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Abstract.

Background: Infections by bacterial or viral agents have been hypothesized to influence the etiology of neurodegenerative
diseases.

Objective: This study examined the potential presence of Borrelia burgdorferi spirochete, the causative agent of Lyme
disease, in brain autopsy tissue of patients diagnosed with either Alzheimer’s (AD) or Parkinson’s diseases.

Methods: Brain tissue sections from patients with age-matched controls were evaluated for antigen and DNA presence of
B. burgdorferi using various methods. Positive Borrelia structures were evaluated for co-localization with biofilm and AD
markers such as amyloid and phospho-tau (p-Tau) using immunohistochemical methods.

Results: The results showed the presence of B. burgdorferi antigen and DNA in patients with AD pathology and among those,
one of them was previously diagnosed with Lyme disease. Interestingly, a significant number of Borrelia-positive aggregates
with a known biofilm marker, alginate, were found along with the spirochetal structures. Our immunohistochemical data also
showed that Borrelia-positive aggregates co-localized with amyloid and phospho-tau markers. To further prove the potential
relationship of B. burgdorferi and amyloids, we infected two mammalian cell lines with B. burgdorferi which resulted in a
significant increase in the expression of amyloid- and p-Tau proteins in both cells lines post-infection.

Conclusion: These results indicate that B. burgdorferi can be found in AD brain tissues, not just in spirochete but a known
antibiotics resistant biofilm form, and its co-localized amyloid markers. In summary, this study provides evidence for a likely
association between B. burgdorferi infections and biofilm formation, AD pathology, and chronic neurodegenerative diseases.
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INTRODUCTION

Lyme Borreliosis is a tick-borne multi-systemic
illness caused by the spirochete Borrelia burgdor-
feri sensu lato [1-3]. B. burgdorferi is known to
be neurotropic and can exist in the central nervous
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system (CNS) for lengthy periods of time lead-
ing to destructive symptomatic neurological disease
[4-6], in addition to other clinical manifestations
such as a bull’s eye rash, flu-like symptoms, arthri-
tis, carditis, and myalgia [7, 8]. Neurological Lyme
Borreliosis can manifest as meningitis, cognitive
impairment, fatigue, and encephalopathy and can
result in brain atrophy, amyloid deposition, and
slow progressive dementia [9-15]. These neurolog-
ical symptoms could persist in patients even post
antibiotic treatment [14]. The reoccurrence of Lyme
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Borreliosis coupled with antibiotic resistance has
been suggested to be due to the formation of dif-
ferent morphological forms of B. burgdorferi such
as round bodies [16-20]. In the past few years, how-
ever, B. burgdorferi sensu lato and stricto strains have
also demonstrated the capacity to exist in an alterna-
tive form called biofilms in vivo and in vitro [21-23].
Biofilms are complex aggregates of the bacteria that
are particularly difficult to eliminate as they have as
much as 1000-fold greater antibiotic resistance than
the free-living cells [24]. In vitro studies have recently
shown that B. burgdorferi biofilms also exhibit very
high degrees of resistance to various antibiotics [25,
26]. Furthermore, a previous clinical study demon-
strated the presence of B. burgdorferi spirochetes and
biofilms along with inflammatory markers in several
organs such as skin, brain, heart, kidney, and liver
autopsy tissues of a Lyme disease patient who exhib-
ited diverse neurological symptoms and has been
treated over a course of 16 years [27].

The connection between B. burgdorferi infection
and neurodegenerative diseases is suggested previ-
ously by several studies [28-36], along with other
potential infections such as Herpes viruses, Chlamy-
dia pneumoniae, and gingivitis caused by bacteria
such as Porphyromonas gingivalis as well as Pro-
pionibacterium and Helicobacter pylori [37-45].
However, the infectious origin of Alzheimer’s disease
(AD) remains to be adequately explored.

In AD, the loss of neurons proceeds in parallel with
progression of clinical cognitive impairments [46].
Cerebral neuronal death and compromise of neural
networks are accompanied by a loss of brain mass.
Amyloid-$3 (AB) parenchymal deposits and phospho-
tau (p-Tau) deposits inside neurons labelled for death
are hallmarks of AD [46].

The working hypothesis of this study is that B.
burgdorferi can be found in brain tissues derived
from patients with neurodegenerative diseases and
its presence can affect disease progression. The pres-
ence of B. burgdorferi in autopsy brain tissues of
patients from brain bank with well characterized AD
and Parkinson’s disease were also examined using
human hippocampal brain autopsy sections derived
from 10 patients with neurodegenerative diseases,
along with brain autopsy tissues obtained from a doc-
umented case of concurrent Lyme neuroborreliosis
and AD [36]. To evaluate how B. burgdorferi bacteria
can contribute to the development and/or progression
of AD, we studied protein expression of A3 aggre-
gates and assessed p-Tau protein tangles before and
after infection with B. burgdorferi in human cell lines

in vitro using western blot analyses. The tissues were
analyzed for the presence of B. burgdorferi spiro-
chetes and biofilms using polymerase chain reaction
(PCR), fluorescence in situ hybridization (FISH),
and immunohistochemical methods (IHC). Alginate
marker was used to determine biofilm presence. A3
and p-Tau specific IHC techniques were utilized for
amyloid and p-Tau proteins in tissue slides. Addition-
ally, atomic force microscopy (AFM) enabled us to
evaluate the 3-dimensional (3D) morphology of the
biofilms in the brain tissues.

MATERIALS AND METHODS
Brain tissue specimens

Formalin fixed paraffin embedded tissue sections
of the hippocampus from donors (average age of
75 years) diagnosed with neurodegenerative dis-
eases (n=10) including AD (n=6), Parkinson’s
disease (n=4), and age-matched non-diseased con-
trols (n = 10) were obtained from University of Miami
via the NIH NeuroBioBank. Archived paraffin-
embedded brain autopsy specimens from a patient
diagnosed with AD along with sera and PCR posi-
tive for B. burgdorferi were obtained from McClain
Laboratories, LLC (Smithtown, NY). The tissue was
fixed and embedded in paraffin blocks, sectioned at
4 microns on TRUBOND200 adhesive slides. The
fixed sections of the brain were from the frontal lobe
area as well as the hippocampus. Obtaining these
human autopsy samples were approved by the Uni-
versity of New Haven Institutional Review Board
Committee: exempt under 45 CFR 46.101(b) (4):
Research involving the collection or study of existing
data, documents, records, pathological specimens, or
diagnostic specimens, if these sources are publicly
available or if the information is recorded by the
investigator in such a manner that subjects cannot
be identified, directly or through identifiers linked to
the subjects.

Cell culture

Neuroblastoma BE2C cell line (ATCC CRL-
2268) was cultured with DMEM media (Sigma
Aldrich- D5648) has high glucose containing 1%
Penicillin-Streptomycin-Glutamine (PSG) (Thermo-
Fisher Scientific-10378016) and 10% Fetal Bovine
Serum (FBS) (ThermoFisher Scientific-21700075)
under standard tissue culture conditions. Neuroblas-
toma Kelly cell line (Sigma-92110411) was grown in
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RPMI-1640 media (Sigma-R6504) containing 2 mM
glutamine and 10% FBS under standard tissue culture
conditions.

Infection with B. burgdorferi

Infection of the human cells with B. burgdorferi
was conducted based on a previously published pro-
tocol [47]. Each cell line was cultured 48 h prior to
bacterial infection with respective culturing media
supplemented with 10% FBS and 1% PSG. For
the B. burgdorferi infection, each cell line was cul-
tured to 70% confluency on 60 mm dishes at 37°C
and 5% CO; in a humified incubator. 2 x 10° cells
B. burgdorferi (ATCC 35210, Manassas, VA, USA)
were pelleted at 5000 g for 10 min and resuspended in
500 pL of co-culture media composed of the mixture
of two-thirds BSK-H medium (Sigma Aldrich, Louis,
MO) with 6% rabbit serum and one-third serum and
antibiotic free growth media depending on the cell
type and added to the cells with MOI 40. After each
treatment time, the media were removed from the
60 mm dish and the cells were washed once with
PBS. The cells were then pelleted and stored in —80°C
freezer.

DNA extraction

For the cell lines used in this study, the extraction of
genomic DNA (gDNA) was performed using Gene-
JET GenomicDNA Purification Kit (ThermoFisher
Scientific-K0722). For the tissues, fixed autopsy sam-
ples were homogenized by freezing in liquid nitrogen
and grinding with a mortar and pestle. The samples
were resuspended in 180 nL of Buffer ATL (Qia-
gen Sciences Inc., Germantown, MD, USA) with
20 uL of Proteinase K (Qiagen), then incubated
overnight at 56°C with shaking. DNA was purified
by standard phenol/chloroform extraction and alco-
hol precipitation the following day. Purified DNA was
resuspended in 50-100 wL of 1 x TE buffer at pH 8.0
(10 mM Tris, pH 8.0, and 1 mM EDTA).

As a positive control for B. burgdorferi, DNA
was extracted from a low passage culture of B.
burgdorferi strain B31 (ATC #35210). Laboratory
cultures were maintained in Barbour-Stoner-Kelly-
H medium (BSK-H, Sigma), supplemented with 6%
rabbit serum (Pel-Freeze Biologicals) and incubated
at33°C with 5% CO;. The DNA samples were quanti-
fied using a BioTek (Winooski, VT, USA) microplate
spectrophotometer.

PCR and sequence analysis

B. burgdorferi DNA was detected in the samples
using PCR protocols to amplify Borrelia 16S ribo-
somal DNA small subunit or CTP synthase genes as
described in previous studies [48]. As negative con-
trols, the same experiments were carried out with
E. coli DNA as well as a no template DNA. The
16S rDNA gene was amplified in a single reaction
using primers F: 5'- CCTGGCTTAGAACTAACG-
3’; R: 5-CCTACAAAGCTTATTCCTCAT-3' in a
50ml reaction containing HotStarTaq buffer (Qia-
gen) 1.5 mM MgCl,, 25 pmoles of each primer, and
2.5 units of HotStarTaq DNA polymerase (Qiagen).
Reaction conditions were an initial denaturation at
94°C for 15 min, followed by 40 cycles of 94°C/30
s, 50°C/30 s, 72°C/1 min and a final extension at
72°C/5 min.

CTP synthase sequences were amplified in nested
reactions as described previously [48]. First round
primers were F: 5'-ATTGCAAGTTCTGAGAATA-
3’ and R: 5’-CAAACATTACGAGCAAATTC-3' in a
25 ml reaction with HotStarTaq buffer (Qiagen), 25
pmoles of each primer, MgCl, adjusted to 2.5 mM,
and 1.5 units HotStarTaq. Reaction conditions were
an initial denaturation at 94°C for 15 min, followed
by 94°C/30 s, a 55°C step down from to 48°C
decreasing 1°C per cycle, followed by 30 cycles
of 94°C/30 s, 48°C/30 s, 72°C/30 s and a final
extension at 72°C/5 min. The nested reaction primers
were F: 5- GATATGGAAAATATTTTATTTATTG -
3" and R: 5-AAACCAAGACAAATTCCAAG -3 in
a50 pL reaction containing 25 pmoles of each primer,
2.5 mM MgCl,, 1.5 units HotStarTaq. Reaction con-
ditions were an initial denaturation at 94°C for
15 min, followed by 35 cycles of 94°C/30 s, 50°C/30
s, 72°C/30 s and a final extension at 72°C/5 min. The
PCR products were visualized by standard agarose
gel electrophoresis using SYBR Safe DNA Gel Stain
(Invitrogen).

PCR products were purified using the QIAquick
PCR purification kit (Qiagen) according to the man-
ufacturer’s instructions. Samples were eluted twice
in 30 pL, and the eluates from each sample were
pooled and sequenced in both directions using the
primers that generated the products. Sequencing
reactions were performed by Eurofins/MGW/Operon
(Huntsville, AL). The sequences obtained were com-
pared to the known sequences in the National Center
for Biotechnology Information (NCBI, Bethesda,
MD, USA) GenBank database using the Basic Local
Alignment Search Tool for nucleic acids (BLASTn).
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PCR results were then considered positive if con-
firmed by sequencing data.

Basic Fuchsin histology

The protocol was based on a previously established
histological protocol designed to detect spirochetal
organisms [49] with modifications to accommodate
microwave-controlled heat delivery to the staining
solutions and addition of an aqueous ammonia-based
color elution step.

Formalin fixed paraffin embedded tissues are
sectioned at three-micron thickness using standard
histology technique and heat annealed at 60°C to
clean glass slides, followed by wax removal (decera-
tion) in serial xylene and serial alcohol solutions from
absolute alcohol to H,O (90, 80, 70%) terminating in
100% H,O.

Slides were stained by immersion in a 0.5% Basic
Fuchsin solution (Basic Fuchsin powder #CAS632-
99-5, Color Index 42510, American Mastertech
Scientific Inc., Lodi, CA) in 91% isopropyl alco-
hol. Basic Fuchsin/alcohol working solution filled
single use disposal plastic slide carriers hold a sin-
gle glass slide. The plastic carrier box is capped and
placed inside of a plastic Coplin jar. The Coplin
and plastic slide carrier unit is capped and placed
inside a microwave oven which is heated at a 30%
POWER setting for 1 min. The glass slide is removed
an allowed to cool to room temperature and a dis-
tilled HoO wash of the stained slide is completed. The
stained slide is then carefully decolorized in a glass
Coplin Jar filled with a solution of 30% household
ammonia (Household Ammonia Publix Inc, USA) in
distilled water. The decolorization progress was mon-
itored visually to detect of loss of red color eluted
from the tissue sections and parallel microscopic
examination was accomplished of the tissue under
100x magnification to reach a final color differenti-
ation endpoint marked by the appearance of yellow
(unstained) color in brain tissues and by detection of
persistent red basic fuchsin staining of spirochetes
in the tissue. Slides are then washed once in dis-
tilled H,O, air dried, and covered by coverslips. Light
microscopy at 400x and 1000x final magnifications
was used to identify any red color spirochetes. Photo
microscopy through a trinocular head five-megapixel
digital camera was completed.

Immunohistochemical analysis

The paraffin-embedded tissue slides were de-
paraffinized by heating on a slide warmer for 20 min

at 45°C and washing thrice in 100% xylene for 5 min
followed by rehydration in series of graded alco-
hols (100%, 90%, and 70% for 3 min each) and a
30-min rinse under slow-running tap water. Sections
were then washed in 1xPBS (pH 7.4) (Sigma) for
5 min followed by distilled water for 5 min. Following
deparaffinization and rehydration of the formalin-
fixed paraffin-embedded sections, slides were then
blocked with a 1 : 100 dilution of goat serum (Thermo
Scientific) in 1X PBS (Sigma) for 30 min at room
temperature in a humidified chamber. The sections
were then washed twice in 1X PBS (Sigma) for 5 min,
followed by distilled water for 5 min. Excess solution
was gently removed from each slide.

The sections were then incubated overnight with
a 1:100 dilution (1X PBS/1% BSA) of primary
anti-alginate rabbit polyclonal antibody (kindly pro-
vided by Dr. Gerald Pier, Harvard Medical School,
Boston, MA, USA) at room temperature in a humidi-
fied chamber. Sections were then washed as described
above and incubated with secondary anti-rabbit anti-
body with a fluorescent red tag (goat anti-rabbit IgG
(H+L)), DyLight 594 conjugated antibody (1 :200
in 1X PBS pH 7.4, Thermo Scientific), for 1h in
a humidified chamber. Sections were again washed
as described above. The slides were then incubated
for 1h with FITC-labeled polyclonal rabbit anti-
Borrelia burgdorferi at a 1 : 50 dilution (PA-1-73005,
Thermo Scientific) in the humidified chamber at
room temperature. The sections were washed again
as described above counterstained with 0.1% Sudan
Black (Sigma) for 20 min, washed and then counter-
stained with 4, 6-diamidino-2-phenylindole (DAPI,
1:1000 in 1X PBS, Thermo Scientific) for 2 min.
Finally, the sections were washed and mounted with
PermaFlour (Thermo Scientific). Images were cap-
tured using a Leica DM2500 fluorescent microscope
at200x and 400x magnification. As negative controls,
normal brain sections were stained following the
same procedure as mentioned above. Additional neg-
ative controls such as omitting the primary antibody
and use of non-specific isotype IgG controls (IgGl
Isotype Control, Invitrogen, MA1-10406) were also
utilized to confirm the specificity of the antibodies.

Immunohistochemical analysis using AB and
phospho-tau markers

Staining for A} proteins and phosphorylated tau
was performed on consecutive sections from blocks
that were positive for B. burgdorferi. Sections were
processed and washed as described above, followed
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by incubation with a 1 : 200 dilution of either anti-f3-
amyloid antibody-1 (ABA-1) (MA1-34553, Thermo
Fisher Scientific) and secondary anti-rabbit antibody
with a fluorescent blue tag (goat anti-rabbit IgG
(H+L), DyLight 405 conjugated), following previ-
ously published ITHC protocols [50]. Alternatively,
sections positive for B. burgdorferi were incubated
with 1:200 dilutions of anti-phospho-tau mono-
clonal antibody (MN1020, Thermo Scientific). As
a negative IHC control, a non-specific mouse IgGl
isotype (MA1-10406, Invitrogen) was used in place
of the primary antibodies to confirm the antibody
specificity of this assay). To avoid any cross-reaction
with the different primary and secondary antibod-
ies, sequential sections were used from the same
brain section for Borrelia, alginate and amyloid
staining.

Western blot analyses

Proteins were extracted from infected and non-
infected cells using NP-40 lysis buffer (Thermo-
Fisher Scientific- J60766-AP), quantified using
Biorad Bradford assay (Bio-Rad- 5000006). Proteins
were loaded along with the Precision Plus protein lad-
der (Bio-Rad, #1610376) in 4-15% Mini-PROTEAN
TGX Precast PAGE Gel (Bio-Rad, #456-1083) and
the gel was run 30 min then transferring the gel using
Trans-Blot Turbo, 0.2 wum PVDF (Bio-Rad, #1704
156EDU) in Trans-Blot Turbo Transfer System for
10 min. For blocking and antibodies, 1% BSA block-
ing buffer was added and the membranes were
kept on shaker at 4°C for 1h. Membranes were
washed 3 times with 1X TBST (Tris-Buffered
Saline/Tween 20 Sigma-Aldrich, P1379) for 10 min
each. Primary antibodies; GAPDH, Anti-rabbit
(1:1000, Signalway, #4159-1), Monoclonal Anti-
Human Beta-Amyloid antibody (1:800, Abcam,
ab32136) and Monoclonal Anti-Human Phospho-
Tau antibody (1 :800, ThermoScientific, MN1020)
were added and incubated with respective mem-
brane part on shaker at 4°C overnight then each
membrane was washed thrice with 1X TBST for
10 min. Human IgG, Anti-rabbit (1: 1000, Abcam,
#ab2075718) secondary antibody was added and
incubated on shaker for 1h at 4°C then the mem-
branes were washed again with 1X TBST thrice
each for 10 min. For visualization, ECL Substrate
& Peroxidase solution (Bio-Rad, #1705060) were
prepared following manufacturer’s instructions and
each membrane was incubated in the mixture for

Smin then visualized under a chemiluminescence
setting in the Gel Documentation System. The
percentage of intensity of each band was recor-
ded using ImageJ software (ImageJ.nih.gov, https://
imagej.nih.gov/ij/index.html) and significance was
tested on the average of three experiments using
unpaired r-test and statistical analysis determined by
using the Holm-Sidak method, with alpha =0.05.

Fluorescent in situ hybridization

FISH was performed on paraffin-embedded human
brain tissues using a previously validated protocol
[27]. The tissue sections were deparaffinized and
rehydrated as stated above. Sections were then placed
in a sodium borohydride solution (0.1 pg in 10mL,
Fisher) for 20 min on ice. The slides were fixed with
4% paraformaldehyde (PFA, J. T Baker) for 15 min
at room temperature. The sections were washed in
2X saline sodium citrate (SSC) buffer (3.0 M NaCl,
0.3M Na Citrate, and dH,O) and then digested
with pre-warmed proteinase K solution (20 pg/mL in
50 mM Tris, AmericanBio) for 10 min at 37°C. Tis-
sues were then refixed in 4% PFA for 10 min at room
temperature.

The slides were then placed into a preheated
denaturing solution (70% v/v formamide, 2X SSC,
0.1 mM ethylenediaminetetraacetic acid [EDTA]))
and incubated for Smin at 95°C. The slides were
refixed again with 4% PFA for 10 min, washed, and
added to denaturing solution again for 2 min at 60°C.
The slides were washed in 2X SSC for 5Smin at
room temperature. Pre-hybridization was followed
by incubation for 1-4 h in hybridization buffer (50%
v/v formamide, 10% w/v dextran sulfate [Sigma],
1% v/v Triton X-100 [Sigma], 2X SSC, and 2.5ng
of salmon sperm DNA). Hybridization followed
by incubating the slides with a denatured 16S
rDNA B. burgdorferi specific FISH probe (FAM-5'-
GGATATAGTTAGAGATAATTATTCCCCGTTTG-
3/, Burofins MWG Operon) at 48°C for 18 h in the
dark, A cover slip was placed on each slide to ensure
hydration of the tissue throughout the incubation.
Post-hybridization, slides were washed twice in
2x SSC at room temperature for 5min, and then
washed in 0.2x SSC for 5 min in the dark. The tissue
was then counterstained with 0.1% Sudan Black
(Sigma) for 20 min and then washed. Tissues were
counterstained with 4’,6-diamidino-2-phenylindole
(DAPI, Sigma) for 2min and slides were mounted
with Permafluor (Thermo Scientific).
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All steps were repeated with several negative
controls like 1) 200 ng of unlabeled competing oligo-
nucleotide included during the hybridization (5'-CA
AACGGGGAATAATTATCTCTAACTATATCC-3'),
2) following a DNase treatment of the sections before
the hybridization step in order to digest all genomic
DNA (100 pg/mL for 60 min at 37°C, and 3) 100 ng
negative control random oligonucleotide (FAM-5'-
GCATAGCTCTATGACTCTATACTGGTACGTAG-
3). Images were acquired using a Leica DM2500
fluorescent microscope at 200x and 400x magnifi-
cation.

Confocal microscopy

The tissue sections were visualized and ana-
lyzed with a confocal scanning laser microscope
(Leica DMI6000) for generating z-axis stacks for
visualization of biofilms in a 3-D view. Imagel]
software (ImagelJ.nih.gov, https://imagej.nih.gov/ij/
index.html) was used to process the obtained z stacks
to provide a detailed analysis of the spatial distri-
bution of the positively stained structure (Plugins:
Interactive 3D Surface Plot and Volume Viewer).

Atomic force microscopy

The Borrelia/alginate-positive structures were
visualized at nanometer-scale resolution through
AFM analyses. AFM scans on Borrelia positive tis-
sues were performed in contact mode using the
Nanosurf Easyscan 2 AFM (Nanosurf) equipped with
a SHOCONG-10 probe tip (AppNANO, Mountain
View, CA, USA). Images were taken by Hamamatsu
ORCA Digital Camera. Images were processed using
Gwyddion software in order to generate a 3D topo-
graphic view of biofilm forms.

RESULTS

One of the main purposes of this study was to eval-
uate the link between B. burgdorferi infected tissues
and neurodegenerative diseases. First, we screened
brain samples from patients diagnosed with either
AD or Parkinson’s disease. We then evaluated the
presence and morphology of B. burgdorferi posi-
tive staining from the hippocampal and frontal lobe
regions from the same AD/Lyme patient’s autopsy
tissues.

The status of p-Tau and AR deposits in plaques
in B. burgdorferi positive tissues and B. burgdorferi
infected cells were microscopically examined.

IHC staining and PCR analyses of brain autopsy
samples for B. burgdorferi

In the first set of experiments, the potential pres-
ence of B. burgdorferi in the brain tissues was
investigated. We began by screening 10 brain sam-
ples from patients diagnosed with either AD (6) or
Parkinson’s disease (4). Unfortunately, opportunities
to cut additional slides from any tissue in the archived
wax blocks from most of these patients were limited
because of the depletion of residual tissue by previous
investigations. Therefore, the performance of histol-
ogy studies was, in some experiments, numerically
limited by availability of tissue sections. To detect B.
burgdorferi DNA, a previously published B. burgdor-
feri specific PCR protocol was utilized [47] by the
amplification of CTP synthase. A positive band at 650
bp was for two of the AD patient samples and for the
isolated B. burgdorferi DNA were detected (Fig. 1A).
No PCR template negative control (Fig. 1A, lane
3) and none of the normal brain tissues (result not
shown) produced detectable PCR bands. Sequencing
of the positive PCR products showed 100% identity
for B. burgdorferi sensu stricto species.

To further confirm the presence of B. burgdor-
feri, we preformed fluorescent IHC technique in one
of a brain autopsy tissue sample of the PCR posi-
tive patient revealed Borrelia spirochetes (Fig. 1B).
Confocal microscopy analyses clearly showed a B.
burgdorferi positive spirochetal structure (Fig. 1D).

In our next set of experiments, we further investi-
gated the presence and morphology of B. burgdorferi
antigen and DNA as well the potential co-localization
to amyloid markers. As mentioned above, the tissues
from Harvard bank were limited and we needed more
materials for a comprehensive study. We were able to
study additional autopsy samples from an AD patient
who was also diagnosed with Lyme disease by west-
ern blotand Borrelia DNA presence was reported by a
recent study in these brain tissues [36] The patient’s
blood and CSF samples were positive for multiple
Borrelia species [36].

To confirm the presence of B. burgdorferi (both
sensu stricto and sensu lato species), a PCR was
conducted using a previously reported 16S rDNA
protocol [47]. The genomic DNA of Borrelia
burgdorferi B31 laboratory strain was included as
a positive control and E. coli genomic DNA along
with a no DNA template were used as negative
controls. Figure 2 demonstrates a positive band
for the genomic DNA of the hippocampus region
of the patient’s brain, indicating the presence of


https://imagej.nih.gov/ij/index.html

A.G. Senejani et al. / Borrelia burgdorferi Co-Localizing with Amyloid Markers in Alzheimer’s Disease Brain Tissues 895

A

bp M 1 23 4 5 6 7 8 9 101112

2000
1358

1000
750

pd

Anti-B. burgdorferi

=
D
k=1
=
Ay

=
=)

Fig. 1. Analyses of potential presence of B. burgdorferi in patients diagnosed with neurodegenerative diseases. A) B. burgdorferi specific
PCR detection. Bands at 706 bp indicate nested amplification of CTP synthase and the presence of B. burgdorferi DNA. A positive control
consisting of B. burgdorferi B31 gDNA (lane 1) and a negative control with no DNA template were used (lane 2). Positive bands were
observed in two AD patients (lane 6 and 11) indicating the presence of B. burgdorferi in these brain tissues. B) B. burgdorferi spirochete
found in brain tissue section of PCR positive patient diagnosed with AD (lane 11). Panel A shows a positively stained Borrelia spirochete.
D) The morphology of the spirochetal structure seen in panel A which was IHC positive for B. burgdorferi was further analyzed by confocal
microscopy. Panel E shows the structure stained in panel A and C magnified. Panels A-C were imaged at 1000x magnification.

B. burgdorferi. No PCR products were seen in the no
DNA template and the E. coli DNA sample, confirm-
ing that there was no contamination or nonspecific
PCR amplification in the samples. The PCR posi-
tive bands were sequenced and compared to known
sequences in the NCBI’s GenBank database using the
Basic Local Alignment Search Tool (BLAST) and
the obtained sequence showed 100% identity for B.
burgdorferi sensu stricto species.

Different forms of B. burgdorferi in brain tissues

In the next experiments, we asked the question
as to how frequently we can find B. burgdorferi
positive staining and what kinds of morphological
forms are manifest [21-23, 27]. One hundred and
fifty tissue slides were obtained from the hippocam-
pal and frontal lobe regions from the same AD/Lyme
patient’s autopsy tissues. The tissues were stained for
B. burgdorferi and its biofilm marker, alginate. The
IHC staining results showed dominantly B. burgdor-
feri aggregates co-stained with alginate suggesting
the presence of true Borrelia biofilm form. Out of 150
slides, 100 slides (66%) contained one or two Bor-
relia/alginate positive structures with sizes ranging
from 10 to 200 micrometer in diameter. To visu-
alize the spirochetal morphology in the tissues, we
adapted a Basic Fuchsin histology staining protocol

E. coli
Brain S1
Brain S2
NTC

—
™
m

400bp >

Fig. 2. Representative agarose gel image of a B. burgdorferi spe-
cific 16S rDNA PCR amplification of genomic DNAs from brain
autopsy tissues. Lane 1:1kB DNA Ladder (Life Technologies),
Lane 2: Extracted genomic DNA from B. burgdorferi B31 labo-
ratory strain, Lane 3: Genomic E. coli DNA as a negative control,
Lanes 4-5: Genomic DNA from human brain autopsy sections from
the frontal lobe (S1) and the hypothalamus area (S2), Lane 6: No
template control.

which is designed to visualize spirochetal structures
[49]. Figure 3 shows representative images of Basic
Fuchsin positive structures with evident spirochetal
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Fig. 3. Representative images of Basic Fuchsin positive structures with evident spirochetal morphology (black arrows, red staining) in
autopsy of cerebral cortex from the patient diagnosed with AD and Lyme disease. Magnification 400x, Size bars = 100 microns.

morphology (black arrows, brown staining, Fig. 3A
and B). Autopsy cerebral cortex with Borrelia in
colony growth patterns in closely grouped or in over-
lapping Borrelia (red borrelia against a yellow color
brain surround) demonstrates areas of “medusa” pat-
tern Borrelia microbes at the edges of the colonies.
Absent in these images is any staining of biofilm
requisite extracellular matrix which would appear as
a “red-veil” of amorphous red staining and would
correspond to cell free carbohydrate, protein, and
eDNA derived from once living but now dead biofilm
microbes. It is possible that the extracellular matrix
was completely decolorized from the colonies herein
and that only the cell walls of the Borrelia retained the
Basic Fuchsin stain. Single solitary red color Borrelia
with a beaded pattern are present in Fig. 3A.

Co-localization of alginate and amyloid markers
in B. burgdorferi positive structures

The pathology report of the patient described amy-
loid plaques in the tissue [36], leading us to assess the
possibility of a co-localization of the amyloid pro-
teins with Borrelia aggregates in autopsy brain sites.
Figure 4 shows images with representative aggre-
gates in the sections of the patient’s brain tissues
which stained positive for B. burgdorferi (green stain-
ing, Fig. 4A, E, and 1) along with anti-alginate (red
staining, Fig. 4B, F, and J) antibodies as well as co-
localization with the anti-amyloid protein antibody
(blue staining, Fig. 4C, G and K). To avoid any cross-
reaction with the different primary and secondary
antibodies, sequential sections were used from the
same brain section for B. burgdorferi, alginate and
amyloid staining. Differential interference contrast
(DIC) microscopy images help to visualize the tis-
sue structure and biofilm morphology (Fig. 4D, H,
and L). As a negative control, only the secondary

antibody without the primary antibody was used.
Obtained results showed no positive staining with
any of the secondary antibodies (Fig. 4M-0). A DIC
microscopy image is included to visualize the part of
the brain used in these experiments (Fig. 4P).

The results described above were further assessed
for the possibility of co-localization of tau proteins
with Borrelia positive aggregates due to this pro-
tein’s association with AD. In additional brain tissue
sections from the same AD/Lyme disease patient,
Borrelia/alginate positive structures were also stained
for phospho-tau again in a sequential section to
avoid any potential false positive staining. Figure 5
shows that aggregates which stained positive for
anti-Borrelia (green staining, Fig. 5A), as well as
anti-alginate (red staining, Fig. 5B) antibodies, also
stained with the anti-phospho-tau antibody (blue
staining, Fig. 5C). As a negative control for phospo-
tau antibody, a non-specific IgG replaced the primary
antibody. Figure 5D shows that there was no staining
obtained using only the secondary antibody in this
IHC experiments. A DIC image is included to visu-
alize the tissue structure and aggregate morphology
(Fig. 5E).

Fluorescence in situ hybridization provide
further proof for B. burgdorferi presence in brain
tissues

A previously published FISH protocol [23] using
B. burgdorferi sensu lato specific 16S rDNA probe
was utilized to further confirm the presence of Borre-
lia DNA in the brain autopsy tissues (Fig. 6A). DAPI
nuclear counterstain was used to depict the nuclear
content of the tissue (Fig. 6B) and DIC microscopy
was utilized to visualize the morphology of both the
aggregates and the host tissue (Fig. 6C). Several nega-
tive controls were used to assess the specificity of the
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BORRELIA

ALGINATE AMYLOID

Fig. 4. Representative immunofluorescence images of B. burgdorferi positive aggregates with amyloid co-localization in a human brain
tissue section. Panels A, E, and I show IHC staining results for infected brain autopsy tissue using a FITC labeled anti-Borrelia antibody
(green). White arrow shows a B. burgdorferi antigen positive spirochete. Panels B, F, and J show results using anti-alginate antibody (red).
Panels C, G, and K show results with Af antibody (blue). Panels D, H, L, and P demonstrate tissue morphology with DIC microscopy.
Panels N and O show experiments omitting primary antibodies, but secondary antibodies, as negative control. For Panel M, the FITC labeled
anti-Borrelia antibody, an FITC labeled anti-rabbit antibody was used to mimic the green, fluorescent staining. All images were taken at
400x. The scale bar shows 200 micrometers.

PHOSPHO- NON-SPECIFIC
BORRELIA  ALGINATE TAU lgG

Fig. 5. Representative images of a B. burgdorferi positive aggregate with phospho-tau co-localization in human brain tissue sections. Panel
A shows THC staining results for infected brain tissue using a FITC labeled anti-Borrelia antibody (green). Panel B shows results using

anti-alginate antibody (red). Panel C shows staining with anti-phospho-tau antibody (blue). Panel D demonstrates non-specific IgG negative
control and Panel E shows tissue morphology with DIC microscopy. All images were taken at 400x. The scale bar shows 200 micrometers.

FISH probe. The use of a random probe (Fig. 6D), 3D demonstration of a Borrelia/alginate-

as well as a competing oligo probe (Fig. 6E), and positive aggregate by AFM

DNase treatment before the Borrelia specific probe

was added (Fig. 6F), resulted in no visual staining on In the last set of experiments, in order to bet-
the sequential sections of the human brain autopsy ter understand the detailed structure organization of
tissues. Borrelialalginate- positive aggregates, contact-mode
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Fig. 6. Fluorescence in situ hybridization confirmation of Borrelia burgdorferi biofilm-like aggregates in the patient brain tissue. Panel
A shows result with Borrelia 16s rDNA probe. Panel B shows DAPI nuclear stain. Panel C demonstrates the tissue morphology by DIC
microscopy. Panel D shows no staining from an unspecific random DNA probe to further prove the specificity of the Borrelia specific DNA
probe. Panel E show result of a DNase pretreated tissue section before adding Borrelia DNA probe in the experiments. Panel F shows results
of a competing oligo+DNA probe. All the images were taken at 400x. The scale bar shows 200 micrometers.

atomic force microscopy was utilized. Figure 7 shows
representative micrographs of an IHC stained human
brain tissue which was positive for both Borre-
lia and alginate markers. AFM image shows that
biofilm was formed by B. burgdorferi in closely
crowded biofilm configurations in the autopsy tis-
sue and demonstrate the characteristic of empty
channels and protrusions with “tower morphology”
as previously demonstrated in Borrelial lympho-
cytoma human biopsy tissues [23]. Round body
Borrelia AFM profiles have been previously pub-
lished [23] from Borrelia garinii species in biofilm
communities. The patient presented here had AD
and tested positive for triple Borrelia species
(Borrelia garinii, Borrelia afzelii, and Borrelia
burgdorferi) by western blot studies several times
during life [36]. Round body profiles of specialized
non-motile Borrelia inside the biofilm community
distinguish biofilm specialized type round body
Borrelia from their motile cylindrical planktonic
precursors.

AB and p-Tau status in B. burgdorferi
infected cells

The above-mentioned results strongly suggest a
causal relationship between B. burgdorferi infection
and amyloid and p-Tau productions. To further evalu-
ate whether B. burgdorferi could contribute to p-Tau
and AP aggregation, we infected neuroblastoma cells
with B. burgdorferi using previously established pro-
tocol [50]. To provide evidence that the infected cells
indeed have B. burgdorferi, a 16S rDNA specific PCR
protocol was utilized [47]. Supplementary Figures 1
and 2 show that as early as 24-h post-infection, B.
burgdorferi is present in both cell lines and even at
72 h is still detectable.

To evaluate whether B. burgdorferi infection might
contribute to increased level of AP and p-Tau, west-
ern blot assay was performed and the level of both
proteins before and after infection was analyzed.
Both AB and p-Tau proteins have shown a signifi-
cant increase in protein expression in infected cells
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Fig. 7. Three-dimensional atomic force microscopy analyses of Borrelia/alginate-positive aggregates from a human brain tissue section.
Panel A shows a representative image from the AFM analyses which was performed using contact mode of the Nanosurf Easyscan 2 AFM
with SHOCONG probe (AppNANOTM). Images were processed, and measurements were obtained using Gwyddion software. The individual
height and width ranges are indicated on the panels. Panel B and C shows evidence that the scanned tissue is Borrelia- and alginate-positive
by fluorescent IHC analyses (400x magnification). Panel D shows DIC imaging to visualize the tissue. Red arrows represent the same area
of the tissue illustrated on panel A. Panels D shows tissue morphology with DIC microscopy. Scale bar: 100 wm
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Fig. 8. Expression of AP and p-Tau proteins in infected and non-
infected cells. Western blot analysis of protein expression of A3
(95 KDa), p-Tau (64 KDa), and GAPDH (37 KDa) of the 48 h of
B. burgdorferi infected and uninfected Kelly and BE2C cell lines.

compared to uninfected ones (Fig. 8). Intensity and
normalization of each band was then analyzed and
the statistical analysis of unpaired #-test detailed sig-
nificance between non-infected and infected cells in
A and p-Tau protein expression with p <0.05.

DISCUSSION

This study contributes to the growing number of
evidence that chronic infection can play a significant
role in the etiology of some diseases such as neurode-
generation. There were several earlier studies that
indicated the potential presence of spirochetal organ-
ism in brains with degenerative disorders [28-36],
and while some studies suggested a potential link
[35, 51], others contradicted these findings [52]. In
this study, the result of screening human brain tis-
sue sections of patients diagnosed with AD and
Parkinson’s disease were reported. PCR and histo-
chemical and immunostaining results provided strong
evidence for the presence of the Lyme disease caus-
ing bacteria, B. burgdorferi, in sections of two out
of ten patients’ brain hippocampus region. Since we
had limited tissue sections from these NIH Neuro-
BioBank samples, we continued our study in more
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detail with autopsy tissue sections from a Lyme
disease patient with autopsy AD neuropathology
confirmation. The autopsy tissue obtained from this
patient were analyzed for B. burgdorferi, biofilm, and
amyloid markers.

B. burgdorferi is known to be capable of forming
biofilms in vitro and in vivo [21-23, 27]. Forma-
tion of biofilm communities is distinguished by the
emergence of specialized bacterial forms that pos-
sess specialized biological behaviors which are not
planktonic. A sequence of different physical and
physiological properties leads to bacterial resistance
to anti-microbial agents which permits for chronic
infections to be established [53]. Other microbial
biofilms have previously been associated with antibi-
otic resistance leading to human diseases like cystic
fibrosis and native valve endocarditis [54]. Amyloid
structures were recently suggested as functional com-
ponents of bacterial biofilm for both Gram negative
and positive bacteria [55, 56].

In our previous study using Borrelia infected skin
tissues, we provided evidence for the co-localization
of Borrelia biofilm and amyloid markers [57]. In this
study, IHC results showed evidence for both spiro-
chete and biofilm forms in Lyme disease patient with
AD pathology with co-localization with the anti-A3
antibody, indicating the presence of Borrelia around
the plaques. Several previous studies provided strong
evidence that bacterial amyloid is an important com-
ponent to in senile plaques in AD by demonstration
of co-localization of Borrelia antigens and DNA
with AP deposits in the brains of those patients [9,
14, 15, 18, 28-36]. Furthermore, increased levels of
amyloid-3 protein precursor (ABPP) were found in
cells that had been infected with spirochete [32].
Additionally, Allen et al. have suggested that AD
senile plaques evidently have characteristics of spiro-
chetes and co-localize with A, strengthening the
idea that ABPP is important in both the spirochete
and AD plaques [35]. These findings suggest that by
exposure to bacteria or the toxic products released by
the bacterial spherical bodies such as outer membrane
vesicles, can elicit host responses comparable to those
observed in many neurodegenerative diseases such
as AD [31-33]. AD has not only been associated
with B. burgdorferi brain infections. As mentioned
above, association between AD and infectious agents
such as Chlamydia pneumonia, Helicobacter pylori,
Porphyromonas gingivalis, and Propionibacterium
acnes have also been established [37-45]. Amyloid
deposition has been associated with chronic human
bacterial infections and development of biofilm [58].

The amyloid curli protein can irreversibly form con-
jugated fibers with bacterial DNA during biofilm
formation, which leads to amyloid polymerization
and an activated immune response [59]. In this study,
it was hypothesized that these biofilm formations of
B. burgdorferi are detectable in brain tissues with
amyloid coated plaques. Co-localization of these
B. burgdorferi positive aggregates with the alginate
deposits verified that there are true biofilm structures.
Alginate has also been shown to be the major com-
ponent of the Pseudomonas aeruginosa biofilm in
chronic cystic fibrosis and a crucial component of
the EPS layer in B. burgdorferi, supporting our data
of alginate production in Borrelia biofilms [21-23,
217, 60].

Clinical research with AD-associated biomark-
ers for several phosphorylated tau protein classes in
autopsy brain pathology immunohistochemical stud-
ies discloses high level of phospho-tau proteins in
AD compared to controls. This study also included
the phospho-tau antibody in the THC experiments
in order to assess possible co-localization of this
protein with the Borrelia aggregates. In addition to
the co-localization of AP with Borrelia and algi-
nate, phospho-tau was also found to be co-localized
in the tissues. To better visualize and further con-
firm the presence of Borrelia positive aggregates,
we applied our sensitive FISH protocol using a B.
burgdorferi specific 16S rDNA probe. For confir-
mation of the results, several independent negative
controls for the FISH and IHC experiments were
incorporated. Negative controls included: THC exper-
iments with alginate and Borrelia performed on the
sequential human brain slides, a no- primary or
non-specific antibody control incorporated into the
IHC experiments, and several FISH negative con-
trols (DNase-treated samples, random DNA probes,
and competing oligonucleotide). Additional negative
controls were performed on normal human brain tis-
sues. The negative results of these controls verify
that the antibodies and probes were specific, and no
background tissue staining was detected. This study
also provides AFM imaging of the Borrelia-positive
biofilms in the brain tissues. These nanoscale images
allowed us to visualize some detail feature of biofilms
3-dimensional morphology and further characterize
the structure of the Borrelia- and alginate-positive
aggregates showing the classical tower morphology.

Our in vitro experiments also suggested that B.
burgdorferi spirochetes in tissue co-cultures can be
associated with the increase deposition of Af. We
observed a significant increased expression in the
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p-Tau and A proteins in B. burgdorferi infected cells
compared to non-infected ones which strongly sug-
gest a functional relationship; however, further larger
studies are required to provide explanations of the
role of B. burgdorferi infection in AD brain.

Bacterial infection is expected to trigger host innate
immune response to prevent the spread and move-
ment of pathogens. Upon B. burgdorferi invasion,
astrocytes and neurons in the spinal cord and brain
are known to release signaling molecules such as IL-
6, IL-8, IL-10, interferon (IFN)-gamma, and tumor
necrosis factor (TNF)-alpha, inducing inflammation
seen in acute LNB [61, 62]. This can be followed by
infiltration of microglia, macrophages, and T cells
to the site leading to higher level of inflammatory
mediators and ultimate neuronal apoptosis [61, 62].
In our previous study, we have provided evidence that
Borrelia biofilm can be surrounded by infiltrating T
cells in human autopsy tissues [27]. In one of our
recent papers, we have shown that B. burgdorferi can
increase MCP-1 and MCP-2 cytokine secretion as
well as manipulate oxidative stress by downregulat-
ing superoxide dismutase 2 (SOD2) gene in BE2C
cells [47].

In summary, chronic bacterial infections are among
potential important risk factors for neurodegenerative
diseases, including AD. In this study, we demon-
strated co-localization of B. burgdorferi biofilm and
amyloid markers and provided evidence that Borre-
lia infection can increase amyloid markers in human
cells. However, one of the limitations of this research,
that we had limited number of tissues from those neu-
rodegenerative samples and most of the tissues had
just a few sections available, therefore we were only
able to do more comprehensive study with one B.
burgdorferi positive sample. We are in the process to
reach out to other tissues banks and extend this study
with a larger numbers and more significant amounts
of brain tissues.

This research is part of a larger body of work
that hypothesizes “chronic infection and it’s adap-
tive pathological consequences can play a key role
in the etiology of many diseases such dementia and
neurodegeneration”.
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