnosis, and management of a
small renal mass".)
Biopsy — When the diagnosis of renal AMLs cannot be reliably established by imaging
techniques, biopsy is required to make a diagnosis. Image-guided percutaneous needle
biopsy using a sheath technique should be considered as an alternative to surgical
exploration [55]. The risk of bleeding following needle hiopsy of a minimal-fat AML does
not appear to be higher than that of a biopsy for other renal tumors, particularly when
fine needles are used.
The differentiation of renal AML from RCC has become more reliable with the aid of
immunocytochemical analysis. Melanocytic markers such as HMB-45 and melan A are
expressed in classic and epithelioid renal AMLs but not in typical RCC, while epithelial
cell-associated markers such as cytokeratin and EMA are present in RCC but not in
renal AMLs [28,56-58].
An exception to this distinction occurs in rare RCCs characterized by 1(6;11){(p21;912), a
chromosome translocation involving the gene for transcription factor EB [59-61]. These
carcinomas consistently express HMB-45 and melan A, are often negative or only
focally positive for cytokeratin, and are more common in children and young adults in
the general population but would be exceedingly rare in the TSC population given the
frequencies of the diseases.
Differential diagnosis — The differential diagnoses of AML include other renal masses
detected by imaging, including RCC and oncocytoma, and metastatic lesions from
primary tumors elsewhere. (See 'Renal cell carcinoma’ below and 'Oncocytoma’ below.)
These entities are usually distinguished from each other by characteristic radiographic
features (see 'Radiographic diagnosis' above). However, as noted above, the diagnosis
may be challenging among patients with minimal-fat AMLs; such patients may require
biopsy with analysis of tissue using specific immunohistochemical techniques.
(See Biopsy' above.)
The rate of growth of the lesion may help to differentiate a slowly growing, benign AML
from a more rapidly growing RCC. However, data are limited. In a study of 185 solid
masses, 133 were typical AMLs, and 52 were indeterminate on CT [24]. On follow-up
testing with repeat CT or MRI plus interval renal ultrasonegraphy, only three
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indeterminate masses showed rapid growth, defined as >0.5 cm per year: One was an
RCC, and two were minimal-fat AMLs. (See 'Surveillance for small, stable lesions' below
and "Diagnostic approach, differential diagnosis, and management of a small renal
mass".)

Management

Surveillance for small, stable lesions — Because of the potential for renal AML
growth throughout life, international guidelines recommend renal surveillance with MRI
at the time of diagnosis and at least yearly in patients with known AMLs [43,62]. The
frequency of monitoring may be reduced to every two to three years for small lesions
(ie, =1 cm) if stable for at least three years (ie, no growth of preexisting lesions and no
new lesions).

We avoid group | gadolinium contrast agents in these patients. (See "Nephrogenic
systemic fibrosis/nephrogenic fibrosing dermopathy in advanced kidney disease".)

In patients with known renal lesions, the serum creatinine and blood pressure should be
measured at least once per year.

Potential issues in women — Several clinical observations suggest that female sex
hormones promote the growth of renal AMLs. These include reported increased
frequency and size of renal AMLs in women, hemorrhagic complications during
pregnancy, and reports of renal AML growth during pregnancy [39-42] or after treatment
with exogenous hormone therapy [63].

Thus, women with known renal AMLs should be cautioned about the potential risks of
pregnancy and estrogen administration, and the frequency of imaging surveillance
should be increased. For women starting estrogen therapy, we suggest imaging every
six months or yearly once stability has been established. If the lesions are typical fat-
containing lesions, ultrasounds can be used in between the MRI scans.

For renal AMLs that are growing and large (>4 cm) or have features suggesting
malignant transformation (eg, intratumoral necrosis or calcifications), a surgical
consultation should be obtained. If a decision for observation is made, repeat imaging
should be performed at intervals not longer than six months. Surgery should be
considered if the renal AMLs continue to grow. There are no data to define a growth rate
that indicates the need for surgery. The decision should take into account the clinical
context, patient age, and comorbidities.

Treatment — Treatment is required in a minority of patients with renal lesions and TSC
[2]. Our approach, including nephron-sparing interventions and administration of
mammalian target of rapamycin (nTOR) inhibitors, depends on the clinical presentation
and is discussed elsewhere. (See "Renal angiomyolipomas (AMLs): Management".)

KIDNEY CYSTS

Renal cystic disease is the second most common renal manifestation of TSC after
angiomyclipomas (AMLs) and has been reported in 17 to 45 percent of TSC patients
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with renal lesions and 14 to 47 percent of TSC patients overall, depending on the
imaging used [2,5,6]. The three most common of renal cystic disease associated with
TSC are single or multiple renal cysts, TSC2/PKD1 contiguous gene syndrome, and
glomerulocystic kidney disease [64].
Single or multiple renal cysts — In most patients with TSC, the number of renal cysts
is limited, their size is small, and they cause no symptoms. The prevalence of renal
cysts increases with age and may be more common in males than females (figure 1)
[5,22,23]. Cysts do not require regular surveillance imaging. However, TSC patients
require routine surveillance imaging for AML since most will develop AML as they age.
(See 'Surveillance for small, stable lesions' above.)
TSC2/PKD1 contiguous gene syndrome — The 7TSC2 gene and the autosomal
dominant polycystic kidney disease type 1 (PKD1) gene lie adjacent to each other in a
tail-to-tail orientation on chromosome 16 at 16p13.3. (See "Autosomal dominant
polycystic kidney disease (ADPKD): Genetics of the disease and mechanisms of cyst
growth", section on 'Genetics' and "Tuberous sclerosis complex: Genetics and
pathogenesis”, section on 'Genetics'.)
Deletions inactivating both genes are associated with polycystic kidneys, a disorder that
is called the TSC2/PKD1 contiguous gene syndrome [3,65,66]. Affected patients are
usually diagnosed during the first year of life or early childhood, but rarely patients are
not diagnosed until adulthoed, with hypertension and renal insufficiency being the major
manifestations.
These general features were illustrated in a study of 17 patients, in which the following
findings were noted [3]:
«Fourteen were diagnosed in the first year of life, two at two years, and one at 10
years.
oAll of the patients had enlarged cystic kidneys, with radiographic findings that
resembled advanced autosomal dominant PKD. (See "Autosomal dominant
polycystic kidney disease (ADPKD)} in adults: Epidemiology, clinical presentation,
and diagnosis”.)
sFive of the patients presented with cystic kidneys before the onset of other
features of TSC, initially leading to an incorrect diagnosis of early-onset autosomal
dominant PKD or autosomal recessive PKD.
«Two patients developed small echogenic areas consistent with renal AMLs,
which typically develop after the first year of life in these patients.
sHypertension requiring antihypertensive drugs occurred in 12 patients.
s The glomerular filtration rate (GFR) was normal or only slightly reduced in the
first 10 years of life but was markedly reduced in older patients. The three oldest
patients reached end-stage kidney disease (ESKD) at ages 19, 20, and 29 years.
The age of progression to ESKD is consistent with other studies and is much
lower than in autosomal dominant PKD alone. (See "Autosomal dominant
polycystic kidney disease (ADPKD): Treatment”.)
In summary, the TSC2/PKD 1 contiguous gene syndrome should be considered in the
differential diagnosis of renal cysts in children with no family history of autosomal
dominant or autosomal recessive PKD, particularly in children less than two years of
age. The additional finding of renal AMLs in this setting is virtually pathognomonic of
TSC.
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Patients with TSC2/PKD1 continuous gene syndrome are at risk for angiomyolipomata,
and perhaps renal cell carcinoma (RCC), and require regular screening every one to
three years.

Glomerulocystic kidney disease — Glomerulocystic kidney disease (ie, glomerular
cysts) is a rare finding that is usually diagnosed during the neonatal period [67,68].
Seven of the eight reported cases were unilateral, and four cases had segmental
lesions, with normal kidney tissue on the affected side [67]. Affected kidneys were
typically enlarged and had renal cysts on imaging studies and glomerular cysts on
histologic examination.

RENAL CELL CARCINOMA

Patients with TSC may be at increased risk for the development of renal cell carcinoma
(RCC) [2,69-71]. It has been suggested that the increased risk may be related at least in
part to the presence of hyperplasia and atypia in the cells lining renal cysts [21]

(see Kidney cysts' above). A "TSC-associated papillary RCC" (PRCC) has been
described with a distinct morphologic, immunologic, and molecular profile. This profile
includes prominent papillary architecture and uniformly deficient succinate
dehydrogenase subunit B (SDHB) expression [72,73]. Other morphologic variants
include a hybrid oncocytic chromophobe tumor and a granular eosinophilic macrocystic
RCC. All are melanosome-associated protein (HMB-45) negative [73].

The magnitude of risk of RCC has not been well defined [2,69,70]. In a report of 167
patients with TSC cited above, four of these patients (4 percent) had RCC, and six (6
percent) had lesions on imaging in which RCC and minimal-fat renal angiomyolipomas
(AMLs) could not be distinguished. (See 'Differential diagnosis' above.)

RCC in patients with TSC is often multifocal and bilateral. These cancers develop at an
early age compared with RCCs in the general population, and there are numerous
reports of RCC occurring in children [2,74-79]. The risk seems to be higher in patients
with TSC2 than TSC1 mutations, and patients with the contiguous gene syndrome may
have the greatest risk. (See 'TSC2/PKD1 contiguous gene syndrome’ above.)

A diagnosis of RCC should be considered in patients with enlarging lesions and no
demonstrable fatty tissue. If a diagnosis cannot be established by imaging, a fine-
needle aspiration biopsy should be performed with both histologic examination and, to
distinguish RCC from a malignant renal AML, immunohistochemical analysis.

(See 'Malignant renal epithelioid angiomyolipomas’ above.)

The diagnostic uncertainty in some patients is in part due to the lack of distinction in
many reports between HMB-45- and melan A-positive, cytokeratin-negative epithelioid
AMLs and cytokeratin-positive, HMB-45- and melan A-negative RCCs. As an example,
an early study published before this distinction was fully appreciated described six
patients with TSC and RCC [71]. Four of these patients had HMB-45-positive tumors,
suggesting that they had a malignant AML, not RCC.

Because of the frequent bilaterality of renal lesions in TSC, ablative therapies
(radiofrequency or cryotherapy) or nephron-sparing surgery should be performed
whenever possible [80]. (See "Renal angiomyolipomas (AMLs): Management".)
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LESS COMMON KIDNEY MANIFESTATIONS

Oncocytoma — Renal oncocytomas are benign tumors composed of polygonal cells
with abundant, finely granular, eosinophilic cytoplasm and densely packed
mitochondria. In patients with TSC, they are usually discovered during surveillance
ultrasonography and evaluation for flank pain and hematuria. (See "Epidemiology,
pathology, and pathogenesis of renal cell carcinoma”, section on 'Oncocytomas’'.)
Renal oncocytomas are a more common cause of renal cell neoplasms in patients with
TSC than in the general population. In a study of 36 patients with concurrent renal
angiomyolipomas (AMLs) and renal cell malignancy, oncocytomas accounted for a
higher proportion of renal cell malignancies in the 11 patients with TSC than in the
remaining patients with sporadic renal AMLs (27 versus 8 percent) [69].

Renal oncocytomas are usually unilateral and single in the general population but may
be multiple and bilateral in patients with TSC [81].

The diagnosis of renal oncocytoma should be confirmed by immunohistochemistry since
epithelioid AMLs can be confused with oncocytomas.

Nephron-sparing surgery is the treatment of choice since the diagnosis cannot be
definitively made with noninvasive testing. Cryoablation or radicfrequency ablation is an
alternative in some centers. (See "Renal angiomyolipomas (AMLs): Management".)
Other renal lesions — A variety of other renal lesions have been infrequently
described in patients with TSC. These include:
sParapelvic or perirenal lymphatic cysts in patients with extrapulmonary
lymphangioleiomyomatosis (LAM) [82,83].
sMedium-sized and large vessels, including the renal arteries, are rarely involved,
and a few cases of renal artery stenosis and aortic coarctation have been reported
[84-88].
«Other abnormalities described in TSC, such as horseshoe kidney, are probably
coincidental [89-91].

CHRONIC KIDNEY DISEASE

Some patients with TSC develop chronic kidney disease (CKD) with subnephrotic
proteinuria that can progress to end-stage kidney disease (ESKD) in the absence of
large renal angiomyolipomas (AMLs) or extensive renal macrocystic disease [22,23,92-
95]. The kidneys are typically small and echogenic on ultrasonography.

Kidney biopsy often reveals focal segmental glomerulosclerosis (FSGS), with chronic
interstitial disease that is thought to be a secondary disorder induced by nephron loss
[92]. The proteinuria and renal insufficiency in secondary FSGS develop slowly. This is
in contrast to the course in primary FSGS, which is typically characterized by the acute
or subacute onset of nephrotic syndrome. These issues are discussed in detail
elsewhere. (See "Focal segmental glomerulosclerosis: Pathogenesis", section on
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'Pathogenesis of secondary FSGS' and "Focal segmental glomerulosclerosis: Clinical
features and diagnosis", section on 'Classification and clinical features'.)

Some patients with TSC have a different type of chronic interstitial disease, in which
there is a diffuse, hyperplastic appearance of the interstitial stroma, with areas of
spindle, smooth muscle, and fibroblastic cells [22,84]. The pathogenesis of this disorder
has not been defined. It may be mediated at least in part by the genetic deficiency in
tuberin in TSC since tuberin regulates the expression and promoter activity of the cell
fibrosis protein alpha-smooth muscle cell actin [96]. (See "Tuberous sclerosis complex:
Genetics and pathogenesis”, section on 'Role of mTOR')

The typical presenting findings in this disorder include an elevated serum creatinine
concentration, a benign urine sediment, normal or mildly reduced kidney size,
hyperechoic kidneys on ultrasonography, and skin features of TSC that have often been
overlooked by both the patient and clinicians. When performed, brain imaging reveals
pathognomonic features of TSC, such as multiple calcified subependymal nodules and
tubers. There is no known therapy. (See "Tuberous sclerosis complex: Clinical
features”, section on 'Brain lesions' and "Tuberous sclerosis complex: Clinical features”,
section on 'Dermatologic manifestations' and "Tuberous sclerosis complex: Evaluation
and diagnosis".)

General principles of therapy — CKD of any cause can be associated with a variety
of complications including volume overload, electrolyte disorders such as metabolic
acidosis and hyperkalemia, hyperphosphatemia, renal osteodystrophy, and
hypertension. (See "Overview of the management of chronic kidney disease in adults”.)
In addition to protecting against cardiovascular disease, the rate of progression of CKD
can be reduced by lowering the blood pressure to the suggested goal and, in patients
with proteinuria, by lowering protein excretion to less than 1000 mg/day via the use of
an angiotensin inhibitor and, if necessary, certain other antihypertensive drugs. These
issues are discussed in detail elsewhere. (See "Antihypertensive therapy and
progression of nondiabetic chronic kidney disease in adults".)

End-stage kidney disease — Causes of ESKD include polycystic kidneys, destruction
of the renal parenchyma by multiple renal AMLs, and nephrectomies to treat life-
threatening hemorrhage. Patients with CKD due to secondary FSGS can also progress
tc ESKD (see 'Chronic kidney disease' above). Kidney disease is also an important
cause of death in patients with TSC. (See 'Effect of kidney disease on patient
prognosis' below.)

Management — As the treatment of the neurologic manifestations and life expectancy
improve in patients with TSC, progression of CKD to ESKD will become a more
important complication.

Both dialysis and kidney transplantation provide adequate means of survival in patients
who develop ESKD, but the risks of renal hemorrhage and malignant transformation in
TSC pose special problems. Thus, native kidney imaging should continue, and bilateral
nephrectomy could be considered when a patient with TSC and ESKD enters a dialysis
or kidney transplantation program [97-99].

Because of the beneficial effect of mammalian (mechanistic) target of rapamycin
(mTOR) inhibitors on the cutaneous, central nervous system, and pulmonary
manifestations of TSC, immunosuppressive regimens
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including everolimus or sirolimus are the treatment of choice following transplantation in
patients with TSC [99,100].

EFFECT OF KIDNEY DISEASE ON PATIENT PROGNOSIS

Kidney disease is the second leading cause of death in patients with TSC, after
neurologic disease, and is the most common cause of death in affected adults [23,101].
Renal causes of death include end-stage kidney disease (ESKD), retroperitoneal
hemorrhage, and metastatic disease. (See "Tuberous sclerosis complex: Management
and prognosis", section on 'Mortality’.)

SOCIETY GUIDELINE LINKS

Links to society and government-sponsored guidelines from selected countries and
regions around the world are provided separately. (See "Society guideline links: Chronic
kidney disease in adults" and "Society guideline links: Tuberous sclerosis".)

SUMMARY AND RECOMMENDATIONS

oKidney lesions and tuberous sclerosis complex — Angiomyolipoma is the
most common kidney lesion observed among patients with tuberous sclerosis
complex (TSC) and occurs in 49 to 60 percent of TSC patients overall. Other
common lesions include kidney cysts and possibly renal cell carcinoma (RCC).
(See 'Angiomyolipomas' above and Kidney cysts' above and 'Renal cell
carcinoma' above.)
s«Angiomyolipoma (AML) — The majority of patients with AML have few or no
symptoms related to the kidney disease, and lesions are detected on surveillance
imaging. However, some patients may present with severe hemorrhage, chronic
kidney disease (CKD), anemia, or hypertension. AMLs may cause significant and
occasionally life-threatening hemorrhage. (See 'Clinical presentation’ above.)
*Diagnosis — The diagnosis of kidney AMLs is usually made by magnetic
resonance imaging (MRI) studies and relies on the demonstration of fat in the
tumor. Lesions that are fat pocr are difficult to distinguish from RCC. When the
diagnosis of kidney AMLs cannot be reliably established by imaging
techniques, biopsy is required to make a diagnosis. (See 'Diagnosis' above.)
*Surveillance — We recommend kidney surveillance with MRI at the time of
diagnosis and at least yearly in patients with known AMLs. Women may
require more frequent imaging if they are pregnant or starting estrogen
therapy. In patients with known kidney lesions, the serum creatinine should be
measured at least once per year. (See 'Surveillance for small, stable
lesions' above and 'Potential issues in women' above.)
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Microscopic Kidney Disease in Tuberouns Sclerosis Complex and Treatment With mTOR Inhibition
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Declining kidney fimetion in fuberous sclerosis complex {TSC) is often attributed to large lesions, including angionyolipomas (AMI s) and cysts, that encroach on the normal parenchyma or that require intervention and loss of parenchyma
froem surgical debulking or gnbolization. Consequetitly, research onirthibitors of the mermmalian target of rapatiyein (MTOR), a protein complex implicated in TSC pathophysiclogy for its role in promoting cell growth and proliferation, has
largely focused on their ability to reduce AML size. Clinical guidelines distilled from this research limit mTOR inhibition as a first-line treatment to patients with large AMLs. However, chronic kidney disease (CKD) oceurs in patients without
large AMLIs or a history of renal intervention. Alternate mechanisms postulated for CKID) in TSC may suggesta role for mMT'OR. inhibition in this population. In this report, we present 2 cases of a microscopic variant of TSC kidney disease
cawsing declining kidney function, as well as aneedotal evidence for the 1se of mTOR inhibition to improve kidney finction in the absence of large AMI s. We highlight the impartance of anmmal kidney fimetion assessment in patients with TSC

md suggest a low threshold for kidney biopsy in patients with declining glomeruler filtrafion rate without a clear etiology dlinicelly or radiographically.
Introduction
Individuals with tut lerosis camplex (TSC) develop chronic kidney disease (CKD) earlier and more frequently compared to the general population. ! Declining kidney function is commonly attributed to large lesions encroaching on the

renal parenchyma, or angiomyolipoma (AML) hemarthage and subsequent interventions (je, embolization and nephrectomy). 1, 2, 3 Previous studies have supported this theory in demonstrating strong associations between CKDrand AML
size, %5 Consequently, research on inhibitars of the mammalian target of rapamyein (mTOR) has largely focused on their ability to reduce AML size;6,7, 8, 9, 10, 11, 12, 13 and clinical guidelines limit their use as a first-line treatment to
patients with AMLs larger than 3 em in diameter.

However, CKD is prevalent in patients without large AMLs or a history of renal infervention, * Altemate mechanisms have been postulated for the progressive loss of kidney function. TSC1 or TSCZ haploinsufficiency in renal tissue without a
somatic second-hit mutation may predispose to glomerular hyperfiltration and subsequent loss of glomerular filtration rate (GFR) ina similar fashion to diabetic nephropathy. 2 In fact, mTOR overactivity has been suggested as a mechanism of
CKD in disbetic nephropathy, with mTOR inhibition preventing glomerulosclerosis and glomerular disease progression in mouse maodels. >-1° A second mechanism is the development of multiple small AMLs. In a study simed to firther
delineate the relationship between CKD and AML in TSC, Vekeman et al' reported that a substantial proportion of pati wﬂlclﬂ)siageZu}nghE}ndmmumsmallAMLardmlargnAML TSC microcystic disease has also been
msocizted with declining kidney fimction 17 In a study of TSC cystogenesis, Bissler et al'® described a mechanism involéis mTOR overactivity with rap dministration resul longed survival of mouse models.

‘These potential mechanisms far CKD in TSC may suggest a role for oral mTOR inhibitors everolimus and sirolimus in treating TSC patients with declmmg GFR in the absence quML lmgeﬂhmi! cm in diametes. Further research is needed
to characterize the pathophysiclogy of CKD in TSC patients without large AML and the therapeutic role for mTOR inhibition. To this end, we present 2 cases of a microscopic variant of TSC kidney disease in patients with declining GFR in




the absence of large AMLs. In 1 patient, the progression of kidney disease was delayed following initiation of everolimus.

Section snippets

Case 1

Patient 1 is a 26-year-old female patient diagnosed with TSC in early childhood cansing complex partial epilepsy and typical skin manifestations. Genetic testing revealed 1 likely pathogeric variant in TSC1 denoted ¢.965dupT

(pMet322llefs +19) not reperted previously or carried by either parent. There were no deletions in TSC2, excluding the possibility of a contig gene synd (CGS) with PKD!. By adulthood, she had outg her sei , and TSC
renal manifestations became the primary

Discussion
CKD in TSC typically occurs in the setting of large renal lesions that encroach on the narmal renal perenchyrma or that require intervention and loss of parenchyma from surgical debulking or embolization. 1, 2, 3 Tn this report, we have
presented 2 cases of amicroscopic variant of TSC kidney disease cauving declining kidney function inthe absence of large lesions. In the firet patient, kidney Rmnction improved from stage G4 to stage G3b disease and remained stable for 5
years following
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INTRODUCTION

Fever is an abnormal elevation of body temperature that occurs as part of a specific
biologic response that is mediated and controlled by the central nervous system.

The pathophysiology and treatment of fever in infants and children will be reviewed
here. Other causes of elevated body temperature in children and the evaluation and
management of fever in specific populations of infants and children are discussed
separately:

o(See "Heat stroke in children” and "Heat iliness (other than heat stroke) in
children".)

o(See "The febrile infant (29 to 90 days of age): Outpatient evaluation" and "Fever
without a source in children 3 to 36 months of age: Evaluation and management”.)
+(See "Evaluation and management of fever in children and adults with sickle cell
disease".)

o(See "Fever of unknown origin in children: Eticlogy" and "Fever of unknown origin
in children: Evaluation”.)

+(See "Evaluation of children with non-chemotherapy-induced neutropenia and
fever" and "Management of children with non-chemotherapy-induced neutropenia
and fever"'.)

+(See "Fever in children with chemotherapy-induced neutropenia".)

TEMPERATURE MEASUREMENT
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Site and method of measurement — The most common sites of temperature
measurement in clinical practice are the rectum, mouth, and axilla; in addition, parents
and caregivers may measure temperature at the tympanic membrane or forehead
(temporal artery). Each of these sites has its own range of normal values [1].
sRectal thermometry — Rectal thermometry is generally considered the reference
standard for measurement of core body temperature [2], but there is a lag
between changes in core body temperature and temperature in the rectal vault [3].
Rectal thermometry is usually performed in infants and young children if the result
has clinical implications. The majority of studies establishing the risk of serious
infections in febrile infants and young children have relied on rectal temperatures.
Rectal thermometry is contraindicated in patients with neutropenia.
«Oral thermometry — Oral thermometry generally is preferred in children who are
old enough to cooperate. Oral temperature is typically 0.6°C (1.0°F) lower than
rectal temperature because of mouth breathing, which is particularly important in
patients with tachypnea. Oral temperatures also may be affected by recent
ingestion of hot or cold liquids [1,4].
Opinions differ about the best site of temperature measurement for young children
who cannot cooperate with oral thermometry. The Bright Futures Guidelines for
Health Supervision suggest rectal thermometry for children younger than four
years of age [5]. In contrast, the National Institute for Health and Care Excellence
recommends electronic axillary thermometry for children younger than four weeks,
and axillary (electronic or chemical dot} or infrared tympanic membrane (TM}
thermometry for children four weeks to five years of age because these methods
are quicker, easier to use, and better accepted by children and their caregivers [6].
sAxillary thermometry — Axillary temperature is consistently lower than rectal
temperature, but the absolute difference varies too widely for a standard
conversion [7]. Axillary temperatures may be measured in neutropenic patients
who are unable to use an oral thermometer.
«Contact and noncontact infrared thermometry — Infrared TM thermometers
measure the amount of heat produced by the TM. Temperature readings are close
to core temperature, although the infrared TM reflective devices commonly used in
homes, hospitals, and offices are less accurate than TM thermistors used in
research and by anesthesiologists [3,8-12]. Individual studies comparing TM and
rectal temperatures in children have had contradictory results. Although newer-
generation infrared TM thermometers appear to have improved accuracy
compared with older models (using rectal thermometry as the standard) [13],
results should be verified in situations where detection of fever has clinical
implications (eq, laboratory evaluation of the febrile neonate or young infant) [2].
Infrared contact and noncontact forehead thermometers measure the amount of
heat produced by the temporal arteries. The accuracy of such measurements may
be affected by sweating or vascular changes [1]. As with tympanic temperature
measurement, studies comparing temporal artery and rectal temperatures have
contradictory results, and temporal artery temperatures should not be used to
make clinical decisions [2,3,14-26]. Readings may be greater or lower than rectal
temperature.
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Smart phones — Apps for smart phones that permit tracking of fever are
available. They require an external sensor, with accuracy commensurate with that
of the sensor. In the absence of adequate study, they cannot be recommended for
use.
Converting between Fahrenheit and Celsius — Fahrenheit and Celsius temperature
equivalents are provided in the table (table 1) or can be calculated (calculator 1).
oTo convert a temperature measured in Fahrenheit to Celsius:
*(Temperature in °F - 32) x (5/9) = Temperature in °C
oTo convert a temperature measured in Celsius to Fahrenheit:
*[(9/5) x Temperature in °C] + 32 = Temperature in °F

TEMPERATURE HOMEOSTASIS

Body temperature is controlled by the thermoregulatory center of the hypothalamus.
The thermoregulatory center balances heat production, derived primarily from metabolic
activity in muscle and the liver, with heat dissipation from the skin and lungs. The
thermeregulatory center is able to maintain a fairly steady body temperature in normal
temperature environments. However, at environmental temperatures higher than
approximately 35°C (95°F), the body's ability to dissipate heat is overwhelmed, and core
temperature rises. (See "Heat stroke in children", section on 'Pathophysiology'.)

NORMAL BODY TEMPERATURE

The mean normal temperature is generally considered to be 37°C (98.6°F) [27]. This
value usually is attributed to studies dating to the 19» century. In a more recent study of
young adults, the upper limit of normal body temperature (measured orally) was 37.2°C
(88.9°F) in the morning and 37.7°C (99.9°F) overall [28]. Normal body temperature
varies with age, time of the day, level of activity, and phase of the menstrual cycle,
among other factors [1,4].

Infants and young children generally have higher temperatures than older children and
adults. This relates to the greater surface-area-to-body-weight ratio and the higher
metabolic rate of infants and small children. In the newborn period (age 0 to 28 days),
the mean normal temperature (measured rectally) is 37.5°C, with an upper limit of
normal (ie, two standard deviations above the mean) of 38°C (100.4°F) [29].

Normal temperature varies daily, with a morning nadir and late afternoon/early evening
peak. The mean amplitude of variation is 0.5°C (0.9°F) [28]. During a febrile illness,
daily low and high temperature readings are maintained, but at higher-than-normal
levels. Daily variation can be as high as 1°C (1.8°F) in some individuals recovering from
a febrile illness.

ELEVATED BODY TEMPERATURE

Elevated body temperature may result from fever (increased body temperature with
elevated hypothalamic set-point) or hyperthermia (increased body temperature with
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normal hypothalamic set-point) (figure 1). It is important to differentiate between these
conditions because they have different clinical implications and management strategies.
(See 'Management of fever' below and "Heat stroke in children”, section on 'Hospital
management'.)
Fever — Fever is an abnormal elevation of body temperature that occurs as part of a
specific biologic response that is mediated and controlled by the central nervous
system. (See 'Pathogenesis’ below.)
The temperature elevation that is considered "abnormal" depends upon the age of the
child and the site of measurement. The temperature elevation that may prompt clinical
investigation for infection depends upon the age of the child and the clinical
circumstances (eg, immune deficiency, sickle cell disease, ill-appearance, etc); in most
scenarios, the height of the fever is less important than other signs of serious iliness
(eg, irritability, meningismus) [30-33].
oIn the otherwise healthy infant younger than three months of age, fever of
concern generally is defined by rectal temperature 238.0°C (100.4°F). (See "The
febrile infant (younger than 90 days of age): Definition of fever”, section on
'Definition of fever'.)
oIn children 3 to 36 months, fever generally is defined by rectal temperatures
ranging from 238.0 to 39.0°C (100.4 to 102.2°F) and fever of concern by rectal
temperatures 239.0°C (102.2°F) if there is no focus of infection on examination.
(See "Fever without a source in children 3 to 36 months of age: Evaluation and
management”, section on 'Fever of concem'.)
oIn older children and adults, fever may be defined by oral temperatures ranging
from 237.8 to 39.4°C (100.0 to 103.0°F) and fever of concern by oral temperatures
239.5°C (103.1°F).
o The temperature thresholds of concern for children with underlying conditions
(eg, sickle cell disease, neutropenia) are discussed separately:
*Sickle cell disease (see "Evaluation and management of fever in children and
adults with sickle cell disease")
*Neutropenia (see "Fever in children with chemotherapy-induced
neutropenia” and "Management of children with non-chemotherapy-induced
neutropenia and fever", section on 'Definitions')
Pathogenesis — Fever is the result of a highly coordinated series of events that begins
peripherally with the synthesis and release of interleukin (IL)-1, IL-6, tumor necrosis
factor, interferon-alpha, and other endogenous pyrogenic cytokines by phagocytic cells
in the blood or tissues (figure 2) [34]. These cytokines enter the blood and are carried to
the anterior hypothalamus, where they induce an abrupt increase in the synthesis of
prostaglandins, especially prostaglandin E2 (PGE2). The induction of PGE2 in the brain
raises the hypothalamic set-point for body temperature (figure 1).
After the set-point is raised, the thermoregulatory center recognizes current body
temperature to be too low and initiates a series of events to raise body temperature to
the new set-point. This involves augmentation of heat production by increased
metabolic rate and increased muscle tone and activity, and decreased heat loss through
diminished perfusion of the skin. Body temperature rises until a new equilibrium is
achieved at the elevated set-point. The upper limit of temperature due to fever appears
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to be 42°C (107.6°F), but it is unusual for temperature to exceed 41°C (106°F) without
some element of concomitant hyperthermia [1,35,36].

In addition to causing fever, pyrogenic cytokines increase the synthesis of acute-phase
proteins by the liver, decrease serum iron and zinc levels, provoke leukocytosis, and
accelerate skeletal muscle proteolysis. IL-1 also induces slow-wave sleep, perhaps
explaining the somnolence frequently associated with febrile illnesses. The increase in
peripheral PGE2 may account for the myalgias and arthralgias that often accompany
fever. Increased heart rate is a normal physiologic response to fever.

Benefits and harms — Whether fever is beneficial or harmful is disputed [36]. Fever is
an integral part of the inflammatory response and, as such, may have a role in fighting
infection. However, defense mechanisms can go awry. Even if fever does have a role in
defending the host against infection, it may still be that, in some circumstances, fever
does more harm than good [37,38].
sPotential benefits — Potential benefits of fever include retardation of the growth
and reproduction of some bacteria and viruses (perhaps related to decreased
serum iron) and enhanced immunologic function at moderately elevated
temperatures (although some of the benefits are reversed at temperatures
approaching 40°C [104°F]) [36,32-45]. Some animal studies have demonstrated
enhanced survival with fever [46,47]. However, as with immune function, the
benefits may be diminished or even reversed as temperature increases [47,48].
Whether these findings apply to humans is not known.
sPotential harms — Fever can make patients uncomfortable. It is associated with
increased metabolic rate, oxygen consumption, carbon dioxide production, and
demands on the cardiovascular and pulmonary systems. For the normal child,
these stresses are of little or no consequence. However, for the child in shock or
for the child with a pulmonary or cardiac abnormality, the increased demands can
be detrimental and may offset any immunclogic benefit from the fever.
In experimental studies, fever has been associated with impaired immunologic
responses (eg, phagocytosis of staphyloecocci and lymphocyte transformation in
response to mitogens} and cerebral injury (including edema and hemorrhage) [49-
51]. Whether these findings apply to humans is not known.
There is no evidence to suggest that fever 240°C (104°F) is associated with
increased risk of adverse outcome {eg, brain damage), although this belief is held
by many caregivers and clinicians [39,52,53].
Hyperthermia — Hyperthermia is an abnormal elevation of body temperature that
occurs without a change in the thermoregulatory set point in the hypothalamus (figure
1). This failure of normal homeostasis results in heat production that exceeds the body's
capacity for dissipation [39]. Body temperature in patients with hyperthermia does not
respond to antipyretic agents.
Characteristic clinical features of hyperthermia include a history of environmental heat
exposure or use of drugs that interfere with normal thermoregulation (eg,
anticholinergics); hot, dry skin; and central nervous system dysfunction (eg, delirium,
convulsions, coma). Hyperthermia can be rapidly fatal; adverse physiclogic effects
begin to occur at temperatures >41°C (105.8°F). (See "Heat stroke in children”, section
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on 'Clinical features' and "Heat illness (other than heat stroke) in children", section on
'Clinical manifestations and treatment'.)

EVALUATION OF FEVER

Fever is a sign of underlying disease, the cause of which should be evaluated,
particularly if the child is ill-appearing or the fever persists. The response of fever to an
antipyretic agent does not help to distinguish bacterial from viral infection [54-56] When
determining whether the child needs to be seen by a health care provider, caregivers'
concern about their child's appearance is more important than the response of fever to
antipyretic agent(s). In most cases, the febrile child has additional symptoms and signs
of an acute infection, which can be managed as indicated. However, in some children,
particularly children with underlying disease, fever may be a sign of a more serious or
even life-threatening process.

The evaluation of fever in specific populations of children is discussed separately:

o(See "The febrile infant (29 to 90 days of age). Outpatient evaluation” and "Fever
without a source in children 3 to 36 months of age: Evaluation and management”.)
o(See "Fever of unknown origin in children: Eticlogy" and "Fever of unknown origin
in children: Evaluation”.)

o(See "Evaluation and management of fever in children and adults with sickle cell
disease".)

o(See "Evaluation of children with non-chemotherapy-induced neutropenia and
fever" and "Evaluation of children with non-chemotherapy-induced neutropenia
and fever’, section on 'Evaluation’.)

o(See "Fever in children with chemotherapy-induced neutropenia®.)

MANAGEMENT OF FEVER

Fever is an important clinical sign. The first step in the management of fever is to
determine its cause (see 'Evaluation of fever' above). Once the cause is known, the
main reason to treat fever is to improve the child's comfort [39,57].
Anticipatory guidance — Patients, parents, and other caregivers frequently make the
decision to treat fever without consulting a health care provider. Many patients and
caregivers believe that fever is harmful and that temperature elevation requires
treatment regardless of its cause or effects [52,58-60]. Education of patients, parents,
and caregivers is required to counter these beliefs [4,36,39]. Such education should be
provided at health supervision visits and reinforced during acute vigits for acute febrile
ilinesses. A systematic review of eight studies evaluating anticipatory guidance for fever
and common infections concluded that educational interventions provided before the
iliness episodes had the potential to improve medication management and parental
health care-seeking behavior when the child became ill [61].
Important components of the anticipatory guidance for fever include [4,6,36,39,54-58]:
oFever is not an illness but a physiologic response.
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oIn otherwise healthy children, most fevers are self-limited and benign, provided
that the cause is known and fluid loss is replaced; fever does not cause brain
damage. If there are signs of serious iliness, a health care provider should he
consulted.

sThere is no evidence that fever makes the illness worse.

olnitial measures to reduce the child's temperature include provision of extra fluids
and reduced activity.

sFever may merit treatment with an antipyretic agent if the child is uncomfortable
(as indicated by decreased activity level, decreased fluid intake, etc).
sDecreased temperature after receiving an antipyretic agent does not help to
determine whether the child has a bacterial or viral infection.

«Children who are receiving treatment for fever do not need to be awakened to
receive the antipyretic agent.

«Children who are receiving antipyretic medications should not be given
combination cough and cold preparations, which often contain antipyretic
medications; giving both medications may lead to inadvertent overdose.
«Antipyretic medications should be dosed according to weight, rather than age.
When suggesting the use of antipyretic medications, the risk of under- or
overdosing antipyretics can be minimized if the clinician provides written dosing
instructions and a measuring device, such as a properly marked syringe {for liquid
formulations); the dosing directions and measuring devices that are included with
over-the-counter medications are variable and inconsistent [62]. The instructions
should include which formulation (or which concentration of a liquid formulation);
how to measure the appropriate volume (for liquid formulation); how often to
administer; how to monitor the response; when to discontinue; and when to
contact the health care provider.

sInstructions for safe storage of antipyretic medications.

Antipyretic agents — Antipyretic agents treat fever by restoring the thermoregulatory

set-point to normal. The most commonly used antipyretic agents in children and

adolescents are acetaminophen and ibuprofen. Aspirin should not be used because of

its association with Reye syndrome [39].

Indications — Routine treatment of fever in otherwise normal children is not warranted
[1,86]. Decisions regarding the treatment of fever in children should be made on a case-
by-case basis depending upon the clinical circumstances (eg, underlying disease, level

of discomfort, desire to monitor fever curve).
There is no evidence that reducing fever reduces the morbidity or mortality from a

febrile illness (with the possible exception of children with underlying conditions that limit
the ability to tolerate increased metabolic demands). The role of antipyretic therapy in
recurrence of febrile seizures is discussed separately. (See "Treatment and prognosis

of febrile seizures", section on 'Antipyretics'.)

Potential benefits of treating fever with antipyretics include improvement of discomfort
and decrease in insensible water loss, which may decrease the risk of dehydration [39].
Antipyretic agents also have analgesic effects, which may enhance their overall effect.

Potential downsides of treating fever include delayed identification of an underlying
illness and drug toxicity; it is uncertain whether treating fever increases the risk for or
complications of certain types of infections. (See 'Benefits and harms' above.)
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Indications for the short-term treatment of fever may include [1,36]:

«Shock

sUnderlying neurologic or cardiopulmonary disease, or other condition with

increased metabolic rate (eg, burn, postoperative state)

oAlteration in fluid and electrolyte balance

oHigh fever (ie, 240°C [104°F])

sDiscomfort

eMajor head trauma

sPostcardiac arrest
Children with temperature elevation and the possibility of hyperthermia also require
treatment, but the treatment of hyperthermia differs from that of fever. Antipyretic
medications are ineffective in children with heat stroke and may exacerbate concomitant
liver injury or coagulopathy. (See "Heat stroke in children”, section on 'Hospital
management' and "Heat iliness (other than heat stroke) in children”, section on 'Clinical
manifestations and treatment'.)
Suggested approach — The choice of antipyretic agent for children with underlying
medical conditions may be influenced by the underlying medical conditions (eg,
avoidance of acetaminophen in children with liver failure) or desire to avoid drug
interactions with chronic medications (eg, selective serotonin reuptake inhibitors may
enhance the antiplatelet effect of ibuprofen).
When antipyretic therapy is indicated for children without underlying medical conditions,
or with underlying medical conditions that do not influence the choice of antipyretic, we
suggest beginning treatment with oral acetaminophen. Oral ibuprofen is an alternative
to acetaminophen, particularly if anti-inflammatory effect is desired in addition to
antipyresis. Patient/caregiver preference is a major factor in the choice of antipyretic
because patients/caregivers frequently make the decision to treat fever without
consulting a health care provider. In randomized trials, acetaminophen and ibuprofen
are more effective than placebo in reducing temperature; ibuprofen is slightly more
effective and longer-lasting than acetaminophen [63,64]. However, we prefer
acetaminophen because of its long track record of safety with therapeutic dosing [1].
(See 'Acetaminophen’ below and 'Ibuprofen’ below.)
We do not suggest combining or alternating acetaminophen with ibuprofen because of
the potential for dosing confusion, increased toxicity, and contribution to fever phobia
[3€,57,65,66]. Although combining or alternating acetaminophen and ibuprofen may be
more effective than either agent alone in reducing fever, it is not clear that this
temperature reduction is clinically significant [67,68]. In addition, there is little
information about the effects on the child's discomfort or the safety of combining or
alternating antipyretic therapy, and there are theoretic concerns of liver or kidney injury,
particularly for children with volume depletion [67,69-71]. (See 'Combining or altemating
therapy' below.)
If the temperature remains elevated and the child's discomfort is not improved three to
four hours after administration of acetaminophen or ibuprofen, it is reasonable
to switch from acetaminophen to ibuprofen or ibuprofen to acetaminophen [6].
(See Treatment response’ below.)
Antipyretic regimens
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Acetaminophen — For most children with fever who are treated with an antipyretic
agent, we suggest oral acetaminophen because of its long track record of safety at
therapeutic doses [1]. Although oral acetaminophen is preferred to rectal
acetaminophen because the drug concentration is more predictable, short-term (ie, <48
hours) rectal administration is an option for children who cannot take acetaminophen
orally [72].

Acetaminophen generally is not recommended for infants younger than three months of
age without prior consultation with a health care provider because fever may be the only
sign of serious infection in such infants. (See "The febrile infant (29 to 90 days of age):
Outpatient evaluation”, section on 'Invasive bacterial infection' and "The febrile neonate
(28 days of age or younger): Outpatient evaluation", section on 'Invasive bacterial
infection’.)

The dose of acetaminophen is 10 to 15 mg/kg per dose (maximum dose 1 g) orally
every four to six hours (with no more than five doses in a 24-hour period) with a
maximum daily dose of 75 mg/kg per day up to 4 g/day (some formulations suggest a
lower maximum daily dose). We do not recommend a "loading dose" (eg, an initial dose
of 30 mg/kg) of acetaminophen for routine clinical care because it may increase the risk
of dosing confusion [39].

Approximately 80 percent of febrile children who are treated with acetaminophen have a
reduction in temperature of 1 to 2°C (1.8 to 3.6°F) [39,73]. Acetaminophen begins to
work in 30 to 60 minutes and has its peak effect in three to four hours. The duration of
action is four to six hours.

When administered at appropriate doses, acetaminophen is remarkably free of side
effects [74,75]. In August 2013, the US Food and Drug Administration (FDA) issued a
safety communication about serious and potentially fatal acetaminophen-associated
skin reactions including Stevens-Johnson syndrome, toxic epidermal necrolysis, and
acute generalized exanthematous pustulosis that can occur with the first exposure to
acetaminophen or at any time during use [76]. These reactions are rare (the FDA review
found a total of only 107 cases between 1969 and 2012) and can occur with other
antipyretic agents. Children who develop skin lesions while using acetaminophen
should discontinue acetaminophen and seek prompt medical attention. (See "Stevens-
Johnson syndrome and toxic epidermal necrolysis: Pathogenesis, clinical
manifestations, and diagnosis" and "Acute generalized exanthematous pustulosis
(AGEP)".)

An association between acetaminophen and asthma has been described, but causality
has not been demonstrated. (See "Risk factors for asthma", section on
‘Acetaminophen'.)

Overdose of acetaminophen may be lethal. Overdose may occur if acetaminophen is
administered simultaneously with combination cough and cold remedies that contain
acetaminophen, with unsupervised ingestion, and with unclear instructions for
administration [39,77]. (See "Clinical manifestations and diagnosis of acetaminophen
(paracetamol) poisoning in children and adolescents", section on 'Epidemiology’.)
Ibuprofen — For children 26 months of age in whom antipyretic and anti-inflammatory
activity are desired (eg, in children with juvenile arthritis) and who are well hydrated, we
suggest oral ibuprofen as the initial antipyretic agent [1].

105



The dose of ibuprofen is 10 mg/kg per dose {(maximum dose 600 mg) orally every six
hours with a maximum daily dose of 40 mg/kg up to 2.4 g/day [39]. Ibuprofen begins to
work in <60 minutes and has its peak effect (decline in temperature of 1 to 2°C [1.8 to
3.6°F]) in three to four hours. The duration of action is six to eight hours [39,73].
Ibuprofen generally is not recommended for infants <3 months of age without prior
consultation with a health care provider because fever may be the only sign of sericus
infection in such infants. (See "The febrile infant (29 to 90 days of age): Outpatient
evaluation”, section on 'Invasive bacterial infection' and "The febrile neonate (28 days of
age or younger): Outpatient evaluation", section on 'Invasive bacterial infection'.)
Recommendations for ibuprofen in infants between three and six months of age vary
geographically [78]. In the United States, ibuprofen suspension is approved for
antipyresis in infants 26 months of age. In other countries, it may be approved for
infants 23 months of age who weigh 25 kg. Infants <6 months of age are potentially at
increased risk for kidney toxicity because they have limited kidney function relative to
older infants and children [39]. Few studies have directly evaluated the risk of kidney
toxicity when ibuprofen is used to treat fever in infants <6 months of age, and the
magnitude of risk is uncertain [63,78-82].
Adverse effects of ibuprofen may include gastritis and gastrointestinal bleeding [83].
When administered at appropriate doses and taken with food, ibuprofen usually is safe
[75,84]. However, acute kidney injury has been reported following appropriate doses of
ibuprofen [85]. Anecdotal reports have linked nonsteroidal anti-inflammatory drugs with
the development or more rapid progression of necrotizing fasciitis due to group A
streptococci in children with varicella [86,87]. However, a review of the literature,
including five prospective studies, did not demonstrate a correlation [88].
Overdose may occur if ibuprofen is administered simultaneously with combination
cough and cold remedies that contain ibuprofen, with unsupervised ingestion, and
unclear instruction for administration [39]. Overdose of ibuprofen appears more easily
managed than overdose of acetaminophen [89]. (See "Nonsteroidal antiinflammatory
drug (NSAID) poisoning", section on 'Pediatrics'.)
Combining or alternating therapy — We do not suggest combining or alternating
therapy with acetaminophen and ibuprofen to treat fever in children. Although combining
or alternating acetaminophen and ibuprofen may be more effective than either agent
alone in reducing fever, it is not clear that this reduction is clinically significant [67,68]. In
addition, there is little information about the effects on the child's discomfort or the
safety of combining or alternating antipyretic therapy, and there are theoretic concerns
of liver or kidney injury, particularly for children with volume depletion [67,69-71].
A 2013 systematic review included six randomized trials (915 patients) evaluating
combination or alternating versus single agent antipyretic therapy in children [67]. The
individual trials used different thresholds for fever, sites of temperature measurement
(eg, rectal, axillary), dosing regimens, and periods of observation for outcome
assessment [68,80,90-94].
oIn pooled analysis, combination therapy resulted in decreased mean temperature
one hour after treatment (mean difference -0.27°C [-0.48°F], 95% CI -0.45 to -
0.08°C [-0.81°F to -0.14°F]; two trials, 163 patients) and four hours after treatment
(mean difference -0.70°C [-1.26°F], 95% CI -1.05 to -0.35°C [-1.89°F to -0.63°F];
two trials, 173 patients) although the mean temperature in the single-agent group
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one and four hours after treatment was <38°C (100.4°F) [67]. Fewer children
receiving combination therapy remained or became febrile four hours after
treatment (2 versus 23 percent; risk ratio [RR] 0.08, 95% CI, 0.02-0.42; two trials,
196 patients).
In pooled analysis, alternating therapy was associated with decreased mean
temperature one hour after the second agent (mean difference -0.60°C [-1.08°F],
95% CI -0.94 10 -0.26°C [-1.69°F to -0.47°F]; two trials, 78 patients) althcugh the
mean temperature in the single-agent group was <38°C (100.4°F) [67]. Fewer
children receiving alternating therapy remained or became febrile three hours after
the second agent (11 versus 45 percent; RR 0.25, 95% CI 0.11-0.55; two trials,
109 patients).
One trial compared combination with alternating therapy and found no difference
in mean temperature reduction or proportion of children who remained or became
febrile [94].
sAmong the trials that assessed measures other than temperature, one found no
difference in ¢hild discomfort between combination and single-agent therapy [93];
one found that caregivers perceived no difference in efficacy despite greater
temperature reduction with alternating therapy [68]; and one found that children
who received alternating antipyretic therapy had lower scores on a pain checklist
than those who received single agent therapy, although it was not clear that the
assigned antipyretic regimens were followed appropriately (children assigned to
the alternating group received a lower mean number of doses of antipyretic than
those assigned to single-agent therapy), making the results difficult to interpret
[e1].
oNo serious adverse events were observed in the trials that reported serious
adverse events of combining or alternating therapy [68,91-93]. In one trial, mild,
transient elevation of liver enzymes and mildly abnormal kidney function occurred
in 1.7 and 3 percent of participants, respectively, but did not differ between groups
[e1].
The American Academy of Pediatrics (AAP) clinical report on fever and antipyretic use
in children suggests that combined treatment with acetaminophen and ibuprofen may
increase the possibility of inaccurate dosing and may contribute to "fever phobia" [39].
Similarly, the Italian Pediatric Society guidelines for the management of fever in children
recommend against the combined use of acetaminophen and ibuprofen [57]. The
National Institute for Health and Care Excellence advises against the simultaneous use
of acetaminophen and ibuprofen and suggests that alternating these agents be
considered only if the child's distress or discomfort persists or recurs before the next
dose is due [6]. If the decision is made to use combined or alternating therapy, dosing
instructions and intervals must be thoroughly explained. {See 'Anticipatory
guidance' above.)
Duration — The duration of administration of antipyretic therapy depends upon the
child's response; the end-point is the child's comfort [39]. Prolonged use of antipyretic
agents generally is not necessary because most febrile illnesses in children are self-
limited viral infections. Re-evaluation for secondary bacterial infection may be warranted
in children whose fever and discomfort persist for more than two to three days.
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Treatment response — Treatment with antipyretic agents should make the febrile child
more comfortable. It is more important for caregivers to monitor the child's general
appearance (for signs of serious illness such as lethargy, stiff neck, altered mental
status, petechial or purpuric rash, etc), activity level, and fluid intake than to monitor the
temperature curve and to seek medical care if they are concerned about their child's
appearance. With either acetaminophen or ibuprofen, a response should be seen within
60 minutes; the response peaks in three to four hours [39]. If the temperature remains
elevated and the child's discomfort is not improved three to four hours after
administration of acetaminophen or ibuprofen, some experts would suggest switching
from acetaminophen to ibuprofen or ibuprofen to acetaminophen [6]. There are no
published studies to evaluate the safety or efficacy of this practice; however, in theory,
some fevers may respond better to one antipyretic agent than another.

Persistence of a febrile illness beyond four or five days, a marked increase in the height
of the maximum fever during the course of the illness, or the development of new
localizing symptoms should raise concerns about alternative diagnoses or bacterial
superinfection, which should be evaluated by a health care provider (or re-evaluated by
a health care provider if the child was seen at the onset of illness) [39].

Use in young infants — The AAP clinical report on fever and antipyretic use in children
suggests that acetaminophen not be administered to infants younger than three months
and that ibuprofen not be administered to children younger than six months without
evaluation by a clinician [39]. Fever may be the only sign of serious infection in a young
infant, and such infections should be excluded before symptomatic treatment of fever is
initiated. (See "The febrile infant (29 to 90 days of age): Outpatient evaluation”, section
on 'Invasive bacterial infection' and "The febrile neonate (28 days of age or younger):
Outpatient evaluation”, section on 'Invasive bacterial infection'.)

Decisions regarding the use of acetaminophen in infants younger than three months
after serious infection has been excluded should be made on a case-by-case basis. The
safety of acetaminophen in young infants can be extrapolated from its use as an
analgesic in this population (see "Management and prevention of pain in neonates",
section on 'Acetaminophen'). However, there is little information about its efficacy as an
antipyretic.

External cooling — External cooling is the treatment of choice for heat stroke and
other forms of heat iliness in which rapid cooling is necessary to prevent end-organ
damage. (See "Heat stroke in children", section on 'Rapid cooling' and "Heat illness
(other than heat stroke) in children", section on 'Clinical manifestations and treatment'.)
We do not routinely suggest external cooling for temperature reduction in previously
well infants and children with a febrile illness. In randomized trials comparing the
combination of tepid sponging and antipyretic therapy to antipyretic therapy alone, the
added benefit of tepid sponging in temperature reduction was short-lived, and sponging
was associated with increased discomfort [$5-97]

External cooling may be used as an adjunct to antipyretic therapy for children in whom
more rapid and greater reduction of body temperature is necessary than can be
achieved with antipyretic agents alone. In such cases, antipyretic agents should be
administered at least 30 minutes before external cooling [4]. Antipyretic agents are
necessary to reset the thermoregulatory set-point, without which external cooling will
result in an increase in heat production [1].

108



Possible indications for concomitant antipyretic administration and mechanical cooling
in children include:

eUncertainty about the cause of elevated temperature (heat illness versus fever)

(see 'Hyperthermia' above)

sFever combined with a component of heat iliness (eg, from over-wrapping,

hypovolemia, or drugs such as atropine)

sUnderlying neurologic disorder, in which the child may have abnormal

temperature control and poor response to antipyretic agents
When mechanical cooling is necessary to treat fever, we suggest sponging with
comfortably warm or tepid water (generally around 30°C [85°F]). Sponging is more
effective than immersion because evaporation from the skin augments heat loss.
Although temperature reduction may be faster with cold water, sponging with cold water
is also more uncomfortable. Alcohol should not be used because its fumes are
absorbed across the alveolar membrane and possibly across the skin, resulting in
central nervous system toxicity [98].

Cooling blankets can be useful in hospitalized children who are critically ill or who have
problems with temperature control (eg, children with acute head injury).

Alternative therapies — Practitioners of complementary and alternative therapy may
suggest a number of remedies for fever in infants and children (eg, calcium lactate).
These remedies have not been studied in clinical trials, and there is little to no
information about their efficacy or safety. We do not recommend their use.

SOCIETY GUIDELINE LINKS

Links to society and government-sponsored guidelines from selected countries and
regions around the world are provided separately. (See "Society guideline links: Fever
in children".)

INFORMATION FOR PATIENTS

UpToDate offers two types of patient education materials, "The Basics" and "Beyond
the Basics." The Basics patient education pieces are written in plain language, at the
5t to 6+ grade reading level, and they answer the four or five key questions a patient
might have about a given condition. These articles are best for patients who want a
general overview and who prefer short, easy-to-read materials. Beyond the Basics
patient education pieces are longer, more sophisticated, and more detailed. These
articles are written at the 10+ to 12+ grade reading level and are best for patients who
want in-depth information and are comfortable with some medical jargon.

Here are the patient education articles that are relevant to this topic. We encourage you
to print or email these topics to your patients. (You can also locate patient education
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articles on a variety of subjects by searching on "patient education" and the keyword[s]
of interest.)

oBasics topic (see "Patient education: Giving your child over-the-counter
medicines (The Basics)")

+Beyond the Basics topic (see "Patient education: Fever in children (Beyond the
Basics)™)

SUMMARY AND RECOMMENDATIONS

sTerminology — Fever is an abnormal increase in body temperature that results
from elevation of the hypothalamic set-point (figure 2). The magnitude of
temperature increase that prompts evaluation depends upon the age of the child
and the clinical circumstances. (See 'Fever' above.)
«Evaluation of fever — The cause of fever should be evaluated, particularly in
infants younger than three months of age and infants and children with underlying
medical conditions that increase the risk of serious infection (eg, sickle cell
disease, neutropenia). (See 'Evaluation of fever' above.)
sIndications for treatment — Decisions regarding the treatment of fever in
children should be made on a case-by-case basis. Indications for the treatment of
fever may include shock, underlying medical conditions that would be exacerbated
by increased metabolic demand, fluid or electrolyte imbalance, temperature 240°C
(104°F), and discomfort. (See 'Indications’ above.)
+Suggested approach — The choice of antipyretic agent for children with
underlying medical conditions may be influenced by the underlying medical
condition and chronic medications. (See 'Suggested approach' above.)
*When the decision is made to use an antipyretic agent in a child without an
underlying medical condition, or with an underlying medical condition that does
not influence the choice of antipyretic, we suggest beginning treatment
with acetaminophen (Grade 2B). The dose is 10 to 15 mg/kg per dose
(maximum dose 1 g) orally every four to six hours (with no more than five
doses in a 24-hour period; maximum daily dose: 75 mg/kg per day up to 4
g/day). (See 'Acetaminophen’ above.)
Ibuprofen is an alternative to acetaminophen, particularly if anti-inflammatory
effect is desired. The dose of ibuprofen is 10 mg/kg per dose (maximum dose
600 mg) orally every six hours (maximum daily dose: 40 mg/kg up to 2.4
g/day). (See 'Ibuprofen’ above.)
*We suggest nct combining or
alternating acetaminophen with ibuprofen (Grade 2B). (See 'Combining or
alternating therapy' above.)
«|f the temperature remains elevated and the child's discomfort is not improved
three to four hours after administration of acetaminophen or ibuprofen, some
experts suggest switching from acetaminophen to ibuprofen or ibuprofen to
acetaminophen. (See 'Treatment response' above.)
*Prolonged use of antipyretic agents generally is not necessary. Persistence of
fever beyond four or five days, a marked increase in the height of the fever

110



during the course of iliness, or the development of new localizing symptoms
should raise concerns about alternative diagnoses or bacterial superinfection,
which should be evaluated. (See Duration’ above.)
*For previously well infants and children with a febrile illness, we suggest not
using external cooling for temperature reduction (Grade 2A). (See 'External
cooling' above.)

Use of UpToDate is subject to the Terms of Use.
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Abstract

To the best of our knowledge, this is the first biopsy-
proven case of streptococcal infection-associated acute
interstitial nephritis (AIN) with existence of streptococcal
pyrogenic exotoxin B (SPE B) by a controlled immunohis-
tochemical method. Both the intact tubular epithelial cells
and oedematous interstitium had strong positive signals,
whereas only interstitial inflammation was dominant with-
out tubular necrosis. Reflective of the nature of AIN is that
the injury from the hypersensitivity reaction was specific
for renal interstitium instead of tubules. SPE B is potentially
allergenic and may confuse the clinicians due to its clinical
mimicry of drug-induced AIN. Although very rare, AIN
might be included into the differential diagnosis of patients
with streptococcal sepsis and acute renal failure.

Keywords: interstitial nephritis; renal failure; Strepiococcus

Introduction

Acute interstitial nephritis (AIN) was first described as a
‘cellular and fluid exudation in the interstitial tissue’ by
Councilman in 1898. This venerable treatise illustrated
the pathogenetic link between AIN and a septic state with
beautifully hand-drawn images according to the kidneys of
patients dying of scarlet fever and diphtheria [1]. Over
100 years have passed since Councilman recognized inter-
stitial nephritis as a distinct discase entity, but no study to
date has further demonstrated the pathogenesis by detec-
tion of streptococcal exotoxins in renal interstitium.

Streptococcal toxic shock syndrome is defined as an
invasive Group A streptococcal {GAS) infection associated
with shock, multiple organ failure, and erythematous rash
with subsequent desquamation. Acute renal failure (ARF)
is present in almost all patients within <72 h, and some of
them require haemodialysis. However, the true actiology of
ARF has not been illustrated in detail and is mostly consid-
ered to be sepsis-related ischaemic acute tubular necrosis
without kidney biopsy. Herein, we report an exceptional
case of ARF fulfilling the diagnostic criteria of GAS toxic
shock syndrome with biopsy-proven AIN.

Case report

A 22-year-old, previously healthy man experienced an epi-
sode of sore throat, diarrhoea and general myalgia for 1 week
before admission. He sought medical help, and acetamino-
phen was initially prescribed. Antibiotic and non-steroidal
anti-inflammatory drug (NSAID) exposure was denied.
As the symptoms deteriorated, he was admitted due to high
feverand chills. On the day of admission, his blood pressure
was 80/38 mmHg, heart rate 144 beats per minute, respira-
tory rate 20 breaths per minute and temperature 38.5°C
(101.3°F). Physical examination disclosed injected throat
and erythematous rash over the trunk, but was otherwise
unremarkable. Biochemical studies revealed the following:
serum creatinine, 4.8 mg/dL {424.3 pmol/L); urea nitrogen
32 mg/dL (11.4 mmol/L); and serum sodium, 130 mEq/L
(130 mmol/L). The haemoglobin level was 16.9 g/dL
(169 g/L), platelet count 8.6 x 10%/uL (8.6 x 10%L) and
white blood cell count 19.3 x 103%/uL (19.3 x 10%/L). Urin-
alysis showed a 3+ positive for urine protein, 167 white
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Interstitial nephritis and streptococcal infection
———

Fig. 1. Hacmatoxylin and cosin-stained section shows inflammatory cells
infiltration and oedema in the interstitinm of cortex. All glomernli were
intact without mesangial hypercellularity or matrix expansion. Neither
tubular epithelial cell shedding nor interstitial fibrosis were seen (original
magnification X 100).

blood cells and 83 red blood cells per average high-power
field. The blood culture grew Group A Streptococcus pyo-
genes, but the urine culture result disclosed an insignificant
growth. As the generalized skin rash faded, desquamation
occurred, especially on the palms and lip. The serologic
tests were all within normal ranges such as antinuclear anti-
body, C3, C4, anti-neutrophil cytoplasmic antibodies, anti-
human immunodeficiency virus antibody, markers for
hepatitis B and C, and rapid plasma reagin for syphilis. Al-
though the haemodynamic condition soon stabilized, his
renal function and urine output still deteriorated. The pa-
tient underwent four sessions of haemodialysis from the fifth
day of hospitalization because of lung oedema refractory to
diuretic therapy. The peak serum creatinine was 16.6 mg/dL
{1441.0 pmol/L). Under supportive medical care and in-
fection control with ceftriaxone, his renal function recov-

Fig. 2. The ocdematous interstitium is infiltrated by admixed
inflammatory cells, including neutrophils, lymphocytes, plasma cells
and especially oeosinophils (black arrow). Scattered oeosginophils
corresponded to the typical presentation of hypersensitivity reaction
in acute interstitial nephritis (haematoxylin and eosin, original
magnification x100).
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Fig. 3. (A) The THC study depicted diffiise strong positive signals of anti-
SPE B monoclonal antibodies (obtained from Prof. Y-§ Lin and Y-H Luo,
Ph.D.) in tubular epithelial cytoplasm (red arrow) and renal interstitium of
cortical tissue. The fixed cortical tissue was embedded in paraffin and
sliced into 4-mm-thick sections. After the fixed tissue sections had
been deparaffinized, they were incubated in the retrieval buffer
(MARK?2 buffer, Serotec Ltd, Oxford, UK) at 92°C for 10 min. The
tissue sections were blocked using 10% BSA/PBS, and then using
1 mol/L of NH4CI to reduce autofluorescence before adding the
primary antibody. Monoclonal anti-SPE B antibody (clone 9C, 10 pg/
mL) was diluted (1:200) with antibody diluents (DAKO Corporation,
Carpinteria, CA, USA), then applied to the sections and incubated at 4°
C ovemight The sections were washed in 0.05% PBS-Tween-20 and then
incubated with fluorescein isothiocyanate-conjugated goat anti-mouse
IgG antibody (Jackson Immuno-Research Laboratories Inc., West
Grove, PA, USA) at room temperature for 1 h, (B) The irrelevant
monoclonal antibody of the same class (anti-cysteine protease
antibodies) was omitted in sections as negative controls.

ered gradually. After 23 days of hospitalization, he was
discharged in a dialysis-free status. During the 3-month
follow-up period, his serum creatinine level declined to
1.47 mg/dL (130 mol/L}).

Because of ARF with unclear actiology, a kidney biopsy
was performed on the 10th day of hospitalization. On light
microscopic examination with haematoxylin and cosin
stain, the routine and cryostat sections revealed eight and
two viable glomeruli without obsolescence. All glomeruli
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were undamaged with unchanged mesangial cellularity
and matrix. The blood vessels were unremarkable. Neither
tubular epithelial cell shedding nor interstitial fibrosis were
seen. The interstitium was oedematous and infiltrated by
admixed inflammatory cells (Figure 1), including lympho-
cytes, neutrophils, plasma cells, and especially oeosinophils
(Figure 2). The tissue submitted for direct immunofluores-
cence consisted of six glomeruli. The immunoflucrescence
staining revealed no significant deposition for immuno-
globulin G, immunoglobulin A, immunoglobulin M, C3
and Clqg. The immunohistochemical (IHC) study depicted
diffusely strong positive signals of anti-streptococcal pyro-
genic exotoxin B (SPE B) antibodies in tubular epithelial
cells and tubulointerstitial compartments of the cortical tis-
sue. Details of our [HC technique were described in
Figure 3A. An anti-cysteine protease antibody was used
as the negative control (Figure 3B). Conclusively, the final
diagnosis was AIN with admixed oeosinophils suspicious
for being SPE B-induced.

Discussion

A myriad of case reports of infection-related AIN have
been published, but so far, none of them could detect the
pathogen or toxin in the kidney. GAS infection is also
known to be a causative factor of AIN. GAS produces a
large number of extracellular products including streptoly-
sin S and O toxins, and pyrogenic exotoxins A, B and C, as
well as streptokinase, DNase and protease. The pyrogenic
exotoxins, previously known as erythrogenic toxins, cause
a hypersensitivity reaction [2], including scarlet fever rash
and probable AIN.

SPE B is a cysteine protease and functions as zymogen,
which is initially expressed as a 40-kDa ProSPE B and
subsequently converted to a 28-kDa active protease by
several host factors, such as fibronectin, the interleukin-
1B precursor to the active form, ete. In addition, antibody
titres of SPE B were higher than other GAS antigens, in-
cluding streptolysin O, DNase B, and hyaluronidase in acute
post-streptococcal glomerulonephritis (APSGN) patient
sera [3]. SPE B may play a role in AIN through its highly
potent immunostimulatory effects making it an important
virulence factor [4—7]. Nonetheless, the literature to date
has not reported the pathogenesis between pyrogenic exo-
toxins and AIN. In this case, AIN associated with intersti-
tial SPE B deposition was proved by controlled IHC study.
Because necrotic debris and cast material will often stain
non-specifically for any antibody applied to the tissue, we
used an irrelevant monoclonal antibody of the same class
{anti-cysteine protease antibodies) as the negative control
in this case.

The diagnosis of SPE B-associated AIN was established
for the following reasons: First, neither tubular necrosis
nor glomerular abnormality were seen in renal biopsy spe-
cimen despite hypotension and streptococcal infection.
Second, the patient presented sterile pyuria, erythematous
rash and renal failure on admission before exposure to
antibiotics and NSAIDs. Third, compared with the nega-
tive control, the strong positive staining of anti-SPE B anti-
bodies in tubulointerstitial compartments suggested the

J.-E. Chang et al.

association of SPE B and AIN. Last, but not least, both
the intact tubular epithelial cells and oedematous intersti-
tium had strong positive signals in IHC staining, whereas
only interstitial inflammation was predominant without
tubular epithelial cell shedding or necrosis. This reflects
the nature of AIN in that the injury of the hypersensitivity
reaction was specific for renal inferstitium instead of
tubules.

SPE B and its precursors had been detected in renal
interstitium in previous studies [8,9]. SPE B may cause
tbulointerstitial damage via T-cell proliferation and cyto-
kine production [10]. In contrast to complement activation
and leucocyte infiltration in the model of APSGN [3], the
pathological changes in this case illustrated the typical
pictures of AIN without significant glomerular reaction
or tubular necrosis. Therefore, we speculate that the de-
position of SPE B in the tubulointerstitial compartments
induces an inflammatory response specific to renal inter-
stitium. Although further immunologic and molecular
studies are needed to confirm our speculation, the same
causal agent and characteristics are difficult to reproduce
again from the experimentally inoculated and infected host
due to the idiosyncratic allergic response in AIN.

Streptococcal infection-associated ARF is most com-
monly considered to be sepsis-related ischaemic acute
tbular necrosis or APSGN. Nonetheless, the therapeutic
strategy of AIN was directed towards withdrawal of the of-
fending medication and elimination of the infection, as
well as supportive care [11]. We deem it a very important
teaching point that early conclusive diagnosis and proper
management contribute to better outcome.

In summary, this case alerts us that the possible rare
cause of renal failure in streptococcal infection-related
AIN may be neglected and underdiagnosed. For the cases
of streptococcal infection-associated ARF, early renal bi-
opsy with anti-SPE B stain is perhaps helpful for differential
diagnosis. SPE B has a potential allergenic effect, and there-
fore, the clinician may confuse it with drug-induced AIN,
‘Whether or not to discontinue the offending drugsis a rather
important decision, especially in the case of crucial antibio-
tics. Although very rare, GAS-associated AIN might be in-
cluded into the differential diagnosis for patients with GAS
infection and ARF.
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Abstract

Human hepatitis B virus (HBV) is well known as a cause
of membranous nephropathy (MN). While the association
of HBV infection with MN is strong, data regarding its as-
sociation with other glomerular diseases are conflicting.
Here, we report a case of focal segmental glomerulosclero-
sis (FSGS) with HBV infection. In this case, we have
found HBV-DNA in urinary podocytes by real-time PCR
methods, After the administration of anti-viral therapy,
FSGS improved, paralleling the decreased level of HBV-
DNA in podocytes. The refractory FSGS induced by
HBYV could be effectively treated with appropriate anti-
viral agents.

Keywords: anti-viral therapy; focal segmental glomerulosclerosis; human
hepatitis B virus

Introduction

A variety of extrahepatic manifestations, one of the com-
monest being hepatitis B virus (HBV)-associated nephro-

pathy, may appear in persons chronically infected with
HBYV [1]. HBV is well known as a cause of membranous
nephropathy (MN). Several morphelogical forms of renal
disease including MN, membranoproliferative glomerulo-
nephritis (MPGN), IgA nephropathy and rarely focal seg-
mental glomerular sclerosis (FSGS) have been described in
association with HBV infection. While the association of
HBYV infection with MN is strong, data regarding its asso-
ciation with other glomerular diseases are conflicting [1,2].

We report herein a case of FSGS with immunotolerated
perinatal HBV infection. It was known that the key event
in the pathogenesis of FSGS is podocyte injury [3]. In this
case, we have found HBV-DNA in podocytes using real-
time PCR methods. After the administration of anti-viral
therapy, FSGS improved, paralleling the decreased level
of HBV-DNA in podocytes.

Case report

A 33-year-old man was admitted to a hospital because of
severe peripheral oedema. Laboratory data showed hypo-
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ABSTRACT: Tuberous sclerosis complex (TSC) is an autosomal dominant disorder that affects both fetal development
and postnatal tissue growth, resulting in altered brain structures and a tumor predisposition syndrome. Although every
organ system is affected by the disease, kidney involvement is a leading cause of death in adults with TSC. Over the past
decade, significant progress has been made in understanding the renal disease. This review focuses on the cystic and solid
renal lesions in TSC, including their pathobiology and treatment.

KEY WORDS: TSC, angiomyolipoma, renal cysts, extracellular vesicles, cell nonautonomous trait, renal cell carci-

noma, fat poor

I. INTRODUCTION

Tuberous sclerosis complex (TSC), an autosomal
dominant disorder, affects both fetal development
and postnatal growth, potentially leading to prolif-
erative lesions throughout the body. The birth inci-
dence of TSC is approximately 1 of 5,800, resulting
in over one million affected patients worldwide.>?
The condition may not be appreciated by the less-in-
formed clinician as fewer than 40% of patients have
the characteristic facial angiofibromata, develop-
mental delay, and intractable ecpilepsy.* Further-
more, half of TSC patients experience behavioral
disorders such as autism or cognitive impairment.*
Highlighting the important role of the kidneys, ap-
proximately 40% of adult patients with TSC have
decreased renal function,’ and TSC-associated renal
disease is the most common cause of death in adults
with TSC.%” The exact number of TSC patients that
go on to dialysis is unclear, in part because TSC is a
rare disease and not always available as a diagnosis
code for end-stage renal disease databases.
Tuberous sclerosis complex is caused by mu-
tations in two gene loci: the TSCTI gene located on
chromosome 9, which encodes hamartin, and the
TSC2 gene located on chromosome 16, which en-
codes tuberin and is adjacent to the PKDI gene.

Tuberin and hamartin cooperate to help regulate the
activity of the mechanistic target of rapamycin com-
plex 1, to modulate anabolism and catabolism and
thus regulate cell size, growth, migration, and pro-
liferation. Autosomal dominant polycystic kidney
disease (ADPKD) is caused by mutations in either
the PKDI or PKD2 gene, encoding polycystin-1
and the transient receptor potential channel poly-
cystin-2, respectively. Together, polycystin-1 and
polycystin-2 form a receptor—ion channel complex
in primary cilia; these proteins also can be found in
extracellular vesicles.®'° Although the transient re-
ceptor potential channel function of polycystin-2 is
understood, the function of this complex, especially
the role of polycystin-1, is largely unknown.®
Identification of the TSC2 gene locus was facil-
itated by the study of a family with ADPKD due to
atranslocation involving the PKD! gene. The 7SC2
gene was discovered because the proband had both
ADPKD and TSC associated with the inheritance
of an unbalanced translocation."! Although both
the TSC loci gene products interact to regulate the
mTORCI pathway activity, the renal disease is more
severe when associated with the 7SC2 gene.
Tuberous sclerosis complex renal disease ex-
hibits three major phenotypes: angiomyolipomata,
renal cystic disease, and renal cell carcinoma.
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These phenotypes are not exclusive, meaning
some patients can have a combination of angio-
myolipomata and cysts or, rarely, all three. These
renal manifestations are listed in decreasing order
of frequency, such that approximately 70-80% of
patients will have angiomyolipomata, about 50%
will have renal cystic disease, and a very rare TSC
patient will have a diagnosis of renal cancer or
oncocytoma.

Il. ANGIOMYOLIPOMATA

A, Clinical Manifestafions

Renal angiomyolipomata were described at least by
19002 as a large renal tumor composed of what ap-
peared to be mature white fat, smooth muscle cells,
and blood vessels.’® Over the last 120 years, it has
become clear that the ratio of these elements varies
widely. About 30% of patients with TSC seen at a
single TSC Center of Excellence with specialized
nephrology have significant components with only
microscopic fat, if any, truly earning the “fat-poor”
moniker.'*

Angiomyolipomata are very common in TSC,
and their presence is considered a major criterion for
diagnosis.!® A recent analysis of 80 Belgian children
with TSC revealed a median age of 0.8 years at first
presentation and median follow-up of 10.2 years.
In this population, 75% had renal manifestations.'s
Other studies corroborate that about 80% of affected
children,'” and all adult postmortem samples have
renal disease, most commonly renal angiomyolipo-
mata and cysts.!® About 70% of angiomyolipomata
continue to enlarge in the adult population.’ Because
the disease worsens or can be improved with treat-
ment, disease staging criteria have been established
(Table 1).

TABLE 1: Stages of angiomyolipomata*

Bissler, Batchelor, & Kingswood

The renal disease in TSC patients is a significant
cause of chronic kidney disease. Among the general
United Kingdom population, 40% of patients with
TSC have chronic kidney disease (CKD) stage 3 or
greater even without a history of angiomyolipomata
hemorrhage or surgical interventions.’ TSC-associ-
ated renal disease has been reported to be the most
common cause of death in adults with TSC.%7 A
recent paper found that 7.5% of the children with
TSC developed end-stage renal disease during the
study.!® In the adult TSC population, renal surgery
was very strongly associated with the need for renal
replacement therapy, and the combination of renal
cysts and angiomyolipomata seemed to put patients
at greater risk of renal failure than did either lesion
alone."

Beyond renal failure, a significant renal risk that
TSC patients experience is the risk of angiomyoli-
pomata hemorrhage. Prior to the use of mTORCI1
inhibitors, the risk of hemorrhage was between 25%
and 50%."* The risk of hemorrhage now appears to
be greatly reduced if the patient is maintained on an
mTORCI inhibitor.?°

B. Pathobiclogy

1. Genefic Aspects of Disease

Significant progress has been made on determining
the genetic mechanisms at play in TSC-associated
angiomyolipomata. TSC-associated angiomyoli-
poma are thought to be phenotypically expressed by
a second somatic mutation or “second hit” silencing
the TSC non-mutant allele.! A similar mechanism
has been put forward for the cystic disease in both
TSC and ADPKD, although the supporting evidence
for this mechanism is less robust.”>?* One locus
for both TSC and ADPKD is on chromosome 16,

Features Stage 0 | Stage 1 | Stage2 | Stage3 Stage 4 Stage S Stage 6
Tumor number 0 1to4 >5 <5 >3 >5 >5
Tumor size 0 <3cm | <3cm | 1>3cm (2todare>3 cm | >S5are>3 cm 1> S5cm
Renal morphology | Normal | Normal | Normal | Intact Intact Recognizable | Unrecognizable

*Staging of angiomyolipomata burden considers the number of lesions, their size, and their impact on renal structure.
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specifically the PKD1 and the T.SC2 loci. These loci
account for about 70—80% of patients with ADPKD
or TSC, respectively, and disease associated with
these genes is more severe than that associated with
PKD2 or TSC1. The PKDI and TSC2 genes are ad-
jacent in a tail-to-tail orientation. This configuration
is important because intron 21 of the PKDI gene
contains a polypurinespolypyrimidine tract that
can adopt alternative DNA conformations.* This
odd tract interferes with DNA replication in a polar
fashion causing DNA double-strand breaks, facili-
tating mutagenesis.>* Synergizing with this DNA
damage, the renal osmolality inhibits DNA damage
recognition,””* creating the “perfect storm” for po-
tential somatic mutation.

2. Cell Biology

Angiomyolipomata belong to the perivascular epi-
thelioid cell tumor (PEComa) family of tumors and
exhibit both smooth muscle and melanocytic differ-
entiation characteristics.?%*! Histologically, angio-
myolipomata contain abnormal bleod vessel wall
architecture surrounded by muscle-like perivascular
cells and adipocyte-like cells. The interaction of the
mTORCI1 pathway with the microphthalmia-asso-
ciated transcription factor (MITF) family helps to
explain why angiomyolipomata express the mela-
notic marker PMEL (premelanosome protein, also
known as SILV, gp100), the antigenic target for the
diagnostic human melanoma black (HMB)-45 anti-
body.* This associated MITF/TFE transcription fac-
tor activity has confounded the diagnostic boundary
between TSC-associated renal lesions and transloca-
tion renal cell carcinomas (RCCs) and PEComas. *
Neural crest cells have been posited to contrib-
ute to angiomyolipomata because of the co-expres-
sion of melanocytic and smooth cell markers.3*2¢
This possibility has been challenged by 7SC2
re-expression experiments in an angiomyolipoma
cell line because this introduction changed the ex-
pression profile to resemble lymphatic endothelium
rather than neural crest—derived tissues.*” A dual
knockout of Tsc2 and Cdkn2a in murine epithelial
cells altered the cell expression to be somewhat sim-
ilar to angiomyolipoma when injected into immuno-
compromised mice.*® However, Cdkn2a mutations
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are found in melanoma, raising concern over the
interpretation of the HMB-45 staining. Mesenchy-
mal stem cellHike cells also have been identified
in angiomyolipomata.*® Pericytes may give rise to
angiomyolipoma,* and this may explain the associ-
ation of TSC with vascular aneurysms that arise in
angiomyolipomata,*' aorta,® and brain.*?

C. Treatment Moddlities

In the past, angiomyolipomata were treated surgi-
cally. After such surgical intervention was asso-
ciated with hastening the loss of renal function,’
embolizing the angiomyolipomata one lesion at
a time became favored.”® However, about 90% of
patients who undergo angiomyolipoma emboliza-
tion experience a post-embolization syndrome.*
Although normally described as fever and pain
for days to weeks, embolization does have a risk
of severe adult respiratory distress syndrome.*
The use of nonsteroidal anti-inflammatory agents
can affect coagulation, interfering with the proce-
dure, and affect the renal perfusion. Fortunately, a
corticosteroid protocol can abrogate post-emboli-
zation syndrome without the other side effects.*
Embolization still has issues: the most important
is collateral damage to normal renal parenchyma
with subsequent loss of renal tissue. Embolization
should be used to reduce hemorrhage risk of an-
giomyolipomata when aneurysms are identified by
magnetic resonance or computed topography im-
aging. Notably, the best size reduction of angiomy-
olipomata following embolization averages about
50%.1%

The current international guidelines recommend
an mTORCI inhibitor as the first line of therapy for
TSC-associated renal angiomyolipomata.*’ This rec-
ommendation is based on successful therapy with
either sirolimus® or everolimus.* This approach
also has had a significant, though somewhat unex-
pected, beneficial side effect: patients treated with
mTORCI1 inhibitors have a significant reduction in
the risk of renal hemorrhage,*® and the lesion shrink-
age is independent of genotype.”

While renal allograft therapy with mTORCI1
inhibitors has been associated with proteinuria and
shortened graft survival, the causes for nephrotic

123



38

range proteinuria in these patients are transplant
glomerulopathy, recurrence of the underlying dis-
ease, and de novo glomerulonephritis.”* TSC pa-
tients treated with mTORC1 inhibitors seem to have
mild proteinuria,® and this has ranged between 4%
and 30% in patient series.®**5*57 Unless the patient
had significant proteinuria prior to therapy, the pro-
teinuria appears to remain intermittent or very mild.
The renal function in TSC patients treated with
mTORC]! inhibitors appears to remain stable or, in a
small minority, decline at a rate similar to that prior
to therapy in that individual.’® There is a decrease in
the number of newly emergent adverse effects over
time.*

lil. RENAL CYSTIC DISEASE

A. Clinical Manifestations

In a recent analysis of French patients with TSC,
there were almost equal numbers of patients with
angiomyolipomata only, angiomyolipomata and
cysts, or cysts only.!® Unfortunately, the health bur-
den of TSC renal cystic disease is underappreciated.
Cystic disease can clearly compromise renal lon-
gevity. There are five basic patterns of cystic disease
(Fig. 1).%% Stages of the different cystic phenotypes
are very helpful in describing progression (Table 2).

Although no FDA-approved treatments of
TSC-associated renal cystic disease exist, blood
pressure control using angiotensin converting en-
zyme inhibitors or angiotensin receptor blockers has
been adopted, as this approach was effective in the
HALT Progression of Polycystic Kidney Disease
(HALT-PKD) trial. ®* Small cystic lesions can also

TABLE 2: Stages of TSC renal cystic disease*

Bissler, Batchelor, & Kingswood

O Polycystic

@ Cortical

OFocal |

O Microcystic

@Multicystic ”

FIG. 1: Five pattems of TSC renal cystic disease. The
anatomical location and size of cysts, along with cortico-
medullary differentiation, help define the cystic disease
patterns. A patient can have multiple patterns. The imag-
ing appearance of multicystic and polycystic disease can
be somewhat similar, though polycystic is more severe
and is associated with the contiguous deletion of the adja-
cent TSC2 and PKDI genes.

be mTORC1-responsive.*? There are five pattems or
TSC-associated renal cystic disease that can occur
alone or in combination and these patterns are de-
scribed below.

TSC polycystic kidney disease accounts for
about 2% of TSC renal disease and is associated with
a deletion of the adjacent 7SC2 and PKDI genes
on chromosome 16p13. The imaging appearance is
very much like a severe form of ADPKD that is in
a very young child. The large cysts do seem to have
a more cortical origin—though with their size and
distortion, it can be difficult to discern. This pattern
of renal cystic disease is associated with a high rate
of genetic mosaicism.® Hypertension can manifest

Disease pattern | Stage 0 Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6
Polycystic ¢ <2 Jto b 7to0 10 11to 20 21-30 >31
Cortical cystic 0 1to 10 111020 21to0 30 311040 41-50 >351
Multicystic ¢ 11010 111020 211030 3110 40 41-50 >51
Focal cystic Y 1 ray 2 ray 3 ray 4 ray 5 ray > 3 ray
Microcystic 0 10% 20% 30% 40% 50% >50%

*Staging of cystic disease accounts for the cystic burden in terms of the amount or extent of disease. A single kidney can have
multiple types of cystic disease, which can coexist with renal angiomyolipomata. The disease extents can be quite independent.
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in the second week of life or can take several months
to develop. These patients almost always become
hypertensive.

The lining of these cysts appears to be type A
intercalated cell from the cortical collecting duct
and to arise from a complex mechanism.®? If blood
pressure is well-controlled, patients ofien maintain
renal function until they are young adults. Inhibiting
mTORCI in this form of cystic disease will affect
only the small cysts and not the large ones. Possibly,
mTCR inhibitors can prevent cyst progression if ad-
ministered before the cysts bud off from the tubules.

TSC microcystic disease exhibits subtle MRI
findings in that the renal cortex exhibits increased
water signal on T2 sequences, and these findings
precede the development of discrete cortical cysts.
This pattern of TSC-associated renal cystic dis-
ease can be associated with a rapid decline in renal
function, with patients developing chronic kidney
disease stage 2 or 3 in their late teens or early 20s.
Tubular proteinuria may occur as the chronic kidney
disease progresses, but hypertension is not common
until significant chronic kidney disease develops.

TSC focal cystic kidney disease manifests as a
cluster of smaller cysts. The developmental timing
can be ir utero, resulting in an infant with an iso-
lated site with profound cystic disease. The cysts
can be expressed during renal healing following
acute kidney injury.

Cortical cystic disease is perhaps the most com-
mon distinct pattemn of TSC cystic renal disease, and
the cysts are limited to the cortex and columns of
Bertin. This cystic disease occurs when the patient
is very young, and initially the cysts are remarkably
uniform in size,

TSC multicystic kidney disease exhibits a loss
of corticomedullary distinction, and cysts of vari-
able sizes are distributed throughout the cortical and
medullary tissue. This pattern can be severe enough
that it resembles the polycystic variety but is geneti-
cally distinct from the TSC2/PKD1I contiguous gene
syndrome.

B. Pathobiology

Historically, inherited renal cystic diseases are
often associated with both the primary cilia, an
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organelle thought to be involved in sensing the ex-
ternal environment,* and increased activity in the
mTORCI1 pathway.®** These two signaling path-
ways converge because the primary cilia regulate
the mTORCI activity.5”%® Although the polycys-
tic disease—related proteins and primary cilia are
mechanistically involved in polycystic kidney
disease, they are not sufficient as the “mediator.”
The loss of either a polycystin protein or the pri-
mary cilia structure results in similar renal cystic
disease phenotypes. Yet simultaneous inactivation
of both the polycystin gene and cilia expression
assuage the renal cystic disease severity com-
pared with polycystin-only knockout mice.® This
finding suggests that the polycystins modulate an
unidentified signaling pathway that requires intact
cilia to function. Recent work in a murine ADPKD
model supports the notion that this intercellular
communication modality may be extracellular ves-
icles (EVs).™ EVs carry cargo, including putative
modulators of polycystic disease signaling, such as
Hedgehog™ and Wnt.™

Like the Pkd models, murine Tic renal disease
models exhibit elevated mTORC1 activity (phos-
pho-S6 expression) in the cystic epithelium, and
likewise with a much lower frequency of cells that
have lost Tic gene expression.”” The second hit
mechanism for TSC angiomyolipoma is incongruent
with this failure to identify significant loss of het-
erozygosity (LOH) in the TSC cystic epithelium.7
Cystic epithelinm from patients also expresses both
tuberin and hamartin.”” In contrast, angiomyolipo-
mata clearly exhibit LOH and an absence of tuberin
staining.” This low frequency of LOH is also seen
in PKDI-associated ADPKD, indicating that cystic
disease, in general, may exhibit a more complex dis-
ease mechanism, 7

To understand the cystic disease in TSC bet-
ter, a novel mouse model having the Tsc2 gene
inactivated specifically in principal cells was gen-
erated by breeding a T5¢2*" mouse to one contain-
ing Cre-recombinase driven by the aquaporin-2
promoter. The resulting mice develop significant
cystic disease with age.®? Although the Ts¢2 gene
was deleted in principal cells, the cysts were
comprised largely of type A intercalated cells that
still contained an intact T¥¢2 gene.®? This is also
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true if the Zscl gene is disrupted using a similar
approach.” Type A intercalated cells are also in-
volved in human TSC-related cystic disease.">”
Murine lineage-tracing experiments revealed that
principal cells undergo limited clonal expansion
but provide relatively few cells to the overall
cyst.®

The cystic kidneys expressed significantly
more interstitial EVs than non-cystic kidneys did,
but cystic mice excreted fewer urinary EVs than
did non-affected mice. Extracellular vesicles are
lipid-bound structures of varying sizes that are
pivotal in intercellular communication because
their cargo consists of RNA, protein, lipid, and
even DNA and are produced both through the en-
dosomal pathway and by budding from the plasma
membrane (Fig. 2).*' Remarkably, mTORC1 in-
hibition reduced the interstitial EV production
toward normal kidney production levels.® Cystic
fluid was also rich in EVs. The loss of the Tsc2
gene caused the EV-producing cells to yield EVs
that altered their effect on the transcriptome of
normal renal tubular epithelium compared to EVs
generated from isogenic cells with an intact Zsc
gene.*® A similar result was found by using a neu-
ronal in vivo assay, where EVs produced from
Tscl-deleted cells reprogram the neighboring
wild-type cells such that they became similar to
Tscl-mutant cells.®2 Thus, Tsc2-null principle cells
misdirect genotypically normal intercalated cells
via abnormal EV production, inducing them to
form cysts.

Primary cilia function as both EV transmitters
and receivers.®* Ciliary EVs have significant im-
plications for renal cystic disease. Primary cilia are
expressed on renal tubular principal cells but rarely
on intercalated cells.®® The targeted disruption of
the Pkdl gene in principal cells leads to significant
renal cystic disease, while such disruption in in-
tercalated cells leads to a muted phenotype.® The
previously described finding that either the disrup-
tion of PkdI or loss of primary cilia result in similar
cystic phenotypes, while simultaneous inactivation
of Pkd! gene and primary cilia result in a less cystic
phenotype than that obtained with the Pkd/ knock-
out may be evidence for EVs mediating the cystic
disease.®
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C. Treatment Moddlities

mTORCI inhibitors are effective and approved for
multiple indications in TSC, such as angiomyo-
lipomata, subependymal giant cell astrocytoma,
seizures, and lymphangioleiomyomatosis. 495529
Unfortunately, TSC cystic disease does not have
an approved therapy, so only the consequences of
cystic disease, such as hypertension and chronic
kidney disease, are targeted for therapy. Although
multiple preclinical studies demonstrated an effect
on cystic disease, the use of mTORCI inhibitors
for adults with antosomal dominant polycystic kid-
ney disease failed to demonstrate benefit.***® This
outcome may be due to the fact that large cysts are
believed to be detached from the tubule, represent-
ing a mass lesion independent from the lesions
in the murine models.*® Patients with TSC corti-
cal cystic disease, with smaller cysts that are still
connected to the tubule, do respond to mTORC]1
inhibition and remodel below the MRI threshold.*
As mentioned above, pericytes may be a critical
cell type in angiomyolipoma biology.*® Disrupting
the Tsc gene in pericytes, likewise, can result in re-
nal cystic disease thought to be mediated by EVs.”
This interesting feature may help explain the coex-
istence of cystic disease and angiomyolipomata in
the literature,*® as pericytes do appear to facilitate
cyst growth. %

IV. RENAL CELL CARCINOMA

A. Clinical Manifestalions

The association between TSC and a risk for renal
cell carcinomas (RCCs) has an accepted overall
prevalence of 2-—4%.'® The increased risk appears
to affect patients younger than 50 years.'” How-
ever, this is complicated, as a recent systematic
analysis of TSC-associated malignancies revealed
that the prevalence of all malignant tumors in this
group was comparable to the prevalence in the
general population (5.6%, 95% CI 2.99 +9.31%,
vs. 4.4%) although the median age at cancer di-
agnosis was lower in the TSC-associated malig-
nancy group (37.5 years, 95% CI 28.6-44.7, vs.
66.0 years).!? Two patients (13.3%) died of their
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FIG. 2: Schematic diagram of EV biology. (a) As seen in the schematic in the EV-producing cell, EVs are produced by
three mechanisms. (i) The first pathway, the exocytic system, uses ceramide synthesis to induce vesicle curvature and
budding."* This can result in large extracellular vesicles sometimes called microvesicles. (ii) There is ample evidence
of primary cilia-related proteins being EV cargo, but the exact mechanism of renal epithelial primary cilia EV pro-
duction and contribution to the tissue EV pool is unknown. ! (iii) The third mechanism uses tetraspanin to organize
specific proteins, such as premelanosome protein (PMEL), to drive vesicle formation. 2 The PMEL protein is the
target of the antibody HMB-45 used to identify TSC-associated angiomyolipomata and can stain microscopic cysts
in TSC.'?! The mechanism uses endosomal sorting complex required for transport (ESCRT) machinery, consisting of
four protein complexes (ESCRT-0, -1, -I1, and -III) along with accessory proteins (Alix, VPS4, and VTA-1).!2 During
the process of early endosome maturity into multivesicular bodies, the endosomal membrane invaginates to form the
invaginate intraluminal vesicles in the lumen of EV-producing cells, which is mediated by the ESCRT machinery. The
multivesicular body can fuse with cell membrane and release ILVs as extracellular vesicles, sometimes referred to as
exosomes, or fuse with the lysosome to degrade the contents. Members of the Rab GTPases, SNARES, and synapto-
tagmin families play critical roles in multivesicle body trafficking and extracellular vesicle secretion. (b) The EVs can
impact the recipient cell by ligand-receptor signaling or by being internalized by endocytosis or membrane fusion.
(c) These latter two mechanisms release the EV cargo DNA, lipid, protein, and RNA (IncRNA and miRNA) cargo to
impact cellular function.
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cancers; however, the cancers, a glioblastoma mul-
tiforme and an abdominal sarcoma, are not typi-
cally thought of as being associated with TSC. The
outcome was favorable in the remaining individ-
uals.!?? While the TSC axis is generally thought
to be involved in TSC-associated malignancies,
it is also possible that the earlier diagnosis in the
TSC population is, in part, due to TSC surveillance
protocols.

In 2014, two series together reported more than
100 RCC lesions in patients with TSC.1%1% The age
at onset of cancer was 3040 years but included pe-
diatric patients as young as 7 years. As seen in other
series, most RCCs occurred in female patients. The
pathologic features of these tumors included chro-
mophobe-like features and eosinophilia, although
some of the tumors were unclassified. As pointed
out by Henske et al. in a recent excellent review, the
pathologic heterogeneity of RCC in patients with
TSC is reminiscent of the pathologic heterogeneity
in Birt—Hogg—Dube—associated RCC,'* which also
exhibits chromophobe-like tumors. Henske et al.
highlighted that the sporadic counterpart tumors that
carry somatic TSC1/TSC2/mTOR mutations also ex-
hibit unclassified eosinophilic tumors, eosinophilic
solid and cystic RCC, and RCC with leiomyoma-
tous stroma.'®

TSC-associated renal cancer has rarely been
associated with fatalities.’® In one series, four of
six patients died from their metastatic disease.
Five of the six patients had a clear-cell morphol-
ogy, with two having high-grade spindle cell ar-
eas and one having granular cell histology. One
tumor was anaplastic throughout. Five of the
tumors in this series were submitted for loss of
heterozygosity, with two having loss of hetero-
zygosity on chromosome 9934 (7SC! locus) and
one having loss of heterozygosity on chromosome
16p13 (7SC2 locus). Immunostaining revealed
HMB-45-—positivity in four of the tumors; HMB-
45—positivity is also seen in TSC-associated renal
angiomyolipomata, some renal cysts, and pulmo-
nary lymphangiomyomatosis.

In a second series of 57 RCCs from 13 female
and 5 male patients with TSC, nine patients {50%)
had multiple synchronous and/or metachronous
RCCs, and five had bilateral RCCs (28%).!% Fifteen
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patients had clinical follow-up information, all of
which showed no evidence of distant metastatic dis-
ease from 6 to 198 months after their initial surgery
{mean: 52 mo). All of the RCCs that were analyzed
revealed a strong nuclear reactivity for PAX8 and
exhibited no HMB45 staining,

Analysis of a third series of 46 renal epithelial
neoplasms from 19 patients with TSC allowed the
authors to divide the tumors into three groups.'®
The largest subset included almost half of the tu-
mors and exhibited a prominent papillary archi-
tecture and uniformly deficient SDHB expression,
giving rise to the “TSC-associated papillary RCC.”
The second subset of tumors had morphological
similarities to a hybrid oncocytic/chromophobe
tumor (HOCT); the third and smallest subset re-
mained unclassifiable. The TSC-associated papil-
lary RCCs (PRCCs) exhibited prominent papillary
architecture that was lined by clear cells. These 19
patients were also free of distant metastasis, and
none died.

B. Pathobiology

Although the precise pathobiology of TSC-asso-
ciated RCC remains an enigma, it may be linked
to TSC-associated renal cystic disease. The Eker
rat model and a host of mouse 75¢ models demon-
strate cysts and the development of renal can-
cers.!” A recent new mouse model used a principal
cell-specific recombinase system to disrupt either
Tscl or Txc2. In either situation, the cysts were
largely composed of genetically intact interca-
lated cells.”3-71% The mice are born with normal
kidneys and develop cystic disease that can also
have papillary lesions by 19 weeks. By 25 weeks,
all the cystic lesions seem to have a proliferative
response and even appear to exhibit papillary re-
nal cell carcinoma lesions, even with rhabdoid
features.®® These findings raise the possibility that
these normal cells are being conscripted into the
pathological process. We posit that these changes
are driven by EVs.1%11% This sort of cell nonauto-
nomous disease trait is not new in the cancer field,
and a role for Evs in cellular reprogramming has
been observed in a targeted mouse model that in-
activated Brcal. Using targeted Brcal in mouse
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ovarian granulosa cells, Chodankar et al. induced
cystic tumors with genetically intact Brcal genes
in the ovaries and uterine horns. The authors hy-
pothesized that the loss of Brcal by granulosa cells
caused them to secrete something that caused the
tumor to arise in a different cell type.!! We posit
that the mutant granulosa cells secreted EVs that
led to the tumors arising in the uterine homs. The
role of EVs in renal cell carcinoma has recently
been reviewed.!'?

C. Treatment Modalities

Although resection of the RCC has been the cor-
nerstone of therapy for patients with TSC, the role
for mTORCI inhibitors is clearly of interest. RCC
in the general population responds, at least ini-
tially, to mTORC1 inhibition, but the RCC biology
in those with TSC may differ.!® Very rarely, the
epithelioid angiomyclipoma in the context of TSC
can escape mTORCI] inhibition and even have
distant metastatic lesions. One preclinical therapy
used a model in which C57BL/6J mice were in-
jected with syngeneic Tvc2-deficient cells. Because
programmed death 1 coinhibitory receptor (PD-1)
is upregulated on T-cells in angiomyolipomata,
they used antibodies to PD-1 and found a reduc-
tion of Tsc2-deficient cells.!® This approach has
also been used in a patient and resulted in a durable
response. !5

V. CONCLUSIONS AND IMPLICATIONS

Tuberous sclerosis complex renal disease exhib-
its diverse forms but offers a unique possibility
for therapeutic advance. The role of EVs in am-
plifying the pathogenic potential of the second,
somatic mutation (or second hit) has several
important implications. The pathogenic role for
EVs in TSC renal cystic disease may imply a role
for this intercellular communication in the other
forms of TSC renal disease, such as renal cell
carcinoma and angiomyolipomata, as well as dis-
ease in other organ systems, such as pulmonary
lymphangioleiomyomatosis and cardiac rhabdo-
myomata. Understanding EV biosynthesis, traf-
ficking and EV docking, and EV cargo could open

Volume 27, Issue 2, 2022

significant new inroads into therapies and preven-
tative treatments.

ACKNOWLEDGMENTS

The corresponding author (JJB) is grateful for this
opportunity to publish a paper in remembrance of
Peter Stambrook, PhD. Having the privilege of his
mentorship and friendship are truly treasured mem-
ories from my time in Cincinnati.

This work was supported by funding to JIB from
the following organizations: Department of Defense
{Grant No. W81XWH-14-1-0343), Federal Express,
American Lebanese Syrian Associated Charities,
and Children’s Foundation Research Institute.

REFERENCES

1. Bissler JJ, Christopher Kingswood J. Renal manifesta-
tion of tuberous sclerosis complex. Am J Med Genet Part
C Semin Med Genet. 2018;178:338—47. doi: 10.1002/
ajmg.c.31654.

2. Crino PB, Nathanson KL, Henske EP. The tuberous scle-
rosis complex. N Engl J Med. 2006;355:1345-56. doi:
10.1056/NEJMra055323.

3.  Yates JR. Tuberous sclerosis. Eur J Huom Genet.
2006;14:1065-73. doi: 10.1038/sj.ejhg.5201625.

4.  Kingswood JC, Belousova E, Benedik MP, Carter T, Cot-
tin V, Curatolo P, Dahlin M, D’Amato L, D’Augéres GB,
De Vries PJI, Ferreira JC, Feucht M, Fladrowski C, Hertz-
berg C, Jozwiak S, Lawson JA, Macaya A, Marques R,
Nabbout R, O’Callaghan F, Qin J, Sander V, Sauter M,
Shah S, Takahashi Y, Touraine R, Youroukos S, Zonnen-
berg B, Jansen AC. Renal angiomyolipoma in patients
with tuberous sclerosis complex: Findings from the Tu-
berOus SClerosis registry to increase disease awareness.
Nephrol Dial Transplant. 2019;34:502-8. doi: 10.1093/
ndt/gfy063.

5. Bissler JJ, Kingswood JC. Optimal treatment of tuberous
sclerosis complex associated renal angiomyolipomata: A
systematic review. Ther Adv Urol. 2016;8:279-90. doi:
10.1177/1756287216641353.

6. Shepherd CW, Gomez MR, Lie JT, Crowson CS. Causes
of death in patients with tuberous sclerosis. Mayo Clin
Proc. 1991,66:792—6.

7. Lux A, Calder N, Laugharne M, Osborne J, Amin S, Lux
A, Calder N, Laugharne M, Osbome J, (O’Callaghan F.
Caunses of mortality in individuals with tuberous sclero-
sis complex. Dev Med Child Neurol 2017;59:612—7. doi:
10.1111/dmen 13352,

8. Hogan MC, Bakeberg JL, Gainullin VG, Irazabal MV,
Harmon AJ, Lieske JC, Charlesworth MC, Johnson KL,

129



44

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Madden BJ, Zenka RM, McCormick DJ, Sundsbak JL,
Heyer CM, Torres VE, Harris PC, Ward CJ. Identifica-
tion of biomarkers for PKD1 using urinary exosomes.
J Am Soc Nephrol. 2015;26:1661-70. doi: 10.1681/
ASN.2014040354.

Wang Z,Ng C, Liu X, Wang Y, Li B, Kashyap P, Chaudhry
HA, Castro A, Kalontar EM, Ilyayev L, Walker R, Alex-
ander RT, Qian F, Chen X, Yu Y. The ion channel func-
tion of polycystin-1 in the polycystin-1/polycystin-2
complex. EMBO Rep. 2019;20:1-18. doi: 10.15252/
embr.201948336.

‘Wang J, Nikonorova IA, Gu A, Sternberg PW, Barr MM.
Release and targeting of polycystin-2-carrying ciliary
extracellular vesicles. Curr Biol. 2020;30:R755-R6. doi:
10.1016/.cub.2020.05.079.

Furopean Chromosome 16 Tuberous Sclerosis Consor-
tium. Identification and characterization of the tuberous
sclerosis gene on chromosome 16. Cell. 1993;75:1305—
15. doi: 10.1016/0092-8674(93)90618-Z.,

Grawitz P. Demonstration cines grossen Angio-Myo-Li-
poms der Niere. Dtsch Med Wochenschr. 1900;26:290.
Bissler JJ, Kingswood J. Renal angiomyolipomata. Kid-
ney Int. 2004;66:924-34. doi: 10.1111/.1523-1755.2004.
00838.x.

Lane BR, Aydin H, Danforth TL, Zhou M, Remer EM,
Novick AC, Campbell SC. Clinical comrelates of renal
angiomyolipoma subtypes in 209 patients: Classic, fat
poor, tuberous sclerosis associated and epithelioid. J Urol.
2008;180:836-43. doi: 10.1016/j.juro.2008.05.041.
Northrup H, Krueger DA. Tuberous sclerosis complex
diagnostic criteria update: Recommendations of the
2012 Intemational Tuberous Sclerosis Complex Consen-
sus Conference. Pediatr Neurol. 2013;49:243-54. doi:
10.1016/j.pediatmeurol.2013.08.001.

Janssens P, Van Hoeve K, De Waele L, De Rechter S,
Claes KJ, Van de Perre E, Wissing KM, Bammens B, Jan-
sen A, Mekahli D, Hoeve K Van, Waele L De, Rechter S
De, Claes KJ, Van E, Perre D, Wissing KM, Bammens B,
Jansen A, Mekahli D. Renal progression factors in young
patients with tuberous sclerosis complex: A retrospective
cohort study. Pediatr Nephrol. 2018;33:2085-93. doi:
10.1007/s00467-018-4003-6.

Ewalt DH, Sheffield E, Sparagana SP, Delgado MR,
Roach ES. Renal lesion growth in children with tuberous
sclerosis complex. J Urol. 1998;160:141-5.

Stillwell TJ, Gomez MR, Kelalis PP. Renal lesions in tu-
berous sclerosis. J Urol. 1987;138:477-81.

Vabret E, Couchoud C, Lassalle M, Vigneau C. From
tuberous sclerosis complex to end stage renal disease:
Who are these patients? J Nephrol. 2021;34:607—15. doi:
10.1007/s40620-020-00714-3.

Bissler JJ, Kingswood JC, Radzikowska E, Zonnenberg
BA, Belousova E, Frost MD, Sauter M, Brakemeier
S, de Vries PJ, Berkowitz N, Voi M, Peyrard S, Budde
K. Everolimus long-term use in patients with tuberous

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

3L

32

130

Bissler, Batchelor, & Kingswood

sclerosis complex: Four-year update of the EXIST-2 study.
PLoS One. 2017;12:¢0180939. doi: 10.1371/joutnal.
pone.0180939.

Giannikon K, Malinowska IA, Pugh TJ, Yan R, Tseng Y'Y,
Oh C, Kim J, Tyburczy ME, Chekaluk Y, Liu Y, Alesi N,
Finlay GA, Wu CL, Signoretti S, Meyerson M, Getz G,
Boehm IS, Henske EP, Kwiatkowski DJ. Whole exome
sequencing identifies TSC1/TSC2 biallelic loss as the
primary and sufficient driver event for renal angiomyoli-
poma development. PLoS Genet. 2016;12:¢1006242. doi:
10.1371/journal.pgen. 1006242,

Henske EP, Scheithauer BW, Short MP, Wollmann R,
Nahmias J, Hornigold N, van Slegtenhorst M, Welsh CT,
Kwiatkowski DJ. Allelic loss is frequent in tuberous scle-
rosis kidney lesions but rate in brain lesions. Am J Hum
Genet. 1996;59:400-6.

Brasier JL, Henske EP. Loss of the polycystic kidney dis-
ease (PKD1) region of chromosome 16p13 in renal cyst
cells supports a loss-of-function model for cyst pathogen-
esis. J Clin Invest. 1997;99:194-9.

Blaszak RT, Potaman V, Sinden RR, Bissler JJ. DNA
structural transitions within the PKD1 gene. Nucleic Ac-
ids Res. 1999;27:2610-7.

Liu G, Bissler JJ, Sinden RR, Leffak M. Unstable spinoc-
erebellar ataxia type 10 (ATTCT)-(AGAAT) repeats are
associated with aberrant replication at the ATX10 locus
and replication origin-dependent expansion at an ectopic
site in human cells. Mol Cell Biol. 2007:27. doi: 10.1128/
MCB.(1276-07.

Patel HP, Lu L, Blaszak RT, Bissler JJ. PKD1 intron 21:
Triplex DNA formation and effect on replication. Nucleic
Acids Res. 2004;32:1460-8. doi: 10.1093/nar/gkh312.
Dixon BP, Lu L, Chu A, Bissler JJ. RecQ and RecG he-
licases have distinct roles in maintaining the stability
of polypurine:-polypyrimidine sequences. Mutat Res.
2008;643:20-8. doi: 10.1016/j.mrfinmm 2008.05.005.
Dixon BP, Chu A, Henry J, Kim R, Bissler JI. Increased
cancer risk of augmentation cystoplasty: Possible role
for hyperosmolal microenvironment on DNA damage
recognition. Mutat Res. 2009;670:88-95. doi: 10.1016/.
mrfmmm.2009.07.010.

Dixon BPF, Henry J, Siroky BJ, Chu A, Groen PA, Bissler
J1. Cell cycle control and DNA damage response of
conditionally immortalized wrothelial cells. PLoS One.
2011;6:¢16595. doi: 10.1371/journal pone.0016595.

Ohta S, Imaizumi Y, Okada Y, Akamatsu W, Kuwahara R,
(Ohyama M, Amagai M, Matsuzaki Y, Yamanaka S, Okano
H, Kawakami Y. Generation of human melanocytes from
induced pluripotent stem cells. PLoS One. 2011;6:1-10.
doi: 10.1371/journal .pone.0016182.

Wang A, Tang Z, Li X, Jiang Y, Tsou DA, Li 8. Derivation
of smooth muscle cells with neural crest origin from hu-
man induced pluripotent stem cells, Cells Tissues Organs,
2011;195:5-14. doi: 10.1159/000331412.

Yang M, Liu E, Tang L, Lei Y, Sun X, Hu J, Dong H,

Critical Reviews™ in Oncogenesis



Progress in Tuberous Sclerosis Complex Renal Disease

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Yang SM, Gao M, Tang B. Emerging roles and regulation
of MiT/TFE transcriptional factors. Cell Commun Signal.
2018;16:1-11. doi: 10.1186/512964-018-0242-1.

Argani P, Aulmann S, Illei PB, Netto GJ, Ro J, Cho H,
Dogan S, Ladanyi M, Martignoni G, Goldblum JR, Weiss
SW. A distinctive subset of PEComas harbors TFE3 gene
fusions. Am J Surg Pathol. 2010;34:1395-1406. doi:
10.1097/PAS.0b013e3181f1 7ac0.

Henske EP. Metastasis of benign tumor cells in tuber-
ous sclerosis complex. Genes Chromosomes Cancer.
2003;38:376-81. doi: 10.1002/gce.10252.

Crooks DM, Pacheco-Rodriguez G, DeCastro RM, Mc-
Coy Jr JP, Wang JA, Kumaki F, Darling T, Moss J. Molec-
ular and genetic analysis of disseminated neoplastic cells
in lymphangioleiomyomatosis. Proc Natl Acad SciU SA.
2004;101:17462-7.

Goncharova EA, Goncharov DA, Chisolm A, Spaits
MS, Lim PN, Cesarone G, Khavin I, Tliba O, Amrani
Y, Panettieri RA, Krymskaya VP. Interferon f§ augments
Tuberous Sclerosis Complex 2 (TSC2)-dependent inhi-
bition of TSC2-null ELT3 and human lymphangioleio-
myomatosis-derived cell proliferation. Mol Pharmacol.
2008;73:778-88. doi: 10.1124/mol.107.040824.

Yue M, Pacheco G, Cheng T, Li J, Wang Y, Henske EP,
Schuger L. Evidence supporting a lymphatic endo-
thelivm origin for angiomyolipoma, a TSC2Z L tumor
related to lymphangioleiomyomatosis. Am J Pathol.
2016;186:1825-36. doi: 10.1016/j.ajpath.2016.03.009.
Filipa Goncalves A, Adlesic M, Brandt S, Hejhal T,
Harlander S, Sommer L, Shakhova O, Wild PJ, Frew
IJ. Evidence of renal angiomyolipoma neoplastic stem
cells arising from renal epithelial cells. Nat Commun.
2017;8:1466. doi: 10.1038/541467-017-01514-3.

Yan X, Shi L, Chen G, Zhang XU, Liu B, Yue WEN, Pei
X, Sun S. Mesenchymal stem cell-like cells in classic re-
nal angiomyolipoma. Oncol Lett. 2012;4:398402. doi:
10.3892/01.2012.760.

Siroky BJ, Yin H, Dixon BP, Reichert RJ, Hellmann AR,
Ramkumar T, Tsuchihashi Z, Bunni M, Dillon J, Bell FD,
Sampson JR, Bissler JJ. Evidence for pericyte origin of
TSC-associated renal angiomyolipomas and implica-
tions for angiotensin receptor inhibition therapy. Am J
Physiol Ren Physiol. 2014;307:F560-70. doi: 10.1152/
ajprenal.00569.2013.

Yamakado K, Tanaka N, Nakagawa T, Kobayashi S,
Yanagawa M, Takeda K. Renal angiomyolipoma: Re-
lationships between tumor size, aneurysm formation,
and rupture. Radiology. 2002;225:78-82. doi: 10.1148/
radiol.2251011477.

Beltramello A, Puppini G, Bricolo A, Andreis 1A, el-Da-
lati G, Longa L, Polidoro S, Zavarise G, Marradi P. Does
the tuberous sclerosis complex include intracranial aneu-
rysms? A case report with a review of the literature. Pedi-
atr Radiol. 1999;29:206-11.

BisslerJ, Cappell K, Charles H, Song X, LiuZ, Prestifilippo

Volume 27, Issue 2, 2022

44,

45.

46.

47.

48.

49.

131

J, Hulbert J. Rates of interventional procedures in patients
with tuberous sclerosis complex-related renal angio-
myolipoma. Curr Med Res Opin. 2015;31:1501-7. doi:
10.1185/03007995.2015.1060212.

Bissler JJJ, Racadio J, Donnelly LFLF, Johnson NDND.
Reduction of postembolization syndrome after ablation of
renal angiomyolipoma. Am J Kidney Dis. 2002;39:966—
71. doi: 10.1053/ajkd.2002.32770.

Wojno MJ, Sudwarts G, Coccia CQHH, Symons G.
Acute respiratory distress syndrome {ARDS) after uter-
ine artery embolization. Cardiovasc Intervent Radiol.
2020;43:1728-30. doi: 10.1007/s00270-020-02600-8.
Williams JM, Racadio JM, Johnson ND, Donnelly LF,
Bissler JJ. Embolization of renal angiomyolipomata in pa-
tients with tuberous selerosis complex. Am J Kidney Dis.
2006;47:95-102. doi: 10.1053/j.ajkd.2005.09.028.
Northrup H, Aronow ME, Bebin EM, Bissler JJ, Dar-
ling TN, de Vries PJ, Frost MD, Fuchs ZDB, Gosnell
ES, Gupta N, Jansen AC, Jézwiak S, Kingswood JC,
Knilans TK, McCormack FX, Pounders A, Roberds SL,
Rodriguez-Buritica DF, Roth J, Sampson JR, Spara-
gana S, Thiele EA, Weiner HL, Wheless JW, Towbin
AJ, Krueger DA, Annear NMP, Bartels U, Berhouma
M, Bissler JJ, Budde K, Byars A, Chugani H, Cowen
EW, Crino PB, Curatolo P, de Vries PJ, Dilling DF,
Dunn DW, Ekong R, Ess KC, Franz DN, Frost MD,
Fuchs ZDB, Gosnell ES, Guay-Woodford L, Haddad
L, Halbert A, Hebert AA Henske EP, Holmes GL,
Hook D, Hulbert J, Jansen AC, Johnson SR, King B,
Kingswood JC, Koenig MK, Korf B, Kwiatkowski DJ,
Moss J, Mowat D, Mowrey K, Nabbout R, Nellist MD,
(r’Callaghan F, Patel U, Roach ES, Rodriguez-Buritica
DF, Romp R, Rozenberg M, Ruoss SJ, Sahin M, Samp-
son JR, Samuels JA, Sauter M, Smith CA, Soltani K,
Srivastava S, Stuart C, Teng JMC, Thiele EA, Trout A,
van Eeghen A, Vanclooster S, Wang HZ, Wataya-Ka-
neda M, Witman P, Wright T, Wu JY, Young L. Updated
international tuberous sclerosis complex diagnostic cri-
teria and surveillance and management recommenda-
tions, Pediatr Neurol. 2021;123:50—66, doi: 10,1016/j.
pediatrneurel.2021.07.011.

Bissler JJ, McCormack FX, Young LR, Elwing JM, Chuck
G, Leonard JM, Schmithorst VJ, Laor T, Brody AS, Bean
J, Salisbury S, Franz DN, Ph D, Laor T, Brody AS, BeanJ,
Ph D, Salisbury S, Franz DN, Bissler JJ, McCormack FX,
Young LR, Elwing JM, Chuck G, Leonard JM, Schmi-
thorst VJ, Laor T, Brody AS, Bean J, Salisbury S, Franz
DN. Sirolimus for angiomyolipoma in tuberous sclerosis
complex or lymphangioleiomyomatosis. N Engl J Med.
2008;358:140-51. doi: 10.1056/NEJMoa063564.

Bissler JJ, Kingswood JC, Radzikowska E, Zonnen-
berg BA, Frost M, Belousova E, Sauter M, Nonomura
N, Brakemeier S, de Vries PJ, Whittemore VH, Everoli-
mus for angiomyolipoma associated with tuberous scle-
rosis complex or sporadic lymphangioleiomyomatosis



46

50.

5L

52.

53.

54.

55.

56.

57.

(EXIST-2): A multicentre, randomised, double-blind, pla-
oebo-controlled trial. Lancet. 2013;381(9869):817-24.
Bissler JJ, Nonomura N, Budde K, Zonnenberg BA,
Fischereder M, Voi M, Louveau AL, Herbst F, Bebin EM,
Curatolo P, Zonta A, Belousova E. Angiomyolipoma re-
bound tumor growth afier discontinuation of everolimus
in patients with tuberous sclerosis complex or sporadic
lymphangioleiomyomatosis. PLoS One. 2018;13. doi:
10.1371/journal. pone.0201005.

Kwiatkowski DJ, Palmer MR, Jozwiak S, Bissler J, Franz
D, Segal S, Chen D, Sampson JR. Response to everoli-
mus is seen in TSC-associated SEGAs and angiomyoli-
pomas independent of mutation type and site in TSC1 and
TSC2. Eur ] Hum Genet. 2015;23:1665-72. doi: 10.1038/
¢jhg2015.47.

Leal R, Pinto H, Galvio A, Santos L, Rom#ozinho C,
Macério F, Alves R, Pratas J, Sousa V, Marinho C, Prado
e Castro L, Campos M, Mota A, Figueiredo A. Ne-
phrotic range proteinuria in renal transplantation: Clini-
cal and histologic corrclates in a 10-year retrospective
study. Transplant Proc. 2017;49:792—4. doi: 10.1016/j.
transproceed.2017.01.066.

Kingswood JC, Bissler JJ, Budde K, Hulbert J,
Guay-Woodford L, Sampson JR, Sauter M, Cox J, Patel
U, Elmslie F, Anderson C, Zonnenberg BA. Review of the
tuberous sclerosis renal guidelines from the 2012 Consen-
sus Conference: Cument data and future study. Nephron,
2016;134:51-8. doi: 10.1159/000448293.

Cabrera-Lopez C, Marti T, Catalé V, Torres F, Mateu
S, Ballarin J, Torra R. Assessing the effectiveness of
rapamycin on angiomyolipoma in tuberous sclerosis:
A two years trial. Orphanet J Rare Dis. 2012;7:87. doi:
10.1186/1750-1172-7-87.

Davies DM, de Vries PJ, Johnson SR, McCartney DL, Cox
JA, Serra AL, Watson PC, Howe CJ, Doyle T, Pointon K,
Cross JJ, Tattersfield AE, Kingswood JC, Sampson JR. Si-
rolimus therapy for angiomyolipoma in tuberous sclerosis
and sporadic lymphangioleiomyomatosis: A phase 2 trial.
Clin Cancer Res. 2011;17:4071-81. doi: 10.1158/1078-
0432,CCR-11-0445.

Dabora SL, Franz DN, Ashwal S, Sagalowsky A, Di-
Mario Jr FJ, Miles D, Cutler D, Krueger D, Uppot RN,
Rabenou R, Camposano S, Paolini J, Fennessy F, Lee N,
Woodrum C, Manola J, Garber J, Thicle EA. Multicenter
phase 2 trial of sirolimus for tuberous sclerosis: Kidney
angiomyolipomas and other tumors regress and VEGF-D
levels decrease. PLoS One. 2011;6. doi; 10.1371/journal.
pone.0023379.

Franz DN, Belousova E, Sparagana S, Bebin EM, Frost
M, Kuperman R, Witt O, Kobrman MH, Flamini JR, Wu
JY, Curatolo P, De Vries PJ, Whittemore VH, Thiele EA,
Ford JP, Shah G, Cauwel H, Lebwohl D, Sahmoud T,
Jozwiak S. Efficacy and safety of everolimus for subep-
endymal giant cell astrocytomas associated with tuberous
sclerosis complex (EXIST-1): A multicentre, randomised,

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

132

Bissler, Batchelor, & Kingswood

placebo-controlled phase 3 trial. Lancet. 2013;381:125—
32. doi: 10.1016/S0140-6736(12)61134-9.

Bissler JJ, Budde K, Sauter M, Franz DN, Zonnenberg
BA, Frost MD, Belousova E, Berkowitz N, Ridolfi A,
Christopher Kingswood J, Christopher KJ. Effect of ever-
olimus on renal function in patients with tuberous scle-
rosis complex: Evidence from EXIST-1 and EXIST-2.
Nephrol Dial Transplant. 2019;34:1000-8. doi: 10.1093/
ndt/gfy132.

Bissler JJ, Kingswood JC, Radzikowska EEE, Zonnen-
berg BA, Frost M, Belousova E, Sauter M, Nonomura N,
Brakemeier S, De Vries PJ, Berkowitz N, Miao S, Segal
S, Peyrard S, Budde K. Everolimus for renal angiomy-
olipoma in patients with tuberous sclerosis complex or
sporadic lymphangioleiomyomatosis: Extension of a
randomized controlled trial. Nephrol Dial Transplant.
2016;31:111-9. doi: 10.1093/ndt/gfv249.

Bissler JJ. Cystic kidney diseases associated with in-
creased cancer risk: Tuberous sclerosis complex, Von Hip-
pel Lindau, and Birt Hogg Dubé. In: Cowley B, Bissler
J, editors. Polycystic kidney disease: Translating mecha-
nisms into therapy. New York: Springer; 2018.

Schrier RW, Abebe KZ, Perrone RD, Torres VE, Braun
WE, Steinman TI, Winklhofer FT, Brosnahan G,
Czamecki PG, Hogan MC, Miskulin DC, Rahbari-Osk-
oui FF, Grantham JJ, Harris PC, Flessner MF, Bae KT,
Moore CG, Chapman AB. Blood pressure in early auto-
somal dominant polycystic kidney disease. N Engl J Med.
2014;371:2255-66. doi: 10.1056/NETMoal402685.
Bissler JJ, Zadjali F, Bridges D, Astrinidis A, Barone S,
Yao Y, Redd JR, Siroky BJ, Wang Y, Finley JT, Rusiniak
ME, Baumann H, Zahedi K, Gross KW, Soleimani M. Tu-
berous sclerosis complex exhibits a new renal cystogenic
mechanism. Physiol Rep. 2019;7:€13983. doi: 10.14814/
phy2.13983.

Consugar MB, Wong WC, Lundquist PA, Rossetti S,
Kubly VJ, Walker DL, Rangel LJ, Aspinwall R, Niandet
WP, Ozen 8, David A, Velinov M, Bergstralh EJ, Bae KT,
Chapman AB, Guay-Woodford LM, Grantham JJ, Torres
VE, Sampson JR, Dawson BD, Harris PC, Characteri-
zation of large rearrangements in autosomal dominant
polycystic kidney disease and the PKD1/TSC2 contigu-
ous gene syndrome. Kidney Int. 2008;74:1468-79. doi:
10.1038/ki.2008.485.

McConnachie DJ, Stow JL, Mallett AJ. Ciliopathies and
the kidney: A review. Am J Kidney Dis. 2020;1-10. doi:
10.1053/.ajkd.2020.08.012.

Tao Y, Kim J, Schrier RW, Edelstein CL. Rapamycin mark-
edly slows disease progression in arat model of polycystic
kidney disease. J Am Soc Nephrol. 2005;16:46-51. doi:
10.1681/ASN.2004080660.

Weimbs T. Regulation of mTOR by polycystin-1: Is poly-
cystic kidney disease a case of futile repair? Cell Cycle.
2006;5:2425-9.

Boehlke C, Kotsis F, Patel V, Braeg S, Voelker H, Bredt

Critical Reviews™ in Oncogenesis



Progress in Tuberous Sclerosis Complex Renal Disease

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

S, Beyer T, Janusch H, Hamann C, Godel M, Miiller K,
Herbst M, Hornung M, Doerken M, Kéttgen M, Nitschke
R, Igarashi B, Walz G, Kuchn EW. Primary cilia regulate
mTORCI1 activity and cell size through Lkbl. Nat Cell
Biol. 2010;12:1115-22. doi: 10.1038/ncb2117.

Lai Y, Jiang Y. Reciprocal regulation between primary
ciliaand mTORC]1. Genes. 2020;11:711-26. doi: 10.3390/
genes11060711.

Ma M, Tian X, Igarashi P, Pazour GJ, Somlo S. Loss of
cilia suppresses cyst growth in genetic models of auto-
somal dominant polycystic kidney disease. Nat Genet.
2013;45:1004-12. doi: 10.1038/ng.2715.

Ding H, Li LX, Harris PC, Yang J, Li X. Extracellular ves-
icles and exosomes generated from cystic renal epithelial
cells promote cyst growth in autosomal dominant poly-
cystic kidney disease. Nat Commun. 2021;12:1-18. doi:
10.1038/541467-021-24799-x.

Silva LM, Jacobs DT, Allard BA, Fields TA, Sharma M,
Wallace DF, Tran PV, Inhibition of Hedgehog signaling
suppresses proliferation and microcyst formation of hu-
man autosomal dominant polycystic kidney disease cells.
Sci Rep. 2018;8:1-12. doi: 10.1038/s41598-018-23341-2.
Sedgwick AE, D’Souza-Schorey C. Wnt signaling in cell
motility and invasion: Drawing parallels between devel-
opment and cancer. Cancers. 2016 Sep;8(9):80.

Armour EA, Carson RP, Ess KC. Cystogenesis and elon-
gated primary cilia in Tsc1-deficient distal convoluted tu-
bules. Am J Physiol Renal Physiol. 2012;303:F584-F92.
Onda H, Lueck A, Marks PW, Warren HB, Kwiatkow-
ski DJ. Tsc2(+/-} mice develop tumors in multiple sites
that express gelsolin and are influenced by genetic back-
ground. J Clin Invest. 1999;104:687-95. doi: 10.1172/
JCI7319.

ZhouJ, Brugarolas J, Parada LF. Loss of Tsc1, but not Pten,
in renal tubular cells causes polycystic kidney disease by
activating mTORC1. Hum Mol Genet. 2009;18:4428—41.
doi: 10.1093/hmg/ddp398.

Wilson C, Bonnet C, Guy C, Idziaszezyk S, Colley J,
Humphreys V, Maynard J, Sampson JR, Cheadle JP.
Tscl haploinsufficiency without mammalian target of
rapamycin activation is sufficient for renal cyst forma-
tion in Tsc1+/- mice. Cancer Res. 2006;66:7934-8. doi:
10.1158/0008-5472.CAN-06-1740.

Bonsib SM, Boils C, Gokden N, Grignon D, Gu X, Hig-
gins JPT, Leroy X, McKenney JK, Nasr SH, Phillips C,
Sangoi AR, Wilson J, Zhang PL.. Tuberous sclerosis com-
plex: Hamartin and tuberin expression in renal cysts and
its discordant expression in renal neoplasms. Pathol Res
Pract. 2016;212:972-9. doi: 10.1016/j.prp.2016.04.005.
Badenas C, Torra R, Pérez-Oller L, Mallolas J, Tal-
bot-Wright R, Torregrosa V, Darnell A. Loss of hetero-
zygosity in renal and hepatic epithelial cystic cells from
ADPKDI patients. Eur ] Hum Genet. 2000;8:487-92. doi:
10.1038/sj.ejhg.5200484.

Barone S, Zahedi K, Brooks M, Henske EP, Yang Y,

Volume 27, Issue 2, 2022

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91,

133

47

Zhang E, Bissler JJ, Yu JJ, Soleimani M. Kidney inter-
calated cells and the transeription factor FOXil drive
cystogenesis in tuberous sclerosis complex. Proc Natl
Acad Sc¢i U S A. 2021;118:¢2020190118. doi: 10.1073/
pnas.2020190118.

Kumar P, Zadjali F, Yao Y, Johnson D, Sircky B, Astrin-
idis A, Vogel P, Gross KW, Bissler JJ. Tsc2 mutation in-
duces renal tubular cell nonautonomous disease. Genes
Dis. 2022;9:187-200. doi: 10.1016/j.gendis.2021.03.010.
Maas SLN, Breakeficld X0, Weaver AM. Extracel-
lular vesicles: Unique intercellular delivery wvehicles.
Trends Cell Biol. 2017;27:172-88. doi: 10.1016/.
1cb.2016.11.003.

Patel B, Patel J, Cho J-H, Manne S, Bonala S, Henske E,
Roegiers F, Markiewski M, Karbowniczek M. Exosomes
mediate the acquisition of the disease phenotypes by cells
with normal genome in tuberous sclerosis complex. Onco-
gene. 2015;35:1-10. doi: 10.1038/onc.2015.358.

Wood CR, Rosenbaum JL. Ciliary ectosomes: Trans-
missions from the cell’s antenna Trends Cell Biol
2015;25:276-85. doi: 10.1016/j.tch.2014.12.008.

Wood CR, Huang K, Diener DR, Rosenbaum JL. The cil-
ium secretes bioactive ectosomes. Curr Biol. 2013;23:2—
3. doi: 10.1016/j.cub.2013.04.019.

Wang J, Silva M, Haas LA, Morsci NS, Nguyen KCQQ,
Hall DH, Barr MM. C. elegans ciliated sensory neurons
release extracellular vesicles that function in animal com-
munication. Curr Biol. 2014;24:519-25. doi: 10.1016/j.
cub.2014.01.002.

Pampliega O, Orhon I, Patel B, Sridhar S, Diaz-Carret-
ero A, Beau I, Codogno P, Satir BH, Satir P, Cuervo AM.
Functional interaction between autophagy and ciliogene-
sis. Nature. 2013;502:194—200. doi: 10.1038/nature12639.
Tanaka Y, Okada Y, Hirokawa N. FGF-induced vesicular
release of Sonic hedgehog and retinoic acid in lefiward
nodal flow is critical for left-right determination. Nature.
2005;435:172-7. doi: 10.1038/naturc03494.

Masyuk Al, Huang BQ, Ward CJ, Gradilone SA, Bana-
les JM, Masyuk T V, Radike B, Splinter PL, LaRusso
NF. Biliary exosomes influence cholangiocyte regulatory
mechanisms and proliferation through interaction with
primary cilia. Am J Physiol Gastrointest Liver Physiol.
2010;299:G990-G9. doi: 10.1152/ajpgi.00093.2010.
Hogan MC, Manganelli 1, Woollard JR, Masyuk Al,
Masyuk TV, Tammachote R, Huang BQ, Leontovich AA,
Beito TG, Madden BJ, Charlesworth MC, Torres VE,
LaRusso NF, Harris PC, Ward CJ. Characterization of PKD
protein-positive exosome-like vesicles. ] Am Soc Nephrol.
2009;20:278—88. doi: 10.1681/ASN.2008060564.

Basten SG, Giles RH. Functional aspects of primary
cilia in signaling, cell cycle and tumorigenesis. Cilia.
2013;2;1-23. doi: 10.1186/2046-2530-2-6.

Raphael KL, Strait KA, Stricklett PK, Miller RL, Nel-
son RD, Piontek KB, Germino GG, Kohan DE. Inac-
tivation of Pkdl in principal cells causes a more severe



48

92.

93.

94.

95.

96.

97.

98.

99.

cystic kidney disease than in intercalated cells. Kidney Int.
2009,75:626-33. doi: 10.1038/ki 2008.659.

French JA, Lawson JA, Yapici Z, Ikeda H, Polster T, Nab-
bout R, Curatolo P, de Vries PJ, Dlugos DJ, Berkowitz
N, Voi M, Peyrard S, Pelov D, Franz DN. Adjunctive
everolimus therapy for treatment-resistant focal-onset
seizures associated with tuberous sclerosis (EXIST-3):
A phase 3, randomised, double-blind, placebo-con-
trolled study. Lancet. 2016;388:2153—63. doi: 10.1016/
S0140-6736(16)31419-2.

McCormack FX, Inoue Y, Moss J, Singer LG, Strange C,
Nakata K, Barker AF, Chapman JT, Brantly ML, Stocks
IM, Brown KK, Lynch JP 3rd, Goldberg HJ, Young LR,
Kinder BW, Downey GP, Sullivan EJ, Colby T V, McKay
RT, Cohen MM, Korbee L, Taveira-DaSilva AM, Lee
H-SS, Krischer JP, Trapnell BC, Lynch III JP, Goldberg
HJ, Young LR, Kinder BW, Downey GP, Sullivan EJ,
Colby T V, McKay RT, Cohen MM, Korbee L, Tavei-
ra-DaSilva AM, Lee H-SS, Krischer JP, Trapnell BC.
Efficacy and safety of sirolimus in lymphangioleiomyo-
matosis. N Engl J Med. 2011;364:1595-606. doi: 10.1056/
NEJMoall00391.

Scrra AL, Poster D, Kistler AD, Krauer F, Raina S,
JAMES Y, Rentsch KM, Spanaus KS, Senn O, Kristanto
P, Scheffel H, Weishaupt D, Wiithrich RP, Young J, Rent-
sch KM, Spanaus KS, Senn O, Kristanto P, Scheffel H,
Weishaupt D, Wuthrich RP. Sirolimus and kidney growth
in autosomal dominant polycystic kidney disease. N Engl
J Med. 2010;363:820-9. doi: 10.1056/NEJM02a0907419.
Walz G, Budde K, Mannaa M, Nurnberger J, Wamner C,
Sommerer C, Kunzendorf U, Banas B, Horl WH, Ober-
muller N, Ams W, Pavenstadt H, Gaedeke J, Buchert M,
May C, Gschaidmeier H, Kramer S, Eckardt K-UU, Niirn-
berger J, Wanner C, Sommerer C, Kunzendorf U, Banas B,
Horl WH, Obermiiller N, Ams W, Pavenstidt H, Gaedeke
], Biichert M, May C, Gschaidmeier H, Kramer S, Eckardt
K-UU. Everolimus in patients with autosomal dominant
polycystic kidney disease. N Engl J Med. 2010;363:830—
40. doi: 10.1056/NEJMoal003491.

Grantham JJ, Geiser JL, Evan AP. Cyst formation and
growth in autosomal dominant polycystic kidney disease.
Kidney Int. 1987;31:1145-52. doi: 10.1038/ki.1987.121.
Bissler JJ, Zadjali F, Bridges D, Astrinidis A, Barone S,
Yao Y, Redd JR, Siroky BJ, Wang Y, Finley JT, Rusiniak
ME, Baumann H, Zahedi K, Gross KW, Soleimani M. Tu-
berous sclerosis complex exhibits a new renal cystogenic
mechanism. Physiol Rep. 2019;7:¢13983. doi: 10.14814/
phy2.13983.

LeRoy MA, Rao P. Angiomyolipoma with epithelial cysts.
Arch Pathol Lab Med. 2016;140:594-7. doi: 10.5858/
arpa.2015-0170-RS.

Unachukwu U, Shiomi T, Goldklang M, Chada K,
D’ Ammiento J. Renal neoplasms in tuberous sclerosis
mice are neurocristopathies. iScience. 2021;24:102684.
doi: 10.1016/j.is¢i.2021.102684.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

134

Bissler, Batchelor, & Kingswood

Yang P, Cornejo KM, Sadow PM, Cheng L, Wang M, Xiao
Y, Jiang Z, Oliva E, Jozwiak S, Nussbaum RL, Feldman
AS, Paul E, Thicle EA, Yu JJ, Henske EP, Kwiatkowski
DI, Young RH, Wu C-LL. Renal cell carcinoma in tuber-
ous sclerosis complex. Am J Surg Pathol. 2014;38:895—
909. doi: 10.1097/PAS.0000000000000237.

Tyburczy ME, Jozwiak S, Malinowska IA, Chekaluk Y,
Pugh TJ, Wu C-L, Nussbaum RL, Seepo S, Dzik T, Ko-
tulska K, Kwiatkowski DJ. A shower of second hit events
as the cause of multifocal renal cell carcinoma in tuberous
sclerosis complex. Hum Mol Genet. 2015;24:1836-42.
doi: 10.1093/hmg/ddu597.

Peron A, Vignoli A, La Briola F, Volpi A, Montanari E,
Morenghi E, Ghelma F, Bullamante G, Cefalo G, Canev-
ini MP. Do patients with tuberous sclerosis complex have
an increased risk for malignancies? Am J Med Genet Part
A.2016;170:1538-44. doi: 10.1002/ajmg.a.37644.

Guo J, Tretiakova MS, Troxell ML, Osunkoya AQ, Fadare
O, Sangoi AR, Shen S8, Lopez-Beltran A, Mehra R,
Heider A, Higgins JP, Harik LR, Leroy X, Gill AJ, Trpkov
K, Campbell SC, Przybycin C, Magi-Galluzzi C, McK-
enney JK. Tuberous sclerosis—associated renal cell carci-
noma. Am J Surg Pathol. 2014;38:1457—67. doi: 10.1097/
PAS.0000000000000248.

Henske EP, Comejo KM, Wu CL. Renal cell carcinoma in
tuberous sclerosis complex. Genes. 2021;12. doi: 10.3390/
genes 12101585

Bjornsson J, Short MP, Kwiatkowski DJ, Henske EP.
Tuberous sclerosis-associated renal cell carcinoma. Clin-
ical, pathological, and genetic features. Am J Pathol.
1996;149:1201-8.

Guo J, Tretiakova MS, Troxell ML, Osumkoya AQ, Fadare
O, Sangoi AR, Shen S8, Lopez-Beltran A, Mehra R,
Heider A, Higgins JP, Harik LR, Leroy X, Gill Al, Trp-
kov K, Campbell SC, Przybycin C, Magi-Galluzzi C,
McKenney JK. Tuberous sclerosis-associated renal cell
carcinoma: A clinicopathologic study of 57 separate car-
cinomas in 18 patients. Am J Surg Pathol. 2014;38:1457—
67. doi: 10.1097/PAS.0000000000000248.

Hino O, Klein-Szanto AJP, Freed JJ, Testa JR, Brown DQ,
Vilensky M, Yeung RS, Tartof KD, Knudson AG. Sponta-
neous and radiation-induced renal tumors in the Eker rat
model of dominantly inherited cancer. Proc Natl Acad Sci
US A. 1993;90:327-31. doi: 10.1073/pnas.90.1.327.
Kumar P, Zadjali F, Yao Y, Bissler JJ. Renal cystic dis-
case in tuberous sclerosis complex. Exp Biol Med.
2021;246:2111-7. doi: 10.1177/15353702211038378.
Zadjali F, Kumar P, Yao Y, Johnson D, Astrinidis A, Vogel
P, Gross KW, Bissler JJ. Tuberous sclerosis complex axis
controls renal extracellular vesicle production and protein
content. Int J Mol Sci. 2020;21:1729-44. doi: 10.3390/
ijms21051729,

Kumar P, Zadjali F, Yao Y, Bissler JJ. Minireview: Re-
nal disease in tuberous sclerosis complex. Exp Biol Med.
2021;2111-7. doi: 10.1177/15353702211038378.

Critical Reviews™ in Oncogenesis



Progress in Tuberous Sclerosis Complex Renal Disease

111.

112.

113,

114.

115.

116.

Chodankar R, Kwang S, Sangiorgi F, Hong H, Yen H-Y,
Deng C, Pike MC, Shuler CF, Maxson R, Dubeau L.
Cell-nonmtonomous induction of ovarian and uterine se-
rous cystadenomas in mice lacking a functional Breal in
ovarian granulosa cells. Curr Biol. 2005;15:561-5. doi:
10.10164.cub.2005.01.052.

QinZ, XuQ, HuH, Yu L, Zeng S. Extracellular vesicles
in renal cell carcinoma: Multifaceted roles and potential
applications identified by experimental and computa-
tional methods. Front Oncol. 2020;10:1-15. doi: 10.3389/
fone.2020.00724.

Faes S, Demartines N, Dormond O. Mechanistic target
of rapamycin inhibitors in renal cell carcinoma: Poten-
tial, limitations, and perspectives. Front Cell Dev Biol.
2021;9:1-7. doi: 10.3389/fcell 2021.636037.

LinH-J, Sharpe AH, Henske EP, Lizotte PH, Du H, Speranza
MC, Lam HC, Vaughan S, Alesi N, Wong K-K, Freeman GIJ.
TSC2-deficient tumors have evidence of T cell exhaustion
and respond to anti-PD-1/anti-CTL.A-4 immunotherapy
TSC2-deficient tumors have evidence of T cell exhaustion
and respond to anti-PD-1/anti-CTLA-4 immunotherapy.
JCI Insight. 2018;3. doi: 10.1172/jci.insight 98674.
Lattanzi M, Deng FM, Chiriboga LA, Femia AN, Mechan
SA, Iyer G, Voss MH, Sundatova Y, Huang WC, Balar AV.
Durable response to anti-PD-1 immunotherapy in epitheli-
oid angiomyolipoma: A report on the successful treatment
of a rare malignancy. J Immunother Cancer, 2018;6:1-7.
doi: 10.1186/s40425-018-0415-x.

Trajkovic K. Ceramide triggers budding of exosome vesicles

Volume 27, Issue 2, 2022

117.

118.

119,

120.

121.

122

135

into multivesicular endosomes. Science. 2008;320:179. doi:
10.1126/science.320.5873.179.

Wang J, Barr MM. Cell—cell communication via ciliary
extracellular vesicles: Clues from model systems. Essays
Biochem. 2018;62:205-13. doi: 10.1042/EBC20170085.
Wang J, Nikonorova IA, Silva M, Walsh JD, Tilton PE,
Gu A, Akella JS, Barr MM. Sensory cilia act as a spe-
cialized venue for regulated extracellular vesicle biogen-
esis and signaling. Curr Biol. 2021:1-9. doi: 10.10164.
cub.2021.06.040.

Theos AC, Truschel ST, Tenza D, Hurbain I, Harper DC,
Berson JF, Thomas PC, Raposo G, Marks MS. A lumenal
domain-dependent pathway for sorting to intralumenal
vesicles of multivesicular endosomes involved in or-
ganelle morphogenesis. Dev Cell. 2006,10:343-54. doi:
10.1016/j.devcel 2006.01.012.

van Niel G, Charrin §, Simoes S, Romao M, Rochin L,
Saftig P, Marks MS, Rubinstein E, Raposo G. The tetra-
spanin CD63 regulates ESCRT-independent and -depen-
dent endosomal sorting during melanogenesis. Dev Cell.
2011;21:708-21. doi: 10.1016/j.deveel.2011.08.019.
Siroky BJ, Yin H, Bissler JJ. Clinical and molecu-
lar insights into tuberous sclerosis complex renmal dis-
case. Pediatr Nephrol. 2010;26:839-52. doi: 10.1007/
s00467-010-1689-5.

Christ L, Raiborg C, Wenzel EM, Campsteijn C, Stenmark
H. Cellular functions and molecular mechanisms of the
ESCRT membrane-scission machinery. Trends Biochem
Sci. 2017;42:42-56. doi: 10.1016/j.tibs.2016.08.016.



136



