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Abstract

Background & Aims: The vitronectin receptor integrin alpha v beta 3 (αvβ3) drives fibrogenic 

activation of hepatic stellate cells (HSC). Molecular imaging targeting the integrin αvβ3 could 

provide a non-invasive method for evaluating the expression and the function of the integrin αvβ3 

on activated HSCs (aHSCs) in the injured liver. In this study, we sought to compare differences in 

uptake of the [18F]-Alfatide between normal and injured liver to evaluate its utility for assessment 

of hepatic fibrogenesis.

Methods: PET with [18F]-Alfatide, non-enhanced computerized tomography (CT), 

histopathology, immunofluorescence staining, immunoblotting and gene analysis were performed 

to evaluate and quantify hepatic integrin αvβ3 levels and liver fibrosis progression in carbon-

tetrachloride (CCl4) and bile duct ligation (BDL) induced liver fibrosis mice model. The AUC 

liver 0–30 min to AUC blood 0–30 min contrast was used as an integrin αvβ3–PET index to 
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quantify fibrosis progression. Ex vivo analysis of frozen liver tissue from patients with fibrosis and 

cirrhosis verified the animal findings.

Results: Fibrotic mouse livers showed enhanced [18F]-Alfatide uptake and retention compared to 

control livers. The radiotracer was demonstrated to bind specifically with integrin αvβ3 mainly 

expressed on aHSCs. Autoradiography and histopathology confirmed the PET imaging results. 

Further, the mRNA and protein level of integrin αvβ3 and its signaling complex were higher in 

CCl4 and BDL models compared to controls. Human fibrotic liver section results supported the 

animal findings.

Conclusions: Imaging hepatic integrin αvβ3 with PET and [18F]-Alfatide offers a potential 

noninvasive method for monitoring the progression of liver fibrosis.

Graphical Abstract

Lay Summary:

Integrin αvβ3 expression on activated hepatic stellate cells (HSC) is associated with HSC 

proliferation during hepatic fibrogenesis. As a PET tracer based on dimeric RGD peptide, [18F]-

Alfatide has high integrin αvβ3-binding affinity and specificity. [18F]-Alfatide specifically 

visualizes increased αvβ3 expression in preclinical liver fibrosis models and human tissue, which 

can be used as a surrogate imaging biomarker of hepatic fibrosis.
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Introduction

Liver fibrosis is a wound-healing process characterized by the accumulation of extracellular 

matrix (ECM) proteins in response to chronic injury [1]. The accumulation of ECM proteins 

(mainly collagen type I and III) distorts the normal hepatic architecture and forms fibrous 

scars. As collagen deposition increases, nodules of regenerating hepatocytes result in 

cirrhosis with its high morbidity and mortality [2]. Current methods for evaluating liver 

fibrosis often provide an incomplete picture of disease. Procedures and biomarkers for 

determining fibrosis include ultrasonography (US), elastography, age, platelet count, 
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albumin, and serum AST and ALT values [3, 4]. Even when these techniques are 

incorporated into multifactorial scoring systems, they still suffer from low sensitivity and 

specificity, and often don’t correlate with the degree of fibrosis [5, 6]. Liver biopsy is the 

gold standard for assessing fibrosis, but unfortunately this technique samples a limited 

hepatic volume and can only be performed at a limited frequency due to concerns regarding 

complication rates [7].

There is reason to believe that hepatic integrin αvβ3 may be a useful surrogate diagnostic 

biomarker for the extent of fibrosis. Hepatic stellate cells (HSCs) are important collagen-

producing cells and αvβ3 expression on activated HSC’s is associated with HSC 

proliferation during fibrogenesis [8, 9]. In addition, imaging hepatic integrin αvβ3 may 

provide information about therapeutic strategies designed to reduce collagen-producing 

aHSCs, either by disrupting αvβ3-ECM interactions or through other approaches [10].

The PET tracer used here to image hepatic integrin αvβ3, [18F]-Alfatide, has several 

advantages. Developed by Chen and coworkers at NIH [11, 12], [18F]-Alfatide is a dimer of 

RGD peptides, utilizing multivalent affinity enhancement to increase its interactions with its 

integrin target [13–15]. Second, [18F]-Alfatide features a radiosynthesis whereby fluoride 

ion (18F−) tenaciously binds the aluminum of an Al3+: NOTA complex rather than 

undergoing formation of covalent 18F-C bond [12, 16, 17]. [18F]-Alfatide’s relatively simple 

radiosynthesis is an advantage when multi-site clinical trials are considered. Finally, [18F]-

Alfatide has been used in several clinical studies [18–20].

Thus, a series of factors, the shortcomings of current liver fibrosis diagnostic methods, the 

importance of αvβ3 expression on aHSCs for collagen synthesis, the simplicity of [18F]-

Alfatide radiochemistry and the prior clinical uses of [18F]-Alfatide, all suggest an [18F]-

Alfatide/PET combination might be useful for imaging hepatic integrin αvβ3. To further this 

possibility, we employed [18F]-Alfatide/PET with the CCl4 and bile duct ligation (BDL) 

mouse models of hepatic disease. With both models, the 18F-Alfatide/PET technique imaged 

hepatic integrin αvβ3, and integrin αvβ3 expression correlated with disease severity and the 

degree of fibrosis. These results suggest [18F]-Alfatide/PET may offer a non-invasive 

imaging modality for quantifying hepatic αvβ3, which serves as a surrogate PET biomarker 

for liver fibrosis in clinical settings.

Materials and methods

Animal Models of Liver Fibrosis

We studied liver fibrosis in two experimental models. In the first model, 10-week-old CD1 

male mice were treated with carbon-tetrachloride (CCl4, Sigma, St. Louis, MO) at a dose of 

0.2 mL/kg in a 1:5 CCl4: olive oil mixture, administered by means of intraperitoneal (i.p.) 

injection twice per week for 12 weeks. Control animals were treated with vehicle (olive oil). 

In the second, bile duct ligation-induced biliary fibrosis model, mice were transected at the 

common bile duct after midline laparotomy. Sham treated mice underwent midline 

laparotomy, but the duct was exposed without scission. Mice were sacrificed after 3 weeks. 

All mice were housed in a pathogen-free, temperature-controlled animal facility with 12 h 
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light/12 h dark cycle. All animal protocols were approved by the Institutional Animal Care 

and Use Committee of the Massachusetts General Hospital.

Serum ALT assay

Mouse serum was collected by orbital vein bleeding at the time of euthanasia. Serum alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) were analyzed by Infinity 

AST and ALT reagent (Thermo Fisher Scientific).

Histological analysis

The liver tissues were collected in 4% paraformaldehyde and then embedded in paraffin. 

Formalin-fixed paraffin-embedded (FFPE) tissues were cut into 5µm sections and stained 

with hematoxylin and eosin (H&E, Sigma, St. Louis, MO) and analyzed by light 

microscopy. For hepatic fibrosis analysis, FFPE liver sections were stained with Sirius red 

F35B (Sigma, St. Louis, MO) to visualize collagen, nuclei were counterstained with 

hematoxylin.

Immunofluorescent staining of FFPE tissue

FFPE tissue was processed for staining as described previously with the following 

modifications [21]. Following deparaffinization, IHC antigen retrieval solution (Thermo 

Fisher Scientific) was performed in the chamber. Unreacted aldehydes were quenched for 10 

min with 1% NaBH4. Non-specific antibody binding was blocked with either 1% IgG-free 

BSA or 5% Normal donkey serum (Jackson Immuno, West Grove, PA) in TBS (Tris-

buffered saline), depending on the antibodies used. Primary antibodies were incubated 

overnight at 4 °C. Sections were washed with TBS and Alexa Fluor-conjugated secondary 

antibodies (Thermo Fisher Scientific) were applied for 30 min at room temperature. DAPI 

counterstain and slides mountant used ProLong Diamond Antifade Mountant with DAPI 

(Invitrogen). Primary antibodies used were: anti-integrin αvβ3 (Santa Cruz biotechnology), 

anti-α-SMA (Abcam), anti-CD68 (Cell Signaling Technology).

Quantitative PCR (qPCR)

Total RNA from liver tissue was isolated by QIA Shredder and RNeasy kit (Qiagen). Total 

RNA was reverse transcribed (RT) using a high-capacity cDNA reverse transcription kit with 

random primers (Applied Biosystems Inc.). To quantify gene expression, quantitative real-

time PCR was performed using an ABI QuantStudio 3 system (Applied Biosystems Inc.) 

and Power Up SYBR green master mix (Thermo Fisher Scientific). The primers used in this 

study are listed in Supplementary Table 2. Data were expressed as relative mRNA levels 

using the △△CT method.

Western blot analysis

Liver tissues were lysed by use of RIPA buffer containing a protease inhibitor cocktail 

(Sigma Life Science). An appropriate amount of protein in total tissue lysates was separated 

by SDS-PAGE with NuPAGE Novex precast 4 to 12% Bis-Tris gradient gels (Invitrogen) 

and blotted onto polyvinylidene difluoride membrane (Millipore Sigma). The membranes 

were blocked with 5% nonfat dry milk and incubated overnight at 4 °C with the different 
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primary antibodies diluted in blocking buffer. Primary antibodies included anti-Integrin αv 

and anti-β3 (Santa Cruz biotechnology). The secondary antibodies were HRP-conjugated 

enhanced chemiluminescence (ECL) (Sigma Life Science). Protein bands were detected by a 

ChemiDoc Molecular Imager (Bio-Rad). Western blot band quantification was performed 

using Image lab (Bio-Rad) and normalized to β-actin (Sigma Life Science).

Ex vivo Autoradiography

Frozen mouse and human liver tissue sections were sectioned into 20 µm slices by freezing 

microtome (Thermo Fisher Scientific), and the slices were mounted on the slide glass. These 

sections were pre-active in ice-cold Tris-HCl buffer (pH7.4) for 20 mins, then incubated 

with [18F]-Alfatide in 50 mM Tris-HCl buffer (pH7.4) at room temperature for 1 hour, 

washed with ice-cold Tris-HCl buffer for 2 min twice, warmly blow-dried and contacted to 

an imaging film (GE healthcare) for 6 hours. The imaging film was scanned with a GE 

Amersham Typhoon imaging system at a pixel size of 50X50 µm and the data were analyzed 

by ImageJ software (National Institutes of Health).

PET/CT Imaging Operation and Quantification

PET/CT images of CCl4 and BDL models of liver fibrosis and control mice were made on a 

microPET Focus 220 PET scanner (Siemens Medical Solutions USA, Inc., Malvern, PA) 

and the CereTom NL 3000 CT scanner (Neurologica, Danvers, MA). The scanner’s 

detection system provided a 1.5 mm spatial resolution for 18F. The image acquisition 

settings were: tube voltage 100 kV, tube current 5 mA, resolution 6 s/projection, axial mode 

with slice thickness of 1.25 mm. Image pixel size was set to 0.49×0.49×1.25 mm. PET/CT 

image co-registration was carried out manually using ASIProVM software (Siemens/CTI 

Concorde Microsystems, Knoxville, TN). Mice were anesthetized with 1.5% (v/v) 

isoflurane/air mixture at 300 ml/min using a SomnoSuite® small animal anesthesia platform 

(Kent Scientific). 6 catheterized mice were positioned in two vertical planes of a custom-

made restraint system allowing simultaneous imaging of 6 animals. The system was 

connected to the clinical anesthesia platform supplying a 1.5% isoflurane/oxygen mixture at 

2 l/min. A syringe filled with 0.1 cc of 3.5–3.7 MBq of 18F-Alfatide was inserted into each T 

connector and intravenous injection started simultaneously with 30-min PET image 

acquisition of the liver area. After the PET image acquisition, a single whole-body CT scan 

was obtained.

PET Imaging Quantification

PET data were reconstructed into dynamic data set consisting of 17 image frames of the 

following durations: 15, 15, 15,15, 30, 30, 30, 30, 60, 60, 60, 120, 120, 300, 300, 300, and 

300 s. Each image frame was represented by a matrix with the pixel size of 0.95 mm and a 

fixed slice thickness of 0.8 mm obtained using a 2-dimensional (2-D) ordered-subset 

expectation maximization (OSEM2D) protocol featuring 4 iterations. The dynamic PET 

images were analyzed to obtain numerical kinetic data for multiple manually selected 

regions of interest (ROIs) drawn liver areas. All subsequent image processing and analysis 

were performed on non-host workstations using ASIProVM software (Siemens/CTI 

Concorde Microsystems, Knoxville, TN) running under 32-bit Windows XP and Inveon 

Research Workplace 3.0 (Siemens Medical Solutions, Inc., Malvern, PA). During raw data 

Shao et al. Page 5

J Hepatol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



histogramming and image reconstruction, the corrections for isotope decay, detectors dead-

time, random coincidences, and tissue attenuation were applied.

Human Specimen

We studied snap-frozen liver sections from 9 liver fibrosis patients (F1 n=3, F2 n=3 and F3 

n=3). Normal liver samples were collected from 3 patients. Human liver samples were 

obtained from controls and patients with liver fibrosis underthe institutional review board 

protocols approved by the Massachusetts General Hospital (Table S1).

Statistical Analysis

Statistical analyses were performed using the statistical computer package, GraphPad Prism 

version 6, (GraphPad Software Inc., San Diego, CA, USA). Results are expressed as means 

± SEM. Statistical comparisons were made using one-way analysis of variance (ANOVA) 

with Tukey’s post hoc test, or Student’s t-test where appropriate. Difference is considered to 

be significant at P<0.05 indicated with one asterisk (*), P<0.01 (**) or P<0.001 (***). For 

all figures, values of n = 3–6.

Results

Designation of Mild and Severe Levels of Liver Fibrosis in Animal Models

Following 6 weeks of CCl4 administration, a mild infiltration of inflammatory cells along 

with aggregated lymphocytes was observed in the portal areas (indicated by arrows, Figure 

1A, b) by H&E staining. With Sirius Red, fibrotic lesions stained weakly in the portal area 

(mild fibrosis, Figure 1A, e), and inflammatory cells and formation of regenerative nodules 

of liver parenchyma separated by fibrotic septa were observed (severe fibrosis, Figure 1A, c 

and 1A, f). For the BDL model, at 10-day post operation, mice exhibited a moderate 

inflammatory cell infiltration and collagen deposition / accumulation in portal areas by 

histological analysis (mild fibrosis, Figure 1A, h and 1A, k). At 3 weeks, large foci of 

hepatic necrosis with marked inflammatory cell infiltration and extensive collagen was 

observed (severe fibrosis, Figure 1A, i and 1A, l).

The percentage area for Sirius Red stain (Figure 1C), a measure of the amount of collagen 

deposition, was determined for the 6 week and 12-week CCl4 model. A similar analysis was 

made for the 10 day and 21-day BDL model. Based on hepatic collagen deposition, our 

CCl4 and BDL models produced a hepatic fibrosis that was “mild” (after 6 weeks of CCl 4 

or 10 days post BDL) or “severe” (12 weeks of CCl 4 or 21 days post BDL). Below we refer 

to our models as CCl4-mild, CCl4-severe, BDL-mild and BDL-severe.

Serum ALT and AST enzyme levels, clinical biomarkers of liver disease [22–24], and 

indicators of hepatocellular injury, were then determined for the CCl4 and BDL models 

(Figure 1B). With the CCl4 model, mean enzyme levels increased with the duration of 

hepatic insult, with the levels expressed as severe > mild > sham (ALT: 

190.5±15.08>96.22±18.5>20.66±1.383, AST: 223.6±8.07>125.7±9.82>76.24±6.128). On 

the other hand, with the BDL model mean enzyme levels can be expressed as mild > severe 

> sham (ALT: 121.3±14.88>68.44±12.51>20.66±1.383, AST:172.1±28.25>129.8±19.52> 
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76.24±6.128). While ALT and AST levels were elevated, their levels merely paralleled the 

severity of fibrosis in the CCl4 model, but not in the BDL model (Figure 1B).

Expression of αvβ3 and key genes in CCl4 and BDL livers

To further define the relationship between hepatic αvβ3 and liver fibrosis, western blots for 

the αv and β3 integrin proteins were conducted in the CCl4 and BDL models (Figure 2A). 

As was observed with Sirius Red/collagen staining (Figure 1C), both integrin proteins were 

elevated in each model with levels expressed as severe > mild > sham.

To examine possible mechanisms involved in the liver fibrosis associated with integrin 

αvβ3, mRNA expression of transforming growth factor (TGF)-β1 and the functional aHSC 

signaling complex of integrin αvβ3 were quantified by RT-PCR (Figure 2B). The hepatic 

TGF-β1 mRNA level was increased by 2- and 8-fold after 6 and 12 weeks of CCl4 

treatment, as compared to control. TGF-β1 mRNA levels also increased 2.5- and 7.5-fold, at 

10 and 21 days post-BDL as compared to sham. Similarly, the proinflammatory cytokine 

gene IL-1β, fibroblast marker vimentin, the ECM gene TIMP-1, myofibroblast gene α-SMA 

and collagen type I gene COL1A1 were increased with integrin αvβ3 expression during 

fibrosis progression in both the CCl4 and BDL models (Figure 2B). More robust increases 

were observed in models with more severe fibrosis.

Distribution of αvβ3, monocytes/macrophages (CD68) and α-smooth muscle actin (α-SMA) 
in advanced fibrotic livers

To further assess the relationship between collagen deposition and αvβ3, we compared 

collagen deposition with CD68 antigen, a marker for cells of the monocyte/macrophages 

lineage. In the normal liver, CD68 is a marker for Kupffer cells, which stains sparsely 

compared with the more numerous CD68(−) hepatocytes. In our two models, we used CD68 

staining as a measure of the abnormal monocyte/macrophage infiltration induced by the 

CCl4 and BDL stresses. Figure 3A compares hepatic immunofluorescence for αvβ3 (green) 

and CD68 (red) in the severe CCl4 and severe BDL models. As expected for the normal/

sham liver, virtually no staining for CD68 was seen. However, in both models, CD68 

staining increased and was present in a diffuse pattern. A merged image of αvβ3 (green) and 

CD68 (red) showed little co-localization, which was confirmed by quantitative analysis in 

Figure 3C.

The distribution of αvβ3 (green) and α-SMA (red) in severe CCl4 and severe BDL models 

is shown in Figure 3A. Merged images indicate high co-localization, which again was 

confirmed by quantitative analysis in Figure 3C. Integrin αvβ3 (green) co-localized with α-

SMA (red) at 62.5 ± 6.6 in severe CCl4 fibrosis and at 67.5 ± 5.2 in severe BDL fibrosis. In 

contrast, the co-localization of CD68 (red) with integrin αvβ3 (green) was not strong, with 

values of 18.3 ± 5.82 in severe CCl4 fibrosis and 17.2 ± 4.87 in severe BDL fibrosis.

Binding Characteristics of Alfatide in advanced fibrotic livers Ex vivo

To verify the binding characteristics of Alfatide in fibrotic livers, frozen fibrotic liver 

sections were stained with FITC-RGD2 (FITC-E(PEG4-RGDfK)2, a fluorescent version of 

Alfatide, see supplementary figure 4), α-SMA and CD68 to differentiate binding 

Shao et al. Page 7

J Hepatol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



characteristic of integrin αvβ3 between activated HSCs and inflammation. As shown in 

Figure 3B, FITC-RGD2 shows a high co-localization with α-SMA; however, FITC-RGD2 

showed little co-localization with CD68. These results illustrated the similar binding 

characteristics of FITC-RGD2 with integrin αvβ3 antibody in liver fibrosis sections.

PET/CT imaging and quantitation of [18F]-Alfatide in fibrotic livers

Since our data suggested that integrin αvβ3 levels correlated with the severity of fibrosis in 

our CCl4 and BDL models, we performed 30 min dynamic integrin αvβ3-PET scans after 

[18F]-Alfatide injection. Figure 4A shows representative transverse PET and CT images of 

normal and CCl4-mild and CCl4-severe livers, while Figure 4B shows similar images for 

BDL-mild and BDL-severe livers. Hepatic uptake was then analyzed as the liver AUC 

divided by blood AUC over 30 minutes, a procedure which quantifies the hepatic 

radioactivity from the PET images with results shown in Figure 4C and Figure 4D. Uptake 

of [18F]-Alfatide was seen with the CCl4 and BDL models, and hepatic radioactivity was 

increased as fibrosis progressed from mild to severe. In order to eliminate blood flow effects 

and minimize inter-test variation, time-activity curves (TACs) of blood uptake were also 

quantified (Supplementary Figure 1). The AUCliver (0–30 min) to AUCblood (0–30 min) contrast 

was used as an integrin αvβ3–PET index to quantify fibrosis progression. The radioactivity 

ratio of the liver to blood was significantly increased in mild and severe CCl4 and BDL mice 

compared to controls, which confirmed the PET image results.

[18F]-Alfatide autoradiography and αvβ3 expression in mouse models

To demonstrate that our PET tracer, [18F]-Alfatide, bound hepatic integrin αvβ3 as predicted 

in our mouse models, we correlated [18F]-Alfatide binding by autoradiography and αvβ3 

expression by immunofluorescence. With CCl4 model (Figure 5A) and BDL model (Figure 

5B), bound radioactivity increased with disease severity and paralleled immunofluorescence 

for integrin αvβ3 levels. Radioactivity from 5A and 5B was further quantified as shown in 

Figure 5C.

[18F]-Alfatide autoradiography and Integrin αvβ3 distribution in human liver samples

To help determine whether our findings might be clinically translatable, we evaluated the 

binding of [18F]-Alfatide to human liver tissue obtained from biopsies of healthy patients 

and those with hepatic fibrosis. Figure 6A shows the autoradiography of [18F]-Alfatide 

binding to liver sections, with the increase in radioactivity as fibrosis increased from mild 

(F1) to severe (F3). Figure 6A also indicates the results of integrin αvβ3 

immunohistochemical staining (green) and α-SMA (red) staining of liver sections in the 

boxes shown in autoradiography (top). Integrin αvβ3 expression and α-SMA were found in 

fibrotic but not control samples. Finally, the amount of [18F]-Alfatide binding (Figure 6B) 

correlated with the distribution of integrin αvβ3 and α-SMA expression in hepatic lobules. 

We also performed FITC-RDG2 in human advanced fibrotic liver frozen sections. Figure 6C 

shows FITC-RGD2 have a high co-localization with α-SMA, but a low co-localization with 

CD68 in advanced human liver section.
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Discussion

To our knowledge, this is the first study that systematically validates [18F]-Alfatide imaging 

in liver fibrosis by performing a spatially precise correlative analysis of PET/CT imaging, 

histopathology, integrin αvβ3 expression and autoradiography examination in both 

preclinical rodent models and clinical fibrotic liver specimens. We employed two commonly 

used fibrosis models: CCl4 intoxication and surgical bile duct ligation (BDL). CCl4 toxicity 

results from the generation of trichloromethyl (CCl3) radicals by oxidases, which results in 

lipid peroxidation. Lipid damage leads to hepatocyte necrosis and apoptosis and, along with 

defective repair, to fibrosis. As fibrosis spreads vascular structures draining the hepatic 

sinusoid are impaired with the development of cirrhosis [25, 26]. BDL toxicity results from 

the accumulation toxic bile acids in hepatocytes and in oval cell (precursor cells for 

hepatocytes) and cholangiocyte (epithelial cells of biliary ducts), the latter playing a key role 

in the initiation and progression of fibrosis in this model [27]. Though the CCl4 and BDL 

models produce effects through different toxins, hepatic αvβ3 was a surrogate biomarker of 

fibrosis and inflammation with both.

We characterized both models, first for the development of fibrosis by Sirius Red collagen 

staining (Figures 1A and 1B), defining “mild” (6 weeks of CCl 4 treatment or 10 days post a 

BDL) and “severe” (12 weeks of CCl 4 or 21 days post BDL). Serum ALT and AST levels 

correlated with the extent of fibrosis in the CCl4 model but not in the BDL model, where 

these enzymes were lower in severe rather than mild fibrosis (Figure 1C). Consistent with 

previous studies [28, 29], ALT and AST levels do not correlate well with the degree of 

fibrosis, and these measures may not have utility in identifying patients with advanced 

fibrosis. However, since hepatic integrin αvβ3 expression correlated well with the 

progression of fibrosis in two distinct injury models (vide infra), αvβ3-specific molecular 

imaging may be a useful and practical diagnostic method for determining the degree of 

fibrosis.

With both CCl4 and BDL models, hepatic αvβ3 was quantified by Western blots of the αv 

and β3 proteins (Figure 2A), paralleled α-SMA expression (Figure 3 A) and disease 

duration. Similarly, the expression of six profibrogenicand pro-inflammatory genes (Figure 

2B) also paralleled disease duration with both models (e.g. IL1β, TGF-β1). TGF-β1 is 

recognized as a key profibrogenic cytokine and a stimulus for collagen formation due to its 

role in hepatic stellate cell (HSC) activation [30, 31]. TGF-β not only stimulates the 

synthesis of extracellular matrix (ECM) proteins like collagen I (Figure 2B) and α-SMA 

(Figure 2B, 3A), it inhibits their degradation by upregulating tissue inhibitors of 

metalloproteases (e.g. TIMP-1, Figure 2B) which degrade ECM proteins [32].

With the activation of HSCs, integrin αvβ3 is expressed on HSCs, not accumulation in the 

inflammation sites or macrophages (Kupffer cells) of fibrotic liver [33, 34]. Our results 

demonstrate that positive integrin αvβ3 staining in fibrotic livers essentially overlapped with 

positive α-SMA staining, an indicator of aHSCs. Integrin αvβ3 expressed in macrophages 

was shown to be lower than α-SMA positive cells (Fig. 3A, B). To investigate the exact 

location of RGD2 in the fibrotic liver tissues, we co-stained FITC-RGD2 with α-SMA. The 

results confirm the HSC-specific location ex vivo. In order to exclude possible accumulation 
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of RGD2 in the inflammation sites of fibrotic liver, we also co-stained FITC-RGD2 with 

CD68, the results confirmed RGD2 had low specific binding and uptake in the macrophages 

(Figure 3C).

To examine whether non-invasive PET imaging could determine hepatic αvβ3 levels, we 

imaged mice with mild and severe disease with our animal models. To correct for small 

differences in injected radioactivity hepatic, radioactivity was determined as the hepatic 

AUC divided by blood AUC from 0 to 30 minutes (y-axis of Figures 4C, D). As shown for 

the CCl4 (Figures 4A, C) and BDL models (Figures 4B, D), hepatic [18F]-Alfatide by PET 

paralleled disease severity and hepatic αvβ3. Whole body (coronal and sagittal level) 

PET/CT provide overall distribution of [18F]-Alfatide (Fig. S2). We next explored whether 

hepatic αvβ3 levels could be determined with the [18F]-Alfatide using autoradiography 

(ARG). Hepatic sections of severe CCl4 and severe BDL mice bound [18F]-Alfatide by ARG 

as shown in Figures 5A and 5B, respectively, with radioactivity quantified in Figure 5C. 

[18F]-Alfatide binding paralleled disease severity for both models.

Elastography is another important noninvasive method for liver fibrosis assessment [35], we 

performed a limited ultrasound shear wave (SWV) elastography study by using the 

technique of Virtual Touch tissue imaging quantification (VTIQ) in these same models. 12 

weeks CCl4 group showed higher SWV than control group indicating higher elasticity of the 

fibrosis tissue as reported earlier [36, 37] (Fig.S3 A, B). While, it didn’t display statistically 

significant increase when it compared with 6 weeks CCl4 group. It could be related to the 

inability of elastography to detect liver fibrosis at the early stage in this model, which was 

also investigated by other researchers [36, 38]. Regarding the BDL models, no statistical 

difference between 21 days BDL and sham group (Fig.S3 C, D). It might be attributed to 

parenchymal necrosis in liver at this stage. Previous studies demonstrated a significant 

negative correlation between the degree of necrosis and elastic modulus was observed [39]. 

However, the PET tracer [18F]-Alfatide was able to successfully detect fibrosis progression 

in both models.

99mTc-labeled RGD radiotracers have been used to monitor liver fibrosis by SPECT [33, 40] 

[33, 40], but PET provides advantages of higher sensitivity, higher spatial resolution and 

easier target quantitation. Therefore, several RGD peptide-based PET tracers have been 

investigated for clinical translation, [18F]-Alfatide is one of the dimeric RGD peptides and 

already has been studied in clinical trials for lung cancer detection. To evaluate its 

translation potential, for the first time, we tested [18F]-Alfatide and FITC-RGD2 in human 

liver fibrosis tissues with different clinical stages using ex vivo autoradiography and 

correlated tracer uptake with immunofluorescence staining for integrin αvβ3, CD68 and α-

SMA. These studies confirmed specificity of [18F]-Alfatide for integrin αvβ3 in clinical 

fibrotic liver samples. The human sample data suggest that we have for the first time 

demonstrated that the protein expression of integrin αvβ3 increases with progression of 

fibrosis in human tissue and also demonstrated that the probe [18F]-Alfatide is sensitive for 

detection of fibrosis progression. Although the present study was restricted to a limited 

number of human tissue samples, even in this small sample, a significant correlation of 

[18F]-Alfatide uptake and integrin αvβ3 expression as well as autoradiography could be 

demonstrated. The value of such imaging should be confirmed in larger prospective studies.
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Conclusion

In summary, our data strongly suggest that PET tracer [18F]-Alfatide specifically visualizes 

increased αvβ3 expression in preclinical liver fibrosis models and human tissue, which can 

be used as a surrogate imaging biomarker of hepatic fibrosis. Based on these promising 

preliminary results, further prospective studies are warranted to define the clinical value of 

PET imaging of αvβ3 expression for clinical assessment of liver fibrosis progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The radiotracer [18F]-Alfatide was demonstrated to bind specifically with 

integrin αvβ3 mainly expressed on aHSCs.

• The probe [18F]-Alfatide is sensitive for detection of fibrosis progression both 

in animal liver fibrotic models and human liver tissues.

• Imaging hepatic integrin αvβ3 with PET/[18F]-Alfatide offers a potential 

noninvasive method for monitoring the progression of liver fibrosis
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Figure 1. Hepatic matrix deposition after CCl4 or BDL treatment.
(A) Representative paraffin liver sections from sham, CCl4 mice (6 weeks-mild, 12 weeks-

severe) and BDL mice (10 days-mild, 21 days-severe) are shown. Sections were stained with 

hemaxotoxylin and eosin (H&E) or Sirius red F35B. (Original magnifications: H&E 20X, 

SR 10X). Arrows indicate neutrophil infiltration.)

(B) Serum ALT and AST levels for CCl4 and BDL mice. Data are expressed as mean ± 1 

SEM here and below. Statistical comparisons were made using one-way ANOVA with 

Tukey’s post hoc test here and below as explained in Materials and Methods.

(C) Quantification of the Sirius red collagen stain in sections. P values are relative to control/

sham.
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Figure 2. Hepatic expression of integrin αvβ3 and key genes (as mRNA) in CCl4 and BDL 
models
(A) Protein expression of the αv and β3 integrin subunits by western blot assay. P values are 

relative to control/sham.

(B) Hepatic mRNA expression levels of IL-1β, TGF-β1, Vimentin, TIMP-1, α-SMA and 

COL1A1 by RT-PCR.
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Figure 3: Distribution of αvβ3, CD68 and α-SMA with severe CCl4 and BDL fibrosis livers
(A) Colocalization of integrin αvβ3 (green), CD68 (red) and α-SMA (red) by 

immunofluorescence in the CCl4 and BDL models. The merged images were obtained by 

overlaying the images of αvβ3, CD68 and α-SMA. (Original magnifications: 100X).

(B) Colocalization of FITC-RGD2 (green) with CD68 (red) and α-SMA (red) in the CCl4 

and BDL models. (Original magnifications: 100X).

(C) Quantification of colocalization area of integrin αvβ3 with CD68 and α-SMA.
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Figure 4. [18F]-Alfatide/PET for imaging hepatic αvβ3 expression with mild and severe CCl4 
and BDL mice.
(A) Representative transverse PET images of the livers of 6 and 12-week CCl4 and control 

mice.

(B) Representative transverse PET images of 10 and 21-day BDL and sham mice.

(C) Hepatic radioactivity for CCl4 mice expressed as liver AUC0–30 min divided by blood 

AUC0–30 min.

(D) Hepatic radioactivity for BDL expressed as in (C).
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Figure 5. Ex vivo [18F]-Alfatide autoradiography and αvβ3 immunofluorescence in liver sections 
CCl4 and BDL mice.
(A) Representative autoradiographic images of liver sections incubated with [18F]-Alfatide 

for control mice, mild and severe CCl4 mice. Selected area was stained with DAPI (blue) 

and αvβ3 (Green).

(B) Representative autoradiographic mages of liver sections treated as in (A) for mild and 

severe BDL mice. Selected area was stained with DAPI (blue) and αvβ3 (Green).

(C) Quantitation of radioactivity as intensity from (A) and (B). Values are mean ±1 SEM. P 
values are relative to sham.
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Figure 6. Ex vivo [18F]-Alfatide autoradiography and distribution of αvβ3, CD68 and collagen 
with liver sections of normal, mild, moderate and severely fibrotic patients.
(A) Representative autoradiographic images after incubation of [18F]-Alfatide for healthy 

patients and for patients with mild, moderate and severe fibrosis. Selected area was stained 

for αvβ3 (green) and α-SMA (red).

(B) Quantitation of radioactivity from (A).

(C) Colocalization of FITC-RGD2 (green) with CD68 (red) and α-SMA (red) in advanced 

fibrosis human liver tissues. (Original magnifications: 100X).
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