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SUMMARY

Lyme neuroborreliosis (LNB), a tick-borne infection caused by spirochetes within
the Borrelia burgdorferi sensu lato (s.L.) complex, is among the most prevalent
bacterial central nervous system (CNS) infections in Europe and the US. Here
we have screened a panel of low-passage B. burgdorferis.l. isolates using a novel,
human-derived 3D blood-brain barrier (BBB)-organoid model. We show that
human-derived BBB-organoids support the entry of Borrelia spirochetes, leading
to swelling of the organoids and a loss of their structural integrity. The use of the
BBB-organoid model highlights the organotropism between B. burgdorferi
s.l. genospecies and their ability to cross the BBB contributing to CNS infection.

INTRODUCTION

Lyme borreliosis (LB), the most prevalent vector-borne infection in Europe and the US, is an emerging tick-
borne infection caused by spirochetes belonging to the Borrelia burgdorferi sensu lato (s.L.) complex.
More than 20 different B. burgdorferis.|. genospecies have been identified. Not all B. burgdorferis.|. gen-
ospecies are known to be pathogenic to humans, whereas in the US B. burgdorferi sensu stricto (s.s.) is the
predominant genospecies associated with LB. In Europe, Borrelia garinii and Borrelia afzelii are the most
common genospecies in humans.'

The clinical manifestations of LB are diverse, with the expanding skin lesion, erythema migrans being the most
common manifestation of LB. Dissemination of B. burgdorferis.|. to the central nervous system (CNS) causing
Lyme neuroborreliosis (LNB) has been reported to occur in approximately 10-15% of all cases of LB."?

Many aspects of the pathogenesis of LNB are still largely unknown, specifically how B. burgdorferi s.I.
gains access to the CNS. Generally, dissemination to the CNS in humans is considered to occur through
the bloodstream or along peripheral nerves.”" In Europe, early LNB in adults mainly manifests as a sub-
acute painful meningoradiculitis and/or cranial nerve palsy and is typically associated with infection with
B. garinii, which is particularly neurotropic.> In contrast, the most frequent manifestation of LNB among
patients in the US is lymphocytic meningitis caused by B. burgdorferis.s. Thus, it is possible that the mech-
anism of dissemination to the nervous system is different in Europe and the US and depends on individual
genospecies of B. burgdorferi s.|. and their ability to cross the blood-brain barrier (BBB).

The mechanism of how the spirochetes pass the BBB is not known although both paracellular and transcel-
lular penetration, in addition to the spirochete-induced expression of plasminogen and metalloprotei-
nases activators influencing the connections (tight-junctions) in the BBB have been proposed.®* However,
further investigations to understand the pathogenesis of LNB are required but are limited by the lack of
adequate animal models. Multiple animal types ranging from dogs, rhesus monkeys, New Zealand white
rabbits, guinea pigs, and various strains of inbred mice have been used to model B. burgdorferi
infection’~""; however, no single animal model fully recapitulates the disease progression observed in
humans, and variation in responses between animal models is also observed.” Recent studies using the
C3H strain of inbred mice have demonstrated colonization of the dura mater during acute and late dissem-
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Table 1. Borrelia burgdorferi sensu lato (complex) isolates used to generate experimental data

Isolate Genospecies Geographic origin Isolate origin Clinical diagnosis Passage no. References
ML23? B.burgdorferi sensu stricto USA Tick NA NA Ornstein et al.""’
HB19 B.burgdorferi sensu stricto USA Blood NA NA Ornstein et al."!
LU58 B. afzelii Sweden Skin EM® 6 Ornstein et al."'
LU68 B. afzelii Sweden Skin EM® 6 Ornstein et al."'
LU81 B. afzelii Sweden Skin EM® 7 Ornstein et al."'
LU171 B. afzelii Sweden Skin EM® 5 Ornstein et al."'
LU207 B. afzelii Sweden Skin EM® 6 Ornstein et al."’
LU116 B. garinii Sweden Skin EM® 6 Ornstein et al."'
LU118 B. garinii Sweden Skin EM® NA Ornstein et al."'
LU190 B. garinii Sweden CSF LNB* NA Ornstein et al."'
LU190 luc®  B. garinii Sweden CSF NA NA Steere et al.'?
LU222 B. garinii Sweden CSF LNB* NA Steere et al.'?

EM, erythema migrans; CSF, cerebrospinal fluid; LNB, Lyme neuroborreliosis; NA, not available.
2B. burgdorferi sensu stricto/ML23 pBBE22luc gene transfected.”

BIndividuals diagnosed with EM were19-69 years of age.

“Individuals diagnosed with LNB were 4-7 years of age.

9B. garinii G1/pBBE22luc ectopically producing luciferase.

parenchyma.'"'? To enter the brain, pathogens must first navigate the BBB; access can occur via direct
transmigration such as that observed with Neisseria meningitidis,”*?' Plasmodium falciparum, or for
example, Listeria monocytogenes that can either gain direct entry, or are transported indirectly via a trojan
horse mechanism and carried across the BBB within infected leukocytes (reviewed in”®). Growing evidence
demonstrates the critical role of the BBB in neurodegenerative and neuropsychiatric diseases. Multiple
neurodegenerative diseases such as Parkinson’s and Alzheimer's disease have “leaky” barriers,??°
whereas depressive disorders have also been shown to have altered permeability.”**® Increasing our
knowledge on how the spirochetal infection leads to the observed neural dysfunction, especially how
B. burgdorferi s.l. crosses and impacts the BBB will be of paramount interest to not only understand the
mechanisms driving the development of LNB, but for the development of preventative and adjunctive
treatments. In addition, the ability of different clinical B. burgdorferis.l. isolates to cross the BBB is unclear.
To test this, we used a newly developed in vitro 3D BBB model and B. burgdorferis.l. strains isolated from
human patients.

RESULTS
Blood-brain barrier-organoids support invasion by B. burgdorferi sensu lato spirochetes

To model LNB and investigate the effect of B. burgdorferi s.I. on the BBB, a 3D organoid model was
employed. The organoids comprise brain endothelial cells, pericytes, and astrocytes with a distinct cellular
orientation comparable to that of the in vivo BBB (Figure 51).*° To assess the impact of Borrelia on the
BBB we used a panel containing eleven B. burgdorferi s.l. isolates isolated from clinical samples (skin
biopsies or cerebrospinal fluid), and one a single B. burgdorferi s.s. isolate originated from an infected
tick (Table 1). The isolates included five B. garinii (LNB associated), five B. afzelii (LB associated; erythema
migrans), and two B. burgdorferi s.s. (LB associated; erythema migrans, or from a tick). The Borrelia spiro-
chetes were maintained in culture under microaerobic conditions for seven days before staining with car-
boxyfluorescein succinimidyl ester (CFSE), because there are varying timepoints reported in the literature,
co-incubation with the BBB-organoids was performed for 1, 4 and 24 h. CFSE was chosen to ensure no dye
transfer from the spirochetes, unlike that observed with other dyes.”' Organoids were also mock treated
with spirochete media, to ensure any observed changes where due to the borreliae, and not the change
in media composition. At the earliest time point (1 h), only a few spirochetes were observed interacting
with the organoids (Figure 1A); however, by 4 h, multiple individual spirochetes were observed interacting
with the organoid surface for a single B. gariniiisolate (LU116). With this isolate, spirochetes were observed
perpendicular to the surface of the organoid (Figure 1B left panel inset). In contrast, the 24-h timepoint
showed multiple B. garinii isolates (LU116, 118, 190, 190 luc, and 222) having many bacterial aggregates
of varying sizes colonizing not only to the surface of the BBB-organoids, but also extending to depths of
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Figure 1. Blood-brain barrier organoids support entry of Borrelia burgdorferi
(A) 3D Z-projections of blood-brain barrier (BBB)-organoids (Magnification x20) stained for Borrelia burgdorferi s.I. (CFSE, green), nuclei (DAPI, blue) and

actin cytoskeleton (phalloidin, red). Scale bar 100 pm.

(B left panel) Z-projection of BBB-organoid exposed to B. garinii LU116 for 4 h. White box and inset shows higher magnification image of single spirochete
interacting with the surface of the organoid, lying perpendicular to the surface. Scale bar 100 pm.

(B right panel) Orthogonal view from 54 pm within the organoid. White box shows invaded spirochete in Z, X, and Y axis.

(C) Z-projections of BBB-organoids (magnification x20) 24 h post-exposure to B. garinii LU116 showing the aggregation on the surface of each organoid.

Each panel (A-D) shows a representative organoid from each group. n'®! ereancids _ 574

20 um within the organoid (Figure 1B right panel and C). Distinct, individual spirochetes were also visual-
ized at depths of 82-101 um within BBB-organoids (Figure 1D). Quantification of single Borrelia spirochetes
was confounded due to aggregation (Figure 1C); therefore, we quantified invasion as sub-surface volume
(um?®) of CFSE signal (Figure 2A). All five LNB associated B. gariniiisolates had large volumes of CFSE signal
below the surface of the BBB-organoids, whilst two of the B. afzelii isolates (LU68 and LU207) recorded
some CFSE within the BBB-organoids (Figure 2A). They also showed evidence of diffuse, green-stained
cells indicative of phagocytosis (Figure 2B).

B. burgdorferiinduce volumetric changes and alterations in organoid integrity postexposure

In LNB swelling of the meninges leads to meningitis.*> Recently, we demonstrated BBB-organoids to
model the effect of the brain swelling observed in cerebral malaria, where parasites associated with cere-
bral malaria selectively altered the volume of organoids.”” Here we used a similar approach to determine
the impact of Borrelia spirochetes on BBB-organoids, and we measured the volume, morphology (round),
and integrity (circularity) of each organoid 24 h post-exposure (Figures 3A-3C). Although there was a clear
distinction between the LNB and non-LNB isolates with their ability to enter the organoids, all isolates
induced an increase in volume except for a single isolate (B. afzelii LU81) which showed a decrease
post-exposure (Figures 3A-3C). Further morphometric analysis of the organoids demonstrated they
retained their general morphology (round), while their cohesion (circularity) and structural integrity was
impaired (Figure 3D). Circularity measurements drastically decreased compared to controls for all but
one isolate (B. garinii LU190 luc). To determine if this was a specific response to the Borrelia bacteria, or
generalized toward any pathogen, we analyzed the gross morphology of organoids exposed to erythro-
cytes infected by P. falciparum isolates associated with cerebral malaria (Figure 3D). We have previously
shown these isolates to selectively disrupt the BBB and induce swelling.?” With P. falciparum-infected
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Figure 2. Volumetric quantification of sub-surface Borrelia burgdorferi within blood-brain barrier-organoids
(A) Graph plotting the total volume (um?) of carboxyfluorescein succinimidyl ester (CFSE) signal within the organoids after
24 h exposure to B. garinii, B. afzelii, and B. burgdorferiss. s.

(B) Maximum intensity Z-projection of CFSE signal from B. afzelii LU68 exposed organoid (magnification x20). White
asterisk denotes diffuse green stain indicative of phagocytosis. Scale bar 100 pm. ntet3! ergancids _ 974

erythrocytes, we observed no alterations in the gross morphology of the organoids, and the roundness and
circularity values were comparable to untreated controls, underpinning the observation that the negative
responses by the organoids are specific to Borrelia exposure (Figure 3D). The B. burgdorferis.|. exposed
BBB-organoids presented with multiple fragmented nuclei and giant cells extending and detaching from
the outer surface. The cellular cytoskeleton visualized with phalloidin showed multiple foci and irregular
staining compared to the untreated control BBB-organoids (Figures 4A-4C).
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Figure 3. Morphometric analysis of blood-brain barrier-organoids post-exposure with Borrelia burgdorferi

The BBB organoids were co-incubated with ten different isolates of B. burgdorferis. |., and two isolates of B. burgdorferis. s. (Table 1), and red blood cells
infected (IRBC) by four different P. falciparum lines.

Box and whisker plots, showing min/max values (A-D) of BBB-organoid volume (um?). Graphs (A-C) showed alterations post-Borrelia exposure. The gross
morphology of organoids was measured by organoid roundness, i.e., general shape (D top panel), or the circularity i.e., organoid integrity. (D bottom panel).
BBB-organoids were also exposed to P. falciparum lines (D both panels). The P. falciparum lines associated with cerebral (HB3VARO3, PFD1235w) has been

shown to cross the BBB of organoids, while malaria parasites associated with uncomplicated (IT4VAR13, IT4AVAR19) malaria did not.”? ptotal ergancids _ 574
(Borrelia), n'ota! eroancids — 41 (p_falciparum).
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Figure 4. Internalization of Borrelia by blood-brain barrier-organoids
Blood-brain barrier (BBB)-organoids co-incubated with B. burgdorferis. |. isolates.

¢ CellP’ress

(A) 3D Z-projection of organoids (magnification x20) showing Carboxyfluorescein succinimidyl ester (CFSE stained) Borrelia in green, nuclei in blue (DAPI),

and actin in red (phalloidin). The organoids were exposed to neurotropic (B. garinii LU118) or non-neurotrophic (B. afzelii LU207 and LU68) spirochetes.

Composite images show overlays of CSFE, DAPI, and phalloidin stained images.

(B) Orthogonal view of organoid exposed to B. garinii LU118.White filled arrows point toward a large aggregate of spirochetes extending from the surface

and into the organoid.

(C) Z-projection of BBB-organoid (magnification x63) showing giant cell (white arrow) extending from the surface. Open arrows point to actin foci (phalloidin, red),
whilst the asterisk denotes B. garinii LU116 spirochetes extending from surface into the cell (CFSE, green). Scale bar 100 pm. nt©t! sphereids — 574 tota.

B. burgdorferi spirochetes result in loss of tight junctions but fail to trigger significant cell
death in organoids

The gross morphological analysis of the organoids exposed to spirochetes demonstrated a loss of integ-
rity (Figures 3A-3C). To determine if exposure was impacting the expression of tight-junctions, organoids
were co-incubated for 24 h with spirochetes representing each of the groups tested (ML23, LU118, and
LU68). After fixation, organoids were stained for the tight-junction protein ZO-1 and imaged with a
confocal microscope. Mock treated controls showed intact tight junctions, with staining localized
around the periphery of cells and within the cytosol (Figure 5A top panel). Organoids treated with
VEGF (50 ng/mL) a known disruptor of tight junctions show diffuse staining in the cytosol and not at
the periphery (Figure 5B middle panel). Line intensity plots show peak fluorescence intensity at the
peripheral boundary of the organoid, with no fluorescence in the center (Figure 5, bottom panel). Orga-
noids exposed to ML23, LU118, or LU68 spirochetes display a fluorescence pattern similar to VEGF
treated organoids, where fluorescence intensity is low and diffuse, demonstrating that the junctions
have been disrupted (Figures 5C-5E). Given the observed loss of integrity and tight junctions
(Figures 3D and 5C-5E), a live/dead assay was performed to assess the degree of cell death among
the organoids exposed to the different Borrelia spp. Organoids were exposed to ML23, LU118, or
LU68 spirochetes for 24 h, then imaged with a confocal microscope. Live cells stain intensely green,
and interestingly, spirochete exposed organoids showed little evidence of cell death (red stain) and
were comparable to the mock treated organoids (Figures 6A-6D). In contrast, the negative control orga-
noids that were treated with 70% ethanol (EtOH) for 20 min before staining show mostly dead cells (red,

iScience 26, 105838, January 20, 2023 5
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Figure 5. Spirochete exposure leads to a loss of tight junctions

Representative confocal images of organoids exposed to spirochetes for 24 h were fixed and then stained for the tight junction protein ZO-1 (green, AF488).
(A) Z-projection of mock treated organoids showing bright ZO-1 stain around the periphery of the cells and diffuse within the cytosol. The dashed line from
slices imaged at 90 um depth (middle panel) represents the position analyzed to generate the intensity plots of ZO-1 stain (bottom panel).

(B) Organoids exposed to vascular endothelial growth factor (VEGF), show disrupted tight junctions and diffuse stain, while those exposed to (C) B.
burgdorferi s.s. ML23, (D) B. garinii LU118, or (E) B. afzelii LU68 show low intensity, diffuse stain (red, AF647) ptotal spheroids _ 40 total. Scale bar = 100 um.

Figure 6E). Analysis of the fold change in fluorescence intensity confirms very little cell death between the
mock treated controls or Borrelia-exposed organoids; while the EtOH treated organoids had an almost
4-fold increase in fluorescence intensity (Figure 6F).

DISCUSSION

BBB-organoids provide a unique opportunity to investigate the neurotropic properties of different path-
ogens. They are comprised of the same component cells found in vivo and can self-assemble within
48 h.”7 Although they present with an “inside-out” cellular architecture compared to that found in vivo,
they readily form tight junctions, control the passage of solutes, and with the endothelial cells exposed
on the outer surface, making them ideal for investigating the effect pathogens have on the BBB.?? Pre-
vious studies combining BBB-organoids and P. falciparum infected red blood cells show malaria
parasites are taken up by brain endothelial cells, causing breakdown of the BBB, and swelling of BBB-
organoids.””° In this study, we show that Borrelia spirochetes readily enter the BBB-organoids and
induce considerable alterations in both volume and integrity, and trigger loss of tight junctions. Of
the panel of 12 isolates studied, all the B. garinii (5/5) genospecies readily colonized the BBB-organoid
surface and invaded to depths of 20 um. Single, intact spirochetes were observed even deeper at depths
of 101 um. In contrast, only two out of five B. afzelii entered the BBB-organoids. Indeed, there are reports
of patients infected with B. afzelii presenting with LNB. There were several diffuse green cells observed
within the BBB-organoids, indicating phagocytosis may have occurred. Exposure to any genospecies
failed to trigger cell death in the organoids and though the integrity is significantly decreased, the cells
within the organoids remain viable. Although endothelial cells, astrocytes, and pericytes important com-
ponents of the BBB are not professional phagocytic cells, they are capable of clearing blood clots post-
stroke and pathogens such as P. falciparum from their surface and extravasating them peri-vascularly.”**
The remaining B. burgdorferi s.s. isolates, including the tick isolate, failed to interact with the surface or
enter the BBB-organoids. This variability in infectivity suggests that different genospecies have a varied
affinity for the ability to cross the BBB and this may reflect the differences observed in clinical presenta-
tion of LB between different geographical locations.*
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Figure 6. Live/Dead analysis of organoids post-spirochete exposure

(A-D) To determine the level of cell death post-spirochete exposure, organoids were treated with Live/Dead stain. Live
cells in the organoids stain green, while dead cells stain red. Very few red stained are observed in the mock treated
controls (A), or in the organoids exposed to (B) B. burgdorferis.s. (B) ML23, (C) B. garinii LU118, or (D) B. afzelii LU68
spirochetes after 24 h co-incubation. The negative control organoids (E) were treated with 70% EtOH for 20 min and most
cells were dead.

(F) plot showing the fold change in cell death compared to mock treated controls (+/—SD), with very little change post-

spirochete exposure. n'te! sPheroids — 40 tota|. Scale bar = 100 pm.

The murine model has shown spirochetal entry into the meninges and induction of swelling.'* Here, the
majority of investigations examining the interactions between borrelial proteins and host tissues have
concentrated upon other regions of the body and using cell lines such as human umbilical vein (HUVEC)
and human brain microvascular cells (HBMEC), or cell lines derived from non-human sources.> ¢

While there was a clear difference in the ability to enter the BBB-organoids, all spirochetes irrespective of
genotype triggered alteration in the gross morphology and integrity of the BBB-organoids. This is in stark
contrast to organoids exposed to red blood cells infected with P. falciparum isolates associated with cere-
bral malaria, the most frequently fatal form of malaria. On exposure to P. falciparum-infected red blood
cells BBB-organoids demonstrated BBB-dysfunction (increased permeability), but not a lack of cell integ-
rity.?>*? Alterations in the actin cytoskeleton and nuclei are markers of cellular stress and inflammation and
has been observed previously using endothelial monolayer experiments showing damage to cultured
endothelial cells (HUVEC and HBMEC) after spirochete exposure.’®**" Monolayer studies also identified
the upregulation and triggering of plasminogen and metalloproteases post-exposure to B. burgdorferis.|.

spirochetes, and the initiation of the fibrinolytic cascade may contribute to BBB-dysfunction.**?

The exact mechanism for crossing the BBB is not fully understood, and both paracellular and transcellular
entry have been proposed.””** Monolayer studies have identified a potential role for cell adhesion
molecules such as E-selectin, ICAM-1, and VCAM-1, while other groups have implicated integrins and
glycosaminoglycans such as heparan sulfate as playing a role.*>™*’ Others have proposed that in place
of a direct receptor-ligand interaction, spirochetes trigger cytokine release by host cells such as endothelial
cells or neutrophils. These molecules trigger the opening of tight junctions, leading to paracellular migra-
tion across the endothelial layer. In the murine model, the role of neutrophils has been shown, and mice
devoid of neutrophils have limited extravasation when infected with borreliae.** Qur current model
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demonstrates the migration of B. garinii isolates in the absence of immune cells. Tan et al. used derivates
from B. burgdorferistrain B31, a tick isolate from North America where LNB is a rarely diagnosed. The abil-
ity to migrate in the absence of immune cells might contribute to the differences between the North Amer-
ican and European clinical presentations of LB. To our knowledge, this is the first study using organoids and
a large panel of low passage Borrelia isolates from different biological origin and clinical manifestations in
humans for studying Borrelia spp. and their impact on the BBB. Using low passage isolates avoids the risk of
plasmid loss and genomic alternations due to prolonged in vitro culturing. Previous literature demon-
strated the ability of Borrelia spp. to invade endothelial cells from HUVEC and HBMEC in vitro,*>*®
murine infection studies also show organotropism, but use a limited number of isolates, or laboratory-
adapted strains.**“*®“? In conclusion, BBB-organoids appear to be an ideal model for LNB - not only for
studies of the cellular and molecular biological mechanisms of spirochetal invasion of the CNS, but their
ease of use, rapid generation, and reproducibility also make them suitable for screening chemotherapeu-
tics for the treatment of LNB.

whereas

Limitations of the study

This study investigates at a limited number of B. burgdorferis.| isolates LNB and future work could expand
on this by assessing more isolates originating from different geographic and biological origin, and
particularly Borrelia isolates confirmed to cause LB like Borrelia bavariensis, Borrelia spielmanii. and Borre-
lia mayonii, respectively. The BBB-organoids used for this study lack immune cells such as microglia, or
other cells like oligodendrocytes which can contribute to the integrity of the BBB, and act as phagocytic
cells in response to pathogens or damage.”>* While not the focus of this study, the model is expandable
and to date a maximum of six different cell types have been cultured in tandem, including microglia and
oligodendrocytes.”*® Taken together, these data highlight the usefulness of BBB-organoids for the
investigation of neurotropic pathogens such as B. burgdorferi s.|.
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LU68 Sven Bergstrém and Katharina Ornstein N/A
LU171 Sven Bergstrém and Katharina Ornstein N/A
LU207 Sven Bergstrdm and Katharina Ornstein N/A
LU116 Sven Bergstrom and Katharina Ornstein N/A
LU118 Sven Bergstrém and Katharina Ornstein N/A
LU190 Sven Bergstrém and Katharina Ornstein N/A
LU190 luciferase Professor Peter Kraiczy N/A
LU222 Sven Bergstrém and Katharina Ornstein N/A

Chemicals, peptides, and recombinant proteins

Celltrace CFSE cell proliferation kit Thermofisher C34554
Phalloidin Merck P1951;RRID:AB_2315148
DAPI Merck D9542

Experimental models: Cell lines

hCMEC/D3 Cederland Labs CLU512;RRID:CVCL_U985
Astrocytes Neuromics HMP202
Pericytes Neuromics HMP104

Software and algorithms

Fiji open source https://doi.org/10.1038/nmeth.2019
GraphPad Prism v9.5.0 GraphPad https://www.graphpad.com/scientific-software/prism/
RESOURCE AVAILABILITY

Lead contact

Further information and requests may be directed to and will be fulfilled by the Lead Contact Yvonne
Adams, yadams@sund.ku.dk (Y.A.).

Materials availability

This study did not generate new, unique reagents. The strains provided by Professor Sven Bergstrém were
a kind gift for the purposes of the manuscript and ownership is retained by Professor Bergstrom.

Data and code availability
® All data is reported and available in this paper.

® This paper does not use or report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
B. burgdorferi sensu lato and sensu stricto strains

A panel of 12 B. burgdorferis.|. patient isolates (Table 1) comprising different genotypes isolated from skin
biopsies or cerebrospinal fluid was assessed. The genotypes included five B. garinii (LNB), five B. afzelii (LB),
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and two B. burgdorferis.s. (LB). The Borrelia spirochetes were cultured in Barbour-Stoenner-Kelly medium
(BSK-H) supplemented with 6% rabbit serum (Merck KGaA, Darmstadt, Germany) under conventional
microaerobic conditions (1-5% CO,, 33°C) created in Oxoid™ Compact Plastic Pouches (Thermo Fisher
Scientific, Waltham, MA) with a Oxoid™ CampygenTM Compact sachet (Thermo Fisher Scientific), sealed
airtight with a sealing clip.”® Growth was recorded using dark-field microscopy.

Malaria parasites

The P. falciparum lines selected for surface expression of specific P. falciparum erythrocyte membrane pro-
tein 1 (PFEMP1) molecules (P. falciparum 3D7 expressing PFD1235w, HB3 expressing HB3VARO3, and T4
expressing IT4AVAR13 or IT4VAR19) were maintained in in vitro blood culture and were selected using
antibodies against DBLB_D4 domains of specific PFEMP1s as previously described.””*"*"*% Phenotypes
were verified by flow cytometry and Q-PCR as previously described.*”>'~¢°

Human cell cultures

The human brain microvascular endothelial cell line (hCMEC)/D3 (CLU512, Cedarlane Labs, CA.) was main-
tained on collagen-coated (50 pg/mL, rat tail type |, BD Biosciences) flasks and grown in Vasculife VEGF —
Mv media (LLOO05, CellSystems) supplemented with rhVEGF (5 ng/mL), rhEGF (5 ng/mL), rhFGF (5 ng/mL),
rhIGF-1 (15 ng/mL), L-Glutamine (10 mM), hydrocortisone hemisuccinate (1 pg/mL), heparin sulphate
(0.75 U/mL), ascorbic acid (50 pg/mL), fetal bovine serum (FBS, 5%), 10,000 U/mL penicillin,
10,000 pg/mL streptomycin, and 25 pg/mL amphotericin B. Primary human brain microvascular pericytes
and astrocytes (Neuromics, USA), were maintained on poly-L-lysine (10 pg/mL) coated flasks with pericyte
(HMP104) and astrocyte (PGB003) growth medium (Neuromics). Astrocytes and pericytes were used at pas-
sages 3-5 and hCMEC/D3 at passage 27-29.

METHOD DETAILS

Blood-brain barrier-organoids

Human pericytes, primary astrocytes, and hCMEC/D3 released by 0.025% trypsin/EDTA (Sigma Aldrich,
Saint Louis, MO) were resuspended in BBB-working medium (Vasculife-Mv supplemented with 2% normal
human serum with antibiotics omitted), and 1.5 x10° of each cell type (final volume of 100 uL/well) were
seeded onto sterile 1% w/v solid agarose (Sigma) pre-dispensed into low binding 96-well plates (Thermo
Fisher Scientific). A further 100 pL of BBB working media (BBBM) was added to bring the volume in each well
to a total of 200 pL. Multicellular BBB organoids were allowed to self-assemble (48-72 h) in a humidified 5%
CO,-incubator at 37°C.?**° The orientation of the component cells was determined by pre-staining astro-
cytes with 1uM CellTrace Far Red (Thermo Fisher Scientific) for 20minat 37°C in the dark prior to assembling
organoids. Staining for CD31 on endothelial cells and NG2 on pericytes was performed post-formation.
Once organoids formed, they were washed, pooled, and fixed with 3.7% formaldehyde for 10 min prior
to staining for 45 min with anti-CD31 (1:200, R&D Systems) and anti-NG2 (1:200, Millipore) post-permeabi-
lization with 0.1% Triton X-100. The receptors were visualized with anti-mouse-lgG Alexa Fluor 450 (CD31)
and anti-rabbit-lgG Alexa Flour 488 (NG2). Images were captured with Zeiss LSM 780 and line plot analysis
conducted in Fiji.

Co-culture of Borrelia spp. and 3D blood-brain barrier-organoids

Borrelia isolates were grown in 5 mL BSK-H medium for 7 days prior to assay. On day 7, spirochetes were
stained with 5 uM Syto 9 (Thermo Fisher Scientific) and with 5 uM Syto 60 (Thermo Fisher Scientific) before
determination of the cell density using flow cytometry.°’ The bacteria were washed three times in
phosphate-buffered saline (PBS), centrifuged 3minat 5500 X g, and resuspended in CFSE (Invitrogen) in
PBS (500 ul) was added to a final concentration of 5 uM CFSE and incubated 10 min in the dark at room
temperature. Spirochetes were washed twice with PBS containing 5% FBS adjusted to 30,000
B. burgdorferi s.l./well in BBBM and BSK-H medium (1:1 ratio). Spirochetes were added (100 uL/well)
and incubated at 37°C for 1, 4, and 24 h. At the end of the assay, organoids were pooled in groups,
then washed in PBS and fixed for 10 min in 3.7% v/v formaldehyde. The organoids were transferred to
12-well chamber slides (Ibidi, Germany), following incubation with Phalloidin and DAPI (300 nM), prior to
being imaged with a Zeiss LSM 780 confocal microscope (Zeiss, Germany). Z-stacks were captured to
102.8 um depth at 2.32 pm intervals (x10). To determine the amount of B. burgdorferi s.I. sp. within
each organoid, the color channels were split in Fiji, and the 3D objects counter was deployed to calculate
the volume of CFSE signal (green channel) throughout the Z-stack. The volume was calculated for each
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organoid and expressed as total CFSE volume (um?) per organoid. The volume of individual organoids
(mm3), circularity, and roundness were calculated from (x20) brightfield images at 102.8 um depth
from diameter measurements generated in Fiji.*” To calculate volume, the following equation was used,
V = 4/3xr’. To calculate circularity the following equation was used 4m*area/perimeter?, while roundness

is calculated using the following formula - 4*area/(r*major axis)?.

Tight junction protein ZO-1 immunofluorescence and live/dead staining

Organoids were exposed to Borrelia spp. for 24 h, then pooled in groups and washed in PBS before fixing
for 10 min in 3.7% v/v formaldehyde. Organoids were permeabilized with 0.1% Triton X-100 for 5 min,
before washing (PBS + 5% goat serum) prior to staining with anti-ZO-1 (Thermo Fisher) 1:200 for 45 min.
The organoids were then washed (PBS+5% goat serum) before incubating for 45 min in the dark with
anti-goat Alexa Fluor 488, or Alexa Fluor 647 at room temperature. Organoids were washed, incubated
with DAPI (300 nM), then transferred to 12-well chamber slides (Ibidi, Germany) prior to being imaged a
Zeiss LSM 780 confocal microscope (Zeiss, Germany). Z-stacks were captured to 102.8 um depth at
2.32 um intervals (x10). The amount of cell death post-spirochete exposure was determined using Live/
Dead stain (Thermo Fisher). The positive control group were pre-treated for 20 min with 70% EtOH prior
to staining to kill the organoids. Images were captured using Zeiss LSM780 confocal microscope. Line
plot analysis was performed on the resulting images using Fiji.

QUANTIFICATION AND STATISTICAL ANALYSIS

Confocal images were analyzed using Fiji and results plotted with GraphPad Prism 9. Specific information
for each experiment can be found in the figure legends.

ADDITIONAL RESOURCES

This paper did not create any additional resources.
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