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SUMMARY

Non-invasive assessment of fibrogenic activity, rather than fibrotic scars, could significantly improve the
management of fibrotic diseases and the development of anti-fibrotic drugs. This study explores the po-
tential of an Affibody molecule (Z09591) labeled with the Al(18)F-restrained complexing agent (RESCA)
method as a tracer for the non-invasive detection of fibrogenic cells. Z09591 was functionalized with
the RESCA chelator for direct labelingwith [18F]AlF. In vivo positron emission tomography/magnetic reso-
nance imaging scans on U-87 tumor-bearing mice exhibited high selectivity of the resulting radiotracer,
[18F]AlF-RESCA-Z09591, for platelet-derived growth factor receptor b (PDGFRb), with minimal non-spe-
cific background uptake. Evaluation in a mouse model with carbon tetrachloride-induced fibrotic liver fol-
lowed by a disease regression phase, revealed the radiotracer’s high affinity and specificity for fibrogenic
cells in fibrotic livers (standardized uptake value [SUV] 0.43G 0.05), with uptake decreasing during recov-
ery (SUV 0.29 G 0.03) (p < 0.0001). [18F]AlF-RESCA-Z09591 accurately detects PDGFRb, offering non-
invasive assessment of fibrogenic cells and promising applications in precise liver fibrogenesis diagnosis,
potentially contributing significantly to anti-fibrotic drug development.

INTRODUCTION

Fibrosis is characterized as an abnormal wound-healing response that can ultimately result in organ failure. Fibrosis is present in a variety of

pathologies that affect a wide range of organs, including chronic liver diseases (CLDs), myocardial infarction, and interstitial lung disease.1 As

a result, the incidence of fibrosis and related pathologies is significant.

However, there is a lack of effective anti-fibrotic treatments. This can be partially explained by the lack of suitable techniques to monitor

early responses to treatment.2,3 Current fibrosis assessment relies on invasive techniques, such as biopsies, which pose challenges in terms

of scalability due to the associated risks involved in these interventions.4 Given the inherent limitations of liver biopsies, it has become

essential to clinically adopt non-invasive methods for assessing liver fibrosis. Imaging techniques such as magnetic resonance (MR) and

ultrasound elastography, as well as computed tomography (CT)-based methods, have gained prominence. However, these non-invasive

techniques (NITs), while providing valuable alternatives, are constrained by their low sensitivity, particularly in the early detection of dis-

eases.3 Furthermore, there are currently no NITs clinically available that can effectively differentiate between active fibrogenesis and stable

scars.

Platelet-derived growth factor receptor b (PDGFRb) is a biomarker of pericytes, and in the context of liver fibrosis, activated hepatic stellate

cells (aHSC),5,6 which play a crucial role in the deposition of extracellular matrix (ECM).7 Previously, an Affibody molecule (Z09591) with a sub-

nanomolar affinity for PDGFRb was radiolabeled by a prosthetic fluorine-18 labeled tetrazine (TZ) group. [18F]TZ-Z09591 allowed the in vivo

assessment of fibrogenic cells in a murine model of acute liver fibrosis.8

The Al(18)F-restrained complexing agent (RESCA) method is a chelator-based radiolabeling method.9 It enables the convenient radiolab-

eling of a molecule containing a RESCA chelator with fluorine-18. This 18F labeling process can be completed quickly and in a single step

undermild conditions, adhering to goodmanufacturing practices. 18F radiolabeled positron emission tomography (PET) tracers are preferred

for PET imaging because of their lower positron energy (0.65 vs. 1.90 MeV), which results in improved spatial resolution. Additionally, the
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Figure 1. [18F]AlF-RESCA-Z09591 structure

Schematic presentation of the molecular structure of the conjugated radiotracer [18F]AlF-RESCA-Z09591.
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longer physical half-life (110min) facilitates off-site production of high activities for convenient shipment, offering operational advantages and

clinical adaptability.

Therefore, considering the significance of PDGFRb in the fibrogenesis process, the high affinity of Z09591 to this biomarker, and the prop-

erties of the Al(18)F-RESCA labeling, it was hypothesized that [18F]AlF-RESCA-Z09591 (Figure 1) could serve as a PET tracer for imaging the

changes in fibrosis level in tissue. To investigate the aforementioned hypothesis, in vivo evaluation of [18F]AlF-RESCA-Z09591 was conducted,

focusing on a carbon tetrachloride (CCl4)-induced model of fibrosis, both during the progression and regression phases of liver fibrotic

pathology.

RESULTS

In vitro characterization

The equilibrium dissociation constant (KD) for human PDGFRb was 0.33 G 0.03 nM (Figure 2A) (Table S3), while for murine PDGFRb it was

2.4 G 0.5 nM (Figure 2B) (Table S4). No measurable interaction was observed with human PDGFRa at the concentrations tested (up to

3 mM) (Figure S2). The in vitro specificity was assessed using cell binding assays with autoradiography (ARG) on U-87 and K-562 cells, which

demonstrated that the uptake of the radiotracer was high in U-87 cell pellets (29.05G 2.24 fmol/mm3) compared to K-562 cell pellets (0.97G

0.21 fmol/mm3), and significantly reduced in U-87 cells pre-incubated with Cys-Z09591 (4.74 G 0.91 fmol/mm3) (Figures 2C–2E). The in vitro

ARG performed on a liver fibrosis biopsy from a patient demonstrated that when incubated with the radiotracer alone, there was a strong and

heterogeneous uptake in fibrous septa. The uptake was not observed in the biopsy incubated with Cys-Z09591. The uptake of radioactivity

correlated with collagen deposition and PDGFRb expression, as demonstrated by Sirius red (SIR) and PDGFRb immunohistochemistry (IHC)

stainings, respectively (Figure 2F).

Dosimetry in rat and pig

A whole-body PET/CT scan was conducted on healthy rats and pig to study the pharmacokinetics of [18F]AlF-RESCA-Z09591. The tracer ex-

hibited fast blood clearance (Figures S3 and S5). Excretion occurred through the kidneys, resulting in an increased renal uptake in rats and pig

after 1 h. The background uptake in several tissues commonly affected by fibrosis, such as the liver and lung, decreased over time. The

SUVmean in the liver was below 1.3 after 30 min, below 0.8 after 1 h, and finally below 0.4 after 2 h in rats and pig. All SUVmean values from other

organswere belowone after 40min anddecreasedover time in pig. Similar results were observed in rats, except in bonewith a SUVmean above

2 after 2 h, while it was 0.41 for the pig. [18F]AlF-RESCA-Z09591 demonstrated high in vivo stability in pig plasma, with over 95% remaining

intact for up to 60 min after administration (Figure S4; Table S5).

The predicted humandosimetry was extrapolated from the ex vivobiodistribution data in rats and pig (Table S6). The effective dose of [18F]

AlF-RESCA-Z09591 for humanmales was calculated to be 0.020 mSv/MBq and 0.007 mSv/MBq, extrapolated from rats and pig, respectively.

In vivo evaluation in a U-87 xenograft model

The use of [18F]AlF-RESCA-Z09591 as a PET tracer enabled clear visualization of PDGFRb expression in U-87 xenografts. This uptake was not

observed in the blocking condition (Figure 3A). The in vivo biodistribution study demonstrated that the tumor uptake was higher than in other

organs, except for the kidneys (Figure 3B). The uptake of [18F]AlF-RESCA-Z09591 in tumors in the non-blocked condition was significantly

higher compared to tumors frommice in the blocking condition (SUV 0.733G 0.15 and 0.12G 0.03, respectively) (Figure 3C). The same obser-

vation can be made in the spleen, where the uptake can be blocked. In the murine spleen, PDGFRb is expressed (Figure S6). The uptake in

bone (SUV 0.37G 0.04) was elevated compared to blood (SUV 0.11G 0.01), suggesting a degree of de-fluorination and the subsequent bind-

ing of free fluorine-18 with apatite in bone tissue.
2 iScience 27, 109688, May 17, 2024



Figure 2. In vitro evaluation of [18F]AlF-RESCA-Z09591

(A and B) Sensogram plots generated by SPR kinetic analysis demonstrate the association and dissociation characteristics between RESCA-Z09591 immobilized

(A) rhPDGFRb and (B) rMPDGFRb.

(C–E) (C) ARG of [18F]AlF-RESCA-Z09591, (D) mean tracer uptake of U-87 cells (expressing PDGFRb), and (E) K-562 cells (no PDGFRb expression) in non-blocked

(n = 4 and n = 2, for U-87 and K-562, respectively) or blocked condition (n = 4 and n = 2, for U-87 and K-562, respectively) (bars represent SD). In (D) levels of

significance: ****p % 0.0001 (unpaired t test, see details in Table S7).

(F) ARG of [18F]AlF-RESCA-Z09591, PDGFRb immunostaining (PDGFRb in brown), and SIR (collagen fibers in red) staining on a human fibrotic liver. IHC,

immunohistochemistry; RU, resonance units; SIR, Sirius red.
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Liver fibrosis model

[18F]AlF-RESCA-Z09591 PET/CT scans revealed that the SUV in fibrotic livers of mice treated with CCl4 was higher than that in healthy livers,

and this uptake was reduced under blocking conditions (Figure 4A). These observations are consistent with the ex vivo biodistribution and

ARG. Ex vivo biodistribution results from livers showed that the SUV in the livers of CCl4 mice (0.43G 0.05) was significantly higher than that in

the livers of healthy mice (0.24G 0.03). The uptake in the fibrotic liver significantly decreased when the target was saturated with Cys-Z09591

(0.27G 0.024) (Figure 4C). No difference was observed in the healthy livers of mice under non-blocking or blocking conditions. Ex vivo ARGs

exhibited similar results, with strong heterogeneous uptake observed only in the fibrotic liver (Figure 4D). This uptake corresponded to

collagen deposition and PDGFRb expression, as demonstrated by SIR (staining collagen fibers) and PDGFRb IHC stainings, respectively (Fig-

ure S8). The details of the staining performance are described in the supplemental information. This uptake was not observed in healthy livers

or in livers from CCl4-treatedmice injected with Cys-Z09591. In both healthy and CCl4 mice, tracer uptake was observed in the spleens, and it

was decreased under blocking conditions (Figures 4D and S7). Similar to the results obtained in the U-87 xenograft model, the uptake in bone

was also higher compared to that in the blood.

The toxicity of CCl4 leading to fibrosis in mice after six weeks of treatment was also observed by electron microscopy. Changes in tissue

architecture were observed in the liver of CCl4-treated mice, specifically hepatocellular ballooning degeneration. This was characterized by
iScience 27, 109688, May 17, 2024 3



Figure 3. PET/MRI images and ex vivo biodistribution of xenograft mice

(A) Comparison of [18F]AlF-RESCA-Z09591 PET/MRI images (transverse sections) 60 min post-injection.

(B) Mean [18F]AlF-RESCA-Z09591 uptake in organs of interest.

(C) Mean tumor uptake in non-blocked (n = 4) and blocked condition (n = 4) (bars represent SD). Levels of significance: **p = 0.0028 (Welch’s t test, see details in

Table S8). The white arrows indicate the tumor. D, dorsal; LE, left; Mu, muscle; RT, right; Sp, spleen; SUV, standardized uptake value; Tu, tumor; V, ventral.
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swollen hepatocytes with rarified cytoplasm (Figure S11), resulting in a significantly enlarged liver in CCl4-treated mice compared to the con-

trol (Figure S10B).

To study fibrogenesis and regression, follow-up PET/CT scans were conducted on mice treated with CCl4 at the peak of the disease and

one to two weeks into regression. After one week of regression, there was no noticeable decrease in liver uptake (Figures S9A and S10A).

However, tracer uptake tended to be higher in other organs, such as the lungs, muscles, and blood (Figure S10C). The variations in protein

dosage injected, caused by differences in the RCY, might explain the lack of reduction in liver uptake despite decreased PDGFRb levels after

one week of regression (Figures S9B and S12). After two weeks of regression, the liver uptake significantly decreased (Figures 4B and 4C). The

ex vivo biodistribution (Figure 4C) was consistent with the PET/CT results (Figure 4B). Two weeks after completion of the six weeks CCl4 treat-

ment, the uptake of [18F]AlF-RESCA-Z09591 in the liver was significantly reduced compared to the peak of the disease (SUV 0.43G 0.05, and

0.29 G 0.03, respectively) and almost normalized to that of a healthy liver (SUV 0.24 G 0.03). Histological analysis revealed a decrease in

collagen deposition and PDGRFb expression (Figure S12) overtimeduring the regression phase, reaching a level similar to those in the healthy

liver after two weeks of regression. However, regenerating livers remained larger and more swollen than healthy livers (Figure S10B).

DISCUSSION

ANIT that enables the visualization and quantification of fibrogenesis would be extremely valuable for developing new anti-fibrotic therapies

and improving disease management by enabling early diagnosis and precise staging of fibrosis. PET scans, exemplified by [18F]FDG, have

been investigated as a NIT for assessing liver fibrosis. However, the inherent lack of specificity in [18F]FDG, which primarily reflects glucose

use, poses challenges due to potential influences from factors unrelated to fibrogenesis. [18F]FDG uptake was observed in both the steato-

sis10,11 and fibrosis12 stages, indicating that its uptake does not appear to be specific to fibrosis. To address these limitations, our approach

involves imaging a receptor that is selectively expressedon the surface of fibrogenic cells to achieve amore precise and specific assessment of

fibrogenesis. PDGFRb is a biomarker for liver fibrogenic cells, specifically aHSCs.5,7 Liver fibrosis is a complex and dynamic process charac-

terized by the activation of hepatic stellate cells (HSCs). During the regression phase, aHSCs exhibit a rapid decrease in their population,13 in

contrast to fibrous scars, which can take several years to resolve. Therefore, PDGFRb is an interesting biomarker for characterizing fibrogenic

activity. The PET tracer [18F]AlF-RESCA-Z09591, targeting PDGFRb, was assessed for its capability to visualize fibrogenic cells in a dynamic

model of liver fibrosis with spontaneous recovery.
4 iScience 27, 109688, May 17, 2024



Figure 4. Assessment of liver fibrogenesis in mice

(A) PET/CT (transverse sections) 60 min post-injection (p-i) and postmortem in healthy control mice and CCl4 mice in non-blocking or blocking condition.

(B) Follow-up PET/CT (transverse sections) 60 min p-i and postmortem in a single mouse from the end of the six weeks of CCl4 treatment (6 weeks CCl4) to two

weeks of regression (2 weeks regression).

(C) Mean [18F]AlF-RESCA-Z09591 uptake (from the ex vivo biodistribution) in the liver of control and CCl4 mice in non-blocked and blocked condition, and after

two weeks of liver regeneration (bars represent SD). Level of significance: ***p % 0.001.****p % 0.0001 (ANOVA and Tukey’s post-hoc tests, see details in

Table S9).

(D) Ex vivo ARG of [18F]AlF-RESCA-Z09591 binding, in the liver (Li), muscle (Mu), and spleen (Sp), pretreated or not with Cys-Z09591.

(E) SIR (collagen fibers in red) and PDGFRb immuno-histochemistry (PDGFRb in brown) staining of liver from CCl4 treated and healthy control mice (20.03

magnification). The red arrows indicate fibrous septa. D, dorsal; HU, Hounsfield units; IHC, immunohistochemistry; LE, left; RT, right; SIR, Sirius red; SUV,

standardized uptake value, V, ventral.
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The Affibody molecule Z09591 was previously labeled with a fluorine-18 labeled TZ group. [18F]TZ-Z09591 efficiently detected fibrogenic

cells in the acute phase of liver fibrosis in CCl4 mice in vivo.8 A new approach was employed to radiolabel the Affibodymolecule Z09591 in this

study. Specifically, the coordination of [18F]AlF to the chelator RESCA. The RESCA conjugation of Z09591 allows for easy radiolabeling with

fluorine-18. This labeling method can be readily implemented at production sites and has a radioactive half-life that is long enough to enable

the scanning ofmultiple patients during the course of a day, or transportation to remote PET sites from a central radiochemistry lab with cyclo-

tron access. The Al18F-RESCAmethod, which relies on basic bench chemistry, is a promising candidate for the automation of PET radiotracer

labeling. This could improve radiochemical yields and synthesis consistency while concurrently reducing operator radiation exposure

compared tomanual labeling. Radiotracers labeled using thismethodwere recently clinically evaluated and demonstrated favorable imaging

characteristics in breast cancer patients.14,15 RESCA conjugation to Z09591 did not affect the binding capacity of the Affibody molecule and

retained picomolar and nanomolar affinities for PDGFRb (Figures 2A and 2B; Tables S3 and S4), similar to the binding interactions previously

observed using TCO-Z09591.8 RESCA-Z09591 was successfully radiolabeled to [18F]AlF, and [18F]AlF-RESCA-Z09591 demonstrated in vitro

and in vivo specificity toward U-87 cells expressing PDGFRb.

[18F]AlF-RESCA-Z09591 demonstrated favorable pharmacokinetics for PET imaging (Figures S3 and S5). This radiotracer, in compar-

ison to [18F]TZ-Z09591, exhibited lower background uptake in most organs, including the liver, which could allow for better visualization

of liver fibrogenesis. Nevertheless, a significant and consistent uptake was observed in the kidneys, suggesting that the main pathway

for the elimination the radioactivity is through renal excretion. This finding is regrettable, considering that PDGFRb has been shown to

play a significant role in renal fibrogenesis.16–18 However, if the current molecular design of [18F]AlF-RESCA-Z09591 may not be suitable

to image renal fibrosis, it may be theoretically possible to achieve decreased renal retention of Z09591 by using alternative radiolabel-

ing strategies or cleavable linkers. However, it is important to consider that these approaches may also result in an increase in hepatic

excretion and background levels. Furthermore, there was a relatively high uptake in bones compared to the blood in the murine models

studied (ratio SUV bone/blood 3.30 and 0.93 for mice and pig, respectively). Biomolecules labeled with [18F]AlF-RESCA have previously

demonstrated increased uptake in bone over time in murine models, which may indicate demetallation and/or defluorination of the

compound.9 [18F]AlF-RESCA-Z09591 exhibited a high stability in pig plasma at 15 min and up to 1 h post-injection (p-i) (Figure S4;

Table S5), indicating low defluorination in pig. From these observations, it could be suggested that the phenomenon of bone uptake

and defluorination of [18F]AlF-RESCA-Z09591 is mainly observed in murine models. Furthermore, a recent clinical study has been con-

ducted to investigate the use of an [18F]AlF-RESCA labeled nanobody, [18F]AlF-RESCA-MIRC213, for imaging HER2-positive cancers

through PET/CT. This study demonstrated that no significant radioactivity was detected in the bones of patients and that the use of

the [18F]AlF-RESCA labeled molecule as a PET tracer was safe.14 However, caution is necessary due to the limited observations in a

single pig, and further studies on larger mammals are essential to make conclusive assessments regarding the risk of [18F]AlF-

RESCA-Z09591 defluorination. The human dosimetry extrapolated from pig and rat biodistribution demonstrates that [18F]AlF-

RESCA-Z09591 can be used for repeated scanning.

The ARG conducted on fibrotic human liver revealed a strong heterogeneous uptake in fibrous septa surrounding cirrhotic nodules (Fig-

ure 2E). This specific uptake observed in the human fibrotic liver underscores its potential for translational application in imaging liver fibrosis.

[18F]AlF-RESCA-Z09591 also enabled the visualization of PDGFRb expression in the fibrotic livers of mice treated with CCl4 (Figure 4). The

results are correlated with the evaluation of [18F]TZ-Z09591 in CCl4 mice.8 The uptake in fibrotic liver is linked with the expression of

PDGFRb on the surface of active fibrogenic cells located in areas with high remodeling activity, such as fibrous septa. During liver regener-

ation, the number of fibrogenic cells decreases as aHSCs are either deactivated19 or eliminated,13,20 resulting in reduced expression of

PDGFRb. This suggests that PDGFRb is a potential suitable target for molecular imaging of fibrogenesis, and that [18F]AlF-RESCA-Z09591

has favorable characteristics for high-contrast PET images of active fibrogenic processes.

Additionally, fibrogenesis pathways are present in various fibrotic diseases, notably the platelet-derived growth factor (PDGF)

signaling, which plays a central role in fibrogenesis.21–23 [18F]AlF-RESCA-Z09591 PET could be an effective non-invasive method for im-

aging active fibrogenesis not only in the liver but also in other organs affected by fibrosis, even at an early stage. As a result, it could be

used for early diagnosis, staging the severity of fibrotic diseases, monitoring disease progression, and even assessing regression

following interventions.

[18F]AlF-RESCA-Z09591 possesses numerous advantages for clinical application in non-invasive visualization of fibrogenesis. This could

benefit the significant global population affected by CLD.24 Within CLDs, metabolic dysfunction-associated fatty liver disease (MAFLD), pre-

viously known as non-alcoholic fatty liver disease (NAFLD), has emerged as the most prevalent type.25 With the rising prevalence of obesity26

and type 2 diabetes,27 the number of patients suffering from CLDs will continue to increase alarmingly. The chronic and long-term nature of

MAFLD, along with its numerous associated comorbidities and consequent high costs, pose significant healthcare and socioeconomic chal-

lenges. Furthermore, the lack of effective anti-fibrotic therapies worsens these challenges. In 2017, the estimated lifetime cost of care for all

patients with MAFLD in the US was $222 billion.28 As the prevalence of MAFLD increases, the associated healthcare costs will also increase.

Therefore, it is crucial to mobilize efforts to improve the management of patients with CLDs. PET scans and the radiotracer [18F]AlF-RESCA-

Z09591, described in this paper, align with this drive for improvement.

In conclusion, the PET tracer [18F]AlF-RESCA-Z09591 has the ability to evaluate changes in liver fibrosis by visualizing PDGFRb expression

on the surface of fibrogenic cells, indicating its potential for imaging of fibrogenesis. This PET radiotracer is suitable for conducting longitu-

dinal studies tomonitor disease progression in patients. This technique holds great promise in improving fibrosismanagement and the devel-

opment of anti-fibrotic medications.
6 iScience 27, 109688, May 17, 2024
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Limitations of the study

The selection of the CCl4 mice model as a preclinical representation of liver fibrosis introduces limitations to the study. This model, reliant on

the injection of a toxic agent, offers the advantage of inducing rapid and reproducible severe liver fibrosis. However, the severity of this model

can result in significant side effects, leading animals to reach the humane endpoint before the completion of the six-week CCl4 treatment

period. Notably, 31% of treated mice in this study reached the humane endpoint before the treatment conclusion. Furthermore, the CCl4
model does not accurately replicate the pathogenesis and regression of the human disease. Unlike human liver fibrosis, where the resolution

of fibrotic scars can take years, themousemodel exhibited scar reduction as early as one to twoweeks of regression, complicating the distinc-

tion between fibrosis and fibrogenesis during the regression phase. However, PDGFRb is a well-established fibrogenesis marker.5,6 This

marker is expressed on fibrogenic cells, known to diminish during liver regeneration,13,19,20 in contrast to fibrotic scars. Thus, it is expected

that assessing PDGFRb corresponds to the evaluation of fibrogenesis rather than fibrosis. In addition, it is crucial to note that the affinity of the

tracer formurine PDGFRb is considerably lower, approximately ten times, than its affinity for humanPDGFRb. This discrepancy implies that the

observations made on the mouse model may underestimate the true potential of the radiotracer. Finally, all CCl4 mice in this study were fe-

male; therefore, the potential influence of sex on the results was not investigated.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit, monoclonal [Y92] anti- PDGFRb Abcam Cat#ab32570, RRID:AB_777165

Chemicals, peptides, and recombinant proteins

RESCA-Z09591 this paper N/A

Experimental models: Cell lines

K-562 (female, Homo sapiens) ATCC Cat#CCL243

U-87 (male, Homo sapiens) ATCC Cat#HTB-14, RRID:CVCL_0022

Experimental models: Organisms/strains

BALB/C mice (female) TACONIC Cat#BALB/cAnNTac, RRID:IMSR_TAC:BALB

BALB/C nu/nu mice (female) TACONIC Cat#C.Cg/AnNTac-Foxn1nu NE9,

RRID:IMSR_TAC:BALBNU

Sprague Dawley rats (male) TACONIC Cat#NTac:SD, RRID:RGD_1566440

Pig (male) Local breeder N/A

Software and algorithms

GraphPad Prism 9.3.1 Dotmatics RRID:SCR_002798

Pmod 4.0 PMOD Technologies RRID:SCR_016547

ImageJ ImageJ RRID:SCR_003070

QuPath QuPath RRID:SCR_018257

Other

nanoPET/MRI scanner Mediso Medical Imaging Systems N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Olof Eriksson

(olof.eriksson@ilk.uu.se).

Materials availability

The reagent RESCA-Z09591 was generated during this study. Availability is restricted ,e.g. requiring a Material Transfer Agreement.

Data and code availability

� Data: All data that support the findings of this study is available from the lead contact on reasonable request.
� Code: This paper does not report original code.
� Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Cell binding assays were conducted on PDGFRb-expressing cells (U-87 human glioblastoma, male) (RRID:CVCL_0022) and K-562 human

(female) chronic myelogenous leukemia (PDGFRb-negative cells) (RRID:CVCL_0004) (both from ATCC, Table S1). The details of the cell lines

can be found in the key resources table. U-87 cells were cultured in Eagle’s minimum essential medium (ATCC) and K562 cells in Roswell Park

Memorial Institute (RPMI)-1640 medium (Biowest) with 10% fetal bovine serum (Merck, Germany) and 1% penicillin-Streptomycin (Biochrom,

Berlin, Germany) at 37�C. The pellets of both cell lines were then frozen, embedded in optimal cutting temperature compound (OCT), and

stored at -80�C. Frozen sections (20 mm) were obtained using a cryostat microtome (Micron HM560, Germany), and mounted on Superfrost

Plus microscope slides (Menzel-Gläser, Germany). Moreover, U-87 cells were suspended in PBS to be injected into mice for the xenograft

model, as described in method details.
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Human liver biopsy

A liver biopsy from a patient with liver fibrosis was obtained from the Uppsala Biobank (#827). The Swedish Ethical Review Authority (2019-

02790) has approved the use of human biopsies in ARG-binding studies. The fibrotic stage of the biopsy used was determined to be severe

(F3) by a blinded pathologist.
Animal models

Twomale Sprague Dawley rats (RRID:RGD_1566440) were used for dosimetry (362.5G17.7 g, 3 months old). U-87 xenografts were induced in

female BALB/C nu/numice (RRID:IMSR_TAC:BALBNU,19G1 g, 3months old) (n=10). Themousemodel for liver fibrosis was based on BALB/c

(RRID:RGD_1566440) female mice (22.8G1.6 g, 3-4months old) (n=51). Mice and rats (from TACONIC) were housed at five and 2 respectively,

per cage lined with bedding (GLP Aspen Bedding, TAPVEI). The animals had access to food and water ad libitum. They were maintained at a

constant temperature of 22�C and humidity (50%) in a 12 h light/12 h dark rhythm. The pig (male, 2 months old and weighing 29kg) was ac-

quired from a local breeder on the morning of the experiment. The Animal Ethics Committee of the Swedish Animal Welfare Agency has

approved all experimental protocols (5.8.18-08564/2019, 5.8.18-06578/2019, and 5.8.18-15648/2019). The procedures were performed in

agreement with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) recommendations and institutional guidelines (‘‘Uppsala

University guidelines on animal experimentation’’, UFV 2007/724). See method details section for more information.
METHOD DETAILS

RESCA-Z09591 Affibody molecule production

A minimized version of the Affibody molecule Z09591 was synthesized using chemical solid-phase peptide synthesis (Almac). The Affibody

molecule scaffold consists of 58 amino acids that form a tertiary structure of 3 alpha helixes.29 Thirteen residues are typically variable, and

all of them are located on helixes 1 and 2, which together form the binding surface. The remaining residues are constant, such as helix 3, which

is necessary for maintaining high thermal stability and facilitating refolding. Here, the thirteen variable residues have been optimized to

enhance the Affibodymolecule’s affinity for the extracellular domain of PDGFRb. A unique cysteinewas added at position 59 at the C-terminal

to enable the facile functionalization of the construct. Next, a RESCAmetal chelator was site specifically covalently conjugated to the cysteine

via maleimide chemistry ((+)-H3RESCA-maleimide, Chematech). The final RESCA-Z09591 construct was purified and aliquoted into freeze-

dried formulation in 100 mg vials. Purity and identity were verifiedby high-performance liquid chromatography (HPLC) andmass spectrometry.
Radiolabeling of RESCA-Z09591

Labeling of RESCA-Z09591 was conducted under metal-free conditions. The process began by trapping cyclotron-produced [18F]fluoride in a

QMA cartridge (Sep-Pak Accell Plus QMA Plus light cartridge (Waters)). The cartridge was eluted with 200 mL of saline, and then AlCl3 in

aqueous NaOAc was added to the solution and left to react at room temperature (rt) for 5 min. Subsequently, the solution containing

[18F]AlF was mixed with RESCA-Z09591 and allowed to react for 12 min. The product solution was then loaded onto a NAP5 column and

purified by elution with phosphate-buffered saline (PBS)/10% EtOH. Quality control of the eluate was performed by radio-HPLC (Agilent

1290 Infinity II system (Agilent Technologies)).9

To determine the optimal labeling conditions, several test reactions were performed to investigate the temperature, reagent ratios, and

agitation requirements. From a starting activity of 1.1-1.5 GBq, the highest radiochemical yields (RCY) were achieved using 100 mg RESCA-

Z09591 in 100 mL aqueous NaOAc and 6 mL AlCl3 solution at 60�C, without agitation. RCY in these conditions was approximately 30%. More-

over, the use of NAP5 columns in the purification step guaranteed a radiochemical purity (RCP) of >96%. Radiolabeling was tested at 37-60�C.
A temperature of 60�C was ultimately selected because it was well-tolerated by the Affibody molecule Z09591 and resulted in overall high

yields.

The detailed protocol for Al(18)F labeling of RESCA-conjugated Affibody molecules will be published separately.
In vitro studies

Surface plasmon resonance studies

The affinities of RESCA-Z09591 to the recombinant human PDGFR –b and -a (rhPDGFRb, rhPDGFRa), and recombinant murine PDGFRb

(rmPDGFRb) were analyzed using a Biacore� T200 surface plasmon resonance (SPR) instrument (GE Healthcare). The three target proteins

were diluted to 10 mg/ml in an acidic immobilization buffer consisting of 10 mM Acetate pH 5.0 for the human receptors and pH 4.5 for

the murine receptor. rhPDGFRb, rhPDGFRa, and rmPDGFRb receptors were immobilized by amine coupling in separate flow cells of a

CM-5 sensor chip (GE Healthcare). To reduce mass-transport limitations, the immobilization density was maintained low (400-600RU). The

analyte, RESCA-Z09591, was diluted in hepes buffered saline (HBS-EP) buffer (10 mMHEPES, 0.15 mMNaCl, 3 mM EDTA, and 0.05% v/v Sur-

factant P20, pH 7.4). A multi-cycle kinetic method with a broad concentration range of 3000 nM, diluted in a series of three times to 0.15 nM

was used to study the affinity of RESCA-Z09591 binding to proteins. This was sufficient to achieve saturation. The interaction between the

sample and the target was broken after injection with a 30 s injection of 10 mM NaOH and 1 M NaCl. To allow the surface to stabilize,

it was left in HBS-EP buffer flow for 480 s before the start of a new sample cycle. Each sample was injected at a constant flow rate of 30 ml/min

over the receptor surface for 60 s and was left to dissociate for 180 s.
10 iScience 27, 109688, May 17, 2024
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In vitro autoradiography

In vitro ARG was performed on the cell pellets and fibrotic human liver. Prior to starting the experiments, the sections were thawed to room

temperature. They were then pre-incubated in 150mL of a solution of PBS and 1% bovine serum albumin (BSA) at room temperature for

15 min. Optionally, to study the specificity of the radiotracer 2mMof unlabeled Cys-Z09591 was added to the previous solution (blocking con-

dition). After 15 min, [18F]AlF-RESCA-Z09591 was added to the solution at a concentration of 5nM (approximately 0,1 MBq/mL), followed by

incubation for 60 min. To remove the unbound radiotracer, the sections were washed twice in cold PBS/BSA 1%, once in PBS and dipped in

MQ water. The sections were then dried at 9 37�C for 10min. A set of calibration standards was created by adding 10uL of the incubation

solution containing the radiotracer to absorbent paper. Both the slides and standards were exposed to a phosphor-imaging plate

(BAS-MS, Fuji-film) overnight and scanned using a Phosphor Imager (Amersham Typhoon FLA 9500 Phospor Imager, GE). The resulting im-

ages were analyzed using ImageJ software (National Institutes of Health, US). Paraffin-embedded biopsies from the same fibrotic liver were

also obtained and prepared for correlative histology.

Histology and immunohistochemistry

The remaining half of the liver or tumor, leg muscle, and spleen biopsies from mice were fixed in paraformaldehyde 4% for one day, dehy-

drated in 70% ethanol, and embedded in paraffin. The paraffin-embedded human fibrotic liver biopsy was prepared in a similar manner. The

paraffin blocks were sectioned at a thickness of 4 mmand stained with hematoxylin-eosin (H&E), SIR, andMasson’s Trichrome (MT) at the local

hospital pathology department (Uppsala University Hospital) according to standard methods. In order to assess the tissue expression of the

target of interest, PDGFRb, the sectionswere immunostained for PDGFRb using the autostainer Link 48 and Envion FLEXHigh pH visualization

system (Agilent). Before incubating the primary antibody, antigen retrieval was performed using PT-Linker (Dako) and High pH Target

Retrieval Buffer. The recombinant anti-PDGFRb antibody (RRID:AB_777165, see details in Table S2) was incubated at a 1:300 dilution for

60 min. Horseradish peroxidase (HRP)-conjugated secondary antibodies were then used against the primary antibodies. The slides were

counterstained with Mayer’s hematoxylin using the Tissue Tek Prisma Plus automated slide stainer (Sakura). The sections were digitally

imaged using the Nanozoomer S60 (Hamamatsu) at 20.03magnification, and the images were viewed using QuPath-0.2.3. The percentages

of PDGFRb expression in liver biopsies were assessed using ImageJ, and the same intensity threshold was applied to define positive staining

in all fields of view.

Transmission electron microscopy

Liver biopsies for transmission electron microscopy (TEM) imaging were taken from CCl4 treated and healthy mice. Immediately after eutha-

nasia, small (z 1mg) tissues biopsies were taken from the excised liver. Each biopsy was fixed in 2.5% glutaraldehyde with 1% paraformal-

dehyde in 0.1 M buffer. The fixed biopsies were then processed with 1 % Osmium tetraoxide and dehydrated in increasing concentrations

of ethanol. After dehydration, the biopsies were embedded in epoxy resin and polymerized by heat. Sections (50nm) were processed by

an ultramicrotome, collected on grids, and treated by uranyl acetate and lead citrate for contrast. Sections were air-dried and then imaged

using TEM (FEI Technai G2) at 80kV.
In vivo studies

PET/CT and dosimetry in pig

The healthy Swedish landrace pig (male, 2 months old and weighing 29kg) was transported to the preparation room on the day of the study.

Anesthesia was initially induced by intramuscular administration of tiletamine-zolazepam (Boehringer Ingelheim). The animal was then intu-

bated and ventilated, while anesthesia was maintained through a continuous intravenous infusion of ketamine at a dosage of 20 mg/kg/h

(Ketaminol), fentanyl at 5 mg/kg/h (Pharmalink) and pancuronium at 0.24 mg/kg/h (Pavulon, Organon Teknika). Standardmonitoring proced-

ures were implemented as previously described.30 An arterial catheter was inserted to measure arterial pressure and collect blood samples,

whilemultiple intravenous catheters were placed for the infusion of anesthesia, administration of PET tracer, and CT contrast agent.When the

animal’s condition was stabilized, it was positioned in a supine posture on the bed of a PET/CT scanner (DiscoveryMI, 25 cm Field of View, GE

Healthcare).Whole-body CT scans were acquired for anatomical co-registration (high dose), positioning, and attenuation correction. [18F]AlF-

RESCA-Z09591 was administered intravenously as a bolus (102.18 MBq, equivalent to approximately 1 mg/kg of peptide) and subsequently

followed by a saline chase. Simultaneously with the administration of the tracer, the acquisition of PET images was initiated. The examination

of the pig was conducted utilizing a dynamic multi-bed protocol. First, a 15 minutes dynamic PET scan was performed over the heart to ac-

quire first-pass blood kinetics. Then, sequential whole body passes were performed for up to 165minutes to obtain the kinetics in all tissues in

one experiment (5 bed positions; first 5 passes with 2min/bed (total 50 minutes), then 4 passes with 5 min/ bed (total 100 minutes)). Arterial

blood samples were drawn 15, 60, 120, and 180 minutes after administration of [18F]AlF-RESCA-Z09591, and analyzed for radioactivity con-

centration in whole blood and plasma by a gamma counter. Additionally, the stability of [18F]AlF-RESCA-Z09591 in plasma was measured in

the samples taken after 15 and 60 minutes (see supplemental information for details).

After the PET scan, a CT scan with contrast enhancement was acquired for improved soft-tissue delineation. After the scans, the pig was

euthanized under deep anesthesia by intravenous KCl.

PET/CT images were analyzed using PMOD 4.0 (PMOD Technologies). Tissues were segmented on summed or individual PET frames us-

ing CT projects as support. Segmentations were applied to all PET frames to read out the dynamic uptake data and expressed as SUV.
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Dynamic SUV data was used to calculate tissue residence times (PMOD) and the human-predicted dosimetry of [18F]AlF-RESCA-Z09591

(OLINDA) as described previously.31

The SUV is calculated bymultiplying the ratio of tissue radioactivity concentration (Bq) by the volume of the tissue (mL), and the ratio of the

body weight (g) and the administered dose (Bq) (1).

SUV =
Radioactivity concentration tissue

Volumetissue
3

Weight body

Radioactivity injected
(Equation 1)

In vivo plasma stability assessment

Arterial blood samples from the pig were collected at time points (T0) 0min, (T₁) 15min and (T₂) 1 h at (EOS). The plasmawas extracted from the

blood by centrifugation (3000xg 2min, 4�C) and it was mixed with ACN at a ratio of 1:1 (precipitation process). For samples T₁ and T₂, the

labelled mixture was incubated at 37�C followed by a last step of centrifugation (16000Xg, 2 min, 4�C). This last centrifugation was applied

for all labelled samples and the supernatant was filtered through a 2X0.2 mmnylonmembrane filter. An amount of 5ml of this prepared plasma

was injected into HPLC for analysis.

The stability study was performed by an HPLC (VWR HITACHI) system, equipped with a manual injection loop (max sample volume in-

jected 20ul), a UV detector (wavelength range:210-280nm), a Chromaster pump 5110, and a radio-detector probe FC-3300 NaI/PMT using

an Eckert /Ziegler dynamic range module for low (100k CPM) and High selected activities (12M CPM).

The sample analysis is based on reverse phase column Vydac C4 214 MS Grace i.d. 5 mm (50 mm 3 4.6 mm) using a gradient elution

method. There were 2 mobile phases, Mobile phase A corresponding to 0.1% TFA in de-ionized water, and mobile phase B was 0.1%

TFA in Acetonitrile (MeCN). Elution was carried out at a flow rate 1ml/min, using the following elution program: 0-10 min (10%-90% B) and

10-12min (90%-10%B). Under these conditions, the retention times of free 18F and intact [18F]AlF-RESCA-Z09591 were in the range of

0.57-0.87 min and 4.54-4.61 min respectively. The software Agilent OpenLAB Chromaster EZChrome Edition was used for data acquisition

and analysis.

PET/CT and dosimetry in rat

Dynamic whole-body PET/CT scans were conducted on two male Sprague Dawley rats (362.5 G 17.68 g). Each rat was anesthetized using

0.6L/min of 3% sevoflurane in a mixture of 50% oxygen and 50% medical air. The rats were positioned in a prone position on a heated

bed set at 37�Cwithin a preclinical PET/ magnetic resonance imaging (MRI) scanner (nanoPET, 3T field strength, 10 cm field of view, Mediso).

The positioning process was assisted by a scout MRI scan (GRE MultiFOV scout). An intravenous catheter in the tail was used to administer

[18F]AlF-RESCA-Z09591 (8.13 G 0.73 MBq) as a bolus. Simultaneously, the scanner acquisition was initiated and continued for a duration of

137min.The PET protocol was designed to provide repeated whole-body passes of increasing duration (3 beds per pass; 1min , 3min, 5min,

23 10min, 33 30min). Following the scan, the rats were euthanized and whole-body CT images were acquired for anatomical co-registration

(SE MultiFOV). The whole-body PET/CT images were visualized and analyzed using the PMOD software (PMOD Technologies). Tissues of

interest were segmented on summarized PET images and CT projections, and the SUVmean was determined for each time point. The entire

bodywas also segmented. Additionally, the predicted dosimetry of [18F]AlF-RESCA-Z09591 in humans was calculated, similar to the approach

used for pigs.

U-87 xenograft mice model

U-87 xenografts were induced in female BALB/C nu/nu mice (weight: 19G1 g) (n=10) by the subcutaneous implementation of U-87 cells (2 3

106 cells/mouse) in the hind leg four to six weeks before the experiment to allow tumor growth. Mice were used for histological study, ex vivo

biodistribution, and PET/MRI imaging (Figure S1A), see details below.

CCl4 mice model of liver fibrosis

Liver fibrosis was induced in BALB/c female mice (n=35) by CCl4 (Sigma) treatment. The details of the different groups are presented in Fig-

ure S1B. The mice received intraperitoneal injections of CCl4 (0.5 mg/g of body weight) in corn oil (1:4, v/v), three times a week for six weeks.

They were closely monitored for 30 min after each CCl4 injection and once per day to ensure their well-being. In this study, n=16 healthy mice

were also included as the control group. Additionally, within the CCl4-treated mice group, two groups were kept for 1 week or 2 weeks CCl4
post-treatment to let the liver regenerates (regression phase).

All mice were used for ex vivo ARGs and histological studies, and ex vivo biodistribution (see details below). A subset of animals was used

for PET/CT scans (details provided below).

PET/MRI and PET/CT in mice

In each group of the U-87 xenograft experiment, one mouse was injected as a bolus through an intravenous catheter in the tail with 6 MBq

(equivalent to 5 mg peptide) of [18F]AlF-RESCA-Z09591 alone, while another mouse was co-injected with 1 mg/kg of Cys-Z09591. Each mouse

was placed in a prone posture on the scanner bed, and anesthesia wasmaintained using a continuous supply of 3% sevoflurane in amixture of

50/50% oxygen/ medical air (0.06L/min), and body temperature was maintained at 37�C by bed heating. Whole-body PET/MRI scans
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(nanoPET/MRI scanner, Mediso Medical Imaging Systems) were performed from the time of injection until 45 min p-i. Following PET/MRI

scanning, the mice were euthanized, and tissues were collected for histological analysis as described below.

In the liver fibrosis experiment, themice were administered a bolus injection via an intravenous catheter in the tail with 2MBq (equivalent to

1.5 mg peptide) of [18F]AlF-RESCA-Z09591 alone, or co-administered with 1 mg/kg of Cys-Z09591. Within the experimental framework

involving a one-week regression phase, the RCY was different, leading to the administration of 2MBq, equivalent to 0.75 mg of peptide

([18F]AlF-RESCA-Z09591), to the mice.

Four mice underwent follow-up PET/CT scans. The first in vivo scan was performed at the peak of the disease (6wks CCl4) and the second

scan was conducted post-mortem at 1wk of regression (n=2) or 2wks of regression (n=2)). The in vivo PET/CT scan was similar to the one per-

formedon the xenograft. Except that the scanwas static and lasted 20min andwas followedby a 5minCT scan. In other conditions the PET/CT

scans were conducted post-mortem. One hour, the mice were euthanized and a static whole-body PET/MRI scan (Mediso Medical

ImagingSystems) was performed post-mortem to minimize movement artifacts. After the PET/MRI scans, the mice were dissected, and their

organs were collected for ex vivo biodistribution and histological examination.

PET/MRI and PET/CT images were analyzed using PMOD 4.0 software (PMOD Technologies).

Ex vivo biodistribution

Briefly, in the xenograft study, themice were injectedwith either 0.6MBq (equivalent to 0.5mg peptide) of [18F]AlF-RESCA-Z09591 alone or co-

injected with 1 mg/kg of Cys-Z09591 through an intravenous catheter in the tail. In the liver fibrosis experiment, CCl4 mice and healthy mice

were injectedwith 2MBq (equivalent to 1.5mg peptide) of [18F]AlF-RESCA-Z09591 alone, or co-injected with 1mg/kg of Cys-Z09591.One hour

post-injection the mice were euthanized, and blood was collected via heart puncture. The lungs, liver, spleen, kidneys, muscle, bone, (as well

as the tumor for theU-87 xenograftmice) were harvested andweighed. Radioactivity uptake per organwasmeasured using a gamma counter,

and decay was corrected at the time of injection. The tissue uptake measurement was corrected for decay and converted into SUVs.

Ex vivo autoradiography

Ex vivo ARG was conducted on CCl4 mice and healthy mice previously injected with [18F]AlF-RESCA-Z09591 for the ex vivo biodistribution or

PET/CT studies. Half of the liver, leg muscle, and spleen from the biodistribution study were snap-frozen and embedded in OCT. The OCT

blocks were then sectioned into consecutive triplicates at a thickness of 20 mm using a cryostat microtome (Micron HM560, Germany) and

mounted on Superfrost Plus glass slides (Menzel-Gläser). Standardswere created like the in vitroARG. The slides and standardswere exposed

to a phosphor-imaging plate and scanned in a similar manner as in vitro ARG.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as meanG standard deviation (SD). ‘‘n" represent the number of cell pellets analyzed on the ARG results for Figures 2D

and 2E, and the number of animals in all other figures. Normality was assessed using a Shapiro-Wilk test, and equality of variancewas checked

using an F-test. Data were analyzed using unpaired two-tailed Student’s t-tests with or without Welch’s correction or two-way analysis

of variance (ANOVA) with Tukey’s post-hoc tests. A significance level of 0.05 was used for all comparisons and ** p%0.01, *** p%0.001,

**** p%0.0001 . GraphPad Prism 9.3.1 software (GraphPad Software, San Diego, CA, USA) was used to conduct statistical analyses. All sta-

tistical details of experiments can be found in the figure legends associated and supplementary data (Tables S7–S11).
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