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Abstract

Objectives The aim of this study was to design and carry out a preliminary evaluation of a urine point-of-care test
for kidney injury molecule 1 (KIM-1) in healthy and diseased cats.

Methods Part of the feline KIM-1 gene was amplified, ligated into a plasmid with a signal peptide and monomeric
human IgGFc, and transfected into a mammalian cell line. Supernatant was purified and tested for the fusion protein
by gel electrophoresis and Western blot. Mice were immunized three times with purified proteins, and hybridomas
were generated from splenocytes. Antibodies were tested by ELISA for detection of recombinant KIM-1 and naturally
occurring KIM-1 in disease-state urine. Next, a lateral flow assay (LFA) with capture and detection antibodies was
constructed, and tested with 34 urine samples from healthy and diseased cats. Antibodies were also tested for
reactivity with formalin-fixed paraffin-embedded kidney tissue.

Results Three antibodies were assessed. Antibodies detected between 0.4 and 60 ng/ml feline KIM-1 fusion protein
in the LFA. Urine samples from healthy cats yielded faint bands in the LFA corresponding to optical density (OD)
values of 4.8-8.8. Samples from cats with suspected or confirmed acute kidney injury (AKI) had OD values ranging
from 1.6-20.5. Urine KIM-1 varied over multiple days in cats with sepsis or urethral obstruction despite normalizing
serum creatinine concentration. In tissue sections, KIM-1 antibodies labeled tubular cells with morphological
features of injury.

Conclusions and relevance A practical patient-side assay for detection of KIM-1 in feline urine has been developed.
Preliminary results show marked though transient increases in cats with sepsis and urethral obstruction-associated
AKI, and expression in injured tubules. Although initial data indicating that the LFA is sensitive and specific for KIM-
1in cats with AKI are promising, values associated with different types of injury, urine collection, urine storage and
specific gravity need to be investigated.
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Introduction

In humans and rodents, kidney injury molecule 1
(KIM-1) is a sensitive marker of acute kidney injury
(AKI). KIM-1 is a proximal tubular transmembrane glyco-
protein thought to function in cell-to-cell or cell-to-
matrix adhesion, and to mediate phagocytosis and
clearance of injured or apoptotic proximal tubule cells.’-3
There is nominal detection of KIM-1 protein in kidneys
and urine of healthy humans and rodents, but with injury
of proximal tubular cells KIM-1 is increased three- to
30-fold.>*7 KIM-1 is measurable in urine and kidneys of
humans and rodents with ischemic, toxic, septic, prerenal
azotemic and transplant-related kidney injury.!458-11 The

extracellular portion of KIM-1 is cleaved by metallo-
proteinases in injured proximal tubular cells, and then
released into urine, enabling non-invasive detection and
monitoring of kidney injury.1?!3 In humans, urine KIM-1
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concentration correlated with severity of AKI and
decreased as kidney repair proceeded.!*

The development of urinary markers (such as KIM-1)
and scoring systems for AKI have fundamentally
changed the understanding of the bidirectional relation-
ship between AKI and chronic kidney disease (CKD) in
humans.!51¢ Epidemiological data showed that even
mild AKI is a risk factor for subsequent development of
CKD, and that conditions previously considered incon-
sequential, such as prerenal azotemia, may be associated
with AKIL.?151721 Recognition and greater emphasis on
even small intra-individual changes in serum creatinine
concentration (SCr), and evaluation of urine biomarkers
such as KIM-1, substantiated that in critically ill patients
AKI precedes increases in SCr.17/18,22-25

Recently, the feline KIM-1 gene (fKIM-1) and protein
were characterized; using a cross-reactive antibody,
KIM-1 was detected in urine and tissue of cats with
critical illness and suspected AKIL.2627 In cats, as in other
species, KIM-1 localized to the proximal tubule. More
specifically, in an injury model of 45 mins of ischemia
followed by reperfusion, KIM-1 was transiently expressed
in S1 and S2, and persistently in S3 segments of proximal
tubules.?” In addition, using immunohistochemistry (IHC),
injured proximal tubular cells shed into lumens were
KIM-1 positive and formed casts detectable in distal
tubules.?” In that study, SCr was frequently within the
reference interval (RI), which would have impeded diag-
nosis of AKL

A method to confidently identify and monitor sub-
lethal or subtle AKI in cats is unavailable. Fulminate kid-
ney injury due to urinary tract obstruction, and Lilium
species, ethylene glycol or drug toxicity, is readily recog-
nized, but there is a large unmet need to detect less
severe and potentially reversible injury.2833 Less severe
injury may result from subclinical septic episodes, drug-
related nephrotoxicity, episodes of hemoconcentration
and other conditions. It is also increasingly recognized
that in cats, as in humans, AKI predisposes to eventual
CKD.3435 CKD is extremely common in older cats but
causes remain largely unknown.?38 In this study we
report development of a patient-side assay for non-
invasive detection of fKIM-1 in urine.

Materials and methods

Production of recombinant fKIM-1

A construct consisting of partial sequences for the inter-
leukin (IL)-2 signal peptide, monomeric human IgGFc
and nucleotides 1-261 of fKIM-1 (GenBank KF540034.1)
was cloned into a pUC57 plasmid. Correct orientation
was verified by sequencing (GenScript), and the puri-
fied plasmid was transfected into 293-6E cells grown in
serum-free expression media (Life Technologies). Day 6
cell culture supernatants were centrifuged, and the
recombinant protein was purified first by Protein A

chromatography and then gel filtration chromatogra-
phy (HiLoad 26/600 Superdex column; GE). The eluted
fractions were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot under reducing and non-reducing condi-
tions. A prominent band of 40-44 kD was present, and
detected as a single band in Western blot with antibody
against human IgG (goat anti-human IgG-horseradish
peroxidase [HRP]; GenScript). Approximately 10 mg
95% pure recombinant fusion protein containing
fKIM-1 (rfKIM-1) was obtained. Negative control
samples consisted of the fusion protein lacking the
fKIM-1 insert.

Generation of monoclonal antibodies

Four Balb/c mice were each immunized intraperito-
neally (IP) with 100 pg purified rfKIM-1 in Freund’s
complete adjuvant on day 1, followed by immunizations
with 50 ug on days 21 and 42 (BluePoint Bioscience).
Mice were boosted with 20 ug at 48-72 h prior to fusions.
Titers to rfKIM-1 and control fusion protein determined
by primary ELISA of serum samples 2 weeks after last
immunization indicated hyperimmunity. Splenocytes
from one mouse were fused with a myeloma cell line,
and the resulting hybridoma was propagated in vitro.
Fusion outgrowths were tested by screening ELISA for
production of specific antibody prior to cloning by limit-
ing dilution. Subsequent clones were tested by Western
blot with antibody 219211 directed to human KIM-1
(RnD). Three clones were chosen for expansion and
cryopreservation; all were of the IgGlk isotype.
Supernatant was purified through protein A columns,
dialyzed, biotinylated and tested for detection of serial
dilutions of rfKIM-1 in ELISA.

Lateral flow assay

KIM-1 lateral flow strips consist of a sample pad, a gold-
conjugate pad, a membrane and an absorbent pad. The
strip components were sequentially layered onto an
adhesive backing card (Figure 1). All three KIM-1 anti-
bodies were screened using nine different detection/
capture combinations on lateral flow assays (LFAs). For
detection, the monoclonal antibodies were coated on
NakedGold 40 nm gold nanoparticles (BioAssay Works)
at 2 ng/OD (optical density, 450 nm) in a final 20 OD/ml
solution. For capture, a cellulose ester membrane was
sprayed at a rate of 0.1 pl/mm with a test line solution
containing 2.0 mg/ml monoclonal antibody and a pro-
prietary control line solution. Membranes were allowed
to dry at 37 = 2°C in a roll-in incubator (Bellco Glass)
from 16 to 24 h. After assembly of the lateral flow cards,
strips were cut to 5.1 mm using a guillotine cutter (Index-
Cut II; A-Point Technologies). The first and last strip
of each card was systematically tested (positive and
negative samples) to evaluate assay performance, as



Bland et al

1071

Sample Gold Reading Absorbent
conjugate window pad
T C

Figure 1 Schematic of the feline kidney injury molecule 1 lateral flow assay assembly
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Figure 2 Feline kidney injury molecule 1 (fKIM-1) lateral
flow assay cassettes. Top: control (C; internal positive [pos]
control sample of recombinant fKIM-1 [rfKIM-1]) and positive
test (T) sample. Bottom: internal positive control sample and
negative (neg) test urine sample

per internal ‘in-process’ quality control procedures
(BioAssay Works). Testing of LFAs included a range of
pH, antigen and antibody dilution and incubation times.
Once approved, the strips were manually inserted into
plastic cassettes and pressed using a friction feeder
apparatus (Closure-I; A-Point Technologies). Each LFA
was packaged in labeled foil pouches with desiccant. All
LFA components were kept in a low humidity environ-
ment (relative humidity ~20%) and a final functional test
was performed on randomly selected pouches in a lot-
size-dependent manner (minimum of three assays per
testing condition) to ensure conformance to manufactur-
ing specifications.

ELISA

All antibodies were tested for detection of serial dilu-
tions of rfKIM-1 following a standard sandwich ELISA
protocol. Briefly, wells of a 96-well plate were coated
overnight at 4°C with antibody to rfKIM-1. The next day,
unbound antibody was washed off and 100 ul test sam-
ple at two-fold dilutions ranging from neat to 1:5120 were
added to duplicate wells. Samples were incubated for
30 mins, the wells were washed and anti-fKIM-1 anti-
body conjugated to biotin was added. After 30 mins

unbound antibody was washed off, streptavidin-HRP
was added, wells were washed, bound antibody was
visualized by incubation with tetramethylbenzidine
enzyme substrate and OD at 450 nm was measured.

Test procedure

Each LFA was allowed to reach room temperature,
removed from its pouch and placed on a flat, horizontal
surface. Frozen feline urine samples were thawed and
allowed to reach room temperature. Each urine sample
was tested in triplicate with the observer blinded to clini-
cal information regarding the origin of the sample. Five
microliters of urine was added to a 95 pl sample dilution
buffer (BioAssay Works). Test samples (100 ul) were
deposited in the sample well of each lateral flow cas-
sette. The sample solution subsequently flowed across
the different zones of the strip through capillary action,
from the sample pad to the absorbent pad. Excess sam-
ple, buffer and gold particles were collected in the absor-
bent pad, allowing for constant flow and clearing of the
reading window by capillary movement of the fluid.
Strongly positive samples were first observed at ~5 mins.
Each test was read with an optical reader (OpTrilyzer;
OpTricon) at 15 mins, to allow clearing of the reading
window. Well-defined red lines in the test (T) and control
(C) region indicated positive results, and a single line for
the control reagent indicated appropriate assay perfor-
mance with a KIM-1-negative sample (Figure 2).

Urine samples

Urine was obtained from 13 male cats (seven sexually
intact cats <12 months of age and six neutered cats
aged 2—4 years), prior to their inclusion in a blood
donor program (Institutional Animal Care and Use
Committee Protocol no. 3668). The cats lacked histori-
cal, clinical and laboratory evidence of kidney disease,
and had a SCr <160 pmol/l, urine specific gravity
(USG) >1.035 and unremarkable urine chemistry and
sediment (Table 1). All cats were in good body condi-
tion with adequate muscling, had free access to dry
food and water, and were housed individually with
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Table 1 History and laboratory findings in cats with and without acute kidney injury

*Serum creatinine (SCr) concentration (umol/l)
tUrine lateral flow assay

USG = urine specific gravity; KIM-1 = kidney injury molecule 1; M = male; MN = male neutered; AKI = acute kidney injury; FN = female

neutered; CKD = chronic kidney disease

daily group socialization. Blood for biochemistry and
urine for KIM-1 assay were obtained without sedation
by venipuncture and ultrasound-guided cystocente-
sis, respectively. Urine samples were assessed for
KIM-1 concentration in LFAs subjected to quality
assurance protocols as described above. Other sam-
ples originated from cats with known or suspected
AKI in the intensive care unit (ICU) of the Ontario
Veterinary College Health Sciences Center (OVC-
HSC). Urine samples remaining after concurrent com-
plete blood cell count, serum biochemical analysis and
urinalysis, as part of standard of care, were selected.
The urine samples were collected immediately after

voiding into non-absorbent litter or collected by cath-
eter or cystocentesis, as per preference of the attend-
ing clinician. Samples were refrigerated at 4°C before
analysis. When available, leftover urine samples from
subsequent days were also collected.

Urinalysis was performed using an automated dipstick
reader (CLINITEK Status+ Analyzer; Siemens), refrac-
tometer (Vet 360 Refractometer; Reichert Technologies)
and semiquantitative microscopic sediment analysis.
Serum assays were performed on a Cobas 4800 biochem-
istry analyzer (Roche). Urine samples were stored in poly-
ethylene terephthalate tubes without additives at 4°C for
up to 24 h before freezing at —80°C.
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Figure 3 (a) Sodium dodecyl sulfate polyacrylamide gel electrophoresis and (b) Western blot analysis of purified IgGFc—
recombinant feline kidney injury molecule 1. Primary antibody is goat anti-human IgG-HRP. M = molecular weight marker;
1 = reducing conditions; 2 = non-reducing conditions; P = positive control (human IgG1)

Statistical methods

Data were analyzed using GraphPad Prism (7.0d).
Standard descriptive statistics were reported as mean *
1 SD and range, if appropriate. Correlation coefficients
(Spearman or Pearson) for OD results on ELISA and
LFA relative to fusion protein concentration were
calculated.

IHC

In order to assess antibody cross-reactivity with
formalin-fixed epitopes, kidney sections from two cats
euthanized due to sepsis or urethral obstruction,
respectively, were assessed by IHC. Briefly, tissues were
fixed in 10% neutral buffered formalin for 24-48 h,
embedded in paraffin and sectioned at 4 pm. Sections
were de-paraffinized, and incubated with a 1:5 dilution
of fKIM-1 antibody overnight at 4°C. The following
day, sections were rinsed with Tris-buffered saline,
incubated with goat anti-mouse secondary antibody
(DakoCytomation), rinsed again and bound antibodies
were detected with NovaRED chromogen and counter-
stained with hematoxylin.

Results

Recombinant fKIM-1

Recombinant fKIM-1 was generated as a fusion protein
(monoFc_IgGFc_KIM-1) to facilitate initial immuno-
detection with antibody to human IgG. The predicted
molecular weight of the fKIM-1 sequence was 14.9 kD,
and as a recombinant with FC_IgGFc and the IL-2 signal
peptide the predicted weight was 40.8 kD. The recombi-
nant protein was expressed with high efficiency in 293-
6E cells, and purified and concentrated from supernatant
to yield a single protein of 40-44 kD on SDS-PAGE.
Western blot analysis of purified cell culture supernatant
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Figure 4 Serial dilutions of recombinant feline kidney injury
molecule 1 (rfKIM-1) detected by ELISA. OD = optical density

showed a dispersed band under reducing conditions,
consistent with disruption of disulfide linkages, and a
more discrete band around 42 kD under non-reducing
conditions (Figure 3).

ELISA

Among hybridoma fusion outgrowths, supernatants
from three clones (1H7, 11B3 and 14G2) were purified
and tested at multiple dilutions for detection of rfKIM-1
in ELISA. With the ELISA, triplicate serial dilutions of
purified rfKIM-1 fusion protein ranging from 0-1.25 ng/ml
were detected in an approximately linear fashion at an
antibody dilution of 1:40 with a Pearson correlation
coefficient of 0.9648 (Figure 4). Each antibody detected
the rfKIM-1 fusion protein in a similar fashion with
slightly variable sensitivity (data not shown). Purified
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Lateral flow assay

Serial dilutions of purified rfKIM-1 protein were applied
to the LFA cassettes, as described above, to determine the
range of detection. An optimal line intensity signal was
detected after 15 mins of incubation at room temperature.
The ratio of the control to the test line OD signal was calcu-
lated and plotted against rfKIM-1 concentrations (Figure
5). The LFA detected an expanded range of rfKIM-1 fusion
protein concentrations in a curvilinear fashion relative to
the ELISA (1:40 dilution). Pearson correlation coefficient
was 0.9237. Measurement of KIM-1 in triplicate by LFA in
urine samples from cats with and without AKI, including
the 13 healthy blood donor cats, eight cats with suspected
AKI (described in this study) and 7 samples from cats with
other conditions, indicated SDs ranging from 0.1-3.5 (see
supplementary material).

Assessment of cat urine samples
Urine samples were analyzed from 13 healthy control
blood donor cats and 13 cats hospitalized in the ICU for

Figure 6 (a) Kidney injury molecule 1 (KIM-1) measured by
lateral flow assay (LFA) in urine from 13 healthy blood donors
has a mean (SD) optical density (OD) ratio of 6.7 = 1.257.
(b) KIM-1 concentration in urine from cats with clinical
disease is highly variable. See case descriptions in Table 1.
(c) LFA cassettes from cats 6 and 7. *Hyperthyroid for >3
months. OD = optical density

various conditions (Table 1). Mean SCr for control cats
was 99.5 pmol/1 (range 61-154 umol/1) and mean USG
was 1.057 (range 1.037-1.068; see table in the supplemen-
tary material). Results of urine KIM-1 LFA showed OD
ratios from 4.8-8.8 with a mean, median and SD of 6.7,
7.1 and 1.26, respectively (Figure 6a). KIM-1 results from
intact and neutered cats were not significantly different
(Mann—-Whitney test, P = 0.531).

Thirteen cats with suspected or confirmed AKI con-
sisted of neutered males and females ranging in age
from 0.9-13.0 years. Mean SCr was 392 umol/I (range
50-1500 umol/1); USG ranged from 1.005-1.065 (Table 1;
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see also table in the supplementary material). Diseased
cats had AKI due to sepsis secondary to trauma or perfo-
rating gastrointestinal neoplasm, urethral obstruction,
hyperthyroidism, congestive heart failure or unknown
cause. Urine KIM-1 was highly variable in this group of
clinically ill cats, and included values below and well
above the median of healthy cats (Figure 6).

From five cats, serial urine samples were available
(Table 1). Cat 2 had AKI of unknown cause and had been
ill for 3 days at initial presentation. Urine assessment on
day 3 after admission showed low KIM-1 concentration
vs control cats, but concentration increased subsequently
on day 4 (with concurrent casts in the urine; see table in
the supplementary material) and then decreased again
on day 7 (Figure 6b). This cat had very high SCr on day
3, which decreased on day 4 and returned to within the
RIon day 7 (Table 1). Cat 3 (Figure 6b) had severe trauma
from dog bites resulting in abdominal external hernia-
tion, liver fracture, pancreatic avulsion and splenic tear
and septic peritonitis. The cat was euthanized owing to
intractable hypotension after attempted surgical repair,
and was receiving fluid therapy throughout. Acute tubu-
lar necrosis (in addition to numerous other lesions) was
diagnosed postmortem. Urine KIM-1 was detected on
both days 2 and 3 with values similar to those in control
cats, while SCr remained within the RI.

Cat 6 had urethral obstruction that was relieved
approximately 24 h prior to admission, and urine sam-
ples were then obtained 1, 2 and 4 days after admission to
the OVC-HSC (Figure 6b,c). On day 1, urine KIM-1 con-
centration was higher than that of the mean in control
cats, on day 2 it was approximately three times the con-
centration of the mean in controls cats and on day 4 it
decreased to a level similar to that in control cats. Only on
day 1 was SCr increased in this cat. Cat 7 (Figure 6b,c)
had urine KIM-1 values similar to those of control cats
during a health check 6 months (when a urine sample
was collected and stored at —80°C) prior to illness, and on
day 1 of an episode of pyrexia due to unknown cause. On
day 5, following general anesthesia and rhinoscopy for
presumed Cuterebra species infection, urine KIM-1 was
markedly higher. Urinalysis on day 5 showed marked
hematuria and numerous cellular and erythrocyte casts,
but SCr remained within the RI throughout with a small
increase between days 1 and 5 (Table 1; see also table in
the supplementary material). Additional single samples
from cats with confirmed or suspected AKI due to ure-
thral obstruction or hyperthyroidism yielded KIM-1 val-
ues at the upper end or above those from control cats.

IHC

Kidney sections obtained at autopsy from cats with AKI
due to sepsis and urethral obstruction were assessed by
IHC for expression of KIM-1. In cat 1 with AKI associ-
ated with peritonitis and sepsis, the urine KIM-1 LFA

yielded a value of 13.0 at 24 h before euthanasia (Table
1). With IHC, KIM-1 was detected in tubular cells of the
inner cortex, the outer stripe of the outer medulla and
the inner stripe of the outer medulla (Figure 7). Intense
staining was apparent in tubular cells and luminal
debris. In one cat with AKI associated with urethral
obstruction and anuria, specific staining for KIM-1 was
also noted in tubular cells with morphological features
of injury (data not shown). Pre-immune serum did not
label tubular cells, and interstitial cells, glomeruli and
leukocytes also were negative.

Discussion
The aim of this study was to develop a non-invasive
assay to detect AKI in cats. KIM-1 is among the most
promising markers to detect injury of proximal tubules
in humans and rats, and we previously identified KIM-1
in kidney tissue of cats with AKI due to ischemia/reper-
fusion (I/R) injury.26?” Attempts to use the human and
rat Renastick (BioAssay Works) to detect feline urine
KIM-1 resulted in inconsistent or no results, despite his-
tologic evidence of kidney injury.?6?” Therefore, feline-
specific KIM-1 monoclonal antibodies were generated
and configured into an LFA. The LFA was then used to
measure KIM-1 in urine of healthy and diseased cats.
The LFA worked in a practical and simple manner
similar to other patient-side immunoassays. Five micro-
liters of urine were diluted 1:20 with buffer prior to appli-
cation, and cassettes were read after 15 mins. Such a small
urine volume is easily obtained even from oliguric cats.
Results from the LFA of urine are not directly comparable
to those of serial dilutions of rfKIM-1 as the latter is a
fusion protein not exclusively composed of KIM-1.
Nevertheless, dilutions of rfKIM-1 yielded OD values
and color reactions similar to those of many clinical sam-
ples. Although both ELISA and LFA formats were tested,
for clinical use at the point of care the LFA is much more
practical. Results can be assessed visually or with a hand-
held reader, with the latter providing numerical results
that can be accurately compared over time. The ELISA
format would be of value for analysis of a large number
of samples, and has the advantage of being readily run in
duplicate or triplicate and over multiple dilutions.
Following development of the immunoassays, we
assessed a preliminary set of urine samples from healthy
young cats free of historical illness and conditions that
could potentially impact renal function, as well as urine
samples from cats with AKI or at risk of developing
AKI. This limited number of samples is insufficient to
determine sensitivity and specificity of urine KIM-1 in
relation to other markers of AKI or outcome. In addi-
tion, many variables pertaining to type, severity and
timing of kidney injury resulting in increased shedding
of KIM-1, and individual variation, remain to be deter-
mined. Furthermore, it is unknown whether urinary
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KIM-1 increases with age in cats. However, single sam-
a ples from older cats without kidney disease (ie, cat 7,
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Figure 7 Immunohistochemical staining of kidney injury
molecule 1 (KIM-1) in formalin-fixed, paraffin-embedded

kidney sections from cat 1. The cat had peritonitis and sepsis
secondary to a perforated gastric lymphoma, developed acute
kidney injury and acutely decompensated over 2 days. Acute
myocardial necrosis, and renal and pulmonary thrombosis were
diagnosed on autopsy. (a) KIM-1 (red—brown color) is expressed
in tubules in the inner cortex, the outer stripe of the outer medulla
(OSOM) and the inner stripe of the outer medulla (ISOM), X 1.25
objective. (b) On closer view, predominant expression is in
tubules in the inner cortex and OSOM, X 10 objective. (c) At
high magnification (X 40 objective) proximal tubule cells in the
inner cortex and luminal debris are KIM-1 positive

day —180, health check) had levels of KIM-1 similar to
those of control cats. At this point, stability of the mol-
ecule, potential interferents with the assay and urinary
excretion in conditions other than AKI also remain to be
fully characterized. Results in humans and rodents have
indicated that KIM-1 is stable at 4°C for 5 days and for
>1 year at —80°C, and that substances such as hemo-
globin, glucose, albumin, bilirubin and a variety of
medications did not interfere with KIM-1 measure-
ments.” fKIM-1 may also be stable frozen (unpublished
observations), and as the assay is based on monoclonal
antibodies with high specificity, interferents are not
expected but were not expressly evaluated in this study.”

A prototypic assay for cats has now been designed
and manufactured, and initial assessment with clinical
samples enables several conclusions. Healthy blood
donor cats had low but consistently detectable KIM-1 in
urine. This suggests that there is a constitutive, albeit
low, level of excretion by kidneys, which is similar to
that in humans and rodents.5812 In healthy humans,
KIM-1 in urine increases very slightly with age.® Urine
KIM-1 in health may result from normal turnover of
proximal tubular cells, and is not necessarily the same in
cats as in humans or rodents. Detection of KIM-1 in
urine of healthy young cats indicates that an optimal
cut-off value to identify renal injury has to be carefully
calibrated. Determination of such a cut-off is challeng-
ing using clinical samples as it is rare that pre-injury
urine KIM-1 concentration or the exact time and extent
of nephric injury are known, and urine composition and
specific gravity are affected by fluid and other therapy.
Conversely, measuring urine KIM-1 in experimental
I/R injury may be informative regarding that type of
injury but may not reflect cell-specific induction of
KIM-1 expression, cell death and reduced or selective
urine flow from toxic or obstructive injury, both of
which are considered common causes of naturally
occurring AKI.32

Urine KIM-1 concentration in cats with suspected
AKI overlapped with that in control cats (Figure 6), and
therefore analysis of serial samples was far more
informative than analysis of single samples. For example,
cat 2 (Table 1) had an episode of AKI of unknown cause
thought to have occurred 3 days prior to admission.
The first urine KIM-1 concentration (day 3) was very
low compared with that in control cats. When this cat
was examined by the referring veterinarian 3 days
prior, SCr was within the RI, but on admission to the
OVC-HSC ICU, SCr was 1500 pmol/1, urine production
was <0.5 ml/kg and the cat was overhydrated. With
therapy, urine production increased and SCr decreased,
but the urine sample from day 4 had higher KIM-1
concentration and numerous granular casts, indicating
ongoing tubular injury. It is conceivable that in this cat
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most proximal tubules were injured and sloughed prior
to analysis of the first urine sample, removing pre-
existing or de novo produced KIM-1. Subsequent
slightly increased urine KIM-1 may reflect regeneration
of proximal tubules with ensuing KIM-1 re-excretion
into urine. Injury with this magnitude of SCr change is
rarely assessed in studies of humans with AKI; there-
fore, comparable information on the dynamics of KIM-1
excretion in humans is sparse. Within 1 year of this epi-
sode of AKI, cat 2 was classified as having IRIS stage 2
CKD with persistent poorly concentrated to isosthen-
uric urine.

Cat 4 had established stable CKD with acute exacer-
bation of unknown cause. Admission and subsequent
urine KIM-1 results were lower than those in control
cats, but the initial urine sample was obtained several
days after exacerbation and initiation of therapy at the
referring clinic. This cat was eventually euthanized
owing to lack of resolution of azotemia. Histopathology
confirmed severe CKD consisting of bilateral renal fibro-
sis with lymphocytic and plasmacytic interstitial inflam-
mation, as well as bilateral tubular necrosis, glomerular
sclerosis and lack of cortical tubules in >60% of the sec-
tions. Therefore, this cat with chronic CKD may have
had superimposed severe AKI, which injured the few
remaining proximal tubular cells but did not increase
urine KIM-1 at the time of testing. Scenarios such as this,
where cats with relatively stable CKD suffer an addi-
tional nephrotoxic insult that becomes fatal, are not
uncommon; determining the value of urine KIM-1 meas-
urement in this context will require analysis of multiple
samples during stable CKD and immediately during
and following onset of illness. It has been suggested in
other species that monitoring urine KIM-1 concentration
is useful to assess transition from AKI to CKD, and dur-
ing progression of CKD.!

Cat 6 arrived at the OVC-HSC approximately 24 h
after relief of urethral obstruction at the referring clinic.
The first urine sample after admission to the OVC-HSC
(day 1) had higher KIM-1 concentration than that of
control cats, and the cat at that time had extremely high
SCr. The next day, urine KIM-1 had nearly doubled
although SCr had decreased by >75% (Table 1). These
findings suggest that urine KIM-1 concentration does
not parallel SCr but is likely influenced by factors such
as urine flow, degree and type of tubular cell injury, and
renal perfusion. On day 4, urine KIM-1 was at a level
similar to that in control cats, which could indicate that
a large proportion of the tubular cells capable of syn-
thesizing KIM-1 were sloughed, that KIM-1 production
was only transiently increased or that homeostasis was
re-established. KIM-1 is a phosphatidylserine receptor
expressed and upregulated on renal epithelium that
mediates recognition and phagocytosis of apoptotic
cells.? In a large multi-center rodent study, renal injury

from antimicrobial, antineoplastic and other drugs was
detected with higher sensitivity and specificity by
KIM-1 urine assay than by SCr, serum urea concentra-
tion or urinary N-acetyl-beta-d-glucosaminidase assay
and had very high correlation with histopathologic
assessment.!® Urinary KIM-1 increased by 3 h after
bilateral I/R injury, reached a maximum between 12
and 48 h and then decreased slightly until 120 h.!3 These
findings from rats cannot be readily translated to cats
as in clinical cases neither the time nor the nature or
severity of injury are known; however, based on the
limited data analyzed here, maximal urine KIM-1
increases may occur sooner than measured in clinical
cases in this study, and urine KIM-1 can be increased
when SCr is normal and when there is some concentrat-
ing ability. Findings in cat 7 parallel those in cats 2
and 6, and the stark increase in KIM-1 on day 5 may be
because this sample was collected immediately after pre-
sumed AKI in association with sepsis and anesthesia.

Hyperthyroidism results in tachycardia, increased
cardiac output, decreased vascular resistance and
increased renal perfusion, with the degree of change
likely influenced by the severity and duration of hyper-
thyroidism.44 Up to 50% of cats with hyperthyroidism
have CKD that becomes apparent once euthyroidism has
been re-established.®® In the light of recognition that
CKD predisposes to AKI, it is not surprising that the
hyperthyroid cats in this study had urine KIM-1 concen-
tration at the high end or above that of control cats.’®
Assessment of urine KIM-1 during hyperthyroidism and
after treatment may yield useful insight into kidney dis-
ease in this condition, and help to determine whether
higher urine KIM-1 is due to the increased metabolic
demand or ongoing low-grade AKI.

The nature of patient-side rapid LFAs does not pre-
clude concurrent assessment of USG and other urine
parameters. Therefore, the KIM-1 LFA is not a replace-
ment for urinalysis but may be an adjunct tool for
monitoring tubular injury. In this preliminary study,
urine KIM-1 was consistently detected in healthy
young cats, and had limited variability. Specific grav-
ity of urine samples from these healthy cats was much
higher than that of cats with suspected or proven AKIL
It remains to be determined whether high urine solute
concentrations affect urinary KIM-1. For example, on
day 3, cat 3 had a marked decrease in USG and a slight
decrease in KIM-1 relative to day 2, which might reflect
a dilution effect and/or altered shedding of KIM-1
from proximal tubular cells. Fluid and other therapy
and obstruction of specific nephron segments might
contribute to some low KIM-1 values in cats with AKI,
but additional studies are required to characterize such
potential relationships.

Finally, availability of antibodies reactive with
formalin-exposed epitopes, and therefore suitable for
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routine immunohistochemical detection of KIM-1, will
be very advantageous in efforts to characterize different
types of feline renal disease in biopsies or post-mortem
tissue. Detailed assessment of the tissue distribution of
KIM-1 expression in specific types of AKI was beyond
the scope of this investigation, but availability of a non-
invasive patient-side test for this biomarker will hope-
fully promote understanding, recognition and therapy
of kidney disease in cats.

Conclusions

A patient-side assay for detection of urine KIM-1 in cats
was developed. KIM-1 was present at a low level in
healthy cats and increased up to three-fold in cats with
AKI of variable degree and duration. The range, magni-
tude and timing of kidney injuries that result in increased
excretion of KIM-1 in urine over time remain to be deter-
mined, but a tool for such inquiry has now been
generated.
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