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Abstract
Purpose  Fibroblast activating protein (FAP) is highly expressed in the synovial tissues of rheumatoid arthritis (RA) patients. 
The aim of this study was to determine the feasibility of PET imaging with an Al[18F] F-NOTA-labeled FAP inhibitor 
04(18F-FAPI-04) for the evaluation of arthritic progression and therapeutic response in experimental arthritis.
Methods  Fibroblast-like synoviocytes (FLSs) were obtained from patients with RA or osteoarthritis (OA), and the relation-
ship between 18F-FAPI-04 uptake and the inflammatory activity of RA FLSs was investigated. Collagen-induce arthritis 
(CIA) mice models were established and treated with methotrexate (MTX) or etanercept (ETC). Then, PET imaging was 
performed 24 h following 18F-FAPI-04 injection. The imaging results were compared by assessing macroscopic arthritis 
scores and histological staining.
Results  18F-FAPI-04 uptake was obvious in RA FLSs that characterizing FAP activation. The higher the uptake of 
18F-FAPI-04, the more severity of the inflammatory phenotype in RA FLS. Furthermore, the uptake of 18F-FAPI-04 in 
inflamed joints could be found even before the deformity of the parental joints could be observed by histological examination. 
Both MTX and ETC were effective in inhibiting the progression of arthritis in CIA mice was confirmed by macroscopic, 
histological, and radiographic pathology scores. Importantly, 18F-FAPI-04 uptake declined accordingly in CIA models fol-
lowing MTX and ETC treatment.
Conclusions  These findings suggest that PET imaging of 18F-FAPI-04 can be used to monitor treatment response in RA, 
and is more sensitive in disease speculation than macroscopic arthritis scoring.
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Introduction

Rheumatoid arthritis (RA) is a chronic, autoimmune dis-
ease characterized by erosive and symmetrical arthritis 
[1]. The affected joints are mainly small joints that were 
manifested by excessive synovitis. Without effective inter-
vention, the lesion synovium can invade the joint, resulting 
in joint destruction and dysfunction.

Treatment strategies for RA include disease-modifying 
antirheumatic drugs (DMARDs), non-steroidal anti-inflam-
matory drugs (NSAIDs), biological agents, glucocorti-
coids, phytopharmaceutical preparations, surgery, plasma 
exchange, and immunosorbent [2]. Due to the heteroge-
neity of the disease and individual differences, to monitor 
the activity of the disease and the therapeutic effect is very 
important for the remission of the patient’s disease [3, 4].

Fibroblast-like synoviocytes (FLSs) are the main patho-
logical effector whose abnormal activation could lead to 
pannus formation and cartilage erosion [5]. At present, the 
parameters for diagnosis and evaluation of the therapeutic 
effect of RA include joint swelling and pain, erythrocyte 
sedimentation rate (ESR), C-reactive protein (CRP) level, 
inflammatory indicators, and changes in imaging data [6]. 
However, there is still no intuitive indicator to monitor the 
changes in RA FLSs during the treatment periods.

Fibroblast activation protein (FAP) is mainly expressed 
on the cell surface as type II dipeptidase, which can hydro-
lyze the surrounding collagen and mediate cell invasion 
and migration [7]. Therefore, isotopically labeled FAP 
inhibitors (FAPI) have been extensively studied in tumor 
diagnosis and efficacy testing [8, 9]. Among these inhibi-
tors, FAPI-04 has been widely modified and developed as a 
diagnostic probe for tumors and some autoimmune diseases 
due to its high affinity for FAP [10–12]. Previous studies 
demonstrated that FAP was highly expressed in activated 
FLSs from collagen-induce arthritis (CIA) models and RA 
patients [13, 14]. Recently, we found that Al [18F]F-NOTA-
FAPI-04 (18F-FAPI-04) can be initially applied for the diag-
nosis of RA [10]. Whether 18F-FAPI-04 PET imaging could 
be utilized to monitor the therapeutic effect in RA remains 
to be determined. In this study, 18F-FAPI-04 PET imaging 
was further explored to detect its efficacy in monitoring the 
pathological progression and remission in CIA models.

Materials and Methods

Cell Culture

FLSs were isolated from the synovial tissue of patients 
with RA or OA who underwent joint replacement surgery 

as described previously [15]. All procedures performed in 
studies involving human participants were in accordance 
with the ethical standards of the Shandong Medicinal Bio-
technology Center research committee and with the 1964 
Helsinki declaration and its later amendments or compa-
rable ethical standards. Briefly, the synovial tissue was 
washed 3 times with PBS containing 1% penicillin–strep-
tomycin. Then, it was cut to mince packs and digested with 
type II and type III collagenase in a 37 degrees 5% CO2 
incubator for 6 h. Dulbecco’s minimum essential medium 
(DMEM) was added and blown well, then filtered through 
70 μm. The filtered liquid was centrifuged to collect the 
cell sediment and cultured with DMEM medium contain-
ing 15% FBS. Four to six generations of FLS were used 
for this study.

Animals

All applicable Medicinal Biotechnology Center Animal 
Welfare Committee for the care and use of animals were 
followed. Eight-week-old male DBA/1 mice were obtained 
from Hua Fukang Biotechnology Co., Ltd (Beijing, China), 
housed in a pathogen-free environment, and given free 
access to food and water. The collagen (CII, Chondrex, 
Redmond, WA, USA) was dissolved in 0.1 M acetic acid 
at a concentration of 2 mg/mL and emulsified with com-
plete Freund’s adjuvant (Chondrex) equally. The DBA/1 
mice received 0.1 mL CII emulsion at the base of the tail. 
A booster injection of 0.1 mL of CII in complete Freund’s 
adjuvant (IFA; Chondrex) was given on day 21. After the 
booster injection, arthritis developed. Paw inflammation was 
graded on a scale of 0 to 4 as follows:0, paws with no swell-
ing or focal redness; 1, mild swelling limited to the middle 
part of the foot or ankle joint; 2, mild swelling spreading 
from ankle joint to mid-foot; 3, mild swelling spreading from 
ankle to toe; and 4, severe swelling including ankle, foot, and 
toe [16]. The CIA mice were randomly divided into three 
groups (n = 9) for treatment effect evaluation. The vehicle 
group received volume-matched vehicle control, methotrex-
ate (MTX) group were given MTX treatment with the dose 
of 5 mg/kg, and etanercept (ETC) group were given ETC 
treatment with the dose of 5 mg/kg. From days 22 to days 46, 
each mouse was administered intraperitoneally three times 
in a week. Additionally, microcalipers were used to measure 
the thickness of the arthritic hind paws every 4 days.

Synthesis of the Radioactive Tracer

Al [18F] F-NOTA-FAPI-04 (supplementary Fig. 1) was syn-
thesized as previously described [10]. Briefly, QMA Sep-
Pak light cartridge (Waters Corporation, USA) was used to 
capture the [18F]F−. Then, the mixture of [18F]F−, saline, 
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AlCl3, acetonitrile, and NOTA-FAPI-04 was heated at 110 
℃ for 10 min. The radiotracer was filtered through a 0.22 μm 
sterile filter after removing the free [18F]F−.

PET Imaging

The small-animal PET scanner (IRIS PET/CT, Inviscan, 
France) was used to perform Micro-PET/CT imaging as pre-
viously described [10]. Briefly, the micro-PET/CT imaging 
study was conducted 60 min after injections of 3.7–7.4 MBq 
18F-FAPI-04. A 10-min scan was performed after the mice 
were anesthetized with isoflurane. Three-dimensional 
ordered subset expectation maximization (Monte Carlo-
based 3D OSEM) was used to reconstruct the obtained 
images. Osi-rix MD software was used to process images 
and regions of interest (ROIs), and average signal levels 
were measured in each ROI. Quantitative data are expressed 
as %ID/mL (percentage injected dose per mL).

RT‑qPCR

Total RNA was extracted using an RNA extraction kit 
(Vazyme, Nanjing, China). Reverse transcription was 
performed using a HiScript II Reverse Transcriptase kit 
(Vazyme). For each sample, 1 µg RNA was used for cDNA 
synthesis. qPCR was performed using Taq Pro Universal 
SYBR qPCR Master Mix (Vazyme) in a LightCycler 480 
II (Roche, Basel, Switzerland). Relative gene expression 
was calculated using the 2−ΔΔCT method and normalized 
as indicated [17]. Primer sequences were as follows. FAP, 
forward: ATG​AGC​TTC​CTC​GTC​CAA​TTCA; reverse: AGA​
CCA​CCA​GAG​AGC​ATA​TTTTG; GAPDH, forward, GCA​
CCG​TCA​AGG​CTG​AGA​AC; reverse, TGG​TGA​AGA​CGC​
CAG​TGG​A.

ELISA

IL-6, IL-8, and FAP are measured according to the manu-
facturer’s instructions. For the detection of IL-6 and IL-8 
in the supernatant, FLSs culture medium was collected and 
centrifuged at 355 × g. A lysate of FLS cells was prepared 
using RIPA. The lysate was centrifuged at 12,000 rpm and 
the supernatant was harvested for FAP analysis.

HE Staining, Immunofluorescence Staining, 
and Toluidine Blue Staining

The hind knee joints of CIA mice were fixed in 4% paraform-
aldehyde and then decalcified in 10% EDTA for 3 weeks. 
Following embedding in paraffin, the tissues were sliced into 
4-μm sections. The H&E staining was conducted using a 
kit from Solarbio (Beijing, China). The tissue sections were 
first routinely processed and then fluorescently stained with 

appropriate primary (anti-FAP, 1:300; Invitrogen, # PA5-
99,313) and secondary antibodies [10]. The nuclei were then 
stained with DAPI (Beyotime, Beijing, China). A scanning 
confocal microscope (FV3000, Olympus, Japan) was used to 
capture images. Toluidine blue staining was performed using 
toluidine blue solution (0.5% toluidine blue, 1% borax).

Statistical Analysis

GraphPad Prism 8.0 Software (GraphPad Software, Inc., San 
Diego, CA) was used for statistical analysis. The quantita-
tive values were expressed as the mean ± standard error of 
the mean (SEM). Descriptive statistics were performed to 
evaluate the normality of the data distribution before the 
analysis of significant differences. Student’s t-test was used 
to conduct the comparison between two groups. One-way 
or two-way analysis of variance (ANOVA) was used to per-
forrm the comparison between multiple groups, followed by 
the Tukey multiple comparison test. Statistically significant 
differences between experimental groups were indicated by 
P values below 0.05.

Result

18F‑FAPI‑04 Uptake in RA FLSs Is Positively 
Correlated with Its Inflammatory Phenotype

FLSs were isolated from the synovial tissues in patients 
with RA or OA who underwent joint replacement surgery. 
Besides the fact that FAP expression was significantly higher 
in RA than in OA FLSs at the basal levels, FAP could also 
be induced by inflammatory factors more significantly in RA 
FLSs than in OA FLSs, (Fig. 1A, supplementary Fig. 2A). In 
our previous study, the specificity of 18F-FAPI-04 has been 
verified through in vitro and in vivo blocking experiments, 
which will not be shown here [10]. Since 18F-FAPI-04 could 
specifically target FAP, FLSs were exposed by 18F-FAPI-04 
for 60 min and were subsequently subjected to analyzing 
the uptake values. As shown in Fig. 1B, there was no sig-
nificant difference in 18F-FAPI-04 uptake in OA FLSs with 
or without TNF-α. However, the uptake of 18F-FAPI-04 was 
significantly higher in RA FLSs than in OA FLSs. Further-
more, TNF-α stimulation significantly elevated the uptake 
of 18F-FAPI-04 in RA FLSs. Therefore, these facts suggest 
that the uptake of 18F-FAPI can characterize the variation of 
FAP expression in RA FLSs.

To further clarify whether 18F-FAPI-04 uptake can pre-
dict the status of RA FLS activation, we investigated the 
relationship between pro-inflammatory cytokine secre-
tion and FAP expression. As shown in Fig. 1C and D, the 
secreted levels of IL-6 and IL-1β were positively corre-
lated with the expression levels of FAP. Next, we explored 
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whether 18F-FAPI-04 could monitor the response of RA 
FLSs towards MTX or ETC. As expected, both MTX and 
ETC can inhibit FAP expression (Fig. 1E, supplementary 
Fig. 2B), 18F-FAPI-04uptake (Fig. 1F), and the production 
of pro-inflammatory cytokine (Fig. 1G, H). Therefore, the 
above results suggest that 18F-FAPI-04 could be used to 
monitor RA FLSs activation.

18F‑FAPI‑04 Imaging in CIA Can Visually Characterize 
the Degree of Arthritis and FAP Expression

To investigate whether 18F-FAPI-04 can be used to char-
acterize the arthritic degree, CIA models with different 
arthritis scores were selected to perform PET imaging. 
There was a physiological as well as a pathological uptake 
of 18F-FAPI-04, shown in Fig. 2A. Since 18F-FAPI-04 is 
excreted mainly through urine and bile [18], high uptake 
of 18F-FAPI-04 occurs in the kidney, bladder, and large 
intestine. More importantly, it is evident that the uptake of 
18F-FAPI-04 was high in inflamed joints. Additionally, its 
uptake values were significantly and positively correlated 
with arthritis scores (Fig. 2B). Then, we sectioned the knee 
joints with arthritis scores of 0, 1, 2, 3, and 4 to detect the 
expression levels of FAP. It can be seen from Fig. 2C that the 

severity degree of arthritis was positively correlated with the 
expression levels of FAP. In addition, 18F-FAPI-04 uptake 
was highly positively correlated with the fluorescence inten-
sity of FAP expression (Fig. 2D). Therefore, 18F-FAPI-04 
can be used to characterize the severity of arthritis.

18F‑FAPI‑04 PET Imaging Is More Sensitive 
than Traditional Methods in Monitoring Arthritic 
Progression

In this study, the body weight, hind paw thickness, and 
arthritis score were recorded every 4 days. Furthermore, 
the 18F-FAPI-04 uptake value of each joint was obtained by 
PET imaging. There was no significant difference in weight 
change among the groups (supplementary Fig. 3). As shown 
in Fig. 3A and B, the differences of arthritis scores and paw 
thickness became obvious and significant from the 12th day 
following treatment in therapeutic group when compared to 
its parental controls. However, such differences reached its 
significant level on the 8th day following treatment when the 
arthritic progression was detected by PET imaging as shown 
by SUV (Fig. 3C). These results suggested that the detection 
of FAP expression by PET imaging was more sensitive to 
monitor the response of RA to treatment.

Fig. 1   The expression of FAP in closely related to the inflammatory 
phenotype of RA FLSs. OA FLSs and RA FLSs were obtained from 
the patients who underwent joint replacement. FLSs was treated with 
TNF-α (10 ng/mL) (A, B), MTX (1 μM) or ETC (10 μg/mL) for 24 h 
(E–H). A, E Total protein was extracted and FAP expression was 
analyzed by ELISA. B, F RA FLSs were treated with.18F-FAPI-04 

(100 kBq) for 60 min. Then, the cells were lysed, and radioactivity 
was measured with a gamma counter. C, D, G, H Cell culture super-
natants were collected to detect the expression of IL-6 and IL-1β. RA 
FLSs were lysed to detect the content of FAP by ELISA. Date was 
expressed as mean ± SEM (n = 6). The data was analyzed using one-
way ANOVA. *P < 0.05, ***P < 0.001
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Fig. 2   18F-FAPI-04 uptake, arthritis score and FAP expression in 
CIA mice. CIA mice with different scores were selected for PET 
imaging. These mice underwent micro-PET/CT imaging 1  h after 
intravenous injection of 3.7–7.4 MBq of 18F-FAPI-04. A Representa-
tive 18F-FAPI-04 images of CIA mice with different arthritis scores. 

B  Joint sections were used to detect the FAP expression by immu-
nofluorescence (200 ×). C Correlation of 18F-FAPI-04 uptake and 
arthritis score. D Correlation of 18F-FAPI-04 uptake and FAP fluores-
cence intensity of CIA tissue sections

Fig. 3   Overall evaluation and quantification of 18F-FAPI-04 uptake in 
CIA mice. CIA mice were divided into vehicle control group, MTX 
group (5  mg/kg) and ETC group (5  mg/kg). All drug injection was 
administered intraperitoneal three times per week from day 32 to day 

56. Arthritis score (A), paw thickness (B), and  18F-FAPI-04 uptake 
(C) were evaluated every 4 days. Data was expressed as mean ± SEM 
(n = 6). The data was analyzed using one-way ANOVA. *P < 0.05, 
**P < 0.01, ***P < 0.001
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Fig. 4   The value of 18F-FAPI-04 PET imaging in monitoring the 
therapeutic response in CIA mice. Mice treated with vehicle, MTX 
(5  mg/kg) or ETC groups (5  mg/kg) underwent PET imaging and 
histological evaluation at day 56 after the first immunization. (A) 

Representative 18F-FAPI-04 images of CIA mice received MTX or 
ETC treatment. HE staining (B) (100 ×), toluidine blue staining (C) 
(100 ×) and immunofluorescence (D) (200 ×) were performed
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The Uptake of 18F‑FAPI‑04 Was Applicable 
in Monitoring the Therapeutic Response in Arthritis 
Models Suggested More Severity of Synovial 
Hyperplasia and Cartilage Destruction

As expected, 4 weeks following treatment with MTX or ETC 
showed significant improvements in arthritis scores and paw 
thickness, which was accompanied by the decreased sig-
nals in 18F-FAPI-04 PET imaging (Fig. 4A). Furthermore, 
HE staining showed these treatments could effectively 
inhibit synovial hyperplasia (Fig. 4B) and alleviate carti-
lage destruction (Fig. 4C). Consistently, FAP expression in 
synovial tissues was significantly reduced (Fig. 4D).

Discussion

The etiology of RA is complex that involves genetics, infec-
tions, sex hormones, and other factors [19]. RA is character-
ized by excessive inflammation, synovial hyper-proliferation 
and cartilage destruction. Therefore, the main goal of RA 
treatment was to control the progression of inflammation, 
ameliorating joint damage, and reducing the occurrence 
of complications [20]. However, to date, long-term remis-
sion rates in patients with RA remain low [21]. Synovial 
inflammation persists in some patients even when clinical 
remission is achieved, leading to the destruction of bone 
and cartilage. Therefore, effective monitoring of synovial 
inflammatory status in long-term treatment is important to 
determine disease activity and guide medication regimens.

CRP, ESR, and DAS28 serve as the diagnosis parameters 
to evaluate the activity and efficacy of RA. However, CRP and 
ESR are often disturbed by a variety of factors unrelated to 
inflammation, such as age, gender, anemia, and therapeutic 
drugs [22]. Recently, ultrasound and MRI have also highlighted 
their value in the diagnosis of synovial lesions, but neither is 
specific [23, 24]. Therefore, all of these indices have limita-
tions, and developing sensitive and robust evaluation methods 
is important for the long-term management of RA patients.

As a serine peptidase, FAP is strongly expressed in cancer-
associated fibroblasts in more than 90% of epithelial tumors 
and contributes to progression and prognostic deterioration 
in various solid cancers [25]. This makes FAP a promising 
target for radionuclide-based tumor diagnosis and treatment, 
as well as the diagnosis of malignant diseases associated 
with extracellular matrix remodeling. However, in addition 
to tumors, FAP has been found to be highly expressed in 
acute myocardial infarction, interstitial lung diseases, and 
some autoimmune diseases [26–28]. Recent studies show that 
FAP is expressed in all subpopulations of synovial cells and 
knockdown of FAP can effectively mitigate the progression 
of arthritis. However, the application of FAP-based tracers 
in autoimmune diseases such as RA remains poorly known.

Our previous study demonstrated the specific and sensitive 
uptake and localization of 18F-FAPI-04 in the synovial tissues 
from CIA mice RA patients. More importantly, 18F-FAPI-04 
imaging better reflected the degree of synovial hyperpla-
sia compared to 18F-FDG [10, 14, 29]. Therefore, this study 
aimed to investigate whether PET imaging with 18F-labeled 
FAP inhibitor could be used to monitor RA therapy response. 
To mimic therapeutic response, MTX and etanercept (ETC) 
were used. MTX is the anchor drug for RA treatment and it 
could alleviate the inflammatory phenotype of RA FLSs and 
macrophages [30, 31]. Besides, the soluble ETC is often used 
in patients with poor response to conventional DMARDs or 
severely active RA [32]. Our study shows that both MTX and 
ETC can suppress the inflammatory phenotype of RA FLS. 
The activity of RA FLSs can be weighed by 18F-FAPI-04 PET 
imaging. More importantly, the sensitivity of 18F-FAPI-04 PET 
imaging in predicting the progression or remission was sig-
nificantly better than the classical diagnosis parameters such as 
arthritis score and paw thickness during treatment of CIA mice 
with MTX and ETC. This suggests the use of 18F-FAPI-04 as a 
tracer for quantitative PET imaging of inflamed synovium for 
non-invasive, specific, and objective monitoring.

Conclusion

18F-FAPI-04 imaging of the inflamed synovium allows whole-
body visual quantification of RA specifically to monitor the 
response to treatment. It is more sensitive in disease monitor-
ing compared to standard methods of clinical arthritis scoring.
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