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in bone homeostasis. They contribute to the achievement of a higher peak 
bone mass in males than in females, in adolescence.6‾9 Physiologically, 
serum concentrations of sex hormones change with age in both men and 
women.10 The most abrupt change occurs in women, in the menopause 
transition. At menopause a relatively abrupt decrease of total estradiol and 
increase of follicle stimulating hormone (FSH) occurs.10 In men, androste-
rone-precursor dehydroepiandrosterone sulfate levels (and thereby tes-
tosterone) gradually decrease- and FSH increases with age.11 As a result of 
these hormonal changes, bone mineral density (BMD) decreases with age 
in both sexes.12 

Osteoporosis 

Osteoporosis is defined by the world health organization as a BMD T-score 
< -2.5, i.e. measured BMD more than 2.5 standard deviations below the av-
erage of a reference population of young Caucasian women.13 The current 
gold standard for measurement of BMD is dual energy X-ray absorptiometry 
(DXA).13 Low BMD increases the risk of nontraumatic or low-energetic frac-
tures and associated morbidity and mortality.14,15 

The complications of low BMD may be avoided by implementation of 
screening to enable early diagnosis and treatment. A strategy for early de-
tection could include standardized screening of patients at risk of develop-
ing osteoporosis. Subsequently, osteoporosis and associated fragility frac-
tures may be prevented by timely adjustments in bone-deteriorating ther-
apy, hormone replacement, osteopenia- and osteoporosis treatment with 
bisphosphonates and calcium regulating compounds.16‾18

Conditions which influence BMD include endocrine- and metabolic dis-
eases such as adrenal insufficiency, Cushing syndrome, hyperparathyroid-
ism, hypogonadism and type I diabetes mellitus.19 Furthermore, changes in 
gonadal hormones may be induced by pharmacotherapy, e.g. glucocorti-
coids, estrogen modulators and androgen deprivation therapy.19 

Urogenital malignancies may also harm BMD. In case of testicular germ 
cell tumors, a negative effect has not been unequivocally demonstrated yet. 
These tumors may affect the BMD through the simultaneous presence of a 
hypogonadal state, as testicular dysgenesis, and associated Leydig cell dys-
function is more prevalent among these patients. In addition, testicular 
germ cell tumors are treated by orchiectomy, often combined with chemo-
therapy. Both treatment modalities influence the gonadal state and chemo-
therapy has an independent negative effect on BMD.20,21

The skeleton offers support, shape and protection to organs and surround-
ing soft tissues. With the joints, it provides a framework for muscles and 
nerves to maintain posture and control movement. Beside this mechanical 
function, it has other important roles, particularly in calcium-phosphate ho-
meostasis and hematopoiesis.1,2 As hematopoiesis is not a primary subject 
of this thesis, it will not be discussed in this introduction.

Bone
Construction and metabolism

Skeletal formation in humans is initiated in the first 2-3 months of the fetal 
development. Two types of osseous formation can be distinguished: (1) en-
dochondral ossification, development by differentiation of mesenchyme 
into cartilage that is gradually replaced by bone leading to long bones that 
compile limbs and spine, and (2) intramembranous ossification, in which 
mesenchyme condenses to a thick membrane that slowly mineralizes re-
sulting in flat bones such as the skull, mandible and clavicles. 

Throughout life, bone is modeled by osteoclasts, governed by hormonal- 
and mechanical influences (stress and strain). Bone formation during life is 
supplied by osteoblasts in the periosteum.1‾3 

The main chemical component of bone is hydroxyapatite (Ca10(PO4)6(OH)2) 
that, as the other components of bone, is subject to capture or release by the 
continuous processes of bone formation and breakdown. As such, bone is 
a highly metabolic active organ: approximately 10-15% of bone is renewed 
each year in adults.2 This turn-over enables the bone to contribute to the cal-
cium- and phosphate homeostasis. 

The calcium – parathyroid hormone (PTH) – vitamin D axis plays the piv-
otal role in physiological bone- and calcium/phosphate homeostasis: the 
blood calcium concentration exerts negative feedback to PTH production 
and secretion. PTH increases renal calcium reabsorption and osteoclastic 
bone resorption; as such, hypocalcemia is compensated from sources avail-
able within the body.4 In addition, the active metabolite of vitamin D, calcitri-
ol, induces calcium absorption from the gut.5 Thus, calcium- and/or vitamin 
D deficiency may lead to hyperparathyroidism and osteoporosis.4,5

Another role in bone homeostasis relates to gonadal hormones: estro-
gens and androgens. The importance of estrogens in bone homeostasis is 
demonstrated by their role in the etiology of post-menopausal osteoporo-
sis. Androgens (predominantly testosterone), also have an important role 
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extravasation of large particles (macromolecules, nanoparticles, lipidic par-
ticles) into the tissue. Once absorbed into the tissue, the particles are re-
tained longer than in other tissue due to poor lymph drainage. This phenom-
enon is the ‘enhanced permeability and retention effect’.34 

Anti-cancer treatments may take advantage of this effect to enable tumor 
targeting. If a relatively large proportion of the administered (often toxic) 
dose is available at the target sites, that may result in a better response, 
whilst limiting systemic side effects. A such, targeting may result in a longer 
survival and preservation of quality of life.

The preferred methods for diagnosis and follow-up of bone metastases  
in case of a known underlying malignancy, are skeletal scintigraphy and 
(positron emission tomography)-computed tomography (PET)-CT) scan.35,36 
Fluodeoxyglucose (FDG) PET imaging utilizes the high metabolism in the 
tumor sites, to visualize tumor sites. The tumor takes up most (radioac-
tive) glucose, which can be detected and converted to an image by the 
PET-scanner. 

Joint

Synovial joints are essential for mobility. In addition to the osseous epiph-
yses, joints consist of cartilage, synovium, synovial fluid and in some cases 
menisci and ligaments. Inflammatory joint disease is the most common 
cause of joint disorder induced movement impairment, primarily due to the 
prevalence of osteoarthritis (OA).37,38 Many joint pathologies are left undis-
cussed here, as those are not subject of this thesis.

Osteoarthritis 

Although highly prevalent, the exact etiology of OA remains largely un-
known. It was long thought that OA was caused by ‘wear and tear’ of the car-
tilage, but current insights add other important factors. OA is now known as 
a multifactorial and highly heterogeneous disease, risk factors for which in-
clude: a history of traumatic joint injury, obesity, aging, biomechanical fac-
tors, and hereditary factors.39,40

Multiple joint tissues are involved in osteoarthritis: cartilage was long 
thought to play the primary role, as it is non-vascularized and the supply 
of nutrients and oxygen to the chondrocytes is restricted, and repair is hin-
dered, all resulting in cartilage degeneration. Although the cartilage may 
be damaged in an OA-affected joint, it is an aneural tissue, and pain only 

Prostate cancer treatment often involves multiple years of androgen depri-
vation therapy, which subsequently leads to enhanced risk of low BMD.22 This 
risk of low BMD is recognized in this population and screening and treat-
ment is advised by several guidelines.23,24 

Bone tumors- and metastases 

Bone lesions, benign and malignant, are another cause of skeletal fragility. 
Primary bone tumors are relatively rare,25 but the skeleton is a preferred lo-
cation for metastases from several primary solid organ tumors such as pros-
tate- breast- lung- and renal cancer.26‾28 According to the seed and soil the-
ory, malignant cells can colonize another organ only if the microenviron-
ment is conductive to their implantation.29 

A preparatory process of the ‘soil’ (pre-metastatic site) finds place be-
fore cells from the primary tumor can settle. It implies the induction of 
an inflammatory state, that makes circulating tumor cells admissible for 
settlement, growth in the tissue and thereby development of metastases. 
The induction of such an inflammatory state occurs via signaling through 
exosomes excreted by a primary tumor. Integrins expressed on the sur-
face of the exosomes condition tropism to organs located at a distance 
(i.e. the preferred metastatic sites). There, they are internalized and ini-
tiate the inflammatory state by activation of chemokines.30,31 Circulating 
tumor cells are directed by chemokine gradients and – in case of bone me-
tastases – cytokine receptor activator of nuclear factor kappa-B ligand 
(RANKL), which makes the prepared inflammatory sites ideal targets for 
settling.26,31,32

As chemokines are tissue specific, the overlap between expression of 
chemokine subtypes in the targeted tissues and chemokine subtype recep-
tors on circulating tumor cells is decisive for the preferred sites for metas-
tases of a certain tumor type. Finally, a complex interplay of matrix proteins, 
lysyl oxidases, proteases and micro-RNA’s enables further tumor cell inva-
sion- and survival of the intruding cells at the metastatic site.30 In case of 
bone, the growth of metastases causes pain, local weakening of the bone, 
and thereby fracture risk.

Metastatic sites have tissue-specific properties that most other tissues 
do not have (e.g. state of inflammation, high metabolism, modified vascu-
lar structure). By the time a solid tumor measures 2-3 mm, angiogenesis is 
induced.33 Tumor neovasculature differs from that of normal tissue, pre-
senting dilated, leaky and irregular of shape.33 These malformations allow 
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all patients and there is a risk of complications during the post-surgical tra-
jectory, e.g. thromboembolic events or infection.55‾57 

It is plausible to assume that the increasing knowledge of the pathophysi-
ology of OA will result in the identification of novel pathways/targets that can 
be exploited to develop disease modifying OA drugs (DMOADs). The involved 
tissues (synovium, subchondral bone, and cartilage) may each be targeted 
by potential DMOADs. 

Cartilage regeneration may still give an effect; cartilage degeneration re-
mains a key factor in OA and -especially in traumatic OA-, it influences joint 
loading and may enhance further joint degeneration. The growth of cartilage 
is a challenge, as the tissue is so poorly vascularized. Approaches to achieve 
this growth could be stimulation of cartilage stem progenitor cells, or the in-
troduction of stem cells into the joint. So far, no pharmacotherapeutics have 
been registered in this class. 

As inflamed synovium expresses mediators which further stimulate de-
generative changes in OA,41,42 muting synovitis may be a successful treat-
ment strategy. So far, systemic- and local therapies with a general anti-in-
flammatory mechanism (corticosteroids) and disease modifying antirheu-
matic drugs, were unsuccessful.58,59 At least two explanations for which may 
be applicable: the mechanism of action does not have the desired effect, or 
the exposure in the synovium was not sufficient to be effective.

Several attempts have been done to target the subchondral bone with 
therapies registered for other indications, but so far without success.16,60 

When successful, DMOADs would lead to quality-of-life improvement.61 
This will, however, be a bumpy road as shown by the failed attempts to de-
velop DMOADs so far. It is important to identify the reasons for these fail-
ures and in particular address possibly erroneous assumptions in animal-
to-human translation, side effects, structural symptom discordance, incor-
rect structural endpoints.62‾66

Epidemiology

The personal- and societal burden caused by disorders affecting the bone 
and joints is significant – grouped musculoskeletal disorders rank as the 
most expensive category in healthcare expenses in the Usa, with annual 
costs of $380.9 billion.67

Societal costs of osteoporosis fractures are $17.9 billion per annum in the 
Usa.68 Approximately 25% of osteoporosis-related healthcare cost, is on ac-

appears if innervated tissues are involved.41 Synovium and subchondral 
bone are now also recognized to be involved in osteoarthritis from an early 
stage on.41‾43 Inflamed synovium produces catabolic and pro-inflammato-
ry mediators, which can alter the balance within the cartilage matrix and 
thereby advance OA.44

Standard radiography is commonly used to confirm OA but is inadequate 
to detect early OA-related changes in the joints, and its correlation with clin-
ical symptoms in early OA is poor.45‾48 Synovitis and subchondral bone ac-
tivity cause early clinical symptoms such as joint swelling and pain but are 
not identifiable on standard radiographs. Synovitis can be identified by ul-
trasound and magnetic resonance imaging. Subchondral bone activity/
turnover is apparent on magnetic resonance images as subchondral bone 
lesions.41,44

Current treatments

Current treatments for OA are restricted to symptom relief by minimiza-
tion of pain and optimization of joint function. Various non-pharmacolog-
ical and pharmacological interventions are available, all with only modest 
effects. Therefore, a combination of therapeutic approaches is commonly 
used. The choice of interventions is based on individual factors such as af-
fected joints, disease extensiveness (mono-, oligo-, or poly-arthritis), and 
severity of symptoms, in addition to the presence of concurrent signs and 
symptoms such as muscle weakness, comorbidities, obesity, functional im-
pairment, and depression.49‾52 Initially, non-pharmacological interven-
tions such as exercise, weight loss, education and self-management pro-
grams are strongly recommended for all types of OA.50 The next therapeutic 
step consists of pharmacological interventions, among which are: analge-
sic treatment, including oral and topical non-steroidal anti-inflammatory 
drugs (NSAIDS; selective and non-selective COX-2), paracetamol, tramad-
ol, duloxetine, chondroitin, intra-articular steroid administration and topi-
cal capsaicin.50 

The approved pharmacological interventions for OA treatment target 
symptoms and have no meaningful disease modifying effect. As a result, the 
condition worsens over time and in some cases leads to arthroplasty. Total 
hip- or knee replacement results in pain reduction in the majority of patients 
and their cost-effectiveness is well established.53,54 Unfortunately, these 
surgical interventions for OA are commonly preceded by a long trajectory of 
pain and functional limitation. Also, the interventions are not successful for 
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In conclusion

Musculoskeletal disorders have an enormous personal- and societal im-
pact. Diagnosis and treatment of these disorders are most efficient if target-
ed screening, accurate diagnosis, and targeted treatment are available. To 
enable targeted screening, the population at risk must be well-defined and 
categorized if required. Subsequently, screening- and diagnostic methods 
must have good, or excellent predictive value and finally, treatment must 
target the disease, thus spare healthy tissues and processes and thereby 
avoid adverse events.

The aim of this thesis is to gain new insights about the diagnostic pro-
cess- and treatment of pathological conditions of the bone and joints, name-
ly male urological cancer-induced bone loss and OA.

This thesis

This thesis consists of two sections; In Section I, screening, diagnosis and 
treatment of the consequences of male urological malignancies and their 
therapies to bone health are investigated (Chapters 2-4). Section II focuses 
on inflammatory arthritis and the early clinical development of compounds 
targeting inflammatory joint disease (Chapters 5-7).

Section I: Bone in male urological malignancies

In this thesis, the vulnerability of the skeleton is studied in the context of 
two male urological malignancies: prostate cancer and testicular cancer. 
In both cancers a role is assigned to (treatment induced) hypogonadism, 
which could cause a low BMD, and secondary effects from anti-cancer ther-
apy (androgen deprivation therapy, chemotherapy, corticosteroids). In pros-
tate cancer osseous metastasis further contribute to detrimental skeletal ef-
fects. In this thesis, it was aimed to investigate options of strategic screen-
ing and early diagnosis of osteoporosis and targeted treatment of osseous 
metastases.

Chapter 2 of describes a literature review of the effects of testicular can-
cer and its treatments on BMD, as measured in dual-energy X-ray absorp-
tiometry (DXA), and outcomes of hormone levels and bone turnover mark-
ers that were reported in the investigated populations. Prostate cancer pa-
tients are at risk of having poor bone health due to years of androgen depri-
vation therapy. In addition to DXA, quantitative ultrasound (QUS) is another, 

count of men.69 Although long neglected, increasing attention is being paid 
to osteoporosis in men, and the Endocrine society guideline recommends 
screening of men at risk.70 

Prostate cancer patients, particularly those undergoing androgen de-
privation therapy, are known to be at risk for fractures, due to their state of 
pharmacologically induced hypogonadism.71 Prostate cancer mostly occurs 
in men >65 years of age and is the second most diagnosed type of cancer in 
males worldwide, with 1.5 million newly diagnosed- and 0.4 million deaths 
per year.25,72 Screening and treatment of prostate cancer patients for osteo-
porosis could prevent skeletal related events (fragility fractures), and there-
by reduce personal- and societal burden. Although screening for osteopo-
rosis in patients using ADT is widely recommended,73‾76 it is scarcely imple-
mented.77‾79 The application of DXA in all these patients is costly and time 
consuming; a more efficient approach of screening may be available and 
preferable.25,80 

In contrast to the highly prevalent prostate cancer, testicular carcinoma 
is globally diagnosed in approximately 75 000 men per year and has an es-
timated mortality of ~10 000 per year.72,81 Although not as prevalent, the 
mean age at diagnosis of testicular cancer is generally much lower than that 
of prostate cancer patients. In fact, testicular cancer is the most common 
type of cancer in men aged 18-40 years.81 Curative rates for testicular can-
cer are high, thereby, these young men have longstanding consequences of 
late effects of testicular cancer, such as hypogonadism- cardiovascular dis-
ease or osteoporosis. The effects of testicular cancer to bone health are not 
as well-established as those of prostate cancer; screening for osteoporosis 
is not recommended in the European agency for urology (EAU) guideline for 
testicular cancer,82 while the Endocrine society recommends screening of 
hypogonadal patients,83 which testicular cancer survivors frequently are.84

OA is one of the largest contributors to healthcare cost due to musculo-
skeletal disorders.67 Incidence of OA increases with age; globally 10% of men 
and 18% of women aged over 60 years have symptomatic OA.37,38 OA leads 
to annual healthcare expenses of approximately $80.0 billion in the Usa.67 
As such, it is a cause of long-term pain and disability in older adults, caus-
ing loss of work productivity and significant healthcare- and social support 
costs. Development of a DMOAD has the potential to relieve some of these 
costs.
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more accessible, method to evaluate BMD and bone structure, which can be 
applied directly in the clinic. However, it is not as frequently applied nor as 
well-established as DXA. A study for the accuracy and potential of QUS as a 
pre-screening tool in prostate cancer patients, is presented in Chapter 3. 
Chapter 4 reports the results of a first-in-human clinical study in which pa-
tients with metastatic castration resistant prostate cancer with osseous me-
tastases were included. The liposomal compound that was administered in 
this study, was designed to target osseous metastatic sites. The aims of the 
study were to investigate safety and tolerability and to explore efficacy.

Section II: Osteoarthritis therapies 

The current pipeline of treatment advances in OA is described in a clinical 
trial database review in Chapter 5. One of the categories in which clinical 
trials are ongoing, is cartilage metabolism. Chapter 6 describes the first-in-
human study of a chondro-stimulating compound (LRX712). The compound 
was administered to patients with knee osteoarthritis. Chapter 7 describes 
the outcomes of a first-in-human study with ART-I02. This gene-therapy 
product aims to give inflammation-driven expression of an anti-inflamma-
tory protein in the synovium, to inhibit the low-grade inflammatory state in 
the joint, and in the synovium in particular. In this study ART-I02 was intro-
duced into a target hand joint of patients with inflammatory hand arthri-
tis. The main objectives of the studies in Chapters 6 and 7, were to establish 
safety and tolerability of the compounds, and to explore efficacy.
A summary, general discussion and conclusions of the thesis are described 
in Chapter 8, and a summary conclusion in Dutch is given in Chapter 9.
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Abstract

Context   Testicular germ cell tumour (TGCT) survivors are potentially at 
risk of developing osteoporosis, because of increased risk for disturbed bone 
remodeling associated with hypogonadism and anti-cancer treatment. A 
number of studies show bone loss and increased fracture risk in TGCT sur-
vivors, but data are scarce. There are no clinical guidelines or recommenda-
tions issued to address skeletal health in this group of patients potentially at 
high risk for osteoporosis.
Objective   To conduct a systematic review of available literature ad-
dressing bone health in TGCT patients. Subgroup analysis was performed to 
identify risk factors for bone loss and increased fracture risk. 
Evidence Acquisition   Relevant databases including MEDLINE, Em-
base, and the Cochrane Library, including all English written comparative 
studies addressing bone health in TGCT patients were searched up to April 
2020 and a narrative synthesis was undertaken. Risk of bias (RoB) was as-
sessed using Cochrane ROBINS-I tool. 
Evidence Synthesis 	 10 studies (8 cross-sectional and 2 longitudinal), 
recruiting a total of 1,997 unique TGCT patients, were identified and included 
in the analysis. Bone health was reported in various ways in different studies, 
and subgroups were defined heterogeneously, resulting in a widely varying 
prevalence of osteoporosis reported to be present in up to 73.2% of patients. 
Six studies reported low BMD associated with higher luteinizing hormone 
levels and one study showed a correlation between follow up duration and 
bone loss. 
Conclusions   TGCT survivors are at risk of developing osteoporosis and 
sustaining fragility fractures. Chemotherapy, pituitary-gonadal axis dys-
function and ageing are key risk factors, although available data are scarce. 
With increasing survival of TGCT patients, a clear unmet need has been 
identified to systematically evaluate and monitor skeletal health in larger 
numbers of survivors in order to develop best clinical practice guidelines 
to manage the insidious but potentially preventable and treatable skeletal 
complications of TGCT.
Patient  Summary   Our systematic review summarizes available evi-
dence on skeletal health status in TGCT survivors suggesting that chemo-
therapy and hypogonadism are key risk factors for bone loss.

Introduction

Testicular germ cell tumours (TGCT) are the most common malignancy in 
men aged 15 to 40 years,1,2 representing a global incidence of 552,266 new 
cases per year in 2012.The introduction of cisplatin-based chemotherapy in 
the management of TGCT patients in the seventies that resulted in a sig-
nificant increase in cure rate to >95%, 1,3 and thus to a significant increase 
in survival time allowing the development of late comorbidities of initial 
disease as well as its treatment such as persistent hypogonadism, cardio-
vascular disease, metabolic disease and secondary malignancies to be ob-
served after decades of follow up.4,5 Depending on disease stage at diagno-
sis, treatment administered and time elapsed since treatment, between 16 
to 27 percent of TGCT survivors have been reported to be hypogonadal.6‾8 
This increased risk for hypogonadism, a recognized significant risk factor 
for bone loss and increased fracture risk particularly in elderly patients, is 
possibly exacerbated by the higher prevalence of testicular dysgenesis syn-
drome observed in TGCT patients.9 The cytotoxic chemotherapy and con-
comitant administration of corticosteroids which are administered to TGCT 
patients, have also been associated with Leydig cell insufficiency-induced 
hypogonadism,10‾12 and with increased prevalence of low bone mineral den-
sity (BMD).13 Whether this is a direct effect of chemotherapy on bone remod-
eling, or an indirect effect on this process due to Leydig cell insufficiency 
and associated hypogonadism, is as yet to be established.14 Whereas a num-
ber of studies address bone health in TGCT survivors, outcomes vary wide-
ly between different studies.15,16 The current EAU germ cell tumour guide-
line does not address bone health evaluation and monitoring in TGCT survi-
vors.17 The reported relatively high prevalence of hypogonadism and poten-
tial chemotherapy associated risk for bone loss and increased fracture risk 
in TGCT survivors has led us to systematically review all available evidence 
for increased prevalence of osteoporosis and fracture risk in this group of 
patients.

The main objective of this systematic review was to summarize available 
literature evidence for bone loss and increased fracture risk and potential 
risk factors thereof in TGCT survivors, in order to enable the issuing of best 
clinical recommendations for the evaluation and monitoring of this vulner-
able group’s bone health.
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Evidence acquisition
Search strategy and data sources

The protocol for this review has been published (www.crd.york.ac.uk/
PROSPERO; registration number CRD42019119868). Publications from 1990 
to December 2021 were searched. The study selection process was done ac-
cording to the Preferred Reporting items for Systematic reviews and meta-
analyses (PRISMA).18
The full search strategy can be found as supplementary materials. 

Inclusion- and exclusion criteria

All comparative studies were included. Single-arm case series, case re-
ports, commentaries, reviews, and editorial commentaries were excluded. 
Relevant systematic reviews were scrutinized for potentially relevant stud-
ies for inclusion. Studies had to involve adult men with histologically prov-
en TGCT stages T1-T3 according to the TNM staging system, who were treat-
ed with orchidectomy with or without chemotherapy and/or radiothera-
py. Comparative arms could consist of healthy adult males, a non-cancer 
patient group, or different treatment- or outcome arms of TGCT patients. 
Studies that included patients with a metabolic bone disease or congenital 
hypogonadism were excluded.

Only studies that reported BMD as measured using dual X-ray absorpti-
ometry (DXA) and/or fracture rates were included. 

Data extraction

Two authors (JPMV and PMLH) independently reviewed all titles, article ab-
stracts and full-text articles for inclusion in the systematic review of the 
literature. At each step, outcomes were summarized, compared, and dis-
cussed. Disagreement was resolved by consensus after discussion or con-
sultation with a third reviewer (PMW). The selection process is documented 
in a Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) flow diagram (Figure 1).18 A data extraction form was developed to 
enable uniform collection of detailed information from the studies that met 
the inclusion criteria and their outcomes. In case additional data were re-
quired to enable comparison with other included papers, authors of the se-
lected articles were approached to request the missing data. 

Extracted study characteristics included: country of conduct, study objec-
tive, study design, outcome measures, sample size (N), source of the study 

population, eligibility criteria, treatment arms and methods including BMD 
definition of osteoporosis. 

Data extracted also included demographic data (age, follow-up duration, 
BMI), details of treatment, BMD measurements (expressed as absolute val-
ues in g/cm2, T-scores and Z-scores), plasma measurements of gonadal hor-
mones and bone status indicators and any fracture data if available. In case 
of longitudinal studies, both baseline and follow-up data were extracted if 
available.

Assessment of risk of bias

The risk of bias of each included study was independently assessed by two 
authors (JPMV, PMLH) using the Cochrane ROBINS-I tool.19 Any disagree-
ment was resolved by consensus after discussion or consultation with a se-
nior reviewer (PMW). A list of outcome-specific prognostic confounders was 
a priori defined by the authors for each domain. These confounders included 
age, tumour type, follow-up duration, definition of the intervention, missing 
data across groups and incomplete reporting of results. 

Data analysis and statistics

A narrative synthesis of the included studies was performed using descrip-
tive statistics to summarize study and patient characteristics. Subgroups 
were defined on the basis of treatment administered, gonadal status, prev-
alence of fractures and follow-up duration. In case of longitudinal studies, 
baseline and follow-up data were included in the evaluation. 

Outcome of laboratory investigations of gonadal hormones and/or bone 
status indicators, fracture rates and fracture risk scores (e.g. FRAX-score) 
were analyzed and reported in a descriptive manner. 

Evidence synthesis
Study selection

The PRISMA flow chart depicting the process of the systematic literature 
search and selection of the included studies is shown in Figure 1.18 

After exclusion of duplicate studies, two authors (JPMV, PMH) selected 44 
articles for full-text evaluation after independently completing a review of 
176 Titles and Abstracts. A final cross-checked selection was made in keep-
ing with the outlined inclusion criteria for the review. This selection resulted 
in the inclusion of ten full-text publications, providing data on a total of 2921 
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TGCT patients, the number of which decreased to 1997 TGCT patients after 
confirmation of uniqueness. A combined total of 180 non-TGCT subjects 
were included as controls in the 10 studies included in the systematic review.

Characteristics of the studies included in the 
systematic review

Of the ten studies fulfilling the inclusion criteria for the systematic review, 
two studies, by Willemse (2014) and IJpma,20,21 were prospective non-ran-
domized controlled studies, and eight were cross-sectional, non-random-
ized controlled studies.15,16,21‾27 Population sizes ranged from 30 to 1249 
patients. Study characteristics of the included studies are shown in Table 1. 

Within studies, patients were grouped based on treatment re-
ceived,15,22,24,26,27 Murugaesu, Willemse (2014) and Ondrusova (2009) 
grouped based on tumour stage,16,20,25 Willemse (2010) grouped based on 
or presence of vertebral fractures on routine spine X-rays.15 Three studies 
compared TGCT patients with a control group of men without a diagnosis of 
cancer. IJpma and Isaksson included healthy controls,21,24 and the third, by 
Foresta et al.23 included patients with sexual dysfunction as control group. 
Nine studies additionally reported plasma gonadal hormone levels of LH, 
FSH, testosterone, SHBG and estradiol levels.15,16,20‾26 Bone status indicators 
were reported in four studies, of which vitamin D, calcium and parathyroid 
hormone were reported in two or more studies.15,16,22

Risk of bias assessment

The RoB assessment for all included studies is shown in Figure 2. This risk 
was ‘serious’ in all studies, although its potential cause remained confound-
ing as treatments were used to define groups. There was also a potential bias 
in the selection of participants due to missing inclusion or exclusion criteria.

BMD measurements

The DXA systems used, the sites measured, and the definitions used to in-
terpret measurement outcomes are shown in Table 1. Six studies used the 
Horizon Hologic system,15,16,20,21,25,26 for three studies, by Brown, Isaksson 
and Stutz,22,24,27 Lunar prodigy system was used, and Foresta did not re-
port which DXA system was used.23 All studies reported lumbar spine BMD 
outcomes, and nine studies also reported BMD as measured at other an-
atomic sites (hip/proximal femur, forearms, and/or whole body). The ex-
pression of outcome measures for BMD varied between studies; IJpma only 

reported T-scores,21 Willemse (2010 and 2014) and Murugaesu reported 
T- and Z-scores,15,16,20 Brown and Foresta reported only absolute BMD val-
ues in g/cm2,22,23 Isaksson reported Z-scores and absolute BMD values in g/
cm2,24 and Stutz reported T- and Z-scores in addition to BMD in g/cm2.27 In 
the two studies by Ondrusova (2009, 2018),25,26 BMD outcomes were report-
ed as odds ratios (OR) for osteopenia and osteoporosis compared to a refer-
ence group.

Nine studies used the world health organization (WHO) definitions for os-
teopenia (T-score >-1 to ≤-2.5) and osteoporosis (T-score ≤-2.5).15,16,20‾22,24‾27 
Foresta did not provide the criteria used to define osteoporosis or osteope-
nia.23 The prevalence of osteoporosis and/or osteopenia based on WHO defi-
nition definitions using T-scores or based on Z-scores was reported in eight 
papers.15,20,22‾27 

Treatment groups 

Seven studies compared orchiectomy-only treated patients with patients 
who were treated with orchiectomy and with chemotherapy and/or ra-
diotherapy.15,16,20,22,24‾26 Isaksson also compared the outcomes in differ-
ent TGCT treatment groups with those of healthy men.24 Foresta bundled 
all treatment groups and compared those with the results of a non-TGCT 
group.23 Two studies only included patients who had a specific treatment 
combination: IJpma et al.21 compared patients who had orchiectomy and 
chemotherapy with healthy subjects, and Stutz et al.27 performed a within-
patient comparison of patients irradiated- and non-irradiated sides.

BMD results

Table 2 details BMD results for all 10 studies included in the systematic 
review. 

Three studies compared BMD results of TGCT patients with those of non-
TGCT patients. IJpma and Isaksson had healthy controls as control group 
and Foresta had sexual dysfunction patients as a control group. IJpma and 
Foresta found a significantly lower BMD at the lumbar spine in TGCT pa-
tients compared to controls, with p-values of p <0.0001, and p=0.010.21,23,24 
Both studies compared patients who had undergone various treatments in 
the form of orchiectomy with or without chemotherapy and/or radiothera-
py with non-TGCT controls.21,23 Foresta also reported a significantly high-
er prevalence of Z-scores of ≤-2 in 23.8% in its combined mixed treatment 
TGCT group compared to 0% in the control group (p<0.0005).23
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The third study, by Isaksson et al.24, had a healthy control group and ex-
pressed BMD results as Z-scores. Although patients treated with chemother-
apy had a trend for lower BMD, this was not statistically significant compared 
to any other TGCT treatment group or healthy controls. The overall reported 
prevalence of Z-score≤-1 was 19% at hip and 21% at lumbar spine in all TGCT 
patients, compared to 12% at the hip and 26% at the lumbar spine in healthy 
controls with no statistical significance reported.

Seven, including Isaksson, evaluated BMD outcomes in TGCT patients 
treated with orchiectomy alone compared to TGCT patients who had chemo-
therapy and/or radiotherapy in addition to orchiectomy. IJpma and Willemse 
(2014) were longitudinal and reported a lower BMD in their chemotherapy-
treated group at follow-up.20,21 Ondrusova (2009) reported a higher prev-
alence of osteoporosis or osteopenia (73.2%) in the patients who had un-
derwent bilateral orchidectomy compared to the unilateral group (49.1%, 
p<0.001).25 Other studies did not report statistically significant differences 
in BMD at the lumbar spine or hip/proximal femur regions between treat-
ment groups.15,16,22,24,26 

A within-patient comparison of BMD at irradiated compared to non-ir-
radiated hip sites was conducted by Isaksson and Stutz.24,27 Both found that 
the proximal femur BMD was not affected by radiotherapy (p=0.855, p=0.37). 
Stutz et al.27 assessed BMD at the lumbar spine in irradiated patients and 
found that 13.3% had osteoporosis at lumbar vertebrae within the irradiated 
area, although on average lumbar spine BMD was higher than that of the de-
vice’s reference population (p=0.018). 

Fractures

Fracture related outcomes (vertebral, hip or non-vertebral) were reported in 
only by Willemse (2010) and Stutz.15,27 Stutz reported ‘no fractures’ in the four 
patients diagnosed with osteoporosis.27 In contrast, the study by Willemse 
(2010) reported a high prevalence of radiological vertebral fractures in 14% 
of patients based on evaluation of systematically performed lateral X-rays of 
the thoracic and lumbar spine in all patients included in their study (n=244), 
although they found no association between number- or grade of severity of 
vertebral fractures and BMD, age, tumour stage, treatment with chemother-
apy, gonadal status, or vitamin D levels.20

Follow-up data

In the eight studies with a follow-up cross-sectional design, interval time 
between treatment administration and analysis of follow-up data varied 

widely from 5 to 28 years after treatment.15,16,22‾27 The longitudinal studies 
reported follow up data for 1 year (IJpma) and 5 years (Willemse, 2014) after 
start of treatment.20,21

The effects of follow-up duration on changes in BMD were reported in five 
studies,16,20,21,23,25 with low BMD more frequently found in patients with a 
longer follow-up. Foresta reported a Z-score of ≤-2 in 16.6% of patients after 
2-3 years, and in 40.7% at 6-7 years, p<0.05.23 Ondrusova found a significant 
risk of developing osteopenia and/or osteoporosis 8 to 10 years after surgery 
in patients who had undergone unilateral or bilateral orchidectomy, respec-
tively.25 The studies with a longitudinal design by Willemse (2014) and IJpma, 
found a significantly lower BMD (p≤0.004, p=0.034 respectively) at follow-
up than at baseline in patients who had undergone chemotherapy, although 
the prevalence of osteoporosis and/or osteopenia was not reported for these 
treatment subgroups.20,21 Murugaesu did not find significant differences in 
BMD based on follow-up duration.16

Laboratory markers of gonadal status and bone 
status

Details of plasma levels of gonadal hormones and bone status indicators are 
shown in Table 3. Plasma levels of luteinizing hormone (LH) and free testos-
terone (FT) were reported in 9 studies,15,16,20‾26 of which Foresta excluded hy-
pogonadal patients, based on baseline testosterone levels. None of the stud-
ies reported testosterone/LH ratios and six of the 9 studies did not report on 
the use of testosterone replacement therapy, or addressed the possible re-
lationship between gonadal status and BMD.16,21‾23,25‾27 Of the three studies 
that did, Isaksson did take into account testosterone and LH levels and use of 
hormone replacement therapy to define hypogonadism and found that hy-
pogonadal patients with- and without androgen replacement therapy had 
6-9% lower hip BMD (p=0.043 and p=0.037, respectively).24 In the other two 
studies, by Willemse (2010, 2014), LH levels were not taken into account to 
define hypogonadism and there was no relationship identified between hy-
pogonadism and BMD.15,20 

Subgroups of TGCT patients were found to have an increased LH level in 
six studies, of which five studies reported a significant difference specifi-
cally between treatment groups (chemotherapy yes/no, or patients/con-
trols), including the three studies with non-cancer control groups.21,23‾26 
The sixth study, Willemse (2014) reported higher LH levels and lower BMD at 
follow-up in patients with more advanced (disseminated) TGCT compared 
to stage I TGCT. Significantly increased LH was found in combination with 
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a significantly lower BMD in five out of six studies,20,21,23,25,26 Isaksson, who 
reported increased LH levels, found a non-significant decrease in BMD.24 
Willemse (2010), Murugaesu and Brown found no significant changes in LH 
matching the absence of a difference in BMD outcomes.15,16,22

Four studies reported significantly lower testosterone levels in TGCT. 
Willemse 2010, Ondrusova 2009 and Ondrusova 2018 showed significant-
ly lower serum free testosterone levels 3 months to 30 years after treatment 
in patients who had undergone orchiectomy and chemotherapy, compared 
to those who had undergone orchiectomy alone.15,25,26 IJpma reported free 
testosterone levels were significantly lower in TGCT patients one year after 
treatment was started, compared to levels in healthy volunteers and also 
reported simultaneously lower BMD at follow-up compared to baseline.21 
Murugaesu reported higher levels of free testosterone in the orchiectomy 
and chemotherapy group associated with a higher BMD compared to patients 
who had orchiectomy alone.16 The other four studies which reported on tes-
tosterone levels did not report significant or clinically relevant differences 
or trends, or a significant change in BMD over time between groups.20,22‾24 

Estradiol levels were measured in five studies, testosterone levels were 
also measured in these studies. 15,16,20,22,23 Willemse (2014) reported signif-
icantly higher pre-treatment estradiol level (p=0.007) in patients with dis-
seminated disease, compared with levels in those with stage 1 disease.20 No 
significant differences in estradiol levels were found between different stag-
es of TGCT in four other studies.15,16,22,23 

Plasma concentrations of follicle stimulating hormone (FSH) were re-
ported in five studies.15,16,20,22,23 Significantly higher FSH levels were found 
in TGCT patients compared to patients with sexual dysfunction by Foresta,23 
whereas Willemse (2010 and 2014) and Brown reported higher FSH levels 
in subgroups of patients with disseminated TGCT after chemotherapy, or 
after a long duration of follow-up.15,20,22 A combination of elevated FSH and 
low BMD was only observed in the by Brown, including a non-TGCT control 
group.22 Murugaesu did not report significant differences in FSH levels be-
tween treatment groups, or differences in BMD between groups.

Vitamin D and parathyroid hormone levels were measured in four stud-
ies,15,16,22,23 one of which (Foresta) found significantly lower levels of both vi-
tamin D and parathyroid hormone in TGCT patients compared to non-can-
cer controls (p<0.00001). No statistically significant difference was found in 
plasma levels of calcium or sex hormone binding globulin (SHBG) in TGCT 
patients compared to controls or between TGCT treatment groups in any of 
the studies included.

Discussion

Testicular germ cell tumour survivors, particular those treated with chemo-
therapy, are at increased risk of having a low BMD. Evidence for this is main-
ly provided by data generated from two robust longitudinal studies show-
ing a lower BMD in TGCT patients treated with chemotherapy compared to 
TGCT patients treated with orchiectomy only. 20,21 A second risk factor for de-
creased BMD, identified in these patients is a long duration of follow-up, also 
after correction for age,20,21,23,25 possibly due to long-term effects of chemo-
therapy, the cumulative dose of corticosteroids administered as antiemetic 
treatment during chemotherapy, or longer exposure to hypogonadism.6,13 
High serum LH concentrations, were found to be associated with low BMD 
measurements, also in the absence of low serum testosterone levels,20,23,24 
suggesting that LH may have a direct negative effect on bone remodeling 
representing a risk factor for osteoporosis in its own right. This, however, 
remains to be established, as most studies did not include a separate analy-
sis of the effect of gonadal status on BMD outcomes, which may identify the 
groups most at risk. The finding of high LH rather than low testosterone in 
TGCT survivors is in line with findings of three other studies. which did not 
show a relationship between serum estradiol and bone health or fracture 
risk.6,7,28 Use of corticosteroids was not reported in half of the studies and 
none of the studies performed a separate analysis or reported the dose/du-
ration of corticosteroid treatment.20,29

The only study systematically addressing the skeletal complications of 
TGCT in long-term survivors revealed a high prevalence of radiologically di-
agnosed often asymptomatic vertebral fractures pointing to an increased 
fracture risk, even in the absence of a low BMD.15 Findings from this study 
thus suggest that it is not only a decrease in bone quantity but potential-
ly also a decrease in bone quality that may be responsible for the increased 
fracture risk observed in TGCT patients. Whether this fracture risk could 
be decreased or prevented by bone modifying treatment remains to be 
established. 

This review has strengths as well as limitations. Its main strength is that 
to our knowledge, this is the first review that provides a complete overview 
of the current, albeit scarce literature on bone health, fracture risk and po-
tential risk factors associated with loss of bone mass and increased fracture 
risk in TGCT survivors. A further strength of this review is that it is a PRISMA-
adhering systematic review using a robust summation of available evidence 
on bone health in TGCT survivors. 
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The review also has a number of limitations including the heterogeneity and 
risk of bias of the populations studied and of reported outcomes, the small 
number of patients included in each study (mostly <100 patients), and the 
inability to access individual data for most studies, thus precluding the con-
duct of a meta-analysis. Eight of the 10 studies included in the review had a 
non-randomized, retrospective design, and the remaining two were non-
randomized prospective studies.20,21 Some studies also used different mea-
surement devices, not cross-calibrated with each other, and used at differ-
ent time windows with different reference values.30‾32 These limitations 
highlight the need for standardized protocols, the collection of full sets of 
data, and uniform methods of reporting in order to allow the issuing of best 
clinical guidelines and recommendations on how best to manage the skel-
etal complications of TGCT 

Implications for clinical practice.

Despite the scarce data available, findings from this systematic review of the 
literature reinforce the view that bone health, especially fracture risk should 
be thoroughly evaluated and monitored in newly diagnosed as well as long-
term TGCT survivors, an unmet need not addressed by the current, recent-
ly updated (2021) EAU guideline for follow-up of germ cell tumour survi-
vors.17 The 2014 Endocrine Society’s guidelines for the diagnosis of osteo-
porosis in men recommends screening hypogonadal men for osteoporosis 
from the age of 50.33 However, TGCT survivors are generally young and sur-
vival rates have significantly improved, so that they might be exposed to the 
long-term effects of chronic hypogonadism, further increasing their future 
risk for osteoporosis, fragility fractures and associated morbidities.1,2,31,34 
However data are still scarce in this field and further research is warrant-
ed to reach firmer conclusions on the relationship between treatment mo-
dalities, hypogonadism, BMD outcomes and fracture risk in TGCT survivors. 
Notwithstanding, in keeping with findings reported in studies included in 
this systematic review showing a high prevalence of abnormal gonadal sta-
tus in TGCT patients that may significantly impact on bone health, we would 
urge for special attention to be paid to the evaluation and monitoring of go-
nadal hormone status and bone health including BMD measurements and 
clinical and radiological evaluation of fracture risk in newly diagnosed as 
well as long-term survivors of this malignancy regardless of their age.33,34 

Implications for future research

In addition to the systematic collection of data, using standardized proto-
cols for consolidation of the scarce available evidence, several additional is-
sues remain to be explored on the pathophysiology of decrease bone quanti-
ty and/bone quality in TGCT survivors, both being potentially associated with 
increased bone fragility. There is an unmet need to address fracture rates in 
all future studies on TGCT survivors as solid fracture outcome data are lack-
ing in the majority of thus far reported studies. Potential areas of interest in-
clude the role of abnormalities in gonadal hormones and in Leydig cell func-
tion, the latter reported to be prevalent in 9-27% of TGCT patients.6,7,35 On 
this topic, it would be of potential value to explore the value of human cho-
rionic gonadotropin (hCG) levels as a biomarker of pituitary-Leydig cell axis 
function, in identifying patients at risk of developing hypogonadism-relat-
ed complications.36 

Conclusions

Despite high risk of bias in all included studies, our findings from this sys-
tematic review suggest that TGCT survivors are at risk for skeletal complica-
tions in the form of decreased bone mass and increased bone fragility, also 
independently from BMD. Risk factors identified are chemotherapy-asso-
ciated abnormalities in gonadal status and longer survival. These findings 
call for gonadal hormone status and bone health including BMD measure-
ments and clinical and radiological evaluation of fracture risk to be inves-
tigated and monitored in newly diagnosed as well as long-term survivors 
of this malignancy regardless of age, in order to enable early diagnosis and 
management to reverse or prevent these complications.
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Figure 2  Risk of bias assessment for A: Individual studies and B: Across studies.Figure 1	 Study selection flow diagram according to the Preferred Reporting items for 
Systematic reviews and Meta-Analyses (PRISMA) guidelines.

1 Wrong article types included case reports and reviews.

B

a

Based on the assessment of each domain, domain-level risk-of-bias judgement are ‘low’: comparable 
to a RCT with regard to this domain (grey), ‘moderate’ sound for a non-randomized study with regard to 
this domain, but cannot be considered comparable to a well-performed randomized trial (light-grey), 
‘serious’: the study has some important problems in this domain (dark-grey), ‘critical’ the study is too 
problematic to provide any useful evidence and should not be included in any synthesis. The overall risk 
of bias is determined based on the assessment of all domains; as all studies had at least one domain 
with serious risk of bias (and none with a critical risk of bias), all studies must be assessed as having 
serious risk of bias.19
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ABSTRACT 

Purpose   Non-metastatic prostate cancer (PCa) patients are at increased 
risk for osteoporosis and fractures mainly due to androgen deprivation ther-
apy (ADT)-associated hypogonadism, but this remains largely underdiag-
nosed and undertreated. In this study, we examine the value of pre-screen-
ing calcaneal QUS in the identification of patients who should be referred for 
screening for osteoporosis using dual-energy X-Ray absorptiometry (DXA). 

Patients  and  methods   In a single-center cross-sectional study, 
all non-metastatic PCa patients attending our Uro-Oncological Clinic be-
tween 2011-2013 had DXA and calcaneal QUS measurements to assess pos-
itive (PPV) and negative (NPV) predictive value of QUS in identifying DXA-
diagnosed osteoporosis (T-scores ≤2.5 and ≤-2) at lumbar spine and/or fem-
oral neck by analysis of receiver operating characteristic curves at QUS 
T-scores 0, -1.0, and -1.8

Results   We studied 256 patients, median age 70.9 (53.6-89.5) years, 
93.0% of whom had local treatment and 84.4% ADT. Prevalence of osteopo-
rosis and osteopenia was respectively 10.5% and 53%. Mean QUS T-score was 
-0.54±1.58. Whereas PPV of any QUS T-score was <25%, QUS T-scores be-
tween -1.0 and 0.0 had a NPV of ≥94.5% for DXA T-scores ≤2.5 and ≤-2 at any 
site, ruling out osteoporosis and significantly reducing the number of pa-
tients requiring DXA screening by up to two-third.

Conclusion  Calcaneal QUS is an easy, inexpensive pre-screen tool with 
an excellent NPV for osteoporosis for osteoporosis in non-metastatic PCa. 
Pre-screening PCa patients with QUS allows the safe and cost-effective lim-
itation of referrals for unnecessary DXA by confidently identifying patients 
least likely to have osteoporosis.

Introduction

Prostate cancer (PCa) is the second most common cancer in men worldwide, 
most frequently diagnosed above the age of 65 years.1 Androgen deprivation 
therapy (ADT) is the mainstay of treatment for localized, locally advanced, as 
well as metastatic PCa2,3, with treatment duration varying from <3 years to 
life-long depending on the stage of the disease.2-4 ADT effectively prolongs 
overall survival5 but is always associated with a rapid decline in circulating 
gonadal hormones, in addition to the expected age-related decrease in go-
nadal function. This results in a disruption in bone remodelling, a decrease 
in bone mass and a deterioration in bone microarchitecture, and associat-
ed increased risk of fracture.6-8 Evidence from prospective studies show a 
significant decrease in bone mineral density (BMD) in the range of 2.4% to 
5.6%, observed as early as 6 months and maximal in the first year of treat-
ment with ADT,9-12 with continuing further decreases in BMD on continu-
ing treatment. The prevalence of osteoporosis has thus been reported to be 
49% after 4 years of treatment, 66% after 8 years, and 81% after 10 or more 
years on continuous ADT.10 Two large U.S. cohort studies showed that frac-
ture rates increased from about 6.5% per annum in PCa patients who do not 
receive ADT, to about 7.9% in those who do receive this treatment.13,14 It has 
been suggested that treatment with bisphosphonates may prevent the ex-
tent of BMD loss.11,12 

Dual-energy X-ray absorptiometry (DXA) is the gold standard for screen-
ing for osteoporosis, with the World Health Organization (WHO) reference 
standard for the diagnosis of osteoporosisoutcomes expressed as T-scores, 
representing standard deviations from the mean in a young female adult 
reference population (NHANES).15,16 WHO criteria are used for the diagno-
sis of osteoporosis (T-score ≤2.5) at the femoral neck (FN) and lumbar spine 
(LS) and to respectively predict osteoporotic hip- and vertebral fractures.17,18 

For long, there had been no clear urological or medical oncological guide-
lines for screening bone health in PCa patients at the start or during treat-
ment with ADT,19,20 until data from large cohort studies prompted aware-
ness for the increased fracture risk observed in PCa patients undergoing 
this treatment.13,14 Although current Urological and oncological Societies’ 
guidelines clearly recommend bone health surveillance using DXA in pa-
tients with PCa at the start of ADT,2,3,21,22 and the higher rates of osteoporosis 
and fragility fractures translate in increased morbidity, mortality and socio-
economic burden in these patients,23 it appears that bone health monitoring 
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still does not meet current guideline recommendations in patients with PCa 
who are treated with ADT.24‾26

Surveys conducted among urologists and oncologists revealed that phy-
sicians were not confident in screening for and managing osteoporosis in 
PCa patients.24,25 A Canadian study conducted in 22,033 men who received 
ADT for >12 months thus showed that although BMD screening rates had 
risen nearly 6-fold from 4.1% of patients in 2000 to 23.4% studied in 2015, 
there is still an unmet need for improving the diagnosis of osteoporosis, per-
haps by using alternative screening strategies to overcome logistic and eco-
nomic barriers of current strategies for osteoporosis screening.25 DXA mea-
surements of BMD are relatively expensive, and not always readily available. 
Calcaneal quantitative ultrasonography (QUS) is a practical, easy to use tech-
nique for bone mass measurement holding several potential advantages 
over DXA measurements by being portable, radiation-free and inexpensive. 
QUS could thus represent a simple, quick outpatient tool to pre-screen pa-
tients with PCa for osteoporosis, saving operator and patients’ time and costs 
by avoiding referral for unnecessary DXA investigations.27 Whereas pre-
screening by QUS was found to be more cost-effective than screening with 
DXA in postmenopausal women,28 there are to date no available data on the 
value of QUS in pre-screening large cohorts of PCa patients for osteoporosis.

The main objective of this study was to investigate the value of calcane-
al QUS in identifying patients with non-metastatic PCa who require screen-
ing for osteoporosis using DXA, thus allowing the reduction of the number 
of unnecessary referrals for this investigation.

Patients and methods
Patient population 

All patients with non-metastatic PCa treated with ADT who attended our 
Uro-oncological out-patient Clinic at the Leiden University Medical Center 
between November 2011 and May 2013 were included in this single cen-
tre cross-sectional study (Figure 1). Patients were treated for their prostate 
cancer using standardized protocols that followed up to date international 
guidelines.29

All patients studied underwent an evaluation of their bone health, which 
included DXA BMD and calcaneal QUS measurements, performed within a 
week of each other, and a venepuncture for laboratory investigations includ-
ing gonadal status and bone turnover markers. 

Demographic and clinical data were retrieved from the patients’ electronic 
medical records and included medical history, history of fractures and docu-
mentation of prevalent fractures, fracture risk factors such as previous frac-
ture, family history for hip fracture, corticosteroid use, secondary causes for 
osteoporosis, smoking and alcohol consumption and records of osteoporo-
sis treatment such as bisphosphonates or denosumab and use of calcium 
and vitamin D supplementation. 

A telephone survey was conducted in 2019 in PCa survivors, in an exten-
sion of the study, to collect follow-up information on incident new fractures 
sustained in the years since the initial cross-sectional evaluation, on current 
use of ADT, and on use of osteoporosis medication such as bisphosphonates, 
denosumab and calcium and vitamin D) (Figure 1).

Bone health evaluation 
Bone mineral density measurements by DXA 

BMD was measured at the LS (L1-L4) and at both FNs using dual energy 
X-ray absorptiometry scans (DXA, Hologic QDR 4500; Waltham, MA, Usa) 
equipped with reference values based on the National Health and Nutrition 
Examination Surveys (NHANES),15 which are compatible with those of a 
Dutch control population. World Health organization (WHO) criteria were 
used to define osteopenia (T-score between -1 and -2.5) and osteoporosis 
(T-score ≤2.5), based on the lowest T-score at any site. CV of the DXA mea-
surements was established by repeated (approximately 1800) phantom 
measurements in our nuclear medicine department, leading to a CV of 
2-3%, depending on the anatomic location. For all analyses, the left FN value 
(or contralateral hip in case of hip replacement) was used for all analyses. 
In addition to using the T-score of ≤2.5, the WHO operational definition of 
osteoporosis, we also conducted an analysis of data using a DXA T-score of 
≤-2.0 in order to minimize the chance of missing patients who may have an 
increased fracture risk at this higher cut-off point, especially because of the 
high likelihood of ADT-induced hypogonadism known to contribute to in-
creased fracture risk by also compromising bone quality.30,31 

Quantitative ultrasound scanning of the calcaneus 

QUS was performed by a dedicated experienced nurse at the left calcaneus 
site using the FDA approved Lunar Achilles ultrasound device (GE Healthcare 
LUNAR, Madison, Wisconsin, Usa), which has a coefficient of variation 
<2.0%. Measurements obtained included Speed Of Sound (SOS) expressed 
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in meters/sec and Broad Band Attenuation (BUA) expressed in dB/MHz. QUS 
results are expressed as T-score of the stiffness index, which is related to 
elasticity and mechanical stiffness, and bone strength, and takes into ac-
count both SOS and BUA (stiffness index = (0.67×BUA) + (0.28×SOS) – 420). 
The LUNAR Achilles ultrasound device was calibrated at regular intervals, 
according to manufacturer’s instructions. 

The randomly selected QUS T-scores of 0 and -1.0, and of -1.8 were used 
based on manufacturer’s recommendations to study their predictability for 
the operational diagnosis of osteoporosis as defined by WHO criteria of BMD 
T-score ≤2.5 as well as the higher threshold of BMD T-score ≤2.0, using ROC 
curves and the above selected QUS T-score cut-offs based on trade off of sen-
sitivity and specificity. 

Fragility Fractures 

Data on prevalent fragility fractures including vertebral fractures, hip frac-
tures and/or non-vertebral fractures at the time of the cross-sectional study 
were retrieved from the patients’ electronic dossier.

Data on incident new fractures were obtained by telephone interview 
of PCa survivors at a fixed date spanning a week in 2019, between 5 and 7.5 
years after initial evaluation. The date and type of the fracture and its radio-
logical confirmation were retrieved from medical records when available. 

Laboratory investigations 

Laboratory investigations performed at the time of the cross-sectional eval-
uation of bone health included a routine biochemistry panel, gonadal status 
as assessed by plasma concentrations of total testosterone, luteinizing hor-
mone, and sex hormone-binding globulin (SHBG), PSA, 25(OH)D3 vitamin 
D concentration (normal value >50nmol/l), and bone turnover markers in-
cluding the bone formation marker: N-terminal pro-peptide of type 1 pro-
collagen (P1NP, normal value <59 ng/ml) and the bone resorption marker: 
beta-carboxyl-terminal cross-linking telopeptide of type I collagen (β-CTX, 
normal value <0.85 ng/ml) 

Statistical analysis 

SPSS 28 for Windows software package (SPSS Inc., Chicago, IL, Usa) was used 
for statistical analysis. The χ2-test for categorical variables and Student's 
T-test or Mann–Whitney test (two-sided) for non-normally distributed vari-
ables were used as appropriate. Data are presented as mean ± SD, median 

and range, or as percentages A p-value of <0.05 (two-tailed) was considered 
statistically significant. Correlation analysis was performed using a two-
tailed Pearson correlation coefficient with a significance level of p< 0.05. 
Negative predictive value (NPV) and positive predictive value (PPV) were cal-
culated for various QUS T-score thresholds compared to WHO BMD T-score 
≤2.5 -defined osteoporosis and BMD T-score ≤2.0. 

Receiver operating characteristic (ROC) curve analysis was used to evalu-
ate the discriminatory ability of QUS to detect osteoporosis at lumbar spine 
and femoral neck as measured by DXA. The area under the curve (AUC) was 
calculated for available DXA sites with a confidence interval of 95%. The area 
under the curve (AUC) was also calculated for a DXA T-score of ≤2.0 at lum-
bar spine and femoral neck for the ROC curve analysis. Two‐tailed p < .05 was 
considered statistically significant.

Results 
Cross-sectional study
Demographic data 

Baseline characteristics of the 256 non-metastatic PCa patients studied, in-
cluding age, body mass index and clinical risk factors for osteoporosis, are 
shown in Table 1. Median age was 71.3 years, range 53.6-89.5. 238 men (93.0%) 
were treated with local radiotherapy to the prostate (80.1%) or prostatecto-
my (12.9%) and the majority (216, 84.4%) had received ADT for up to 3 years 
prior to the cross-sectional study (average 24 months): 44 patients (17.2%) 
had received ADT for less than 6 months, and 172 (67.2%) received ADT for 
a period of 6 to 36 months at the time of the evaluation, at which time only 
five patients (2%) were using a bisphosphonate ± calcium and vitamin D sup-
plements as treatment for a documented osteoporosis (Table 1). Clinical risk 
factors for osteoporosis are also detailed in Table 1.

Bone Measurements 
DXA 

Mean DXA T-scores at LS and FN were respectively -0.47±1.46 SD, median 
-0.60 (range: -4.20 – 4.00) and -1.03±0.93, median -1.20 (range: -3.20 – 2.50). 
136 Patients (53.1%) had osteopenia (T-score ≤-1.0 to ≥-2.5) at either LS or 
FN: 5.9% at the LS alone, and 29.7% at the FN alone. Twenty-seven patients 
(10.5%) had osteoporosis (T-score <2.5) at either the lumbar spine or the fem-
oral neck: 17 (6.6%) at LS alone, and 15 (5.8%) at FN alone.
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Thirty-nine patients (15.2%) had a DXA T-score of ≤2.0 at the spine, and 
58 (22.6%) at either left or right FN. Overall, 75 (29.2%) patients had a DXA 
T-score of ≤2.0 at any measured bone site. 

BMD outcomes of the 40 patients who did not receive ADT were not sig-
nificantly different from the 216 patients who did. 

QUS 

Mean T-score for QUS was -0.54±1.58 SD, median -0.65 (range: -3.70-4.00). Of 
the total 256 PCa patients evaluated, 170 (66.4%) had a QUS T-score ≤0, 108 
(42.2%) had scores ≤-1.0, and 56 (21,9%) had scores of ≤-1.8 (Table 2). 

Prevalent fractures

Only eleven of the 256 patients (4.2%), median age 76.6 (range 58.9-83.8) 
years, had documented prevalent fragility fractures at the time of the cross-
sectional study (Table 1). Four patients had a vertebral fracture (one each 
with 1,2,3 and 4 VF, respectively), one had a hip fracture in addition to 2 VFs 
and 4 rib fractures. Five patients had sustained non-vertebral fractures (hu-
merus, femur, pelvis, ribs, shoulder). Only 3 of these 11 patients had osteo-
porosis (1 at LS, and 2 at FN).

Median QUS T-score was -2.10, range -3.40 to 3.80. Nine of 11 patients had 
a QUS T-score <0, and six had a QUS T-score ≤-2.0 (range -3.40 to -2.10). 

All 11 patients had normal β-CTX measurements, 3 had slightly elevat-
ed P1NP plasma levels (data not shown), and in all fractures occurred 1 to 25 
years after the start of their ADT treatment. 

Laboratory measurements 
Receiver Operating Curve (ROC) 

There was a moderate correlation between T-scores as measured by calca-
neal QUS and DXA T-score at the LS (r=0.43; p<0.001) and at the FN (r=0.46; 
P<0.001). 

Predictive value of QUS for osteoporosis 

Frequencies of patients without osteoporosis (DXA T-scores ≤-1.0 >-2.5) and 
with osteoporosis (DXA T-scores ≤-2.5) at LS, FN or either LS or FN and cor-
responding distribution of three different QUS T-score thresholds 0, -1.0 and 
-1.8 are shown in Table 2.

The NPVs and PPVs for the three QUS T-score thresholds of 0. -1.0 and 
-1.8 are shown in Table 3. All NPVs for osteoporosis at either LS and/or FN 

were ≥94.5% and did not change significantly when varying the QUS T-score 
threshold value between 0 and -1.8 (Table 3). In contrast, PPV’s were only 
<25% at any QUS T-score. A QUS threshold of -1.0 to 0.0 would thus lead to a 
34.0 to 57.8% reduction of DXAs required to diagnose osteoporosis. 

ROC curves were constructed for QUS T-scores using DXA T-scores of 
≤2.5, and for DXA T-scores of ≤2.0). The latter are shown in Figure 2 respec-
tively for lumbar spine (left panel; AUC 0.731, p-value <0.001), for femoral 
neck (middle panel; AUC 0.753, p-value 0.002) and for any site (right panel; 
AUC 0.725, p-value <0.001). 

The area under the curve (AUC) for QUS T-Scores using DXA T-score of 
≤2.5 were not different, namely for lumbar spine: AUC of 0.739, p-value 0.001; 
for femoral neck: AUC 0.753, p-value 0.753 and for any site: AUC of 0.725, p-
value of <0.001. 

Follow-up data analysis (telephone interview)

A follow up telephone interview could be conducted in 155 of 163 survivors 
(Figure 1). Of these 155 patients, 11 (7%) were on ADT for biochemical recur-
rence or metastases.

Forty-two patients (27.1%) reported episodes of sudden back pain, of 
whom 5 (3.2%) had radiologically confirmed vertebral fractures (VF). Among 
survivors in remission from their PCa, 15 reported radiologically confirmed 
fractures; 11 (7.1%) after adequate and 4 (2.6%) after inadequate trauma. 
Initial QUS T-scores of the 4 fracture patients were low (median -3.05, range 
-3.6 – 0.2), and only one would have been diagnosed with osteoporosis based 
on LS/FN DXA T-scores. One of 4 survivors with an incident fracture at fol-
low up also had a prevalent fracture at baseline. His baseline DXA showed 
normal BMD at LS and osteopenia in the FN, whereas calcaneal QUS T-score 
was -3.40. 

Discussion 

Findings from our cross-sectional study of 256 non-metastatic PCa pa-
tients followed in the out-patient clinic of our uro-oncological clinic, con-
firm a diagnosis of osteoporosis based on a WHO DXA T-score of ≤-2.5 to 
be present in 10.5 %, and of osteopenia in 53.1% of patients, despite the ma-
jority (84.4%) having been on ADT at some stage prior to the study or were 
currently using this therapy for at least 6 months. A DXA T-score of ≤-2.0, a 
cut-off we chose to include in the analysis because of the high likelihood of 
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ADT-induced hypogonadism, which may not only contribute to a decrease in 
BMD, but also to a BMD-independent decrease in bone quality, both increas-
ing fracture risk, was present in 29.2% of patients. 

The high worldwide prevalence of PCa, and the high percentage of PCa pa-
tients who will receive treatment with ADT and will be at high risk for osteo-
porosis and fractures, raises the need for a simple outpatient selection tool 
to enable the identification of patients who require screening for osteoporo-
sis and thus reduce the number of unnecessarily referrals for DXA. Whereas 
DXA measurements remain the gold standard for osteoporosis screening,33 
the investigation is costly, not always (readily) available and fractures may 
occur at T-scores thresholds higher than the operational diagnostic thresh-
old ≤-2.5 particularly in the presence of factors potentially affecting bone 
quality such as hypogonadism. Low threshold, cheaper and faster, screening 
methods such as QUS have been found to be cost-effective,28 and could im-
prove the screening rate for osteoporosis, ultimately resulting in improve-
ment of the economic and patient burden of osteoporosis.32

DXA and QUS measure different aspects of bone strength. Whereas DXA 
measures bone mineral density and content, reflecting material properties 
of bone, QUS measures trabecular sound transmission reflecting trabecu-
lar microarchitecture and thus structural properties of bone, both impor-
tant components of bone quality and thus bone strength, thus representing 
potentially complementary tools in the prediction of fracture risk. Others 
found a moderate correlation between DXA T-scores and QUS outcomes in 
prostate cancer patients.33 Previous studies conducted in healthy men and 
women showed that QUS was at least comparable to DXA for predicting frac-
tures in healthy men and women 34,35. In two 10-year prospective studies, 
one including 3,883 postmenopausal women, the second including 1,511 
men and women aged ≥65 years, QUS was shown to be able to predict future 
"osteoporotic" fractures equally or better compared to DXA.34,35 In another 
study of osteoporotic fractures conducted in 5,607 men aged ≥ 65 years re-
cruited from six US centres, QUS measurements predicted the risk of hip and 
any non-vertebral fracture in older men, nearly as well as hip BMD measure-
ments, although combined measurements of QUS and BMD were not supe-
rior to either measurement alone.36

The main objective of our study was to evaluate the pence of QUS in identi-
fying non-metastatic PCa patients found to have osteoporosis using the DXA 
WHO criteria (BMD T-scores of ≤-2.5), or those potentially at risk for frac-
ture at a higher T-score threshold of ≤-2.0, and to establish the QUS cut-off 

T-score threshold correlating best with these DXA T-scores to allow the tar-
geted selection of patients requiring DXA referral for screening for osteopo-
rosis. Applying device-specific QUS T-score thresholds between 0 and -1 es-
tablished a certainty level high enough to rule out osteoporosis in non-met-
astatic PCa patients, with NPVs for DXA-based osteoporosis at any site being 
≥94.5%, translating in significantly limiting the need for referral for a diag-
nostic DXA for osteoporosis in up to two-third of patients, with an acceptable 
low osteoporosis misclassification rate of <6%. 

To our knowledge, this is the second study addressing the value of QUS 
compared to DXA in the diagnosis of osteoporosis in PCa patients. A first 
study conducted in 60 PCa patients,33 showed that a QUS threshold T-score 
≤−0.5 would avoid performing 21 (35%) of DXA scans at the cost of missing 
one case (5.6%) compared with DXA T-score of ≤−2.0 (NPV 95%).33 

Our findings from this cross-sectional study conducted in a much larger 
cohort of non-metastatic PCa patients show that although QUS represents 
an attractive pre-screen tool to rule out a diagnosis of osteoporosis in these 
patients, as shown by the very high negative predictive value of QUS T-score 
thresholds of 0, -1 and -1.8 (94.5% to 97.7%) for osteoporosis, the low posi-
tive predictive value of this tool for osteoporosis (<25%) indicates that QUS 
lacks specificity to replace DXA in establishing a diagnosis of osteoporosis 
in these patients.

Our cross-sectional study has strengths as well as limitations. Its main 
strength is the relatively large cohort of strictly non-metastatic PCa patients, 
treated in a single centre, using standardized protocols following interna-
tional guidelines, the majority at whom were at risk for osteoporosis and 
fractures due to ADT-induced hypogonadism and all had DXA and QUS in-
vestigations at no longer than a week interval. Exclusion of metastatic PCa 
disease is also a strength of our study, as it avoids potentially falsely in-
creased BMD measurements at lumbar spine and/or femoral neck, due to 
PCa metastases frequently harboured at these sites (~90% of cases). In con-
trast, calcaneal QUS measurements remain unaffected by metastatic dis-
ease as calcaneal bone is a very rare site of bone metastases in PCa. 

Our study also has limitations, the main of which is that the number of 
prevalent fractures at the time of initial evaluation and the number of inci-
dent new fractures self-reported by survivors at the time of the telephone 
survey may have underestimated the actual number of vertebral fractures 
and their grades as thoracic and lumbar spinal radiology was not systemati-
cally performed at the time of the cross-sectional evaluation or at any time 
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thereafter, so that silent non-clinical vertebral fractures, which often occur 
in patients with secondary osteoporosis may have been missed. Incident 
fractures were also self-reported and radiological confirmation was not al-
ways available from the patients’ medical records. These limitations pre-
cluded reaching any reliable conclusion on the value of DXA, of QUS or a 
combination of the two in the prediction of fracture risk in patients with 
non-metastatic PCa who are at high risk for these fractures because of ADT-
associated hypogonadism. A further general limitation of the study is that 
QUS instruments have a relatively high variation coefficient and that conse-
quently, results obtained using a specific device may not be extrapolated to 
another device or to absolute QUS device thresholds.37 

In conclusion, our data show that although QUS may not be used for the 
diagnosis of osteoporosis as traditionally defined by WHO criteria in non-
metastatic PCa patients, we provide evidence that outpatient pre-screen-
ing for osteoporosis using a device-specific threshold of QUS T-scores rep-
resents a simple, convenient, cosT-effective tool, confidently ruling out pa-
tients who are highly unlikely to have osteoporosis. This outcome translates 
in a significant reduction in the number of patients requiring DXA screen-
ing for osteoporosis by up to two-third, with an acceptably low osteoporosis 
misclassification of 6%. The potential ability of QUS to measure a feature of 
bone quality predictive of fracture risk not captured by DXA BMD measure-
ments remains to be established in future studies specifically designed to 
address this interesting issue. 
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Table 2	  Frequencies of patients without (DXA T-scores ≥-2.5) and with osteoporosis 
(DXA T-scores ≤-2.5) at LS, FN or either LS or FN according to QUS T-score thresholds 0, 
-1.0 and -1.8.

Calcaneal QUS
T-score 
> 0

T-score
≤ 0

T-score
> -1.0

T-score
≤ -1.0

T-score
> -1.8

T-score
≤ -1.8

Total

DXA 
measurements

LS T-score 
>-2.5 (N)

84 155 144 95 193 46 239

T-score 
≤-2.5 (N)

2 15 4 13 7 10 17

FN T-score 
>-2.5 (N)

83 158 143 98 194 47 241

T-score 
≤-2.5 (N)

3 12 5 10 6 9 15

LS 
and/
or FN

T-score 
>-2.5 (N)

82 147 141 88 189 40 229

T-score 
≤-2.5 (N)

4 23 7 20 11 16 27

Total 86 170 148 108 200 56 256

QUS quantitative ultrasonography, DXA dual-energy absorptiometry, LS Lumbar spine, FN Femoral 
neck. / * For QUS of the left calcaneus and for DXA BMD of the Femoral Neck the lowest T-score value of 
either left or right hip was used (in patients with a hip replacement, the contralateral hip was used).

Table 3	  Negative and positive predictive values for the three QUS T-score thresholds 
shown.

DXA T-score 
≤-2.5

Calcaneal QUS

T-score <0 T-score ≤ -1 T-score ≤ -1.8
DXA LS 

osteoporosis
NPV 97,7% 97,3% 96,5%
PPV 8,8% 12,0% 15,2%

FN 
osteoporosis

NPV 97,7% 96,6% 97,0%
PPV 8,8% 9,3% 13,8%

LS and/or FN 
osteoporosis

NPV 95,3% 95,3% 94,5%
PPV 13,5% 18,5% 22,2%

QUS quantitative ultrasonography, DXA dual-energy absorptiometry, LS Lumbar spine, FN Femoral 
neck, NPV negative predictive value, PPV positive predictive value. Details of DXA T-score of ≤2.0 as 
shown by Receiver operating characteristic (ROC) curves are shown in Figure 2
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Figure 1  Cross-sectional study (n=256) and follow up study in long-term survivors 
(n=155).  Flow diagram of patients included in the initial cross-sectional study, and follow 
up data obtained by telephone survey, and reasons for not performing follow-up.

* Patients with confirmed cognitive disorders unable to take part in the survey.

Figure 2  Receiver operating characteristic (ROC) curves for DXA T-score of ≤2.0.
The figure displays ROC curves for Lumbar Spine (left panel; AUC 0.731, P value <0.001, 
and 95% CI 0.65-0.81), Femoral Neck (middle panel, AUC 0.736, P value <0.001 and 95% 
CI 0.66-0.81) and Any Site (right panel; AUC 0.736, P value 0.001, and 95% CI 0.66-0.81). 
The diagonal line indicates a reference area under the curve (AUC) of 0.50 (no better than 
chance alone). Receiver operating characteristic (ROC) curves for DXA T-score of ≤2.0. 
Details of DXA T-score of ≤2.5 shown in Table 3.
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CHAPTER 4

An exploratory first-in-man study to 

investigate the pharmacokinetics and 

safety of liposomal dexamethasone at a 

2- and 1-week interval in patients with 

metastatic castration resistant prostate 

cancer 
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F.E. Stuurman1,6, G. van der Pluijm7, J. Burggraaf1,8, S. Osanto2. 

Pharmacol Res Perspect. 2021 Oct;9(5):e00845. doi: 10.1002/prp2.845.

 
1	 Centre for Human Drug Research, Leiden, NL
2 	 Leiden University Medical Centre, Leiden, NL – Department of Medical Oncology 
3	 Leiden University Medical Centre, Leiden, NL – Department of Infectious diseases
4	 Enceladus Pharmaceuticals, Naarden, NL
5	 Rheinisch-Westfälische Technische Hochschule Aachen University clinic, Aachen, D 
6	 Leiden University Medical Centre, Leiden, NL – Department of Clinical Pharmacology  

and Toxicology
7	 Leiden University Medical Centre, Leiden, NL – Department of Urology 
8	 Leiden Academic Centre for Drug Research, Leiden, NL 



Bone a nd join t disor ders: Scr eening a nd ea r ly clinic a l drug dev elopmen t76 77ch a p ter 4 – Safety and PK of liposomal dexamethason in mCRPC

Abstract 

AIM   Dexamethasone has antitumour activity in metastatic castration re-
sistant prostate cancer (mCRPC). We aimed to investigate intravenous lipo-
some-encapsulated dexamethasone disodium phosphate (liposomal dexa-
methasone) administration in mCRPC patients. 

METHODS    In this exploratory first-in-man study, patients in part A re-
ceived a starting dose of 10mg followed by 5 doses of 20mg liposomal dexa-
methasone at two-week intervals. Upon review of part a safety, patients in 
part B received 10 weekly doses of 18.5mg. Primary outcomes were safety 
and pharmacokinetic profile, secondary outcome was antitumour efficacy.

Results   Nine mCRPC patients (5 in part A, 4 in part B) were enrolled. All 
patients experienced grade 1-2 toxicity, one (part B) patient experienced 
grade 3 toxicity (permanent bladder catheter-related urosepsis). No infu-
sion-related adverse events occurred. One patient had upsloping glucose 
levels ≤9.1mmol/L. Trough plasma concentrations of liposomal- and free 
dexamethasone were below the lower limit of quantification (LLOQ) in part 
A, and above LLOQ in 3 patients in part B (t½ ~50h for liposomal dexameth-
asone), trough concentrations of liposomal- and free dexamethasone in-
creased towards the end of the study. In seven out of 9 patients (78%) pa-
tients, stable disease was observed in bone and/or CT scans at follow-up, 
and in one (part B) of these 7 patients a >50% PSA biochemical response was 
observed.

ConclusionS   Bi- and once weekly administrations of IV liposomal 
dexamethasone were well tolerated. Weekly dosing enabled trough concen-
trations of liposomal- and free dexamethasone >LLOQ. The data presented 
support further clinical investigation in well-powered studies.

REGISTRATION  ISRCTN 10011715 

Introduction

Prostate cancer is a highly prevalent disease in the elderly man.1 Current 
first-line treatments of primary tumours, i.e. mainly surgery or radiothera-
py, are effective in most patients with newly diagnosed apparent organ-con-
fined prostate cancer. However, a considerable proportion of patients may 
develop incurable metastatic disease. Systemic treatment of advanced pros-
tate cancer usually consists of multiple years of androgen deprivation ther-
apy (ADT) which exerts its antitumour effect via chemical castration, but has 
a deleterious effect on bone health.2‾4 Once metastasized, bone is affected 
in ~90% of patients. At this stage, disease progression eventually occurs in 
almost all prostate cancer patients despite life-long ADT-induced castrate 
serum testosterone levels (castration-resistant prostate cancer, CRPC). 

Corticosteroids have been widely used in the management of CRPC for 
over 30 years, as a monotherapy (daily orally administered) or combined with 
abiraterone, docetaxel or cabazitaxel.5‾9 In addition to their anti-inflamma-
tory and anti-emetic effects, corticosteroids exhibit antitumour activity in 
mCRPC. This is attributed to the inhibition of adrenal androgen syntheses, 
through the CYP17A1, 17α-hydroxylase pathway.10,11 Prednisone or prednis-
olone are most widely used. However, dexamethasone has a higher ratio of 
glucocorticoid to mineralocorticoid activity than prednisone, which may re-
sult in a better antitumour efficacy in CRPC patients.12 Patients who switched 
from abiraterone plus prednisone to abiraterone plus 0.5mg dexameth-
asone daily, had a biochemical (PSA) response in 11-48% of the cases.13‾16  
		 Regardless of these advantages, long-term systemic exposure to cortico-
steroids is associated with serious toxicities such as adrenal insufficiency, 
immunosuppression, hypertension, oedema, Cushingoid habitus, hypergly-
caemia and osteoporosis. Osteoporosis is of particular relevance in CRPC pa-
tients who already have numerous risk factors of developing bone health-
related problems, including age, multiple osseous metastases and receiving 
life-long chemical castration through ADT.17 

In general, liposomal delivery can reduce toxicity of the encapsulated 
drug, as it enables targeted drug delivery to the tumour sites.18 Liposomes 
consist of a phospholipid- and cholesterol- bilayer, which can be modified 
with polyethyleneglycol (PEG). These so-called PEG-liposomes show a pro-
longed circulating half-life and improved targeting of tumour sites, due 
to the extravasation through leaky vasculature of solid tumour tissue.19‾21 
The investigational product consists of the disodium phosphate derivate of 
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dexamethasone, which is encapsulated in the inner aqueous compartment 
of the PEG-liposomes (liposomal dexamethasone).20 Both the sustained ex-
posure and the targeting facilitated by liposomes are thought to benefit the 
antitumour efficacy of dexamethasone in liposomal dexamethasone.22‾25 
In a preclinical xenograft model of experimental bone lesions from human 
prostate cancer, antitumour efficacy of treatment with free dexamethasone 
and liposomal dexamethasone were compared. A more potent and sus-
tained antitumour effect was indeed found for liposomal dexamethasone.19 

With this new liposomal dexamethasone formulation we envisage IV 
dosing at a dose level that gives equivalent plasma concentrations of free 
dexamethasone compared to those expected with the efficacious daily oral 
dose of 0.5mg dexamethasone, although local tumour exposure is expect-
ed to be higher as a result of targeted delivery.12,15,26 Anticipating a long cir-
culation half-life, it was decided to evaluate weekly and biweekly IV admin-
istrations of liposomal dexamethasone in a population of metastatic CRPC 
patients (mCRPC). The results of this exploratory first-in-man study with a 
focus on safety and PK are presented here.

Methods 
Patients 

Men with documented mCRPC, who had received prior hormonal- and 
chemotherapy, and for whom no other treatment options were avail-
able according to the treating physicians, were eligible. Inclusion criteria 
(Supplemental Text 1) consisted of the presence of bone metastases, disease 
progression demonstrated by bone scintigraphy and/or computed tomogra-
phy (CT ) and progressive PSA levels, a castrate serum testosterone level of 
<50ng/dl or 1.7nmol/L at baseline and patients were not allowed to use sys-
temic corticosteroids within 4 weeks prior to the first study drug adminis-
tration. Potentially eligible patients from the Clinical Oncology department 
of the Leiden University Medical Center (LUMC), Leiden, The Netherlands, 
were referred to the Centre for Human Drug Research (CHDR), Leiden, The 
Netherlands, for further screening and enrolment. Screening took place 
after both verbal and written informed consent were obtained, and included 
collection of baseline characteristics from medical history, physical exam-
ination and, routine safety- and disease specific- laboratory assessments.

The study was approved by the medical ethics committee “Foundation Be
oordeling Ethiek Biomedisch Onderzoek”, Assen, The Netherlands, and was 

conducted in accordance with the Declaration of Helsinki and International 
Conference on Harmonization/WHO Good Clinical Practice standards. This 
trial was registered under international standard randomized controlled tri-
als number (ISRCTN) 10011715 and EudraCT number 2016-003121-42.

Study design and treatment

This was a prospective, single centre, open label, exploratory first-in-man 
study of two dose regimens of liposomal dexamethasone in patients with 
mCRPC. The study consisted of parts a and B (Figure 1). In both parts, up to 
five patients were to be enrolled and were dosed with liposomal dexameth-
asone for 10 weeks. Treatments consisted of repeated IV administrations of 
liposomal dexamethasone diluted in 500mL NaCl 0.9% solution right before 
administration at the hospital pharmacy of the LUMC. 

Doses were calculated based on the oral doses of prednisone, predniso-
lone and dexamethasone administered to mCRPC patients that are report-
ed in literature (Supplemental Table 1).5,7,12,15,27‾31 The half-life was expected 
to be prolonged by the liposomes to 30-90h, as observed in clinical studies 
with other liposomal compounds.31,32 Taking into account the PK, the draw-
back of IV dosing and the vulnerable mCRPC population, dose intervals of 
one to three weeks were deemed feasible from a pharmacokinetic- and op-
erational perspective. Dose range for weekly- or biweekly liposomal dexa-
methasone administrations, equivalent to daily oral doses were calculated 
using molecular weights, (1 µg of dexamethasone disodium phosphate is hy-
drolysed to of 0.76µg free dexamethasone) and corticosteroid conversion ta-
bles from the Dutch national formulary and literature,33,34 and ranged from 
4.6 to 27.6mg dexamethasone disodium phosphate per 7 days, or from 9.2 to 
55.3mg per 14 days.5,6 

In part A, patients received a single 10mg dose of liposomal dexameth-
asone. After one week, a safety review meeting was held to decide if it was 
safe for the patient to proceed with the five additional doses of 20mg liposo-
mal dexamethasone with two-week intervals. Based on the evaluation of the 
safety of part A, the dose and administration interval were adapted in part B 
to ten weekly doses of 18.5mg liposomal dexamethasone. The dose of 18.5mg 
was chosen as it was deemed appropriate from a PK and safety perspective 
and to enable dosing the patients from one batch of medication (ampoule 
contains 18.5mg). In both parts, patients remained in the clinical unit for at 
least 24 hours after the first and second study drug administrations for safe-
ty monitoring and regular PK sampling. 
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To prevent possible hypersensitivity reactions related to the IV adminis-
tration of PEG-liposomes, a stepwise increase of the infusion rate (40min 
0.05mL/min, 20 min 0.5mL/min, 97min 5mL/min) was applied and a Codan 
1.2µm I.V.STAR® filter was used to prevent administration of liposome aggre-
gates. Patients did not receive pre-treatment to prevent infusion reactions.

Safety 

Patients were evaluated for adverse events during each visit and were asked 
to report those that had occurred between visits. To quantify potential infu-
sion-related complement activation, the percentage of classic- and alterna-
tive pathway complement activation in plasma were measured by levels of 
membrane attack complex, and factors C1-4, B, H and I before and after the 
first dose. On pre-defined time points, safety laboratory (fasting blood chem-
istry, and haematology), vital signs and 12 lead electrocardiography were 
performed. The full schedule of assessments can be found in Supplemental 
Table 1. Adverse events (AEs) and serious adverse events (SAE) were regis-
tered and graded in accordance with the National Cancer Institute Common 
Terminology Criteria for AEs (CTCAE).35

Pharmacokinetic (PK) analyses

While the liposomes contain dexamethasone disodium phosphate, it is an-
ticipated that after in vivo target localization of the liposomes, the contents 
are released and rapidly hydrolysed to active dexamethasone.34Ex vivo, with 
part of the liposomes still intact in the circulation, this hydrolysis does not 
take place, and the free- and liposomal dexamethasone can thus be dis-
tinguished by ex vivo disruption of the liposomes and analysis of concen-
trations of both dexamethasone disodium phosphate (LLOQ 0.05 μg/mL) 
and dexamethasone (LLOQ: 0.005 μg/mL). All PK plasma concentrations 
were determined using a validated Liquid Chromatography-tandem Mass 
Spectrometry (LC-MS/MS) bioanalytical method.

Blood samples for PK analysis were obtained at baseline, and 1, 2, 3, 4, 6, 8, 
12, 24 and 48 hours after the first two administrations. In part B, PK sampling 
was expanded with a 96-hour sample and samples right before each of the 
remaining study drug administrations to measure trough concentrations. 

PK data were analysed by non-compartmental analysis in R (V3.6.1), using 
the PKNCA package.36,37 The area under the curve (AUC) was calculated sep-
arately for dose 1 and dose 2 using the linear-up log-down method. The 
AUC0-last and AUC0-inf were calculated to allow for correct comparison of the 

exposure to liposomal dexamethasone between weeks. For half-life calcula-
tion, the linear regression of the apparent terminal phase was reported if at 
least 3 points after the maximal concentration (CMAX) were available, with a 
minimum r2 of 0.85 and a span ratio of more than 1.5x the half-life.

Pharmacodynamics (PD)

Pharmacodynamic endpoints included plasma concentrations of cortisol 
and fasting glucose, and lymphocyte counts; these were measured at base-
line, after 3, 5, 7 and 9 weeks of treatment, and at the final follow-up visit. 

Antitumour effect

PSA plasma levels were measured at baseline and every four weeks. Plasma 
levels of haemoglobin, alkaline phosphatase and lactodehydrogenase (LDH) 
were measured at baseline, after 3, 5, 7 and 10 weeks of treatment, and at the 
final follow-up visit. Tumours were imaged at baseline and after 12 weeks 
using bone scintigraphy and/or computed tomography (CT) and evaluated 
for new lesions and size of existing lesions. 

Statistics

As this was an exploratory trial with the primary aim of assessing safety and 
tolerability of liposomal dexamethasone, there was no formal power calcu-
lation and outcomes are presented descriptively. 

Results
Patients

Ten sequential patients with mCRPC were screened for this study of whom 
nine were enrolled: five patients in part A, four in part B. One patient was ex-
cluded based on limited life expectancy. All patients were enrolled between 
March 2017 and November 2018. Baseline characteristics are presented in 
Table 1. The median age of all patients was 70 years. All patients had at least 
two lines of pharmacological prostate cancer treatment prior to enrolment 
and no other treatment options were available according to the treating phy-
sicians. None of the patients had a diagnosis of diabetes. Eight patients com-
pleted all study drug administrations (in part a starting dose of 10mg fol-
lowed by 5 two-weekly IV doses of 20mg liposomal dexamethasone, and in 
part B 10 weekly doses of 18.5mg liposomal dexamethasone). In part B, one 
patient did not receive the last dose. The study was stopped after 9 patients, 



Bone a nd join t disor ders: Scr eening a nd ea r ly clinic a l drug dev elopmen t82 83ch a p ter 4 – Safety and PK of liposomal dexamethason in mCRPC

as the shelf life of the study drug was not long enough to ensure the tenth 
patient would receive the full treatment.

Safety

Infusion of liposomal dexamethasone was well tolerated and no infusion-
related or hypersensitivity reactions were observed. This was confirmed by 
the absence of changes in the parameters used to assess the classic- or al-
ternative pathway complement activation. A total of 19 treatment emergent 
AEs were observed in all 9 patients (Table 2), of which 18 were grade 1-2 (12 
in part A). One possibly related grade 3 AE, urosepsis, was observed in a pa-
tient with an enhanced risk of infection due to a suprapubic bladder catheter 
and was accompanied by urine abnormalities, hypotension and increased 
LDH. The patient was admitted to the hospital to receive IV antibiotics, upon 
which his clinical condition rapidly improved. Due to this admittance, the 
last dose of liposomal dexamethasone was omitted. A non-related SAE (dys-
pnoea) was observed in another patient. The most frequently observed AEs 
(each of which occurred in 2 out of 9 patients (22%)) were infection, rest-
lessness and postural dizziness. Except in relation to the urosepsis, no new-
ly-emergent, clinically significant abnormalities in vital signs, ECG or safe-
ty laboratory outcomes, including liver- and renal toxicity- outcomes, oc-
curred. No skeletal-related AEs were observed. 

Pharmacokinetic results

A summary of the pharmacokinetics of liposomal dexamethasone and free 
dexamethasone after the starting dose of 10mg followed by a 20mg dose 
every two weeks (part A) and the weekly administration of a dose of 18.5mg 
(part B) is presented in Figure 2 and a tabular overview for liposomal dexa-
methasone and free dexamethasone is provided in Table 3. The plasma con-
centration of free dexamethasone was approximately 80-fold lower than 
that of the liposomal dexamethasone disodium phosphate. Due to the long 
plasma half-life of liposomal dexamethasone and the timing of the PK sam-
pling, the plasma concentrations in two patients in part a reached insuffi-
cient span ratio to enable reliable calculation of AUC0-inf, t½, and clearance 
(Figure 2A,B, Table 3). The mean liposomal dexamethasone t½ in the eval-
uable patients was 45.73 hours (range: 3.35-69.83). The mean distribution 
volume (VZ) ranged 2.85 to 4.65L. In higher dose levels, the CMAX was higher 
too, indicating dose dependency. In part B, trough concentrations (Ctrough) 
for liposomal dexamethasone (Figure 2C) and free dexamethasone (Figure 

2F) above the lower limit of detection were repeatedly observed in 3 out of 
4 patients. Ctrough for liposomal dexamethasone increased from 0.60 up to 
1.26µg/mL over 9 weeks of dosing, indicating an accumulation of the lipo-
somes upon subsequent dosing. In one patient (no 6) from part B, the lipo-
somal dexamethasone plasma concentration curve deviates, with a much 
faster clearance and shorter elimination half-life than the other patients in 
part a and B. 

Pharmacodynamic effects

Fasting plasma glucose concentrations showed that one part B patient, with 
an already high baseline plasma glucose concentration (7.4 mmol/L) showed 
an increase in fasting plasma glucose concentrations up to 9.1mmol/L to-
ward the end of the study. In all other patients, the glucose concentrations 
remained stable compared to baseline. In part A, plasma cortisol was not 
suppressed during the dosing period, whereas in group B, cortisol levels 
were suppressed from the first post-dose measurement onwards, with ex-
ception of patient 6 (Supplemental Figure 1). 

Antitumour effects

Of the nine patients two (22%) patients, one in each part, had a decrease in 
PSA, of which one patient in part B showed a >50% PSA decrease at the 12-week  
visit, in one (11%) patient PSA was unchanged, whereas 6 (67%) patients had 
an increase in PSA (median 90.3%, range: 68.6 to 880%). LDH remained sta-
ble compared to baseline, except in two patients, in whom an increase of LDH  
occurred concurrent with the described SAEs. Haemoglobin was low in three 
patients from baseline onwards. No significant changes were observed in the 
alkaline phosphatase concentrations and lymphocyte counts. Radiological 
evaluation by bone and/or CT scan at 3 months, indicated progressive dis-
ease in two patients (one in part A, one in part B), and stable disease in the re-
maining 7 patients. No additional follow-up scans within the context of this 
study were done precluding confirmation of radiological responses. 

Discussion 

We report here the results of an exploratory first-in-man study for safety 
and PK, in which 9 patients with mCRPC received 10 weeks of IV treatment 
with an experimental PEG-liposomal formulation of dexamethasone. In this 
group administration of liposomal dexamethasone was found to be well 
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tolerated with few grade 1-2 toxicities and similar AEs compared to a study 
of daily 0.5mg oral dexamethasone in a CRPC patient group.12 Importantly, 
no infusion reactions during or immediately after infusion of the liposomes 
occurred, as was reported in previous studies.38,39 For the administration 
of liposomal dexamethasone we used a stepwise increase of the infusion 
rate and a filter to prevent administration of liposome aggregates (Figure 
1), which may both have contributed to the absence of any infusion relat-
ed adverse event. Patients did not receive pre-treatment to prevent infusion 
reactions.

Although the administrations were found to be safe, one possibly treat-
ment-related grade 3 adverse event occurred, which was a urosepsis in a pa-
tient at risk of developing urogenital infections due to the presence of a su-
prapubic catheter. Otherwise, treatment emergent adverse events were mild 
in severity and most were transient of nature. No bone-related AEs were ob-
served. Fasting glucose remained stable except in the (part B) patient with 
the highest baseline glucose plasma in whom glucose concentrations in-
creased during the study. This merely underscores the known importance of 
close monitoring of glucose levels during treatment with corticosteroids.17,40 

In part a of the study, the trough level of liposomal- and free dexameth-
asone prior to the second study drug administration was below the LLOQ in 
all subjects. As no trough samples were obtained prior to the third- and fol-
lowing doses, accumulation and plasma concentrations above the LLOQ at 
later time points cannot be ruled out. However, the absence of cortisol sup-
pression during the dosing period seen in this group also suggests that a bi-
weekly dosing interval is safe but does not provide the preferred continu-
ous exposure. 

Using the dose regimen as in part B of the study, repeated trough concen-
trations above LLOQ for liposomal- and free dexamethasone, which grad-
ually increased over time, were measured. The PK analysis clearly shows 
that at multiple time points during treatment liposomal encapsulated as 
well as free dexamethasone levels above LLOQ and cortisol suppression are 
achieved after weekly doses of liposomal encapsulated dexamethasone. 

Hochhaus et al.41 have studied the PK after IV administration of 10mg 
dexamethasone disodium phosphate in young healthy men. The authors re-
port a mean relative AUC in this study of 57 µg/l*h per administered mg of 
dexamethasone disodium phosphate. We found a similar exposure with the 
liposomal dexamethasone disodium phosphate formulation, with AUCs in 
the range of 46.9 to 56.7µg/l*h for each administered mg. In another study 

by Spoorenberg et al.42, enrolling patients hospitalized with community ac-
quired pneumonia, a (>2-fold) higher AUC per gram dose was found. This dif-
ference is thought to be caused by slower clearance in this specific patient 
population.42

The liposomal formulation proved effective in prolonging the half-life of 
dexamethasone, to approximately 2 days (medians of 43-48 hrs), whereas 
free dexamethasone has a t½ of 3-5 hours.34,41 This half-life is comparable 
to that of other PEG-liposomal compounds.31,32 Due to the length of the t½ 
and the PK sampling schedule, a reliable calculation of the t½ could only be 
done for three patients of part A. The two other patients appeared to have 
a longer t½, but these values cannot be calculated reliably, as the sampling 
period was too short. Hence, we currently underestimate the t½ in our out-
comes. In part B, a 96h PK sample and trough samples for study drug admin-
istrations 2 to 10 were added to the sampling schedule to enable calculation 
of all PK parameters. The half-life of liposomal dexamethasone varied be-
tween subjects, with patient 6 being a clear outlier (Figure 2B, D). In this pa-
tient, the half-life was only three hours, which implicates a fast breakdown 
of the PEGylated liposomes, resulting in a short, high exposure to dexameth-
asone. Accelerated blood clearance of liposomes has been described after 
preceding liposome administrations, but in this case fast clearance was al-
ready observed following the first administration in this liposome-naïve pa-
tient.43 We do not have a mechanistic explanation for this apparent rapid li-
posomal degradation as we did not find any peculiarities in patient’s previ-
ous anti-cancer treatments, concomitant medication, laboratory outcomes, 
leukocyte or monocyte count, or adverse events. 

The distribution volume ranged between 2.85 to 4.65L, which is compa-
rable to the plasma volume. The half-life and distribution volume indicate 
that the majority of liposomal dexamethasone (dexamethasone disodium 
phosphate) resides in the circulation until organ uptake, subsequent release 
of the drug from the liposome and hydrolysis to dexamethasone. This pro-
cess creates a slow release system; explaining the relatively low CMAX and 
long half-life. Although not measured in this clinical trial, pre-clinical trials 
support the hypothesis that tumours preferentially take up liposomes and 
are exposed to relatively high and persisting free dexamethasone concen-
trations upon release from the liposomes.19 With this tumour targeting and 
the relatively low systemic concentrations of free dexamethasone that were 
observed in this study in mind, one can envisage an enhanced efficacy over 
safety ratio, which remains to be confirmed in future phase 2 studies.
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The absence of cortisol suppression during the dosing period seen in group 
a patients (although identified after the 3-month treatment period) under-
scores that a two-week dosing interval of 20mg liposomal dexamethasone 
is safe. In part B the rapid decline and sustained suppression of endogenous 
cortisol during the dosing period and demonstrable free dexamethasone 
concentrations in the blood, is in agreement with the suppression of the 
cortisol-axis commonly observed during systemic corticosteroid treatment. 
The PK and PD cortisol axis-suppression data observed following weekly ad-
ministration of 18.5mg of liposomal-encapsulated dexamethasone in com-
bination with the biochemical PSA and radiological antitumour responses, 
suggest that a follow-up study using weekly i.v. administrations of liposomal 
encapsulated dexamethasone is most promising. 

This exploratory clinical study focussed on safety and PK, and was not 
powered, nor set-up to assess antitumour efficacy of liposomal dexametha-
sone. Hence limitations of the study are the small sample size, and the short 
period of treatment and follow-up before the biochemical and radiologi-
cal efficacy evaluations were done. By design, this precludes drawing firm 
conclusions about the true antitumour efficacy. In one patient, a biochem-
ical response was measured. Although this is a limited effect, this outcome 
should be seen in the perspective of the study population: end-stage CRPC 
patients, who had had multiple lines of treatment prior to enrolment. 

Future studies with this compound should enrol and evaluate a larg-
er number of patients, in an earlier stage of disease progression, for a lon-
ger follow-up period. These studies should explore different dosing regi-
mens, starting at weekly 18.5mg doses, or slightly lower, based on the cur-
rent study. In addition, methods to investigate the delicate balance between 
optimal delivery of the liposomal encapsulated drug at the site of metasta-
ses and systemic release of free drug methods should be integrated. The use 
of PET fluorescence- or radio-labelled liposomal dexamethasone could con-
firm whether liposomal encapsulated dexamethasone indeed (preferential-
ly) targets the tumour sites as has been observed in our animal model.19 With 
preliminary safety shown in a vulnerable patient population, these efficacy 
and target localization studies are now warranted.

In conclusion, IV administration of liposomal dexamethasone was well 
tolerated in this small group of mCRPC patients. The safety- and pharma-
cokinetic profile of weekly IV administered liposomal dexamethasone sup-
port further trials to investigate the targeting and efficacy of liposomal dexa-
methasone in well-powered experiments, and the possibility of combina-
tion with other anticancer agents. 
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Table 1	 Baseline patient and disease characteristics

Patient characteristics Total group
N=9

Part a
N=5

Part b
N=4

Age (years)
  At enrolment, median (range)
  At disease onset, median (range)

70 (61-77)
65 (52-75)

67 (61-74)
61 (52-67)

73 (70-77)
68 (65-75)

Weight (kg)
  median (range)

93.5 
(74.8-118.4)

101.4 
(93.5-118.4)

90.0 
(74.8-93.5)

Height (cm)
  median (range)

178.2 
(169-193)

180.3 
(178.2-193.2)

175.4 
(169.0-176.0)

BMI (kg/m2)
  median (range)

29.9 
(24.0-36.4)

31.2 
(27.1-36.4)

29.3 
(24.0-32.7)

Baseline blood plasma concentrations
  Haemoglobin, mmol/L median (range)
  Alkaline phosphatase, U/L median (range)
  Lactate dehydrogenase, U/L median (range)

7.0 (5.8-9.8)
152 (58-313)
200 (169-425)

7 (5.8-9.8)
152 (110-261)
180 (169-220)

6.7 (5.8-8.0)
147 (58-313)
257 (181-425)

Time expired (months)
  Initial diagnosis to enrolment, median (range)
  CRPC to enrolment, median (range)

62 (28-113)
22 (10-49)

85 (42-113)
22 (14-49)

37 (32-104)
22 (10-35)

ECOG performance score
  0, N (%)
  1, N (%)
  2, N (%)

1 (11)
6 (67)
2 (22)

0 (0)
4 (80)
1 (20)

1 (25)
2 (50)
1 (25)

PSA (ug/L)
  Baseline median (range) 17.1 

(4.4-424.4)
72.9 
(9.2-213.6)

160.3 
(4.4-424.4)

PSA before first hormone therapy (ug/L)
  Median (range) 27.3 

(9.2->1100)
23  
(9.2-186)

56 
(12.8->1100)

Previous lines of treatment 
  LHRH agonist/previous ADT (+/- bicalutamide), N (%)
  Enzalutamide, N (%)
  Abiraterone + prednisone, N (%)
  Docetaxel + prednisone, N (%)
  Cabazitaxel +prednisone, N (%)
  Radium-223 (%)

9 (100)
8 (89)
1 (11)
6 (67)
3 (33)
3 (33)

5 (100)
4 (80)
1 (20)
3 (60)
1 (20)
2 (40)

4 (100)
4 (100)
0 (0)
3 (75)
2 (50)
1 (25)

BMI, body mass index. ECOG, eastern cooperative oncology group. PSA prostate specific antigen 
LHRH, luteinizing hormone releasing hormone. ADT, androgen deprivation therapy
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Table 2	 Treatment emergent adverse events graded according the National Cancer 
Institute Common terminology criteria for Adverse events (CTCAE) version 5.0.

Adverse event Part A (1 × 10mg + 5 × 20mg) Part b (10 × 18.5mg)

Grade 1-2
N (%)

Grade 3-4
N (%)

Grade 1-2
N (%)

Grade 3-4
N (%)

Any adverse event 5 (100) 0 (0) 4 (100) 1 (25)
All infections 0 (0) 0 (0) 1 (25) 1 (25)
Postural dizziness 1 (20) 0 (0) 1 (25) 0 (0)
Fatigue 2 (40) 0 (0) 0 (0) 0 (0)
Restlessness 1 (20) 0 (0) 1 (25) 0 (0)
Hypertension 0 (0) 0 (0) 1 (25) 0 (0)
Oedema 0 (0) 0 (0) 1 (25) 0 (0)
Cancer related pain 1 (20) 0 (0) 0 (0) 0 (0)
Hot flashes 1 (20) 0 (0)
Skin atrophy 1 (20) 0 (0) 0 (0) 0 (0)
Presyncope 1 (20) 0 (0) 0 (0) 0 (0)
Proteinuria 1 (20) 0 (0) 0 (0) 0 (0)
Urine incontinence 1 (20) 0 (0) 0 (0) 0 (0)
Dysgeusia 1 (20) 0 (0) 0 (0) 0 (0)
Hyperglycaemia 0 (0) 0 (0) 1 (25) 0 (0)
Confused state 0 (0) 0 (0) 1 (25) 0 (0)
Infusion reaction 0 (0) 0 (0) 0 (0) 0 (0)

   Influenza like illness 0 (0) 0 (0) 0 (0) 0 (0)
   Pyrexia 0 (0) 0 (0) 0 (0) 0 (0)
   Nausea/vomiting 0 (0) 0 (0) 0 (0) 0 (0)
   Hypotension 0 (0) 0 (0) 0 (0) 0 (0)
Anaemia 0 (0) 0 (0) 0 (0) 0 (0)
Leukopenia 0 (0) 0 (0) 0 (0) 0 (0)
(febrile) Neutropenia 0 (0) 0 (0) 0 (0) 0 (0)
Thrombocytopenia 0 (0) 0 (0) 0 (0) 0 (0)
ASAT increase 0 (0) 0 (0) 0 (0) 0 (0)
ALAT increase 0 (0) 0 (0) 0 (0) 0 (0)
Bilirubinaemia 0 (0) 0 (0) 0 (0) 0 (0)
Asthenia 0 (0) 0 (0) 0 (0) 0 (0)

ASAT aspartate aminotransferase, ALAT alanine aminotransferase

Table 3	 Summary of PK parameters for A. liposomal dexamethasone and B. free 
dexamethasone.

A. Liposomal dexamethasone (dexamethasone disodium phosphate)

Part A Part B

Dose 1 PK 10mg PK 18.5mg

Mean (SD) range Mean (SD) range

CMA X (µg/mL) 2.392 (0.520) 1.70-2.99 4.45 (1.07) 2.93-5.22

TMA X (h) 3.0a 3.0-3.0 3.0a 3.0-3.0

AUCinf(h*µg/mL) 209.5 (57.4)b 149-263b 354.5 (259.4) 19.3-600

AUClast (h*µg/mL) 142 (71.1) 60.2-234 297 (203) 19-483

CL (L /h) 0.050 (0.015)b 0.038-0.067b 0.27 (0.46) 0.031-0.96

Vz (L) 3.34 (0.43) 2.85-3.66 3.6 (0.72) 3.11-4.65

T½(h) 47.7 (10.0)b 36.22-54.8b 43.4 (31.0) 3.35-69.8

Dose 2 PK 20mg PK 18.5mg

Mean (SD) range Mean (SD) range

CMA X (µg/mL) 5.02 (0.96) 3.65-6.36 4.99 (2.21) 1.98-6.84

TMA X (h) 4.0a 3.0-4.0 3.5 3.0-6.0

AUClast (h*µg/mL) 179 (47.1) 124-246 347 (257) 4.34-573

T½ (h) - c - c 54.0 (15.2) 44.5-71.6b

B. Free dexamethasone (dexamethasone)

Part A Part b

Dose 1 PK 10mg PK 18.5mg

Mean (SD) range Mean (SD) range

CMA X (µg/mL) 0.023 (0.012) 0.012-0.041 0.032 (0.021) 0.013-0.053

TMA X (h) 8.0a 4.0-12.0 8.0a 6.0-23.2

AUClast (h*µg/mL) 0.421 (0.305) 0.091-0.904 0.660 (0.610) 0.188-1.56

Dose 2 PK 20mg PK 18.5mg

Mean (SD) range Mean (SD) range

CMA X (µg/mL) 0.062 (0.033) 0.032-0.112 0.047 (0.032) 0.016-0.080

TMA X (h) 11.0a 8.0-12.0 8.5a 6.0-12.0

AUClast (h*µg/mL) 1.61 (0.942) 0.83-3.09 1.8 (1.18) 0.70-3.47

a Median  
b Value based on measurements in three patients  
c T1/2 could not be calculated as trough samples were not obtained prior to dose 3
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Figure 1  Study design and set-up for study drug administration  Study design and  
set-up for study drug administration. After evaluation of the PK and PD results. 

* After the drug administrations of weeks 1 and 2, patients stayed overnight in the clinic for safety 
monitoring and PK sampling

Figure 2  PK panel liposomal dexamethasone (dexamethasone disodium phosphate) 
and free dexamethasone (dexamethasone)  PK of liposomal dexamethasone disodium 
phosphate (liposomal dexamethasone) and free dexamethasone for groups A (panels 
A and D) and B (panels B and E), after the first administration (up to day 7) and second 
administration (from day 7 onwards). For part B, PK sampling was adjusted by adding 
samples on days 4, 11 and prior to the remaining study drug administrations, enabling 
a more complete PK profile and plots of the trough concentrations (panels C and F). 
Trough concentrations were above the LLOQ and ascending trends of the trough 
concentrations were measured toward the end of the study in all patients except nr. 6. 
In patient 6, a rapid clearance of liposomal- and free dexamethasone is observed, seen 
as a rapid decrease of the liposomal dexamethasone concentration (panels B and E). 
The plasma molarity of the inactive liposomal dexamethasone disodium phosphate was 
approximately 80-fold higher than that of the free (active) dexamethasone.
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ABSTRACT

OBJECTIVE  Osteoarthritis (OA) is the most common cause of disability in 
older adults and leads to a huge unmet medical need as no registered dis-
ease modifying OA drugs (DMOADs), but only symptomatic treatments are 
available. New pharmacological targets, and compounds for these targets, 
are currently under investigation. The objective of this paper is to provide 
an overview of compounds under investigation for OA in phase II and III.

DESIGN   We performed a review of OA trials for pharmacological interven-
tions registered on the National Library of Medicine ClinicalTrials.gov web-
site with a completion date in 2017 or later.

Results   The database search yielded 255 results, of which 184 studies 
were included in this review. These were structured in compounds target-
ing pain, immunomodulators, stem cell therapy, platelet rich plasma and 
DMOADs with cartilage and/or bone resorption modifying properties. 

ConclusionS   The results provide an overview of the fields in develop-
ment and may include future treatment options for OA, by which a regis-
tered DMOADs may become more than a utopic vista. Further knowledge 
on pathophysiology and new approaches of value-based drug development 
could be an opportunity for the optimization of drug development in OA.

Introduction

Clinically, osteoarthritis (OA) manifests as joint pain and/or joint dysfunc-
tion.1 Its pathophysiology is multifactorial and depends on metabolic, ge-
netic, and biomechanical factors.2 The (severity of) symptoms of OA depends 
on the phase of the disease, and varies between patients.3‾5 Symptoms of 
OA and the absence of an effective disease modifying treatment contribute 
to patients’ functional impairment and sense of illness.3,6 The incidence of 
OA increases with age.3,7 Altogether, OA is the most common cause of severe 
long-term pain and disability in older adults, causing loss of work productiv-
ity and significant healthcare- and social support costs. Given the personal 
burden, the illness may result in a negative effect on mental health and may 
seriously impact the quality of life of patients and their relatives.7‾9

Multiple joint tissues are involved; cartilage was long thought to play the 
primary role, as it lacks regenerative properties. But although cartilage is 
usually damaged, it is an aneural tissue and pain only appears once inner-
vated tissues are involved.10 Synovium and subchondral bone are also recog-
nized to be involved in the disease process from an early stage on.10‾12 

In the last decade, studies to these aspects in pathophysiology have un-
covered several different mediators that are associated with joint degener-
ation and OA related pain. These insights unveiled new targets for the de-
velopment of disease-modifying OA drugs (DMOADs). The objective of this 
paper is to provide a background of OA treatments and its restrictions, upon 
which the pipeline of pharmacological interventions in OA is reviewed, using 
the clinicaltrials.gov database to get a representative, up-to-date, overview 
of the pharmacological interventions that are currently under investigation.

Current treatments

Several organizations have brought out guidelines for treatment of OA,13‾16 
thorough reviews of which are published elsewhere.17,18 Current treatments 
for OA are restricted to symptom relief. In short, various non-pharmacolog-
ical and pharmacological interventions are available, all with modest effects. 
Therefore, a combination of therapeutic approaches is commonly used, the 
choice of which is based on individual factors such as affected joint(s), dis-
ease extensiveness, and severity, in addition to the presence of concurrent 
signs and symptoms.13‾16,19 

Non-pharmacological interventions consist of exercise, weight loss, ed-
ucation, and self-management programs, which are recommended for all 
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types of OA.14,19 Among pharmacological interventions are: oral and topical 
non-steroidal anti-inflammatory drugs (NSAIDS), paracetamol, tramadol, 
duloxetine, chondroitin, intra-articular steroid administration, and topical 
capsaicin.14 The advised order of steps in the treatment of OA varies between 
guidelines and patients.13‾15,19

Limitations of current treatments

The available pharmacological interventions do not have a meaningful dis-
ease modifying effect. As a result, the condition worsens over time and in 
some cases leads to arthroplasty. Although the cost of total hip- or knee re-
placement in the Usa are estimated to be $22,000 to $30,000, their cost-
effectiveness is well established.20 Unfortunately, arthroplasties are com-
monly preceded by a long trajectory of pain and functional limitation and 
unsuccessful in some patients, with complications during the post-surgi-
cal trajectory.21 

The availability of DMOADs would lead to improvement of quality of life 
and a vast reduction of health care costs.22 So far, several attempts of de-
veloping DMOADs have failed, among which are sprifermin, bisphospho-
nates and matrix metalloproteinase (MMP)-inhibitors.23‾25 Reasons for fail-
ure include wrong assumptions in animal to human translation, side effects, 
structural symptom discordance, incorrect structural endpoints and a sub-
stantial placebo effect for OA related pain.23,24,26 

Further knowledge on the pathophysiological processes in OA is impera-
tive to enable appropriate pharmacological targeting, as the key factors that 
drive progressive joint destruction and pain are still only partly understood. 
The pain experienced by patients seems to be a combination of inflamma-
tory (nociceptive) and/or neuropathic-like pain, and there are multiple local 
structures which cause pain and evolves during the progression of OA.3,5 As 
a result, personalized treatment plans, considering the phase and mecha-
nism causing symptoms, are preferable.27 However, currently there are no 
well-established biomarkers to enable such profiling for clinical studies. 
Researchers also struggle to define and measure a valid set of endpoints.

Methods

A structured search in the clinicaltrials.gov database was performed in 
November 2020. For the condition or disease “Osteoarthritis” was chosen 
and all phase II and phase III interventional trials with a completion date in 
2017 or later were selected. 

Trials with pharmacotherapeutic interventions in OA patients, were includ-
ed. Studies which did not aim to investigate intention to treat OA, or which 
aimed to investigate effects of arthroplasty, shock wave therapy or Chinese 
medicine therapy, were excluded. Two authors (RS and JV) reviewed all 
search results for inclusion independently; outcomes were compared, and 
disagreements were resolved by discussion. 

For each trial, details of the compound (assumed mechanism of action 
and target cells/receptors) and trial details (target joint, randomization, 
blinding, inclusion of a placebo) were collected. All results were then de-
scribed per category based on intended mechanism of action.

Results

The database search yielded 255 results, of which 184 studies were includ-
ed in this review. Seventy-one trials were excluded based on the exclusion 
criteria. 

Most studies included patients with knee OA (160 studies), others inves-
tigated outcomes in hip-(23 studies) shoulder-(8 studies), hand-(5 studies) 
or lumbar spine (1 study) OA. Six studies did not define the affected joint. 
Other data collected for each study were the phase of study execution and 
study design.

From the database search, it becomes apparent that the pipeline includes 
several reformulations, or combinations of existing treatment options such 
as NSAIDS (10 results), corticosteroids (11 results) and hyaluronic acid (10 re-
sults). In addition, new insights have already led to the identification of new 
treatment targets, which includes pain pathways (Table 1), DMOADs that aim 
to interfere with inflammation (Table 2), interventions which involve mes-
enchymal stromal cells (MSC) or platelet-rich plasma (PRP) (Table 3) and tar-
get cartilage- or viscosupplementation (Table 4). 

Pain modulation

The generation and modification of chronic pain takes place at different lev-
els along the neuraxis.28 The nociceptive cell bodies are in the dorsal root 
ganglia and can be activated and sensitized by inflammation.29,30 Dorsal 
root ganglia neurons express several receptors that can be selectively tar-
geted, including G-protein coupled receptors (GPCRs) and ion channels.31 
Compounds that interfere with GPCRs include opioid, cannabinoid, musca-
rinic, acetylcholine and somatostatin receptors, which are already pharma-
ceutically targeted for countless analgesic indications. 
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Placebo controlled trials for selective- and non-selective opioid recep-
tor binding compounds Difelikefalin (NCT02944448) and Naltrexon 
(NCT03008590), showed a high incidence of adverse events, without im-
provement of OA symptoms in the active groups. A study for a combination 
of tramadol and celecoxib, YYC301, is to start (NCT03850587). Cannabinoids 
are also under investigation; pre-clinically, cannabidiol (CBD) is a promising 
analgetic,32 but a study for the effects of a dermal application of cannabinoid 
oil was negative.33 Several other studies for CBD and tetrahydrocannabinol 
(THC) in knee- and hand-OA, are ongoing (Table 1). 

Current studies for compounds with affinity for ion channels, include 
those targeting the transient receptor potential vanilloid 1 (TRPV1), such as 
(trans-)capsaicin. Topical capsaicin was shown effective in knee OA but is 
not recommended for hip- and hand OA due to the depth of the joint, and the 
risk of contaminating the eyes.14 CNTX-4975, is a highly purified, synthetic 
trans-capsaicin, with an analgesic effect via reversible deactivation of end 
terminals of primary afferent pain fibers within the joint. In a phase II study, 
it reduced pain and improved physical function in OA patients, up to at least 
24 weeks after intra-articular administration.34 However, (possibly dose 
related) procedural pain was higher than in the placebo group.34 Still, three 
phase III studies with this compound are recruiting patients with knee OA 
(NCT03661996, NCT03429049, NCT03660943). Several other TRPV1 an-
tagonists are studied, with results pending (NCT03528369, NCT02558439, 
NCT03028870). NEO6860 is a promising compound, as it showed analgesic 
effects in knee OA, without adverse events observed in other TRPV1 antago-
nists, but due to an earlier completion date, it did not come up in our search.35

A monoclonal antibody which is also currently studied in a phase II 
study, targets transforming growth factor alpha and epiregulin (LY306859, 
NCT04456686), which inhibits inflammatory pathways to reduce pain.

Several other mechanisms of pain modulation are explored for OA. 
Botulinum toxin A, effective at the neuromuscular junction, is investigat-
ed in three ongoing studies in knee- and hand-OA.36 Two studies investi-
gate optimal doses of non-selective serotonin reuptake inhibitor Duloxetine 
(NCT04224584, NCT04504812). In earlier trials, Duloxetine was (positive-
ly) evaluated for its efficacy in OA pain, and guidelines already recommend 
the use of Duloxetine.14,16 

The development of pan-Trk inhibitors GZ389988 and ONO-4474 and 
TrkA receptor antagonists ASP7962 and VM902A and the Artemin-recep-
tor targeting REGN5069 (NCT03956550) was stopped for corporate strategy  
reasons.37 

Anti-nerve growth factor antibodies

Nerve growth factor (NGF) is a member of the neurotrophin family of mol-
ecules which binds to neurotrophic tyrosine kinase receptor type 1 (tropo-
myosin-related kinase A, TrkA).38 NGF is essential for the development of 
sympathetic- and sensory neurons, the last are responsible for nociception 
and temperature sensation. A systematic review concluded that reduction 
in pain and the improvement in function in OA may be a class effect of NGF 
antibodies.39

Anti-NGF tanezumab showed a reduction in joint pain and functional im-
pairment.40 After a long trajectory of (pre-)clinical development, with two 
FDA-mandated temporary holds because of rapidly progressive OA (RPOA), 
and sympathetic nerve system AEs, respectively.41 A request for approval 
with the FDA was submitted, but in a vote in March 2021, the FDA decided 
against approval for OA, because of the observation of RPOA.40,42 Another 
anti-NGF monoclonal antibody, Fanisumab, had promising results in a 
phase II clinical trial in OA patients, but this entire class of anti-NGFs may 
run into the issue of RPOA.43 Phase III trials in knee- and hip OA are current-
ly ongoing (Table 1). 

Immunomodulation

Inflammation in OA is mostly apparent as low-grade, chronic inflammation, 
primarily mediated by the innate immune system.44 Synovitis, apparent as 
low-grade inflammatory infiltrates, is associated with severity of symp-
toms, cartilage degeneration, osteophyte formation and joint dysfunction 
and present from an early stage of OA.10,44,45

Tumor necrosis factor alfa (TNF-α), interleukin (IL)-1α, IL-1β, IL-6, IL-15, 
IL-17, and IL-18 are considered the major mediators involved in the patho-
physiology of OA.46‾48 Although their exact roles in the pathogenesis of OA 
is still under investigation, their antibodies are already evaluated in clini-
cal trials (Table 2). Previous studies with several compounds targeting IL-1 
(AMG 108, Anakinra and Litikizumab), did not benefit patients with hand- 
or knee OA.49‾52

TNF-α blockers are highly efficacious in rheumatoid arthritis and TNF-α 
could also have a significant role in the pathogenesis of OA, since TNF-α 
expression is increased in the joint tissues.46 However, results of hand OA-
trials showed no beneficial effects on pain of TNF-α blockers adalimumab 
and etanercept.53,54 

Otilimab (GSK3196165) is a fully human monoclonal antibody for gran-
ulocyte macrophage-colony stimulating factor (GM-CSF), which inhibits 
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macrophage proliferation, an important element in development of OA-
related pain and joint swelling.55 A 12-week study showed that treatment of 
patients with inflammatory hand OA was well tolerated and reduced pain 
(NCT02683785), but no ongoing clinical trials in OA are registered. 56

Interleukin-6 is an inflammatory cytokine which plays a role in the upreg-
ulation of matrix metalloproteinases 3 and 13,57 but anti-IL-6 monoclonal an-
tibody Tocilizumab did not improve outcomes in hand OA (NCT02477059).58

XT-150 is an IL-10 expressing plasmid DNA gene therapy product for 
which a study in knee OA is currently ongoing (NCT04124042). No publica-
tions on pre-clinical studies were found.

The low-molecular-weight fraction of 5% human serum albumin (LMWF-
5A) contains aspartyl-alanyl diketopiperazine (DA-DKP), which inhibits the 
release of TNF-α in synoviocytes.59 In a post hoc pooled analysis of three 
randomized placebo (saline) controlled trials in patients with severe knee 
OA, LMWF-5A showed a significant decrease in pain at 12 weeks, improve-
ments in function, and patient global assessment.60 The long-term effects 
of LMWF-5A are currently investigated in an open label phase III extension 
study (NCT03988023).

Curcumin and ginger are polyphenols with presumed anti-inflammatory 
properties through cyclo-oxygenase (COX)2, prostaglandin, and leukotoxin 
inhibition, and are used as alternative therapies in osteoarthritis.61 As with 
other supplements, daily doses vary widely, and robust evidence of its effica-
cy is lacking. Ongoing trials for the effects of Curcumin and Resveratrol, an-
other polyphenol, were found (NCT02905799, NCT03715140).62

The development of p53 inhibitor UBX0101 was stopped, as the 12-week 
objective (reduction of pain) in the phase II trial (NCT04129944) was not 
met.63 The development of inflammatory pathway inhibitor Piclidenoson 
(NCT00837291) was terminated for corporate reasons.

Multipotent mesenchymal stromal cells	

Multiple clinical trials with MSC were initiated during the last decade. MSC 
are stromal cells that can differentiate into a variety of connective tissue lin-
eages, including bone-forming osteoblasts and cartilage-forming chondro-
cytes.64 MSC can be isolated from a variety of tissues, such as placenta, um-
bilical cord, bone marrow, and adipose tissue. In the joints MSC contribute 
to the maintenance of healthy cartilage and the response to injury. Amongst 
other tissues, they reside in the di-arthrodial joints, where they act as a res-
ervoir for other cells.65 MSC also have paracrine and immunomodulatory 

effects, reducing local inflammation through inhibition of T-cell and B-cell 
proliferation, when exposed to certain cytokines like TNF-α and IL-1.66 The 
MSC of patients with end-stage OA have substantially reduced proliferative 
and chondrogenic capacity, which may contribute to OA progression.65,67 As 
such, MSC may have the potential to halt inflammation and regeneration of 
tissues.65 

The regenerative properties of MSC intends to work through intra-articu-
lar injection of MSC after ex-vivo culture-expanding preparation. In a goat-
model of post-traumatic OA, this was successfully tested: a meniscal repair 
response and clinical improvement of the treated joints, as well as paracrine 
effects, were confirmed.68 

We found 51 interventional clinical trials with MSC-based therapy in OA, 
the majority of which investigate knee OA (Table 3). The source of these cells 
is variable and includes bone marrow-derived, adipose tissue-derived, and 
umbilical cord/placenta/Wharton’s jelly derived MSC. Most of these studies 
are RCTs (65%), but only 45% are blinded, and (24%) are placebo controlled. 

The effects of previous MSC-based therapies for knee OA were investi-
gated in reviews and meta-analyses of randomized controlled clinical tri-
als.61,69,70 Some studies showed a dose-response relationship and short term 
improvement in pain and function, but there was little to no evidence for 
DMOAD activity.61,69,70 In literature, the potential of MSC-based therapy for 
OA is recognized, but origin and preparation lack standardization.14,61,64 In 
order to draw firm conclusions about the efficacy of MSC, and to recommend 
MSC-based therapies in guidelines, well-described, standardized prepara-
tion methods must still be conducted. 

Despite the current lack of proven efficacy, minimally manipulated adi-
pose tissue injections are widely available at clinics.71

Platelet-rich plasma

PRP contains an elevated concentration of platelets, growth factors, cyto-
kines, adhesive proteins and plasma proteins and leucocytes.72 These con-
stitutes, influence the innate immune response in many ways. The growth 
factors, also mediate the proliferation and differentiation of MSC, which 
could contribute to cartilage repair.73 In a meta-analysis of 74 RCTs, symp-
tomatic outcome effects of PRP in knee OA were compared with those of hy-
aluronic acid and corticosteroids. Most included studies (87%) were blinded 
and showed superior outcomes of PRP injections compared to hyaluronic 
acid and corticosteroids; this positive effect on WOMAC score and VAS faded 
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after one year follow-up.74 These outcomes may be affected by publication 
bias and the designs of the included studies (randomized, blinded) is not 
representative for the studies registered in clintrials.gov (Table 3). Finally, 
few studies for the efficacy of PRP treatment of OA in other joints have been 
performed, precluding conclusions on its efficacy.75,76 

Our search yielded 15 studies investigating platelet-rich plasma in knee- 
(11 studies), hip- (2 studies), and shoulder- (1 study) OA. Similarities are ob-
served between the study designs of these studies and those investigating 
MSC: 80% of the studies are randomized, 40% are blinded and 20% are pla-
cebo controlled. A review for PRP preparation techniques and its relation to 
patient reported outcomes also found wide variations.77 Clearly this field is 
upcoming, but the applied preparation, dose, and dose interval vary widely, 
precluding conclusions on effectiveness. Consequently, the efficacy of PRP in 
OA is yet to be confirmed in high-quality, long-term follow-up studies.73,75,76

Cartilage metabolism and bone resorption

Table 4 captures pharmacological interventions which aim to restore or 
maintain cartilage and the subchondral bone. 

The progressive destruction of cartilage in OA involves degradation of 
its matrix constituents (collagen and aggrecan) by matrix metalloprotein-
ases (MMPs) and/or proteinases ‘A Disintegrin and Metalloproteinases with 
Thrombospondin’ (ADAMTS) motifs 4 and 5, in combination with the failure 
to repair the tissue.78,79 Blocking ADAMTS and MMPs, may inhibit the degra-
dation of collagen and aggrecan degradation and preserve cartilage. 

Inhibitors for MMP have been evaluated as OA treatments, but their ef-
ficacy was poor and local safety profile unfavorable, possibly due to lack of 
specificity.78,80 Indeed, no results for MMP inhibitors were found (Table 4). 

Two completed studies for ADAMTS-5 inhibitors in knee OA were found: 
anti-ADAMTS-5 nanobody M6495 (NCT03583346) and ADAMTS-5 inhibitor 
GLPG1972 (NCT03595618). In a phase I trial in healthy volunteers, GLPG1972 
was well tolerated and prevented the release of aggrecan fragments, which 
can be a signal of joint protection.81,82 However, the compound failed to re-
duce cartilage loss in the phase II efficacy study.83 

Cathepsin K is a lysosomal cysteine protease, expressed in osteoclasts 
and chondrocytes, which also cleaves aggrecan and collagen.78 MIV-711 is 
a cathepsin-K inhibitor that showed structure modifying properties in pre-
clinical models and reduced crosslaps levels pre-clinically and in healthy 
volunteers.84 A phase II trial showed that MIV-711 significantly reduced 

progression of bone and cartilage loss, with a tolerable safety profile, but it 
did affect pain.85

TPX-100 and LRX712 target chondroprogenitor cells, which aim for re-
generation and repair of cartilage by inducing chondroprogenitor cell differ-
entiation and production of new extracellular matrix. A placebo-controlled 
phase II study for TPX-100, showed that treatment was safe and improved 
knee function, with reduction in pain and disease burden, but no follow up 
study is registered.86

In the joint, the Wnt pathway helps to control tissue homeostasis through 
regulation of MSC differentiation into chondrocytes and osteoblasts. In-
creased Wnt signaling stimulates production of pro-inflammatory cyto-
kines and catabolic enzymes like MMP.87 Wnt pathway inhibitor, Lorecivivint 
(SM04690) preclinically showed potential to improve symptoms of knee 
OA.88 Inflammatory cytokines and cartilage degradative enzymes were in-
hibited, resulting in increased cartilage and functionality and decreased 
pain.88 In a phase II study, a single administration with Lorecivivint, did 
not yet lead to statistically significant improvement of knee OA pain, phys-
ical function, or improved medial joint space width compared to placebo.89 
Other phase II and III studies in knee OA are currently ongoing. 

Several studies for Invossa™ (TissueGeneC) are ongoing; it consists of 
chondrocytes which are retrovirally transduced to overexpress transform-
ing growth factor-β1. In a double-blind, placebo-controlled phase III trial in 
patients with knee OA, Invossa™ was found safe and improved pain and pa-
tient reported functional outcomes compared to a placebo group. No signif-
icant change was observed in cartilage thickness.90 

As the condition of the subchondral bone contributes to OA progression, 
it may be a target for pharmacological interventions.11 A randomized, place-
bo controlled trial with zoledronic acid in knee OA patients with bone mar-
row lesions, improved pain and bone marrow lesion size after one year.91 
However, efficacy of bisphosphonates was not confirmed in a study with 
two-year follow-up.25 In a meta-analysis for the efficacy of bisphosphonates 
on improvement of pain and radiological progression, an effect failed to ma-
terialize too.92 Nevertheless, two studies are currently recruiting knee- and 
hip OA patients (NCT043030, NCT02746068). Studies for calcium-regulat-
ing compounds Denosumab and Teriparatide in knee- and hand OA, are cur-
rently ongoing (NCT02771860, NCT03072147).

Viscosupplementation intends to lubricate the joint and relief pain by 
doing so. Studies investigating viscosupplements are either new formula-
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tions of hyaluronic acid alone, or a combination of hyaluronic acid and cor-
ticosteroids/NSAIDS. Ongoing studies investigate compounds with the dual 
aim of viscosupplementation and cartilage repair (SB-061, collagen-PVP, 
and MM-II), but no (pre-)clinical results of these compounds were found 
published.

Finally, glucosamine and chondroitin sulphate are popular food supple-
ments which intend to treat pain and loss of function in OA. Several system-
atic reviews and meta-analyses have analyzed their efficacy, with various 
outcomes. Some find a positive effect on pain and/or function,93 whereas 
others are inconclusive or do not find a positive effect on function compared 
to placebo.94 New formulations of glucosamine (NCT02830919), and combi-
nation with NSAIDS (NCT03936192) are under investigation. 

Discussion

The understanding of mechanisms that lead to chronic pain in OA has 
evolved. As a result, therapies for OA pain are transforming from classic an-
algesics towards more mechanism-based interventions on different levels, 
such as pain modulation, inflammation, and cartilage regeneration. These 
new insights may be beneficial for patient- and societal burden.22 

In this paper, the pipeline of treatments in development for OA was re-
viewed. We used the clinicaltrials.gov database to get a representative, up-
to-date, overview of the pharmacological interventions under investiga-
tion. The use of the clinical trial registry gives up-to-date outcomes and to 
some extend prevents publication bias, in contrast to a search of published 
data. The international committee of medical journal editors requires pro-
spective clinical trial registration with the aim of transparency,95 but it re-
mains unknown which studies are not registered or registered elsewhere.96 
Clinicaltrials.gov is a well-recognized clinical trial registry, which leads to 
representative search results. 

A potential limitation of this search strategy is that we chose not to in-
clude phase I and phase IV trials in our results. This may have led to miss-
ing potential new candidates that are in a very early stage of clinical devel-
opment (phase I), and studies with registered compounds, for new indica-
tions. Although both categories potentially yield new treatments for OA. We 
aimed to create an overview of new candidate compounds for OA, which 
have passed the first phase of development, hence phase I and phase IV tri-
als were not in the scope of this paper. 

Information from 184 studies for pharmacological interventions for os-
teoarthritis was collected, giving a good impression of the study designs in 
the field. In the categories of pain, immunomodulation and cartilage me-
tabolism, high percentages of blinded, randomized, placebo-controlled tri-
als were found (Tables 1, 2 and 4). This was less so for studies investigating 
the effects of MSC and platelet rich plasma. A blinded, randomized, placebo-
controlled trial is generally assessed to be the most valuable study design for 
interventional studies.97 Therefore, study designs are an opportunity in the 
fields of MSC and platelet rich plasma. Those studies would enable drawing 
firmer conclusions on MSC and PRP efficacy.

Overall, success is still elusive. One of the great challenges is the trans-
lation of preclinical animal models to the patient situation.98 Many com-
pounds with promising results in preclinical and early clinical studies, fail 
in phase I or II clinical trials. This might be explained by the fact that OA is 
such a complex heterogeneous disease in which multiple pathways lead to 
pain and functional failure of joints. Although research on the mechanisms 
involved is active at this moment and continually provides new insights and 
therapeutic targets to treat OA, it seems that important outcome parame-
ters may be absent or missed in pre-clinical and early phase clinical drug 
development. 

Applied interventions and primary outcomes of trials with patients who 
have different underlying pathophysiology, or different phases of disease 
progression, must be different.27 The pathophysiological processes, con-
tribution of sensitization of nociceptive pathways and psychosocial factors 
vary depending on the origin and stage of the disease. Currently, there is in-
sufficient information about these phenotypes, to enable adequate patient 
selection efficient translation from pre- and early clinical drugs to a suc-
cessfully registered DMOAD. 

Rational starting points to optimize early development, would be to focus 
on the pathophysiology of early-stage OA in preclinical and clinical experi-
ments. The feasibility of trials in phenotypically well-characterized patient 
populations, using validated (wet-, digital-, or imaging-) biomarkers, is cur-
rently under investigation.99 Furthermore, follow-up during the progression 
of OA requires more accurate and adequate endpoints examples of which are 
structural (quantitative) imaging and information gained from wearables.100
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Conclusion

High-quality research for compounds with potential disease modifying ac-
tivity is ongoing. Meanwhile, a more complete understanding of the devel-
opment of OA and a set of clinically valid and responsive biomarkers are 
thought essential players in the success of (clinical studies for) pharmaco-
logical interventions in OA.
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Table 1	 Phase II and phase III OA trials investigating efficacy of pharmacological 	
interventions with a completion date in 2017 or later that interfere with pain pathways	

Intervention Mechanism
(assumed)

Target N Target 
joint

Random-
ized 
controlled 
trials N, %

Dou-
ble 
blind 
N, %

Placebo 
con-
trolled 
N, %

Placebo 
controlled

Diclofenac, Ibupro-
fen, Ketoprofen, 
Multiprofen, 
Naproxen

NSAIDs COX 10 9 × 
knee, 
 1 × 
lum-
bar 
spine

10, 100 9, 90 6, 60 NCT03081806a 
NCT03110523a 
NCT03434197b 
NCT04421911b 
NCT03978208b 
NCT03199417d 
NCT03691844c 
NCT03172780c 
NCT03277066c 
NCT03691818c

Difelikefalin 
(CR845)

GPCR – kappa 
opioid receptor 
agonist

Opioid 
receptor

1 1× 
knee 
and 
hip

1, 100 1, 100 1, 100 NCT02944448c

Naltrexon GPCR – Opioid 
receptor 
antagonists

Opioid 
receptor

2 2 × Not 
de-
fined

2, 100 2, 100 2, 100 NCT03008590c 
NCT04115020d

Tramadol, Cele-
coxib (YYC 301)

GPCR – 
nonselective 
opioid receptor 
agonist, NSAID

Opiod -and 
COX receptor

1 1 × 
knee

1, 100 0, 0 0, 0 NCT03850587a

Cannabidiol (CBD, 
THC)

GPCR – Can-
nabinoid 
receptor

Cannabinoid 
receptor

5 4 × 
knee,  
1 × 
hand

4, 80 4, 80 3, 60 NCT03825965a 
NCT04412837a 
NCT03693833b 
NCT04195269b 
NCT02324777e

Capsaicin, 
Transcapsaicin, 
Resiniferatoxin

Ion channels TRPV1 
receptor

9 9 × 
knee

9, 100 8, 89 8, 89 NCT03661996b 
NCT03429049b 
NCT03660943b 
NCT04044742a 
NCT04386980a 
NCT03153813d 
NCT03528369c 
NCT02558439c 
NCT03028870c

Fasinumab and 
Tanezumab

Monoclonal 
antibody 

NGF pathway 10 10 × 
knee,  
10 × 
hip, 
1 × 
shoul-
der

9, 90 9, 90 8, 80 NCT03161093b 
NCT03304379b 
NCT03691974b 
NCT02683239b 
NCT03245008b 
NCT03285646c 
NCT02528188c 
NCT02674386c 
NCT02697773c 
NCT02709486c

LY3016859 Monoclonal 
antibody

EGF in-
hibitor, TGFα 
inhibitor

1 1 × 
knee

1, 100 1, 100 1, 100 NCT04456686b

Intervention Mechanism
(assumed)

Target N Target 
joint

Random-
ized 
controlled 
trials N, %

Dou-
ble 
blind 
N, %

Placebo 
con-
trolled 
N, %

Placebo 
controlled

GZ389988, 
ASP7962, ONO-
4474

Tropomyosin 
receptor 
kinase inhibi-
tors 

NGF pathway 3 3 × 
knee

3, 100 3, 100 3, 100 NCT02845271c 
NCT02611466c 
NCT02997696d

REGN5069, Monoclonal 
antibody

GFRalpha3 1 1 × 
knee

1, 100 1, 100 1, 100 NCT03956550d

Botulinum toxin A ACh inhibitors; 
Glutamate 
antagonists; 
Membrane 
transport 
protein 
modulators; 
Neuromuscu-
lar blocking 
agents

Neuro-
muscular 
juNCTion and 
noncholiner-
gic neurons

3 2 × 
knee, 
1 × 
hand

3, 100 2, 67 1, 33 NCT03726788a 
NCT03187626b 
NCT02832713b 

Duloxetine non-selective 
serotonin 
reuptake 
inhibitor

Serotonin-
receptor

2 2 × 
knee

2, 100 1, 50 1, 50 NCT04224584b 
NCT04504812a

Oxytocin Oxytocin 
agonist

Para-
sympatic 
stimulation

2 2 × 
knee

0, 0 0, 0 0, 0 NCT04429880a 
NCT04431193a

Biofreeze 4 Topical 
Gel

TRPM8 
channels, 
vasodilatation

TRPM8 
channel

1 1 × 
knee

1, 100 1, 100 1, 100 NCT04351594a

Oxygen-ozone 
therapy

prostaglan-
dine synthese 
inhibitor

Prosta-
glandine 
synthese 
inhibitor

1 1 × 
knee

1, 100 1, 100 0, 0 NCT04426721b

3VM1001 copper 
cream

Unknown Unknown 1 1 × 
knee

1, 100 1, 100 1, 100 NCT03142178c

N Number of studies, NSAID nonsteroidal anti-inflammatory drugs, GPCR G-protein coupled receptor,  
COX cyclooxygenase enzymes, CBD cannabidiol, THC tetrahydrocannabinol, TRPV1 transient receptor potential 
vanilloid 1, NGF nerve growth factor, EGF epidermal growth factor, TGFα transforming growth factor,  
ACh acetylcholine, TRPM transient receptor potential ion channels.  
Study status in clinicaltrials.gov November 2020 indicated in superscript:  
a Not yet recruiting  
b Recruiting or active, not recruiting   
c Completed with- or without results  
d Terminated or withdrawn  
e Unknown 
NCT numbers of ongoing studies, are in bold font 
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Table 2	 Phase II and III OA trials investigating efficacy of pharmacological interven-
tions with a completion date in 2017 or later that intend to interfere with inflammation	

Intervention Mechanism
(assumed)

Target N Target 
joint

Randomized 
controlled tri-
als N, %

Double 
blind 
N, %

Placebo 
con-
trolled 
N, %

NCT nrs

Corticosteroid 
(Fluticason, Zil-
retta, sustained 
release Dexa-
methasone)

Corticosteroid Gluco
corticoid 
receptor

11 7x knee, 
3x hip, 
2x 
shoulder

8, 73 4, 36 5, 45 NCT04120402a 
NCT04123561b 
NCT03754049b 
NCT04065074c 
NCT04160091d 
NCT03793010d 
NCT03046446c 
NCT03382262c 
NCT03378076c 
NCT03529942c 
NCT03005873c

Diacerein Anthraquino
lone 
dervivate

IL-1 2 2x knee 2, 100 2, 100 2, 100 NCT04318041a 
NCT02688400a

Adalimumab TNF-α 
antibody

TNF-α 2 2x knee 2, 100 2, 100 1, 50 NCT02471118b 
NCT02893098b

Otilimab 
(GSK3196165, 
MOR103)

Granulocyt 
macrophage-
colony stim-
ulating fac-
tor antibody 
(GM-CSF)

GM-CSF 1 hand 1, 100 1, 100 1, 100 NCT02683785c

Tocilizumab Anti-IL-6-
receptor 
monoclonal 
antibody

IL-6 1 hand 1, 100 1, 100 1, 100 NCT02477059b

XT-150: gene 
therapy ex-
pressing IL-10

Immuno
modulation

IFN-γ, 
IL-2, IL-3, 
TNF-α, 
GM-CSF 
inhibition

1 Knee 1, 100 1, 100 1, 100 NCT04124042b

LMWF-5A, 
DMI9523

Immuno
modulation

TNF-
α, IL-6 
and IL-7 
among 
others

3 3x knee 2, 67 2, 67 2, 67 NCT03988023b 
NCT03182686c 
NCT03349645d

Curcumin Presumed in-
hibition to 
the release 
of inflamma-
some through 
NLRP3

NLRP3 1 1x Not 
defined

1, 100 1, 100 1, 100 NCT03715140b

Resveratrol Immuno
modulation

Several 
targets 
(T- and 
B-lympho
cytes)

1 Knee 1, 100 1, 100 1, 100 NCT02905799b

Intervention Mechanism
(assumed)

Target N Target 
joint

Randomized 
controlled tri-
als N, %

Double 
blind 
N, %

Placebo 
con-
trolled 
N, %

NCT nrs

UBX0101 p53, MDM2 
interaction 
inhibitor

p53, 
MDM2

1 knee 1, 100 1, 100 1, 100 NCT04129944c

Piclidenoson 
(CF101, 
IB-MECA.

modulation 
of the nucle-
ar factor-κB 
(NF-κB.
and the Wnt 
signal trans-
duction 
pathways

A3  
adenosine 
receptor 
(A3AR)  
agonist IL-
17, IL-23

1 Knee 1, 100 1, 100 1, 100 NCT00837291d

n Number of studies, TNF-α tumor necrosis factor alpha, LMWF-5A low-molecular-weight fraction of 5% human 
serum albumin, IL interleukin, NLRP3 NLR family pyrin domain containing 3, GM-CSF granulocyte macrophage-
colony stimulating factor, ADORA3 Adenosine A3 receptor agonist, MDM2 mouse double minute 2 homolog. 
Study status in clinicaltrials.gov November 2020 indicated in superscript:  
a Not yet recruiting,  
b Recruiting or active, not recruiting  
c Completed with- or without results  
d Terminated or withdrawn  
e Unknown.  
NCT numbers of ongoing studies are in bold 
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Table 3	 Phase II and III OA trials investigating efficacy of pharmacological 
interventions with a completion date in 2017 or later which investigate interventions 
with mesenchymal stem cells	

Intervention Mechanism 
(assumed)

Target N Target 
joint

Randomized 
controlled 
trials N, %

Double 
blind 
N, %

Placebo 
controlled 
N, %

NCT numbers

Mesenchymal 
Stem Cells 
(adipose 
tissue-derived)

Regenerative 
capacity

Several 
targets

26 23x knee 
3x  
shoulder 
3x hip
1x not 
defined

15, 58 10,39 7, 28 NCT04368806a 
NCT03984461b 
NCT04351932a 
NCT04230902b 
NCT04208646a 
NCT03990805b 
NCT04050111a 
NCT04448106a 
NCT04427930b 
NCT03955497b 
NCT04321629b 
NCT03509025b 
NCT03308006a 
NCT02838069b 
NCT02784964b 
NCT02844738b 
NCT02844764b 
NCT02844751b 
NCT03467919b 
NCT03869229b 
NCT02846675c 
NCT03164083d 
NCT02674399c 
NCT02351011c 
NCT02967874c 
NCT02827851e

Mesenchymal 
Stem Cells (pla-
centa, um-
bilical cord, 
Wharton's jelly 
derived)

Regenerative 
capacity

Several 
targets

15 14x knee 
1x hip 
1x 
shoulder
1x not 
defined

10, 67 6, 40 3, 20 NCT03383081b 
NCT04520945a 
NCT04453111b 
NCT04314661b 
NCT04313894b 
NCT03485157b 
NCT03866330b 
NCT03390920b 
NCT03166865e 
NCT02580695c 
NCT02237846d 
NCT03441607e 
NCT02776943e 
NCT03028428e 
NCT01733186c

Mesenchymal 
Stem Cells 
(bone-marrow 
derived)

Regenerative 
capacity

Several 
targets

9 9x knee 7, 78 7, 78 2, 22 NCT04351932a 
NCT04240873b 
NCT04205656b 
NCT03818737b 
NCT03589287b 
NCT03876795b 
NCT02848027b 
NCT03271229d 
NCT02958267c

Mesenchymal 
Stem Cells (un-
known origin)

Regenerative 
capacity

Several 
targets 

1 1x knee 1, 100 0, 0 0, 0 NCT03975101d

Platelet-rich 
plasma

Regenerative 
capacity

Several 
targets

15 11x knee 
2x hip 
1x  
shoulder 
1x not 
defined

12, 80 6, 40 3, 20 NCT03984461b 
NCT03477630b 
NCT02776514b 
NCT02844738b 
NCT02844764b 
NCT02844751b 
NCT04333160b 
NCT04205656b 
NCT03491761b 
NCT03889925b 
NCT04352075c 
NCT04331327c 
NCT03138317e 
NCT01697423e 
NCT02694146c

Autologous 
continued 
serum

Regenerative 
capacity

Several 
targets

1 1x knee 0, 0 0, 0 0, 0 NCT03850080c

N Number of studies.  
Study status in clinicaltrials.gov November 2020 indicated in superscript:  
a  Not yet recruiting  
b  Recruiting or active, not recruiting  
c  Completed with- or without results  
d  Terminated or withdrawn  
e  Unknown  
For ongoing studies, NCT numbers are in bold
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Table 4	 Phase II and III OA trials investigating efficacy of pharmacological 
interventions with a completion date in 2017 or later, which interfere with cartilage 
regeneration or bone resorption or involve viscosupplementation	

Intervention Mechanism 
(assumed)

Target N Target 
joint

Random-
ized 
controlled 
trials N, %

Dou-
ble 
blind 
N, %

Placebo 
con-
trolled 
N, %

NCT nr.

GLPG1972, 
M6495

ADAMTS-5 
inhibitors

ADAMTS-5 2 2x 
Knee

2, 100 2, 100 2, 100 NCT03595618c 
NCT03583346c

MIV-711 Selective 
cathEPsin-K 
inhibitor

CathEPsin K 2 2x 
Knee

1, 50 1, 50 1, 50 NCT02705625c, 
NCT03037489c

LRX712, 
TPX-100

Regeneration 
and rEPair of 
cartilage

Chondropro
genitor cells

2 2x 
Knee

2, 100 2, 100 2, 100 NCT04097379b 
NCT02837900c 

Lorecivivint 
(SM04690)

DYRK kinase 
inhibitors; Wnt 
signalling path-
way inhibitors

Wnt signal-
ling

7 7x 
Knee

6, 86 6, 86 6, 86 NCT04520607b 
NCT04385303b 
NCT03706521b 
NCT03727022b 
NCT03928184b 
NCT03122860c 
NCT02536833c 

TissueGene-
C (Invossa K), 

TGF-
overexpressing 
Chondrocyte 
suppletion

Chondro-
cytes

3 3x 
knee

3, 75 3, 75 3, 75 NCT03383471b 
NCT03291470a 
NCT03203330b 

CartiLife Chondrocyte 
suppletion

Chondro-
cytes

1 1x 
knee

1, 100 0, 0 0, 0 NCT03545269c

Zolendronic 
acid

Bisphosphonates Osteoclasts 2 1x 
knee, 
1x hip

2, 100 2, 100 2, 100 NCT04303026b 
NCT02746068b

Denosumab, 
Teriparatide

Calcium regulat-
ing compounds

Osteoclasts, 
osteoblasts

2 1x 
knee, 
1x 
hand

2, 100 2, 100 2, 100 NCT02771860b 
NCT03072147b

Alfacalcidol Osteocyte/
chondrocyte 
hypertrophy by 
Vit. D substitu-
tion

Osteoclasts 1 1x 
knee

1, 100 1, 100 1, 100 NCT04405960c

Losartan Enhanced ar-
ticular cartilage 
rEPair after 
microfracturing

Chondro-
cytes

1 1x hip 1, 100 1, 100 1, 100 NCT04212650b

Hyaluronic 
acid, some 
with supple-
ments of 
triamcinolon, 
mannitol or 
diclofenac

Visco
supplementation

- 10 9x 
knee,  
1x hip

10, 100 9, 90 6, 60 NCT04231318b 
NCT03561779e 
NCT03209362c 
NCT04315103c 
NCT03190369c 
NCT03191903c 
NCT03390036c 
NCT03200288c 
NCT02698865d 
NCT03636971c 

SB-061 Aggrecan mimic - 2 2x 
knee

2, 100 2, 100 2, 100 NCT02802709c 
NCT03231280c

Intervention Mechanism 
(assumed)

Target N Target 
joint

Random-
ized 
controlled 
trials N, %

Dou-
ble 
blind 
N, %

Placebo 
con-
trolled 
N, %

NCT nr.

MM-II Visco
supplementation

- 1 1x 
knee

1, 100 1, 100 1, 100 NCT04506463a

Collagen-PVP Visco
supplementation

- 1 1x 
Knee

1, 100 1, 100 0, 100 NCT04019782b

Glucosamine 
with 
Chondroitin, 
glucosamine 
with Meloxi-
cam

Synthesis of 
synovial fluid

- 2 2x 
knee

2, 100 2, 100 1, 50 NCT03936192a 
NCT02830919c 

N Number of studies, ADAMTS metalloproteinase with a thrombospondin type 1 motif, DYRK dual-
specificity tyrosine phosphorylation-regulated kinase, Wnt wingless-related integration site  
Study status in clinicaltrials.gov November 2020 indicated in superscript:  
a Not yet recruiting  
b Recruiting or active, not recruiting  
c Completed with- or without results  
d Terminated or withdrawn  
e Unknown 
For ongoing studies, NCT numbers are in bold 
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CHAPTER 6

Safety, tolerability, pharmacokinetics  

and pharmacodynamics of single 

ascending doses of LRX712 in patients with 

knee osteoarthritis: a randomized placebo-

controlled phase I trial

This chapter is a partial draft of the contemplated overarching paper,  
which will cover the pre-clinical and early clinical development of LRX712. 
Authors of a final paper are to be determined.
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This chapter (pages 125 to 140) is subject to an embargo and is therefore 
not included in this book. A separate quire of the chapter is used during the 
defence. 
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Administration of an adeno-associated 

viral vector expressing interferon-β in 

patients with inflammatory hand arthritis, 

results of a phase I/II study
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ABSTRACT 

OBJECTIVE   Inflammatory hand arthritis (IHA) results in impaired func-
tion. Local gene therapy with ART-I02, a recombinant adeno-associated 
viral (AAV) serotype 5 vector expressing interferon (IFN)-β, under the tran-
scriptional control of nuclear factor κ-B responsive promoter, was preclin-
ically shown to have favorable effects. This study aimed to investigate the 
safety and tolerability of local gene therapy with ART-I02 in patients with 
IHA.

METHODS   In this first-in-human, dose-escalating, cohort study, 12 IHA 
patients were to receive a single intra-articular (IA) injection of ART-I02 
ranging 0.3×1012-1.2×1013 genome copies in an affected hand joint. Adverse 
events (AEs), routine safety laboratory and the clinical course of disease 
were periodically evaluated. Baseline- and follow-up contrast enhanced 
magnetic resonance images (MRIs), shedding of viral vectors in bodily flu-
ids, and AAV5 and IFN-β immune responses were evaluated. A data review 
committee provided safety recommendations.

Results   Four patients were enrolled. Long-lasting local AEs were ob-
served in 3 patients upon IA injection of ART-I02. The AEs were moderate 
and could be treated conservative. Given the duration of the AEs and their 
possible or probable relation to ART-I02, no additional patients were en-
rolled. No systemic treatment emergent AEs were observed. The MRIs re-
flected the AEs by (peri)arthritis. No T-cell response against AAV5 or IFN-β, 
nor IFN-β antibodies could be detected. Neutralizing antibody titers against 
AAV5 raised post-dose.

ConclusionS   Single IA doses of 0.6×1012 or 1.2×1012 ART-I02 vector ge-
nomes were administered without systemic side effects or serious AEs. 
However, local tolerability was insufficient for continuation.

REGISTRATION  NCT02727764

Introduction

Osteoarthritis (OA) and rheumatoid arthritis (RA) can both manifest with 
inflammatory hand arthritis (IHA) and cause considerable disability.1,2 
Although pathophysiology of OA and RA differ, inflammation of the synovi-
um plays a pivotal role in both.3‾6 This inflammation occurs in exacerbations 
and leads to destruction of joint tissues, joint pain and impaired function.7 
Currently, no registered therapy halts the deterioration of joints caused by 
OA.8 For RA, systemic disease modifying anti-rheumatic drugs are avail-
able, but some patients respond poorly to these.9 The lack of full efficacy of 
pharmacological interventions may be due to ineffective interference with 
pathophysiological pathways, poor penetration into the synovium, or tim-
ing of the drug-availability in relation to the inflammatory status within the 
joint.10 Hence, inflammation driven, intra-articular (IA) treatment may take 
preference over systemic treatment in mono- or oligo-arthritis.

Interferon (IFN)-β has anti-inflammatory properties, such as the inhibi-
tion of tumor necrosis factor and interleukin-1β production by macrophages 
in the inflamed synovium.11,12 IFN-β has been administered in multiple clin-
ical trials, confirming its safety after intra-muscular, and subcutaneous in-
jection.12‾14 Efficacy studies with subcutaneously administered IFN-β in ar-
thritic patients showed ambiguous results: In a small study, patient report-
ed- and histological efficacy was shown.13 In a larger study, these effects 
could not be confirmed, which was hypothesized to be due to low local expo-
sure of the inflamed joint and the short half-life of IFN-β.12 Novel approach-
es, enabling local and inducible expression of IFN-β in case of an exacerba-
tion may provide efficacy.

Such an approach, a recombinant adeno-associated virus (AAV) vector 
expressing IFN-β under the transcriptional control of a promoter respon-
sive to the pro-inflammatory nuclear factor κB (NF-κB), ART-I02, was in-
vestigated in this study. The IFN-β expression cassette of ART-I02 is flanked 
by two AAV2 derived inverted terminal repeats and is packaged in the cap-
sid of AAV5. NF-κB has been described to be upregulated in both RA and 
OA.15,16 Recombinant AAV vectors are replication-deficient vectors which 
have been shown to be safe in multiple clinical trials.17‾20 The capsid of AAV5 
was chosen because of its efficient transduction in synovial tissue and the 
low incidence of pre-existing neutralizing antibodies for AAV5.21‾24 As such, 
ART-I02 was designed to produce an anti-inflammatory compound (IFN-
β) locally in the joint in periods of inflammation. In in vitro studies with 
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fibroblast-like synoviocytes from RA- and OA patients, decreased synovial 
inflammation was observed. Pre-clinical studies for biodistribution, safety 
and initial efficacy in animal models for arthritis in rats and rhesus mon-
keys showed that ART-I02 was well tolerated and decreased synovial inflam-
mation due to expression of IFN-β.25‾27 Altogether, these results warranted 
evaluation of ART-I02 in RA and OA patients. Here we describe the first-in-
human study in which the safety and tolerability of a single IA administra-
tion of ART-I02 was investigated in patients with IHA. 

Methods
Study design 

This was a single center, open label, first-in-human, dose escalating study 
to investigate the safety and tolerability of a single, IA injection of ART-I02 
in up to 12 IHA patients. The study was conducted at the Centre for Human 
Drug Research (CHDR) in Leiden, the Netherlands. Patient enrollment was 
in 3 cohorts (3:3:6 patients). The IA doses for cohort I (patients 1-3) were 
1.2×1012, 0.6×1012, or 0.3×1012 vector genomes (VG) for the carpometacarpal 
(CMC) and metacarpophalangeal (MCP)-, proximal interphalangeal (PIP)- 
and distal interphalangeal (DIP)- joints, respectively. A ten-fold increase in 
dose was planned for cohort II (patients 4-6). Cohort III (patients 7-12) was 
planned to receive the highest tolerated dose, as determined from the safe-
ty data from the previous cohorts. The injection volumes were 500µL, 250µL 
and 125µL for the CMC/MCP, PIP and DIP joints, respectively. The injections 
were performed in a sterile environment, under ultrasound-guidance, by 
board-certified musculoskeletal radiologists (MR or ANC with respective-
ly 24 and 13 years of experience). Patients were followed for 24 weeks after 
study drug administration; long-term safety follow-up is conducted by year-
ly telephone calls up to 5 years.

The study was approved by the Central Committee on Research Involving 
Human Subjects (CCMO), The Hague, The Netherlands, and was registered 
in the clinicaltrials.gov registry (NCT02727764). All patients provided writ-
ten informed consent prior to participation. Study related procedures were 
conducted in accordance with the Declaration of Helsinki and the Dutch Act 
regarding Medical Research Involving Human Subjects. An environmental 
permit on ‘deliberate release into the environment’ (according to the direc-
tive 2001/18/EC of the European Parliament and of the Council) had been 
granted prior to the study (License: GGOIM-MV16-001). An independent 
data review committee (DRC) was installed to review the safety data after 

each cohort and to give recommendations for dose escalation and stopping 
decisions (supplementary methods 1).

Investigational product

Construction of the ART-I02 vector has been described previously.26 ART-
I02 was produced using polyethylenimine (PEIpro™) mediated transient 
transfection of HEK293T/17 cells with pART-I02 vector plasmid and PDP5-
Kan3 helper/packaging plasmid, a derivative of PDP5 with the ampicillin 
resistance gene replaced by the kanamycin resistance gene. ART-I02 was 
purified in steps including affinity chromatography, ion exchange chro-
matography and filtration.28,29 ART-I02 was manufactured in accordance 
with Good Manufacturing Practices. QC testing was performed according to 
Ph.Eur.chapter “5.14”. The ratio of vector genomes:AAV-particles of ART-I02 
was 1:6.6. Starting doses were selected based on pre-clinical results of ART-
I02 effectivity- and toxicity studies,21,26 and rAAV vectors in other clinical 
trials.30,31 Injection volumes were based on current clinical practice with IA 
injections. 

Participants

Patients with an inflammatory arthritis of the CMC, MCP, PIP or DIP joints and 
an indication to undergo surgical intervention of the target joint, were eli-
gible. The indication for surgical intervention and diagnosis of OA or RA had 
to be established by a treating physician and inflammation was confirmed 
on Magnetic Resonance Imaging (MRI). At screening, baseline characteris-
tics and medical history were collected, physical examination, routine safety 
laboratory and urinalysis were performed, and further in- and exclusion cri-
teria were assessed. Exclusion criteria included presence of neutralizing an-
tibodies against AAV5 and/or IFN-β, previous treatment with an AAV5 and 
a poor functional status. Patients could remain on their current medication 
and stop or start medication as appropriate. Full in- and exclusion criteria 
are provided in supplementary methods 2. 

Safety

Patients remained in the clinic for at least 4 hours to observe the initial reac-
tion to the ART-I02 administration. Clinical follow-up visits took place at 24 
hours, and 1, 2, 4, 8, 12, 16, 20 and 24 weeks after administration. Safety was 
assessed by physical examination, vital signs, 12-lead electrocardiography, 
safety laboratory evaluation, urinalysis, and the presence of- and changes 
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in adverse events (AEs) according to the Rheumatology Common Toxicity 
Criteria (R-CTCAE).32 

After 24 weeks, patients proceeded into a 5-year follow-up with annual 
phone calls to monitor long-term safety, consisting of a standardized ques-
tionnaire including the occurrence of hospitalization or surgical interven-
tion, potentially treatment related events and relevant oncologic, infectious, 
neurological, hematological or immunological events.

Functional assessments

The functionality of the injected joint was monitored by assessment accord-
ing to the Composite Change Index (CCI) at each follow-up visit.33,34 The CCI 
score is calculated from six outcomes: a physician completed part, includ-
ing assessment of function, joint tenderness, swelling and efficacy, all on a 
4-point scale, and a patient completed part including a visual analogue score 
for pain (0-10) and efficacy (4-point scale). Based on changes from baseline, 
a score between 0 and 10 was calculated at follow-up. Scores <5 were defined 
as no effect or deterioration, scores ≥5 were defined as successful treatment. 
The CCI scoring and calculation methods are given in supplementary meth-
ods 3. In addition, flexion and extension range of motion were measured in 
degrees, for the MCP, PIP and DIP joints, using a goniometer.

MRI

The level of arthritis of the target joint was evaluated using MRI scans at 
screening, 12, and 24 weeks after study drug administration. Images were 
obtained by static and dynamic, contrast enhanced MRIs from the CMC 
joints to the fingers distally, using a 3T MR scanner (Philips, Eindhoven, 
The Netherlands), and dedicated small extremity MR coil. All MRI scans 
were made in the Leiden University Medical Center (CHDR), Leiden, The 
Netherlands. The following sequences were acquired before contrast in-
jection: coronal and axial T1-weighted Turbo Spin Echo (TSE) sequence 
(repetition time/echo time TR/TE 623/18ms) and coronal T2 Dixon (TR/TE 
2500/60ms) and axial T2 Dixon (3286/60ms). After intravenous injection of 
gadolinium contrast (gadoteric acid, Guerbet, Paris, France, standard dose of 
0.1mmol/kg), a dynamic contrast-enhanced (DCE-MRI) sequence was per-
formed, using 8 slices.

After DCE-MRI sequence the following sequences were obtained: T1-
weighted TSE sequence with frequency selective fat saturation in the coro-
nal and axial plane (TR/TE 727/18ms). The field-of-view was 130mm. Coronal 

sequences had 20 slices with a slice thickness of 2mm, no slice gap. The axial 
sequences had 50 slices, with thickness of 2.5mm, no slice gap. 

The target joints were assessed qualitatively and semi-quantitatively. A 
musculoskeletal radiologist (MR or ANC) assessed the scans for quality and 
performed a qualitative assessment of the target joint, in a narrative report. 
Semi-quantitative scoring was done by experienced readers in these assess-
ments (YD and FK). Reported outcomes were based on categories of validat-
ed MRI scoring systems for hand OA and RA, and included synovitis, bone 
marrow edema (RA) or bone marrow lesions (OA) and bone erosions (RA) or 
subchondral bone defects/erosive damage (OA).35‾37 

Immunology

The humoral and cellular immune responses against AAV5 and IFN-β, as 
well as the presence of IFN-β, were measured at set time points during the 
study using validated assays (Table 1). 

The presence of AAV5-neutralizing antibodies (titers >15) was measured 
using an inhibition of transduction assay. In this assay, the residual expres-
sion of luciferase was measured in HEK293T cells after transduction with an 
AAV5 vector pre-incubated with the test serum. Luciferase was quantified 
using a VictorX microplate reader, PerkinElmer (Waltham, MA, Usa) (un-
diluted to 1:405 diluted). Binding antibodies against AAV5 were determined 
by ELISA using the BioTek PowerWaveXS spectrophotometer (Winooski, VT, 
Usa) (dilutions of 1:100 to 1:24300). 

Binding antibodies against IFN-β were measured using a bridging assay 
format (MesoScale Discovery platform, Rockville, MD, Usa). Serum samples 
were pre-incubated with biotin labeled and SULFO-TAG™ labeled IFN-β, 
and subsequently transferred to a microtiter plate coated with Streptavidin 
and incubated for 1hr at room temperature. After washing, the plates were 
stained with 2× Read buffer T and quantified using the MESO QuickPlex 
SQ120 imager. Samples were tested 1:10 diluted in the screening assay, and 
in case they were positive, further two-fold serial dilutions were made to de-
termine the titer. Neutralizing antibodies against IFN-β were analyzed in the 
iLite IFN-β neutralizing antibody assay (SVAR, Malmö, Sweden), but only if 
binding antibodies were positive.

T-cell responses against IFN-β and AAV5 were tested using peripheral 
blood mononuclear cells (PBMCs), in Interferon-γ ELISpot assays (Immu-
noSpot® S6 CORE, Shaker heights, OH, Usa), using three peptide pools of 
overlapping 15-mer peptides of IFN-β and AAV5.



Bone a nd join t disor ders: Scr eening a nd ea r ly clinic a l drug dev elopmen t148 149ch a p ter 7 – Safety and tolerability of ART-I02 in inf lammatory hand arthritis

The plasma protein IFN-β concentrations were measured, using a human 
IFN-β serum ELISA assay with a lower limit of quantification of 2.3-18.8 pg/
mL (VeriKine-HS™, PBL Assay science, Piscataway, NJ, Usa).

Viral shedding

Shedding of ART-I02 was measured using quantitative polymerase chain 
reaction (qPCR) in blood, saliva, urine and feces (QuantStudio 7 real-time 
PCR, applied Biosystems, Foster City, CA, Usa). The Limit of detection was 
15-67 copies/µg DNA in blood, 86 copies/mL in saliva and urine, and 15 cop-
ies/µg DNA in feces. For each bodily fluid of each patient the viral shedding 
was analyzed up to three consecutive negative samples. The synovial fluid 
and tissue would be analyzed for transduction of ART-I02 in case tissue 
samples were available.

Statistics

As this was an exploratory phase I-II study, there was no formal power cal-
culation; outcomes are presented in a descriptive manner. 

Results
Demographics and baseline characteristics

Figure 1 contains a flow diagram for the patients in the study. Four patients 
were included in the trial, their baseline characteristics are presented in 
Table 2. The three patients of cohort I received the starting dose, i.e. 0.6×1012 
VG/PIP joint (patient 1) and 1.2×1012 VG/CMC joint (patients 2 and 3). Upon re-
view of the safety data of cohort I by the investigator and the DRC, and ap-
proval by the ethics committee, cohort II was started with the same (low) 
dose. Thus, patient 4 received 0.6×1012 VG in the PIP joint. An additional 
DRC meeting was scheduled as the fourth patient developed injection site 
symptoms. The DRC advised against further study drug administrations and 
therefore no additional patients were enrolled. All four included partici-
pants have completed the clinical follow-up, and the follow-up phone calls 
up to 2 years post-dose. 

Safety

During- and immediately after administration, one patient experienced in-
jection site pain. This AE resolved immediately and spontaneously. At the 
visit 24hrs after injection, no AEs were observed. Three of the four patients 

(patients 2,3 and 4) developed injection site reactions 4 to 12 days after study 
drug administration. The symptoms included increased joint tenderness, 
diminished grip strength and swelling, and were clinically diagnosed as te-
nosynovitis. These symptoms lasted for 5 weeks to 4 months and had a fluc-
tuating course (patient 2), or gradually decreased over time (patients 3 and 
4). The symptoms were treated with over-the-counter analgesics and in-
structions to restrict movement with- or without orthoses. These AEs were 
assessed to be R-CTCAE grade 2 (moderate) in severity and considered pos-
sibly or probably related to the injection of ART-I02. None of the patients ex-
perienced treatment-emergent events apart from these local AEs. Although 
the injection site reaction related to the administration of ART-I02 persist-
ed for 5 weeks to 4 months, it posed no major health problem nor chron-
ic impairment. There were no abnormalities, in safety measures, or signs 
of infection. At the one-year follow-up, all patients reported their status to 
be similar (patients 2, 3 and 4) to the status at baseline or better (patient 1). 
No treatment emergent AEs were reported by the patients at the telephone 
follow-up.

Functional assessments

In patient 1, improvement compared to baseline, reflected by a calculated 
CCI score ≥5, was demonstrated at all visits except for the visit in weeks 4 
and 8. The calculated CCI scores of the other three patients were mostly <5, 
indicating no improvement compared to baseline, throughout the study. 
The range of motion was not affected by the injection of ART-I02 (data not 
shown).

MRI

A full overview of the quantitative outcomes is given in Table 3. In the quali-
tative assessments, the synovitis and peri-arthritis of the target joint in pa-
tient 1 slightly improved after ART-I02 injection compared to baseline, this 
was not reflected in the quantitative scores: Synovitis remained stable and 
bone marrow edema and bone erosions remained absent from baseline 
throughout the study. 

In the qualitative assessment of patient 2, peri-arthritis was reported at 
week 12, which had recovered by week 24. The synovitis scores remained un-
changed during the study. New bone marrow lesions had developed in week 
12, which had not fully recovered at 24-weeks. Subchondral bone defects re-
mained stable. 
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The MRI of patient 3 showed increased synovitis (baseline grade 1, week 12 
grade 3) and new bone marrow lesions in week 12 (baseline grade 0, week 12 
grade 3). Neither had fully recovered at week 24. These outcomes were re-
flected in the qualitative assessment: peri-arthritis was present at week 12 
and had slightly improved at week 24. 

Patient 4 had an additional MRI in week 4, because of the observed AEs. 
The MRI after 4 weeks (Figure 2B), showed a strong increase of the synovitis 
(baseline grade 1, week 4 grade 3) and peri-arthritis (qualitative assessment) 
bone marrow lesions and erosive damage remained unchanged compared 
to baseline (grade 1). The synovitis had returned to the baseline situation at 
week 24 (Figure 2D).

Immunology and systemic IFN-β protein
A full overview of the immunology outcomes is given in Table 4. Before in-
jection, serum sample titers for patients 1, 2, and 3 were negative (<1:100) for 
total binding antibodies against AAV5 as measured by ELISA, and low for pa-
tient 4 (1:193). For all four patients, titers raised after injection of ART-I02 to 
>1:17,000. Neutralizing antibodies were analyzed at screening using an AAV5 
inhibition of transduction assay to exclude patients with titers >1:15 to avoid 
inhibition of ART-I02 transduction. The neutralizing antibody titers in the 
four patients enrolled in this study ranged between 1:1 to <1:8 before injec-
tion. The titers increased to >1:405 at week 4 after injection.

Local administration of ART-I02 did not result in a detectable increase of 
IFN-β in the circulation. Plasma samples from all four patients collected be-
fore and after injection of ART-I02 were negative, i.e. below the lower limit 
of detection of 2.3-18.8 pg/mL (Table 4).

Serum samples from all four patients collected before and after injection 
of ART-I02 were negative for IFN-β binding antibodies. Therefore, IFN-β 
neutralizing antibody assays were not performed. T-cell responses against 
IFN-β and AAV5 did not show a change from baseline.

Shedding

Peak levels of ART-I02 vector DNA in blood were observed at one day after 
injection and subsequently decreased. All blood samples were negative at 
four weeks after injection. A full overview is included in Table 4. Vector DNA 
was detected in saliva of three patients one day after injection, and all sali-
va samples were negative from one week after administration onwards. No 
vector DNA was detectable in urine or feces at any time. None of the patients 

opted for surgical intervention during the clinical follow-up period, hence 
no synovial fluid- or tissue was available for examination.

Discussion

In this phase I-II study, ART-I02 (rAAV2/5-hIFN-β) was administered intra-
articularly in four patients with an inflammatory hand joint mono-arthri-
tis. No significant systemic abnormalities were observed and no serious ad-
verse events occurred. Despite systemic safety, late-onset (4-10 days post-
dose) injection site reactions manifested in three patients. Peri-arthritis, the 
inflammation of the tissues surrounding the joint including tendons (teno-
synovitis) and subcutaneous tissue, was seen in three patients. None of the 
patients opted for a surgical intervention. Although the symptom state of the 
target joints has reverted to the baseline level, the duration of the symptoms 
at the injection site and the possible or probable relation to ART-I02, pre-
cluded the enrollment of additional patients in the study.

The exact etiology of the observed AEs is currently unclear; drug might 
have leaked into the soft tissues after ultrasound guided administration and 
may have caused the periarticular reaction, but a direct association with the 
injection procedure seems unlikely because of the late onset of the AEs and 
their long duration. It seems to be more plausible that the experimental gene 
product was causative, although this cannot be fully proven with the data of 
the current study.

A cause of the observed events could be an immune response against the 
viral vector. We observed an increase in the AAV5 binding- and neutralizing 
antibodies at 4- and 24 weeks. The plasma T-cell responses against AAV5 
did not show a relevant change over time, but a local response cannot be ex-
cluded. The observed pattern of immune responses was comparable among 
patients, regardless of the baseline titers of neutralizing antibodies and ad-
verse events. The observed changes in the AAV5 antibodies were also iden-
tified in a non-human primate arthritis model of ART-I02, in combination 
with a T-cell response against AAV5. These immune responses did not lead 
to local or systemic adverse events.26 In a clinical study, in which an AAV2 
vector encoding for tumor necrosis factor immunoglobulin Fc (rAAV2-
TNFR:Fc) was injected IA in the (knee- ankle, wrist, MCP and elbow) joints of 
arthritis patients, administration site reactions occurred more commonly 
after administration of rAAV2-TNFR:Fc than after administration of place-
bo. These AEs were dose dependent, but no relation was found between the 
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AEs and pre-existing- or developing antibody titers against AAV2.30 In total, 
24 administration site reaction were observed after 191 administrations 
(12.6%), of which 4 (2.1%) were severe and the investigators chose to treat 
the patients with steroids in 3 cases (1.6%).30 In two other clinical studies, 
the increased AAV-antibodies may have caused the observed transient ala-
nine aminotransferase levels increase that were observed after intravenous 
administration. These signs of hepatocellular toxicity resolved upon admin-
istration of a tapering dose of prednisolone.20,38,39 Finally, ART-I02 dose is 
based on VG, but the amount of viral particles administered was higher (ratio 
1:6.6). If future studies would prove AAV particles to be causative of adverse 
events, these might be prevented by improved separation of empty- and full 
particles in production, the development of optimized AAV vectors allowing 
for lower doses potentially in combination with interventions to reduce im-
mune responses. 

Another explanation for the locoregional adverse events, may be IA IFN-β 
expression. Although IFN-β was chosen for its favorable anti-inflammatory 
properties in arthritis, it also has pro-inflammatory effects, which may have 
manifested in this study.40 Studies that investigated the effect of IFN-β in ar-
thritic patients, reported an anti-inflammatory effect or no effect at all.12,13 
However, the different administration routes (subcutaneous vs. IA), formu-
lation and the injection in an inflamed site, might have created an environ-
ment in which IFN-β has pro-inflammatory properties.12,13

As synovial samples from the injected joints were not obtained, a corre-
lation between locoregional AEs and IFN-β expression or other local bio-
chemical changes could not be assessed. Although we cannot be certain of 
the local IFN-β expression in this study, AAV5 induced transgene expres-
sion was previously confirmed as of 3 days after IA vector administration 
in pre-clinical non-human primate studies, without the occurrence of local 
AEs.25,26 In these monkeys, local expression of IFN-β was confirmed, but 
did not result in elevated systemic IFN-β levels. Thus, the fact that elevated 
serum IFN-β levels, antibody responses, and T-cell responses against IFN-β 
were not observed in the patients in this study, does not preclude that IFN-β 
was expressed in the injected joints. 

IA administration of AAV may be the preferred route to establish pro-
longed local exposure, while avoiding systemic exposure and toxicity. Al-
though samples were lacking to measure the local levels of vector in synovi-
um, the analysis of body fluids confirmed that the vector remained predom-
inantly local. Vector DNA levels were within the limits of quantification only 

in blood and feces and solely 1 day after study drug administration. A simi-
lar pattern in blood was observed upon IA administration of rAAV2-TNFR:Fc 
in two other studies.30,31 Systemic vector concentrations decreased below 
the limit of quantification between 4-8 weeks upon administration. These 
studies observed sustained presence of rAAV2-TNFR:Fc in synovium after 
IA administration up to 49 weeks after administration in a subset of patients. 
However, in none of the synovial fluid- or tissue samples, the TNFR protein 
nor mRNA specific to rAAV2-TNFR:Fc were detected.30,31 Thus it may be ar-
gued that the efficiency of transduction was insufficient to result in detect-
able TNFR protein expression in the latter studies. This process could not be 
confirmed in our study either. 

A limitation of this study was the small number of patients that was stud-
ied. Furthermore, interpretation of the results is hampered by the erratic 
course of IHA. We performed regular clinical assessments including MRIs of 
the target joint and blood sampling up to 24 weeks after study drug admin-
istration, as per protocol. It may be considered to further extend the obser-
vation period in similar studies, particularly because some of the patients 
mentioned subjective improvement of the injected joint at the telephone 
follow-up. 

Further research in gene-and cell-therapy approaches is required to 
find an effective vector-based therapy for IHA. Two AAVs (AAV2 encod-
ing TNFR:Fc and AAV5 expressing IFN-β) have now independently shown 
to cause (dose dependent) administration site reactions upon IA injection, 
which should be taken into account with further research in this field. One 
approach could be to combine IA injection of an AAV based vector with a 
short-acting anti-inflammatory compound.41 This approach is successful-
ly applied in AEs seen in systemic AAV therapy.20,38,39 Its multifactorial as-
pect and hiatus in knowledge of OA pathophysiology complicates drug de-
velopment. Cell-based therapy, based on TGF-β enhancement, has been in-
vestigated in phase III trials, but currently, the heterogeneity in cell prepara-
tion leads to concerns and a recommendation against their application.42,43 

For the first time in humans, we administered rAAV2/5-hIFN-β IA in IHA 
patients. The vector remained predominantly local, systemic exposure and 
shedding were negligible. We report adverse reactions at the injection site 
of which the mechanism is currently not understood. The nature and dura-
tion of these reactions ask for further modifications and improvements to 
AAV based gene therapy approaches to explore its potential to treat inflamed 
joints in arthritis, while minimizing side effects.
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Table 1	 Study design  Shaded cells areas indicated which assessments were done at 
which time point in the study.

Study day -28 to -1 0 1

Event
Description

Screening
- AAV 5/IFN-β antibody 
analysis
- In/exclusion criteria
- Medical history
- Baseline MRI

ART-Io2 administration
- Ultrasound-guided 
 injection of the target joint 
with ART-I02
- Safety assessments

First follow-up visit
Measurements for:
- Safety (AEs, lab, vitals)
- Shedding

Measurement                         Study week                         1 2 4 8 12 16 20 24 year 1-5

Safety (AEs, vital signs,  
safety lab)

IFN-β protein

AAV 5/IFN-β Antibodies

T-cell response

Shedding

Functional assessment

MRI

Yearly questionnaire

Table 2	 Patient demographic and baseline characteristics

Patient 1 Patient 2 Patient 3 Patient 4

Sex Female Female Female Female

Age at enrollment (years) 51 59 58 65

Weight (kg) 68.7 85.6 63.3 56.3

BMI (kg/m2) 24.8 28.7 22.8 20.8

Diagnosis RA OA OA OA

Target joint PIP III CMC CMC PIP II

MRI synovitis score (0-3) 1 2 1 1

Ethnicity Caucasian Caucasian Caucasian Caucasian

BMI, body mass index; RA, Rheumatoid Arthritis; OA, Osteoarthritis; PIP, proximal interphalangeal 
joint; CMC, carpometacarpal joint; MRI, magnetic resonance imaging.

Table 3	 Quantitative MRI outcomes  Quantitative MRI scores of the target joints. 
Synovitis was graded 0 to 3, with 0 no synovitis and 3 extensive synovitis. Bone marrow 
edema (RA) or bone marrow lesions (OA) were graded 0 to 3, with affectedness in incre-
ments of 33%. Bone erosions were graded 0 to 10 for the RA patient, with increments of 
1, with 0 no bone erosions, and 10 100% of the articular surface affected. Subchondral 
bone defects (CMC) or erosive damage (PIP) were graded 0-3 for the OA patients (0: none, 
1: ≤25%, 2: 25-50%, 3: >50% of bone volume or joint surface affected).

Subject 1 Subject 2 Subject 3 Subject 4

BL w.12 w.24 BL w.12 w.24 BL w.12 w.24 BL w.4 w.12 w.24

Synovitis (0-3) 1 1 1 2 2 2 1 3 2 1 3 3 1

Bone erosions 
(0-10)

0 0 0

Subchondral 
bone defects/
erosive damage 
(0-3)

1 1 1 1 1 1 1 1 1 1

Bone marrow 
edema (0-3)

0 0 0

Bone marrow le-
sions (0-3)

1 2 2 0 3 2 1 1 0 0

BL Baseline, w. week.

Table 4	 Immuno-assay outcomes outcomes

  Pa-
tient

pre-dose d.1 w.1 w.2 w.4 w.8 w.12 w.16 w.24

AAV5-bAb titer
Method: ELISA
LOQ: 100,  
ULOQ: 24300
 

1 <100 - - - 658 - - - 18235

2 <100 - - - 19526 - - - >24300

3 <100 - - - 12181 - - - >24300

4 193 - - - 3718 - - - 17158

AAV5-nAb titer
Method: ELISA
LOQ: 1,  
ULOQ: 405
 

1 <1 - - - >405 - - - >405

2 <1 - - - >405 - - - >405

3 <1 - - - >405 - - - >405

4w 8 - - - >405 - - - >405

IFN protein 
Method: ELISA
LOQ 2.3-18.8 pg/mL

1-4 All samples were below the limit of quantification.

IFN bAb
Method: electrochemilu-
minescence, bridging assay 
format
Screening cut-point: ≥ 1.4 
relative electrochemilumi-
nescence, and confirmatory 
cut-point: ≥13% displace-
ment.

1-4 < - - - < - - - <
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  Pa-
tient

pre-dose d.1 w.1 w.2 w.4 w.8 w.12 w.16 w.24

IFN nAb 1-4 As bAb were negative, IFN nAb were not measured.

T-cell response to AAV5
Method: ELISpot
(number of spots/0.3×106 
PBMC for the 3 peptide pools)

1 19/35/62 - - - 19/46/65 38/48/70 44/48/80 28/49/69 15/70/42

2 21/30/26 - - - 3/5/5 14/23/10 4/4/7 1/19/2 8/10/7

3 6/7/17 - - - 3/2/4 14/21/29 8/26/34 6/40/3 8/18/16

4 31/48/55 - - - 33/27/27 54/56/42 2/6/2 40/38/25 36/30/24

T-cell response to IFN-β
Method: ELISpot
(number of spots/0.3×106 
PBMC for the 3 peptide pools)
 

1 27/16/26 - - - 62/39/38 76/38/41 60/36/57 51/27/30 50/25/29

2 37/23/26 - - - 4/1/2 8/7/8 2/3/6 0/0/0 8/9/24

3 5/2/10 - - - 1/1/0 10/9/7 7/13/7 7/2/8 3/15/1

4 35/52/56 - - - 16/17/8 28/14/16 0/1/8 21/25/22 48/42/39

Shedding - blood (copies/
µg DNA.
Method: qPCR
LOQ, 50 copies/µgDNA, 
LOD: 15 copies/µg DNA 
LOQ and LOD applicable when 
400ng DNA were tested

1 < 15 9.9 × 
101

< 15 < 15 < 15 - - - -

2 < 15 7.3 × 
102

< 15 < 15 < 15 - - - -

3 < 15 1.9 × 
102

< 67 < 67 < 15 < 15 < 15 - -

4 < 15 1.2 × 
102

< 50 < 15 < 15 < 15 - - -

Shedding - saliva (copies/ml)
Method: qPCR
LOQ, 290 copies/ml, 
LOD: 86 copies/ml

1 < < 
LOQ

< < < - - - -

2 < < 
LOQ

< < < - - - -

3 < < < < < - - - -

4 < 7.8 × 
103

< < < - - - -

Shedding - feces and urine
Method: qPCR
Feces: 
LOQ: 50 copies/µg DNA,  
LOD: 15 copies/µg DNA, 
Urine: 	
LOQ, 290 copies/ml, 
LOD: 86 copies/ml

1-4 All samples were below the limit of detection.

d, day; w, week; bAb, binding antibody; nAb, neutralizing antibody; LOQ, Lower limit of quantification; LOD, lower limit of detection; ULOQ, 
upper limit of quantification; ELISA, enzyme-linked immune sorbent assay; ELISpot, Enzyme-linked immune absorbent spot; <, below 
lower limit of detection, or quantification whichever is the lowest indicated; <LOQ, below lower limit of quantification and higher than 
lower limit of detection; -, not measured, as planned per protocol.

(Continuation Table 4)	  Figure 1	CONSORT-based flow diagram for the enrollment, follow-up and analysis of 
patients
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Figure 2	MRIs of patient 4  MRI of the target joint, the proximal interphalangeal 
joint of the second digit (PIP dig. II) of the left hand, of patient 4, at four different time 
points during the study. T1-weighted, fat suppressed, Gadolinium-enhanced images, 
in corresponding coronal- and axial planes shown vertically. Panel A. Baseline scan, 
showing definite osteoarthritis of PIP II, with minimal synovitis (circle) and an enhancing 
synovial cyst in the ulnar base of the middle phalanx. The synovitis and cysts are also 
reflected in the axial pane (bottom pane). Panel B. Scan at 4 weeks after study drug 
administration, showing substantial increase of swelling of the finger with synovitis in 
the PIP II joint and peri-arthritis with increased swelling around the extensor tendon 
and of the soft tissues along the proximal interphalangeal phalanx to the second 
metacarpophalangeal (MCP II) joint (arrows). The extensive peri-arthritis is also well 
recognized in the axial plane (bottom pane, arrow). Panel C. Scan at 12 weeks after study 
drug administration: minimally remaining synovitis, reduction of the peri-arthritis. 
Panel D. Scan at 24 weeks after study drug administration, image similar compared to 
baseline (Vitamin capsule as marker in situ).
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CHAPTER 8

General Discussion
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and material properties, thereby bone quality is another important predic-
tor of fragility. DXA is unable to assess these outcomes. Alterations in bone 
architecture and composition together determine mechanical properties 
which can quantify fragility (bone's inability to resist fracture). )

It may be questioned which outcome is most relevant: bone quantity and 
osteoporosis as measured in DXA (often without symptoms), or other pa-
rameters such as bone quality and clinical outcomes: fragility fractures and 
associated morbidity and mortality.6 Approximately 40% of fragility frac-
tures occurs in patients with osteoporosis as defined by WHO.7 In our study, 
it appeared that QUS outcomes were lower than DXA outcomes in those who 
had fragility fractures. QUS may thus gave more clinically relevant outcomes 
for the prediction of fracture risk than DXA. However, our study was not set-
up to investigate this outcome. Studies in different populations found that 
DXA and QUS had similar predictive value for fractures.8‾10 The most impor-
tant drawbacks of QUS are limited precision and calibration, but DXA shares 
these disadvantages.11 The advantages of QUS, such as lower costs and ac-
cessibility, warrant further study of its applicability to further address its 
fracture-predictive value and to address practical issues related to its intro-
duction in the clinic. Section II focusses on OA, which is commonly diag-
nosed by assessment of X-rays of the joint, but its suitability as a diagnostic 
tool for OA may be questioned. X-ray misses early OA changes and is poorly 
correlated with pain.12 Synovitis, an early sign of OA, can be captured by mag-
netic resonance imaging (MRI) or ultrasound. However, MRI is rather expen-
sive even in the Western world, and ultrasound does not capture cartilage- 
or osseous changes as well as X-Ray. Thereby, there are no established, af-
fordable diagnostic tools available for OA, other than X-ray. 

The development of novel compounds for OA could be optimized if pre-
cise diagnostic tools were available. Such diagnostic tools may be able to 
identify subtypes within OA and could be of aid in further decision making. 
The utility of such subtypes is under investigation.13,14 

TREATMENT

Chapters 4 to 7 focus on studies for drug candidates of castration resistant, 
metastatic prostate cancer and OA. Both indications currently lack disease 
modifying drugs. In Chapter 5, information from a clinical trial registry was 
collected and reviewed to obtain a representative overview of the standings 
and developments in osteoarthritis treatment. The compounds under in-
vestigation target several pathways which play a role in OA development. 

Pathological conditions of the bones and joints cause great personal and so-
cietal burden. This thesis provides new insights for screening, diagnosis, and 
treatment of a selection of these conditions.

Screening

Screening for disease aims to discover those among the apparently well who 
are in fact suffering from disease. Early detection of disease through screen-
ing enables to treat or cure conditions which have already produced path-
ological change, but which have not so far reached a stage at which medi-
cal aid is sought spontaneously.1 Testicular cancer has a high cure rate and 
survivors are relatively young.2 Therefore, a population of young men is at 
risk of developing long-term effects of testicular cancer and its treatment 
for several decades.

The most efficient screening strategy for patients and society is screen-
ing those who are at increased risk of having the disease. Despite variations 
in methods and reporting, a review of available literature regarding the ef-
fects of testicular cancer to bone mineral density (Chapter 2) confirmed that 
survivors of testicular cancer are at increased risk to develop osteoporosis. 
Chemotherapy and/or a hypogonadal state can further aggravate this risk. 
Previous studies for the separate effects of hypogonadal state and chemo-
therapy to the bone, also indicated harmful effects to bone health.3,4 

The literature review in Chapter 2 also elucidates the need for more stan-
dardized outcomes and complete data availability. The included studies had 
large variations in their methods, definitions, and results. These variations 
precluded a direct comparison of results in a meta-analysis, which would 
have strengthened our outcomes. 

Diagnosis

The validity of a diagnostic test depends on its ability to identify those who 
suffer from a condition, ideally without failing to detect any of them.1 

Calcaneal quantitative ultrasonography (QUS) cannot replace dual ener-
gy X-ray absorptiometry (DXA) scans as a diagnostic tool for osteoporosis as 
defined by the world health organization (WHO) in prostate cancer patients.5 
In Chapter 3, QUS had a high negative predictive value for DXA, but its posi-
tive predictive value was low. DXA is used as a gold standard for bone mineral 
density (bone quantity) measurements and the WHO definition of osteopo-
rosis is an individual DXA outcome in relation to the DXA outcomes of a ref-
erence population. Bone quality is a measure of its architecture, geometry 
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However, it should be considered that in these cases the study designs and 
end points should be adaptive and flexible. Restrictively defined analyses 
and endpoints may hinder exploration of unexpected (adverse) outcomes 
and are not justified in in early phase drug studies. These studies are by def-
inition exploratory and should be designed as such. This is also defined in 
regulatory documents and described in papers pertaining to this topic.17‾19 
Administration site adverse events, as described in Chapters 6 and 7, ask for 
further analysis. Preferably, the required information to analyze setbacks, 
is obtained as an integral part of a study. In some study protocols, ‘adverse 
events of interest’ are defined, for which additional information is then col-
lected. If tissue samples would have been available, the etiology of the ad-
verse events could have been further studied. In the described studies, ad-
verse event etiology was maximally studied by (additional) imaging (Chapter 
7) and the use of back-up samples (Chapter 6).

Future perspectives
Section I – Bone in male urological malignancies 

Screening and treatment of testicular cancer survivors for fracture risk, 
could prevent fractures and could thereby lower morbidity and mortality. To 
enable this, osteoporosis screening should be introduced in the urological 
guidelines. Currently, osteoporosis screening of testicular cancer patients is 
not mentioned in the European Association of Urology (EAU) guideline for 
testicular cancer.20 Testicular cancer survivors have an increased risk of hy-
pogonadism, and the Endocrine Society recommends osteoporosis screen-
ing for all hypogonadal men, regardless of their medical history.21,22 It does 
seem that these guidelines should align on screening and anti-bone resorp-
tive treatment. 

We found that the available literature about bone health in testicular can-
cer patients is ambiguous. Future studies on this topic should choose their 
endpoints carefully (e.g. standardize reported clinical endpoints, make indi-
vidual data available) and should preferably have a long follow-up to enable 
measurement of late effects. 

The negative effect androgen deprivation therapy has on the bones of 
prostate cancer patients is well established and addressed in guidelines.23,24 
In clinical practice, however, it does not receive the attention it claims in the 
guidelines.25,26 The education of treating physicians will further enhance 
awareness and increase screening rates. 

Two first-in-human studies with compounds targeting these pathways de-
scribed in Chapters 6 and 7.

The clinical studies described in Chapters 4, 6 and 7 all included early 
phase drug studies in patients from the target patient population, rather 
than healthy volunteers. Generally, patient recruitment is more difficult, 
slower and more expensive than recruitment of healthy volunteers. The se-
lection of a patient population in an early stage of clinical development may 
have several reasons. Outcomes and symptoms of certain diseases can or 
should not be mimicked in healthy volunteers. Moreover, administration of 
compounds to healthy volunteers for which the risk analysis is unfavorable 
and particularly when the risk cannot be managed may not be justified.15 In 
those cases, clinical development can be commenced in the patient popu-
lation. Although more cumbersome, the inclusion of the target population 
has the potential to give an efficient drug development trajectory. By patient 
inclusion, a single study can provide valuable insights into safety, tolerabil-
ity, pharmacokinetics, and preliminary efficacy in the target population, in-
cluding the relevant variability.16 

The opportunity to investigate efficacy should be considered in study de-
sign to maximally exploit the (challenging) fact of patient inclusion in an 
early-phase clinical trial. Thereby, aims and endpoints must be formulat-
ed bearing population-specific results in mind. Indeed, the clinical trials in 
this thesis brought information that could not have been obtained if healthy 
volunteers were included. Healthy subjects may: respond differently to lipo-
somes (Chapter 4), have different PK of LRX712 after intra-articular admin-
istration (Chapter 6), or have a different response to ART-I02 due to absence 
of inflammation (Chapter 7). Thereby, the target patient populations were 
the most suitable for these studies. 

The formulation of aims and endpoints to acquire new insights, is at 
least influenced by knowledge, ethics, and financial resources. With the 
current knowledge and additional resources, the clinical studies described 
in Chapters 4, 6 and 7, could have been further exploited. Ideally, lipo-
somes would have been located in vivo, using a radioactive tracer (Chapter 
4). Such imaging could have confirmed whether the compound reached 
the targeted osseous metastases. Furthermore, adverse event etiology 
could have been further clarified if tissue would have been obtained as an 
integral part of the studies in Chapters 6 and 7. Such information from an 
early phase of clinical development can give guidance to further studies 
and investments.16 
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In the clinical studies in this thesis, liposomal dexamethasone, LRX712 and 
ART-I02 were administered without systemic adverse reactions. Insights 
were obtained regarding these compounds’ safety and pharmacokinetic 
profiles. The local tolerability of ART-I02 was found insufficient to complete 
study enrollment.

Meanwhile, we identified opportunities for the optimization of screen-
ing processes, and development of compounds targeting osteoporosis and 
osteoarthritis. The lack of complete- and comparable outcomes amongst 
clinical studies hindered the compilation of osteoporosis study results, lim-
iting firm conclusions and transition into guidelines for clinical practice. 
Reporting standards and, especially in case of osteoarthritis, representative 
biomarkers are to be developed and should be reported in a uniform manner 
across studies. In the review of ongoing studies for OA medication, we found 
that new insights into OA pathophysiology already led to targeting pathways 
as treatment strategies. Further development of this knowledge will aid the 
development of a DMOAD. 

In some areas, such as prostate cancer research, a framework of standard 
reporting guidelines for researchers is already provided.28 Such guidelines 
allow a good start to define aims and endpoints. However, guidelines can 
only temporarily fulfill the reporting requirements in a world of ever-evolv-
ing techniques and interdisciplinary research. Investigators are therefore 
dependent on up-to-date expert knowledge of guidelines and techniques, 
recent literature, and interdisciplinary connections to define aims, meth-
ods and endpoints.

Having mentioned the need for standardized reporting, it must also be 
addressed that unexpected outcomes can devaluate excellently set aims, 
methods, or endpoints during a study in a matter of a single analysis or the 
occurrence of an adverse events, as we encountered in the study with ART-
I02. Therefore, aims and endpoints of (especially early phase) clinical stud-
ies should take the options of ‘failure’ and adverse events into account, and 
should leave room for anticipation in case of unexpected events. As such, re-
search for screening- diagnostic- and treatments can be further optimized. 

The utility of QUS in clinic practice is dependent on several factors. First, 
more and larger studies are required to evaluate its utility in predicting fra-
gility fractures (rather than BMD). If the value of QUS is confirmed, it must be 
recognized in guidelines and definitions of organizations such as the WHO 
and endocrine societies. If both conditions are met, it can be implement-
ed widely, and may contribute to low-threshold screening for osteoporosis, 
even in remote areas. 

With regards to PEG Liposomal treatment of osseous metastases, the first 
step forward, would be a study for the actual targeting of the liposomes, as 
was done in mice.27 These studies are ideally executed in patients with os-
seous metastases, but who are more treatment-naïve than the population 
included in Chapter 4. Such a population could give information about tar-
geting of the liposomes and about efficacy if e.g. concomitant medication is 
also standardized.

Section II – Osteoarthritis 

As repeatedly mentioned, osteoarthritis is a multifactorial, heterogenous 
disease. The future of OA therapy is likely to be multifactorial too. 

There are opportunities in the measurement of endpoints in OA clinical 
studies. The development of validated set of wet-, digital-, or imaging- bio-
markers enables distinction of phenotypes and accurate measurement of 
disease modifying effects. Both would greatly benefit drug development.

By precisely defining phenotypes, interventions can be developed to tar-
get certain subgroups. Chances for successful drug development can be en-
hanced by targeting certain phenotypes. Potential phenotypes should be 
based on the causality of OA, and could e.g. be: obesity, trauma-induced OA, 
hereditary factors, and speed of progression. 

Progress in the development of DMOADs is ongoing, and DMOADS will be-
come reality with the increasing knowledge on pathophysiological process-
es, at least for certain phenotypical subtypes of OA.

Considerations

Testicular cancer patients were found to be at risk of fragility fractures, al-
though the reported studies had their limitations and should be interpreted 
carefully. QUS was found to be a worthy candidate tool to prescreen prostate 
cancer patients for osteoporosis and further studies are required to study 
the ability of QUS to predict fragility fractures in this- and other populations. 
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This can be achieved by using the gold standard for the diagnosis of osteopo-
rosis dual-energy X-ray absorptiometry (DXA)-scan. However, DXA-scans 
are relatively expensive, as it requires a DXA scanner, and cumbersome for 
patients, as it requires an additional visit to the hospital. Alternatives for this 
standard can be developed. 

Availability of an easy and accessible screening tool would aid in screen-
ing high volumes of patients who are at risk, e.g. in the general practitioner’s, 
medical oncologist, urology practice. An example of a larger population at 
risk of developing osteoporosis, are patients with prostate cancer, especial-
ly those who undergo androgen deprivation therapy. In Chapter 3, we in-
vestigated the utility of quantitative ultrasonography (QUS) as a pre-screen-
ing tool for osteoporosis as diagnosed in DXA. QUS is a quick and cheap 
tool which may be used to assess osseous content and microarchitecture. 
In addition, the patients were followed-up, to collect data about which pa-
tients fractured and whether this was to be expected by their DXA and QUS 
outcomes. 

In summary, calcaneal QUS had a good negative predictive value to iden-
tify patients at risk of low bone mineral density, could differentiate between 
those not at risk, and those who need further diagnostic and treatment fol-
low-up for osteoporosis. Additional studies about the predictive value of QUS 
for fractures (rather than BMD) in prostate cancer patients are required to 
learn whether this modality could replace DXA in this population.

In Chapter 4 of this thesis, a strategy for targeted treatment of osseous 
metastases is studied. Patients with castration resistant prostate carcinoma 
who have osseus metastases, are currently treated with corticosteroids. This 
is in general well-tolerated but can have serious side-effects. These side ef-
fects may be improved by pharmacological targeting of the corticosteroids 
towards osseous metastatic sites. Targeting may be achieved by using lipo-
somal encapsulation of the corticosteroids which utilizes the so-called ‘en-
hanced permeability and retention effect’. With this approach a relatively 
high local exposure of the active compound can be achieved compared to the 
systemic exposure, potentially resulting in higher efficacy and lower toxicity. 
Chapter 4 describes a first-in-human study of the safety and pharmacoki-
netics of liposomal dexamethasone, which aims to target osseous metasta-
ses of patients with metastasized, castration resistant prostate carcinoma. 
No safety issues were found, and the pharmacokinetic properties of this for-
mulation are now sufficiently known for further clinical (efficacy) studies. 

The aim of this thesis was to gain new insights on the diagnostic process- 
and treatment of pathological conditions of the bone (section I) and joints 
(section II).

Section I focuses on the impact of male urological malignancies and their 
therapies on bone health (Chapters 2, 3) and in an early phase clinical study, 
a compound targeting osseous metastases of prostate cancer was investi-
gated (Chapter 4). In section II the focus is on inflammatory arthritis and 
the early clinical development of compounds targeting inflammatory joint 
disease (Chapters 5-7). Chapters 2 and 5, are reviews using peer-reviewed 
literature and registered clinical trials to gain new insights and overall con-
clusions. For the remaining Chapters: 3, 4, 6 and 7, new data was collected.

Section i – bone in male urological malignancies 

Section I describes if and how testis- and prostate cancer may affect the 
bone, whether quantitative ultrasonography is of aid to diagnose bone 
loss in patients with prostate cancer, and whether PEG-liposomal target-
ed therapy can be safely administered to patients with prostate cancer and 
osseous metastases. 

Chapter 2 is a systematic review using data of testicular cancer survivors 
to describe the effects on bone quality due to testicular germ cell tumors 
(TGCT) and its treatment modalities. Both testicular cancer itself and ther-
apies, in particular orchiectomy and chemotherapy, can have a detrimental 
effect on bone mineral density (BMD), and hence an increased risk for fragil-
ity fractures, which may be associated with morbidity and mortality. It does 
appear that these patients are at risk of developing osteoporosis. This par-
ticularly concerns patients treated with chemotherapy. The data also sug-
gest that osteoporosis is more prevalent in patients for whom longer follow-
up data are available, which probably reflects that osteoporosis progresses 
over time. 

All included studies reported DXA outcomes, but due to large variations 
in the study designs and reported endpoints, a direct comparison of results 
of the included studies was difficult, and a meta-analysis was impossible. 
In addition, outcomes on important clinical endpoints (fragility fractures) 
were mostly kept unreported. Notwithstanding these limitations, screening 
of testicular cancer patients for osteoporosis, in particular those who have 
had chemotherapy, may prevent fragility fractures and associated morbid-
ity and mortality. Screening programs should be set-up such that its utility 
and cost-effectiveness can be evaluated unambiguously.
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intra-articular injection in the affected knee. From this study it could be con-
cluded that this approach is feasible and that high doses caused more local 
and systemic (elevation of CRP) adverse events of mild and moderate severi-
ty than lower doses and placebo. It thus appears that further studies to study 
the disease modifying effect of LRX712 should be performed with doses up 
to 25 mg. 

Another approach for a potentially disease modifying OA compound tar-
geting inflammation is described in Chapter 7. Here, we studied ART-I02, 
a recombinant adeno-associated viral vector, containing a human gene 
which expresses IFN- β. This expression is under the transcriptional con-
trol of a promotor responsive to the pro-inflammatory Nuclear Factor kappa 
B (NF-κB). As such, it has an inflammation-driven, anti-inflammatory ef-
fect. ART-I02 was administered by an intra-articular injection into a target 
hand joint of patients with inflammatory arthritis. The study was prema-
turely terminated because the local tolerability of ART-I02 in the first 4 pa-
tients was too poor to pursue the inclusion of the intended 12 patients. The 
mechanism responsible for the limited local tolerability issue could not be 
unraveled. Nevertheless, it does appear that more research is needed to de-
termine the place of recombinant adeno-associated viral vectors as a tool 
for gene therapy.

SECTION II – OSTEOARTHRITIS 

Section II focuses on osteoarthritis (OA): OA is a multi-factorial, heteroge-
neous chronic disease, which involves a chronic low-grade inflammatory 
state of the joint tissues. The synovium, subchondral bone and cartilage are 
affected, and cause slow joint degeneration. Clinically, it presents as pro-
gressive joint pain and impaired function. Currently, there are no regis-
tered disease modifying osteoarthritic drugs. 

In a review of recently registered and completed studies as described in 
Chapter 5 provides insight in the treatment approaches that are current-
ly under investigation for OA treatment. Four treatment targets are dis-
tinguished: pain, inflammation, therapies involving bodily materials, and 
compounds influencing cartilage metabolism. It appears that many com-
pounds are under investigation, some of which seem promising. However, 
in the completed studies very few reported a disease modifying effect, let 
alone without important side effects. It is also recognized that there are lim-
ited tools to differentiate between patient phenotypes, and measure disease 
modifying effects in clinical studies. 

It is therefore concluded that although the development of disease mod-
ifying OA drugs (DMOADs) is at full throttle some deficiencies were noted. 
This includes further knowledge on the pathophysiology, development and 
use of relevant biomarkers to aid drug-candidate selection and evaluation 
and guide the development of such compounds. These biomarkers should 
include patient-reported outcomes, based on pain and function, and quan-
tifiable structural outcomes responsive to the disease state. The latter set 
could include (a set of) soluble biomarkers, novel and existing imaging mo-
dalities with standardized acquisition and evaluation protocols, and data ob-
tained through wearables.

Phase I-II studies for DMOAD's 

Chapters 6 and 7 describe two clinical studies: one study concerns an in-
tervention targeting cartilage metabolism of arthritic joints, and the second 
study focuses on inflammation in osteoarthritic joints. 

In Chapter 6 a double blind, randomized, placebo controlled, single as-
cending dose, first-in-human study with LRX712 is described. The mode of 
action of LRX712 is to stimulate cartilage-progenitor cells to develop to ma-
ture cartilage cells and restore damaged cartilage. The study was performed 
in patients with confirmed OA in the knee. Drug administration was by an 
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één-op-één kunnen worden vergeleken. Daarnaast ontbreken in veel van 
de studies belangrijke klinische uitkomstmaten, zoals fractuurfrequentie.

Ondanks deze beperkingen, adviseren we screening voor osteoporose in 
de populatie mannen die behandeling voor testiscarcinoom heeft onder-
gaan. Verder prospectief onderzoek moet uitwijzen of opname hiervan in 
de richtlijnen voor follow-up van (subgroepen) patiënten die behandeld zijn 
voor testiscarcinoom gerechtvaardigd is. 

Hoofdstuk 3 – Diagnostiek van botdichtheid bij patiënten met 
prostaatcarcinoom

Hoofdstuk 3 gaat in op de methoden voor diagnostiek van osteoporose bij 
patiënten met prostaatcarcinoom. Bij prostaatcarcinoom zorgt de toegepaste 
androgeen deprivatie therapie, door farmacologisch geïnduceerde hypogo-
nadisme, voor botontkalking. De gouden standaard voor analyse van de bot-
dichtheid is een dual-energy X-ray absorptiometrie (DEXA)-scan. Het maken 
van een DEXA-scan is relatief omslachtig: patiënten moeten een aparte af-
spraak maken en naar het ziekenhuis komen. Daarbij is het duur en niet over-
al beschikbaar. Quantitative ultrasonography (QUS) is een andere techniek 
waarmee botdichtheidsmetingen kunnen worden gedaan. Het geeft niet al-
leen een uitkomst voor de botdichtheid, maar ook voor de microarchitectuur 
van het bot. Deze metingen kunnen tijdens een poli-afspraak door een ge-
trainde medewerker worden gedaan, met een minder duur apparaat. 
In hoofdstuk 3 wordt bij prostaatkankerpatiënten onderzocht of een lage 
botdichtheid kan worden geïdentificeerd met calcaneus QUS-metingen, 
door de uitkomst hiervan te vergelijken met de uitkomst van hun DEXA-
scans. Daarnaast werden patiënten vervolgd in de tijd, om vast te stellen 
welke patiënten een fractuur opliepen. Calcaneus QUS bleek een uitstekend 
hulpmiddel te zijn voor de identificatie van mensen die een verhoogd ris-
ico hebben op een lage botdichtheid. Door QUS zouden patiënten kunnen 
worden geselecteerd die verdere diagnostiek- en behandeling tegen osteo-
porose nodig hebben. Op dit moment is er nog onvoldoende bekend over 
de waarde van QUS voor het voorspellen van fracturen om DEXA volledig te 
vervangen. 

Hoofdstuk 4 – Targeting van botmetastasen

In hoofdstuk 4 wordt een first-in-human studie beschreven. Het onder-
zoeksmiddel, liposomale dexamethason, is ontwikkeld met het doel zich 
op te hopen in botmetastasen. Door een geneesmiddel (dexamethason) in 

De diagnose en behandeling van ziekten is het meest efficiënt als gerich-
te screening, accurate diagnostische middelen en doelgerichte behandeling 
kunnen worden toegepast. Voor een optimaal proces, kunnen gedefinieer-
de risicopopulaties gericht worden gescreend. De methoden voor screening 
en diagnostiek moeten een goede voorspellende waarde hebben en ten slot-
te moet de behandeling van een gedetecteerde ziekte doeltreffend zijn: de 
aandoening moet worden behandeld zonder dat er overmatige bijwerkin-
gen optreden.

Dit proefschrift heeft als doel, tot nieuwe inzichten te komen betreffende 
het diagnose- en behandelproces voor pathologische aandoeningen van de 
botten en de gewrichten. 
	
Deel I 	

Testis-, en prostaatcarcinoom en het skelet

Deel I beschrijft of- en hoe urologische maligniteiten bij de man (testis- 
en prostaatkanker) van invloed kunnen zijn op het skelet. Of dit kan wor-
den vastgesteld middels kwantitatieve echografie, en er wordt in een klini-
sche studie onderzocht of gerichte therapie voor bottumoren middels PEG-
liposomen veilig kan worden toegediend. 

Hoofdstuk 2 – De invloed van testiscarcinoom en de behandeling 
daarvan op botdichtheid

In hoofdstuk 2 wordt met behulp van een systematische literatuur review ge-
tracht tot inzicht te brengen of testiscarcinoom en de therapieën hiertegen 
een effect hebben op de botkwaliteit. De behandeling van testiscarcinoom, 
met name chemotherapie, kan voor teloorgang van de botdichtheid zorgen. 
Dit maakt het aannemelijk dat patiënten na hun behandeling van testiscar-
cinoom een verhoogd risico hebben op een lage botkwaliteit. Botten die in 
een slechte staat verkeren kunnen leiden tot botbreuken bij laag-energetisch 
trauma en kunnen daarmee leiden tot een negatief effect op de levensduur 
en kwaliteit van leven. 

Dat deze patiëntengroep een verhoogd risico heeft op botontkalking, 
werd deels bevestigd in de systematische literatuur review in hoofdstuk 2.  
Met name behandeling met chemotherapie en langere follow-up periode 
verhoogden dit risico.Grote zekerheid over deze conclusies ontbreekt ech-
ter, door de wisselende opzet van de studies en wijze van rapportage van de 
geïncludeerde studies. De uitkomstmaten waren divers, waardoor deze niet 
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Op dit moment zijn er weinig tools (bijvoorbeeld biomarkers) voorhanden 
om tussen patiënten te kunnen differentiëren. Ook in het meten van de ef-
fecten kunnen nog stappen worden gemaakt. Hierin moet een balans wor-
den gevonden in uitkomsten die door de patiënt gerapporteerd worden, op 
basis van pijn en functie, en objectieve, kwantificeerbare uitkomstmaten, 
zoals bijvoorbeeld biomarkers in het bloed, in beeldvorming of gemeten met 
wearables. 

Hoewel de ontwikkeling van artrosegeneesmiddelen dus op volle toeren 
is, zou deze geholpen zijn bij het hebben van universele biomarkers die deze 
ontwikkeling kunnen sturen- en uitkomsten beter kunnen evalueren

Hoofdstukken 6 en 7 – Fase I-II studies naar middelen voor artrose 

In twee van de beschreven categorieën van hoofdstuk 5 – het beïnvloeden 
van de inflammatie en het kraakbeenmetabolisme in artrotische gewrich-
ten – zijn in dit proefschrift klinische studies beschreven: in hoofdstukken 
6 en 7. Beiden beschrijven vroege fase klinische studies, waarin werd be-
oogd de systemische veiligheid, lokale tolerabiliteit en de farmacokinetiek 
te onderzoeken.

Het middel LRX712 stimuleert, na intra-articulaire toediening in de knie, 
de ontwikkeling van kraakbeen-voorloper cellen tot volwassen kraakbeen-
cellen. Dit moet het beschadigde kraakbeen herstellen. Tijdens de in hoofd-
stuk 6 beschreven first-in-human studie bleken hogere doseringen meer 
(mild- en matig ernstige) ongewilde lokale reacties te geven dan lagere do-
seringen en placebo. Bij een post-hoc analyse, werden ook systemisch ver-
hoogde concentraties van het C-reactief proteïne gevonden bij de patiënten 
die een hogere dosering kregen. Desalniettemin wordt het veiligheids-en 
tolerabiliteits-profiel van de middendoseringen die getest zijn voldoende 
geacht voor verdere ontwikkeling van LRX712 als middel tegen knie-artrose.

Effectiviteit is wel geëxploreerd in dit onderzoek, middels activiteit mo-
nitoring en vragenlijsten over pijn- en functionaliteit, maar is nog niet 
aangetoond. 

In hoofdstuk 7 wordt een het middel ART-I02 onderzocht. Nadat radio-
logisch synovitis werd vastgesteld, werd het middel middels intra-articulair 
toediening in een vingergewricht van patiënten met inflammatoire artri-
tis gebracht. ART-I02 wordt geïnternaliseerd in de synoviocyten, waar het – 
door stimulatie door NF-κB en hGHpA – IFN-β tot expressie brengt, dat een 
anti-inflammatoir effect moet hebben in het gewricht. 

kleine vetbolletjes (liposomen) te verpakken zou de blootstelling aan het ge-
neesmiddel ter plaatse van de botmetastasen hoger moeten zijn dan elders 
in het lichaam. Zo kan met deze liposomale formulering van het geneesmid-
del gerichte behandeling worden bereikt, waardoor in theorie een hogere ef-
fectiviteit- en minder toxiciteit wordt bewerkstelligd. 

In deze studie werden de veiligheid en farmacokinetiek van liposomale 
dexamethason onderzocht bij patiënten met ossaal gemetastaseerd, castra-
tie-resistente prostaatkanker. De veiligheid blijkt nu goed en de farmacoki-
netiek is voldoende bekend voor verdere ontwikkeling van het middel. Wat 
echter nog niet duidelijk is uit dit onderzoek, is of de liposomen daadwerke-
lijk meer worden opgenomen in de metastasen dan elders in het lichaam en 
of dit ook een positief behandeleffect heeft.

Deel Ii	

Farmacotherapeutische interventies voor artrose

Deel II is gericht op gewrichtsartrose: een pathofysiologische toestand van 
de gewrichtsweefsels die gepaard gaat met laaggradige inflammatie. Hierbij 
zijn het synovium, subchondraal bot en het kraakbeen betrokken. De inflam-
matie en de door artrose veroorzaakte degeneratie van het gewricht zorgen 
voor aanpassing van de gewichtsstructuren, waardoor pijn- en de functie-
beperking van het gewicht veroorzaakt worden. Op dit moment zijn er nog 
geen behandelingen geregistreerd die artrose kunnen vertragen of genezen. 

De ontwikkeling van middelen tegen artrose wordt bemoeilijkt doordat 
artrose een zeer heterogene en multifactoriële aandoening is. In andere 
woorden: meerdere, nog onbekende, pathofysiologische wegen leiden tot 
het ontstaan van artrose. Daarnaast gaat de degeneratie langzaam, waar-
door geneesmiddeleffecten moeilijk vast te leggen zijn. 

Door middel van een review van recent geregistreerde- en afrondde stu-
dies, wordt in hoofdstuk 5 inzichtelijk gemaakt op welke vlakken de huidi-
ge ontwikkelingen gaande zijn. Dit is opgesplitst in vier categorieën: pijn, 
inflammatie, therapieën met lichaamseigen materialen, en therapieën die 
aanpassing van het kraakbeenmetabolisme tot doel hebben. Er werden 
veel kandidaat-middelen gevonden in de review, sommigen daarvan lijken 
hoopvol. Bij de afgeronde studies werden echter nauwelijks studies gevon-
den die een ziektemodificerend effect van een middel hadden, laat staan 
zonder belangrijke bijwerkingen.
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Helaas bleek de lokale tolerabiliteit van ART-I02 onvoldoende om de 
voorgenomen 12 patiënten te includeren; de studie werd vroegtijdig ges-
topt. In de MRI-scans gemaakt na de dosering, werd een verergering van de 
inflammatie ter plaatse van het target gewricht ten opzichte van die voor de 
dosering bevestigd. Geen van de geïncludeerde patiënten heeft een oper-
atie aan het geïnjecteerde gewricht ondergaan, wat weefselonderzoek en 
het verder vaststellen van de exacte etiologie van de bijwerkingen onmo-
gelijk maakt.
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