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Introduction

Systemic sclerosis (SSc), a chronic autoimmune condition, is characterized by microvascular dysfunction, ineffective angiogenesis, and fibrosis. The identification of robust biomarkers reflecting these processes may assist in clinical management and lead to the discovery of new therapies. We sought to address this issue by conducting a systematic review and meta-analysis of studies investigating one such biomarker, vascular endothelial growth factor (VEGF), in SSc patients and healthy controls and in SSc patients with localized or diffuse disease, different video capillaroscopy patterns (early, active, or late), and presence or absence of complications.





Methods

We searched PubMed, Scopus, and Web of Science from inception to 15 May 2024. We assessed the risk of bias and the certainty of evidence using the JBI checklist for analytical studies and GRADE, respectively.





Results

In 42 eligible studies, compared to controls, patients with SSc had significantly higher plasma or serum VEGF concentrations (standard mean difference, SMD=0.93, 95% CI 0.71 to 1.15, p<0.001; moderate certainty). In further analyses, VEGF concentrations were significantly higher in SSc patients with diffused disease than those with localized disease (SMD=0.30, 95% CI 0.01 to 0.59, p=0.046; very low certainty), in patients with late vs. active video capillaroscopy pattern (SMD=0.35, 95% CI 0.09 to 0.61, p=0.008; very low certainty), and in patients with pulmonary hypertension than those without (SMD=0.93, 95% CI 0.34 to 1.53, p=0.002; very low certainty). By contrast, no significant differences were observed between SSc patients with and without digital ulcers, interstitial lung disease, and telangiectasias, whereas limited evidence was available for alveolitis. Meta-regression and subgroup analysis of studies investigating VEGF in SSc patients and controls showed no significant associations between the effects size and various patient and study characteristics, including SSc duration and use of corticosteroids, immunosuppressors and vasodilators. By contrast, significant associations were observed with the geographical location where the study was conducted.





Discussion

The results of this systematic review and meta-analysis suggest that VEGF can be useful in the assessment and management of SSc and in the identification of novel therapeutic strategies in this patient group.





Systematic Review Registration

https://www.crd.york.ac.uk/prospero, identifier CRD42024552925.
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Introduction

Systemic sclerosis (SSc) is a chronic and disabling autoimmune condition that is characterized by microvascular dysfunction, ineffective angiogenesis, and localized or diffuse fibrosis (1–4). There is increasing evidence that microvascular damage is a critical pathophysiological step in SSc as it generally occurs before the onset of skin and visceral fibrosis (5, 6). Early clinical manifestations of microvascular damage in SSc primarily involve the Raynaud’s phenomenon, with other manifestations such as telangiectasias, pitting scars, nailfold video capillaroscopy abnormalities, digital ulcers, and pulmonary arterial hypertension occurring during later stages of the disease (7–9). The presence of microvascular offers significant opportunities for the study and the identification of novel SSc biomarkers, an important knowledge gap in this patient population (10, 11). Such biomarkers might facilitate early diagnosis and treatment, critical factors associated with disease progression and clinical outcomes (3, 4, 12). The available evidence suggests that endothelial cell injury secondary to multiple insults, e.g., autoantibodies, viral agents, and excess production of reactive oxygen species, leads to a dysregulation in the production of vasoconstrictive and vasodilating substances, including excess endothelin-1 and reduced nitric oxide (13–17). Alterations in nitric oxide synthesis in SSc patients are also associated with increased concentrations of asymmetric dimethylarginine, an endogenous nitric oxide synthase inhibitor (18, 19). Functional and structural endothelial alterations are also associated with increased expression of cell adhesion molecules and chemokines, which further perpetuates microvascular damage and alterations in vascular tone (20). Overall, these processes lead to a dysregulated increase in pro-angiogenic factors, i.e., vascular endothelial growth factor (VEGF) and endoglin (21, 22), and anti-angiogenic molecules such as pentraxin-3, endostatin, and angiostatin (23, 24). These observations have stimulated a significant body of research to investigate a broad group of potential biomarkers of SSc, including selectins, immunoglobulin-like cell adhesion molecules, VEGF, endoglin, endothelin-1, pentraxin-3, endostatin, angiostatin, angiopoietins, matrix metalloproteinases, neurovascular guidance molecules, sirtuins, cytokines, adipokines, thrombomodulin, soluble CD163, brain natriuretic peptide, von Willebrand factor, and soluble urokinase plasminogen activator receptor (25).

The most studied angiogenic modulator in SSc is VEGF, also known as VEGF-A, the main component of the VEGF family (26). Physiologically, VEGF is a potent pro-angiogenic factor and an essential growth factor for endothelial cells, ensuring the functional and structural integrity of the endothelium and blood vessels through its binding to the target receptors VEGFR-1 and VEFGR-2 as well as non-signaling co-receptors (27). Experimental and clinical studies have reported VEGF activation and increased concentrations in plasma or serum in SSc despite the lack of effective angiogenesis (28–30). Therefore, VEGF activation might further contribute to alterations in blood vessel morphology and tone in SSc (28). This hypothesis is supported by investigations reporting increased VEGF concentrations in SSc patients with systemic fibrosis, specific alterations in nailfold capillary density and patterns (31, 32), and well-established complications, e.g., pulmonary arterial hypertension (31, 33). The significant associations between VEGF elevations, critical pathophysiological processes (microvascular dysfunction, ineffective angiogenesis, and fibrosis) and clinical manifestations suggest that VEGF might represent a useful diagnostic and prognostic biomarker in SSc.

We sought to investigate the potential role of VEGF in SSc by conducting a systematic review and meta-analysis of studies reporting VEGF concentrations in SSc patients and healthy controls and in SSc patients with specific disease types (localized or diffuse), nailfold video capillaroscopy patterns (early, active, or late) (34), and complications. We also investigated associations between the effect size of the differences in VEGF concentrations and specific study and patient characteristics.





Materials and methods




Literature search and study selection

We conducted a systematic search in electronic databases (PubMed, Web of Science, and Scopus) from inception to 15 May 2024, using the following terms: “systemic sclerosis” OR “scleroderma” AND “VEGF” OR “vascular endothelial growth factor”. Two investigators independently screened each abstract and, if relevant, the full text articles. Inclusion criteria were: (i) the investigation of VEGF concentrations in patients with SSc diagnosed according accepted guidelines and healthy controls in a case-control study, (ii) evaluation of VEGF concentrations in relation to disease type (localized or diffuse) and/or video capillaroscopy pattern (early, active, or late), (iii) assessment of VEGF concentrations in SSc patients with or without specific complications, (iv) inclusion of adult participants, and (v) availability of the full text of the article in English language. Exclusion criteria were: (i) investigation of VEGF concentrations in immunological conditions other than SSc, (ii) inclusion of participants under 18 years, and (iii) study design other than case-control.

The investigators independently hand-searched the references of the retrieved articles to identify additional studies, and extracted the following variables from each article: year of publication, first author, country and continent where the study was conducted, number of participants, age, male-to-female ratio, mean disease duration, VEGF concentrations, biological matrix assessed (serum or plasma), use of glucocorticoids, immunosuppressors, and vasodilators, fraction of patients affected by diffuse or localized form, early, active, or late video capillaroscopy patterns, digital ulcers, pulmonary hypertension, interstitial lung disease, telangiectasias, and alveolitis.

We assessed the risk of bias using the Joanna Briggs Institute (JBI) Critical Appraisal Checklist for analytical studies (35), and the certainty of evidence using the Grades of Recommendation, Assessment, Development, and Evaluation (GRADE) Working Group system (36). We fully adhered to the PRISMA 2020 statement (Supplementary Table 1) (37), and registered the study protocol in an international repository (PROSPERO registration number: CRD42024552925).





Statistical analysis

We calculated the standardized mean differences (SMDs) and 95% confidence intervals (CIs) for each study to generate forest plots to investigate differences in VEGF concentrations between SSc patients and healthy controls and between SSc with different disease type, video capillaroscopy pattern, and with or without complications. A p-value <0.05 was considered statistically significant. We extracted data from graphs using the Graph Data Extractor software (San Diego, CA, USA) and extrapolated means and standard deviations from medians and interquartile or full ranges as previously reported (38). SMD heterogeneity was assessed using the Q statistic (significance level at p<0.10) and ranked as low (I2 ≤25%), moderate (25%< I2 <75%), or high (I2 ≥75%). We used a random-effects model based on the inverse-variance method in presence of high heterogeneity (39, 40).

We conducted sensitivity analyses to confirm the stability of the results (41), and assessed the presence of publication bias using standard methods (42–44). We also conducted univariate meta-regression and subgroup analyses to investigate possible associations between the effect size and the following parameters: year of publication, study country and continent, number of participants, age, male-to-female ratio, mean disease duration, sample matrix (serum or plasma), disease type, video capillaroscopy pattern, complications, and use of glucocorticoids, immunosuppressors, or vasodilators (45, 46). Statistical analyses were performed using Stata 14 (Stata Corp., College Station, TX, USA).






Results




Systematic search and study selection

The flow chart of the screening process is illustrated in Figure 1. After initially identifying 568 articles, 521 were excluded because they were either
irrelevant (i.e., different biological matrices analysed such as urine or tissues, cellular or molecular studies, animal studies, pharmacological trials outside the scope of our systematic review, longitudinal studies without control groups, and studies without a case-control or cohort design), or presented duplicate data. Full-text review of the remaining 47 articles led to the further exclusion of two studies because they presented duplicate data, one study because it was not case-control, one study written in a non-English language, and one study including participants under 18 years. Therefore, 42 studies were included in the final analysis (22, 28, 31–33, 43, 47–82). The risk of bias was low in 29 studies (28, 32, 47–51, 53–56, 58, 59, 62–65, 68–72, 74–79, 81) and moderate in the remaining 13 (22, 31, 33, 43, 52, 57, 60, 61, 66, 67, 73, 80, 82) (Supplementary Table 2). The initial level of certainty was adjudicated as low (level 2) given the case-control design of the selected studies.




Figure 1 | PRISMA 2020 flow diagram of study selection.







Presence of SSc

Thirty-eight studies including 39 group comparators assessed VEGF concentrations in 2,181 SSc patients (mean age 52 years, 87% females) and 1,065 healthy controls (mean age 48 years, 82% females) (22, 28, 31–33, 43, 47–52, 54–58, 60–63, 66–82) (Table 1). Twenty studies were conducted in Europe (22, 28, 32, 33, 43, 47, 49, 51, 52, 54, 55, 58, 68, 71, 72, 74, 75, 79–81), 14 in Asia (31, 48, 50, 60, 61, 66, 67, 69, 70, 73, 76–78, 82), three in Africa (56, 57, 63), and one in America (62). VEGF was measured using an enzyme-linked immunosorbent assay in 32 studies (22, 28, 31–33, 47–51, 54–58, 60–63, 66, 67, 69, 71–74, 76–81) and a platform for multi-analyte profiling in the remaining six (43, 52, 68, 70, 75, 82). Thirty-two studies measured VEGF in serum (22, 28, 31–33, 43, 47, 49–52, 54–56, 58, 60, 61, 63, 66–68, 71, 72, 74, 76–79, 81, 82) and eight in plasma (48, 57, 62, 69, 70, 73, 75, 80). Disease duration was reported in 24 studies and ranged between 1.7 and 17.25 years (22, 31–33, 47, 48, 50–52, 55, 56, 62, 63, 67–71, 73–78).


Table 1 | Main characteristics and results of the studies included in the meta-analysis.



The risk of bias was considered low in 25 studies (28,
32, 47–51, 54–56, 58, 62, 63, 68–72, 74–79, 81) studies and moderate in the remaining 13 (22, 31, 33, 43, 52, 57, 60, 61, 66, 67, 73, 80, 82) (Supplementary Table 2).

Pooled analyses showed that SSc patients had significantly higher VEGF concentrations than controls (SMD=0.93, 95% CI 0.71 to 1.15, p<0.001; I2 = 85.6%, p<0.001; Figure 2). Sensitivity analysis showed stability of the results, with pooled SMD values ranging
between 0.67 and 0.96 (Supplementary Figure 1).




Figure 2 | Forest plot of studies investigating VEGF concentrations in SSc patients and controls.



There was significant publication bias (Begg’s test, p=0.003; Egger’s test,
p=0.005). The “trim-and-fill” method identified ten missing studies to be added to the
left side of the funnel plot to ensure symmetry (Supplementary Figure 2). The resulting effect size was attenuated but still significant (SMD=0.56, 95% CI 0.30 to 0.82, p<0.001).

No significant associations were observed between the effect size and age (t=-1.02, p=0.31), male-to-female ratio (t=1.51, p=0.14), year of publication (t=0.91, p=0.37), number of participants (t=-0.70, p=0.49), mean SSc duration (t=0.60, p=0.55), or use of glucocorticoids (t=-1.85, p=0.08), immunosuppressors (t=-1.05, p=0.32), or vasodilators (t=-0.37, p=0.72) in univariate meta-regression analysis. In sub-group analysis, the pooled SMD of studies conducted in Africa (SMD=1.81, 95% CI 1.44 to 2.18, p<0.001; I2 = 0.0%, p=0.827) was significantly higher (p=0.039) than that of studies conducted in Asia (SMD=0.79, 95% CI 0.39 to 1.19, p<0.001; I2 = 84.8%, p<0.001) but not (p=0.08) Europe (SMD=0.90, 95% CI 0.62 to 1.18, p<0.001; I2 = 86.4%, p<0.001; Figure 3), with a virtually absent heterogeneity in the African subgroup. Non-significant differences (p=0.53) in pooled SMD were observed between studies measuring serum (SMD=0.89, 95% CI 0.65 to 1.13, p<0.001; I2 = 86.8%, p<0.001) and plasma (SMD=1.09, 95% CI 0.61 to 1.91, p=1.57; I2 = 79.1%, p<0.001). Finally, the pooled SMD was non-significantly different (p=0.12) between studies using an enzyme-linked immunosorbent assay (SMD=1.03, 95% CI 0.77 to 1.28, p<0.001; I2 = 87.4%, p<0.001) and a platform for multi-analyte profiling (SMD=0.49, 95% CI 0.31 to 0.67, p<0.001; I2 = 0.0%, p=0.52), with a virtually absent between-study variance in the multi-analyte profiling subgroup.




Figure 3 | Forest plot of studies investigating VEGF concentrations in SSc patients and controls according to geographical area.



The overall level of certainty was upgraded to moderate (level 3) after considering the low-moderate risk of bias in all studies (no change), the high but partially explainable heterogeneity (no change), the lack of indirectness (no change), the large effect size (SMD=0.93; upgrade one level) (83), and the presence of publication bias which was addressed using the “trim-and-fill” method (no change).





Localized vs. diffuse disease

Eleven studies investigated VEGF concentrations in 228 SSc patients with diffuse form and 279 with localized form (28, 31, 47, 52, 54, 57, 65, 66, 76, 78, 81) (Table 2). Five studies were conducted in Europe (28, 47, 52, 54, 81), five in Asia (31, 65, 66, 76, 78), and one in Africa (57). Enzyme-linked immunosorbent assay was used in all studies except one which used a platform for multi-analyte detection (52). Except for one study (57), measurements were conducted in serum.


Table 2 | Summary of studies reporting VEGF concentrations in SSc patients with localized and diffuse disease.



The risk of bias was considered low in seven studies (28,
47, 54, 65, 76, 78, 81) and moderate in the remaining four (31, 52, 57, 66) (Supplementary Table 2).

The pooled analysis showed that SSc patients with diffuse disease had significantly higher VEGF concentrations than those with localized disease (SMD=0.30, 95% CI 0.01 to 0.59, p=0.046; I2 = 60.3%, p=0.005; Figure 4). The results were stable in sensitivity analysis, with pooled SMD values ranging between
0.19 and 0.36 (Supplementary Figure 3).




Figure 4 | Forest plot of studies investigating VEGF concentrations in SSc patients with diffuse or localized form.



There was no publication bias (Begg’s test, p=0.35; Egger’s test, p=0.46).
Accordingly, the “trim-and-fill” method did not identify any missing study to be added
to the funnel plot to ensure symmetry (Supplementary Figure 4). The resulting effect size was increased and still significant (SMD=0.51, 95% CI 0.08 to 0.94; p=0.021).

A limited number of meta-regression and subgroup analyses could be performed due to the limited
number of studies. No significant associations were found between the effect size and sample size
(t=-0.65, p=0.53). By contrast, there was a significant correlation with the year of publication (t=-3.95, p=0.003; Supplementary Figure 5A), as also confirmed by cumulative analysis performed using the metacum command (Supplementary Figure 5B). In sub-group analysis, the pooled SMD was significantly different in studies conducted in Asia (SMD=0.53, 95% CI 0.01 to 1.05, p=0.048; I2 = 73.5%, p=0.004) but not Europe (SMD=0.13, 95% CI -0.18 to 0.44, p=0.41; I2 = 24.9%, p=0.25; Figure 5), with a substantial reduction in heterogeneity in the European subgroup.




Figure 5 | Forest plot of studies investigating VEGF concentrations in SSc patients with localized or diffuse form according to geographical area where the study was conducted.



The overall level of certainty remained low (level 2) after considering the low-moderate risk of bias in all studies (no change), the high but partially explainable heterogeneity (no change), the lack of indirectness (no change), the small effect size (SMD=0.30; no change) (83), and the lack of publication bias (no change).





Capillaroscopy pattern

Five studies reported serum VEGF concentrations in SSc patients stratified according to the capillaroscopy pattern (28, 32, 59, 71, 82) (Table 3). Four studies were conducted in Europe (28, 32, 59, 71) and one in Asia (82). All studies used an enzyme-linked immunosorbent assay except one, which used used a platform for multi-analyte detection (82).


Table 3 | Summary of studies reporting VEGF concentrations in SSc patients according to capillaroscopy pattern.



Pooled analysis showed non-significant differences in VEGF concentrations between early and active SSc patients (SMD=-0.06, 95% CI -0.34 to 0.22, p=0.68; I2 = 0.0%, p=0.85; Figure 6). Sensitivity analysis confirmed the stability of the results, with pooled SMD values
ranging between -0.12 and 0.00 (Supplementary Figure 6). Assessment of publication bias, meta-regression and sub-group analyses could not be performed because of the small number of studies.




Figure 6 | Forest plot of studies investigating VEGF concentrations in SSc patients according to capillaroscopy pattern (early vs. active).



Pooled analysis showed that VEGF concentrations was higher in late than active SSc patients (SMD=0.35, 95% CI 0.09 to 0.61, p=0.008; I2 = 38.9%, p=0.16; Figure 7). Sensitivity analysis confirmed stability of the results, with pooled SMD values ranging
between 0.23 and 0.49 (Supplementary Figure 7). Assessment of publication bias, meta-regression and sub-group analyses could not be performed because of the small number of studies.




Figure 7 | Forest plot of studies investigating VEGF concentrations according to capillaroscopy pattern (active vs. late).



Pooled results showed that VEGF concentrations were non-significantly different between late and early SSc patients (SMD=0.40, 95% CI -0.13 to 0.93, p=0.14; I2 = 67.3%, p=0.016; Figure 8). The results were stable in sensitivity analysis (pooled SMD values ranged between 0.17 and
0.58; Supplementary Figure 8). Assessment of publication bias, meta-regression and sub-group analyses could not be performed because of the small number of studies.




Figure 8 | Forest plot of studies investigating VEGF concentrations according to capillaroscopy pattern (early vs. late).



The overall level of certainty was downgraded to very low (level 1) because of the lack of assessment of publication bias.





Digital ulcers

Seven studies investigated serum VEGF concentrations in 562 SSc patients, 265 without and 297 with digital ulcers (28, 52, 58, 59, 65, 79) (Table 4). All studies were conducted in Europe except one which was conducted in Asia (65). All studies used an enzyme-linked immunosorbent assay except one, which used used a platform for multi-analyte detection (52).


Table 4 | Summary of studies reporting VEGF concentrations in SSc patients with and without complications.



Pooled results showed non-significant between-group differences in VEGF concentrations (SMD=0.14, 95% CI -0.51 to 0.79, p=0.67; I2 = 91.0%, p<0.001; Figure 9). Sensitivity analysis showed stability of the results, with an effect size ranging between
-0.20 and 0.30 (Supplementary Figure 9).




Figure 9 | Forest plot of studies investigating VEGF concentrations in SSc patients with or without digital ulcers.



Assessment of publication bias, meta-regression and sub-group analyses could not be performed because of the small number of studies. Consequently, the overall certainty of evidence was downgraded to very low (level 1).





Interstitial lung disease

Five studies investigated serum VEGF concentrations in 509 SSc patients, 211 without and 298 with interstitial lung disease (22, 52, 55, 65, 76) (Table 4). Three studies were performed in Europe (22, 52, 55) and two in Asia (65, 76). All studies used an enzyme-linked immunosorbent assay except one, which used used a platform for multi-analyte detection (52).

Pooled results showed that SSc patients with interstitial lung disease had non-significantly higher VEGF concentrations than SSc patients without (SMD=0.29, 95% CI -0.06 to 0.65, p=0.11; I2 = 65.5%, p=0.021; Figure 10). Sensitivity analysis showed that the pooled SMD value become significant after removing
the study by Cossu et al. (52) (SMD=0.43, 95% CI 0.12 to
0.74, p=0.001, I2 = 34.9%, p=0.23), with a concomitant reduction in between-study
variance (Supplementary Figure 10).




Figure 10 | Forest plot of studies investigating VEGF concentrations in SSc patients with or without interstitial lung disease.



Assessment of publication bias, meta-regression and sub-group analyses could not be performed because of the small number of studies. Consequently, the overall certainty of evidence was downgraded to very low (level 1).





Pulmonary hypertension

Four studies investigated serum VEGF concentrations in 390 SSc patients, 334 without and 56 with pulmonary hypertension (22, 51, 64, 72). All studies were conducted in Europe and used an enzyme-linked immunosorbent assay. Pooled results showed that SSc patients with pulmonary hypertension had significantly higher VEGF concentrations than SSc patients without (SMD=0.93, 95% CI 0.34 to 1.53, p=0.002; I2 = 70.9%, p=0.016; Figure 11).




Figure 11 | Forest plot of studies investigating VEGF concentrations in SSc patients with and without pulmonary hypertension.



Assessment of sensitivity, publication bias, meta-regression and sub-group analyses could not be performed because of the small number of studies. Consequently, the overall certainty of evidence was downgraded to very low (level 1).





Telangiectasias

Three studies investigated VEGF concentrations in 256 SSc patients, 138 without and 118 with telangiectasias (52, 71, 80). All studies were conducted in Europe and used an enzyme-linked immunosorbent assay. Two studies measured serum (52, 71) and the remaining one plasma (80).

Pooled results showed a non-significant trend toward higher VEGF concentrations in patients with telangiectasias (SMD=0.94, 95% CI -0.03 to 1.91, p=0.058, I2 = 88.4%, p<0.001; Figure 12).




Figure 12 | Forest plot of studies investigating VEGF concentrations in SSc patients with and without telangiectasias.



Assessment of sensitivity, publication bias, meta-regression and sub-group analyses could not be performed because of the small number of studies. Consequently, the overall certainty of evidence was downgraded to very low (level 1).





Alveolitis

One study performed in Italy reported VEGF concentrations in 55 SSc patients, 27 without and 28 with alveolitis (53). Patients with alveolitis had non-significantly higher VEGF concentrations compared to those without (median: 53.9 pg/mL, IQR 5.5–184.3 pg/mL vs. 31.8 pg/mL, IQR 5.5–321.8 pg/mL, p>0.05).






Discussion

This systematic review and meta-analysis has highlighted the presence of significant elevations in plasma or serum VEGF concentrations in patients with SSc when compared to healthy controls. In further analyses specifically in SSc patients, higher VEGF concentrations were significantly associated with diffuse disease, late vs. active video capillaroscopy pattern, and pulmonary hypertension. The alterations in VEGF concentrations associated with microvascular (video capillaroscopy pattern) and macrovascular (pulmonary hypertension) complications are also likely to reflect a state of nitric oxide dysregulation and endothelial dysfunction (84–87). By contrast, there were no significant associations with other complications such as digital ulcers, interstitial lung disease, or telangiectasias, whereas only one study reported non-significant differences in VEGF concentrations between SSc patients with and without alveolitis.

Meta-regression and subgroup analysis of studies investigating VEGF concentrations in SSc patients and controls showed non-significant associations between the effect size of the reported differences and various patient and study characteristics, particularly mean SSc duration and use of established, e.g., immunosuppressors and vasodilators (88), and less common, e.g. corticosteroids (89), treatments. By contrast, significant associations were observed with the geographical location where the study was conducted with a significantly higher effect size in African than Asian, but not European, studies. Meta-regression and subgroup analyses of studies investigating VEGF in SSc patients with localized and diffuse disease showed a significant and inverse association between the effect size and publication year and the lack of significant differences in European studies when compared to studies conducted in Asia which reported significant differences. The lack of significant associations between the effect size of between-group differences in VEGF concentrations and mean disease duration suggests that VEGF concentrations are already increased during the early stages of SSc compared to the general population. However, such concentrations can further increase in SSc patients with more advanced disease, as suggested by the higher VEGF concentrations observed in SSc patients with late compared to active videocapillaroscopy pattern. Taken together, the results of this systematic review and meta-analysis suggest that measuring VEGF concentrations can be useful in assessing and managing patients with SSc during different stages of the disease. However, the role of VEGF in different clinical manifestations of SSc requires confirmation in further studies. Furthermore, prospective studies are warranted to determine whether VEGF may be useful not only as a diagnostic but also as a prognostic biomarker in SSc.

Studies conducted in experimental models of SSc using VEGF transgenic mice have shown that VEGF exerts dose-dependent pro-fibrotic effects (21). Notably, these effects were accompanied by ineffective angiogenesis and vasculopathy, a common feature in SSc patients (29). Therefore, alterations in VEGF are likely to reflect a common pathway involved in the development of vasculopathy, inefficient angiogenesis, and fibrosis in SSc (30). Notably, VEGF pre-mRNA can lead to the synthesis of two heterodimers exerting opposite effects on angiogenesis, VEGF165 (pro-angiogenic) and VEGF165b (anti-angiogenic) (90, 91). The relative overexpression of VEGF165b in SSc has been shown to be associated with increased expression of transforming growth factor-β1 and serine/arginine protein 55 splicing factor, exerting pro-fibrotic effects, in endothelial cells, keratinocytes, and fibroblasts as well as significant capillary morphological alterations (92). In our analyses, increased VEGF concentrations were particularly evident in SSc patients with diffuse disease, pulmonary hypertension, and late vs. active capillaroscopy pattern. Future studies should investigate whether VEGF165 and VEGF165b play a pathophysiological role in these subgroups as well as the therapeutic role of VEGF modulators (93, 94). Clearly, the identification of possible interventions targeting VEGF requires additional research to determine the most promising target(s), i.e., VEGF, VEGF165, or VEGF165b. Additional research should also investigate the possible influence of ethnicity and genetic factors in the complex interplay between VEGF and SSc, as also suggested in our subgroup analyses (95).

Our study has several strengths, include the assessment of VEGF concentrations in a wide range of SSc subtypes (extent of fibrosis, video capillaroscopy patterns, and key clinical complications), the evaluation of the certainty of evidence for each endpoint, and the evaluation of specific study and patient characteristics associated with the effect size. One important limitation is the high heterogeneity observed. However, this could be partially explained in our sub-group analyses (presence of SSc: study location and analytical method used; disease type: study location). Another limitation is represented by the limited number of studies providing details regarding the presence of disease states and/or risk factors associated per se with alterations in circulating VEGF concentrations (96–98).

In conclusion, our study has shown significant elevations in VEGF concentrations in SSc and, particularly, diffuse disease, specific video capillaroscopy patterns, and pulmonary hypertension. Pending further prospective studies investigating a wide range of SSc subtypes in different geographical locations, measuring VEGF concentrations might assist in assessing and managing patients with this chronic and disabling autoimmune disorder.
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