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Abstract

Pulmonary fibrosis is a scarring of the lungs that can arise from radiation injury, drug toxicity, 

environmental or genetic causes, and for unknown reasons [idiopathic pulmonary fibrosis (IPF)]. 

Overexpression of collagen is a hallmark of organ fibrosis. Here, we describe a peptide-based PET 

probe (68Ga-CBP8) that targets collagen type I. We evaluated 68Ga-CBP8 in vivo in the 

bleomycin-induced mouse model of pulmonary fibrosis. 68Ga-CBP8 showed high specificity for 
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pulmonary fibrosis and high target:background ratios in diseased animals. The lung PET signal 

and lung 68Ga-CBP8 uptake (quantified ex vivo) correlated linearly (r2=0.80) with the amount of 

lung collagen in mice with fibrosis. We further demonstrated that the 68Ga-CBP8 probe could be 

used to monitor response to treatment in a second mouse model of pulmonary fibrosis associated 

with vascular leak. Ex vivo analysis of lung tissue from patients with IPF supported the animal 

findings. These studies indicate that 68Ga-CBP8 is a promising candidate for non-invasive imaging 

of human pulmonary fibrosis.

Introduction

Idiopathic pulmonary fibrosis is a specific form of progressive, fibrosing interstitial 

pneumonia of unknown etiology that primarily affects older adults. In the majority of cases, 

it is a relentlessly progressive disease that results in dyspnea and functional decline until 

death (1,2). Currently, there is no treatment able to reverse fibrosis in this disease (3).

Despite efforts to establish precise, universally acknowledged diagnosis criteria for IPF, its 

ascertainment remains a challenge—although high-resolution computed tomography 

(HRCT) scanning can aid diagnosis of the disease (4). Patients with suspected IPF that show 

atypical features on HRCT images usually require a surgical lung biopsy to confirm the 

diagnosis (5, 6); however, many of these patients have physiological impairments and 

comorbidities that make biopsy a risky procedure.

These challenges highlight the need for the development and validation of diagnostic and 

prognostic markers specific to IPF to guide treatment decisions. The ability to recognize 

fibrosis non-invasively, for example, with innovative molecular imaging techniques, could 

substantially improve management of patients with fibrotic lung disease. In recent years, 

collagen degradation markers (7), activated macrophages (8, 9), fibroblasts (10, 11), 

integrins αvβ6 (12, 15) and αvβ1 (16) have been studied as diagnostic and prognostic 

markers. Pulmonary 18F-FDG uptake has also been reported to be a predictor of global 

health score and lung physiology in patients with IPF (17–19); 18F-FDG, however, lacks 

specificity for IPF.

We set out to develop an approach based on direct molecular imaging of type I collagen as a 

noninvasive means of detecting, as well as staging, pulmonary fibrosis. Fibrosis, regardless 

of its cause or location, is characterized by excess deposition of collagens, primarily type I 

collagen, and other extracellular matrix proteins in the parenchyma (20). Indeed, histological 

proof of fibrosis is predicated on collagen staining. We previously described a 16 amino acid 

disulfide-bridged cyclic peptide that was identified via phage display and that recognized 

and bound to type I human collagen. This peptide was functionalized with 3 gadolinium 

diethylenetriaminepentaacetate (DTPA) chelates to provide magnetic resonance (MR) signal 

enhancement, and the resulting probe (EP-3533) showed excellent ability to detect and stage 

disease in preclinical models of cardiac (21–22), hepatic (23–25), and pulmonary fibrosis 

(26).

We have next sought to develop an analogous PET probe. PET is a quantitative modality that 

provides higher spatial resolution than other nuclear imaging techniques in humans and that 
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could be used to quantify pulmonary fibrosis. PET is an accepted method that is already 

frequently used for investigating lung pathology. Equally important is the growing installed 

base of PET-CT and PET-MR systems. In the absence of lung architectural distortion (which 

may not be present early in fibrotic lung diseases), fibrosis may be indistinguishable by 

HRCT from other pathological processes that attenuate X-ray signals, such as inflammation. 

By fusing collagen-specific PET with HRCT, however, we hoped to be able determine 

whether specific opacities and patterns identified by HRCT are the result of fibrosing disease 

(27). In addition, the development of PET molecular imaging probes offers a shorter and 

more economical path to clinical translation than do MRI probes because the low, 

microgram mass dose required for PET allows for an abbreviated preclinical safety and 

toxicology package to be submitted to regulators in order to initiate human studies.

Here, we describe a peptide-based, collagen-targeted PET probe 68Ga-CBP8 and 

demonstrate its ability to detect and quantify pulmonary fibrosis in two mouse models of 

disease as well as show its capacity to monitor therapeutic responses. We also evaluated the 

capacity of the probe to detect fibrosis in lung tissue samples from an IPF patient.

Results

Synthesis, in vitro characterization and pharmacokinetics of 68Ga-CBP8 and 68Ga-CBP12

We synthesized a type I collagen-targeted probe, 68Ga-CBP8, and an inactive negative 

control probe, 68Ga-CBP12. 68Ga-CBP8 and 68Ga-CBP12 are isomers that differ only in the 

chirality of the cysteine at the 13th amino acid position from the C-terminus (Fig. S1). The 

peptide precursors of both probes were conjugated to tris(tert-butyl) ester protected 1,4,7-

triazacyclononane,1-glutaric acid-4,7-acetic acid (NODAGA) chelators. We then 

deprotected the chelating carboxylate groups and purified the peptide conjugates. 

Radiolabeling was performed under standard conditions, was complete in 5 minutes, and 

gave high radiochemical yields without the need for HPLC purification (Fig. S2). Specific 

activities ranged from 324 to 462 GBq/μmol. We estimated type I collagen affinity by 

incubating increasing concentrations of non-radioactive Ga-probes with either type I rat or 

type I human collagen (21). The Kd for Ga-CBP8 binding to type I human collagen was 

2.1±0.1 μM and 4.6±0.5 μM for rat collagen, while the control compound Ga-CBP12 

showed weaker binding to human (Kd = 42±5 μM) and rat (Kd = 50±10 μM) collagens (Fig. 

S3, S4).

Mice were injected intravenously with approximately 3.7 MBq of either 68Ga-CBP8 

or 68Ga-CBP12, and the change in the decay-corrected signal in the heart was measured by 

PET as a function of time. Both probes showed similar biexponential clearance, and we 

estimated similar blood half-lives from fits to the data (32.9 ± 4.5 min for 68Ga-CBP8 and 

30.4 ± 3.0 min for 68Ga-CBP12; p=ns, n=5 for each probe). Urine was collected at 150 min 

after probe administration and injected onto an analytical HPLC column, and the results 

were compared with standards of pure probe. Both probes were > 90% intact in urine, 

indicating that the probes are highly stable in vivo (Fig S5).
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68Ga-CBP8 specifically binds collagen in the bleomycin mouse model of pulmonary 
fibrosis

A single transtracheal instillation of bleomycin (BM) (2.5 U/kg) results in histopathology 

consistent with pulmonary fibrosis. Two weeks after instillation, all of the BM-injured mice 

had histopathological findings of substantial pulmonary fibrosis, including excessive 

interstitial deposition of collagen as demonstrated by Sirius Red staining, and destruction of 

lung architecture; sham animals, which received transtracheal saline, showed no signs of 

pulmonary disease (Fig. 1A). The BM-injured lungs exhibited a lymphoplasmacytic 

infiltrate along with excessive collagen deposition as visualized with Sirius Red in the areas 

of fibrosis, with a predominant subpleural and peribronchial distribution. Lungs from sham 

animals had preserved alveolar architecture, with no excess collagen deposition or alveolar 

infiltration.

As expected, disease progressed in a stepwise fashion as determined by histological 

Ashcroft scoring of lung fibrosis (28). Seven days after instillation of BM, most animals had 

moderate fibrous thickening of alveolar or bronchiolar walls without damage to lung 

architecture (Ashcroft score of 2.3 ± 0.3; range 2–3, Fig. 1B). Disease progressed with 

formation of fibrous bands, small fibrous masses, or large fibrous areas with definite damage 

to lung structure (Ashcroft score of 5.4 ± 0.4; range 4–7 at day 14). The amount of lung 

tissue affected by the disease (measured with Sirius Red staining) also increased with time: 

12% of the area of tissue sections from the right lung of BM-injured mice were affected by 

disease at day 7, while this increased to 24% at day 14 (Fig. 1C). Sham animals exhibited 

histologically normal lung tissue sections. Consistently, collagen deposition (as determined 

by analysis of hydroxyproline (29) content in the left lung) increased progressively with time 

(Fig. 1D).

To determine whether the 68Ga-CBP8 signal was an accurate reflection of disease 

progression, we compared mice injured with BM at day 7 and day 14 after instillation. Ex 

vivo measurement of probe uptake into the lung increased with disease progression in the 

BM-injured mice (0.028 ± 0.005 percent injected dose per lung (% ID/lung) at day 7; 0.066 

± 0.008 % ID/lung at day 14) (Fig. 1E and Fig. 1F.). Additionally, there was a strong 

correlation between probe uptake in the lung and lung hydroxyproline content (r2 = 0.80, 

p<0.0001) (Fig. 1G).

To demonstrate the specificity of 68Ga-CBP8, we compared its uptake into lung with that of 

the isomer 68Ga-CBP12 in which one of the cysteine amino acids was changed from L- to 

D-chirality. 68Ga-CBP8 accumulated specifically in fibrotic lungs of BM-treated mice but 

not in the healthy lungs of control mice, whereas 68Ga-CBP12 was not preferentially taken 

up into lungs of BM-treated mice compared to controls (Fig. 2A). There were no significant 

differences in hydroxyproline content between the BM-treated mice that received 68Ga-

CBP8 and those that received 68Ga-CBP12 (Fig. 2B). The control probe 68Ga-CBP12 

showed no preferential uptake in the lungs of BM-injured mice compared to control mice as 

determined by ex vivo and PET data analysis (Fig. 2C and D). The distribution of 68Ga-

CBP12 in other organs was similar to that of 68Ga-CBP8 (Fig. 2E). These results show the in 
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vivo specificity of 68Ga-CBP8 for type I collagen, which allows the non-invasive detection 

and monitoring of progression of pulmonary fibrosis in the BM-treated mouse model.

68Ga-CBP8 detects and stages disease in a mouse model of pulmonary fibrosis associated 
with enhanced vascular permeability

IPF is thought to result when a lung-injuring environmental stimulus is experienced by a 

person with a genetic predisposition to pulmonary fibrosis. In the context of such a genetic 

predisposition, fibrosis is thought to result from aberrant or exaggerated wound healing 

responses to a relatively common and/or mild lung injury, which would be well tolerated and 

repaired without fibrosis by most people (30, 31). A growing number of mouse models are 

trying to capture this important “gene-by-environment” nature of pulmonary fibrogenesis 

(32). We used a low dose bleomycin vascular leak (LDBVL) model that combines the S1P 

receptor functional antagonist fingolimod (FTY720) to disrupt endothelial barrier function 

with low-dose BM to induce mild lung injury (33). Sustained exposure to FTY720 causes 

increased vascular leak and intra-alveolar coagulation after lung injury, which also leads to 

an exaggerated fibrotic response to a low dose of BM challenge (33).

One group of mice (LDBVL) was treated with a low dose of BM and the vascular leak agent 

FTY720 (n=9). A second group (LDB) (n=4) received a low dose of BM, and the third 

(FTY) (n=6) received the vascular leak agent only. FTY720 was administered 

intraperitoneally to the mice at 1 mg/kg three times a week (Fig. 3A). The three groups were 

imaged at day 14 after BM or vehicle instillation. After imaging the mice were euthanized 

and the right lung taken for histopathology analysis and the left lung taken for biochemical 

analysis. The LDBVL mice showed an average fibrosis score of 6 (± 0.2; range 4–7), the 

LDB mice showed an average fibrosis score of 1.5 (± 0.9; range 0–3), whereas all mice 

given FTY showed a score of 0 (Fig. 3B). Less than 1% of the total area of tissue sections 

from the right lung was affected by disease in LDB animals (measured by Sirius Red 

staining), while 15% of the total area was affected by disease in the LDBVL group (Fig. 

3C). There was no area affected by disease in the right lungs of the FTY animals upon 

histological examination. Fig. 3D shows twice as much hydroxyproline in the left lung of 

LDBVL animals compared with LDB and FTY mice (116.9 ± 4.0 μg for LDBVL, 59.1 ± 4.4 

μg for LDB, 49.2 ± 2.6 μg for FTY, p<0.0001). There was no significant difference in 

hydroxyproline content in the left lung between LDB and FTY animals (p=0.4057).

Consistently, PET quantification showed a significantly higher signal in lungs of LDBVL 

mice (2.9 ± 0.2 %ID/cc) compared to lungs of FTY (1.5 ± 0.1 %ID/cc, p<0.0001) and 

compared to LDB animals (1.7 ± 0.1 %ID/cc, p<0.0001, Fig. 3E). There was no significant 

difference in lung signal measured by PET images analysis between the FTY group and the 

LDB group (p=0.9156). Ex vivo quantification of 68Ga-CBP8 uptake revealed five times 

more uptake in the LDBVL group than in the FTY group (p<0.0001) and three times more 

in the LDBVL group compared to the LDB group (p<0.0001) (Fig. 3F). The difference in 

lung uptake between the LDB and the FTY groups was not statistically significant 

(p=0.8202). Hydroxyproline content was strongly correlated with %ID/cc (r2=0.84, 

p<0.0001) (Fig. 3G), and %ID/lung (r2=0.93, p<0.0001) (Fig. 3H). These results 
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demonstrate the in vivo specificity of 68Ga-CBP8 for detection of excess collagen deposition 

in a second model of pulmonary fibrosis.

In a separate group of LDBVL mice, we performed a test-retest study. Reproducibility was 

evaluated in seven LDBVL mice by scanning each mouse twice, with an interval of 24h 

between scans, 13 days after BM instillation. Paired t-tests revealed no statistically 

significant difference between the values of %ID/cc between test and retest for both lung and 

muscle regions of interest (p=0.8262). Reproducibility was calculated by using the %ID/cc 

of the first scanning segment in lung or muscle, as 100×[%ID/cc(test)−%ID/cc(retest)]/%ID/

cc(test). Within subject test-retest variability was <12% in the lungs and <7% in muscle. The 

intra-class correlation coefficient, which is a measure of the reliability of within-subject data 

relative to between-subject data, was 0.93 for lung analysis and 0.99 for muscle analysis 

(34). Reproducible measurements in mouse lungs are challenging to obtain because of the 

variation in lung density within individual mice. Breathing rate and position of the subject in 

the scanner are also factors influencing reproducible measurement in the lungs (35). 

Nevertheless, our test-retest experiment illustrates that quantitation of fibrosis with 68Ga-

CBP12 can yield reproducible results.

68Ga-CBP8 PET allows monitoring of the response to anti-fibrotic therapy in mice

We monitored the anti-fibrotic effects of 3G9, a murine antibody targeted to integrin αvβ6, 

with 68Ga-CBP8 PET. The humanized version of 3G9 is STX-100 (Biogen), has 

successfully completed Phase 1 clinical testing and is now under investigation in a Phase 2 

clinical trial of IPF (Clinicaltrials.gov Identifier: NCT01371305). Integrin αvβ6 is a key 

activator of TGF-β signaling in the lung (12, 13), and specific targeting of αvβ6 with 3G9 

can partially prevent pulmonary fibrosis in mice without systemic disruption of other 

homeostatic roles of TGF-β (36, 37).

Mice injured with a low dose of bleomycin and the vascular leak agent were treated with the 

anti-αvβ6 antibody 3G9 (LDBVL+3G9 group) or the irrelevant isotypic antibody 1E6 

(LDBVL+1E6 group) (37). In this study, a control group of mice received the 3G9 antibody 

only (3G9 group). FTY720 was administered intraperitoneally to the mice at 1 mg/kg three 

times a week starting on day 0. Both 3G9 (anti-αvβ6 antibody) and the control antibody 1E6 

were injected into mice intraperitoneally three times per week at a concentration of 1 mg/kg 

starting on day 0. PET-CT imaging, biodistribution and hydroxyproline analysis were 

performed on LDBVL+3G9, LDBVL+1E6 and 3G9 mice 14 days after the initiation of 

administration of the different compounds (n=11, n=11 and n=5), and data were compared to 

data for the LDBVL group (n=9) shown in Fig 3.

Treatment with the therapeutic antibody 3G9 reduced pulmonary fibrosis in LDBVL group 

as assessed by histology (Fig. 4B) and by hydroxyproline quantification (Fig. 4C). LDBVL 

mice showed an average fibrosis score of 6 (± 0.2; range 4–7), while LDBVL+3G9 mice had 

an average score of 4 (± 0.4; range 1–6), (LDBVL+1E6) mice showed an average fibrosis 

score of 6 (± 0.3; range 5–7), and mice treated with 3G9 alone had histologically normal 

lungs with a score of 0. Fourteen percent of the total area of right lung tissue sections was 

affected by disease in LDBVL mice, while this value was 7% for the LDBVL+3G9 group, 

and 18% for LDBVL+1E6 animals. There was no lung area affected by disease in 3G9-
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treated animals. Hydroxyproline analysis of the left lung showed significantly lower values 

in lungs of LDBVL+3G9 mice compared to the LDBVL and LDBVL+1E6 mice (83.8 ± 2.7 

μg per left lung for LDBVL+3G9 mice, 116.5 ± 4.9 μg for LDBVL mice, 108.9 ± 3.5 μg for 

LDBVL+1E6 mice). There were no significant differences in hydroxyproline content 

between LDBVL+3G9 and 3G9-treated mice, or between LDBVL and LDBVL+1E6 mice.

Similar effects of 3G9 treatment were also seen by lung PET imaging, where the lung PET 

signal was similar to what was seen in control mice and significantly lower than what was 

observed in the fibrotic group (Fig. 4A). Quantification of the 68Ga-CBP8 PET signal 

showed 1.5 times higher lung uptake in the LDBVL animals that received the irrelevant 

antibody (fibrotic mice, LDBVL+1E6, 3.0 ± 0.2 %ID/cc) than in mice of the LDBVL group 

treated with the anti-αvβ6 antibody (LDBVL+3G9, 1.9 ± 0.2 %ID/cc, p=0.0017) (Fig. 4D). 

Organ uptake measured by ex vivo analysis was not significantly different among groups, 

except for the lungs where there was three times more uptake in the LDBVL+1E6 group 

than in the LDBVL+3G9 group (p=0.0004) and six times higher uptake in the LDBVL+1E6 

group than in the 3G9-treated group (p<0.0001) (Fig. 4E). Lung uptake of 68Ga-CBP8 was 

not statistically different between the LDBVL+3G9 group and the 3G9-treated group 

(p=0.4524). These results illustrate that 68Ga-CBP8 enables non-invasive monitoring of in 

vivo responses to therapeutic interventions in animals affected by pulmonary fibrosis.

Probe 68Ga-CBP8 allows monitoring of collagen content in human IPF lung samples

To determine whether our findings could be translated to human tissues, we evaluated the 

binding of the probe 68Ga-CBP8 to fresh human lung tissues from three IPF patients 

undergoing pneumonectomy prior to lung transplantation. Lung tissues were collected fresh 

within one hour of resection. Three sampling areas were defined in the lung of the patient: 

the superior upper lobe (S1), the lateral upper lobe (S2) and the lower lobe (S3) and chunks 

of tissues were sampled in these three areas. We incubated samples from S1, S2 and S3 (70 

to 100 mg) with 68Ga-CBP8 for 2 hours (n=5 per area) and quantified the probe uptake. 

Once 68Ga-CBP8 radioactivity had decayed, we incubated the samples with 68Ga-CBP12 for 

2 hours and quantified 68Ga-CBP12 uptake. The uptake of 68Ga-CBP8 in human lung 

samples showed differences in collagen concentration among lobes in the three IPF patients 

and heterogeneity of disease progression among patients (Fig 5A). 68Ga-CBP12 uptake was 

significantly lower than 68Ga-CBP8 in all samples. We performed histological analyses on 

samples just adjacent to those used for probe incubation (Fig. 5B). Uptake of 68Ga-CBP8 in 

IPF human lung tissue samples increased linearly with increasing fibrosis as measured by 

Sirius Red quantification of the area affected by disease (r2=0.94, p<0.0001, (Fig. 5B). 

The 68Ga-CBP12 signal did not change with collagen concentration in IPF human tissue 

samples, demonstrating the specificity of 68Ga-CBP8 for collagen.

Discussion

Fibrosis, regardless of its cause or location, is characterized by excess deposition of 

collagens, primarily type I collagen, and other extracellular matrix proteins in the 

parenchyma (20). Indeed, histological proof of fibrosis is predicated on collagen staining. 

Here, we developed a method for direct molecular PET imaging of type I collagen as a 
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noninvasive means of detecting and monitoring pulmonary fibrosis. The major advantages of 

PET are that it enables in vivo visualization of molecular physiological processes in real 

time, while at the same time allowing quantification by measuring regional concentration of 

the radiation source. The mass dose of 68Ga-CBP8 required for administration is extremely 

low (<100 μg per human subject) and like most PET probes is very safe because of the 

ultralow dose. Targeted PET probes typically have affinities in the low nanomolar range, but 

such probes typically bind sparse targets like cell surface receptors present at nanomolar 

concentrations. Our probe 68Ga-CBP8 has low micromolar affinity to type I collagen, but 

this is sufficient for quantification because collagen is present at concentrations in the 10’s 

of μM during pathological fibrosis.

To generate our probe, we modified a known collagen-specific peptide with a chelator so 

that it binds the 68Ga ion. Gallium-68 is a positron-emitting radioisotope that is produced 

from a 68Ge/68Ga generator system, and therefore 68Ga radiopharmacy does not require an 

onsite cyclotron, similar to 99Mo/99mTc-based radiopharmacy. The chelation reaction to 

introduce 68Ga is quantitative driven by the high thermodynamic stability of the 

resultant 68Ga complex. The 68 min half-life of 68Ga permits facile production of the probe, 

and the short half-life results in low radiation exposure to the subject. The radiochemistry is 

amenable to kit formulation and/or automation, with a low barrier to clinical translation. 

Indeed, there has been a tremendous increase in the number of clinical studies with 68Ga 

probes over the past year around the world, including within the United States (38).

We demonstrated that PET imaging with our collagen-targeted probe, 68Ga-CBP8, is 

sensitive enough to detect pulmonary fibrosis in the commonly used BM mouse model. Our 

study showed that 68Ga-CBP8 provided significantly enhanced PET signal in the lungs of 

fibrotic mice compared with control mice. Non-specific uptake in the surrounding tissues 

(such as, muscle, heart, and bone) was similar and low in both fibrotic and control mice. The 

highest off-target accumulation was in the kidney, but the short half-life of gallium will limit 

the amount of radiation exposure (39).

When we expanded the 68Ga-CBP8 study to include mice at an early stage of fibrosis, we 

observed a strong correlation of lung uptake of the probe with hydroxyproline content, 

indicating the ability of the probe to stage pulmonary fibrosis. The control probe, 68Ga-

CBP12, showed similar, low uptake in the lungs of both fibrotic and control mice, 

demonstrating that the result observed with 68Ga-CBP8 was a result of specific collagen 

binding.

We further validated the probe in a second model of pulmonary fibrosis with mice in which 

a host response to injury was exaggerated by increasing the animals’ vascular permeability. 

In this model, a low-dose BM challenge plus a vascular leak-inducing agent produces robust 

fibrosis, whereas the low-dose BM challenge alone causes only a mild, self-limited injury in 

control mice (40, 41). This model captures an important aspect of IPF pathogenesis, in 

which fibrosis is thought to result from an aberrant or exaggerated host responses to 

relatively common and/or mild environmental injuries, which may be well tolerated and 

repaired in most people. In this model, PET imaging of collagen with 68Ga-CBP8 

successfully identified animals with pulmonary fibrosis, and additionally, detected blunted 

Désogère et al. Page 8

Sci Transl Med. Author manuscript; available in PMC 2018 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disease progression in animals treated with 3G9, a murine antibody targeted to integrin αvβ6 

that interferes with TGF-β activation, leading to reduced TGF-β signaling.

Our data raise the possibility that 68Ga-CBP8 more readily/avidly binds newly formed 

collagen in active disease than it does established, mature collagen. For instance, we see 

relatively low uptake of 68Ga-CBP8 in bone or skin, which are rich in type I collagen. The 

lungs themselves are rich in collagen and by direct biochemical measurement lung collagen 

increases 2–3 fold in mouse models of pulmonary fibrosis. We nevertheless see a 6-fold 

higher probe uptake in fibrotic mouse lungs compared to control lungs, suggestive of higher 

binding to the collagen newly formed during fibrosis. Similar observations were made in 

other models of fibrosis with an analogous MRI probe (21–26).

There are two factors that could contribute to the specificity of the probe for newly formed 

collagen and active fibrosis. The first relates to the structural nature of type I collagen. A 

single collagen molecule (tropocollagen) is made of three polypeptide strands that assemble 

into a microfibril triple helix. In normal tissue, these microfibrils interdigitate, are cross-

linked and form stable fibrils (42). Therefore, most of the collagen monomers within these 

fibrils are inaccessible to a molecular probe like 68Ga-CBP8 because most monomers will be 

inside the fibril and the probe can only access the fibril surface. However, in active fibrosis, 

collagen production is upregulated and new collagen is not yet fully organized into stable 

fibrils. As a result, collagen monomers are more accessible to the probe. If confirmed, this 

property may augment the ability of 68Ga-CBP8 to provide a much-needed assessment of 

“disease activity” in IPF and other fibrotic diseases.

Whereas HRCT can accurately measure an IPF patient’s disease severity at the time of 

evaluation, this imaging modality and other currently available measures to monitor IPF 

patients provide little information about disease activity (that is, how likely that patient’s 

fibrosis is to worsen in the upcoming weeks and months). If the ability of 68Ga-CBP8 

molecular imaging to assess disease activity in pulmonary fibrosis patients is validated, it 

could improve patient care and clinical research in IPF in several important ways. Progress 

in IPF patient care and clinical research has been hampered by the substantial heterogeneity 

of the disease. Although IPF has a very poor prognosis overall, its clinical course in different 

patients is highly variable (3). Whereas some patients have active disease that quickly 

progresses to respiratory failure, others have minimally active disease that remains clinically 

stable for long periods of time (3). The ability to distinguish IPF patients who are worsening 

rapidly from those who are remaining stable would enable clinicians to individualize patient 

care plans. Being able to make this distinction would also allow clinical trials of new IPF 

therapies to enroll subjects more likely to progress during the period of observation, 

improving the ability of these trials to detect treatment effects. Additionally, since current 

assessments of IPF usually take 6 or 12 months to show meaningful changes, being able to 

assess disease activity would enable faster assessments of patient responses to new therapies.

68Ga-CBP8 has moderate affinity for collagen (2.1 μM), which may also result in better 

sensitivity to fibrosis. For instance, we measured 50 μg hydroxyproline in the left lung of 

mice. Assuming that all the hydroxyproline arises from collagen and that it comprises ~13% 

of collagen, this results in a collagen monomer concentration of ~10 μM, which rises in 
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excess of 25 μM in fibrotic lungs. Thus, in normal lung the collagen concentration is at or 

below (depending on accessibility to the collagen) the Kd of the probe, which results in poor 

uptake. However, in fibrosis the target concentration is in excess of the Kd, resulting in 

increased probe uptake and the observed collagen-concentration dependent uptake of the 

probe. The results of our study suggest that 68Ga-CBP8 PET may be a useful complement to 

HRCT for noninvasive characterization of pulmonary fibrosis. HRCT provides a good 

measure of fibrotic burden, while 68Ga-CBP8 may highlight regions where fibrosis is more 

active.

An important limitation of the current study is that BM fibrosis in the animal lacks important 

features of the human disease. The slow and irreversible progression of fibrosis seen in IPF 

patients is not reproduced in the BM model. Chronic diseases are notoriously difficult to 

model. IPF is particularly complicated because the etiology and natural history of the 

disease is unclear, and no single trigger is known that is able to induce “IPF” in animal 

models.

To assess probe performance in human tissues, we incubated human IPF lung tissue samples 

with 68Ga-CBP8 and were able to correlate probe uptake with histological findings of IPF in 

these samples. 68Ga-CBP12 was not sensitive to collagen changes in IPF human tissue 

samples, which demonstrates the specificity of 68Ga-CBP8 for collagen. Although this pilot 

study was limited to three patients, the data provide proof-of-principle evidence of the 

potential of 68Ga-CBP8 PET as an imaging agent for pulmonary fibrosis in humans. The 

human tissue data support the hypothesis that the probe is more sensitive to newer, less 

organized collagen. We found that uptake in region of the lung that was characteristic of 

dense, established subpleural fibrosis with microscopic honeycomb change was higher than 

in a region reflective of end stage fibroelastosis with cystic honeycomb change. This 

distinction suggested that as fibrosis becomes end stage, a larger fraction of the matrix is 

elastin and the collagen is more organized and less available for binding to our probe. The 

barrier to translate our collagen-binding PET probe into clinic is very low. Unlike other 

imaging modalities (e.g. MRI, optical), the low mass dose required for PET allows clinical 

translation under the FDA exploratory investigational new drug (eIND) mechanism on the 

basis of a single high-dose acute toxicity study in rodents.

Recently, the Food and Drug Administration approved two different therapeutic agents for 

the treatment of IPF in the United States, pirfenidone and nintedanib, largely based on 

results from the CAPACITY (43), ASCEND (44) and INPULSIS trials (45). Both drugs 

slow functional decline and disease progression, and reduce long-term mortality in patients 

with mild to moderate IPF, highlighting the importance of early diagnosis and initiation of 

treatment. The usefulness of these drugs in other forms of pulmonary fibrosis is starting to 

be evaluated, including scleroderma-associated interstitial lung disease, chronic 

hypersensitivity pneumonitis and radiation pneumonitis. If current anti-fibrotic therapy can 

slow functional decline and disease progression in fibrotic lung diseases, then early detection 

of pulmonary fibrosis of any cause and initiation of treatment could benefit patients across 

this broad category of lung diseases. Because lung architectural distortion may be absent 

early in the course of fibrotic lung diseases, HRCT often cannot distinguish fibrosis from 

other pathological processes in the lung. In this regard, our results may represent a consistent 
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and reliable non-invasive method to detect excess collagen deposition in the lungs, even 

early in the course of pulmonary fibrosis. This ability of 68Ga-CBP8 molecular imaging, as 

well as the potential application to assess the rate of progression, or disease activity of 

pulmonary fibrosis, suggests that translation of this approach to human will benefit patients 

with IPF and other fibrotic lung diseases.

Materials and Methods

Study design

The objective of this study was to address the clinically unmet need of non-invasive tools to 

diagnose IPF at early stage, to quantify and stage fibrosis, and to monitor disease 

progression.

This goal was addressed by (i) evaluating the efficacy and specificity of the probe to detect 

and stage disease in an established animal model for pulmonary fibrosis (bleomycin), (ii) 

evaluating the probe efficacy to detect disease and its capacity to monitor treatment response 

in a second model of pulmonary fibrosis using mice in which a host response to injury has 

been exaggerated by increased vascular permeability, (iii) and initiating a pilot study to 

translate these findings using human IPF tissue samples.

All experiments were performed in accordance with the National Institutes of Health 

guidelines for the Care and Use of Laboratory Animals, with the ARRIVE guidelines, and 

were approved by the institution’s animal care and use committee. Evaluation of 68Ga-CBP8 

and 68Ga-CBP12 uptake measurements in animals was performed in a non-blinded fashion. 

Authors were blinded for histology analysis. Because 68Ga-CBP8 microPET imaging is a 

new imaging technology, it is difficult to estimate sample size with adequate power. An n = 

4 to 13 was selected for these well-controlled models with a low (<10%) error in consecutive 

studies. Binding studies were conducted using three independent experiments. No samples 

or animals were excluded from data analyses.

Fresh lung tissue samples were collected from explanted IPF lungs obtained from 3 IPF 

patients undergoing transplantation. The Partners Human Research Committee Institutional 

Review Board approved this study. Informed consent was obtained from the patients.

Synthesis of precursors and non-radioactive standards

All chemicals were purchased commercially and used without further purification. The 

cyclic disulfide peptide precursors of CBP8 and CBP12 (cPep(8) and cPep(12)) were 

custom-made by American Peptide. The tri-tert-butyl-protected activated ester NODAGA-

N-hydroxusuccinimide ((tBu)3NODAGA-NHS) was synthesized in-house following a 

published procedure (47) starting from 1,4,7-triazacyclononane (Chematech).

(tBu)3NODAGA-cPep(x)—Three equivalents of (tBu)3NODAGA-NHS were added to 

solution of cPep(x) (x=8, 12) in 1 mL dimethylformamide (DMF). The pH of each solution 

was adjusted to 6.5 using diisopropylethylamine (DIPEA) and the mixtures were stirred at 

room temperature for 24 hours. (tBu)3NODAGA-cPep(8) and (tBu)3NODAGA-cPep(12) 

were purified separately by reversed-phase semi-preparative purification (Dynamax HPLC 
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system, Phenomenex Luna C18 column (5 μm, 250 mm × 21.2 mm), water/acetonitrile 

gradient (85:15, 60:40 in 30 min) containing 0.1% (v/v) trifluoroacetic acid (TFA); the 

extinction at 280 nm was monitored for detection). The 2 products had a purity >98% as 

determined by LC-MS (Agilent 1100 Series apparatus with an LC/MSD trap and Daly 

conversion dynode detector with UV detection at 220, 254, and 280 nm, Phenomenex 

Kinetex C18 column (2.6 μm, 100 mm × 4.6 mm), water/acetonitrile gradient (95:5, 5:95 in 

10 min) containing 0.1% (v/v) formic acid). (tBu)3NODAGA-cPep(8): Molecular weight for 

C193H285N37O43S2. MS(ESI) calc: 970.0 [(M+4H)/4]4+; found: 969.9. (tBu)3NODAGA-

cPep(12): Molecular weight for C193H285N37O43S2. MS(ESI) calc: 970.0 [(M+4H)/4]4+; 

found: 969.7.

NODAGA-cPep(x)—In 2 separate reaction vessels, about 20 mg of (tBu)3NODAGA-

cPep(x) (x=8, 12) were dissolved in a 1 mL solution of TFA, methanesulfonic acid, 1-

dodecanethiol and H2O (92:3:3:2). Each reaction mixture was stirred for 2 h. Cold diethyl 

ether was added to precipitate out the solids. The mixtures were centrifuged, and the 

supernatant removed. The solids were washed with diethyl ether and dried to give the 

product as white solids. NODAGA-cPep(8) and NODAGA-cPep(12) were purified by 

reversed-phase semi-preparative purification. The 2 products had a purity >98% as 

determined by LC-MS. NODAGA-cPep(8): Molecular weight for C157H213N37O43S2, 

MS(ESI) calc: 843.8 [(M+4H)/4]4+; found: 843.4. NODAGA-cPep(12): Molecular weight 

for C157H213N37O43S2, MS(ESI) calc: 843.8 [(M+4H)/4]4+; found: 843.5.

69/71Ga-NODAGA-cPep(8)—3 mg of NODAGA-cPep(8) were dissolved in 2 mL of 

sodium acetate buffer (20 mM, pH=4.1). A sample of 296 μL of a 3 mM 69/71Ga(NO3)3 was 

added in the vessel and the reaction mixture was stirred at 60 °C for 20 min. 69/71Ga-

NODAGA-cPep(8) was purified by reversed-phase semi-preparative purification. The 

product had a purity >98% as determined by LC-MS. Molecular weight for 

C157H210GaN37O43S2, MS(ESI) calc: 860.3 [(M+4H)/4]4+; found: 860.5.

69/71Ga-NODAGA-cPep(12)—5 mg of NODAGA-cPep(12) were dissolved in 2 mL of 

sodium acetate buffer (20 mM, pH=4.1). A sample of 1.5 mL of a 3 mM 69/71Ga(NO3)3 was 

added in the vessel and the reaction mixture was stirred at 60 °C for 20 min. 69/71Ga-

NODAGA-cPep(12) was purified by reversed-phase semi-preparative purification. The 

product had a purity >98% as determined by LC-MS. Molecular weight for 

C157H210GaN37O43S2, MS(ESI) calc: 860.3 [(M+4H)/4]4+; found: 860.5.

Radiosynthesis
68GaCl3 was obtained from a SnO2-based 68Ge/68Ga generators (iThemba Labs). 68GaCl3 

(10 mCi, in 0.5 mL HCl (0.6 M)) was diluted with 200 μL of pH 5 sodium acetate (3 M) to 

reach pH 4.1. A sample of 180 μL of the 68GaCl3 solution was combined to 5 μL of a 0.1 

mM (NODAGA)-cPep(8) or (NODAGA)-cPep(12) solution (in sodium acetate pH 4.1) and 

the reaction mixture was heated at 60 °C for 5 min and purified by Sep-Pak C18 cartridge 

(Waters) to remove any radiometal impurities (germanium-68 breakthrough). The 

radiochemical purity of the final solution of CBP8 and CBP12 was ≥99% as determined by 

radio-HPLC analysis (Agilent 1100 Series HPLC unit with a Carroll/Ramsey radiation 
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detector with a silicon PIN photodiode and with UV detection at 254 nm, Phenomenex Luna 

C18 column (2.6 μm, 100 mm × 4.6 mm), water/acetonitrile gradient (95:5, 5:95 in 10 min) 

containing 0.1% (v/v) TFA). Specific activities ranged from 324 to 462 GBq/μmol.

Collagen binding

Binding isotherms were obtained using the cold version of the probes (69/71Ga-CBP8 

or 69/71Ga-CBP12) by following a method previously reported (21).

Animal model and probe administration

In the standard-dose BM model (48), pulmonary fibrosis was induced in 10-week-old male 

C57/BL6 mice, (20–28 g, Charles River Laboratories) by transtracheal administration of BM 

(2.5 U/kg) in 50 μL of PBS under direct vision using a small cervical incision. In the low 

dose bleomycin model associated with a vascular leak agent (FTY720) (40), adult male 

C57Bl/6 mice, 7–8 weeks old (~ 25 g, Charles River Laboratories) were administered a 

single intratracheal dose of bleomycin at 0.1 U/kg (low dose), in a total volume of 50 μL 

sterile saline. FTY720 was administered intraperitoneally to the mice at 1mg/kg three times 

a week. To effect treatment in the low dose bleomycin, vascular leak model, the therapeutic 

murine antibody 3G9 (anti-αvβ6-blocking antibody) and 1E6 (matched isotype control 

antibody) were used (49). All administrations of FTY720 and antibodies were initiated on 

day 0, ~30 min before bleomycin challenge and continued throughout the duration of the 

experiments.

Small animal PET-CT imaging and analysis

Animals were placed in a small-animal PET/SPECT/CT scanner (Triumph; TriFoil 

Imaging), equipped with inhalation anesthesia and heating pad. Each animal was 

anesthetized with isoflurane (4% for induction, 1–1.5% for maintenance in medical air). 

After placement of an in-dwelling catheter in the femoral vein for probe administration, 

mice were positioned in the PET-CT and probe was given as a bolus. Dynamic imaging was 

performed for 120 minutes for sham and BM-mice (day 14) injected with 68Ga-CBP8 

and 68Ga-CBP12. Static imaging was performed on mice treated with BM (day 7), FTY 

alone, LDB, LDBVL, LDBVL+3G9 and LDBVL+1E6, acquisitions were collected 50 

minutes after 68Ga-CBP8 injection and for 30 minutes. A whole body CT was obtained 

either immediately before or immediately after the PET acquisition, and the mice were then 

euthanized at 150 minutes post injection and the organs taken for biodistribution analysis. 

Instrument calibration was performed with phantoms containing small known amounts of 

radioactivity. Isotropic (0.3 mm) CT images were acquired over 6 min with 512 projections 

with 3 frames per projection (exposure time per frame,~200 msec; peak tube voltage, 70 kV; 

tube current, 177 mA). PET and CT images were reconstructed using the LabPET software 

(TriFoil Imaging) and the CT data were used to provide attenuation correction for the PET 

reconstructions. The PET data were reconstructed using a maximum-likelihood expectation-

maximization (MLEM) algorithm run over 30 iterations to a voxel size of 0.5 × 0.5 × 0.6 

mm3. For the pharmacokinetic analyses, the PET data were reconstructed in 1 min (first 10 

frames), 3 min (next 10 frames), and 10 min (last 8–10 frames) intervals out to 120 min post 

injection. Reconstructed PET/CT data were quantitatively evaluated using AMIDE software 

package (50). For each PET scan, volumes of interest (VOIs) were drawn over major organs 
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on decay-corrected whole body coronal images. The radioactivity concentration within 

organs was obtained from mean pixel values within the VOI volume and converted to counts 

per milliliter per minute and then divided by the injected dose (ID) to obtain an imaging 

VOI-derived percentage of the injected radioactive dose per cubic centimeter of tissue (%ID/

cc). Size of the VOI was about 65 mm3 for the lungs, 53 mm3 for the heart and 20 mm3 for 

the muscle.

Biodistribution protocol

From all animals were collected the left lung, blood, urine, heart, liver, left rectus femoris 

muscle, spleen, small intestine, kidneys, left femur bone. The tissues were weighed, and 

radioactivity in each tissue was measured on a gamma counter (Wizard2 Auto Gamma, 

PerkinElmer). Tracer distribution was presented as %ID/g for all organs. The radioactivity in 

the lung was reported as percent injected dose per lung.

Human lung tissues were collected within 1 hour of resection. Samples were weighted (70 to 

100 mg per sample), cut in small pieces and introduced in an eppendorf tube containing a 

solution of 68Ga-CBP8 (50 to 75 kBq) in PBS (1 mL). The mixture was shaken for 2 hours 

at room temperature. After centrifugation, supernatant (sup-1) was removed, kept for further 

analysis and tissue samples were washed with 1 mL of PBS, this procedure was repeated 

twice for each sample. Wash solutions (wash-1 and wash-2) were kept for further analysis. 

Activities in tissue samples and in solutions sol-1, wash-1 and wash-2 were measured on a 

gamma counter. Activity in the tissue was presented as %Lung uptake, defined by activity in 

the tissue measured by gamma counter divided by total of activity (from tissue, sup-1, 

wash-1 and wash-2).

Ex vivo analysis

Mouse lung tissues (right lungs) were inflated and fixed with 10% formalin, embedded in 

paraffin, cut into 5 μm sections. Tissue sections were stained with Hematoxylin, Eosin and 

Picrosirius Red with a counterstain of Fast Green (Fig. 4A). Images were acquired using a 

Nikon TE-2000 microscope (×10 and ×40 magnification). Sirius Red stained sections were 

analyzed by a pathologist, who was blinded to the study, to score the amount of lung disease 

according to the method of Ashcroft (28). In addition, % Sirius Red was quantified from the 

histology images using ImageJ as per our standard procedures (26). Human lung tissues 

were obtained just adjacent to fresh tissues for probe incubation and were fixed in 10% 

formalin, embedded in paraffin and cut into 5 μm sections. Tissue sections were stained with 

Hematoxylin, Eosin, Picrosirius Red, Masson Trichrome and Verhoeff’s elastic stain. Slides 

were scanned using a digital slide scanner (Aperio CS2, Leica Biosystem).

Quantification of collagen

Hydroxyproline in tissue was quantified by HPLC analysis of tissue acid digests as 

previously described. Hydroxyproline is expressed as amount per lung (51).

Statistics

Unless otherwise noted, the results are expressed as means ± SEM (with n = 4–13 mice per 

group). Statistical analyses were performed with GraphPad Prism 7 software (LA Jolla, CA). 
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A one-way ANOVA, followed by post hoc Tukey tests with two-tailed distribution was used 

for analyzing the data between different groups. A p value of less than 0.05 was considered 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

Positron emission tomography with a probe targeting type I collagen enables detection, 

staging, and treatment response monitoring in lung fibrosis.
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Fig. 1. Probe 68Ga-CBP8 monitors disease progression in the bleomycin mouse model of 
pulmonary fibrosis
(A) Representative images of lung tissue stained with hematoxylin and eosin (H&E) and 

Sirius red (×10, scale bar, 300 μm) for sham and BM-treated mice at day 7 and day 14 after 

BM instillation; higher-magnification views are also displayed (×40, scale bar, 60 μm). (A to 

D) Disease progresses in a stepwise fashion as determined by histological Ashcroft scoring 

of lung fibrosis (B), by histological quantification of the area affected by disease (C) and by 

hydroxyproline (Hyp) analysis (D). (E) Ex-vivo lung uptake of 68Ga-CBP8 increases with 

disease progression in the BM-treated mice; 5-fold higher in BM-mice 14 days after 

instillation than in sham animals, 1.5 higher uptake in BM-mice 14 days after instillation 

compared with BM-mice 7 days after instillation. (F) Correlation of ex-vivo 68Ga-CBP8 

lung uptake and Ashcroft score. (G) Correlation between ex-vivo lung uptake of 68Ga-CBP8 

and lung hydroxyproline. Data were analyzed with one-way ANOVA, followed by post hoc 

Tukey tests with two-tailed distribution. For panels B-F, data are displayed as box plots with 

the dark band inside the box representing the mean, the bottom and top of the box the first 

and third quartiles, and the whiskers the minimum and maximum values. For all of the 

experiments shown in this figure: n=11 for sham, n=4 for BM-treated mice at day 7, and n=7 

for BM-treated mice at day 14.
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Fig. 2. 68Ga-CBP8 is specifically taken up by fibrotic but not healthy lungs (bleomycin model)
(A) Representative fused PET-CT images show specific accumulation of 68Ga-CBP8 (left 

images) in fibrotic but not control lungs; 68Ga-CBP12 (right images) showed no preferential 

uptake in the lungs of BM-treated mice compared to control mice. Greyscale image shows 

CT image, color scale image shows PET image from integrated data 50–80 min after probe 

injection. B. Hydroxyproline level was significantly higher in fibrotic BM-treated animals 

than in the sham-treated animals. C. PET activity values for 68Ga-CBP8 and 68Ga-CBP12 in 

sham and BM-treated mice (50–80 min after injection). Data are expressed as percent 

injected dose per cubic centimeter of tissue (%ID/cc). Data show significantly higher uptake 

in fibrotic lungs with 68Ga-CBP8. D. Ex vivo uptake of 68Ga-CBP8 and 68Ga-CBP12 in 

lungs from sham and BM-treated mice 150 min after injection expressed as %ID per lung. E. 

Distribution of 68Ga-CBP8 and 68Ga-CBP12, expressed as percent injected dose per gram of 

tissue (%ID/g), (mean ± standard error) in various organs was similar except in fibrotic 

lungs. (Inset) The same data as in E expressed as %ID/lung. Data were analyzed using one-

way ANOVA, followed by post hoc Tukey tests with two-tailed distribution. For all of the 

experiments shown in this figure: n=4 for sham injected with 68Ga-CBP12, n=4 for BM-

treated mice injected with 68Ga-CBP12, n=11 for sham injected with 68Ga-CBP8 and n=7 
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for BM-treated mice injected with 68Ga-CBP8. For panels B–D, data are displayed as box 

plots with the dark band inside the box representing the mean, the bottom and top of the box 

the first and third quartiles, and the whiskers the minimum and maximum values.

Désogère et al. Page 22

Sci Transl Med. Author manuscript; available in PMC 2018 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 68Ga-CBP8 detects and stages disease in a mouse model of pulmonary fibrosis with 
enhanced vascular permeability
(A) Treatment scheme for the LDBVL group, which was treated with a low dose of BM (0.1 

U/kg) and the vascular leak agent FTY720. (B to F) Mice were treated with a very low dose 

of BM (LDB), the vascular leak agent FTY720 (FTY), or both, administered together 

(LDBVL). The LDBVL, but not LDB or FTY, group exhibited a fibrotic response as 

determined by histological Ashcroft scoring of lung fibrosis (B), by Sirius red staining (% 

total area affected by disease) (C) and by hydroxyproline (Hyp) analysis (D). Data show 

significantly higher uptake of 68Ga-CBP8 in lungs of LDBVL animals compared to FTY or 

LDB animals as quantified by PET data (E) and by ex vivo uptake (F). (G and H) 

Correlations between hydroxyproline levels and %ID/cc (G) and %ID/lung (H). Data were 

analyzed using one-way ANOVA, followed by post hoc Tukey tests with two-tailed 

distribution. For all of the experiments shown in this figure: n=6 for the FTY group, n=4 for 

the LDB group, n=9 for the LDBVL. For panels B–F, data are displayed as box plots with 

the dark band inside the box representing the mean, the bottom and top of the box the first 

and third quartiles, and the whiskers the minimum and maximum values.
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Fig. 4. 68Ga-CBP8 PET allows monitoring of the response to anti-fibrotic therapy in mice
(A) Representative images of lung tissue stained with hematoxylin and eosin (H&E) and 

Sirius red (×10, scale bar, 300 μm) for mice treated with 3G9 only (n=5), for mice treated 

with a low dose of BM and FTY720 (LDBVL, n=9), for LDBVL mice receiving 3G9, 

LDBVL+3G9 (n=11) and for LDBVL mice receiving 1E6, LDBVL+1E6 (n=11); higher-

magnification views are also displayed (×40, scale bar, 60 μm). (B) Representative fused 

PET-CT images show specific accumulation of 68Ga-CBP8 in the lungs of mice from the 

LDBVL and LDBVL+1E6 groups and but low PET signal in the lungs of the control 3G9 or 

treated LDBVL+3G9 groups. Greyscale image shows CT image, color scale image shows 

PET image from integrated data 50–80 min after probe injection. (C) Hydroxyproline 

content was significantly higher in animals from the LDBVL and LDBVL+1E6 groups than 

in animals from the 3G9 and LDBVL+3G9 groups showing that the treatment of LDBVL 

animals with 3G9 is preventive against fibrosis. The treatment of LDBVL animals with 1E6 

has no effect on fibrosis. (D) and (E) Similar effects were seen for quantitative PET data (D) 

and ex vivo uptake in the lungs. Data were analyzed using one-way ANOVA, followed by 

post hoc Tukey tests with two-tailed distribution. For panels C–E, data are displayed as box 

plots with the dark band inside the box representing the mean, the bottom and top of the box 

the first and third quartiles, and the whiskers the minimum and maximum values. For all of 

the experiments shown in this figure: n=5 for the 3G9 group, n=9 for the LDBVL group, 

n=11 for the LDBVL+3G9 and n=11 for the LDBVL+1E6.
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Fig. 5. Probe 68Ga-CBP8 signal reflects changes in collagen concentration in human IPF lung 
tissues
A. Uptake of 68Ga-CBP8 in human lung samples taken from the upper, middle, and lower 

lobes of explanted lung of IPF patients. The uptake is defined as %ID/g +/− standard error. 

Data were analyzed using one-way ANOVA, followed by post hoc Tukey tests with two-

tailed distribution. For patient 1, n=5 (upper lobe), n=5 (middle lobe) and n=6 (lower lobe). 

For patient 2, n=8 (upper lobe), n=6 (middle lobe) and n=6 (lower lobe). For patient 3, n=5 

(upper lobe), n=5 (middle lobe) and n=9 (lower lobe). B. Representative images of Sirius red 

staining of collagen showing early stage of IPF (left, lung section taken from the upper lobe 

of patient 2) characterized by thickening of the alveolar septa and knot-like formation and 

late stage of fibrosis (right, lung section taken from the lower lobe of patient 2) characterized 

by a denser deposition of collagen. C. Correlation of 68Ga-CBP8 uptake in lung tissue 

samples from IPF patients with histological staining of collagen as measured by 

quantification of % collagen staining (Sirius red) in the area affected by disease (r2=0.94, 

p<0.0001).
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