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ARTICLE INFO ABSTRACT

Keywords: Aims: Multiple sclerosis (MS) is the leading cause of non-traumatic neurological disability in young adults, and
Biomarkers its diagnosis is often delayed due to the lack of diagnostic markers. Initiation of disease -modifying therapy in the
Multiple sclerosis early stages of MS is especially critical because currently available therapy mostly target relapsing-remitting MS,
Lymphatic

and is less effective as disease progresses into the more chronic form of secondary-progressive MS. Therefore,
exploring specific and sensitive biomarkers will facilitate an expedited and more accurate diagnosis to allow
currently available therapies to be more effective.

Main methods: Western blotting was conducted to detect the expression of neurolymphatic proteins in human
brain endothelial cells in culture. Additionally, using a cohort of 150 patients with relapsing remitting MS, 26
with secondary progressive MS, and 60 healthy control samples, neurolymphatic protein expression was de-
tected in serum samples using dot blot analysis.

Key findings: Human brain microvascular endothelial cells express neurolymphatic markers. Neurolymphatic
protein abundance increases with tumor necrosis factor (TNF)-a stimulation but decreases with interferon (IFN)-
y or combined (TNF + IFN) treatment. Circulating neurolymphatic protein levels is significantly lower in MS
patients. Further, one of the markers, FOXC2, is associated with the clinical stages of MS, with significantly lower
expression in secondary progressive MS compared to relapsing remitting MS.

Significance: Our findings describe brain endothelial expression of neurolymphatic proteins, which is altered
under inflammatory stress, and provide a possibility of using a collective pool of circulating neurolymphatic
proteins as a diagnostic and prognostic biomarker of MS.

Brain endothelial cells

progress to SPMS. Thus, earlier diagnosis of MS may initiate treatments
earlier, before degenerative progression sets in, allow currently avail-
able treatments to be more effective.

1. Introduction

Multiple Sclerosis (MS) is a debilitating neurological disease char-

acterized by inflammatory demyelination, neuronal degeneration and
axonal loss [1]. MS affects > 850,000 people in the US [2] and 2.5
million worldwide [3], with most diagnoses made between the ages of
20-40 [4]. Most MS patients are initially diagnosed with the episodic
‘relapsing-remitting’ MS (RRMS) which often (75%) progresses to the
chronic, ‘progressive’ form (secondary progressive MS (SPMS)) [5].
Currently available interventions limit MS ‘flares’ rather than slowing
steady degeneration, leaving few treatment options once patients
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To date symptom based or stand—alone laboratory tests cannot
accurately diagnose MS. The national MS society reports that MS di-
agnosis is ‘often delayed, incorrect or even missed’ [6]. Medical his-
tories, neurologic exams and lab tests (including magnetic resonance
imaging (MRI) and spinal fluid analysis) cumulatively allow physicians
to rule out other neurological diseases, which confirm MS diagnoses.
Behavioral tests for MS rely on the ‘expanded disability status scale’
(EDSS) that can also be subjective. Ultimately, the diagnosis (and
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initiation of treatment) is often only made after patients have sustained
substantial central nervous system (CNS) damage which becomes
visible as T2-enhancing lesions in MRI. Consequently, the importance of
identifying other precise biomarkers of MS cannot be overstated.

In addition to current diagnostic methods, unbiased and me-
chanism-based testing methods are needed to improve and expedite MS
diagnosis. This might be achieved by identifying additional groups of
sensitive markers; the use of combined marker systems that are more
highly powered would have improved statistical predictive power and
lead to earlier disease discrimination. One such panel of MS markers are
‘neurolymphatic’ proteins, including prospero homeobox -1 (Prox-1),
podoplanin, lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-
1), forkhead box c2 (FOXC-2), chicken ovalbumin upstream promoter-
transcription factor ii (COUP-TFII) and vascular endothelial growth
factor receptor-3 (VEGFR-3). We previously reported the ‘ectopic’ ex-
pression of these lymphatic endothelial-selective (‘neurolymphatic’)
markers within the CNS in active experimental and human forms of
multiple sclerosis (MS) [7] with the expression of these markers con-
sistent with their endothelial origin, and spatial localization restricted
to the vascular walls and perivasculature.

Therefore, although MS has long been viewed as an immune-
mediated disease, vascular endothelial disturbances, including micro-
particle (MP) release and the potential role of the brain lymphatic
system are increasingly receiving attention [8,9]. Brain endothelial
cells constitutively release MPs, which are extracellular vesicles con-
taining membrane and cytosolic components [10,11] and increase MP
formation during endothelial stress. Because of their short half-lives,
endothelial MPs (‘EMP’) provide a ‘snapshot’ of endothelial activation,
reflecting the state of inflammatory and vascular stress [12]. So far,
specific biomarkers that can be used to evaluate the formation of brain
EMPs during active CNS inflammation have not been identified, but the
validation of such markers could reveal EMP analysis as extremely
useful in evaluating extent of cerebrovascular endothelial activation in
MS, discriminating disease subtype, severity and responsiveness to
therapy.

The objectives of our study were to demonstrate the reliability of the
circulating neurolymphatic markers using a large collection of clinically
defined blood samples from healthy human controls, and two types of
MS samples.

2. Materials and methods
2.1. Clinical specimens

Clinical samples were obtained from University of Buffalo as pre-
viously described [13]. RRMS and SPMS patients and healthy controls
(HC) were all enrolled at the Department of Neurology, University of
Buffalo, Buffalo, NY. Inclusion criteria were: ages between 18 and
80 years, RRMS or SPMS [14] MS was diagnosed according to McDo-
nald criteria [15], having had a MRI examination performed < 30 days
of clinical examination with the standardized study protocol, and
EDSS = 0-8.5. Exclusion criteria included relapse/exacerbation or
steroid treatment < 30 days prior to study, having pre-existing condi-
tions associated with non-MS brain pathology or pregnancy. HC sub-
jects were recruited from hospital personnel and respondents to local
advertisements. HC underwent physical examination, and were as-
sessed for demographic characteristics, autoimmune and other con-
comitant diseases, vascular and environmental risks and personal ha-
bits. Samples of plasma were prepared by low speed centrifugation of
acid-citrate dextrose anti-coagulated blood. Serum samples were pre-
pared using serum collection tubes. All samples were stored at —80 °C
until analysis at Louisiana State University Health Science Center-
Shreveport (LSUHSC-S). The study was approved by Institutional Re-
view Board at the University of Buffalo.
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Table 1
Demographic data of healthy controls and multiple sclerosis patients.
HC(n=60) MS(n=177) RRMS SPMS
(n = 150 (n = 26)
Sex, female, n (%) 31 (52) 136 (77) 114 (76) 22 (85)
Age, years, mean 44 (14) 44 46 (9.8) 47 45 (9.6) 45 55 (7) 54

(SD) median

HC: healthy controls; MS: multiple sclerosis; RRMS: relapsing—remitting; SPMS:
secondary-progressive MS.

2.2. Isolation of microparticles

Serum and plasma samples were first centrifuged at 400 x g for
10min and the resulting supernatants were transferred to fresh mi-
crocentrifuge tubes and subjected to centrifugation at 20,800 xgfor1h
at 4 °C to pellet MPs. Supernatants were aspirated and MP pellets were
washed twice using 4 °C PBS plus 1 mM phenylmethylsulfonyl fluoride
(PMSF) by centrifugation at 20,800 x g for 15 min 4 °C. Supernatants
were aspirated, and MP pellets stored at —80 °C until analyzed.

2.3. Cell culture

Human cerebral microvascular endothelial cells line (hCMEC/D3,
provided by Dr. Pierre-Olivier Couraud, Inserm, France) was cultured in
growth medium [EndoGRO™-MV complete media kit (Millipore,
Burlington, MA)] on rat tail collagen type I (0.1 mg/mL) — coated flasks.
Cells were kept at 37 °C in 5% CO2. Passages between 28 and 34 were
used for all experiments.

2.4. Cytokine treatment

hCMEC/D3 cells were treated with growth medium supplemented
with tumor necrosis factor (TNF)-a (20ng/mL, Thermo Fisher
Scientific), interferon (IFN)-y (1000 U/mL, Thermo Fisher Scientific) or
both 24 h after the cells reached confluency.

2.5. Western blotting

Western blotting was performed on serum and plasma specimens as
well as hCMEC/D3 brain endothelial cell samples. To prepare whole
cell and MP lysates from D3 cells cultured in six-well transwell plates,
media were removed from the top and bottom chambers and MPs were
isolated as described. Cells were washed with phosphate-buffered saline
(PBS) and lysed in Laemmli buffer (Biorad, Hercules, CA). Cell lysates
were then harvested by cell scraping, lysates were sonicated for 15s
(sec), boiled and frozen at —80°C. Western blotting of serum and
plasma samples were performed as previously described [7]. Briefly,
five microliters of thawed specimens were loaded and separated by
electrophoresis. Membranes were immunoblotted for prospero
homeobox -1 (Prox-1), podoplanin, lymphatic vessel endothelial hya-
luronan receptor-1 (LYVE-1), forkhead box c2 (FOXC-2) or vascular
endothelial growth factor receptor-3 (VEGFR-3) and normalized against
actin band intensity.

2.6. Dot blot analysis

Serum samples were diluted 1:1 with PBS and 0.5l was loaded
onto nitrocellulose membrane and allowed to dry completely overnight.
Dried membranes were blocked in 5% bovine serum albumin (BSA) in
tris-buffered saline (TBS) -Tween prior to Ponceau S staining for protein
loading identification. Membranes were immunoblotted for Prox-1,
podoplanin, LYVE-1, chicken ovalbumin upstream promoter-transcrip-
tion factor ii (COUP-TFII) or FOXC-2 and scan intensity was used for
analyses.
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Fig. 1. Western blots of neurolymphatic proteins in hCMEC/D3 human brain microvascular endothelial cells. (A) Representative bands from western blots of
hCMEC/D3 cell samples. Two-way ANOVA with unpaired t-test. (B) Quantification of western blots. n = 3 for each group. *p < 0.05, **p < 0.01, ***p < 0.001.
One-way ANOVA with Dunnett post-hoc test was used.
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Fig. 2. Release and progressive conversion of brain endothelial microparticle-associated neurolymphatic markers. (A) Neurolymphatic proteins are largely restricted
to the MP fraction in the plasma pool, which can be centrifuged; it is important to note that use of plasma microparticles could lead to varying sample recovery
depending on the time of centrifugation after collection, as the MPs in the sample are undergoing progressive fission. Since serum samples have already undergone
MP fission process, they represent a much more stable pool for analysis. ‘Plasma’ represents unfractionated plasma; ‘Serum’ represents unfractionated serum; MP
specifies MP fraction isolated by 20,000 X g centrifugation, MP~ denotes supernatant fraction after MP isolation. (B) Schematic representation of the fate of neu-
rolymphatic markers released from brain endothelial cells. Brain endothelial cells release MPs containing neurolymphatic markers into the circulation. In plasma
samples these MPs can be centrifuged to obtain a concentrated analyte that can be studied. However, in serum samples neurolymphatic protein-containing MPs have
undergone progressive fission, liberating these markers and therefore it is no longer possible to centrifuge out the markers in MP pellets.
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Fig. 3. Box plots showing the distribution of neurolymphatic protein expression levels of the serum samples grouped by sex. Serum samples analyzed included 60 of
HC, 150 of RRMS and 26 of SPMS. Box plot explanation: upper horizontal line of box, 75th percentile; lower horizontal line of box, 25th percentile; horizontal bar
within box, median; upper horizontal bar outside box, 90th percentile; lower horizontal bar outside box, 10th percentile. Student t-test was performed *p < 0.05

#*p < 0.01 ***p < 0.001.

2.7. Antibodies

Prox-1 (cat no. ab37128, Abcam, Cambridge, MA), LYVE-1 (cat no.
ab14917, Abcam), FOXC2 (cat no. ab65141, Abcam), VEGFR-3 (cat no.
ab27278, Abcam), actin (cat no. A2103, Sigma-Aldrich, St. Louis, MO)
were used for immunoblotting.

2.8. Statistical analysis

Basic statistical analysis was carried out using Student's unpaired,
two-sided t-test to compare the HC cohort to the RRMS and SPMS co-
horts for each protein in the data. The distribution of each protein was
characterized using box-and-whisker diagrams. Association between
proteins was characterized using one-way analysis of variance
(ANOVA).

A heatmap was produced to show global relationships between all
of the samples in the data. The row dendrogram is constructed using a
modified average-linkage clustering algorithm which preserves group
association; clustering occurs in such a way that all samples within a
single cohort are clustered, while the interfaces between cohorts use the
records with the least distance between them. Additionally, one-di-
mensional heatmaps (“heat-strips”) were created to depict the dis-
tribution of each protein in isolation.

Statistical analyses (GraphPad Software, Inc., La Jolla, CA) were
performed using one-way ANOVA with Dunnett post-hoc test to com-
pare neurolymphatic marker expression in brain endothelial cells in
culture. Two-tailed Student t-tests were used to compare clinical sam-
ples between groups. A p value < 0.05 was considered statistically
significant.
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3. Results
3.1. Demographic features of participants

One hundred and fifty patients with RRMS, twenty-six with SPMS,
and sixty healthy controls (HC) participated in the study. Study subjects
with MS had a mean age of 46 years ( = SD = 9.8, median 47). The
mean age of HC subjects was 44 * 14 (SD) years (median = 44). 45
MS patients were female and 15 were male. These demographic char-
acteristics are presented in Table 1.

3.2. Brain endothelial cells express lymphatic endothelial markers

Previously, we reported the ectopic expression of lymphatic en-
dothelial specific markers (including podoplanin and LYVE-1) in post-
mortem MS brain specimens associated with the vasculature. This time,
we demonstrated that brain microvascular endothelial cells expression
lymphatic specific protein, which here we refer to as “neurolymphatic”
proteins. hCMEC/D3 cells indeed express VEGFR-3, Prox-1, FOXC2,
LYVE-1 and podoplanin. The abundance of these proteins was altered in
response to inflammatory cytokine stimulation. In particular, we ob-
served a general trend of increased abundance following treatment with
tumor necrosis factor (TNF)-a stimulation alone, and a significant de-
crease following interferon (IFN)-y or combined stimulation (Fig. 1).

3.3. MP-associated markers are progressively liberated into the supernatant
(soluble) fraction

Following exposure to inflammatory cytokines, brain endothelial
cells transfer neurolymphatic proteins into microparticles (MPs), which
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Fig. 4. Box plots depicting the distribution of serum neurolymphatic protein levels, grouped by the presence of disease. Expression levels are significantly lower in
MS for FOXC2 (A), COUP-TFII (B), LYVE-1 (C), podoplanin (D) and prox1 (E) compared to HC. Student t-test was performed to compare each protein between HC and

MS. *p < 0.05 **p < 0.01 ***p < 0.001.

are shed into the plasma (in vivo) and into the culture supernatant (in
vitro). These MPs can be isolated by high-speed centrifugation.
Following storage, retention of lymphatic biomarkers within MPs de-
creases, releasing these biomarkers into the supernatant phase. When
we compared serum versus plasma samples, serum samples represented
a more stable pool of these markers compared with the progressively
fragmenting plasma samples. Thus, the MP associated lymphatic bio-
markers can be relatively more reliably evaluated in the serum pool
since this is the final compartment for these markers. (Fig. 2). There-
fore, the following data presented here utilized serum samples.

3.4. Circulating neurolymphatic exhibit no sex differences

Because MS occurs much more commonly in women than men [16]
we first evaluated possible sex-dependent differences in circulating
neurolymphatic markers between men and women. No significant dif-
ferences in the levels of FOXC2, COUP-TFII, LYVE-1, podoplanin and
Prox1 with respect to sex in the analysis of serum samples (Fig. 3).

3.5. Lymphatic proteins can discriminate MS patients from healthy controls

We next investigated whether our panel of lymphatic markers could
significantly discriminate MS patient serum samples (RRMS and SPMS)
from HC. We found that circulating lymphatic protein levels were sig-
nificantly lower in MS samples for all biomarkers (Fig. 4) and the
averages for each neurolymphatic biomarker in MS were found to be
reduced compared with HC; FoxC2 reduced in MS vs. HC (**p < 0.01),
COUPTF II reduced in MS vs HC (***p < 0.001), LYVE] reduced in MS
vs HC (**p < 0.01), podoplanin reduced in MS vs HC (*p < 0.1) and
Prox1 reduced in MS vs HC (*p < 0.05).
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3.6. Lymphatic markers discriminate MS subtypes

Next, we investigated whether serum lymphatic markers could
further discriminate MS subtypes (RRMS and SPMS) from HC. We found
that while FoxC2, COUP-TFII, LYVE], podoplanin and Prox1 could each
differentiate HC from RRMS (*p < 0.05, ***p < 0.001, **p < 0.01,
*p < 0.05, *p < 0.05, respectively vs. HC), only FoxC2, COUP-TFII
and LYVE-1 each showed significant differences between SPMS and HC
(**p < 0.001, **p < 0.01, *p < 0.05, respectively vs. HC) (Fig. 5).
FOXC2 was significantly different in SPMS compared with HC
(***p < 0.001) and could additionally discriminate between subtypes
of RRMS and SPMS (*p < 0.05) (Fig. 5A). All data from box plots are
summarized in Table 2.

3.7. MS is associated with decreased circulating neurolymphatic markers

Heat map analyses allowed for effective visualization of the overall
differences in the expression pattern of neurolymphatic proteins be-
tween the three groups: HC, RRMS and SPMS (Fig. 6). Each column of
this heat map represents one lymphatic marker, from FoxC2 on the left
through COUP-TFII, LYVE], podoplanin to Prox1. Each row represents
one sample (60 HC samples, 150 RRMS and 26 SPMS samples) with the
level of expression mapped to the color scale of red to green. In general,
these heat map patterns of each protein appeared to show differences
among proteins, with FOXC2 showing the highest (bright green) level of
expression while COUPTF-II was lower than other proteins, especially
in HC and RRMS samples.

4. Discussion

MS is a devastating disease of the central nervous system (CNS)
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Fig. 5. Box plots showing the distribution of neurolymphatic protein expression levels of the serum samples grouped by MS disease type. Protein levels were
significantly lower in RRMS compared to HC for COUP-TFII (B), LYVE-1 (C), podoplanin (D) and prox1 (E). Serum neurolymphatic levels were significantly lower in
SPMS for FOXC2 (A), COUP-TFII (B), and LYVE-1 (C). *p < 0.05 **p < 0.01 ***p < 0.001.

Table 2
Serum neurolymphatic levels altered with MS disease.
Mean intensity HC (n = 60) MS (n =176) RRMS (n = 150) SPMS (n = 26)
Prox1 |, p=0.0298 |, p=0.030 |, p=0.20
vs. HC vs. HC (n.s. vs. HC)
COUP-TFII |, p = 0.00035 |, p = 0.00055 |, p = 0.00037
vs. HC vs. HC vs. HC
FOXC2 |, p=0.010 |, p=0.0427 |, p = 0.00015
vs. HC vs. HC vs. HC
|, p = 0.0042
SP vs. RR
LYVE-1 |, p = 0.0058 |, p =0.010 |, p = 0.0094
vs. HC vs. HC vs. HC
Podoplanin |, p=0.02 |, p=0.0128 p = 0.46
vs. HC vs. HC (n.s. vs. HC)

Summary of the changes in neurolymphatic protein expression in serum samples. HC: healthy controls; MS: multiple sclerosis; RRMS: relapsing-remitting; SPMS:

secondary-progressive MS.

which may represent a cytokine mediated neuroinflammatory state
which drives demyelination and neurodegeneration. However, in ad-
dition to these neurological features, vascular inflammation and en-
dothelial disturbances, in particular, have been increasingly noted in
MS, which may also contribute to the pathophysiology of this condition.
Indeed, hCMEC/D3 brain endothelial cells in culture were found to
express several lymphatic endothelial markers including Prox-1,
FOXC2, LYVE-1, podoplanin, VEGFR-3 and the COUP-TF-IL.

Prox-1 is a transcription factor that is specifically induced by COUP-
TFII that leads to differentiation of venous endothelial cells (VEC) into
LECs during embryonic development [17]. Prox-1 activates the ex-
pression of lymphatic-specific proteins [18,19]. One such protein is
podoplanin, which is one of the most important regulator of the

separation of the cardiovascular and lymphatic systems [20]. VEGFR-3
is also upregulated by prox-1 and establishes a positive feedback loop
with prox-1 to maintain LEC identity [21]. LYVE-1 is a hyaluronan
receptor that is most frequently used as a LEC marker due to their ex-
pression being almost entirely restricted to LECs [22]. Lastly, FOXC2 is
critical for maturation of lymphatic plexus into collecting vessels as
well as lymphatic valve formation [23,24]. Although the functions of
these lymphatic proteins in the brain endothelial cells are yet to be
determined they regardless serve as sensitive markers of brain en-
dothelial activation in response to inflammatory cytokines.

The abundance of these biomarkers was also significantly altered by
exposure of human brain microvascular endothelial cells to in-
flammatory cytokines. Specifically, we found that there was an average
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Fig. 6. Combined heat strip analyses depicting the distribution of each protein
by disease states. The value in the heat strips is scan intensity of the dot blots.
Individual proteins are arranged in columns, from left to right: FOXC2, Prox1,
COUP-TFIL, LYVE-1 and podoplanin. Rows represent individual samples. Within
each column, samples are arranged from the highest (green) to lowest (red)
expression. There are 60 samples for HC, 150 samples for RRMS and 26 samples
for SPMS which explains the differences in to sizes and the number of rows for
each group. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

1.5-fold increase in neurolymphatic protein levels in response to TNF-a
stimulation alone. This is consistent with several reports of increased
lymphatic expansion associated with inflammation, such as in in-
flammatory bowel disease and [25] myocarditis [26,27].
Interestingly, however, following stimulation with IFN-y, we ob-
served a downregulation of all neurolymphatic proteins in hCMEC/D3
cells. These results are similar to findings published by Kataru et al.,
which showed that T lymphocytes negatively regulate lymphatic ex-
pansion, both during steady and inflammatory states, via secretion of
IFN-y that suppresses lymphatic-specific gene expression in lymphatic
endothelial cells (LEC)s [28]. In addition, accumulating evidence sup-
ports inflammation-associated lymphatic expansion to be not only a
phenomenon that results from inflammation but a dynamic process,
which involves both pro-lymphangiogenic and anti-lymphatic mole-
cules, that shapes the course of inflammation [29]. This may also ex-
plain why we observed a downregulation of neurolymphatic proteins
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with a combined cytokine treatment.

Endothelial cells normally release MPs and increase their release
under inflammatory conditions [8,30]. EMPs therefore may mirror the
activation state of the endothelium, and provide a sampling of the
vascular surface explaining their emergence as selective biomarkers of
endothelial dysfunction [31]. Development of reliable panel of markers
that are 1) expressed by the brain endothelium 2) altered in response to
the state of activation e.g. that occurs which during MS and 3) trans-
ferred to MPs and be sampled from the circulation would potentially
provide a useful tool for MS diagnosis as well as disease monitoring.
The release of MPs results in the transfer of proteins from brain en-
dothelial cells into a circulating pool, which can be analyzed as a ‘liquid
biopsy’ of the endothelial surface to provide information on the state of
activation and inflammation within the brain. Thus, we investigated
whether circulating MPs express neurolymphatic markers and found
that plasma samples contained neurolymphatic proteins and it was
possible to concentrate the expression by isolation of plasma MPs
(Fig. 3A).

However, upon further analyses of serum samples, we discovered
that markers which are originally largely restricted to MPs become
liberated into the soluble, non-centrifugable fraction, which in fact
simplifies their analysis. Consequently, while we have identified MPs as
a transitional intermediate location for neurolymphatic markers, the
continuous fission of MPs into ‘microsomes’ seems to transfer these
markers into a stable serum, but not plasma, samples which does not
require centrifugation to obtain. Therefore, it may ultimately be simpler
(and more reliable) for assays based on these sample to either employ
non-centrifuged or frozen-stored serum samples. While it is theoreti-
cally possible that an immediate centrifugal isolation step to con-
centrate MPs from serum could yield an even more concentrated ana-
lyte, our studies so far indicate this may not be necessary.

Because MS predominantly affects women [32,33], we investigated
the possible sex differences in neurolymphatic marker expression but
found no significant sex-based differences. This finding may indicate
that the neurolymphatic markers studied here are likely not necessarily
related to sex-based differences seen in forms of MS. Also, in line with
our in vitro results (obtained from hCMEC/D3 cells) that showed a
downregulation of neurolymphatic proteins with combination treat-
ment using TNF-a + IFN-y stimulation, (which recapitulates the ‘cyto-
kine storm; of MS [34]), we observed a significantly lower level of
circulating markers with MS disease compared with HC (Fig. 4). When
the MS group was further divided into subtypes (RRMS and SPMS) we
found that different protein markers were sensitive to different groups,
which allowed for more fine-tuned discrimination of samples. COUP-
TFII, LYVE-1, podoplanin and Prox1 were each found to be different
between RRMS and HC. Additionally, COUP-TFII and LYVE-1 showed
significant differences between SPMS compared to HC. FOXC2 ap-
peared to be the only marker that was able to differentiate between the
subtypes of MS. Further characterization of additional protein bio-
markers will be necessary for finetuning this type of sample dis-
crimination.

In this study, we did not confirm the levels of IFN-y or TNF-a in our
serum samples. Similarly, we did not know what phase of disease or
disease duration existed at the time of the sample collections. We also
were not able to control for therapies being administered to these pa-
tients. Even so, with these limitations, we found several interesting
differences among these groups which may support the use of these
markers as a useful panel for studying MS diagnosis, staging and re-
sponse to therapy. Future studies which might collect samples from
patients during active MS flares and in treatment naive-patient patients
might yield more robust findings to validate these biomarkers. Such
additional, unbiased and mechanism-based testing methods are still
necessary for MS diagnosis in order to expedite earlier and more ac-
curate MS diagnosis.

We have demonstrated that lymphatic proteins expressed by the
brain microvascular endothelial cells reflect the state of activation
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utilization appear to be liberated into the circulation that can be sam-
pled. Additional sensitive markers are still needed to develop a more
reliable biomarker matrix. The sample required in these tests is a small
(< 50uL) blood/serum sample which could be frozen-stored, shipped
to a test facility without requiring immediate access to clinical la-
boratories conducting western blot analyses. This approach could be
accomplished using samples which are already being collected and
could lower costs, reduce needs for patient travel and allow for more
frequent testing at reduced costs. Such samples could be obtained on
demand, analyzed using relatively inexpensive supplies and stored
frozen until analyzed in clinical laboratories. The correlation of these
markers with other validated markers like MRI and EDSS might de-
monstrate to which extent this testing might be applicable in the eva-
luation of MS disease activity.

5. Conclusions

Brain microvascular endothelial cells express and release neuro-
lymphatic proteins into MPs which can be captured by centrifugation,
demonstrating the presence of lymphatic proteins in MPs. The asso-
ciation of neurolymphatic markers with MPs is lost through MP fission,
liberating these tracers from MPs in serum. The levels of these proteins
detected in the circulation were all found to be significantly lower in
MS patients, with several different proteins in the panel of markers
tested here showing differences between MS patient samples and HC.
Although intriguing, these biomarkers require additional several steps
of validation but may ultimately be applied as a tool in MS diagnosis
and disease monitoring.
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