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Translational Statement

The pathological correlate of chronic kidney disease is
renal fibrosis, that is, deposition of the extracellular
matrix, in particular collagen. Here we introduced
molecular imaging for noninvasive visualization and
quantification of collagen deposition in murine renal
fibrosis models using the collagen binding molecular
probe CNA35 in combination with hybrid computed
tomography–fluorescence molecular tomography imag-
ing. For translation into clinical use, further probe and
protocol optimization will be required. The final goal is
to establish noninvasive diagnostic methods to specif-
ically monitor and quantify kidney fibrosis, to provide
novel end points for clinical trials, and to improve the
management of patients with chronic kidney disease.
Pathological deposition of collagen is a hallmark of kidney
fibrosis. To illustrate this process we employed multimodal
optical imaging to visualize and quantify collagen
deposition in murine models of kidney fibrosis (ischemia-
reperfusion or unilateral ureteral obstruction) using the
collagen-binding adhesion protein CNA35. For in vivo
imaging, we used hybrid computed tomography-
fluorescence molecular tomography and CNA35 labeled
with the near-infrared fluorophore Cy7. Upon intravenous
injection, CNA35-Cy7 accumulation was significantly higher
in fibrotic compared to non-fibrotic kidneys. This difference
was not detected for a non-specific scrambled version of
CNA35-Cy7. Ex vivo, on kidney sections of mice and
patients with renal fibrosis, CNA35-FITC co-localized with
fibrotic collagen type I and III, but not with the basement
membrane collagen type IV. Following intravenous
injection, CNA35-FITC bound to both interstitial and
perivascular fibrotic areas. In line with this perivascular
accumulation, we observed significant perivascular fibrosis
in the mouse models and in biopsy sections from patients
with chronic kidney disease using computer-based
morphometry quantification. Thus, molecular imaging of
collagen using CNA35 enabled specific non-invasive
quantification of kidney fibrosis. Collagen imaging revealed
significant perivascular fibrosis as a consistent component
next to the more commonly assessed interstitial fibrosis.
Our results lay the basis for further probe and protocol
optimization towards the clinical translation of molecular
imaging of kidney fibrosis.
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R enal fibrosis is a common finding in chronic kidney
disease, independent of the underlying disease etiology.1

Fibrosis is characterized by the pathological production
and accumulation of the extracellular matrix in the renal
interstitium, mainly comprising collagen. Although multiple
antifibrotic targets have been identified in preclinical research,
no targeted therapeutics have made it into clinical routine. A
potential reason for this poor translation is the lack of non-
invasively accessible fibrosis-specific study end points in
clinical trials.2,3 We recently showed that elastin-specific
magnetic resonance imaging enables noninvasive staging
and treatment monitoring of renal fibrosis.4 Here, we describe
a method for the visualization and quantification of the most
common extracellular matrix component in fibrotic kidneys,
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that is, collagen. We used the collagen-binding protein frag-
ment collagen-binding adhesion protein 35 (CNA35), which
binds to fibril-forming collagen but not to other extracellular
matrix components (such as laminin, elastin, and fibronectin)
and which has already been shown to hold promise for
visualizing cardiovascular fibrosis.5–7 Using optical imaging,
we demonstrate in 2 murine models—unilateral ureteral
obstruction (UUO) and ischemia-reperfusion injury—that
fluorophore-labeled CNA35 can specifically and non-
invasively detect collagen deposition in renal fibrosis.

RESULTS
Optical imaging of CNA35 accumulation in fibrotic kidneys
Hybrid computed tomography–fluorescence molecular to-
mography imaging showed significantly higher CNA35
accumulation in kidneys with ischemia-reperfusion injury–
induced fibrosis than in contralateral healthy kidneys at 24,
48, and 72 hours after i.v. injection of 1 nmol of CNA35-Cy7
(Figure 1a and b). Off-target accumulation of CNA35 was
observed in the liver and spleen, which likely results from
capture and clearance by the reticuloendothelial system
(Supplementary Figure S1A). Clearance of CNA35 from
fibrotic kidneys was substantially slower than that from
healthy kidneys. Similar findings were observed after i.v. in-
jection of 5 nmol of CNA35-Cy7 (Supplementary Figure S1B
and C). Ex vivo fluorescence reflectance imaging confirmed
the in vivo findings, showing significantly increased probe
retention in fibrotic versus healthy kidneys for both 1 and 5
nmol of CNA35-Cy7 (Figure 1c and d and Supplementary
Figure S1D and E). To demonstrate that CNA35 specifically
targets collagen in fibrotic kidneys, we injected a Cy7-labeled
scrambled version of CNA35. As opposed to CNA35-Cy7, the
scrambled probe did not specifically accumulate in fibrotic
kidneys and it was cleared equally fast from fibrotic and
healthy kidneys (Figure 1e). To verify the experimental setup,
we confirmed that the expression levels of collagen type I and
III in fibrotic kidneys were comparable in all mice included in
the analysis (Supplementary Figure S2).

Microscopic confirmation of the collagen-binding specificity
of CNA35
To prove the specificity of CNA35 binding to collagen fibers,
we performed costainings with fluorescein isothiocyanate
(FITC)–labeled CNA35 and different types of collagen on
renal tissue sections from healthy mice and mice with UUO.
CNA35-FITC showed high colocalization with the scar
collagen type I and III in fibrotic mouse kidneys, but over-
lapped minimally with the basement membrane collagen type
IV (Figure 2a). We validated these findings in kidney biopsy
specimens from patients with chronic kidney disease
(Supplementary Figure S3). As in murine kidneys, CNA35-
FITC was localized in the interstitium and around vessels,
mainly colocalizing with collagen type I and III and hardly
with type IV. Ex vivo analyses of renal tissues from mice with
UUO injected with CNA35-FITC at 0.5, 4, and 24 hours after
i.v. administration confirmed the specificity of the probe,
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showing significantly higher accumulation in fibrotic than in
healthy kidneys (Figure 2b and c), and a staining pattern that
clearly reflects perivascular binding to fibrillar collagen
(Figure 2d).

Collagen upregulation during renal fibrosis is enhanced in
perivascular areas
Given strong CNA35-FITC accumulation observed in peri-
vascular areas (Figure 2d), we next quantified vascular alter-
ations and perivascular fibrosis in mice with UUO and
ischemia-reperfusion injury. Although the lumen of arcuate
and interlobular arteries as well as afferent and efferent ar-
terioles was markedly narrowed, the adventitia was signifi-
cantly thickened by >50% because of collagen deposition
(Figure 3a–e). Collagen type III staining of human biopsies
from patients with IgA nephropathy confirmed this pro-
nounced perivascular fibrosis, which progressively increased
with increasing chronic kidney disease stage (Figure 3f).

DISCUSSION
We demonstrate specific and noninvasive assessment of
collagen deposition in renal fibrosis using fluorophore-labeled
CNA35 and optical imaging. Our data extend previous studies
with CNA35 in cardiovascular fibrosis, providing the first
proof of concept for molecular imaging of collagen content in
fibrotic kidneys. Ex vivo and histological analyses revealed
that CNA35 mainly binds to the fibrillar scar collagen type I
and III, which are the main components of the extracellular
matrix in fibrotic kidneys, whereas only a low degree of
colocalization was observed with nonfibrillar collagen type IV
in basement membranes, consistent with solid-phase binding
assays.5 Importantly, we found similar colocalization of
CNA35 and collagen in murine and human tissues.

Our ex vivo optical imaging, assessing CNA35-FITC distri-
bution after i.v. injection, highlighted a prominent perivascular
fibrosis in murine models, supported by our quantitative his-
tological analyses showing significant fibrotic thickening of the
arterial adventitia due to collagen deposition in fibrosis, both in
mice and in patients. This common and until now rather
neglected feature of renal fibrosis is unlikely mediated by hy-
pertension, because both ischemia-reperfusion injury and UUO
models are normotensive. Our findings extend the current
concept of perivascular cells as important mediators of renal
fibrosis, particularly of Gli1þ cells, which reside in and spread
from the arterial adventitia.8,9

CNA35 has 2 key advantages compared with other probes,
such as radiolabeled antibodies, that can also be used to
specifically target and image collagen deposition in fibrotic
tissues. First, CNA35 is promiscuous in detecting several
fibrillar collagen; and second, it has an w5-fold smaller size,
allowing better tissue penetration, in particular in fibrotic
lesions. Other small peptide- and indole-based probes have
recently been reported for specific noninvasive imaging of
pulmonary fibrosis using positron emission tomography.10,11

These compounds may also hold significant potential for
renal fibrosis staging and treatment monitoring, albeit none
have yet been tested in kidneys.
Kidney International (2020) 97, 609–614



Figure 1 | In vivo and ex vivo optical imaging of collagen deposition in kidneys with ischemia-reperfusion injury (I/R)–induced
fibrosis using CNA35-Cy7. (a) Coronal (left) and transversal (bottom) slices as well as 3-dimensional renderings (right) for hybrid computed
tomography–fluorescence molecular tomography (CT-FMT) imaging of CNA35 biodistribution in a mouse with I/R-induced renal fibrosis at
different time points after i.v. injection of 1 nmol of CNA35-Cy7. The fibrotic kidney is encircled in brown (left) and the healthy kidney
in green (right) in the coronal view. (b) Quantification of the in vivo CT-FMT images shows prominent accumulation of CNA35-Cy7 in fibrotic
kidneys at 24, 48, and 72 hours after probe administration. (c,d) Ex vivo fluorescence reflectance imaging at 72 hours post-injection (p.i.)
confirms higher CNA35 accumulation in fibrotic kidneys (left). (e) Quantification of the accumulation in kidneys of scrambled
CNA35-Cy7, demonstrating no specific accumulation in fibrotic versus healthy kidneys. Data are mean � SD of 4 mice per group.
*P < 0.05, **P < 0.01. %IC/cm3, percentage of the injected dose per cubic centimeter. To optimize viewing of this image, please
see the online version of this article at www.kidney-international.org.
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We recently reported noninvasive elastin-specific molec-
ular magnetic resonance imaging of kidney fibrosis.4

Compared with elastin, collagen is much more abundant in
fibrotic tissue, making it in principle easier to target.
Collagen is also upregulated earlier in the disease course.
Conversely, the higher baseline abundance of collagen in
healthy kidneys and other target tissues may result in a
measurable fluorescent signal in nondiseased kidneys and
healthy tissue. Another major limitation of our study was the
low animal numbers, which were based on sample size cal-
culations from our previous studies and were, however,
sufficient to show significant results. Furthermore, it was
impossible to perform and analyze the imaging data in a truly
blinded manner because of the obvious morphological
distinction between healthy and fibrotic kidneys as well as the
difference in CNA35 signal intensity. In the present study, we
have not included experiments measuring different degrees
of fibrosis, as we have previously demonstrated to be feasible
using elastin-specific imaging.3 In addition, for a successful
translation into the clinic, further contrast agent adaptation
Kidney International (2020) 97, 609–614
is needed before first-in-human studies, because optical
imaging approaches are not suitable in kidney fibrosis.

Our study lays the foundation for future systematic ex-
periments defining and optimizing targets, probes, and
imaging algorithms for translational noninvasive and
quantitative diagnosis, staging, and treatment monitoring
of kidney fibrosis.

METHODS
Information on animal models, human renal samples, histology,
immunohistochemistry, and immunofluorescence microscopy are
provided in the Supplementary Methods.

Imaging probes and protocols
CNA35 was produced as described previously5 and labeled with
Cy7 for in vivo and with FITC for ex vivo optical imaging. A
scrambled version of CNA35, that is, with amino acid substitu-
tion Y175K, rendering it unable to bind to collagen, was used as a
control. Hybrid computed tomography–fluorescence molecular
tomography and fluorescence reflectance imaging were performed
using an in-house optimized procedure.12,13 Hybrid computed
611
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Figure 2 | Microscopy imaging of collagen deposition in fibrotic kidneys using CNA35–fluorescein isothiocyanate (FITC). (a)
Fluorescence microscopy analysis showing the colocalization of FITC-labeled CNA35 (green; upon incubation of tissue sections) with collagen
fibers of type I, III, and IV (Col I, Col II, and Col III, respectively; all in red) on renal tissue sections from healthy mice and mice with unilateral
ureteral obstruction. Nuclei are counterstained using 40,6-diamidino-2-phenylindole (DAPI; blue). Bar ¼ 50 mm. (b) Representative
immunofluorescent images showing the accumulation of FITC-labeled CNA35 (green) in healthy and fibrotic kidneys at 0.5, 4, and 24
hours after i.v. injection. Perfused blood vessels are counterstained using rhodamine-labeled lectin (red) and cell nuclei using DAPI
(blue). Bar ¼ 50 mm. (c) Quantification of CNA35-FITC accumulation in fibrotic versus healthy kidneys after i.v. injection. (d) Two-photon
laser scanning microscopy indicated specific colocalization with collagen fibers (visualized using second harmonic generation) and much
stronger enrichment of CNA35-FITC in fibrotic kidneys than in contralateral healthy kidneys, particularly around blood vessels (arrow). Bar ¼ 50
mm. Data are mean � SD of kidney sections from 6 mice. *P < 0.05, **P < 0.01. To optimize viewing of this image, please see the online version
of this article at www.kidney-international.org.
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tomography–fluorescence molecular tomography imaging was
performed at multiple time points after i.v. injection of CNA35.
The hybrid computed tomography–fluorescence molecular tomogra-
phy data were analyzed using Imalytics Preclinical software (Gremse-IT
GmbH, Aachen, Germany).14 Organ segmentation based on the
anatomical computed tomography data was used to quantify the
fluorescence signal allocated to kidneys and other organs and expressed
as the percentage of the injected dose per cubic centimeter. Organ
accumulation was normalized to the total fluorescence intensity
measured at 3 hours post-injection. At the end of the in vivo
612
experiment, functional blood vessels were stained via i.v. injection of
rhodamine-labeled lectin (Vector Laboratories, Burlingame, CA) to
facilitate fluorescence and 2-photon microscopy.

Statistical analysis
All data are presented as mean � SD. Paired t tests were used to
compare fibrotic and contralateral kidneys in 1 animal. An unpaired t
test was used for comparison between 2 groups. One-way analysis of
variance followed by Bonferroni correction was used for comparing >2
groups. Statistical significance was defined as P < 0.05.
Kidney International (2020) 97, 609–614
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Figure 3 | Perivascular fibrosis is a constant feature of renal fibrosis in animal models and patients. (a) Localization and expression of
collagen type I (Col I) in healthy and fibrotic renal tissues. The arrowhead points at the arteria arcuatae, and the arrow indicates the arteria
(A.) interlobulares. Bar ¼ 2 mm. (b–e) Col I is upregulated during renal fibrosis in both ischemia-reperfusion injury (I/R) (b) and unilateral
ureteral obstruction (UUO) (c) not only in the interstitium but also in the thickened adventitia of arterial vessels (d). Vessels showed a
reduced vessel lumen diameter throughout the entire renal artery branches (e). Bar ¼ 25 mm. (f) Enhanced Col III deposition in perivascular
areas was also a common feature in human biopsies and increased with increasing chronic kidney disease (CKD) stage. Asterisks indicate
the vessel lumen of arteria interlobulares, and arrowheads mark arteria afferens. Bar ¼ 50 mm. Data are mean � SD of 4 mice per
group. *P < 0.05, **P < 0.01 fibrotic versus healthy kidneys. To optimize viewing of this image, please see the online version of this
article at www.kidney-international.org.
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