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Lrpap1 (RAP) Inhibits Proximal Tubule Clathrin Mediated
and Clathrin Independent Endocytosis, Ameliorating
Renal Aminoglycoside Nephrotoxicity
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Key Points

e Proximal tubule endocytosis of toxins often leads to nephrotoxicity.

e Inhibition of endocytosis with receptor-associated protein may serve as a clinical approach to reduce or eliminate
kidney damage from a potential nephrotoxin.

Abstract

Background Proximal tubules (PTs) are exposed to many exogenous and endogenous nephrotoxins that pass
through the glomerular filter. This includes many small molecules, such as aminoglycoside and myeloma light
chains. These filtered molecules are rapidly endocytosed by the PTs and lead to nephrotoxicity.

Methods To investigate whether inhibition of PT uptake of filtered toxins can reduce toxicity, we evaluated the
ability of Lrpapl or receptor-associated protein (RAP) to prevent PT endocytosis. Munich Wistar Fromter rats
were used since both glomerular filtration and PT uptake can be visualized and quantified. The injury model
chosen was the well-established gentamicin-induced toxicity, which leads to significant reductions in GFR and
serum creatinine increases. CKD was induced with a right uninephrectomy and left 40-minute pedicle clamp. Rats
had 8 weeks to recover and to stabilize GFR and proteinuria. Multiphoton microscopy was used to evaluate
endocytosis in vivo and serum creatinine, and 24-hour creatinine clearances were used to evaluate kidney
functional changes.

Results Studies showed that preadministration of RAP significantly inhibited both albumin and dextran en-
docytosis in outer cortical PTs. Importantly, this inhibition was found to be rapidly reversible with time. RAP was
also found to be an excellent inhibitor of PT gentamicin endocytosis. Finally, gentamicin administration for 6 days
resulted in significant elevation of serum creatinine in vehicle-treated rats, but not in those receiving daily infusion
of RAP before gentamicin.

Conclusions This study provides a model for the potential use of RAP to prevent, in a reversible manner, PT
endocytosis of potential nephrotoxins, thus protecting the kidney from damage.
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Introduction
Up to 20% of hospitalizations for patients with AKI are

concentrated within cell lysosomes and other compo-
nents of the endocytic system. Notable examples in-

due to nephrotoxins.! The proximal tubule (PT) is
exposed to many exogenous and endogenous potential
nephrotoxins filtered across the glomerulus and is in
large part responsible for the resulting AKI. This is
especially true for molecules with molecular weights
<20 kDa that have minimal or no protein binding to
plasma components, allowing for their rapid glomer-
ular filtration. PTs have a remarkably rapid, efficient,
and effective endocytic uptake rate with S1>52>>53.2
After PT endocytosis, many of these molecules are

clude proteins; antibiotics, such as aminoglycosides,
myeloma light chains; oligonucleotides; myoglobin;
and hemoglobin. This rapid uptake and concentration
of filtered molecules, and resulting toxicity, has limited
the use of numerous newly developed small molecular
weight therapeutics.® These include direct cellular tox-
ins, such as radiotherapeutics and other anticancer
agents. To avoid this unwanted side effect, creative
molecular approaches that enhance noncovalent bind-
ing to serum albumin or insert an albumin-binding site
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into these therapeutic agents are being developed to
lengthen drug serum half-life, thus minimizing glomerular
filtration and reducing PT exposure and toxicity.

PT endocytosis consists of both clathrin-mediated endo-
cytosis (CME) and clathrin independent endocytosis (CIE),
which includes fluid phase endocytosis>4~. Megalin (LDL
receptor-related protein 2) and cubilin (CUBN) are known to
be required for PT CME of nearly 100 different molecular
species, including potential nephrotoxins.> CME is espe-
cially prominent in the S1 segment of the PT. The role of
CIE of nephrotoxins has received less attention, but is a
prominent event in S2 PT cells.8

Alpha 2-macroglobulin receptor-associated protein (RAP),
Lrpapl (RAP), was first identified as a 39-kDa protein cop-
urifying with the LDL receptor-related protein (LRP) and was
shown to inhibit LRP ligand binding during its biosynthesis.?
Other studies documented this important role for multiple
LDL receptor family members, including megalin.!® Subse-
quent studies used RAP to inhibit multiple ligands, such as
myeloma light chains,!! transferrin,’? and albumin,'3 from
binding to megalin or other LDL receptors in vitro and
albumin in vivo.1* While RAP inhibits multiple ligand LDL
receptor interactions, whether it affects indirectly or directly
other membrane proteins or trafficking pathways has not
been explored. Therefore, the purpose of these studies was to
characterize the PT handling of RAP and to determine its
effects on PT endocytosis. Interestingly, while the inhibition
of CME was expected, the inhibition of CIE was found but not
expected. These studies indicate that RAP temporarily blocks
PT uptake of both CME and CIE. Furthermore, the data
indicate that RAP can have potential therapeutic use as a
short-term inhibitor of PT endocytosis of nephrotoxins.

Materials and Methods
Animals

Munich Wistar Fromter (MWF) rats were derived from a
colony generously provided by Dr. Roland Blantz (UCSF,
San Diego, CA) and maintained in the Indiana University
Large Animal Research Center. All experiments followed
National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals and were approved by the
Animal Care and Use Committee at the Indiana University
School of Medicine.

RAP and Stable RAP Synthesis, Protein Production, and
Purification

Rat RAP had its sequence optimized using Genscript ser-
vices. The sequence was cloned into the pcDNA3.4 mamma-
lian expression vector that contains the cytomegalovirus
promoter, followed by an N-terminus X6 hisitidine tag.
Stable RAP (sRAP) is a form of RAP with increased binding
affinity to receptors at low pH, thus lengthening the time in
which ligand binding is inhibited and extending its biological
half-life of inhibiting endocytosis. SRAP consists of three
amino acid changes to RAP as described and characterized
by the Strickland laboratory.!®> Our expectation was that
sRAP would provide greater megalin-dependent endocytosis
inhibition in vivo similar to what was shown in its initial in
vitro and in vivo characterization when analyzing a,-macro-
globulin internalization.!> Expression of each protein took
place in the Gibco Expi293F expression system using the

Expi293F cells according to the manufacturer’s protocol. Pu-
rification consisted of affinity binding to Qiagen Ni-NTA
superflow nickle-charged resin, followed by a HW55S size
exclusion chromatography column. Fractions containing
RAP or sRAP, >95% purity, are pooled, concentrated, di-
alyzed into saline, and lyophilized. Representative examples
of both the NiNTA and HW55S columns are shown in
Supplemental Figure 1.

Normal and sRAP Dosing

In studies quantifying the effect of PT, endocytosis RAP or
sRAP was administered iv (intravenously) at a dose of 40
mg/kg of rat body weight. Administration was done using
0.9% saline as a carrier at a concentration of 20 mg/ml (i.e., a
250-g rat would receive 10 mg in 500 ul). Each figure legend
specifies whether RAP or sRAP was used in the study.

Fluorescent Compounds

A 10-kDa cascade blue (CB) anionic dextran (Thermofisher,
Waltham, MA) was used as a CIE marker, given iv in 0.9%
saline at a dose of 6 mg/kg as previously reported.!® A Texas
Red-X albumin conjugate consisting of seven-atom amino-
hexanoyl spacer (“X”) between the fluorophore and the suc-
cinimidyl ester group (Thermofisher, Waltham, MA) and rat
serum albumin (RSA) (Sigma Aldrich, St. Louis, MO) was
used as a marker for CME uptake. Fluorophore conjugation
and dosing have been previously described.!” The two RAPs
were conjugated to Texas Red with a target dye:protein ratio
of 1:1. Texas Red gentamicin (TRG) (Biosynthesis, Lewisville,
TX, custom synthesis) was given as an iv (intravenous) in-
fusion of 1.0 mg in 500 ul of saline over 30 seconds.

In Vivo RAP Infusion, Uptake, and Effect on Endocytosis

To evaluate cellular uptake and distribution of RAP in the
kidney, intravital two-photon studies were undertaken in
8-10-week-old male and female MWF rats that have surface
glomeruli.’® Texas Red conjugated RAP (TR-RAP) was in-
fused, 40 mg/kg iv, followed 10 minutes later by iv infusion
of Texas Red-RSA (TR-RSA) to address the effect on CME.
RAP’s effect on CIE was addressed in a similar manner
by infusing RAP, followed by 10-kDa CB dextran (CBdex)
(4-6 mg/kg). PT fluorescence accumulation was followed for
60 minutes, and each probe’s uptake is reported as fluores-
cence units/um? and then normalized to the highest value
between the vehicle and RAP-treated rat groups in two
groups designated S1 (PTs with a clear glomerular opening
determined by two-photon microscopy) and PT (consisting of
S1 PTs without a clear opening and S2 PT segments). Notably,
no S3 PTs extend to the outer cortex accessible to the two-
photon imaging performed here, which was limited to ap-
proximately 50 um deep for quantitation.’®?0 In addition,
identification of different tubule types is also possible due to
the endogenous autofluorescence and apical brush border
membrane present in the PTs but lacking from collecting
ducts or distal tubules (dt).2?! To examine any reduction in
the uptake of the markers because of RAP administration,
regions containing glomeruli and S1 segments were selected
for study and marked, with images obtained at time points of
15, 30, and 60 minutes after bolus infusion of the two markers.
Fluorescence from the images was quantified and normalized
to the highest average value in the time series.
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Evaluation of Aminoglycoside Endocytosis

Quantitative analysis of aminoglycoside endocytosis in
PTs after RAP administration was initially studied using
TRG in normal MWEF rats by monitoring TRG accumulation
within the tubular epithelia using multiphoton microscopy.
To quantify TRG uptake, images were acquired at approx-
imately 15, 30, and 60-minute intervals after TRG infusion
and processed as described for the TR-RSA and CBdex
studies. Both RAP and sRAP were evaluated in this time
frame to determine any differences in PT gentamicin uptake.

Recovery of Endocytyosis

Because RAP reduced both CME and CIE in PTs, a
study was conducted to see whether endocytic function
would return. sSRAP was infused into MWF rats, as before,
followed by a 4-hour recovery and then an iv infusion of
TR-RSA and CBdex. The rats were then imaged for 60
minutes, as above, to quantify PT uptake. sRAP was
evaluated because of the increased inhibition over RAP
observed for fluorescent gentamicin uptake.

Aminoglycoside Studies in Normal and CKD Rats

On the basis of our earlier aminoglycoside nephrotoxicity
studies,?223 an MWF rat CKD model was used. This consisted
of a right unilateral nephrectomy and 40-minute clamp of the
left contralateral kidney in twelve 16-week-old male MWEF
rats, as previously reported.?* Rats after surgery were allowed
to recover for 4 weeks and then were studied for the effects of
the nephrectomy and clamp. Their serum creatinine had in-
creased from 0.54%0.05 mg/dl to 0.80+0.23 mg/dl; 24-hour
urinary creatinine clearances had decreased from 1.29+0.15 to
0.86+0.27 ml/min, and 24-hour urinary protein had increased
from 126.2+56.7 to 211.6+64.6 mg/24 h (all had P < 0.05).
Eight of the twelve rats that underwent surgery were selected
and paired into RAP and vehicle treatment groups. Their
corresponding serum creatinines, 24-hour creatinine clear-
ances, and urinary proteins were 0.69 versus 0.71 mg/dl,
0.91 versus 0.94 ml/min, and 205.8 versus 214.3 mg/24 h,
respectively. This proteinuric CKD model enabled us to ad-
dress in a CKD model of kidney injury, a known risk factor for
aminoglycoside nephrotoxicity, and whether RAP could
lessen the severity of kidney injury after gentamicin admin-
istration. After an additional 4-week recovery period from the
nephrectomy and clamp, when serum creatinine and pro-
teinuria were stable, gentamicin (100 mg/kg) was given i.p.
daily for 5 days to five rats in two groups, saline-treated and
sRAP-treated. Blood samples were drawn on days 0, 3, 4, 5,
and 6, one day after the last gentamicin injection, to determine
serum creatinine values, which were analyzed using a Cor-
eLabs Analyzer Model XXZ. At the time of study, the baseline
serum creatinine value for the rats in the RAP-treated group
was 0.94%0.12 mg/dl and for those in the vehicle-treated
group was 0.95+0.12 mg/dL

Intravital Microscopy

Intravital 2-P microscopy was performed as previously
reported.!8 Initial studies were conducted on our custom-
built Olympus Flouview-1000 using a X60 water im-
mersion lens (numerical aperture 1.2). Later studies were
conducted using a Leica Dive Multiphoton system, using a
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X 40 water immersion objective (numerical aperture 1.1).16
During image acquisition, changes in laser power transmis-
sivity were used to assure minimal saturation of endocytic
accumulation to allow correct quantitation of accumula-
tion,?> with the exception of the TR-RAP/CBdex study, where
the 40-mg/kg dose required for pharmacological efficacy
caused signal saturation. For this reason, no quantitative anal-
ysis was conducted with these data. A laser transmissivity
compensation curve was generated to normalize the 12-bit
intensity readings for the most accurate analysis of accumu-
lation; this has been characterized on both microscopy sys-
tems. Rats were anesthetized using isoflurane (5% induction,
1.5%—-2.0% maintenance at 0.5 L/min of O,) and monitored as
previously described.?

Quantitative Analysis of Imaging Studies

Endocytic uptake assessments were performed as previ-
ously described.?!"?” Having standardized fluorescence values
between images acquired at different laser power transmis-
sivity allowed the results to be presented in fluorescence
units/um?. Values were calculated using Microsoft Excel,
and Student f-tests were conducted to identify significant
differences. Dextran is a marker of CIE or fluid phase uptake,
and its rapid uptake into early endosomes and progression to
lysosomes with time is well-established.??! Supplemental
Table 1 provides the quantitative values for these studies.

Histopathology

After the 5-day gentamicin treatment, rats were saline-
flushed and perfused-fixed with 4% paraformaldehyde
according to institutional animal care guidelines. Kidneys
were bivalved, processed into paraffin, and microtome-
sectioned 3-4 ums in thickness. Paraffin sections were stained
with hematoxylin and eosin, periodic acid-Schiff (PAS), and
Masson trichrome. Renal histopathology was scored by one
renal pathologist (C.L.P.) blinded to the treatment, as pre-
viously reported.?82° Two scoring systems for acute tubular
injury were used, one that addressed predominantly cortical
injury®® and another that addressed medullary injury.*'
Chronic injury, including interstitial fibrosis, tubular atrophy,
and FSGS, was estimated in the cortex.

Statistical Analysis

Statistical analysis (two-tailed Student t-test) was per-
formed using standard statistical packages within Microsoft
Excel (Microsoft, Seattle, WA) and KaleidaGraph (Reading,
PA). The calculated P-values are presented on each graph
and showed clear statistical differences between vehicle and
RAP-treated conditions.

Histology Analysis

On day 6, rats were saline-flushed and perfused-fixed
with 4% paraformaldehyde, followed by paraffin embed-
ment. Four-micrometer sections were stained with H&E,
PAS, or trichrome. Each sample was evaluated by the same
pathologist in a blinded study, and multiple assessments
were performed to evaluate kidney damage. Both a Jablon-
ski method, to evaluate acute cortical injury, and a Colvin
method, to evaluate medullary injury, were scored. In ad-
dition, fibrosis, tubular atrophy, and FSGS were assessed.
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Results
Lrpap1 (RAP) Filtration and Internalization by Renal PTs
Understanding the alterations of the subcellular physio-
logic mechanisms affected by Lrapl (RAP), which induce
alterations in PT endocytic function, may prove beneficial,
particularly if they are reversible. To address these
questions, a Texas Red conjugate of Lrapl (TR-RAP) was
used to study PT handling and accumulation characteristics
in vivo in the kidney using multiphoton microscopy. In these
initial studies, a single iv bolus of 3 mg /kg was given to MWF
rats, which have surface glomeruli. The kidney processing of
TR-RAP was followed for 2 hours in the microscope stage.
The tracer dose was selected because higher doses of this 1:1
dye:protein conjugate quickly saturated PT intracellular ves-
icles containing the marker, making interpretation difficult at
latter time points. The set of micrographs in Figure 1 focuses
on a single glomerulus and S1 segment before and after
infusion of RAP. TR-RAP filtered across the glomerulus
rapidly into Bowman’s space. Binding to the apical brush
border in the S1 segment (arrow) occurred rapidly, within 20
seconds (Figure 1B). Enrichment of TR-RAP at the apical
brush border progressed from brush border binding to early
uptake localized within small subapical vesicles occurring at
4 minutes (Figure 1C). Continued tracking of the accumu-
lated marker in the same region showed progressive
migration of the marker from the brush border region to
distribution throughout PT cells within structures associated
with the endocytic pathway. These bright, vesicular endo-
somes form vesicular-tubular structures that extend deeper
into the PT cells (Figure 1E, 45 minutes after infusion) and are
seen extending toward the basolateral membranes (Figure 1F,
2 hours after infusion). The inset in Figure 1F clearly shows
the connected vesicular-tubular structures. The dose used in
this study was found to accumulate in only a few of the PT
segments studied, mainly S1 segments. The higher magnifi-
cation micrographs in Figure 1, C, E, and F show an S1
segment with notable uptake of TR-RAP surrounded by PT
segments whose fluorescence remained unchanged from the
background image. A low-power micrograph in Figure 1D
further validates this finding in the area surrounding the
observed region. This observation is consistent with the lack
of accumulation of filtered TR-RAP in the lumens of dt
(Figure 1D) and indicates that retrieval of TR-RAP occurred
entirely in early PT segments. We do not know whether
giving a larger dose would have resulted in downstream PT
segments taking up RAP.

Administration of RAP Reduces Clathrin-Mediated and
Clathrin Independent Endocytosis

Having established RAP is rapidly filtered and traffics
along the endocytic pathway in kidney S1 PTs, we next set
out to determine if its presence affected fluid phase and
receptor mediated endocytosis. To accomplish this simul-
taneously, we used a CB conjugated 10-kDa amino dextran
(CBdex), selected as the CIE or fluid phase marker, and a 1:1
dye:protein conjugate of TR-RSA as the CME marker. The
two fluorophores have spectral emissions that are easily
separated when simultaneously excited at 800-nm wave-
length, two-photon illumination. Data from S1 segments
(distinguishable by their connection to the glomerulus/
Bowman’s space) and other outer cortical PT segments

(S1’s not having a clear glomerular opening and S2s) are
reported separately. A dose of 40 mg/kg nonfluorescent
RAP or the same volume of the saline vehicle was admin-
istered approximately 10 minutes before infusion of the CIE
and CME markers. It is important to note the 3-mg/kg dose
used for the in vivo trafficking studies was insufficient to
induce the reduction in uptake (data not shown), but served
as a tracer dose to understand kidney handling. The results
for the CBdex CIE marker showed a significant decrease
(*P = <0.05) in PT fluorescence uptake of both markers at
each time point in RAP-treated rats, in both S1 and cortical
PT segments. The micrographs in Figure 2 show images for
the CBdex channel acquired 60 minutes after infusion. In the
vehicle-treated group (Figure 2A), robust punctate uptake of
CBdex is seen in the S1 PT segment (adjacent to the glo-
merulus—G) and surrounding PT segments. By contrast,
the PTs in the RAP-treated image (Figure 2B) showed re-
duced internalization predominantly in the S1 segment,
which is where the TR-RAP exhibited the greatest accumu-
lation in the initial trafficking studies (Figure 1). The quan-
titative data from the uptake studies confirmed that the
greatest reduction in uptake of the CIE marker occurred
in the S1 segments (Figure 2C), with a nearly six-fold dif-
ference across the time points, except for the 30-minute
time point. Other outer cortical PT segments (Figure 2D)
also showed a significant decrease in uptake at all time
points with a maximum two-fold reduction occurring at the
30-minute time point.

Analysis of the micrographs for the CME marker TR-RSA
again showed a similar pattern with a significant reduction in
uptake after RAP administration occurring in the PTs. The
micrographs in Figure 3, obtained 60 minutes after infusion of
the CME marker, show the TR-RSA channel for the vehicle-
treated and RAP-treated rats in Figure 3, A and B, respec-
tively. This is the same region showing the CIE marker in
Figure 2. In these images, however, the greatly reduced
glomerular permeability for TR-RSA causes retention within
plasma, highlighting the peritubular blood vessels and glo-
merular capillary loops (G=glomerulus) unlike the images
for the smaller dextran, which is filtered freely across the
glomerulus. In the PTs, the presence of TR-RSA accumulation
within the endocytic pool seen in the vehicle-treated rats
(Figure 3A) is greatly reduced by RAP treatment (Figure 3B).
The quantitative data from the TR-RSA images are shown in
Figure 3, C and D for the S1 and PTs, respectively. The rats in
the RAP group had on average a 2-2.5-fold reduction in the
15, 30, and 60-minute time points, with the reduction in
uptake being more pronounced in the S1 segments. The
reduction in TR-RSA uptake in PT segments increased over
time from 1.3-fold to 2.1-fold. This finding is consistent
with the results seen for dextran. The glomerular sieving
coefficient was also quantified for TR-RSA, and no signifi-
cant difference was measured (+vehicle=0.0158+0.0036,
+RAP=0.0163+0.0042, P = 0.6782).

RAP Exposure Reduces PT Gentamicin Uptake

The ability to minimize the effects of nephrotoxic drugs on
renal tubular epithelia could have far reaching clinical im-
plications. The PTs are the site of cellular uptake after ad-
ministration and glomerular filtration. The aminoglycoside
antibiotic gentamicin was chosen as an example of a
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Preimage Infusion at 20 seconds 4 minutes

30 minutes (low power)

45 minutes 2hrs

Figure 1. TR-RAP is rapidly internalized by PT cells. MWF rats, a rat strain expressing surface glomeruli, were given an iv bolus of TR-RAP at a
dose of 3 mg/kg. (A) Preimage of the Texas Red channel in black and white. The empty center is a glomerulus surrounded by PTs in cross-
section in this series of single plane images. The autofluorescence in the lysosomes appear as faint punctate structures associated with the
lysosomes; note the reduced autofluorescence seen in the S1 segment followed in this figure. (B) Infusion and filtration of the TR-RAP is seen
in a snapshot obtained at 20 seconds into a time series of the infusion. Individual glomerular capillary loops are seen in the center, with the
circulating red blood cells outlined by the TR-RAP in the plasma. The rapidly filtered TR-RAP is seen binding to the apical brush border of the
S1 segment (arrow). (C) Binding and enrichment of TR-RAP at the apical brush border continues, where small early endosomes appear
internalized from the bound fraction pool (see inset). (D) Distribution of the fluorescent bolus at this dose appeared solely within the
endocytic compartment of PT cells in early segments. No evidence of TR-RAP was seen within the tubular lumen of dt, suggesting all the
infused compounds were internalized by the PTs. Note, dt lack autofluorescence in stark contrast to PTs. (E and F) The same S1 segment
shown, this time at 45 minutes and 2 hours after infusion, respectively. The inset images in these panels show in greater detail the trafficking
of internalized TR-RAP as it migrates deeper into the cells in vesicular-tubular structures with some of these extensions nearing the
basolateral membrane (Bar=20 um). These studies used only tracer amounts of RAP conjugated to Texas Red. Note, the S1 group is
identified/defined as PTs with a clear glomerular opening determined by two-photon microscopy.

nephrotoxic drug to determine whether administration of
RAP reduced proximal tubule cell uptake and provided
kidney functional protection. A Texas Red conjugate of gen-
tamicin (TR-G) was used to study this potential benefit.
Following the protocols established in the previous studies,
MWE rats were given the same 40-mg/kg doses of RAP 10
minutes before a single bolus infusion of TR-G, with images
acquired at 15, 30, and 60 minutes after infusion. The fluo-
rescence data were normalized as described in the previous
uptake studies of the CME and CIE markers and analyzed.
The results from these studies showed significantly reduced
PT accumulation of TR-G in the RAP-treated rats. Notably,
increased endocytic inhibition was observed with SRAP com-
pared with RAP, as expected. Photomicrographs obtained at

60 minutes after TR-G infusion show uptake along the endo-
cytic pathway with accumulation occurring in the lysosomes
in vehicle-treated rats, as shown in Figure 4A. The typical
yellow-orange autofluorescence found in the PT lysosomes
now displayed a bright red fluorescence because of the
accumulated TR-G in both S1 and other outer cortical PT
segments. The RAP-treated group again had markedly re-
duced uptake, which was more pronounced in the S1, which
would normally see the bulk of any filtered aminoglycoside.
The S1 segment seems to display only the yellow-orange
autofluorescence and little to no TR-G accumulation. One
observation seen in the RAP-treated group is the continued
presence of TR-G binding to the apical brush border mem-
brane, predominantly in the PT segments (* Figure 4B).
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Figure 2. Unlabeled RAP significantly decreased accumulation of fluorescent 10-kDa dextran in PT cells. Ten minutes after infusion of
nonfluorescent RAP at 40 mg/kg or the normal saline vehicle, a single bolus of TR-RSA and 10-kDa CBdex was administered and images
were obtained at approximately 15, 30, and 60 minutes after infusion. (A and B) Single plane images obtained at 60 minutes of the vehicle-
treated and RAP-treated rats, respectively. (A) The ST segment in the vehicle-treated rat accumulated more of the 10k CBdex than the S1
segment in the RAP-treated rat (B). This reduction also occurred in later segments of PT. (C and D) Quantitative analysis of fluorescent uptake
between the RAP and vehicle groups, graphed for both ST and non-S1 PT segments, respectively. (C) Normalized dextran accumulation in
the S1 segments of PTs; peak fluorescence occurred in the vehicle-treated rats at the 30-minute interval. Pretreatment with RAP produced a
significant reduction in internalization of the dextran fluid phase marker at all time points examined, when compared with the vehicle-
treated rat group. The reduction of dextran uptake in RAP-treated rats is well over five-fold in the ST segment (C); this is lessened to a two-fold
decrease in other PT segments in RAP-treated rats (D). Supplemental Table 1 presents the quantitative values for C and D and specific
P-values are provided within the graph (G=glomerulus, Bar=20 um). Note, the ST group is identified/defined as PTs with a clear glomerular
opening determined by two-photon microscopy and PT comprise ST PTs without a clear opening and S2 PT segments. These studies used
RAP.

Presumably, this may be because of the high-capacity, lower
affinity binding of gentamicin to the PT apical membranes.**
The analyzed uptake data are displayed in Figure 4, C and D
for the S1 and PT segments, respectively, showing accumu-
lation in both S1 and other outer PT segments. The decrease in
TR-G fluorescence for the RAP-treated rats was approxi-
mately a two-fold reduction.

RAP-Induced Reduction of Endocytic Function is Reversible

The next studies were conducted to see whether the
effect of RAP on PT endocytosis was reversible. sSRAP
was administered at the same dose of 40 mg/kg and the

same fluorescent CME and CIE markers, given either 10
minutes or 4 hour + 10 minutes after RAP infusion. Given
the greater uptake of RAP in S1 PTs (Figure 1) and in-
creased inhibition of uptake by sSRAP over RAP (Figure 4),
recovery in the S1 PTs would be expected to be delayed
relative to the downstream PTs. Figure 5, A and B presents
paired single plane images for CBdex and TR-RSA uptake
collected 70 minutes after sRAP infusion. The circulating
TR-RSA (Figure 5B) within the capillary loops of the glo-
merulus (G) and surrounding peritubular vessels should
be noted. The S1 segment (S1) and surrounding PTs (*) fail
to internalize either marker, with the PTs having their
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Figure 3. RAP reduces endocytosis of filtered TR-albumin. TR-RSA, coadministered with the studies outlined in Figure 2, showed significant
reduction in uptake for this marker of CME in RAP-treated rats. (A and B) Single plane images of TR-RSA distribution at 60 minutes after
infusion for the saline vehicle and RAP-treated groups, respectively. The first noticeable difference is the vascular retention of the TR-RSA
fluorescence at 60 minutes due to the approximately 66-kDa molecular weight, which fills the plasma and highlights the capillary loops of
the glomerulus (G). Endocytic internalization of TR-RSA can be more easily visualized in the ST segment, which receives the highest
concentration at a slower rate of filtration. (A) The S1 segment demonstrates this in the vehicle-treated rats as bright, punctate endosomes
and lysosomes. (B) The S1 segment for the RAP-treated rat shows a marked reduced uptake in comparison. (C and D) The quantified,
normalized data comparing TR-RSA uptake between the two groups in the ST and PT segments, respectively. The peak value for TR-RSA
accumulation occurred at the 60-minute time point in the vehicle-treated group. The RAP-treated rats again had a significant reduction, with
the internalized albumin for all the time points analyzed in both ST and PT segments. A reduction of approximately 2-2.5-fold occurred in
the 30- and 60-minute time points for the ST and nonsegments. Supplemental Table 1 presents the quantitative values for C and D and
specific P-values are provided within the graph (Bar=20 um). Note, the ST group is identified/defined as PTs with a clear glomerular opening
determined by two-photon microscopy and PT comprise ST PTs without a clear opening and S2 PT segments. These studies used RAP.

characteristic autofluorescence unchanged. By this time,
the CBdex has cleared the vasculature and is not readily
seen. Quantification of fluorescence uptake showed com-
plete inhibition at this early time point consistent with the
inhibition of gentamicin observed by sRAP at 60 minutes
after infusion (Figure 4). Figure 5, C and D presents paired
single plane images for CBdex and TR-RSA collected 5
hours and 10 minutes after sRAP infusion. At this time
point, uptake of both CBdex and TR-RSA was observed.
However, as expected, increased recovery was observed
for both CBdex and TR-RSA in PTs downstream from S1,

which endocytosed the greatest amount of sSRAP. Normal-
ized fluorescence for TR-RSA uptake was 0.38+0.079 for S1
and 1*+1.2 for other PTs while for CBdex uptake, S1 was
0.12+0.06 and for other PTs, was 1+1.41. The variability in
recovery in the outer ortical S2 PTs may relate to glomer-
ular proximity because those tubules were more distant
with lower concentrations of sSRAP available. Importantly,
the level of uptake at 5 hours and 10 minutes is consistent
with a partial recovery and provides support for daily RAP
dosing to evaluate protection from aminoglycoside toxic-
ity. Increased uptake in downstream PTs versus Sl is
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Figure 4. Administration of RAP before infusion of a fluorescent aminoglycoside reduces PT uptake. A TR-G (red) was given as a single bolus
in rats, which were given either saline vehicle or nonfluorescent RAP 10 minutes before infusion, and images were obtained at ap-
proximately 15-, 30-, and 60-minutes after infusion. (A and B) The images are obtained 60 minutes after TR-G infusion and represent
vehicle-treated (A) and RAP-treated (B) rats. A comparison of the S1 segment shows a reduction of TR-G uptake in the RAP-treated rats (B)
with the ST segment in the vehicle rats (A). The RAP-treated group retained binding of TR-G to the brush border of PTs even 60 minutes after
infusion (B, *). Quantitative analysis of the images was conducted on fluorescent uptake data normalized to the peak value; the 60-minute
time point for the S1 segments of the vehicle group values. The S1 (C) and other PT (D) segments in the RAP-treated rats both had a significant
reduction in accumulation of TR-G of approximately two-fold. Supplemental Table 1 presents the quantitative values for C and D; specific P-
values are provided within the graph. Note, the ST group is identified/defined as PTs with a clear glomerular opening determined by two-
photon microscopy and PTs comprise ST PTs without a clear opening and S2 PT segments. These studies used both RAP and sRAP.

consistent with a recent study by the Hall group showing
that compensatory uptake in later regions of PTs occurs to
prevent urinary loss.32

RAP Treatment Minimizes Nephrotoxicity

Having established reduced trafficking of TR-G into renal
PTs, we next moved on to study this effect in a more real-world
model of gentamicin nephrotoxicity.”” We selected a CKD
model, and the rats were paired into two groups with
similar serum creatinine and 24-hour proteinuria levels.
For the aminoglycoside toxicity model, we selected a dose
of 100 mg/kg of native gentamicin delivered in a single
dose i.p. daily for 5 days. The rats received a saline vehicle
or sRAP injection (40 mg/kg) through the tail vein before
the i.p. injection of gentamicin. Loss of kidney function

was determined by the elevation in serum creatinine con-
centration over the course of several days of treatment.
The CKD group treated with vehicle (rats 4-8) had no
elevation in serum creatinine during the first 3 days of the
study, but showed a highly significant increase on days 5
and 6 of the study, with day 6 having an over five-fold
increase above baseline (0.95+0.12 mg/dl vs 5.4%0.80
mg/dl, P <0.01). The sRAP-treated group (rats 1-4), by
contrast, showed no statistical elevation in serum creati-
nine (P> 0.05); these rats had a marginal increase of
approximately 1.6-fold at day 6 (0.94+0.12 versus
1.53*0.49; Figure 6).

Twenty-four-hour quantitation of creatinine clearance
and urine protein on day 6 confirmed the protective effect
of SRAP on the treated animals (rats 1-4) versus the vehicle
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Texas Red RSA

Figure 5. Inhibition of PT endocytosis after RAP administration is reversible 4 hours after an initial bolus infusion. In these data, either saline
vehicle or nonfluorescent RAP was administered at a dose of 40 mg/kg in MWF rats. Rats were then imaged for accumulation of TR-RSA and
a CB 10-kDa dextran (CBdex) administered at either 10 minutes or 4 hours and 10 minutes after RAP infusion. (A and B) Single plane images
for the CBDex and TR-RSA, respectively. A rat imaged 60 minutes after infusion of the fluorescent markers in the 10-minute post-RAP group
follows the same protocol as in Figures 2 and 3. (A) The CBdex channel. The PTs have very little autofluorescence in the lysosomes in the
blue channel, which remains virtually unchanged due to the lack of CBdex accumulation by the tubular epithelia. The ST segment (S1), other
PTs (*), and glomerulus (G) are seen here and in the corresponding TR-RSA image (B). The TR-RSA is retained within the plasma highlighting
the vasculature surrounding the PTs and the capillary groups of the glomerulus (G). (B) Texas Red RSA, which is normally avidly ac-
cumulated in the endocytic compartment of PTs (S1, *), is absent . At the total elapsed time of 70 minutes after RAP infusion, inhibited
endocytic uptake in PTs persisted for both fluorescent probes. (C and D) On the contrary, single plane images for CBdex and TR-RSA,
respectively, show uptake of both fluorescent probes in these regain of function studies. This set of images were obtained in rats with an
elapsed time of 4 hours and 10 minutes after RAP infusion and 60 minutes after a single bolus infusion of both probes. The ST PT segments,
adjacent to their glomeruli (G), show accumulation of both CBdex (C) and TR-RSA (D), while PTs (*) appear to show more accumulation of

the CBdex (Bar=20 um). These studies used sRAP.

group (rats 4-8). Twenty-four-hour creatinine clearance in
the RAP-treated rats was 0.49+0.16 ml/min while in the
vehicle-treated group, it was 0.0920.07 ml/min (P < 0.01,
Figure 7A). Twenty-four-hour urinary protein/GFR had
increased to 487.6+£193.7 mg/GFR in the RAP-treated group
and 2512.3+362.0 mg/GFR in the vehicle-treated group
(P < 0.01, Figure 7B).

Figure 8 contains representative PAS-stained kidney sec-
tions from vehicle (saline) or RAP (treated) animals from
both the superficial cortex and the deep cortex. Evidence of
chronic histologic changes was observed in both groups and
was similar. Table 1 presents no clear correlation between
acute injury histologic changes, and the physiology data
were observed, except for the number of tubular casts/
high-power field that were reduced in RAP-treated rats
(P <0.05). In addition, acute cortical injury total Jablonski
scores (modified scores of 3A, 3B, 3C, and 4 into a numerical

scale of 3, 4, 5, and 6, respectively) resulted in a P value of
0.0857 when comparing the RAP-treated value of 4.25+3.59
with the vehicle-treated value of 8.25*+1.5 (n=4 for each

group).

Discussion

The nephrotoxicity of many endogenous and exogenous
substances is mediated by PT reabsorption after glomerular
filtration. This phenomenon has been understudied as a cause
of AKI, but there is now renewed interest with many small
molecule therapies being developed having nephrotoxicity as a
clinically relevant side effect.! The mechanism of aminoglyco-
side toxicity has been studied extensively, and it is known that
the positive charge of aminoglycosides influences binding and
subsequent endocytosis.33-3¢ After endocytosis, aminoglyco-
sides can be transported to the lysosome or travel retrogradely
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Figure 6. A 5-day study of gentamicin nephrotoxicity in a rat CKD model showed RAP administration improved renal function. The CKD rats
generated for the study were divided into two groups having nearly identical reduced renal function parameters. All rats received
gentamicin (100 mg/kg) daily, i.p. for 5 days. Before each injection, rats received saline vehicle or 40 mg/kg RAP using tail vein
injections. Blood was drawn at days 3, 4, 5, and 6 (1 day after the last injection) and analyzed for serum creatinine. The data
show that the vehicle-treated group (rats 5-8) had a significant reduction in renal function at days 5 and 6, as determined by a 5.6-fold
increase in serum creatinine at day 6, specific P-values are provided within the graph. By contrast, the RAP-treated group (rats 1-4)
reported only a 1.6-fold increase at day 6. These studies used sRAP. Each colored bar represents the value for a rat at the reported time
point (n=4).

through the Golgi apparatus and even be released into the organelles. Given the multiple PT pathways available to these
cytosol.3773 Once free in the cytosol, they mediate toxicity and ~ small positively charged molecules, the potential for multiple
damage to the mitochondria**4! and likely other subcellular  yet unknown modifying interactions exist.
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Figure 7. RAP minimizes gentamicin nephrotoxicity-induced decline in GFR and increases in proteinuria after 5 days of gentamicin
treatment. (A) The result of gentamicin treatment on the 24-hour clearance of creatinine, as a measure of GFR. Both groups had a decrease in
GFR, but the reduction in the RAP-treated group was far less. (B) Urinary protein excretion is factored for GFR and shows RAP minimized the
increase in 24-hour protein. Each colored bar represents the value for a rat at the reported time point (n=4).
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Figure 8. Light microscopy: formalin-fixed, paraffin-embedded sections of the kidney were stained with PAS. (A) A representative sampling of
the superficial renal cortex from a saline-treated/sham rat shows extensive acute tubular injury with detachment of the epithelium from tubular
basement membranes (arrows) and intraluminal proteinaceous casts, including some containing cell debris (*), compared with a less extensive
but similar injury pattern in the treated rat (B). Representative areas from the outer strip of a saline-treated rat (C) show the renal tubule
epithelium with loss of brush borders and cytoplasmic vacuolization and protein reabsorption droplets (arrows). Mitotic activity (circles) and
intraluminal proteinaceous casts (*) are noted. Similar features are seen in the treated rat (D) but are less intense in this image.

PT cells, especially the S1 segment, have very rapid en-
docytosis that is responsible for the uptake of numerous
filtered substances (i.e. proteins, peptides, vitamins, and
drugs). In addition, while trafficking to lysosomes is com-
mon, some molecules traffic to the Golgi apparatus and
endoplasmic reticulum and can also be trancytosed.3 184143
Consequently, protective therapies to limit aminoglycoside
PT uptake and reduce the resultant damage have been
pursued. Some approaches, such as calcium or lysine in-
fusion to minimize PT apical binding and endocytic uptake,
are clinically impractical.3* Some benefit has been shown for
cilastatin, although its administration may have unwanted
consequences due to its dehydropeptidase I inhibitory
properties. 4445

Because much is still unknown concerning the interplay
between CME and CIE in the PT, these studies were focused
on further evaluation of these two endocytic mechanisms and
the effect of RAP on them quantified by intravital microscopy
methods in the MWF rat model.? This approach affords the
unique opportunity to visualize, in real time, both filtration
and PT uptake and trafficking.#® RAP has been shown to
partially inhibit PT accumulation and even toxicity of several
toxins; however, the mechanism has never been investigated
using intravital microscopy.!1131447 We also chose to eval-
uate the recently described sRAP, which does not dissociate
in the acidic endosomes, thus extending the ligand-binding
inhibition for this form and possibly offering improved re-
duction of nephrotoxin uptake.!® Furthermore, it is important
to state that RAP has many identified and potential protein
interactors, most of which are present in PTs (BioGRID
[https:/ /thebiogrid.org/] identifies 137 protein associations).

TR-RAP was rapidly endocytosed by PTs after filtration
with S1 segments taking up more than other cortical PT
cells. We do not know whether this was because of the lack
of TR-RAP exposure to downstream PTs or their inability to
take it up. Most of this RAP trafficked to large punctate
structures consistent with lysosomes. Administration of
RAP before albumin infusion resulted in a significant re-
duction in PT albumin uptake as expected because RAP can
prevent ligand binding to cubilin and megalin.*84° Since
RAP is normally found as an intracellular protein, iv in-
fusion as used here, and by other investigators, can be
expected to lead to interactions not normally encountered.
Consequently, the exact mechanism of how RAP inhibits
CME will require further investigation.

The effects of RAP on CIE were also addressed. Before
RAP infusion, the uptake of the CIE marker, 10-kDa dex-
tran, was greater in S2 than in S1 cells, and the CME marker
albumin was higher in S1 than in S2 cells. This is in agree-
ment with previous studies showing that S2 cells are known
to have increased uptake by fluid phase endocytosis.> In-
terestingly, RAP affected both CME, as expected, and CIE,
which was not expected. This may indicate that megalin
may exert a permissive function in allowing CIE, but this
remains to be determined. However, the effect of RAP
on endocytosis was partially reversible at 4 hours, with
significant recovery observed by 4 hours most notably in
downstream PTs. We did not quantify later time points to
determine whether full recovery of endocytosis occurred in
S1 PTs. Notably, daily injections of sSRAP for 5 days did not
result in histologic changes or apparent PT disfunction for
protein endocytosis.
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Table 1. Renal pathologist analysis of vehicle and RAP-treated kidneys.
Rat Number Acute Cortical Injury, Medulla Injury, Percent Intgrstitial Tubular FSGS I}};ﬂ;ﬂf P?feslSS/ E;I;ozt(e)ifl glsgt?_ Other
Jablonski Fibrosis Atrophy
w/o cells)
+RAP
1 3B, 3C 5 <10% 17/100 73 Upper two-thirds of the cortex
shows greatest acute injury
4 3C 15 11%-33% 23/100 29 Upper one-third of the cortex
shows greatest acute injury,
variable
5 2 5 <10% 9/100 26 Patchy necrosis in outer one-
third of the cortex
8 1 10 11%-33% 2/100 22 One of the better looking
kidneys
Vehicle
3 4 10 <10% 28/95 52 One of the worst: majority of
the cortex shows acute injury
6 3B, 3C 5 <10% 2/100 75 Upper half of cortex shows
greatest acute injury
10 3B, 3C 10 11%-33% 4/100 87 Upper half of the cortex shows
greatest injury
12 3B, 3C 5 <10% 3/100 102 Upper half of the cortex shows

greatest acute injury

Acute injury scored using a modified Jablonski method because that system does not fit the pattern of injury observed. Hematoxylin and eosin and PAS slides were scored to address injury to
cortical proximal tubules. 1=mitosis and necrosis of individual cells; 2=necrosis of all cells in adjacent PCT, with survival of surrounding tubules; 3A=necrosis in the inner cortex (distal one-
third of PCT with a band of necrosis extending across the inner cortex); 3B=necrosis in the middle cortex middle one-third of PCT with a band of necrosis extending across; 3C=necrosis in the
outer cortex (superficial third of the cortex from capsule inward); 4=necrosis affecting all three segments of the PCT (full-thickness cortex). Medulla injury scored using the method of Colvin,
which addresses an injury in the outer medulla (percentage of tubules in the outer medulla with epithelial cell necrosis or necrotic debris). 0=none; 1=<10%; 2=10%-25%; 3=26%-75%; 4=>75%.
Interstitial fibrosis was estimated from scoring of trichrome and PAS slides as a percentage of cortex. Intraluminal hyaline casts in tubules were counted in the superficial cortex of PAS-stained
sections. There was a statistical difference between the two groups, with the treated group having fewer casts (P<<0.05). Representative histopathology images are shown in Figure 8. RAP,
receptor-associated protein; FSGS, focal segmental glomerulosclerosis; PAS, periodic acid-Schiff.
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Because RAP inhibited both CME and CIE uptakes, it was
reasonable to hypothesize that prior administration of RAP
could limit PT uptake of many different nephrotoxins and
thus prevent PT cell injury. To directly answer this question,
we chose to look at gentamicin nephrotoxicity using a sen-
sitive model. Rats have a large renal reserve capacity as
evidenced by the fact that unilateral nephrectomy does not
alter their baseline serum creatinine. Therefore, to show an
increase in serum creatinine requires more than a 50% re-
duction of kidney function. However, with loss of function,
as in a CKD model, sensitivity to further loss of function is
increased as it is clinically. The model of right unilateral
nephrectomy and simultaneous left ischemic clamping in MWE
rats resulted in rats with a stable serum creatinine of approx-
imately 1.0 with increased proteinuria. This model proved
advantageous in testing whether RAP given before a neph-
rotoxin could reduce nephrotoxicity. In fact, in the absence
of RAP, a 5.6-fold increase in sCr (5.320.80) occurred while
with RAP administration, sCr only rose 1.6-fold (1.5+0.49,
Figure 6). This was associated with a large decrease in GFR in
the vehicle-treated group and a much smaller decline in the
sRAP-treated group (Figure 7A). Proteinuria, factored for
GFR, also increased dramatically more in the vehicle-
treated group (Figure 7B), implying more PT disfunction
for protein and albumin reabsorption.

The largest changes in kidney function did not correlate
statistically with changes in histology. In this CKD model,
there are moderate-to-severe histology changes at baseline,
likely making identifying acute changes more difficult. Only
the number of intralumenal casts/high-power field reached
statistical significance (P < 0.05), with an # of 4.

The rapid endocytosis of RAP in PTs and rapid initiation
and reversible inhibition of CME and CIE will, as we hy-
pothesized, allow adequate time for filtration and urinary
clearance of small molecules, those that can clear within
approximately 90 minutes (RAP’s apparent PT half-life
when administered iv). Furthermore, because the effect of
endogenous RAP is reversible and because it is a normal
cellular protein, other unforeseen harmful consequences are
likely reduced. Consequently, we believe RAP administra-
tion before the infusion of an exogenous nephrotoxin, which
undergoes PT endocytosis, could be used to minimize and
or totally prevent PT cell injury. This approach could also
limit uptake of filtered myoglobin in patients with high
levels of myoglobinemia or free hemoglobin released during
muscle injury and hemolysis, respectively.
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