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The Crystalline Nephropathies
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Crystalline nephropathies are a unique form of kidney disease characterized by the histologic finding of
intrarenal crystal deposition. The intrinsic nature of some molecules and ions combined with a favorable
tubular fluid physiology leads to crystal precipitation and deposition within the tubular lumens. Crystal
deposition promotes kidney injury through tubular obstruction and both direct and indirect cytotoxicities.
Further kidney injury develops from inflammation triggered by these crystals. From a clinical standpoint,
the crystalline nephropathies are associated with abnormal urinalysis and urinary sediment findings,
tubulopathies, acute kidney injury (AKl), and/or chronic kidney disease (CKD). Urine sediment examination
is often helpful in alerting clinicians to the possibility of crystal-related kidney injury. The identification of
crystals within the kidneys on biopsy by pathologists prompts clinicians to evaluate patients for
medication-related kidney injury, dysproteinemia-related malignancies, and certain inherited disorders.
This review will focus on the clinical and pathologic aspects of these 3 categories of crystalline
nephropathies.
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n important but somewhat under-recognized
A cause of kidney disease is crystalline nephropa-
thies. This entity is characterized by the histologic
finding of intrarenal crystal deposition, primarily
involving the tubulointerstitium.' Clinically, patients
present with urinary abnormalities, such as crystallu-
ria, proteinuria, and cylinduria, whereas tubulopa-
thies, AKI, and CKD may also develop.' ~ The urine
microscopic finding of various pathologic crystals
and/or crystal-containing casts signals the possibility
of crystalline nephropathy. Identification of crystals
within the kidneys on biopsy is definitive for a diag-
nosis of crystalline nephropathy and necessitates eval-
uation for the underlying cause. The pathogenesis of
crystal-related kidney injury is briefly reviewed fol-
lowed by discussion of crystalline nephropathies of in-
terest to clinicians and pathologists including those
owing to medications, dysproteinemias, and inherited
disorders. Although calcium- and uric acid-related
crystalline nephropathies are common, they are not
discussed.

Correspondence: Mark A. Perazella, Section of Nephrology,
Department of Medicine, Yale University School of Medicine, 330
Cedar Street, New Haven, Connecticut, USA. E-mail: mark.per-
azella@yale.edu

Received 22 July 2021; revised 12 August 2021; accepted 7
September 2021; published online 17 September 2021

2942

Pathogenesis of Crystalline Nephropathies
Intrarenal crystal deposition occurs primarily owing to
the high concentration of ions and molecules traversing
the tubules, which enhances the likelihood for substrate
supersaturation and crystal nucleation. Crystals pre-
cipitate outside and deposit within the kidneys owing to
certain innate characteristics.” They are molecules or
ions that aggregate in a symmetrical, fixed distance and
form ordered 3-dimensional structures.” After their su-
persaturation and nucleation, the crystals aggregate and
grow as increasing numbers of ions or molecules are
added.” Development of injured cell membranes com-
bined with urinary supersaturation of molecules with
crystal-forming potential provides the foundation for
crystal deposition.” Cellular surface molecules up-
regulated by injured cells create a local environment
favorable for crystal nucleation and adhesion, which
provides the nidus for further crystal growth.’

Crystal deposition leads to tubular obstruction and
both direct and indirect crystal-related kidney injuries
(Figure 1). Phagocytosed crystals destabilize lysosomes,
which release their contents inducing cellular stress and
autophagic cell death.”” Renal tubular cell necroptosis
occurs when various engulfed crystals damage lyso-
somes/phagolysosomes and release cathepsin-B, cleaving
key regulators of the cell death pathway—RIPK3 and
pseudokinase MLKL.”” In addition, crystal-triggered
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Figure 1. The mechanisms underlying crystal-related tubular cell injury and necroinflammation. Crystals precipitating in the tubular lumen (A)
promote necroptosis of the tubular cells by activating a number of pathways. (B) Uptake of crystals into the lysosomes and phagolysosomes is
associated with release of ctp-B when the lysosomes are destabilized. (C) ctp-B cleaves and degrades the negative regulator of necroptosis
RIPK1, which triggers formation of the RIPK3-MLKL necrosome complex, which causes tubular cell necroptosis. (D) Inflammation occurs from
DAMPs released from the necrosing tubular cells. (E) Dendritic cells phagocytose the crystals present in the interstitium and (F) initiate a similar
process of lysosomal degradation with cat-B release and ROS formation, which activates the NLRP3 inflammasome and IL-1f secretion by the
dendritic cells. (G) This leads to IL-1R-dependent inflammation in the kidney. The TNF-R pathway also activates the NF-kB, further activating the
inflammasome. (H) Proinflammatory cytokines, such as TNF, trigger tubular cells necrosis by activating the TNF-R, leading to further DAMP
release. Overall, these pathways promote an autoamplification loop of crystal-induced necroinflammation. ctp-B, cathepsin-B; DAMPs,
damage-associated molecular patterns; IL-1R, interleukin-1 receptor; IL-1p, interleukin-1B; ROS, reactive oxygen species; TNF, tumor necrosis
factor; TNF-R, tumor necrosis factor receptor.

cellular necrosis promotes the release of a number of also occurred from up-regulation of long noncoding
substances into the extracellular compartment, including RNA-HI19 expression.q Up-regulated long noncoding
danger-associated molecular patterns, histones, double- RNA-H19 causes inflammatory injury by competi-
stranded DNA, mitochondrial DNA, demethylated DNA tively binding microRNA-216b, which subsequently
and RNA, adenosine triphosphate, and uric acid.”” One activates the danger-associated molecular pattern,
or more of these engage the death receptors on neigh- high-mobility group box 1 that binds Toll-like re-
boring cells further amplifying cell necrosis. ceptor 4 and activates the NF-kB pathway. This
Another important step in crystal-related kidney crystal-stimulated pathway ultimately increases the
injury is the inflammatory process that subsequently transcription and expression of several proin-
develops. Inflammatory cell damage and necroin- flammatory cytokines and chemokines that induce
flammation, defined as the inflammatory response to tubular cell injury.(Hl Cell surface lipid sorting and
necrotic cell death (Figure 1), promote kidney injury. activation of tyrosine protein kinase Syk, which acti-
Inflammatory injury within the kidneys occurs in part vates B-cells, is another pathway of noxious intrarenal
owing to activation of Toll-like receptors whereas inflammation.”” Pyroptotic cell death, owing to
complement activation and leukocyte invasion are inflammation-induced cell lysis, may also develop
primary effectors of harmful inflammation after indirectly through crystal-related NLRP3 inflamma-
crystal-related tubular cell damage.”’ Induction of some production.”” In addition, crystal-stimulated
NLRP3 inflammasome activity in kidney phagocytes production of tumor necrosis factor-¢. and other in-
and secretion of interleukin-1, which interacts flammatory cytokines may promote renal tubular cell
through interleukin-1 receptor, further contribute to necroptosis.”” All these crystal-related pathways
intrarenal inflammation.” Tubular cell injury in a likely contribute to injurious inflammation and cell
calcium oxalate crystalline nephropathy mouse model death in the various crystalline nephropathies.
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The deposition of intratubular crystals was thought
to be the primary cause of AKI through induction of
urinary obstruction (plugging of the tubular lumens).
Acute tubular injury, often observed on the biopsy
specimens, was also thought to play a contributory role
in AKI. Nevertheless, robust inflammation within the
tubulointerstitium generated by the crystals through
the pathways reviewed previously is now thought to
play a significant role in development of kidney injury.
Although it is impossible to tease out exactly how
much each contributes to AKI, it is likely that tubu-
lointerstitial inflammation and tubular injury play the
most important roles in causing AKI.

Medication-Induced Crystalline Nephropathies
A number of medications used in clinical practice are
associated with crystalluria and crystalline nephropa-
thy (Table 1). It is essential that clinicians and pa-
thologists recognize the culprit drugs, their clinical
presentation, and their histologic characteristics to
assure proper diagnosis and treatment. Crystal depo-
sition occurs primarily owing to the kidney route of
drug/metabolite excretion and enhanced drug super-
saturation within the urine. Intratubular supersatura-
tion of drugs occurs from (i) volume depletion,
which lowers urinary flow rates, and (ii) excessive
drug dosing, which increases urinary drug concentra-
tions." “'*"* Depending on the pK of the administered
drug, urine pH also enhances crystal supersaturation.'
Underlying acute or chronic kidney disease may further
enhance the risk for medication-related crystalline ne-
phropathy." *'*"’

Diagnosing medication-related crystalline nephrop-
athies hinges on familiarity with culprit medications
along with recognition of clinical presentation and
laboratory findings, in particular urine microscopy.”'"
It is frequent, however, for patients to be asymptom-
atic except for an isolated increase in serum creatinine
concentration and/or abnormal urine findings. In this
circumstance, pathologists play a critical role by eval-
uating the kidney histology to find evidence support-
ing crystalline nephropathy. General principles of
prevention and therapy for many of these crystalline
nephropathies include medication discontinuation or
dose reduction, administration of i.v. fluids to restore
euvolemia and enhance tubular flow rates, and modi-
fication of urine pH when appropriate. Treatment
considerations specific to each form of crystalline ne-
phropathy will be discussed for each medication.

Sulfa-Based Medications

Sulfadiazine is a sulfa-based antimicrobial agent that
has been available for more than 60 years. Drug-related
nephrotoxicity subsequently limited its use. Never-
theless, because it has utility for treating certain
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infections, clinicians should be aware of it as a cause of
crystalline nephropathy.' “'”'®  Sulfamethoxazole,
another sulfa-based antibiotic, can also cause crys-
talluria and crystalline nephropathy, but less
frequently.' * Low urinary solubility of these sulfa-
drugs and their metabolites, especially in acid urine,
promotes crystal precipitation within the distal tubular
lumens. Furthermore, both these drugs can cause acute
interstitial nephritis (AIN). When AKI occurs, it may
be due to AIN, urinary obstruction from ureteral
stones, or intratubular crystal deposition.

Examination of the urine sediment may reveal sul-
fadiazine and sulfamethoxazole crystals, which appear
as free crystals or crystals within casts." '’ Crystals
have hourglass shapes with prominent radial striations,
also described as “sheaves or shocks of wheat”
(Figure 2a), and are birefringent on polarization.
Although sulfa crystals have not been observed in
kidney tissue, interstitial fibrosis with mild mono-
nuclear inflammation likely represents the effects of
unseen, intrarenal crystals.”’18 Thus, thorough urine
sediment examination for sulfa-drug-related crystals
and casts is important to detect crystalline nephropa-
thy."">'” Lack of kidney recovery may signal potential
AIN and require kidney biopsy for diagnosis.

Sulfadiazine- and sulfamethoxazole-associated AKIs
are considered reversible. In addition to drug discon-
tinuation when AKI occurs, i.v. fluids to increase uri-
nary flow rates and alkaline urine achieving pH > 7.1
are useful prophylactic and therapeutic maneuvers for
crystalline nephropathy to enhance kidney recovery.'~
17 Obstructing stones require urologic interventions
along with alkaline-based i.v. fluids.

Methotrexate

Most studies note an AKI incidence, depending on
population studied and AKI definition, ranging from
2% to 12% for high-dose methotrexate.'®'’ Metho-
trexate induces kidney injury through various mech-
anisms including direct cytotoxicity; however, crystal
precipitation within the distal tubular lumens is likely
most common.”*'*"*** Owing to the poor solubility
of methotrexate and its metabolites, crystals tend to
precipitate within the tubular lumens, particularly
when decreased urinary flow rates from volume
depletion, high urinary drug concentrations, and low
urine pH exist.”™'*'*'?  Crystal-related tubular
obstruction to urinary flow and generation of tubu-
lointerstitial inflammation are the major mechanisms
underlying AKL.'

In addition to AKI, urine sediment may reveal free
methotrexate crystals and crystal-containing casts
along with erythrocytes, leukocytes, and granular
casts.”'* Crystalline cast formation (Figure 2b) in the
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Table 1. Crystalline nephropathies associated with various medications

Medication

Sulfadiazine, sulfamethoxazole

Methofrexate

Indinavir, atazanavir, darunavir

Acyclovir

Triamterene

Ciprofloxacin, levofloxacin

Amoxicillin

I.v. ascorbic acid, orlistat (by
causing enteric hyperoxaluria),
ethylene glycol

Foscarnet

Sodium phosphate purgative (oral
rather than enema)

Urinary crystal morphology

Shocks or sheaves of wheat, shells, or
dumbbells
Positively birefringent on polarization
Annular shapes, yellow, golden, or brown
Positively birefringent on polarization

Needle, rectangle, fan-shaped or starburst
aggregates
Positively birefringent on polarization

Thin needles with sharp or blunt ends
Positively birefringent on polarization

Brown, green, orange, and red spheres
Positive birefringence and Maltese cross

Needles, sfars, fans, or sheaves
Positively birefringent on polarization
Thin needles, broom/brush-like
Positively birefringent on polarization

Calcium oxalate
-Monohydrated: ovoid, dumbbells, or rods
-Bihydrated: bipyramidal shapes
Positively birefringent on polarization
Crystals as plates and geomefric shapes
Positively birefringent on polarization

Calcium phosphate; white, amorphous,
granular structures

Clinical renal findings

Crystalluria, nephrolithiasis, AKI,
and CKD

Crystalluria, AKI, and CKD

Crystalluria, nephrolithiasis, AKI,
and CKD

Crystalluria, leukocyturia, AKI, and
CKD

Crystalluria, nephrolithiasis, AKI,
and CKD

Crystalluria and AKI

Crystalluria and AKI

Crystalluria, AKI, and CKD

Hematuria, proteinuria, AKI, and
CKD

AKI and CKD

Histologic findings of the kidney

Mild mononuclear inflammation and
inferstitial fibrosis noted without sulfa
crystals present within tubules or inferstitium

Annular structures consisting of small
needle-shaped crystals that stain yellow,
golden, or brown on H&E stain, weak rim

sfaining on PAS, black staining on JS

Positively birefringent on polarization

Needle-shaped (franslucent) indinavir,
atazanavir, or darunavir crystals within
fubules with an associated monocytic
infilirate and giant-cell reaction
Needle-shaped crystals within tubules +
peritubular inflammation
Positively birefringent on polarization
Crystals stain yellow/brown on H&E and
PAS, silver posifive on JS
Strongly birefringent on polarization
Needle-shaped crystals within tubules
Strongly birefringent on polarization
No histologic evidence of infrarenal deposits
of amoxicillin crystals has been described
on kidney biopsy findings
Crystals are translucent to pale blue fan-like
or sunburst shapes within tubules and
inferstitium with inferstitial inflammation
Positively birefringent on polarization
Plates and geometric shapes in dilated
capillary loops and fubular lumens
Positively birefringent on polarization
Granular bluish-purplish crystal deposits
with positive von Kossa sfaining
Negative birefringence on polarization

Preventive measures®

Alkalinize urine; adjust dose for kidney
function; assure euvolemia before drug
exposure
IVFs before/during drug, alkalinize urine,
adjust drug dose for kidney function; folinic
acid; glucarpidase if toxic level (<60 h
after methotrexafe exposure)

No role for urine acidification; assure
euvolemia during drug therapy; switch to
different medication

Avoid rapid i.v. bolus; adjust drug dose for
kidney function; assure euvolemia during
drug therapy
Alkalinize urine; assure euvolemia during
drug therapy

Assure euvolemia during drug therapy and
avoid alkaline urine (if possible)
Assure euvolemia; adjust drug dose for
kidney function

Ascorbic acid and orlistat: assure
euvolemia during drug therapy, avoid other
nephrotoxins; fomepizole + HD for
ethylene glycol
Assure euvolemia during drug therapy and
adjust drug dose for kidney function

Assure euvolemia before exposure; avoid
concomifant NSAIDs, diuretics, and RAS
blockers

AKI, acute kidney injury; CKD, chronic kidney disease; H&E, hematoxylin and eosin; HD, hemodialysis; IVF, i.v. fluid; JS, Jones methenamine silver; NSAID, nonsteroidal anti-inflammatory drug; PAS, periodic acid-Schiff; RAS, renin-angiotensin system.

®Therapy includes medication discontinuation, administration of i.v. fluids for hypovolemia, and provision of supportive care, including hemodialysis.
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Figure 2. Various crystals found in the urine sediment results and kidney biopsy findings in patients with medication-induced crystalline ne-
phropathies. (a) Fan-shaped sulfadiazine crystals are noted in the urine. (b) Light brown-colored methotrexate crystals are observed within a
urinary cast. (c¢) Indinavir crystals within the tubular lumens of the kidney are found. (d) Triamterene crystals are noted within the tubular lumens
of the kidney on routine H&E staining for light microscopy. Image (d) provided courtesy of Dr. Samih Nasr of the Mayo Clinic. 2D, 2-dimensional,

H&E, hematoxylin and eosin.

urine suggests that precipitated methotrexate crystals
caused AKL’ In patients undergoing kidney biopsy,
methotrexate crystals form annular structures consist-
ing of small needle-shaped crystals that stain yellow,
golden, or brown on hematoxylin and eosin (H&E)
stain. In contrast, the annular structures have weak rim
staining on periodic acid—Schiff (PAS).'* Silver-positive
black staining of crystals is observed on Jones methe-
namine silver (JS), whereas strongly birefringent
crystals are noted with polarization.'

Intratubular crystal deposition is prevented by
achieving high urinary flow rates and urine alkalin-
ization to pH > 7.'%'*"*!%?% Folinic acid therapy after
methotrexate administration provides salvage meta-
bolic therapy. High-flux hemodialysis lowers metho-
trexate levels by ~70%, but it is complicated by
postdialysis rebound and the risks of dialysis catheters
(bleeding, infection). Glucarpidase therapy within 48 to
60 hours of methotrexate exposure metabolizes the
drug to nontoxic metabolites and effectively lowers
plasma levels when AKI develops.”’ Methotrexate-
associated AKI is generally reversible.

Protease Inhibitors (Indinavir, Atazanavir, and Darunavir)
Indinavir, atazanavir, and darunavir are protease in-
hibitors that have been used as part of combination
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antiretroviral therapy to treat HIV infection. Owing to
their proclivity to form urinary crystals and precipitate
in the distal tubular lumens, these medications are
associated with crystalluria and crystalline nephropa-
thy." “*>?  Approximately 12% of the drug is
excreted unchanged in the urine, and resulting intra-
tubular precipitation is due largely to the insolubility
in the urine at pH > 3.5." “***’ Indinavir was the first
protease inhibitor associated with nephrolithiasis, crys-
talluria, and crystalline nephropathy.””*” Nevertheless,
because newer protease inhibitors have replaced indin-
avir, focus will be on atazanavir and darunavir.
Atazanavir has been associated with postmarketing
reports of crystalline nephropathy, AIN, and neph-
rolithiasis.””*’ In a Japanese case-control study, pa-
tients with atazanavir-associated stones were 5 times
more likely than controls to have variations in the
diphosphate  glucuronosyltransferase-1A1
gene.”® Whether these genetic polymorphisms also in-
crease the risk for crystalline nephropathy is unknown.
Protease inhibitor-induced crystalline nephropathy is
more likely to occur in the setting of volume depletion,
excessive drug dosing, low body weight, underlying
liver disease, and alkaline urine." *** *” Darunavir has
also been associated with crystalluria, nephrolithiasis,
and crystalline nephropathy.”* Boosting with ritonavir

uridine

Kidney International Reports (2021) 6, 2942-2957
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further increases the risk for darunavir-related intra-
tubular crystal formation.”* In addition to ritonavir,
darunavir has similar risk factors for crystalline ne-
phropathy and nephrolithiasis.' %%’

Increased serum creatinine and/or abnormal urine
findings reflect medication-induced kidney injury. In-
dinavir and atazanavir crystals in the urine appear as
needle-like or rectangular shapes that can aggregate to
form fan shapes or starbursts,'®*****>*°
crystals are more biconvex shaped and positively
birefringent.”* Urinary crystals may be found free or
within casts, along with leukocytes and erythrocytes.
Translucent, needle-shaped indinavir or atazanavir
crystals clustered within the distal tubular lumens and
collecting ducts with an associated monocytic inflam-
matory infiltrate (Figure 2c) and giant-cell reaction are
observed on histologic evaluation.'*'***** Darunavir
crystals are needle shaped or biconvex and birefringent
on polarization.*

Nephrotoxicity is generally reversible with drug
discontinuation and assuring euvolemia. There is no
role for urinary acidification (pH < 4.0). Obstructing
stones often require urologic intervention. Early
recognition of crystalline nephropathy is critical to
avoid CKD from irreversible kidney fibrosis and kidney
damage.l 4,22-27

Darunavir

Acyclovir

Acyclovir is used in either i.v. or oral form to treat
certain viral infections. Rapid i.v. infusion and/or high
doses can cause crystalluria and crystalline nephropa-
thy." **” Flank discomfort and hematuria may be seen
in this setting. In contrast, oral therapy and slow in-
fusions rarely result in crystal precipitation, unless the
patient is volume depleted or the dose is excessive for
kidney function." “**' To this point, AKI may occur
with excessive doses of valacyclovir and in high-risk
pa‘cients.30

AKI or urinary abnormalities may tip the clinician
off to acyclovir-related crystalline nephrotoxicity.”” '
AIN may also rarely cause AKI. Urine sediment ex-
amination may reveal needle-shaped acyclovir crystals,
which are birefringent, admixed with leukocytes or
erythrocytes, or within casts.'”*” ' In addition, bi-
opsy result of the kidney tissue reveals needle-shaped
crystals that are birefringent on polarization within
the distal tubules.”'®*’ Peritubular inflammation may
also be observed.

Maintaining euvolemia and avoiding rapid i.v.
infusion and high doses of acyclovir are major pre-
ventive strategies.” *’ Hemodialysis is effective in
removing acyclovir and may be warranted when
neurotoxicity is also present. Kidney function gener-
ally recovers back to baseline in most patients.

Kidney International Reports (2021) 6, 2942-2957
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Triamterene

Triamterene is a potassium-sparing diuretic used in
combination with thiazide diuretics. Isolated crys-
talluria is relatively common, and both crystals and
crystal-containing casts were observed in acidic urine
of 20 healthy individuals administered a single 100-mg
dose of triamterene.’””” AIN and nephrolithiasis have
also been described, whereas crystalline nephropathy
is relatively uncommon.' “*”**” Triamterene un-
dergoes hepatic metabolism; triamterene and metabo-
lites are excreted by the kidneys.™

Although AKI is rare, abnormal urine sediment
findings occur in approximately 50% of patients.’” "’
The urine sediment has brown-colored, round tri-
amterene crystals and crystalline casts that are bire-
fringent and appear as Maltese crosses.'*?7*”* In
kidney biopsy specimens, triamterene crystals stain
yellow/brown on H&E and PAS and silver positive on
JS'®* (Figure 2d). The crystals are strongly birefrin-
gent on polarization. It is important to distinguish
these crystals from 2,8-dihydroxyadenine crystals as
they appear similar in urine and on kidney
histology.'*”’

Prevention of crystalline nephropathy is best
accomplished by periodically monitoring serum creat-
inine and urine sediment, including volume depletion,
nonsteroidal anti-inflammatory drug use, and acid
urine, in high-risk patients. Urinary crystal and cast
formation may be prevented by urine alkalinization;
the treatment, however, requires triamterene discon-
tinuation and urinary alkalinization in patients without
oliguria.1’4’18’}}

Ciprofloxacin

Ciprofloxacin is a quinolone antimicrobial agent used
for various infections. Experimental studies have
revealed crystalluria after use of ciprofloxacin, which is
insoluble at neutral or alkaline urine pH and crystal-
lizes in alkaline urine.”**’ In humans, ciprofloxacin
was associated with crystalluria when the urine pH was
>7.3, especially when higher drug doses were used.’
In clinical practice, ciprofloxacin-related crystalluria
is unusual, developing in 2 of 63,000 patients.’’ Crys-
talluria was also not observed in 1556 courses of cip-
rofloxacin.”®  In  addition, iv. ciprofloxacin
administered to 12 healthy volunteers was associated
with crystalluria in 1 subject who had a urine pH of
6.3.”

Although ciprofloxacin has been observed to cause
AIN," this medication has also been noted to cause
crystalline nephropathy.” ™ Age > 70 years, alkaline
urine, volume depletion, and high drug doses are risk
factors for crystalline nephropathy.”' * Oliguric AKI
develops 2 to 14 days after oral ciprofloxacin ingestion
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with crystals consisting of the ciprofloxacin salt
observed in the urine. Ciprofloxacin crystals appear as
needles, star bursts, sheaves, fans, butterflies, and
other unusual shapes.”” Crystals have a lamellar
structure and are strongly birefringent on polariza-
tion.”” Results of kidney biopsy in 3 cases revealed
needle-shaped birefringent crystals within the
tubules.*"”

Urine sediment examination revealing ciprofloxacin
crystals will facilitate diagnosis of crystalline ne-
phropathy, potentially obviating need for kidney bi-
opsy. In some cases, biopsy may be necessary to
distinguish ciprofloxacin-related AIN from crystalline
nephropathy as management is quite different for each.
To prevent crystalline nephropathy, patients should be
volume replete, ciprofloxacin should be appropriately
dosed for glomerular filtration rate, and alkalinization
of the urine should be avoided."’

Amoxicillin

Amoxicillin is a widely used antimicrobial agent.
Although generally safe, it has been associated with
AKI from AIN, stones, and crystalline nephropathy.élgfSg
After glomerular filtration and organic anion transporter-
driven tubular secretion of amoxicillin, intrarenal crystal
deposition likely occurs owing to concentration-
dependent oversaturation of amoxicillin and urinary
crystallization in an acidic urine pH.487Sg

After amoxicillin administration, patients present
with AKI and gross hematuria and crystals in the urine.
The crystals are needle or rod in shapes that can form
bunches or sheaves. Risk factors for crystalline ne-
phropathy include high amoxicillin doses, acid urine
pH, and volume depletion with low urine flow rates.”® ”’
Nevertheless, similar to sulfadiazine and sulfamethox-
azole, no histologic evidence of intrarenal deposits of
amoxicillin crystals has been published despite the
association of amoxicillin with AKI and concurrent
crystalluria.48 >3 Thus, kidney biopsy confirmation is
lacking.

Prevention and treatment of suspected crystalline
nephropathy hinge on medication discontinuation and
volume repletion.“f53 In patients with AKI, it may be
useful to undertake kidney biopsy to differentiate AIN
from crystalline nephropathy. With AIN, corticoste-
roids might be beneficial and amoxicillin would be
otherwise contraindicated for future use. In patients
with urine pH < 6.0, urine alkalinization may also be
beneficial to prevent urinary crystal precipitation
within the tubules.*® ”’

Dysproteinemia-Related Crystalline
Nephropathies

Various hematologic malignancies secrete monoclonal
immunoglobulins and light chains (LCs), which are an
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important cause of kidney disease.”'®”*”® Clonal
plasma cells or B-cell disorders that produce these
paraproteins are collectively known as dysproteine-
mias, which include multiple myeloma, lymphoproli-
ferative disorders, and monoclonal gammopathy of
renal significance. These secreted paraproteins may
form crystals and cause crystal-related kidney injury
that may involve various parts of the nephron
including the preglomerular capillaries, glomeruli, and
tubular system, ranging from the proximal tubules to
the cortical collecting ducts.'®*® It is important for
clinicians and pathologists to recognize crystalline ne-
phropathies that develop with dysproteinemias
(Table 2) to allow correct diagnosis and proper
management.

LC Crystalline Proximal Tubulopathy

LC crystalline proximal tubulopathy (LCPT) is a
paraprotein-related kidney disease that has subtle
clinical findings.” °® Accumulation of LCs that form
crystalline structures in the proximal tubules charac-
terizes this entity.”'®”” °*® Owing to the proximal
tubular-focused injury, full or incomplete Fanconi
syndrome occurs in patients with a known or sus-
pected dysproteinemia.” °® Myeloma, smoldering
myeloma, monoclonal gammopathy of renal signifi-
cance, and lymphoproliferative cancers are associated
with LCPT.”'®””°® The crystals in LCPT consist pri-
marily of monoclonal kappa-LCs that are derived from
the VK1 variability subgroup.™'****’

The major kidney finding with LCPT is a proximal
tubulopathy with the metabolic features of Fanconi
syndrome or an isolated proximal tubular disorder
(phosphate wasting, normoglycemic glycosuria, etc.).
Patients may rarely have concomitant acute or
chronic kidney disease.”” *” Crystalline structures in
the proximal tubules, mild acute tubular injury/at-
rophy, and variable degrees of interstitial fibrosis
often accompany proximal tubular pathology.™'®""
®* Intracytoplasmic needle-shaped/geometric crystals
that stain eosinophilic on H&E and JS, red on tri-
chrome, and pale on PAS are observed within
swollen proximal tubular cells.”'*®" ®’ Despite high
crystal burdens, result of standard immunofluores-
cence staining for LC is often negative owing to the
fact that antibody binding sites are shielded by the
crystalline structure and are unavailable for bind-
ing.'*°""®” In this setting, LC identification can be
enhanced by performing immunofluorescence on
formalin-fixed, paraffin-embedded sections after
performing antigen retrieval with a protease such as
pronase, which helps to expose some of the seques-
tered antibody binding sites in the crystals.”'®*
addition, electron microscopy offers diagnostic

In
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Table 2. Crystalline nephropathies associated with dysproteinemias

REVIEW

Dysproteinemia Urinary crystal morphology Renal syndromes

Proximal fubulopathy or
full-blown Fanconi
syndrome, monoclonal
profeinuria, AKI, and CKD

LC crystalline proximal
tubulopathy

Crystals with needle shape
and varying geometric shapes;
negative/weakly birefringent on

polarization

LC crystalline cast
nephropathy

Crystals of varying shapes and
sizes (geometric, rods,
rhomboids); negative/weakly
birefringent on polarization

High-grade monoclonal
profeinuria, AKI, CKD, and
ESKD

Albuminuria, hematuria,
AKI, and CKD

Crystalglobulinemia Crystal morphology not

described

Crystal-storing
histiocytosis

Crystal morphology not
described

Fanconi syndrome,
proteinuria, and AKI

Histologic findings

Needle-shaped and various shaped crystals
within PT cells that sfain eosinophilic with
H&E and JS, red with trichrome, and pale
with PAS; negatively birefringent on
polarization; kappa- or lambda-LC restricted
on IF which may require profease/pronase
digestion fo allow antibody binding on IF;
infracytoplasmic geometric and/or needle-
shaped crystals within PT cells with some
incorporated into lysosomes forming
phagolysosomes on EM

Geometric crysfals within tubular lumens
that stain eosinophilic with H&E, red with
frichrome, and negative with JS; giant-cell
reaction and fubulointerstitial inflammation
occurs; negatively birefringent on
polarization; kappa- or lambda-LC restricted
on IF; crystals with geomefric shapes and
sharp edges on EM

Fractured crystals with geometric and needle
shapes within vessels and glomeruli with
rare infratubular crystals that stain
eosinophilic with H&E, red with frichrome,
pink with JS, and pale with PAS; proliferative
glomeruli may occur; 196 kappa- or
lambda-LC restricted on IF; dense crystals
with parallel linear array substructure on EM

Crystals with needle shapes within
histiocytes and rarely within tubules that
stain eosinophilic with H&E and JS, red with
frichrome, and pale with PAS; chronic
tubulointerstitial nephritis is present with
numerous histiocytes; negative
birefringence on polarization; kappa-LC
restricted on IF; dense crystals with parallel
linear array substructure on EM

Therapy

Clone-directed therapy but plasma
exchange is not recommended; correct
metabolic disturbances (hypokalemia,

mefabolic acidosis, efc.) of Fanconi
syndrome/proximal fubulopathy; IVFs if
volume depleted; avoid nephrotoxins;

supportive care

Clone-directed therapy but plasma
exchange and high-cutoff HD are not
recommended; administer IVFs if volume
depleted; avoid nephrotoxins; supportive
care

Clone-directed therapy, plasma exchange
is recommended; IVFs if volume depleted;
avoid nephrotoxins, supportive care

Clone-directed therapy but plasma
exchange is not recommended; avoid
nephrotoxins; supportive care

AKI, acute kidney injury; CKD, chronic kidney disease; EM, electron microscopy, ESKD, end-stage kidney disease; H&E, hematoxylin and eosin; HD, hemodialysis; IF, immunofluo-
rescence; IVF, i.v. fluid; JS, Jones methenamine silver; LC, light chain; PAS, periodic acid-Schiff; PT, proximal tubular.

benefits, especially with negative immunofluores-
cence staining, by revealing intracytoplasmic dense
geometric and/or needle-shaped crystals within the

proximal tubular cells (Figure 3;1).4’18'6l o Crystals
may be found forming within the phag-
olysosomes.4'18’61763

Dysproteinemia-related ~LCPT requires clone-

directed therapy. Plasma exchange offers no benefit
and is not recommended to reduce LC concentrations.
Prognosis for remission from proximal tubulopathy
and overall kidney recovery seems variable depending
on severity of tubulointerstitial disease’” *’

LC Crystalline Cast Nephropathy

Classical LC cast nephropathy is one of the most com-
mon kidney lesions described in patients with multiple
myeloma.”'**%” %% patients with LC cast nephropathy
come to clinical attention when AKI and proteinuria,
and sometimes CKD, develop in the setting of para-
proteinemia.”*” °® Nevertheless, dysproteinemia may
only be recognized after kidney biopsy. After the
workup, ~80% to 90% of patients meet the myeloma
criteria.”” Other findings suggestive of myeloma, such

Kidney International Reports (2021) 6, 2942-2957

as hypercalcemia, bone pain, or anemia, may also be

65—69
present.

A potential dysproteinemia should be considered

when the urinalysis result reveals a disparity in dipstick
albumin (negative/trace) with urine nonalbumin (Bence
Jones) proteinuria.”®*” % Negatively or weakly bire-
fringent crystals of varying geometric shapes, some-
times forming a cast (Figure 3b), can sometimes be found
in the urine sediment.”'**”"*” Importantly, histologic
findings in LC crystalline cast nephropathy are quite
different than those of the classic “PAS negative frac-
tured cast” typically noted with classical LC cast ne-
phropathy.*'®®” °” Rather, geometric crystals that stain
eosinophilic on H&E and red on trichrome are observed
(Figure 3c).”'® Result of PAS staining is variable and that
of JS stain is generally negative, and the crystals are
birefringent on polarization.”'® A monocytic/giant-cell
reaction and tubulointerstitial inflammation often
accompany the crystals. Kappa- or lambda-LC restric-
tion on immunofluorescence staining documents mon-
oclonality. Furthermore, result of electron microscopy
reveals dense crystals that have geometric shapes and
sharp edges.”'*”
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nephropathies. (a) Light chain crystals with geometric shapes are noted within the proximal tubular cells on electron microscopy in a patient
with light chain proximal tubulopathy. (b) Light chain crystals of varying sizes and shapes are observed within a urinary cast. (c) Light chain
crystals exhibit red staining with H&E by routine light microscopy in a patient with light chain crystalline cast nephropathy. (d) Light chain
crystals within the glomerular capillaries are observed on routine light microscopy in a patient with crystalglobulinemia (periodic acid—Schiff
staining, x400). H&E, hematoxylin and eosin.

When LC crystalline cast nephropathy is diagnosed,
clone-directed therapy is the most important treatment.
Although dialysis may be required as supportive care,
the utility of plasma exchange and high-cutoff hemo-
dialysis is unclear and not currently recommended to
remove LCs. Prognosis for kidney recovery seems
variable and not universal but has recently been
improved with the availability of new drugs.”*” *’
Severity of tubulointerstitial disease likely plays an
important role in determining recovery.

Crystalglobulin-Induced Nephropathy

Patients with dysproteinemia may also develop the rare
but interesting disorder known as crystalglobuline-
%7 The formation of microcrystals within the
systemic blood vessels and vasculature of the kidneys

in these crystalline disorders leads to vascular injury
18,7073

mia

with thrombosis/occlusion and end-organ damage.
In addition, the crystals from these disorders may be
found within the tubular lumens.

Increased serum creatinine and albuminuria along
with various systemic manifestations, such as arthralgias
and rash, characterize the clinical presentation.wF74
Urinalysis results reveal hematuria and proteinuria,
whereas kidney histologic findings reveal crystal depo-
sition within the vasculature and glomerulus, although

2950

intratubular crystals have also been described.”” ”* The

crystals have geometric shapes that fracture and stain
eosinophilic on H&E (Figure 3d), red on trichrome, pink
on JS, and pale on PAS.'®7%73 Pproliferative glomeruli
may be present when leukocytes and monocytes engulf
the crystals."®’”"’ 1gG kappa- or lambda-restricted
staining is noted on immunofluorescence, whereas
crystals are dense with parallel linear array substructure
on electron microscopy. """’

As with all dysproteinemias, management hinges on
treating the clonal disorder to reduce paraprotein
production, and using plasma exchange to rapidly
remove circulating paraproteins is recommended for
this disorder.”” ”? Unfortunately, limited data note a
relatively poor prognosis with high fatality rate.

Crystal-Storing Histiocytosis Nephropathy

Another rare paraprotein-related crystalline nephrop-
athy is crystal-storing histiocytosis, which is a systemic
disease that has overlap with LCPT."'*”* 77 LC crystal
accumulation within the histiocytes in various extra-
renal organs characterizes this entity; rare kidney
7477 Crystal-storing histio-
cytes are found predominantly in the tubulointer-
stitium and less frequently in the glomerular
mesangium and capillary loops.”'®"*”” LCs from the

involvement also occurs.

Kidney International Reports (2021) 6, 2942-2957
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Table 3. Crystalline nephropathies associated with inherited disorders

Inherited disorder (inheritance and defect)

Cystinosis (autosomal recessive; lysosomal
storage disease)

2,8-Dihydroxyadeninuria or APRT deficiency
(autosomal recessive; deficiency of
adenine phosphoribosyliransferase)

Primary hyperoxalurias 1, 2, and 3
(autosomal recessive; hepatic deficiency
of glyoxylate metabolism)

Dent disease type 1 (X-linked recessive;
mufation in CLCNS gene)

Dent disease type 2 (X-linked recessive;
mutation in OCRL1 gene)

Lowe syndrome (X-linked recessive;
mutation in OCRL1 gene)

Urinary crystal morphology

Translucent needles, rods, or geometric
shapes;
Positively birefringent on polarization

Round with central spicules, reddish-brown
color and dark outline; positively birefringent
on polarization

Calcium oxalate
-Dihydratfed: franslucent bipyramidal
shapes; positively birefringent (weak) on
polarization
-Monohydrated: franslucent ovoids,
dumbbells, and rods; positively birefringent
on polarization

Calcium oxalate, calcium phosphate, mixed
-See calcium oxalate crystals
Calcium phosphate
-Amorphous or thick rods

Calcium oxalate, calcium phosphate, mixed
-See calcium oxalate crystals
Calcium phosphate
-Amorphous or thick rods

Kidney syndromes

Fanconi syndrome, AKI,
CKD, and ESKD

Crystalluria, cylinduria,
nephrolithiasis, AKI, CKD,
and ESKD

Crystalluria, cylinduria,
nephrolithiasis, AKI, CKD,
and ESKD

Type 1: crystalluria,
proximal tubulopathy/
Fanconi syndrome,
hypercalciuria,
nephrocalcinosis,
nephrolithiasis, CKD, and
ESKD
Type 2: same as fype 1

Crystalluria, proximal
fubulopathy/Fanconi
syndrome, distal RTA,
hypercalciuria,
nephrocalcinosis,
nephrolithiasis, CKD, and
ESKD

Histologic findings

Needle- or geometric-shaped crystal
footprints in podocytes, mesangial cells,
and interstitial macrophages; less common
in tubular cells and tubules; positively
birefringent on polarization

Crystals that are brown to green color on
H&E and PAS, light blue on frichrome, black
on JS; irregular or fan-shaped crystals
within tubules; positively birefringent on
polarization

Crystals that are franslucent o pale blue
crystals with fan-like or sunburst shapes
within tubular lumens, tubular cells, and
inferstitium; inferstitial inflammation near
crystals also noted; positively birefringent on
polarization

Rare calcium phosphate crystals in
corticomedullary junction; focal global
glomerulosclerosis; nonspecific findings
with tubular atrophy, interstitial
inflammation, and fibrosis

Rare calcium-phosphate crystals are found;
focal glomerulosclerosis; nonspecific
findings with tubular afrophy, interstitial
inflammation, and fibrosis

Therapy

Oral cysfeamine; freat metabolic
abnormalities (hypokalemia,
metabolic acidosis, efc.) of

Fanconi syndrome; supportive
care including dialysis and kidney
fransplantation

Xanthine oxidase inhibition
(allopurinol or febuxostat) therapy
early in the course; supportive
care including dialysis and kidney
fransplantation

Administer IVFs if hypovolemic;
oral cifrate and pyridoxine;
supportive care with dialysis,
kidney =+ liver transplantation;
lumasiran approved by FDA and
EU; stiripentol being studied in
clinical trials

Reduction in hypercalciuria with
thiazide diuretics; oral citrate: oral
potassium, phosphate, and
vifamin D; supportive care with
dialysis/iransplantation for ESKD

Oral bicarbonate, potassium,
phosphate and vitamin D;
supportive care with dialysis/
fransplantation for ESKD

AKI, acute kidney injury; APRT, adenine phosphoribosyltransferase; CKD, chronic kidney disease; ESKD, end-stage kidney disease, EU, European Union; FDA, US Food and Drug Administration; H&E, hematoxylin and eosin; IVF, i.v. fluid; JS, Jones

methenamine silver; PAS, periodic acid—Schiff, RTA, renal tubular acidosis.
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VK1 variability subgroup with several unusual amino
acid substitutions seem to promote crystallogenesis,
prevent intralysosomal degradation, and underlie the
disease process.”'®

Clinical manifestations include AKI, proteinuria, and
Fanconi syndrome.”*”’ Histologically, chronic tubu-
lointerstitial nephritis with numerous histiocytes is
noted.”'*”*"" Crystals, which are geometric and nee-
dle shaped on light and electron microscopy, are
similar to those found with LCPT except that the
crystals are located within the histiocytes rather than
the tubular cells.”'®” 7" Immunofluorescence stains
positive for monoclonal kappa-LCs.

As in other dysproteinemias, therapy is directed at
the clonal disorder to stop paraprotein production.
There is no role for plasma exchange. Crystal-storing
histiocytosis is associated with a slow loss of kidney
function and generally has a good prognosis.”* ”’

Crystalline Nephropathies Associated With
Inherited Disorders

A number of crystalline nephropathies of clinical in-
terest result from a number of inherited disorders.
Disordered enzyme metabolism or defective molecule
transport leads to crystal formation and precipitation
within the kidneys. Crystalline nephropathies owing to
cystinosis, 2,8-dihydroxyadenine, primary hyper-
oxaluria (PH), and Dent disease and Lowe syndrome are
discussed (Table 3).

Crystalline Nephropathy From Cystinosis

Kidney disease occurs with cystinosis, a rare, inherited
disease characterized by defects in cystine transport
across the lysosomal membranes which result in sys-
temic cystine accumulation and crystallization.”*””
Mutations in CTNS gene, which codes cystinosin, are
the primary cause of aberrant cystine transport.”*””
The disease occurs most often in infants, with a more
severe and potentially lethal form of cystinosis occur-
ring and leading to failure to thrive.”” ® A few cases
occur in adolescence or adulthood and tend to have
mild CTNS gene mutations.

Kidney involvement manifests in most cases in the
first year of life with infantile cystinosis.78 * Proximal
tubular dysfunction including a full Fanconi syndrome
may be found. Over time, progressive CKD and end-
stage kidney disease (ESKD) eventually occur. Cystine
crystals accumulate predominantly in podocytes,
mesangial cells, and interstitial macrophages, although
they may also deposit in tubular cells and within the
tubular lumens.”'®’® Crystals with needle-like or
geometric shapes are observed within the cells with
frozen specimens, but are otherwise dissolved out
during routine tissue processing.”'® When crystals are
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present,
polarization.

Standard therapy for cystinosis includes oral cyste-
amine, which enhances cystine clearance.”"** Cyste-
amine dosing is currently guided by the leukocyte
cystine levels of the patient. Plasma chitotriosidase
enzyme activity, an enzyme produced by macrophages
activated by cystine, was recently found to be a
biomarker of both cellular cystine burden and inflam-
mation and excellent predictor of leukocyte cystine
levels.®' Tt is possible that this biomarker may be a
better guide for cysteamine dosing. Although this
therapy slows crystal deposition, it is not a cure and
patients develop progressive kidney failure.®""** In
search of a more curative treatment, preclinical studies
using HSPC gene cell therapy have been successfully
used in a mouse model of cystinosis.”” Reduced tissue
cystine content and improved kidney function were
noted in an ex vivo gene-modified HSPC strategy using
self-inactivating lentivirus carrying CTNS cDNA
(pCCL-CTNS). On the basis of these exciting data, it is
hoped that pharmacologic and toxicologic studies will
reveal safety and efficacy and phase I/II human clinical
trials will be undertaken.®

they are
4,18,78

strongly  birefringent on

Crystalline Nephropathy From 2,8-Dihydroxyadenine
The 2,8-dihydroxyadeninuria or adenine phosphor-
ibosyltransferase deficiency is an autosomal recessive
disorder that occurs owing to loss of adenine phos-
phoribosyltransferase function.””** This defect in
enzyme function shunts adenine away from adenine
monophosphate formation to 8-hydroxyadenine and
2,8-hydroxyadenine formation by xanthine oxidase.
These crystals are highly insoluble in the urine and
precipitate in the tubular lumens. The main clinical
manifestations of this inherited disorder are neph-
rolithiasis and crystalline nephropathy.®”**

Delayed recognition and treatment of 2,8-
dihydroxyadeninuria may lead to progressive CKD
and ESKD.®” ® Although stone analysis is diagnostic,
urine sediment examination revealing round 2,8-
dihydroxyadenine crystals that are reddish-brown
with central spicules (Supplementary Figure SI1A)
provides critical information.'* Notably, these crystals
are birefringent and have a Maltese cross appearance
on polarization, and crystal-containing casts may also
be found. On kidney biopsy, intratubular crystals have
irregular and fan-like shapes and stain faint brownish-
green color on H&E (Supplementary Figure S1B) and
PAS, light blue on trichrome, and silver positive on
JS.'%% As in the urine, the crystals are strongly
birefringent on polarization.”'* When examining the
kidney tissue, it is important for pathologists to
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distinguish these crystals from similar appearing cal-
cium oxalate and triamterene crystals.”'**’

On recognition of this inherited disorder, timely
treatment with xanthine oxidase inhibitors, such as
allopurinol or febuxostat, prevents further crystal
deposition.®” ™ This approach can improve or stabilize
kidney function for many patients. Dialysis therapy
and kidney transplantation with xanthine oxidase
therapy to prevent recurrent crystalline-related kidney
disease are pursued when ESKD develops.

Crystalline Nephropathy From PH

PHs are autosomal recessive disorders that result in
calcium oxalate-related kidney disease owing to defects
in the enzymes of glyoxylate metabolism.** ** Exces-
sive production of glyoxylate by the liver leads to
increased oxalate synthesis, elevated plasma oxalate
levels, and hyperoxaluria. As a result, calcium oxalate
crystals deposit within the renal tubular lumens, which
causes urinary obstruction, direct cytotoxicity, and
necroinflammation. Although neph-
rolithiasis is common, calcium oxalate crystalline ne-
phropathy occurs in up to 50% of patients. PH-1 is the
most common, and kidney involvement often leads to
CKD and ESKD.*" *® Urine sediment examination may
reveal monohydrated (Supplementary Figure SIC) and/
or dihydrated calcium oxalate crystals that can be free
and/or found within casts. Histologic evaluation of the
kidneys reveals crystals within the tubules that are
birefringent on polarization (Supplementary
Figure S1D). Pediatric and adolescent patients with
oxalate nephropathy of unclear origin should undergo
testing for these genetic disorders.

Standard management includes oral potassium cit-
rate, volume repletion, and pyridoxine supplementa-
tion along with genetic counseling. When ESKD
develops, dialysis and kidney alone or along with liver
transplantation (primarily for PH-1) are also under-
taken.”® ®® New therapies for PH have recently become
available. Lumasiran given s.c. is a small interfering
RNA medication that targets hydroxyacid oxidase-1
gene and silences mRNA-encoding glycolate oxidase.
Through this effect, lumasiran depletes glycolate oxi-
dase and inhibits oxalate synthesis thereby signifi-
cantly reducing hyperoxaluria.”**” One dose of this
drug reduced urinary oxalate concentration up to 50%
in a PH-1 genetic mouse model and up to 98% with
multiple doses in a rat model of hyperoxaluria.®””
Iluminate-A, the phase 3 clinical trial in patients
with PH aged =6 years and estimated glomerular
filtration rate =30 ml/min per 1.73 m?, revealed a 65%
reduction in 24-hour urinary oxalate at 6 months with
no adverse effects.”’ Lumasiran also achieved statisti-
cally significant results for all 6 secondary end points

symptomatic
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in the trial. Lumasiran has been approved by the US
Food and Drug Administration and European Union for
PH-1 therapy in pediatric and adult patients."’

The oral antiepileptic drug stiripentol, a neuronal
lactate dehydrogenase-5 isoenzyme inhibitor, repre-
sents another potential treatment for calcium oxalate
crystalline nephropathy.**”* ”* On the basis on in vitro
and in vivo animal studies targeting hepatic lactate
dehydrogenase metabolism, both gene therapy and
stiripentol reduced hepatocyte oxalate synthesis and
992791 Using ethylene glycol
intoxication and oxalate nephropathy models, stir-
ipentol significantly reduced urine oxalate excretion.”
Although stiripentol failed to reduce plasma oxalate
concentrations in patients with dialysis-dependent PH-
1,” further study in clinical trials for oxalate-related
kidney disease is warranted.

urine oxalate excretion.

Nephrocalcinosis From Dent Disease and Lowe
Syndrome
Two rare inherited disorders associated with neph-
rocalcinosis include Dent disease and Lowe syndrome
(Table 3). Dent disease types 1 and 2 are both X-linked
recessive disorders that are due to mutations in the
CLCN5 and OCRLL genes, respectively.”””*”® Both
types of Dent disease manifest a proximal tubulopathy
or full Fanconi syndrome and hypercalciuria, which is
generally complicated by nephrocalcinosis and neph-
rolithiasis.”””* *® Interestingly, hypercalciuria is due to
both excessive calcium absorption in the gastrointes-
tinal tract and defective proximal tubule calcium up-
take.”” Calcium oxalate and calcium phosphate crystals
may be visualized in the urine sediment along with
erythrocytes, especially with kidney stones. Patients
can progress to CKD and ESKD over time. Other po-
tential findings include osteomalacia from renal phos-
phate wasting.®”* *® Patients with type 2 Dent disease
may also develop cataracts, intellectual disability, and
hypotonia.”® **'? Treatment is primarily supportive
including thiazide diuretics to reduce hypercalciuria,
oral citrate to reduce nephrolithiasis, oral potassium,
phosphate and vitamin D repletion, and dialysis and
transplantation when ESKD develops.®””® *°

Lowe (oculocerebrorenal) syndrome (Table 3) is very
similar to Dent disease type 2 and is also an X-linked
recessive disorder that is due to a mutation in the
OCRL1 gene.””'”'”” The kidney manifestations are
similar including proximal tubulopathy, nephrocalci-
nosis, and nephrolithiasis but can also include distal
renal tubular acidosis.””'*" '”’ Similar to Dent disease
type 2, patient can have cataracts, hypotonia, and in-
tellectual disability. The urine sediment findings are
similar to Dent disease, whereas progression of CKD is
typically more rapid in Lowe syndrome versus Dent
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. 83,100-103
disease.

Therapy is supportive with repletion
of oral bicarbonate/citrate, potassium, phosphate, and
vitamin D, whereas dialysis and transplantation are

options when ESKD develops,sz’moﬂm

Conclusion

The crystalline nephropathies are a unique form of
kidney disease. Direct and indirect crystal-related in-
juries including pathways on inflammation and nec-
roinflammation underlie kidney injury. Clinicians and
pathologists should be aware of the causes of crystal-
line nephropathy, including medications, dysprotei-
nemias, and inherited disorders. Diagnosis hinges on
urine sediment examination results and kidney biopsy
findings revealing intrarenal crystals.

DISCLOSURE

MAP is the deputy editor for Kidney360, co—editor-in-chief
for the Journal of Onco-Nephrology, AKI section editor for
Clinical Nephrology, on the editorial board for a number of
kidney and medicine journals, and an author for
UpToDate. LCH is on the editorial board of Kidney360
and is a consultant to ChemoCentryx.

SUPPLEMENTARY MATERIAL

Supplementary File (PDF)

Figure S1. Various crystals found in the urine sediment
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REFERENCES

1. Yarlagadda SG, Perazella MA. Drug-induced crystal ne-
phropathy: an update. Expert Opin Drug Saf. 2008;7:147-
158. https://doi.org/10.1517/14740338.7.2.147.

2. Daudon M, Frochot V, Bazin D, Jungers P. Drug-induced
kidney stones and crystalline nephropathy: pathophysi-
ology, prevention and treatment. Drugs. 2018;78:163-201.
https://doi.org/10.1007/s40265-017-0853-7.

3. Luciano RL, Perazella MA. Crystalline-induced kidney dis-
ease: a case for urine microscopy. Clin Kidney J. 2015;8:131-
136. https://doi.org/10.1093/ckj/sfu105.

4. Herlitz LC, D'Agati VD, Markowitz GS. Crystalline nephrop-
athies. Arch Pathol Lab Med. 2012;136:713-720. https:/doi.
org/10.5858/arpa.2011-0565-RA.

5. Aggarwal KP, Narula S, Kakkar M, Tandon C. Neph-
rolithiasis: molecular mechanism of renal stone formation
and the critical role played by modulators. BioMed Res Int.
2013;2013:292953.

6. Mulay SR, Shi C, Ma X, Anders HJ. Novel insights into
crystal-induced kidney injury. Kidney Dis (Basel). 2018;4:49—
57. https://doi.org/10.1159/000487671.

7. Mulay SR, Evan A, Anders HJ. Molecular mechanisms of

crystal-related kidney inflammation and injury. Implications
for cholesterol embolism, crystalline nephropathies and

2954

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

MA Perazella and LC Herlitz: Crystal-Induced Kidney Injury

kidney stone disease. Nephrol Dial Transplant. 2014;29:507—
514. https://doi.org/10.1093/ndt/gft248.

Knauf F, Asplin JR, Granja |, et al. NALP3-mediated inflam-
mation is a principal cause of progressive renal failure in
oxalate nephropathy. Kidney Int. 2013;84:895-901. https:/
doi.org/10.1038/ki.2013.207.

Liu H, Ye T, Yang X, et al. H19 promote calcium oxalate
nephrocalcinosis-induced renal tubular epithelial cell injury
via a ceRNA pathway. EBioMedicine. 2019;50:366-378.
https://doi.org/10.1016/j.ebiom.2019.10.059.

Ludwig-Portugall |, Bartok E, Dhana E, et al. An NLRP3-
specific inflammasome inhibitor attenuates crystal-induced
kidney fibrosis in mice. Kidney Int. 2016;90:525-539.
https://doi.org/10.1016/j.kint.2016.03.035.

Martin-Higueras C, Ludwig-Portugall |, Hoppe B, Kurts C.
Targeting kidney inflammation as a new therapy for primary
hyperoxaluria? Nephrol Dial Transplant. 2019;34:908-914.
https://doi.org/10.1093/ndt/gfy239.

Perazella MA. Pharmacology behind common drug neph-
rotoxicities. Clin J Am Soc Nephrol. 2018;13:1897-1908.
https://doi.org/10.2215/CJN.00150118.

Perazella MA. Drug-induced acute kidney injury: diverse
mechanisms of tubular injury. Curr Opin Crit Care. 2019;25:
550-557. https://doi.org/10.1097/MCC.0000000000000653.

Cavanaugh C, Perazella MA. Urine sediment examination in
the diagnosis and management of kidney disease: core
curriculum 2019. Am J Kidney Dis. 2019;73:258-272. https://
doi.org/10.1053/j.ajkd.2018.07.012.

Slade H, Mulroy E, Ussher J, Putt T, Schollum J, Walker R.
Sulfadiazine-induced crystal nephropathy: a new ‘old’
problem. Nephrology (Carlton). 2015;20:511. https://doi.org/
10.1111/nep.12428.

Nicholas Cossey L, Dvanajscak Z, Larsen CP.
A diagnostician’s field guide to crystalline nephropathies.
Semin Diagn Pathol. 2020;37:135-142. https://doi.org/10.
1053/j.semdp.2020.02.002.

Simon DI, Brosius FC 3rd, Rothstein DM. Sulfadiazine crys-
talluria revisited. The treatment of toxoplasma encephalitis
in patients with acquired immunodeficiency syndrome. Arch
Intern Med. 1990;150:2379-2384. https://doi.org/10.1001/
archinte.150.11.2379.

Green MR, Chamberlain MC. Renal dysfunction during and
after high-dose methotrexate. Cancer Chemother Pharma-
col. 2009;63:599-604. https://doi.org/10.1007/s00280-008-
0772-0.

Perazella MA, Moeckel GM. Nephrotoxicity from chemo-
therapeutic agents: clinical manifestations, pathobiology,
and prevention/therapy [published correction appears in
Semin Nephrol. 2011;31:317]. Semin Nephrol. 2010;30:570-
581. https://doi.org/10.1016/j.semnephrol.2010.09.005.

Wiczer T, Dotson E, Tuten A, Phillips G, Maddocks K. Eval-
uation of incidence and risk factors for high-dose metho-
trexate-induced nephrotoxicity. J Oncol Pharm Pract.
2016;22:430-436. https://doi.org/10.1177/1078155215594417.

Medrano C, Oberic L, Puisset F, et al. Life-threatening com-
plications after high-dose methotrexate and the benefits of
glucarpidase as salvage therapy: a cohort study of 468 pa-
tients. Leuk Lymphoma. 2021,;62:846-853. https://doi.org/10.
1080/10428194.2020.1846733.

Kidney International Reports (2021) 6, 2942-2957


https://doi.org/10.1016/j.ekir.2021.09.003
https://doi.org/10.1517/14740338.7.2.147
https://doi.org/10.1007/s40265-017-0853-7
https://doi.org/10.1093/ckj/sfu105
https://doi.org/10.5858/arpa.2011-0565-RA
https://doi.org/10.5858/arpa.2011-0565-RA
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref5
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref5
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref5
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref5
https://doi.org/10.1159/000487671
https://doi.org/10.1093/ndt/gft248
https://doi.org/10.1038/ki.2013.207
https://doi.org/10.1038/ki.2013.207
https://doi.org/10.1016/j.ebiom.2019.10.059
https://doi.org/10.1016/j.kint.2016.03.035
https://doi.org/10.1093/ndt/gfy239
https://doi.org/10.2215/CJN.00150118
https://doi.org/10.1097/MCC.0000000000000653
https://doi.org/10.1053/j.ajkd.2018.07.012
https://doi.org/10.1053/j.ajkd.2018.07.012
https://doi.org/10.1111/nep.12428
https://doi.org/10.1111/nep.12428
https://doi.org/10.1053/j.semdp.2020.02.002
https://doi.org/10.1053/j.semdp.2020.02.002
https://doi.org/10.1001/archinte.150.11.2379
https://doi.org/10.1001/archinte.150.11.2379
https://doi.org/10.1007/s00280-008-0772-0
https://doi.org/10.1007/s00280-008-0772-0
https://doi.org/10.1016/j.semnephrol.2010.09.005
https://doi.org/10.1177/1078155215594417
https://doi.org/10.1080/10428194.2020.1846733
https://doi.org/10.1080/10428194.2020.1846733

MA Perazella and LC Herlitz: Crystal-Induced Kidney Injury

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Reilly RF, Tray K, Perazella MA. Indinavir nephropathy
revisited: a pattern of insidious renal failure with identifiable
risk factors. Am J Kidney Dis. 2001;38:E23. https://doi.org/10.
1053/ajkd.2001.27732.

Kopp JB, Miller KD, Mican JA, et al. Crystalluria and urinary
tract abnormalities associated with indinavir. Ann Intern
Med. 1997;127:119-125. https://doi.org/10.7326/0003-4819-
127-2-199707150-00004.

Soto K, Campos P, Manso R, Antunes AMM, Morello J,
Perazella MA. Severe acute kidney injury and double tubul-
opathy due to dual toxicity caused by combination antire-
troviral therapy. Kidney Int Rep. 2018;4:494-499. https://doi.
org/10.1016/j.ekir.2018.11.014.

Sury K, Perazella MA. The changing face of human immuno-
deficiency virus-mediated kidney disease. Adv Chronic Kidney
Dis. 2019;26:185-197. https://doi.org/10.1053/j.ackd.2018.12.001.

Hara M, Suganuma A, Yanagisawa N, Imamura A,
Hishima T, Ando M. Atazanavir nephrotoxicity. Clin Kidney
J. 2015;8:137-142. https://doi.org/10.1093/ckj/sfv015.

Santoriello D, Al-Nabulsi M, Reddy A, Salamera J,
D’Agati VD, Markowitz GS. Atazanavir-associated crystalline
nephropathy. Am J Kidney Dis. 2017;70:576-580. https://doi.
org/10.1053/j.ajkd.2017.02.376.

Nishijima T, Tsuchiya K, Tanaka N, et al. Single-nucleotide
polymorphisms in the UDP-glucuronosyltransferase 1A-3'
untranslated region are associated with atazanavir-induced
nephrolithiasis in patients with HIV-1 infection: a pharma-
cogenetic study. J Antimicrob Chemother. 2014;69:3320—
3328. https://doi.org/10.1093/jac/dku304.

Leowattana W. Antiviral drugs and acute kidney injury (AKI).
Infect Disord Drug Targets. 2019;19:375-382. https://doi.org/
10.2174/1871526519666190617154137.

Roberts DM, Smith MW, McMullan BJ, Sevastos J, Day RO.
Acute kidney injury due to crystalluria following acute
valacyclovir overdose. Kidney Int. 2011;79:574. https://doi.
org/10.1038/ki.2010.496.

Perazella MA. Crystal-induced acute renal failure. Am J Med.
1999;106:459-465. https://doi.org/10.1016/s0002-9343(99)
00041-8.

Fairley KF, Woo KT, Birch DF, et al. Triamterene-induced
crystalluria and cylinduria: clinical and experimental studies.
Clin Nephrol. 1986;26:169-173.

Fairley KF, Birch DF, Haines I. Abnormal urinary sediment in
patients on triamterene. Lancet. 1983;1:421-422. https://doi.
org/10.1016/s0140-6736(83)91542-8.

Ball P. Ciprofloxacin: an overview of adverse experiences.
J Antimicrob Chemother. 1986;18(suppl D):187-193. https://
doi.org/10.1093/jac/18.sd.187.

Schluter G. Ciprofloxacin: review of potential toxicologic
effects. Am J Med. 1987;82:91.

Thorsteinsson SB, Bergan T, Oddsdottir S, Rohwedder R,
Holm R. Crystalluria and ciprofloxacin, influence of urinary
pH and hydration. Chemotherapy. 1986;32:408-417. https://
doi.org/10.1159/000238444.

Ball P, Tillotson G. Tolerability of fluoroquinolone antibi-
otics. Past, present and future. Drug Saf. 1995;13:343-358.
https://doi.org/10.2165/00002018-199513060-00004.

Schacht P, Deck K, Arcieri G. Ciprofloxacin, Product Mono-
graph. Auckland, New Zealand: Adis Press; 1986.

Kidney International Reports (2021) 6, 2942-2957

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

REVIEW

Thorsteinsson SB, Bergan T, Rohwedder R. Tolerance of
intravenously administered ciprofloxacin. Chemotherapy.
1988;34:256-260. https://doi.org/10.1159/000238577.

Hootkins R, Fenves AZ, Stephens MK. Acute renal failure
secondary to oral ciprofloxacin therapy: a presentation of
three cases and a review of the literature. Clin Nephrol.
1989;32:75-78.

Chopra N, Fine PL, Price B, Atlas I. Bilateral hydronephrosis
from ciprofloxacin induced crystalluria and stone formation.
J Urol. 2000;164:438.

Dharnidharka VR, Nadeau K, Cannon CL, Harris HW,
Rosen S. Ciprofloxacin overdose: acute renal failure with
prominent apoptotic changes. Am J Kidney Dis. 1998;31:
710-712. https://doi.org/10.1053/ajkd.1998.v31.pm9531191.

Sedlacek M, Suriawinata AA, Schoolwerth A, Remillard BD.
Ciprofloxacin crystal nephropathy—a ‘new’ cause of acute
renal failure. Nephrol Dial Transplant. 2006;21:2339-2340.
https://doi.org/10.1093/ndt/gfl160.

Stratta P, Lazzarich E, Canavese C, Bozzola C, Monga G.
Ciprofloxacin crystal nephropathy. Am J Kidney Dis.
2007;50:330-335. https://doi.org/10.1053/j.ajkd.2007.05.014.

Montagnac R, Briat C, Schillinger F, Sartelet H, Birembaut P,
Daudon M. [Fluoroquinolone induced acute renal failure.
General review about a case report with crystalluria due to
ciprofloxacin]. Nephrol Ther. 2005;1:44-51. https://doi.org/
10.1016/j.nephro.2005.02.005.

Fogazzi GB, Garigali G, Brambilla C, Daudon M. Ciprofloxa-
cin crystalluria. Nephrol Dial Transplant. 2006;21:2982-2983.
https://doi.org/10.1093/ndt/gfl320.

Christ W, Lehnert T, Ulbrich B. Specific toxicologic aspects
of the quinolones. Rev Infect Dis. 1988;10(suppl 1):S141-
S146. https://doi.org/10.1093/clinids/10.supplement_1.s141.

Garnier AS, Dellamaggiore J, Brilland B, et al. High inci-
dence of amoxicillin-induced crystal nephropathy in patients
receiving high dose of intravenous amoxicillin. J Clin Med.
2020;9:2022-2032. https://doi.org/10.3390/jcm9072022.

Thomas L, Le Beller C, Trenque T, et al. Amoxicillin-induced
crystal nephropathy: a nationwide French pharmacovigi-
lance databases study. Br J Clin Pharmacol. 2020;86:2256-
2265. https://doi.org/10.1111/bcp.14328.

Kleppe DM, Patel AD, Goodin J, et al. Amoxicillin-induced
crystalline nephropathy presenting as ureteral obstruction.
Clin Pediatr (Phila). 2020;59:614-617. https://doi.org/10.1177/
0009922820912214.

Hentzien M, Lambert D, Limelette A, et al. Macroscopic
amoxicillin crystalluria. Lancet. 2015;385:2296. https:/doi.
org/10.1016/S0140-6736(14)62001-8.

Rafat C, Haymann JP, Gaudry S, et al. The case: a crystal-
clear diagnosis: acute kidney injury in a patient with sus-
pected meningoencephalitis. Diagnosis: amoxicillin-induced
crystal nephropathy. Kidney Int. 2014;86:1065-1066. https:/
doi.org/10.1038/ki.2013.446.

Labriola L, Jadoul M, Daudons M, Pirson Y, Lambert M.
Massive amoxyecillin crystalluria causing anuric acute renal
failure. Clin Nephrol. 2003;59:455-457. https://doi.org/10.
5414/cnp59455.

Hogan JJ, Alexander MP, Leung N. Dysproteinemia and the
kidney: core curriculum 2019. Am J Kidney Dis. 2019;74:822-
836. https://doi.org/10.1053/j.ajkd.2019.04.029.

2955



https://doi.org/10.1053/ajkd.2001.27732
https://doi.org/10.1053/ajkd.2001.27732
https://doi.org/10.7326/0003-4819-127-2-199707150-00004
https://doi.org/10.7326/0003-4819-127-2-199707150-00004
https://doi.org/10.1016/j.ekir.2018.11.014
https://doi.org/10.1016/j.ekir.2018.11.014
https://doi.org/10.1053/j.ackd.2018.12.001
https://doi.org/10.1093/ckj/sfv015
https://doi.org/10.1053/j.ajkd.2017.02.376
https://doi.org/10.1053/j.ajkd.2017.02.376
https://doi.org/10.1093/jac/dku304
https://doi.org/10.2174/1871526519666190617154137
https://doi.org/10.2174/1871526519666190617154137
https://doi.org/10.1038/ki.2010.496
https://doi.org/10.1038/ki.2010.496
https://doi.org/10.1016/s0002-9343(99)00041-8
https://doi.org/10.1016/s0002-9343(99)00041-8
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref32
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref32
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref32
https://doi.org/10.1016/s0140-6736(83)91542-8
https://doi.org/10.1016/s0140-6736(83)91542-8
https://doi.org/10.1093/jac/18.sd.187
https://doi.org/10.1093/jac/18.sd.187
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref35
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref35
https://doi.org/10.1159/000238444
https://doi.org/10.1159/000238444
https://doi.org/10.2165/00002018-199513060-00004
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref38
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref38
https://doi.org/10.1159/000238577
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref40
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref40
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref40
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref40
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref41
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref41
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref41
https://doi.org/10.1053/ajkd.1998.v31.pm9531191
https://doi.org/10.1093/ndt/gfl160
https://doi.org/10.1053/j.ajkd.2007.05.014
https://doi.org/10.1016/j.nephro.2005.02.005
https://doi.org/10.1016/j.nephro.2005.02.005
https://doi.org/10.1093/ndt/gfl320
https://doi.org/10.1093/clinids/10.supplement_1.s141
https://doi.org/10.3390/jcm9072022
https://doi.org/10.1111/bcp.14328
https://doi.org/10.1177/0009922820912214
https://doi.org/10.1177/0009922820912214
https://doi.org/10.1016/S0140-6736(14)62001-8
https://doi.org/10.1016/S0140-6736(14)62001-8
https://doi.org/10.1038/ki.2013.446
https://doi.org/10.1038/ki.2013.446
https://doi.org/10.5414/cnp59455
https://doi.org/10.5414/cnp59455
https://doi.org/10.1053/j.ajkd.2019.04.029

REVIEW

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

2956

Rosner MH, Jhaveri KD, McMahon BA, Perazella MA.
Onconephrology: the intersections between the kidney and
cancer. CA Cancer J Clin. 2021;71:47-77. https://doi.org/10.
3322/caac.21636.

Zuo C, Zhu Y, Xu G. An update to the pathogenesis for
monoclonal gammopathy of renal significance. Ann Hema-
tol. 2020;99:703-714. https://doi.org/10.1007/s00277-020-
03971-1.

Hutchison CA, Xiong F, Mollee P. The treatment of
paraprotein-related kidney disease. Curr Opin Nephrol
Hypertens. 2017;26:477-483. https://doi.org/10.1097/MNH.
0000000000000369.

Perazella MA, Finkel KW, American Society of Nephrology
Onco-Nephology Forum. Paraprotein-related kidney dis-
ease: attack of the killer M proteins. Clin J Am Soc
Nephrol. 2016;11:2256-2259. https://doi.org/10.2215/CJN.
02960316.

Messiaen T, Deret S, Mougenot B, et al. Adult Fanconi syn-
drome secondary to light chain gammopathy: clinicopatho-
logic heterogeneity and unusual features in 11 patients.
Medicine (Baltimore). 2000;79:135-154. https://doi.org/10.
1097/00005792-200005000-00002.

Jung M, Lee Y, Lee H, Moon KC. Clinicopathological char-
acteristics of light chain proximal tubulopathy in Korean
patients and the diagnostic usefulness of immunohisto-
chemical staining for immunoglobulin light chain. BMC
Nephrol. 2020;21:146. https://doi.org/10.1186/s12882-020-
01813-w.

Herlitz LC, Roglieri J, Resta R, Bhagat G, Markowitz GS. Light
chain proximal tubulopathy. Kidney Int. 2009;76:792-797.
https://doi.org/10.1038/ki.2008.666.

Larsen CP, Bell JM, Harris AA, Messias NC, Wang YH,
Walker PD. The morphologic spectrum and clinical signifi-
cance of light chain proximal tubulopathy with and without
crystal formation. Mod Pathol. 2011;24:1462-1469. https:/
doi.org/10.1038/modpathol.2011.104.

Stokes MB, Valeri AM, Herlitz L, et al. Light chain proximal
tubulopathy: clinical and pathologic characteristics in the
modern treatment era. J Am Soc Nephrol. 2016;27:1555—
1565. https://doi.org/10.1681/ASN.2015020185.

Leboulleux M, Lelongt B, Mougenot B, et al. Monoclonal Ig L
chain and L chain V domain fragment crystallization in
myeloma-associated Fanconi’'s syndrome. Kidney Int.
1995;48:72-79.

Matsumura H, Furukawa Y, Nakagaki T, et al. Multiple
myeloma-associated |g light chain crystalline cast ne-
phropathy. Kidney Int Rep. 2020;5:1595-1602. https://doi.
org/10.1016/j.ekir.2020.06.026.

Lerner G, Moradi S, Cohen-Bucay A, et al. Coincidental
crystalline light chain cast nephropathy, light chain proximal
tubulopathy, and urine crystallopathy: a case report and
review of the literature. Clin Nephrol. 2020;93:203-208.
https://doi.org/10.5414/CN109770.

Luciano RL, Castano E, Fogazzi GB, Perazella MA. Light
chain crystalline kidney disease: diagnostic urine micro-
scopy as the “liquid kidney biopsy.”. Clin Nephrol. 2014;82:
387-391. https://doi.org/10.5414/CN108424.

Gallan AJ, Khalighi MA. Lambda light chain crystalline cast
nephropathy and proximal tubulopathy. Kidney Int Rep.
2016;1:316-320. https://doi.org/10.1016/j.ekir.2016.08.005.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

MA Perazella and LC Herlitz: Crystal-Induced Kidney Injury

Lin J, Markowitz GS, Valeri AM, et al. Renal monoclonal
immunoglobulin deposition disease: the disease spectrum.
J Am Soc Nephrol. 2001;12:1482-1492. https://doi.org/10.
1681/ASN.V1271482.

Gupta V, El Ters M, Kashani K, Leung N, Nasr SH. Crystal-
globulin-induced nephropathy. J Am Soc Nephrol. 2015;26:
525-529. https://doi.org/10.1681/ASN.2014050509.

D’Costa MR, Dalvin LA, Manohar S, et al. Crystalglobulin-
induced nephropathy and keratopathy [published correction
appears in Kidney Med. 2020;2:94]. Kidney Med. 2019;1:71-
74. https://doi.org/10.1016/j.xkme.2019.01.006.

Gupta RK, Arend LJ, Bk A, Narsipur S, Bhargava R. Crys-
talglobulin-associated nephropathy presenting as MGRS in
a case of monoclonal B-cell lymphocytosis: a case report.
BMC Nephrol. 2020;21:184. https://doi.org/10.1186/s12882-
020-01818-5.

Pichler Sekulic S, Negrea L, Pradhan N, Kalahasti P,
Kansal S, Sekulic M. Concomitant monoclonal immuno-
globulin deposition disease and crystalglobulin-induced
nephropathy with a membranoproliferative pattern of
glomerular injury. Clin Nephrol. 2020;94:155-160. https:/doi.
org/10.5414/CN110163.

El Hamel C, Thierry A, Trouillas P, et al. Crystal-storing his-
tiocytosis with renal Fanconi syndrome: pathological and
molecular characteristics compared with classical myeloma-
associated Fanconi syndrome. Nephrol Dial Transplant.
2010;25:2982-2990. https://doi.org/10.1093/ndt/gfq129.

Stokes MB, Aronoff B, Siegel D, D’Agati VD. Dysproteine-
mia-related nephropathy associated with crystal-storing
histiocytosis. Kidney Int. 2006;70:597-602. https://doi.org/
10.1038/sj.ki.5001524.

Dogan S, Barnes L, Cruz-Vetrano WP. Crystal-storing his-
tiocytosis: report of a case, review of the literature (80 cases)
and a proposed classification. Head Neck Pathol. 2012;6:
111-120. https://doi.org/10.1007/s12105-011-0326-3.

Farooq U, Bayerl MG, Abendroth CS, Verma N, Talamo G.
Renal crystal storing histiocytosis in a patient with multiple
myeloma. Ann Hematol. 2009;88:807-809. https://doi.org/10.
1007/s00277-008-0660-z.

Veys KR, ElImonem MA, Arcolino FO, van den Heuvel L,
Levtchenko E. Nephropathic cystinosis: an update. Curr
Opin Pediatr. 2017;29:168-178. https://doi.org/10.1097/MOP.
0000000000000462.

Emma F, Nesterova G, Langman C, et al. Nephropathic
cystinosis: an international consensus document. Nephrol
Dial Transplant. 2014;29(suppl 4):iv87-iv94. https://doi.org/
10.1093/ndt/gfu090.

Servais A, Moriniére V, Griinfeld JP, et al. Late-onset neph-
ropathic cystinosis: clinical presentation, outcome, and
genotyping. Clin J Am Soc Nephrol. 2008;3:27-35. https://
doi.org/10.2215/CJN.01740407.

Veys KRP, EImonem MA, Van Dyck M, et al. Chitotriosidase
as a novel biomarker for therapeutic monitoring of nephro-
pathic cystinosis. J Am Soc Nephrol. 2020;31:1092-1106.
https://doi.org/10.1681/ASN.2019080774.

Rocca CJ, Cherqui S. Potential use of stem cells as a therapy
for cystinosis. Pediatr Nephrol. 2019;34:965-973. https:/doi.
0rg/10.1007/s00467-018-3974-7.

Edvardsson VO, Goldfarb DS, Lieske JC, et al. Hereditary
causes of kidney stones and chronic kidney disease. Pediatr

Kidney International Reports (2021) 6, 2942-2957


https://doi.org/10.3322/caac.21636
https://doi.org/10.3322/caac.21636
https://doi.org/10.1007/s00277-020-03971-1
https://doi.org/10.1007/s00277-020-03971-1
https://doi.org/10.1097/MNH.0000000000000369
https://doi.org/10.1097/MNH.0000000000000369
https://doi.org/10.2215/CJN.02960316
https://doi.org/10.2215/CJN.02960316
https://doi.org/10.1097/00005792-200005000-00002
https://doi.org/10.1097/00005792-200005000-00002
https://doi.org/10.1186/s12882-020-01813-w
https://doi.org/10.1186/s12882-020-01813-w
https://doi.org/10.1038/ki.2008.666
https://doi.org/10.1038/modpathol.2011.104
https://doi.org/10.1038/modpathol.2011.104
https://doi.org/10.1681/ASN.2015020185
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref64
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref64
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref64
http://refhub.elsevier.com/S2468-0249(21)01421-2/sref64
https://doi.org/10.1016/j.ekir.2020.06.026
https://doi.org/10.1016/j.ekir.2020.06.026
https://doi.org/10.5414/CN109770
https://doi.org/10.5414/CN108424
https://doi.org/10.1016/j.ekir.2016.08.005
https://doi.org/10.1681/ASN.V1271482
https://doi.org/10.1681/ASN.V1271482
https://doi.org/10.1681/ASN.2014050509
https://doi.org/10.1016/j.xkme.2019.01.006
https://doi.org/10.1186/s12882-020-01818-5
https://doi.org/10.1186/s12882-020-01818-5
https://doi.org/10.5414/CN110163
https://doi.org/10.5414/CN110163
https://doi.org/10.1093/ndt/gfq129
https://doi.org/10.1038/sj.ki.5001524
https://doi.org/10.1038/sj.ki.5001524
https://doi.org/10.1007/s12105-011-0326-3
https://doi.org/10.1007/s00277-008-0660-z
https://doi.org/10.1007/s00277-008-0660-z
https://doi.org/10.1097/MOP.0000000000000462
https://doi.org/10.1097/MOP.0000000000000462
https://doi.org/10.1093/ndt/gfu090
https://doi.org/10.1093/ndt/gfu090
https://doi.org/10.2215/CJN.01740407
https://doi.org/10.2215/CJN.01740407
https://doi.org/10.1681/ASN.2019080774
https://doi.org/10.1007/s00467-018-3974-7
https://doi.org/10.1007/s00467-018-3974-7

MA Perazella and LC Herlitz: Crystal-Induced Kidney Injury

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Nephrol. 2013;28:1923-1942. https://doi.org/10.1007/s00467-
012-2329-z.

Nasr SH, Sethi S, Cornell LD, et al. Crystalline nephropathy
due to 2,8-dihydroxyadeninuria: an under-recognized cause
of irreversible renal failure. Nephrol Dial Transplant.
2010;25:1909-1915. https://doi.org/10.1093/ndt/gfp711.

Runolfsdottir HL, Palsson R, Agustsdottir IM, Indridason OS,
Edvardsson VO. Kidney disease in adenine phosphor-
ibosyltransferase deficiency. Am J Kidney Dis. 2016;67:431-
438. https://doi.org/10.1053/j.ajkd.2015.10.023.

Strauss SB, Waltuch T, Bivin W, Kaskel F, Levin TL. Primary
hyperoxaluria: spectrum of clinical and imaging findings.
Pediatr Radiol. 2017;47:96-103. https://doi.org/10.1007/
s00247-016-3723-7.

Sas DJ, Harris PC, Milliner DS. Recent advances in the
identification and management of inherited hyperoxalurias
[published correction appears in Urolithiasis. 2020;48(1):93].
Urolithiasis. 2019;47:79-89. https://doi.org/10.1007/s00240-
018-1093-3.

Belostotsky R, Frishberg Y. Novel therapeutic approaches
for the primary hyperoxalurias. Pediatr Nephrol. 2021;36:
2593-2606. https://doi.org/10.1007/s00467-020-04817-8.

Scott LJ, Keaam SJ. Lumasiran: First approval. Drugs. 2021;81:
277-282. https://doi.org/10.1007/s40265-020-01463-0.

Liebow A, Li X, Racie T, et al. An investigational RNAi ther-
apeutic targeting glycolate oxidase reduces oxalate pro-
duction in models of primary hyperoxaluria. J Am Soc
Nephrol. 2017;28:494-503. https://doi.org/10.1681/ASN.
2016030338.

Garrelfs SF, Frishberg Y, Hulton SA, et al. Lumasiran. An
RNAI therapeutic for primary hyperoxaluria type 1. N Engl J
Med. 2021;384:1216-1226. https://doi.org/10.1056/
NEJMo0a2021712.

Letavernier E, Daudon M. Stiripentol identifies a therapeutic
target to reduce oxaluria. Curr Opin Nephrol Hypertens.
2020;29:394-399. https://doi.org/10.1097/MNH.
0000000000000621.

Wyatt CM, Driieke TB. Stiripentol for the treatment of pri-
mary hyperoxaluria and calcium oxalate nephropathy.

Kidney International Reports (2021) 6, 2942-2957

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

REVIEW

Kidney Int. 2020;97:17-19. https://doi.org/10.1016/j.kint.2019.
06.011.

Le Dudal M, Huguet L, Perez J, et al. Stiripentol protects
against calcium oxalate nephrolithiasis and ethylene glycol
poisoning. J Clin Invest. 2019;129:2571-2577. https://doi.org/
10.1172/JCI99822.

Kempf C, Pfau A, Holle J, et al. Stiripentol fails to lower
plasma oxalate in a dialysis-dependent PH1 patient. Pediatr
Nephrol. 2020;35:1787-1789. https://doi.org/10.1007/s00467-
020-04585-5.

Ehlayel AM, Copelovitch L. Update on Dent disease. Pediatr
Clin North Am. 2019;66:169-178. https://doi.org/10.1016/j.
pcl.2018.09.003.

Blanchard A, Curis E, Guyon-Roger T, et al. Observations of
a large Dent disease cohort. Kidney Int. 2016;90:430-439.
https://doi.org/10.1016/j.kint.2016.04.022.

Clayerie-Martin F, Ramos-Trujillo E, Garcia-Nieto V. Dent's
disease: clinical features and molecular basis. Pediatr
Nephrol. 2011;26:693-704. https:/doi.org/10.1007/s00467-
010-1657-0.

Anglani F, Gianesello L, Beara-Lasic L, Lieske J. Dent dis-
ease: a window into calcium and phosphate transport. J Cell
Mol Med. 2019;23:7132-7142. https://doi.org/10.1111/jcmm.
14590.

De Matteis MA, Staiano L, Emma F, Devuyst O. The 5-
phosphatase OCRL in Lowe syndrome and Dent disease 2.
Nat Rev Nephrol. 2017;13:455-470. https://doi.org/10.1038/
nrneph.2017.83.

Hichri H, Rendu J, Monnier N, et al. From Lowe syndrome
to Dent Disease: correlations between mutations of the
OCRL1 gene and clinical and biochemical phenotypes. Hum
Mutat.  2011;32:379-388.  https://doi.org/10.1002/humu.
21391.

Mehta ZB, Pietka G, Lowe M. The cellular and physiological
functions of the Lowe syndrome protein OCRL1. Traffic.
2014;15:471-487. https://doi.org/10.1111/tra.12160.

Schurman SJ, Scheinman SJ. Inherited cerebrorenal syn-
dromes. Nat Rev Nephrol. 2009;5:529-538. https://doi.org/
10.1038/nrneph.2009.124.

2957



https://doi.org/10.1007/s00467-012-2329-z
https://doi.org/10.1007/s00467-012-2329-z
https://doi.org/10.1093/ndt/gfp711
https://doi.org/10.1053/j.ajkd.2015.10.023
https://doi.org/10.1007/s00247-016-3723-7
https://doi.org/10.1007/s00247-016-3723-7
https://doi.org/10.1007/s00240-018-1093-3
https://doi.org/10.1007/s00240-018-1093-3
https://doi.org/10.1007/s00467-020-04817-8
https://doi.org/10.1007/s40265-020-01463-0
https://doi.org/10.1681/ASN.2016030338
https://doi.org/10.1681/ASN.2016030338
https://doi.org/10.1056/NEJMoa2021712
https://doi.org/10.1056/NEJMoa2021712
https://doi.org/10.1097/MNH.0000000000000621
https://doi.org/10.1097/MNH.0000000000000621
https://doi.org/10.1016/j.kint.2019.06.011
https://doi.org/10.1016/j.kint.2019.06.011
https://doi.org/10.1172/JCI99822
https://doi.org/10.1172/JCI99822
https://doi.org/10.1007/s00467-020-04585-5
https://doi.org/10.1007/s00467-020-04585-5
https://doi.org/10.1016/j.pcl.2018.09.003
https://doi.org/10.1016/j.pcl.2018.09.003
https://doi.org/10.1016/j.kint.2016.04.022
https://doi.org/10.1007/s00467-010-1657-0
https://doi.org/10.1007/s00467-010-1657-0
https://doi.org/10.1111/jcmm.14590
https://doi.org/10.1111/jcmm.14590
https://doi.org/10.1038/nrneph.2017.83
https://doi.org/10.1038/nrneph.2017.83
https://doi.org/10.1002/humu.21391
https://doi.org/10.1002/humu.21391
https://doi.org/10.1111/tra.12160
https://doi.org/10.1038/nrneph.2009.124
https://doi.org/10.1038/nrneph.2009.124

	The Crystalline Nephropathies
	Pathogenesis of Crystalline Nephropathies
	Medication-Induced Crystalline Nephropathies
	Sulfa-Based Medications
	Methotrexate
	Protease Inhibitors (Indinavir, Atazanavir, and Darunavir)
	Acyclovir
	Triamterene
	Ciprofloxacin
	Amoxicillin

	Dysproteinemia-Related Crystalline Nephropathies
	LC Crystalline Proximal Tubulopathy
	LC Crystalline Cast Nephropathy
	Crystalglobulin-Induced Nephropathy
	Crystal-Storing Histiocytosis Nephropathy

	Crystalline Nephropathies Associated With Inherited Disorders
	Crystalline Nephropathy From Cystinosis
	Crystalline Nephropathy From 2,8-Dihydroxyadenine
	Crystalline Nephropathy From PH
	Nephrocalcinosis From Dent Disease and Lowe Syndrome

	Conclusion
	Disclosure
	Supplementary Material
	References


