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A B S T R A C T   

The fibroblast growth factors (FGF) family holds significant potential for addressing chronic diseases. Specif-
ically, recombinant FGF18 shows promise in treating osteoarthritis by stimulating cartilage formation. However, 
recent phase 2 clinical trial results of sprifermin (recombinant FGF18) indicate insufficient efficacy. Leveraging 
our expertise in rational protein engineering, we conducted a study to enhance the stability of FGF18. As a result, 
we obtained a stabilized variant called FGF18-E4, which exhibited improved stability with 16 ◦C higher melting 
temperature, resistance to trypsin and a 2.5-fold increase in production yields. Moreover, the FGF18-E4 main-
tained mitogenic activity after 1-week incubation at 37 ◦C and 1-day at 50 ◦C. Additionally, the inserted mu-
tations did not affect its binding to the fibroblast growth factor receptors, making FGF18-E4 a promising 
candidate for advancing FGF-based osteoarthritis treatment.   

1. Introduction 

Growth factors (GFs) are small proteins influencing cellular pro-
cesses by transducing signals leading to proliferation, differentiation or 
apoptosis. Fibroblast growth factors (FGFs) constitute an important GF 
family that can act in endocrine, paracrine, and intracellular fashion and 
influence cellular processes throughout cell life. Therefore, the roles of 
FGFs have been extensively studied in recent years [1–4]. Interestingly, 
the FGFs play a crucial role in many developmental processes; therefore, 
they are also implicated in the onset of diseases and their treatment [5]. 

From the practical perspective, the members that recently attracted 
the most attention years are fibroblast growth factor 2 (FGF2, also 
known as a basic fibroblast growth factor), fibroblast growth factor 7 
(FGF7, also known as a keratinocyte growth factor) and FGF18. These 
FGF family members are implicated in wound regeneration (FGF2 and 
FGF7) and cartilage repair (FGF18) [3], respectively. Therefore, the 
current growing interest in regenerative medicine has resulted in the 
initiation of various clinical trials using FGF family members, albeit with 
limited success. Currently, the only FDA-approved drug derived from 
FGFs is palifermin, a truncated version of FGF7 used to treat oral 
mucositis resulting from radiotherapy [2,6]. 

The interest in FGF18 was sparked by its ability to stimulate bone 

formation [3,7], specifically, FGF18 is involved in chondrocyte prolif-
eration and differentiation due to the interaction with fibroblast growth 
factor receptors (FGFRs) in proliferating chondrocytes and it also con-
tributes to osteogenesis in periosteum/perichondrium [7]. The 
FGF18/fibroblast growth factor receptor (FGFR) interaction leads to the 
activation of MAPK/ERK pathway, which results in expression of Runx2 
transcription factor and subsequently activation of genes related to bone 
formation [8,9]. Additionally, it has also been linked to the PI3K-AKT 
signaling with respect to the treatment of osteoarthritis by means of 
improving mitochondrial function [10]. In order to utilize these natural 
processes, the recombinant human FGF18 has been under development 
by Merck as a sprifermin, a drug with the potential to act as a 
disease-modifying compound for the treatment of osteoarthritis (OA). 
The treatment of OA presents a significant opportunity since the current 
obesity epidemic that plagues the world promises to increase the num-
ber of OA patients in coming years [11,12]. However, the results of the 
phase 2 clinical trial of sprifermin do not provide substantial encour-
agement. Although the drug exhibited a general capacity to halt the 
progression of the disease and contributed to the formation of additional 
cartilage (0.05 mm of the new cartilage with 100 μg of sprifermin every 
six months), the clinical relevance of the observation remained incon-
clusive both during the FORWARD trial [13] as well as the previous 
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Phase 1 trials [14,15]. It is important to note that none of the afore-
mentioned studies reported significant side effects and thus strength-
ened the promise of FGF18 for OA treatment. 

We were intrigued by the series of results, as it aligns with our pre-
vious hypothesis that the instability of fibroblast growth factors (FGFs) 
can hinder their full therapeutic potential as FGFs often exhibit a short 
half-life in vivo and low thermostability [16]. These limitations can pose 
a significant challenge that must be overcome to increase the applica-
bility of FGFs, as we demonstrated on fibroblast growth factor 2 (FGF2), 
wherein we successfully elevated its melting temperature (Tm) by more 
than 20 ◦C and extended the half-life in vitro by more than 40-fold [17] 
using our protein stabilization tool FireProt [18]. The case of FGF18 
being a promising target was further strengthened by the in vivo study 
using rats. Specifically, the study revealed that intact FGF18 is only 
present in the joint for 4 days and it exhibits tendency to form aggregates 
as well as degradation products [19]. Even though initially we did not 
deem FGF18 significantly unstable [16], we have decided to improve 
FGF18 using FireProt workflow. In an ideal scenario, the campaign 
would lead to a more stable FGF18 variant with the potential to alter the 
progression of OA. 

2. Materials and methods 

2.1. Computational design 

Potentially stabilizing mutations were identified using the FireProt 
workflow [18] that relies on the combination of force-field-based free 
energy prediction and evolutionary approach. The evolution-based 
approach was utilized using a human FGF18 sequence (UniProt ID 
O76093, numbering of human FGF18 is used throughout the study) as 
the query for PSI-BLAST [20] with threshold E-values of 10− 10 and 
10− 15 for the initial BLAST search and inclusion of a sequence in the 
position-specific matrix, respectively. Sequences collected after three 
PSI-BLAST iterations were clustered by CD-HIT [21] at a 90% identity 
threshold. The resulting dataset was clustered with CLANS [22] using 
default parameters to remove close homologs. Sequences were then used 
for the construction of multiple sequence alignment (MSA) with MUS-
CLE [23]. Back-to-consensus analysis was used on positions conserved in 
the MSA but were not present in the designed sequence. Simple 
consensus was used in positions where the consensus residue is present 
in at least 50% of all analyzed sequences. Ratio consensus was used in 
positions where consensus residue frequency is 40% and is at least five 
times more frequent than the wild-type amino acid. For the 
energy-based approach, a corresponding X-ray structure of human 
FGF18 (PDB ID 4CJM) [24] at 2.7 Å resolution, containing residues 
50–190, was used. Before the analysis, the X-ray structure was cleaned 
from ligands (water, ions). The first step relied on the free energy change 
calculation using FoldX empiric force field [25] with the ΔΔG cut-off 
lower than 0 kcal.mol− 1 (− 1 kcal.mol− 1 for the strict selection 
criteria). BiuldModel module was used with the following setting: pH 7, 
298 K, 0.050 M ion strength, five rounds. The next step entailed the 
calculation of ΔΔG using Rosetta [26] according to protocol 16 by 
Kellog and colleagues [27] with Talaris2014 force field using the lowest 
value from 50 rounds of prediction. The energy threshold was set again 
to 0 kcal mol− 1 for potentially stabilizing mutation (− 1 kcal.mol− 1 for 
the strict selection criteria). ConSurf webserver [28] was used to 
calculate the conservation scores of individual residues based on the 
MSA constructed in the evolutionary approach. All the potentially sta-
bilizing mutations exhibiting conservation scores higher than 8 (7 for 
strict selection criteria) were discarded. Additionally, all mutations that 
were located in the functionally important regions were also omitted 
from the final selection. All single-point mutations passing all these fil-
ters were considered as stabilizing, any potential antagonistic effect was 
not predicted. 

2.2. Protein expression 

The chemicals used in this study were purchased from Sigma-Aldrich 
unless stated otherwise. Genes coding FGF18-WT, FGF18-E1, FGF18-E2 
and FGF18-F1 with N-terminal His-tag sequence and thrombin cleavage 
site (amino acid sequences are specified in Supplementary Table S1 and 
Supplementary alignment S2 for comparison of variants of the study to 
sprifermin; the numbering of the human FGF18 was used; the variants 
consist from 21 AA forming the His-tag and residues 28–207 of FGF18, 
UniProt ID O76093) were commercially synthesized (GeneArt), and the 
genes coding for FGF18-E3 and FGF18-E4 were prepared by site- 
directed mutagenesis using Q5-Directed mutagenesis Kit (New En-
gland Biolabs). All genes were cloned into pET28b plasmid (MerckMil-
lipore) and transformed into an Escherichia coli NEB-5α strain (New 
England Biolabs). The plasmids were isolated, their sequence was veri-
fied, and they were subsequently cloned into E. coli BL21 DE3 (New 
England Biolabs). A single colony was used to inoculate a 50 mL starting 
overnight culture consisting of LB media and kanamycin (50 µg mL− 1 

final concentration). The starting culture was incubated overnight at 
37 ◦C, 200 rpm. 25 mL of starting culture was used to inoculate the main 
culture (2 L total volume) with kanamycin (50 µg mL− 1 final concen-
tration). The main culture was incubated at 37 ◦C, 200 rpm (Multitron, 
HT Infors) until the OD600 reached the values of 0.6–0.8. The culture 
was subsequently cooled down (20 ◦C), the expression was induced with 
IPTG (0.5 mM final concentration) and the main culture was incubated 
overnight at 20 ◦C, 200 rpm in the same incubator as before. The 
resulting culture was subsequently centrifuged (ca 2500 g, 20 min, 4 ◦C; 
machine), re-suspended in loading buffer (20 mM K-phosphate buffer, 
500 mM NaCl, 10 mM imidazole, pH 7.5) and stored at − 80 ◦C for 
further use. 

2.3. Protein purification 

The bacterial suspension in loading buffer (20 mM K-phosphate 
buffer, 500 mM NaCl, 10 mM imidazole, pH 7.5) was disintegrated using 
sonication (2 s on, 2 s off, 15 min, 100% amplitude; UP200S, Hielscher), 
and the sonicate was centrifuged (60 min, 20 000 g, 4 ◦C). The resulting 
supernatant was filtered through a 0.45 µm filter and purified on an 
AKTA FLPC system (GE Healthcare) using a cOmplete™ His-Tag Puri-
fication Column (Merck). The elution was performed using gradient 
elution with an elution buffer containing 300 mM imidazole. The ob-
tained protein was further dialyzed overnight at 4 ◦C into the storage 
buffer (20 mM K-phosphate buffer, 500 mM NaCl, pH 7.5). The protein 
yield was determined using Pierce™ Coomassie Plus (Bradford) Assay 
Kit (Thermo Fisher Scientific). The resulting protein solution was diluted 
to 1 mg mL− 1, divided into 1 mL aliquots, lyophilized and stored for 
further use at − 80 ◦C. 

2.4. Secondary structure 

Circular dichroism (CD) spectra of mutants dialyzed in 50 mM 
phosphate buffer pH 7.5 and diluted to the concentration of 0.2 mg mL− 1 

were recorded at 20 ◦C using a spectropolarimeter Chirascan (Applied 
Photophysics) equipped with a Peltier thermostat. Data were collected 
from 200 to 260 nm, at 100 nm min− 1, 1 s response time, and 2 nm 
bandwidth using a 0.1 cm-quartz cuvette. Each spectrum is the average 
of five individual scans and is corrected for absorbance caused by the 
buffer. Collected CD data were expressed in terms of the mean residue 
ellipticity. 

Additionally, the thermal unfolding was analyzed by monitoring the 
ellipticity at 227 nm over the temperature range from 20 to 80 ◦C at a 
heating rate of 1 ◦C min− 1. Recorded thermal denaturation curves of 
FGF18 variants were normalized to represent signal changes between 
approximately 0 and 1 and fitted to sigmoidal curves. The Tm values 
were evaluated from the collected data as a midpoint of the normalized 
thermal transition, using the OriginPro8 software. 
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2.5. Thermal stability 

The thermostability of obtained variants was determined by differ-
ential scanning calorimetry (DSC). Thermal unfolding of 1.0 mg mL− 1 

protein solutions in 50 mM phosphate buffer (pH 7.5) with 750 mM 
NaCl was followed by monitoring the heat capacity using the VP- 
capillary DSC system (GE Healthcare). The measurements were per-
formed at temperatures from 20 to 80 ◦C or from 20 to 100 ◦C at 1 ◦C 
min− 1 heating rate. Tm was evaluated as the top of the Gaussian curve 
after the manual setting of the baseline. 

2.6. Cell proliferation 

The cell proliferation assay was performed as reported previously 
[29]. BaF3 cells expressing FGFR-2C [30] were maintained in DMEM 
medium (Biosera) with 10% newborn calf serum (NCS; Merck), 4 mM 
L-glutamine, 100 U mL− 1 of penicillin, 100 μg mL− 1 of streptomycin (i. 
e.,1 × Pen/Stre; all Thermo Fisher Scientific), 600 μg mL− 1 G418, 50 μM 
β-mercaptoethanol (both Merck) and 0.5 ng mL− 1 mouse interleukin 3 
(IL3; Peprotech). For BaF3 proliferation assays, 4 × 104 cells per well 
were seeded in 96-well plates in BaF3 basal medium (with serum: 10% 
NCS, 1 × Pen/Strep in RPMI-1640; or serum-free: 0.05 ×

insulin-transferrin-selenium (ITS; Thermo Fisher Scientific), 1 × Pen/-
Strep in RPMI-1640) with or without heparin (0–2 g mL− 1; Thermo 
Fisher Scientific), or with protamine sulfate (250 μg mL− 1; Thermo 
Fisher Scientific) as required for the experiments and incubated over-
night at 37 ◦C, 5% CO2. The next day the FGF18 variants at different 
concentrations (as needed for the experiment) were added to the plates. 
Within each experiment, all treatments were done in triplicates. The 
cells were incubated with FGF18 variants for 3 days. Subsequently, 
resazurin was added to the plate to the final concentration 10 μg mL− 1 

and the plates were incubated for 6–24 h (until resazurin color change 
was observed). The same incubation time was strictly adhered to for all 
plates within the same experiment. Resorufin fluorescence (excitation at 
560 nm, emission at 590 nm) was measured using Synergy H4 Hybrid 
multi-mode microplate reader (BioTek). The resulting ED50 value cor-
responds to the amount of protein which results in 50% of the maximal 
cell count. 

2.7. Protein aggregation 

The aggregation during the purification workflow was measured 
using a Bradford assay using Pierce™ Coomassie Plus (Bradford) Assay 
Kit (Thermo Fisher Scientific). The protein samples before dialysis, after 
dialysis and after the reconstitution of lyophilized samples were 
measured according to the manufactureŕs protocol. 

The aggregation temperature (Tagg) was determined using the 
UNCLE reader (Unchained Labs). The protein was reconstituted in 
distilled water at the 1 mg mL− 1 concentration, and the 9 µL of the 
sample was transferred into a micro-volume quartz cuvette (Unchained 
Labs). The Tagg was determined using the SLS program with a wave-
length set at 266 nm over the temperature range between 15 and 95 ◦C. 
The rate of temperature change was 1 ◦C min− 1. The data were evalu-
ated using the supplied software. 

2.8. Proteolytic resistance 

The proteolytic degradation of FGF18-WT (Peprotech) and FGF18-E4 
was measured by their resistance to the degradation by trypsin. Freshly 
reconstituted protein samples were incubated with trypsin (1:20, 
trypsin:FGF18 variant ratio) for 240 min. The 10 µL aliquots were taken 
every 5 min until 30 min time-point and subsequently analyzed by SDS- 
PAGE and band densitometry. The half-life was calculated using a One- 
phase decay equation (Y=(Y0 - Plateau)*exp(-K*X) + Plateau) and the 
fitting was performed using a GraphPad Prism 9 software. 

2.9. Activity retention 

The investigation into the activity retention was performed in the 
same fashion as the cell proliferation assay using BaF3 cells expressing 
FGFR-2 C (described in paragraph Cell proliferation). In terms of the 
preparation for the protein sample, the lyophilized samples of 
commercially available FGF18-WT (Peprotech) and FGF18-E4 were 
reconstituted in distilled water, diluted to 100 µg mL− 1 with 0.1% BSA 
solution and incubated at three different temperatures − 20 ◦C, 37 ◦C 
and 50 ◦C for 24 h, 7 days or 24 h, respectively. After the incubation, the 
protein samples were added to the 96-well plates containing the cells, 
and the experiment was performed as described above. The concentra-
tion of the FGF18 variant is expressed in molar concentration due to the 
difference in molecular weight of FGF18-E4 and Commercially available 
FGF18-WT. In order to visualize the change, the results were compared 
to the normalized growth curve obtained with freshly reconstituted 
protein. 

2.10. Receptor specificity 

The receptor specificity was determined using in-house prepared 
freshly reconstituted FGF18-E4 and commercially available freshly 
reconstituted FGF18-WT (Peprotech). The concentration of both pro-
teins was verified, the proteins were diluted to 100 µg mL− 1 with 0.1% 
BSA solution. The concentration of the FGF18 variant is expressed in 
molar concentration due to the difference in molecular weight of FGF18- 
E4 and commercially available FGF18-WT. The testing itself was per-
formed in the same fashion as was described before in the Cell Prolifer-
ation paragraph. The BaF3 cells that were used to express different 
variants of FGFRs, namely both “B” and “C” isoforms of FGFR1, FGFR2 
and FGFR3, respectively [30]. 

3. Results 

3.1. Design and evaluation of the first generation of FGF18 variants 

The energetic and evolutionary approach yielded 19 mutations at 12 
distinct positions and 8 mutations at eight positions, respectively. Since 
we found it challenging to produce FGF18 in soluble form (see Supple-
mentary Table S3), we have opted to construct directly multiple-point 
mutants. The three variants were designed following different criteria 
for selection of the mutations: i) strict selection criteria ΔΔG < − 1 for 
both FoldX and Rosetta, conservation analysis value < 8 and intact salt 
bridges resulted in FGF18-E1 variant, ii) less strict criteria for ΔΔG < 0, 
conservation analysis value < 9, intact salt bridge resulted in FGF18-E2 
variant, and iii) consensus analysis using insertion of the consensus 
mutation to least conserved position with most consistent potential for 
stabilization resulted in FGF18-F1 variant (see Table 1 for a summary of 
identified mutations). The strict selection criteria led to a three-point 
mutant containing residues L141F, S147P and Q170P (FGF18-E1). 
These particular mutations provided the largest stabilization in silico 
using both FoldX and Rosetta. The second less-stringent set of criteria 
led to a seven-point mutant comprised of the three aforementioned 
residues plus R71P, R72Q, Q96F and V128W (FGF18-E2). This variant 
exhibited a high level of theoretical stabilization (< − 1.800 kcal mol− 1), 
albeit only when the Rosetta was utilized. The back-to-consensus anal-
ysis revealed eight possible mutations, from which we chose four that 
led to the highest predicted stabilization. 

The three variants were constructed, expressed, and characterized 
with a focus on evaluating the protein yield, melting temperature (Tm) 
and biological activity. Notably, all variants exhibited a significant in-
crease in Tm value. Specifically, FGF18-E1 showed that the Tm increased 
by 10 ◦C using both CD and DSC measurements. FGF18-E2 and FGF18- 
F1 afforded the increase of Tm by 9 ◦C while using CD, which was 
confirmed by DSF analysis, with FGF18-E2 showing an 8 ◦C and FGF18- 
F1 6 ◦C increase in Tm. Regarding the biological activity, the FGF18-E1 
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exhibited comparable ED50 values to the wild-type, while FGF18-E2 
exhibited a slight increase. It is important to note that a lower ED50 
value indicates higher activity or stability, as it requires a smaller 
amount of protein to produce the same effect, particularly concerning 
cellular proliferation. The determination of the ED50 value for FGF18-F1 
was impeded due to its tendency to precipitate upon addition to the 
cellular culture. Additionally, we evaluated the protein yield obtained 
from a liter of culture medium. Based on a thorough analysis of the 
obtained results (Table 2), we have chosen FGF18-E1 as the base variant 
for the second engineering phase. 

3.2. Design and evaluation of the second generation of FGF-18 variants 

FGF18-E1 was taken as a template for the in silico identification of 
stabilizing mutations leading to the second generation of the stable 
FGF18 molecule. Only the energy-based approach was utilized since the 
evolution-based approach would not provide new mutations. This 
additional in silico analysis identified five mutations occurring at five 
distinct positions (Table 3). Following the application of the strict se-
lection criteria, two mutations, namely Q85W and E105G, remained for 
further analysis. We have decided to construct two mutant variants. The 
first, a four-point mutant, denoted as FGF18-E3, incorporating the 
E105G mutation into FGF18-E1. The second variant is a five-point 
mutant, designated as FGF18-E4, incorporating both eligible muta-
tions (E105G and Q85W) into FGF18-E1. 

The second-generation variants were expressed, purified and sub-
jected to identical analysis as the first-generation variants. To our 

Table 1 
Single-point mutations designed by the FireProt protein stabilization platform based on force-field calculations and phylogenetic analysis used for the construction of 
the first generation of FGF18 variants.  

Substitution FoldX 
ΔΔG (kcal/mol) 

Rosetta 
ΔΔG (kcal/mol) 

Cons. AA profile AA frequency Most frequent AA Variant 

Energy-based mutations 
R71F -0.053 -1.868 5 N,P,K,G,Q,R,L n.a. n.a.  
R71M -0.258 -0.403 5 N,P,K,G,Q,R,L n.a. n.a.  
R71P -0.898 -1.834 5 N,P,K,G,Q,R,L n.a. n.a. E2 
R71W -0.341 -2.842 5 N,P,K,G,Q,R,L n.a. n.a.  
R72Q -0.040 -2.639 5 Y,S,R,D,P,T,A,N,K n.a. n.a. E2 
S74F -0.067 -1.231 5 M,T,N,K,G,S,V,L,R,D n.a. n.a.  
Y83F -0.365 -0.039 6 H,Y,F,N n.a. n.a.  
Q85W -0.235 -2.799 7 E,Q,R,L,S,K,N,T n.a. n.a.  
Q96F -0.719 -2.005 7 H,Q,R,K n.a. n.a. E2 
Q96Y -0.283 -2.401 7 H,Q,R,K n.a. n.a.  
T104V -0.093 -0.174 8 P,T,S n.a. n.a.  
V128I -0.067 -0.483 5 A,M,T,F,I,L,Q,Y,V n.a. n.a.  
V128W -0.028 -3.044 5 A,M,T,F,I,L,Q,Y,V n.a. n.a. E2 
L141F -1.431 -3.087 7 F,Y,L,W,H n.a. n.a. E1, E2 
L141Y -1.537 -2.159 7 F,Y,L,W,H n.a. n.a.  
S147P -1.819 -2.191 1 T,A,N,K,G,V,S,L,R,D,E,P n.a. n.a. E1, E2 
S147Y -1.100 -1.152 1 T,A,N,K,G,V,S,L,R,D,E,P n.a. n.a.  
R166S -0.411 -1.064 5 I,H,Q,L,R,S,G,K,A,T n.a. n.a.  
Q170P -1.944 -1.750 7 E,K,N,R,Q,G n.a. n.a. E1, E2 
Evolution-based mutations 
I66V 0.847 -0.692 n.a. n.a. 0.23 0.61  
Q85K 0.012 0.460 n.a. n.a. 0.16 0.55 F1 
Q96R -0.119 -0.394 n.a. n.a. 0.23 0.52 F1 
L108I 0.262 1.193 n.a. n.a. 0.42 0.52  
R112K -0.017 -1.194 n.a. n.a. 0.26 0.55 F1 
K113R 0.283 0.706 n.a. n.a. 0.29 0.58 F1 
K196R n.d. n.d. n.a. n.a. 0.32 0.61  
R199K n.d. n.d. n.a. n.a. 0.32 0.61  

n.a. – not applicable – for mutations where the value was not used for selection; n.d. – not determined due to missing structure; Cons. – Conservation of the WT residue 
determined by ConSurf web server; AA – amino acid. 

Table 2 
Comparison of stability, yield and biological activity of FGF18-WT and the first 
generation of stable FGF18 variants. Error values for CD – denote the expected 
imprecision of the Boltzmann curve fit. Error values for DSF – represent standard 
deviation determined from three measurements.  

Protein 
variant 

Mutations Yield 
[mg 
L¡1] 

Biological 
activity ED50 

[ng mL¡1] 

Melting 
temperature 
Tm [◦C] 

CD DSF 

FGF18- 
WT 

n.a.  5 4 47.3 
± 0.6 

43.3 
± 0.1 

FGF18- 
E1 

L141F; S147P; 
Q170P  

6 5 57.0 
± 0.2 

52.8 
± 0.1 

FGF18- 
E2 

R71P; R72Q; 
Q96F; V128W; 
L141F; S147P; 
Q170P  

10 18 56.4 
± 0.2 

50.8 
± 0.1 

FGF18- 
F1 

Q85K; Q96K; 
R112K; K113R  

5 n.d. 56.4 
± 0.2 

48.8 
± 0.1 

n.a. – not applicable; ED50 – efficient dosage for 50% of observed effect; n.d. – 
not determined due to aggregation; CD – circular dichroism; DSF – differential 
scanning fluorimetry. 

Table 3 
Single-point mutations afforded by force-field calculations.  

Substitution 
(FGF18-E1) 

FoldX ΔΔG 
(kcal 
mol− 1) 

Rosetta ΔΔG 
(kcal mol− 1) 

Cons. AA profile Variant 

Q85W  -2.537  -1.041  6 L,S,Q,E,K, 
R,T 

E4 

S95Y  -1.770  -0.495  6 G,M,S,A, 
K,R,H  

Q96Y  -2.004  0.236  6 Q,H,R,K  
E105G  -1.911  -2.080  2 K,G,P,D, 

Q,S,R,N,E, 
A 

E3, E4 

V117F  -2.191  1.229  5 M,V,K,H,I, 
L,R,T  

Cons. – Conservation of the WT residue determined by ConSurf web server; AA – 
amino acid. 
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delight, both variants exhibited an additional increase in Tm confirmed 
by both analytical methods. CD spectrometry revealed that FGF18-E3 
and FGF4-E4 exhibit an increase of Tm by 18 and 16 ◦C, respectively, 
compared to the wild type. DSF measurement corroborated the findings, 
with the ΔTm values of 15 ◦C and 16 ◦C provided for FGF18-E3 and 
FGF4-E4, respectively (Table 4). Moreover, both variants afforded 
higher production yield than the FGF18-WT. Notable improvement was 
observed in the case of FGF18-E4, where the yield was doubled. 
Furthermore, we have observed the same (FGF18-E3, 4 ng mL− 1) or 
slightly increased (FGF18-E4, 1 ng mL− 1) ED50 values for both multiple- 
point variants. The five-point mutant FGF18-E4 was selected for further 
testing and comparison with FGF18-WT. 

3.3. Comparison of FGF18-E4 with FGF18-WT 

We compared the operational stability of FGF18-WT (wild-type) and 
the most stable variant FGF18-E4 by monitoring the aggregation 
throughout the production process. Specifically, we assessed protein loss 
due to aggregation during affinity chromatography purification, dialysis 
into the storage buffer, and lyophilization before long-term storage. The 
protein yield was evaluated from a liter of culture before and after 
dialysis, which showed that the FGF18-E4 had an elevated ability to 
withstand dialysis conditions. Furthermore, FGF18-E4 also exhibited 
significantly lower losses than the progenitor molecule after reconsti-
tution of the lyophilized sample. Specifically, the loss during reconsti-
tution was 5% of the pre-lyophilization concentration in the case of 
FGF18-E4 compared to a 35% loss in the case of FGF18-WT. Together 
with the 20% higher overall yield, these improvements resulted in a 2.5- 
fold increase in the total amount of protein that was obtained from 1 L of 
culture (Fig. 1a). 

Additionally, we have decided to corroborate the lowered aggrega-
tion propensity of FGF18-E4 further using SLS to determine the aggre-
gation temperature (Tagg, Fig. 1b). The analysis demonstrated a clear 
difference between the FGF18-WT and the FGF18-E4. More specifically, 
the FGF18-WT started aggregating at 39.3 ◦C, whereas the FGF18-E4 
started aggregating at the temperature of 53.0 ◦C, which further con-
firms the increased general stability of this variant, including resistance 
to aggregation processes. 

The comparison of proteolytic resistance of the FGF18-WT and 
FGF18-E4 to the trypsin was performed in K-Phosphate buffer (20 mM, 
500 mM NaCl, pH 7.5) in the presence of 0.05 equivalents of trypsin as a 
model protease. Using the online tool PeptideCutter [31] to detect 
cleavage sites (see Supplementary analysis S4), we identified 36 po-
tential trypsin cleavage sites for FGF18-WT and FGF18-E4. The protein 
cleavage was monitored for 240 min using SDS-PAGE (Fig. 2a) followed 
by densitometric analysis of resulting protein bands (Fig. 2b). 

Interestingly, the FGF18-E4 exhibited 16-fold increased proteolytic 
resistance, with FGF18-WT and FGF18-E4 having a half-life of 11.8 and 
193.2 min, respectively. We assume this result is caused by the increased 
general stability of FGF18-E4 since the number of cleavage sites in our 
final variant did not change compared to the parent molecule. 

The mitogenic activity of FGF18-E4 and FGF18-WT was studied at 
three different temperatures, − 20 ◦C, 37 ◦C and 50 ◦C and further 
compared to a reference experiment using the BaF3 cell line expressing 
the FGFR-2C receptor. FGF18-E4 exhibited superior proliferative activ-
ity compared to FGF18-WT in all three conditions (Fig. 3). The FGF18- 
E4 retained its mitogenic activity almost fully after 1 week of incuba-
tion at 37 ◦C (Fig. 3b) and to a lesser degree after 24 h at − 20 ◦C 
(Fig. 3a) and at 50 ◦C (Fig. 3c). Interestingly, this suggests that the 
freeze-thawing cycle is less favorable for FGF18-E4 compared to pro-
longed incubation at 37 ◦C. It also shows the rapid drop of activity of 
FGF18-WT in all three conditions. 

The receptor specificity of FGF18-E4 was assessed using BaF3 cells 
expressing different variants of fibroblast growth factor receptors 
(FGFRs 1B, 1C, 2B, 2C, 3B, and 3C) and compared to commercially 
available FGF18-WT (Peprotech). The results, as shown in Fig. 4, indi-
cate that the introduction of stabilizing mutations did not alter the re-
ceptor specificity. Specifically, we observed a similar proliferation 
induction profile to FGF18-WT. The lines expressing receptor variants 
FGFR-2C and FGFR-3C demonstrated proliferation induction (Figs. 4e 
and 4f, respectively), while the cell lines overexpressing remaining re-
ceptor isoforms exhibited negligible or no growth in the presence of both 
FGF18-WT and FGF18-E4 (Figs. 4a-4d). The experiment revealed a 
similar activity profile between the original molecule and the engi-
neered variant. 

4. Discussion 

Here, we have focused on improving a clinically relevant growth 
factor FGF18 [5] potentially suffering from insufficient operational 
stability [16]. We have employed a FireProt workflow previously suc-
cessfully utilized to enhance the stability of FGF2 [17]. As opposed to 
the FGF2 campaign, this project commenced with the construction of 
multiple-point variants directly. This alteration stemmed from the initial 
difficulty in expressing the FGF18-WT in a soluble form. By applying 
stringent selection criteria, three multiple-point variants were obtained 
during the initial round of mutagenesis. The characterization of the 
variants led to the identification of a template with significantly 
enhanced stability FGF18-E1. This finding highlights the potential of 
employing curated stabilizing mutations generated through FireProt, 
reducing the experimental workload by focusing on the expression and 
characterization of three multiple-point variants instead of 7–12 
single-point variants and subsequent combinations of the most stabi-
lizing ones. 

The second round of in silico analysis following the same workflow 
ultimately afforded variant FGF18-E4. This variant comprising five 
mutations (Q85W, E105G, L141F, S147P, and Q170P) demonstrated the 
potential of the workflow to improve unstable molecules iteratively 
since one of the two potentially stabilizing mutations identified during 
the second round of in silico analysis (E105G) was not part of the initial 
set. It shows the importance of iteration of calculations to address the 
changes introduced by the initial mutations. With each iteration, fewer 
mutations and lower stabilizing effects can be expected, as was recently 
shown on the stabilization of haloalkane dehalogenase [32]. 

The final variant, FGF18-E4, exhibits significantly enhanced opera-
tional parameters. Introducing five mutations increased an apparent Tm 
of the FGF18-WT by 16 ◦C. Additionally, the significant lowering of the 
aggregation during the production process led to an approximately 2- 
fold increase in observed yield and 4-fold yield after the reconstitution 
of lyophilized protein and the reduced propensity to aggregate when 
exposed to elevated temperatures. Moreover, we have demonstrated 
that the FGF18-E4 is 16-fold less susceptible to proteolytic degradation, 

Table 4 
Comparison of stability, yield and biological activity of FGF18-WT and the 
second generation of engineered FGF18 variants. Error values for CD – denote 
the expected imprecision of the Boltzmann curve fit. Error values for DSF – 
represent standard deviation determined from three measurements.  

Protein 
variant* 

Mutations Yield 
[mg 
L¡1] 

Biological 
activity ED50 

[ng mL¡1] 

Melting 
temperature 
Tm [◦C] 

CD DSF 

FGF18- 
WT 

n.a.  5  4 47.3 
± 0.6 

43.3 
± 0.1 

FGF18-E3 L141F; S147P; 
Q170P; E105G  

6  4 65.2 
± 0.3 

58.2 
± 0.1 

FGF18-E4 L141F; S147P; 
Q170P; E105G; 
Q85W  

10  1 62.8 
± 0.2 

58.8 
± 0.3 

n.a. – not applicable; ED50 – efficient dosage for 50% of observed effect; n.d. – 
not determined; CD – circular dichroism; DSF – differential scanning 
fluorimetry. 
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and it can withstand a one-week incubation at 37 ◦C without a signifi-
cant drop in the ability to induce proliferation. Additionally, we have 
shown that the freeze-thaw cycle significantly decreases the perfor-
mance of FGF18-WT. On the other hand, the performance of FGF18-E4 
was very similar to the reference experiment, especially in the higher 
concentrations of FGF18-E4 (1 and 10 nM). 

We have actively tried to avoid introducing mutations into the re-
gions of FGF18 that were implicated in the binding to the FGFRs, 
especially to the residues located in the hydrophobic binding region 
[24]. Interestingly, the initial analysis of FGF18 binding was performed 
by superpositioning FGF18 molecule on the FGF8 molecule bound to 
FGFR-2C in the same contribution. The same superposition of the 
FGF18-E4 (FGF18-E4 atop of FGF8-FGFR2C complex) revealed that only 
the residue Q170P is located near the ligand-receptor interface (see 
Supplementary analysis S5). The negligible effect of the introduced 
mutations on the receptor interaction is further corroborated by the 
matching receptor specificity of FGF18-WT and FGF18-E4, as far as we 
can infer from the results of cell proliferation assays with BaF3 cells 
expressing different isoforms of FGFRs. In detail, we have observed the 
induction of proliferation in BaF3 cells expressing FGFR-2C and 

FGFR-3C, both with FGF18-WT and FGF18-E4, which has been 
described previously for FGF18-WT [33]. We have to mention that the 
literature reports the interaction between FGF18 and FGFR-3B as well, 
however, we were not able to detect that using our proliferation-based 
assay. 

The stability improvements presented in this study gain further sig-
nificance when the performance of sprifermin in the last clinical trials is 
investigated. Over the last decade, sprifermin has positively affected 
connective tissue regeneration in several contributions, such as the ex 
vivo bovine cartilage [34,35] or the torn rat rotator cuff repair model 
[36]. Its mode of action has been linked to signaling by extracellular 
signal-regulated kinases [37]. However, the performance of sprifermin 
in clinical trials has been less impressive. One Phase 1 clinical trial failed 
to meet its primary target - reduction of a cartilage loss in the central 
medial femorotibial compartment, albeit there were positive effects on 
the femerotibial joint as well as the lateral femorotibial compartment 
[14] and no negative effects stemming from systemic exposure were 
detected in another [15]. Moreover, the recent results of the Phase 2 
FORWARD study did not provide clear evidence of clinically relevant 
improvement [13]. More specifically, the 100 µg dose given every 6 or 

Fig. 1. The aggregation propensity of FGF18-WT (grey) and FGF18-E4 (green). a) Comparison of aggregation-mediated losses of FGF18 variants during purification; 
The error bars represent standard deviation (n = 3). b) Aggregation analysis from two independent runs of each variant with highlighted temperature-induced 
aggregation (Tagg, dashed line). The analysis was performed using reconstituted protein in 20 mM K-phosphate buffer at pH 7.5 containing 500 mM NaCl accord-
ing to the procedure listed in the Materials and methods. 

Fig. 2. Comparison of proteolytic stability of FGF18-WT and FGF18-E4 upon incubation with trypsin. a) SDS-PAGE visualization of remaining FGF18 variants; b) 
Results of densitometric analysis of a gel from section a, FGF18-WT is depicted in grey and FGF18-E4 in green. The analysis was performed using reconstituted 
FGF18-WT and FGF18-E4 in 20 mM K-phosphate buffer at pH 7.5 containing 500 mM NaCl. The FGF18 variants were incubated with 0.05 mol equivalents of trypsin 
according to the procedure listed in the Materials and Methods. 
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12 months over 24 months resulted in a statistically significant increase 
in cartilage thickness. In detail, 6 and 12-month regimens resulted in 
0.05 mm and 0.03 mm of new cartilage, respectively, whereas the in-
creases in cartilage thickness using 30 µg doses given in the same in-
tervals resulted in statistically insignificant improvements. 
Interestingly, it seems that the cartilage gained due to the sprifermin 
treatment possesses the same characteristics as the native cartilage, 
suggesting that the treatment will have a lasting effect [38]. 

The results above indicate that the sprifermin treatment holds great 
potential. We expect that the instability of FGF18-WT that we observed 
is a contributing factor for the underwhelming performance of the 
sprifermin since we have demonstrated the low ability of FGF18-WT to 
induce proliferation of BaF3 cells after the incubation at 37 ◦C. This is a 
likely operating condition upon the injection into the knee joint and it 
has been determined in rats that sprifermin effectively disappears from 
the joint 4 days after intra-articular injection [19]. In contrast, the 
FGF18-E4 maintained the ability to induce proliferation after incubation 
at 37 ◦C for 1 week or even 50 ◦C for 1 day. The data describing the 
increased stability at 37 ◦C and the decreased aggregation propensity 
compared to FGF18-WT (53 ◦C vs. 39 ◦C) suggest a higher probability of 
a positive effect on the cartilage regeneration simply due to the longer 
exposure time. Therefore, the development of FGF18-E4 represents a 
first step towards FGF18-based osteoarthritis medicine with the poten-
tial to slow and revert the disease progression. In the following study, we 
will further focus on improving expressibility and operational stability 
and the application-related parameters, such as in vivo longevity of 
FGF18-E4. 

5. Conclusions 

The study aimed to enhance the stability of a growth factor FGF18 by 
utilizing a FireProt workflow combining force-field calculations and 
phylogenetic analysis. In the initial phase of the stabilization design, we 
successfully obtained three variants of FGF18. Among these variants, 
FGF18-E1 emerged as the most promising, demonstrating the highest 
level of stabilization. Consequently, FGF18-E1 underwent a second 
round of engineering, ultimately developing the final variant, FGF18-E4. 
This variant showed outstanding thermal and operational stability 
improvement, effectively minimized aggregation and reduced suscep-
tibility to proteolytic degradation. Importantly, stabilizing mutations 
did not disrupt the receptor specificity of the engineered FGF18 variants. 
Even after exposure to elevated temperatures, the stable FGF18-E4 
retained its proliferative ability, indicating its potential efficacy in 
promoting cartilage regeneration. The development of FGF18-E4 marks 
a significant advancement towards creating an FGF18-based medicine 
for osteoarthritis, holding promise in slowing down or even reversing 
the progression of the disease. 
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Fig. 3. Comparison of the ability of FGF18-WT (grey) and FGF18-E4 (green) to induce proliferation after incubation at different temperatures with respect to a 
normalized performance of a fresh FGF18-WT. a) 24 h incubation at − 20 ◦C; b) 7 days incubation at 37 ◦C; c) 24 h incubation at 50 ◦C. The error bars represent the 
standard deviation (n = 3). The FGF18-WT and FGF18-M4 were incubated in 20 mM K-phosphate buffer at pH 7.5, containing 500 mM NaCl. The proliferation assay 
was run over the course of 4 days and the proliferation was evaluated via resazurin assay as described in the Materials and methods. 
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