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Introduction: Vancomycin nephrotoxicity is frequent and may be due to drug-induced acute tubular ne-

crosis (ATN) or tubulointerstitial nephritis (TIN). Vancomycin-associated tubular cast (VTC) was recently

described and may represent a novel cause of vancomycin nephrotoxicity. However, much is still un-

known about VTC.

Materials and Methods: Thirty-seven kidney biopsy specimens from patients who were treated with

vancomycin and developed acute kidney injury (AKI) were found among a total of 4673 biopsy samples

between 2010 and 2019. These biopsy specimens were subjected to light microscopy, immunofluores-

cence, electron microscopy, and immunolocalization for vancomycin, uromodulin, myoglobin, tubular

segment–specific markers, and examined for VTCs. The findings were correlated with the clinical course.

Results: VTCs displayed precipitated vancomycin casts in a background of uromodulin; the casts were

limited to the distal tubules, and always associated with a background of more diffuse renal injury (ATN or

TIN). The diagnosis of vancomycin nephrotoxicity was made in in 28 of 37 patients. VTC was noted in 25 of

28 biopsy samples from patients diagnosed with vancomycin nephrotoxicity and in one of nine biopsy

samples from patients without this diagnosis. Vancomycin nephrotoxicity was diagnosed in 25 of 26 pa-

tients whose biopsy specimens showed VTC, but in only 3 of 11 patients without VTC in the biopsy

samples.

Conclusions: VTC displays a characteristic morphologic profile amenable to ready recognition in biopsy

specimens. It results from coprecipitation of vancomycin and uromodulin. It facilitates the biopsy diag-

nosis of vancomycin nephrotoxicity. It may have a nephrotoxic effect superimposing on and independent

from the ATN or interstitial nephritis in the pathogenesis of vancomycin nephrotoxicity.
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S
taphylococcal infection resistant to conventional
antibiotics including methicillin is increasingly

frequent and represents one of the most severe types of
infection.1-4 Consensus guidelines from the Infectious
Diseases Society of America indicate that vancomycin is
the drug of choice in this situation.5 In fact, vanco-
mycin is the most frequently prescribed antibiotic in
the hospital setting for up to 35% of hospitalized pa-
tients with infection.2
spondence: Ngoentra Tantranont, Department of Pathology,

y of Medicine Siriraj Hospital, Mahidol University , 2 Thanon

Lang, Khwaeng Siriraj, Bangkoknoi, Bangkok 10700,

nd. E-mail: ngoentramink@gmail.com

ved 31 August 2020; revised 23 April 2021; accepted 27 April

published online 12 May 2021
One of the more frequent side effects of vancomycin
is nephrotoxicity, manifesting clinically as AKI,
developing de novo or against a background of chronic
kidney injury (CKI). Vancomycin nephrotoxicity (VN)
has been reported in up to 25% of patients, promoted
by several risk factors including high doses, elevated
serum drug concentration, concomitant nephrotoxic
drugs, and pre-existing systemic conditions such as
obesity, CKI, diabetes, liver disease, and immunosup-
pression.1-4 Many of these risk factors are also known
risk factors for infection. These considerations clearly
magnify the profound clinical implication of VN.

VN is often diagnosed by clinical and laboratory
findings, followed by discontinuation of the drug,
often resulting in improvement of renal function, thus
confirming the diagnosis. However, renal biopsy may
Kidney International Reports (2021) 6, 1912–1922

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.ekir.2021.04.035
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ngoentramink@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ekir.2021.04.035&domain=pdf


N Tantranont et al.: Vancomycin Nephrotoxicity CLINICAL RESEARCH
be indicated if the clinical diagnosis is equivocal, or in
the presence of other conditions that by themselves can
cause AKI.6 In patients treated with vancomycin who
develop AKI, it can be attributed to vancomycin in
only 59% of cases.7 A definite diagnosis is imperative
for the decision to continue with vancomycin or
replace it with other antibiotics.

Although VN has been well known for the past 50
years, the renal changes associated with it is still poorly
defined, perhaps reflecting limited opportunities for
renal biopsies. The lesions, reported in less than 31
renal biopsy specimens, mostly in single case studies,
include TIN or ATN, developing individually or often
in combination.6 These structural changes are thought
to be the cause of AKI. In 2017, renal tubular casts,
which are composed of vancomycin and termed VTCs,
were first described in association with VN.8 This novel
finding expands the spectrum of vancomycin-
associated renal changes and may be of pathogenetic
implication. However, the original study focuses on the
fundamental nature of VTCs in a single renal biopsy
specimen, with additional immunohistochemical
detection of VTCs in eight more biopsy samples, thus
leaving unanswered several aspects of VTCs including
morphologic spectrum, frequency, and clinical/patho-
genetic significance. The current study aims to
comprehensively address some of these considerations.
MATERIALS AND METHODS

Records of renal biopsy specimens from the Houston
Methodist Hospital System between 2010 and 2019
were reviewed to identify those from patients treated
with vancomycin around the time of renal biopsy.
Thirty-seven such biopsy samples were found among a
total of 4673 biopsy specimens. The main indication for
the biopsy was AKI associated with vancomycin
treatment, developing de novo or on a background of
CKI.

Each of these biopsy specimens were subjected to
light microscopy (LM) (using hematoxylin and eosin,
periodic acid-Schiff, trichrome, and silver methena-
mine stains) and immunofluorescence (for immuno-
globulins [Ig] G, A, and M; complement components
C3, C4, and C1q; and kappa and lambda light chains).
To correlate the variable LM morphology of the tubular
casts with the deposition of vancomycin and uromo-
dulin in them, each of these biopsy specimens were
submitted for antivancomycin mouse monoclonal
antibody (Abbot, 6E44-21, Hospital Tenon, France;
dilution 1:1000) and anti-uromodulin antibody (11911–
1-AP, Proteintech, Rosemont, Illinois, USA, dilution;
1:50) as described in the original study.8 Immunostain
Kidney International Reports (2021) 6, 1912–1922
for myoglobin was also performed for these biopsy
specimens.

To determine the location of VTCs in various tubular
segments, tissue sections were submitted to immuno-
staining for the renal cell carcinoma marker (Vector
Laboratories, Burlingame, California, USA; dilution
1:10), a specific marker for proximal tubules, and
kidney-specific cadherin (Zymed Laboratories, San
Francisco, California, USA; dilution 1:75), a specific
marker for thick Henle loops and distal convoluted
tubules.9,10 These studies were all performed on serial
tissue sections consecutive to those for routine LM, an
approach that enables an integrative interpretation of
the morphologic findings. Five renal biopsy specimens
from patients without vancomycin treatment, display-
ing a variety of tubular casts including hyaline, uro-
modulin, light chain, calcium phosphate, or calcium
oxalate casts, were also submitted to immunostaining to
confirm the specificity of vancomycin
immunolocalization.

Electron microscopy (EM) was studied for each bi-
opsy both retrospectively and prospectively. Pre-
existing thick sections and archived electron micro-
graphs in each biopsy were reviewed in search for
VTCs which should display characteristic perhaps
pathognomonic features (see below). As expected, this
approach revealed only a few cases with VTCs,
reflecting the traditional glomerulocentric focus of
routine EM study, as well as a lack of awareness of
VTCs during initial EM study. Subsequently, for each
of the biopsy specimens, thick sections were prepared
for all archival resin tissue blocks, which were care-
fully examined in search for the tubular casts with
features suggestive of VTCs, matching them with the
typical VTCs in the LM and immunostained sections of
the same biopsy. These casts were then submitted to
meticulous EM examination.

To assess the significance of VTCs, the clinical course
of the patients was reviewed to determine whether the
AKI was due to vancomycin treatment and how it is
related to the presence of VTCs in the corresponding
renal biopsy specimens.
RESULTS

Renal Biopsy Findings

The current study focuses on a comprehensive
morphologic characterization of VTCs. The renal bi-
opsy findings will be described in detail in a compre-
hensive clinicopathologic study. Only the findings that
are deemed relevant to the focus of this study are
described. Briefly, among the 37 biopsy specimens,
there was acute or acute-on-chronic TIN (n ¼ 3), ATN
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Table 1. Demographic data and pathologic findings of acute kidney
injury patients who received vancomycin (N ¼ 37)

Demographic data

Age, range, yrs 23 to 84

Age, mean, yrs 54

Female:male ratio 15:12

Pathologic findingsa

Acute or chronic TIN 3 (8.1)

ATN 5 (13.5)

Both ATN and TIN 25 (67.6)

IFTA 4 (10.8)

VN, 28 (75.7) No VN, 9 (24.3)

VTCs No VTCs VTCs No VTCs

n ¼ 25 of 28 (89.3) n ¼ 3 of 28 (10.7) n ¼ 1 of 9 (11.1) n ¼ 8 of 9 (88.9)

ATN, acute tubular necrosis; IFTA, interstitial fibrosis and tubular atrophy; TIN, tubu-
lointerstitial nephritis; VN, vancomycin nephrotoxicity; VTCs, vancomycin-associated
tubular casts.
aPathologic findings are expressed as n (%).
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(n ¼ 5), both TIN and ATN (n ¼ 25), and interstitial
fibrosis/tubular atrophy (n ¼ 4) (Table 1). Other renal
lesions were also frequent including diabetic ne-
phropathy (n ¼ 14), arterionephrosclerosis (n ¼ 16),
IgA nephropathy (n ¼ 2), postinfectious glomerulone-
phritis (n ¼ 1), cholesterol embolism (n ¼ 1),
myoglobin cast nephropathy (n ¼ 2), acute pyelone-
phritis (n ¼ 1), and focal segmental glomerulosclerosis
(n ¼ 1).
LM Morphology of VTCs

Among 37 renal biopsy specimens from 37 patients
with vancomycin treatment around the time of renal
biopsy, tubular casts with LM changes characteristic
for or at least suggestive of vancomycin deposition (i.e.,
VTCs) were noted in 26 biopsy specimens. Twenty
biopsy samples that reveal VTCs are associated with the
background of significant tubulointerstitial injury (n ¼
3 of 5 ATN; n ¼ 1 of 3 TIN; n ¼ 22 of 25 ATN þ TIN)
(Table 1, Figure 1a and b)

Several distinctive but related forms of VTCs,
probably representing a continuum of formation,
were identified. Most VTCs were composed of mi-
croparticles of variable sizes, ranging from finely
granular to larger faint globules with peripheral
condensation and a paler center. These structures
formed interconnected aggregates of variable sizes,
often occupying a portion of tubular lumen, but
could be uniform and filled the entire lumen,
creating a finely granular appearance on hematoxylin
and eosin stain (Figure 2a). VTCs were faintly peri-
odic acid-Schiff–positive (Figure 2b), displayed a
variegated appearance on silver and trichrome stains
(Figure 2c and d), and in thick section appeared as
aggregated granules with focal purple glassy material
consistent with uromodulin (Figure 2e). Some VTCs
had a significant element of the larger globules,
1914
imparting a partially bubble appearance, best appre-
ciated on periodic acid-Schiff stain (Figure 2b). Few
VTCs were composed of polymorphous globules, with
focal central clearing, forming connecting aggregates
(Figure 2g and h), or sizable solid individual spher-
ical globules (Figure 2j and k). These structures were
often seen against a background of pale bluish ma-
terial representing uromodulin. Lamellation, often not
obvious by routine stains, could be obvious in thick
section (Figure 2l). Rare VTCs displayed a bubble
appearance, but were strongly immunopositive for
vancomycin (Figure 3a and b). Some VTCs seemed to
be composed entirely of uromodulin with a charac-
teristic appearance (homogeneous pale blue on he-
matoxylin and eosin stain, strongly periodic acid-
Schiff–positive, filling tubular lumens) (Figure 3c).
However, in most of these casts, embedded within
the uromodulin background, were particles which
were not appreciated in routine LM, but displayed
typical features of vancomycin, as revealed by
immunolocalization, thick sections (Figure 3c, d, e,
and 3f), and EM (see below).

VTCs were frequently associated with necrotic
(probably tubular) cells (Figure 3g) or less so with
intact or degenerated inflammatory cells including
neutrophils. The cells of the tubular profiles that
housed the VTCs often displayed acute injury
including flattening, loss of differentiation, cytoplasmic
vacuolization, and cell membrane disintegration
(Figures 2a, g, and 3g) Most VTCs were not associated
with peritubular inflammation or increased peritubular
interstitial fibrosis. There was no difference in the
severity or frequency of VTC in biopsy specimens with
TIN, ATN, or both.

Immunolocalization of Vancomycin, Uromodu-

lin, and Myoglobin

Immunostain successfully showed vancomycin in the
biopsy tissue. The immunopositivity is noted in 34 of
37 biopsy specimens. In the 26 biopsy specimens with
VTCs, the staining was localized to all LM forms of
VTCs in each biopsy (Figures 1f, h, k, 3b, e, and 4b,
and e) with or without additional irregular patchy
staining of tubular lumens. In eight biopsy samples
without VTCs, there was irregular patchy staining of
tubular lumens even without tubular cast formation. In
the remaining three biopsy samples, there was neither
staining nor VTCs. In some positive biopsy specimens,
there was also focal cytoplasmic staining of tubular
cells from different tubular segments including
perhaps proximal tubules. Tubular casts in the five
control biopsy samples were negative.

Uromodulin was immunopositive for tubular casts in
31 biopsy specimens. Uromodulin casts were often
Kidney International Reports (2021) 6, 1912–1922



Figure 1. The background changes include acute tubulointerstitial nephritis (a), or acute tubular necrosis with a minor interstitial inflammation
(b). Vancomycin-associated tubular casts (VTCs) are noted in each biopsy (hematoxylin and eosin stain; original magnification �200 for both a
and b).
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numerous, widespread, and in both cortex and me-
dulla. Uromodulin often co-existed with vancomycin in
the same casts (Figures 3e, f, and 4c, and f), but it could
appear in isolation. These two patterns were often
observed in the same biopsy sample. In the six
immunonegative cases, VTCs were not seen.

Immunostain for myoglobin was noted in few tubular
casts in two biopsy specimens, both of which also dis-
played VTCs, independent of the myoglobin casts.
Figure 2. Morphologic spectrum of vancomycin-associated tubular casts
particles. (b) It is faintly periodic acid-Schiff (PAS) positive with a “bubble”
thick section as aggregated granules with focal purple glassy material co
cast is composed of polymorphous globules with focal central clearing (g
comycin stain. (j,k) This cast is composed of vancomycin-positive solid s
display peripheral lamellation. (Hematoxylin and eosin stain used for a, g
trichrome stain used for d, toluidine blue stain used for e, h, and l; and anti
for all panels.)
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Localization of VTCs in Tubular Segments

VTCs were noted in the cortical and/or cortico-
medullary junction in almost all biopsy specimens, but
also in the medulla in four biopsy samples, in a biopsy
cohort composed of cortex in only 23 biopsy speci-
mens, in the medulla in only 1 sample, and both in 13
samples. The nature of the tubular segments housing
VTCs was somewhat difficult to determine because
they are associated with severe acute injury. However,
(VTCs). (a) The tubular cast is composed of variable-size granular
appearance. (c,d) It displays a variegated appearance. It appears in
nsistent with uromodulin (e) and is positive for vancomycin (f). This
). (h,i) This appearance is also noted in the thick section and van-
pherical globules, associated with necrotic cells. (l) Some globules
, and j; periodic acid-Schiff stain used for b; silver stain used for c;
-vancomycin antibody used for f,i and K. Original magnification �400
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Figure 3. Morphologic spectrum of vancomycin-associated tubular casts (VTCs). This cast displays a bubble appearance with a central
amorphous area (a), and is positive for vancomycin (b). This cast has an appearance suggestive of uromodulin cast (homogeneous bluish tinge
by hematoxylin and eosin stain) (c); however, in thick section it displays dark granular material, representing vancomycin crystals against a
background of uromodulin (d). This cast is positive for vancomycin in granular pattern (e), and positive for uromodulin in diffuse pattern (f). This
cast is associated with necrotic cells (g). (Hematoxylin and eosin stain used for a, c, and g; toluidine blue stain used for d; anti-vancomycin
antibody used for b and e; and anti-uromodulin antibody used for f. Original magnification �400 for all panels.)
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immunostain for tubular segment-specific markers
(renal cell carcinoma Marker and kidney-specific cad-
herin) showed that most of the VTCs were localized to
the distal nephron segments, especially the thick Henle
loops and the distal convoluted tubules (Figure 5a, b, c,
and d), a finding that was corroborated by EM
(Figures 5e, f, g, and 7a, and c).

EM

Tubular casts with features matching with the VTCs in
LM and immunostained tissue sections were identified
and submitted to EM. VTCs displaying distinctive
characteristics were identified in 21 biopsy specimens.
Among the remaining 16 negative biopsy specimens,
VTCs were not seen in the thick sections of any, but
were noted in the corresponding LM sections in six
biopsy samples.

The EM findings corroborated and further clarify
the LM findings. Vancomycin deposits appeared
perhaps initially as variably electron-dense ill-
defined round particles or short tubular structures,
with a diameter of less than 10 nm, forming sepa-
rated or interconnected aggregates of different sizes,
variable density, and irregular contour, partially
occupying tubular lumens (Figure 6a). In other
1916
tubular profiles, the deposits appeared as individual
or aggregated/connected spherules with well-defined
smooth contours, and circumferential peripheral
condensation (Figures 6b, c, and 7a, b, and c). In
some of these globules, additional layers of similar
condensation were noted, imparting an orderly
concentric lamellation which eventually occupied
the entire globules (Figure 8a-f). These structural
forms may represent different phases in a contin-
uous process of crystallization. Most of these forms
were observed in every biopsy, and often noted in a
single tubular cast (Figures 6b, c, and 7a). Most of
these structures were associated with electron pale
fibrillary structures typical for uromodulin
(Figures 5c, 6a and b, 7c, and 8c). In fact, EM
showed that some casts that seem to be composed
entirely of uromodulin showed scattered structures
with characteristic morphology of vancomycin
(Figures 5f and 6c). These structures were
frequently enmeshed with necrotic cell debris
(Figure 7b and c). The vast majority of tubular
segments with VTCs showed features of distal con-
voluted tubules or thick Henle loop, populated by
tubular cells with often severe necrotic/degenerative
changes (Figures 5a, b, c, and 7a and c).
Kidney International Reports (2021) 6, 1912–1922



Figure 4. Immunolocalization of vancomycin and uromodulin. In the upper row, hematoxylin and eosin (HE) stain shows casts with necrotic
cells (a). The casts are positive for vancomycin (b), but are negative for uromodulin (c). In the lower row, HE stain shows casts which have
morphology of both vancomycin and uromodulin (d). The casts are positive for vancomycin (e) and uromodulin (f). (HE stain used for a and d;
anti-vancomycin antibody used for b and e; and anti-uromodulin antibody used for c and f. Original magnification �400 for all panels.)
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Clinicopathologic Correlation

Comprehensive description of the clinical course will
be detailed in another study. For the current study, the
main clinical endpoint is a diagnosis of VN, for a cor-
relation with VTCs.

In short, the clinical information for the 37 pa-
tients included age between 23 and 84 years (mean,
54 years). The female:male ratio was 15:12 (Table 1).
There are frequent comorbidity conditions including
diabetes mellitus (n ¼ 16), hypertension (n ¼ 12),
cardiovascular diseases (n ¼ 7), hypothyroidism
(n ¼ 4), marked obesity (n ¼ 2), and HIV infection
(n ¼ 2). The trough vancomycin blood levels were
between 13 and 45 mg/l (mean, 25 mg/l). The pa-
tients had infection sites which required vancomy-
cin including skin (n ¼ 14), bone (n ¼ 6), joint
(n ¼ 2), heart (n ¼ 2), lung (n ¼ 4), bone (n ¼ 6)
and blood (n ¼ 2). Twenty-one patients used van-
comycin together with other antibiotics. All patients
developed AKI 1 to 3 days after treatment, many of
whom required dialysis.

The diagnosis of VN was made in 28 of 37 patients,
reflecting the characteristic LM findings followed by an
improvement of renal function after discontinuation of
vancomycin. In the remaining nine patients, these
criteria were not met and the clinicopathologic di-
agnoses included ATN, TIN, or interstitial fibrosis and
tubular atrophy of undetermined etiology, associated
with arterionephrosclerosis and or diabetic nephropa-
thy in each case.
Kidney International Reports (2021) 6, 1912–1922
VTCs were noted in 25 of 28 biopsy specimens from
patients with VN. VTCs were not seen in eight of nine
biopsy samples from patients without VN, even in the
presence of immunopositive vancomycin in tubular
lumens in each of them. Conversely, VN was diagnosed
in 25 of 26 patients whose biopsy specimens showed
VTCs, but in only 3 of 11 patients without VTCs in the
biopsy specimens.
DISCUSSION

Before the recent advent of VTCs, allusion had been
made to its existence. Among the 31 single-case re-
ported biopsy specimens from patients on vancomycin,
descriptions reminiscent of VTCs were noted in a few
cases and were shown in at least one report.11 In 2017,
the seminal study by Luque et al.8 first clearly docu-
mented VTCs by LM, immunohistochemistry, immuno-
EM, and mass spectrometry in one biopsy; further
showed VTCs in another eight biopsy specimens from
patients treated with vancomycin; and boldly proposed
a novel pathogenetic role for VTCs.

The current study represents a comprehensive
evaluation of VTCs. It shows for the first time that
VTCs display an LM spectrum of distinctive
morphology, perhaps reflecting different stages of
precipitation and crystallization of vancomycin in
tubular lumens, resulting in tubular casts. Recognizing
these casts in renal biopsy specimens should not be
difficult. Many VTCs display a typical LM
1917



Figure 5. Vancomycin-associated tubular casts (VTCs) in tubular segment. The cast is in a damaged tubule which is adjacent to an intact
proximal tubule (a). The cast is in a damaged tubule (b) which is highlighted by kidney-specific cadherin; therefore, it is distal convoluted tubule
(c). Renal cell carcinoma (RCC) is negative in the tubule which contains VTCs, but it is positive in adjacent tubules (d). In electron microscopic
study, VTCs are noted in distal convoluted tubule with basolateral infolding and short villi (e). VTCs and necrotic cells are present in a damaged
tubule, perhaps a collecting duct, which is adjacent to a damaged proximal tubule (f). VTCs are present in a tubule, probably thick Henle loop.
(Periodic acid-Schiff stain used for a; hematoxylin and eosin stain used for b; kidney-specific cadherin for c; RCC marker used for d; and
electron microscopy used for e, f, and g. Original magnification �400 for a, b, c, and d; original magnification �8000 for e, f, and g.)
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morphology, virtually diagnostic for vancomycin
exposure, reflecting perhaps a predominant vancomy-
cin component. Some VTCs, being composed mostly of
uromodulin and a submicroscopic amount of vanco-
mycin, may escape LM scrutiny, but can still be
identified by immunolocalization, or EM. Because VTCs
of different forms are often present in a single biopsy,
the diagnostic utility of the more characteristic form of
VTCs is obvious. The presence of these casts in renal
biopsy specimens may be the first clue of vancomycin
treatment, a clinical event not being aware of even by
Figure 6. Electron microscopic morphology of vancomycin-associated tubu
variable densities, in a background of fibrillary structures typical for urom
internal lamina structure (b, inset). Other components include spherules w
are also noted (b). VTCs appear as spherules embedded within a uromod
and �28,000 (inset) for b; and �16,000 for c.)

1918
the attending nephrologist, but confirmed by chart
review. At least three such cases have been encoun-
tered since the completion of the current study.
Necrotic/apoptotic cells, sometime prominent, are often
mixed with VTCs, a nonspecific finding, albeit of
diagnostic cue, because such association is unusual for
other types of tubular casts.

Myoglobin may simulate VTCs, a distinction best
achieved by immunohistochemical staining. The con-
current presence of VTCs and myoglobin casts is noted
in only two biopsy samples in our study.
lar casts (VTCs). VTCs appear as electron-dense particle clusters of
odulin (a). VTCs are composed of electron-dense aggregates with
ith peripheral condensation and central clearing. Transitional forms
ulin background (c). (Original magnification �28,000 for a; �12,000

Kidney International Reports (2021) 6, 1912–1922



Figure 7. Electron microscopic morphology of vancomycin-associated tubular casts (VTCs). VTCs appear as polymorphic spherules of variable
sizes, shapes, and structures, with overlapping features suggesting different phases of crystallization (a). VTCs appear as dense aggregates of
spherules, enmeshing a necrotic cell (b). VTCs appear as compacted spherules associated with pale material typical for uromodulin and
necrotic cells, occupying the entire tubular lumen (c). (Original magnification �12,000 for a and c; and �16,000 for b.)
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Ultrastructural study of myoglobin tubular cast is
limited because these casts can be readily and accu-
rately identified by immunohistochemistry, circum-
venting additional diagnostic studies such as EM.
Review of published studies indicates that, by EM,
myoglobin casts in human renal biopsy specimens
appear as homogeneous highly electron-dense, glob-
ular, or amorphous structures. Some also display a less-
dense peripheral rim without substructure.12-15 In fact,
Figure 8. Electron microscopic morphology of vancomycin-associated tu
interconnected, or single spherules with single-layered electron dense e
granular center (b). A single-layered electron-dense envelope with a varie
dense envelope, with variegated center (d). A multilayered envelope with
laminar structures (f). Transitional forms are frequent and several form
magnification �28,000 for all panels.)

Kidney International Reports (2021) 6, 1912–1922
an early study in rats using infused exogenous
myoglobin as a tracer for evaluation of tubular trans-
port revealed the same ultrastructural features.16 These
ultrastructural features are distinctively different from
that of vancomycin-associated tubular cast.

Although a plethora of molecules/substances can
precipitate in tubular lumens and appear as casts, to the
best out our knowledge, they do not share the LM
morphology with VTCs.17 Some patients in the current
bular casts (VTCs). VTCs appear as aggregated, irregularly shaped,
nvelope (a). A single-layered electron-dense envelop with uniform
gated center in a fibrillary background (c). A multilayered electron-
variable electron densities (e) which are composed of concentric

s are noted in a same biopsy or the same tubular cast. (Original
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study were treated with other types of antibiotics
including piperacillin/tazobactam, azithromycin,
doxycycline, and cefepime, some of which may be
nephrotoxic. However, their tubular precipitation as
tubular casts to our knowledge has not been
described.18-20

Immunohistochemical study shows vancomycin in
the majority (34 of 37, 92%) of renal biopsy specimens
from patients treated with vancomycin. The immuno-
positivity noted in 26 biopsy specimens that showed
VTCs corroborates that VTCs are composed at least in
part of vancomycin. It further confirms that many
VTCs that appear as uromodulin casts by LM due to a
predominant component of uromodulin indeed contain
vancomycin. In contrast, the observation that immu-
nopositivity can be localized to tubular lumen without
VTCs recognizable by LM, as noted in eight biopsy
specimens, suggests that vancomycin precipitation
without forming cast does occur.

The EM study provides insights into the histogen-
esis of VTCs. The findings suggest a continuous process
of vancomycin tubular lumen accumulation, starting
from an initial stage with few scattered nanoparticles
precipitated within an abundant background of uro-
modulin, followed by progressive vancomycin crys-
tallization, “crowding out” the uromodulin component.
Indeed, structures reflecting these changes are
frequently found in the same biopsy and even in a
single cast. These findings correlate well with various
LM forms of VTCs, reflecting variable contribution by
vancomycin and uromodulin. The EM findings also
carry diagnostic weight. Although VTCs often appear
characteristic by LM, confirmation may be called upon.
In the absence of immunohistochemical testing for
vancomycin, as expected in the usual laboratory
workup, EM would be welcome. Our study shows that
the ultrastructural morphology of VTCs, especially in
its well-developed forms, is very characteristic. To our
knowledge, this morphology is unique, with no other
reported types of tubular cast displaying comparable
features.

Our study, integrating LM, immunohistochemistry,
and EM, substantiates the coprecipitation of vanco-
mycin and uromodulin. This coprecipitation is almost
constant and seems to proceed in an orderly manner,
further suggesting that uromodulin is a prerequisite
for vancomycin precipitation/crystallization. Uromo-
dulin, previously known as Tamm-Horsfall protein, is
produced exclusively in kidney in large amounts, by
thick Henle loops and distal convoluted tubules, and
excreted in urine. Its physiologic function is multi-
factorial, including renal water and electrolyte meta-
bolism, blood pressure control, and protection from
urinary tract infection and stone formation.21,22 Along
1920
the pathway of CKI regardless of cause, uromodulin
accumulates in the lumen of tubules — mostly the
distal nephron segments, by itself, or in combination
with other proteinaceous or cellular elements — and
appears as tubular casts on microscopic examination.
This tubular lumen accumulation of uromodulin
perhaps reflects single nephron injury, obstructing
the usual physiologic washout of uromodulin into
urine. The mechanism for the vancomycin/uromodu-
lin coprecipitation is not clear but perhaps follows the
general principle of crystallization.23 This process may
involve binding of specific structural motifs of uro-
modulin and vancomycin. In pertinence, structural
motifs of uromodulin that enable itself to polymerize
forming orderly structures as appeared in EM have
been identified.24 It is also possible that the obstruc-
tive effect of uromodulin tubular accumulation raises
the local concentration of vancomycin, leading to a
supersaturation environment amenable to crystalliza-
tion. Pertinent to these considerations is which
tubular segments would house VTCs. VTCs are often
associated with marked tubular cell injury, prevent-
ing accurate identification of the affected tubular
segments by LM. However, the application of tubular
segment-specific immunohistochemical markers sug-
gest that most if not all VTCs are localized to the distal
nephron segments, including thick Henle loops and
distal convoluted tubules. Retrospective EM study
exhaustively searching for VTCs and their home
further supports this preferential localization.
Regardless of the underlying mechanism, this copre-
cipitation, with its significance pathogenetic magni-
tude, may represent an “actionable” landmark in the
pathway of VN.

The clinical significance of VTCs is addressed in this
study. Although all renal biopsy specimens from pa-
tients with AKI associated with vancomycin treatment
display ATN, TIN, and interstitial fibrosis and tubular
atrophy in various combinations, AKI most probably
due to vancomycin is finally substantiated in only 28 of
37 (75%) of these patients, compared with a reported
rate of 59% in studies without kidney biopsy speci-
mens.7 VTCs may help identify patients with VN and
are shown to be nephrotoxic because VTCs have been
noted in the majority (25 of 28, 89%) of cases. The
pathogenetics of VTCs are also supported by the
observation that VTCs are not found in almost all (8 of
9, 89%) biopsy specimens from those patients without
VN, despite tubular exposure to vancomycin as sug-
gested by immunohistochemical localization of this
drug in each biopsy. The presence of VTCs in absence
of clinical VN may indicate that creatinine may not be a
good diagnostic test to determine such subclinical
cases. The presence of vancomycin in tubular cells by
Kidney International Reports (2021) 6, 1912–1922
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immunohistochemistry might indicate vancomycin
tubulopathy.

The pathogenesis of VTCs is still unknown. It is
inconclusive whether VTCs are pathogenetic or just an
“innocent bystander.” Two pathogenetic pathways of
VN have been described. Vancomycin, a highly hy-
drophilic glycopeptide, is metabolized in liver (<5%),
but mostly follows the glomerular filtrate and is
secreted unchanged in urine, along with minimal
reabsorption and metabolism by proximal tubular
cells.25,26 Nephrotoxicity may involve overload
tubular cell uptake, promoted by many known risk
factors for nephrotoxicity including pre-existing CKI,
leading to oxidative stress, generation of reactive
oxidative radicals, mitochondrial injury, and finally
cell death. This pathogenetic pathway has been sub-
stantiated in several observational and interventional
models in rodents and cell cultures.25,26 It portends
human relevance because changes often labelled
“ATN” are often seen in renal biopsy specimens from
patients with VN.6 VTCs were not described in any of
these models.25,26 Implication of distal tubular
segment injury was noted in a single early study
describing elevated level of dimethyl amine, a distal
nephron segment marker, in some patients treated
with “aminoglycoside and/or glycopeptide.”27 The
other mechanism invokes an “allergic” reaction, sup-
ported perhaps only by the observation of acute TIN
with a significant eosinophil infiltrate in a few renal
biopsy specimens from patients with VN.6

Findings from the current study suggest that VTCs
do have a pathogenetic role in addition to and inde-
pendent from the known pathogenesis of VN. It is
hypothesized that VN develops against the background
of known risk factors through the known pathogenetic
pathways. The initial insult creates de novo or accen-
tuates pre-existing renal injury, including single
nephron obstruction. This leads to uromodulin casts,
increased local concentration of vancomycin, precipi-
tation/crystallization of vancomycin, and localized ne-
crosis/damage of tubular epithelial cells, all feeding
into a self-perpetuating positive feedback loop of local
tubular injury, superimposing on the more diffuse
injury related to the background ATN and/or TIN.
Observations in support of this hypothesis include (1)
“Traditional” ATN and or TIN is noted in all biopsy
samples from patients with VN; (2) VTCs are noted in
almost all of these biopsy specimens, but not in biopsy
specimens from those without VN; (3) Vancomycin may
be immunohistochemically localized in tubular lumen
but not forming VTCs, and VN does not develop in
most such cases; (4) VTCs almost exclusively localize to
distal nephron segments, which are not usually
affected during the traditional nephrotoxic type ATN;
Kidney International Reports (2021) 6, 1912–1922
and (5) Severe and frequent tubular cell necrosis are
closely associated with VTC.
CONCLUSIONS

VTCs display a characteristic morphologic profile
amenable to ready recognition in biopsy specimens.
VTCs result from coprecipitation of vancomycin and
uromodulin. VCTs facilitate the biopsy diagnosis of
VN. VCT may have a nephrotoxic effect superimposing
on and independent from the ATN or interstitial
nephritis in the pathogenesis of VN.
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