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Abstract: Background: This study aims to identify genotype variants of the platelet-derived growth
factor alpha polypeptide gene (PDGFA) that can influence the individual response to the treat-
ment with platelet-rich plasma (PRP) in tennis elbow patients. Methods: We observed a cohort of
107 patients (132 elbows) with tennis elbow who received treatment with PRP. Patients have been
followed-up for two years after PRP injection and the effectiveness of the treatment was measured
using universal patient-reported outcome measures (PROMs): visual analog scale (VAS), quick ver-
sion of disabilities of the arm, shoulder and hand score (QDASH), and patient-rated tennis elbow
evaluation (PRTEE). PROMs values, and clinical and platelet parameters were compared between
genotype variants of the studied polymorphisms (rs1800814, rs2070958 and rs62433334). Results: The
A allele carriers (rs1800814) had significantly lower values of VAS (week 12), QDASH, and PRTEE
(weeks 8, 12). The T allele carriers (rs2070958) had significantly lower values of VAS (weeks 8, 12),
QDASH, and PRTEE (weeks 4-12). Additional forms of therapy (manual and physical) were neces-
sary significantly more often in GG (rs1800814) and CC (rs2070958) homozygotes. Conclusions: The
PDGFA gene’s polymorphisms influences the effectiveness of PRP therapy in tennis elbow treatment.
The effectiveness of PRP is greater in A allele (rs1800814) and T allele (rs2070958) carriers.

Keywords: platelet-rich plasma; tennis elbow; tendinopathy; PDGFA; single nucleotide polymorphisms; gene

1. Introduction

Elbow tenderness and pain with resisted wrist extension are common manifestations
of lateral epicondylitis, known as the tennis elbow (TE). The more recent name that reflects
the etiology of this dysfunction is enthesopathy of the lateral epicondyle of the humerus [1].
Despite many years of research, the gold standard of treatment has not been established.
More and more reports prove the usefulness of autologous platelet-rich plasma (PRP) in
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the treatment of TE [2-5]. This therapy is used in many fields of medicine, including regen-
erative and sports medicine [6]. PRP is a source of over-physiological concentrations of
growth factors and other signaling molecules that intensify the body’s healing efforts [2,7].
Platelets play a key role in the regulation of processes related to tissue remodeling and their
reorganization following injury or inflammatory processes. They belong to the mediators
necessary in the initiation of the body’s immune response, regulation of the angiogenesis
process, apoptosis, and recruitment of progenitor cells to maintain the integrity of blood
vessels [7]. Most of these processes are mediated by platelets and occur during their de-
granulation when platelet-derived growth factors (PDGFs) are released. PDGFs are a group
of multifunctional proteins that were discovered in the 1970s [8]. They are synthesized
based on four polypeptide chains, encoded by the PDGFA, PDGFB, PDGFC, and PDGFD
genes. The PDGFA gene is located within chromosome 7 (7p22) [9] and is highly expressed
in most human tissues [10]. The data available so far indicate the significant role of PDGFA
in reducing inflammation and accelerating the healing of musculoskeletal injuries [11],
osteogenic differentiation, and bone tissue fusion [12].

It should be underlined that despite the potential benefits of PRP therapy, there
are significant differences in the results of its use in patients with enthesopathy of the
lateral epicondyle of the humerus. The different treatment outcomes may be related to
the genetic variation expressed by single nucleotide polymorphisms (SNPs) of the gene
encoding the PDGFA growth factor. Therefore, we conducted studies to establish whether
selected polymorphisms of the PDGFA gene could modulate the response to platelet-rich
plasma therapy:.

2. Materials and Methods
2.1. Study Design

This prospective cohort study compares the efficacy of PRP therapy among patients
with different genotypic variants of the PDGFA gene. Three single nucleotide polymor-
phisms of the PDGFA gene were genotyped. The therapeutic effect was analyzed during
a two-year follow-up with the use of patient-reported outcome measures (VAS, QDASH,
PRTEE). In addition, the influence of SNPs on clinical phenotype, platelet parameters (both
in whole blood and in PRP), and the concentration of the PDGF-AB protein were analyzed.
The study was conducted per the STROBE and MIBO guidelines.

2.2. Patients

The study population was the same as in our previous work [13]. Patients were
recruited for the study between November 2018 and November 2019. Follow-up data was
collected until November 2021.

All patients selected in the study were diagnosed with lateral epicondylitis based on
patient history and physical examination. The symptoms persisted for at least 3 months
before injection and included the following: pain in the region of the common extensor
origin radiating distally and proximally, pain and muscle weakness when holding and
lifting items, tenderness at palpation over the lateral epicondyle of the humerus, weakening
of the grip strength, morning stiffness, repeated activities and/or limb overuse, positive
Thomson’s, Mill’s tests, and Cozen'’s sign. The exclusion criteria were as follows: rheuma-
toid arthritis, pregnancy, active malignancy, cervical radiculopathy, cognitive limitations,
additional injury/disease of the affected limb, prior surgical intervention, current anti-
platelet medication, local steroid injections in the preceding 6 months, and previous PRP
injections. Additional post-injection therapy was not an exclusion criterion for ethical
reasons. However, the use of physiotherapy, steroids, and non-steroidal anti-inflammatory
drugs as well as additional PRP injections were monitored in further follow-up. The flow
diagram of the patients included in the study is presented below (Figure 1).



J. Clin. Med. 2022, 11, 3504

3of 14

Potentially eligible

n =131 subjects/ 158 elbows

Excluded

- refusal to participate in the study
n =11 subjects/ 12 elbows

- patient’s lack of cooperation
n =3 subjects/ 3 elbows

Examined for eligibility
n =117 subjects/ 143 elbows

Excluded
- comorbidity of the golfer's elbow
or other disability of hand
Confirmed eligible n =10 subjects/ 11 elbows
1 =107 subjects/ 132 elbows

Included in the study
i =107 subjects/ 132 elbows
Excluded
- refusal to participate in the follow-up
-week 4, n=2subjects/ 2 elbows
Analyzed at -week 8, n=1subject/ 1 elbow
week 2 1 =107 subjects/ 132 elbows -week 12, n= 1 SUbFed/ l'elbnw
week4 1 =105 subjects/ 130 elbows e %4' =2 sub!ecls/ il
week 8  1=106 subjects/ 131 elbows S Wesk 32 n= ‘? Sllb!eCtS/ 3 elbows
week 12 =106 subjects/ 131 elbows - week 104, 1= 5 subjects/ 6 elbows
week 24 1 =102 subjects/ 127 elbows
week 52 1= 104 subjects/ 129 elbows
week 104 n =102 subjects/ 126 elbows

Figure 1. Flowchart of the study selection.

2.3. PRP Separation and Injection Procedure

Briefly, PRP was separated from fresh whole blood using the autologous conditioned
plasma system (Arthrex GmbH, Munich, Germany). Sodium citrate (MediPac GmbH,
Konigswinter, Germany) was used as an anticoagulant. Blood was centrifuged using a
Rotofix 32A centrifuge (Andreas Hettich GmbH & Co., Tuttlingen, Germany) for 5 min
at 1500 rpm and 2.5-3.5 mL of PRP was obtained. Immediately after centrifugation 2.0 to
3.0 mL of PRP was injected in the common extensor origin area. Approximately 0.5 mL
was left for protein analyses. The exact procedures of PRP separation and injection were
described previously [13].

2.4. Whole Blood and PRP Analyses

As in our previous work [13], the complete blood count and the platelet parameters in
whole blood and fresh PRP were determined. The PDGF-AB protein concentration was
measured in PRP using the Human DuoSet ELISA kit (R&D Systems Inc., Minneapolis,
MN, USA).

2.5. Follow-Up, Outcomes, Measures of Effectiveness

The effectiveness of PRP therapy was assessed based on a comparison of symptoms
between the day of injection (baseline, week 0) and 2, 4, 12, 24, 52, and 104 weeks after
administration of PRP.

For assessment of pain and disability, we used VAS, QDASH, and PRTEE question-
naires. The scale for VAS was 0 to 10 and for QDASH and PRTEE it was 0 to 100. Raw
values of outcomes (VAS, QDASH, PRTEE) and the differences in outcomes vs. baseline
(AVAS, AQDASH, and APRTEE) were used to determine the effectiveness of therapy.

Minimal clinically important differences (MCIDs) of PROMs were also used as deter-
minants of the effectiveness of the therapy. The therapy was considered effective when the
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mean difference of PROM (between the follow-up point and the baseline week 0) exceeded
the value of 1.5 points for VAS [14], 15.8 points for DASH [15], and 11 points for PRTEE [16].

2.6. Genetic Analyses

The procedure used for DNA isolation and genotyping was the same as in our pre-
vious study [13]. The MasterPure genomic DNA purification kit (Epicenter Technologies,
Madison, WI, USA) was used for DNA isolation. SNPs of the PDGFA gene were genotyped
using the TagMan Predesigned SNP Genotyping Assay kits and the 7300 Real-Time PCR
System (Thermo Fisher Scientific, Carlsbad, CA, USA). We re-genotyped 10-15% of samples
to check the accuracy of genotyping. Repeatability of results reached 100%.

The polymorphisms for the analysis were selected from the Database of SNPs of the
National Center for Biotechnology Information, U.S. National Library of Medicine [17]. We
chose only SNPs where the frequency of the minor allele was >20%.

There were rs1800814 (G > A), rs2070958 (T > C), rs62433334 (C > G) variants. They
are all located within the introns of the PDGFA gene.

2.7. Statistical Analyses

The Statistica 13.0 software (TIBCO Software Inc., Carlsbad, CA, USA) was used for
data analysis. Genetic data were analyzed in additive (comparison of genotypes) and
recessive/dominant models (analysis of carrier-state). The Hardy—-Weinberg equilibrium
was tested with the x? test. Yates’ correction was applied for subgroups of less than
ten subjects. Study size and power analysis were calculated using Epi-InfoTM 7.2.1.0
software (Centers for Disease Control and Prevention, Atlanta, GA, USA). The normality
of the distribution of quantitative data was assessed using the Shapiro-Wilk test. As the
quantitative variables had a distribution other than normal, nonparametric tests were used
to compare them (Kruskal-Wallis test in the additive model, Mann-Whitney U test in the
recessive/dominant model). All quantitative data were reported as the median and their
spread as quartile deviation (QD). Spearman’s rank correlation coefficient (rs) was used as
a nonparametric measure of correlation. Statistical significance was assumed at p < 0.050.
For multiple comparisons, p values were corrected using the Bonferroni correction.

3. Results
3.1. General Characteristics of the Study Group

The study cohort consisted of 107 patients with median age (£QD) of 46.00 £ 5.50 years
and a median BMI (£QD) of 25.65 £ 2.00. More than half of the study group were women
(58.3% vs. 41.7%). As in some patients two elbows were treated, the total number of elbows
analyzed was 132 and 65.2% of them concerned the dominant hand.

The median platelet concentration (10° /L) was 240.00 & 40.50 in the whole blood
and 343 £ 65.00 in the PRP. The median PDGF-AB concentration (ng/mL) in the PRP was
8.27 £ 2.40. The most common comorbidities were hypertension (13.6%), thyroid disease
(11.4%), and gout (6.1%). There were 22 (16.6%) cigarette smokers in the group. The median
(£QD) number of units of alcohol consumed per week was 1.00 == 1.00. Other demographic
and clinical data are presented in Table 1.

3.2. Factors Influencing Platelets and PDGF-AB Concentration

Traditional factors that influenced the concentration of platelets in whole blood were
sex and hypertension. The median (+QD) concentration of platelets (10° /L) was higher in
females than in males (261.50 £ 33.00 vs. 224.00 &+ 38.75, p = 0.000) and in hypertensive
patients than in normotensives (285.00 £ 40.00 vs. 230.00 & 34.25, p = 0.029). Platelet
concentration in whole blood correlated with platelet and PDGF-AB concentrations in PRP.
There was also an inverse correlation between platelet concentration and the number of
units of alcohol consumed per week (Table 2). The median (=QD) concentration of platelets
(107/L) in PRP was higher in cigarette smokers than in non-smokers (390.50 + 113.50 vs.
338.00 £ 60.00, p = 0.017). Platelet concentration in PRP correlated with the concentration
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of platelets in whole blood, PDGF-AB level, BMI, and the number of cigarettes smoked
daily (Table 2). The median (£QD) concentration of PDGF-AB (ng/mL) was higher in
cigarette smokers than in non-smokers (10.43 & 1.62 vs. 7.76 = 1.98, p = 0.001). PDGF-AB
level correlated with the number of cigarettes smoked daily and was inversely correlated
with age (Table 2).

Table 1. Characteristics of the study group before the PRP injection.

Characteristics
Subjects Number of subjects, 1 (%) 107 (100.0)
Single tennis elbow, 1 (%) 82 (76.6)
Bilateral tennis elbow, 1 (%) 25 (23.4)
Elbows Number of elbows, 1 (%) 132 (100.0)
Tennis elbow in the dominant hand, # (%) 86 (65.2)
Tennis elbow in the non-dominant hand, n (%) 46 (34.8)
Demographics Females, 1 (%) 77 (58.3)
Age, median + QD 46.00 5.50
BMI BMI, median + QD 25.65 2.00
BMI > 25, nn (%) 86 (65.2)
Cigarette smoking Current smoking, 1 (%) 22 (16.6)
Former smoking, n (%) 48 (36.4)
Main comorbidities Diabetes mellitus, 7 (%) 4 (3.0)
Gout, 1 (%) 8 (6.1)
Thyroid diseases, 1 (%) 15 (11.4)
Hypercholesterolemia, n (%) 7 (5.3)
Hypertension, 1 (%) 18 (13.6)

Table 2. Spearman’s rank correlation coefficients (rs) between factors influencing platelets and
PDGF-AB concentrations.

. PLT WB, PLT PRP, PDGF-AB, . .
Variables 109/L 10%/L ng/mL Age BMI Cigarettes/Day  Alcohol Units/Week

PLT WB, ) " " _ _ "
10°/L 0.57 0.45 0.08 0.10 0.11 0.31
PLT PRP, . ) . B . . B
109/L 0.57 0.71 0.12 0.32 0.19 0.04
PDGF-AB, 0.45* 0.71* - —0.23 % 0.16 0.26 * —0.05
ng/mL
Age —0.08 -0,12 —0.23* - 0.20 % —0.05 —0.06
BMI 0.10 0.32* 0.16 0.20 * - 0.00 0.10
Cigarettes/day 0.11 0.19 * 0.26 * —0.05 0.00 - —0.03
Alcohol —031* —0.04 ~0.05 —0.06 0.10 ~0.03 -

units/week

* p <0.050. Legend: BMI, body mass index; PDGFA, platelet-derived growth factor-alpha; PLT, platelets; PRP,
platelet-rich plasma; WB, whole blood.

Other non-genetic factors did not affect the concentration of platelets and PDGF-AB
protein in the present study. The influence of the PDGFA gene polymorphisms on platelet
parameters was presented separately, in Section 3.5.

3.3. Factors Influencing PROMs Values

Among the many analyzed parameters (sex, age, BMI, the presence of comorbidities,
additional forms of therapy, cigarette smoking, alcohol consumption), statistically signifi-
cant differences (p < 0.050) were demonstrated between women and men in VAS (weeks 0,
24), QDASH (weeks 0-104), and PRTEE (weeks 0, 2, 8-104) values (Table S1). As these
differences were present at baseline in each of the PROMs, with no significant differences in
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the values of AVAS, AQDASH, and APRTEE, sex cannot be considered a factor significantly
influencing the effectiveness of therapy in the present study. Physical therapy reported
during follow-up was related to poorer PRP therapy effectiveness at weeks 8-24 and 102
(significantly higher VAS, QDASH, and PRTEE values, p < 0.050).

Other non-genetic factors did not affect the values of PROMs. The influence of the
PDGFA gene polymorphisms on PROMs values was presented separately, in Section 3.6.

3.4. PDGFA Gene Polymorphisms and Patients Characteristics

Genotyping data were obtained for all subjects (132 elbows). Genotype frequencies
of each of the analyzed SNPs were compatible with the Hardy—Weinberg equilibrium
(p > 0.050). The frequencies of genotypes and alleles of the analyzed polymorphisms are
presented in Table 3.

Table 3. Frequency of genotypes and alleles of analyzed SNPs of the PDGFA gene.

SNP Genotypes n (%) Alleles n (%)
rs1800814 AA 37 (28.0) A 134 (50.8)
AG 60 (45.5) G 130 (49.2)
GG 35 (26.5)
AA + AG 97 (73.5)
GG + AG 95 (72.0)
rs2070958 CC 23 (17.4) C 102 (38.6)
CT 56 (42.4) T 162 (61.4)
TT 53 (40.2)
CC+CT 79 (59.8)
TT +CT 109 (82.6)
1562433334 CC 65 (49.2) C 187 (70.8)
CG 57 (43.2) G 77 (29.2)
GG 10 (7.6)
CC+CG 122 (92.4)
GG + CG 67 (50.8)

The frequencies and medians of basic demographic and clinical characteristics of
patients were compared between the different genotypes of the polymorphisms studied.
The analysis included those parameters that could influence the treatment efficacy and
those that were related or correlated with platelet parameters in Section 3.2 (Table S2).

In the additive model, a higher frequency of cigarette smokers among AA homozy-
gotes than AG heterozygotes of the rs1800814 polymorphism was observed (29.73% vs.
10.00%, p = 0.028). In GG homozygotes of this polymorphism, physical therapy was also
used more often during follow-up than in AG heterozygotes (57.14% vs. 31.67%, p = 0.015).
This relationship was also present in the recessive/dominant model (GG vs. AA + AG,
p = 0.040).

In the case of the rs2070958 polymorphism, a greater proportion of men was demon-
strated in patients with the CT genotype relative to TT (53.57% vs. 32.08%, p = 0.024).
Manual therapy during follow-up was more common in CC homozygotes than in CT
heterozygotes (60.87% vs. 35.71%, p = 0.019) as well as TT homozygotes (60.87% vs.
20.75%, p = 0.000). Also, in this case, the differences were statistically significant in the
recessive/dominant model (CC vs. CT + TT, p = 0.001).

In GG homozygotes of the rs62433334 polymorphism, physical therapy was used
more often during follow-up, in relation to C allele carriers (80.00% vs. 39.34%, p = 0.030).

3.5. PDGFA Gene Polymorphisms and Platelet Parameters

In the additive model, the GG homozygotes of the rs1800814 polymorphism were
characterized by a higher concentration of PDGF-AB than the AG heterozygotes (p = 0.017).
Details are provided in Table S3.
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In the recessive/dominant model, PDGF-AB concentration was shown to be higher in
GG homozygotes (rs1800814) relative to A allele carriers (p = 0.019). PDGF-AB concentration
was also higher in CC homozygotes (rs2070958) than in T allele carriers (p = 0.047). Detailed
data are presented in Table S4.

3.6. PDGFA Gene Polymorphisms and PROMs

In the additive model (Tables 4 and S5), patients with AG genotype of the rs1800814
polymorphism had a significantly better response to PRP therapy in weeks 8 (higher
AQDASH) and 12 (lower VAS) than GG homozygotes. Furthermore, AA homozygotes
had lower values of QDASH (at week 8) than GG homozygotes (Table 4). There were not
statistically significant differences in PROMs values between AA and AG genotypes. The
CC homozygotes of the rs2070958 polymorphism had worse therapeutic effects than: (1)
CT heterozygotes at weeks 8 (higher values of QDASH) and 12 (higher values of QDASH,
VAS, and PRTEE, lower values of AQDASH); (2) TT homozygotes at weeks 4 (lower
values of AQDASH), 8 (higher values of QDASH and PRTEE, lower values of AQDASH)
and 12 (higher values of QDASH, VAS, and PRTEE, lower values of AQDASH). The GG
homozygotes of the rs62433334 polymorphism had a worse therapeutic effect than CG
heterozygotes at week 104 (lower values of AQDASH and APRTEE).

Table 4. Median (£QD) values of PROMs for genotypes of the PDGFA gene polymorphisms (addi-
tive model).

PROM Week Median + QD in Respective Genotypes p-Value
rs1800814 Kruskal-
AA AG GG Wallis AAvs. AG AAvs.GG AGvs. GG
QDASH 8 25.00 + 18.18 29.55 + 15.34 4545 + 18.18 0.049 0.892 0.047 0.294
AQDASH 8 18.18 £ 19.87 22.73 + 14.38 4.54 4 20.46 0.035 1.000 0.125 0.040
VAS 12 3.00 4+ 1.50 2.00 4+ 1.50 4.00 4+ 1.50 0.039 0.582 0.816 0.038
rs2070958
Kruskal— CCvs.CT CCvs.TT CTvs. IT
CC CT TT Wallis
AQDASH 4 454 + 13.63 14.77 + 15.34 15.90 4+ 18.18 0.017 0.123 0.013 0.836
QDASH 8 52.27 + 15.91 29.55 + 14.77 29.54 + 20.45 0.014 0.026 0.018 1.000
AQDASH 8 2.27 +14.77 17.04 £ 16.60 18.18 - 18.18 0.012 0.118 0.009 0.677
PRTEE 8 33.00 + 17.25 21.75 + 16 19.50 4 13.50 0.042 0.105 0.043 1.000
VAS 12 4.00 +1.50 2.00 4+ 1.50 2.00 4+ 1.50 0.028 0.030 0.071 1.000
QDASH 12 43.18 + 18.18 27.27 +13.07 25.00 + 20.45 0.008 0.008 0.020 1.000
AQDASH 12 0.00 4 12.50 22.72 +14.21 23.64 + 19.20 0.004 0.013 0.004 1.000
PRTEE 12 36.50 + 17.50 15.75 + 11.50 18.00 & 13.25 0.007 0.007 0.017 1.000
rs62433334
Kruskal-" 00 000G cCvs. GG CGvs. GG
cC CG GG Wallis
AQDASH 104 34.09 + 21.59 27.27 +£22.27 52.27 +9.09 0.031 0.295 0.369 0.044
APRTEE 104 38.50 + 15.75 33.50 £ 15.50 55.25 + 11.25 0.035 0.650 0.189 0.034

Legend: QD, quartile deviation; PROM, patient-reported outcome measure; VAS, visual analog scale;
QDASH, quick version of disabilities of the arm, shoulder and hand score; PRTEE, patient-rated tennis el-
bow evaluation.

In the recessive/dominant model the A allele carriers (rs1800814), compared to GG
homozygotes, had significantly lower values of VAS at week 12, QDASH, and PRTEE at
weeks 8, 12 and significantly higher values of AQDASH at weeks 8, 12 (Figure 2, Table S6).
The T allele carriers (rs2070958) had significantly lower values of VAS in weeks 8, 12,
QDASH and PRTEE at weeks 4-12, and significantly higher values of AQDASH at weeks
4-12 than CC homozygotes (Figure 3, Table S7). The GG homozygotes of the rs62433334
polymorphism had lower values of AQDASH and APRTEE at week 104 than C allele
carriers (Table S8).
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Figure 2. Medians (£QD) of PROMs values in respect to genotype variants of the PDGFA gene
rs1800814 polymorphism (recessive/dominant model): (A) for VAS; (B) for AVAS; (C) for QDASH;
(D) for AQDASH; (E) for PRTEE; (F) for APRTEE. * Statistically important differences (p < 0.050) in the
percentage of patients who exceeded minimally clinically important difference (MCID). Legend: QD,
quartile deviation; PROM, patient-reported outcome measure; VAS, visual analog scale; QDASH,
quick version of disabilities of the arm, shoulder and hand score; PRTEE, patient-rated tennis

elbow evaluation.

The percentage of patients who exceeded the minimal clinically significant difference
for QDASH and PRTEE differentiated the genotypes of the rs1800814 and rs2070958 poly-
morphisms (Figures 2 and 3). Carriers of the A allele (rs1800814) and carriers of the T allele
(rs2070958) more frequently exceeded the MCID than the GG and CC homozygotes.
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Figure 3. Medians (£QD) of PROMs values in respect to genotype variants of the PDGFA gene
152070958 polymorphism (recessive/dominant model): (A) for VAS; (B) for AVAS; (C) for QDASH;
(D) for AQDASH; (E) for PRTEE; (F) for APRTEE. * Statistically important differences (p < 0.050) in the
percentage of patients who exceeded minimally clinically important difference (MCID). Legend: QD,
quartile deviation; PROM, patient-reported outcome measure; VAS, visual analog scale; QDASH,
quick version of disabilities of the arm, shoulder and hand score; PRTEE, patient-rated tennis

elbow evaluation.

4. Discussion

Our study indicates that the effectiveness of PRP in tennis elbow is much higher in
carriers of the A allele (rs1800814) and carriers of the T allele (rs2070958) of the PDGFA
gene. The noted effect is short-term and concerns observations in weeks 4-12 of follow-up,
depending on the genetic variant, adopted inheritance model, and analyzed PROM. In
C allele carriers of the rs62433334 polymorphism, the therapy is beneficial only in the
long-term perspective (higher values of AQDASH and AQDASH at week 104 of follow-up
than in GG homozygotes).

One of the main problems in interpreting the results of genetic studies, especially those
conducted in virgin areas for genetics, is the lack of reference studies. The only study that
may indirectly explain the observations of the present study is the work of Zeckey et al.,
regarding the role of variants of cytokine genes in the regeneration processes [18]. Out of
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twenty polymorphisms analyzed, there were two SNPs of the PDGFA gene (rs1800814 and
1rs62433334), which were also studied in our present research. It marked the GGC haplotype
(within the polymorphisms rs1800814, rs62433334, and rs13309625 of the PDGFA gene),
which determined the lack of proper aseptic union of the long bones of the lower limbs
more than three times (OR = 3.57; 95% CI: 1.21-10.52; p = 0.020). According to the authors
of the study, polymorphisms within the PDGFA gene seem to be a genetic risk factor for
the development of non-unions of the lower extremity following a fracture [18]. These
results are consistent with those obtained in the present work. Also in our research, the
presence of the G allele (precisely GG homozygosity) in each of the polymorphisms was
associated with a lower efficiency of the therapy. It should also be noted that in our study,
additional physical therapy treatment during follow-up was more frequently necessary in
GG homozygotes of both polymorphisms than in A allele carriers (rs1800814) and C allele
carriers (rs62433334). A similar relationship was also observed in the case of the rs2070958
polymorphism, where the higher frequency of manual therapy during follow-up was for
CC homozygotes relative to T allele carriers.

We were somewhat surprised that both the A allele carriers (rs1800814) and the T
allele carriers (rs2070958) had a lower concentration of PDGF-AB than the GG and CC
homozygotes of the studied polymorphisms, i.e., patients with worse therapeutic effec-
tiveness. It was even more surprising that the factors that were related to/correlated with
the concentration of PDGF-AB in the current study (platelet concentration, age, cigarette
smoking) did not differentiate the variants of the studied polymorphisms in the reces-
sive/dominant model. Only in the additive model, among the AA homozygotes of the
rs1800814 polymorphism, a higher proportion of cigarette smokers was observed than in
the AG heterozygotes. However, subjects of both genotypes belong to the A allele carri-
ers. Moreover, there are no differences between them in PROMs and platelet parameters,
including PDGF-AB concentration.

PDGEF is a strong mitogenic factor involved in musculoskeletal tissue regeneration [19-24].
The results of in vitro studies suggest that the mitogenic response to PDGF-AB may be
dependent on both the time of exposure and the dose of the cytokine. Manoranjan et al.
analyzed the effect of PDGF-AB on human periodontal ligaments fibroblasts (hPDLF) at
50, 100, and 150 ng/mL dosages at 24, 48, and 72 h of time duration [25]. This study
showed that PDGF-AB induced a maximal mitogenic response in hPDLF within 48 h and
an intermediate dose of 100 ng/mL, while at the dose of 150 ng/mL a decrease in the
mitotic potential of PDGF-AB was observed [25]. Significant methodological discrepancies,
as well as the research model used, make it difficult to relate the results of this work
to the results of the current study. It seems obvious, however, that the dynamics of
PDGF-AB-dependent processes will be different in the in vitro and in vivo systems. The
concentration of PDGF-AB in a PRP preparation will not be the only determinant of
therapeutic success in the in vivo system. It will also depend on the sex and age of
the patient [26,27], the general condition of the body and physical activity [28], but also
the use of medications, e.g., nonsteroidal anti-inflammatory drugs [29], the presence of
comorbidities, and finally the cellular composition of PRP [30]. In our study, however, we
did not find significant differences in clinical and biochemical parameters between patients
with particular variants of the PDGFA gene, which would explain the observed differences
in PDGF-AB concentration. Returning to the studies documenting the influence of cytokine
concentration on the effectiveness of therapy, the analysis of the relationship between the
PRP composition and the effectiveness of PRP treatment of tennis elbow was carried out by
Lim et al. [31]. The results of this study indicated that parameters such as the concentration
of platelets, PDGF-AB, PDGEF-BB, vascular endothelial growth factor (VEGF), epidermal
growth factor (EGF), and interleukin 1p (IL-1(3) were not correlated with the progress
of PRP treatment, and those that correlated with them were the concentration of white
blood cells and transforming growth factor 3 (TGF-f) [31]. In addition, Sundman et al.
showed that the injection of PRP leads to an increase in the concentration of PDGF-AB,
TGF-f3, and IL-13, moreover the level of increase depends on the cellular composition of
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PRP [30]. Moreover, de Melo Viveiros et al. observed that treatment with PRP causes a
significant increase in the production of interleukin 6 (IL-6) and interleukin 8 (IL-8) in lateral
epicondylitis derived cells [32]. It is unknown how these cytokines affect the regeneration
process during tennis elbow. Due to the limited knowledge on this subject, further research
is necessary which would focus on determining the influence of growth factors on the
effectiveness of PRP therapy in the treatment of tendinopathies. Such an analysis will not
be complete if it does not take into account the basic demographic, biochemical, and clinical
factors which, on the one hand, may affect the composition of PRP and, on the other hand,
modify the body’s response to the therapy.

An analysis of the literature on the genetics of musculoskeletal system injuries also
reveals large gaps in knowledge, especially in terms of prognostic factors, potentially
modifying the body’s response to platelet-rich plasma therapy. Such factors certainly
include variants of the cytokine genes present in PRP. In our previous work, we showed
that specific genotypes of the PDGFB gene, namely TT (rs2285099), CC (rs2285097), and
AA (rs2247128) were associated with a significantly higher effectiveness of PRP therapy.
during almost the entire one-year follow-up period [13]. These data, together with the
results of the present study, suggest that the body’s response to the PRP therapy may be
the result of the interaction of multiple gene variants (multi-gene inheritance model). A
review of the contemporary literature shows that the goal of most of the remaining studies
was to look for genetic risk factors for tendinopathy. The vast majority of these works are
case-control studies. Due to the applied research model, their results are characterized by
high variability resulting from different criteria for selecting the study and control groups,
as well as ethnic differences. In the light of current knowledge, well-established factors
of susceptibility to tendinopathy are the polymorphic variants of collagen, type I, alpha-1
(COL1A1) [33], collagen, type V, alpha-1 (COL5A1) [34] and matrix metalloproteinase 3
(MMP3) [35] genes. However, little is known about their effect on the prognosis of tennis
elbow therapy, as such studies have not been conducted so far.

Our study was limited by the relatively small size of the study group and the lack of
formal protocol for post-injection physiotherapy. The size of the group is a strong limiting
factor in the analysis of qualitative variables, whereas the main data analyzed in the current
study were quantitative variables (PROMs, platelet parameters) for which the number of
patients was sufficient. Regarding the rehabilitation protocol, we considered it unethical
to influence patients’ therapeutic decisions. As a result, we obtained additional data and
identified genotypes that required physiotherapeutic intervention during follow-up more
frequently. Our results are not only a statement or not of a relationship between the PDGFA
gene polymorphism and the effectiveness of tennis elbow treatment. In our opinion, the
most important thing about them is that they combine clinical aspects and biological issues
not in a purely academic but also in a practical form. Perhaps one day it will be enough to
test the type of polymorphism before applying PRP therapy and implement it in patients
susceptible to treatment.

In summary, the results of our study show that the influence of polymorphism of genes
encoding platelet growth factors may be related to specific results of tennis elbow treatment.
In addition, according to the authors, the perspective of examining the effectiveness of PRP
treatment in other musculoskeletal conditions in terms of gene polymorphism should be
used more widely.

5. Conclusions

In conclusion, polymorphic variants of the PDGFA gene modify the effectiveness of
platelet-rich plasma therapy in tennis elbow patients. The carrier-state of the A (rs1800814)
and T (rs2070958) alleles of the PDGFA gene predispose to a better response to PRP therapy.
Therapy is the least effective in the GG homozygotes of both polymorphisms. After
PRP injection, GG homozygotes more often require additional forms of therapy (physical
therapy, manual therapy).
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The PDGFA gene polymorphisms may find clinical application in the future as genetic
markers of the efficacy of PRP therapy in the treatment of tennis elbow. We hope that a
personalized approach to treating musculoskeletal injuries will improve patient satisfaction,
increase quality, and reduce treatment costs, which should be the overriding goal of genetic
research in each of the fields of medicine.
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Table S8: Platelet parameters and PROMs values in GG homozygotes and C allele carriers of the
rs62433334 PDGFA gene polymorphism.

Author Contributions: Conceptualization, PN., K.S., A.B.,, M.N., TE, W.G., S.G.-K. and A.J.; method-
ology, PN., K.S., A.B,, M.N,, TE, W.G,, 5.G.-K. and A ].; validation, P.N.; laboratory analysis, P.N.,
A.B., AJ,]lL, TIL, TN., T.E, W.G. and 5.G.-K; statistics, PN., A.]., T.I., T.N.; data curation, P.N.,
KS., AB., AJ,JI, TL, TN, MK. and WK, writing—original draft preparation, PN., A.B., A].
and ].I; writing—review and editing, PN., M.N., TE, W.G., S.G.-K,, TN,, TI, M.K.,, WK. and K.S.;
visualization, P.N.; funding acquisition, PN. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Medical University of Silesia in Katowice (grant num-
bers: PCN-1-071/K/0/Z and PCN-1-096/K/1/Z).

Institutional Review Board Statement: Ethical approval was obtained from the Medical University
of Silesia Ethics Committee (Application KNW/0022/KB1/24/1/17). The methods used in this study
were in accordance with the Helsinki Declaration of 1975 and its further revisions.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Elzbieta Rabsztyn for professional substantive and technical
support with regard to the blood analysis, Iwona Danecka for technical and logistic support, Wioletta
Chrostowska for blood sampling and PRP preparation, Wiadystaw Grzeszczak of venerable memory
and Iwona Zak for their conceptual support, and the Patients, without whom this study would not
have been conducted.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

Vaquero-Picado, A.; Barco, R.; Antufia, S.A. Lateral epicondylitis of the elbow. EFORT Open Rev. 2017, 1, 391-397. [CrossRef]
[PubMed]

Popescu, M.N.; Iliescu, M.G.; Beiu, C.; Popa, L.G.; Mihai, M.M.; Berteanu, M.; Ionescu, A.M. Autologous Platelet-Rich Plasma
Efficacy in the Field of Regenerative Medicine: Product and Quality Control. Biomed. Res. Int. 2021, 2021, 4672959. [CrossRef]
[PubMed]

Fitzpatrick, J.; Bulsara, M.; Zheng, M.H. The Effectiveness of Platelet-Rich Plasma in the Treatment of Tendinopathy: A Meta-
analysis of Randomized Controlled Clinical Trials. Am. J. Sports Med. 2017, 45, 226-233. [CrossRef] [PubMed]

Niemiec, P; Szyluk, K.; Jarosz, A.; Iwanicki, T.; Balcerzyk, A. Effectiveness of Platelet-Rich Plasma for Lateral Epicondylitis. A
Systematic Review and Meta-analysis Based on Achievement of Minimal Clinically Important Difference. Orthop. ]. Sports Med.
2022, 10. [CrossRef]


https://www.mdpi.com/article/10.3390/jcm11123504/s1
http://doi.org/10.1302/2058-5241.1.000049
http://www.ncbi.nlm.nih.gov/pubmed/28461918
http://doi.org/10.1155/2021/4672959
http://www.ncbi.nlm.nih.gov/pubmed/34368346
http://doi.org/10.1177/0363546516643716
http://www.ncbi.nlm.nih.gov/pubmed/27268111
http://doi.org/10.1177/23259671221086920

J. Clin. Med. 2022, 11, 3504 13 of 14

*®

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Lenoir, H.; Mares, O.; Carlier, Y. Management of lateral epicondylitis. Orthop. Traumatol. Surg. Res. 2019, 105, S241-5246.
[CrossRef]

Popescu, M.B.; Carp, M.; Tevanov, I.; Nahoi, C.A.; Stratila, M.A.; Haram, O.M.; Ulici, A. Isolated Meniscus Tears in Adolescent
Patients Treated with Platelet-Rich Plasma Intra-articular Injections: 3-Month Clinical Outcome. Biomed. Res. Int. 2020, 2020.
[CrossRef] [PubMed]

Eisinger, F,; Patzelt, J.; Langer, H.F. The Platelet Response to Tissue Injury. Front. Med. 2018, 5, 317. [CrossRef]

Kohler, N.; Lipton, A. Platelets as a source of fibroblast growth-promoting activity. Exp. Cell Res. 1974, 87, 297-301. [CrossRef]
Wu, D.; Wang, M.; Wang, X.; Zhang, Y.B.; Song, T; Yin, N.; Zhao, Z. Interaction between interferon regulatory factor 6 and glycine
receptor beta shows a protective effect on developing non-syndromic cleft lip with or without cleft palate in the Han Chinese
population. Eur. J. Oral Sci. 2019, 127, 27-32. [CrossRef]

Fredriksson, L.; Li, H.; Eriksson, U. The PDGF family: Four gene products form five dimeric isoforms. Cytokine Growth Factor Rev.
2004, 15, 197-204. [CrossRef]

Gupta, A.; EI-Amin, S.E, 3rd; Levy, H.J.; Sze-Tu, R.; Ibim, S.E.; Maffulli, N. Umbilical cord-derived Wharton's jelly for regenerative
medicine applications. J. Orthop. Surg. Res. 2020, 15, 49. [CrossRef] [PubMed]

Li, A; Xia, X.; Yeh, J.; Kua, H.; Liu, H.; Mishina, Y.; Hao, A.; Li, B. PDGF-AA promotes osteogenic differentiation and migration of
mesenchymal stem cells by down-regulating PDGFR«x and derepressing BMP-Smad1/5/8 signaling. PLoS ONE 2014, 9, e113785.
[CrossRef] [PubMed]

Niemiec, P.; Szyluk, K.; Balcerzyk, A.; Kalita, M.; Jarosz, A.; Iwanicka, J.; Iwanicki, T.; Nowak, T.; Negru, M.; Francuz, T.; et al.
Why PRP works only on certain patients with tennis elbow? Is PDGFB gene a key for PRP therapy effectiveness? A prospective
cohort study. BMC Musculoskelet. Disord. 2021, 22, 710. [CrossRef] [PubMed]

Hao, Q.; Devji, T.; Zeraatkar, D.; Wang, Y.; Qasim, A.; Siemieniuk, R.A.C.; Vandvik, P.O.; Ldhdeoja, T.; Carrasco-Labra, A;
Agoritsas, T.; et al. Minimal important differences for improvement in shoulder condition patient-reported outcomes: A
systematic review to inform a BMJ Rapid Recommendation. BM] Open 2019, 9, e028777. [CrossRef]

Smith-Forbes, E.V.; Howell, D.M.; Willoughby, J.; Pitts, D.G.; Uhl, T.L. Specificity of the minimal clinically important difference
of the quick Disabilities of the Arm Shoulder and Hand (QDASH) for distal upper extremity conditions. J. Hand Ther. 2016, 29,
81-88. [CrossRef] [PubMed]

Poltawski, L.; Watson, T. Measuring clinically important change with the Patient-rated Tennis Elbow Evaluation. Hand Ther. 2011,
16, 52-57. [CrossRef]

National Library of Medicine (US): National Center for Biotechnology Information. Available online: https:/ /www.ncbi.nlm.nih.
gov/snp/ (accessed on 5 March 2022).

Zeckey, C.; Hildebrand, F,; Glaubitz, L.M.; Jiirgens, S.; Ludwig, T.; Andruszkow, H.; Hiifner, T.; Krettek, C.; Stuhrmann, M. Are
polymorphisms of molecules involved in bone healing correlated to aseptic femoral and tibial shaft non-unions? J. Orthop. Res.
2011, 29, 1724-1731. [CrossRef]

Andrae, J.; Gallini, R.; Betsholtz, C. Role of platelet-derived growth factors in physiology and medicine. Genes Dev. 2008, 22,
1276-1312. [CrossRef]

Shah, P; Keppler, L.; Rutkowski, J. A review of platelet-derived growth factor playing pivotal role in bone regeneration. J. Oral
Implantol. 2014, 40, 330-340. [CrossRef]

Deptutla, M.; Karpowicz, P.; Wardowska, A.; Sass, P.; Sosnowski, P.; Mieczkowska, A.; Filipowicz, N.; Dzierzyniska, M.; Sawicka, J.;
Nowicka, E.; et al. Development of a Peptide Derived from Platelet-Derived Growth Factor (PDGF-BB) into a Potential Drug
Candidate for the Treatment of Wounds. Adv. Wound Care 2020, 9, 657-675. [CrossRef]

Liang, T.; Zhu, L.; Gao, W.; Gong, M; Ren, J.; Yao, H.; Wang, K.; Shi, D. Coculture of endothelial progenitor cells and mesenchymal
stem cells enhanced their proliferation and angiogenesis through PDGF and Notch signaling. FEBS Open Bio. 2017, 7, 1722-1736.
[CrossRef] [PubMed]

Casati, L.; Celotti, F.; Negri-Cesi, P.; Sacchi, M.C.; Castano, P.; Colciago, A. Platelet derived growth factor (PDGF) contained in
Platelet Rich Plasma (PRP) stimulates migration of osteoblasts by reorganizing actin cytoskeleton. Cell Adhes. Migr. 2014, 8,
595-602. [CrossRef] [PubMed]

Evrova, O.; Buschmann, J. In vitro and in vivo effects of PDGF-BB delivery strategies on tendon healing: A review. Eur. Cell
Mater. 2017, 34, 15-39. [CrossRef] [PubMed]

Manoranjan, S.J.; Faizuddin, M.; Hemalatha, M.; Ranganath, V. The effect of platelet derived growth factor-AB on periodontal
ligament fibroblasts: An in vitro study. J. Indian Soc. Periodontol. 2012, 16, 49-53. [CrossRef]

Salini, V.; Vanni, D.; Pantalone, A.; Abate, M. Platelet Rich Plasma Therapy in Non-insertional Achilles Tendinopathy: The
Efficacy is Reduced in 60-years Old People Compared to Young and Middle-Age Individuals. Front. Aging Neurosci. 2015, 7, 228.
[CrossRef]

Evanson, J.R.; Guyton, M.K.; Oliver, D.L.; Hire, ].M.; Topolski, R.L.; Zumbrun, S.D.; McPherson, J.C.; Bojescul, J].A. Gender and
age differences in growth factor concentrations from platelet-rich plasma in adults. Mil. Med. 2014, 179, 799-805. [CrossRef]
Hamilton, B.; Tol, J.L.; Knez, W.; Chalabi, H. Exercise and the platelet activator calcium chloride both influence the growth factor
content of platelet-rich plasma (PRP): Overlooked biochemical factors that could influence PRP treatment. Br. ]. Sports Med. 2015,
49,957-960. [CrossRef]


http://doi.org/10.1016/j.otsr.2019.09.004
http://doi.org/10.1155/2020/8282460
http://www.ncbi.nlm.nih.gov/pubmed/32596381
http://doi.org/10.3389/fmed.2018.00317
http://doi.org/10.1016/0014-4827(74)90484-4
http://doi.org/10.1111/eos.12587
http://doi.org/10.1016/j.cytogfr.2004.03.007
http://doi.org/10.1186/s13018-020-1553-7
http://www.ncbi.nlm.nih.gov/pubmed/32054483
http://doi.org/10.1371/journal.pone.0113785
http://www.ncbi.nlm.nih.gov/pubmed/25470749
http://doi.org/10.1186/s12891-021-04593-y
http://www.ncbi.nlm.nih.gov/pubmed/34407802
http://doi.org/10.1136/bmjopen-2018-028777
http://doi.org/10.1016/j.jht.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26601561
http://doi.org/10.1258/ht.2011.011013
https://www.ncbi.nlm.nih.gov/snp/
https://www.ncbi.nlm.nih.gov/snp/
http://doi.org/10.1002/jor.21443
http://doi.org/10.1101/gad.1653708
http://doi.org/10.1563/AAID-JOI-D-11-00173
http://doi.org/10.1089/wound.2019.1051
http://doi.org/10.1002/2211-5463.12317
http://www.ncbi.nlm.nih.gov/pubmed/29123981
http://doi.org/10.4161/19336918.2014.972785
http://www.ncbi.nlm.nih.gov/pubmed/25482626
http://doi.org/10.22203/eCM.v034a02
http://www.ncbi.nlm.nih.gov/pubmed/28714058
http://doi.org/10.4103/0972-124X.94604
http://doi.org/10.3389/fnagi.2015.00228
http://doi.org/10.7205/MILMED-D-13-00336
http://doi.org/10.1136/bjsports-2012-091916

J. Clin. Med. 2022, 11, 3504 14 of 14

29.

30.

31.

32.

33.

34.

35.

Mannava, S.; Whitney, K.E.; Kennedy, M.L; King, J.; Dornan, G.J.; Klett, K.; Chahla, J.; Evans, T.A.; Huard, J.; LaPrade, R.F.
The Influence of Naproxen on Biological Factors in Leukocyte-Rich Platelet-Rich Plasma: A Prospective Comparative Study.
Arthroscopy 2019, 35, 201-210. [CrossRef]

Sundman, E.A.; Cole, B.J.; Fortier, L.A. Growth factor and catabolic cytokine concentrations are influenced by the cellular
composition of platelet-rich plasma. Am. J. Sports Med. 2011, 39, 2135-2140. [CrossRef]

Lim, W,; Park, S.H.; Kim, B.; Kang, S.W.; Lee, ].W.; Moon, Y.L. Relationship of cytokine levels and clinical effect on platelet-rich
plasma-treated lateral epicondylitis. J. Orthop. Res. 2018, 36, 913-920. [CrossRef]

De Melo Viveiros, M.E.; Viveiros, M.M.H.; da Silva, M.G.; Rainho, C.A.; Schellini, S.A. In vitro effect of triamcinolone and
platelet-rich plasma on cytokine levels of elbow lateral epicondylitis-derived cells. J. Orthop. Surg. Res. 2022, 17, 94. [CrossRef]
[PubMed]

Wang, C.; Li, H.; Chen, K.; Wu, B,; Liu, H. Association of polymorphisms rs1800012 in COL1A1 with sports-related tendon and
ligament injuries: A meta-analysis. Oncotarget 2017, 8, 27627-27634. [CrossRef] [PubMed]

Lv, Z.T,; Gao, S.T.; Cheng, P; Liang, S.; Yu, S.Y,; Yang, Q.; Chen, A M. Association between polymorphism rs12722 in COL5A1
and musculoskeletal soft tissue injuries: A systematic review and meta-analysis. Oncotarget 2017, 9, 15365-15374. [CrossRef]
[PubMed]

Guo, R,; Aizezi, A,; Fan, Y,; Ji, Z.; Li, W,; Li, Y,; Wang, Z.; Ning, K. Association between matrix metalloproteinase-3 gene
polymorphisms and tendon-ligament injuries: Evidence from a meta-analysis. BMC Sports Sci. Med. Rehabil. 2022, 14, 26.
[CrossRef]


http://doi.org/10.1016/j.arthro.2018.07.030
http://doi.org/10.1177/0363546511417792
http://doi.org/10.1002/jor.23714
http://doi.org/10.1186/s13018-022-02990-0
http://www.ncbi.nlm.nih.gov/pubmed/35168647
http://doi.org/10.18632/oncotarget.15271
http://www.ncbi.nlm.nih.gov/pubmed/28206959
http://doi.org/10.18632/oncotarget.23805
http://www.ncbi.nlm.nih.gov/pubmed/29632650
http://doi.org/10.1186/s13102-022-00421-5

	Introduction 
	Materials and Methods 
	Study Design 
	Patients 
	PRP Separation and Injection Procedure 
	Whole Blood and PRP Analyses 
	Follow-Up, Outcomes, Measures of Effectiveness 
	Genetic Analyses 
	Statistical Analyses 

	Results 
	General Characteristics of the Study Group 
	Factors Influencing Platelets and PDGF-AB Concentration 
	Factors Influencing PROMs Values 
	PDGFA Gene Polymorphisms and Patients Characteristics 
	PDGFA Gene Polymorphisms and Platelet Parameters 
	PDGFA Gene Polymorphisms and PROMs 

	Discussion 
	Conclusions 
	References

