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Abstract
Background The choroid plexus (CP) has been recently implicated in the pathogenesis of the neuropsychiatric 
manifestations of systemic lupus erythematosus (NPSLE). Lupus patients demonstrate increased serum and 
cerebrospinal fluid (CSF) concentrations of interleukin-6 (IL-6), which can disrupt vital blood-CSF barrier (B-CSFB) 
functions performed by the CP. However, difficulty accessing this tissue has largely precluded dynamic imaging or 
evaluation of CP barrier function in vivo.

Methods In this study, explant CP spheroids which replicate the functional and structural properties of the B-CSFB 
were generated from 12 + week old female MRL/lpr (IL-6 wildtype; IL-6 WT) lupus mice, IL-6 knockout (IL-6 KO) MRL/lpr 
mice, and congenic control MRL/mpj mice. CP spheroids derived from IL-6 WT MRL/lpr mice were found to synthesize 
and secrete IL-6, similar to the CP in vivo, whereas the IL-6 KO spheroids did not produce IL-6. Accumulation of 
different fluorescent tracers within the central CSF-like fluid vacuole of spheroids, modeling brain ventricles, was 
measured to probe transcellular permeability, paracellular diffusion, and clearance functions of the CP.

Results As shown by blocking the IL-6 receptor in IL-6 WT spheroids or comparing them to IL-6 KO spheroids, IL-6 
signaling decreased spheroid clearance of methotrexate, a chemotherapeutic drug employed in the therapy of 
lupus, and lucifer yellow. This suppression occurred without altering CP epithelial morphology and ultrastructure. 
Methotrexate and lucifer yellow efflux can occur through ATP-binding cassette (ABC) transporters, including BCRP 
and MRP1. Cytoplasmic accumulation of the ABC-specific dye fluorescein diacetate was also increased by IL-6. 
Pharmacologic inhibition of either BCRP or MRP1 in IL-6 KO spheroids was sufficient to recreate the clearance deficits 
observed in IL-6 WT spheroids. Moreover, CP expression of BCRP was significantly lower in IL-6 WT mice.

Conclusions In this study, we establish, validate, and apply a CP spheroid model to the study of B-CSFB function in 
lupus. Our results show that IL-6, a key cytokine increased in NPSLE, can potentially suppress the CP-specific function 
and expression of BCRP and MRP1. Therefore, IL-6 could affect the CSF clearance of inflammatory substrates (e.g., 
leukotrienes), the accumulation of which would incite neurotoxicity and promote progression of NPSLE.
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Background
A debilitating multisystem inflammatory disease, sys-
temic lupus erythematosus (SLE) primarily affects 
women between the ages of 15 and 45 [1, 2]. Among its 
many manifestations, neuropsychiatric involvement, or 
neuropsychiatric lupus (NPSLE), worsens the prognosis 
of lupus patients [3]. 50% or more of lupus patients expe-
rience neurologic symptoms during their lifetime [4]. A 
subset of these sequelae can be attributed to cerebro-
vascular disease secondary to hypercoagulability caused 
by autoantibodies that target phospholipids [5]. Symp-
toms without a defined etiology, termed diffuse NPSLE, 
include cognitive dysfunction, memory loss, mood dis-
order, and anxiety [6]. Clear signs of neuronal pathology 
are often found in patients with diffuse NPSLE. Cortical 
atrophy and diffuse white matter abnormalities corre-
spond with cognitive symptoms in imaging studies [7, 8]. 
A neuroinflammatory process is further evidenced by the 
elevated cerebrospinal fluid (CSF) levels of autoantibod-
ies and cytokines in NPSLE patients [9, 10].

Disruption of the blood-CSF barrier could promote a 
neuroinflammatory environment within the CSF and in 
turn promote neurotoxicity. Located within the brain’s 
ventricular system, the choroid plexus (CP) comprises 
this vital barrier [11]. Cuboidal epithelial cells arranged 
in a continuous single layer envelop fenestrated capil-
laries and other stromal cells [12]. Able to freely sample 
the serum via these fenestrations, the CP epithelia filter 
which blood products enter the ventricles to produce the 
CSF by first establishing minimally permeable paracellu-
lar tight-junctions and then selectively moving substrates 
through membrane channels, transporters, and vesicular 
trafficking [13, 14]. CP epithelia can also synthesize and 
secrete beneficial molecules like neurotrophic cytokines 
[13].

Equally as important as adding substrates, the CP also 
“sanitizes” the CSF of harmful molecules. This clearance 
function removes metabolic waste, excess neurotransmit-
ters, inflammatory molecules, and other neurotoxins to 
ensure normal function of neuronal tissue [12, 13]. ATP-
binding cassette (ABC) transporters are vitally important 
to epithelial clearance. Well known for their ability to 
efflux potentially harmful drugs, this class of membrane 
proteins also transports endogenous neurotoxic metabo-
lites like porphyrins, uric acid, and leukotrienes. P-glyco-
protein (P-gp), multi-drug resistance protein 1 (MRP1), 
and breast cancer resistance protein (BCRP) represent 
the most common ABC transporter subtypes in epithelial 
cells [15].

In NPSLE, there are pronounced signs of CP pathol-
ogy. Peripheral immune cells including lymphocytes and 

macrophages infiltrate the CP in NPSLE patients and ani-
mal models. These immune aggregates, which form into 
tertiary lymphoid structures, can generate antibodies and 
secrete inflammatory cytokines [16, 17]. A recent clinical 
imaging study in human SLE found enlargement of the 
CP, a sign of neuroinflammation, which was even more 
pronounced in NPSLE patients [18]. Similar enlarge-
ment of the CP was recently described in non-lupus 
patients with major depressive disorder, and that enlarge-
ment appeared to be linked to serum levels of cytokines, 
including those of the interleukin family [19].

High interleukin-6 (IL-6) concentrations are found in 
the serum of NPSLE patients [9, 20]. Furthermore, among 
other soluble inflammatory mediators, IL-6 is the mol-
ecule most often elevated in NPSLE patients’ CSF, and 
its presence there has been associated with neuropsychi-
atric involvement [21]. In response to inflammation, the 
CP cells upregulate IL-6 expression [22]. Whether from 
the serum, CSF, or epithelial cells themselves, the CP is 
therefore likely exposed to consistently high levels of IL-6 
in NPSLE. Comparable inflammatory cytokines, includ-
ing interferon-γ, have previously been shown to disrupt 
epithelial barriers elsewhere in the body [23, 24]. As evi-
denced by inflammatory changes in the CP tissue and 
CSF composition, blood-CSF barrier disruption appears 
likely in NPSLE. Specifically, IL-6 could promote dys-
function of this key barrier.

To evaluate this proposed model of disease, we inves-
tigated the integrity of the CP in the MRL/lpr mouse 
model of lupus and control MRL/mpj mice. This model 
develops many immunologic and organ-system corre-
lates of human lupus pathology (“lupus-prone”), includ-
ing elevated serum anti-double stranded DNA and other 
characteristic anti-nuclear autoantibodies, autoreactive T 
cells, dermatitis, arthritis, proliferative glomerulonephri-
tis, neuroinflammation, memory deficits, and affective 
features. As a result of this high fidelity to human disease, 
the MRL/lpr strain is widely used to model NPSLE [25, 
26]. We further studied changes to clearance functions of 
the CP in MRL/lpr mice lacking IL-6 expression. Several 
experimental complexities limit in vivo functional study 
of the CP. For example, its location deep within the ven-
tricles makes direct observation challenging [12]. While 
intravital imaging of immune cell migration across the 
CP has recently been achieved by implanting large win-
dows [27], assessment of CP epithelial cell permeability 
to small inflammatory molecules has yet to be achieved 
in vivo. Similarly, quantifying CSF contents falls short of 
discerning specific CP pathology as the fluid’s composi-
tion receives contributions from brain tissue [13]. For 
these reasons, we resolved to study the lupus CP ex vivo. 
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While CP epithelial monolayers can be used to study bar-
rier permeability, three-dimensional organoid and spher-
oid models provide much better replication of the CP’s in 
vivo morphology [28].

Modifying a recently published protocol [29], we gen-
erated spheroids from primary CP cells explanted from 
adult lupus and control mice. Moreover, we generated 
spheroids from an IL-6 knockout MRL/lpr strain to 
test IL-6 specific effects on CP spheroid function. We 

Fig. 1 (See legend on next page.)
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hypothesized that as compared to spheroids derived from 
the control MRL/mpj strain, MRL/lpr spheroids would 
exhibit abnormalities in transcellular permeability, para-
cellular diffusion, and clearance functions. We further 
hypothesized that IL-6 knockout MRL/lpr spheroids 
would demonstrate restored integrity of these pathways.

Methods
Animals
The experimental groups included MRL/lpr lupus prone 
mice and age-and-sex matched congenic control MRL/
mpj mice. Additionally, il6 -/- MRL/lpr (IL-6 KO) mice 
and il6 +/+ homozygous MRL/lpr littermates (IL-6 
WT) [30] were studied. IL-6 WT spheroids, rather than 
non-lupus MRL/mpj ones, served as the control group 
in studies of IL-6 effects, because an intact IL-6 gene is 
their defining genetic distinction from IL-6 KO spher-
oids. To generate CP spheroids from each genotype, the 
protocol used adult female mice of at least twelve weeks 
of age, the sex and age of MRL/lpr mice which display 
significant neuropsychiatric deficits [26, 31–33]. All ani-
mal husbandry and handling protocols were approved by 
the Institutional Animal Care and Use Committee at the 
Albert Einstein College of Medicine (AECOM; Bronx, 
NY). All mice were housed in a specific-pathogen free 
environment at AECOM.

Spheroid generation
Adapting a protocol in C57BL/6J mice published by 
Petersen et al. [29], we generated spheroids from pri-
mary CP cells explanted from the study mice. CP from 
lateral and 4th ventricles of multiple mice were pooled, 
mechanically dissociated, plated, and cultured for two 
weeks (Fig.  1A). Across all experiments, 118 explants 
were collected in total. Prepared explants were plated 
and cultured in Matrigel domes on an eight well cham-
bered microscopy slide (“µ-slide”) at a ratio of explants 
from two mice per four wells. Each well contained dozens 
of individual spheroids of the same genotype. The culture 
media contained pro-epithelial cytokines in DMEM and 
was changed regularly without passaging the spheroids 

onto new slides. Additional experimental detail and 
reagent information is provided in the Supplementary 
Materials and Methods.

Quantification of gene expression
Gene expression was measured using real-time quantita-
tive polymerase chain reaction (qPCR) analysis following 
RNA isolation, cDNA synthesis, qPCR, and analysis pro-
tocols previously published [29, 34]. To collect sufficient 
high-quality RNA, several wells of spheroids were pooled 
separately for each genotype. Gene expression within five 
spheroid pools was compared to five pools of ex vivo tis-
sue aliquoted from the same mice. CP samples used for 
the in vivo ABC transporter expression assays were col-
lected from sixteen-week-old female IL-6 KO and IL-6 
WT mice.

Immunofluorescent staining
Brains were collected, paraffin-embedded, sectioned, 
stained, and imaged as previously described [34]. In one 
experiment, immunofluorescent labelling was performed 
which identified the canonical CP marker [35] trans-
thyretin (TTR; chicken-anti-mouse TTR primary anti-
body; Invitrogen, Waltham, MA; Cat# PA5-20742; 1:100) 
in brain sections from an MRL/lpr mouse. Separately, 
the ABC transporter BCRP (rabbit-anti-mouse BCRP 
primary antibody; Sigma, St. Louis, MO; Cat#ZRB1217; 
1:200) was labelled in brain sections from eight IL-6 WT 
and eight IL-6 KO mice. In both experiments, nuclei were 
stained using DAPI. Similarly, whole mount immuno-
fluorescent labeling of TTR was performed in spheroids 
as described previously [36], and images were collected 
using a Nikon CSU-W1 spinning disk confocal micro-
scope. Image processing used NIS-Elements (Nikon) and 
ImageJ [37] software. Qualitative assessment of BCRP 
fluorescence was performed blindly on unaltered images, 
scaled from 1 (minimal) to 4 (marked).

Spheroid electron microscopy
Spheroids of a single genotype were cultured in single-
well glass bottom 35 mm dishes to facilitate preparation 

(See figure on previous page.)
Fig. 1 Validation of the choroid plexus spheroid model in lupus mice. Validation of the choroid plexus spheroid model in lupus mice. (A) The spheroid 
generation protocol [29] involved collection of brains from multiple mice followed by dissection to collect choroid plexus (CP) tissue from both lateral 
ventricles and the fourth ventricle. CP samples from multiple mice were pooled, then mechanically digested and washed. Explanted tissue was sus-
pended in domes of synthetic extracellular matrix (Matrigel). Following two weeks in epithelia-selective media, many 3D spherical CP spheroids were 
present in each culture well. (B) In vivo CP of a mouse demonstrating the distribution of transthyretin (TTR; canonical CP marker; purple) in the epithelial 
cytoplasm. (C) Spheroid schematic depicting cross-section of expected spheroid morphology with continuous layer of polarized, TTR-expressing epithe-
lial cells surrounding a central CSF-like fluid compartment. (D) Immunofluorescent whole mount image of an spheroid cross-section demonstrating TTR 
distribution similar to the CP in vivo. (E) A representative low-magnification image showing many spheroids (yellow arrows) per well. The dashed white 
circle indicates the boundary of the Matrigel dome. F-G) Representative high-magnification transmission electron microscopy images of CP spheroid 
epithelial cells confirming formation of a distinct fluid compartment. Inter-epithelial tight junctions appear intact. Apical and basolateral polarity is evi-
dent in microvilli formation on the CSF-facing side, as occurs in vivo. Apical to basolateral direction of clearance activity is indicated by the arrow (right). 
H) Real-time quantitative PCR was used to quantify gene expression in CP spheroids, in vivo CP (positive control), and in vivo cortex (negative control; ckb: 
brain creatine kinase; ocln: ocludin; tf: transferrin; ttr: transthyretin). I) Spheroid collapse caused by tight junction disruption indicates intact paracellular 
integrity (EGTA: egtazic acid, calcium chelation)
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for electron microscopy [16]. Images were collected 
using a JEOL 1400 Plus transmission electron micro-
scope. Three spheroids per genotype (IL-6 WT, IL-6 KO, 
or MRL/mpj) were imaged and blindly evaluated by an 
experienced electron microscopist (L.C.) for position-
ing of epithelial cells, tight junction integrity, mitochon-
dria, nuclear integrity and chromatin state, endocytic pit 
formation, microvilli, and ciliation. In addition to these 
qualitative comparisons, microvilli coverage (defined as 
the percent of spheroid circumference covered by micro-
villi) and tight junction number (defined as the number 
of tight junctions per millimeter of circumference) were 
quantified for each spheroid and compared between 
genotypes.

IL-6 protein quantification
We measured IL-6 concentrations in the media of 2–4 
wells of mature spheroids per each genotype using the 
mouse IL-6 Quantikine ELISA kit (R&D Systems). All 
values were normalized to a sample of fresh media (no 
spheroid blank). A standard curve was generated, from 
which concentrations of each sample were calculated.

Tracer studies: CSF-like vacuole accumulation
Tracer molecules
By comparing the differential accumulation of small and 
large molecule tracers, this experiment was designed 
to detect the permeability pathways most impacted by 
IL-6. The small molecule tracers included lucifer yellow 
(LY; 1 mM) and sodium fluorescein (0.25 mM), which 
equilibrate quickly outside spheroids [38, 39], as well 
as AF488-tagged methotrexate (MTX; 2 µM) [39, 40]. 
AF647-tagged 10-kDa dextran (dextran; 1 mM) served as 
the large molecule tracer (Fig. 2B-C).

Timelapse confocal microscopy
To quantify tracer accumulation over time, a novel serial 
confocal microscopy technique (Fig.  2A) was developed 
based on one previously published [36]. Excitation laser 
properties were kept constant for each spheroid condi-
tion, each tracer, and across all time points. Once experi-
ments began, serial confocal images (every 2–5  min) of 
each spheroid were collected and subsequently anony-
mized. Single depth images were used, as the thickness 
of the Matrigel domes influenced image resolution at 
varying depths and limited generation of z-stack images. 
The ratio of interior tracer fluorescence to the exterior 
value was normalized to the baseline ratio, and this value 
reflected tracer accumulation over time.

Experimental manipulations for intra-vacuole tracer 
accumulation
Testing IL-6’s sufficiency in clearance deficits, IL-6 WT 
spheroids were exposed to a single dose of recombinant 

murine IL-6 (10 ng/mL), egtazic acid (EGTA; 2mM; 
tight-junction disruption [41], positive control), or PBS 
of equal volume (negative control). To assess the neces-
sity of IL-6, IL-6 KO MRL/lpr spheroids were compared 
to those identically derived from the IL-6 WT MRL/lpr 
strain. Separately, IL-6 signaling was suppressed in IL-6 
WT spheroids by a 12-hour pre-incubation with an anti-
IL-6-receptor blocking antibody [42] (anti-IL-6-R; 1 µg/
mL). Control spheroids were incubated with the manu-
facturer-recommended IgG2 isotype control antibody 
(1 µg/mL).

Tracer studies: intra-cellular accumulation due to 
perturbed ABC transporter function
Tracer molecule
The ABC-specific tracer fluorescein diacetate (FD; 5 µM) 
is hydrophobic and inert outside of cells, but it moves 
freely into the cytoplasm where it becomes both fluo-
rescent and hydrophilic. Three types of ABC transport-
ers, P-gp, MRP1, and BCRP, can efflux FD and reduce 
fluorescence; therefore, a brighter cell cytoplasm reflects 
decreased ABC clearance.

Spheroid genotypes and ABC transporter inhibitors
First, the baseline FD clearance was compared between 
unmanipulated IL-6 KO and IL-6 WT spheroids. Next, 
we assessed the ability of specific ABC inhibitors, includ-
ing MK571 (55 µM; MRP1 inhibitor) and Novobiocin 
(100 µM; BCRP inhibitor), to phenocopy any IL-6-me-
diated effects in IL-6 KO spheroids. Each inhibitor was 
dissolved in DMSO, so an equal volume of DMSO alone 
served as the negative control.

Experimental timeline and analysis
Prior to imaging, spheroids were incubated with the 
ABC inhibitors or DMSO. After a two-hour incubation, 
FD was added. Ninety minutes later, the spheroids were 
moved to the confocal microscope for single time point 
image collection. Images were anonymized, and the sin-
gle brightest cell body was identified for each spheroid. 
The average fluorescence of this singular cytoplasmic 
compartment was measured, and this value was then 
divided by the average fluorescence within an equally 
sized region of the nearby extracellular space. This ratio 
reflected intracellular FD accumulation for the spheroid.

Statistics
All data underwent outlier and normality assessment. 
Appropriate two-tail parametric (Students T-test) or 
non-parametric (Mann Whitney U test) means-based 
comparisons were used (p < 0.05 is significant). The sam-
ple sizes provided for tracer experiments reflect indi-
vidual spheroids. We imaged ten spheroids (biological 
replicates) derived from multiple explanted CPs of the 
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same genotype and cultured in a single well (technical 
replicate). Each pooled explant and its daughter spher-
oids were used only in one experiment. During blinded 
image analysis, some spheroids were excluded for poor 
image quality (i.e., obscured fluorescence by superim-
posed spheroids or poorly visualized lumen). Spheroid 
volume and surface area were not found to impact tracer 

accumulation in validation studies (Supplementary Mate-
rials and Methods), so spheroid size was not used as an 
exclusion criteria in our subsequent experiments. Two or 
more technical replicates, each with ten spheroids, were 
used per condition in all LY, sodium fluorescein, and dex-
tran experiments. MTX and FD experiments utilized one 
technical replicate per condition, as they were designed 

Fig. 2 Exogenous IL-6 suppressed tracer clearance by choroid plexus spheroids. A) Experimental design for intra-vacuole accumulation tracer studies. CP 
spheroids were generated from MRL/Mpj (Mpj), IL-6 knockout (KO) or IL-6 wildtype (WT) MRL/lpr lupus mice. After 2 weeks of culture, IL-6 WT spheroids 
could be exposed for 12 h to anti-IL-6 receptor (Anti-IL-6-R) or isotype control antibodies to block IL-6 signaling. One of the tracers was added to each well 
and serial images were acquired every two to five minutes for two hours with a confocal microscope. Following imaging, all images were assigned a ran-
domized number and experimenters were blinded to spheroid genotype and treatment. Fluorescence intensity within three two-dimensional regions of 
interest (yellow squares) were averaged to quantify inside or outside tracer levels. To quantify tracer accumulation, the inside average was divided by the 
outside average. That ratio was normalized to a baseline time point. Over time, those tracers that diffused into the vacuole accumulated and produced a 
time-course like that depicted in the graph (B; top graph). Higher intra-vacuole accumulation reflects decreased clearance. Time is plotted in wider inter-
vals at later timepoints to ease visualization of the clearance trend across the full experiment. B, bottom) Table of tracers used in the spheroid experiments, 
their fluorescence spectrum, molecular size (brackets categorize as small or large), and the expected rates of diffusion through the extracellular matrix. 
C) Schematic depicting the diffusion and clearance of small tracers while highlighting the expectation that large tracers should not permeate spheroids 
with intact tight junctions. D) ELISA-measured levels of IL-6 in the media of wells containing CP spheroids derived from mice of each genotype (IL-6 KO 
MRL/lpr, IL-6 WT MRL/lpr, or MRL/mpj). As each well contains many spheroids and IL-6 KO spheroids are not expected to express the il6 gene, IL-6 levels 
were quantified in the media of only two, rather than four, wells of L-6 KO spheroids. E) Accumulation of LY within IL-6 WT spheroids following acute EGTA 
(positive control), PBS (negative control), or IL-6 (10 ng/mL) exposure. Error bars: standard error mean
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to expand upon our preceding LY findings. GraphPad 
Prism 9 and Microsoft Excel were used to perform all sta-
tistical analyses and to produce all graphs.

Results
Characterization of CP spheroids derived from lupus mice
Generally following a protocol used in C57Bl/6J mice 
[29], we generated functional spheroid models of the 
CP from primary tissue explants from adult lupus mice 
(Fig.  1A). As this was the first application described of 
this (or any other) spheroid technique to the study of the 
lupus CP, it was necessary to validate our approach. In 
the interest of experimental expediency, we also assessed 
if lupus-mouse-derived spheroids could be analyzed ear-
lier than eight weeks, the time point originally published 
[29].

After two weeks of culture, spheroids displayed the 
expected morphology and physiology (Fig.  1B-I). These 
spheroids replicated the in vivo cytoplasmic distribution 
of transthyretin (TTR; a canonical CP marker; Fig.  1B-
D). Within a single 500 µL well on the µ-slides, dozens 
of spheroids formed (Fig.  1E). While non-epithelial cell 
types of the CP (i.e., fibroblasts) were possibly present in 
the explanted tissue, Petersen et al. confirmed that epi-
thelial cells are the dominant cell type [29] and are fur-
ther selected for by spheroid culture conditions. Our 
subsequent electron microscopy studies additionally con-
firmed that epithelial cells are the only constituent of via-
ble, mature spheroids. The epithelial cells displayed clear 
apical and basolateral polarity which created an internal 
CSF-like fluid compartment distinct from the external 
matrix and media. The spheroid epithelium displayed 
ultrastructural characteristics of the CP epithelia, includ-
ing intact apical-lateral tight junctions between juxta-
posed epithelial cells, apical microvilli, and abundant 
mitochondria (Fig. 1F-G).

Additionally, two-week old spheroids displayed expres-
sion of key genes (including brain creatine kinase, occlu-
din, transferrin, and transthyretin) comparable to that of 
in vivo CP tissue (Fig. 1H). EGTA exposure, which che-
lates calcium to disrupt tight junctions, rapidly decreased 
spheroid size. This collapse is indicative of the loss of 
paracellular integrity and resulting free flow of fluid 
between vacuole and media (Fig. 1I).

Next, we utilized tracer studies to understand the 
impact of IL-6 on spheroid permeability (Fig. 2A-C). As 
the in vivo CP epithelia can produce IL-6, we queried the 
capacity of mature spheroids to secrete this cytokine by 
measuring its levels in the culture media using ELISA 
(Fig.  2D). As expected, IL-6 KO spheroids did not pro-
duce IL-6. The media concentrations of IL-6 were equiva-
lent between spheroids derived from MRL/lpr (IL-6 WT, 
7.2 ± 0.1 ng/mL, n = 4 wells) or MRL/mpj mice (7.3 ± 0.8 
ng/mL, n = 4 wells; p > 0.05). Taken together, lupus mouse 

CP spheroids exhibited the expected gene expression, 
morphology, barrier integrity, and protein secretory 
capacity.

The impact of IL-6 on tracer accumulation within spheroids
The accumulation of exogenous tracer within their cen-
tral vacuole could reflect either increased tracer per-
meation of the spheroids (paracellular diffusion or 
transcellular secretion) or defective clearance of the 
tracer from the vacuole [36, 38]. A combination of LY 
and dextran has previously been used to query paracellu-
lar and transcellular permeability of epithelial organoids 
[43]; MTX was chosen as a lupus drug with similar efflux 
pathways to LY which would better characterize the 
potential clinical relevance of CP permeability changes. 
The ultrastructure of tight junctions exhibit proper align-
ment (Fig.  1F-G), which supports intact paracellular 
integrity of the spheroid epithelial barrier. Furthermore, 
impermeability of spheroids to dextran, described in 
Sect.  3.3, further supports intact paracellular integrity. 
Therefore, we assumed that accumulation of exogenous 
tracer within the central vacuole more likely represents 
perturbed transcellular clearance function.

Testing the capacity of IL-6 to induce clearance defects, 
we exposed IL-6 WT spheroids to a single bolus of exog-
enous IL-6 or control treatments and quantified LY accu-
mulation (Fig.  2E). IL-6 treatment was associated with 
increases in the average LY accumulation comparable to 
the positive control EGTA group. IL-6 exposure signifi-
cantly enhanced LY accumulation at 15  min compared 
to PBS exposure (IL-6: 211 ± 38% of baseline, n = 39; PBS: 
111 ± 27% of baseline, n = 38; *p = 0.014). Later timepoints 
did not show a similar effect.

To assess changes to LY accumulation in the absence 
of IL-6, we repeated these tracer studies in IL-6 KO 
spheroids and compared them to IL-6 WT and MRL/
mpj controls. Whereas IL-6 exposure had a rapid and 
transient effect, IL-6 KO spheroids displayed a long-
lasting decrease in LY accumulation relative to IL-6 WT 
(Fig.  3A-B). Specifically, at five minutes the absence of 
IL-6 was associated with significantly lower LY accumu-
lation (IL-6 KO: 110 ± 6% of baseline, n = 31; IL-6 WT: 
126 ± 6% of baseline, n = 27; *p = 0.01). This effect became 
even more pronounced at time points beyond 30 min. At 
60 min, IL-6 KO spheroids (213 ± 17% of baseline, n = 31) 
displayed lower LY accumulation compared to IL-6 WT 
(273 ± 14% of baseline, n = 26; *p = 0.01). Across all time-
points, MRL/mpj spheroids displayed LY accumulation 
equal to IL-6 WT (p > 0.05).

While absence of IL-6 appears to result in higher clear-
ance, we wondered if directly inhibiting IL-6 signal-
ing in IL-6-competent spheroids would have a similar 
effect. Thus, IL-6 WT spheroids were incubated with 
IL-6 receptor blocking antibodies (anti-IL-6-R; 1  µg/
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mL) or isotype control antibodies for twelve hours prior 
to the addition of tracer. LY experiments were repeated 
(Fig.  3C-D), and lower accumulation was observed in 
the IL-6-receptor-blocked spheroids at 60 min (Anti-IL-
6-R: 247 ± 17% of baseline, n = 17; Isotype: 418 ± 84% of 
baseline, n = 4; *p = 0.017) and later time points. Nota-
bly, some of the isotype-treated spheroids were excluded 
before unblinding due to poor image quality; however, 
the remaining spheroids displayed minimal variabil-
ity in average fluorescence, so a smaller sample size was 
tolerated.

The accumulation-lowering effect of IL-6 receptor 
blockade was also observed when fluorescently tagged 
MTX was used rather than LY (Fig.  3E-F). Incidentally, 
accumulation trends appeared negative in MTX experi-
ments. This tracer was observed to diffuse more slowly 
through the extracellular matrix than LY, potentially 
caused by additional interactions between the more 
anionic MTX molecule and negatively charged proteo-
glycans in the matrix. In the MTX experiments, sufficient 
outside fluorescence gathered after 30 min, the baseline 
time point. Over the subsequent observation period, out-
side fluorescence continued to increase, which lead to the 
overall negative slope of the early portion of the graph. 
At later time points, the slope approaches zero as MTX 
approaches equal distribution throughout the extracel-
lular matrix and inward diffusion becomes more promi-
nent. Since tracer experiment calibration and analysis 
compare different spheroid conditions at each time point 
independently to assess clearance activity, we contend 
that the negative or positive curve is irrelevant when 
assessing IL-6’s impact.

Lower MTX accumulation was observed in the IL-6 
receptor-blocked spheroids compared to isotype con-
trols at 46  min (Anti-IL-6-R: 83 ± 2% of baseline, n = 10; 
Isotype: 92 ± 1% of baseline, n = 10; **p = 0.004), 60  min 
(Anti-IL-6-R: 72 ± 4% of baseline, n = 10; Isotype: 84 ± 3% 
of baseline, n = 10; **p = 0.009), and later time points.

IL-6 and the epithelial paracellular barrier
While LY and MTX clearance was suppressed, no IL-6 
related differences were observed in accumulation of 
sodium fluorescein or dextran (Fig.  3G-H). Due to its 
large size, dextran equilibrates more slowly through the 
extracellular matrix than does LY. Therefore, the con-
tinued increases in extracellular levels as dextran dis-
tributed throughout the observation period (increasing 
outside accumulation relative to that within the Matri-
gel) most likely produced the observed negative slope in 
the accumulation curve, as was seen in the early portion 
of the MTX curves. However, unlike MTX, the slope of 
dextran’s curves never returned to zero; this particular 
observation could be attributed to intact paracellular 
integrity which prevented inward diffusion of the labeled 

dextran, producing a progressively negative ratio of 
inside to outside fluorescence. This interpretation is fur-
ther supported by tight-junction specific studies.

EGTA-exposed spheroids in Fig. 2E exhibited increases 
in LY accumulation by 15  min (281 ± 115% of baseline, 
n = 17), likely by disrupting tight-junctions. Relative to 
PBS-treated spheroids (111 ± 27% of baseline, n = 38), 
EGTA-treated spheroids did have a higher average LY 
accumulation, although this difference did not reach 
significance. We attribute this near significance to the 
collapse of many EGTA-treated spheroids prior to the 
15-minute time point, both reducing sample size and 
complicating measurement of vacuole fluorescence. 
Increases in LY accumulation following EGTA exposure 
likely resulted from altered entry and exit of LY from the 
central vacuole, reflecting the disruption of functional 
tight-junctions.

Supporting the lack of IL-6 effect on paracellular integ-
rity inferred from sodium fluorescein and dextran stud-
ies, transmission electron microscopy comparisons of 
IL-6 KO and IL-6 WT spheroids found no differences in 
the prevalence, apparent integrity, or achieved cellular 
apposition of tight-junctions (Fig.  4A-B, left). Addition-
ally, qualitative assessment of other key epithelial cell 
features (i.e., relative positioning of cells, mitochondria, 
nuclear integrity and chromatin state, endocytic pit for-
mation, and ciliation) revealed no differences between 
IL-6 KO and IL-6 WT spheroids (Fig. 4A-B, right).

Furthermore, no differences were observed between 
MRL/lpr (IL-6 WT) and MRL/mpj spheroids (Fig.  4C). 
Quantification of microvilli coverage corroborated the 
lack of qualitive differences observed in the three spher-
oid genotypes (Fig.  4D; IL-6 WT: 87.7 ± 5.7%; IL-6 KO: 
93.1 ± 2.0%; MRL/mpj: 85.8 ± 7.7%; p > 0.5). Similarly, 
quantifying the number of tight junctions per millimeter 
of circumference showed no difference between geno-
types (Fig.  4E; IL-6 WT: 39.2 ± 1.9; IL-6 KO: 54.5 ± 13.1; 
MRL/mpj: 35.7 ± 13.0; p > 0.4).

Taken together, the lupus (MRL/lpr; IL-6 WT) and 
control (MRL/mpj) spheroids exhibited comparable IL-6 
production, tracer accumulation, and macrostructural 
integrity, which points to their equivalent behavior of the 
two genotypes in the ex vivo environment. Subsequent 
IL-6-focused experiments, therefore, used only those 
spheroids derived from IL-6 WT mice as controls.

Variation in the activity of epithelial ABC transporters 
related to IL-6
Our observations supporting unaltered paracellular 
integrity led us to consider that functional changes to 
transporters could be mediating IL-6’s apparent suppres-
sion of clearance. Interestingly, the two tracers whose 
clearance was regulated by IL-6, LY and MTX, are sub-
strates of ABC transporters [44, 45].
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Fig. 3 (See legend on next page.)
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In addition to alterations in expression, we studied 
functional changes to ABC transporters using a modi-
fied tracer study paradigm specific to ABC clearance. 
As described in Methods Sect.  2.8, fluorescent FD is 
removed from spheroid cell bodies and inactivated only 
when cleared by ABC transporters (Fig. 5A, left). There-
fore, higher fluorescence within the cells lining the 
spheroid vacuole resulted from deficits in FD clearance 
(Fig. 5A, right). Under control conditions (Fig. 5B), IL-6 
KO spheroids exhibited significantly less FD accumu-
lation (1.6 ± 0.2, n = 8) than that of IL-6 WT spheroids 
(4.3 ± 1.0, n = 10, *p = 0.022).

To determine both the functional importance of the 
transporters in the CP and the potential to phenocopy 
IL-6’s apparent suppression of clearance functionality, 
specific inhibitors were used to block FD clearance by 
MRP1 and BCRP in IL-6 deficient spheroids (Fig.  5C). 
IL-6 KO spheroids treated with Novobiocin (BCRP inhib-
itor) exhibited increased FD accumulation compared to 
the negative control (DMSO) treated IL-6 KO spheroids 
(Novobiocin: 4.8 ± 1.2, n = 10; DMSO: 1.6 ± 0.2, n = 8; 
*p = 0.031). Similarly, MK571 (MRP1 inhibitor) treatment 
increased FD accumulation within IL-6 KO spheroids rel-
ative to controls (MK571: 3.7 ± 0.7, n = 9; DMSO: 1.6 ± 0.2, 
n = 8; *p = 0.016). Therefore, either BCRP or MRP1 inhi-
bition increased IL-6 KO spheroid FD accumulation to a 
comparable level with that of IL-6 exposure.

The influence of IL-6 on ABC transporter expression in 
lupus mice
To determine the translational impact of these ex vivo 
findings, in vivo expression of genes encoding constitu-
ent proteins of the three primary ABC transporters 
(P-gp, MRP1, and BCRP) was measured in the CP of IL-6 
KO and IL-6 WT lupus mice (Fig. 6A). P-gp expression 
did not differ between the genotypes (IL-6 KO: 1.5 ± 0.2, 
n = 7; IL-6 WT: 1.6 ± 0.3, n = 7; p = 0.999). MRP1 expres-
sion was higher on average in IL-6 KO mice but not sig-
nificantly so (IL-6 KO: 8.3 ± 1.4, n = 7; IL-6 WT: 6.4 ± 0.9, 

n = 7; p = 0.259). BCRP expression, however, was signifi-
cantly elevated in IL-6 KO mice (2.8 ± 0.3, n = 6) com-
pared to IL-6 WT mice (1.8 ± 0.2, n = 6; *p = 0.026).

Similarly, evaluation of BCRP using immunofluores-
cent staining found increased levels of this transporter 
in the CP of IL-6 KO mice compared to IL-6 WT mice 
(Fig.  6B-C; IL-6 KO: 3.5 ± 0.4, n = 8; IL-6 WT: 2.4 ± 0.3, 
n = 8; *p = 0.028).

Discussion
Using ex vivo CP spheroids, we observed the capacity 
of IL-6 to suppress epithelial cell clearance of the ABC 
transporter substrates LY and MTX and demonstrated 
the direct role of IL-6 signaling in these clearance reduc-
tions. CP epithelial BCRP and MRP1 were identified as 
the primary ABC transporters impacted by IL-6, while 
BCRP expression in vivo supported the translational 
relevance in lupus mice. Taken together, these findings 
indicate IL-6’s potential disruption of blood-CSF bar-
rier clearance functions in conditions (such as NPSLE) 
with high systemic and CNS levels of this inflammatory 
cytokine.

IL-6 suppresses BCRP and MRP1 function at the CP
IL-6 could act in both autocrine and paracrine fashions 
to influence CP physiology. Exogenous IL-6 exposure 
acutely suppressed LY clearance, and, correspondingly, 
IL-6 KO spheroids exhibited enhancement of LY clear-
ance, while blocking the IL-6R receptor phenocopied this 
effect. Therefore, IL-6 signaling through IL-6R likely sup-
pressed clearance of LY. Studies with MTX demonstrated 
similar restoration of clearance by blocking the IL-6R, 
suggesting that the clearance mechanism affected by IL-6 
must preferentially transport LY and MTX.

ABC transporters are vital to clearance activity by the 
CP epithelium [13]. Among their key substrates, BCRP 
avidly transports LY, while MRP1 transports LY to a 
lesser extent [46]. MTX and FD are substrates of both 
BCRP and MRP1 [15]. However, neither transporter 

(See figure on previous page.)
Fig. 3 Blocking IL-6 signaling increased tracer clearance by choroid plexus spheroids. (A) Spheroids generated from IL-6 WT, MRL/mpj, or IL-6 KO MRL/lpr 
mice received no additional treatment. Lucifer yellow (LY) accumulation in the central vacuole was measured over time to determine baseline differences 
in clearance. Significance bars indicate comparison between IL-6 WT and IL-6 KO spheroids. (B) Representative color change from baseline for spheroids 
of each genotype after one hour. Change represented as percent increase in intra-vacuole fluorescence. The representative images (top) depict an IL-6 
WT spheroid with a 248% increase above baseline in LY accumulation after one hour. The IL-6 KO images (bottom) reflect an spheroid with only a 38% 
increase above baseline over the same timeframe. (C) Spheroids generated from IL-6 WT mice were incubated for twelve hours with anti-IL-6-receptor 
blocking antibodies (anti-IL-6-R) or isotype control antibodies. LY accumulation over time was quantified. (D) Representative color change from baseline 
of spheroids with antibody treatment. The representative isotype-treated spheroid (top) demonstrated a 251% increase in LY accumulation above base-
line over one hour. Compared over the same interval, the spheroid treated with anti-IL-6-R antibodies (bottom) experienced a 29% increase above base-
line. (E) Methotrexate (MTX) accumulation was assessed in antibody-treated spheroids as in C. (F) Representative images of MTX fluorescence change 
under each condition. A representative isotype-treated spheroid (top) showed a 7% decrease in measured MTX accumulation from baseline over one 
hour, while the spheroid treated with anti-IL-6-R antibodies (bottom) showed a 53% decrease in MTX accumulation over the same time frame. The nega-
tive trend in accumulation under both conditions was due to slower distribution of MTX than LY throughout the matrix, leading to consistently increasing 
outside fluorescence values. This delayed rise in extracellular fluorescence was thought to occur because of the electrostatic interaction between MTX 
and the Matrigel. Accumulation of sodium fluorescein (G) or dextran (H) in spheroids of different genotypes. Increased intra-vacuole fluorescence reflects 
decreased clearance (arrows and color scale). Scale bars: 100 μm. *p < 0.05, **p < 0.01. Error bars: standard error mean
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significantly transports sodium fluorescein [44–46], 
which can explain the surprising absence of sodium fluo-
rescein accumulation changes associated with IL-6. P-gp 
plays a minor role in the CP [47], which combined with 
our findings of minimal P-gp expression in vivo justified 
our prioritization of BCRP and MRP1 in our functional 
studies.

We next employed an ABC-specific tracer, FD, and 
specific inhibitors to dissect the functional interaction 
between IL-6, BCRP, MRP1, and CP spheroid clearance 
activity. At baseline, IL-6 deficient spheroids cleared 
more FD, indicating once again that IL-6 decreases nor-
mal clearance by ABC transporters. When IL-6 KO 
spheroids were treated with inhibitors of either BCRP or 
MRP1, they exhibited comparable clearance defects to 
IL-6 WT spheroids. Subsequent in vivo evaluation found 
that IL-6 deficiency corresponded to significantly higher 
expression of BCRP, while MRP1 expression trended 

higher as well. Follow up immunofluorescent staining 
corroborated this BCRP increase in IL-6 deficient mice. 
IL-6 has previously been shown to suppress ABC trans-
porter expression in hepatocytes [48], and here we show 
a similar effect in the CP epithelial cells.

Potential limitations to this interpretation could include 
the possibility that tracer accumulation may result from 
either decreased clearance or increased entry of tracer. 
The dominant intake mechanism of LY in CP epithelial 
cells remains unclear. Moreover, the primary influx path-
way of MTX in vascular endothelial cells, the reduced 
folate carrier (RFC), appears to be less expressed in native 
CP epithelial cells [49]. However, we clearly observed 
the accumulation of both tracers in the central lumen 
of control spheroids. Passive paracellular diffusion regu-
lated by tight junctions appeared undisturbed as well, as 
evidenced by the relative impermeability to dextran and 
intact ultrastructure. Future studies could employ smaller 

Fig. 4 Structural components of choroid plexus spheroids were unaffected by IL-6. Transmission electron microscopy images of spheroids were com-
pared between each explant genotype (n = 3 for each strain). Key epithelial components were compared between spheroids from IL-6 WT MRL/lpr 
(A), IL-6 KO MRL/lpr (B), or MRL/mpj mice (C). Representative images highlight inter-epithelial tight junctions (left; arrows) and apical microvilli (right; 
brackets). To correct for variation in the size of imaged spheroids, each spheroid’s circumference was measured. Next, the percentage of total circumfer-
ence covered in microvilli (D) and the number of tight junctions per unit circumference (E) were calculated for each spheroid and compared between 
genotypes
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Fig. 5 IL-6 suppressed clearance activity of the ABC transporters BCRP and MRP1. The EFFLUX-ID green multi-drug resistance kit was used to specifically 
assess ABC transporter functions in spheroids. (A) Schematic of ABC experiment (left). Fluorescein diacetate (FD) in its fluorescently inactive state freely 
moves across cell membranes. Once inside the cell, cytoplasmic enzymes convert it to its active and hydrophilic state. ABC transporters are the only efflux 
and inactivation mechanism of FD. Several inhibitors (e.g., MK571, Novobiocin) can be used to block individual ABC efflux of FD to determine the impor-
tant transporters in spheroid clearance. As a result, those spheroids with suppressed ABC transporter function display more intense fluorescence due 
to trapping of active FD within the epithelial cells lining the spheroid vacuole (A, bottom right panel). (B) Rather than timelapse imaging, single images 
were collected at 90 min following FD addition to media as no time-dependent changes were anticipated. Accumulation was measured as fluorescence 
intensity of the brightest cell body within each spheroid, relative to fluorescence intensity of the extracellular space (inside/outside ratio). B, top) FD ac-
cumulation in IL-6 WT and IL-6 KO spheroids without inhibitor treatment (DMSO, negative control). B, bottom) Representative images provide a view of 
an IL-6 KO spheroid with intact ABC clearance (right) compared to an IL-6 WT spheroid with 713% more FD accumulation (left). (C) IL-6 KO spheroids were 
exposed to Novobiocin or MK571 to determine if inhibiting either of the two CP-relevant ABC transporters, BCRP or MRP1, could induce clearance defects 
like those in IL-6 WT spheroids. C, top) Average FD accumulation under each inhibitor was compared. C, bottom) Compared to the reference image (right 
panel), the provided image of a Novobiocin-treated IL-6 KO spheroid exhibits 434% more FD accumulation (left panel). A representative image of an 
MK571-treated IL-6 KO spheroid (middle panel) shows 330% more FD accumulation compared to the reference image. Increased cellular fluorescence 
represented decreased clearance (arrows and color scale). Scale bars: 100 μm. *p < 0.05. Error bars: standard error mean
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dextrans (3–5  kDa) to assess unanticipated size thresh-
olds for junctional integrity. Nonetheless, combined 
influx through multiple minor transcellular pathways, 
including low-level RFC activity, organic anion trans-
porter influx, and trans-membrane diffusion [50–52], 
may explain LY and MTX accumulation, which is then 
resisted by clearance through pathways permissive to 
sodium fluorescein but selective for LY and MTX. ABC 

transporter clearance changes regulated by IL-6, then, 
likely best explain these findings.

While we cannot exclude the contribution of trans-
porter-mediated influx to LY and MTX accumulation, 
the FD finding of baseline ABC clearance inhibition by 
IL-6 strengthens our conclusion that disrupted clearance 
leads to accumulation of LY and MTX in IL-6 exposed 
spheroids. Furthermore, either BCRP or MRP1 inhibi-
tion can replicate the IL-6 effect on clearance. In future 

Fig. 6 IL-6 expression altered transporter expression in the lupus mouse choroid plexus. (A) Real time quantitative PCR was used to measure in vivo 
expression of ABC transporter genes in the CP of IL-6 WT or IL-6 KO MRL/lpr mice. Gene names and corresponding ABC transporter subtype are provided. 
(B) Comparison of immunofluorescent labeling of BCRP in CP sections collected from IL-6 WT and IL-6 KO MRL/lpr mice. (C) Representative images of 
BCRP immunofluorescence (60x magnification). *p < 0.05. Error bars: standard error mean
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studies, measuring FD accumulation in IL-6 KO spher-
oids cultured in the presence of IL-6 could prove addi-
tional confirmation. This can be done through addition 
of the cytokine to the culture media, but the effect of 
IL-6 may vary with time and in such an experimental 
setup only a single time point is captured. Alternatively, 
a technique which delivers continuous IL-6 (e.g. by viral 
transfection) would be needed to mirror the conditions 
of the IL-6 WT spheroids which continuously secrete 
the cytokine. Despite this limitation, we believe the bal-
ance of our findings convincingly support the negative 
impact of IL-6 on clearance function. Additional follow 
up studies can also further tease apart IL-6’s specific 
impacts on BCRP and MRP1 over short and long-term 
timeframes of exposure. Nonetheless, we have detected a 
novel B-CSFB-altering interaction between IL-6, a cyto-
kine implicated in NPSLE, and the CP’s removal of ABC 
substrates from the CSF.

Interactions between IL-6, ABC transporters, and the CP
While a specific intracellular mechanism linking IL-6R 
signaling to modulation of either MRP1 or BCRP is still 
under investigation, our results indicate both a prompt 
and long-term impact on these ABC transporters. As to 
how the early effect occurs, protein kinase activity quickly 
regulates ABC function [53–55]. Interestingly, inflam-
matory conditions which promote inducible nitric oxide 
synthase and subsequent protein kinase C activation, 
including TNF or LPS, demonstrate a rapid (< 30  min) 
detrimental effect on ABC transporter efflux functions 
in endothelial cells [55]. Since IL-6 activates nitric oxide 
synthase [56], a similar kinase-mediated effect could 
explain the quick decrease in clearance observed in IL-6 
exposed spheroids.

In contrast, the long-term impacts of IL-6 could relate 
to reductions in ABC transporter expression [55], an 
effect we likely observed in the increased expression of 
BCRP expression in IL-6 KO mice, which could be medi-
ated by MAPK/ERK or PI3K/Akt pathway signaling [48, 
55, 57, 58]. Alternatively, IL-6 could suppress membrane 
trafficking of ABC transporters, which would reduce the 
CP’s functional capacity to clear BCRP and MRP1 sub-
strates. A dose-dependent effect of IL-6 on ABC trans-
porters in vivo could be characterized using MRL/lpr and 
MRL/mpj mice, which can both produce systemic IL-6 
but do so at different levels [59]. Moreover, a key future 
direction is to discern how exactly IL-6 suppresses CP 
clearance in the hopes of identifying targeted strategies 
to restore CP function.

Our findings also contribute to the understanding of 
normal ABC function in the CP. We confirmed low P-gp 
expression in the CP, with MRP1 being the most highly 
expressed [47]. Regarding the polarity of these transport-
ers in the CP, MRP1 is largely regarded to localize to the 

basolateral membrane and to efflux luminal molecules 
to the serum [47], while the expression and localization 
of BCRP in the CP is less clear [13]. Some studies point 
to an apical localization for the transporter [47], which 
complicates interpretation of the directionality of BCRP’s 
transport. Our in vivo staining pointed to both apical and 
basolateral localization of BCRP, although our attempts 
to localize precisely BCRP in the spheroid model were 
unsuccessful due to the poor optical properties of Matri-
gel. We unsuccessfully attempted to utilize Cell Recovery 
Solution (Corning), thermal dissolution through cooling, 
and physical agitation to thin the Matrigel and improve 
spheroid visualization. Despite this limitation, our in 
vivo staining and tracer experiments aid in clarifying the 
nature of BCRP. Among the ABC transporters, BCRP is 
the primary transporter for LY [46], and our functional 
results point to IL-6 mediated disruption of LY efflux 
through BCRP. This conclusion favors an apical to baso-
lateral direction of transport mediated by BCRP, although 
this will need to be confirmed.

Comparison of lupus vs. control derived CP spheroids
In NPSLE patients as well as in animal models of the 
disease, the CP displays marked inflammatory changes, 
including infiltration by immune cells [16, 17, 34]. To 
assess long-lasting impacts of this prominent lupus 
pathology, we cultured CP spheroids from MRL/lpr and 
MRL/mpj mice, predicting that structural and functional 
changes would be evident. However, comparable IL-6 
production, TEM-imaged ultrastructure, and LY tracer 
accumulation indicated that disease-associated differ-
ences were not present between the strains in culture. As 
such, our subsequent experiments prioritized the assess-
ment of the impact of IL-6 and the behavior of specific 
tracers, including MTX, dextran, and FD, and they did 
not include an MRL/mpj control group.

We believe that culturing spheroids for two weeks 
removed the CP tissue from the in vivo lupus-like envi-
ronment and likely obscured MRL/lpr versus MRL/mpj 
differences. To overcome this limitation, spheroids could 
be cultured in the presence of lupus mouse serum or CSF, 
although perturbed concentrations of vital pro-epithelial 
cytokines could unpredictably alter the composition of 
spheroids or survival of residual tissue within the wells. 
Regardless, MRL/lpr-derived spheroids secreted IL-6 
into their own media. As a result, they were consistently 
exposed to IL-6. The IL-6 KO MRL/lpr mouse was there-
fore utilized to test spheroid changes in the absence of 
IL-6, one of the most prominent putative mediators and 
potential biomarkers of NPSLE.

Etiologic and therapeutic potential in NPSLE
One important potential clinical implication of 
our results is that potentially toxic accumulation of 
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anti-rheumatic drugs could be occurring in the CNS of 
lupus patients with high serum IL-6. We observed IL-6’s 
association with the accumulation of MTX within the 
CSF-space of spheroids. Another frequently used lupus 
medication, cyclophosphamide, is similarly cleared by 
ABC transporters [60]. While we are unaware of studies 
that have quantified CSF levels of either drug in lupus 
patients, both MTX and cyclophosphamide have known 
neurotoxic effects [61–64]. Therefore, accumulation of 
medications in the CNS could in fact be compounding 
ongoing neuronal pathology. Currently, CNS bioavail-
ability of lupus medications is not clinically considered in 
NPSLE. Significant work would still be required first to 
validate that MTX or cyclophosphamide is accumulating 
and that these accumulations correspond to exacerbated 
NPSLE features.

Potentially germane to the pathogenesis of NPSLE, our 
findings also indicate that IL-6 could be suppressing CP 
clearance of endogenous neurotoxic metabolites. For 
example, leukotrienes, which are lipids cleared by MRP1 
[65], have previously been shown to activate glial cells 
[66–68] and to relate to murine cognitive dysfunction in 
the setting of persistent neuroinflammation [69]. Addi-
tional organic compounds cleared by BCRP [15], por-
phyrins have been shown to decrease neuron growth and 
survival in vitro and are associated with encephalopathy 
[70, 71]. In NPSLE, there are signs of gliosis and neuron 
death [72–75]. The accumulation of endogenous neuro-
toxins in the CNS, because of decreased ABC clearance 
at the CP, could be promoting these pathologic changes 
in NPSLE.

Applicability of CP spheroids to study B-CSFB changes in 
lupus and other diseases
While recent insights indicate that CP physiology varies 
based on the ventricular location [76], both our proto-
col and that previously published by the Petersen group 
[29] pooled the lateral and 4th ventricular CP to achieve 
sufficient tissue mass for explant. Ventricle-specific dif-
ferences likely did not influence our group comparisons, 
as the thorough mixing of each explant sample should 
ensure an equal number of lateral and 4th ventricle-
derived spheroids in each well regardless of spheroid 
genotype or exposure. Similarly, by pooling the explants 
from multiple mice of the same genotype, we may have 
limited our ability to assess the biological variability 
within each genotype. This concession was however war-
ranted to yield sufficient tissue mass for successful spher-
oid generation. Moreover, the reproducible effect of IL-6 
across our experimental manipulations, which each used 
several unique explants per genotype, assured that our 
findings accurately reflect the biological effects of this 
cytokine across individuals.

Petersen and colleagues cultured spheroids for eight 
weeks to carry out immune cell migration studies, while 
we found that two weeks of culture established in vivo-
comparable spheroid morphology and gene expression 
which were sufficient for assessing barrier integrity to 
molecules rather than cells. Additionally, the larger size 
of spheroids in our study is likely due to the larger size, 
CP mass, and CSF volume of MRL mice compared to 
the C56BL/6J mice used originally. Another difference 
between the original and modified protocols is that the 
two-week procedure did not require passage of spheroids 
to new plates. Explanted CP tissue contains various cell 
types in addition to the epithelial cells of interest [76]. 
Though residual stromal cells from the explant could be 
present within wells, several technical steps were taken 
to minimize their influence on epithelial functions: (1) 
during CP collection, visible fibrous tissue and vascu-
lature were separated; (2) spheroid media contained 
epithelia-selective cytokines and cytosine arabinoside; 
and (3) prior to plating, Matrigel-explant suspensions 
were mixed to ensure homogenous composition across 
wells. Finally, we strove to control other experimental 
variations by combining data from spheroids of the same 
group plated in different wells.

The spheroid model initially described by Petersen 
et al. and now further expanded to MRL/lpr mice has 
wide ranging applications. Future lupus investigations 
can query any number of relevant cytokines for their 
impact on CP function. Alternatively, the protein syn-
thetic and secretory capacity of the CP can be stud-
ied. Beyond lupus, developmental roles of the CP and 
its neurotrophic factors, a quickly advancing field [77], 
might be studied using this culture model in fetal mice. 
By validating that two-week-old spheroids are viable for 
tracer-based paradigms, we substantiated this model as 
a reliable and efficient method to study specific CP per-
meability to molecules and drugs. Applications extend 
far beyond lupus research, and future experiments could 
inform drug design or therapy selection to limit or opti-
mize CNS bioavailability.

Conclusions
Given findings from clinical studies and basic research, 
disruption of blood-CSF barrier integrity likely occurs 
secondary to CP inflammation in NPSLE. To overcome 
difficulties limiting the in vivo study of the CP, we stud-
ied ex vivo CP spheroids generated from lupus mice. 
Furthermore, we aimed to discern IL-6’s particular role 
in potential changes to CP function. We successfully gen-
erated spheroids from CP tissue explanted from MRL/
lpr lupus mice with or without il6 gene deletion and con-
trol MRL/mpj mice. Using a series of tracer studies, we 
uncovered IL-6’s suppression of clearance activities per-
formed by the ABC transporters BCRP and MRP1.



Page 16 of 18Reynolds et al. Fluids and Barriers of the CNS           (2025) 22:15 

Under the high IL-6 levels in NPSLE, this suppression 
could hinder the CP’s ability to remove neurotoxic mol-
ecules from the CSF. Additionally, we directly observed 
the capacity of IL-6 to suppress CP clearance of metho-
trexate, a lupus drug with neurotoxic effects. Accumu-
lation of these metabolites or drugs in the brain could 
propagate neurologic pathology in NPSLE or at least 
partly counteract the expected therapeutic benefits. 
These findings represent a new and promising avenue 
of investigation for basic and clinical studies seeking to 
elucidate the pathogenesis of NPSLE. Beyond lupus, the 
spheroid model explored by our studies could be trans-
lated to investigations of any number of diseases with 
apparent CP pathology, with applications that extend to 
CNS development and drug design as well.
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