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SUMMARY 

The human body is highly dependent on signaling proteins such as chemokines to maintain its 

physiology. The CXC chemokine receptor 7 (CXCR7) and its interacting chemokines, CXC chemokine 

ligand (CXCL) 11 and CXCL12, play a crucial role in several processes, for instance homeostasis, and 

therefore are vital components in human biology. CXCR7 functions as a decoy receptor for its 

chemokines, and hence modulates their extracellular concentrations. As CXCL11 and CXCL12 bind 

not only to CXCR7 but also to CXCR3 and CXCR4, respectively, the scavenging activity of CXCR7 

can indirectly impact CXCR3- and CXCR4-mediated functions. Apart from physiological conditions, 

the CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis is assumed to have a relevant role in various 

diseases and is widely discussed in the field of cancer and multiple sclerosis (MS). Under these 

pathophysiological conditions, there is evidence that these chemokine-receptor interactions can 

modulate several cell signaling pathways including but not limited to cell proliferation, differentiation, 

and maturation, and therefore, contribute to disease induction. Changes to the 

CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis by modulators demonstrated an improved disease 

outcome in several preclinical studies. CXCR7 in particular provided promising data as a druggable 

target due to its close network to CXCR3 and CXCR4. However, to date, only a few CXCR7 modulators 

have been used for preclinical investigations, and none have been clinically investigated. Idorsia 

Pharmaceuticals Ltd developed a potent and selective first-in-class CXCR7 antagonist ACT-1004-1239, 

which showed favorable efficacy in animal models of MS. ACT-1004-1239 fulfilled all the preclinical 

prerequisites to enter the clinical development stage. Here, two clinical pharmacology studies including 

a single- and multiple-ascending dose study with ACT-1004-1239 are reported. In the single-ascending 

dose study, besides the investigation of safety/tolerability, pharmacokinetics (PK), and 

pharmacodynamics (PD) of single-dose ACT-1004-1239, several additional assessments were 

incorporated into the study design to evaluate food effect, absolute bioavailability, and absorption, 

distribution, metabolism and excretion (ADME) characteristics. An integrated approach was also 

applied for the multiple-ascending dose study. In addition to investigation of safety/tolerability, PK, and 

PD of multiple-dose ACT-1004-1239, the study incorporated the evaluation of the concentration-QTc 

relationship. The incorporation of various sub-investigations in both studies enabled a thorough 

characterization of ACT-1004-1239 in healthy adult human subjects. ACT-1004-1239 was safe and well 

tolerated up to and including a dose of 200 mg after single-and multiple-dose administration. The PK 

profile was characterized by a fast absorption, high volume of distribution, almost no accumulation, and 

an elimination that fits with a once-daily dosing regimen. No clinically relevant changes were observed 

for sex (males vs. females) or food state (fasted vs. fed). The evaluation of ADME revealed that ACT-
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1004-1239 is extensively metabolized and predominantly eliminated through a pathway that is catalyzed 

by cytochrome P450 (CYP) 3A4. Consequently, this indicated the need of a follow-up clinical 

pharmacology study, i.e., drug-drug interaction (DDI) study with a strong CYP3A4 inhibitor. Such a 

study was conceptualized by taking several factors into consideration (e.g., study design, treatment 

duration, dose strength) and finally, a suitable DDI study design for ACT-1004-1239 was established. 

Besides PK, the PD profile of ACT-1004-1239 was also evaluated in both studies using CXCL12 

plasma concentration as biomarker. Target engagement of ACT-1004-1239 was demonstrated in both 

studies, reflected in a dose-dependent increase of the CXCL12 plasma concentration. An increase in 

CXCL12 concentrations was preclinically associated with efficacy. However, this remains to be 

investigated in patients. 

In conclusion, the two completed clinical pharmacology studies generated convincing data for ACT-

1004-1239 in healthy subjects for further clinical investigations in patients.  
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1 INTRODUCTION 

Cytokines are small proteins involved in several signaling processes within the immune system and 

therefore are known as immunomodulators [1]. Chemokines, also known as small chemotactic proteins, 

belong to the cytokine family and can bind to their respective receptors. More than 50 chemokines have 

been identified so far, and most of them contain four conserved cysteines which are responsible for the 

tertiary structure of the protein. The configuration of the two cysteines closest to the N-terminus of the 

chemokine amino acid sequence is used to divide the chemokines into four categories: CXC, CC, C, 

and CX3C. Chemokines and chemokine receptors are classified using the chemokine nomenclature, 

which consists of the name of the subgroup followed by L (for chemokine, also known as ligand; e.g., 

CXCL or CCL) or R (for chemokine receptor; e.g., CXCR or CCR) and a number [2–6].  

Chemokine-receptor interactions are critical in a variety of physiological and pathological processes 

that rely on the chemokines’ homeostatic or inflammatory qualities. In detail, homeostatic chemokines 

are constitutively expressed and are responsible for cell trafficking, migration, and homing, whereas 

inflammatory chemokines are mainly expressed during inflammatory conditions and function as 

chemoattractant for immune cells. Most chemokine receptors, such as CXC chemokine receptor 

(CXCR) 3, interact with inflammatory chemokines, while some, like CXCR7, bind with both 

homeostatic and inflammatory chemokines, while yet others, like CXCR4, exclusively bind with 

homeostatic chemokines [6,7]. Due to the seven transmembrane helices and the ability to conduct G 

protein-mediated (canonical) signaling, chemokine receptors belong to G protein coupled receptors 

(GPCR). A few chemokine receptors that lack the ability to perform canonical signaling are considered 

as atypical chemokine receptors (ACKRs). One of these ACKRs is CXCR7 (other common names 

include ACKR3 and RDC1). CXCR7 acts as a scavenger receptor for its ligands, CXC chemokine 

ligand (CXCL) 11 (also known as interferon-inducible T cell α chemoattractant [ITAC]) and CXCL12 

(also called stromal-derived factor [SDF-1α]) [7–9]. However, CXCL11 and CXCL12 do not solely 

bind to CXCR7, but also exhibit low affinity to CXCR3 and CXCR4, respectively [10–15]. Given the 

special “scavenging function”, CXCR7 can have impact on both the CXCR3- and the CXCR4-mediated 

signaling function.  

This chapter introduces CXCR7 and its physiological role as a stand-alone receptor as well as an 

interacting receptor of CXCR3 and CXCR4. In addition, it provides an overview of disease areas in 

which CXCR7 is assumed to be of relevance such as cancer and immunodeficient disorders. Finally, 

within this chapter, current known modulators affecting CXCR7, its interacting receptors, and its 

ligands CXCL11 and CXCL12 in the field of cancer and multiple sclerosis (MS) are discussed. 
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Information provided in this chapter is based on a previously published literature review, in which the 

relevance of the CXCR4/CXCR7–CXCL12 axis in (patho)physiological conditions was elaborated in 

detail [6]. 
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1.1 Physiological role of CXCR7 
CXCR7 was originally cloned from a dog thyroid cDNA library in 1989 and named RDC1 [11]. 

Thereafter, based on its structural similarity to CXC receptors, it was renamed to CXCR7 according to 

the nomenclature used for chemokine receptors [5,11,14].  

CXCR7 was mainly detected on human endothelial cells in the vasculature of different organs, including 

but not limited to brain, colon, small intestine, and testis [16] where it serves as a scavenger and/or 

decoy receptor for its ligands. Indeed, after binding of either ligand, CXCL11 or CXCL12, the CXCR7-

ligand complex is internalized, which results in the breakdown of the CXCR7-ligand complex and the 

return of the receptor to the cell membrane, i.e., receptor recycling (Figure 1) [8,9,14,17]. This 

scavenging activity of CXCR7 is a homeostatic mechanism and can facilitate the establishment and the 

maintenance of a concentration gradient for its respective ligands. For example, the migration of 

primordial germ cells towards the gonadal primordium in zebrafish was demonstrated to be facilitated 

by a CXCR7-controlled CXCL12 concentration gradient [18]. Moreover, by maintaining CXCL11 and 

CXCL12 gradients, CXCR7 eases the attraction of CXCR3+ and CXCR4+ cells in various 

physiological and pathological situations [19–21]. The ability of CXCR7 to establish the ligands 

gradients is likely independent of the extracellular ligand concentrations, as the CXCR7 scavenging 

activity appeared not to be saturable [9]. This was demonstrated in studies showing that CXCR7 

scavenges CXCL12 linearly upon elevation of chemokine concentrations [22].  

The ability to serve as a scavenger receptor is not a classical characteristic of chemokine receptors. Most 

of the chemokine receptors that are members of the GPCR superfamily induce G protein subunit (a, b, 

and g) driven cell signaling upon binding of their chemokine ligands. Interestingly, despite being a 

chemokine receptor, CXCR7 is unable to perform such G protein subunit-coupled cell signaling due to 

a change in the sequence of the DRYLAIV motif which is thought to be responsible for canonical 

signaling [23]. Due to this absence of canonical signaling, CXCR7 belongs to the ACKR family and is 

also known as ACKR3. Despite this characteristic, CXCR7 is capable of inducing cell signaling via β-

arrestin (Figure 1). Binding of either CXCL11 or CXCL12 on CXCR7-transfected cells initiated 

recruitment of β-arrestin, through G protein receptor kinase, to the plasma membrane or cytoplasmic 

vesicles, respectively [8]. Several studies share the observation that, following the recruitment of β-

arrestin, CXCR7 is able to induce G protein subunit-independent signaling (i.e., β-arrestin-biased cell 

signaling) [24], such as downstream activation of extracellular signal-regulated kinase (ERK) and 

protein kinase B (also known as Akt) in diseased and healthy cells (Figure 1) [8,25–29]. CXCR7-

induced cell signaling has also been found to be important in organogenesis and, as a result, also in 

embryogenesis. This was observed in CXCR7-deficient mice, who had heart abnormalities such as 
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cardiomyocyte hyperplasia and cardiac valve anomalies, which resulted in postnatal death despite 

normal hematopoiesis [30–33]. 

Taken together, CXCR7 is an atypical chemokine receptor which serves as a scavenger receptor for its 

ligands, CXCL11 and CXCL12, and thus regulates the extracellular ligand concentrations while 

inducing cell signaling through β-arrestin recruitment. 
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Figure 1: Overview of CXCR3, CXCR4, and CXCR7 interactions with their respective ligands 
CXCR7 serves predominantly as a scavenger receptor for its ligands CXCL11 and CXCL12 with subsequent receptor recycling. Therefore, 
it can regulate the availability of its ligands in the extracellular matrix and indirectly impacts the functions of CXCR3 and CXCR4. 
Furthermore, CXCL11 and CXCL12 bind with a higher affinity to CXCR7 (indicated by thickness of the arrows: a thick arrow shows 
high affinity and thin arrow shows weak affinity) than to CXCR3 and CXCR4. In contrast to CXCR3 and CXCR4, CXCR7 lacks the 
ability to elicit G protein subunit-induced cell signaling due to a change in the sequence of the canonical DRYLAIV motif, which is 
typically required for G protein signaling. However, CXCR7 can elicit cell signaling through the recruitment of β-arrestin similar to 
CXCR3 and CXCR4. CXCR3 and CXCR4 mainly perform internalization of the receptor-ligand complex (i.e., endocytosis) following 
binding of the ligands. CXCR3 has three ligands (i.e., CXCL9, CXCL10, and CXCL11), while CXCR4 has one ligand only (CXCL12). 
Figure created with biorender.com. CXCL = CXC chemokine ligand; CXCR = CXC chemokine receptor; GRK = G protein-coupled 
receptor kinase. 
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1.2 CXCR3 and CXCR4: interacting receptors of CXCR7 
The CXCR7 ligands, CXCL11 and CXCL12, are also ligands of CXCR3 and CXCR4, respectively. 

Due to the scavenging property of CXCR7 (i.e., internalization of CXCL11 and CXCL12), the receptor 

is indirectly linked to CXCR3 and CXCR4. Therefore, CXCR3 and CXCR4 can be considered as 

interacting receptors of CXCR7. Besides their function as interacting receptors, both CXCR3 and 

CXCR4 exhibit their own unique properties as stand-alone receptors (Figure 1). 

CXCR3 (CD182) was discovered and characterized in 1996 due to its selectivity for CXCL9 (monokine 

induced by interferon [IFN] g [MIG]) and CXCL10 (IFNg-inducible protein 10 [IP-10]) [34,35]. 

Subsequently, CXCL11 (ITAC), another IFN-inducible chemokine with an even higher affinity to 

CXCR3 was identified [36]. CXCR3 is expressed by a variety of T cells, including CD4+ Type-1 T 

helper cells, T regulatory cells, and CD8+ (cytotoxic) T cells [34,37]. Moreover, T cells activated by 

dendritic cells are highly enriched with CXCR3 when compared to native T cells, suggesting a 

proinflammatory role of CXCR3 in the immune response [37–40]. Furthermore, CXCR3 expressed on 

activated lymphocytes is more responsive to its ligands in terms of cell signaling and chemotaxis 

compared to CXCR3 expressed on non-activated lymphocytes [34,40]. Apart from T cells, CXCR3 was 

also detected on other immune cells such as natural killer (NK) cells, B cells, granulocytes, monocytes, 

and endothelial cells [40–42]. Following an immune response, T- and NK cell-mediated IFN excretion 

induces the production of CXCL9, CXCL10, and CXCL11 in various cell types such as endothelial 

cells or fibroblasts [35,43]. Binding of these ligands triggers the activation of a G protein subunit, which 

was shown to be responsible for chemotactic CXCR3-mediated T cell migration towards higher 

concentrations of the chemokines, i.e., the site of inflammatory reaction [44,45]. The ability to induce 

chemotaxis or other cell signaling-related properties may also depend on the splice variant of CXCR3. 

To date, three different splice variants of CXCR3 are known: CXCR3-A, CXCR3-B, and CXCR3-alt. 

CXCR3-A is predominantly expressed by most cells including lymphocytes, whereas CXCR3-B is 

highly expressed on endothelial cells. This difference may be responsible for the opposing functions 

caused by CXCR3-A and CXCR3-B. While stimulation of CXCR3-A by its ligands induces chemotaxis 

and cell proliferation by G protein- or β-arrestin-induced downstream signaling, stimulation of CXCR3-

B causes inhibition of cell migration, proliferation and induction of apoptosis without any sign of 

chemotaxis [34,36,40,46–48]. The function of CXCR3-alt remains largely unknown so far and requires 

further investigation.  

Besides its role in inducing cell signaling, CXCR3 can be internalized upon binding of its ligands, with 

CXCL11 being the most potent chemokine in diminishing CXCR3 expression [49]. However, following 

internalization, there was no evidence of receptor recycling (Figure 1) [50]. In contrast to CXCR7 
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depletion, knockout of CXCR3 expression had no relevant impact on organogenesis. This was shown 

in CXCR3-deficient mice, which were viable, fertile, and did not experience any obvious developmental 

abnormalities compared to wild-type mice [51].  

CXCR4 (initially called leukocyte-expressed seven-transmembrane-domain receptor [LESTR]), was 

first cloned from a human monocyte cDNA library in 1994 [52]. Next, CXCR4 was identified as a co-

receptor for the human immunodeficiency virus 1 which enables the virus to enter CD4+ T cells [53] 

and as a receptor of CXCL12 [54]. Since then, the interaction of CXCR4 with CXCL12 and its function 

have been thoroughly investigated. Similar to CXCR7, binding of CXCL12 to CXCR4 results in 

internalization of the receptor-ligand complex. CXCL12 and CXCR4 are both predominantly 

ubiquitinated and degraded by lysosomes. Alternatively, CXCR4 can be recycled, although, to a lesser 

extent, when compared to CXCR7 [55,56]. Cell signaling can be initiated by the CXCR4–CXCL12 axis 

in two ways: through the G protein subunit cascade or independent of the G protein subunit (Figure 1) 

[57]. The G protein unit cascade can directly initiate multiple downstream signals such as phospholipase 

C [58] and mitogen-activated protein kinase/ERK (MAPK/ERK) leading to cell proliferation, 

differentiation, migration, and survival [57–62]. In contrast, the cascade independent of the G protein 

subunit requires the recruitment of β-arrestin in order to activate cell signaling that also leads to cell 

proliferation, differentiation, migration, and survival (Figure 1) [63,64]. Notably, in β-arrestin deficient 

mice the absence of β-arrestin-induced cell signaling was compensated by enhanced CXCR4-mediated 

G protein coupled signaling [65], suggesting that cell signaling via β-arrestin is of lower relevance 

compared to the one via the G protein subunit. 

Similar to CXCR7 and in contrast to CXCR3, several studies highlighted the importance of CXCR4-

induced signaling during embryogenesis. This was demonstrated in animal models missing CXCL12 

and CXCR4 expression, which caused perinatal lethality attributed to defects in heart, brain, and large 

vessels development [66–71]. For example in context of brain development, studies in CXCR4 and 

CXCL12 knockout mice indicated a lack in directional migration of neuronal stem cell in embryos and 

in adults [68,71]. This vital function of CXCR4 may be explained by its expression site, which is mainly 

on hematopoietic stem and progenitor cells of various organs required for organogenesis [72]. 

In summary, based on their ability to initiate various cell signals following activation by their ligands, 

CXCR3 and CXCR4 play an important role in homeostasis and in immune response. Furthermore, they 

are highly dependent on the availability of their ligands, which can be modulated by CXCR7. 
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1.3 Trio receptor interaction: Crosstalk of CXCR3, CXCR4, and CXCR7 
In view of the shared ligands, CXCL11 and CXCL12, it is likely that there is crosstalk between CXCR7 

and its interacting receptors, CXCR3 and CXCR4.  

First, CXCR4 and CXCR7 can impact each other on a cell signaling level depending on how they are 

expressed on cells. Indeed, CXCR4 can form heterodimers with CXCR7 [73], resulting in augmented 

CXCL12-induced signaling through the G protein [31,74,75]. For example, co-expression of CXCR4 

and CXCR7 on transfected HEK293 cells showed a greater calcium flux through activation of the ERK 

downstream signaling compared to cells transfected only with CXCR4 [31]. The change in calcium 

release was explained by the conformational adaptation of the CXCR4/G protein complex due to 

heterodimerization with CXCR7. As a result, CXCR7 is proposed to modulate CXCR4/G protein 

subunit signaling [75]. Apart from the G protein subunit signaling, simultaneous expression of CXCR4 

and CXCR7 on cell membrane increases β-arrestin recruitment after CXCL12 but not after CXCL11 

activation. Further, enhanced β-arrestin recruitment was accompanied by an amplification in 

MAPK/ERK, and p38 signaling, which are known to be linked to cell proliferation and survival [74]. 

Besides these findings, in vitro studies demonstrated in addition an increase in cell migration when 

CXCR7 was co-expressed with CXCR4 [74,75].  

In addition to the crosstalk at the cell signaling level, CXCR7 develops and maintains a homeostatic 

CXCL12 gradient through its scavenging activity and, consequently, can regulate CXCR4+ cell 

migration. Such cell migrations have been reported to play a crucial role in certain developmental 

processes in organogenesis and embryogenesis. For example, in the embryogenesis of zebrafish it was 

shown that CXCR7 provides directionality for CXCR4/CXCL12-mediated primordium cell migration 

[76]. Although CXCL12-mediated chemotactic cell migration is maintained in the absence of CXCR7, 

CXCR4+ migrating cells can end up in the wrong location due to the loss of the required CXCL12 

gradient [77,78]. Furthermore, during mouse embryogenesis, it was shown that CXCR7 expressed on 

neurons regulates the availability of CXCL12 which guides CXCR4-expressing interneurons to develop 

the cortex [79].  

Finally, due to the scavenging activity of CXCR7 it can modulate the CXCL12 level accessible to 

CXCR4 to perform cell signaling such as cell proliferation. High abundance of CXCR7 positively 

correlated with reduced CXCL12. Therefore, less CXCL12 is available to activate CXCR4+ neuronal 

cell differentiation [80,81]. However, this crosstalk has been mainly studied in the context of 

pathophysiological conditions. Further investigations are required to support such interaction in 

physiological states.  
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Likewise, the interaction between CXCR3 and CXCR7 in physiological conditions is sparsely studied. 

This may be explained by a prominent role of CXCR3 in inflammation and, consequently, its negligible 

expression levels under physiological conditions [37–40]. Nevertheless, given the fact that both, 

CXCR3 and CXCR7, share the same ligand (CXCL11), it is plausible that they can influence each other 

during inflammatory and/or pathophysiological conditions. In fact, an inflammatory disease model 

demonstrated that CXCR7 may also develop and maintain a CXCL11 gradient, and as a consequence 

regulate CXCR3+ cell migration [82].  

In summary, CXCR7 can impact CXCR4 cell signaling through its expression site or indirectly through 

CXCL12. Furthermore, due to its scavenging activity it can develop and sustain CXCL11 and CXCL12 

gradients, and therefore, regulate CXCR3+ and CXCR4+ cell migration.   
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1.4 Pathophysiological role of the CXCR3/CXCR4/CXCR7–CXCL11/12 axis 
The interplay between CXCR3/CXCR4 and CXCR7 via their shared ligands CXCL11 and CXCL12 is 

considerably complex in non-pathological conditions. Importantly, it is assumed that dysregulation of 

expression of any of these receptors and/or the varying ligand concentration can promote the 

development and progression of pathophysiological conditions such as cancer, autoimmune, central 

nervous system (CNS), and cardiovascular disorders. In these conditions, the CXCR4/CXCR7–

CXCL12 axis has been intensively investigated and is well characterized in both in vitro and in vivo 

models. In contrast to the CXCR4/CXCR7–CXCL12 axis, there is only limited in vitro and in vivo data 

concerning the role of CXCR3 and its splice variants in response to CXCL11 during pathophysiological 

conditions. This may be explained by the lack of CXCL11 expression in certain mouse strains often 

used for the in vivo models [31]. Nevertheless, since CXCR7 can internalize CXCL11 and thus, limits 

its availability to interact with CXCR3, it is likely that the CXCR3/CXCR7–CXCL11 axis has a relevant 

role in the aforementioned conditions in which the immune system is highly involved. In the past 

decades, high attention was given to the interplay of CXCR3/CXCR4/CXCR7 and their shared ligands 

in the field of cancer and MS, which is summarized in the following sections.  

1.4.1 Cancer 
CXCR3, CXCR4, and CXCR7 and their ligands are mainly linked to immunological processes due to 

their high expression on immune and endothelial cells. Besides their substantial impact on immune cell 

function, it was shown that these chemokine receptors are also expressed on tumor cells and are capable 

of modulating the properties of these cells and their microenvironment. This role of the 

CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis in numerous cancer types in different organs has 

been investigated in multiple studies [83–103]. Briefly, cancerous tissues can be regulated by this axis 

by several mechanisms, which results in a change in cancer biology: expression of these chemokines 

and their receptors within the tumor microenvironment can i) activate tumor cell signaling, promoting 

cell migration and proliferation (i.e., tumor growth); ii) induce the release of certain growth factors, 

such as the vascular endothelial growth factor (VEGF) within the tumor microenvironment, and thus, 

support tumor progression via generation of new blood vessels (i.e., angiogenesis); and iii) support 

tumor survival and growth by initiation of tumor cell invasion into other organs (i.e., metastasis). These 

mechanisms are dependent on the abundance of these receptors and chemokines which, in turn, is 

dependent on the nature of the cancer type. Studies demonstrated that several cancer types with high 

expression of CXCR3-A, CXCR4, or CXCR7, or even simultaneous expression of these receptors are 

associated with increasing tumor grade [97]. Therefore, it is assumed that the regulation of any of the 

components of the CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis with a receptor or ligand 
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modulator (e.g., antagonist) may influence the path of cancer development. Each mechanism is detailed 

in the following paragraphs.  

First, the CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis may affect tumor cell proliferation (Figure 

2, upper panel). Tumor cells are known for a life span beyond that of normal cells and are characterized 

by an abnormal proliferation rate. Cell proliferation can be activated through various signaling cascades 

such as G protein-mediated activation of ERK and Akt pathways [84,95,104]. When stimulated by their 

ligands, CXCR3-A and CXCR4 can activate these downstream targets. Additionally, stimulation of 

CXCR7 has shown proliferative effect via induction of ERK and Akt through more complex pathways 

(i.e., β-arrestin-based cell signaling). The proliferative signaling can be further achieved following 

simultaneous expression of CXCR4 on CXCR7 on cancer cells, which allows the activation of G 

protein-mediated signaling [89]. Moreover, it is suggested that proliferation of cancer cells could be 

attributed to the CXCR7-mediated prevention of tumor cells’ undergoing apoptosis, additionally to Akt 

induction [25]. Blockade of CXCR4 or CXCR7 with (functional) antagonists attenuated tumor growth 

[85,86,88,102]. With regard to CXCR3, as mentioned earlier, opposing effects on cell signaling were 

seen for the splice variants. While CXCR3-A induces cell proliferation, activation of CXCR3-B inhibits 

cell proliferation [46,47]. In cancer cells, an upregulated CXCR3-A abundance with low CXCR3-B 

abundance indicated a pro-tumorigenic effect. This effect was attributed to CXCR3-A, which can induce 

proliferative behavior of the tumor. In line with this are findings showing that silencing of CXCR3-A 

significantly inhibits cell proliferation, while down-regulation of CXCR3-B enhances tumor cell 

proliferation [99,100].  

Tumor cell proliferation and growth are closely related to angiogenesis, i.e., the process of formation of 

new blood vessels within the tumor tissue. Angiogenesis is essential for tumor progression as it supplies 

the tumor with sufficient nutrients and oxygen. There are several factors that promote angiogenesis, 

with VEGF one of the most well-known [98]. Production of VEGF can be stimulated by cytokines or 

other growth factors, including but not limited to hypoxia-inducible factor 1α (HIF-1α). Hypoxic 

conditions within the cancerous tissue induce HIF-1α production and thereby promote production of 

VEGF [83]. In some cancer types, elevated production of HIF-1α was linked to increased expression of 

CXCR4, CXCR7, and CXCL12 [105–108], which correlates positively to VEGF release, and 

angiogenesis, and thus, to tumor progression [25,87,109,110] (Figure 2, middle panel). The latter was 

prevented upon inhibition of CXCR7 with a functional antagonist, namely CCX771 [86,111]. Besides 

CXCR7, CXCR3 was also considerably expressed in the endothelium. Previous studies observed that 

CXCR3 inhibits angiogenesis in response to CXCL11 stimulation [112]. However, there is also a 

controversy on the involvement of CXCR3 in angiogenesis due to the opposing effects of its splice 
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variants. The majority of data suggest that CXCR3-B, in contrast to CXCR7, exerts angiostatic activity 

following stimulation by CXCL10. Since opposing effects were reported for CXCR3-A and CXCR3-

B, it is likely that CXCR3-A may cause angiogenic effects. However, to date, little is known about the 

involvement of CXCR3-A in angiogenesis and it remains to be further elucidated [113,114]. 

Another key factor involved in tumor growth and survival is the ability of tumor cells to invade to 

adjacent circulating and lymphatic systems. Tumor cells can travel via these systems and form new 

tumors in other parts of the body following their escape from the circulating and lymphatic systems. 

This process is known as metastasis. Due to their multifaceted functions, chemokine receptors have the 

ability to modulate this metastasis. It is suggested that the CXCR4/CXCR7–CXCL12 axis is highly 

involved in the formation of metastases in various tumor types including but not limited to prostate, 

breast, bladder, gastric, and colorectal cancer [25,90–92,101,103]. However, the current understanding 

of the underlying mechanisms varies across the different cancer types. It was postulated that the 

expression of CXCR7 facilitates adhesion and invasion of tumor cells, and therefore enables the 

formation of metastases [25]. On the other hand, the CXCR4–CXCL12 and CXCR7–CXCL11 axes are 

assumed to promote endothelial to mesenchymal transition [91,92]. This process describes the 

phenotypic switch of endothelia cells to mesenchymal-like cells. These modified cells are able to change 

the endothelial barrier and favor the intra- and extravasation of tumor cells, i.e., induction of metastasis 

[115]. Other studies suggested that stimulation of CXCR4/CXCR7 can form metastases through specific 

signaling pathways, such as toll-like receptor 4 / myeloid differential protein-2 [90] and MAPK [101] 

pathways (Figure 2, lower panel). Similar to CXCR4 and CXCR7, stimulation of CXCR3 by its ligands 

has been associated with the formation of metastases, however, the underlying mechanism remains 

unknown. Comparable to tumor cell proliferation, CXCR3-A was determined as the most effective 

CXCR3 splice variant of the formation of metastases [94,96]. Importantly, antagonism of these 

chemokine receptors (CXCR3, CXCR4, and CXCR7) was associated with a reduction of metastasis 

[111,116–118].    
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Figure 2: Overview of the pathophysiological role of the CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis in cancer 
The CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis can regulate the biology of the cancerous tissue in several different ways including 
cell proliferation (upper panel), angiogenesis (middle panel), and metastasis (lower panel). First, tumor cell proliferation can occur upon 
activation of the ERK or Akt signaling cascades initiated by CXCR3, CXCR4, or CXCR7 and their ligands. Second, angiogenesis in 
cancer can be associated with increased expression of CXCR4, CXCR7, and CXCL12 resulting in enhanced production of the angiogenic 
factor HIF-1α followed by augmented VEGF release. Third, spread of tumor cells in the body (i.e., metastasis) can be achieved through 
CXCR4- and CXCR7-induced activation of several signaling cascades (i.e., EndMT, TLR-4/MD-2, and MAPK). Furthermore, formation 
of metastases is positively correlated with CXCR3 expression. Figure created with biorender.com. Akt = protein kinase B; CXCL = CXC 
chemokine ligand; CXCR = CXC chemokine receptor; EndMT = endothelial to mesenchymal transition; ERK = extracellular signal-
regulated kinase; GRK = G protein-coupled receptor kinase; HIF-1α = hypoxia-inducible factor 1α; MAPK = mitogen-activated protein 
kinase; MD-2 = myeloid differential protein-2; TLR-4 = toll-like receptor 4; VEGF = vascular endothelial growth factor. 

  

C 
0 -co .... 
Q) 

'+-

0 .... 
a.. 

(/) 

(/) 
Q) 
C 
Q) 
0) 
0 
0) 
C 
<( 

(/) 

(/) 

co -(/) 

co -Q) 

~ 

CXCL12 CXCL 12/CXCL 11 CXCLl l 

'- \!( 
I 

( ERK) @ 
~ 

( Cell proliferation ) 

• • CXCL 12 • • • • • • ,, .. ,~ ,. . ..... ~- .. 
\. J 

)( CXCL1 0 

( HIF-1a) 

I 
c VEGF ) 

( Angiogenesis 

CXCL 12 CXCL 12/CXCL 11 CXCL11 

'-- I - -------\ ♦ 

( EndMT ) ( TLR-4/MD-2) ( MAPK) 

Metastasis 

,. . 
•• ~ ~ , ~ 1, 

(:) ~ . J / ·~ j ,i' 
ifuiJ. ~ 

• 



1.4    Pathophysiological role of the CXCR3/CXCR4/CXCR7–CXCL11/12 axis 

21 

1.4.2 Multiple sclerosis 
MS is an autoimmune disorder in which the myelin sheath that covers the nerves and enables quick and 

efficient transmission of electrical impulses between nerves, is destroyed by the immune system. 

CXCR4 and CXCR7 are widely expressed in various CNS cells such as astrocytes, oligodendrocytes, 

and microglia, and are assumed to contribute to the maintenance of certain brain function processes 

[81,119–123]. Therefore, in the context of MS, the role of the CXCR4/CXCR7–CXCL12 axis has been 

studied. In fact, it was predominantly studied for its ability to regulate immune cell migration and its 

function to induce cell proliferation and differentiation. Hence, the investigation of the 

CXCR4/CXCR7–CXCL12 axis in MS can be divided in two main mechanisms [124]: i) an 

immunomodulatory effect regulated, amongst others, through chemotactic activities; ii) a (pro-

)myelinating effect induced through CNS cell proliferation and differentiation. Both mechanisms may 

occur at the same time as the sites of action are mostly different. While the immunomodulatory effects 

act mainly at the site of the blood-brain barrier (BBB), the (pro-)myelinating effect shows its action in 

the CNS (i.e., parenchyma).  

With regard to the immunomodulatory effect, there is evidence showing that the CXCR4/CXCR7–

CXCL12 axis can impact the extent of myelin damage by regulating immune cell infiltration into the 

CNS [125–127]. CXCR4 and CXCR7 and their ligand CXCL12 are expressed in adult humans and their 

expressions are increased during neuroinflammation [119,124,125,128]. In a healthy CNS, CXCL12 is 

constitutively expressed at the abluminal side of endothelial cells where it contributes to the homing of 

CXCR4+ leukocytes within the perivascular space and prevents parenchymal infiltration in the CNS; 

However, in MS patients, CXCL12 levels are increased at the BBB and CXCL12 shifts from the 

abluminal to the luminal region of the endothelium [125,129,130]. This change in CXCL12 location 

may be explained by an increase in CXCR7 expression on the abluminal site of endothelia. Here, 

CXCR7 enhances the internalization of CXCL12 resulting in low levels in the abluminal region, while 

there are high levels in the luminal region [131]. The change in the CXCL12 localization with enhanced 

levels at the luminal site is assumed to enable CXCR4+ leukocyte infiltration from the blood into the 

parenchymal CNS, and is thus, assumed to worsen the disease. This assumption is supported by 

immunohistochemical stainings of brain sections of MS patients. The analysis revealed that the 

redistribution of CXCL12 significantly correlates with disease severity reflected by enhanced 

demyelination and macrophage infiltration [130]. Moreover, it is assumed that the increase in luminal 

CXCL12 levels induces the expression of integrins. These integrins contribute to the arrest of recruited 

CXCR4+ leukocytes on the endothelium and therefore, may facilitate the migration of immune cells to 

the perivascular space [132,133]. It is proposed that perivascular infiltrates may be activated by antigen-
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presenting cells such as reactive microglia expressing major histocompatibility complex (MHC) class 

II [127], and consequently, can migrate to parenchyma, where inflammatory cytokines can be released 

leading to neuroinflammation and demyelination [129]. Blockade of CXCR7 by CCX771 (a functional 

CXCR7 antagonist) results in improvement of disease recovery due to reduced parenchymal leukocytes 

infiltration [131]. An illustration showing the immunomodulatory effect caused by CXCL12 

redistribution within the CXCR4/CXCR7–CXCL12 axis in MS is depicted in Figure 3. 

Likewise, microglia that have diverse functions in modulating CNS cells are shown to be implicated in 

neuroinflammatory processes [124,134]. Previous studies have shown that the CXCR4/CXCR7–

CXCL12 axis contributes to the transmigration of monocytes across the BBB and thus induces 

monocyte-endothelial cell interaction that facilitates lymphocytes infiltration [135,136]. Furthermore, 

expression of CXCR7 on microglia was positively correlated with the clinical severity score of 

experimental autoimmune encephalomyelitis (EAE). This may be explained by 

CXCR7/CXCL11/CXCL12–induced activation of the ERK downstream cascade, which, in response, 

stimulates chemotaxis on activated microglia that can also cause inflammation. Neutralization of 

CXCR7 stops the ERK downstream cascade and decreases the clinical severity of EAE in animals. This 

supports the relevance of the CXCR7–CXCL11/CXCL12 axis in modulating the outcome of CNS-

related autoimmune diseases [137].  

Apart from microglia, CXCR7 is expressed on astrocytes both under physiological and 

pathophysiological conditions (e.g., CNS insult) [124]. As astrocytes are arranged around the BBB, 

modulation of astrocytic functions during inflammation can favor the formation of lesions within the 

BBB and result in immune cell infiltration towards the parenchyma [138]. Augmented expression of 

CXCR7 was observed on astrocytes in response to pro-inflammatory conditions such as hypoxia and/or 

increased levels of IFNg [139]. Moreover, IFNg-induced CXCR7 expression on astrocytes was linked 

to the extent of inflammation in the spinal cord and the associated infiltration of immune cells into the 

CNS [140].  
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Figure 3: Immunomodulatory effect of the CXCR4/CXCR7–CXCL12 axis in MS through CXCL12 redistribution at the BBB 
Under physiological conditions, CXCL12 is predominantly expressed on the abluminal site of the endothelium. There it may prevent 
CXCR4+ leukocyte infiltration towards the parenchyma (left panel). Under MS (pathophysiological) conditions, CXCR7 expression is 
augmented at the abluminal endothelium, and consequently this leads to a decrease in CXCL12 level at the abluminal site due to the 
scavenging activity, while there is an increase in CXCL12 at the luminal site. Increase in CXCL12 is associated with the production of 
integrins, which facilitate infiltration of leukocytes into the perivascular space where they are activated by reactive microglia expressing 
MHC class II. Due to the lack of CXCL12 in the perivascular space, immune cells can migrate further into the parenchyma and cause 
neuroinflammation resulting in demyelination (i.e., damage of myelin sheath that covers the axon) (middle panel). Inhibition of CXCR7 
is proposed to restore the distribution of CXCL12, and thus, prevent CXCR4+ leukocytes infiltration into the CNS (right panel). Figure 
created with biorender.com. BBB = blood-brain barrier; CNS = central nervous system; CXCL = CXC chemokine ligand; CXCR = CXC 
chemokine receptor MHC = major histocompatibility complex; MS = multiple sclerosis; TCR = T cell receptor. 

Besides the immunomodulatory effect and the associated immune cell infiltration into the CNS, the 

CXCR4/CXCR7–CXCL12 axis is assumed to directly impact MS disease severity through its effect on 

remyelination after axonal myelin damage by immune cells. Indeed, several in vitro and in vivo MS 

models show that the CXCR4–CXCL12 axis can initiate oligodendrocyte precursor cell (OPC) and 

neural stem cell (NSC) migrations, proliferation, and differentiation during disease and spontaneous 

recovery (observed in the course of EAE, i.e., spontaneous neuronal/myelin repair), implying its 

involvement in neuro-/oligodendrogenesis [122,141,142]. Moreover, CXCL12 is expressed and 

significantly increased in activated astrocytes and microglia at the site of MS lesions. This elevation is 

associated with an increase in the number of OPCs expressing CXCR4 [122,125]. Blocking either 

CXCR4 or CXCL12 in a murine viral-induced demyelinating model led to impaired migration and 

proliferation of NSCs [141]. Similar observations were made in a cuprizone-induced demyelination in 

vivo model. This study demonstrated that the reduction of CXCR4 expression by RNA silencing resulted 

in impaired OPC maturations and finally, a failure in remyelination [122]. These findings underpin the 

relevance of the CXCR4–CXCL12 axis as a mechanism for enhancing OPC differentiation into mature 

myelinating oligodendrocytes in the process of remyelination. Yet, the CXCR4–CXCL12 axis and the 
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associated remyelination can be impacted by the scavenger receptor CXCR7. Remarkably, CXCR7 

expression is enhanced on various cells such as astrocytes and OPCs during demyelination in MS-like 

disease murine models. This is related to a reduction in CXCL12 levels, triggering a decrease in 

CXCR4-induced OPC differentiation and proliferation [80,81]. The functional CXCR7 antagonist, 

CCX771, reduces CXCL12 internalization, resulting in enhanced activation of CXCR4/CXCL12 

signaling followed by remyelination [80]. These findings suggest that CXCR7 can influence CXCL12 

concentrations and, as a response, CXCR4/CXCL12-induced signaling like cell proliferation and 

differentiation [79]. 

Besides CXCR4, induction of kappa-opioid receptor (KOR) expressed on OPCs was also found to 

enhance OPCs proliferation and differentiation leading to subsequent remyelination in vivo [143]. This 

KOR downstream pathway can be activated by opioid peptides including the subfamily of dynorphins, 

which binds preferably to KOR [144]. Interestingly, recent in vitro data indicated that CXCR7 can 

function as a scavenger receptor for opioid peptides including but not limited to the subfamily of 

dynorphins [145]. However, it remains unknown if increased expression of CXCR7 on KOR-expressing 

OPCs can modulate the availability of opioid peptides to such an extent that the KOR-induced 

remyelination is affected [124]. Further investigations are required to underpin the relevance of the 

interplay of CXCR7 and the KOR-opioid axis in the context of the remyelination process. An illustration 

showing the (pro-)myelinating effect of the CXCR4/CXCR7/KOR–CXCL12/opioid axis in MS is 

depicted in Figure 4. 

 

 

 

 

 

 

 



1.4    Pathophysiological role of the CXCR3/CXCR4/CXCR7–CXCL11/12 axis 

25 

 
Figure 4: (Pro-)myelinating effect of the CXCR4/CXCR7–CXCL12 axis in MS brain (parenchyma) through differentiation of 
OPCs 
Under physiological conditions, CXCR4 and KOR expressed on OPCs enable cell proliferation and differentiation to myelinating 
oligodendrocytes through CXCL12 and opioid peptides, respectively (left panel). Increased CXCR7 co-expression on OPCs under 
pathophysiological conditions can diminish CXCL12 and opioid peptide levels in the CNS (middle panel). Blockade of CXCR7 with a 
functional antagonist was associated with an increase in CXCL12 level in the CNS, resulting in an increase in OPCs differentiation to 
myelinating oligodendrocytes. Theoretically, this can be applied to the KOR/CXCR7-opioid axis however, this is not yet proven 
experimentally (right panel). Figure created with biorender.com. CNS = central nervous system; CXCL = CXC chemokine ligand; CXCR 
= CXC chemokine receptor; KOR = kappa-opioid receptor; OPC = oligodendrocyte progenitor cell.  

In contrast to the CXCR4/CXCR7–CXCL12 axis, the role of the CXCR3/CXCR7–CXCL11 axis is not 

well known thus far. This may be explained by the lack in CXCL11 expression in mouse strains that 

are often used as in vivo models for MS [146]. Furthermore, there are contradicting data regarding the 

correlation of CXCL11 and MS. In detail, Szczuciński et al. did not observe any differences between 

CXCL11 serum or cerebrospinal fluid (CSF) concentrations of MS patients compared to controls, 

indicating no relevant implication of CXCL11 in MS [147]. However, Mellergård et al. reported that 

CXCL11 concentration was enhanced in CSF but not in plasma of MS patients in comparison to healthy 

subjects [148]. This contradiction and its underlying mechanism warrant further investigations of the 

CXCR3/CXCR7–CXCL11 axis in MS. 

In conclusion, several investigations revealed that the CXCR4/CXCR7–CXCL12 axis has 

immunomodulatory as well as remyelinating potential in neuroinflammatory diseases such as MS. 

Further studies are required to assess the relevance of the CXCR3/CXCR7–CXCL11 axis in the 

progression and development of MS.  
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1.5 CXCR3/CXCR4/CXCR7/CXCL11/CXCL12 modulators  
1.5.1 (Pre)clinical development of CXCR3/CXCR4/CXCR7/CXCL11/CXCL12 modulators in 

cancer and multiple sclerosis 
Modulation of the CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis has been shown to alter disease 

severity in different preclinical disease models, especially in models for various types of cancer and 

MS. Among the various modulators, few have reached the clinical development stage (Table 1).  

To date, only one CXCR3 antagonist has reached clinical development, namely, AMG-487, which is a 

selective and potent small molecule. However, due to the lack of efficacy in patients with an 

autoimmune disease (i.e., psoriasis), further clinical development of AMG-487 was stopped. 

Subsequent preclinical investigations demonstrated that AMG-487 inhibits metastasis formation in 

various tumor models, indicating promising efficacy in the treatment of cancer [116,117,149–151].  

Inhibition of CXCR3 in the context of MS was mainly studied using CXCR3 knockout animals. In 

addition, multiple patent applications for small-molecule CXCR3 antagonists were filed for the 

treatment of (auto)immune diseases emphasizing the potential of CXCR3 modulators in this field. 

Unfortunately, on these, only limited data are publicly available [152]. JT07, an antibody inhibiting 

CXCR3 and CXCR7, is being developed as a treatment against inflammatory bowel diseases and solid 

tumors by Jyant Technologies Inc [153]. JT06, which is an anti-CXCL11 antibody, is being preclinically 

developed by the same company as a treatment for MS [153]. Unfortunately, no published data detailing 

their physicochemical properties and/or preclinical in vitro/vivo profiles are available. Another CXCL11 

modulator is BKT130, a peptibody that demonstrated inhibitory properties of multiple chemokines 

including but not limited to CXCL11. In an EAE model, BKT130 inhibited infiltration of immune cells 

into the CNS and reduced demyelination [154]. However, as BKT130 also binds to other chemokines 

it is assumed that the improvement in the disease outcome upon treatment cannot only be attributed to 

CXCL11.  

The CXCR4 antagonist plerixafor (AMD3100) was evaluated in numerous animal models and was 

investigated in humans for the treatment of acute myeloid leukemia, among other diseases (Table 1) 

[155,156]. Plerixafor (Mozobil®) is authorized to mobilize hematopoietic stem cells in non-Hodgkin’s 

lymphoma patients. Further testing in metastatic pancreatic cancer is planned. Other CXCR4 

antagonists that have been investigated in clinical studies include ulocuplumab (BMS-936564), a 

monoclonal antibody for the treatment of acute myeloid leukemia [157,158], LY2510924, a small 

molecule against advanced cancer [159], motixafortide (BL-8040, BKT140), a short synthetic peptide 

for mobilization of hematopoietic stem cells for treatment of acute myeloid leukemia and solid tumors 

[160–162], balixafortide (POL6326), a cyclic peptide for the treatment of metastatic breast cancer [163], 
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USL311, a small molecule against solid tumors and relapsed/recurrent glioblastoma, and burixafor (TG-

0054), which is a small molecule investigated as treatment in patients with multiple myeloma, non–

Hodgkin’s lymphoma, Hodgkin’s lymphoma, or prostate cancer [164]. Noxxon Pharma developed the 

oligonucleotide olaptesed pegol (NOX-A12) to target CXCL12 in different types of cancer including 

glioblastoma, metastatic pancreatic, and colorectal cancer [165,166]. Recently, Song et al. discovered 

a selective and potent CXCR4 antagonist, namely, BPRCX807, which is in the preclinical stage being 

developed for the treatment of hepatocellular carcinoma [118]. 

CXCR4 and CXCL12 modulators have generally demonstrated favorable safety and tolerability profiles 

in adults with different types of cancer (Table 1). The incidence of adverse events in clinical trials was 

comparable across the CXCR4 and CXCL12 modulator groups [155,158,161,165,167–170]. The most 

commonly reported adverse events in clinical trials were injection site reaction, gastrointestinal 

disorders such as diarrhea and nausea, and hematological changes (e.g., neutropenia). Thus far, safety 

and tolerability data in children were reported for the approved CXCR4 modulator plerixafor only. In 

children, plerixafor provoked CNS-related adverse events including but not limited to visual 

hallucinations and nightmares. Therefore, treatment with plerixafor in children should be carefully 

assessed [171,172].  

Based on the available study results from patient trials listed in Table 1, treatment with a CXCR4 or 

CXCL12 modulator showed, in general, beneficial efficacy results based on, e.g., overall survival or 

disease progression. However, some studies could not demonstrate efficacy. For example, although 

treatment with LY2510924 was safe and well tolerated, the effect in patients with RCC showed no 

improved efficacy compared to the anti-angiogenic treatment group [168]. Furthermore, recent 

preliminary data indicated no improvement in disease response in patients with HER2-negative breast 

cancer upon treatment with balixafortide. Despite the unfavorable results of the clinical trial in advanced 

breast cancer, additional oncology and non-oncology indications for balixafortide will be evaluated. Of 

note, none of the CXCR4 or CXCL12 modulators have been tested in patients with MS yet, even though 

promising preclinical efficacy data were presented [129]. 

CXCR7 modulators have not been clinically investigated to date. However, a number of CXCR7 

antagonists (CCX771, CCX662, CCX733, CCX754, and CCX777) have been investigated in preclinical 

models [173,174]. While CCX771 demonstrated antagonism of CXCR7 in animals, it also showed 

agonistic properties due to its ability to recruit β-arrestin [175]. Pfizer discovered a selective CXCR7 

antagonist (described as “compound 10”), which competes with CXCL12 to bind CXCR7 and can 

inhibit the b-arrestin pathway in vitro. According to the in vitro and in vivo PK profiles, compound 10 
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requires further optimization in terms of absorption, distribution, metabolism, and excretion (ADME) 

characteristics and potency, in order to test it in in vivo animal models [176].  

In summary, currently very sparse published data are available from safety studies in animals with 

CXCR7 modulators, although several pharmacology studies with these modulators have been 

performed. Additional toxicological characterization in animals and further investigations in humans 

are needed to understand the impact of CXCR7 modulation in cancer and MS. 
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Table 1: (Pre)clinical development of CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis in cancer and MS 

Compound Indication References Development 
stage 

AMG487 

Breast cancer [116,151] Preclinical 

Colon carcinoma [117] Preclinical 

Osteosarcoma [149,150] Preclinical 

Psoriasis n.a. Clinical 

JT07 Solid tumors (and inflammatory bowel 
diseases) [153] Preclinical 

JT06 MS [153] Preclinical 

BKT130 MS [154] Preclinical 

Plerixafor (AMD3100) b 

Multiple myeloma [170]; NCT00103662 Clinical 

Non-Hodgkin’s lymphoma [169]; NCT00733824 Clinical 

Relapsed/refractory AML [155]; NCT00512252 Clinical 

Head and neck cancer NCT04058145 Clinical 

Chronic lymphocytic leukemia or small 
lymphocytic lymphoma [167]; NCT00694590 Clinical 

Metastatic pancreatic cancer NCT04177810 Clinical 

Glioblastoma NCT03746080 Clinical 

Ovaria cancer [92] Preclinical 

MS [129] Preclinical 

USL311 Solid tumor and relapsed/recurrent 
glioblastoma NCT02765165 Clinical 

Burixafor (TG-0054) 

Multiple myeloma; non–Hodgkin’s lymphoma; 
Hodgkin’s lymphoma 

[164]; NCT01458288; NCT02104427; 
NCT01018979 Clinical 

Prostate cancer NCT02478125 Clinical 

Ulocuplumab 
(BMS-936564) Relapsed multiple myeloma [158] Clinical 

LY2510924 

Relapsed/refractory AML NCT02652871 Clinical 

Small cell lung carcinoma NCT01439568 Clinical 

RCC [168] Clinical 

Non–Hodgkin’s lymphoma; RCC; lung, breast, 
and colon cancer cells [177] Preclinical 

Metastatic pancreatic cancer NCT02826486, NCT03193190 Clinical 
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Compound Indication References Development 
stage 

Motixafortide  
BL-8040, BKT140) 

Locally advanced unresectable or metastatic 
gastric or gastroesophageal junction cancer or 

esophageal cancer 
NCT03281369 Clinical 

Relapsed/refractory AML NCT02763384, NCT01838395, NCT03154827 Clinical 

Multiple myeloma [160,161], NCT03246529 Clinical 

Non-small cell lung cancer [178] Preclinical 

Non-Hodgkin’s lymphoma [179] Preclinical 

CML [180] Preclinical 

Balixafortide (POL6326) 

Metastatic breast cancer [163], NCT01837095, NCT03786094 Clinical 

Multiple myeloma NCT01105403 Clinical 

Hematologic malignancies NCT01413568 Clinical 

BPRCX807 Hepatocellular carcinoma [118] Preclinical 

Olaptesed pegol 
(NOX-A12) 

Relapsed/refractory CLL [165], NCT01486797 Clinical 

Relapsed multiple myeloma [181], NCT01521533 Clinical 

Glioblastoma NCT04121455 Clinical 

Colorectal and pancreatic cancer [166,182], NCT03168139 Clinical 

CCX771 

Castration-resistant prostate cancer [86] Preclinical 

Breast cancer [111] Preclinical 

Glioblastoma [183] Preclinical 

Pulmonary inflammation [184] Preclinical 

MS [80,131] Preclinical 

CCX662 Glioblastoma [183] Preclinical 

X7Ab Glioblastoma [185] Preclinical 

This table provides an overview of CXCR3, CXCR4, CXCR7, CXCL11, and CXCL12 modulators tested for cancer and MS in preclinical 
and clinical development. Adapted from [6]. 

a Several reports/publications claimed that AMG-487 failed to demonstrate efficacy leading to study termination however, data are not 
publicly available. 

b A detailed summary of clinical trials which investigated plerixafor for the indications multiple myeloma and non-Hodgkin’s lymphoma 
is provided in the Mobozil product monograph [186]. 

AML = acute myeloid leukemia; CCL = chronic lymphocytic leukemia; CML = chronic myeloid leukemia; MS = multiple sclerosis; n.a. 
= not available; RCC = renal cell carcinoma. 
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1.5.2 ACT-1004-1239, a first-in-class CXCR7 antagonist 
To date, several CXCR7 modulators have been investigated however, thus far only for non-clinical 

purposes. It has been emphasized that CXCR7 is involved in several diseases including cancer and MS 

and its antagonism results in an improvement of disease outcome in preclinical animal models. Hence, 

there is an unmet need for a CXCR7 antagonist for clinical use. ACT-1004-1239 represents a first-in-

class CXCR7 antagonist, which exhibits promising preclinical characteristics and supports further 

investigations in humans. This novel CXCR7 antagonist was selected out of 300’000 compounds of the 

high throughput screening (HTS) deck from Idorsia Pharmaceuticals Ltd. using an innovative HTS 

assay. The optimal candidate, ACT-1004-1239, was chosen based on the structure-activity and 

structure-property relationships of the functional groups of the molecule as described in detail by 

Richard-Bildstein et al. [187]. In a nutshell, the selection of the lead compound was driven by several 

considerations, including the potency, hERG channel inhibitory activity, ADME and toxicity (ADMET) 

characteristics, and physicochemical properties such as solubility and basicity. While the potency and 

the hERG channel inhibitory activity were mainly assessed using the IC50 values for the respective 

targets, the early determination of the ADMET characteristics focused predominantly on the intrinsic 

clearance parameter. Finally, ACT-1004-1239 was defined as a potent and selective small molecule 

(Figure 5). It also shows an insurmountable behavior, which describes the ability of the compound to 

have constant potency in the presence of increasing concentrations of the natural ligands, i.e., CXCL11 

and CXCL12 [187].  

Based on preclinical pharmacokinetic (PK) studies, ACT-1004-1239 was considered a high-clearance 

drug in rats and a low-clearance drug in dogs. The absolute bioavailability was higher in dogs (61%) 

than in rats (35%). These data supported the selection of dose levels and dosing regimen in subsequent 

animal studies. Subsequent studies in healthy mice were conducted to evaluate in vivo target 

engagement of ACT-1004-1239 by measuring CXCL11 and CXCL12 plasma concentrations after 

single oral doses ranging from 1 to 100 mg/kg ACT-1004-1239. CXCL12 plasma concentration 

increased in a dose-dependent manner, and the duration of increase correlated positively with the dose. 

In contrast, there was no significant increase in CXCL11 plasma concentration observed as could be 

expected in healthy animals [187].  
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Figure 5: Molecular structure of ACT-1004-1239 
Adapted from [188]. 

Following drug discovery and first investigations of ACT-1004-1239 in healthy animals, the effect of 

ACT-1004-1239 was further evaluated in various animal models of MS and acute lung injury (ALI). In 

myelin oligodendrocyte glycoprotein- (MOG) induced EAE mice representing a model of MS, 

treatment with ACT-1004-1239 led to a significant dose-dependent increase in CXCL12 plasma 

concentration along with almost complete inhibition of CXCR4+ leukocyte infiltration into the CNS. 

This finding confirmed the previous assumption that inhibition of the scavenging activity of CXCR7 in 

plasma would lead to disruption of the chemokine concentration gradient. In addition, the increase in 

CXCL12 plasma levels was positively correlated with an overall reduction in disease score in the murine 

model. Unfortunately, the impact of ACT-1004-1239 on CXCL11 levels could not be assessed due to 

the absence of CXCL11 expression in the mouse strain used for the study. Hence, the role of the 

CXCR3/CXCR7–CXCL11 axis could not be investigated in this MOG-induced EAE model [146]. 

Nevertheless, in a CXCL11-expressing EAE model (proteolipid protein- [PLP] induced), CXCL11 and 

CXCL12 plasma concentrations were elevated after treatment with ACT-1004-1239. Apart from 

plasma, ACT-1004-1239 was detected in the brain leading also to an increase in brain CXCL12 

concentration [189]. In addition to the immunomodulatory effect, a pro-myelinating effect of ACT-

1004-1239 was observed in a cuprizone-induced model. Treatment with ACT-1004-1239 resulted in a 

significant increase in myelination in the corpus callosum, which was shown to be linked to an OPC 

maturation. This promotion of OPC maturation into mature myelinating oligodendrocytes was 

suggested to be driven by the CXCR4–CXCL12 axis [146]. While the MS models indicated a dual mode 

of action of ACT-1004-1239 (i.e., immunomodulatory and pro-myelinating effects), the 

immunomodulatory effect was verified in an animal model of ALI. Results from the ALI model 

confirmed the immunomodulatory effect of ACT-1004-1239 observed in the MS model. In detail, mice 

that were treated with nebulized lipopolysaccharide (LPS) experienced a significant increase in CXCR3 

F 
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and CXCR4 ligands, including CXCL11 and CXCL12, in the bronchoalveolar lavage (BAL), resulting 

in a significant local increase in CXCR3+ lymphoid and CXCR4+ myeloid cells. Treatment with ACT-

1004-1239 led to a dose-dependent increase of CXCL11 and CXCL12 plasma levels accompanied by a 

significant decrease in CXCR3+ and CXCR4+ immune cell infiltration. These data suggest a treatment-

related disruption of the chemokine gradients towards the inflamed lung tissue. Furthermore, CXCR7 

antagonism by treatment with ACT-1004-1239 reduced vascular permeability and breathing 

dysfunction [82]. A summary of the main preclinical characteristics of ACT-1004-1239 is provide in 

Table 2. 
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Table 2: Preclinical characteristics of ACT-1004-1239 

ACT-1004-1239 characteristics 

Physicochemical properties [187] 

Basicity Weak base pKa = 7.7 

Lipophilicity Log D <2.7 

Solubility 

Aqueous 374 mg/mL (pH = 7) 

FaSSIF 513 mg/mL 

FeSSIF >880 mg/mL 

Potency to CXCR7 (IC50) 

Human 3.2 nM 

Dog 2.3 nM 

Rat 3.1 nM 

Mouse 2.3 nM 

Animal pharmacokinetics [187] 

tmax 
Dog 1.5 h 

Rat 0.5 h 

CL 
Dog 2.8 and 3.8 mL/min/kg (low-clearance drug) 

Rat 70 mL/min/kg (high-clearance drug) 

Vss 
Dog 1.6 L/kg 

Rat 3.6 L/kg 

Absolute bioavailability  
Dog 61% 

Rat 35% 

Animal disease models 

Multiple sclerosis [124,146,189] 

- Plasma CXCL11 ↑ 
- Plasma CXCL12 ↑ 
- Brain CXCL12 ↑ 
- Immune cell infiltration to the brain ↓ 
- OPC maturation and remyelination ↑ 

Acute lung injury[82] 

- Plasma CXCL11 ↑ 
- Plasma CXCL12 ↑ 
- Immune cell infiltration to the BAL ↓ 
- Breathing pattern ↑ 
- Vascular barrier dysfunction ↓ 

This table summarizes the main preclinical data of ACT-1004-1239.  

BAL = bronchoalveolar lavage; CL = clearance; FaSSIF = fasted state simulated intestinal fluid; FeSSIF = fed state simulated intestinal 
fluid; IC50 = half maximal inhibitory concentration; OPC = oligodendrocyte precursor cell; tmax = time to reach maximum plasma 
concentration; Vss = volume of distribution at steady state. 
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Taken together, the potent, insurmountable, selective, and orally available small-molecule CXCR7 

antagonist, ACT-1004-1239, exhibits physicochemical as well as biological properties that warrant 

continuation of drug development. The compound was efficacious in animal models of MS and ALI, as 

shown by an improvement in clinical score following treatment. The efficacy was predominantly 

attributed to inhibition of the scavenging activity of CXCR7 and the resulting increase in CXCL11 and 

CXCL12 plasma levels accompanied by a reduction in immune cell infiltration towards the inflamed 

tissue (i.e., immunomodulatory effect). In addition, the MS model provided evidence of a second mode 

of action describing an enhancement in myelination (i.e., pro-myelinating effect). Based on the overall 

preclinical data, ACT-1004-1239 showed favorable characteristics for further investigations in humans, 

and thus, represents a first-in-class CXCR7 antagonist.
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2 AIMS OF THE THESIS 

The overall aim of this dissertation is to investigate the clinical pharmacology profile of ACT-1004-

1239, a first-in-class CXCR7 antagonist, in healthy subjects as part of the clinical development program. 

For this purpose, two clinical pharmacology studies were conducted, which were reported in three 

publications provided below. In addition, based on the results obtained from these two studies, the need 

for a drug-drug interaction (DDI) study was identified, and the study concept has been developed 

(described in Section 3.4). 

 

1. Single-ascending dose study with ACT-1004-1239 

To investigate the safety/tolerability, PK (including food effect and absolute bioavailability), and 

PD of single-dose (1-200 mg) ACT-1004-1239 in healthy male subjects. 

 

2. Absorption, distribution, metabolism, and excretion profile of ACT-1004-1239 

To investigate, supported by the use of preclinical data, the ADME characteristics of ACT-1004-

1239 in healthy male subjects.  

 

3. Multiple-ascending dose study with ACT-1004-1239 

To investigate the safety/tolerability, PK, PD, and concentration-QTc relationship of multiple-

dose (30-200 mg) ACT-1004-1239 in healthy male and female subjects. 

 

4. Further clinical development of ACT-1004-1239: Drug-drug interaction study 

To conceptualize a DDI study of ACT-1004-1239 with a strong CYP3A4 inhibitor. 
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3 CLINICAL PHARMACOLOGY OF ACT-1004-1239 

3.1 Single-ascending dose study with ACT-1004-1239 
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A Multipurpose First- in- Human Study With 
the Novel CXCR7 Antagonist ACT- 1004- 1239 
Using CXCL12 Plasma Concentrations as 
Target Engagement Biomarker
Christine Huynh1,2, Andrea Henrich1, Daniel S. Strasser1, Marie- Laure Boof1, Mohamed Al- Ibrahim3, 
Henriette E. Meyer Zu Schwabedissen2, Jasper Dingemanse1 and Mike Ufer1,*

The C- X- C chemokine receptor 7 (CXCR7) has evolved as a promising, druggable target mainly in the immunology 
and oncology fields modulating plasma concentrations of its ligands CXCL11 and CXCL12 through receptor- mediated 
internalization. This “scavenging” activity creates concentration gradients of these ligands between blood vessels 
and tissues that drive directional cell migration. This randomized, double- blind, placebo- controlled first- in- human 
study assessed the safety, tolerability, pharmacokinetics, and pharmacodynamics of ACT- 1004- 1239, a first- in- 
class drug candidate small- molecule CXCR7 antagonist. Food effect and absolute bioavailability assessments were 
also integrated in this multipurpose study. Healthy male subjects received single ascending oral doses of ACT- 
1004- 1239 (n = 36) or placebo (n = 12). At each of six dose levels (1– 200 mg), repeated blood sampling was done 
over 144 hours for pharmacokinetic/pharmacodynamic assessments using CXCL11 and CXCL12 as biomarkers of 
target engagement. ACT- 1004- 1239 was safe and well tolerated up to the highest tested dose of 200 mg. CXCL12 
plasma concentrations dose- dependently increased and more than doubled compared with baseline, indicating 
target engagement, whereas CXCL11 concentrations remained unchanged. An indirect- response pharmacokinetic/
pharmacodynamic model well described the relationship between ACT- 1004- 1239 and CXCL12 concentrations 
across the full dose range, supporting once- daily dosing for future clinical studies. At doses ≥ 10 mg, time to reach 
maximum plasma concentration ranged from 1.3 to 3.0 hours and terminal elimination half- life from 17.8 to 
23.6 hours. The exposure increase across the dose range was essentially dose- proportional and no relevant food 
effect on pharmacokinetics was determined. The absolute bioavailability was 53.0% based on radioactivity data after 
oral vs. intravenous 14C- radiolabeled microtracer administration of ACT- 1004- 1239. Overall, these comprehensive 
data support further clinical development of ACT- 1004- 1239.

Received September 21, 2020; accepted December 4, 2020. doi:10.1002/cpt.2154

1Idorsia Pharmaceuticals Ltd, Allschwil, Switzerland; 2University of Basel, Basel, Switzerland; 3Pharmaron CPC Inc, Baltimore, Maryland, USA. 
*Correspondence: Mike Ufer (mike.ufer@idorsia.com)

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
; The chemokine receptor CXCR7 modulates immune and
cancer cell migration by scavenging CXCL11 and CXCL12.
Preclinically, blockade of CXCR7 not only inhibits directional
cell migration towards inflammatory sites or tumor tissue, but
also has promyelinating effects, suggesting a dual mode of ac-
tion for CXCR7 antagonists in the treatment of multiple scle-
rosis and other demyelinating diseases.
WHAT QUESTION DID THIS STUDY ADDRESS?
; This first- in- human study provides comprehensive pharma-
cokinetic (PK), pharmacodynamic (PD), and safety data for es-
calating single oral doses of the first- in- class candidate CXCR7
antagonist ACT- 1004- 1239.

WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
; ACT- 1004- 1239 was safe and well tolerated across a wide
dose range in healthy subjects. It dose- dependently increased
plasma concentrations of its ligand CXCL12, thereby confirm-
ing target engagement. Its PK and PD profiles allow for once- 
daily dosing in future clinical studies as confirmed by PK/PD
modeling.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
; These study data allow for further exploring the clinical ef-
ficacy of ACT- 1004- 1239 in patients and thereby of CXCR7
antagonism as new treatment modality in immunology and
oncology.
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Chemokine receptors are of major relevance for the development 
and progression of various pathological conditions, including dif-
ferent types of autoimmune disorders and cancer.1– 3 They can be 
classified into four subtypes, namely CXC, CC, C, or CX3C, 
based on the amino acid sequence of their chemokine ligands.4 
Upon activation they are involved in various inflammatory or ho-
meostatic processes, including cell trafficking, to guide different 
cell types to specific locations in the body.5

The C- X- C chemokine receptor 7 (CXCR7) is mainly expressed 
in endothelial cells and known as atypical chemokine receptor 
(ACKR) 3, since it triggers cell signaling not via G proteins but 
through recruitment of ß- arrestin.6 CXCR7 is primarily activated 
by two chemokine ligands, namely CXCL11 and CXCL12.7,8 
CXCL11 is an inflammatory chemokine that is induced in par-
ticular by interferon- ß /interferon- γ under certain inflammatory 
conditions.9 By contrast, CXCL12 is a homeostatic chemokine 
with constitutive expression in several organs under physiological 
conditions and with increased expression under pathological con-
ditions, including inflammation, hypoxia, or cancer.10,11

The binding affinity to CXCR7 is approximately 10- fold to 
20- fold higher for CXCL12 than for CXCL11.8,12 CXCL12 is
also a ligand of CXCR4, but with an approximately 10- fold lower
binding affinity than to CXCR7.13,14 CXCL11 is not only a li-
gand of CXCR7, but also of CXCR3, whereas it does not bind to
CXCR4.8,15

Mechanistically, binding of either CXCL11 or CXCL12 to 
CXCR7 leads to recruitment of ß- arrestin followed by internaliza-
tion of the CXCR7- ligand complex, and subsequent degradation 
of the ligand.6,16 This “scavenging” activity is a well- established 
function of CXCR7 that contributes to the establishment and 
maintenance of CXCL11 and CXCL12 concentration gradients, 
e.g., between blood vessels and tissues.17 These gradients enable
directional migration of CXCR4- positive cells to sites of inflam-
mation.18,19 Blocking this “scavenging” activity of CXCR7 can
lead to increased systemic CXCL11 and CXCL12 concentrations, 
thereby disrupting the chemokine gradients and inhibiting the mi-
gration of those proinflammatory cells.20

In addition to effects on cell migration, blockade of CXCR7 
and elevation of CXCL12 concentrations promote maturation of 
oligodendrocyte precursor cells (OPCs) via CXCR4 activation 
leading to myelin repair after a central nervous system injury.21 
Accordingly, the expression of CXCR7 on OPCs is enhanced 
during demyelination in different murine demyelination mod-
els22 but returns to baseline during remyelination.21 Therefore, 
CXCR7 and its ligands have been proposed as druggable targets 
for treatment of autoimmune diseases such as multiple sclerosis, an 
inflammatory demyelinating disease.23 In addition, the CXCL12- 
CXCR4/CXCR7 pathway may also have therapeutic potential in 
the oncology field, as different agents targeting this pathway have 
been shown to reduce migration of myeloid cells to the tumor and 
enhance antitumor effects of both radiotherapy and antiangio-
genic therapy.3,24– 27

The immunomodulatory effects via inhibition of cell migration 
and the promyelinating effects via promotion of OPC maturation 
suggest a dual mode of action for CXCR7 antagonists in inflam-
matory demyelinating diseases (Figure 1).

Clinical data with a CXCR7 antagonist has not been reported 
until now and as such the potent and selective CXCR7 antago-
nist ACT- 1004- 1239 represents a first- in- class drug candidate. 
In preclinical studies, target engagement was determined in ani-
mal models indicated by a dose- dependent increase of CXCL12 
plasma concentrations following single- dose administration 
of ACT- 1004- 1239.28 Accordingly, plasma concentrations of 
CXCL11 and CXCL12 were also used as biomarkers of target 
engagement in this first- in- human (FIH) study, i.e., CXCR7 
antagonism.

Here, we report on results from an FIH study that primarily 
determined the safety, tolerability, pharmacokinetics (PK), and 
pharmacodynamics (PD) of escalating doses of ACT- 1004- 1239 
in healthy subjects. A multipurpose design has been applied to 
accelerate the clinical development of ACT- 1004- 1239 by assess-
ing the effect of food intake on the PK of ACT- 1004- 1239 as well 
as its absolute bioavailability after oral administration of ACT- 
1004- 1239 and intravenous administration of 14C- radiolabeled 
ACT- 1004- 1239 as microtracer followed by quantification using 
ultrasensitive accelerator mass spectrometry technology.

METHODS
Study design
This was a randomized, double- blind, placebo- controlled FIH study to 
investigate the safety, tolerability, PK, and PD of single ascending oral 
doses of ACT- 1004- 1239 in healthy male subjects (ClinicalTrials.gov: 
NCT03869320). In addition, the impact of food intake on the PK of 
ACT- 1004- 1239 and its absolute bioavailability were determined.

The study protocol was approved by the local Institutional Review 
Board (Austin, TX). The study was performed at a single center by 
Pharmaron CPC (Baltimore, MD) in accordance with Good Clinical 
Practice and the Declaration of Helsinki.

In total, six dose levels of ACT- 1004- 1239 were investigated, namely, 1, 
3, 10, 30, 100, and 200 mg. At each dose level, six subjects received hard 
gelatin capsules of ACT- 1004- 1239 and two subjects matching placebo 
capsules. The capsules containing ACT- 1004- 1239 were formulated at 
dose strengths of 1, 10, and 100 mg. Following single oral dosing under 
fasted conditions in the morning, each study subject was kept domiciled 
at the study center for seven days. The end- of- study assessments were per-
formed 14 days after study drug intake.

At each dose level, sentinel dosing was applied, i.e., two subjects 
were initially exposed to ACT- 1004- 1239 or placebo followed by a 24- 
hour safety observation period after which the other six subjects were 
exposed. After completion of each dose level, a thorough review of all 
available safety, tolerability, and PK data was done to decide on further 
dose escalation.

Food effect and absolute bioavailability assessment
The effect of a US Food and Drug Administration (FDA)– standard 
high- fat breakfast on the PK of ACT- 1004- 1239 was investigated, apply-
ing a fixed- sequence, two- period design. Each subject received a single 
oral dose of 30 mg ACT- 1004- 1239 or placebo under fasted and fed con-
ditions in the first and second period, respectively, separated by a wash-
out period of at least 2 weeks.

The absolute bioavailability of ACT- 1004- 1239 was determined at the 
200- mg dose level. For this purpose, each of the six subjects randomized to 
active treatment received an oral dose of nonradioactive ACT- 1004- 1239 
followed by intravenous administration of 1 µCi (9.2 µg) 14C- radiolabeled 
ACT- 1004- 1239 as 15- minute infusion starting 3  hours after oral drug
intake, i.e., approximately at the time of maximum plasma concentration
(tmax) of ACT- 1004- 1239. Both subjects randomized to placebo received 
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placebo capsules followed by a 15- minute infusion of 0.9% sodium 
chloride.

Mass balance determination and metabolite profiling/identification 
were also integrated in the present study and will be reported separately. 
For this purpose, each of the six subjects randomized to active treatment 
orally received 1 µCi (9.2 µg) 14C- radiolabeled ACT- 1004- 1239 together 
with 100 mg of nonradioactive ACT- 1004- 1239.

Study population
The study population comprised healthy male subjects aged between 18 
and 55  years with a body mass index of 18.0 to 30.0  kg/m2. Informed 
consent was obtained from each subject prior to any procedure, and eli-
gibility was determined based on physical examination, medical history, 
vital sign, electrocardiogram (ECG), and clinical laboratory data.

Safety and tolerability
Safety and tolerability were assessed based on adverse event (AE), 
vital sign (blood pressure, heart rate, and body temperature), 12- lead 
ECG, and clinical laboratory data. The intensity of each AE was clas-
sified according to the Common Terminology Criteria For Adverse 
Events (CTCAE) grading system (version 5) with AEs of mild, mod-
erate, or severe intensity corresponding to CTCAE grades 1, 2, or 3, 
respectively.29

Pharmacodynamic biomarker analysis and evaluation
In each subject, PD blood sampling was done before dosing and at 1, 2, 4, 
6, 8, 10, 12, 24, 48, 72, 96, 120, and 144 hours after dosing. At each time-
point, ~ 4 mL blood was collected in EDTA- containing tubes. After cen-
trifugation (1800 g; 10 minutes), aliquoted plasma samples were stored at 
−70°C until analysis.

CXCL11 plasma concentrations were determined by using an U- Plex
Immunoassay kit (Meso Scale Diagnostics, Rockville, MD). The mean co-
efficient of variation of quality control samples was 14.5% and the lower 
limit of quantification was 7.6 pg/mL.

CXCL12 plasma concentrations were determined by an Ella immu-
noassay (Bio- Techne, Minneapolis, MN, US). The mean coefficient of 
variation of quality control samples was 6.8% and the lower limit of quan-
tification was 604 pg/mL.

The maximum individual change from baseline of CXCL11 and 
CXCL12 plasma concentrations at any timepoint during the 144- hour 
collection interval was defined as maximum effect (Effmax). In addition, the 
time to reach the Effmax and the area under the effect- time curve (AUEC) 
from 0 to 144 hours post dose were determined using the trapezoidal rule.

Pharmacokinetic bioanalysis and evaluation
In each subject, PK blood sampling was done before dosing and at 
0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 16, 24, 36, 48, 60, 72, 96, 120, 

Figure 1 Dual mode of action of CXCR7 antagonists in inflammatory demyelinating diseases. This figure illustrates the hypothesized dual 
mode of action (i.e., immunomodulatory and remyelinating effects) of a CXCR7 antagonist, like ACT- 1004- 1239, in the context of inflammatory 
demyelinating diseases such as multiple sclerosis. Immunomodulatory effect: In the absence of a CXCR7 antagonist (upper left), CXCL12 
concentrations are higher in the parenchyma than in blood vessels due to augmented endothelial expression of CXCR7 and hence stronger 
scavenging/internalization of CXCL12. This concentration gradient triggers migration of CXCR4- positive inflammatory leukocytes. In the 
presence of a CXCR7 antagonist (upper right), the scavenging activity of CXCR7 is blocked, thereby disrupting the concentration gradient 
and hence inhibiting cell migration. Remyelinating effect: In the absence of a CXCR7 antagonist (lower left), increased CXCR7 expression 
on oligodendrocyte precursor cells (OPCs) with enhanced scavenging/internalization of CXCL12 leads to reduced CXCL12 concentrations 
and CXCL12- mediated activation of CXCR4, which in turn impairs cell maturation/differentiation. In the presence of a CXCR7 antagonist 
(lower right), increased CXCL12 concentrations result in greater CXCR4 activation expected to normalize cell maturation/differentiation and 
remyelination. CXCR7, C- X- C chemokine receptor 7.
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and 144 hours after dosing. At each timepoint, ~ 4 mL blood was col-
lected in EDTA- containing tubes. For the absolute bioavailability as-
sessment, 15 additional samples were collected at selected timepoints. 
After centrifugation, aliquoted plasma samples were stored at −70°C 
until analysis. Further details regarding the bioanalytical method 
and determination of PK parameters are provided as supplementary 
material.

Pharmacokinetic/pharmacodynamic modeling
A population PK/PD model was developed. The PK model described 
plasma concentrations of ACT- 1004- 1239 and 14C- radiolabeled ACT- 
1004- 1239. Linear one- compartment, two- compartment, and three- 
compartment models were investigated. In addition, nonlinear clearance, 
bioavailability, and distribution were tested. The effect of food was 
evaluated as covariate on absorption lag time. The PD model described 
CXCL12 concentrations by an indirect response with drug effect on the 
elimination rate constant of CXCL12, since ACT- 1004- 1239 blocks 
CXCR7- mediated scavenging of CXCL12. A positive feedback mecha-
nism was investigated which reduced the elimination rate of CXCL12 
with increasing plasma concentrations of CXCL12. CXCL12 baseline 
was described by using the observed baseline allowing for an exponential 
error similar to the previously published “baseline method B3.”30

PK/PD modeling was performed sequentially using the estimated in-
dividual PK parameters as input for the PK/PD model. Interindividual 
variability was assumed to be exponentially distributed for all parameters 
except for absolute bioavailability with a logit distribution to restrict the 
absolute bioavailability range from 0 to 1. Proportional residual errors 
were assumed for PK and PD.

Model selection was based on objective function value (OFV) and 
diagnostic plots such as visual predictive checks (VPC). Simulations 
(n = 1,000 subjects) were performed assuming absence of time- dependent 
PK and PD changes to predict multiple- dose PK and PD profiles at once- 
daily dosing for 7 days and continued up to 50 days to determine the ac-
cumulation ratio. In addition, the exposure– response relationship under 
multiple dosing was predicted.

The model was developed with Monolix 2019R2 (Lixoft, Antony, 
France). Parameters were estimated with the stochastic approximation 
expectation maximization algorithm. OFVs were derived by stochastic 
approximation and standard errors by linearization. Simulations were per-
formed in R 3.6.1 (R Development Core Team, Vienna, Austria) using 
Simulx 2019R2 (Lixoft, Antony, France).

RESULTS
Study population
In total, 48 healthy male subjects received either active study 
treatment or placebo with a ratio of 6:2 at each of the six dose 
levels. The mean (range) age and body mass index were 37.7 
(20– 55) years and 26.4 (20.2– 29.9) kg/m2, respectively. The 
study subjects were predominantly Black or African American 
(n  =  31) and White (n  =  14) with only 3 subjects of another 
ethnicity.

Safety and tolerability
In total, 21 subjects developed at least one AE, and the overall AE 
incidence was similar on active treatment and placebo (44.4% vs. 
41.7%) without indication of dose- dependency or notable imbal-
ance for any of the reported AEs. Most AEs were mild and tran-
sient, and no serious AE was reported (Table 1).

The most common AE of orthostatic tachycardia was reported 
both in subjects exposed to ACT- 1004- 1239 (n = 4, i.e., 11.1%) 

or placebo (n = 2, i.e., 16.7%). Each of these AEs was of mild in-
tensity and concerned heart rate differences between supine and 
standing position in the context of repeated vital sign assessments. 
Each subject concerned was asymptomatic, and none of these AEs 
were accompanied by clinically relevant changes of blood pressure 
or other vital signs.

Elevated creatine phosphokinase (CPK) concentrations were re-
ported as the second most common AE in four subjects at the same 
incidence on active treatment (n = 3; 8.3%) and placebo (n = 1; 
8.3%). These CPK elevations on active treatment were reported 
as severe AEs although each subject concerned was asymptomatic 
and had CPK concentrations above the upper limit of normal (i.e., 
> 170 units/L) already at baseline. The onset time was 24 hours
(placebo), 144 hours (200 mg ACT- 1004- 1239), 2 weeks (30 mg
ACT- 1004- 1239), and 4 weeks (100 mg ACT- 1004- 1239), with
the latter two subjects reporting strong physical exercise, which is a 
well- known trigger of CPK elevations,31 during the week prior to
the assessment. Overall, there was no indication of dose- dependent 
changes or postdose elevations of CPK concentrations or any other 
clinical laboratory parameters regarding clinical chemistry, hema-
tology, coagulation, or urinalysis.

In three subjects, ECG morphology changes were reported as 
AEs (i.e., ST segment and T- wave abnormalities) of moderate in-
tensity after active treatment (n  =  2; 5.5%) at a dose of 200  mg 
ACT- 1004- 1239 and of mild intensity after placebo (n = 1; 8.3%). 
These AEs were asymptomatic and transient. Otherwise, there were 
no clinically relevant ECG findings or changes of ECG intervals 
(i.e., PR, QRS, QTcF, and RR). None of the subjects had a QTcF 
value > 500 milliseconds or a change from baseline of > 60 milli-
seconds at any timepoint.

Pharmacodynamics
CXCL11 and CXCL12 plasma concentration- time profiles by 
dose are depicted in Figure 2a and the relationship between dose 
and CXCL12 plasma concentrations is depicted in Figure 2c.

The CXCL12 plasma concentration- time profile indicates max-
imum concentrations ~ 24  hours after dosing at most dose lev-
els that essentially returned to baseline at 144  hours post dosing 
(Figure 2a).

CXCL12 plasma concentrations increased dose- dependently 
up to a dose of 100 mg ACT- 1004- 1239 as compared with mean 
(SD) baseline concentrations of 2,181 (436) pg/mL (range: 1355– 
3475). At the highest tested dose of 200  mg ACT- 1004- 1239, 
peak CXCL12 plasma concentrations were similar to those at the 
next lower dose level of 100 mg and more than doubled compared 
with baseline (Figure 2c).

Linear regression analyses of AUEC0- 144h vs. AUC0- 144h and 
Effmax vs. maximum plasma concentration (Cmax) indicated an 
association between PD response and drug exposure in line with 
the dose- dependent increase of CXCL12 plasma concentrations 
(Figure 3).

In contrast to CXCL12, postdose concentrations of CXCL11 
remained essentially unchanged from mean (SD) baseline concen-
trations of 41.3 (28.5) pg/mL (Figure 2a).
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Pharmacokinetics
Mean plasma concentration- time profiles of ACT- 1004- 1239 and 
its PK parameters by dose are depicted in Figure 2b and Table 2, 
respectively. ACT- 1004- 1239 was quickly absorbed as indicated by 
tmax ranging from 1.3 to 3.0 hours and eliminated with a terminal 
elimination half- life (t1/2) from 17.8 to 23.6 hours at doses ≥ 10 mg.

Across the tested dose range, Cmax and AUC0- ∞ essentially in-
creased in a dose- proportional manner though not statistically 

confirmed by the Gough method, i.e., the 90% confidence interval 
(CI) of the slope estimate (Cmax: 1.17– 1.32; AUC0- ∞: 0.98– 1.14) 
was not fully contained within the critical interval, ranging from
0.87 to 1.13.32

Food effect
After administration of 30  mg ACT- 1004- 1239, PK parameters 
were similar under fasted or fed condition, indicated by geometric 

Table 1 Incidence and number of adverse events by treatment

Adverse event
1 mg 

(N = 6)
3 mg 

(N = 6)
10 mg 
(N = 6)

30 mg 
(N = 6)

100 mg 
(N = 6)

200 mg 
(N = 6)

Active* 
(N = 36)

Placebo 
(N = 12)

Any adverse event 3 (50.0) — 2 (33.3) 5 (83.3) 3 (50.0) 3 (50.0) 16 (44.4) 5 (41.7)

Orthostatic tachycardia — — — 1 (16.7) 
1

2 (33.3) 
2

1 (16.7) 
1

4 (11.1) 
4

2 (16.7) 
3

Elevated CPK 
concentration

— — — 1 (16.7)# 
1

1 (16.7)# 
1

1 (16.7)# 
1

3 (8.3)# 
3

1 (8.3) 
1

Dizziness — — — 2 (33.3) 
2

— — 2 (5.6) 
2

— 

ECG ST segment 
abnormality

— — — — — 2 (33.3)§ 
3

2 (5.6)§ 
3

— 

Headache 2 (33.3) 
2

— — — — — 2 (5.6) 
2

— 

Rash 1 (16.7) 
1

— — 1 (16.7) 
1

— — 2 (5.6) 
2

— 

Anemia 1 (16.7) 
1

— — — — — 1 (2.8) 
1

— 

Constipation — — — — 1 (16.7) 
1

— 1 (2.8) 
1

— 

Contact dermatitis — — — — — — — 1 (8.3) 
1

ECG T- wave abnormality — — — — — — — 1 (8.3) 
1

Elevated ALAT 
concentration

— — 1 (16.7) 
1

— — — 1 (2.8) 
1

— 

Elevated ASAT 
concentration

— — — — — 1 (16.7) 
1

1 (2.8) 
1

— 

Memory impairment — — 1 (16.7) 
1

— — — 1 (2.8) 
1

— 

Pain in extremity — — — — — — — 1 (8.3) 
1

Presyncope — — — — — — — 1 (8.3)§ 
1

Proteinuria — — — 1 (16.7) 
1

— — 1 (2.8) 
1

— 

Rhinorrhea 1 (16.7) 
1

— — — — — 1 (2.8) 
1

— 

Sinus congestion — — — 1 (16.7) 
1

— — 1 (2.8) 
1

— 

Throat irritation — — — 1 (16.7) 
1

— — 1 (2.8) 
1

— 

Data are displayed in descending order of frequency. Each row contains the number of subjects with at least one AE (i.e, AE incidence in %) and below the number 
of AEs in italic (i.e., AE frequency).
AE, adverse event; ALAT, alanine aminotransferase; ASAT, aspartate aminotransferase; CPK, creatine phosphokinase; ECG, electrocardiogram; — , no adverse 
event.
Moderate (§) and severe (#) AEs are tagged (i.e., Common Terminology Criteria For Adverse Events (CTCAE) grade 2 and 3, respectively). All other AEs were of mild 
intensity (i.e., CTCAE grade 1).
*refers to the overall AE incidence and number of AEs reported after any dose of ACT- 1004- 1239
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mean Cmax, AUC0- ∞, and t½ ratios (90% CI) of 0.93 (0.54– 1.58), 
1.16 (0.99– 1.36), and 0.86 (0.72– 1.03), respectively. The median 
tmax was longer under fed than under fasted conditions (6.0 vs. 
1.3 hours).

Absolute bioavailability
Geometric mean absolute bioavailability was 53.0% (95% CI: 
45.2– 60.8) as determined from the dose- adjusted AUC ratio after 
oral vs. intravenous 14C- radiolabeled microtracer administration 

Figure 2 PD and PK over time profiles and dose– response relationship of peak CXCL12 plasma concentrations. (a,b) PD and PK data are 
displayed as mean plasma concentrations of CXCL11/CXCL12 and ACT- 1004- 1239 by treatment with error bars representing standard 
deviations. (c) Peak CXCL12 plasma concentration data are expressed as relative change from baseline and displayed as mean (horizontal 
lines) and individual data (dots). N = 6 on each dose of ACT- 1004- 1239; N = 12 on placebo. CXCL11/CXCL12, C- X- C chemokine ligands 11 
and 12; PD, pharmacodynamic; PK, pharmacokinetic.
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of ACT- 1004- 1239 (Figure  4). Based on the 14C- radioactivity 
data, the geometric mean clearance was estimated to be 23.2 L/
hour (95% CI: 16.0– 30.5) and the volume of distribution at steady 
state was 183 L (95% CI: 136- 231).

Pharmacokinetic/pharmacodynamic modeling
PK were best described by a three- compartment model with 
nonlinear distribution to the first peripheral compartment 

(Figure  5a). Key model development steps are provided 
(Table S1), and parameters were estimated with high precision, 
i.e., relative standard error ≤ 20% for all fixed- effects and random- 
effects parameters except for the half maximal inhibitory concen-
tration, with 41.2% (Table  S2). Observed vs. predicted plasma
concentrations of ACT- 1004- 1239 were equally distributed
around the line of identity (Figure S2a,b). VPCs did not show a
systematic model misspecification across doses (Figure S1a).

Figure 3 Exposure– response relationship of Effmax vs. Cmax and AUEC vs. AUC based on plasma concentrations of CXCL12 and ACT- 
1004- 1239. Dots represent individual data pairs. Linear regression analysis has been applied. Effmax vs. Cmax: r

2 = 0.384 for (y = 481
x + 998). AUEC vs. AUC: r2 = 0.343 for (y = 45,070 x − 4,912). AUC0– 144, area under the concentration- time curve from time 0 to 144 hours;
AUEC0- 144h, area under the effect- time curve from time 0 to 144 hours; Cmax, maximum plasma concentration; Effmax, maximum effect; 
CXCL12, C- X- C chemokine ligand 12.

Table 2 Pharmacokinetic parameters of ACT- 1004- 1239

Parameter (unit) 1 mg (n = 6) 3 mg (n = 6) 10 mg (n = 6) 30 mga (n = 6) 100 mg (n = 6) 200 mg (n = 6)

Cmax (ng/mL) 0.76 (0.51– 1.12) 2.78 (1.85– 4.18) 11.7 (6.73– 20.3) 43.8 (18.2– 105) 222 (158– 311) 554 (309– 993)

tmax (hour) 5.00 (1.00– 6.00) 6.01 (4.00– 8.00) 3.00 (1.0– 6.0) 1.28 (0.50– 8.00) 1.31 (1.00– 4.00) 1.75 (0.80– 3.00)

AUC0– 144h 
(ng*hour/mL)

2.16 (0.61– 7.69) 36.7 (25.6– 52.7) 155 (90.7– 263) 495 (271– 905) 1,904 (1246– 2,910) 4,534 
(2,645– 7,772)

AUC0– ∞ 
(ng*hour/mL)

14.6 (0.10– 2052) 53.0 (38.9– 72.3) 171 (103– 283) 516 (286– 930) 1,921 (1,259– 2,931) 4,558 
(2,665– 7,795)

t1/2 (hour) 7.92 (0.68– 92.2) 15.1 (9.9– 23.3) 17.8 (12.9– 24.4) 19.0 (14.1– 25.7) 17.8 (10.5– 30.1) 23.6 (17.1– 32.5)

Data is displayed as geometric means (95% CI) except for tmax that is provided as median (range).
AUC, area under the plasma concentration- time curve; AUC0- 144, area under the plasma concentration- time curve from 0 to 144 hours; AUC0–∞, area under 
the plasma concentration- time curve from 0 to infinity; CI, confidence interval; Cmax, maximum plasma concentration; tmax, time to reach maximum plasma 
concentration; t1/2, terminal elimination half- life.
 aData are provided for fasted conditions.

ARTICLE

(a) 300000 
::::;-
.§ 
J:: 

'ci 200000 s 
N 

::::i 
0 
X 
0 

(b) 

::::;-
E 
ai 
s 
N 

::::i 
0 
X 
0 

1' 
UJ 

100000 

0 

3000 

2000 

1000 

0 

• 

• • 

• 
• 

• 

• • 
•• 

--- . -------------- " ----------- ~------------------

• • 
• 

10 100 1000 10000 
AUC0_144 ACT-1004-1239 (ng*h/ml) 

• 
• 

•• 

• • • • • 

- --- ----------- ----------------------------------
10 100 1000 

Cmax ACT-1004-1239 (ng/ml) 

• • 10 • 100 
Dose (mg) 

• 3 • 30 • 200 



3.1    Single-ascending dose study with ACT-1004-1239 

46 

  CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 109 NUMBER 6 | June 2021 1655

The nonlinear distribution to the first of two peripheral com-
partments was implemented to better describe the earlier tmax at 
higher plasma concentrations of ACT- 1004- 1239. At plasma con-
centrations < 75 ng/mL, distribution to the first peripheral com-
partment was not yet saturated and hence faster than to the second 
peripheral compartment. However, at plasma concentrations ≥ 
75  ng/mL, distribution to the first peripheral compartment was 
nonlinear, suggesting saturation and hence distribution to the sec-
ond peripheral compartment becoming predominant.

The indirect- response model for PD was extended by a positive 
feedback mechanism which strongly improved the model fit with 
a single additional parameter (OFV decrease of 1013.02 points, 
with 3.84 being the threshold for significance). In line with this 
positive feedback mechanism, an increase of CXCL12 concentra-
tions from baseline by a factor of 1.5 was predicted to result in a 
reduction of the elimination rate constant (kout) by 9.5%, whereas 
kout reduction by 15.7% was predicted in the case of a doubling of 
CXCL12 concentrations as obtained at the top dose of 200 mg.

Emax was assessed empirically and fixed to 0.8 to stabilize the es-
timation (theoretical range between 0 and 1, with 1 corresponding 
to full inhibition of the receptor, i.e., no elimination of CXCL12). 
Interindividual variability was implemented for the half maximal 
inhibitory concentration, Emax, and kout. PD parameters were esti-
mated with sufficient precision (relative standard error ≤ 41.2 for 
all fixed- effects and random- effects parameters). Observed plasma 
concentrations of CXCL12 were within the predicted percentiles 
for most doses and timepoints, although high CXCL12 con-
centrations were slightly underpredicted (Figure  S2c,d). VPCs 
did not show a systematic model misspecification across doses 
(Figure S1b).

Simulations of PK and PD profiles at a once- daily dose of 100 mg 
showed that PK steady state was reached within 3  days (median 
AUC on day 3 > 99.9% of median AUC after 50 days) with an 
accumulation ratio of 110.9% (i.e., AUC ratio between day 50 vs. 
day 1) (Figure 5b). In terms of PD, steady- state conditions were 
also quickly reached and CXCL12 plasma concentrations were 
predicted to remain above baseline at least until 96 hours post last 
dosing, i.e., beyond elimination of ACT- 1004- 1239 (Figure 5c). 
The once- daily dose of 100 mg for 7 days was estimated to result in 
~ 90% of the anticipated Emax at the highest tested dose of 200 mg 
(median: 90.2% with 80% of subjects expected between 86.8% and 
92.1%) (Figure 5d).

DISCUSSION
This randomized, double- blind, placebo- controlled dose escala-
tion study provides the first human safety, tolerability, PK, and 
PD data for ACT- 1004- 1239, which is a first- in- class drug candi-
date antagonist of CXCR7 that is considered a promising, novel 
target mainly in the immunology and oncology fields.

Overall, ACT- 1004- 1239 was safe and well tolerated across the 
tested dose range up to a single oral dose of 200 mg. This is pri-
marily based on the balanced incidence of AEs on active treatment 
and placebo without indication of dose- dependency and on the 
absence of serious AEs or other relevant safety findings. Target en-
gagement has been determined based on a dose- dependent increase 
in the plasma concentrations of CXCL12 representing a ligand of 
CXCR7 that has been utilized as the primary target engagement 
biomarker in this study.

At baseline, plasma concentrations of both CXCL11 and 
CXCL12 were in accordance with previously published data from 

Figure 4 Plasma concentration- time profile of ACT- 1004- 1239 (200 mg) after oral administration and of dose- adjusted 14C- radiolabeled 
ACT- 1004- 1239 after intravenous administration. Data from N = 6 subjects is displayed as mean concentrations by treatment. Error bars 
represent standard deviations. The linear data display is restricted to the 0– 12 hours timeframe to ease visibility. Semilogarithmic data are 
displayed as inset and refer to the entire 144- hour sampling period. conc., concentration; h, hours; i.v., intravenous; p.o., per oral.
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healthy subjects.33,34 Peak CXCL12 concentrations increased 
dose- dependently and more than doubled compared with base-
line at 100  mg and 200  mg (Figure  2c). The relevance of this 

magnitude of effect for clinical efficacy is difficult to judge at this 
early stage of clinical development of ACT- 1004- 1239, owing to 
its first- in- class drug candidate status, i.e., in absence of clinical data 

Figure 5 Scheme of the population PK/PD model and simulation results. (a) Structure of the population PK/PD model. (b,c) Predicted plasma 
concentration/time profiles of (b) ACT- 1004- 1239 and (c) CXCL12 at a once- daily dose of 100 mg ACT- 1004- 1239 for 7 days (n = 1,000 
simulations). Black line: median; shaded areas with increasing intensity: 20%, 40%, 60%, and 80% prediction interval. (d) Predicted 
exposure– response relationship at steady state and stratified by dose. Median data are shown (points) with error bars representing the 80% 
prediction interval. Relative maximum change from baseline in CXCL12 plasma concentrations has been calculated with reference to an 
assumed maximum effect at a once- daily dose of 200 mg ACT- 1004- 1239 for 7 days (n = 1,000 simulations). AUC, area under the plasma 
concentration- time curve; C, ACT- 1004- 1239 plasma concentration; CL, clearance; CXCL12, C- X- C chemokine ligand 12; Emax, maximum effect; 
F, absolute bioavailabilty; h, hours; hill, hill coefficient; IC50, half maximal inhibitory concentration; ka, absorption rate constant; kin, production 
rate constant; Kmk12, half maximal distribution rate concentration; kout, elimination rate constant; k21, distribution rate from first peripheral 
compartment into central compartment; PK/PD, pharmacokinetic/pharmacodynamic; P1, first peripheral compartment; P2, second peripheral 
compartment; Tlag, absorption lag time; Vmk12, maximum distribution rate; V1, distribution volume of central compartment; V3, distribution 
volume of second peripheral compartment; γ: exponent of feedback function.
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from patients obtained with other CXCR7 antagonists. However, 
the similarity in CXCL12 concentrations obtained at the top 
doses of 100 mg and 200 mg suggests that sufficiently high drug 
exposure has been achieved in this study to explore the full range of 
the dose– response relationship with saturation of PD effects.

Peak CXCL12 concentrations were reached ~ 24 hours post dos-
ing (i.e., later than tmax of ~ 1– 3 hours) and essentially returned to 
baseline at 144 hours post dosing (i.e., later than 5× terminal t1/2 of 
~ 20 hours). Accordingly, persistent PD effects beyond elimination 
of ACT- 1004- 1239 were also predicted when simulating a multiple- 
dose scenario by PK/PD modeling. This aspect was further evaluated 
by PK/PD modeling. As CXCL12 is not only degraded via CXCR7, 
but also via CXCR4, a fixed Emax of 0.8 was assumed for numerical 
stability in line with the observed data.35 A positive feedback com-
ponent significantly improved the model fit and semimechanistically 
contributed to the observed extent and delay of the PD effect, i.e., 
with increasing plasma concentrations of CXCL12 the elimination 
of this chemokine was predicted to decrease. Conceptually, this is 
in line with the previously published reduced total expression of 
CXCR7 at the membrane of breast cancer cells secondary to in-
creased concentrations of its ligand CXCL12, although this was ac-
companied by an only minimally altered receptor internalization.3,36

In terms of CXCL11, baseline concentrations were approxi-
mately 20- fold lower than those of CXCL12, which is in line with 
previously published human data.33,34 This is presumably due to the 
lower constitutive expression of the CXCL11 gene as compared with 
CXCL12.37- 39 After administration of ACT- 1004- 1239, CXCL11 
concentrations remained unchanged in this healthy subject popu-
lation. This lacking modulation of CXCL11 concentrations after 
single- dose administration of ACT- 1004- 1239 has also been ob-
served in naive mice.28 Yet, these data do not preclude a relevant 
modulation of CXCL11 by ACT- 1004- 1239 after multiple doses 
or in patients with presumably elevated CXCL11 concentrations.

As ACT- 1004- 1239 is a noncytotoxic compound, it was feasi-
ble to conduct this FIH study in healthy subjects and hence avoid 
any confounding factors due to concomitant drug treatment or 
underlying disease. As this more standardized approach allows 
for a “cleaner” understanding of the safety, tolerability, and PK/
PD properties of a novel compound, it is increasingly applied 
also in drug development of immuno- oncology products.40,41 
Conceptually, the determined exposure– response relationship in 
healthy subjects in combination with relevant efficacy data from 
animal models enables a more rational, model- based selection of 
expectedly efficacious doses for proof- of- concept studies. This ap-
proach hence also allows for minimizing the number of patients to 
be exposed and for increasing the probability of success.

Another recent evolution in early drug development concerns 
the integrated assessment of multiple PK and PD aspects in FIH 
dose escalation studies to obtain as much information as possible 
at the earliest possible stage, thereby accelerating the development 
of a novel compound.42 This may allow for obtaining waivers for 
dedicated studies such as thorough QT; human absorption, dis-
tribution, metabolism, and elimination; absolute bioavailability; 
and other clinical pharmacology studies.43,44 In this spirit, an in-
novative approach has been employed in this multipurpose FIH 
study by integrating the assessment of food effect on the PK of 

ACT- 1004- 1239 and absolute bioavailability by means of a micro-
tracer approach with quantification of 14C radioactivity by ultra-
sensitive accelerator mass spectrometry technology.45,46

The PK characteristics of ACT- 1004- 1239 could be well deter-
mined with this integrated approach. After oral administration, 
ACT- 1004- 1239 was rapidly absorbed at doses ≥ 10 mg and had an 
absolute bioavailability of 53.0%. Across the full dose range, expo-
sure increased in an essentially dose- proportional manner. Absence 
of any relevant food effect was determined except for a later tmax 
under fed conditions, which has also been observed in dogs. This 
may be due to delayed gastric emptying following a high- fat meal 
as also indicated by the PK/PD model.

The determined clearance of 23.2 L/hour and the volume of dis-
tribution of 183 L suggest ACT- 1004- 1239 to be a low- clearance 
drug with significant distribution to extravascular compartments. 
The terminal t1/2 of ~ 20 hours alongside the predicted persistent 
CXCL12 elevation at the time of almost complete elimination of 
ACT- 1004- 1239 (i.e., 5× t1/2) allows for once- daily administra-
tion in future clinical studies.

The three- compartment PK model best described the data with 
a nonlinear distribution to the first peripheral compartment that 
was applicable at plasma concentrations > 75 ng/mL and not an-
ticipated based on the known physicochemical properties of ACT- 
1004- 1239. In line with a low degree of plasma protein binding 
(i.e., ~ 25%), saturation of plasma protein binding was observed 
in vitro only at plasma concentrations of >100 µg/mL that are far 
in excess of those reached at the top dose in the present study (i.e., 
geometric mean Cmax of 0.55 µg/mL at 200 mg ACT- 1004- 1239) 
(Idorsia Pharmaceuticals, data on file) and hence may essentially 
be excluded as a potential cause of nonlinear distribution. Target- 
mediated drug disposition has also been reported as a potential 
cause of nonlinear distribution for both small and large mole-
cules.47 However, it is unlikely in the case of ACT- 1004- 1239 as 
its target (i.e., CXCR7) is mainly expressed on the endothelium of 
blood vessels and hence one would have expected saturation of the 
central rather than of the first peripheral compartment in case of 
nonlinear distribution due to target- mediated disposition.

ACT- 1004- 1239 is the first CXCR7 antagonist that has been 
administered to humans. Some functional CXCR7 antagonists 
have reached the preclinical stage of development including 
CCX662 and CCX771.3 Alternatively, compounds solely tar-
geting the CXCL12- CXCR4 pathway have already entered 
the clinical development stage or even approval in case of the 
small- molecule CXCR4 antagonist plerixafor (i.e., AMD3100; 
Mozobil), which has been approved for mobilization of he-
matopoietic stem cells from the bone marrow of patients with 
non- Hodgkin’s lymphoma or multiple myeloma for subse-
quent autologous transplantation.48,49 Other CXCR4 antago-
nists under clinical development include small molecules such 
as motixafortide (i.e., BL- 8040)50 or mavorixafor51 as well as 
antibodies such as ulocuplumab (i.e., BMS- 936564).24 These 
CXCR4 antagonists do not increase the plasma concentrations 
of CXCL11 and CXCL12 and are therefore not expected to 
have a dual mode of action as applicable to CXCR7 antago-
nists. Another mode of action that is being explored targets 
the CXCR4/CXCR7 ligand CXCL12. Here, olaptesed pegol 
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(NOX- A12) is currently in clinical development as combination 
therapy in patients with different types of cancer such as glio-
blastoma, metastatic pancreatic, and colorectal cancer.52

In conclusion, this FIH study with the first- in- class candidate 
CXCR7 antagonist ACT- 1004- 1239 provided a comprehensive 
set of safety, tolerability, PK, and PD data delivering the opportu-
nity to seek clinical pharmacology study waivers and thereby accel-
erate its development. Overall, these data demonstrate compound 
properties in favor of further clinical development in immunologi-
cal disorders and oncology.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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ACT-1004-1239 is a potent, selective, first-in-classCXCR7 antagonist, which shows a favorable
preclinical and clinical profile. Here we report the metabolites and the metabolic pathways of
ACT-1004-1239 identified using results from in vitro and in vivo studies. Two complementary
in vitro studies (incubationwith human livermicrosomes in the absence/presence of cytochrome
P450- [CYP] specific chemical inhibitors and incubation with recombinant CYPs) were
conducted to identify CYPs involved in ACT-1004-1239 metabolism. For the in vivo
investigations, a microtracer approach was integrated in the first-in-human study to assess
mass balance and absorption, distribution, metabolism, and excretion (ADME) characteristics of
ACT-1004-1239. Six healthy male subjects received orally 100mg non-radioactive ACT-1004-
1239 together with 1 μCi 14C-ACT-1004-1239. Plasma, urine, and feces samples were
collected up to 240 h post-dose and 14C-drug-related material was measured with
accelerator mass spectrometry. This technique was also used to construct
radiochromatograms of pooled human samples. Metabolite structure elucidation of human-
relevant metabolites was performed using high performance liquid chromatography coupled
with high resolution mass spectrometry and facilitated by the use of rat samples. CYP3A4 was
identified as the major CYP catalyzing the formation of M1 in vitro. In humans, the cumulative
recovery from urine and feces was 84.1% of the dose with the majority being eliminated via the
feces (69.6%) and the rest via the urine (14.5%). In human plasma, two major circulating
metabolites were identified, i.e., M1 and M23. Elimination via M1 was the only elimination
pathway that contributed to ≥25% of ACT-1004-1239 elimination. M1 was identified as a
secondary amine metabolite following oxidative N-dealkylation of the parent. M23 was identified
as a difluorophenyl isoxazole carboxylic acid metabolite following central amide bond hydrolysis
of the parent. Other metabolites observed in humans were A1, A2, and A3. Metabolite A1 was
identified as an analog of M1 after oxidative defluorination, whereas both, A2 and A3, were
identified as a reduced analog of M1 and parent, respectively, after addition of two hydrogen
atoms at the isoxazole ring. In conclusion, CYP3A4 contributes to a relevant extent to ACT-
1004-1239 disposition and two major circulating metabolites were observed in humans.
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gov Identifier NCT03869320.

Keywords: CXCR7, ADME, accelerator mass spectrometry, microtracer, CYP3A4, 14C-ACT-1004-1239, first-in-
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INTRODUCTION

ACT-1004-1239 is an orally available, potent, selective,
insurmountable, small-molecule CXCR7 antagonist (Richard-
Bildstein et al., 2020). Preclinically, ACT-1004-1239 showed
dose-dependent efficacy in various animal models such as of
multiple sclerosis (Pouzol et al., 2021a) and acute lung injury
(Pouzol et al., 2021b) using its ligands CXCL11 and CXCL12 as
biomarker of target engagement. Dose-dependent increases in
CXCL11 and CXCL12 plasma concentration were associated with
a reduction in immune cell infiltrates into the central nervous
system (Pouzol et al., 2021c) or the bronchoalveolar space
(Pouzol et al., 2021b). ACT-1004-1239 is rapidly absorbed in
rats. It displays a high clearance and a volume of distribution in
excess of total body water (Richard-Bildstein et al., 2020). So far,
two clinical studies with ACT-1004-1239 were conducted and
showed favorable safety and tolerability profiles over the
investigated dose range of 1–200 mg, following single- (Huynh
et al., 2021b) and multiple-dose (Huynh et al., 2021a)
administration in healthy humans. Pharmacokinetic (PK) and
pharmacodynamic (PD) profiles suggested a once-daily dosing
regimen in further clinical studies. In male and female subjects,
ACT-1004-1239 was rapidly absorbed (time to reach maximum
plasma concentration [tmax] 1-3 h) and its exposure increased
dose-dependently between 1 and 200 mg (Huynh et al., 2021a;
Huynh et al., 2021b). At doses ≥10 mg, ACT-1004-1239
distributed to multiple compartments and was eliminated with
a terminal half-life [t1/2] ranging from 18 to 24 h. Systemic
exposure to ACT-1004-1239 reached steady-state conditions
by Day 3 with almost no accumulation (Huynh et al., 2021a).
Food had no relevant effect on the PK and the absolute
bioavailability of ACT-1004-1239 was 53%. Furthermore,
ACT-1004-1239 showed a large volume of distribution (183 L)
and is considered a low-clearance drug in humans (Huynh et al.,
2021b). Compared to male subjects, female subjects had overall
higher ACT-1004-1239 exposure (Huynh et al., 2021a).

In the context of drug development, characterization of
absorption, distribution, metabolism, and excretion (ADME)
properties including but not limited to the identification of
major metabolites is required to ascertain whether these may
cause pharmacological or toxicological effects. Additionally, it
provides key information on relevant drug interactions or dosing
of special patient populations such as renally or hepatically
impaired patients. Given the importance of understanding
those characteristics, human ADME studies should be
conducted during early clinical development (Spracklin et al.,
2020). This can be achieved, for example, with a human
microtracer component incorporated into a first-in human
(FIH) study. The conduct of such integrated studies requires a
highly sensitive analytical method for the determination of very

low amounts of administered radioactivity by using accelerator
mass spectrometry (AMS). AMS allows for detection of drug in
the femtogram range, or below, by measuring the isotopic ratio of
carbons (i.e., 12C/14C) (Graham and Garner, 2003; Lappin et al.,
2006). Due to its high analytical sensitivity, AMS has a wide range
of applications (Arjomand, 2010). In the context of early clinical
drug development, AMS has been applied to assess various drug
characteristics including but not limited to PK, mass balance,
absolute bioavailability, and metabolite profiling using a
microdose/microtracer approach (Boddy et al., 2007;
Arjomand, 2010; Muehlan et al., 2018; Huynh et al., 2021b).

Here we report the metabolites and the metabolic pathways of
ACT-1004-1239 in humans using results from in vitro and in vivo
studies: 1) metabolite profiling in human liver microsomes
(HLM) and identification of CYPs involved in the formation
of the main metabolites, and 2) the ADME characteristics in
humans investigated in the FIH study applying a microtracer
approach (Huynh et al., 2021b). Metabolite structure elucidation
of major human metabolites was supported by the use of rat
samples. Data on the distribution of ACT-1004-1239 have been
previously reported (Huynh et al., 2021b), and are therefore not
covered herein.

MATERIALS AND METHODS

Chemicals and Reagents
14C-ACT-1004-1239 was synthesized at Pharmaron (Cardiff,
United Kingdom) in a stock solution containing 3% (v/v) 2 M
hydrochloric acid in ethanol with a radioactive concentration of
1 mCi/ml and a specific activity of 58 mCi/mmol. The 14C-ACT-
1004-1239 working solution used for in vitro studies was
prepared by diluting an aliquot of the stock solution in a 1:1
(v/v) mixture of acetonitrile and water to reach a final
concentration of 1 mM. This working solution was stored at
–20°C. Prior to the experiments, the compound purity of the
working solution was monitored. 14C-ACT-1004-1239
microtracer solution for oral administration in humans was
prepared at the clinical site (Pharmaron, Baltimore, MD,
United States). The 14C-ACT-1004-1239 stock solution was
diluted to a final target microtracer concentration
of 0.067 μCi/ml in a 5% (w/v) solution of mannitol and sterile
water. The matching placebo oral solution consisted of 5% (w/v)
mannitol and sterile water. ACT-1004-1239 capsules for clinical
use were manufactured at Idorsia Pharmaceuticals Ltd.
(Allschwil, Switzerland).

ACT-1004-1239 and synthetic reference standards of
metabolites (M1, M23, and M38) were synthesized at Idorsia
Pharmaceuticals Ltd. (Allschwil, Switzerland). For the NADPH-
regenerating system, glucose-6-phosphate (disodium salt) and
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NADP+ were purchased from Sigma-Aldrich (Buchs,
Switzerland) and glucose-6-phosphate dehydrogenase was
supplied by Roche Diagnostics (Mannheim, Germany). Pooled
HLMs were obtained from Becton Dickinson (Basel,
Switzerland), while cDNA-expressed human CYPs (CYP1A1,
CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6,
CYP3A4, and control bactosomes) and co-expressing CYP
reductase derived from Escherichia coli were purchased from
Cypex Ltd. (Dundee, United Kingdom). The CYP-specific
inhibitors furafylline, ketoconazole, quinidine, sulfaphenazole,
and ticlopidine were purchased from Sigma-Aldrich (Buchs,
Switzerland). Montelukast and N-benzylnirvanol were
obtained from LKT Laboratories (St. Paul, MN, United States)
and Becton Dickinson (Basel, Switzerland), respectively. All other
chemicals and solvents used for analytical measurements were
obtained from commercial sources.

In Vitro Studies
Identification of the human CYPs metabolizing ACT-1004-1239
was performed using two complementary approaches: 1)
incubation with HLMs in the absence and presence of CYP
chemical inhibitors, and 2) experiments with recombinant CYPs.

Incubation With HLMs and CYP-Specific Inhibitors
14C-ACT-1004-1239 was incubated with HLMs at a final
concentration of 10 μM. For this purpose, an aliquot of the
14C-ACT-1004-1239 stock solution was added to 100mM
phosphate buffer (pH 7.4) containing 1mg/ml of microsomal
protein. The reaction was initiated by addition of the pre-
warmed NADPH-regenerating system and the incubation
continued for 30 min at 37°C. The NADPH-regenerating system
was prepared as a 10-fold concentrated stock solution. It consisted of
11 mMNADP+, 100 mM glucose-6-phosphate, 50 mMmagnesium
chloride in 0.1M phosphate buffer (pH 7.4), and glucose-6-
phosphate dehydrogenase (20 IU/ml). The latter was added
shortly before the use of the NADPH-regenerating system. In the
experiments with the competitive inhibitors sulfaphenazole (3 μM,
CYP2C9 inhibitor), quinidine (1 μM, CYP2D6 inhibitor),
montelukast (3 μM, CYP2C8 inhibitor), N-benzylnirvanol (5 μM,
CYP2C19 inhibitor), and ketoconazole (1 μM, CYP3A4 inhibitor), a
5 μl-aliquot of the inhibitor stock solution was added to the reaction
mixture prior to the initiation of the reaction. In incubations with the
mechanism-based inhibitors, furafylline (20 μM, CYP1A2 inhibitor)
and ticlopidine (0.5 μM, CYP2B6 inhibitor), the HLMs were pre-
incubated for 10min at 37°C in the presence of these inhibitors and
the NADPH-regenerating system. The reaction was initiated by the
addition of 14C-ACT-1004-1239. The organic solvent concentration
in all incubations was kept at 1% (v/v). The reactions were
terminated by the addition of one volume equivalent acetonitrile.
The samples were centrifuged (for 10 min at 20,800 g and 10°C), and
high performance liquid chromatography (HPLC) analysis (as
described in Analytical Method for Metabolite Profiling) was
applied to the resulting supernatants.

Incubations With Recombinant Human CYPs
14C-ACT-1004-1239 was incubated for 60 min with 100 pmol/ml
of the respective recombinant CYP (CYP1A1, CYP1A2, CYP2B6,

CYP2C8, CYP2C9, CYP2C19, CYP2D6, or CYP3A4) in 100 mM
phosphate buffer (pH 7.4) at a final 14C-ACT-1004-1239
concentration of 10 μM. The incubation was initiated by
addition of the pre-warmed NADPH-regenerating system and
terminated by the addition of one volume equivalent acetonitrile.
The NADPH-regenerating system was prepared as described in
Incubation With HLMs and CYP-Specific Inhibitors. The organic
solvent concentration in all incubations was kept at 0.5% (v/v).
Control incubations in the absence of the NADPH-regenerating
system or CYP, as well as incubations with control bactosomes,
were performed in parallel under otherwise identical conditions.
The samples were centrifuged for 10 min at 20,800 g and 10°C to
obtain the supernatant which was used for HPLC analysis (as
described in Analytical Method for Metabolite Profiling). The
resulting data were further used to determine their contribution
to the metabolic clearance in vitro by applying the intersystem
extrapolation scaling approach as described by Chen et al.
(2011).

Analytical Method for Metabolite Profiling
The HPLC-system for the recording of 14C metabolic profiles
consisted of two Shimadzu pumps LC30AD (Shimadzu, Reinach,
Switzerland) equipped with a Shimadzu column oven CTO-20A
and a Shimadzu autosampler model SIL30AC. 14C-radiochemical
detection was performed by a Berthold radioflow detector LB513
with a 200 μl-liquid cell Z-200-6M and an LB5036 pump for
supplementing liquid scintillation cocktail at 3 ml/min (Berthold
AG, Regensdorf, Switzerland). Data acquisition for metabolic
profiling was done using the RadioStar software package (version
5.0.12.5; Berthold AG, Regensdorf, Switzerland).

Chromatographic separation of 14C-ACT-1004-1239 and its
metabolites, derived from in vitro samples, was achieved on a
Phenomenex Luna Phenyl-Hexyl column (250 × 4.6 mm ID,
3 μm, Torrance, CA, United States) at 40°C with a flow of
1 ml/min. Mobile phases consisted of 20 mM ammonium
bicarbonate, adjusted to pH 8.6 with ammonium hydroxide
(phase A), and acetonitrile (phase B). Parent drug and
metabolites were eluted with the following linear gradient
program: equilibration at 3 min, 10% B; 3-45 min, 10-30% B;
45-65 min, 30-40% B; 65-85 min, 40-50% B; 85-95 min, 50-85%
B; 95-100 min, 85% B; 100-101 min, 85-10% B; 101-110 min, 10%
B. Using these chromatographic conditions, 14C-ACT-1004-1239
had an average retention time of 67 min. The variability in
retention time did not exceed 0.3 min.

Human Study
Study Design
Before study initiation, the study was approved by IntegReview
Institutional Review Board (Austin, TX, United States) and
performed in accordance with Good Clinical Practice and the
Declaration of Helsinki.

The investigation of mass balance and ADME characteristics
reported here was incorporated in the single-center, randomized,
double-blind, placebo-controlled FIH study (ClinicalTrials.gov:
NCT03869320) assessing safety, tolerability, PK, and PD of
single-ascending, oral doses of ACT-1004-1239 (1, 3, 10, 30,
100, and 200 mg) as previously reported (Huynh et al., 2021b).
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Mass balance and the ADME characteristics were investigated
at the 100 mg dose level. At this dose level, six subjects assigned to
ACT-1004-1239 received in addition to the non-radioactive
treatment concomitantly 9.2 µg (i.e., 1 µCi) 14C-ACT-1004-
1239 as an oral solution. Two placebo subjects received a
matching placebo solution.

Following dosing, all subjects stayed at the study site for at
least 7 days. Each subject was requested to remain at the clinical
site for an extension period until all subjects receiving active
treatment met at least one of the following discharge criteria:
individual cumulative radioactivity recovery in urine and feces
>85% or total combined daily radioactive excretion in urine and
feces in two consecutive 24 h collection intervals <1% of the
administered dose. The end-of-study visit was on Day 14.

Study Population
For the assessment of mass balance and ADME characteristics,
six healthy male subjects aged between 18 and 55 years with a
body mass index of 18.0–30.0 kg/m2 were enrolled. Informed
consent was obtained from each subject prior to any procedure
and eligibility was determined based on various safety parameters
including but not limited to vital signs, electrocardiogram (ECG),
clinical laboratory data, physical examination, medical history,
and previous exposure to radiation.

Sample Management: Collection, Processing, and
Storage
Blood samples for the determination of total 14C-radioactivity PK
in plasma and for metabolic profiling were drawn at pre-dose, 0.5,
1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 16, 24, 36, 48, 60, 72, 96, 120, and
144 h post-dose. Following centrifugation for 10 min at 1800 g,
plasma was collected and aliquoted. Urine samples were collected
during the following intervals: pre-dose (within 24 h prior to
dosing), 0-8, 8-16, and 16-24 h post-dose, and thereafter over 24 h
intervals until Day 7. Feces samples were collected at pre-dose
(within 72 h prior to dosing), and thereafter at 24 h intervals until
Day 7. In subjects, who had to stay for the extension period,
blood, urine, and feces samples were collected over additional
24 h intervals up to 240 h post-dose. Urine and feces samples
obtained within a collection interval were pooled and aliquoted.
Prior to aliquoting, the pooled feces sample was homogenized
with water (1:1 to 1:2, w/w). All samples were stored at –70°C
prior analysis at Pharmaron ABS (Germantown, MD,
United States).

Pharmacokinetic Evaluation
PK parameters of total 14C-radioactivity in plasma were obtained
by non-compartmental analysis using Phoenix WinNonlin
(version 8.0, Certara, Princeton, NJ, United States). Individual
measured plasma concentrations were directly used to determine
tmax and maximum plasma concentration (Cmax), whereas area
under the plasma concentration-time curve from 0 to infinity
(AUC0-∞) was calculated according to the linear trapezoidal rule.
The terminal t1/2 of total

14C-radioactivity was calculated with the
following formula: t1/2 = ln(2)/λz, where λz represents the
terminal elimination rate constant.

Mass Balance
The amount of 14C-drug-related material in plasma, urine, and
homogenized feces samples was analyzed using AMS (NEC
SSAMS-250, National Electrostatics Corp., Middleton, WI,
United States). Just prior to analysis, frozen samples were
thawed and mixed in a multi-tube vortex for 5 min at
2000 rpm. Pre-dose samples were also analyzed for subtraction
of inherent 14C background levels. Before drying all samples
under vacuum, sodium benzoate (Alfa Aesar, Tewksbury, MA,
United States) used as carbon carrier was added to plasma and
urine samples in order to reach approximately 1.7 mg carbon
(i.e., minimum amount of carbon required for AMS analysis) in
the final samples. Dried samples were added to a sample oxidizer
(Model 307, Perkin Elmer, Waltham, MA, United States) and
processed to graphite prior loading those samples into cathodes
of the AMS. The AMS determined isotope ratios (i.e., 12C14C) of
each sample. For this purpose, negative carbon ions were
produced through a caesium ion beam that was directed to
the graphite-containing cathode. The resulting ions were
extracted and forwarded to an accelerator, which caused
electron stripping resulting in positively charged carbon ions.
These ions were thereafter mass and charge separated by a
magnet and an electrostatic analyzer, respectively. The total
numbers of 12C+, 13C+, and 14C+ ions were finally counted.
Raw data were expressed as percent modern carbon (pMC) and
converted into radioactivity data with 100 pMC corresponding to
13.56 disintegrations per minute (dpm)/g carbon. These
radioactivity data were further transformed into ng equivalents
(ng-eq) per ml (plasma, urine) or per g (feces) based on the
specific activity of the tracer and the dose administered.

Sample Preparation for Metabolite Profiling
For each subject, plasma samples were pooled based on the
Hamilton pooling scheme (Hamilton et al., 1981) with
samples collected within 72 h. Thereafter, a single cross-subject
plasma pool was prepared by using a constant proportion of each
individual Hamilton pool. Proportional pooling was applied for
urine and homogenized feces samples. Individual pools were
prepared using 0.05 and 0.75% of each urinary and
homogenized fecal void collected over 72 and 144 h,
respectively. A single cross-subject pool for both excreta was
prepared by taking a sample representing 10% of each individual
pool to obtain a representative pool of at least 95% of the total
excreted 14C across all subjects.

Pooled plasma and feces samples were further purified by
liquid-liquid extraction prior to HPLC analysis. The pooled
plasma sample (4,000 μl) was extracted with 1200 μl
acetonitrile:methanol (80:20, v/v) (Thermo Fisher Scientific,
Waltham, MA, United States). After mixing for 1 min, the
sample was centrifuged for 10 min at 3,750 rpm and 10°C
followed by a drying process at room temperature under a
stream of nitrogen. Thereafter, the supernatant was collected,
dried, and aliquoted for analysis. These extraction steps were
repeated two additional times with the remaining pellet to obtain
a high extraction recovery. The homogenized feces sample
(200 mg) was extracted by addition of 800 μl acetonitrile,
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followed by centrifugation for 5 min at 3,750 rpm and 4°C. The
supernatant was collected and dried with nitrogen at 40°C. The
remaining pellet was extracted by addition of 800 μl acetonitrile:
water (1:1, v/v) followed by a drying process with nitrogen. The
dried extract was reconstituted with acetonitrile:mobile phase A
(see Analytical Method for Metabolite Profiling) (1:9, v/v) and
vortexed for 5 min. The extraction recoveries were 93.6 and 86.9%
for plasma and feces, respectively. Urine samples were directly
used for analysis.

Metabolite Profiling
Metabolite profiles were generated by using HPLC together with
an AMS detector. The plasma extract (120 μl), the feces extract
(10 μl), and urine (100 μl) were injected onto the HPLC (Agilent
1290, Agilent Technologies, Santa Clara, CA, United States)
equipped with a binary pump G4220A (Agilent Technologies),
an autosampler G4226A (Agilent Technologies), a column
compartment G1316C (Agilent Technologies), and a fraction
collector G1364C (Agilent Technologies). Chromatographic
separation of 14C-ACT-1004-1239 and its metabolites was
achieved at 40°C with a flow rate of 1 ml/min. Mobile phases
consisted of 20 mM ammonium formate adjusted to pH 9.5 with
ammonium hydroxide (phase A) and a 7:2:1 (v/v/v) mixture of
acetonitrile, methanol, and mobile phase A (phase B). Parent
drug and metabolites were eluted with the following linear
gradient program: equilibration at 3 min, 10% B; 3-10 min, 10-
25% B; 10-20 min, 25% B; 20-30 min, 25-30% B; 30-60 min, 30%
B; 60-70 min, 30-35% B; 70-90 min, 35% B; 90-100 min, 35-40%
B; 100-110 min, 40-70% B; 110-120 min, 70-95% B; 120-125 min,
95% B; 125-126 min, 95-10% B; and 126-135 min, 10% B. Using
these chromatographic conditions, 14C-ACT-1004-1239 had an
average retention time of 107 min. The variability in retention
time did not exceed 0.8 min The reference standards were used to
assess the reproducibility of the method and to confirm the
retention times. Column recovery, which met the acceptance
criteria (i.e., 80-120%), was investigated with AMS by measuring
14C concentration of each sample prior and after analysis by
HPLC. Following HPLC analysis, pools of HPLC fractions were
prepared by taking equivalent portions of consecutive individual
fractions for analysis with AMS (SSAMS-250, National
Electrostatics Corp., Middleton, WI, United States). The
amounts of 14C in each fraction and fraction pool were
summed and compared to the solution injected onto the
HPLC for the determination of profile recovery.

Metabolite Identification and Structure
Elucidation In Vivo
Rat
Following the human ADME study, metabolite profiling data
from rats were retrospectively compared to the ones of humans.
Rat metabolite profiling data were obtained from bile-duct
cannulated animals (n = 2) after intravenous administration of
1.7 mg/kg (200 μCi/kg) 14C-ACT-1004-1239. Rat urine samples
were selected for metabolite identification as this matrix
contained the major metabolites observed in humans (i.e., M1
and M23). Moreover, urine samples were preferred over plasma,

bile, or feces samples due to their relatively large volumes and
metabolite concentrations, that could be directly analyzed
without extensive sample preparation.

Rat urine samples collected up to 72 h post dosing were
centrifuged for 10 min at 20,800 g and aliquots of 25 µl were
directly injected onto the liquid chromatography combined with
high resolution mass spectrometry (LC-HRMS) system.

Chromatographic separation of 14C-ACT-1004-1239 and its
metabolites derived from rat urine samples was achieved on a
Phenomenex Gemini NX-C18 column (250 × 4.6 mm ID, 3 μm,
Torrance, CA, United States) using otherwise the same analytical
method as described in Metabolite Profiling. Using these
chromatographic conditions, 14C-ACT-1004-1239 had an
average retention time of 109 min. The variability in retention
time did not exceed 0.5 min.

LC-HRMS analysis was performed on an LTQ Orbitrap Velos
Pro (Thermo Scientific, San Jose, CA, United States) in positive
and negative heated electrospray ionization mode with source
voltage at 3.0 and 2.5 kV, respectively. A capillary temperature at
300°C and nitrogen sheath gas flow rate at 40 arbitrary units were
used. The orbitrap resolution was set at 60,000 for full scan mode
and 15,000 for MSn. Fragmentation experiments were performed
with a collision energy set at 35% for MSn using collision induced
dissociation (CID) and high energy collision induced dissociation
(HCD). Full scan LC-HRMS chromatograms were generated to
identify metabolites using the Xcalibur 3.0 and Compound
Discoverer 1.0 software packages (Thermo Electron, San Jose,
CA, United States). Selected ion chromatograms of standard
metabolic transformations were generated and checked for the
presence of signals in the respective chromatograms. The
presence of metabolites was confirmed by accurate mass
measurement and structure elucidation was performed using
MSn. Finally, metabolite identity was confirmed by comparing
the retention time, calculated/exact mass, and MS fragment
pattern with the corresponding data of reference compounds.

Human
Structures of metabolites that were not observed in rats were
identified at A&M Labor für Analytik und
Metabolismusforschung Service GmbH (Bergheim, Germany)
with LC-HRMS. The LC-HRMS system consisted of an
analytical column (Gemini NX-C18, 250 × 4.6 mm, 3 µm,
Phenomenex Inc., Torrance, CA, United States), a guard
column (C18, 4 × 3 mm, Phenomenex Inc.), a binary HPLC-
pump Series 1290 (Agilent Technologies, Waldbronn, Germany),
an HTC-PAL autosampler (CTC Analytics AG, Zwingen,
Switzerland), column oven Series 1260 (Agilent Technologies),
and a QExactive mass spectrometer (Thermo Scientific, Bremen,
Germany). The samples were fractionated with HPLC using
identical conditions as described in Metabolite Profiling. Due
to the low amount of drug-related material excreted via the
urinary tract and the low abundance of unknown metabolites
within this matrix (see results Cumulative Recovery of
14C-Radioactivity (Mass Balance) in Urine and Feces;
Metabolite Profiling in Human Plasma, Urine, and Feces), only
metabolites in pooled plasma and feces samples were identified.
In order to compare LC-HRMS and AMS results, sample
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preparation and the chromatographic method at A&M were
identical to those at Pharmaron ABS. For the mass spectrometric
analysis, heated electrospray ionization was performed in both
positive and negative ionization mode with a source voltage at
3.5 kV and −3.5 kV, respectively. A capillary temperature at
300°C and nitrogen sheath gas flow rate at 65 arbitrary units
were used. The orbitrap mass resolution was set at 140,000 for
full scanmode and 17,500 forMS2. Fragmentation experiments were
performed with a collision energy set at 20, 35, 50, and 65% for MSn

using HCD. Mass chromatograms were acquired with the Xcalibur
3.0 and 4.2 and data evaluation was supported by Compound
Discoverer 3.1 software package (Thermo Scientific).

In total, four synthetic references (ACT-1004-1239, M1, M23,
and M38) were available to support metabolite identification of
non-radioactive material. The most abundant metabolites seen in
the AMS chromatograms and M38 were identified by comparing
the retention time, calculated/exact mass, and the MS2 fragment
pattern with the corresponding data of reference compounds.
Structures of unknown metabolites (i.e., no synthetic reference
available) were further elucidated by the interpretation of

correlating fragment masses and fragment structures of non-
radioactive material. Metabolites previously identified in
preclinical studies were denoted with the letter “M,” whereas
the ones not observed in rats and only identified during this
clinical study were denoted with the letter “A”. The numbers
following the letters were consecutively assigned based on the
appearance of the metabolites within different stages of drug
development.

RESULTS

In Vitro Studies
Incubation With HLMs and CYP-Specific Inhibitors
Incubations of 14C-ACT-1004-1239 with HLMs exclusively
produced the metabolite M1 (Figure 1A). M1 was formed in
the range of 7.5–12.0% of total chromatogram radioactivity. No
metabolites were observed in the absence of the NADPH-
regenerating system or HLMs. Testing the impact of validated
inhibitors revealed ketoconazole as a potent inhibitor, where

FIGURE 1 | In vitro studies: metabolic profiles of ACT-1004-1239 following incubation with (A) human liver microsomes (HLM), (B)HLM and 1 μM ketoconazole, or
(C) recombinant CYP3A4.
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formation of M1 was completely abolished suggesting that
CYP3A4 predominantly catalyzed this reaction (Figure 1B). In
contrast, the presence of inhibitors of CYP1A2, CYP2B6,
CYP2C8, CYP2C9, CYP2C19, and CYP2D6 had no effect on
M1 formation (data not shown).

Incubation With Recombinant Human CYPs
Incubation of 14C-ACT-1004-1239 with recombinant CYPs (CYP1A1,
CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, and
CYP3A4) showed that ACT-1004-1239 was metabolized by
CYP1A1, CYP2C8, CYP2C19, and CYP3A4. M1 was, as in the
experiments with HLMs, the only metabolite formed. A
representative chromatogram of ACT-1004-1239 metabolism by
recombinant CYPs is provided in Figure 1C. Based on the
intersystem extrapolation scaling approach, CYP3A4 was the main
CYP catalyzing the formation of M1 accounting for 94% of total M1
formation, and thus, total turnover in vitro. CYP2C19 and CYP2C8
contributed 5.2 and 1.2% to M1 formation, respectively. The
contribution of CYP1A1 to M1 formation was not further
investigated due the low liver abundance of CYP1A1 in human
(Stiborová et al., 2005).

Human Study.
Study Population
For the assessment of mass balance and ADME characteristics,
six healthy male subjects received 14C-ACT-1004-1239
concomitantly with non-radioactive ACT-1004-1239. The
mean (range) age and body mass index of these subjects were
31.2 (26.0-43.0) years and 25.4 (21.0-29.6) kg/m2, respectively.
Most subjects were Black or African American (n = 5) and one
subject wasWhite. All subjects continued the extension period for
additional collection of plasma, urine, and feces.

Pharmacokinetics of Total 14C-Radioactivity
The arithmetic mean +SD plasma concentration of total
14C-radioactivity after administration of 9.2 μg 14C-ACT-1004-
1239 and 100 mg ACT-1004-1239 is shown in Figure 2.

Following administration of 14C-ACT-1004-1239, drug-
related material was rapidly absorbed. Disposition of
14C-drug-related material was covered by at least two
compartments. After 72 h post-dose, the concentration of
14C-drug-related material was not measurable any longer
(i.e., below the limit of quantification). PK parameters of total
14C-radioactivity in plasma are provided in Table 1.

Cumulative Recovery of 14C-Radioactivity (Mass
Balance) in Urine and Feces
The mass balance using the cumulative recovery of 14C-drug-
related material collected in urine and feces is shown in
Figure 3.

The geometric mean (95% confidence interval) cumulative
recovery of total radioactivity was 84.1% (76.8-92.2) of dose
administered. 14C-drug-related material was mainly eliminated
in feces with a mean cumulative recovery in feces and urine of
69.6% (63.8-75.9) and 14.5% (12.5-16.9), respectively.

Metabolite Profiling in Human Plasma, Urine, and
Feces
Radiochromatograms of the human plasma and feces extracts,
and urine sample were generated to identify ACT-1004-1239 and
its radioactive metabolites. The radiochromatogram of each
matrix is shown in Figure 4. The identities of ACT-1004-1239
and its metabolites, M1 andM23, were confirmed using reference
compounds. Table 2 summarizes the relative abundancies of
ACT-1004-1239 and its metabolites in plasma, urine, and feces
samples as well as the percentages of 14C-radioactive dose
administered in urine and feces.

In the plasma sample, unchanged ACT-1004-1239 was the
most abundant entity identified with a relative abundance of
53.9% of total radioactivity. In addition, there were two major
circulating metabolites (defined as >10% of total drug exposure
[AUC]), i.e., M1 and M23 accounting for 10.3 and 21.1% of total
radioactivity in plasma, respectively. All other metabolites
accounted for <5% of total radioactivity and were therefore
not identified.

In urine, the most dominant entity detected was unchanged
ACT-1004-1239 with a relative abundance of 69.6% of total
radioactivity of the urine sample. Besides this, M1 was
observed with much lower abundance (9.7% of total
radioactivity of the urine sample). All other metabolites were
significantly lower in abundance (i.e., <5% of total radioactivity in
the urine sample) and were therefore not identified.

In feces, there were two dominant entities observed, i.e., M1
and A2, which accounted for 34.1 and 22.0% of total radioactivity
of the feces sample, respectively. Unchanged ACT-1004-1239 and
the metabolites A1 and A3 were seen with a relative abundance of
7.5, 5.8, and 3.9% of total radioactivity of the feces sample,
respectively. All other metabolites were not identified due to
their low signal abundance (i.e., <5% of total radioactivity in the
feces sample).

Based on the cumulative recovery of 14C-drug-related
material, 25.1% of the administered 14C-radioactive dose was
excreted as M1 (1.4% in urine, 23.7% in feces) and 15.3% each as
unchanged ACT-1004-1239 (10.1% in urine, 5.2% in feces) as

FIGURE 2 | Arithmetic mean (+SD) concentration vs. time profile of total
14C-radioactivity in plasma on linear and semilog (inset) scale following a single
oral administration of 9.2 μg 14C-ACT-1004-1239 on top of 100 mg non-
radioactive ACT-1004-1239 (N = 6).
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well as A2 (in feces only). All other metabolites were excreted
with <5% of 14C-radioactive dose (Table 2).

Metabolite Identification and Structure
Elucidation In Vivo
Rat
A representative radiochromatogram of rat urine containing the
major human metabolites (i.e., M1 and M23) is shown in
Figure 5. Besides 14C-ACT-1004-1239, M1, and M23, also
metabolites M9, M11, and M24 were detected. However, M9,
M11, and M24 were not observed in humans with an abundance
>5% per matrix (Figure 4), and therefore, their structure will not
be further discussed. Based on the structural elucidation of M23,
it was suggested that a counterpart metabolite M38 may exist
which does not carry the radiolabel. This may explain the absence
of M38 in the radiochromatogram of rat urine. To confirm
presence of M1, M23, and M38 in urine, synthetic references
were used for unequivocal structural identification. The mass
spectrometric outputs (including, amongst others, accurate and
calculated/exact masses, and m/z values of diagnostic fragment
ions) of 14C-ACT-1004-1239, M1, M23, and M38 from rat urine
are provided in Table 3. The accurate mass of each fragment
provided in the MS spectra was compared to the calculated/exact
mass. The MS key fragmentation pattern of 14C-ACT-1004-1239

(m/z 525) is shown in Figure 6. Structures of 14C-ACT-1004-
1239, M1, M23, and M38 are shown in Figure 7, and were
elucidated and identified in rat urine as described below.

• 14C-AC T-1004-1239
The fragmentation patterns of 14C-ACT-1004-1239 ([M + H]+

m/z 525.2292) did not differ significantly between the ion trap
CID or HCD fragmentation techniques. Therefore, all fragment
ions reported herein refer to either of the two techniques.
Additional insight into structural elucidation was achieved
using MS3 fragmentation of the most abundant MS2

fragment ions. In positive ionization mode, the most intense
fragment ion was with m/z 390. Less abundant fragment ions
were fragments with m/z 336, 299, 216, and 136.
• M1
With a [M + H]+ m/z 471.1823 M1 was identified as a secondary
amine metabolite resulting from the loss of the methyl
cyclopropyl moiety (i.e., oxidative N-dealkylation) of the
parent. This was consistent with the absence of fragment ions
withm/z 390 and 299, and the presence of the fragment withm/z
336 with two other fragments with m/z 216 and 136. The
structure was confirmed using its chemical reference as shown
in the supplemental material (Supplementary Figure S1).
• M23
M23 was identified as the difluorophenyl isoxazole carboxylic
acid metabolite resulting from the central amide bond hydrolysis
of the parent. This metabolite was not detected in positive
ionization mode but in negative ionization mode. In negative
ionization mode, the theoretical exact mass of [M-H]- m/z 226
was not detected. However, an ion with [M-H]-m/z 182.0302 was
seen instead, most likely following loss of CO2 in the source. MS2

fragmentation of this ion yielded two fragments, i.e., withm/z 162
following loss of hydrogen fluoride and with m/z 138
corresponding to the loss of 14CCH2O. The structure was
confirmed using its chemical reference as shown in the
supplemental material (Supplementary Figure S2).
• M38
M38, with a [M + H]+ m/z 316.2132 was identified as the
counterpart of M23 resulting from the central amide bond
hydrolysis of the parent. This was consistent with the presence
of fragment ions with m/z 299 and 216. The structure was
confirmed using its chemical reference as shown in the
supplemental material (Supplementary Figure S3).

Human
Metabolites that were not identified in rat urine but were
observed with considerable abundance in human feces

TABLE 1 | Pharmacokinetic parameters of total 14C-radioactivity in human plasma.

tmax (h) Cmax (ng-eq/ml) AUC0-∞ (ng-eq*h/ml) t1/2 (h)

Geometric mean (95% CI) 1.5 (1.0-3.0)a 325 (240-439) 3,759 (2,738-5,162) 34.6 (16.8-71.4)
CVln (%) - 29 31 78

aData is displayed as median (range).
AUC0-∞, area under the plasma concentration-time curve from 0 to infinity; CI, confidence interval; Cmax, maximum plasma concentration; CVln, geometric coefficient of variation; t1/2,
terminal half-life; tmax, time to reach maximum plasma concentration.

FIGURE 3 | Arithmetic mean (+SD) cumulative recovery vs. time profile of
total 14C-radioactivity in urine and feces (shown as % of administered dose)
following a single oral administration of 9.2 μg 14C-ACT-1004-1239 on top of
100 mg non-radioactive ACT-1004-1239 (N = 6).
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(Figure 4) were A1, A2, and A3. In order to elucidate the
structures of these unknown metabolites, their calculated/exact
mass and MS2 fragment patterns were compared with the ones
of ACT-1004-1239 and M1. The mass spectrometric outputs
(including amongst others accurate and calculated/exact masses
and m/z values of diagnostic fragment ions) of ACT-1004-1239,
M1, A1, A2, and A3 from human feces are provided in Table 4. The
MS key fragmentation pattern of 14C-ACT-1004-1239 (m/z 525) is
shown in Figure 6. The structures of these unknown metabolites
were elucidated and identified in human feces as described below.

• A1
A1 was identified as an analog of M1 after oxidative
defluorination at the difluorophenyl moiety (fragment ion with
m/z 141). This was consistent with the MS2 fragmentation
spectra, which showed a fragment ion with m/z 139
representing a hydroxyfluorobenzoic acid fragment instead of
m/z 141 and a fragment ion with m/z 332 instead of m/z 334.
Other fragment ions (with m/z 136 and 216) were available in
both spectra. However, it remains unknown which of the two
fluorine atoms was substituted with a hydroxy function. The MS2

FIGURE 4 |Metabolic profiles of ACT-1004-1239 in human plasma (top), urine (middle), and feces (bottom) pools. Squared brackets placed above and below each
radiochromatogram indicate metabolites with a relative abundance of <5%.
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spectra of A1 and M1 [M + H]+ ions are provided in the
supplemental material (Supplementary Figure S4).
• A2
A2 was identified as a reduced analog of M1 after addition of two
hydrogen atoms. The fragment ions withm/z 136, 141, and 216 were
present in the spectra of A2 andM1, whereas the fragment ions with
m/z 210 and 336 were only detectable in the MS2 spectrum of A2.
This indicated that the addition of two hydrogen atoms had taken
place at the isoxazole moiety of the molecule which may have led to
ring opening resulting in an imine and hydroxy group. The MS2
spectra of A2 and M1 [M + H]+ ions are provided in the
supplemental material (Supplementary Figure S5).
• A3
A3 was identified as a reduced analog of the parent compound
after addition of two hydrogen atoms. Upon comparison of MS2

TABLE 2 | Summary of relative abundance of ACT-1004-1239 and its
metabolites.

Compound ID Plasma Urine Feces Urine +
feces

% in
sample

% in
sample

% of
dosea

% in
sample

% of
dosea

% of
dose

ACT-1004-1239 53.9 69.6 10.1 7.5 5.2 15.3
M1 10.3 9.7 1.4 34.1 23.7 25.1
M23 21.1 - - - - -
A1 - - - 5.8 4.0 4.0
A2 - - - 22.0 15.3 15.3
A3 - - - 3.9 2.7 2.7
Otherb 14.7 20.7 3.0 26.7 18.6 21.6
Total - - 14.5 - 69.6 84.1

aCalculations were based on geometric mean of total cumulative excretion in urine/feces.
bRefers to the sum of metabolites with a relative abundance of <5%.

FIGURE 5 | Representative metabolic profile of ACT-1004-1239 in rat urine after intravenous dosing of 14C-ACT-1004-1239.

TABLE 3 | Mass spectrometric identification of 14C-ACT-1004-1239 and its metabolites in rat urine.

Positive ionization mode

Compound Retention time
(min)

Accurate mass
[M + H]+

Calculated/exact mass
[M + H]+

Diagnostic fragment
ions (MSn)

Identity

ACT-1004-1239 106.5 525.2292 525.2296 390, 336, 299, 216, 136 -
M1 54.4 471.1823 471.1827 336, 216, 136 - C4H6 (oxidative

N-dealkylation)
M38 19.9 316.2132 316.2132 299, 216 - C10H3F2NO2 (hydrolysis)

Negative ionization mode

Compound Retention
time (min)

Accurate mass
[M-H]-

Calculated/exact mass
[M-H]-

Diagnostic fragment
ions (MSn)

Identity

M23a 13.4 182.0302 182.0299 182, 162, 138 - C17H23N5O+ O (hydrolysis)

For all compounds, except M38, the presented data refer to radiolabeled material (e.g., 14C-ACT-1004-1239).
aSource fragmentation, the [M-H]- ion was not directly observed, [M-CO2-H]- was detected instead.
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spectra of ACT-1004-1239 and A3, the fragment ions with m/z
136, 141, and 216 were present in both spectra, whereas the
fragment ions with m/z 210 and 390 were only detectable in the
spectrum of A3. All other diagnostic fragment ions were similar
to the fragments of ACT-1004-1239. This indicated that the
addition of two hydrogen atoms had taken place at the
isoxazole moiety of the molecule which may have led to ring
opening resulting in an imine and hydroxy group. The MS2
spectra of A3 and parent drug [M + H]+ ions are provided in the
supplemental material (Supplementary Figure S6).

Taken together, based on the results frommetabolite profiling,
identification, and elucidation, the metabolic pathways in
humans are proposed as depicted in Figure 7. The elimination
of ACT-1004-1239 via M1 was the only metabolic pathway that
contributed to ≥25% of elimination:

• Oxidative N-dealkylation of ACT-1004-1239 to M1
(representing 25.1% of 14C-radioactive dose). M1
thereafter undergoes two notable reactions: a) oxidative
defluorination to A1 (representing 4.0% of
14C-radioactive dose) and b) reduction to A2
(representing 15.3% of 14C-radioactive dose).

Apart from this, a minor elimination pathway was via A3
(i.e., 2.7% of 14C-radioactive dose).

DISCUSSION

ACT-1004-1239 is an orally available, potent, and selective first-
in-class CXCR7 antagonist that showed efficacy in preclinical
animal models of multiple sclerosis (Pouzol et al., 2021a) and
acute lung injury (Pouzol et al., 2021b), and had a favorable
clinical profile following single- (Huynh et al., 2021b) and
multiple-dose (Huynh et al., 2021a) administration. In context

of drug development, identification of metabolites and metabolic
pathways of a drug is of utmost relevance. Therefore, in vitro and
in vivo studies were conducted to 1) identify human enzymes
involved in the metabolism of ACT-1004-1239 and 2)
characterize ADME in humans with the use of rat samples for
metabolite structure elucidation of major human metabolites.

In vitro, two complementary approaches (incubation with
HLMs in the absence/presence of CYP-specific chemical
inhibitors and experiments with recombinant CYPs) were
chosen to identify the CYPs involved in the metabolism of
ACT-1004-1239. It was shown that ACT-1004-1239 was
particularly metabolized to M1 via phase I biotransformation
enzymes including CYP1A1, CYP2C8, CYP2C19, and CYP3A4.
Additional analyses using the intersystem extrapolation scaling
approach (Chen et al., 2011) revealed that CYP3A4 was the main
contributor to ACT-1004-1239 metabolic clearance, accounting
for 94% of total turnover in vitro.

The ADME characteristics in humans were investigated in the
context of an FIH study applying a microtracer approach (Huynh
et al., 2021b). Such integrative studies have previously been
successfully conducted (Muehlan et al., 2018, Muehlan et al.,
2019). The integration of a human ADME study in early clinical
studies (e.g., FIH study) is an innovative approach to accelerate
clinical development (Muehlan et al., 2018). It enables
characterization of metabolites during the early stage of
clinical development, which is encouraged by United States
Food and Drug Administration (FDA) (United States
Department of Health and Human Services Food and Drug
Administration Center for Drug Evaluation and Research,
2020b) and it allows to enhance resource efficiency. Indeed,
for the integrated approach only very low amounts of
radiolabeled compound are needed, so that no determination
of radiation burden is required, and hence, no quantitative whole-
body autoradiography in rodents is to be conducted. In addition,
the very low amounts used do not require to be produced
according to Good Manufacturing Practice (Ufer et al., 2017;
Spracklin et al., 2020). However, for such an integrative approach
a highly sensitive technique is needed, which is realized by the
application of AMS (Graham and Garner, 2003; Lappin et al.,
2006). In contrast to most conventional ADME studies, the
conduct of such integrative studies typically uses different
formulations for non-radioactive and radioactive drug. This
could possibly result in non-homogenous absorption resulting
in unequal quantitative data between non-radioactive and
radioactive material. Retrospective quantitative analysis of
non-radioactive parent drug and metabolites using the
standard addition approach confirmed their relative
abundance in plasma as observed for radioactive equivalents
provided in Table 1. These data support the homogeneity in
absorption in this study.

Based on the results obtained in the human ADME study, it
was shown that the concentration-time profile of total
14C-radioactivity was similar to the one of non-radioactive
ACT-1004-1239 (Huynh et al., 2021b) with comparable tmax

and Cmax. However, the geometric means of AUC0-∞ and
terminal t1/2 of total 14C-radioactivity were approximately
2-fold higher than the ones of 100 mg non-radioactive

FIGURE 6 | Mass spectrometric fragmentation pattern of 14C-ACT-
1004-1239. The asterisk (*) indicates the position of the 14C label, which was
taken into consideration for the applicable accurate fragment masses (m/z).
The fragment ion with m/z 212 includes in addition to the depicted
pattern two hydrogen atoms.

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 81206511

Huynh et al. AME Characteristics of ACT-1004-1239

m/z 299 



3.2    Absorption, distribution, metabolism, and excretion profile of ACT-1004-1239 

63 

  

ACT-1004-1239. This suggests that the metabolism of ACT-
1004-1239 in humans results in metabolites, which have a
lower elimination rate, and thus, cause the increase in AUC0-∞

and t1/2 as previously observed (Roffel et al., 2017; Muehlan
et al., 2019). Following oral administration of 9.2 μg 14C-ACT-
1004-1239, the mean cumulative recovery of radioactivity in
urine and feces was approximately 84%, which is above the
generally acceptable threshold for human ADME studies
(>80%) (Roffey et al., 2007). These data are in line with
previous observations showing that compounds with a

radioactivity t1/2 < 50 h achieve at least 80% of cumulative
recovery (Roffey et al., 2007). Investigation of mass balance
revealed that ACT-1004-1239 was predominantly eliminated
via feces and to a lesser extent in urine. Based on the totality of
radioactivity recovered in feces and urine, it is unlikely that
ACT-1004-1239 is eliminated via other elimination routes.
This is supported by the physicochemical properties of ACT-
1004-1239 (Richard-Bildstein et al., 2020).

Profiling the human plasma samples for metabolites revealed
two major circulating metabolites (i.e., M1 and M23) besides the

FIGURE 7 | Proposed metabolic pathways of ACT-1004-1239 in humans.
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parent compound. As these metabolites were also present in rats
(i.e., not human-specific), their structures were elucidated using
highly concentrated rat urine samples. M1 is the product of
oxidative N-dealkylation with loss of the cyclopropylmethyl
moiety from the parent. On the other hand, M23 results most
likely from hydrolysis of the central amide bond of the parent.
Exploratory in vitro studies investigating enzymes that could
catalyze the formation of M23 excluded the involvement of
carboxylesterases (i.e., CES1b, CES1c, and CES2) which are
known to hydrolyze amide bonds (Idorsia Pharmaceuticals
Ltd., data on file). Additional investigations with other
hydrolases such as amidases or epoxide hydrolases are to be
considered in order to understand formation of M23 (Magdalou
et al., 2003). Formation and structural elucidation of M23
suggested the theoretical presence of its metabolite
counterpart. This metabolite was detected and identified as
M38. As it was devoid of the radiolabel, M38 was not
detectable in the rat radiochromatogram. However, the
analysis using MS confirmed the presence of M38 in rat urine.
Similar to rats, M38 was not detectable in the human
radiochromatograms. Nevertheless, quantification of M38 in
the pooled human plasma using a synthesized reference
indicated that its presence was negligible, and hence, it is not
considered a major circulating metabolite. In contrast to M1 and
M38, M23 was not detectable in the positive ionization mode, but
only in negative ionization mode, most likely as the weakly basic
isoxazole ring did not allow for an efficient protonation (Palmer,
2003).

Major circulating metabolites constituted >10% of total drug
exposure (AUC) like M1 and M23 have to be cautiously
investigated for any relevant human safety concern (e.g.,
disproportionality). For this purpose, it is required to examine
according to the guidance for Safety Testing of Drug Metabolites
(United States Department of Health and Human Services Food
and Drug Administration Center for Drug Evaluation and
Research, 2020b) whether the human plasma exposure to such
metabolites is distinctly greater than the maximum exposure in
animals used for toxicological evaluation of ACT-1004-1239.
This additional investigation is to be performed before the
initiation of any large-scale clinical trials. Besides the
identification of major circulating metabolites, another
objective of a human ADME study is the identification of
main metabolic pathways. For this purpose, the metabolites
A1, A2, and A3 were elucidated in human feces. A1 was

identified as a secondary product following oxidative
defluorination of M1. This type of biotransformation reaction
can be catalyzed by CYPs (e.g., CYP3A4 and CYP1A1/2) and/or
oxygenases such as flavin-containing monooxygenases and was
previously observed in the metabolism of other drugs (Xie et al.,
2013; Amaya et al., 2018). The reductive metabolites, A2 and A3,
were formed following reductive cleavage of the isoxazole ring
(i.e., N-O bond) to an imine intermediate which was thereafter
hydrolyzed. This ring opening may be explained by the chemical
properties of the isoxazole ring containing, adjacent to the
nitrogen, an oxygen atom with greater electronegativity which
may increase the susceptibility to reduction (Dalvie et al., 2002).
The reductive cleavage of the isoxazole ring was also observed
with other xenobiotics and was catalyzed by the gut microflora,
CYPs, and aldehyde oxidase (Mannens et al., 1993; Sugihara et al.,
1996; Kalgutkar et al., 2003; Zhang et al., 2008). Additional
exploratory investigations with, for example, gut microflora
could aid in elaboration of the formation of A2 and A3.
Except for A1, A2, and A3, no metabolites were structurally
elucidated in human excreta, due to their significantly lower
abundance (i.e., <5% of total radioactivity per excreta sample).
M1 was the only known metabolite that was confirmed in human
urine and feces. Taking the retention time and its appearance in
rat urine into consideration, it is likely that M23 is also present in
human urine. However, the identity of M23 in human urine
sample was not further investigated and was therefore not
confirmed.

Based on metabolite profiling results, only one metabolic
pathway contributed to ≥25% of ACT-1004-1239 elimination:

• Oxidative N-dealkylation of ACT-1004-1239 to M1. M1
undergoes thereafter two reactions: a) oxidative
defluorination to A1 and b) reduction to A2.

Since the reaction from ACT-1004-1239 to M1 is
predominantly catalyzed by CYP3A4, it is recommended to
clinically investigate possible drug-drug interactions of ACT-
1004-1239 using strong index inhibitors and/or inducers of
this enzyme (United States Department of Health and Human
Services Food and Drug Administration Center for Drug
Evaluation and Research, 2020a). In addition, according to
health authorities guidelines (United States Department of
Health and Human Services Food and Drug Administration
Center for Drug Evaluation and Research, 2003; European

TABLE 4 | Mass spectrometric identification of ACT-1004-1239 and its metabolites in human feces.

Compound Retention time
(min)

Accurate mass
[M + H]+

Calculated/exact mass
[M + H]+

Diagnostic fragment
ions (MSn)

Identity

ACT-1004-1239 107.6 523.2265 523.2264 388, 334, 216, 141, 136 -
M1 55.7 469.1795 469.1794 334, 216, 141, 136 - C4H6 (oxidative N-dealkylation)
A1 12.0 467.1851 467.1838 332, 216, 139, 136 M1 - F + OH (oxidative defluorination)
A2 33.0 471.1949 471.1951 336, 216, 210, 141,136 M1 + H2 (reduction)
A3 85.6 525.2425 525.2420 390, 216, 210, 141, 136 + H2 (reduction)

Data are displayed in positive ionization mode.
For all compounds, the presented data refer to non-radiolabeled material (e.g., ACT-1004-1239).
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Medicines Agency Evaluation of Medicines for Human Use,
2018), it is recommended to conduct PK studies in subjects
with hepatic impairment when the hepatic metabolism and/or
excretion accounts for a substantial portion (>20%) of the
elimination of parent compound. Thus, such aforementioned
PK studies should be conducted in the clinical development
program of ACT-1004-1239.

CONCLUSION

Taken together, integration of an ADME study using the
microtracer approach in conjunction with the AMS
methodology in an FIH study facilitated the elucidation of
the metabolism of ACT-1004-1239, a first-in-class CXCR7
antagonist, in early clinical development. Results from
in vitro and in vivo studies underpin the relevance of
preclinical investigations to support the identification of
metabolites in humans. In this human study, the disposition
and metabolic pathways of ACT-1004-1239 were sufficiently
characterized, allowing to determine potential successive
clinical studies. It was shown that elimination of ACT-
1004-1239 mainly occurred through feces following major
metabolism via CYP3A4. Besides ACT-1004-1239, two
major circulating metabolites were identified in human
plasma.
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3.4 Further clinical development of ACT-1004-1239: Drug-drug interaction study 
Thus far, the clinical effects of ACT-1004-1239 are well characterized in healthy subjects based on the 

results of the single- and multiple-ascending dose studies and their sub-investigations. The results of 

these studies provide further guidance on the clinical pharmacology program of ACT-1004-1239, i.e., 

which additional Phase 1 studies need to be conducted. For example, based on the ADME assessments 

supported by in vitro data, ACT-1004-1239 undergoes predominantly oxidative N-dealkylation to M1 

accounting for 25.1% of total dose in excreta. This reaction is catalyzed by CYP3A4. M1 is metabolized 

to secondary metabolites A1 (4.0%) and A2 (15.3%) via oxidative defluorination and reduction, 

respectively. Taken together, the metabolic pathway catalyzed by CYP3A4 contributes to ≥25% of ACT-

1004-1239 elimination. Therefore, DDI studies with a CYP3A4 inhibitor and inducer (i.e., perpetrators) 

are to be performed according to the health authorities guidelines [190,191]. 

In general, to cover safety-relevant aspects, DDI studies with a strong index inhibitor should be conducted 

to reveal the possible worst-case scenario. Index inhibitors are characterized by the strength of inhibition 

and selectivity [192]. The health authorities (FDA and EMA) define strong index inhibitors as drugs that 

can increase the AUC of a sensitive substrate ≥5-fold [191,193] such as clarithromycin and itraconazole 

for CYP3A4 [194]. There are other strong CYP3A4 inhibitors for instance ketoconazole, ritonavir, or 

voriconazole, which have been used in clinical DDI studies, but these are not suggested as index 

inhibitors. The use of ketoconazole was discouraged due to the high risk of severe liver injury [195,196]. 

According to the recommendation of the health authorities, selection of a strong CYP3A4 inhibitor for 

the DDI study with ACT-1004-1239 is limited to itraconazole and clarithromycin. The latter is less 

adequate as it is an antibiotic associated with adverse events related to the intestinal tract, QTc interval 

prolongation and potential to develop antibiotic resistance [197]. Furthermore, it should be administered 

in a twice daily dosing regimen [197], which makes the clinical conduct operationally more challenging. 

Thus, itraconazole, approved for treatment of various fungal infections, is the ultimate choice for the 

CYP3A4-related DDI study with ACT-1004-1239.   

Recently, the use of itraconazole as perpetrator drug in DDI studies has been thoroughly studied and 

several recommendations were made in terms of study design, treatment duration, dose strength, dosing 

conditions, and itraconazole formulation [192,198,199]. Briefly, an open-label, fixed-sequence cross-

over study design is commonly applied in such DDI studies, including two periods in which the substrate 

(victim drug) is given as a single dose. While in the first period, the substrate should be administered 

alone, in the second period the substrate is dispensed concomitantly with itraconazole. In comparison to 

the design in which the treatment sequence is switched (i.e., firstly concomitant administration, secondly 

single administration), this recommended fixed-sequence avoids a lengthy washout period of 
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itraconazole which has a terminal half-life (t1/2) of up to 42 h [200]. With regard to dose and treatment 

duration, in order to obtain an adequate inhibition of CYP3A4, a run-in period (pre-treatment) of 3 days 

with 200 mg itraconazole once daily (o.d.) is recommended prior concomitant dosing of itraconazole and 

victim drug (e.g., ACT-1004-1239). A longer run-in period does not provide additional inhibitory effect 

of itraconazole and its metabolites [201,202]. Following the run-in period and concomitant 

administration of itraconazole and the victim drug, inhibition of CYP3A4 is to be maintained until the 

AUC of the victim can be fully described (i.e., 5 × t1/2), which can be achieved with repeated dosing 

(o.d.) of 200 mg itraconazole.  

Dosing of itraconazole can be performed under fasted or fed state. However, the exposure achieved in 

humans depends on the food state and the formulation of itraconazole. Thus far, two formulations have 

been used for DDI studies: oral capsule and oral solution. Higher exposure to itraconazole can be attained 

when it is administered as oral solution under fasted instead of fed conditions or as oral capsule under 

fed instead of fasted conditions. Regardless of the food state, itraconazole oral solution reaches, in 

general, higher exposure with lower variability compared to the oral capsule [198,199,203,204]. 

Therefore, it is the preferred formulation for concomitant administration with a victim drug, ideally given 

on an empty stomach. The food state is however of less importance for ACT-1004-1239 administration 

as the food effect assessment in the single-ascending dose study indicated no clinically relevant changes 

in exposure when administered with or without food [205]. Nevertheless, taking the itraconazole 

exposure into consideration, the oral solution would still be the favored formulation as it can reach overall 

higher exposure in humans associated with certainty of strong CYP3A4 inhibition. This evaluation is 

purely based on the PK and dosing condition and disregards other factors that could have a relevant 

impact on the DDI study, such as interacting excipients.  

Recently, Hoch et al. reported a DDI study which showed that cyclodextrin, an excipient that is available 

in excess in the itraconazole oral solution, can interact with some victim drugs, and lead to unreliable 

study outcomes [206]. In detail, concomitant administration of asciminib (victim drug) and itraconazole 

oral solution was expected to increase the victim exposure due to CYP3A4 inhibition. However, the 

exposure to asciminib decreased by approximately 50%, whereas the itraconazole capsule (which does 

not contain cyclodextrin) did not significantly alter the victim’s exposure (increase by approximately 

3%). Follow-up in vitro investigations indicated that cyclodextrin forms complexes with asciminib in the 

gastrointestinal tract, and therefore, reduces the availability of free drug for absorption. This sequestration 

phenomenon was previously observed with other drugs such as warfarin and fenebrutinib [207,208]. The 

underlying mechanism may be explained by the characteristics of cyclodextrin. It is a cyclic 

oligosaccharide containing a lipophilic centrally laid cavity and a hydrophilic outer surface allowing, as 
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an excipient, the improvement of the aqueous solubility of the active drug (e.g., itraconazole). Such an 

interaction depends on the cavity size of cyclodextrin, which is split into α-, β-, and γ-variants, with an 

ascending cavity size from α to γ [209]. The itraconazole solution used in the case study with asciminib 

contains β-cyclodextrin, which probably provides an adequate cavity size to interact with asciminib. 

Based on the physicochemical properties of ACT-1004-1239 described by Richard-Bildstein et al. [187], 

sequestration of ACT-1004-1239 by β-cyclodextrin cannot be excluded. Therefore, the use of 

itraconazole solution as a perpetrator in a DDI study with ACT-1004-1239 is not advised as it may mask 

the DDI, and hence, the capsule formulation of itraconazole is recommended in this context.  

After selection of the perpetrator drug, the dose strength of the victim drug should be defined. As 

itraconazole is a strong inhibitor of CYP3A4, a strong interaction with sensitive CYP3A4 substrates is 

expected. Previous studies showed that itraconazole can increase CYP3A4 substrates (e.g., midazolam) 

exposures up to 11-fold [202,210]. Thus, the dose of the victim drug is to be chosen in order to provide 

a sufficient safety margin in drug exposure when co-administered with itraconazole. If needed, a dose 

below the therapeutic dose range can be considered provided that the results can be extrapolated to a 

clinically relevant dose (i.e., the victim drug has dose-proportional PK) [192]. This approach may be 

applied to ACT-1004-1239. Since ACT-1004-1239 revealed a dose-proportional PK, the recommended 

dose of ACT-1004-1239 in the DDI study with itraconazole is 10 mg, which is also formulated as a 

ready-to-use capsule [205]. This dose strength provides a sufficient safety margin in the event of 

itraconazole increasing the exposure to ACT-1004-1239 up to 11-fold as the maximum exposure 

investigated in humans (achieved with a dose of 200 mg) [205,211] is not expected to be exceeded. 

Last but not least, a relevant aspect in designing a DDI study is the selection of the appropriate study 

population and the sample size. In general, healthy subjects are considered in such study provided the 

safety profile of the victim drug allows this. Healthy subjects are strongly recommended in order to 

generate a reliable study outcome without the bias of confounding factors such as concomitant 

medications. According to the health authority guidelines, there is no request to power such DDI studies. 

Nevertheless, in order to obtain the preferred precision of the DDI effect, the sample size can be 

determined based on the PK variability (e.g., inter-subject variability) of the victim drug [199]. For the 

DDI study with ACT-1004-1239, the coefficient of variation within subjects can be obtained from the 

single-ascending dose study [205], which is 48.8% for maximum plasma concentration (Cmax) and 13.9% 

for area under the plasma time curve from zero to infinity (AUC0-∞). Using the precision estimate 

approach as described by Patterson et al. [212], a sample size of 12 subjects would result in lower and 

upper bounds of the 90% confidence interval (CI) of the geometric mean ratio of approximately –29% 

and +40% and –10% and +11% of the observed ratio for Cmax and AUC0-∞, respectively. For example, if 
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the observed ratio is 5, the 90% CI of Cmax and AUC0-∞ will be (3.55, 7.00) and (4.50, 5.55), respectively. 

This precision estimate would be considered acceptable for this study. In conclusion, taken the above-

mentioned facets into consideration, the DDI study with ACT-1004-1239 can be designed as follows. 

An open-label, fixed-sequence cross-over DDI study is recommended to investigate the effect of 

itraconazole oral capsule on the PK of ACT-1004-1239. Since a higher exposure can be achieved when 

itraconazole capsule is administered under fed state, all study treatments including ACT-1004-1239 

should be given under fed conditions. After a screening period, a single oral dose of 10 mg ACT-1004-

1239 is administered in the first period in which PK samples are collected for 5 days (Period 1). Prior to 

the start of the second period, a washout of 5 days is considered sufficient based on the single-ascending 

dose study indicating a t1/2 of up to 24 h [205]. In the second period, following a 3-day run-in period of 

200 mg itraconazole (capsule, o.d.; Period 2a), 10 mg ACT-1004-1239 is given concomitantly to 200 mg 

itraconazole capsule after food intake (Period 2b). In Period 2b, itraconazole treatment (200 mg o.d.) is 

continued for an additional 4 days and PK samples are collected for 5 days post ACT-1004-1239 dosing. 

Once no clinically relevant treatment exposure and/or treatment-related safety concerns are expected, 

end-of-study assessments can be carried out. With regard to the study population, healthy subjects are 

recommended for this study to avoid confounding factors due to concomitant medications or underlying 

disease. Furthermore, ACT-1004-1239 was safe and well tolerated up to a dose of 200 mg (expected 

ACT-1004-1239 dose/exposure in the event of a maximum DDI effect) in healthy subjects. In order to 

have at least 12 evaluable subjects (with respect to PK) and accounting for a potential subject 

discontinuation rate of 25%, a total of 16 subjects should be enrolled in this study. The proposed study 

design is depicted in Figure 6.  

 

CYP = cytochrome P450; DDI = drug-drug interaction; o.d. = once-daily. 

Figure 1: Recommended study design for the DDI study with ACT-1004-1239 and a strong CYP3A4 inhibitor 

Screening Period 1 
ACT-1004-1239 Itraconazole ACT-1004-1239 + Itraconazole I 

Period 2a Period 2b End-of-study 
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4 DISCUSSION  

Chemokines and their corresponding receptors play an important role in the maintenance of physiological 

processes, amongst others through their ability to induce cell signaling including cell proliferation, 

differentiation, survival, and chemotaxis. On top of these functions, some chemokine receptors, such as 

CXCR7, show an ability to preserve physiological conditions by acting as a scavenger receptor for their 

ligands [8,9]. Disordered physiology caused by disease or injuries can affect the chemokine receptor-

ligand interactions. For example, the CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis is a relevant 

element in several pathophysiological conditions, notably cancer and MS. There is evidence suggesting 

that modulation of the CXCR3/CXCR4/CXCR7–CXCL11/CXCL12 axis, through 

antagonism/blockade/neutralization, can improve the clinical disease score of various animal models of 

cancer and MS. To date, only a few modulators are known that target this specific axis. In addition, only 

a few modulators have reached clinical development [6]. Therefore, there is a high unmet need for new 

potent modulators which can regulate this axis in cancer and MS.  

Idorsia Pharmaceuticals Ltd has developed a selective and potent first-in-class CXCR7 antagonist, 

namely ACT-1004-1239. ACT-1004-1239 provides favorable physicochemical and biological effects to 

engage drug development [187]. Efficacy of ACT-1004-1239 was demonstrated in studies with animal 

models of MS, suggesting a dual mode of action, i.e., immunomodulatory and pro-myelinating effects 

[146,189]. The immunomodulatory effect was further preclinically supported in an animal study using a 

disease model of ALI [82]. Following completion of other pertinent preclinical studies, such as 

toxicology, all prerequisites were fulfilled for initiation of a first-in-human study with ACT-1004-1239.  

The first-in-human study of ACT-1004-1239 was designed as a single-center, randomized, double-blind, 

and placebo-controlled clinical pharmacology study with the main objective to evaluate the 

safety/tolerability, PK, and PD of ACT-1004-1239 following single-dose administration. To accelerate 

the clinical development program, additional assessments, including food effect, absolute bioavailability, 

and ADME characteristics, were incorporated into the study [205]. The integration of the food effect arm 

in a first-in-human study is common practice as it supports the decision of the dosing conditions (fasted 

vs. fed) in subsequent clinical studies [213]. Similarly, the incorporation of an absolute bioavailability 

assessment in early clinical development can inform ahead of time on the drug’s bioavailability. 

Therefore, it may provide guidance on the chosen dose strength to achieving the desired therapeutic 

efficacy in patient studies [214]. The integration of an ADME subpart in a first-in-human study using a 

microtracer approach is not commonly applied to date. Traditionally, human ADME studies were 

conducted as a stand-alone study using a radioactive dose between 20 and 100 µCi. Before this dose can 
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be administered to humans, there is the requirement to determine the radiation burden based on 

quantitative whole-body autoradiography in animals. Furthermore, the material used in such 

conventional ADME studies are to be produced according to Good Manufacturing Practice (GMP), 

which can lead to substantial increase in study cost [215,216]. These additional requirements can be 

circumvented by applying a microtracer approach. The microtracer dose consists of very low amounts of 

radiolabeled compound (<1 µCi), so that no determination of radiation burden is needed. In addition, the 

very low amounts of microtracer used in these studies do not require production according to GMP 

guidelines. The use of such microtracer approach allows the incorporation of an ADME study into a first-

in-human study enabling early identification of relevant human metabolites in clinical development 

[215]. Early investigation of human metabolites in clinical development is encouraged by the health 

authorities [217]. The main reason for this may be to avoid potential safety concerns that could come 

from disproportionate toxic metabolites, which may drive the termination of a drug’s development at a 

later stage [215]. Notably, the integration of an ADME study into a first-in-human study requires a few 

considerations with respect to dose selection and a compound’s survival into later stages of drug 

development. In terms of dose selection, an appropriate dose needs to be selected within the anticipated 

therapeutic dose range or at least a dose within the PK dose-proportional range [218]. These data are 

usually unknown in early clinical development. With regard to the poor success rate in clinical 

development, 90% of drug candidates advancing to clinical development fail and, therefore, early 

identification of metabolites may be redundant [219]. These considerations have to be carefully assessed 

for risk-benefit by each investigator. Besides ADME, absolute bioavailability, and food effect sub-

investigations, a further evaluation can be considered within a single- and/or multiple-ascending dose 

study, namely the concentration-QTc relationship. Such investigation was incorporated in the multiple-

ascending dose study of ACT-1004-1239. This study was a single-center, randomized, double-blind, and 

placebo-controlled Phase 1 study and focused on the investigation of the safety/tolerability, PK, and PD 

of multiple doses of ACT-1004-1239 [211]. The inclusion of the concentration-QT analysis in this early 

stage of clinical development could be considered as justification for obtaining a waiver for a thorough 

QTc study [220].  

Altogether, two clinical pharmacology studies with ACT-1004-1239 have been conducted to date. These 

studies, although few in number, provided a thorough characterization of ACT-1004-1239 in terms of 

safety/tolerability, PK, and PD at an early stage of clinical development.  

Prior to the initiation of a clinical study in patients, the safety profile must be sufficiently investigated in 

healthy subjects. The use of healthy subjects in early-stage clinical development is a standardized 

approach allowing good understanding of the safety/tolerability properties of a noncytotoxic drug without 
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any confounding factors such as concomitant drug treatment or underlying diseases. Safety/tolerability 

investigations including vital signs, 12-lead ECG, clinical laboratory, and body weight assessments (i.e., 

standard safety evaluation package) revealed that single and multiple doses of ACT-1004-1239 were safe 

and well tolerated up to and including the maximum investigated dose of 200 mg (o.d.). There were no 

serious or other significant adverse events. Frequently reported adverse events in both studies included 

asymptomatic increase in creatine kinase (CK) and ECG morphology changes. However, the majority of 

subjects who reported an increase in CK had baseline levels above the upper limit of normal range and/or 

admitted performing strong physical exercise which is known to induce CK elevation [221]. 

Asymptomatic changes in ECG morphology were not accompanied by any clinically significant changes 

in ECG intervals. Furthermore, such ECG abnormalities are commonly reported in healthy subjects 

[222]. In addition to the safety ECG assessment, the integrated investigation of the concentration QTc 

relationship indicated that no ACT-1004-1239-related QTc liability is expected. The safety findings 

reported in both clinical pharmacology studies are monitorable in the subsequent Phase 2 studies. In fact, 

there is no need to apply additional assessments apart from the standard safety evaluation package. 

With regard to PK, both clinical studies revealed similar profiles following single- and multiple-dose 

ACT-1004-1239 with fast absorption and multiple phases of disposition covered by a t1/2 of 

approximately 20 h [205,211]. While the intake of food delays the absorption of ACT-1004-1239, there 

is no clinically relevant alteration in exposure [205]. Furthermore, even though females experience higher 

ACT-1004-1239 exposure (up to 1.4-fold) than males, there is no significant difference in safety profiles 

between the two sexes [211]. These PK characteristics simplify the daily routine of patients who require 

frequent treatment since no dose adjustment and no multiple drug intake per day are required. Additional 

PK investigations using a microtracer approach confirmed a significant distribution of ACT-1004-1239 

into extravascular compartments indicated by a volume of distribution of 183 L. ACT-1004-1239 has an 

absolute bioavailability of 53% and was identified as a low-clearance drug [211]. Some of these PK 

characteristics are in line with the ones observed in animals. Rat and dog also reported a quick absorption 

of ACT-1004-1239 indicated by a time to reach maximum plasma concentration (tmax) of 0.5 and 1.5 h, 

respectively. The elimination of the drug, however, was shorter in animals compared to humans, 

requiring more frequent dosing of ACT-1004-1239 in animal studies [187]. Similar as in humans, the 

tmax was observed later in dogs following food intake, which may be due to delayed gastric emptying 

[205]. All species (i.e., human, rat, and dog) reported a high volume of distribution at steady state, which 

was in excess to total body water. Moreover, the absolute bioavailability in human falls in the range of 

the ones observed in rat (35%) and dog (61%). The clearance of ACT-1004-1239 was high in rat, and 

hence, considered as high-clearance drug in rodents. In contrast, ACT-1004-1239 is a low-clearance drug 
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in humans and dogs [187]. In general, while most PK data in humans are in contrast to the PK observed 

in rodents, the human PK resemble rather the PK obtained in dogs [187]. Therefore, dog is currently the 

most appropriate species to predict the PK of ACT-1004-1239 in humans. 

The modest absolute bioavailability of ACT-1004-1239 in humans may be explained by the drug’s 

metabolism. ACT-1004-1239 is extensively metabolized, and only 15% of the dose is excreted as 

unchanged drug in excreta, predominantly via urine. The main elimination route of drug-related material 

is via feces (~70%) and to a lesser extent via urine (~15%) [188]. According to the health authority 

guideline, PK studies in subjects with hepatic impairment are to be conducted when hepatic metabolism 

and/or excretion accounts for >20% of the absorbed drug [223]. As approximately 70% of ACT-1004-

1239-related material is excreted via feces, PK studies in hepatically impaired subjects are therefore to 

be considered in the future clinical development program of ACT-1004-1239. This would determine any 

significant ACT-1004-1239 PK alterations in this patient population and consequently, if any dose 

adjustments are required for this subpopulation.  

Based on the ADME assessments, two circulating metabolites (i.e., M1 and M23) accounting for >10% 

of total drug-related exposure were identified [188]. As a follow-up investigation, the human plasma 

exposure to M1 and M23 is to be measured and compared to the maximum exposure determined in 

animals used for toxicological evaluation of ACT-1004-1239, according to the health authority guidance 

[217]. Such investigations will inform about any relevant human safety concerns and provide more 

insight into the safety profile of ACT-1004-1239. 

The ADME assessments also provided an understanding of the ACT-1004-1239 elimination route. 

Elimination of the drug via the primary metabolite M1 plays a major role, accounting for ≥25% of total 

drug elimination. This oxidative N-dealkylation pathway is mostly catalyzed by CYP3A4 as shown by 

in vitro data [188]. Therefore, DDI studies investigating the interaction potential of ACT-1004-1239 with 

CYP3A4 inhibitors/inducers should be performed based on the recommendations given by the health 

authorities [190,191]. In general, investigations of DDIs are of utmost relevance in drug development as 

it can lead to a wide range of consequences from loss of efficacy to fatal side effects due to polypharmacy. 

A safety-relevant DDI study (i.e., with a strong CYP3A4 inhibitor) can be designed as an open-label, 

fixed-sequence cross-over study using itraconazole as perpetrator. Itraconazole is a well-known strong 

CYP3A4 index inhibitor and is commonly used for this type of DDI study [224–227]. However, the 

decision on the oral itraconazole formulation (capsule vs. solution) is more challenging compared to the 

other aspects considered for designing a DDI study. In the end, the decision for the ACT-1004-1239 DDI 

study is driven by the excipient of the oral solution, namely cyclodextrin. Due to its structure, it can 
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theoretically form complexes with the victim drug (e.g., ACT-1004-1239), which would reduce its free 

concentration for absorption, and potentially compromise the study outcome. Although this interaction 

may be applicable for the DDI study with ACT-1004-1239, it does not necessarily apply to all DDI 

studies with itraconazole solution. It has to be carefully assessed on a case-by-case basis depending on 

the physicochemical properties of each victim drug. In some cases, the itraconazole oral solution cannot 

be avoided, for example, due to market availability or dosing conditions. In order to circumvent potential 

interactions, the concomitant administration of itraconazole and the victim drug can be separated by at 

least 2–3 h (itraconazole solution prior to victim drug). This recommendation is based on cyclodextrin 

simulation results illustrating that the cyclodextrin concentration within the small intestine is reduced by 

more than half after approximately 2 h [208]. In recently reported DDI studies, itraconazole solution was 

administered approximately 1 h prior to the victim drug and an increase in victim exposure was observed 

[226–228]. However, whether cyclodextrin masked the DDI and therefore led to unreliable study 

outcome remains to be determined. While the DDI study with a strong CYP3A4 inhibitor is related to 

safety concerns, combinations with CYP3A4 inducers can have implications on the efficacy of the drug 

and should also be considered in the clinical development program of ACT-1004-1239. 

With regard to PD, as CXCR7 functions as a scavenger receptor for both ligands, CXCL11 and CXCL12, 

antagonism of the receptor by ACT-1004-1239 is expected to increase the ligand concentration in plasma. 

Therefore, CXCL11 and CXCL12 plasma concentrations were measured in the single- and multiple-

ascending dose studies as biomarker of target engagement. However, as CXCL11 is an inflammatory 

chemokine mainly induced by IFNβ / IFNγ under inflammatory conditions [229], and the CXCL11 gene 

is less expressed in healthy subjects, no alteration in CXCL11 plasma concentration was expected in 

healthy subjects [230,231]. Indeed, no changes in CXCL11 plasma level was observed in healthy 

subjects, neither after single-dose, nor after multiple-dose administration of ACT-1004-1239 [205,211]. 

However, this does not preclude that significant changes in CXCL11 plasma level may be observed in 

patients, as preclinical disease models of MS and ALI indicated a dose-dependent increase in CXCL11 

concentration in plasma [82,189]. Further clinical studies in patients are required to confirm the 

translatability of preclinical data. In contrast to CXCL11, following single- and multiple-ascending doses 

of ACT-1004-1239, CXCL12 plasma concentration increased in a dose-dependent manner indicating 

target engagement of ACT-1004-1239. In both studies, at the highest dose group of 200 mg, the increase 

in CXCL12 plasma level was similar to the one observed in the 100 mg dose group (approximately 2-

fold compared to baseline and/or placebo treatment), suggesting that a plateau has been approached. In 

line with the observed data, simulations using the PK/PD model demonstrated that no further increase in 

CXCL12 concentration is expected for doses >100 mg [205,211]. Since the CXCL12 increase was 
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maintained over at least 24 h after single-dose administration and taking the PK of ACT-1004-1239 in 

humans (i.e., t1/2 ~20 h) into consideration, a o.d. dosing regimen was proposed for successive clinical 

studies including the multiple-ascending dose study. Following multiple-ascending doses of ACT-1004-

1239, CXCL12 level remained high after the first dose until 24 h after the last dose [211]. In line with 

healthy humans, a dose-dependent increase in CXCL12 concentration including an approaching of a 

plateau was also observed in various animal disease models after treatment with ACT-1004-1239. 

Importantly, the ACT-1004-1239-associated increase in CXCL12 levels was linked to efficacy in animal 

models of MS and ALI [82,146]. Therefore, investigation of CXCL12 as a biomarker of target 

engagement and efficacy should also be considered in patients.  

Taken together, the safety/tolerability, PK, and PD of ACT-1004-1239 have been thoroughly 

characterized in healthy humans enabling further clinical development of the drug in patients.  
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5 CONCLUSIONS AND OUTLOOK 

CXCR7 has evolved as a druggable target due to its ability to regulate CXCL11 and CXCL12 

concentrations and to indirectly modulate the functions of CXCR3 and CXCR4. Promising preclinical 

observations suggest that blockade of these functions reduces the progression of several diseases 

including cancer and MS. Unfortunately, thus far no CXCR7 antagonist has been approved for the 

treatment of cancer or MS and a high unmet clinical need remains. ACT-1004-1239 is a potent and 

selective CXCR7 antagonist and represents a first-in-class drug candidate in clinical development. It 

showed a favorable efficacy profile in animal models of MS leading to a reduction in disease progression. 

In these animal models, alongside the immunomodulatory effect ACT-1004-1239 demonstrated pro-

myelinating effect. Therefore, ACT-1004-1239 may not only act as a disease-modifying therapy by 

changing the course of the disease (e.g., MS) but may also be beneficial in possible recovery from the 

disease. The efficacy observed in diseased animals was suggested to be linked to the dose-dependent 

increase in CXCL11 and CXCL12 concentrations, emphasizing the use of CXCL11 and CXCL12 as 

biomarkers of target engagement. Indeed, such ACT-1004-1239-induced increase in CXCL12 plasma 

levels was also observed in both studies (single- and multiple-ascending dose) in healthy subjects. 

Therefore, these data warrant the further use of CXCL12 as a translational tool in future clinical studies 

in MS patients for example. It can provide guidance for optimal dose selection in subsequent clinical 

development. However, whether the dose-dependent increase in CXCL12 level and the magnitude in 

CXCL12 increase are sufficient to be associated with efficacy remains unknown and requires further 

investigations in patient studies. Whether CXCL11 can also be utilized as biomarker of target 

engagement will also require further clinical investigations in patients. Of note, the measurement of both 

biomarkers in human plasma may provide more insight into the immunomodulatory effect of ACT-1004-

1239 as this is assumed to take place at the site of endothelia. In order to evaluate the correlation between 

these chemokines and the (pro-)myelinating effect that is assumed to happen in the parenchyma, there is 

a necessity to measure these chemokines in the brain. However, such investigation is highly invasive and 

not viable in patients. This may be circumvented by using a less invasive approach of measuring these 

chemokines in patients’ CSF as previously done in a mouse model of MS. However, before any increase 

in CXCL11 and CXCL12 can be seen in the brain, it is important to assess the ability of ACT-1004-1239 

to cross the BBB including the sensitivity to the efflux transporter P-gp. Although promising animal 

efficacy data in animal models exist (i.e., MS and ALI), it does not rule out possible further preclinical 

investigations of ACT-1004-1239 in other diseases like cancer and/or demyelinating diseases. This 

would broaden the potential therapy opportunities for ACT-1004-1239. Since ACT-1004-1239 was safe 

and well tolerated up to and including a dose of 200 mg, there is no limitation in patient selection in terms 
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of safety/tolerability. Due to incorporation of multiple assessments (i.e., food effect, absolute 

bioavailability, and ADME) in the first-in-human study, the PK profile of ACT-1004-1239 was 

thoroughly characterized. PK in conjunction with PD data support a o.d. dosing regimen for future studies 

in patients. In parallel to the Phase 2 study, further clinical pharmacology studies such as DDI studies 

with CYP3A4 inhibitors/inducers or studies with hepatically impaired subjects are to be considered. 

These studies would provide more insight into the PK of ACT-1004-1239 and can guide dose adjustment 

as needed. Overall, the clinical pharmacology studies completed to date provide all the prerequisites for 

further clinical investigations of ACT-1004-1239 in patients. 
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Table S1: Key steps of model development 

Key model development steps ΔOFV 

PK model  

Two-compartment model compared to one-compartment model -320.64 

Saturable clearance -5.80 

Dose on clearance -57.57 

Dose-dependent bioavailability 53.20 

Dose on absorption rate constant 148.78 

Dose on lag time -144.32 

Saturable distribution -682.88 

Add lag time -89.48 

Food on lag time -111.84 

Three-compartment model -316.85 

PK/PD model  

Feedback on elimination rate constant of CXCL12 compared to regular 
indirect-response model 

-1013.02 

Emax fixed to 0.5 (instable parameter estimation) 7.08 

Emax fixed to 1 33.26 

Emax fixed to 0.8 28.56 

Key steps of model development are tabulated in sequential descending order. Grey shaded steps were not included in the final model. 
ΔOFV: change in objective function value. 
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Table S2: Parameter estimates of population PK/PD model 

Parameter Description Unit Estimate RSE (%) IIV 
RSE 
(%) 

IOV RSE (%) 

F Bioavailability - 0.52 Fix 0.502 9.01 0.1 Fix 
Tlag Lag time h 0.255 14.1 0.633 16.2   

Food on Tlag Food effect on lag time - 1.49 9.04 NA NA   

ka Absorption rate constant 1/h 0.759 0.535 0.329 10.7   

V1 Central volume of distribution L 27.4 5.43 0.53 7.06   

CL Clearance L/h 27.4 4.64 0.303 10.7   

k21 
Transition rate constant from 

central to 1st peripheral 
compartment 

1/h 1.88 2.22 0.402 6.15   

Vmk12 
Maximum transport capacity to 1st 

peripheral compartment mg/h 9.79 0.439 0.01 Fix   

Kmk12 
ACT-1004-1239 concentration at 

half Vmk12 
ng/mL 7.41 5.47 0.54 7.72   

Corr k21, 
Kmk12 

Correlation between k21 and Kmk12 - NA NA -
0.694 6.07   

Q3 
Intercompartmental clearance for 

2nd peripheral compartment L/h 124 0.698 0.01 Fix   

V3 
Volume of distribution of 2nd 

peripheral compartment L 96.5 4.06 0.201 15.3   

Emax Maximum effect - 0.8 Fix NA NA   

IC50 
ACT-1004-1239 concentration at 

half Emax 
ng/mL 257 41.2 0.877 35.1   

h Hill factor of effect - 0.185 0.99 NA NA   

kout 
Elimination rate constant of 

CXCL12 1/h 0.538 17.6 0.936 13.8   

γ Exponent of feedback function - 0.246 19.1 0.1 Fix   

CXCL12t=0 
Baseline concentration of 

CXCL12 pg/mL NA NA 0.119 12   

Res PK Proportional residual error on 
ACT-1004-1239 - 0.236 3.35     

Res 
microtracer 

Proportional residual error on 
radiolabeled ACT-ACT-1004-

1239 
- 0.235 6.40     

Res CXCL12 Proportional residual error on 
CXCL12 - 0.177 2.67     

IIV: Interindividual variability; IOV: Interoccasion variability; RSE: relative standard error. Variability parameter estimates are reported as 
standard deviations.  
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Figure S1 A: Visual predictive check of ACT-1004-1239 plasma concentration-time profiles. 

 

Dots: observed data. Lines: median (red), 5th, and 95th (blue) percentile of observed data. Shaded areas: 90% confidence interval for median (red), 5th, and 
95th (blue) percentile of 1000 simulations. 
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Figure S2: Goodness-of-fit plots of ACT-1004-1239 (A/B) and CXCL12 (C/D) plasma concentrations. 

	
Observed versus individual and population predicted plasma concentrations of ACT-1004-1239 (Panel A and B) and CXCL12 (Panel C and D) on logarithmic 
scale. For ACT-1004-1239, simulated data was used for observed concentrations below the lower limit of quantification (0.5 ng/mL) and the axes were 
limited to 0.05 ng/mL. 
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Supplementary material: Pharmacokinetic bioanalysis and evaluation 

Plasma concentrations of ACT-1004-1239 were determined by liquid chromatography coupled to tandem 

mass spectrometry (LC-MS/MS) utilizing electrospray ionization (ESI) in positive ion mode (API 5000; 

AB Sciex, Brugg, Switzerland). The LLOQ was 0.5 ng/mL. The LC pump (LC-20AD and LC-30AD, 

Shimadzu Schweiz GmbH, Reinach, Switzerland) operated at a flow rate of 0.7 mL/min with two mobile 

phases A and B containing water with 0.1% formic acid (v/v) (A) or methanol with 0.1% formic acid 

(v/v) (B) that were used at variable ratios over time to allow for gradient elution. The internal standard 

was stable-isotope-labeled ACT-1004-1239 and added in a mixture of acetonitrile/DMSO (1:1, v/v) and 

at a concentration of 1 mg/mL to each plasma aliquot. Multiple reaction monitoring transitions were 

measured at m/z 523 and 388 for ACT-1004-1239 and at m/z 527 and 392 for the internal standard, 

respectively. Three QC samples were included in the analysis and revealed an inter-batch precision of ≤ 

7.6 % and an inter-batch accuracy ranging from -2.0% to 4.3%.  

PK parameters were determined by non-compartmental analysis using Professional WinNonlin 8.0 

(Pharsight, Mountain View, CA, US). Any concentrations below the LLOQ were set to zero. 

The effect of food on the PK of ACT-1004-1239 was evaluated by assessing the geometric mean ratios 

of area under the plasma concentration-time curve from zero to infinity (AUC0-∞) and maximum plasma 

concentration (Cmax) data. Dose proportionality was assessed using the power model described by Gough 

et al. [232].  

For determination of absolute bioavailability, 14C-radiolabeled ACT-1004-1239 was quantified by high-

performance liquid chromatography (HPLC) and AMS. Prior to analysis, plasma samples were purified 

by liquid-liquid extraction. Extracted plasma samples were loaded on the HPLC column (Gemini NX-

C18, phenomenex®, CA, US) and separated by ammonium formate (mobile phase A) and 

acetonitrile:methanol:ammonium formate (70:20:10 v/v/v) (mobile phase B) with a flow rate of 

1 mL/min. Peak-based fraction collection was applied to collect eluate fractions corresponding to 14C-

radiolabeled ACT-1004-1239, which were then combusted and graphitized for further AMS analysis. 

Raw data was expressed as percent modern carbon (pMC) and converted into radioactivity data with 100 

pMC corresponding to 13.56 disintegrations per minute (dpm)/g C. 

The intravenous PK data were dose-corrected based on a radioactivity concentration of 9.2 µg per µCi. 

Clearance (CL), volume of distribution at steady-state (Vss), and absolute bioavailability (F) were 

estimated according to the following equations: 
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𝐹 =
[𝐴𝑈𝐶!"#]$.&. ∗ 	𝑑𝑜𝑠𝑒'.(.
[𝐴𝑈𝐶!"#]'.(. ∗ 	𝑑𝑜𝑠𝑒$.&.

 

𝐶𝐿 =
𝑑𝑜𝑠𝑒'.(.

[𝐴𝑈𝐶!"#]'.(.
 

𝑉)) =
𝑑𝑜𝑠𝑒'.(. ∗ [𝐴𝑈𝑀𝐶!"#]'.(.

([𝐴𝑈𝐶!"#]'.(.)*
 

AUMC0-∞ - area under the first moment curve extrapolated to infinity. 
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Supplementary material: Monolix model codes and configuration files  

PK model: Model code 

DESCRIPTION: 

 

odeType = stiff 

 

[LONGITUDINAL] 

 

input = {F, Tlag, ka, V1, CL, k21, Vmk12, Kmk12, Q3, V3} 

 

PK: 

 

compartment(cmt=1, amount=Anorm) 

compartment(cmt=3, amount=Arad) 

 

kel = CL/V1 

k13 = Q3/V1 

k31 = Q3/V3 

 

oral(adm=1, cmt=1, ka, p=F, Tlag) 

iv(adm=2, cmt=3) 

 

Conc = (Anorm+Arad)/V1*1000 

Norm = Anorm/V1*1000 

Rad = Arad/V1*1000 

 

EQUATION: 

 

; plasma concentrations 

 

ddt_Anorm = - Norm*Vmk12/(Kmk12+Conc) + k21*Apernorm - kel*Anorm -k13*Anorm + 
k31*Apernorm2 

ddt_Apernorm= Norm*Vmk12/(Kmk12+Conc) - k21*Apernorm 

ddt_Apernorm2= k13*Anorm - k31*Apernorm2 

 

; microtracer concentrations 
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ddt_Arad = - Rad*Vmk12/(Kmk12+Conc) + k21*Aperrad - kel*Arad - k13*Arad + k31*Aperrad2 

ddt_Aperrad = Rad*Vmk12/(Kmk12+Conc) - k21*Aperrad 

ddt_Aperrad2 = k13*Arad - k31*Aperrad2 

 

OUTPUT: 

 

output = {Conc, Rad} 
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PK model: Configuration file 

<DATAFILE> 

 

[FILEINFO] 

file = ‘../Data/2019-10-08 Monolix_PK.csv’ 

delimiter = comma 

header = {SUBJID, OCC, TIME, TIMEP, COH, AMT, ADM, DUR, DV, EVID, MDV, CENS, LIMIT, TYPE, 
DOSE, DOSEcont, DOSEreg, FOOD, AUC0_INF, CMAX, AUC0_24, AGE, SEX, RACE, HEIGHT, WEIGHT, ALB, 
ALP, ALT, AST, BILI, CREAT, CLCR, DOSEfac, MDV2} 

 

[CONTENT] 

SUBJID = {use=identifier} 

OCC = {use=occasion} 

TIME = {use=time} 

AMT = {use=amount} 

ADM = {use=administration} 

DUR = {use=infusiontime} 

DV = {use=observation, name={DV, yRad}, yname={‘PK’, ‘Rad’}, type={continuous, continuous}} 

EVID = {use=eventidentifier} 

MDV = {use=missingdependentvariable} 

CENS = {use=censored} 

LIMIT = {use=limit} 

TYPE = {use=observationtype} 

DOSE = {use=covariate, type=categorical} 

DOSEcont = {use=covariate, type=continuous} 

DOSEreg = {use=regressor} 

FOOD = {use=covariate, type=categorical} 

AGE = {use=covariate, type=continuous} 

SEX = {use=covariate, type=categorical} 

RACE = {use=covariate, type=categorical} 

HEIGHT = {use=covariate, type=continuous} 

WEIGHT = {use=covariate, type=continuous} 

ALB = {use=covariate, type=continuous} 

ALP = {use=covariate, type=continuous} 

ALT = {use=covariate, type=continuous} 

AST = {use=covariate, type=continuous} 

BILI = {use=covariate, type=continuous} 

CREAT = {use=covariate, type=continuous} 
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CLCR = {use=covariate, type=continuous} 

 

<MODEL> 

 

[COVARIATE] 

input = FOOD 

 

FOOD = {type=categorical, categories={fasted, fed}} 

 

[INDIVIDUAL] 

input = {ka_pop, omega_ka, V1_pop, omega_V1, CL_pop, omega_CL, F_pop, omega_F, Kmk12_pop, 
omega_Kmk12, Vmk12_pop, k21_pop, omega_k21, Tlag_pop, omega_Tlag, gamma_Tlag, FOOD, 
beta_Tlag_FOOD_fed, omega_Vmk12, corr1_k21_Kmk12, Q3_pop, omega_Q3, V3_pop, omega_V3} 

 

FOOD = {type=categorical, categories={fasted, fed}} 

 

DEFINITION: 

ka = {distribution=logNormal, typical=ka_pop, sd=omega_ka} 

V1 = {distribution=logNormal, typical=V1_pop, sd=omega_V1} 

CL = {distribution=logNormal, typical=CL_pop, sd=omega_CL} 

F = {distribution=logitNormal, typical=F_pop, sd=omega_F} 

Kmk12 = {distribution=logNormal, typical=Kmk12_pop, sd=omega_Kmk12} 

Vmk12 = {distribution=logNormal, typical=Vmk12_pop, sd=omega_Vmk12} 

k21 = {distribution=logNormal, typical=k21_pop, sd=omega_k21} 

Tlag = {distribution=logNormal, typical=Tlag_pop, covariate=FOOD, coefficient={0, 
beta_Tlag_FOOD_fed}, varlevel={id, id*occ}, sd={omega_Tlag, gamma_Tlag}} 

Q3 = {distribution=logNormal, typical=Q3_pop, sd=omega_Q3} 

V3 = {distribution=logNormal, typical=V3_pop, sd=omega_V3} 

correlation = {level=id, r(k21, Kmk12)=corr1_k21_Kmk12} 

 

[LONGITUDINAL] 

input = {bDV, bRad} 

 

file = ‘../Model/Model111.txt’ 

 

DEFINITION: 

yDV = {distribution=normal, prediction=Conc, errorModel=proportional(bDV)} 

yRad = {distribution=normal, prediction=Rad, errorModel=proportional(bRad)} 
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<FIT> 

data = {DV, yRad} 

model = {yDV, yRad} 

 

<PARAMETER> 

CL_pop = {value=27.61872234411653, method=MLE} 

F_pop = {value=0.52, method=FIXED} 

Kmk12_pop = {value=7.08818946491974, method=MLE} 

Q3_pop = {value=128.4112250775761, method=MLE} 

Tlag_pop = {value=0.2522140212386447, method=MLE} 

V1_pop = {value=26.16702440537953, method=MLE} 

V3_pop = {value=101.8272186747114, method=MLE} 

Vmk12_pop = {value=9.88819320497411, method=MLE} 

bDV = {value=0.237021814824579, method=MLE} 

bRad = {value=0.2389396125341104, method=MLE} 

beta_Tlag_FOOD_fed = {value=1.483041450754112, method=MLE} 

corr1_k21_Kmk12 = {value=-0.6300347163839747, method=MLE} 

gamma_Tlag = {value=0.01, method=FIXED} 

k21_pop = {value=1.959618052316744, method=MLE} 

ka_pop = {value=0.7592338174590723, method=MLE} 

omega_CL = {value=0.3073932551936095, method=MLE} 

omega_F = {value=0.4616394628112758, method=MLE} 

omega_Kmk12 = {value=0.5177339679457664, method=MLE} 

omega_Q3 = {value=0.01, method=FIXED} 

omega_Tlag = {value=0.6225291941095611, method=MLE} 

omega_V1 = {value=0.5993275317500033, method=MLE} 

omega_V3 = {value=0.1629829212643017, method=MLE} 

omega_Vmk12 = {value=0.01, method=FIXED} 

omega_k21 = {value=0.414109732849249, method=MLE} 

omega_ka = {value=0.3433097041371914, method=MLE} 

 

<MONOLIX> 

 

[TASKS] 

populationParameters() 

individualParameters(method = {conditionalMean, conditionalMode }) 

fim(method = StochasticApproximation) 
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logLikelihood(method = ImportanceSampling) 

plotResult(method = {outputplot, indfits, obspred, vpc, npc, residualsscatter, 
residualsdistribution, parameterdistribution, covariatemodeldiagnosis, randomeffects, 
covariancemodeldiagnosis, blq, predictiondistribution, likelihoodcontribution, 
categorizedoutput, saemresults, condmeanresults, fisher, likelihoodresults }) 

 

[SETTINGS] 

GLOBAL: 

exportpath = ‘Project126’ 

 

LL: 

fixedsimulations = 20000 

 

[COMMENTS] 

; Fisher matrix not correctly estimated for stochastic approsimation but for linarization 

; OFV unexpectedly high 
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PK/PD model: Model code 

DESCRIPTION: 

 

odeType = stiff 

 

[LONGITUDINAL] 

 

input = {Emax, IC50, hill, kout, eta, gam,  

 DOSEreg, BSL12, FOODreg, F, Tlag, ka, V1, CL, k21, Vmk12, Kmk12, Q3, V3} 

 

DOSEreg = {use=regressor} 

BSL12 = {use=regressor} 

FOODreg = {use=regressor} 

F = {use=regressor} 

Tlag = {use=regressor} 

ka = {use=regressor} 

V1 = {use=regressor} 

CL = {use=regressor} 

k21 = {use=regressor} 

Vmk12 = {use=regressor} 

Kmk12 = {use=regressor} 

Q3 = {use=regressor} 

V3 = {use=regressor} 

 

PK: 

 

compartment(cmt=1, amount=Anorm) 

compartment(cmt=3, amount=Arad) 

 

kel = CL/V1 

k13 = Q3/V1 

k31 = Q3/V3 

 

oral(adm=1, cmt=1, ka, p=F, Tlag) 

iv(adm=2, cmt=3) 

 

Conc = (Anorm+Arad)/V1*1000 
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Norm = Anorm/V1*1000 

Rad = Arad/V1*1000 

 

Eff = Emax*Conc^hill/(IC50^hill+Conc^hill) 

 

EQUATION: 

 

 

ddt_Anorm = - Norm*Vmk12/(Kmk12+Conc) + k21*Apernorm - kel*Anorm -k13*Anorm + 
k31*Apernorm2 

ddt_Apernorm= Norm*Vmk12/(Kmk12+Conc) - k21*Apernorm 

ddt_Apernorm2= k13*Anorm - k31*Apernorm2 

 

ddt_Arad = - Rad*Vmk12/(Kmk12+Conc) + k21*Aperrad - kel*Arad - k13*Arad + k31*Aperrad2 

ddt_Aperrad = Rad*Vmk12/(Kmk12+Conc) - k21*Aperrad 

ddt_Aperrad2 = k13*Arad - k31*Aperrad2 

 

 

Base = BSL12 * exp(eta) 

FB = (Base/CXCL12)^gam 

kin = kout*Base 

CXCL12_0 = Base 

ddt_CXCL12 = kin - kout*FB*(1-Eff)*CXCL12 

 

OUTPUT: 

 

output = {CXCL12} 

 

	  



APPENDIX / SUPPORTING INFORMATION 

125 

PK/PD model: Configuration file 

<DATAFILE> 

 

[FILEINFO] 

file = ‘../Data/2020-03-10 Monolix_PKPD_CXCL12_seq.csv’ 

delimiter = comma 

header = {SUBJID, OCC, TIME, TIMEP, COH, AMT, ADM, DUR, DV, EVID, MDV, CENS, LIMIT, TYPE, 
AP, DOSE, DOSEcont, DOSEreg, FOOD, AUC0_INF, CMAX, AUC0_24, BSL12, AGE, SEX, RACE, HEIGHT, 
WEIGHT, ALB, ALP, ALT, AST, BILI, CREAT, CLCR, DOSEfac, MDV2, FOODreg, F, Tlag, ka, V1, CL, 
k21, Vmk12, Kmk12, Q3, V3} 

 

[CONTENT] 

SUBJID = {use=identifier} 

OCC = {use=occasion} 

TIME = {use=time} 

AMT = {use=amount} 

ADM = {use=administration} 

DUR = {use=infusiontime} 

DV = {use=observation, name={yCXCL12, yPK, yRad}, yname={‘CXCL12’, ‘PK’, ‘Rad’}, 
type={continuous, continuous, continuous}} 

EVID = {use=eventidentifier} 

MDV = {use=missingdependentvariable} 

CENS = {use=censored} 

LIMIT = {use=limit} 

TYPE = {use=observationtype} 

DOSE = {use=covariate, type=categorical} 

DOSEcont = {use=covariate, type=continuous} 

DOSEreg = {use=regressor} 

FOOD = {use=covariate, type=categorical} 

BSL12 = {use=regressor} 

AGE = {use=covariate, type=continuous} 

SEX = {use=covariate, type=categorical} 

RACE = {use=covariate, type=categorical} 

HEIGHT = {use=covariate, type=continuous} 

WEIGHT = {use=covariate, type=continuous} 

ALB = {use=covariate, type=continuous} 

ALP = {use=covariate, type=continuous} 

ALT = {use=covariate, type=continuous} 

AST = {use=covariate, type=continuous} 
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BILI = {use=covariate, type=continuous} 

CREAT = {use=covariate, type=continuous} 

CLCR = {use=covariate, type=continuous} 

FOODreg = {use=regressor} 

F = {use=regressor} 

Tlag = {use=regressor} 

ka = {use=regressor} 

V1 = {use=regressor} 

CL = {use=regressor} 

k21 = {use=regressor} 

Vmk12 = {use=regressor} 

Kmk12 = {use=regressor} 

Q3 = {use=regressor} 

V3 = {use=regressor} 

 

<MODEL> 

 

[INDIVIDUAL] 

input = {Emax_pop, IC50_pop, omega_IC50, eta_pop, omega_eta, gam_pop, hill_pop, kout_pop, 
omega_kout, omega_gam} 

 

DEFINITION: 

Emax = {distribution=logitNormal, typical=Emax_pop, no-variability} 

IC50 = {distribution=logNormal, typical=IC50_pop, sd=omega_IC50} 

eta = {distribution=normal, typical=eta_pop, sd=omega_eta} 

gam = {distribution=logNormal, typical=gam_pop, sd=omega_gam} 

hill = {distribution=logNormal, typical=hill_pop, no-variability} 

kout = {distribution=logNormal, typical=kout_pop, sd=omega_kout} 

 

[LONGITUDINAL] 

input = {b} 

 

file = ‘../Model/Model207.txt’ 

 

DEFINITION: 

y1 = {distribution=normal, prediction=CXCL12, errorModel=proportional(b)} 

 

<FIT> 
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data = yCXCL12 

model = y1 

 

<PARAMETER> 

Emax_pop = {value=0.8, method=FIXED} 

IC50_pop = {value=500, method=MLE} 

b = {value=2, method=MLE} 

eta_pop = {value=0, method=FIXED} 

gam_pop = {value=0.2, method=MLE} 

hill_pop = {value=0.2, method=MLE} 

kout_pop = {value=0.4, method=MLE} 

omega_IC50 = {value=2, method=MLE} 

omega_eta = {value=0.1, method=MLE} 

omega_gam = {value=0.1, method=FIXED} 

omega_kout = {value=2, method=MLE} 

 

<MONOLIX> 

 

[TASKS] 

populationParameters() 

individualParameters(method = {conditionalMean, conditionalMode }) 

fim(method = Linearization) 

logLikelihood(method = Linearization) 

plotResult(method = {outputplot, indfits, obspred, vpc, npc, residualsscatter, 
residualsdistribution, parameterdistribution, covariatemodeldiagnosis, randomeffects, 
covariancemodeldiagnosis, blq, predictiondistribution, likelihoodcontribution, 
categorizedoutput, saemresults, condmeanresults, fisher, likelihoodresults }) 

 

[SETTINGS] 

GLOBAL: 

exportpath = ‘Project226’ 
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Fig. S1. Structure elucidation of M1 in rat urine. Figure shows the comparison of MS2 spectra of [M+H]+ ions of M1 (above) and 
reference standard (below) after a high energy collision-induced dissociation (HCD) of 35%. Spectrum differences in the range below m/z 
125 are explained by different scan ranges applied for in vivo samples and references compound. 

 

 

 

Fig. S2. Structure elucidation of M23 in rat urine. Figure shows the comparison of MS2 spectra of [M-CO2-H]- ions of M23 (above) 
and reference standard (below) after a high energy collision-induced dissociation (HCD) of 35%.   
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Fig. S3. Structure elucidation of M38 in rat urine. Figure shows the comparison of MS2 spectra of [M+H]+ ions of M38 (above) and 
reference standard (below) after a high energy collision-induced dissociation (HCD) of 35%.  

 

 

 

 

Fig. S4. Structure elucidation of A1 in human feces. Figure shows comparison of MS2 spectra of [M+H]+ ions of A1 (above) and M1 
(below) after high energy collision-induced dissociation (HCD) of 35%.   
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Fig. S5. Structure elucidation of A2 in human feces. Figure shows comparison of MS2 spectra of [M+H]+ ions of A2 (above) and M1 
(below) after high energy collision-induced dissociation (HCD) of 35%. 

 

 

 

 
Fig. S6. Structure elucidation of A3 in human feces. Figure shows comparison of MS2 spectra of [M+H]+ ions of A3 (above) and 
parent drug (below) after high energy collision-induced dissociation (HCD) of 35%.  
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Table S1. PK/PD model parameters in mice.  

  Population parameters Inter-individual variability  
(random effects) 

Parameter Description Estimate %RSE Estimate %RSE %CV 

ka (1/h) Absorption rate constant 0.22 15.8 0.412 22.0 71.4 

VC (L) Volume of distribution, central 
compartment 

0.000061 654 4.64 46.8 1012 

CL (L/h) Clearance 0.339 17.8 0.654 19.3 96.1 

βDose on CL Dose effect (in mg/kg) on clearance  -0.0124 26.6 - - - 

Emax Maximum inhibitory effect 0.834 0.2 - - - 

IC50 (ng/mL) ACT-1004-1239 concentration at 
half Emax  

11.2 29.4 0.462 24.6  76.6 

Hill Hill coefficient  3.11 46.1 1.1 31 141.6 

CXCL12t=0 
(pg/mL) 

Baseline concentration CXCL12 1074 2.9 0.129  14.4 37.1 

kout (1/h) Elimination rate constant of 
CXCL12 

0.174 0.44 - - - 

Residual error terms 

aPK Constant error ACT-1004-1239 0.215 61.7    

bPK Proportional error ACT-1004-1239 0.124 202    

aCXCL12 Constant error CXCL12 0.0473 62.2    

bCXCL12 Proportional error CXCL12 0.0055 185    

The PK and PK/PD model parameters were estimated sequentially. %RSE, relative standard error; %CV, coefficient of variation defined 
as CV(%)=100*sqrt(exp(w2)-1) [Bonate 2011; p. 238f] with w the standard deviation of the associated random effect; PD, 
pharmacodynamics; PK, pharmacokinetics.  
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Fig. S1. PK model: prediction-corrected visual predictive check for ACT-1004-1239 concentration over time in mice. ACT-1004-
1239 concentration (ng/mL) over time (h). Blue lines indicate empirical 10th, 50th, and 90th percentiles, shaded areas indicate 90% confidence 
intervals of the predicted 10th (blue), 50th (red), and 90th (blue) percentiles, red circles indicate data outside the predicted concentration 
range.  

 

 

 
Fig. S2. PK/PD model: prediction-corrected visual predictive check for CXCL12 concentration over time in mice. CXCL12 
concentration (pg/mL) over time after last dose (h), stratified for active (left) and vehicle (right). Blue lines indicate empirical 10th, 50th, and 
90th percentiles, shaded areas indicate 90% confidence intervals of the predicted 10th (blue), 50th (red), and 90th (blue) percentiles, red circles 
indicate data outside the predicted concentration range.  
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Table S2. PK/PD model parameters in humans.  

  Population parameters Inter-individual variability  
(random effects) 

Inter-occasion 
variability (random 

effects) 
Parameter Description Estimate %RSE Estimate %RSE %CV Estimate %RSE 

F Bioavailability 0.52 (fixed) - - - -   

tlag (h) Absorption lag time 0.295 11.1 0.472 22.8 77.7 0.01 (fixed) - 

Food status on 
tlag 

Covariate effect 1.45 - - - -   

ka (1/h) Absorption rate constant 0.977 8.13 0.501 13.4 80.6   

VC (L)* Volume of distribution, central 
compartment 

12.6 17.1 0.784 16.3 109.1   

CL (L/h)* Clearance 9.48 6.11 0.449 9.59 75.3   

k21 (1/h)# Transfer rate constant 1st 
peripheral to central 
compartment  

1.51 10.6 0.684 14.1 99.1   

Vmk12 (mg/h)# Maximum transport capacity 
from central to 1st peripheral 
compartment 

9.77 3.06 0.01 (fixed) - -   

Kmk12
# (ng/mL) ACT-1004-1239 concentration 

at half Vmk12 
11.0 17.5 0.919 15.0 122.8   

Corr k21, Kmk12 Correlation between k21 and 
Kmk12  

- - -0.84 7.31 -   

Q (L/h)* Inter-compartmental clearance 
for 2nd peripheral compartment 

123 0.93 0.01 (fixed) - -   

VP (L)* Volume of distribution, 2nd 
peripheral compartment 

20.5 11.8 0.463 17.5 76.7   

Emax Maximum inhibitory effect 0.6 (fixed) - - - -   

IC50 (ng/mL) ACT-1004-1239 concentration 
at half Emax  

1.12 23.3 1.18 22.1  150.1   

Hill Hill coefficient  0.285 0.13 - - -   

CXCL12t=0 
(pg/mL) 

Baseline concentration 
CXCL12 

- - 0.097  10.7 31.1   

kout (1/h) Elimination rate constant of 
CXCL12 

0.454 15.8 0.996 13.0 130.7   

Residual error terms 

bPK Proportional error ACT-1004-
1239 

0.239 2.21      

bRad Proportional error 14C ACT-
1004-1239 

0.311 7.65      

bCXCL12 Proportional error CXCL12 0.152 1.92      

*Population parameters CL, VC, Q, and VP are reported for a typical individual of 70 kg and are scaled allometrically with exponents of 
0.75 and 1 for clearance and volume parameters, respectively. #For the saturable peripheral compartment, no distribution volume was 
estimated as both the transfer rates k12 (saturable) and k21 were estimated. The PK and PD model parameters were estimated sequentially. 
%RSE, relative standard error; %CV, coefficient of variation defined as CV(%)=100*sqrt(exp(w2)-1) [Bonate 2011; p. 238f] with w the 
standard deviation of the associated random effect; PD, pharmacodynamics; PK, pharmacokinetics; Rad, radiolabeled ACT-1004-1239.    



APPENDIX / SUPPORTING INFORMATION 

136 

 

 

 
Fig. S3. PK model: visual predictive check for ACT-1004-1239 concentration over time in humans following 1-200 mg single dose or 30-
200 mg o.d. ACT-1004-1239 concentration (ng/mL) over time (h). Top row shows PK following dose levels 1, 3, 10 mg, middle row 30 
mg o.d., 100 mg o.d., and 200 mg (SAD), and bottom row 30 mg o.d., 100 mg o.d., and 200 mg o.d. (MAD). Blue lines indicate empirical 
10th, 50th, and 90th percentiles, shaded areas indicate 90% confidence intervals of the predicted 10th (blue), 50th (red), and 90th (blue) 
percentiles, red circles indicate data outside the predicted concentration range. MAD, multiple-ascending dose; o.d., once daily; PK, 
pharmacokinetics; SAD, single-ascending dose.  
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Fig. S4. PK/PD model: visual predictive check for CXCL12 concentration over time in humans following 1-200 mg single dose or 30-200 
mg o.d. CXCL12 concentration (pg/mL) over time (h), with top row dose levels 1, 3, 10 mg, middle row, placebo, 30, 100, and 200 mg 
(SAD), and bottom row placebo o.d., 30 mg o.d., 100 mg o.d., and 200 mg o.d. (MAD). Blue lines indicate empirical 10th, 50th, and 90th 
percentiles, shaded areas indicate 90% confidence intervals of the predicted 10th (blue), 50th (red), and 90th (blue) percentiles. MAD, 
multiple-ascending dose; o.d., once daily; PD, pharmacodynamics; PK, pharmacokinetics; SAD, single-ascending dose. 
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Fig. S5. PK/PD model: model structures in mice and humans. PK/PD model structures in mice (A) and humans (B). Pharmacokinetics 
(PK): CL, clearance; F, bioavailability; k21, transfer rate constant 1st peripheral to central compartment; ka, absorption rate constant; Km,k12, 
ACT-1004-1239 concentration at half Vmk12; Q, inter-compartmental clearance for 2nd peripheral compartment; tlag, absorption lag time; VC, 
volume of distribution, central compartment; Vm,k12, maximum transport capacity from central to 1st peripheral compartment; VP, volume 
of distribution, 2nd peripheral compartment. Pharmacodynamics (PD): C, ACT-1004-1239 concentration; Emax, maximum inhibitory effect; 
Hill, Hill coefficient; IC50, ACT-1004-1239 concentration at half Emax; kin, production rate constant of CXCL12; kout, elimination rate 
constant of CXCL12.  
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