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Abstract

Background: Non-invasive monitoring of disease progression in kidney disease is still a major challenge in clinical practice.
In vivo near-infrared (NIR) imaging provides a new tool for studying disease mechanisms and non-invasive monitoring of
disease development, even in deep organs. The LI-COR IRDye® 800CW RGD optical probe (RGD probe) is a NIR fluorophore,
that can target integrin alpha v beta 3 (a,,3) in tissues.

Objective: This study aims to monitor renal disease progression in an anti-glomerular basement membrane (GBM) nephritis
mouse model.

Method’s: Anti-GBM nephritis was induced in 129x1/svJ) mice by anti-GBM serum challenge. The expression of integrin o33
in the diseased kidney was examined by immunohistochemistry and quantitative polymerase chain reaction. The RGD
probe and control fluorophores, the 800CW dye, and the BSA-conjugated 800CW dye, were administered into anti-GBM
nephritic mice. LI-COR Pearl® Impulse imaging system was used for in vivo imaging; while ex vivo organ imaging was
acquired using the Maestro™ imaging system.

Results: Kidney tissue from anti-GBM nephritic mice showed higher levels of integrin o, 5 expression at both the protein
and the mRNA level compared to normal mice. The RGD probe allowed in vivo renal imaging and the fluorescent signal
could be specifically captured in the diseased kidneys up to 14 days, reflecting longitudinal changes in renal function.

Conclusion: The infrared RGD molecular probe that tracks integrin expression can be successfully used to monitor renal
disease progression following immune-mediated nephritis.
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In vivo imaging has recently emerged in medical research as an
effective approach to non-invasively monitor molecular mecha-
nisms and disease progression, providing both qualitative and
quantitative data. Magnetic resonance imaging (MRI) has

Introduction

Acute kidney injury (AKI) is a common problem, affecting
more than 2 million people worldwide each year. Despite

significant advances in both technology and clinical care, the
mortality and morbidity rate associated with AKI has remained
relatively unchanged at around 50% over the past four decades,
alluding to shortfalls in early diagnosis, disease monitoring as well
as therapy [1]. Although there is a wealth of evidence indicating
that new molecular biomarkers, such as neutrophil gelatinase-
associated lipocalin [2,3] and IL-18 [2,4], can be used to aid in
AKI diagnosis and/or non-invasively monitor disease progres-
sion, these studies are still preliminary and need further studies to
validate the sensitivity and specificity of these molecules in larger
cohorts [2,5]. Therefore, the development of a non-invasive tool
to monitor renal disease as well as to guide treatment decision is
urgently warranted.

PLOS ONE | www.plosone.org

successfully been used to quantify renal inflammation in MRL/
Ipr mice [6], to detect renal involvement in a murine lupus model
or lupus [7,8], to identify and differentiate various types of
nephropathies [9] as well as to evaluate glomerular filtration rate
(GFR) [10]. In vivo fluorescent imaging has rarely been used for this
imaging purpose, since the kidney is a deep organ and traditional
fluorophores have limited tissue light penetration [11,12]. New
near infrared (NIR) fluorophores offer enhanced tissue penetra-
tion. These NIR fluorochromes have high molar extinction
coeflicients, good quantum yields, and low non-specific tissue
binding, which makes deep-organ in vivo imaging possible [11-15].
Recently, Nakamura et al. have applied i vivo optical imaging in
three different renal disease models using Cy7-labeled recombi-
nant-gelatin  (R-Gel). Their data indicated that this probe
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accumulated at the site of inflammation within the diseased
kidney, with a pattern similar to that obtained by fluorescent
imaging following the administration of anti-Macl antibody [16].
In a rat model of polycystic kidney disease, GFR was successfully
tracked by optical imaging with the fluorescent renal marker
fluorescein-isothiocyanate-labeled-sinistrin [10].

Integrin, a heterodimeric transmembrane receptor glycoprotein
with o and B subunits, plays a critical role in mediating adhesion
and interaction between cells and the extracellular matrix. Early
studies demonstrated that alpha v beta 3 (avp3) is highly expressed
in various forms of glomerulonephritis, including IgA nephropa-
thy, lupus nephritis, membranoproliferative glomerulonephritis, as
well as diabetic nephropathy [17-21]. The distribution of integrin
avP3 is observed mainly around the expanded mesangial regions
in close proximity to the immune complex deposits as well as in
glomerular capillary loops and cellular crescents. More impor-
tantly, expression has been shown to increase significantly as a
degree of chronic histological damage and disease progression
[18,20,21].

RGD is a small peptide with an Arg-Gly-Asp sequence, which
exhibits high-affinity binding to the ovB3 integrin [22,23]. IRDye
800CW RGD (LI-COR Biosciences), a NIR dye conjugated to
RGD, has recently been developed and used for in vivo optical
cancer imaging. After administration, the dye is distributed and
excreted by the kidneys, without any obvious adverse effects on
renal function [24]. Considering the advantages of NIR
fluorophores and the high affinity of the RGD probe for kidneys
expressing integrin avp3, we selected the LI-COR 800CW RGD
molecular probe (RGD probe) as our targeting contrast agent to
monitor renal disease progression in a mouse model with ant-
glomerular basement membrane antibody (anti-GBM)- induced
experimental nephritis.

Anti-GBM nephritis is a typical AKI model, characterized by
rapid progressive renal dysfunction and aggressive crescent
formation. This disease is regarded as the prototype of immune
complex-induced nephritis because of the presence of the anti-
GBM autoantibody and the successful identification of auto-
antigens on the renal GBM [25,26]. However, increasing evidence
indicates that multiple factors such as chemokines, cytokines, T
cells, as well as genetic factors also contribute to the pathogenesis
of the disease [27]. Similar to other types of glomerulonephritis,
elevated expression of avf3 has also been demonstrated in human
crescentic glomerulonephritis [19].

In the present study, we aim to apply non-invasive i vivo optical
renal imaging using the LI-COR RGD probe to track disease in a
mouse model of anti-GBM nephritis. Our strategy offers promise
as a non-invasive method to monitor renal disease. Most
importantly, this strategy has the potential for targeted monitoring
and treatment of various renal diseases in the near future.

Materials and Methods
Anti-GBM nephritis model

Among 20 inbred strains, 129x1/sv] mice are one of the most
susceptible strains to anti-GBM disease [28]. The methodology to
create the experimental anti-GBM nephritis model has been
described elsewhere [28]. Briefly, 5 days after immunization with
rabbit IgG in complete Freund’s adjuvant (Sigma, St. Louis, MO),
anti-GBM serum was administered intravenously to 30 129x1/sv]J
mice (6-8 wks old). The imaging was initiated on Day 12 (D12)
after immunization on Day 0 (D0), when disease begins in this
model, as evidenced by higher levels of serum creatinine (Scr) and
urine protein, as well as increased pathological injury. The
pathological changes have previously been evaluated by a renal

PLOS ONE | www.plosone.org

Serial Imaging of Antibody-Induced Nephritis

pathologist in a blind fashion, and the detailed scoring system has
been described elsewhere [28]. All studies were reviewed and
approved by the Institutional Animal Care and Use Committee at
UT Southwestern Medical Center, Dallas, TX.

The expression of integrin avf3 in nephritis

The expression of o,Bs; was evaluated by THC. Briefly, after
initial dewaxing and rehydration of 4-um formalin-fixed, paraffin-
embedded kidney sections from both anti-GBM nephritis and
normal 129x1/sy] mice, antigen retrieval was performed in a
citrate buffer (pH 6.0). Then, rabbit anti-mouse o,fB5 was
incubated overnight at 4°C (1:500; Abbiotec, San Diego, CA).
EXPOSE rabbit and mouse specific IHC kit (Abcam Inc,
Cambridge, MA) was used for the detection of integrin o, fs
expression. The sections were counterstained with hematoxylin to
visualize cell nuclei.

Quantitative polymerase chain reaction (JPCR) was performed
to detect integrin oavB3 mRINA expression in the kidney tissue. The
primer sequence for integrin ov was 5'-GGTTACTCTTGGCT-
TAGGTGG-3" upstream and 5'- CTTCCCTGCTAGTTTC-
CTCATC-3" downstream. For integrin B3, the primer sequence
was 5'-GCTCATCGTTTCTATCCCACC-3" upstream and 5'-
TTCATCGGGTTTCCAAGGTC-3" downstream. After isolat-
ing total RNA from kidney tissue using TRIzol, cDNA was
generated using the TagMan reverse transcription reagent
(Applied Biosystems, Foster City, CA). mRNA levels were
determined by real-time PCR using the Fast SYBR® Green
Master Mix (Applied Biosystems) on a Bio-Rad CFX96™ real-
time system (Bio-Rad, Hercules, CA). Expression of all genes was
normalized to cyclophilin A-2 expression using the standard AC-p
method.

Conjugation of bovine serum albumin (BSA) with 800CW
Dye

BSA (Sigma) was conjugated to IRDye 800CW using the
Protein Labeling Kit-High MW (catalog # 928-38040, LI-COR
Biosciences, Lincoln, NE) according to the manufacturer’s
instructions. The N-hydroxysuccinimide (NHS) ester reactive
group of the 800CW dye couples free amino groups to form
stable conjugates with proteins. Briefly, BSA (10 mg) was dissolved
in 10 ml phosphate buffered saline (PBS). After adjusting the pH
to 8.5, 1.0 mg of BSA was mixed with an appropriate amount of
dye at 20°C for 2 h, protecting the reaction from light. Zeba ™
desalting spin columns (Pierce, Rockford, IL) were used to separate
free dye from the protein conjugate. The concentration of BSA-
conjugated 800CW dye and the dye to protein ratio were
determined by measuring absorbance with a spectrophotometer.

In vivo and ex vivo optical imaging

A Pearl® Impulse Small Animal Imaging System (LI-COR) was
used for in vivo imaging. The instrument is designed specifically for
white light, 700-nm channel, and 800-nm channel image
acquisition. After the initial control (DO) scan, 1 nmol of each
dye was administered to each mouse by tail vein injection; each
mouse received only a single injection. Dynamic images were
acquired before, and also at 1 h, 4 h, 6 h, 12 h, 24 h, then at
every 24 h (till Day 14) after administration of the fluorescent
probe (N =4-5 for each group). All images were acquired with the
same parameter settings and are scaled to the same maximum
values. Estimates of probe biodistribution were determined based
on the indicated circular regions of interest encompassing each
kidney, and the average (arbitrary units)/area signal intensity was
calculated using the manufacturer’s software. At each time point,
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the mice were anesthetized using isoflurane/oxygen through a
nose cone attached to the imaging bed.

ex vivo organ imaging. Fx viwo organ imaging was conduct-
ed at 36 h after administration of the contrast agents using the
Maestro™ imaging system (CRi, Waltham, MA). Nephritis-
induced mice from the RGD probe group and the control probe
group were sacrificed immediately after imaging at 36 h (N =3 for
each group). Several organs were collected and washed with PBS,
then laid on Petri dishes for imaging. Image processing and data
analysis were performed using the DyCE software provided with
Maestro'™ 2.10.0. Briefly, a spectrum of the background signal
(peak emission, 770 nm) was first obtained from a mouse before
injecting the RGD 800CW dye, while the spectrum of the RGD
800CW dye (peak emission, 800 nm) was detected using a solution
of the dye in PBS (0.1 nmol/ml). The spectra were then imported
and used to unmix the NIR dye signal from the background signal
for ex viwo studies. The average signal was presented as (arbitrary
units)/area.

Statistical Analysis

Data are expressed as mean = SEM. A two-tailed ¢ test was
performed to compare the difference between the two groups
using SPSS 8.0 for Windows (SPSS Inc., Chicago, IL). A P value
less than 0.05 was considered as statistically significant.

Results

Renal dysfunction in anti-GBM nephritis

The 129x1/sv] mice challenged with anti-GBM serum showed
increased levels of Scr post-challenge, accompanied by several
renal pathological changes, including an increased glomerulone-
phritis (GN) score and crescent formation when compared to the
no-disease control group (Fig. la—c). The three nephritis groups
showed similar Scr levels on D12, indicating that all the study
groups had similar renal function when recruited into the imaging
study (Fig. la). Representative renal pathological changes in the
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glomeruli and the tubulointerstitium are shown in Figs. 1d and le,
respectively.

Increased expression of integrin avp3 in anti-GBM
nephritis kidney

In agreement with previous studies, IHC and qPCR findings
confirmed the increased expression of avf3 in the diseased kidney
at both the protein and mRNA levels following anti-GBM
antibody challenge [19]. As shown in Fig. 2a, higher expression
of oawP3 was seen in the anti-GBM kidney tissue, predominantly in
the mesangial areas and capillary loops. The mRNA expression of
integrin avfB3, normalized to that of cyclophilin A-2, is shown in
Fig. 2d. The mRNA level of integrin o in the nephritic tissue was
7 times higher than that in the control tissue (N=6, £<0.001),
whereas the mRNA level of integrin B3 gene was 2.7 fold higher
than in controls (N =6, P<0.05).

In vivo renal dynamic imaging captured by the Pearl®
Impulse system

Following administration of the RGD probe, normal control
mice exhibited a weak, transient accumulation of the dye in the
kidney around 6-24 h (Fig. 3a, left-most column), which was
washed out by Day 2. In nephritis-induced mice injected with the
unconjugated dye alone, some signal was observed in the kidney
area up to 48 h compared to that in the normal control mice
(average signal 1,890%0.124 vs. 0.312%0.054, N=4 — 5 for each
group, P<<0.001, Fig. 3a, right most column). In nephritis-induced
mice that received the RGD probe (coupled to dye), strong renal
images can be acquired as early as 1 h after injection, and retained
up 10 days after administration. The control group injected with
BSA-conjugated to the dye behaved very similarly to the nephritic
mice receiving free dye; renal images could be acquired at 6 h
after administration of the dye and lasted for about 2 days (Fig. 3a,
third column). The quantitative data for each group is shown in
Fig. 3b, which clearly demonstrates the significantly higher
fluorescence signal observed in the nephritis + RGD probe group,
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Figure 1. Renal dysfunction and pathological damage following anti-GBM nephritis. (a) Increased Scr after anti-GBM serum challenge. On
D12, each nephritis group showed significantly higher levels of Scr than that on DO (N=4-5 for each group, P<<0.003), whereas, there was no
significant difference in Src levels among the three groups (b-c). Severe pathological damage was seen in the nephritis group on D12, as evidenced
by crescent formation in the nephritis group and by an increased GN score (N=3 for each group, P<<0.0001). (d—e) Representative pathological
changes in diseased mice in glomeruli (d) and tubulointerstitium are shown (e). The solid arrow indicates crescent formation; the asterisk indicates
dilated distal tubules filled with protein cast; the dotted arrow shows infiltrating cells.

doi:10.1371/journal.pone.0043941.g001
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Figure 2. Increased renal integrin avp3 expression in anti-GBM disease. (a—-c) IHC staining of mouse kidney sections with an anti-integrin
avP3 antibody (1:500 dilution). (a) Normal control kidney; (b) nephritic kidney subjected to anti-GBM disease; (c) Semi-quantitative analysis of integrin
avP3 expression (N =6 for each group, P<<0.01, two-tailed t test). (d) Real-time PCR analysis showing enhanced integrin av and 33 gene expression in
diseased kidney after anti-GBM serum injection (N =6 for each group, P<<0.001 for av and P<<0.05 for 33 gene expression, respectively, two- tailed t

test).
doi:10.1371/journal.pone.0043941.g002

even towards the end of the experiment (D9-D14 after dye
administration), compared to the other three groups.

Ex vivo organ imaging using the Maestro™ imaging
system

Examination of isolated organs (kidney, heart, spleen, liver,
stomach, bladder, and tail) from nephritic and control mice 36 h
after RGD probe administration (N=3 for each group) showed
much higher signal in the kidneys from the nephritic group
(Fig. 4a, b), using a second optical imaging platform, the
Maestro ™ imaging system.
Correlation of renal function changes with renal RGD
accumulation

As shown in Fig. 1, imaging was initiated on D12 following anti-
GBM challenge, when Scr levels are elevated in this model.
Following this, changes in Scr levels were monitored every other
day till the end of imaging. As indicated by the longitudinal
changes in Scr levels in Fig. 5a, the disease peaked around D13 to
D19 after anti-GBM serum injection. Following this, the mice
partly recovered, with a gradual decrease in Scr levels. The renal
fluorescent intensity changes, as captured by the Pearl® Impulse
small-animal imaging system show that the renal accumulation of
the RGD 800CW dye peaked just before D14 of disease, and then
gradually dampened beyond that (Fig. 5b), closely tracking renal
function as gauged by Scr levels (Fig. 5a).

Discussion

We have performed in vwo and ex vivo renal imaging using a
RGD-labeled NIR dye (800CW) using two different optical
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imaging systems. Our data indicate that the strong interaction
between integrin avB3 and its peptide ligand, RGD, can be used
to non-invasively monitor renal disease progression in an anti-
GBM nephritis model. In addition, our study implicates a
potential role for imaging-guided disease monitoring for renal
diseases with high integrin avB3 expression.

Integrin avp3, also known as the vitronectin receptor, consists
of a 125 kD awv subunit and a 105 kD B3 subunit. It is expressed
at low levels in most normal tissues, but, of particular interest,
highly expressed in inflamed sites and on activated macrophages.
In various forms of glomerulonephritis, including IgA nephrop-
athy, lupus nephritis, membranoproliferative glomerulonephritis,
as well as diabetic nephropathy, high Integrin avp3 expression
has been reported [17-21]. In patients with anti-GBM nephritis,
an abnormal pattern of integrin avB3 expression was also
consistently found on crescentic cells [19,29]. Besides its role in
the trafficking of inflammatory cells, this integrin may also
function through other mechanisms. Several studies focus on the
interaction of integrin ovB3 with a variety of extracellular matrix
components. Integrin avB3 has been identified as a key player in
tubulo-interstitial nephritis, where it impacts tubule cell survival
and proper tubular homeostasis [30]. The adhesive crosstalk
between glomerular mesangial cells and fibrinogen is also
integrin ovB3 dependent [31]. Recently, Hayashida T et al also
reported that Integrin avf3 can promote renal fibrogenesis
through Rac-1 mediated ERK activity [32]. Thus, integrin ovp3
may contribute to the tissue damage seen in various renal
diseases through its crosstalk with a variety of extracellular matrix
components. In rheumatoid arthritis, a disease characterized by
inflammatory arthritis, blocking the function of integrin avfB3 can
significantly reduce inflammatory cell infiltration and restore
joint function [33].
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Figure 3. Dynamic in vivo fluorescence imaging using the Pearl® Impulse system. Repeated in vivo fluorescence imaging was performed
using the Pearl® Impulse system over a period of 14 days after 800CW-RGD dye injection. (a) Dynamic renal imaging at successive time points. From
left to right: healthy-control + RGD Dye, nephritis + RGD Dye, nephritis + BSA-conjugated dye, and nephritis + Dye only. (b) Average fluorescent signal
intensity at each time point for each group, with the data from days D2-D14 shown in the inset (N=4-5 for each group at each time point, P<0.05
for nephritis + RGD Dye group vs. other group, two-tailed t test). Note: “nephritis” refers to mice that have been challenged with anti-GBM serum.

doi:10.1371/journal.pone.0043941.9003

The recognition motif, RGD (Arg-Gly-Asp), is a tripeptide
sequence that binds integrin ovf3 receptors. Interest in using a
labeled RGD peptide ligand for the study and/or monitoring of
discases related to the avPB3 receptor over-expression is increasing.
Several groups have labeled RGD successfully with fluorescent
dyes for i vitro and in vivo imaging, mostly in tumor-related diseases
[22,23,34]. These studies unanimously support the notion that the
interaction between integrin av3 and RGD can be used to study
and/or monitor the progression of diseases with enhanced integrin
avP3 expression. In agreement with previous studies, our IHC and
qPCR findings demonstrated the overexpression of integrin ovp3
in the renal tissue following anti-GBM nephritis induction,
rendering it a facile tool for imaging.

To the best of our knowledge, no i vivo optical renal imaging
based on integrin avfB3 has been reported to date. One possible
reason is that in the visible electromagnetic spectrum, tissue
absorption and light scattering result in small penetration depths of
a few millimeters. This makes the use of fluorescent agents in the
visible spectrum suboptimal for deep organ imaging, including the
imaging of the kidney. However, NIR fluorophores (700-900 nm),
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which have high molar extinction coefficients, good quantum
yields, and low non-specific tissue binding can penetrate organs to
a depth of several centimeters. Hence, these agents make deep
organ i vivo imaging possible [11-14,35]. Recently, Nakamura
et al. demonstrated that Cy7-labeled recombinant-gelatin can be
used to monitor renal inflammation [16]. However, this study was
not performed in a true “u vivo” setting because the images were
captured after the skin was removed.

The RGD 800CW probe created by LI-COR Biosciences is a
NIR fluorescent agent that can bind specifically to integrin, with
predominant renal excretion. We were able to successfully set up in
vivo optical imaging based on this probe using the Pearl® Impulse
small-animal imaging system. Our study shows that there is
significantly higher accumulation of the RGD probe within
nephritic kidneys, and that the accumulation can persist as long
as 14 days following injection, whereas there is only a transient,
low dye signal in the nephritic mice receiving the 800CW dye
alone or the BSA-conjugated 800CW dye. These findings were
consistent in both the i vivo and ex vivo imaging studies using two
independent imaging platforms. In the healthy control group with
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Figure 4. Ex vivo fluorescence imaging of organs using the Maestro™ imaging system. (a) Three mice from either the nephritis (i.e., with
anti-GBM disease) or the healthy-control group were sacrificed 36 h after administration of RGD dye. Kidneys, heart, liver, bladder, stomach, and tail
tissue were placed in Petri dishes. Representative images captured by the Maestro™ imaging system are shown. (b) The average fluorescent signal
intensity of each organ is shown (N =3 for each group, p<<0.01 in kidney of the nephritis + RGD dye group vs. kidney of the healthy-control + RGD dye
group).

doi:10.1371/journal.pone.0043941.9004
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Figure 5. Correlation of renal function changes in anti-GBM disease with renal RGD probe accumulation in serial images. (a) The Scr
levels were assayed every 2 days, and the longitudinal changes in Scr levels are plotted. A peak corresponding to high Scr levels was observed
around D13-D19 after anti-GBM disease induction. The longitudinal accumulation of the renal RGD probe, as captured by the Pearl® Impulse system

(b) is plotted in phase with the serum creatinine changes.
doi:10.1371/journal.pone.0043941.g005

no disease, we believe that the RGD probe is rapidly washed out
after administration because there is no evidence of a renal-
enhanced fluorescent signal captured at any time point.

Importantly, the change in the disease course was paralleled by
the change in dye accumulation in the diseased kidney. As shown
in Fig. 5, the high disease peak in our mouse model is around
D13-D19 after anti-GBM serum challenge, as evidenced by
increased Scr levels. The longitudinal changes in the fluorescent
signal captured by the Pearl® Impulse imaging system (Fig. 5b)
suggest that the high peak of the fluorescent signal in the nephritis
group is around D12-D19 (D1-D7 after injection of the RGD
probe), although the signal decreases slowly following this.

In contrast to CT and MRI, molecular and cellular information
offered by molecular imaging approaches such as optical imaging
may permit the earlier diagnosis of diseases, and quantitative
monitoring of disease progression [12,13,35]. Optical fluorescent
imaging has unique advantages including high picomolar molec-
ular sensitivity, absence of ionizing radiation, relatively low cost
and the possibility of using it in many modalities with different
scales, when compared to other molecular imaging technologies

References

1. Ympa YP, Sakr Y, Reinhart K, Vincent JL. (2005) Has mortality from acute
renal failure decreased? A systematic review of the literature. Am J Med
118:827-832.

2. Parikh CR, Devarajan P (2008) New biomarkers of acute kidney injury. Crit
Care Med 36:5159-S165.

3. Dent CL, Ma Q, Dastrala S, Bennett M, Mitsnefes MM, et al. (2007) Plasma
neutrophil gelatinase-associated lipocalin predicts acute kidney injury, morbidity
and mortality after pediatric cardiac surgery: a prospective uncontrolled cohort
study. Crit Care 11:R127.

4. Parikh CR, Mishra J, Thiessen-Philbrook H, Dursun B, Ma Q, et al. (2006)
Urinary IL-18 is an early predictive biomarker of acute kidney injury after
cardiac surgery. Kidney Int 70:199-203.

PLOS ONE | www.plosone.org

[11-13,35,36]. The clinical translation of optical NIR imaging has
been successfully reported in oncology practice, in which intra-
operative fluorescence imaging can be used to detect sentinel
lymph node involvement in patients with cervical and vulval
cancer [37] or to guide surgical resection [36], as well as in
differentiating between malignant and benign masses in the breast
[38]. Moreover, NIR fluorescent dyes can be conjugated with
antibody, peptide, or other small molecule, which allows for
specific binding to specific target organs or tissues for potential
therapeutic or diagnostic monitoring. Hence, we believe that NIR
imaging 1s likely to emerge as a powerful tool for monitoring renal
disease in the near future.

Author Contributions

Conceived and designed the experiments: RM CM. Performed the
experiments: YD SA L. Liu L. Li XJZ. Analyzed the data: YD L. Liu RM
CM. Contributed reagents/materials/analysis tools: RM CM. Wrote the
paper: YD L. Liu RM CM.

5. Coca SG, Parikh CR (2008) Urinary biomarkers for acute kidney injury:
perspectives on translation. Clin J Am Soc Nephrol 3:481-490.

6. Serkova NJ, Renner B, Larsen BA, Stoldt CR, Hasebroock KM, et al. (2010)
Renal inflammation: targeted iron oxide nanoparticles for molecular MR
imaging in mice. Radiology 255:517-526.

7. Herborn CU, Waldschuetz R, Lauenstein TC, Goyen M, Lauffer RB, et al.
(2002) Contrast-enhanced magnetic resonance imaging (MS-325) in a murine
model of systemic lupus erythematosus. Invest Radiol 37:464-469.

8. Karadeli E, Ulu EM, Yildirim E, Yilmaz S (2010) Diffusion-weighted MR
imaging of kidneys in patients with systemic lupus erythematosus: initial
experience. Rheumatol Int 30:1177-1181.

9. Hauger O, Delalande C, Deminiere C, Fouqueray B, Ohayon C, et al. (2000)
Nephrotoxic nephritis and obstructive nephropathy: evaluation with MR

September 2012 | Volume 7 | Issue 9 | e43941



imaging enhanced with ultrasmall superparamagnetic iron oxide-preliminary
findings in a rat model. Radiology 217:819-826.

Sadick M, Attenberger U, Kraenzlin B, Kayed H, Schoenberg SO, et al. (2011)
Two non-invasive GFR-estimation methods in rat models of polycystic kidney
disease: 3.0 Tesla dynamic contrast-enhanced MRI and optical imaging.

Nephrol Dial Transplant 26:3101-3108.

. Escobedo JO, Rusin O, Lim S, Strongin RM (2010) NIR dyes for bioimaging

applications. Curr Opin Chem Biol 14:64-70.

. Rao J, Dragulescu-Andrasi A, Yao H (2007) Fluorescence imaging in vivo:

recent advances. Curr Opin Biotechnol 18:17-25.

. Lee DK, Nahrendorf M, Schellingerhout D, Kim DE (2010) Will molecular

optical imaging have clinically important roles in stroke management, and how?

J Clin Neurol 6:10-18.

. Ntziachristos V, Ripoll J, Wang LV, Weissleder R (2005) Looking and listening

to light: the evolution of whole-body photonic imaging. Nat Biotechnol 23:313—
320.

. Zhou H, Luby-Phelps K, Mickey BE, Habib AA, Mason RP, et al. (2009)

Dynamic near-infrared optical imaging of 2-deoxyglucose uptake by intracranial
glioma of athymic mice. PLoS One 4:e8051.

. Nakamura K, Tabata Y (2010) A new fluorescent imaging of renal inflammation

with RCP. J Control Release 148:351-358.

. Jin DK, Fish AJ, Wayner EA, Mauer M, Setty S, et al.(1996) Distribution of

integrin subunits in human diabetic kidneys. J Am Soc Nephrol 7:2636-2645.

. Kanahara K, Yorioka N, Arita M, Ohira N, Yamakido M (1994) Immunohis-

tochemical studies of extracellular matrix components and integrins in IgA
nephropathy. Nephron 66:29-37.

Patey N, Lesavre P, Halbwachs-Mecarelli L, Noel LH (1996) Adhesion
molecules in human crescentic glomerulonephritis. J Pathol 179:414-420.

. Roy-Chaudhury P, Hillis G, McDonald S, Simpson JG, Power DA (1997)

Importance of the tubulointerstitium in human glomerulonephritis. II.
Distribution of integrin chains beta 1, alpha 1 to 6 and alpha V. Kidney Int
52:103-110.

Shikata K, Makino H, Morioka S, Kashitani T, Hirata K, et al. (1995)
Distribution of extracellular matrix receptors in various forms of glomerulone-

phritis. Am J Kidney Dis 25:680-688.

. Chen X, Conti PS, Moats RA (2004) In vivo near-infrared fluorescence imaging

of integrin alphavbeta3 in brain tumor xenografts. Cancer Res 64:8009-8014.

. Mulder WJ, Castermans K, van Beijnum JR, Oude Egbrink MG, Chin PT, et al.

(2009) Molecular imaging of tumor angiogenesis using alphavbeta3-integrin
targeted multimodal quantum dots. Angiogenesis 12:17-24.

. Marshall MV, Draney D, Sevick-Muraca EM, Olive DM (2010) Single-dose

intravenous toxicity study of IRDye 800CW in Sprague-Dawley rats. Mol
Imaging Biol 12:583-594.

PLOS ONE | www.plosone.org

27.

28.

30.

31.

32.

33.

34.

36.

37.

38.

Serial Imaging of Antibody-Induced Nephritis

. Du Y, Mohan C (2010) Mechanisms of tissue injury The pathogenesis of lupus

nephritis. in: Lahita RG, Koike T, Buyon J and Tsokos G, editors. Systemic
Lupus Erythematosus 5th Edition Elsevier (USA), P453-473.

5. Pedchenko V, Bondar O, Fogo AB, Vanacore R, Voziyan P, et al. (2010)

Molecular architecture of the Goodpasture autoantigen in anti-GBM nephritis.
N Engl ] Med 363:343-354.

Fu Y, Du Y, Mohan C (2007) Expersimental anti-GBM disease as a tool for
studying spontaneous lupus nephritis. Clin Immunol 124:109-118.

Xie C, Sharma R, Wang H, Zhou X]J, Mohan C (2004) Strain distribution
pattern of susceptibility to immune-mediated nephritis. J Immunol 172:5047—
5055.

. Baraldi A, Zambruno G, Furci L, Ballestri M, Tombesi A, et al. (1995) Beta 1

and beta 3 integrin upregulation in rapidly progressive glomerulonephritis.Ne-
phrol Dial Transplant 10:1155-1161.

Xie P, Kondeti VK, Lin S, Haruna Y, Raparia K, et al.2011) Role of
extracellular matrix renal tubulo-interstitial nephritis antigen (TINag) in cell
survival utilizing integrin (alpha)vbeta3/focal adhesion kinase (FAK)/phospha-
tidylinositol 3-kinase (PI3K)/protein kinase B-serine/threonine kinase (AKT)
signaling pathway. J Biol Chem 286:34131-34146.

Fischer EG (2004) Glomerular mesangial cell adhesion to fibrinogen is mediated
by alphavbeta3 integrin. Biochem Cell Biol 82:597-601.

Hayashida T, Jones JC, Lee CK, Schnaper HW (2010) Loss of betal-integrin
enhances TGF-betal-induced collagen expression in epithelial cells via increased
alphavbeta3-integrin and Racl activity. J Biol Chem 285:30741-30751.
Wilder RL(2002) Integrin alpha V beta 3 as a target for treatment of rheumatoid
arthritis and related rheumatic diseases. Ann Rheum Dis 61:1196-1i99.
Kossodo S, Pickarski M, Lin SA, Gleason A, Gaspar R, et al. (2010) Dual in vivo
quantification of integrin-targeted and protease-activated agents in cancer using
fluorescence molecular tomography (FMT). Mol Imaging Biol 12:488-499.

. Mankoff DA (2007) A definition of molecular imaging. J Nucl Med 48:18N,

21N.

Gioux S, Choi HS, Frangioni JV (2010) Image-guided surgery using invisible
near-infrared light: fundamentals of clinical translation. Mol Imaging 9:237-255.
Crane LM, Themelis G, Buddingh KT, Harlaar NJ, Plejjhuis RG, et al. (2010)
Multispectral real-time fluorescence imaging for intraoperative detection of the
sentinel lymph node in gynecologic oncology. J Vis Exp 44:2225.
Sevick-Muraca EM, Sharma R, Rasmussen JC, Marshall MV, Wendt JA, et al
(2008) Imaging of lymph flow in breast cancer patients after microdose
administration of a near-infrared fluorophore: feasibility study. Radiology

246:734-741.

September 2012 | Volume 7 | Issue 9 | e43941



