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Abstract
Background: In the early phases of relapsing-remitting multiple sclerosis (RR-MS), a clear correlation between brain
lesion load and clinical disability is often lacking, originating the so-called clinico-radiological paradox. Different
factors may contribute to such discrepancy. In particular, synaptic plasticity may reduce the clinical expression of
brain damage producing enduring enhancement of synaptic strength largely dependent on neurotrophin-induced
protein synthesis. Cytokines released by the immune cells during acute inflammation can alter synaptic transmission
and plasticity possibly influencing the clinical course of MS. In addition, immune cells may promote brain repair
during the post-acute phases, by secreting different growth factors involved in neuronal and oligodendroglial cell
survival. Platelet-derived growth factor (PDGF) is a neurotrophic factor that could be particularly involved in clinical
recovery. Indeed, PDGF promotes long-term potentiation of synaptic activity in vitro and in MS and could therefore
represent a key factor improving the clinical compensation of new brain lesions. The aim of the present study is to
explore whether cerebrospinal fluid (CSF) PDGF concentrations at the time of diagnosis may influence the clinical
course of RR-MS.
Methods: At the time of diagnosis, we measured in 100 consecutive early MS patients the CSF concentrations of
PDGF, of the main pro- and anti-inflammatory cytokines, and of reliable markers of neuronal damage. Clinical and
radiological parameters of disease activity were prospectively collected during follow-up.
Results: CSF PDGF levels were positively correlated with prolonged relapse-free survival. Radiological markers of
disease activity, biochemical markers of neuronal damage, and clinical parameters of disease progression were instead
not influenced by PDGF concentrations. Higher CSF PDGF levels were associated with an anti-inflammatory milieu
within the central nervous system.
Conclusions: Our results suggest that PDGF could promote a more prolonged relapse-free period during the course of
RR-MS, without influencing inflammation reactivation and inflammation-driven neuronal damage and likely enhancing
adaptive plasticity.
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Background
Multiple sclerosis (MS) is an immune-mediated inflammatory disorder of the central nervous system (CNS).
The majority of MS patients show a relapsing-remitting
(RR) disease course, characterized by clinical stability periods of variable duration alternating with acute exacerbations. Magnetic resonance imaging (MRI) may reveal
disease activity also during the stable clinical phases, as
new demyelinating lesions could appear even in asymptomatic patients. Furthermore, in early phases of MS, it
is often difficult to demonstrate a clear association between lesion load, site, and clinical disability contributing to the so-called clinico-radiological paradox [1].
Such discrepancies may arise from different mechanisms, including synaptic plasticity which is able to
reduce the clinical expression of brain damage reestablishing the excitability of neurons deprived of their synaptic inputs.
During the acute inflammatory phases of disease,
infiltrating T lymphocytes and activated microglia release a number of inflammatory cytokines regulating
the function of other immune cells and inducing oligodendrocyte and neuronal damage [2]. Moreover, cytokines can alter synaptic transmission [3, 4] and
plasticity possibly influencing the clinical course of the
disease [5, 6].
Immune cells may also promote brain repair during
the post-acute phases, by secreting different growth factors involved in neuronal and oligodendroglial cell survival [7, 8]. Particularly, the platelet-derived growth
factor (PDGF) is recently emerging as a key molecule
possibly involved in MS clinical recovery. Indeed, PDGF
stimulates neuronal differentiation [9, 10], remyelination,
and oligodendrocyte density during acute inflammation
[11, 12] and reduces apoptosis after chronic demyelination [13]. In addition, PDGF enhances synaptic longterm potentiation (LTP) induction in vitro [14], likely
promoting recovery after brain damage. LTP is a wellcharacterized form of synaptic plasticity, consisting in
long-lasting increase of synaptic efficacy followed by
structural rearrangements mainly dependent on
neurotrophin-induced protein synthesis. It has been
shown that also in MS, LTP-like plasticity could be influenced by PDGF. In particular, higher PDGF concentrations in the CSF were associated to enhance LTP-like
plasticity [15] and better clinical recovery after a relapse
[16]. These results agree with the hypothesis that, in
MS, PDGF may promote clinical compensation of new
brain lesions.
On these premises, we aimed to explore whether CSF
PDGF concentrations at the time of diagnosis influence
the clinical course of disease in MS. In particular, higher
CSF levels of this neurotrophin could minimize the expression of brain damage favoring a stable clinical course.
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Methods
Patients

A group of 100 MS patients was included in the study.
All patients were admitted to the neurological clinic of
the University Hospital Tor Vergata, Rome, in the suspect of inflammatory demyelinating CNS disease. During
the hospitalization, patients were diagnosed as clinically
isolated syndrome (CIS) (n = 31) or RR-MS (n = 69),
based on clinical, laboratory, and MRI parameters, according to published criteria [17]. Patients with CIS
showed a first clinical presentation of a disease suggestive of inflammatory demyelination, compatible with MS
but not fulfilling criteria of dissemination in time [18].
Demographic and clinical data were obtained from
medical records. Disease onset was defined as the first
episode of focal neurological dysfunction suggestive of
MS. Disease duration was calculated as the number of
months from disease onset to the time of hospitalization.
Clinical relapses were defined as the development of
new or recurrent neurological symptoms not associated
with fever or infection lasting at least 24 h.
No patient was treated with immunoactive drugs before
hospitalization, and corticosteroids or immunoactive therapies were initiated later. Disease-modifying therapy
(DMT) was started after the confirmed diagnosis. Firstline therapies included glatiramer acetate, interferon (IFN)
β-1 (44 μg three times a week, 250 μg once a day, 30 μg
intramuscularly), teriflunomide, or dimethylfumarate. In
patients who experienced at least two relapses during
1 year of first-line DMT, escalation to second-line treatments, including natalizumab, fingolimod, and mitoxantrone, was performed.

Study protocol
All patients underwent clinical evaluation, brain and spine
MRI, and CSF withdrawal at the time of diagnosis, during
hospitalization. Follow-up consisted in both neurological
examination and MRI scans performed every 6 months
after diagnosis. Unscheduled clinical evaluation and MRI
were performed in the suspect of clinical relapses.
Clinical evaluation

Disability was assessed by certified examining neurologist using Expanded Disability Status Scale (EDSS) [19].
Worsening of the EDSS was defined as a change from
baseline of at least 1 point (for baseline EDSS ≥1) or > 1.
5 points (for baseline EDSS = 0).
Two measures of disease severity were calculated combining the EDSS score with disease duration: the progression index (PI) and the multiple sclerosis severity scale
(MSSS). The PI is defined as the ratio between the EDSS
score and disease duration. The MSSS is an algorithm that
relates the EDSS scores to the distribution of disability in
patients with comparable disease durations [20].
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The Bayesian Risk Estimate for Multiple Sclerosis
(BREMS) score was calculated for each patient to assess
the individual risk of secondary progression [21].
CSF collection and analysis

Lumbar puncture was performed at the time of diagnosis, during hospitalization at the Neurology Department
of Tor Vergata University Hospital. CSF was centrifuged
and immediately stored at − 80 °C until analyzed using a
Bio-Plex multiplex cytokine assay (Bio-Rad Laboratories,
Hercules, CA, USA) according to the manufacturer’s
instructions.
CSF concentrations of PDGF, main proinflammatory
cytokines, and anti-inflammatory molecules were calculated according to a standard curve generated for the
specific target and expressed as picograms per millilitre.
When the concentrations were below the detection
threshold, they were indicated as not detected. Assay
sensitivity was as follows: PDGF (2.9 pg/ml), interleukin
(IL)-12 (3.5 pg/ml), granulocyte macrophage colonystimulating factor (GMCSF) (2.2 pg/ml), fibroblast
growth factor (FGF) basic (1.9 pg/ml), granulocyte
colony-stimulating factor (GCSF) (1.7 pg/ml), IL-10 (0.
3 pg/ml), IL-1-receptor antagonist (ra) (5.5 pg/ml), IL-8
(1.0 pg/ml), IL-6 (2.6 pg/ml), IL-1β (0.6 pg/ml), IL-2 (1.
6 pg/ml), tumor necrosis factor-alpha (TNFα) (6 pg/ml),
and IFNγ (6.4 pg/ml).
The CSF levels of amyloid-β 1–42, total tau protein, and
neurofilament light (NFL) protein, biomarkers of neurodegeneration and neuronal damage, were also measured. For
the analysis of amyloid-β 1–42 and total tau concentrations standard procedures, using commercially available
sandwich enzyme-linked immunosorbent assays (ELISA)
(Innotest b-Amyloid 1–42, Innotest h-t Ag, Innogenetics,
Ghent, Belgium) was employed [22]. CSF samples were
dispensed into corresponding 96-well ELISA plates, precoated either with the monoclonal antibody 21F12 for
amyloid-β 1–42 or AT120 for total tau, and incubated, respectively, with the biotinylated antibody 3D6 or HT7.
Bound antibodies were then detected by a peroxidaselabeled streptavidin, after addition of a substrate solution.
The reaction was stopped by sulfuric acid. The absorbance
of the reaction product was read at 450 nm. The biomarker concentrations in the samples were calculated
based on the amyloid-β 1–42 and tau standard sigmoid
curve equation. The levels of NFL protein in CSF were
measured by fitting data to a four-parameter standard
curve using GraphPad Prism Software Package (San
Diego, CA, USA).
MRI

MRI examination (1,5 Tesla) consisted of dual-echo proton density, fast fluid-attenuated inversion recovery,
T2-weighted spin-echo images, and pre-contrast and
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post-contrast T1 weighted spin-echo images. The presence of gadolinium (0.2 ml/kg i.v.) enhancing (Gd+)
lesions was evaluated by a neuroradiologist who was unaware of the patient’s clinical details. A new Gd+ lesion
was defined as a typical area of hyperintense signaling
on post-contrast T1-weighted images. An active MRI
was defined as one showing new or enlarging T2 lesions
and/or post-contrast enhanced T1-weighted lesion.
Statistical analysis

Normality distribution of continuous variables was
assessed by Shapiro-Wilk test. Data were expressed as
mean (standard deviation, SD) or, when necessary, median (interquartile range, IQR). Categorical variables
were shown as absolute (n) and relative frequency (%).
Spearman’s non-parametric correlation was applied to
evaluate possible association between PDGF with age,
clinical continuous variables, and with the levels of the
main proinflammatory and anti-inflammatory molecules.
The relation between two variables was depicted by a
scatter plot. Association between categorical variables
was examined applying chi-square or, when necessary,
Fisher exact test. Difference in continuous variables between the PDGF groups was evaluated using nonparametric Kruskal–Wallis test. Mann–Whitney test was
applied for non-parametric post-hoc comparisons.
Kaplan–Meier technique was applied to estimate the
relapse-free survival (RFS), defined as the probability to
not reach a clinical relapse, or the first MRI progression.
The estimated survival and corresponding standard error
(SE), the estimated mean survival times, and the corresponding SE were reported. Cox proportional hazard
model [23] was applied to test the effect of demographic,
clinical, and PDGF groups and cytokines on these survival times. From univariable analysis, the most significant factors based on the Wald test statistic were
included in the multivariate model. Univariable significance was set at p ≤ 0.10. A forward selection procedure
was applied to individuate the best significant predictors.
All multivariable Cox regression analyses were adjusted
for patients’ escalation to second line and age. To show
the effect of the PDGF groups for each MRI progression
levels (No or Yes), the multivariate final Cox model
stratified for MRI progression was performed. The proportional hazards assumption required by the Cox
model was investigated using Schoenfeld residuals. The
estimated effect was shown as hazard ratio (HR) and the
corresponding 95% confidence interval (95% CI).
Boostrap internal validation was performed. For each
group of 200 bootstrap samples, the model was refitted
and tested against the observed sample in order to derive an estimate of the predictive accuracy. To evaluate
the predictive accuracy, two aspects, calibration and discrimination, were used. Calibration was obtained in the
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Results

= 0.599). Analyzing prospective disease activity, patients
without clinical relapse in the observational period
showed higher PDGF levels (median = 19.39 pg/ml, IQR
= 0–163.28 pg/ml) compared with patients presenting a
clinical relapse (median = 0 pg/ml, IQR = 0–33.48 pg/ml;
Mann–Whitney test p = 0.024). In addition, no significant association was observed between PDGF concentrations and MRI progression (Mann–Whitney test p = 0.
796). Finally, no significant difference was found in
PDGF concentration between patients with EDSS
progression and patients without (Mann–Whitney test
p = 0.415).

Clinical characteristics and CSF PDGF levels in the whole
patient population

CSF PDGF distribution and its categorization

form of the shrinkage coefficient to quantify the over fitting of the model. Discrimination was summarized by
the c index, the probability of concordance between the
predicted and the observed survival. For multiple testing,
the Benjamini–Hochberg false discovery rate (FDR) controlling procedure was applied. A p value ≤ 0.05 was
considered statistically significant. All analyses were performed using IBM SPSS Statistics for Windows (IBM
Corp., Armonk, NY, USA). Model validation was performed using the rms package in R 3.4.3.

In a group of 100 early MS patients, classified at the time
of hospitalization as CIS or RR-MS, we explored the correlation between CSF PDGF concentrations measured at
the time of diagnosis and prospective disease activity.
The median follow-up duration was 61 months, from
a minimum of 2 to a maximum of 88 months.
Clinical and demographic characteristics of MS patients are shown in Table 1. In all patients, PDGF median value was 8.96 pg/ml (IQR = 0–122.71 pg/ml).
PDGF levels were not associated with patient’s age
(Spearman’s r = 0.10, p = 0.366), disease duration (Spearman’s r = 0.13, p = 0.202), and baseline EDSS (Spearman’s
r = 0.014, p = 0.897). At the time of hospitalization, 42
patients were in remitting phase and 58 patients presented with either clinical relapse or Gd+ lesions at MRI
or both. No significant difference in CSF PDGF levels
was found between patients with no activity (median =
12.89 pg/ml, IQR = 0–715.20 pg/ml) and patients with
clinical and/or radiological activity at diagnosis (median
= 6.19 pg/ml, IQR = 0–69.48 pg/ml; Mann–Whitney test
p = 0.250). In addition, no significant difference was observed in PDGF values between RR (median = 7.19pg/
ml, IQR = 0–61.9 pg/ml) and CIS patients (median = 9.
98 pg/ml, IQR = 0–163.28 pg/ml; Mann–Whitney test p
Table 1 Demographic and clinical characteristics of the whole
sample of patients
N = 100
Diagnosis, CIS

n (%)

31 (31%)

Diagnosis, RR

n (%)

69 (69%)

Age

Mean (SD)

33.7 (10.08)

Sex, female

n (%)

70 (70%)

Disease duration, months

Median (IQR)

8 (1.75–33.5)

No activity

n (%)

42 (42%)

Clinical relapse and/or Gd+ MRI

n (%)

58 (58%)

Escalation to second line

n (%)

19 (19%)

EDSS at baseline

Median (IQR)

2 (1–2)

Disease activity at diagnosis

Exploring the distribution of PDGF values, we observed
a strong asymmetry and high variability. The mean value
was 227.82 pg/ml with a SD of 879.98 pg/ml. Specifically, a leptokurtic (k = 76.34) and highly positively
skewed (skewness coefficient = 8.30) distribution was
observed. PDGF was not detected in 38% of patients.
None of the transformation applied to obtain a better
symmetrical distribution was useful. Therefore, to obtain
a better data interpretation, we categorized the PDGF
values according to the tertile (3 pg/ml and 54.28 pg/ml)
splitting the data into three approximately equally sized
group: “not detected PDGF” (n = 38); “medium PDGF,”
PDGF values = 3–54.28 pg/ml (n = 29); and “high
PDGF,” PDGF values > 54.28 pg/ml (n = 33).
No significant differences in age, gender, and diagnosis
were found between the three groups. All patients
received immunomodulatory treatment during the
follow-up period. No significant differences both in the
first-line treatment and in the escalation to second-line
emerged between the three PDGF groups (Table 2).
CSF PDGF levels and cytokines

To test whether CNS inflammation influences PDGF
levels, we explored the correlation between CSF PDGF
and the levels of the main pro- and anti-inflammatory
molecules. Previous studies suggest that the concentrations of neurotrophins may be influenced by inflammation. In particular, immune cells from patients with RR
multiple sclerosis secrete low levels of brain-derived
neurotrophic factor (BDNF) [24] and IFN-β therapy increased BDNF levels [25]. Strong upregulation of PDGF
was observed in peripheral blood leukocytes, with the
highest expression after the disease maximum when reparative processes take place after acute inflammation [26].
We evaluated the correlation between PDGF levels
and interleukin IL-12, GMCSF, FGF basic, GCSF, IL-10,
IL-1-ra, IL-8, IL-6, IL-1β, IL-2, TNFα, and IFNγ. The
analyses showed that PDGF positively correlated with
IL-12 (Spearman’s r = 0.679, FDR-adjusted p < 0.001),
IL-10 (Spearman’s r = 0.415, FDR-adjusted p < 0.001),
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Table 2 Clinical characteristics according to PDGF group
n

p

PDGF group
Absent

Medium

High

38

29

33

n (%)

11 (28.9%)

11 (37.9%)

9 (27.3%)

Diagnosis, RR

n (%)

27 (71.1%)

18 (62.1%)

24 (72.7%)

Age

Mean (SD)

33.4 (9.38)

32.3 (8.98)

35.2 (11.82)

0.625a

Sex, F

n (%)

29 (76.3%)

18 (62.1%)

23 (69.7%)

0.458

Disease duration, months

Median (IQR)

8 (1.7–18.3)

7 (1–34)

12 (3–84)

0.218b

n (%)

16 (42.1%)

11 (37.9%)

15 (45.5%)

0.817

Diagnosis, CIS

0.625

Disease activity at diagnosis
No activity

n (%)

22 (61.1%)

18 (62.1%)

18 (54.5%)

Escalation to second line

n (%)

8 (21.1%)

7 (24.1%)

4 (12.1%)

0.446

EDSS at baseline

Median (IQR)

2 (1–2)

1.5 (1–2)

2 (1–2)

0.998

Clinical relapse and/or Gd+ MRI

All p values refer to chi-square test
a
Anova test
b
Kruskal–Wallis test

GMCSF (Spearman’s r = 0.484, FDR-adjusted p < 0.001),
and GCSF (Spearman r = 0.435, FDR-adjusted p < 0.001),
as well as with FGF basic (Spearman’s r = 0.477, FDRadjusted p < 0.001). A significant correlation was found
with IL-1 receptor antagonist (Spearman’s r = 0.262,
FDR-adjusted p = 0.021). The other associations were
not significant (All FDR-adjusted p > 0.20).
CSF PDGF groups and clinical disease activity

To explore whether CSF PDGF concentration could influence the clinical expression of brain damage, we examined clinical parameters of disease activity in the
three PDGF groups.
Overall, 29 patients had a clinical relapse during the
observational period (42% in the “not detected PDGF”,
24% in the “medium PDGF,” and 18% in the “high
PDGF”). The overall RFS was 69.5% (SE = 4.8%), and
RFS mean time was 67.02 (SE = 3.35) months. The

univariable Cox model showed a significant difference in
RFS between the PGDF groups (p = 0.05) (Fig. 1a).
As PDGF levels significantly correlated with IL-12,
GMCSF, FGF basic, GCSF, and IL-10, we evaluated
whether these molecules may individually affect clinical
disease activity. Setting a significance level of 0.10 (see
“Statistical analysis” section), none of these molecules had
a univariable significant effect on the RFS (Table 3). The
final Cox regression model included PDGF groups, adjusting for patients’ escalation to second line and age. The adjusted effect of PDGF group was emphasized (p = 0.016),
showing a protective effect on the RFS. In particular, RFS
was higher in both “medium PDGF” (adj-HR = 0.28; 95%
CI = 0.10–0.79; p = 0.017) and “high PDGF” groups (adjHR = 0.33; 95% CI = 0.13–0.89; p = 0.029) compared to patients with “not detected PDGF” (Table 3).
No significant correlations were evidenced between
CSF PDGF levels and other clinical parameters of

Fig. 1 Influence of CSF PDGF levels on clinical and radiological disease activity. a The probability to not reach a clinical relapse, the RFS, according to
the PDGF group. RFS was higher in both “medium PDGF” and “high PDGF” groups compared to patients with “not detected PDGF”. b The probability
to not reach the first MRI progression during the observational period, the MRI progression-free survival in the three PDGF groups. No significant difference
was found in the three PDGF groups
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Table 3 Uni- and multi-variate cox regression analysis of risk factors associated with relapse free survival
Univariable analysis

HR

95% CI

p value

Multivariable analysis

HR

95% CI

p value

Age, years

0.93

0.89–0.97

0.001

Age, years

0.93

0.89–0.97

0.002

Escalation to second line: no

1

Reference category

Escalation to second line: no

1

Reference category

Yes vs no

3.31

1.56–7.04

Yes vs no

2.7

1.18–6.18

PDGF groups: not detected PDGF

1

Reference category

PDGF category: not detected PDGF

1

Reference category

Medium PDGF vs not detected PDGF

0.5

0.20–1.21

0.124

Medium PDGF vs not detected PDGF

0.28

0.10–0.79

0.017

High PDGF vs not detected PDGF

0.36

0.14–0.92

0.033

PDGF vs not detected PDGF

0.33

0.13–0.89

0.029

0.002

MRI progression: no

1

Reference category

Yes vs no

2.19

1.03–4.64

Sex: Male

1

Reference category

Female vs male

1

0.46–2.20

0.018

Not included in the multivariable final Cox regression model

0.041

0.996

Disease duration, months

0.95

0.77–1.19

0.667

IL-12

0.99

0.99–1.00

0.137

GMCSF

1

0.99–1.01

0.908

FGF basic

0.99

0.95–1.03

0.555

GCSF

1.00

0.99–1.00

0.508

IL-10

0.99

0.98–1.01

0.328

disease activity. In particular, considering the total number of relapses during the observation time, no significant differences emerged between the three PDGF
groups (Kruskal–Wallis test p = 0.459).
CSF PDGF groups and radiological disease activity

It has been previously reported that different growth factors
(i.e., BDNF) exert anti-inflammatory and anti-apoptotic
effects in a murine model of MS (i.e., experimental autoimmune encephalomyelitis, EAE) [27]. To explore a possible immunomodulatory effect of PDGF, we first examined
whether CSF PDGF levels at the time of diagnosis influence
prospective radiological disease activity.
No significant differences emerged in the radiological
parameters of disease activity between the three PDGF
groups. In particular, the overall MRI progression-free
mean time was 43.5 (SE = 3.01) months and the median
MRI progression-free time was 53 months; the overall
survival was 45.3% (SE = 6.7%) (Fig. 1b). The Cox model
did not reveal significant differences between the three
PDGF groups (p = 0.771). Other radiological measures of
disease activity, including total number of active MRI,
did not significantly differ between the three groups.
Indeed, MRI progression and clinical relapse were
significantly associated (HR = 2.19, 95% CI = 1.03–4.64;
p = 0.041). However, in the multivariable Cox model, the
effect of MRI progression was no longer significant (HR =
1.13, 95% CI = 0.42–3.03; p = 0.801); therefore, on the
basis of the forward procedure, it did not enter in the final
equation model and the protective effect of PDGF group
was not modified (p = 0.016). In addition, when we stratified for MRI progression (Yes/No), the effect of PDGF

groups on the RFS remained significant (p = 0.027). The
“medium PDGF” group as well as the “high PDGF” group
had higher RFS compared with “not detected PDGF”
(adj-HR = 0.30, 95% CI = 0.11–0.87; p = 0.027 and adj-HR
= 0.35, 95% CI = 0.13–0.93; p = 0.035, respectively).
Model validation was evaluated through the measures
described in the “Statistical analysis” section. In particular, the shrinkage coefficient was 83.9% indicating 16.1%
lack of fit in the model, and the c index resulted equal
to 0.73, showing good discrimination.
CSF PDGF levels and disease progression

It has been demonstrated that PDGF exerts neuroprotective effects in MS reducing neurodegeneration.
Therefore, we examined whether PDGF levels could influence clinical measures of disease progression, and no
significant differences emerged between the three PDGF
groups. In particular, both PI and MSSS did not significantly differ in the three PDGF groups (Kruskal–Wallis
test p = 0.801 and p = 0.701, respectively).
We also explored whether clinical disability, as
assessed by EDSS, could be influenced by PDGF. No significant differences were observed between the three
groups in the baseline EDSS (see Table 2). In addition,
EDSS at follow-up did not significantly differ between
groups (all p > 0.08).
BREMS scores did not significantly differ between the
three groups of patients (Kruskal–Wallis test p = 0.172).
CSF PDGF levels and measures of neuronal damage

As previously argued, PDGF may contrast neuronal degeneration and damage promoting neuronal survival. To
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this aim, we explored the correlation between CSF
PDGF levels and other established markers of neuronal
and axonal damage. No significant correlation was found
between CSF PDGF concentrations and the levels of
amyloid-β 1–42 (Spearman’s r = 0.125, FDR-adjusted p =
0.383), tau protein (Spearman’s r = 0.003, FDR-adjusted
p = 0.979), and NFL protein (Spearman’s r = − 0.161,
FDR-adjusted p = 0.375; Fig. 2).
Therefore, to exclude the possibility that higher CSF
PDGF levels could prevent a marked degree of structural
damage after acute inflammation, we explored in a subgroup of 38 patients with radiological activity at the time
of diagnosis the possible correlations between CSF PDGF
levels (median = 20.98 pg/ml, IQR = 0–124.8 pg/ml) and
markers of axonal damage. No significant correlation was
found with CSF tau (Spearman’s r = 0.010, p = 0.953) and
NFL proteins (Spearman’s r = − 0.301, p = 0.224).

Discussion
Growth factors play numerous functions during embryogenesis and in different pathological conditions. PDGF consists of a family of five dimeric ligands (PDGF-AA, -AB,
-BB, -CC, and -DD) interacting with two different receptors
subtypes, as PDGF-alpha and beta [28, 29]. In MS, it has
been proposed that PDGF may exert beneficial effects
through different mechanisms, although the main pathophysiological processes are not completely identified.
In this study, we show that in a group of MS patients
classified at the time of diagnosis as CIS and early RRMS, higher CSF PDGF concentrations were associated
with a beneficial effect on RFS, without affecting other
clinical and radiological indexes of disease activity. In
particular, as the number of patients with MRI progression in the observational period did not differ in the
three groups, PDGF seems not to influence the aggressiveness of the disease. In addition, clinical disease
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activity is not influenced by PDGF levels as the total
number of relapses during the observation time did not
differ between the three PDGF groups. The finding that
in our patients an anti-inflammatory milieu is associated
to higher CSF PDGF levels is in line with the role of this
neurotrophin in the recovery phases after acute inflammation. Indeed, the lack of negative correlation with
pro-inflammatory cytokines could suggest that PDGF is
not associated to a direct anti-inflammatory action and
explain why disease activity is not influenced by PDGF
levels. In particular, the beneficial effect on RFS is independent of first-line treatment and of indirect markers
of disease activity such as escalation to second-line treatment, making unlikely the possibility that different disease course may explain our results. Indeed, our findings
are in line with the hypothesis that PDGF expression
during the recovery phases could promote clinical compensation of brain damage. Experimental evidence
demonstrated that PDGF could enhance LTP induction,
modulating the expression of genes involved in
transcription-dependent synaptic plasticity [30]. The
demonstration that LTP could be crucial for clinical recovery after acute brain lesion first came from preclinical studies [31]. It has been shown that in patients with
RR-MS, higher CSF PDGF concentrations were associated to enhanced LTP-like plasticity [15, 16, 32] and better recovery after a relapse [16]. In addition, in patients
presenting with Gd+ lesions on MRI, higher CSF PDGF
levels were more frequently found in clinically silent
patients compared with relapsing patients [15]. Overall,
it is likely that LTP-like plasticity enhancement mediates
the clinical beneficial effect of PDGF.
Members of the PDGF family have been associated to
neuroprotective effects in different conditions, including
excitotoxicity [33], energy deprivation and oxidative injury
[34], toxicity associated to human immunodeficiency virus

Fig. 2 CSF PDGF levels and markers of neurodegeneration and axonal damage. The figure shows the correlations between CSF PDGF levels and
the levels of amyloid-β 1–42 (a), tau protein (b), and NFL protein (c). To obtain a better graphical representation, all variables are depicted on
logarithmic scale. Spearman rho correlations were calculated on the variables’ original scale. No significant correlation was found between CSF
PDGF concentrations and the levels of markers of neurodegeneration and axonal damage. The p values showed were not adjusted by the Benjamini–
Hochberg FDR controlling procedure
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protein [30], and after brain ischemia [35]. To exclude the
possibility that beneficial role of PDGF could be mediated
by neuroprotective effects, we explored the influence of
PDGF levels on measures of disease progression. As no
significant correlation emerged with PI, MSSS, and EDSS
progression, it is possible that PDGF concentrations at the
time of diagnosis may not influence disease severity. We
also explored whether PDGF concentrations influence the
levels of some well-known biomarkers of neurodegeneration and neuronal damage such as amyloid-β, tau, and
NFL proteins. CSF levels of amyloid-β and tau protein, a
molecule involved in the stabilization of microtubules,
were found altered in different neurodegenerative diseases
[36]. Notably, in MS patients, altered amyloid-β metabolism was reported during acute inflammation [37]. Furthermore, NFL proteins are cytoskeleton components
representing a marker of axonal damage in MS [38]. In
MS, axonal damage is not only due to neurodegeneration
but also to axonal transections occurring in acute demyelinating lesions [39]. Accordingly, increased CSF levels of
NFL and tau proteins have been found in MS patients,
and high CSF levels of axonal cytoskeletal proteins correlate with EDSS [40]. Axonal damage can follow acute demyelination as suggested by the findings that elevated CSF
levels of NFL and tau proteins can be observed throughout the disease course and not confined to the late stages
[41]. In our patients, no significant correlation emerged
between PDGF and the CSF levels of amyloid-β, tau protein, and NFL protein. The lack of association between
PDGF and the examined biomarkers suggests that the
beneficial effect of PDGF may not be ascribed to a different degree of neuronal damage. It is worth noting that in
our cohort of patients, CSF levels of biomarkers of neurodegeneration were assessed at the time of diagnosis; therefore, the lack of association could be due to the relatively
short disease duration. As in the subgroup of patients with
acute inflammation and radiological activity at the time of
CSF withdrawal, no significant correlation was found
between PDGF levels and tau protein and NFL protein; it
seems unlikely that PDGF levels in the post-acute phases
may influence the subsequent building up of axonal
damage. Other limitations of the present study include the
lack of prospective radiological measures of neurodegeneration (i.e., gray matter cortical atrophy); nevertheless,
the lack of difference in disease severity between the three
PDGF groups makes unlikely the possibility that different
degree of neurodegeneration may explain the results.

Conclusions
Our findings suggest that PDGF could promote a prolonged relapse-free period, without influencing inflammatory reactivation and long-term disability. These results
agree with the hypothesis that PDGF could specifically
enhance the clinical compensation of brain damage, in
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line with the specific role of PDGF during recovery phases
in MS. Accordingly, in EAE, PDGF is strongly upregulated
particularly after the peak of disease [26]. In our sample of
patients, high PDGF levels are associated with high levels
of anti-inflammatory cytokines and other neurotrophic
factors. As the exact role of these molecules in MS pathophysiology is still scarcely defined, further studies are
required to clarify the specific role of the different antiinflammatory molecules. However, it should be remarked
that in our patients, only PDGF levels were associated
with a prolonged RFS. Overall, it is likely that the chance
to develop an effective anti-inflammatory response in the
post-acute phases influences both the immediate recovery
and the mid-term clinical course. This could suggest that
a successful clinical recovery after a relapse should be
characterized by a shift toward an anti-inflammatory
response promoting the expression of key molecules able
to favor LTP.
Notably, the beneficial effects of PDGF may be related to
the convergence existing between the intracellular signaling
pathways involved in LTP and neuronal survival [38].
Accordingly, CSF PDGF levels are reduced in progressive
MS phenotypes characterized by both increased neurodegeneration [42] and absent LTP-like plasticity [15]. Therefore, the beneficial clinical effects of PDGF could be
particularly relevant in the early phases of MS, when the
clinico-radiological paradox is more frequently observed.
Abbreviations
BDNF: Brain-derived neurotrophic factor; BREMS: Bayesian risk estimate for
multiple sclerosis; CIS: Clinically isolated syndrome; CNS: Central nervous
system; DMT: Disease-modifying therapy; EAE: Experimental autoimmune
encephalomyelitis; EDSS: Expanded disability status scale; ELISA: Enzymelinked immunosorbent assay; FDR: False discovery rate; FGF: Fibroblast
growth factor; GCSF: Granulocyte colony-stimulating factor; GMCSF: Granulocyte
macrophage colony-stimulating factor; HR: Hazard ratio; IFN: Interferon;
IL: Interleukin; IQR: Interquartile range; LTP: Long-term potentiation; MRI: Magnetic
resonance imaging; MS: Multiple sclerosis; MSSS: Multiple sclerosis severity scale;
NFL: Neurofilament light; PDGF: Platelet-derived growth factor; PI: Progression
index; RFS: Relapse-free survival; RR: Relapsing-remitting
Funding
This study was supported by “5 x 1000” grant to Neuromed Institute from
the Italian Ministry of Education, University and Research.
Availability of data and materials
The data and research materials are available from the corresponding author
upon a reasonable written request.
Authors’ contributions
MSB, EI, DC, and FB contributed to the conception and design of the study
and drafted a significant portion of the manuscript or figures. GAM, IS, AM,
GM, DF, PP, RF, AF, GM, DL, and LG contributed to the acquisition and analysis
of data. All authors read and approved the final manuscript
Ethics approval and consent to participate
The study involving human subjects, according to the Declaration of Helsinki,
was approved by the Ethics Committee of the University Hospital Tor Vergata,
Rome. All patients gave their written informed consent to the study.
Competing interests
The authors declare that they have no competing interests.

Stampanoni Bassi et al. Journal of Neuroinflammation (2018) 15:108

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.
Author details
1
Unit of Neurology and Unit of Neurorehabilitation, IRCCS Istituto
Neurologico Mediterraneo (INM) Neuromed, Via Atinense 18, 86077 Pozzilli,
IS, Italy. 2Multiple Sclerosis Research Unit, Department of Systems Medicine,
Tor Vergata University, Via Montpellier 1, 00133 Rome, Italy. 3Service of
Medical Statistics & Information Technology, Fondazione Fatebenefratelli per
la Ricerca e la Formazione Sanitaria e Sociale, Lungotevere de’ Cenci 5, 00186
Rome, Italy. 4University and IRCCS San Raffaele, Via di Val Cannuta, 247,
00166 Rome, Italy. 5Division of Neuroscience, Institute of Experimental
Neurology, San Raffaele Scientific Institute, Via Olgettina 58, 20132 Milan,
Italy.
Received: 22 February 2018 Accepted: 5 April 2018

References
1. Barkhof F. The clinico-radiological paradox in multiple sclerosis revisited.
Curr Opin Neurol. 2002;15:239–45.
2. Frohman EM, Racke MK, Raine CS. Multiple sclerosis—the plaque and its
pathogenesis. N Engl J Med. 2006;354:942–55.
3. Centonze D, Muzio L, Rossi S, Cavasinni F, De Chiara V, Bergami A, et al.
Inflammation triggers synaptic alteration and degeneration in experimental
autoimmune encephalomyelitis. J Neurosci. 2009;29:3442–52.
4. Rossi S, Studer V, Motta C, De Chiara V, Barbieri F, Bernardi G, et al. Inflammation
inhibits GABA transmission in multiple sclerosis. Mult Scler. 2012;18:1633–5.
5. Mori F, Nisticò R, Mandolesi G, Piccinin S, Mango D, Kusayanagi H, et al.
Interleukin-1βpromotes long-term potentiation in patients with multiple
sclerosis. NeuroMolecular Med. 2014;16:38–51.
6. Rossi S, Studer V, Motta C, Germani G, Macchiarulo G, Buttari F, et al.
Cerebrospinal fluid detection of interleukin-1β in phase of remission predicts
disease progression in multiple sclerosis. J Neuroinflammation. 2014;11:1–32.
7. Schwartz M, Cohen I, Lazarov-Spiegler O, Moalem G, Yoles E. The remedy
may lie in ourselves: prospects for immune cell therapy in central nervous
system protection and repair. J Mol Med. 1999;77:713–7.
8. Kerschensteiner M, Stadelmann C, Dechant G, Wekerle H, Hohlfeld R.
Neurotrophic cross-talk between the nervous and immune systems:
implications for neurological diseases. Ann Neurol. 2003;53:292–304.
9. Williams BP, Park JK, Alberta JA, Muhlebach SG, Hwang GY, Roberts TM,
et al. A PDGF-regulated immediate early gene response initiates neuronal
differentiation in ventricular zone progenitor cells. Neuron. 1997;18:553–62.
10. Erlandsson A, Enarsson M, Forsberg-Nilsson K. Immature neurons from CNS
stem cells proliferate in response to platelet-derived growth factor.
J Neurosci. 2001;21:3483–91.
11. Frost EE, Nielsen JA, Le TQ, Armstrong RC. PDGF and FGF2 regulate
oligodendrocyte progenitor responses to demyelination. J Neurobiol. 2003;
54:457–72.
12. Woodruff RH, Fruttiger M, Richardson WD, Franklin RJ. Platelet-derived growth
factor regulates oligodendrocyte progenitor numbers in adult CNS and their
response following CNS demyelination. Mol Cell Neurosci. 2004;25:252–62.
13. Vana AC, Flint NC, Harwood NE, Le TQ, Fruttiger M, Armstrong RC. Plateletderived growth factor promotes repair of chronically demyelinated white
matter. J Neuropathol Exp Neurol. 2007;66:975–88.
14. Peng F, Yao H, Bai X, Zhu X, Reiner BC, Beazely M, et al. Platelet-derived
growth factor-mediated induction of the synaptic plasticity gene Arc/Arg3.
1. J Biol Chem. 2010;285:21615–24.
15. Mori F, Rossi S, Piccinin S, Motta C, Mango D, Kusayanagi H, et al. Synaptic
plasticity and PDGF signaling defects underlie clinical progression in
multiple sclerosis. J Neurosci. 2013;33:19112–9.
16. Mori F, Nicoletti CG, Rossi S, Motta C, Kusayanagi H, Bergami A, et al.
Growth factors and synaptic plasticity in relapsing-remitting multiple
sclerosis. NeuroMolecular Med. 2014;16:490–8.
17. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al.
Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald
criteria. Ann Neurol. 2011;69:292–302.
18. Miller D, Barkhof F, Montalban X, Thompson A, Filippi M. Clinically isolated
syndromes suggestive of multiple sclerosis, part I: natural history,
pathogenesis, diagnosis, and prognosis. Lancet Neurol. 2005;4:281–8.

Page 9 of 9

19. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an expanded
disability status scale (EDSS). Neurology. 1983;33:1444–52.
20. Roxburgh RH, Seaman SR, Masterman T, Hensiek AE, Sawcer SJ, Vukusic S,
et al. Multiple sclerosis severity score: using disability and disease duration
to rate disease severity. Neurology. 2005;64:1144–51.
21. Bergamaschi R, Quaglini S, Trojano M, Amato MP, Tavazzi E, Paolicelli D,
et al. Early prediction of the long term evolution of multiple sclerosis: the
Bayesian Risk Estimate for Multiple Sclerosis (BREMS) score. J Neurol
Neurosurg Psychiatry. 2007;78:757–9.
22. Sancesario GM, Esposito Z, Nuccetelli M, Bernardini S, Sorge R, Martorana A,
et al. Abeta1-42 Detection in CSF of Alzheimer’s disease is influenced by
temperature: indication of reversible Abeta1-42 aggregation? Exp Neurol.
2010;223:371–6.
23. Cox DR, Oakes D. Analysis of survival data. London: Chapman and Hall; 1984.
24. Azoulay D, Mausner-Fainberg K, Urshansky N, Fahoum F, Karni A. Interferonbeta therapy up-regulates BDNF secretion from PBMCs of MS patients
through a CD40-dependent mechanism. J Neuroimmunol. 2009;211:114–9.
25. Hamamcioglu K, Reder AT. Interferon-beta regulates cytokines and BDNF:
greater effect in relapsing than in progressive multiple sclerosis. Mult Scler.
2007;13:459–70.
26. Koehler NK, Roebbert M, Dehghani K, Ballmaier M, Claus P, von Hoersten S,
et al. Up-regulation of platelet-derived growth factor by peripheral-blood
leukocytes during experimental allergic encephalomyelitis. J Neurosci Res.
2008;86:392–402.
27. Makar TK, Trisler D, Sura KT, Sultana S, Patel N, Bever CT. Brain derived
neurotrophic factor treatment reduces inflammation and apoptosis in
experimental allergic encephalomyelitis. J Neurol Sci. 2008;270:70–6.
28. Li X, Pontén A, Aase K, Karlsson L, Abramsson A, Uutela M, et al. PDGF-C is a
new protease-activated ligand for the PDGF alpha-receptor. Nat Cell Biol.
2000;2:302–9.
29. Bergsten E, Uutela M, Li X, Pietras K, Ostman A, Heldin CH, et al. PDGF-D is a
specific, protease-activated ligand for the PDGF beta-receptor. Nat Cell Biol.
2001;3:512–6.
30. Peng F, Dhillon N, Callen S, Yao H, Bokhari S, Zhu X, et al. Platelet-derived
growth factor protects neurons against gp120mediated toxicity. J NeuroOncol. 2008;14:62–72.
31. Centonze D, Rossi S, Tortiglione A, Picconi B, Prosperetti C, De Chiara V,
et al. Synaptic plasticity during recovery from permanent occlusion of the
middle cerebral artery. Neurobiol Dis. 2007;27:44–53.
32. Mango D, Nisticò R, Furlan R, Finardi A, Centonze D, Mori F. PDGF modulates
synaptic excitability and short-latency afferent inhibition in multiple sclerosis.
Neurochem Res. 2018; https://doi.org/10.1007/s11064-018-2484-0.
33. Tseng HC, Dichter MA. Platelet-derived growth factor-BB pretreatment
attenuates excitotoxic death in cultured hippocampal neurons. Neurobiol
Dis. 2005;19:77–83.
34. Cheng B, Mattson MP. PDGFs protect hippocampal neurons against energy
deprivation and oxidative injury: evidence for induction of antioxidant
pathways. J Neurosci. 1995;15:7095–104.
35. Egawa-Tsuzuki T, Ohno M, Tanaka N, Takeuchi Y, Uramoto H, Faigle R, et al.
The PDGF B-chain is involved in the ontogenic susceptibility of the
developing rat brain to NMDA toxicity. Exp Neurol. 2004;186:89–98.
36. Spires-Jones TL, Hyman BT. The intersection of amyloid beta and tau at
synapses in Alzheimer’s disease. Neuron. 2014;82:756–71.
37. Mori F, Rossi S, Sancesario GM, Codecà C, Mataluni G, Monteleone F, et al.
Cognitive and cortical plasticity deficits correlate with altered amyloid-β CSF
levels in multiple sclerosis. Neuropsychopharmacology. 2011;36:559–68.
38. Teunissen CE, Khalil M. Neurofilaments as biomarkers in multiple sclerosis.
Mult Scler. 2012;18:552–6.
39. Kornek B, Storch MK, Weissert R, Wallstroem E, Stefferl A, Olsson T, et al.
Multiple sclerosis and chronic autoimmune encephalomyelitis: a
comparative quantitative study of axonal injury in active, inactive, and
remyelinated lesions. Am J Pathol. 2000;157:267–76.
40. Lycke JN, Karlsson JE, Andersen O, Rosengren LE. Neuro-filament protein in
cerebrospinal fluid: a potential marker of activity in multiple sclerosis.
J Neurol Neurosurg Psychiatry. 1998;64:402–4.
41. Malmeström C, Haghighi S, Rosengren L, Andersen O, Lycke J.
Neurofilament light protein and glial fibrillary acidic protein as biological
markers in MS. Neurology. 2003;61:1720–5.
42. Fisher E, Lee JC, Nakamura K, Rudick RA. Gray matter atrophy in multiple
sclerosis: a longitudinal study. Ann Neurol. 2008;64:255–65.

