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Neuroinflammation is a pathophysiological hallmark of multiple
sclerosis and has a close mechanistic link to neurodegeneration.
Although this link is potentially targetable, robust translatable
models to reliably quantify and track neuroinflammation in both
mice and humans are lacking. The choroid plexus (ChP) plays a
pivotal role in regulating the trafficking of immune cells from the
brain parenchyma into the cerebrospinal fluid (CSF) and has recently
attracted attention as a key structure in the initiation of inflamma-
tory brain responses. In a translational framework, we here address
the integrity and multidimensional characteristics of the ChP under
inflammatory conditions and question whether ChP volumes could
act as an interspecies marker of neuroinflammation that closely
interrelates with functional impairment. Therefore, we explore ChP
characteristics in neuroinflammation in patients with multiple scle-
rosis and in two experimental mouse models, cuprizone diet-related
demyelination and experimental autoimmune encephalomyelitis.
We demonstrate that ChP enlargement—reconstructed fromMRI—is
highly associated with acute disease activity, both in the studied
mouse models and in humans. A close dependency of ChP integrity
and molecular signatures of neuroinflammation is shown in the per-
formed transcriptomic analyses. Moreover, pharmacological modula-
tion of the blood–CSF barrier with natalizumab prevents an increase
of the ChP volume. ChP enlargement is strongly linked to emerging
functional impairment as depicted in the mouse models and in mul-
tiple sclerosis patients. Our findings identify ChP characteristics as
robust and translatable hallmarks of acute and ongoing neuroinflam-
matory activity in mice and humans that could serve as a promising
interspecies marker for translational and reverse-translational
approaches.

multiple sclerosis | choroid plexus | neuroinflammation | disease activity

The choroid plexus (ChP), which extends along the floor of the
lateral ventricles and the roof of the third and fourth ventricles

(1), is a highly vascularized tissue that represents one key structure
between the blood and the cerebrospinal fluid (CSF). The ChP
plays an essential role in CSF production and brain waste clear-
ance pathways, including the recently discovered glymphatic
transport of CSF along the periarterial spaces (2–4). Additional
functions of the ChP include maintenance of the neural paren-
chyma via secretion of neurotrophic factors and modulation of
solute and immune cell trafficking across epithelial cells (5).
Moreover, the ChP is involved in neuronal repair and restoration
of function via gene expression and regulation of immune cell
content (6–8).
Taken together, the blood–CSF barrier (BCSFB) in the ChP

and the blood–brain barrier (BBB) regulate the entry of cells and
solutes into the central nervous system (CNS). When these bar-
riers and other regulatory mechanisms collapse, immune cells
enter the CNS and may initiate neuroinflammatory diseases such

as multiple sclerosis (MS), leading to demyelination and neuro-
axonal degeneration. In line with this, inflammation and disrup-
tion of the ChP tissue architecture was detected in MS (9, 10). In
postmortem studies, patients with MS showed an increased
number of antigen-presenting cells in ChP stroma, as well as an
infiltration of leukocytes from the periphery, a disruption of tight
junctions in the ChP epithelium, and an endothelial over-
expression of adhesion molecules involved in lymphocyte migra-
tion. Thus, the ChP can be considered one of the gateways for the
migration of inflammatory cells into the brain, which indicates its
structural importance in the pathogenesis of CNS diseases (11).
These observations on a microscale potentially disrupt the mor-
phology of the ChP also on a macroscale (12, 13). Despite the
evidence available from neuropathological studies, we still lack an
in vivo demonstration that the ChP is involved in the inflammatory
process characterizing MS.
The cuprizone mouse model is a valuable tool to assess de-

myelination dynamics, since it induces early oligodendrocyte
apoptosis, followed by astroglial and microglial activation and
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demyelination (14, 15). Although minor damage to the BBB has
been described in this model (16), T and B cells are considered
to play only a minor role during cuprizone-induced demyelin-
ation (17, 18). Moreover, immunohistochemistry has identified the
presence of neuroinflammatory processes with anatomical affinity,
particularly in the lining of the ChP (19). Thus, with the cuprizone
model, two main aspects related to the MS pathology can be in-
vestigated: first, mechanisms underlying innate immune cell-driven
myelin and axonal degeneration, and second, remyelination of the
demyelinated axons (18).
On the other hand, experimental autoimmune encephalomy-

elitis (EAE)—the classic animal model of MS—is characterized by
T cell and monocyte infiltration in the CNS associated with local
inflammation and primary demyelination. In EAE, effector T cells
enter the CSF from the leptomeninges or the ChP across activated
vessels before spreading to the CNS tissues (20–23), suggesting
that the ChP may be one of the initial sites of T cell entrance into
the brain. In fact, it has been shown that the very late antigen-4
(VLA-4) and the melanoma cell adhesion molecule (MCAM) are
important for transendothelial migration of T helper (Th)17 cells.
VLA-4 plays a key role by mediating the initial rolling and ad-
hesion steps of transmigration through interaction with its recep-
tor, vascular cell adhesion molecule-1 (VCAM-1), expressed on
endothelial cells upon inflammation (24). Targeting VLA-4 re-
stricts most encephalitogenic T cells from migrating into the CNS
(25), while blockade of MCAMmore specifically inhibits Th17 cell
migration into the CNS via the ChP endothelium (26).
Studies in mouse models mimicking aging in humans have

provided further evidence that the ChP is involved in age-related
immune cell recruitment, glial activation, and cognitive function-
ing (27, 28). These findings emphasize the impact of immune
homeostasis within the ChP in shaping the brain’s structural in-
tegrity and the clinical phenotype. However, while our under-
standing of the role of the ChP in brain homeostasis is growing,
much less is known about its role in MS despite the intersection
between ChP function and the neuroimmune axis. We hypothe-
sized that inflammation through immune cell infiltration leads to
an altered volume of the ChP and that MRI-derived ChP assess-
ment provides a structural interspecies biomarker of inflammatory
disease activity. Hence, this study aimed to investigate how ChP
morphology is linked to disease activity in humans with MS and
two experimental mouse models of CNS demyelination.
In this translational study, we identified an association between

the ChP volumes as derived from high-field MRI, with clinical
disability in a large cohort of MS patients over 3 y of annual follow-
up. We validated our findings in a second cohort of treatment-naive
MS patients at disease onset and after 4 y. Ultimately, we investi-
gated the relationship between ChP volumes and CSF markers of
BBB dysfunction and the effects of pharmacological inhibition of
immune cell migration into the CNS on ChP volume changes.
Moreover, we acquired MRI in the cuprizone-diet mouse model to
determine whether ChP morphometry is related to demyelination
and remyelination processes, depicting MS-like pathophysiology.
Likewise, imaging in the EAE model served to evaluate the rela-
tionship of ChP morphology and functional impairment in mice. To
evaluate the possible molecular mechanisms underlying ChP alter-
ations, we further conducted immunohistochemistry and tran-
scriptomic analyses from ChP tissue on both EAE and cuprizone
models, which allow us to bridge the gap between ChP integrity and
neuroinflammation.

Results
ChP Enlargement Is Associated with Disease Activity in MS. Bilateral
ChP volumes were found to be enlarged in 330 MS patients when
compared to healthy controls (HC) (Fig. 1A and SI Appendix,
Figs. S1 and S2; n (HC) = 57; t = 7, P < 0.001). Larger ChP in
MS patients were associated with the severity of clinical disability
(assessed via Expanded Disability Status Scale [EDSS) scores]

after adjusting for sex, age, disease duration, and intracranial vol-
ume (Fig. 2A) at baseline (standardized beta [β] = 0.170; P = 0.004)
and after 4 y (β = 0.210; P < 0.001). These associations were also
seen during the yearly follow-ups in between (SI Appendix, Fig.
S3A). In addition, enlarged ChP volume was related with cortical
thinning (Fig. 3C; r = −0.328, P < 0.001). Decreased cognitive
performance measured with the Symbol Digit Modalities Test
(SDMT), recognized as being particularly sensitive to the slowed
processing of information that is commonly seen in MS, was also
associated with ChP enlargement (Fig. 3F; r = −0.375; P < 0.001)
after adjusting for sex, age, and intracranial volume.
Within the main MS cohort, a further comparison between pa-

tients with no evidence of disease activity (NEDA) and patients with
disease activity (EDA) over a period of 2 y was conducted. Here,
patients with EDA displayed larger ChP volumes at baseline com-
pared to patients with NEDA (Mann–Whitney U test; P < 0.001).
In comparison with healthy controls, both MS patients with NEDA
and EDA showed significantly larger ChP volumes (Fig. 3A). Based
on the hypothesis that ChP enlargement may mirror neuro-
inflammatory activity, we also assessed ChP morphometry with
regard to demyelinating lesion load (high versus low T2-weighted
hyperintense lesion volumes based on the median value). Our re-
sults demonstrated enlarged ChP volumes in patients with higher
lesion load, while preserved ChP morphometry was observed in
patients with a low degree of hyperintense lesions on T2-weighted
images (Fig. 3B; Mann–Whitney U test; P < 0.001).
Finally, within the statistical framework, we applied structural

equation modeling (SEM) to assess whether MRI-derived volu-
metric measurements of ChP represent a better biomarker related
to EDSS scores in comparison to T1 contrast-enhancing lesions or
new or enlarging T2 lesions. SEM identified the ChP volume as
the strongest prognostic factor for EDSS scores (standardized
coefficient [s] = 0.71, P = 0.0005). T1 contrast-enhancing lesions
(s = 0.45, P = 0.357), as well as new or enlarging T2 lesions (s =
0.35, P = 0.245), did not reach significance in the designed
predictive model.

ChP Enlargement in MS Is Confirmed in an Independent Validation
Cohort. In the replication cohort of 235 treatment-naive MS
patients at disease onset, enlarged ChP volume was concordantly
associated with increased clinical disability after adjusting for
sex, age, disease duration, and intracranial volume at baseline
(β = 0.157; P = 0.020) and 4-y follow-up (r = 0.289, P = 0.007)
(Fig. 2B). These positive associations were also seen after the 1-
and 2-y follow-ups (SI Appendix, Fig. S3B). Consistently, as
within the main cohort, in these patients, ChP enlargement was
inversely associated with cortical thinning (Fig. 3D; r = −0.277,
P = 0.011) after adjusting for sex, age, and intracranial volume.

ChP Enlargement Associates with Albumin in the CSF. Breakdown of
the BBB is commonly seen in MS, yet it is not specific to the
disease. Given the high concentration of albumin in plasma, it
readily passes from the circulation into the CNS during BBB dis-
ruption and, thus, the albumin quotient (plasma to CSF) is used as
an indicator of BBB dysfunction. Associations between enlarged
ChP volumes were attested (SI Appendix, Table S3) with CSF al-
bumin (Fig. 3E; r = 0.281, P = 0.018) and albumin quotient (r =
0.292, P = 0.014) but not for serum albumin (r = 0.053, P = 0.662).
Notably, no associations between ChP volume and lymphocyte
subsets (CD4+, CD8+, CD19+, and CD56+ cells) in the pe-
ripheral blood were found in patients (SI Appendix, Fig. S5 A–D
and Table S4).

High-Efficacy Treatment Prevents ChP Enlargement. Untreated MS pa-
tients had larger ChP volumes at follow-up compared to baseline (SI
Appendix, Fig. S4; t = 0.011, P = 0.011). MS patients under dimethyl
fumarate (DMF) treatment had larger ChP volumes at follow-up
compared to baseline (SI Appendix, Fig. S4; t = 2.74, P = 0.0078),
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whereas patients under natalizumab (NAT) therapy showed stable
ChP volumes at follow-up (SI Appendix, Fig. S4; t = 1.26, P > 0.05).

CuprizoneMouseModel: ChP Volume Changes under De- and Remyelination.
In our translational approach, we utilized a preclinical mouse
model allowing the evaluation of demyelination and remyelination,
which served to verify the volumetric changes of the ChP and its
functional correlates (SI Appendix, Figs. S1 and S2). This animal
model served to study consequences of myelin loss under transient
pathological conditions. The comparison of the ChP volumes
between untreated mice at baseline and after 2 wk of cuprizone
diet depicted larger ChP volumes at the maximum of demyelination
(Fig. 1B; t = 4.578, P = 0.00023). Subsequently, when myelin synthesis
was reenabled by reintroduction of normal food after 6 wk, the mice
presented significantly decreased ChP volume in comparison to
the demyelination phase (t = −3.567, P = 0.0048). ChP morphology
after remyelination induction was similar to that of the initially
untreated period (t = 1.897, P = 0.46).
The open field (OF) test was applied in order to evaluate basal

exploratory behavior via the distance traveled. Animals tested in
the OF at baseline showed no significant correlation between the
corresponding ChP volume and the distance traveled (SI Appendix,
Fig. S6A; r = 0.402, P = 0.063). After 6 wk of cuprizone diet—at
the peak of induced demyelination—the animals were measured
again, and we observed a significant positive association between
distance traveled and the ChP volume (SI Appendix, Fig. S6B; r =
0.497, P = 0.018). After diet withdrawal, the animals were again
rescanned, and the traveled distance was measured. There was still
a significant association between the anxiety-like behavior and the
plexus volume at this time point (SI Appendix, Fig. S6C; r = 0.652,
P < 0.001).

EAE Mouse Model: ChP Volume Changes under Autoimmune Inflammation.
In addition to the intoxication model with cuprizone-induced

demyelination, we employed the classic inflammatory EAE model
to confirm our findings from the MS patient cohort in a second
mouse model (SI Appendix, Fig. S1). Here, the administration of
myelin-derived peptides causes an immune reaction against spe-
cific antigenic myelin proteins. In the EAE model, the peak of
demyelination was reached 10 to 15 d after injection and was
primarily confined to the spinal cord, although a certain degree of
demyelination was also detected in the optic nerve, cerebral cor-
tex, and cerebellum. Mice were scanned at baseline, day 12, day
16, and day 24, and ChP volumes were determined (Fig. 1C). ChP
volume was significantly larger at day 24 (t = 5.9; P = 0.00078), day
16 (t = 6.8; P = 0.00045), and day 12 (t = 3.4; P = 0.038) in
comparison to baseline.
We linked the ChP volume with the functional impairment in

mice measured with the EAE score, a measure of disease se-
verity characterizing motor deficits. We found positive associ-
ations between ChP morphology and the EAE severity scores
at day 12 (SI Appendix, Fig. S6D; r = 0.682, P = 0.023), day 16
(SI Appendix, Fig. S6E; r = 0.591, P = 0.042), and day 24 (SI
Appendix, Fig. S6F; r = 0.664, P = 0.031).

Enhanced Microglia Activation in the ChP at the Peak of the Disease in
Both Mouse Models. In the cuprizone-diet mice (Fig. 4 A–D), the
immunohistochemistry on ChP sections showed a significantly
higher number of Iba1+ and Clec7a+ cells, as markers of
microglial infiltration and activation, at the peak of demyelination
in comparison to untreated mice (P < 0.001). A total of 4 wk after
cuprizone diet withdrawal, the number of Iba1+ cells was com-
parable to naïve levels. Similarly, the number of CD3+ cells was
significantly higher at the peak of demyelination (P < 0.01) but
comparable to naïve mice 4 wk after diet withdrawal.
In EAE mice (Fig. 4 E–H), we found that the number of ChP

Iba1+ cells was significantly higher at the peak of disease at day 14

Fig. 1. Volumetric differences in the choroid plexus in human and mouse models. Box plots depicting choroid plexus volumes as derived from individual MRI.
(A) In humans, enlarged volumes in MS patients with respect to HCs are evidenced. In mice, choroid plexus volumes showed a similar enlargement during the
course of (B) the cuprizone-induced demyelination and (C) with increased disability during the course of the EAE mouse model. **P < 0.01.
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(P < 0.01) and in the remission phase at day 21 (P < 0.05) after
immunization in comparison to the naïve mice. In line with this,
we observed a higher number of CD3+ cells in comparison to
naïve mice 14 (P < 0.01) and 21 (P < 0.05) d after immunization.

ChP Volumes Relate to Glial Activity. Through immunohistochem-
istry, we observed positive associations between the number of
cortical glial fibrillary acidic protein (GFAP+) positive cells,
which is a specific marker for astrocyte content, and the ChP
volume at baseline (Fig. 5A; r = 0.560, P < 0.001), full demye-
lination (Fig. 5B; r = 0.630, P < 0.001), and full remyelination
(Fig. 5C; r = 0.570, P < 0.001). This observation supports the link
between astrocyte activity and MRI-measured microstructural
integrity in the gray matter regions. In addition, we were able to
link the ChP volume to the ionized calcium-binding adapter
molecule 1 (Iba1), a marker of microglia. At baseline, the as-
sociation between ChP volume and Iba1 showed only a trend
toward significance (Fig. 5D; r = 0.380, P = 0.080), whereas we
found significant associations during full demyelination (Fig. 5E;
r = 0.600, P < 0.001) and full remyelination (Fig. 5F; r = 0.560,
P < 0.001).

ChP Transcriptomics Depict Neuroinflammation. The transcriptomic
analyses from isolated ChP at peak of disease (cuprizone demy-
elination and EAE) showed that in comparison to baseline, gene
expression in the ChP of both models revealed a shared signature
of differentially up-regulated functional pathways primary related
to neuroinflammation and cell-to-cell interactions, particularly a
gene signature for genes associated with the regulation of leuko-
cyte (T cell) adhesion, differentiation, and activation (Fig. 6).

Discussion
Over the last years, high-field structural MRI has become a
powerful tool in deciphering and predicting specific brain pa-
thology patterns (29, 30) and disease courses in inflammatory
brain diseases such as MS (31). In particular, advances in brain
imaging acquisition and postprocessing have improved the field
and made tremendous contributions to our understanding of
evolving neuroinflammation and neurodegeneration (32). The
strength of MRI comes from its ability to provide quantifiable
markers with high spatial accuracy that can trace disease trajec-
tories both for research and clinical studies, focusing on both focal
and widespread damage in the CNS (33).

Fig. 2. Associations between clinical disability and choroid plexus enlargement in MS patients. Scatter plots depicting the association between choroid plexus
volume and clinical disability, as measured with EDSS, in the study cohort (A), at baseline (blue) and at 4-y follow-up (green). In addition, the scatter plots
derived from (B) the replication cohort are provided for baseline (red) and 4-y follow-up (yellow).

                        
                                                                                                                 

         

 
  

  
  

  
  

   
 

  
   

   
  

 
 

  
  

   
  

  
  

  
 

  
  

  
  

  
  

  
  

 
  

  
  

 
 

  
 

  
   

  
 

  
  

 
 

  
  

  
  

 
 

   
  

 
  

   
  

   
  

  
   

 
   

  
  

  
  

  
  

  
  

  
  

  
  

 



The current study identified an early association between en-
largement of the ChP and disease severity in two large cohorts of
MS patients, including both treatment-naïve patients and patients
under immunomodulatory treatment. Predictive causal modeling
through SEM confirmed that the ChP volumes were not only sig-
nificant determinants that influence EDSS development in MS
over time but also outperform conventional MRI biomarkers like
T1 contrast-enhancing lesions and new T2 lesions. The transla-
tional analyses from two experimental in vivo animal models of
acute neuroinflammation and de- and remyelination allow the es-
tablishment of volumetric ChP measurements as structural markers
of neuroinflammation in mice. Thus, in both species, humans and
mice, larger ChP volumes represent reproducible imaging sur-
rogates of functional impairment, thus, suggesting that ChP can
be used as a target in studies evaluating disease progression or
therapy outcomes.

The underlying mechanisms leading to ChP enlargement with
neuroinflammation appear to be complex and related to the in-
teraction between the peripheral immune system and ChP stroma
and epithelium cells. As shown in postmortem brain studies, the
ChP of MS patients is characterized by a high proportion of MHC
class II receptor T lymphocytes, which are indicative of active an-
tigen presentation (10) by granulocyte and CD8+ T cell infiltration
in the ChP stroma (34), and by overexpression of lymphocyte ad-
hesion molecules by ChP endothelial cells (9). The presence of
high levels of CD68+ activated macrophages in the ChP stroma
and increased expression of VCAM-1 in the ChP vasculature (10)
suggest an induction of endothelial immune proliferation and mi-
gration that might contribute to ChP enlargement. Accordingly,
transcriptomic analyses on both EAE and cuprizone-diet models
showed the involvement of up-regulated functional pathways in-
volving T cell adhesion, differentiation, and activation as well as

Fig. 3. Volumetric differences and associations of the choroid plexus with clinical, MRI, CSF, and cognitive measures. Choroid plexus volumes, derived from
individual MRI in humans, depicting enlarged volumes in MS patients with EDA in comparison to MS patients with NEDA, each in comparison to healthy
individuals’ choroid plexus volume (A). Choroid plexus volumes depicting enlarged volumes in MS patients with high T2 lesion load in the MRI in com-
parison to patients with low T2 lesion load (B). Scatter plots depicting the association between choroid plexus volume and cortical thickness in the study
cohort (C) and the replication cohort (D). Scatter plots depicting the association between choroid plexus volume and albumin in the CSF (E ). Scatter plots
depicting the association between choroid plexus volume and cognitive performance in the study cohort, as measured with the Symbol Digit Modalities
Test (F). **P < 0.01.
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negative regulation of neuroimmune system during demyelination,
in which VCAM-1 had a leading role, providing a direct link be-
tween enlarged ChP and neuroinflammation.
In the cuprizone model, ChP volume increase occurred during

the demyelination phase as a transient enlargement; the ChP volume
returned to baseline values after cuprizone diet withdrawal

(remyelination). Although the cuprizone model does not require
leukocyte migration into the CNS for the induction of demyelin-
ation (35, 36), the immune response to demyelination triggers the
activation of CNS-resident cells (astrocytes and microglia) and the
transmigration through the brain barriers (BBB and BCSFB) of
peripheral immune cells (macrophages) into the areas of demyelination

Fig. 4. Increased numbers of activated microglia and infiltrating T cells in the murine choroid plexus. Numbers of Iba1+ and CD3+ cells within the choroid
plexus at different stages of the (A and B) cuprizone and (C and D) EAE mouse models were analyzed by immunohistochemistry. Representative images of the
fluorescent stainings of the (E and F) cuprizone mice and (G and H) EAE mice depicting Iba1 (red)/Clec7a (green) positive activated microglia as well as CD3
(red) positive T cells. Nuclei were always counterstained with DAPI (blue). Statistical analysis was performed using ANOVA with Dunnett’s post hoc test
compared to naïve mice. *P < 0.05, **P < 0.01, ***P < 0.001. (Scale bar: 100 μm.)

                        
                                                                                                                 

         

 
  

  
  

  
  

   
 

  
   

   
  

 
 

  
  

   
  

  
  

  
 

  
  

  
  

  
  

  
  

 
  

  
  

 
 

  
 

  
   

  
 

  
  

 
 

  
  

  
  

 
 

   
  

 
  

   
  

   
  

  
   

 
   

  
  

  
  

  
  

  
  

  
  

  
  

 



(18, 37). In fact, the BBB permeability is increased at the peak of
demyelination in the cuprizone model (16, 36). Astrocytes, which
are involved in regulating endothelial function via their end feet
(38), create a local inflammatory milieu that likely participates in
destabilizing the BCSFB integrity mediated by down-regulation of
tight junction proteins (16). Moreover, infiltrating cells from the
periphery are not only detected in the cuprizone-induced lesions
but also in regions distant from the areas of demyelination, in-
cluding the ChP, leptomeninges, and perivascular regions (37, 39,
40). Thus, one explanation for ChP enlargement in the cuprizone
model could be the secondary infiltration of immune cells from
the periphery migrating through the ChP epithelium into the CNS
in response to the stimuli derived from the cuprizone-damaged
tissue. This hypothesis is in accordance with the up-regulation of
genes in the ChP involved in cell adhesion and immune receptor
activity in response to neuroinflammation in the cuprizone model.
Another mechanistic view of the depicted transcriptomic results

could relate ChP enlargement to microglia activation, oxidative
damage, and mitochondrial injury leading to hypoxia as a part of the
cascade of events that lead to tissue injury (41, 42). Accordingly, in

the cuprizone model, demyelination was evidenced to be accom-
panied by an overexpression of genes involved in oxidative and
adenosine triphosphate (ATP)–dependent metabolic processes re-
lated to mitochondrial function. Thus, an overarching mechanism
common to both EAE and cuprizone models could be related to
mitochondrial energy failure within the ChP, most likely as a con-
sequence of oxidative injury [possibly in the epithelial cells (41)]
leading to a barrier dysfunction and ChP enlargement. A coexis-
tence of those mechanisms with an immune response coinitiation,
with ChP endothelium recruitment of T lymphocytes (which are
normally confined to the CSF) causing an initial wave of Th17 cells
(T cells mediating autoimmune demyelination) that enter the ChP
stroma, is likely (21).
Furthermore, our results show an association between ChP en-

largement and elevated CSF albumin and albumin quotient. ChP
epithelial cells have a high cellular specificity for albumin transfer
from the blood into the ventricular CSF (43). However, CSF al-
bumin levels are dependent on the rate of albumin influx from
distinct sources (e.g., transport from blood to CSF in the ChP, BBB
leakage, and potential synthesis within the CNS) (44–46) as well as

Fig. 5. Associations between choroid plexus volume and astrocyte and microglia counts in relation to the degree of myelination. Scatter plots in the left
column illustrate the association between the number of GFAP+ cells in the cortex and the MRI-derived choroid plexus volume at baseline (A), demyelination
(B), and remyelination (C) in the cuprizone mouse model. Right column scatter plots illustrate the association between the number of microglia cells in the
cortex and the MRI-derived choroid plexus volume at baseline (D), demyelination (E), and remyelination (F) in the cuprizone mouse model.
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Fig. 6. Choroid plexus transcriptomics from the RNA sequencing. In A, the principal component analyses (PCA) show a good separation between the EAE
peak (n = 5) and the naive EAE group (n = 5). The PCA analyses in the cuprizone model (B) show a very good cluster separation between the demyelination
group (n = 3) and the naive group (n = 5). In C, the Venn diagram shows the differential expressed genes for the comparison between the EAE peak versus
naive (n = 2,090) and cuprizone-diet induced demyelination versus naive (n = 266), and their shared gene expression (n = 44). In D, the common top 10 up-
regulated biological processes pathways both in the EAE peak and the cuprizone demyelination groups are shown. In E, the up-regulated biological processes
pathways for the two group comparisons, namely peak EAE versus naive and the cuprizone demyelination versus naive are shown, followed by the molecular
function pathways in F, respectively. The up-regulated functional pathways shown here are all P adjusted < 0.05.

                        
                                                                                                                 

         

 
  

  
  

  
  

   
 

  
   

   
  

 
 

  
  

   
  

  
  

  
 

  
  

  
  

  
  

  
  

 
  

  
  

 
 

  
 

  
   

  
 

  
  

 
 

  
  

  
  

 
 

   
  

 
  

   
  

   
  

  
   

 
   

  
  

  
  

  
  

  
  

  
  

  
  

 



the rate of efflux (e.g., turnover of CSF) (47). During neuro-
inflammation, cellular alterations within the ChP (10) and reduced
expression of tight junctions between the epithelial cells (48, 49)
increase the permeability of the BCSFB for plasma constituents,
including albumin. This influx might enlarge the volume of the
cellular components of the ChP due to the interaction of colloid
osmotic pressure and hydrostatic pressure on transmembrane wa-
ter transport. However, changes in albumin transfer through the
ChP, BBB leakage, and potentially increased CNS synthesis of
albumin by microglia could all affect the CSF albumin concentra-
tion, suggesting that different pathways contribute to the observed
association of albumin levels with ChP volume.
A recent study using brain tissue samples from patients with

progressive MS proposed an important role of the ChP in immune
homeostasis and indicated the occurrence of mild inflammatory
processes within the ChP (34). The authors suggested that the ChP
is only marginally involved in immune cell migration into the CNS
in the neurodegeneration-dominated phase of the disease (34).
However, we suggest that the early immune permeability of ho-
meostasis response led to CNS tissue injury. In line with our ob-
served relationship between enlarged ChP volumes and disability,
previous studies suggested that in the EAE mouse model, in-
flammation in the ChP and CSF precedes the formation of brain
and spinal cord inflammatory infiltrates as well as the development
of demyelinating white matter lesions (50, 51). Moreover, the
phenomenon that parenchymal CSF circulation is altered in EAE
has received increasing attention in light of the recognition of
the glymphatic system within the brain (4). The CSF flows from the
ChP through the ventricles, enters the brain parenchyma via the
perivascular spaces along arteries, and exits along the perivenous
spaces to the cervical lymphatics, the arachnoid granulations, and
the meningeal lymphatics (2, 52). Recently, an enlargement of
ventricle volumes was demonstrated in EAE, which resolved upon
clinical remission (53). This study showed how inflammatory pro-
cesses at the ChP result in expansion of the cerebral ventricles and
thus has implications for our findings. The transient ventricle en-
largement shown by Millward et al. might be the consequence of an
impaired CSF elimination associated with meningeal inflamma-
tion. However, these inflammatory processes likely interfere with
the normal function of the ChP leading to altered CSF composition
or CSF overproduction, as recently demonstrated in inflammation
(54) that might drive both ventricle and ChP enlargement. Hence,
the increased volume of the ChP could result from the concurrent
activation of increased proliferation of ChP cells due to CSF hy-
persecretion (55), invasion of the ChP by nonresident immune cells
(21), and possibly also edema (56).
Whereas in untreated and DMF-treated MS patients the ChP

enlarges over time, we did not observe a significant ChP en-
largement in NAT-treated MS patients. This finding offers two
explanations. First, NAT is highly effective in the suppression of
neuroinflammation and revealed a significantly better efficacy in
comparison to untreated MS patients (57) as well as to DMF-
treated MS patients (58). As NAT reduces inflammation more
effectively, ChP volume reaches a plateau and ceases to further
increase. Second, and related, the mode of action itself may also
be responsible for the observed ChP volume stability in NAT-
treated MS patients. NAT blocks the α4-β1 integrin on mononu-
clear leukocytes and decreases the binding to VCAM-1 (59, 60);
thereby, NAT impedes transendothelial migration and the infil-
tration of leukocytes into the CNS (61). Leukocytes, in turn, have
been reported to accumulate in the ChP by passing through the
intercellular spaces between the ChP epithelial cells by the para-
cellular route (62).
Whether the ChP is a more sensitive and earlier marker of MS

disease severity than other imaging markers and whether ChP
enlargement is a consequence or an immediate cause of MS
pathophysiology remains to be clarified. In MS, focal inflammation
is known to be associated with widespread white matter pathology

and brain topological reorganization (63, 64) as well as gray matter
pathology (46, 65). Here, we extend previous observations by fo-
cusing on one of the key barriers, the BCSFB, compared to
established surrogate markers of neuroinflammation in MS.
This study is not without limitations. First, the delineation of the

ChP may not entirely capture its intricate structure. While algo-
rithms for better delineating the ChP based on in vivo MRI data
are under development (66), these commonly require complex
computations or specialized acquisitions that are not available in
clinical settings (67). However, manual delineation is very time
consuming, and given the large amount of data, it becomes error
prone. For this reason, we decided to employ an accurate auto-
matic ChP parcellation technique, which has been widely utilized
(68, 69) and is reliable compared to manual delineation (70). A
second limitation is that the neuroinflammatory correlates of ChP
were measured from routine peripheral and CSF samples. Despite
the high spatial resolution in MRI, other imaging modalities, such
as positron emission tomography, can visualize molecular char-
acteristics in real time, and physiological parameters can be
quantified in active disease processes within the ChP (71, 72). To
overcome this disadvantage of structural MRI, we used a trans-
lational approach, which included cellular and imaging charac-
terization allowing a direct comparison and replication of the
presented findings.
Overall, this study provides evidence that from the early disease

stages, volumetric alterations in the ChP occur in response to
neuroinflammatory processes. Furthermore, enlarged ChP volume
in MS patients is related to disease severity. This supports its
crucial role in the regulation of the neuroimmune axis, which is
related to brain homeostasis and interaction with the peripheral
immune and inflammatory systems. The identification of enlarged
ChP is a promising marker for an improved understanding and
monitoring of disease pathology in MS. Larger volumes of the
ChP can assist to identify patients at high risk for increased disease
activity, who may benefit from early treatment.

Methods and Materials
Participants. Patients included in the main analyses and HCs were recruited in
the Department of Neurology at the University Medical Center of the Johannes
Gutenberg University Mainz in Germany. Patients with an initial diagnosis of
either clinically isolated syndrome (CIS) (73) or relapsing-remitting MS (RRMS,
according to 2010 McDonald criteria) (74) were prospectively recruited. After
satisfying the study’s inclusion criteria (75), patients were comprehensively
examined and observed on an annual basis (for a 4-y follow-up period)
according to a standardized assessment plan outlined elsewhere (76). Baseline
3TMRI datasets and 4-y clinical follow-up data were available for 330 patients,
which were finally included into the analysis.

From these 330 patients, we further evaluated data of 71 patients (mean
age ± SD 31.2 ± 9.4 y, 25 males) for whom albumin content in CSF and serum
was available, 42 patients on DMF treatment (34.5 ± 9.0 y; 14 males) for
whom immune cell subsets (CD4+, CD8+, CD19+, and CD56+ cells) data were
available, and 36 patients (30.6 ± 8.1 y; 14 males) on NAT treatment.

Patients in the replication cohort were diagnosed according to the revised
McDonald criteria 2010 (74). The following exclusion criteria were applied for
all patients: any preexisting medical condition known to be associated with
brain pathology; pregnancy; previous or current addiction to substances; re-
lapses or systemic therapy with steroids (intravenous, intrathecal, or oral)
within the month before the MRI examination; or a history of additional
neurological or psychiatric disorders. Baseline 3T MRI datasets and 4-y clinical
follow-up data were available for all 235 patients, which were finally included
into the analysis.

The control group of 57 healthy individuals was randomly selected from
our database from subjects without a neurological or a systemic immuno-
logical disease, who underwent a 1-y MRI assessment. Subjects were 18 y of
age or older, in good general health, and were cognitively intact (i.e., able to
understand the procedures and requirements and give informed consent).

Clinical Assessment. Each patient was clinically assessed by an experienced
neurologist, and the EDSS score was determined at disease onset (study
entrance), annually for 2 y, and after 4 y. The SDMT, a paper and pencil task,
was used to measure cognitive processing speed (77).
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Clinical Characteristics of the Participants. At baseline, within the main cohort
of 330 patients (SI Appendix, Table S1), 63 (19%) patients were diagnosed
with CIS and 267 (81%) patients already had definite RRMS; 232 females
(70%)/98 males (30%); mean age 36.1 ± 10.8 y; median EDSS 1.5 (0 to 7.5).
The mean disease duration was 38.3 ± 52.6 mo. EDSS scores significantly
changed over the 3 y of follow-up (P < 0.001; nonparametric Friedman test).

Within the replication cohort (SI Appendix, Table S2), which was a
treatment-naïve cohort, out of 235 patients (175 females [74%]/60 males
[26%]; mean age 33.4 ± 9.6 y; median EDSS 1.5 [0 to 4.5]), 87 (37%) were
diagnosed with CIS and 148 (63%) with RRMS. The mean disease duration
was 6.5 ± 48.1 mo. The replication cohort included a subgroup of 87 patients
with a clinical follow-up of 4 y, in whom the EDSS scores did not significantly
change over the 4 y of follow-up (P = 0.312; nonparametric Mann–Whitney
U test).

MRI Preprocessing and Parcellation. Detailed acquisition parameters are found
in SI Appendix, Supplementary Materials and Methods. For all participants,
automated parcellation of ChP in the lateral ventricles was performed from
T1-w images using FreeSurfer (version 6.0; https://surfer.nmr.mgh.harvard.
edu/). Technical details of the volume-based subcortical parcellation pipeline in
FreeSurfer have been described elsewhere (78, 79). Briefly, a probabilistic atlas,
built by manual labeling on a training dataset normalized to the MNI305 space
resulting in a point-to-point correspondence between all training subjects, is
used as parcellation prior for all brain regions. This atlas provides the proba-
bility of each brain region to belong to a given voxel, the probability of each
brain region given the classification of neighboring voxels (neighborhood
function), and the probability distribution function of voxel intensities, mod-
eled as a normal distribution, for each brain region at each voxel. Then, newly
introduced images are parceled by normalizing the new image to the common
space and incorporating the subject-specific voxel intensities to find the opti-
mal parcellation that maximizes the probability of observing the input data.

To ensure that the results including ChP volumes are not driven by other
confounding factors, we also extracted ventricular volume (by combining left
and right lateral ventricles) as well as total intracranial volume. The ventricular
volume was further used as independent variable in other analyses.

Following brain ChP and ventricle parcellation by tiling the boundary of
white matter mass, an initial white surface is created for each cerebral hemi-
sphere, which is further refined following intensity gradients of the white
matter and graymatter to generate the final gray–white surface. This surface is
then extended to follow the intensity gradient of graymatter and CSF, leading
to the creation of the pial surface. Finally, cortical thickness at each surface
vertex is computed as the average distance from each vertex in the gray–white
surface to the corresponding point in the pial surface (78).

Flow Cytometry. In the DMF group, lymphocyte subset counts of CD4+, CD8+,
CD19+, and CD56+ cells were quantified with flow cytometry. Blood samples
were collected from each patient at baseline and after follow-up. Fresh blood
samples initially drawn into the ethylenediamine tetraacetic acid–containing
tubes were then transferred to 5-mL fluorescence-activated cell sorting tubes
and washed twice before erythrocytes were lysed with lysing solution at room
temperature (RT). The cells were exposed to corresponding fluorochrome-
conjugated monoclonal antibodies against CD4, CD8, CD19, and CD56. The
absolute values of lymphocyte subsets were determined with TruCount beads
(BD Biosciences).

Animal Models. For the model on demyelination and remyelination, experi-
ments were performed on C57BL6J mice (N = 10; females, 9 wk old at the
beginning of treatment, Envigo). All efforts were made to minimize stress for
the animals in accordance with the Animal Research: Reporting of In Vivo Ex-
periments guidelines (80). Food and water were available ad libitum. Cuprizone
[bis(cyclohexylidenehydrazide)] was mixed with rodent pellet chow (0.2%). This
compound is toxic for mature oligodendrocytes because it interferes with their
internal mitochondrial metabolism and induces full demyelination after 6 wk of
diet. Mice were measured at three time points: 1) baseline (before cuprizone
diet), 2) after 6 wk of cuprizone diet (model of demyelination), and 3) after 6
wk of normal food reintroduction (model of remyelination). MRI was acquired
at the three time points using a 9.4-Tesla small animal scanner with a mouse
brain surface coil (Bio-Spec 94/20; Bruker BioSpin MRI GmbH). Mice were first
anesthetized in a warmed Plexiglas box with 5% isoflurane (Baxter) in 1 L/min
O2. Isoflurane dosage was reduced to 1 to 1.5% in 1 L/min O2/compressed air 30/
70 vol% for positioning in the animal cradle and subsequent scanning. Stable
physiology was controlled by continuous monitoring of body temperature via a
rectal temperature probe (36.5 ± 0.5 °C) and by respiration rate (80 to 100
breaths/minute).

For the second animal model, EAE was induced by subcutaneous injection
of 200 mg MOG peptide (Myelin Oligodendrocyte Glycoprotein Peptide
Fragment 35 to 55; Charité) emulsified in complete Freund’s adjuvant
(Sigma-Aldrich) containing 200 mg Mycobacterium tuberculosis H37RA
(Difco). Pertussis toxin (400 ng; Enzo Life Sciences) in 200 mL phosphate-
buffered saline (PBS) was injected intraperitoneally at the day of immuni-
zation and 2 d later. Disease severity was scored daily in an anonymized
fashion by two independent investigators using a scale from 0 to 5 (EAE
score) as described elsewhere (81). In the EAE model, the peak of demye-
lination is reached after 10 to 15 d from the injection, primarily confined to
the spinal cord, although a certain degree of demyelination is also detected
in the optic nerve, cerebral cortex, and cerebellum. Mice were scanned at
baseline, day 12, day 16, and day 24, and ChP volumes were determined with
the aid of the Brain Extraction Toolkit.

Tissue Processing and Immunohistochemistry. EAE- and cuprizone-treated ani-
mals were deeply anesthetized with isoflurane and transcardially perfused
with 20 mL cold PBS followed by 20 mL 4% paraformaldehyde. Brains were
then removed and postfixed in the same fixative for 1 d at 4 °C, followed by 24
to 48 h cryoprotective dehydration in 30% sucrose at 4 °C. Afterward, brains
were embedded in Tissue-Tek (Sakura Finetek Europe), frozen, and stored
at −30 °C until preparation of 12-μm sections using a cryostat (Leica
CM30510S). Sections were also stored at −30 °C.

For immunohistochemistry, sections of the ChP were thawed and left to dry
for at least 15min at RT. Before blocking, sections were rehydrated for 5 min in
distilled water, transferred to −20 °C acetone (5 min), and washed in 1× Tris-
buffered saline (TBS) (pH 7.6) and 1× TBS-T (TBS containing 0.02% Triton) for
5 min each. Blocking was performed with 3% normal goat serum (NGS) and
10% biotin-free bovine serum albumin (BSA; in TBS-T) for 30 min at RT, fol-
lowed by application of the following antibodies (in 3% NGS and 10% BSA in
TBS) and incubation overnight: rabbit anti-Iba1 (Wako Chemicals), rat anti-
Clec7a (Dectin1; In Vivogen), and rabbit anti-CD3 (DAKO). Sections were
washed two times for 5 min in TBS and incubated with DAPI and the species-
appropriate fluorochrome-conjugated secondary antibody (1:500 in PBS) for
30 min at RT: goat anti-rabbit Alexa 594 (Thermo Fisher) and goat anti-rat
Alexa 488 (Thermo Fisher). Images were taken using a Zeiss CLSM microscope
510 (CLSM 510, Zeiss); microglial infiltration and activation as well as T cell
infiltration was quantified using the ImageJ BioVoxxel software (82) by an
investigator anonymized to the experimental groups.

Images of slices containing the neocortex were collected from both hemi-
spheres. A maximum of 11 slices per mouse were analyzed and considered as
technical replicates for analysis of the cortex. For GFAP staining, images were
acquired using 20- and 40-fold objectives and analyzed by counting the
number of diaminobenzidine-positive cells per square millimeter.

Functional Testing in the Cuprizone Mouse Model. Behavioral responses to a
novel environment were measured in an OF apparatus at baseline, demye-
lination, and remyelination. Animals were tested in the OF arena (35 × 40 ×
40 cm), where, during the test, the mice were allowed to move freely around
and explore the environment. In this study, the distance traveled was taken
as a read-out of behavioral abnormalities (83) and expressed as a metric
measurement (in centimeters), with longer distances indicating cognitive
interference or anxiety-like behavior in the cuprizone diet.

RNA Sequencing and Analysis. Brains from naïve (baseline) as well as from EAE
(days 14 and 21) and cuprizone-treated C57/Bl6 mice (peak demyelination and
peak remyelination) were used to isolate ChP tissue. ChP tissue was manually
dissected from the lateral, third, and fourth ventricles using an illuminated
stereo microscope, as described elsewhere (84). Tissue from single mice was
then immediately enzymatically digested in 300 μL Hank’s balanced salt so-
lution (HBSS) (Gibco; Catalog No. 14025-092) containing collagenase and dis-
pase (Merck; Catalog No. 11097113001; concentration: 0.1 mg/mL) for 30 min
at 37 °C on an orbital shaker. Subsequently, tissue was homogenized through
a cell strainer (70-μm pore size) by an insulin syringe and washed with 600 μL
HBSS solution. The sample was centrifuged at RT at 500 × g for 5 min. Su-
pernatant was discarded, and the cell pellet was resuspended in 350 μL RLT
buffer. For RNA isolation, Quiagen RNeasy Micro Kit (Catalog No. 74004) was
used according to the manufacturer’s instructions. Quality and amount of RNA
were verified by NanoDrop and Bioanalyzer RNA 6,000 nano Kit (Agilent).
Samples with RNA integrity number values >6.5 were used for RNA se-
quencing. NEBNext ribosomal RNA depletion was performed followed by
NEBNext directional Ultra RNA II Library preparation and sequencing on
NextSeq500 (Illumina) platform (75 cycles, high output version 2 kit). Raw se-
quencing data were filtered with the fastp program (85) to eliminate low-
quality reads. Additionally, the parameters -g -x -p have been set for polyG
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tail trimming, polyX tail trimming, and overrepresented sequence analysis. The
quality of the trimmed data has been assured with fastqc. Afterward, the data
were aligned to the latest reference genome (GRCm39 for mouse) using the
long-read Spliced Transcript Alignment to a Reference aligner. Low-quality
alignments have been filtered out using samtools, and the remaining
high-quality alignments have been quantified using StringTie. The statis-
tical analysis of the gene counts and principal component analyses were
carried out with DESeq2 in R. The gene ontology analysis has been per-
formed with clusterProfiler. The Venn diagram has been created with
VennDiagram. The databases org.Hs.eg.db and org.Mm.eg.db have been
used in R for annotating purposes.

Statistics. Statistical analyses were conducted in SPSS (version 23: IBM Cor-
poration). First, the Shapiro–Wilk test was performed for the demographic
and clinical variables to assess the distribution normality. Continuous and
ordinal variables were compared using Student’s t test and Mann–Whitney U
test, respectively. Categorical variables were compared using a Pearson’s
χ2 test.

The nonparametric Friedman test was used to explore longitudinal dif-
ferences between the EDSS at the four time points in the study cohort. The
Wilcoxon signed-rank test was used to test for differences between the EDSS
at two time points in the replication cohort. Unless otherwise indicated,
values are expressed as mean ± SD. ChP volumes were compared with the
EDSS scores by multiple linear regression adjusting for age, sex, disease
duration, and intracranial volume. Results from the regression model are
given with standardized beta coefficients (β) and the corresponding P value;
P values <0.05 were considered statistically significant. Lastly, an SEM was
applied on MRI-derived markers (T1 contrast-enhancing lesions and new
and/or enlarging T2 lesions) and the ChP volume to determine the marker

that best predicted EDSS in our MS cohort (SI Appendix, Supplementary
Materials and Methods). SEM was adjusted for sample size using the Root
Mean Square Error of Approximation index, which improves precision
without increasing bias (86).

Study Approval. For human participants, the study was approved by the local
medical ethics committee of the State Medical Association (approval number
837.543.11 [8085]).Written informed consent in accordancewith theDeclaration
of Helsinki was obtained from all subjects before participation. For animal ex-
periments, the study was conducted in accordance with guidelines of local
German authorities (Landesamt für Natur, Umwelt und Verbraucherschutz
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