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The neurological deterioration associated with Alzheimer’s disease (AD), involving
accumulation of amyloid-beta peptides and neurofibrillary tangles, is associated with
evident neuroinflammation. This is now seen to be a significant contributor to pathology.
Recently the tenet of the privileged status of the brain, regarding microbial compromise,
has been questioned, particularly in terms of neurodegenerative diseases. It is now
being considered that microbiological incursion into the central nervous system could
be either an initiator or significant contributor to these. This is a novel study using
16S ribosomal gene-specific Next generation sequencing (NGS) of extracted brain
tissue. A comparison was made of the bacterial species content of both frozen
and formaldehyde fixed sections of a small cohort of Alzheimer-affected cases with
those of cognitively unimpaired (normal). Our findings suggest an increase in bacterial
populations in Alzheimer brain tissue compared with normal.

Keywords: Alzheimer’s disease (AD), bacteria, human microbiome, 16S rRNA, next generation sequencing (NGS)

INTRODUCTION

Pathological triggers, culminating in the eventual loss of cognitive function in Alzheimer’s disease
(AD), are widely acknowledged to occur up to two decades before symptoms arise (Bateman et al.,
2012). It is acknowledged that the increased level of amyloid Aβ42 in the brain parenchyma, due to
either increased production of amyloid or its decreased removal, is likely to contribute substantially
to this. However, understanding why the presence of excessive levels of Aβ do not necessarily
result in cognitive impairment (Katzman et al., 1988; Hulette et al., 1998; Price and Morris, 1999;
Aizenstein et al., 2008; Esparza et al., 2013) may be related to the known role of inflammation and
the importance of the response of the innate immune system, which are also recognized as essential
factors (Heneka et al., 2015b). The common sporadic form of AD arises from a large number of
possible risk factors. The presence of the E4 polymorphism of apolipoprotein E4 (APOE4) has
long been known to be the most potent risk factor for sporadic AD, second only to age. One
reason for this is likely to be its importance in the clearance of Aβ, another may be its influence
on inflammatory response and its adverse influence on the integrity of the blood-brain barrier
(BBB; Bell, 2012), which is pertinent when discussing the level of privilege the brain retains (Yu
et al., 2014). The E4 polymorphism is proinflammatory, unlike the more common E3 form, which
facilitates suppression of inflammation (LaDu et al., 2001; Guo et al., 2004; Chen et al., 2005).
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Further to this, multicenter genome-wide association studies
(GWAS) have identified susceptibility loci on genes which may
increase or decrease the risk of AD (Bertram and Tanzi, 2009).
The polymorphisms found by these studies to be associated
with AD are thought to mainly affect three functional systems:
immune and inflammation responses, lipid metabolism and
endosomal vesicle recycling (Tosto and Reitz, 2013; Guerreiro
and Hardy, 2014). Evidence suggests that the influence of
neuroinflammation is involved at an early stage of AD (Akiyama
et al., 2000b; Holmes et al., 2009; Perry et al., 2010; Perry
and Holmes, 2014) and it has been demonstrated that a
microbiological insult, including bacteria or virus, may trigger,
or contribute to neuroinflammation and subsequent neurological
damage (Miklossy, 2011; Mawanda andWallace, 2013; Hill et al.,
2014; Cerajewska et al., 2015; Olsen and Singhrao, 2015, 2016;
Shoemark and Allen, 2015; Itzhaki et al., 2016; Miklossy and
McGeer, 2016).

The evidence so far is reliant on histology and other methods
that require prior knowledge of which bacterial species to look
for. Here we use 16S ribosomal RNA gene next generation
sequencing (NGS) in a pilot comparative study in normal and
AD-affected brains to determine the range and extent of bacterial
species present in this brain tissue.

MATERIALS AND METHODS

Cohort Study
Frozen and paraffin embedded tissue was obtained, with local
Research Ethics Committee approval, from the South West
Dementia Brain bank (SWDBB), University of Bristol, UK.
(SWDBB #ITA058). All studies conformed to relevant regulatory
standards. All brain samples are routinely assessed by the South
West BB for prion disease; only brain samples from subjects free
of prion disease pathology were released for this study. Handling
of the samples required the use of suitable personal protective
equipment including mask and protective eye-wear, and was
carried out in a lamina flow hood, to prevent contamination
in either direction. Left hemispheres are routinely sliced and
frozen at −80◦C; the right hemispheres are formalin fixed
for neuropathological assessment and for immunohistochemical
analysis. For this study, formalin fixed paraffin embedded
sections (denoted here as S) and tissue from frozen slices
(denoted here as F) were used from the temporal cortex (BA
38/40) of patients with AD and non-demented controls (C). The
diagnosis of AD was according to standard criteria as specified
in the Diagnostic and Statistical Manual of Mental Disorders
Fourth Edition (DSM-IV; American Psychiatric Association,
2000). Table 1 shows the properties of the cohort. Control
and AD samples were then age and post mortem delay (PMD)
matched except for an additional control (#678) which was added
to allow assessment of changes of bacterial content with extended
PMD (216 h).

DNA Extraction
DNA was extracted from frozen tissue, first by homogenization
of 50–100 mg using a pellet pestle (Sigma) in a 1.5 ml

microcentrifuge tube. The homogenate was resuspended in 1ml
of Tris EDTA (T.E.) buffer (10 mM Tris pH 8.0, 1 mM EDTA),
extracted with 0.5 ml of phenol/chloroform/isoamyl alcohol
(Sigma), then 0.5 ml chloroform, and DNA ethanol precipitated
with 2 volumes of ethanol in the presence of 0.2 M NaCl. After
sedimentation at 16,000× g, the DNA pellet was washed with
70% then 100% ethanol and air-dried before being dissolved in
50 µl of T.E. buffer. The entire procedure was carried out under
sterile conditions in a lamina-flow hood. DNA from formalin-
fixed, paraffin-embedded (FFPE) sections was extracted using
the Qiagen DNA FFPE Tissue kit (Qiagen 56404) according
to the manufacturer’s instructions except for the following
modifications: the outermost 2 mm of each section was removed
using a 1ml sterile pipette tip along with all surrounding paraffin.
The section was then incubated at 85◦C for 1 h to melt the
paraffin, which was then removed by incubation for 10 min in
xylene. Each section was washed in situ extensively with 100%
ethanol using a wash bottle. The tissue was then scraped into
a 1.5 ml centrifuge tube as stipulated in the protocol. The area
from which the tissue was removed was then washed with 180 µl
of ATL tissue lysis buffer (Qiagen) which was pooled with the
tissue. From this point onwards the method was according to the
manufacturer’s protocol.

DNA Quantification
Initial DNA concentrations were obtained by A260/280 absorption
using a NanoPhotometer P-Class (Implen, Munchen, Germany).
Most samples gave an A260/280 ratio between 2 and 1.8. Samples
with ratios lower than 1.7 were rejected.

PCR Primer Design
The primary aim of this study was to assess the presence in
the brain of bacteria from the widest possible taxonomical
spectrum. Therefore, universal bacterial 16S rRNA PCR
primers were chosen for maximal taxonomical coverage.
In order to achieve this, representative 16S ribosomal
gene sequences from the major phyla commonly found
in the human microbiome, Actinobacteria, Bacteroidetes,
Firmicutes, Fusobacteria and Proteobacteria, obtained from
the National Center for Biotechnology Information (NCBI)
16S ribosomal RNA database, including representatives
of the major human pathogens (Chakravorty et al., 2007)
and oral microbiome (Dewhirst et al., 2010) were aligned
using Clustal Ω (EMBL-EBI, Wellcome Genome Campus,
Hinxton, Cambridgeshire). The universal variable region-3
primer F342 (5′-CCTACGGGAGGCAGCAG) was derived
and used in combination with the reverse primer 518R (5′-
ATTACCGCGGCTGCTGG). These primers are designated
‘‘primer pair 1’’. They are similar to those described by
Chakravorty et al. (2007) who systematically assessed 16S
variable regions for their ability to distinguish between
110 bacteria, representing a wide spectrum at the genus level, and
tested with a mixed population containing 24 different bacterial
genera. Dendrogram analysis showed that this primer pair could
distinguish between all 110 species examined. Mori et al. (2014)
also carried out a systematic study of possible universal 16S
PCR primers that had low probability of amplifying eukaryotic
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TABLE 1 | Information on cases studied.

Control (n = 12) AD (n = 14)

BB No. Age (years) Sex M/F PMD BB No. Age (years) Sex M/F PMD Braak Stage

3 78 M 48 7 73 F 11 n.d.
69 64 M 16 148 85 F 24 n.d.
90 78 M 12 172 77 F 23 n.d.
102 70 M 50 251 74 F 11 5
294 65 M 9 435 54 F 24 6
295 82 M 3 498 83 F 5 5
412 82 F 96 508 80 M 5 5
461 77 M 10 584 85 F 85 6
467 75 M 6 598 56 F 44 6
678 84 F (216) 684 81 M 4 6
721 90 M 5.5 713 62 M 24.5 6
781 87 M 24 718 98 F 21.25 5

772 86 F 73 5
885 88 F 7.5 6

Brain bank (BB) no. is number assigned to a brain by South West Dementia Brain Bank (SWDBB), post mortem delay (PMD) is time interval (delay) between death

and post-mortem; Braak stage refers to neurofibrillary tangle stage where 6 is the most advanced stage of dementia, both stages 5 and 6 have extensive neurofibrillary

deposits; n.d. is not determined. Samples taken for further next generation sequencing (NGS) are shown in Table 2.

sequences. Apart from one G to A substitution, their primer 342F
is the same as that described here and showed good taxonomic
coverage.

PCR
Each amplicon was generated using 700 ng of starting material in
a 50 µl reaction containing 1× Platinum Taq buffer with 0.2 µl
Platinum Taq (ThermoFisher Scientific, Waltham, MA, USA),
1.5 mM MgCl2, each nucleoside triphosphate (NTP) at 200 µM
and each primer at 1 µM final concentration. An initial 5 min
denaturation step at 95◦Cwas followed by 40 cycles of 95◦C, 30 s;
65◦C, 30 s; 72◦C, 30 s with a final 7 min extension at 72◦C.

PCR Analysis
The PCR of the variable region 3 was repeated using 1200 ng
of starting material on an extended, but overlapping cohort
of frozen samples. Consistent with the original PCR, the
amplicon consisted of two bands (bands 1 and 2, Supplementary
Figure S1) superimposed over a faint smear. Band 1 is
approximately 200 bp, which corresponds to the variable
region-3 product of the majority of bacterial species using these
primers. The smaller band 2 is consistent with the product
size predicted for both the human 18S product (174 bp) and
Propionobacteria and Corynebacteria (168 bp).

Amplicon Processing
Amplicons were electrophoresed in a 2% agarose gel using
1× Tris-acetate-EDTA buffer (T.E.A. buffer: 40 mM Tris
pH 7.6, 20 mM acetic acid, 1 mM EDTA) and purified
by Qiaquick Gel Extraction kit (Qiagen GmbH, Hilden.
Germany#28704). Amplicons were further purified using the
Agencourt Ampure XP beads (Auto Q Biosciences Ltd, UK)
and then quantified using the High Sensitivity Qubit kit
(ThermoFisher Scientific). Amplicon sizes were determined
using the DNA 1000 Tapestation assay (Agilent Technologies,
US). Using the amplicon size and Qubit concentrations, the
sample concentrations were normalized to 10 nM. A pool of

amplicons at 10 nM was created by adding 5 µl of each
normalized amplicon to a single pool. The pool was re-quantified
using the Qubit High Sensitivity assay to determine the volume
required to take 100 ng into the library preparation stages. The
concentration of the amplicon pool was 1.6 ng/µl.

Library Preparation
One-hundred nanogram of the amplicon pool was taken into the
Life Technologies Ion Plus Fragment Library Kit (ThermoFisher
Scientific) protocol for amplicons without fragmentation and
the protocol was followed without deviation. The resulting
library, created by IonXpress Adapter 5 (ThermoFisher
Scientific; sequence CAGAAGGAAC), was verified for size
using a TapeStation High Sensitivity DNA 1000 assay (Agilent
Technologies, US).

Sequencing
Template generation and sequencing were performed using
the following Life Technologies kits: Ion PGM OT2 400 Kit;
Ion PGM Sequencing Kit 400; Ion 318v2 chip. Protocols
were followed according to manufacturer’s instructions without
deviation.

NGS Analysis
NGS data was processed using a custom quality control
(QC) pipeline including the use of seqtk and trimmomatic
(Bolger et al., 2014) which de-convoluted and trimmed the
barcode sequences from the reads and filtered for quality
by minimum and maximum sequence length. Resulting
reads were then processed using Qiime1 (Caporaso et al.,
2010b). Sequence chimera filtering was carried out using both
reference and de novo methods, with only sequences that pass
both these being retained and operational taxonomic units
(OTUs) selected based on a 97% similarity with a minimum
of 3 reads representing each OTU, both methods utilizing

1http://qiime.org/
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uclust (Edgar, 2010; Edgar et al., 2011). Following alignment
to the Greengenes Core reference alignment (DeSantis et al.,
2006) using PyNAST (Caporaso et al., 2010a), taxonomies were
assigned using the uclust method (Edgar, 2010; Edgar et al.,
2011) and phylogeny generated using FastTree (Price et al.,
2010). An OTU table was generated from these results, and
alpha and beta diversity metrics generated using the standard
QIIME tools, with the latter being calculated using UniFrac
(Lozupone and Knight, 2005) and visualized using Emperor
(Vázquez-Baeza et al., 2013). Data summarized in excel format
is supplied as Supplementary Data. Original data is available at
https://drive.google.com/drive/folders/0B5cL36CHc9tyMkZqVG
ZPeXFwUkk

RESULTS

Amplicon Generation and Assessment of
Possible Contamination
Using primer pair 1, amplicons were generated that contained
bands ranging approximately from 170–220 bp. These were
gel purified and concentrations normalized prior to library
preparation and NGS analysis.

To assess taxonomic coverage, observed taxonomic diversity
was plotted against sampled read depth using alpha rarefaction
analysis. This showed that a read depth of 20,000 was required
for adequate representation of OTU diversity. Control samples
F781C, F102C, F90C, F721C and S412C fell below this threshold
and, therefore, the data from these may not fully represent
the taxonomic diversity of the bacterial populations from these
samples. The samples analyzed by NGS are described in Table 1.
Age ranged from 62 years to 98 years, with Braak stages of 3 or 4
(controls) and 5 or 6 (AD).

It was not possible to completely avoid peri- or post-mortem
contamination and, in the case of FFPE sections, contamination
during storage (in cardboard holders). It was for these reasons
that both types of sample were analyzed in parallel; 102C and
781C were included as both FFPE and frozen samples. Sample
781C was relatively consistent between the different sources,
with both FFPE section (S781C) and frozen tissue (F781C)
bacteria comprising approximately 40%–45% Actinobacteria
and 35%–45% Proteobacteria with 10%–15% Firmicutes and
2% other. FFPE sections from 102C contained predominantly
Proteobacteria, whereas the frozen tissue sample of 102C
(F102C) was predominantly composed of Fusobacteria. This
increased Fusobacteria contribution was almost entirely confined
to this one sample. Therefore, these data suggest that, although
there is variability, neither type of sample preparation introduced
method-specific bias or contamination.

In order to assess levels of peri-mortem contamination, PMD
was plotted against total bacterial reads for each individual
(Figure 1A). Neither bacterial reads from AD nor control
correlated with age by linear regression analysis (p = 0.80 and
0.11 respectively). PMD did not significantly correlate with
bacterial reads in control (p = 0.055) or AD (p = 0.491). The
sample number is too low for definitive analysis, but these
data suggest that contamination from PMD is not a significant

factor and, furthermore, increased levels of bacterial reads are
associated strongly with AD compared to normal individuals and
not with age (Figure 1B).

Contaminating exogenous DNA also provides a major
technical difficulty. This is especially true of low biomass
experiments and where target DNA is extremely dilute (Lusk,
2014; Salter et al., 2014). Ideally, ‘‘no template’’ controls
should be included. These controls consistently identified
multiple Alpha-proteobacteria including Methylobacteriaceae;
multiple Beta-proteobacteria, Gamma-Proteobacteria, including
Enterobacteriaceae and Escherichia, Firmicutes including
Streptococcus (but not Staphylococcus), Actinobacteria
including Corynebacteriaceae and Propionibacteriaceae,
Bacteroidetes, Deinococcus and Acidobacteria (Salter et al.,
2014; Salzberg et al., 2016). These contaminants vary between
repeat experiments, are laboratory and operator-specific and
can derive from any stage in the metagenomics sequencing
process, including DNA-extraction kits and molecular biology-
grade water (Salter et al., 2014). In the study presented here,
although a PCR product was invariably generated in no-template
controls, yields were too low to analyze by NGS without further
amplification and indeed, control brain samples did not generate
enough amplicon to produce fully representative libraries. AD
and control samples were treated in exactly the same manner,
yet massively more bacterial 16S reads were yielded from
AD samples, strongly suggesting that contamination is not a
major issue for these data. One possible source of bacterial
‘‘contamination’’ in our tissue, blood, needs to be addressed. A
recent 16S NGS study carried out on normal (control) blood
samples provides a good base-line for this (Paisse et al., 2016).
Blood is shown to contain around 1.8–7.6 × 107 16S sequences
per ml of whole blood. These levels must be reflected in our
data to some extent. The taxonomic profile seen in our study
for non-AD brain is similar to that for blood as shown by Paisse
et al. (2016; Table 3) with Proteobacteria by far the highest
percentage. In comparison, our profile of AD brain is different
with Actinobacteria as the largest component. Additionally,
for these data, the largest Proteobacteria component is Alpha-
proteobacteria; Rhizobiales; Methylobacteriaceae (Figure 2D),
which as an environmental rhizobial bacterium is listed as a
common contaminant (Laurence et al., 2014) and displays
a random distribution between control and AD brains
(Figure 2D).

Primer Specificity and Taxonomic
Coverage
Primer pair 1 generated an NGS data set containing 23 phyla
and 178 taxa at the family level. However, 342F has 86% and
518R 100% identity to equivalent sites within the human 18S
rRNA gene and together they generate a 168 bp human 18S PCR
product with high efficiency. Therefore, the human 18S product
was co-purified along with the bacterial amplicon. This resulted
in the largest operating taxonomic units being taxonomically
unassigned in the initial analysis with subsequent BLASTN
analysis of representative sequences against the NCBI nucleotide
collection revealing them to be either an uncultured bacterial
species (accession KJ766015.2; 252/252 query coverage: 100%,
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FIGURE 1 | Correlation of total bacterial reads with (A) post-mortem delay (PMD; in hours) and (B) age (in years) n = 6 C; n = 8 Alzheimer’s disease (AD). (C,D)
Phylum level comparison of bacterial populations in frozen and formalin-fixed, paraffin-embedded (FFPE) samples from control (C) n = 8; AD n = 8. (C) shows
percentage composition (D) shows bacterial sequence reads.

E value: 1e-63, identity: 100%) or, using Clustal Omega
alignment, human 18S rRNA (NR046235.1). These data could
not differentiate between these two candidates but it is thought,
in all probability, to be the latter. Unassigned OTUs, all of
which were h18S, were subtracted from the total read counts
for each individual to give revised total bacterial reads (Table 2)
which were used in all subsequent calculations of percentage
composition (Table 3).

Two individuals, both AD (498, 508) had large numbers of
human 18S reads. This remains unexplained; but could be due to
inconsistency in gel purification or amounts of human genomic
DNA present in each sample.

Comparison of Bacterial Populations in AD
and Control Samples
This NGS study was carried out with normalized, re-amplified
libraries and therefore was not designed to assess actual bacterial
numbers. However we see here a clear pattern with AD samples

yielding noticeably more bacterial reads than controls. This is
depicted in Figures 1D and 2.

Figure 1C shows the percentage compositions of each of
the four groups (FFPE controls, FFPE AD, Frozen Control
and Frozen AD) at the phylum level. Figure 1D which shows
average total bacterial reads for each of the four groups,
showing that there is a 5–10-fold more bacterial reads in
AD compared with control in both frozen tissue and FFPE
sections.

Table 3 compares these data with two other relevant studies:
massively parallel sequencing of cDNA generated from total
RNA from surgically removed brain samples and post-mortem
material, yielding total human cDNA sequences as well as
microbial sequences (Branton et al., 2013) and specifically
16S rRNA-directed-NGS on blood (Paisse et al., 2016). These
two studies and ours produce data in broad agreement with
each other with the same four phyla contributing between
81%–100%. Branton et al. (2013) differs somewhat from the
rest with large variations in Bacteroides up to 35% compared to
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FIGURE 2 | Summary of data at the family level expressed in bacterial sequence read counts. (A) Bacterial reads in control (n = 8) and AD (n = 8) samples. Legend is
given in same order as shown in the bars (p. is phylum, f. is family). (B–G) Selected individual bacteria representing major components at the family level with p.
Firmicutes f. Staphylococcaceae; p. Actinobacteria f. Corynebacteriaceae, showing higher levels in AD but p. Proteobacteria f. Methylobacteriaceae distributed
across both AD and control samples.
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TABLE 2 | A summary of NGS data.

Summary of NGS data Control AD

Sample Total reads Bacterial reads Sample Total reads Bacterial reads

Number of samples 16 F781C 2473 2074 S713AD 43,237 35,510
Number of observations 2575 F90C 3655 2291 F885AD 49,733 11,745
Total counts 1,933,972 F721C 8458 6243 S718AD 66,180 63,365
Counts per sample (min) 2473 F102C 11,557 11,481 S772AD 122,273 120,282
Counts per sample (max) 685,992 S412C 15,233 13,385 F584AD 163,267 145,295
Median 41,126.5 S781C 25,269 24692 S598AD 291,581 269,504
Mean 120,873 S102C 32,552 31500 F508AD 373,496 102,261
Standard Deviation 179,469 S678C 39,016 37275 F498AD 685,992 158,506

Brain bank numbers have a prefix of F or S, representing samples from frozen tissue or from a section respectively. A suffix of C or AD denotes a sample from control or

AD brain, respectively. Controls (n = 6; two were present as both formalin-fixed, paraffin-embedded (FFPE) and frozen), mean ± standard deviation: age: 81.8 ± 7.1 years,

PMD: 37.5 ± 36.9 h (excluding S678C which has a PMD of 216 h) or 67.3 ± 79.9 h (including S678). AD (n = 8), mean ± standard deviation: age: 79.8 ± 13.9 years,

PMD 33.2 ± 31.3 h.

0.3%–3%. Our data differs from the other two in Actinobacteria
content with between 22%–74% compared to 5%–17% and
Proteobacteria with 20%–74% compared to 65%–87%. These
data also differ from the others in the composition of the
Proteobacteria component, with three out of four groups having
a majority of Alpha-proteobacteria with only one group having
Beta-proteobacteria as the predominant class.

Notably our data suggests Actinobacteria reads are higher
in AD samples compared to controls, with Proteobacteria
having a roughly inverse relationship. Firmicutes has a greater
percentage of reads in AD in FFPE, but not in frozen
tissue, and this was due to a large staphylococcal presence
in one sample. Actinobacteria are somewhat higher in our
controls compared to Branton et al. (2013) and Paisse et al.
(2016) and consistently higher in AD samples (Table 3
and Figures 2B,F). The Actinobacteria content seen here
consists primarily of Propionibacteriaceae, (Figure 2B) with
the largest OTUs being P. acnes. Actinobacteria accounts for
up to 10% of total reads in blood (Paisse et al., 2016) and

includes Corynebacteriaceae and 10 other Actinobacteria taxa
but no Propionibacteriaceae. Corynebacteriaceae (closely related
to Propionibacteriaceae) constitutes a much smaller proportion
of the Actinobacteria seen here, but, interestingly, displays a
similar distribution to P. acneswith consistently more seen in AD
samples.

Figure 2 summarizes the data at the family level expressed
in read counts, which is an indicator of bacterial numbers,
not an absolute or relative measure. Figure 2A shows that the
apparent raised levels of bacterial reads in AD samples are
in large part, and most consistently, due to Actinobacteria;
Propionibacteriaceae. Further BLASTN searches using
representative sequences from the top three Propionibacteriaceae
OTUs against the NCBI 16S rRNA database revealed them
all to be Propionibacterium acnes (P. acnes; score: 259/259;
coverage: 100%; E value: 2e-69; identity: 100%). The other major
contributors are from Firmicutes with Staphylococcaceae as
the major component, but only present in one AD sample in
overwhelming numbers.

TABLE 3 | Comparison with briefly summarized approximate data at phylum level from the closest comparable studies (Branton et al., 2013; Paisse et al., 2016).

Study Present Study Branton et al. (2013) Paisse et al. (2016)

Sequencing Method NGS 16S v3 NGS 16S v3 Deep Sequencing of cDNA NGS 16S v3/v4
Tissue AD (n = 8) Control (n = 6) ODC PM Brain Blood BC

HIV PM Brain Blood Plasma
Surgical Blood RBC

Average age (years) 79.8 81.8 ODC 62 21
HIV 38

Surgery 24
Proteobacteria 105,382 43,986 51.8∗ 3.2–3.7 × 107∗∗

(30%) (54.5%) (65–80%) (80–87%)
Sections/Frozen% (40/20)% (74/35)%
Actinobacteria 221,001 13,261 8.8∗ 2.8–4.2 × 106∗∗

(52.5%) (28.75%) (5–17%) (7–10%)
Sections/Frozen% (31/74)% (22/35)%
Bacteroides 2,520 621 1 × 106 ∗∗

(0.9%) (1.25%) (0–35%) (2–3%)
Firmicutes 122,732 2,186 Mostly not seen 1.3 × 106 ∗∗

(15%) (6%) (3–6%)

The first two columns show AD and control bacterial reads with percentage reads in brackets. % from sections and frozen tissue are given in brackets below this for

Proteobacteria and Actinobacteria. Other disease controls (ODC) ∗Average (n = 10) ∗∗Average whole blood data based on an average of 4.2 × 107 total bacterial reads

per ml of whole blood. BC is buffy coat; RBC is red blood cell. HIV is human immunodeficiency virus; PM is post-mortem.
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Figures 2B–G displays individually the read count data
from those taxa that contribute most significantly and shows
that, in addition to the marked increase in Propionibacteriaceae
in AD samples, Actinobacteria; Corynebacteriaceae shows a
similar pattern, although at much lower levels. Firmicutes
Staphylococcaceae and Firmicutes ‘‘other’’ may also maintain this
bias, but it is less clear for Proteobacteria ‘‘other’’. Proteobacteria
methylobacteriacea, in contrast, although present at relatively
high levels, is fairly evenly distributed between controls and AD
samples. Other taxa were deemed to have too few counts to
analyze in this manner.

DISCUSSION

This 16S rRNA NGS study was carried out using normalized,
re-amplified libraries and, although not designed to assess
absolute bacterial load in samples, unexpectedly a pattern
emerged with AD samples yielding noticeably more bacterial
reads than controls.

16S rRNA Gene Sequencing from a High
Genomic Background
16S rRNA gene phylotyping (Woese and Fox, 1977; Woese et al.,
1985; Woese, 1987; Böttger, 1989; Pace, 1997; Clarridge, 2004),
combined with NGS technologies (Tringe and Hugenholtz,
2008; Arumugam et al., 2011) has revolutionized the study
of the human microbiome. Since many bacteria cannot be
cultured (Stewart, 2012), NGS is generally seen as the most
efficient way to attempt a comprehensive assessment of
bacterial arrays (Fournier et al., 2014). In addition, it has
been shown that, for very low abundance taxa within a
mixed population, deep metagenomics analysis is inadequate
in terms of read depth and 16S amplification and sequencing
by universal 16S primers is required (Mori et al., 2014).
The technical parameters of such NGS studies require PCR
sensitivity, broad taxonomic coverage and the ability to
differentiate well between bacterial 16S rRNA and eukaryotic
18S rRNA genes (Pace, 1997). Optimizing all three is extremely
difficult to achieve because broad-spectrum bacterial 16S
primers tend not to differentiate between bacterial 16S and
mammalian 18S rRNA genes. Additionally, both types of sample
used here require amplification of unknown, but potentially
extremely low levels of bacterial targets from an overwhelming
amount of human background DNA. By comparison The
Human Microbiome Project Consortium Human Microbiome
Project Consortium (2012) typically use samples obtained by
non-invasive techniques with a human genomic component of
up to 80%.

We chose here to emphasize the first two requirements at
the expense of the latter, using primers likely to have a broad
taxonomic spectrum and high PCR efficiency, but with a high
degree of similarity to their equivalent sites on the human
18S gene. The relatively extreme PCR conditions used were
the result of an attempt to reduce the 18S component; that
this was not entirely successful is clearly demonstrated in the
data. What cannot be demonstrated is to what extent these

PCR conditions affected bacterial taxonomic coverage although,
at least at the phylum level, our data agrees well with other
studies and within each phylum there is a wide spectrum of taxa
seen.

We have provided evidence that exogenous contaminating
species were not a major component of these data and that blood
is likely to be the only significant source of non brain-derived
bacteria. Control brain displays similar bacterial profiles to blood
whereas AD brain has a larger proportion of Actionobacteria.
We propose that the levels of 16S sequences seen here in normal
brains may be derived in part from its blood content and from
contaminating species introduced through the NGS process. This
means that these data show between 5 and 10 fold higher levels
of bacterial reads in AD brain compared with control. These
comparisons show that the species largely responsible for most of
the increased bacterial levels seen here in AD brains, Firmicutes
‘‘other’’, Staphylococcus and Propionibacteriaceae (P. acnes) also
form the main differences between AD temporal tissue and
blood, with Propionibacteriaceae completely absent from the
blood data.

P. acnes as a Possible Contributing Factor
in Neuroinflammation
P. acnes is a commensal, gram-positive component of the
human skin and mouth microflora that prefers anaerobic growth
conditions and it is becoming increasingly clear that it is a
significant opportunistic pathogen. Most commonly, it has been
associated with post-operative lesions and implanted prostheses,
but, also in chronic diseases such as lumbar region inflammation,
endocarditis, sarcoidosis and in intracranial lesions (Buchanan
et al., 1982; Bhatia et al., 2004; McDowell et al., 2013). Recently
Branton et al. (2016) have shown the presence of Proteobacteria
and Actinobacteria (containing Propionibacteriaceae) in both
normal and multiple sclerosis affected brains; thus, normal
brain has a microbiome consisting largely of Proteobacteria and
Actinobacteria. Our data suggests that Actinobacteria (P. acnes)
increases in AD brain over and above Proteobacteria. The
ability of P. acnes to non-specifically stimulate the innate
immune system is well documented (Tanghetti, 2013): it
secretes chemotactic and proinflammatory cytokine-inducing
factors and can activate complement pathways and produces
hyaluronidases, proteases and neuraminidases, thought to cause
epithelial permeabilization and inflammatory infiltration (Bhatia
et al., 2004). It is interesting to note that P. acnes was cultured
from three out of four biopsies from AD-affected brains
(Kornhuber, 1996). P. acnes is a well-documented contaminant
of NGS techniques as shown by no template controls and of
clinical samples that have unavoidable contact with skin (Lusk,
2014; Salter et al., 2014; Mollerup et al., 2016). However, the
consistently high levels seen here in AD samples compared
to normal brains and the apparent minimal contribution of
post mortem interval along with the lack of significant contact
with skin makes contamination an unlikely explanation for the
P. acnes content of these data. Furthermore, the physiological
characteristics of P. acnes (Buchanan et al., 1982; Bhatia et al.,
2004; McDowell et al., 2013; Tanghetti, 2013), including its
known ability to grow slowly in the cortex (Kornhuber, 1996),
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would make P. acnes a good candidate for a bacterial source of
neuroinflammation in AD brains and the bacterial reads seen
here would warrant further investigation.

The closely related Corynebacteriaceae reported here are only
defined to an uncharacterized culture (and not C. diphtheriae),
but it is perhaps worth noting a report suggesting that
C. diphtheriae is often found in the nasopharynx and that
inoculation against diphtheria may provide protection against
AD (Merril, 2013). Furthermore, Corynebacteriaceae have been
detected by 16S NGS in cerebrospinal fluid from living
individuals (Salzberg et al., 2016).

AD-Associated Neuroinflammation and
Possible Microbial Contributors
These data need to be viewed in the context that the mean
age of the NGS cohort was 81.8 for control and 79.8 for AD.
Immune response is known to be affected by age, with a waning
in function of the adaptive immune system with increasing age
(Weksler et al., 2005; Castelo-Branco and Soveral, 2014) whereas
the innate immune system remains relatively intact, providing
a rapid but short-lived acute defense against pathogens. Half of
all genes upregulated in an age-related manner are associated
with inflammation, oxidative stress and inflammatory cytokines
(Prolla, 2002), which is consistent with evidence showing that the
aging innate immune system takes on an ever-greater role against
pathogens; changing from a first line of defense to a chronic,
inflammatory response (Licastro et al., 2005). Consistent with
this, neuroinflammation appears to be both a general age-related
feature in the brain (Lynch, 2010) and, in exaggerated form, as
an important contributor to many age-related neuropathological
diseases (Akiyama et al., 2000a; Heneka et al., 2015a). For
instance, increased levels of proinflammatory cytokines such as
tumor necrosis factor alpha (TNFα) and interleukins, IL6 and
IL1β are highly expressed during the early stages of AD
(Sudduth et al., 2013) with levels of TNFα 25-fold higher in
AD cerebrospinal fluid than controls (Tarkowski et al., 1999).
Microglial cells associated with plaques in AD brains (Perlmutter
and Chui, 1990) are an important component of the innate
response, and are activated as a function of age (Norden and
Godbout, 2013). In AD brain this is likely to be a chronic
response to Aβ (Sastre et al., 2006) resulting in localized immune
responses (Akiyama et al., 2000a), production of damaging free
radicals and the assembly of inflammasomes which promote an
escalation of neuroinflammation and neurodegeneration (Malik
et al., 2015). Overproduction or reduced clearance of Aβ may
exacerbate this. Additionally, the integrity of the blood-brain-
barrier (BBB) diminishes, partly with age, increased cytokine
load and in the context of apolipoprotein E4 (ApoE4; Bell et al.,
2012).

The evidence for a significant microbial presence in the
human brain is substantial, including pathogens such as fungi
(including yeast; Pisa et al., 2015), herpes simplex virus-1,
HIV, toxoplasma, viroids, hepatitis C, cytomegalovirus, and
a variety of bacteria (Miklossy, 2011; Mawanda and Wallace,
2013; Harris and Harris, 2015; Olsen and Singhrao, 2016; Zhan
et al., 2016). These could be present as the consequence of an
increased permeability of the BBB. However, since Aβ42 found in

plaques has anti-microbiological activity, protecting against both
bacterial and fungal infections (Soscia et al., 2010; Heneka et al.,
2015a; Kumar et al., 2016; Spitzer et al., 2016) their presence may
be indirect evidence for a microbial-induced neuroinflammatory
response. Aβ42 itself seems to be implicated as part of the
innate immune response to bacterial infection. The observation
that both alpha synuclein and Aβ42 have antimicrobial activity
and that the CsgA (Curli) protein expressed by some bacteria
(as part of their extracellular biofilm matrix) promotes alpha
synuclein fibrillar deposition in the context of Parkinson’s
disease (Chen et al., 2016) may suggest a role for biofilm matrix
components in the propagation of host amyloid fibrillization.
These observations combined with those showing age-related
increase in the permeability of the gastro-intestinal epithelium
(Tran and Greenwood-Van Meerveld, 2013) provide a model of
aging brains under increasing threat from almost every known
type of microbe, which could account for a considerable portion
of age-related neuroinflammation.

Bacteria and AD
Probably the bacteria most frequently described as associated
with AD are those of the oral microbiome. Several
epidemiological studies have shown links between tooth loss,
poor oral hygiene and an increased risk of dementia (Gatz et al.,
2006; Stein et al., 2007; Kamer et al., 2009; Paganini-Hill et al.,
2012). Multiple studies have shown up to a seven-fold higher
density of oral bacteria in AD brain tissues compared to normal
(Miklossy and McGeer, 2016). Spirochetes such as Treponema
have been linked to AD (Riviere et al., 2002) and increased
levels of immunoglobulin to P. gingivalis (Sparks Stein et al.,
2012), F. nucleatum and P. intermedia) have all been associated
with cognitive impairment and/or AD (Riviere et al., 2002).
Helicobacter pylori (Miklossy et al., 2006; Kountouras et al., 2014;
Miklossy, 2015) and the spirochete B. burgdorferi (MacDonald
and Miranda, 1987) have also been found. There is also strong
evidence to suggest that the gut microbiome is associated with
pathogenic mechanisms in both Parkinson’s disease (Sampson
et al., 2016) and AD (Minter et al., 2016). In a mouse model
of Parkinson’s disease, the gut microbiome was shown to be
required for pathology as well as characteristic motor deficits
(Sampson et al., 2016). Further to this, in an AD mouse model
with familial AD mutations which produce numerous amyloid
(Aβ) plaques in the brain, antibiotic-related changes in the
gut microbiome resulted in a decrease in plaque load (Minter
et al., 2016). Additionally, changes in the microbiome have been
reported in obesity (Ley et al., 2005; Turnbaugh et al., 2009) and
type 2 diabetes (Qin et al., 2012; Karlsson et al., 2013), each of
which is strongly associated with AD.

Some of the best-documented bacterial species associated with
periodontal disease were not observed in this study (Balin et al.,
2008; Fujii et al., 2009; Dewhirst et al., 2010; Achermann et al.,
2014). However, that these ‘‘missing’’ species could be present
at low copy numbers or in discreet areas not sampled cannot
be discounted; further sampling and NGS-based experiments
exploring more rRNA gene variable regions, different PCR
conditions and systematic analysis of 16S DNA in different areas
of the brain are required in order to provide a fuller assessment.
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There are other considerations also: for instance, the cohort
assessed here was not selected based on periodontal or any other
disease; future studies would require specific cohorts selected
for the presence and absence of periodontal or other disease.
Additionally, any infection, which initiates the neuropathology
of AD,may occur 15–20 years pre-mortem; therefore the bacteria
identified here may be due to secondary infection after BBB
breakdown. In addition, cohorts from different geographical
regions may differ in their gut, mouth and brain microbiomes.
Species vary between global regions and ethnic groups (Rylev
and Kilian, 2008): Spanish periodontitis patients were more
likely to harbor oral P. gingivalis than in Netherlands where A.
actinomycetemcomitans was more evident (Sanz et al., 2000).
Furthermore, whereas up to 90% of North American samples
of AD brains contained C. pneumoniae, in another study from
North European patients, C. pneumoniae could not be detected.
(Gieffers et al., 2000). Likewise, in this study C. pneumoniae was
completely absent, as was E. coliK99 (Zhan et al., 2016) and some
other periodontal species previously associated with AD were
noticeable by their extremely low levels or complete absence; also,
some other non-oral bacterium commonly associated with AD.

SUMMARY

This is a novel comparative pilot study using 16S ribosomal NGS
to assess the bacterial component of the microbiome in frozen
and fixed post-mortem tissue from AD and control temporal
cortex. The study presented here has shown, for the first time,
that 16S NGS in terms of both PCR sensitivity and taxonomic
coverage is extremely well suited to the detection and analysis of
bacterial populations in both frozen and FFPE temporal cortex,
despite background human genomic DNA being present in
overwhelming excess. Although this is only a pilot study with a
limited cohort, these data strongly suggest that AD brains tend
to have strikingly large bacterial loads compared to controls. In
this study, species associated with skin, nasopharyngeal and oral

areas such as Firmicutes and most consistently Actinobacteria,
especially P. acnes (up to 94% of Actinobacteria) are responsible
for this.
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Many pathogenic microorganisms have been demonstrated in atherosclerotic plaques

and in cerebral plaques in dementia. Hyperhomocysteinemia, which is a risk factor for

atherosclerosis and dementia, is caused by dysregulation of methionine metabolism

secondary to deficiency of the allosteric regulator, adenosyl methionine. Deficiency of

adenosyl methionine results from increased polyamine biosynthesis by infected host

cells, causing increased activity of ornithine decarboxylase, decreased nitric oxide and

peroxynitrate formation and impaired immune reactions. The down-regulation of oxidative

phosphorylation that is observed in aging and dementia is attributed to deficiency

of thioretinaco ozonide oxygen complexed with nicotinamide adenine dinucleotide

and phosphate, which catalyzes oxidative phosphorylation. Adenosyl methionine

biosynthesis is dependent upon thioretinaco ozonide and adenosine triphosphate (ATP),

and the deficiency of adenosyl methionine and impaired immune function in aging are

attributed to depletion of thioretinaco ozonide from mitochondrial membranes. Allyl

sulfides and furanonaphthoquinones protect against oxidative stress and apoptosis by

increasing the endogenous production of hydrogen sulfide and by inhibiting electron

transfer to the active site of oxidative phosphorylation. Diallyl trisulfide and napabucasin

inhibit the signaling by the signal transducer and activator of transcription 3 (Stat3),

potentially enhancing immune function by effects on T helper lymphocytes and promotion

of apoptosis. Homocysteine promotes endothelial dysfunction and apoptosis by the

unfolded protein response and endoplasmic reticulum stress through activation of

the N-methyl D-aspartate (NMDA) receptor, causing oxidative stress, calcium influx,

apoptosis and endothelial dysfunction. The prevention of atherosclerosis and dementia

may be accomplished by a proposed nutritional metabolic homocysteine-lowering

protocol which enhances immunity and corrects the altered oxidative metabolism in

atherosclerosis and dementia.

Keywords: allylsulfides, atherosclerosis, dementia, furanonaphthoquinones, homocysteine, thioretinaco ozonide,

oxidation
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INFECTIONS AND THE PATHOGENESIS OF
ATHEROSCLEROSIS

Investigators a century ago considered infectious agents to
be critical factors in the pathogenesis of atherosclerosis. The
celebrated pathologist and physicianWilliam Osler identified the
vulnerable plaque as an intimal pustule, and current opinion
incriminated infections or toxins as the factor producing intimal
lesions of arteries (Osler, 1908). However, efforts to produce
arteriosclerotic plaques in experimental animals by infusing
bacterial cultures were largely unsuccessful.

Modern techniques of culture, electron microscopy,
immunohistochemistry, and molecular hybridization, have
demonstrated diverse types of microorganisms within human
atherosclerotic plaques. These microbes include Chlamydia
pneumoniae, Helicobacter pylori, Mycoplasma pneumoniae,
archaeal organisms, and more than 50 common pathogenic
bacteria (Ott et al., 2006). Cytomegalovirus is demonstrated
within the smooth muscle cells of human atheromas (Melnick
et al., 1983), and biofilms of Pseudomonas aeruginosa are
demonstrated within atheromas of human carotid arteries
by molecular hybridization (Lanter et al., 2014). A diverse
population of common bacteria is demonstrated within
carotid atheromas by pyrosequencing of bacterial 16s ribosomal
ribonucleic acid (rRNA) (Ziganshina et al., 2016). The occurrence
of biofilms in human atheromas may explain the failure of anti-
microbial therapy to prevent adverse vascular events because
of the resistance of biofilms to antibiotics. Experimental
atherosclerotic plaques are produced in chickens by Marek’s
disease herpesvirus (Fabricant et al., 1978). C. pneumoniae
and M. pneumoniae cause exacerbation of arterial plaques
in hypercholesterolemic mice (Damy et al., 2009), and C.
pneumoniae and influenza virus cause exacerbation of arterial
plaques in mini-pigs with hypercholesterolemia (Birck et al.,
2011).

Since introduction of the cholesterol hypothesis of
atherogenesis in 1913 (Anitschkow and Chalatow, 1913) and
the homocysteine theory of arteriosclerosis in 1969 (McCully,
1969, 2005, 2016a), evidence has accumulated to support the
conclusion that infectious microbes are causal factors in the
pathogenesis of atherosclerosis (Ravnskov and McCully, 2012).
Mortality from cardiovascular disease increases in infectious
diseases like influenza, and other infections predispose to acute
coronary syndrome in about one third of cases (Smeeth et al.,
2004). Bacteremia and periodontal infections predispose to
cardiovascular disease (Valtonen et al., 1993; Spahr et al., 2006),
and therapy of periodontal disease improves endothelial function
and reduces intimal thickening from proliferation of arterial
smooth muscle cells, elastin, and fibrous tissue (Piconi et al.,
2009). Septic shock and bacteremia occur frequently in acute
myocardial infarction, and serological markers of infection and
inflammation are elevated in cases of cardiovascular disease
(Espinola-Klein et al., 2002; Ravnskov and McCully, 2009).

Analysis of atherosclerotic plaques by pathologists in the
nineteenth century identified inflammation of the arterial wall,
deposition of fats in intimal plaques, mucoid degeneration of
the media, fibrosis, calcification, and atheroma with crystal

deposition as factors in the pathogenesis of atherosclerosis
(Virchow, 1856). Following identification of crystals of
cholesterol within atheromas (Aschoff, 1924), investigators
in Russia produced atherosclerotic lesions in the arteries of
rabbits by feeding meat, eggs and milk or by feeding cholesterol
to produce fibrolipid arteriosclerotic plaques (Ignatowsky,
1908; Anitschkow and Chalatow, 1913). Investigators in
America clarified the role of dietary protein in production of
experimental arteriosclerosis by showing that dietary proteins,
from which all lipids and cholesterol had been removed by
solvent extraction, were responsible for the experimental
production of atherosclerosis in animals (Newburgh and
Clarkson, 1923).

The contemporary version of the inflammatory pathogenesis
of atherosclerosis is the “response to injury” hypothesis, which
attributes atherogenesis to factors leading to inflammation,
including low-density lipoprotein (LDL), oxidized LDL
(oxLDL), hyperhomocysteinemia, hypertension and elevated
angiotensin II, and infections by herpes virus and C. pneumoniae
(Ross, 1999). Elevation of blood homocysteine levels was
found to be a pathogenic factor in arteriosclerotic plaques
occurring in cases of homocystinuria caused by inherited
deficiencies of cystathionine synthase, methionine synthase,
or methylenetetrahydrofolate reductase (McCully, 2005).
Studies with cultured human macrophages showed that
homocysteine thiolactone, the anhydride of homocysteine,
causes aggregation and precipitation of LDL and foam cell
formation by phagocytosis of homocysteinylated LDL aggregates
by cultured macrophages (Naruszewicz et al., 1994). These
observations led to development of the homocysteine theory of
atherosclerosis and diseases of aging (McCully, 2016a).

Human LDL is demonstrated to be the plasma factor
which complexes with microorganisms and their toxins,
forming aggregates which inactivate infectious microbes as a
critical process in innate immunity (Ravnskov and McCully,
2009). Aggregation and complexation of microbes with
LDL are enhanced by hyperhomocysteinemia, because of
homocysteinylation of free amino groups of apoB of LDL
by homocysteine thiolactone to form homocysteinylated
LDL (Naruszewicz et al., 1994). Autoantibodies are formed
against homocysteinylated LDL and oxidized LDL, potentially
increasing the size of the aggregates of homocysteinylated LDL
and microorganisms (Ferguson et al., 1998). The pathogenesis
of atherosclerotic vulnerable plaques is attributed to obstruction
of vasa vasorum of the arterial wall by these aggregates, causing
ischemia, necrosis, hemorrhage, and a micro-abscess, which
ruptures into arterial intima, creating the vulnerable plaque
(Ravnskov and McCully, 2009). Hyperhomocysteinemia leads to
further obstruction of vasa vasorum by microbial LDL aggregates
because of narrowing of lumens of arterioles by vasoconstriction,
deposition of fibrin, and endothelial dysfunction, and passage of
the microbial LDL aggregates through vasa vasorum is further
impeded by impaired deformability of erythrocytes and increased
blood viscosity (McCully, 1969). Deposition of aggregates of
microbes and homocysteinylated LDL within intima and
media causes formation of foam cells by phagocytosis of these
aggregates by macrophages adjacent to the vasa vasorum, and
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release of free cholesterol and lipids occurs from degeneration of
foam cells within fibrolipid atherosclerotic plaques (Guyton and
Klemp, 1993).

INFECTIONS AND THE PATHOGENESIS OF
DEMENTIA

Extensive evidence supports the conclusion that infectious
microorganisms are pathogenic factors in sporadic Alzheimer’s
disease (Harris and Harris, 2015). Some prominent examples
are infections by Herpes Simplex Virus, Cytomegalovirus,
other Herpesviridae, Chlamydophilia pneumoniae, oral
spirochetes, H. pylori, Porphyromonas gingivalis and other
periodontal pathogens and Propionibacterium acnes. Six
different oral Treponema spirochete species were demonstrated
in cerebral plaques and intracellular tangles by molecular and
immunochemical techniques (Miklossy, 2011). The causative
agent of Lyme disease, Borrelia burgdorfei, was also detected
in cerebral plaques by dark field microscopy, molecular
hybridization, and electron microscopy in proven cases of
Alzheimer’s disease (Miklossy, 2011). Analysis of the historical
evidence supports the pathogenic effects of these spirochetes
in causing dementia, because of the occurrence of dementia in
late stage infections by Treponema pallidum or B. burgdorfei
(Miklossy, 2015). Many of the same pathogenic microbes that
are demonstrated in atherosclerotic plaques are also pathogenic
factors in the production of Alzheimer’s disease.

Deposition of amyloid A-β (Aβ), hyperphosphorylation of
tau protein, neurodegeneration, and apoptosis of neurons
are reactive processes caused by the presence of pathogenic
microorganisms in cerebral senile plaques and intracellular
neurofibrillary tangles, according to the microbial theory of the
origin of sporadic Alzheimer’s dementia (Harris and Harris,
2015). Evidence for this interpretation is the demonstration
that Aβ is a polypeptide with anti-microbial properties that is
deposited in plaques and tangles as a function of the innate
immune system (Socia et al., 2010). Mitochondrial dysfunction
is produced by anti-microbial Aβ polypeptides by decreasing
fluidity of mitochondrial membranes (Eckert et al., 2001) and
opening of the mitochondrial membrane permeability transition
pore (Risso et al., 2002), causing release of cytochrome C,
induction of breaks in DNA, and cleavage of the poly-ADP ribose
polymerase (PARP), the NAD+-dependent enzyme that catalyzes
repair of DNA (Aarbiou et al., 2006).

HYPERHOMOCYSTEINEMIA AND
ALTERED OXIDATIVE METABOLISM IN
ATHEROSCLEROSIS AND DEMENTIA

Hyperhomocysteinemia was demonstrated to be a risk factor
for dementia of the Alzheimer type by a study of 1,092
participants in the Framingham Heart Study (Seshadri et al.,
2002). Participants with hyperhomocysteinemia have an
increased risk of subsequent development of dementia after 8
years of observation. Hyperhomocysteinemia is also associated
with aging and atherosclerosis. Blood levels of homocysteine

increase ∼1 µmol/L per decade over the age of 60, and
hyperhomocysteinemia is an independent and potent risk
factor for development of cardiovascular, cerebrovascular,
and peripheral vascular disease (McCully, 2016a). Lowering
blood homocysteine levels by B vitamin therapy with folate,
cobalamin, and pyridoxal fails to reduce adverse vascular events
in subjects with established cardiovascular or cerebrovascular
disease. A recent study, however, demonstrates that B vitamin
therapy reduces cerebral atrophy in gray matter regions of brain
in subjects with cognitive decline who are vulnerable to the
Alzheimer’s disease process (Douad et al., 2013).

Reductions of brain glucose metabolism and blood flow in the
brain of subjects with Alzheimer’s disease are demonstrated by
positron emission spectroscopy (Chandrasekaran et al., 1996).
Synaptic loss or synaptic dysfunction reflect down-regulation of
gene expression for glucose transport, Na,K-ATPase, oxidative
phosphorylation, and energy consumption in affected regions of
the brain. In aging of otherwise normal subjects, mitochondria
become progressively dysfunctional because of decreased
oxidative phosphorylation resulting from decreased transfer
of electrons to the site of oxidative phosphorylation. These
changes produce a reduction in oxygen consumption, decrease
in mitochondrial membrane potential, increased oxidation
products of proteins, DNA, and phospholipids, and increased
size, fragility, and bizarre shape of mitochondria in aging animals
(Navarro and Boveris, 2007).

DISCOVERY OF THIORETINAMIDE AND
THIORETINACO OZONIDE FUNCTION IN
OXIDATIVE METABOLISM

Failure of oxidation of the sulfur atom of homocysteine
thiolactone was demonstrated in cultured malignant cells,
inhibiting the conversion of the sulfur atom of homocysteine
to sulfate (McCully, 1976). The resulting accumulation of
intracellular homocysteine thiolactone is attributed to
depletion of a hypothetical derivative of homocysteine
thiolactone from malignant cells (McCully, 1976). Because
of reaction of intracellular homocysteine thiolactone with
free amino groups of macromolecules to form peptide-bound
homocysteine, the homocysteinylation of proteins, DNA, RNA,
glycosaminoglycans, and other macromolecules produces the
cellular changes that are characteristic of malignant cells. These
changes include increased negative charge of cellular membranes,
diffuse membrane dysfunction, increased immunological
reactivity to homocysteinylated antigens, irregular aggregation
of chromatin, chromosomal abnormalities, altered genetic
expression, and mitochondrial dysfunction, especially aerobic
glycolysis (McCully, 2016a).

Organic synthesis of derivatives of homocysteine thiolactone
disclosed several compounds with anti-neoplastic activity against
transplantedmalignant neoplasms inmice (McCully, 1992a). The
anti-neoplastic activity of these model compounds is associated
with solubility in lipids, a carboxyl group adjacent to the nitrogen
atom of homocysteine thiolactone, a conjugated double bond
system, and complexation with a transition metal ion. The
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synthetic derivative, thioretinamide (TR), is the amide formed
from retinoic acid and homocysteine thiolactone (McCully and
Vezeridis, 1987). Thioretinamide forms a complex with the
cobalt atom of cobalamin (Co), in which two molecules of TR are
bound to cobalamin to form thioretinaco (TR2Co) (McCully and
Vezeridis, 1989). Both thioretinamide and thioretinaco have anti-
neoplastic, anti-carcinogenic, and anti-atherogenic activity in
mice and rats, providing evidence for TR2Co as the hypothetical
derivative of homocysteine thiolactone that facilitates oxidation
of the sulfur atom of homocysteine thiolactone and prevents
accumulation of homocysteine thiolactone within normal cells
(McCully, 2016a).

Ozone oxidizes the two sulfur atoms of thioretinaco to
form a disulfonium complex, thioretinaco ozonide (TR2CoO3),
that binds oxygen and adenosine triphosphate (ATP) to form
the active site of oxidative phosphorylation, thioretinaco
ozonide oxygen (TR2CoO3O2), within the F1F0 complexes of
mitochondrial membranes, as illustrated in Figure 1 (McCully,
1992a). Nicotinamide adenine dinucleotide (NAD+) and
inorganic phosphate (H2PO

−

4 ) form a complex with thioretinaco
ozonide oxygen, TR2CoO3O2NAD

+H2PO
−

4 , which catalyzes
ATP synthesis from NAD+ and H2PO

−

4 by reduction of oxygen
with electrons from electron transport complexes (McCully,
2015). Reduction of oxygen releases ATP from binding to the
active site and produces hydroperoxide radicals which are
converted to hydroperoxides by protonation, creating a proton
gradient and the mitochondrial membrane potential (McCully,
1992a).

The sulfating coenzyme phosphoadenosine phosphosulfate
(PAPS) is formed from the active site of oxidative
phosphorylation, thioretinaco ozonide oxygen (TR2CoO3O2),
which functions as the source of adenosine phosphosulfate
(APS) synthesis from NAD+ and hydrosulfate (HSO4−)
by reduction of the complex with electrons from electron
transport complexes, releasing APS and producing thioretinaco
hydroperoxide (TR2CoO3O2H) upon protonation (McCully,
2016c). Subsequently, APS reacts with guanosine triphosphate
(GTP), which is produced from the active site of oxidative
phosphorylation, TR2CoO3O2ATP, to phosphorylate APS to
PAPS. These proposed reactions for PAPS biosynthesis in
atherosclerosis explain the metabolic pathway for formation of
PAPS from homocysteine through the intermediate formation
of thioretinamide and explain how hyperhomocysteinemia
stimulates production of sulfated glycosaminoglycans (GAG),
which are essential components of atherosclerotic plaques
(McCully, 2016c).

INFECTIONS, HYPERHOMOCYSTEINEMIA,
POLYAMINE BIOSYNTHESIS, AND
SUPPRESSED IMMUNITY

All of the pathogenic microorganisms that are demonstrated
in atherosclerotic arterial plaques and in cerebral plaques
and intracellular tangles in the brain in Alzheimer’s disease
cause increased biosynthesis of the polyamines, spermine, and
spermidine, within infected arterial cells and neurons (McCully,

2016b). In normal uninfected host cells, the polyamines function
in genetic translation and expression, cellular proliferation and
differentiation, and resistance to stress. Viral, bacterial, and
protozoal infections increase biosynthesis of polyamines by
increasing the activity of ornithine decarboxylase, the rate-
limiting enzymatic process in polyamine biosynthesis (McCully,
2016b). In a study of cultured human stem cells infected
by Chlamydia trachomatis, the infectious agent of trachoma
and venereal disease, inhibition of the cellular biosynthesis of
nitric oxide (NO) by inducible nitric oxide synthase (iNOS)
was demonstrated to occur through up-regulation of ornithine
decarboxylase (Abu-Lubad et al., 2014). Thus, infectious
microorganisms cause decreased biosynthesis of NO, an essential
component of the destruction of microorganisms by immune
processes. No similar studies of biosynthesis of polyamines and
NO have been reported in cells infected with C. pneumoniae,
viruses, archaea, spirochetes, periodontal pathogens, or bacteria
that occur in atherosclerotic plaques or cerebral plaques.

The polyamines, spermine, and spermidine, are synthesized
in normal cells by transfer of aminopropyl groups from
adenosyl methionine to the amino group of putrescene (Tabor
and Tabor, 1985). This enzymatic reaction is catalyzed by S-
adenosyl methionine decarboxylase and by spermidine synthase.
Thus, infections by micro-organisms that are implicated
in the pathogenesis of atherosclerosis and dementia cause
depletion of intracellular adenosyl methionine because of
increased biosynthesis of polyamines (McCully, 2016b). A
decreased intracellular concentration of adenosyl methionine
causes dysregulation of methionine metabolism by decreased
allosteric inhibition of methylenetetrahydrofolate reductase
(Jencks and Matthews, 1987) and decreased allosteric activation
of cystathionine synthase within infected host cells (Finkelstein
et al., 1975), causing increased biosynthesis of homocysteine and
leading to the hyperhomocysteinemia observed in atherosclerosis
(McCully, 2016a) and dementia (Seshadri et al., 2002).

Increased biosynthesis of large quantities of NO is produced
by cells infected by a wide variety of microbial pathogens,
and the antimicrobial activity of NO is enhanced by formation
of peroxynitrite (OONOO−) from NO and superoxide (O−

2 )
(MacMicking et al., 1997). Reactive oxygen intermediates and
peroxynitrite are delivered to the phago-lysosomes of neutrophils
and macrophages where nitrative stress and formation of
nitro-tyrosine aid in destruction of pathogenic microorganisms
(Zaki et al., 2005). The processes of cellular immunity utilize
these reactive oxygen and nitrogen radicals to mediate the
destruction ofM. pneumoniae, C. pneumoniae, Cytomegalovirus,
Staphylococcus aureus, and other pathogenic microorganisms
that are implicated in the pathogenesis of atherosclerosis
(Ravnskov and McCully, 2012) and Alzheimer’s disease (Harris
and Harris, 2015).

Nitrite is a precursor of NO because of reduction by the
heme co-factor of cystathionine synthase, inhibiting biogenesis
of hydrogen sulfide (Gherasim et al., 2014). The kinetics of the
formation of nitrite and peroxynitrite by ferrous heme provides
evidence for cystathionine synthase as a source of peroxynitrite
and NO (Carballal et al., 2016). Thus, the intracellular deficiency
of adenosyl methionine occurring in infected cells and in normal
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FIGURE 1 | The active site of oxidative phosphorylation is formed by binding of oxygen and ATP to thioretinaco ozonide of the F1 complex of mitochondrial

membranes. The alpha and gamma phosphate anions of ATP are bound to the sulfonium cations of thioretinaco ozonide. RA, Retinoic acid; Co+, cobalt atom of

cobalamin.

aging impairs the function of these mediators in immunity
because of decreased allosteric activation of cystathionine
synthase by adenosyl methionine (Finkelstein et al., 1975)
and decreased biosynthesis of thioretinamide and thioretinaco
(McCully, 2011).

ADENOSYL METHIONINE, THIORETINACO
OZONIDE, AGING, AND IMMUNITY

Adenosyl methionine is the sulfonium derivative of methionine
that catalyzes many essential transmethylation reactions of
homocysteine, nucleic acids, neurotransmitters, proteins, and a
wide variety of other acceptor molecules. Adenosyl methionine
was discovered as the product of the enzymatic reaction of ATP
with methionine (Cantoni, 1953). Although decreased formation
of adenosyl methionine is observed in many cultured malignant
cells and in aging cells and tissues, the activity of adenosyl
methionine synthase is normal in most cultured malignant cells
and in aging tissues (McCully, 1992b). A marked deficiency
of the tissue and blood concentrations of adenosyl methionine
is observed in human and animal aging (Baldessarini and
Kopin, 1966; Bohuon and Caillard, 1971; Stramentinoli et al.,
1977). A deficiency of thioretinaco ozonide may explain the
deficient formation of adenosyl methionine in cancer and aging,
since thioretinaco ozonide is depleted from cellular organelles
in cancer and aging. A proposal for biosynthesis of adenosyl
methionine requires thioretinaco ozonide, oxygen, and ATP
(McCully, 1992b).

The decline of immune function with aging (Siskind,
1981) is attributed to the declining cellular concentrations

of thioretinaco ozonide and adenosyl methionine within
lymphocytes, macrophages, polymorphonuclear leukocytes,
and dendritic cells (McCully, 1992b). Loss of cellular
thioretinaco ozonide from immune cells may explain the
exponential increase in susceptibility to microbial infection in
atherosclerosis and dementia with aging. Cystathionine synthase
catalyzes biosynthesis of thioretinamide from retinoic acid and
homocysteine thiolactone, and subsequent complexation of two
molecules of thioretinamide with cobalamin yields thioretinaco
(McCully, 2011). Thioretinaco is oxidized by ozone to the
disulfonium derivative, thioretinaco ozonide, forming the active
site of oxidative phosphorylation, which declines during aging
(McCully, 2015).

During immune reactions, antibodies produce singlet oxygen,
1O∗

2 , from the production of hydrogen peroxide by oxidation of
water, and singlet oxygen destroys antigens that are bound to
antibodies (Wentworth et al., 2000). The production of singlet
oxygen is believed to involve hydrogen trioxide (H2O3) as a key
intermediate, and ozone is proposed to originate from antibodies
during killing of bacteria (Lerner and Eschenmoser, 2003). Ozone
destroys hydrogen peroxide (H2O2) in the peroxone process
which kills microorganisms in the purification of water. Other
oxidants, such as peroxynitrite, hydrogen peroxide, superoxide,
hydrogen trioxide, and hypochlorite, which are produced by
antibody catalysis, by macrophages, or by neutrophils are
responsible for killing of pathogens by the immune system, but
ozone is considered to be the most reactive of these oxidants
(Lerner and Eschenmoser, 2003).

Analysis of cholesterol ozonolysis products from human
atherosclerotic plaques provides evidence for the production of
ozone during atherogenesis (Wentworth et al., 2003). Ozone
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selectively inhibits the growth of human cultured cancer cells
(Sweet et al., 1980). The inhibitory effect of ozone on growth of
malignant cells is related to cellular deficiency of thioretinaco,
causing decreased formation of thioretinaco ozonide and
increased intracellular ozone, leading to apoptosis of malignant
cells. Experimental exposure of animals to ozone causes apoptosis
of rat hippocampus cells (Rodriguez-Martinez et al., 2016) and
apoptosis of lung alveolar cells in mice (Kirichenko et al., 1996;
Kosmider et al., 2010). These studies provide evidence that
thioretinaco participates in immune reactions by its reaction with
ozone to form thioretinaco ozonide.

Those pathogenic microorganisms which participate in the
pathogenesis of atherosclerosis and dementia may deplete
infected cells of the active site of oxidative phosphorylation,
TR2CoO3O2NAD

+, because of utilization of this complex for
oxidative phosphorylation by these pathogens (McCully, 2016b).
Depletion of thioretinaco ozonide and increased polyamine
biosynthesis in infected cells produces decreased endogenous
biosynthesis of adenosyl methionine (McCully, 1992b, 2016b).
In addition, depletion of adenosyl methionine caused by
increased polyamine biosynthesis in infected cells produces
decreased biosynthesis of thioretinamide because of decreased
allosteric activation of cystathionine synthase (Finkelstein
et al., 1975). Decreased biosynthesis of thioretinamide leads
to decreased formation of thioretinaco from cobalamin and
thioretinamide, leading to further depletion of the active site
of oxidative phosphorylation, TR2CoO3O2NAD

+, from infected
cells (McCully, 2016b). Support for the proposed depletion
of thioretinaco ozonide from cellular membranes in aging
(McCully, 1992b) is derived from the observation of reduced
concentration of the cobalamin coenzymes, methyl-cobalamin
and adenosyl-cobalamin, in human brain tissue in aging, autism
and schizophrenia (Zhang et al., 2016a).

HYDROGEN SULFIDE, ALLYL SULFIDES,
AND IMMUNITY

Hydrogen sulfide is a potent gaso-transmitter that senses oxygen
concentrations in tissues, and the enzymes cystathionine
synthase, cystathionase (cystathionine γ-lyase), and 3-
mercaptopyruvate sulfotransferase produce hydrogen sulfide
from cysteine (Polhemus and Lefer, 2014). Hydrogen sulfide
decreases oxidative stress and counteracts experimental
ischemia-reperfusion injury, hypertension, and renal failure
(Elrod et al., 2007). In an experimental mouse model hydrogen
sulfide attenuates neurodegeneration and neurovascular
dysfunction induced by intracerebral administration of
homocysteine (Kamat et al., 2013). Hydrogen sulfide was
found to attenuate myocardial ischemia-reperfusion injury by
preservation of oxygen consumption by mitochondria (Elrod
et al., 2007). The beneficial vascular effects of the allyl sulfide
constituents of garlic, diallyl trisulfide, and diallyl disulfide, are
mediated by hydrogen sulfide (Benavides et al., 2007).

The allyl sulfides, diallyl trisulfide, and diallyl disulfide,
are responsible for the homocysteine-lowering effect of
aged garlic extract that is observed in folate-deficient rats

by increasing adenosyl methionine in liver, impairing the
remethylation of homocysteine to methionine by inhibiting
methylenetetrahydrofolate reductase (Jencks and Matthews,
1987) and by enhancing the conversion of homocysteine
to cystathionine by cystathionine synthase (Yeh and Yeh,
2006). In an animal model diallyl trisulfide protects against
ethanol-induced oxidative stress and apoptosis by stimulating
cystathionine synthase and cystathionase activities, thereby
increasing production of hydrogen sulfide by cystathionine
γ-lyase (Chen et al., 2016). In diabetic rats diallyl trisulfide
protects against the oxidative stress and apoptosis induced by
hyperglycemia by stimulating production of hydrogen sulfide
derived from cystathionine γ-lyase (Tsai et al., 2015). These
studies support the function of hydrogen sulfide in mediating
the beneficial effects of diallyl trisulfide, diallyl disulfide, and
other allyl sulfides on platelet aggregation, hypertension, elevated
blood homocysteine, elevated blood cholesterol, oxidative
stress, and apoptosis occurring in cardiovascular disease.
Diallyl trisulfide is the most potent diallyl sulfide compound
in providing beneficial effects, compared with diallyl disulfide
and diallyl sulfide, which are less potent. The unsaturated allyl
groups of these polysulfide compounds facilitate their entry
through plasma membranes into cells, since the corresponding
saturated propyl derivatives have no beneficial cardiovascular
effects.

Diallyl trisulfide and other organosulfur compounds of
garlic have potent anti-bacterial, anti-fungal, and anti-animal
effects, facilitating the beneficial effects against atherosclerosis
and Alzheimer’s dementia, the pathogenesis of which is
promoted by infectious microorganisms (Ravnskov and
McCully, 2012; McCully, 2016b). The allyl sulfide components
of aged garlic extract enhance innate immunity and inhibit
proliferation of viral, fungal, parasitic, protozoan and bacterial
pathogens, including Salmonella, Listeria, Escherichia coli, H.
pylori, Mycobacterium tuberculosis, bacterial film pathogens,
Rhinovirus, Cytomegalovirus, Herpes Simplex Virus, Influenza
Virus, Candida albicans, Aspergillus flavus, Cryptosporidium,
Toxoplasma, Giardia, and Plasmodium (Reid, 2016). Aged
garlic extract modulates innate immunity by increasing the
activity of macrophages and natural killer cells and by increasing
production of T and B cells, and clinical trials have documented
the ability of aged garlic extract to decrease the number, severity,
and duration of upper respiratory infections (Reid, 2016).

In a study of nitric oxide (NO) recruitment of monocytes
in mice with femoral artery ligation, absence of cystathionine
γ-lyase in knockout mice failed to produce NO, but wild type
mice with normal cystathionine γ-lyase activity were associated
with increased NO production, hydrogen sulfide production and
monocyte recruitment in ischemic tissues (Kolluru et al., 2015).
Treatment of the cystathionine γ-lyase-deficient knockout mice
with diallyl trisulfide restored ischemic vascular remodeling,
monocyte recruitment, and cytokine expression by increasing
hydrogen sulfide production and restoring NO availability,
peroxynitrite formation, and immune destruction of pathogens
by reactive oxygen species and reactive nitrogen species delivered
to phagosomes of neutrophils and macrophages (Kolluru et al.,
2015).
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Diallyl disulfide increases mRNA synthesis by the heme
oxygenase gene, HMOX1, and heme oxygenase is up-regulated
in cultured liver cells exposed to ethanol (Charron et al., 2016).
Diallyl disulfide also suppresses lactate dehydrogenase and
aspartate transaminase activities, suppresses malondialdyhyde
concentrations, and increases glutathione concentrations,
contributing to protection against ethanol-induced injury to
hepatic cells by up-regulation of HMOX1 (Charron et al., 2016).
Thus, allyl sulfides have the capacity to enhance biosynthesis
of thioretinamide from retinol and homocysteine thiolactone
by oxidizing retinol to retinoic acid through up-regulation of
the heme oxygenase function of cystathionine synthase, thereby
increasing formation of thioretinaco ozonide and adenosyl
methionine and facilitating oxidative phosphorylation in normal
and regenerative cells (McCully, 2011).

FURANONAPHTHOQUINONES,
NAPABUCASIN, DIALLYL TRISULFIDE,
STAT3 SIGNALING, AND IMMUNITY

Screening for synthetic furanonaphthoquinones with cytotoxic
activity toward leukemia cells and myeloma cells disclosed the
activity of 2-methyl-naptho[2,3-b]furan-4,9 dione (FNQ3) in
decreasing growth and increasing apoptosis within cultured
human leukemia and myeloma cell lines (Desmond et al.,
2005). Normal cell lines are resistant to the cytotoxic effects
of FNQ3, requiring a 10-fold increase in concentration
to produce apoptosis and growth inhibition. The cytotoxic
effect of FNQ3 is mediated by mitochondrial collapse, as
measured by depolarization of the mitochondrial membrane,
resulting in appearance of a sub-G1 (apoptotic) population of
cultured cells. Moreover, FNQ3 markedly enhances granulocytic
differentiation of human myeloid leukemia cells in the presence
of low concentrations of retinoic acid or dihydroxy-vitamin
D3 (Desmond et al., 2005). The mitochondrial dysfunction
induced by FNQ3 can be interpreted as competitive inhibition
of electron transfer from respiratory complexes to the active
site of oxidative phosphorylation, as mediated by Coenzyme
Q10, resulting in a decreased proton flow to F1F0 complexes
and the resulting decreased membrane potential (McCully,
1992a).

Multiple napththoquinones isolated from the bark and
roots of an African shrub, Newbouldia laevis, which is
used in traditional medicine, were demonstrated to have
prominent antifungal and antibacterial properties (Gafner et al.,
1996). Additional furanonaphthoquinones, atraric acid and
a benzofuran were also isolated from the stem barks of N.
laevis (Gormann et al., 2003). In a similar study of the roots of
the “roble tree” of Puerto Rico and the Dominican Republic,
Ekmanianthe longiflora, multiple furanonaphthoquinones
with antimicrobial and anticancer activity were found to
have cytotoxic effects in cultured human breast and lung
cancer cell lines (Peraza-Sanches et al., 2000). Studies of
naphthoquinones and analogs from Avicennia (mangrove)
trees disclosed inhibitory effects against mouse skin tumor
formation in carcinogenesis testing (Itoigawa et al., 2001).

Synthetic derivatives of furanonaphthoquinones isolated
from plants were demonstrated to have cytotoxic activity
against human tumor cells (Ogawa et al., 2006). The basis
for toxicity was considered by the authors to be related to
intercalation of furanonaphthoquinones within DNA and free
radicals. Two newly discovered cytotoxic naphthoquinones
were isolated from the roots and stems of the Madagascar
plant, Mendoncia cowanii (vahimpianaomby), and were found
to be cytotoxic for human ovarian cancer cell lines (Williams
et al., 2006). All of these furanonaphthoquinones with cytotoxic
activity potentially affect mitochondrial function through
inhibition of electron transfer, as mediated by Coenzyme Q10,
from respiratory complexes to the active site of oxidative
phosphorylation. Malignant cells are more susceptible to the
cytotoxic effects of these furanonaphthoquinones because of
the lower concentration of thioretinaco ozonide within the
mitochondrial membranes of malignant cells, compared with
normal cells.

The signal transducer and activator of transcription 3 (Stat3)
is frequently detected in breast cancer cell lines but not in normal
breast epithelial cells, and a virtual database screening protocol
disclosed a natural product molecule, deoxytetrangomycin, an
angucycline antibiotic (National Cancer Institute 628869), with
potent inhibitory activity against Stat3 activity in human breast
cancer cell lines (Song et al., 2005). A systematic study of
naphthoquinone derivatives with inhibitory activity against
Stat3 signaling in cancer stem cells disclosed a novel class
of furanonaphthoquinone molecules with inhibitory activity
against cancer stem cell proliferation (Jiang et al., 2014).
The most active of these compounds is napabucasin, 2-
carboxymethyl-naphtho[2,3-b]furan-4,9-dione, which inhibits
gene transcription that is dependent upon Stat3, thereby
suppressing gene expression of cancer stemness, blocking
spherogenesis of cultured cancer cells, and causing apoptosis
of a wide variety of cancer cell types (Li et al., 2015). In a
study of human prostate cancer cell cultures, napabucasin was
demonstrated to increase apoptosis, inhibit cell proliferation, cell
motility, cell survival, and colony formation ability of prostate
cancer stem cells (Zhang et al., 2016b). Moreover, an in vivo
study demonstrated that napabucasin inhibits growth of prostate
cancer xenografts from these cancer cell cultures in athymicmice.

Diallyl trisulfide, the cancer chemopreventive constituent
of garlic, inhibits phosphorylation of Stat3 in prostate cancer
cells in culture and in vivo (Chandra-Kuntal and Singh,
2010). In addition, diallyl trisulfide inhibits prostate cancer
development in a transgenic mouse model, correlating with a
decrease in phosphorylated Stat3. Diallyl trisulfide also inhibits
migration of prostate cancer cells, an indicator of metastatic
potential, in an in vitro membrane migration assay. In a
study of mouse colitis induced by dextran sulfate, diallyl
trisulfide suppresses Stat3 and NF-κB expression, resulting in
decreased inflammation of the colon (Lee et al., 2013). Thus,
the inhibitors of Stat3, including organosulfur polysulfides and
furanonaphthoquinones, not only have antineoplastic effects, but
they are potent antimicrobial and anti-inflammatory molecules
with potential benefits in patients with atherosclerosis or
dementia.
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STAT3 INHIBITION AND AUTOIMMUNITY

In patients with germline loss of function mutations of Stat3,
immunodeficiency syndromes are observed, and germline gain of
function mutations of Stat3 are associated with myelodysplastic
syndrome, T-cell large cell granular lymphocytic leukemia,
and aplastic anemia (Milner et al., 2015). These gain-of-
function STAT3 mutations confer increased Stat3 transcription,
impaired cytokine signaling, and diminished T regulatory
cell function. The authors suggest a rationale for use of
inhibitors of Stat3 for therapeutic benefit in patients with
gain-of-function STAT3 mutations. In support of this concept,
autoimmunity, hypogammaglobulinemia, lymphoproliferation,
and mycobacterial disease were demonstrated in patients with
activating mutations in STAT3 (Haapaniemi et al., 2015).

In knockout mice with STAT3−/− mutations crossed with
CD4+ mice, T helper 17 lymphocytes were found to be absent
from intestinal lamina propria (Harris et al., 2007). Experimental
autoimmune encephalomyelitis (EAE) requires Stat3 activation,
and the STAT3−/− CD4 mice were found to be resistant to EAE.
Mitigation of disease was also demonstrated in STAT3−/− CD4
mice with induced autoimmune pneumonitis. These findings
were interpreted to indicate that pathogenic TH17 cells are
dependent upon Stat3 signaling and that inhibition of this
signaling pathway results in mitigation of autoimmune disease
progression (Harris et al., 2007). The authors suggest that Stat3
inhibition may provide a target for autoimmune diseases. In
knockout mice with p53−/− mutations crossed with CD45.1
mice, spontaneous autoimmunity was ameliorated by inhibition
of the Stat3 signaling pathway and suppression of TH17 effectors
(Zhang et al., 2011). This study identifies a critical function of the
tumor suppressor oncogene p53 in suppressing autoimmunity
through the Stat3 pathway and TH17 differentiation.

ENDOTHELIAL DYSFUNCTION,
ENDOPLASMIC RETICULUM STRESS,
MISFOLDED PROTEIN RESPONSE, AND
NEURODEGENERATION

Hyperhomocysteinemia promotes endothelial dysfunction, one
of the earliest manifestations of atherosclerosis (McCully, 1969,
2009). Homocysteine induces apoptosis of cultured human
endothelial cells by activation of the unfolded protein response,
which is signaled by the endoplasmic reticulum kinase IRE-
1 (Zhang et al., 2001). The unfolded protein response to
homocysteine is produced by endoplasmic reticulum stress,
which leads to apoptosis in the pathogenesis of human and
experimental atherosclerotic plaques (Lhotak et al., 2011).
Homocysteine activates Herp, an endoplasmic reticulum protein
which facilitates endoplasmic reticulum stress. Herp is expressed
in parkinsonian substantia nigra glial cells and is present in
the core of Lewy bodies of neurons (Slodzinski et al., 2009).
The ozonolysis products resulting from reaction of ozone with
cholesterol in atherosclerotic plaques are suggested to produce
the protein misfolding of Aβ that is observed in Alzheimer’s
disease (Zhang et al., 2004).

Cyanobacteria produce the neurotoxic amino acid β-
methylamino alanine (BMAA), and the etiology of amyotrophic
lateral sclerosis (ALS)/Parkinsonian dementia complex observed
in Chamorro residents of Guam who consume fruit bats
is traced to consumption of BMAA from cycads containing
cyanobacteria (Spencer et al., 1987). In a subsequent study
BMAA was detected in the brains and spinal cords of North
American patients with sporadic AD and ALS (Pablo et al.,
2009). The neurotoxic amino acid BMAA is mis-incorporated
into proteins of human cell cultures in place of L-serine,
causing protein misfolding and aggregation (Dunlop et al.,
2013). The mouse sticky mutation is characterized by follicular
dystrophy, hair loss, cerebellar Purkinje cell loss and ataxia,
and a mis-sense mutation of the alanyl-tRNA synthase gene
was demonstrated to produce low levels of mischarged tRNA
molecules, which results in the misfolded protein response,
apoptosis and neurodegeneration (Lee et al., 2006). An animal
model of AD consists of feeding BMAA to vervets, producing
characteristic neurofibrillary tangles and amyloid plaques in the
brain (Cox et al., 2016).

Homocysteine is a potent excitatory neurotransmitter which
binds to the N-methyl D-aspartate (NMDA) receptor of neurons,
causing oxidative stress, cytoplasmic influx of calcium ions,
apoptosis and endothelial dysfunction (McCully, 2009). The
oxidized derivative of homocysteine, homocysteine sulfinic
acid, is also a potent excitatory neurotransmitter which
stimulates glucose uptake through the calcium-dependent
AMPK-p38MAPK-protein kinase C pathway in muscle cells
(Kim et al., 2011). The Aβ42 oligomers in cerebral plaques in
AD activate the calmodulin-dependent protein kinase kinase
CAMKK2-AMPK kinase pathway through phosphorylation of
tau protein, and subsequent hyper-activation of CAMKK2 or
AMPK by Aβ produces loss of dendritic spines in hippocampal
neurons of transgenic mice for human Aβ precursor protein
(Mairet-Coello et al., 2013). These findings suggest that
reduction of hyperhomocysteinemia by improved nutrition and
normalization of methionine metabolism may be beneficial in
prevention and treatment of dementia.

DETECTION, PREVENTION AND
TREATMENT OF ATHEROSCLEROSIS,
AND ALZHEIMER’S DISEASE

Early detection of subjects at risk for atherosclerosis is
accomplished by determination of plasma homocysteine,
C-reactive protein, and Framingham risk factors, including
smoking, hypertension, family history, and dyslipidemia.
Infectious diseases cause dyslipidemia, but the interpretation of
dyslipidemia as atherogenic may be misleading, since the altered
plasma lipid profile may reflect the pathophysiological response
to infection (Gidding et al., 1998; Apostolou et al., 2009). The
dyslipidemia observed in young adults is associated with an
increased coronary calcium score later in life, and dyslipidemia
was suggested to be an early marker of atherosclerosis (Pletcher
et al., 2010). Since there is no association between dyslipidemia
and the degree of atherosclerosis (Ravnskov and McCully, 2012),
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a more likely interpretation is that the increased calcium score
later in life may have resulted from spontaneously resolved
vascular infections, leading to calcified atherosclerotic plaques.

Early detection of subjects at risk for Alzheimer’s disease
is accomplished by determination of cognitive impairment
by abnormal Mini-Mental State Examination (MMSE) scores,
computed tomography or magnetic resonance imaging scans
of medial temporal lobe thickness, cerebrospinal fluid Aβ40,
Aβ42, or tau protein, plasma homocysteine, plasma C-reactive
protein, and ocular biomarkers (Frost et al., 2010; Douad et al.,
2013). Identification of pathogenic microbes by positive culture,
sero-positivity, or other methods will determine the antibiotic,
vaccination, or other anti-microbial treatment strategy (Harris
and Harris, 2015).

Treatment of the metabolic abnormalities produced by
pathogenic microbes in atherosclerosis or AD, including
hyperhomocysteinemia, increased biosynthesis of polyamines,
decreased NO biosynthesis, and impaired oxidative metabolism
from depletion of thioretinaco ozonide, may be accomplished
by a proposed plasma homocysteine-lowering protocol. The
protocol consists of thioretinamide, B vitamins, including
methyl-cobalamin, methyl-folate, pyridoxal phosphate, and
nicotinamide riboside, ascorbate, Coenzyme Q10, adenosyl
methionine, menoquinone, cod liver oil, vitamin D3, pancreatic

enzymes, and dietary improvement to minimize consumption
of processed foods and to provide adequate dietary protein
for prevention of subclinical protein energy malnutrition
(Ingenbleek and McCully, 2012; McCully, 2016a). Because of
their powerful digestive activity against the polysaccharides,
proteins, and nucleic acids of biofilmmatrix, pancreatic enzymes,
including amylase, trypsin, ribonuclease, and deoxyribonuclease,
may disperse biofilms in atherosclerotic plaques and cerebral
plaques in AD, increasing susceptibility of the pathogens within
biofilms of plaques to antibiotic therapy (Allen, 2016). In addition
to these measures, meticulous oral hygiene, antibiotic therapy
of dental procedures, consumption of dietary monolaurin and
other anti-microbial nutrients, consumption of adequate dietary
protein, and avoidance of neurotoxins from foods, vaccines, or
environmental contaminants may also decrease the progression
of mild cognitive impairment to dementia. The efficacy of this
proposed protocol requires validation by a properly designed
clinical trial.
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As far back as the eighteenth and early nineteenth centuries, microbial infections were
responsible for vast numbers of deaths. The trend reversed with the introduction of
antibiotics coinciding with longer life. Increased life expectancy however, accompanied
the emergence of age related chronic inflammatory states including the sporadic form
of Alzheimer’s disease (AD). Taken together, the true challenge of retaining health into
later years of life now appears to lie in delaying and/or preventing the progression
of chronic inflammatory diseases, through identifying and influencing modifiable risk
factors. Diverse pathogens, including periodontal bacteria have been associated with
AD brains. Amyloid-beta (Aβ) hallmark protein of AD may be a consequence of infection,
called upon due to its antimicrobial properties. Up to this moment in time, a lack of
understanding and knowledge of a microbiome associated with AD brain has ensured
that the role pathogens may play in this neurodegenerative disease remains unresolved.
The oral microbiome embraces a range of diverse bacterial phylotypes, which especially
in vulnerable individuals, will excite and perpetuate a range of inflammatory conditions,
to a wide range of extra-oral body tissues and organs specific to their developing
pathophysiology, including the brain. This offers the tantalizing opportunity that by
controlling the oral-specific microbiome; clinicians may treat or prevent a range of
chronic inflammatory diseases orally. Evolution has equipped the human host to combat
infection/disease by providing an immune system, but Porphyromonas gingivalis and
selective spirochetes, have developed immune avoidance strategies threatening the
host-microbe homeostasis. It is clear from longitudinal monitoring of patients that
chronic periodontitis contributes to declining cognition. The aim here is to discuss the
contribution from opportunistic pathogens of the periodontal microbiome, and highlight
the challenges, the host faces, when dealing with unresolvable oral infections that may
lead to clinical manifestations that are characteristic for AD.

Keywords: Alzheimer’s disease, infections, functional amyloids, microbiomes, periodontitis

INTRODUCTION

Alzheimer’s disease (AD) is the most common example of dementia causing around 60%–80%
of all cases (Gaugler et al., 2016). AD is characterized by cognitive deficit and has a complex,
multifactorial etiology. The limited treatment options make it a challenging condition in which
neuropsychiatrists/neurologists can do little to help their patients. The relentlessly downward
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course of the disease has impact on both the patient and
their carers. Furthermore, the rising aging population and the
predicted increase in the prevalence of the disease has immediate
and long-term socioeconomic implications (Prince et al., 2014).
Classically there are two forms of this neurodegenerative
condition. The familial/early-onset form displaying an earlier
manifestation, albeit in fewer (<5%) AD cases is overall,
more severe with increased functional loss and Aβ deposits
(Bekris et al., 2010). Susceptibility genes and their co-expressing
environmental factors appear to exert influence over the
sporadic/late-onset form, which accounts for the majority
(95%) of AD cases. AD has a bi-phasic criterion of diagnosis,
which involves correlation of the clinical presentation with
neuropathological examination, at post-mortem (Braak and
Braak, 1995). Despite the difference between familial and
sporadic AD, the underlying neuropathology remains common
to both forms.

The two diagnostic neuropathological hallmarks are
numerous extracellular deposits of amyloid-beta (Aβ plaques)
and neurofibrillary tangles (NFTs) in the frontal cortex and
the hippocampal areas of the brain (Braak and Braak, 1995).
In the brain, Aβ can take different physiological states (soluble
monomers, dimers, insoluble Aβ40/42), which eventually result
in an insoluble, stable β-helical sheet structure in the form
of two morphologically different plaques. The senile plaques
are composed of densely packed Aβ1–42, and known for their
cytotoxicity in causing demise of surrounding neurons (McGeer
et al., 2017). The NFTs, located within cortical neurons, are
composed of paired helical filaments (PHFs) and tau protein, the
latter of which undergoes posttranslational modification in the
form of hyperphosphorylation.

In addition to the classic diagnostic hallmark proteins,
is the apparently asymptomatic developing neuropathology.
Biomarker studies using positron emission tomography for levels
of Aβ, and magnetic resonance imaging for brain volume,
indicate that AD onset begins years before the clinical picture
emerges (McGeer et al., 2017). Cerebral inflammation in the
form of activated glia (microglia and astrocytes; Norden and
Godbout, 2013), and Aβ1–40 plaques are two of the many
asymptomatic features seen in AD. This implies that age-related
priming of glia due to bacterial entry from hosts’ dysbiotic
microbiomes elsewhere in the body (oral, gastrointestinal (GI)
tract) provide slow inflammatory damage. In support, oral
pathogens, especially Porphyromonas gingivalis, thrive under
toxic inflammatory conditions and if present, may dampen the
early pathogenic effects of glial cell activation (Singhrao et al.,
2015). This makes the findings of a recent retrospective cohort
study highlighting a 10-year exposure to chronic periodontitis
may lead to manifesting AD (Chen et al., 2017), very plausible.
Whether inflammation precedes Aβ or vice versa, is not clear;
but considering Aβ as an innate immune protein with its
antimicrobial properties (Soscia et al., 2010; Kumar et al., 2016)
would place infections upstream of this hallmark protein. A
suggested sequence of AD pathophysiology would likely follow
infections, Aβ deposition and glial cell activation. These three
events may also provide an explanation for the age related glial
cell priming by genetic switches turning on, during life, in an age

dependentmanner (Jayadev et al., 2013; Fan et al., 2017;Wu et al.,
2017).

If atrophy of soft and bony tissues classically refers to
decreased cell size/cell loss, such an observation can equally,
imply shrinkage as a marker post inflammation. Brain atrophy
is also a feature of multiple sclerosis (Pérez-Cerdá et al., 2016),
which potentially presents with similar immune (innate and
adaptive) tissue response as that seen in periodontal disease
(Di Benedetto et al., 2013; Olsen et al., 2016). In periodontitis,
the localized bacterial accumulation results in stimulations that
elicit inflammation and activation of the innate immune system.
Influx of systemic inflammatory cells follows a short time
afterwards by an adaptive immune cell response leading to
tissue loss (Di Benedetto et al., 2013; Olsen and Singhrao, 2015;
Olsen et al., 2016). Recent evidence suggests that the adaptive
immune system may have an important role in suppressing
AD neuropathology (Marsh et al., 2016; Olsen et al., 2016).
It may therefore be that, with aging and a waning adaptive
immune system, AD neuropathology may be more likely to
be evident. Additional to this, both periodontal pathogens
(P. gingivalis and Treponema denticola) show weak responses for
attracting systemic inflammatory cells (neutrophils, T/B cells)
into the brain (Olsen et al., 2016). However, the concept of
inflammation and macroscopic atrophic appearance (enlarged
sulci and ventricles) unique to AD brains may offer similar clues
for a pivotal and primary role of inflammation (Figure 1) at the
organ level.

The atrophic appearance of AD brains corroborates
inflammation and is a compelling indication of numerous
bacteria/bacterial endo/exo/toxins and fungi/viruses observed
in association with Aβ plaques (Hill et al., 2014; Itzhaki, 2016;
Lukiw, 2016; Pistollato et al., 2016; Alonso et al., 2017; Harris
and Harris, 2017; Jiang et al., 2017; Maheshwari and Eslick, 2017;
Zhao et al., 2017). The large microbial biodiversity identified
from post-mortem AD brain specimens could be because of
the differences in age, diet, lifestyle, geographical environment
and disease status, a limitation also recognized by the human
microbiome project1. This places a greater onus on microbial
virulence factor(s)/pathogen associated molecular patterns
(PAMPs) than live microbes exerting a pathological effect with
the common end-point of this neurodegenerative disease. An
example of this is the detection of lipopolysaccharide (LPS) in
AD brains with the resulting opsonization of LPS-producing
bacteria by glial cells (Poole et al., 2013), and their direct
binding with Aβ plaques (Zhan et al., 2016; Zhao et al., 2017).
Undoubtedly, LPS from the outer membrane of Gram-negative
bacteria is a powerful pro-inflammatory PAMP. This may carry
with it proteolytic enzymes (gingipains, peptidyl deiminases
and carbonic anhydrases) and appendages such as fimbriae
and curli fibers (curli are functional amyloids housed on the
outer membrane of several prokaryotes) and other amyloid-like
proteins (Table 1). In vivo experimental models have suggested
LPS from oral, Gram negative bacteria having a role in
chronic local inflammation (DiCarlo et al., 2001); Aβ release
(Sheng et al., 2003; Wu et al., 2017); worsened cognition

1http://www.hmpdacc.org/
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FIGURE 1 | Schematic illustrating the macroscopic features relating to shrinkage (wider sulci, compared with non-Alzheimer’s disease (AD) brain), unique to the AD
brain, which equates to inflammatory condition. The pathogens disrupt the epithelial cell-to-cell proteins of the gingivae through their proteases. The
epithelial/endothelial barriers of capillaries disrupted for effective bacteremia to take place. The olfactory nerve pathways exploited to evade immune recognition.
Environmental factors are the inflammophilic microbes with potential to subvert hosts immune defenses that also contribute to common inflammatory
activities/pathways (p’ways) as well as contributing to proteostasis. At this stage the brain’s resilience is markedly compromised and the blood-brain barrier (BBB) is
becoming defective. The endotoxin intolerance/further inflammation tip the brain into disease.

TABLE 1 | Prokaryotes and eukaryotes found in biofilm communities with genes for expressing functional amyloids.

Species/Genera/Phylotypes Protein Protein function References

Pseudomonas FapC Biofilm formation, virulence factor Larsen et al. (2007) and Dueholm et al. (2010)
Escherichia coli CsgA, Curli Biofilm formation, virulence factor Chapman et al. (2002), Dueholm et al. (2012) and

Zhan et al. (2016)
Klebsiella pneumoniae Microcin E492 Cytotoxicity Bieler et al. (2005)
Mycobacterium tuberculosis MTP Adhesive pili Alteri et al. (2007)
Bacillus subtilis TasA Biofilm Romero et al. (2010, 2011, 2014)
Salmonella enterica Curli Biofilm, virulence factor Solomon et al. (2005)
Salmonella typhimurium Curli Biofilm, virulence factor Castelijn et al. (2012)
Streptococcus mutans Adhesin P1 Biofilm, caries Oli et al. (2012)
Bacteroidetes Curli Biofilm Larsen et al. (2008) and Dueholm et al. (2012)
Chloroflexi Curli Biofilm Larsen et al. (2008) and Dueholm et al. (2012)
Firmicutes Curli Biofilm Dueholm et al. (2012)
Thermodesulfobacteria Curli Biofilm Dueholm et al. (2012)
Alpha, beta, delta and gamma-proteoabacteria Curli Biofilm Larsen et al. (2007, 2008), Dueholm et al. (2012,

2013),
Candida albicans Als Adhesion Ramsook et al. (2010) and Garcia et al. (2013)

(Wu et al., 2017); and tau protein phosphorylation (Lee et al.,
2010). More pathogenic bacteria from the GI tract microbiome
appear with curli fibers than presently known for the oral
microbiome and therefore show direct associations with plaques
(Lukiw, 2016; Pistollato et al., 2016; Zhan et al., 2016; Jiang
et al., 2017; Zhao et al., 2017). A recent systematic review in
which meta-analysis of periodontitis with AD was conducted,

demonstrated a significant association between these two
diseases (Odds Ratio (OR) 1.69, 95% CI 1.21–2.35) and an even
more significant association was observed in severe form of
PD with AD (OR 2.98, 95% CI 1.58–5.62; Leira et al., 2017).
A population based retrospective study by Chen et al. (2017)
demonstrated a 10 year, exposure of chronic periodontitis
led to a higher risk (1.707-fold increase) of developing AD.
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Our aim here is to understand how the oral microbiome
pathogens contribute to the hallmark proteins especially
Aβ of AD.

THE ORAL MICROBIOME AND
PERIODONTITIS

Periodontal disease is one of the most common chronic
polymicrobial infections in humans, characterized by loss of
tooth supporting tissues due to the host’s immuno-inflammatory
responses, and consequently are a major cause of loss of teeth.
Loss of more than 16 teeth in early to mid-life is significantly
associated with the development of dementia with OR of
1.56 (95% CI 1.12–2.18; Gatz et al., 2006; Luo et al., 2015).
Conversely, retaining teeth and not brushing them, also exposes
individuals to the risk of developing dementia. Taken together,
the plausible explanation for missing and unclean teeth is poor
oral hygiene (Paganini-Hill et al., 2012). Periodontitis is prevalent
in individuals with poor oral hygiene and high dental plaque
index.

The oral cavity is a home to over 700 different taxa and
undoubtedly, this specific microbiome2 will keep growing, as
changing bacterial species are included. At present, much smaller
numbers 1 × 109/pocket of mixed bacterial phyla (Loesche
and Lopatin, 1998) are associated with periodontitis within this
subgingival niche compared to the oral cavity where 1 × 1011

bacteria/mg of dental plaque are recorded (Li et al., 2000). Dental
plaque is a biofilm of a synergistic microbial community, and
both genetic and environmental factors can cause it to become
dysbiotic and lead to clinical manifestations of periodontitis.
Some common examples of bacteria in the periodontal
microbiome include P. gingivalis, Tannerella forsythia, Prevotella
intermedia, Eikenella corrodens, Fusobacterium nucleatum,
Aggregatibacter actinomycetemcomitans and T. denticola2. The
Gram-negative bacterium P. gingivalis, is a keystone pathogen
that modulates the dysbiosis of its companion species of bacteria
beneath the gingivae (Hajishengallis and Lamont, 2014). The
dysbiotic microbial community model of periodontal disease
explains how a wide range and changing phyla can participate
in generating pathology under the influence of this keystone
pathogen (Hajishengallis and Lamont, 2016). The chronicity of
periodontal disease, resulting in a potentially prolonged assault
by a group of pathogens on the host’s system, opens up the
opportunity of specific microbes inducing a state where the host’s
threshold for disease exceeds that of health allowing local and
remote organ pathology to develop.

ORAL MICROBIOMES CONTRIBUTION
TO AD

Previous reports have alluded to the existence of an unexplored
microbiome in the elderly and AD brains (Riviere et al., 2002),
but the age at which infection takes hold in the brain is unknown.
Microbiomes play an important role in balancing health and

2www.homd.org

disease boundaries. Microbes (oral and non-oral) are implicated
in the etiology of AD; this includes Borrelia species, T. denticola,
P. gingivalis and Escherichia coli (Miklossy, 2011; Poole et al.,
2013; Zhan et al., 2016), oral fungi (Carrasco et al., 2017) and
others (Olsen and Singhrao, 2015; Maheshwari and Eslick, 2017).
The diversity of microbes documented could be a reflection of the
brain donor’s geographical location, their age, diet, oral function
(denture wearing) and lifestyle (Yatsunenko et al., 2012; Lukiw,
2013; Danborg et al., 2014; Heintz and Mair, 2014). Several
scientists including us believe that the AD brain harbors its
own microbiome (Emery et al., 2017), which may be due to
the contribution of ‘‘radicalized’’ bacteria (Harding et al., 2017)
from other human microbiomes (mouth, skin, GI tract), and as a
consequence of the food chain and co-morbid states (Singhrao
et al., 2016). Since age is the major risk factor for developing
AD, then evolving microbiomes may provide dynamics of the
microbial communities over time. To this end, Brandscheid
et al. (2017) examined changes in microbial communities in
the GI tract of the 5XFAD AD transgenic mouse model and
confirmed changes to microbial communities occurred over
time. The changing microbes correlated with changes in trypsin
secretions (Brandscheid et al., 2017), implying meat rich diets are
indigestible in old age and excess protein may upset the existing
microbial community dynamics. If two main phyla of GI tract
bacteria are Firmicutes (approximately 80%) and Bacteroidetes
(approximately 20%; Lukiw, 2016); it appears that during aging
humans also undergo shifts in favor of Bacteroidetes in their GI
tract microbiome (Pistollato et al., 2016). P. gingivalis is a species
within the genus Bacteroides (within the phylum Bacteroidetes)
and with periodontitis becoming more chronic and prevalent in
old age, this would imply that the periodontal microbiome offers
a relatively early indication of changing microbial dynamics.

An AD-specific microbiome might be composed of bacteria
from associated dysbiotic microbiomes because microbial
infections explain the common inflammatory pathways (Olsen
and Singhrao, 2015; Lukiw, 2016; Olsen et al., 2016) and
their effects in the elderly brain via host’s peripheral immune
responses and related signaling pathways (see ‘‘LPS in AD
Inflammatory Cascades’’ section). Undoubtedly, a complex
etiology underlies the clinical manifestations seen in AD
giving rise to new concepts. It is time to re-examine the
infection model that asks: are microbes the causative agents
of AD? This pertinent question anxiously awaits answers
(Fischer, 1910; MacDonald and Miranda, 1987; Miklossy, 1993;
Mawanda and Wallace, 2013; Olsen and Singhrao, 2015; Itzhaki
et al., 2016). To this end, the biofilm concept of AD senile
plaques is proposed (Allen et al., 2016; Miklossy, 2016) and
offers an alternative platform for answering this fundamental
question.

FUNCTIONAL AMYLOIDS FROM
PROKARYOTIC ORIGINS

The prokaryotic functional amyloid (Epstein and Chapman,
2008; Dueholm et al., 2013), affords diverse functions in biofilm
communities that range from structural components namely,
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fimbriae, curli and other cellular appendages to act as oligomeric
toxins (Larsen et al., 2007; Dueholm et al., 2013); reservoirs
for quorum sensing; signaling molecules and binding of redox
mediators (Dueholm and Nielsen, 2017). Furthermore, there is
potential for these prokaryotic Aβ-like fibers to cross the blood-
brain barrier (BBB) and form pathological senile plaques seen
in AD. Presence of curli protein is emphasized by the GI tract
bacteria (Pistollato et al., 2016; Jiang et al., 2017; Zhao et al.,
2017) and as an analogy to prion plaques, help to explain the
protein-protein interactions leading to senile plaque formation
connecting the biofilm hypothesis (Allen et al., 2016; Miklossy,
2016).

Shahnawaz and Soto (2012), reported that the functional
amyloid MccE492 from Klebsiella pneumoniae RYC492 has
the ability to depolymerize from its fibrillary state and
release oligomers capable of inducing cytotoxicity equivalent to
pathological Aβ in AD. This paved the way for the molecular
mimicry theory (Hartman et al., 2013; Friedland, 2015). The
molecular mimicry theory incorporates microbial curli fibers and
human Aβ as a protein-protein interaction, which can result in
cross-seeding even if these proteins are dissimilar (Friedland,
2015). Additional prokaryotic and yeast functional amyloid
systems and their sources are listed in Table 1 (Bian et al., 2000;
Gophna et al., 2001; Larsen et al., 2007, 2008; Dueholm et al.,
2010, 2012, 2013; Dueholm and Nielsen, 2017).

Infections induce acute phase proteins as part of the innate
immune response (Gabay and Kushner, 1999). One of these
is serum amyloid component P (SAP). SAP can bind Candida
albicans (Klotz et al., 2016) in the similar way Aβ binds to
bacteria in its antimicrobial peptide capacity (Soscia et al., 2010;
Kumar et al., 2016). This implies that amyloid-like proteins
(Table 1) from foreign and host sources undergo physical
protein-protein interactions with potential to cross-seed with
Aβ, and increase the amyloid burden. These extrinsic proteins
(curli) are PAMPs (Bian et al., 2000) with β-pleated sheet
structures (Friedland, 2015), and they cross-react with antibodies
to human Aβ plaques (Miklossy, 2016). Due to their density
and morphological appearance, the senile plaques may be
composed of curli-like Aβ1–42 compositions. Would it then
be plausible to suggest that either AD is a result of mixed
pathologies or it has multiple etiological agents (Figure 1)
that bypass protective host barriers, whereby some give rise
to Aβ1–40 and others like curli fibers, cross-seed to generate
Aβ1–42? The molecular mimicry/Aβ cross-seeding hypothesis for
bacterial phylotypes (Hartman et al., 2013; Friedland, 2015) is
attractive as it gives microbes a more prominent role in AD
causality.

SENILE PLAQUE, A MINIATURE BIOFILM
HYPOTHESIS

The proposal that pathogenic microbes (including oral
spirochetes) are able to manifest the pathological and biological
hallmarks of AD led Allen et al. (2016) and Miklossy (2016)
to propose that ‘‘the senile plaques’’ in syphilitic and Lyme
disease brain specimens are conglomerates of pathogenic

bacteria, and can be viewed as multispecies biofilms. This
compelling notion supports the cross-reactivity of antibodies
that detect the breakdown product of the amyloid precursor
protein (APP) Aβ in human AD brains, with the ‘‘Aβ-like’’
senile plaques formed by spirochaetal aggregates in vitro
(Miklossy, 2016). In support of the Allen and Miklossy
biofilm hypothesis, Friedland (2015) proposes a mechanism
in which curli fibers and/or other similar bacterial antigens,
with capacity to aggregate and acquire Aβ conformation
would eventually grow by incorporating host Aβ and
aggregate in the form of AD senile plaques (Friedland,
2015).

Hundreds of synergistic species of bacteria reside within
the organ specific (mouth, skin, GI tract) biofilm ecologies
that outnumber the entire cells making up the human body3.
Given the diversity of microbes identified from AD brains,
it is plausible to expect a heterogeneous biofilm in which
bacteria, fungi and viruses, all reside side by side. Since it is
established that Aβ is an antimicrobial peptide (Soscia et al.,
2010), an expected consequence to microbes would be that of
death, specifically in the context of AD. This together with
the already highly inflamed environment of the AD brain and
ongoing glial cell activity is likely to kill bacteria and exclude
brain abscesses forming. Therefore, the senile plaques of AD
are only likely to retain bacterial virulence factors such as
LPS and genomic DNA signatures. Some bacteria and fungi
form spores within the AD brain tissue and that way, they
bypass the antimicrobial effects of the Aβ40/42. Microbiological
culture based methodologies allow their detection as previously
reported (Balin et al., 2008; Miklossy et al., 2017). This is a
testimony to live microbes having entered the AD brain at
some stage rather than mere contamination of tissue at post-
mortem. C. albicans has also been observed in post mortem
AD brain specimens (Carrasco et al., 2017) and has functional
amyloid-like adhesins (Als) on its cell surface (Ramsook et al.,
2010; Garcia et al., 2013). C. albicans is an opportunistic
yeast found commonly in the oral cavity, where it typically
becomes pathogenic in immunosuppressed individuals or if
local factors are conducive to its growth. For example, if the
individual uses a steroid inhaler or wears dentures (Scully and
Felix, 2005). C. albicans infection can be asymptomatic and
is difficult to eradicate. The concept of trapping/incapacitating
and killing bacteria in the brain by Aβ antimicrobial activity
(Soscia et al., 2010; Kumar et al., 2016) perhaps equally
applies to SAP mediated trapping of C. albicans systemically
(Klotz et al., 2016). However, this affinity could also be due
to the amyloid-like adhesion on the surface of C. albicans
(Ramsook et al., 2010; Garcia et al., 2013). If the senile
plaques represent foci of miniature biofilms, then C. albicans
may be responsible for adding to the Aβ burden by bringing
its own Als (Ramsook et al., 2010; Garcia et al., 2013) and
the insoluble SAP from its primary niche (Ramsook et al.,
2010; Klotz et al., 2016). As human brain Aβ and bacterial
LPS are resistant to degradation, their accumulation is to be
expected.

3http://www.hmpdacc.org/
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LPS in AD Proteostasis
The predominant signaling cascades participating in the innate
immune system in AD pathogenesis include the Toll-like
receptor (TLR) pathways. LPS in rodents demonstrate
participation of TLRs, CD14 and NF-κB signaling cascades
(Olsen and Singhrao, 2015; Lukiw, 2016) and indicates that
acute phase inflammation is beneficial whilst chronic organ
specific inflammation is detrimental (DiCarlo et al., 2001;
Sheng et al., 2003; Lee et al., 2010; Herber-Jonat et al., 2011)
E. coli is a member of the oral microbiome4. genetically
encoded for curli protein, and is included here because of
Friedland’s protein-protein interaction hypothesis for its
plausible contribution to AD senile plaques (Friedland, 2015).
E. coli LPS (presumably with curli), also co-localizes with
AD senile plaques (Zhan et al., 2016; Zhao et al., 2017).
In addition, experiments with peripheral inoculations
of LPS from E. coli in APPswe transgenic mice (Sheng
et al., 2003) have demonstrated increased expression of
APP with Aβ release (Sheng et al., 2003). This result
supports the concept of peripheral inflammation as an
initiating factor in intracerebral inflammatory activity as
well as supporting the release of at least one hallmark
(Aβ) protein (Sheng et al., 2003). More recently, Wu et al.
(2017) demonstrated that repeat injections of LPS from
P. gingivalis, activated cathepsin B (a form of β secretase)
indirectly to cleave APP intracellular fragmentation in an
age-dependent manner. Cathepsin B plays a pivotal role
in the neuroinflammation induced by P. gingivalis LPS
followed by intracellular APP cleavage (Wu et al., 2017).
Functional testing revealed that chronic and systemic
administration of P. gingivalis LPS in middle-aged mice
caused learning and memory deficits (Wu et al., 2017),
supporting an AD-like phenotype and giving this PAMP, from
an oral keystone pathogen, a more prominent role in AD
causality.

Salmonella species enter the oral cavity through consumption
of contaminated meat and eggs (Edwards and Bruner, 1938).
The importance of S. abortus equii (Edwards and Bruner, 1938)
lies in its LPS in relation to neuroinflammation and more
uniquely in tau protein phosphorylation. S. abortus equii LPS
inoculations in the hippocampus of rTg4510 mice carrying
the parental tau mutations and non-transgenic littermates
(Lee et al., 2010), supported an initial neuroinflammatory
activity, followed by increased Ser199/202 and phospho-tau
Ser396 in the mutated group (Lee et al., 2010). This result
demonstrates the role of several bacteria (host microbiome-
derived and extrinsic, food chain sources) and hosts’ genetic
susceptibility contributing to inflammatory stimuli subsequent
to which tau phosphorylation (Lee et al., 2010) takes place.
In other words, the signaling pathways participating in
innate immune mediator release have the potential to
modify the PHF bound tau protein by posttranslational
means, in the vulnerable host, at any time. Thus, NFT
formation could be both dependent and independent of Aβ

deposits.

4www.homd.org

With relevance to AD pathology, a defective BBB is
documented (Montagne et al., 2015; Halliday et al., 2016)
and a plausible explanation for the permeability is related
to loss of cell-cell tight junctional proteins. LPS from some
bacteria such as P. gingivalis also contains proteolytic enzymes
(gingipains) that cleave and fragment proteins into smaller
peptides. The proteolytic activity of gingipains also targets
cell-cell adhesion molecules (Katz et al., 2000; Hintermann
et al., 2002; Sheets et al., 2005). It is, therefore, likely that
gingipains also contribute to the degradation of endothelial
cell tight junction proteins, and contribute to loss of BBB
functional integrity. In support of this hypothesis, P. gingivalis
infected animal models demonstrated hippocampal damage
via inflammation-mediated injury and IgG and gingipains
in the cerebral microvasculature (Singhrao et al., 2017).
In addition, the phagocytic oxidative burst of the host’s
neutrophils and macrophages at a much earlier time point
of P. gingivalis infection, and the oxidative stress response
initiated by bacteria can equally damage the hippocampal
microvasculature (Rokad et al., 2017). A permeable BBB also
has implications for entry of extra-cerebral amyloid/amyloid-
like proteins to the brain and add to the existing amyloid
burden. Furthermore, under appropriate conditions, arginine
residues on the end of fragmented proteins can undergo
citrullination, a form of posttranslational modification, initiated
by P. gingivalis peptidyl arginine deiminase (Bielecka et al.,
2014). This is particularly relevant for retaining C5a activity
and attracting immune cells to the brain (Farkas et al.,
2003; Bielecka et al., 2014). This may be why AD pathology
lacks presence of systemic phagocytes and T/B cells in AD
brains. The insoluble Aβ40/42 however does associate with
macromolecules such as DNA, LPS, metal ions and other
binding proteins (Mueller-Steiner et al., 2006; Itzhaki, 2016;
Maher et al., 2016; Zhan et al., 2016). An explanation for their
binding to Aβ could be to stabilize β-helical sheet structure
formation.

LPS in AD Inflammatory Cascades
The prokaryotic functional amyloids and proteolytic enzymes
have the ability to modulate and induce host responses,
potentially playing a significant role in AD pathogenesis.
For example, P. gingivalis gingipains also affect cellular
functions related to immune signaling. The role of P. gingivalis
negating the adaptive immune system relates to suppression
of interleukin (IL-2) cytokine secretion (Olsen et al., 2016).
The lack of IL-2 enhances innate and humoral immune
responses resulting in a different cytokine profile. This changes
the T helper 17 (Th17) cell lineage, in the modulation
of the Th17/T-regulatory cell (Treg) clone formation. The
result is an imbalance in Th17 and Treg populations as
discussed elsewhere (Olsen et al., 2016). The predominant
signaling cascades participating in the innate immune system
in AD pathogenesis as mentioned earlier include CD14, TLRs
and the NF-κB pathways (Lukiw, 2016), the cAMP-signaling
pathway, the transformation growth factor-beta signaling
pathway (TGF-β) and the p38 mitogen-activated protein kinase
signaling (p38 MAPK) pathway. The latter signaling cascade
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mediates inflammatory and stress responses and is critical
in regulating levels of multiple pro-inflammatory cytokines,
such as tumor necrosis factor-α (TNF-α), IL-1, IL-6 and
IL-8, as well as enzymes involved in inflammatory cascades
e.g., cyclooxygenase and inducible nitric oxide synthase (Chen
et al., 1999; Underwood et al., 2000; Huang et al., 2004). TNF-
α cytokine is significantly upregulated in AD (Tarkowski et al.,
1999), which could be the result of host’s intrinsic genetic
factors such as presenilin 2 and APOE4 allele inheritance
(Jayadev et al., 2013; Fan et al., 2017), whilst co-morbidities
from periodontitis and its etiological polymicrobial pathogens
are also responsible for contributing to this cytokine pool
(Kamer et al., 2009). A consequence of high levels of TNF-α
is that, together with its converting enzyme, this cytokine
can provide positive feedback between the γ-secretase site
fragmentations of the APP into amyloid-alpha (Aα; Allen,
2017). Infections also induce oxidative stress and this too can
have an impact on Aα and Aβ levels through the γ- and
β-secretase cleavage of APP (Tamagno et al., 2008). Some
GI tract microbiome bacteria can alter γ-aminobutyric acid
neurotransmitter signaling by metabolizing glutamate and this
has direct implications for impaired cognition as described by
Pistollato et al. (2016).

FUTURE PERSPECTIVES

From periodontal microbiome perspectives, and rightly so,
much research has focused on making periodontitis an
accepted modifiable risk factor, for AD. The near future
should recapitulate the AD hallmark protein formation
with periodontal polymicrobial oral infections in AD
transgenic models. The foreign amyloid-like proteins
should be isolated and tested for their true potential to
contribute to inflammation and protein-protein interactions
leading to senile plaques in AD. The results will open up
tantalizing modifiable therapies whereby clinicians may
treat or prevent a range of chronic inflammatory diseases
orally through dental intervention, diet (probiotics) and
education.

CONCLUSION

Undoubtedly, a complex etiology underlies the clinical
manifestations seen in AD. Candidate microbes conforming

to the AD microbiome would be those that induce
immunosuppression, are pathogenic, are able to evade
the innate and adaptive immune recognition, incite local
inflammation and are incapable of allowing entry of activated
peripheral blood myeloid cells in the brain. The periodontal
microbiome does concur with the type of expected bacteria
in AD brains. As an analogy to the dysbiotic periodontal
microbial communities driving periodontal disease, the AD
microbiome may reflect similar traits. One such example is
the keystone periodontal pathogen P. gingivalis, which is a
master immune evader and an immunosuppressor of the
host through IL-2 suppression. Although P. gingivalis lacks
the curli gene, it has alternative inflammatory mechanisms
to indirectly activate β secretases and contribute to host
derived Aβ as well as correlate with loss of mental function. A
recent systematic review and a 16-year follow-up retrospective
cohort study significantly link 10-year exposure to chronic
periodontitis as a risk factor for AD. These reports, together
with effort from other researchers firmly places periodontitis
as a risk factor for AD. Alzheimer’s Research UK charity,
suggests that one third of all AD cases are preventable by
reducing modifiable risk factors. This is equivalent to at least
198,000 people in the UK unnecessarily suffering from an
untreatable, mental illness. With periodontitis and AD showing
significant associations, preventative measures must include
dental care as an intervention for all members of the society from
an early age.
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Several independent laboratories have recently reported the detection of bacterial
nucleic acid sequences or bacterial-derived neurotoxins, such as highly inflammatory
lipopolysaccharide (LPS), within Alzheimer’s disease (AD) affected brain tissues.
Whether these bacterial neurotoxins originate from the gastrointestinal (GI) tract
microbiome, a possible brain microbiome or some dormant pathological microbiome
is currently not well understood. Previous studies indicate that the co-localization
of pro-inflammatory LPS with AD-affected brain cell nuclei suggests that there may
be a contribution of this neurotoxin to genotoxic events that support inflammatory
neurodegeneration and failure in homeostatic gene expression. In this report we
provide evidence that in sporadic AD, LPS progressively accumulates in neuronal
parenchyma and appears to preferentially associate with the periphery of neuronal
nuclei. Run-on transcription studies utilizing [α-32P]-uridine triphosphate incorporation
into newly synthesized total RNA further indicates that human neuronal-glial (HNG) cells
in primary co-culture incubated with LPS exhibit significantly reduced output of DNA
transcription products. These studies suggest that in AD LPS may impair the efficient
readout of neuronal genetic information normally required for the homeostatic operation
of brain cell function and may contribute to a progressive disruption in the read-out of
genetic information.

Keywords: Alzheimer’s disease (AD), inflammatory degeneration, lipopolysaccharide (LPS), RNA Pol II
transcription, run-on gene transcription

INTRODUCTION—THE HUMAN GI TRACT MICROBIOME

The human gastrointestinal (GI) tract microbiome is comprised of a complex and dynamic
community of microbiota consisting predominantly of bacteria with various species of fungi,
protozoa, viruses and other microorganisms making up the balance (Lukiw, 2016a,b; Pistollato
et al., 2016; Zhan et al., 2016; Jiang Q. et al., 2017; Sherwin et al., 2017; Westfall et al., 2017).
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The number of GI tract microbial genes from 1000 different
species of anaerobic or facultative anaerobic bacteria vastly
outnumber human genes by at least one hundred to one
(Foster et al., 2016; Lukiw, 2016a,b; Zhan et al., 2016;
Jiang Q. et al., 2017; McManus and Heneka, 2017; Zhao
et al., 2017a,b). There is a growing appreciation of the
critical role that GI tract microbes play in health, aging
and disease including their important roles in coordinating
metabolic-, nutritive- and homeostatic-functions, and in their
functional disruption in chronic diseases such as anxiety,
autoimmune-disease, diabetes, metabolic-syndrome, obesity and
stress-induced and progressive inflammatory neurodegenerative
and neuropsychiatric diseases that include Alzheimer’s disease
(AD). Microbes such as Bacteroides fragilis (B. fragilis) and
Escherichia coli (E. coli), abundant Gram-negative bacilli of
the human GI-tract microbiome, appear to accomplish these
critical regulatory roles through the stress-induced secretion
of a complex mixture of bacterial amyloids, endotoxins
and exotoxins, small non-coding ‘‘microRNA-like’’ RNAs
and lipopolysaccharide (LPS). Recently work from several
independent groups has described the presence of bacterial
nucleic acid sequences or bacterial-derived neurotoxins such
as highly pro-inflammatory LPS associated with neuronal
parenchyma and in particular the neuronal nuclei of the
AD-affected brain (Bhattacharjee and Lukiw, 2013; Clark and
Vissel, 2015; Foster et al., 2016; Bagyinszky et al., 2017; Bloch
et al., 2017; McManus and Heneka, 2017; Zhao et al., 2017a,b).

In these experiments, we further investigated the association
of LPS with sporadic AD and age-matched control hippocampus
after the discovery of a strong association of LPS with neuronal
cells and with the periphery of neuronal nuclei in AD brain
(Bhattacharjee and Lukiw, 2013; Bagyinszky et al., 2017; Zhao
et al., 2017a,b). Run-on transcription studies of human neuronal-
glial (HNG) cells in primary culture using an extremely sensitive
endogenous RNA Pol II activity driven incorporation of [α-32P]-
uridine triphosphate (108 dpm/ml) into newly synthesized
total RNA indicated that nanomolar concentrations of LPS
strongly inhibit neuronal nuclei transcriptional output. This
may contribute in part to the generalized down-regulation
of gene expression for transcription factors and synaptic and
neurotrophic markers as is widely observed in sporadic AD brain
(Colangelo et al., 2002; Ginsberg et al., 2012; Garcia-Esparcia
et al., 2017; Itoh and Voskuhl, 2017).

MATERIALS AND METHODS

Human Neuronal-Glial (HNG) Cells in
Primary Co-culture
Culture of human neuronal-glia (HNG) primary cells,
cryopreserved at passage one were obtained from commercial
sources and cultured according to supplier’s instructions (Lonza
PT-2599, Lonza Cell Systems, Allendale, NJ, USA or Cell
Systems, ACBRI 376, Kirkland, WA, USA). HNG cells tested
negative for HIV-1, HBV, HCV, mycoplasma, bacteria, yeast
and fungi at source, have been extensively used for studies on
brain gene expression, and demonstrate particular neuronal

and astroglial cell markers including neuron-specific β-tubulin
III (βtubIII; red staining) and astroglial-specific glial fibrillary
acidic protein (GFAP; green staining). Briefly, HNG cells were
maintained as free-floating aggregates (neurospheres) in 75 cm2

uncoated plastic flask in neural progenitor maintenance media
(Lonza CC-3209) supplemented with human recombinant
fibroblast growth factor (rhFGF) and epidermal growth factor
[rhEGF]) and neural survival factor-1 [NSF-1] (Lonza CC-
4242) and gentamicin/amphotericin-B (Lonza GA-1000).
Differentiation was induced by plating neurospheres onto 8-well
glass chamber-slides pre-coated with poly-L-ornithine (an amino
acid polymer used as substratum to improve neuronal adhesion).
The differentiation media (Lonza CC-4242) was free of growth
factors but contained NSF and gentamicin/amphotericin-B,
25 ng/ml of brain-derived neurotrophic factor (BDNF) and
1% of fetal bovine serum (FBS). Upon deprivation of growth
factors neurospheres started to attach to bottom of wells
and migrate out to form a co-culture of neurons and glial
cells (HNG). Experimental treatment started at 2 weeks after
induction of differentiation. The cells were kept at 37◦C in a
humidified 5% CO2 atmosphere incubator at all times. HNG
cells initially contained about 5 × 105 cells/ml volume and
were cultured to ∼70% confluency in HNG cell medium as
described in detail (Cui et al., 2010; Bhattacharjee and Lukiw,
2013; Zhao et al., 2014, 2017a; Foster et al., 2016; Lukiw,
2016a,b; Pistollato et al., 2016; Zhan et al., 2016; Bagyinszky
et al., 2017; Jiang Q. et al., 2017; Li and Yu, 2017; McManus
and Heneka, 2017; Sherwin et al., 2017; Westfall et al., 2017;
http://www.mikroskop.com.pl/pdf/LSM700_1.pdf).

Human Brain Tissues, Antibodies and
Immunohistochemistry
Age matched female control (N = 12; age 85.8 ± 2.1 years and
PMI 3.6 ± 1.5 h) and AD (N = 15; age 87.7 ± 2.5 years and
PMI 3.8 ± 1.2 h) human superior temporal lobe neocortical
tissues (Brodmann A22) were obtained from UC-Irvine Brain
Bank, the University of Maryland and archived material at
the Louisiana State University Neuroscience Center. A total of
24 age-, gender (all females) and PMI-matched control and
AD brains were examined for LPS immunostaining and/or
run-on transcription analysis. For LPS immunocytochemistry
human brain tissue samples were embedded in OCT and
frozen at −80◦C; brain sections (10 µm) were cut on a
Shandon cryotome (Waltham, MA, USA). After an initial
fixation with 4% paraformaldehyde for 20 min, sections were
then incubated in primary antibodies (1:1000; 1× PBS with
2% BSA, 2% goat or donkey serum and 0.1% TX-100)
overnight at 4◦C, washed with PBS and then incubated with
Alexa Fluor-conjugated species-specific secondary antibodies
(ThermoFisher Scientific, Waltham, MA, USA) for 3 h at
RT. Sections were counter-stained with DAPI for nuclei,
followed by quenching with Autofluorescence Eliminator
Reagent (Millipore Cat # 2160; Zhan et al., 2016), mounted on
glass slides, cover-slipped with Fluoromount-G (ThermoFisher
Scientific) and imaged using a Zeiss LSM 700 Confocal
Laser Scanning microscope system (Carl Zeiss Microscopy,
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Thornwood, NY, USA; Bagyinszky et al., 2017; Zhao et al., 2017a;
http://www.mikroskop.com.pl/pdf/LSM700_1.pdf).

Immunofluorescence Protocol
HNG cells cultured on 8-well Chamber Slide (BD Biosciences,
San Jose, CA, USA) were fixed with 4% paraformaldehyde,
then permeabilized and blocked with 0.125% Triton X-100
and 2% normal goat serum in PBS at RT for 1 h. Cells
were incubated overnight at 4◦C with antibodies for β-tubulin
III (for neurons; Sigma T8578, Sigma-Aldrich St. Louis, MO,
USA) and GFAP (for astrocytes; Sigma G9629). Later cells were
washed for three times with PBS and then incubated for 3 h at
room temperature with secondary antibodies conjugated with
cy3 or FITC fluorescein (Thermofisher A21422 and A11008;
ThermoFisher Scientific, Waltham, MA, USA). After being
washed and dried, slides were applied with mounting medium
containing DAPI (1:10,000; Vector Laboratories, Burlingame,
CA, USA) and observed under Zeiss Axioplan Inverted
Deconvolution Fluorescent Microscope (63× oil immersion
lens; Carl Zeiss, Oberkochen, Germany). Positively stained cells
were quantified manually by a using manual counter function
of ImageJ software. Negative control with quenching was
performed and the data are attached in Supplementary Figure S2;
we performed quantification on LPS as percentage of neuronal
area. Antibodies used: mouse anti-E. coli LPS (Abcam, Cat#
ab35654; Abcam, Cambridge, MA, USA) and rabbit anti-NeuN
(Cell Signaling, Cat# 24307), rabbit anti-GFAP (Sigma-Aldrich,
Cat# G4564; Lukiw et al., 1998; Cui et al., 2010; Zhao et al.,
2014; Lukiw, 2016a,b; Zhan et al., 2016). LPS antibody specificity
and validation was confirmed using Western immunoblot
analysis (Figure 1 in Zhao et al., 2017a) which corresponded
to the product specifications (http://www.abcam.com/e-coli-lps-
antibody-ab211144.html) and an antibody neutralization/LPS
quenching control assay (Supplementary Figure S2; Skliris et al.,
2009; Bordeaux et al., 2010). To ascertain the association of
LPS with neuronal cells confocal images of LPS and NeuN
staining were imported into ImageJ (https://imagej.nih.gov/ij/);
RGB images were first converted into images of separate channels
(red for LPS and green for NeuN). A co-localization finder plugin
was run to generate images of co-localization of both channels;
each co-localization image was converted into an 8-bit image and
inverted. Global thresholding was used and the cutoff value was
adjusted to the point that only highlighted co-localized particles
are black on the image against a white background. Particle
analysis was then performed to calculate the area size of the co-
localization; this value was then divided by the area size of the
NeuN staining as the percentage of cell area.

Run-on Transcription and Total
[α-32P]-UTP–labeled RNA-driven
Hybridizations
Run-on transcription using endogenous RNA polymerase
II (RNA Pol II) incorporation of [α-32P]-UTP into newly
synthesized RNA and total control or AD messenger RNA
(mRNA) has been previously described by our labs and others
in considerable detail (Lukiw et al., 1998; Ricicová and Palková,
2003; Cui et al., 2005; Smale, 2009; http://www.genomics.

agilent.com/en/Bioanalyzer-DNA-RNA-Kits/RNA-Analysis
-Kits/?cid=AG-PT-105&tabId=AG-PR-1172). Briefly, total
messenger RNA (mRNA) was isolated using Trizol reagent
(Gibco-BRL, Gaithersburg, MD, USA); spectral quality, quantity,
and purity of total mRNA was determined by scanning RNA
in sterile RNase-free water from 220 nm to 320 nm using a
Beckman (Fullerton, CA, USA) DU-65 spectrophotometer
and an Agilent Bioanalyzer using RNA 6000 Nano Assay
(sensitivity ∼20 ng µl−1; 18–20). Dot blots containing 0.5,
1.0, 2.0 and 5.0-µg DNA probes for the human-specific Alu
repetitive element, the neuron-specific NFL chain gene and
the astroglial-specific glial fibrillary acidic protein (GFAP)
DNA on 4 × 8 cm HyBond N+ membrane panels (Amersham)
were probed with total [α-32P]-UTP radiolabeled RNA (108

dpm/mL) using a Bio-Rad (Hercules, CA, USA) Bio-dot SF blot
system. Total [α-32P]-UTP labeled total RNA was hybridized
3 h to the DNA immobilized on the dot blot panels using
5 mL of ExpressHyb hybridization solution (Clontech, Palo
Alto, CA, USA). Panels were washed to moderate-to-high
stringency using 20× SSC (3 M NaCl, 0.3 M Na-Citrate)
and 0.1% SDS at 50◦C according to the manufacturer’s
protocol (Clontech). Autoradiograms were generated using
either Kodak Biomax MS film or by exposing membranes to
phosphorimager storage screens and analyzing the resulting
signals using a Bio-Rad GS250 molecular imager or a Fuji
FLA2000 Bio-Imaging Analyzer (FujiFilm Corporation, Tokyo,
Japan). Relative intensities of Alu, NFL, or GFAP signals
were quantitated using the data acquisition and statistical
analysis packages provided with each instrument. For further
complete description please refer to a previous publication
from our laboratory and collaborators (Lukiw et al., 1998;
Ricicová and Palková, 2003; Cui et al., 2005; Smale, 2009;
http://www.genomics.agilent.com/en/Bioanalyzer-DNA-RNA-
Kits/RNA-Analysis-Kits/?cid=AG-PT-105&tabId=AG-PR-
1172).

Statistical Analysis, Integrated
Bioinformatics Analysis and Data
Interpretation
For Alu, NFL and GFAP mRNA abundance analysis all
statistical procedures were analyzed using (p, analysis of variance
(ANOVA)) a two-way factorial analysis of variance using
algorithms and/or procedures in the SAS language (Statistical
Analysis Institute, Cary, NC, USA) and as previously described
(Cui et al., 2010; Zhao et al., 2011; Clement et al., 2016;
Dendooven and Luisi, 2017). In the results p-values of less than
0.05 (ANOVA) were considered to be statistically significant. All
Alu, NFL and GFAP mRNA abundance data were collected and
analyzed using Excel 2016 (Office 365) algorithms (Microsoft
Corporation, Redmond WA, USA); all figures were generated
using Adobe Illustrator CC 2015 and Photoshop CC version14.0
(Adobe Corporation, San Jose, CA, USA).

RESULTS

Staining of human temporal lobe neocortical sections from
control and age- and gender-matched AD brains with anti-LPS
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FIGURE 1 | Lipopolysaccharide (LPS) staining in the human superior temporal lobe neocortex (Brodmann A22) in control and Alzheimer’s disease (AD) brain; LPS
(red stain; λmax = 690 nm) and DAPI (blue stain; λmax = 470 nm) staining of three control (Ct) (panels A–C) and three age-matched AD (panels D–F) temporal lobe
neocortical tissues; the size of all microscope fields in this photo are equal; interestingly the slightly larger size of some DAPI-stained AD nuclei (blue) in panels (D–F)
has been previously described in neuropathological studies of multiple anatomical regions in AD brain; the reason for this nuclear hypertrophy and plasticity in AD
neuronal nuclei not entirely clear, but may be a “compensatory” mechanism requiring a more “expanded” euchromatin and increased transcriptional activity for some
neurons that are attempting to repair neuronal and synaptic damage (Iacono et al., 2008); all panels magnification 63×; scale bar = 20 µm.

fluorescent antibodies showed detectable signals in both cases,
however the control LPS signals (Figures 1A–C) were more
disperse and punctate while the AD LPS signals (Figures 1D–F)
were more self-associating, globular and abundant, and were
almost always associated with NeuN- and DAPI-staining
neuronal nuclei (Supplementary Figure S1; see Figure 2). AD
LPS signal yields in neuronal cells averaged at least 7-fold
or greater than controls in this brain region. In order to
investigate how LPS may be associating with neuronal nuclei,
a series of temporal lobe neocortical sections from control and
age-matched AD brains were stained with LPS and a DAPI
nuclear stain (control Figures 2A,E; AD Figures 2C,G) as
well as the neuron-specific stain NeuN (control Figures 2B,F;
AD Figures 2D,H); the results of two control brains (both
female; mean age 85.5 ± 3.1 years and PMI 3 h or less;
Figures 2A,B,E,F) and two AD brains (both female age
86.5 ± 2.5 years and PMI 3 h or less; Figures 2C,D,G,H)
are representative of assays on multiple brains (N = 12).
In AD LPS accumulation was associated with the nuclei of

neurons; in moderate-to-late-stage AD some neuronal nuclei
were almost completely surrounded by LPS (see Figures 2D,H;
Yang et al., 2008; Gorman, 2008; Jellinger, 2010; unpublished
observations).

We next quantified the effects of LPS (at 0, 50, 100,
500 and 1000 nM with exposure for 36 h) on transcriptional
capability in primary HNG cells after ∼2.5 weeks in primary
co-culture (the HNG cell density is approximately 75% neurons
and 25% astroglia at ∼60% confluency) using run-on gene
transcription (Lukiw et al., 1998; Ricicová and Palková, 2003;
Cui et al., 2005; Smale, 2009; Figure 3). Three different
types of DNA transcripts were quantified, the Alu repetitive
element RNA as an index of general RNA polymerase type
II (RNA Pol II) transcriptional activity, the NFL chain
mRNA which is an abundant and essential neuron-specific
cytoskeletal intermediate filament responsible in part for the
cytoarchitecture of the neuron, and glial fibrillary acidic
protein (GFAP), an abundant astroglial-specific intermediate
filament important in maintaining the 3-dimensional shape
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FIGURE 2 | Association of LPS with the periphery of neuronal nuclei in AD neocortex—LPS (red stain; λmax = 690 nm), DAPI (blue stain; λmax = 470 nm) and NeuN
(green stain; λmax = 520 nm) staining of control and age-matched human superior temporal lobe AD neocortex (Brodmann A22); note that in the right-most AD
panels (C–G,D,H) about 90% of all LPS signals were associated with NeuN (green-staining; neuronal) and DAPI (blue staining) nuclei; panels (A,B,E,F) are from
control neocortex; panels (C,D,G,H) are from AD neocortex: quantitative analysis of LPS association with neuronal cells in bar graph format (panel I); LPS staining
(red) was quantified as average percentage of neuronal area associated with neuronal cells (green); LPS staining (red) was subjected to co-localization analysis with
the neuronal marker NeuN (green) and/or nuclear marker (blue); the highlighted co-localized area was then quantified as a percentage of neuronal area in the image;
the analysis was performed by using NIH ImageJ software (see text for further details); data are presented as one mean ± one standard deviation (SD); ∗p < 0.05 vs.
control; for all panels magnification 63×; scale bar = 20 µm.

FIGURE 3 | Primary human neuronal-glial (HNG) cells after ∼2 weeks in
primary co-culture; the cell density is approximately 75% neurons and 25%
astroglia at ∼60% confluency; human primary neuronal and glial “support” cell
co-cultures are utilized, because human neuronal cells do not culture well by
themselves (Cui et al., 2010); neuronal cells are stained with neuron-specific
β-tubulin (red; λmax = 690 nm), glial cells are stained with glial-specific glial
fibrillary acidic protein (GFAP; green; λmax = 525 nm), and nuclei are stained
with DAPI/Hoechst 33258 stain (blue; λmax = 470 nm); photo magnification
30×; scale bar = 50 µm.

of astroglial cells (Table 1). Interestingly, at just 100 nM
ambient LPS the yield of newly synthesized Alu, NFL and
GFAP transcription products was reduced to 41, 16 and
81 percent of controls, indicating that LPS may have a
repressive effect on global gene activity and a more focused
effect on neuronal transcript output vs. that of astroglial cells
(Table 1).

DISCUSSION AND CONCLUSION

Bacterial-derived Secretory Products and
Prokaryotic Nucleic Acids in AD-affected
Brain Cells
It has only recently become appreciated that in Homo sapiens
microbial genes outnumber human genes by about 100 to 1,
and the potential impact of bacterial secretory products and
bacterial genetics and on human health, aging and disease may
have been vastly underestimated (Bhattacharjee and Lukiw, 2013;
Hill and Lukiw, 2015; Zhao and Lukiw, 2015; Lukiw, 2016a,b;
Zhan et al., 2016; Bagyinszky et al., 2017; Emery et al., 2017;
Jiang Q. et al., 2017; Zhao et al., 2017a,b). The supposition of a
‘‘privileged immunological status for the mammalian CNS’’ has
also been recently questioned in neuropathological and innate-
immune system genetic studies of AD and murine amyloid-
overexpressing transgenic models for AD, particularly in terms
of inflammatory neurodegeneration. Both microbial-derived
nucleic acid sequences and/or noxious exudates representative of
GI-tract Gram-negative bacteria are showing up in anatomical
regions of the CNS involved in inflammatory and neuro-
immune disruptions that strongly associate with the AD process
(Bhattacharjee and Lukiw, 2013; Zhao et al., 2014, 2017a,b;
Hill and Lukiw, 2015; Zhao and Lukiw, 2015; Foster et al.,
2016; Lukiw, 2016a,b; Zhan et al., 2016; Bagyinszky et al.,
2017; Emery et al., 2017; Jiang Q. et al., 2017). To cite several
very recent examples: (i) using immunological methods Zhao
et al. (2015, 2017a) discovered LPS in very short post-mortem
interval AD hippocampus to levels 30-fold or greater than
age-matched controls; (ii) using immunocytochemistry Sharp’s
group found E. coli K99 pili protein and LPS levels significantly
greater in AD compared to control brains, finding that in AD
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TABLE 1 | Run-on transcription—impairment of neuronal transcriptional output by
lipopolysaccharide (LPS).

LPS (nM) n Alu NFL GFAP

0 (control) 8 100 100 100
50 10 54 ± 9.3 27 ± 8.7 86 ± 9.1
100 5 41 ± 10.3 16 ± 9.8 81 ± 11.2
500 5 36 ± 11.3 15 ± 11.3 72 ± 11.3
1000 5 35 ± 11.3 12 ± 11.3 72 ± 11.3

HNG cells in primary culture (Figure 3) were used to program run-on
gene transcription, a highly informative and sensitive method for
monitoring the mRNA generating capacity of any cell system (Lukiw
et al., 1998; Ricicová and Palková, 2003; Cui et al., 2005; Smale, 2009;
http://www.genomics.agilent.com/en/Bioanalyzer-DNA-RNA-Kits/RNA-Analysis-
Kits/?cid=AG-PT-105&tabId=AG-PR-1172). Effect of various doses of LPS (nM)
on in vitro RNAP II [mRNA transcripts coding for heterogeneous nuclear RNA
(Alu) or for protein neurofilament light (NFL, GFAP)] activities in isolated human
neocortical nuclei using Alu, NFL, or GFAP probes and expressed as a mean
of control values ± one standard deviation (SD); n, number of individual run-on
transcription experiments; Alu = Alu repetitive element; NFL, neurofilament light
chain (neuron-specific marker); GFAP, glial fibrillary acidic protein (glial specific
marker); LPS association with neuronal nuclei may block mRNA trafficking through
nuclear pores and/or provide a biophysical barrier to restrict mRNA exit from the
nucleus generating a mRNA-mediated down-regulation in gene expression as
is widely observed in AD brain (Colangelo et al., 2002; Ginsberg et al., 2012;
Garcia-Esparcia et al., 2017; Itoh and Voskuhl, 2017).

LPS co-localized with Aβ1–40/42-positive amyloid plaques and
around cerebral vessels (Zhan et al., 2016); (iii) 16S rRNA
next generation sequencing analysis identified multiple bacterial
nucleic acids in AD brains (Emery et al., 2017); and (iv) Zhao
et al. (2017a) found an specific enrichment of LPS specifically
associated with the neuronal nuclear membrane in AD brain.
All of these findings suggest that LPS and other bacterial-derived
amyloids and neurotoxins are localized to the same anatomical
regions involved in AD-type neuropathology and may be a
significant initiator or progressive contributor to inflammatory
degeneration and/or an altered innate-immune response in the
AD CNS (Figures 1, 2).

Noxious Exudates of the Human GI-Tract
Microbiome—LPS Structure and
AD-relevant Interactions
Bacteroides fragilis (B. fragilis) and Escherichia coli (E. coli),
abundant Gram-negative bacilli of the human middle and lower
GI-tract microbiome, have potential to secrete an extraordinarily
complex mixture of pathogenic bacterial amyloids, exotoxins,
small non-coding RNAs (sncRNAs) and LPS (Hill and Lukiw,
2015; Zhao and Lukiw, 2015; Köhler et al., 2016; Lukiw, 2016a,b;
Bergman et al., 2016; Jiang Q. et al., 2017; VanItallie, 2017; Zhao
et al., 2017a; unpublished observation). As major anaerobic
Gram-negative bacilli of the human middle and lower GI-tract,
respectively; the B. fragilis exotoxin (BFT) fragilysin is one of
the most potent pro-inflammatory molecules known (Zhao and
Lukiw, 2015; Lukiw, 2016a,b; Nitzan et al., 2017; Zhao et al.,
2017a; http://www.mikroskop.com.pl/pdf/LSM700_1.pdf); these
intensely pro-inflammatory LPS species may be able to ‘‘leak’’
through at least two major biophysical barriers—the GI-tract
barrier and the blood–brain barrier—to ultimately access brain
compartments (Köhler et al., 2016; Varatharaj and Galea, 2017;

Zhao et al., 2017b). Increased GI tract and blood-brain barrier
permeability induced by microbiota dysbiosis may mediate or
affect AD pathogenesis and other neurodegenerative disorders,
especially those associated with aging. As heat stable 10–20 kDa
lipid endotoxins covalently modified with polysaccharides of
the outer membrane of Gram-negative bacteria, LPS monomers
generally consist of three parts: (i) a repetitive hydrophilic
glycan polymer known as the ‘‘O’’-lipid specific to the bacterial
serotype; (ii) a hydrophilic core polysaccharide component
necessary for activation of the pro-inflammatory transcription
factor NF-κB and immune-related microRNA-146a; and (iii)
a hydrophobic, toxic lipid ‘‘A’’ consisting of two glucosamine
groups with attached fatty acids, often containing one phosphate
on each glucosamine (http://www.sigmaaldrich.com/techni
cal-documents/articles/biology/glycobiology/lipopolysacchari
des, Pogue et al., 2009; Zhao et al., 2017a). LPS typically
shield Gram-negative bacilli against the action of bile salts
and lipophilic antibiotics thus playing a role in host–pathogen
immune-evasion strategies useful to bacterial survival while
eliciting intense immune and pro-inflammatory responses
within the host (Jiang C. et al., 2017; Torres-Martínez and
Ruiz-Vázquez, 2017; http://www.sigmaaldrich.com/technical
-documents/articles/biology/glycobiology/lipopolysaccharides).
Interestingly, secreted LPS, along with proteolytic endotoxins,
amyloids and sncRNAs, over time can aggregate into insoluble
fibrous lipoprotein lesions that accumulate in brain parenchyma
and associate with the progressive and lethal degenerative
neuropathology of the human CNS that includes AD and
prion disease (Hill and Lukiw, 2015; Bhattacharjee and Lukiw,
2013; Foster et al., 2016) Thus, LPS, as the major molecular
component of the outer membrane of Gram-negative bacteria,
normally: (i) may serve as a physical barrier providing the
bacteria evasion from the anti-microbial actions of the host; (ii)
may be recognized by the immune system as a marker for the
detection of bacterial pathogen invasion and responsible for
the development of inflammatory responses; and (iii) within
the CNS is perhaps the most potent stimulator and trigger of
an inflammatory response known (Köhler et al., 2016; Lukiw,
2016a,b; McManus and Heneka, 2017; http://www.sigmaaldric
h.com/technical-documents/articles/biology/glycobiology/lipo
polysaccharides.html).

Biophysical or biochemical parameters regulating the natural
affinity of LPS for the nuclear region of neuronal nuclei
are not well understood. In chronic and fatal neurofibrillary
degenerative pathologies that include AD and prion disease,
LPS has been previously shown to strongly interact with a non-
conventional, non-nuclear isoform of histone H1, the major
neuronal membrane-associated LPS-binding protein in the brain
and a putative cell surface receptor that: (i) may be part of the
neuronal or nuclear cytoskeleton; and (ii) may be associated
with nucleoproteins which comprise nuclear pore ring structures
(Bolton and Perry, 1997; Duce et al., 2006; Figure 2). Linker
histone H1, with a primary role of binding DNA that enters
and exits the nucleosome to condense chromatin into a more
‘‘heterochromatic’’ or ‘‘quiescent’’ state, also strongly interacts
with Congo red staining amyloid fibrils (Duce et al., 2006).
Of related interest is that LPS activates toll-like receptors
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(TLRs), and more specifically TLR2 and TLR4, membrane-
spanning protein receptors expressed in microglial cells of the
innate-immune system, which recognize common damage- or
pathogen-associated molecular-patterns (DAMPS or PAMPs;
Kigerl et al., 2014; Lukiw, 2016a,b; Mathur et al., 2017). There
is evidence that LPS-TLR interactions trigger inflammation,
phagocytosis, and innate-immune defense responses that directly
induce the development of CNS pathology, but how LPS-nuclear
membrane attraction parameters change with aging and in
disease are not well understood (Pardon, 2015; Jiang C. et al.,
2017; Li and Yu, 2017; http://www.sigmaaldrich.com/technical-
documents/articles/biology/glycobiology/lipopolysaccharides).

LPS Represses Transcriptional Activity in
Neurons
This current work also quantified the abundance of Alu repetitive
RNA, NFL (neuron-specific) mRNA and (glial-specific) GFAP
mRNA (Figure 3 and Table 1) in control and LPS-treated
HNG cells using run-on transcription (Lukiw et al., 1998;
Ricicová and Palková, 2003; Cui et al., 2005; Smale, 2009).
These three transcription products are reflective of RNA Pol II
activity in brain cells with Alu abundance being significantly
expressed in all brain cells, NFL being neuron-specific and GFAP
representing glial-specific transcripts. Alu and NFL mRNA
abundance were found to be reduced in the presence of LPS.
Interestingly, multiple laboratories have shown previously Alu
and NFL gene expression to be down-regulated in AD and in
murine models of AD (Lukiw et al., 1990, 1992; McLachlan
et al., 1991; Takano et al., 2013; Itoh and Voskuhl, 2017)
although NFL levels appear to be increased in blood plasma
in AD (Zhou et al., 2017). While the evidence presented here
suggests that there may be preferential binding of LPS to the
neuronal nuclear region in sporadic AD, a consequence of
this may be an inability of mRNA to freely exit the nucleus
resulting in a global repression of transcriptional output in
neurons. Studies are underway to ascertain to which neuronal
peripheral structures LPS is attracted, if LPS that has reached
CNS compartments selectively down-regulates other neuron-
specific microRNA and/or mRNA species, and how this may
impact innate-immune or inflammatory signaling functions in
the aging and AD-affected brain.
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Periodontal disease is of established etiology in which polymicrobial synergistic ecology

has become dysbiotic under the influence of Porphyromonas gingivalis. Following

breakdown of the host’s protective oral tissue barriers, P. gingivalismigrates to developing

inflammatory pathologies that associate with Alzheimer’s disease (AD). Periodontal

disease is a risk factor for cardiovascular disorders (CVD), type II diabetes mellitus

(T2DM), AD and other chronic diseases, whilst T2DM exacerbates periodontitis. This

study analyzed the relationship between the P. gingivalis/host interactome and the

genes identified in genome-wide association studies (GWAS) for the aforementioned

conditions using data from GWASdb (P< 1E-03) and, in some cases, from the NCBI/EBI

GWAS database (P < 1E-05). Gene expression data from periodontitis or P. gingivalis

microarray was compared to microarray datasets from the AD hippocampus and/or from

carotid artery plaques. The results demonstrated that the host genes of the P. gingivalis

interactome were significantly enriched in genes deposited in GWASdb genes related to

cognitive disorders, AD and dementia, and its co-morbid conditions T2DM, obesity, and

CVD. The P. gingivalis/host interactome was also enriched in GWAS genes from the more

stringent NCBI-EBI database for AD, atherosclerosis and T2DM. The misregulated genes

in periodontitis tissue or P. gingivalis infected macrophages also matched those in the

AD hippocampus or atherosclerotic plaques. Together, these data suggest important

gene/environment interactions between P. gingivalis and susceptibility genes or gene

expression changes in conditions where periodontal disease is a contributory factor.

Keywords: Alzheimer’s disease, cardiovascular, diabetes, interactome, Porphyromonas gingivalis

INTRODUCTION

Complex chronic diseases such as periodontitis, cardiovascular disease (CVD; including
atherosclerosis, strokes, hypertension, myocardial infarction, congestive heart failure), type 2
diabetesmellitus (T2DM) andAlzheimer’s disease (AD), are increasingly common during advanced
aging and hence place a considerable social and economic burden globally. Porphyromonas
gingivalis is a risk factor for periodontitis and is associated with distal inflammatory pathologies
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including CVD, T2DM, and AD via immune modification
mechanisms. The prevalence of both periodontitis and AD
increases with aging (Silvestre et al., 2017) as do CVD
(Qiu and Fratiglioni, 2015) and T2DM (Yakaryilmaz and
Ozturk, 2017). The aging process itself may contribute to
these conditions, particularly in relation to pathogens, via
immunosenescence. This can decrease resistance to pathogens
due to immunodeficiency but is also accompanied by an increase
in the pro-inflammatory activity of monocytes and macrophages
which can lead to chronic low grade, inflammation, termed
“inflammageing,” which is also associated with AD, CVD, and
T2DM (Fülöp et al., 2016).

Periodontitis is of particular interest because of its known
polymicrobial etiology and a recognized oral microbiome
(Socransky et al., 1998; Aas et al., 2005). The Human Oral
Microbiome Database www.homd.org (Chen et al., 2010). An
uncontrolled oral microbiome may act as a reservoir, from
which opportunistic pathogens can migrate to remote body
organs. P. gingivalis and oral spirochetes for example, associate
with extra-oral niches (Riviere et al., 2002; Poole et al., 2013;
Olsen and Progulske-Fox, 2015). Periodontal pathogens enter the
systemic system through daily bacteraemia following breakdown
of epithelial: endothelial barriers due to the host’s inflammatory
responses and the ability of some pathogens, including P.
gingivalis to attack these barriers (Katz et al., 2000).

Chronic periodontitis is associated with the sporadic form of
AD and other related comorbidities, T2DM, and atherosclerosis
inter alia (Löe, 1981, 1993; Olsen and Singhrao, 2015; Singhrao
et al., 2015; Olsen et al., 2016; Bale et al., 2017; Harding
et al., 2017). Here our focus is on P. gingivalis as the keystone
pathogen, because it is by far the best-researched bacterium
for its contribution to periodontitis (Hajishengallis et al., 2012;
Hajishengallis and Lamont, 2014; Olsen et al., 2016).

Periodontal disease is an inflammatory condition affecting
the tissues supporting teeth in their bony socket and occurs
in aggressive and chronic subtypes. The disease is caused by
polymicrobial dysbiosis with several bacterial species playing
a significant role in tooth loss (Hajishengallis and Lamont,
2014; Olsen et al., 2016). Some of these include Actinomycetem
actinomycetemcomitans, and those belonging to the red complex
(P. gingivalis, Tannerella Forsythia, Treponema denticola).
Others are intermediate colonizers of the sub-gingival biofilm
ecology of the orange complex, (Fusobacterium nucleatum,
Peptostreptococcus micros, Prevotella intermedia, Prevotella
nigrecens, Eubacterium nodatum, and Streptococcus constellates)
(Haffajee et al., 2008) and other species. Together they contribute
to pathological periodontal pocket formation around the tooth.

The importance of P. gingivalis is the bacterium’s ability
to subvert the roles of organ specific inflammatory cells
via a number of virulence factors, the most important
being its lipopolysaccharide (LPS) and gingipains (Singhrao
et al., 2015; How et al., 2016). Once in the new niche, P.
gingivalis induces dysbiosis of local commensals (Harding et al.,
2017) and drives immune reactions in favor of inflammatory
amplification whilst maintaining chronic disease (Olsen et al.,
2017). The inflammatory contribution from periodontitis links
to CVD (atherosclerosis), T2DM and AD and other pathologies.
The American Heart Association (AHA) declared, after an

extensive review of the literature, that periodontal disease was
independently associated with arteriosclerotic vascular disease
(ASVD) (Bale et al., 2017). Similarly, T2DM has been recognized
as a complication of periodontal disease (Löe, 1993) and
periodontitis has been proposed as a risk factor for AD (Kamer
et al., 2015; Harding et al., 2017; Leira et al., 2017) with support
from longitudinal monitoring documented elsewhere (Chen
et al., 2017).

AD is associated with impaired cognition and a number
of pathological lesions, classically amyloid-beta (Aβ) deposits
and hyperphosphorylated neurofibrillary tangles (Goedert et al.,
1991). Many pathogens, (e.g., herpes simplex type 1 (HSV-
1), Chlamydia pneumoniae, Borrelia burgdorferi) (Itzhaki et al.,
2016) as well as P. gingivalis lipopolysaccharide (Wu et al., 2017)
are able to promote Aβ deposition. Aβ has broad-spectrum
antimicrobial effects against bacteria, fungi and viruses (Soscia
et al., 2010; White et al., 2014; Bourgade et al., 2015; Kumar
et al., 2016) and its deposition may result from an innate immune
response to the cerebral invasion of pathogens that have been
associated with AD.

T2DM is a metabolic disorder characterized by hyperglycemia
and insulin resistance. The complications of diabetes result
from long-term elevation of blood glucose levels. Diabetes
has significant impact on gingival and periodontal tissues due
to poor glycaemic control (Löe, 1981). A consequence of
hyperglycaemia is that free sugars circulating in the blood give
rise to advanced glycation end-products (AGEs), which are a
unique inflammatory product. Endothelial cells and monocytes
have receptors that bind AGE products. This in turn has
an impact on gingival tissue vascular permeability through
enhanced breakdown of the periodontium by protease activity
of polymicrobial infections (Embery et al., 2000; Sugiyama et al.,
2012). T2DM is a well-established risk factor for stroke (Chen
et al., 2016) and as a complication of periodontal disease (Löe,
1981). As with AD, numerous (and similar) oral pathogens
have been associated in patients with diabetes (Castrillon
et al., 2015). The pancreatic amyloid (amylin) accumulates
in pancreatic islets in T2DM. Amylin also has antimicrobial
effects and its accumulation may result from an innate immune
response to chronic bacterial infections, ultimately triggering the
inflammatory pathology related specifically to T2DM (Miklossy
and McGeer, 2016).

Periodontitis is associated with age-related diseases such as
atherosclerosis via immune processes leading to dyslipidaemia
in the vessel walls (Libby et al., 2002; Velsko et al., 2014).
These events follow from established periodontitis (Socransky
et al., 1998). One feature of the polymicrobial infection is
that P. gingivalis secretes a peptidyl arginine deiminase enzyme
that can modify proteins prevalent in atherosclerotic lesions
by citrullination (Janssen et al., 2013; Sokolove et al., 2013;
Geraldino-Pardilla et al., 2017). Gearldino-Pardilla et al. reported
that higher levels of autoantibodies against citrullinated proteins
can target citrullinated histone 2B associated with higher
coronary artery calcium scores (amount of calcium in walls of
arteries supplying heart muscle) when compared with lower
antibody levels, suggesting a potential role of seroreactivity to
citrullinated histone in atherosclerosis (Geraldino-Pardilla et al.,
2017).
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All of the aforementioned diseases have both genetic and
environmental components, the latter often related to pathogens,
as is the case for AD (see above), atherosclerosis (Sessa
et al., 2014), and T2DM (Chakraborty et al., 2017). Previous
studies have shown that host genes utilized by oncogenic
viruses relate to cancer susceptibility genes (Rozenblatt-Rosen
et al., 2012) and several genes related to AD are involved
in the life cycles of the many pathogens implicated in this
disorder (HSV-1, C. pneumoniae, Cryptococcus neoformans,
B. burgdorferi, Helicobacter pylori, and P. gingivalis) (Carter,
2011). The HSV-1 and the parasite Toxoplasma Gondii—host
interactomes also overlap with the susceptibility genes of a
variety of neurological and psychiatric diseases (Carter, 2013a,b).
A further study of 110 viruses has shown host/pathogen and
host/host interactome overlaps that are relevant to the genetics
of multiple human diseases (Navratil et al., 2011). These results
support the notion of important relationships between the genes
and proteins used by pathogens and disease susceptibility genes.
These gene/environment interactions are likely to affect disease
manifestation.

In this study, we have compared the P. gingivalis/host
interactome with GWAS susceptibility genes involved in
AD, T2DM and related metabolic (obesity) syndromes, and
atherosclerosis (CVD, strokes). We have also compared the gene
expression profiles derived from periodontitis gingival tissue
or P. gingivalis-treated macrophages with those derived from
AD hippocampal tissue or atherosclerotic plaques from clinical
samples.

METHODOLOGY

The P. gingivalis/host interactome (currently comprised of
3,993 host genes) curated manually, from Pubmed references
is available at http://www.polygenicpathways.co.uk/pgingivalis.
htm, together with a KEGG pathway analysis of the host arm of
this interactome.

Susceptibility genes for a variety of diseases were from two
genome-wide association study (GWAS) databases. The first of
these (GWASdb, http://jjwanglab.org/gwasdb); contains genes
with a P-value cut-off of P < 1E-10−3 (Li et al., 2012). (The
file downloaded was from the August 2015 release (download
GWASdb SNP-Trait file). The second is the more conservative
NHGRI-EBI Catalog (P < 1E × 10−5) posted at (NHGRI-
EBI Catalog, https://www.ebi.ac.uk/gwas/docs) accessed in May
2017 (Macarthur et al., 2017) and this was used for selected
diseases derived from the initial GWASdb analysis. The reported
genes column represents data from the NHGRI-EBI catalog. For
AD only, genes labeled as “Alzheimer’s disease,” or “Alzheimer’s
disease (late onset),” were used. GWASdb contains data from 591
disease entities classified as disease ontology identifier (DOIDs)
according to Disease-Ontology Lite (http://disease-ontology.
org/) (Kibbe et al., 2015). However, many of the keywords
used for the searches were general (for example, brain disease,
cardiovascular system disease) and these were ignored in favor
of more specific identities of interest (e.g., Alzheimer’s disease,
atherosclerosis, myocardial infarction), (N = 285). In addition,

we compared the P. gingivalis interactome with the proteome of
mouse cerebral arteries from the circle of Willis (6,630 proteins)
(Badhwar et al., 2014). The proteins from this area of the anatomy
is relevant because arteries supplying blood to the brain branch
out at the circle of Willis and are subject to atherosclerosis in AD
(Roher et al., 2003).

Next, we compared the microarray gene expression studies for
periodontitis or P. gingivalis with the microarray datasets from
AD and/or with atherosclerosis. The periodontitis microarray
data are from an integrated analysis of three microarray datasets
from human gingival tissue obtained from periodontitis patients
(Guo et al., 2015). The effects of P. gingivalis relate to a
microarray study of human macrophages exposed to live P.
gingivalis, its LPS, or its fimbrial component (fimbrillin =

FimA), 2h post infection or treatment; (Affymetrix Human
Genome U133 Plus 2.0 array) (Zhou and Amar, 2007). These
effects (periodontitis or P.gingivalismicroarrays), were compared
with microarray datasets obtained from post-mortem studies
of the AD hippocampus for incipient and/or established AD
(nine control and 22 AD subjects of varying severity on
31 separate microarrays, Affymetrix Human Genome U133A)
(Blalock et al., 2004); and from a study comparing stable vs.
unstable atherosclerotic plaques derived from human carotid
endarterectomy specimens (Total RNA from 11 segments from
3 atherosclerotic plaques classified as stable and unstable:
Affymetrix Human Genome U133). The expression data
refer to stable/unstable atherosclerotic plaques comparisons
(Papaspyridonos et al., 2006). Gene symbols for all data conform
to the Human gene Nomenclature (HUGO) system (Povey
et al., 2001). Overlapping gene symbols from the comparisons
were with the Venny tool, online at the following URL (http://
bioinfogp.cnb.csic.es/tools/venny/) (Oliveros, 2007).

Statistical Analysis
Assuming a human genome of 26,846 coding genes and a P.
gingivalis interactome of 3,993 host genes, 3,993/26,846 gene sets
would be expected in any comparator GWAS or other dataset
(14.87%). This calculation allowed the determination of the
expected values and the enrichment values (observed/expected)
in relation to the GWASdb or NHGRI-EBI datasets. The same
approach was used to compare microarray data, using the
number of misregulated disease genes (=N) to define expected
percentage overlap values (=N/26846%). Statistical significance
of the enrichment was calculated using the hypergeometric
probability test where a Bonferroni cut-off (0.05 × 591 = <

0.0000846) was applied. The resultant p-values from each of the
analyzed series, was corrected for, by accounting for the false
discovery rate (FDR p=q) (Benjamini and Hochberg, 1995).
Significant FDR corrected values are considered at q < 0.05. The
KEGG Pathway enrichment analysis was determined using the
Consensus Path database (CPDB) at http://cpdb.molgen.mpg.de/
(Herwig et al., 2016).

RESULTS

The P. gingivalis interactome was highly enriched in GWASdb
genes related to neurological disorders (cognitive disorder,
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dementia and AD), and with metabolic disorders (T2DM and
obesity). Each of these conditions has been associated with
periodontal disease, as referenced in Table 1. The analysis
showed P. gingivalis bacterial interactome enrichment in
GWASdb genes for CVD including those for hypertension,
diverse atherosclerotic conditions, myocardial infarction and
congestive heart failure. Similarly, the interactome also related to
GWASdb genes from several psychiatric conditions or substance
abuse-related disorders that link to periodontal disease (as
referenced in Table 1); and are related to mood, depression,
anxiety and sleep disorders as well as to substance dependence,
including nicotine and alcohol dependency (Table 1). Such a
finding was further strengthened by interactome enrichment
confirmation in relation to the more stringent NHGRI-EBI
GWAS database (P < 1E-05) for genes related to AD,
T2DM, and atherosclerosis (= carotid plaque burden in
the NHGRI-EBI GWAS database). Other diseases were not
analyzed.

The overlap between the P. gingivalis interactome and
periodontitis/periodontal disease (GWASdb) was not significant
for 51 GWASdb genes, but was nominally significant (p
= 0.029) for 108 periodontitis genes from the NHGRI-
EBI Catalog. This lack of, or low significance may relate
to the fact that numerous other pathogens are involved in
causing chronic periodontitis (Table 1). It could also be
related to statistical power problems inherent to this type of
analysis (a fixed number of the P. gingivalis interactome (N
= 3993) and variable numbers of GWASdb susceptibility
genes (from 51 in periodontitis to 4,763 in cognitive
disorder).

A Focus on AD, T2DM, Atherosclerosis and
Hypertension
The P. gingivalis interactome overlaps with GWASdb genes
associated with each of these (AD, T2DM, atherosclerosis
and hypertension) diseases or risk factors. Some of these
interactome overlaps are with genes specific to either single
diseases or risk factors (diabetes = N = 417; hypertension
N = 193; AD = N = 131; atherosclerosis N = 39).
In other cases, overlapping interactome genes are common
to two or more diseases such as, AD/diabetes N = 105;
AD/atherosclerosisN = 22; AD/atherosclerosis/diabetesN = 11;
(AD/atherosclerosis/hypertension N = 5) (Figure 1). Twenty-
three of seventy-eight AD genes from the more stringent
NHGRI–EBI GWAS database (p < 1E-05) also appeared in these
four datasets (Figure 1).

Over-Representation of Arterial Genes in
the P. gingivalis Interactome
Of the full P. gingivalis interactome (3,993 genes), 1,423 belonged
to the cerebral artery proteome dataset of 6,630 proteins (21.4%:
Observed/expected= 1.44: enrichment: P= 7.2E-63). Of the 385
genes common to the P. gingivalis interactome and ADGWASdb
genes, 175 belonged to the cerebral artery proteome: (45.3%;
observed/expected= 1.85: enrichment P = 0).

KEGG Pathway Analysis of the AD Genes
Common to the P. gingivalis Interactome
The analysis of pathways outlined by the GWASdb genes
common to AD and the P. gingivalis interactome generated
by the CPDB website, are in Table 2. (KEGG pathways for
the entire host/pathogen interactome are posted at http://
www.polygenicpathways.co.uk/pgingkegg.html. These genes
include pathways related to cancers, AD, infection and
immune responses, cytokine and chemokines and multiple
metabolic signaling processes). KEGG pathway analysis of the
common AD/interactome genes revealed pathways relevant to
blood-brain barrier (BBB) function, including focal adhesion,
junction and actin pathways, protein digestion and absorption
(mainly represented by collagen genes that are related to
vascular smooth muscle, and leukocyte trans endothelial
migration).

Microarray Studies of Periodontitis or
P. gingivalis: Comparison with Alzheimer’s
Disease and Atherosclerosis
Periodontitis Comparison
The genes upregulated in periodontitis significantly overlapped
with those upregulated in the AD hippocampus [mature AD (P
= 3.9E-30), incipient AD (P = 4.6E-14)] and in atherosclerotic
plaques (P = 1.7E-13) (Figure 2A). There was also significant
match between the genes downregulated in periodontitis and
those downregulated in mature AD (P = 5.6E-31), incipient
AD (P = 3.5E-51) and atherosclerotic plaques (P = 9.8E-97)
(Figure 2B).

P. gingivalis Comparison
In general, the overlaps between the P. gingivalis microarrays
(live, LPS, or FimA effects in macrophages) and the misregulated
genes in AD or atherosclerosis were fewer and less significant,
than when compared with periodontitis, where a more
diverse microbial population is encountered (Figures 2A,B).
The genes upregulated in AD significantly matched those
upregulated by live P. gingivalis (mature AD: P = 1.1E-
08: incipient AD: P = 0.0003), its LPS (mature AD: P =

0.0002: incipient AD: P = 0.005) or FimA (mature AD:
P = 3.2E-07: incipient AD P = 0.0006) (Figure 2A). The
genes downregulated in incipient AD matched those affected
by live P. gingivalis infection (P = 1.1E-08) or its FimA (P
= 3.4E-06) but the comparisons between mature AD and
live P. gingivalis or its FimA component were not significant
(Figure 2B).

The genes upregulated in atherosclerotic plaques also
matched those affecting macrophages by live P. gingivalis
(P = 0.0005) infection, or its FimA component (P =

0.013). The LPS comparison was not significant (P = 0.06).
The effects of live P. gingivalis, were significant for the
genes downregulated in the atherosclerosis comparison (P
= 9.2E-10). The FimA comparison was not significant (P
= 0.06) and no downregulated data were available for the
bacterial LPS.
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TABLE 1 | The overlaps between the host genes of the P. gingivalis interactome with genes associated with diverse diseases from the GWASdb (top unshaded region) or

the NCBI-EBI (bottom shaded region) databases.

Condition Association references N GWAS Overlap Expected O/E Hypergeometric

P-value

FDRp

Periodontal

Periodontitis: DOID:824 or

periodontal disease DOID:3388

(same genes)

Periodontal pathogens include

A. actinomycetemcomitans, (P. gingivalis,

T. forsythia, T. denticola) others (F. nucleatum,

P micros, P. intermedia, P. nigrecens,

E. nodatum, and S. constellates) (Socransky

et al., 1998)

51 11 7 1.47 0.059 NA

Neurological

Cognitive disorder: DOID:1561 Periodontitis has been associated with

cognitive decline in middle-aged and older

adults (Noble et al., 2009; Naorungroj et al.,

2013; Shin et al., 2016) and in Alzheimer’s

disease (AD) (Ide et al., 2016)

4,763 1,065 698 1.53 1.98E-53 8.36E-52

Dementia: DOID:1307 See AD: Among those aged 75years or older,

patients with AD or other types of dementias

are at increased risk of poor oral health and

poor oral hygiene (Syrjälä et al., 2012). Vascular

dementia patients have higher number of

decayed teeth and deeper periodontal pockets

(Bramanti et al., 2015)

1,645 400 241 1.66 7.96E-26 1.34E-24

Alzheimer’s disease:

DOID:10652

Periodontitis has been associated with AD

(Noble et al., 2009; Sparks Stein et al., 2012;

Singhrao et al., 2015) and P. gingivalis

lipopolysaccharide detected in AD brains

(Poole et al., 2013)

1,591 385 233 1.65 1.84E-24 2.86E-23

Metabolic

Type 2 diabetes mellitus:

DOID:9352

Periodontitis is associated with type 2 diabetes

and higher colonization levels of several

periodontal pathogens, including P. gingivalis

are associated with higher prediabetes

prevalence among diabetes-free adults

(Demmer et al., 2015). In mice, diabetes

increases the risk for periodontal disease

induced by P. gingivalis but infection did not

affect the onset or severity of diabetes in either

type 1 or 2 diabetes mice (Li et al., 2013)

3,381 817 495 1.65 2.25E-53 8.86E-52

Obesity: DOID:9970 Periodontal pathogens, including P. gingivalis

are prevalent in the mouth and stomach of

obese individuals undergoing bariatric surgery

(Pataro et al., 2016). Bacteria, including

P. gingivalis associated with body mass index

and waist circumference in Japanese subjects

(Matsushita et al., 2015)

2,076 501 304 1.65 1.6E-31 3.49E-30

Cardiovascular

Hypertension: DOID:10763 Hypertension and atherosclerosis have been

associated with antibodies to P. gingivalis

(Hanaoka et al., 2013)

1,883 496 276 1.80 1.36E-41 3.48E-40

Arteriosclerosis: DOID:2349 Periodontal bacteria including

A. actinomycetemcomitans, P. gingivalis,

T. forsythia, T. denticola or F. nucleatum are

believed to contribute to atherosclerosis via

effects on lipoprotein serum concentration,

endothelial permeability and binding of

lipoproteins in the arterial intima (Bale et al.,

2017). P. gingivalis is the most abundant of

over 200 bacterial species detected in

non-atherosclerotic coronary and femoral

arteries (Mougeot et al., 2017)

823 207 121 1.72 1.73E-15 1.96E-14

Arteriosclerotic cardiovascular

disease: DOID:2348

514 130 75 1.73 1.68E-10 1.34E-09

Atherosclerosis: DOID:1936 500 126 73 1.72 3.97E-10 3.08E-09

(Continued)
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TABLE 1 | Continued

Condition Association references N GWAS Overlap Expected O/E Hypergeometric

P-value

FDRp

Myocardial infarction: DOID:5844 A Danish register study (17,691 periodontitis

patients) has shown association with

myocardial infarction, ischemic stroke,

cardiovascular death, and major adverse

cardiovascular events (Hansen et al., 2016)

705 180 103 1.74 2.71E-14 2.71E-13

Congestive heart failure:

DOID:6000

Periodontitis has been associated with heart

failure (Wood and Johnson, 2004; Fröhlich

et al., 2016; Holmlund et al., 2017). No specific

reports for P. gingivalis

233 71 34 2.08 6.27E-10 4.80E-09

Psychiatric

Mood disorder: DOID:3324 See depression 2,536 582 372 1.57 1.84E-30 3.87E-29

Substance dependence:

DOID:9973

See alcohol and nicotine 1,518 380 223 1.71 4.57E-27 7.92E-26

Alcohol dependence:

DOID:0050741

High levels of periodontal pathogens, including

P. gingivalis observed in alcoholic patients

(Amaral et al., 2011; Sender-Janeczek and

Zietek, 2016). Alcohol consumption is a risk

factor for periodontitis (Shepherd, 2011)

1,139 283 167 1.69 6.93E-20 9.08E-19

Nicotine dependence:

DOID:0050742

Low concentrations of cigarette smoke

condensate increase invasion of human

gingival epithelial cells by P. gingivalis (Imamura

et al., 2015)

542 149 79 1.87 8.26E-15 8.71E-14

Anxiety disorder: DOID:2030 Social stress enhances the inflammatory

response to P. gingivalis in mice (Bailey et al.,

2009)

360 91 53 1.7 7.38E-08 4.35E-07

Sleep disorder: DOID:535 Periodontal disease has been associated with

obstructive sleep apnoea (meta-analysis) (Al

Jewair et al., 2015). Sleep deprivation

increases periodontitis in a rat model (Nakada

et al., 2015). No reports for P. gingivalis.

247 67 36 1.85 2.31E-07 1.22E-06

Endogenous depression:

DOID:1595/major depressive

disorder: DOID:1470 (same

genes)

The incidence of depression is higher in

patients with periodontitis (Hsu et al., 2015;

Kumar et al., 2015). No specific links found for

P. gingivalis

510 109 75 1.46 1.73E-05 6.99E-05

Blood disorders

Leukopenia: DOID:615 See agranulocytosis 995 225 146 1.54 1.08E-11 9.27E-11

Agranulocytosis: DOID:12987 = Neutropenia: Neutropenia has been

associated with prepubertal periodontitis and

with the subgingival microflora, including

P. gingivalis (Kamma et al., 1998)

376 99 55 1.80 2.44E-09 1.73E-08

NCBI-EBI GWAS

Alzheimer’s disease 78 32 11.4 2.8 1.47E-08 5.90e-08

Type 2 diabetes 217 58 31.8 1.82 2.18E-06 4.35E-06

Atherosclerosis carotid plaque

burden)

46 14 6.7 2.08 0.0035 0.0047

Periodontitis 108 22 15.8 1.39 0.029 0.029

The total number of associated GWAS genes (N GWAS) is shown for each disease, together with the number of these genes common to the P. gingivalis interactome (overlap). The

expected number of common genes and the observed/expected ratios (O/E) are also shown together with the p-value for enrichment and the P-value corrected for false discovery

(FDRp). NS, non-significant (see section Methodology).

DOID, Disease Ontology identifier; O/E, ratio of overlapping genes to expected genes; O, genes found to overlap with P. gingivalis interactome; E, number of genes expected to overlap

by random chance; FDRq, p (q)-value corrected for False discovery.

DISCUSSION

P. gingivalis is but one of several pathogens contributing
to periodontal disease and this may contribute to the lack
of (GWASdb) or low significance (NHGRI–EBI) of the

overlap between the host/pathogen interactome and the genes
associated with periodontitis itself. Many individuals do not
develop periodontitis during their lifetime (Trombelli et al.,
2004). Progression to the aggressive form of periodontitis
is also rare and is associated with neutrophil defects with
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FIGURE 1 | Venn diagram shows the number of susceptibility genes (GWASdb) and their percentage occurrence within the P. gingivalis/host interactome that are

common or specific to various combinations of atherosclerosis (Athero), type 2 diabetes (Diab), hypertension (hyper) and Alzheimer’s (Alz), The Venn diagram is for

data from GWASdb. The genes in boxes refer to GWAS genes from the more stringent NCBI-EBI data that are also part of the P. gingivalis/host interactome. The

percentages are those of the sum of the interactome/susceptibility gene overlaps for all diseases represented in the figure (atherosclerosis+ type 2 diabetes +

hypertension+ Alzheimer’s gene/interactome overlaps).

A. actinomycetemcomitans as the dominant etiological agent
(Zambon, 1985), whereas chronic periodontitis is associated with
complexes containing mixtures of species such as P. gingivalis,
T. forsythia and a range of spirochetes (Socransky et al., 1998;
Haffajee et al., 2008). Given the relationship between pathogens
and host genes, as exemplified in this paper, such clinical variables
may also depend upon the host’s genetic profile. However, the
enrichment of the interactome in genes associated with many
other diseases linked to periodontitis (e.g., AD, CVD, and T2DM)
was highly significant. This suggests that, within the sub-gingival
microbiome, P gingivalis is a key pathogen contributing to the
pathologies of these diseases. The focus of this paper relates
principally to AD through these comorbid states.

The oral pathogen P. gingivalis interacts with or alters the
expression of thousands of host genes forming an extensive
host/pathogen interactome. The genes of the host arm of this
interactome overlap with GWASdb genes associated with AD,
atherosclerosis and T2DM and other CVD complications
including hypertension and myocardial infarction. They
also overlap with GWASdb genes associated with several
psychiatric conditions and/or psychological factors determining
life-styles including mood disorders, depression, anxiety
and sleep disorders and substance abuse. Periodontitis can
affect mood, depression, anxiety and sleep disorders as
discussed previously (Harding et al., 2017) and the outcome
of this interactome analysis supports this related conclusion.

In addition, dependency on drugs including nicotine and
excessive alcohol intake can negatively affect oral hygiene
and periodontitis (Bonfim et al., 2013; Singh et al., 2013) and
subsequently mental health as a bi-directional association (oral
health <> mental health) (Kisely, 2016). The overlap between
the genes associated with nicotine and alcohol abuse and the
P. gingivalis interactome (Table 1) may relate to the effects of
nicotine or alcohol on host genes affecting pathogen levels and
virulence. For example, nicotine reduces the induction of the
anti-microbial beta-defensin-2 induced by P. gingivalis LPS in
human gingival epithelial cells (Mahanonda et al., 2009), and
even low concentrations of cigarette smoke condensate increase
invasion of human gingival epithelial cells by P. gingivalis
(Imamura et al., 2015). In general, both alcoholism and smoking
can modify cytokine responses to bacterial LPS or lipoteichoic
acid in systemic immune cells (Gaydos et al., 2016).

Polymorphisms in human genes affect host physiology,
but they are also likely to affect the interactions between
pathogen and host. Pathogens also use these host genes/proteins
during their life cycles, and the host employs many immune,
inflammatory and defensive genes against the pathogens.
Modifications in the host genes must also impinge on these
effects. As previously discussed (Carter, 2013a,b), disease
susceptibility genes relevant to pathogens may thus divert the
effects of the pathogen toward or away from particular pathways,
thus orientating its adverse effect to directions that enable it
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TABLE 2 | KEGG pathway enrichment analysis of the genes common to GWASdb AD genes and the P. gingivalis interactome.

KEGG pathway p-value q-value Overlapping genes

BARRIER RELATED

Focal adhesion 0.0001 0.006 ACTN1; PTK2; PDGFD; PRKCA; ITGA1; ITGA4; MYLK; AKT3; MAPK10; COL4A2;

COL4A1; ACTB; BCAR1; EGF

Protein digestion and absorption 0.0002 0.006 COL18A1; COL14A1; COL5A2; SLC8A1; COL27A1; COL4A2; COL4A1; MME; DPP4

Vascular smooth muscle contraction 0.001 0.019 GNAS; PRKCA; PRKCE; RAMP1; MYLK; KCNMA1; PRKG1; ITPR3; CALD1

Leukocyte transendothelial migration 0.004 0.03 ACTN1; PTK2; PRKCA; ITGA4; RASSF5; PTK2B; ACTB; BCAR1

Adherens junction 0.005 0.03 TGFBR2; ACTN1; SMAD3; PTPRB; PTPN1; ACTB

Gap junction 0.013 0.07 PDGFD; GNAS; PRKCA; PRKG1; ITPR3; EGF

Regulation of actin cytoskeleton 0.02 0.08 ACTN1; PTK2; PDGFD; CYFIP2; ITGA1; ITGA4; MYLK; ACTB; BCAR1; EGF

DISEASES

Arrhythmogenic right ventricular cardiomyopathy 0.0001 0.006 ACTN1; ITGA1; CACNB1; SGCD; ITGA4; SLC8A1; LMNA; ACTB

Pathways in cancer 0.0002 0.006 TGFBR2; NOS2; PTK2; AXIN1; GNAS; MECOM; RASSF5; SMAD3; CSF1R; CYCS;

PRKCA; GLI2; PPARG; AKT3; GNG2; COL4A2; COL4A1; GNB4; MAPK10; EPAS1;

EGF

Dilated cardiomyopathy 0.0008 0.013 GNAS; ITGA1; CACNB1; SGCD; ITGA4; SLC8A1; ACTB; LMNA

Hypertrophic cardiomyopathy 0.002 0.023 ITGA1; CACNB1; SGCD; ITGA4; SLC8A1; LMNA; ACTB

Colorectal cancer 0.002 0.023 TGFBR2; AXIN1; CYCS; SMAD3; AKT3; MAPK10

Non-small cell lung cancer 0.008 0.04 PRKCA; FOXO3; AKT3; RASSF5; EGF

Small cell lung cancer 0.011 0.06 NOS2; PTK2; CYCS; AKT3; COL4A2; COL4A1

Pancreatic cancer 0.015 0.07 TGFBR2; AKT3; MAPK10; EGF; SMAD3

Endometrial cancer 0.03 0.09 FOXO3; AKT3; EGF; AXIN1

Insulin resistance 0.03 0.1 PPP1R3B; PRKCE; AKT3; MAPK10; PTPN1; CREB3L1

Alzheimer’s disease 0.04 0.11 APOE; ATP2A3; CYCS; GRIN2A; MAPT; SNCA; MME; ITPR3

Transcriptional misregulation in cancer 0.045 0.12 TGFBR2; PTK2; CSF1R; HMGA2; AFF1; CD86; PPARG; MEIS1

IMMUNE

AGE-RAGE signaling pathway in diabetic complications 0.0003 0.008 TGFBR2; PRKCA; PRKCE; SMAD3; AKT3; JAK2; COL4A2; COL4A1; MAPK10

Hematopoietic cell lineage 0.005 0.033 CR1; CSF1R; ITGA1; CD33; ITGA4; IL6R; MME

Inflammatory mediator regulation of TRP channels 0.02 0.09 GNAS; CAMK2D; PRKCE; PRKCA; MAPK10; ITPR3

Th17 cell differentiation 0.03 0.1 STAT6; TGFBR2; SMAD3; JAK2; MAPK10; IL6R

SIGNALING

Calcium signaling pathway 0.0002 0.006 NOS2; GNAS; CAMK2D; ATP2A3; MYLK; CACNA1G; PRKCA; ADRB2; PTK2B;

SLC8A1; ITPR3; ATP2B2; GRIN2A

PI3K-Akt signaling pathway 0.0002 0.006 PTK2; PDGFD; OSMR; GHR; CSF1R; PRKCA; ITGA1; EFNA5; ITGA4; IL6R; FOXO3;

AKT3; JAK2; COL4A2; COL4A1; GNB4; GNG2; EGF; CREB3L1

Circadian entrainment 0.0003 0.007 GNAS; CAMK2D; GNB4; PRKG1; CACNA1G; PRKCA; GRIN2A; GNG2; ITPR3

cGMP-PKG signaling pathway 0.001 0.019 ATP2A3; PRKCE; MYLK; KCNMA1; ADRB2; AKT3; PRKG1; SLC8A1; ITPR3;

ATP2B2; CREB3L1

Rap1 signaling pathway 0.003 0.024 PDGFD; GNAS; PRKCA; RASSF5; EFNA5; CSF1R; AKT3; ACTB; SIPA1L2; BCAR1;

EGF; GRIN2A

ErbB signaling pathway 0.003 0.025 PTK2; NCK2; CAMK2D; PRKCA; AKT3; MAPK10; EGF

Ras signaling pathway 0.005 0.032 PDGFD; PRKCA; CSF1R; EFNA5; RASSF5; PLA1A; AKT3; MAPK10; GNB4; GNG2;

EGF; GRIN2A

Adrenergic signaling in cardiomyocytes 0.006 0.033 GNAS; CAMK2D; CACNB1; PRKCA; ADRB2; AKT3; SLC8A1; ATP2B2; CREB3L1

Phospholipase D signaling pathway 0.014 0.07 PDGFD; GNAS; PRKCA; EGF; PTK2B; AKT3; GRM8; DGKI

GnRH signaling pathway 0.016 0.07 GNAS; CAMK2D; PRKCA; PTK2B; MAPK10; ITPR3

Hippo signaling pathway 0.02 0.08 TGFBR2; AXIN1; WWC1; SMAD3; GLI2; ACTB; FRMD6; TEAD4

MAPK signaling pathway 0.03 0.09 TGFBR2; MECOM; CACNB1; CACNA1G; PRKCA; AKT3; MAPK10; MAPT; RELB;

DUSP16; EGF

HIF-1 signaling pathway 0.03 0.09 NOS2; CAMK2D; IL6R; PRKCA; AKT3; EGF

cAMP signaling pathway 0.03 0.1 GNAS; CAMK2D; CREB3L1; ADRB2; AKT3; MAPK10; ABCC4; ATP2B2; GRIN2A

NEURAL

Dopaminergic synapse 0.0006 0.012 GNAS; CAMK2D; CREB3L1; PRKCA; AKT3; GNG2; MAPK10; GNB4; ITPR3;

GRIN2A

Axon guidance 0.002 0.023 SEMA3A; PTK2; NGEF; SEMA5A; NCK2; CAMK2D; EFNA5; PRKCA; ABLIM1;

EPHA5; SEMA5B

(Continued)
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TABLE 2 | Continued

KEGG pathway p-value q-value Overlapping genes

Cholinergic synapse 0.003 0.025 CAMK2D; GNB4; PRKCA; GNG2; AKT3; JAK2; ITPR3; CREB3L1

Glutamatergic synapse 0.004 0.027 GRM8; GNAS; PRKCA; GNB4; GRIK2; GRIN2A; GNG2; ITPR3

Amphetamine addiction 0.02 0.07 CAMK2D; PRKCA; GRIN2A; CREB3L1; GNAS

Long-term depression 0.04 0.12 PRKCA; ITPR3; PRKG1; GNAS

HORMONES/SECRETION

Gastric acid secretion 0.001 0.019 GNAS; CAMK2D; MYLK; KCNK2; PRKCA; ITPR3; ACTB

Aldosterone synthesis and secretion 0.002 0.024 GNAS; CAMK2D; PRKCE; CACNA1G; PRKCA; CREB3L1; ITPR3

Vasopressin-regulated water reabsorption 0.003 0.024 DYNC1I1; CREB3L1; GNAS; DYNC2H1; DYNC1H1

Salivary secretion 0.004 0.027 GNAS; PRKCA; KCNMA1; ADRB2; PRKG1; ITPR3; ATP2B2

Insulin secretion 0.01 0.06 GNAS; CAMK2D; KCNMA1; PRKCA; CREB3L1; ITPR3

Pancreatic secretion 0.02 0.08 ATP2A3; PRKCA; GNAS; KCNMA1; ITPR3; ATP2B2

INFECTION

Amoebiasis 0.006 0.033 ACTN1; PTK2; GNAS; PRKCA; NOS2; COL4A2; COL4A1

Salmonella infection 0.01 0.06 NOS2; DYNC1I1; MAPK10; DYNC1H1; ACTB; DYNC2H1

Hepatitis B 0.016 0.07 STAT6; PRKCA; CYCS; SMAD3; PTK2B; AKT3; MAPK10; CREB3L1

Tuberculosis 0.018 0.07 NOS2; CR1; CAMK2D; LSP1; CYCS; AKT3; JAK2; MAPK10; PIK3C3

Chagas disease (American trypanosomiasis) 0.028 0.09 TGFBR2; NOS2; GNAS; SMAD3; AKT3; MAPK10

Viral myocarditis 0.039 0.11 ACTB; SGCD; CYCS; CD86

OTHER

Choline metabolism in cancer 0.02 0.09 PDGFD; PRKCA; DGKI; AKT3; MAPK10; EGF

beta-Alanine metabolism 0.03 0.1 ALDH6A1; ALDH1A3; DPYD

Regulation of lipolysis in adipocytes 0.035 0.1 ADRB2; AKT3; PRKG1; GNAS

Osteoclast differentiation 0.0025 0.02 TGFBR2; SQSTM1; CSF1R; PPARG; AKT3; MAPK10; TNFRSF11B; TREM2; RELB

Apoptosis 0.036 0.106164 CASP6; CYCS; AKT3; MAPK10; ITPR3; ACTB; LMNA

The statistical significance (p-values) and false discovery corrected P-values (q-values) as determined by the CPDB website.

to influence diverse diseases in a manner that depends on the
genetics of the host. The effects of P. gingivalis on colonization,
biofilm formation, immune responses and endothelial cell
activation are also strain-dependent (Walter et al., 2004; Belanger
et al., 2008; Wilensky et al., 2009; Barbosa et al., 2015) and
it is likely that distinct host gene relationships and disease
relationships exist for strains with differing virulence.

In this study, the host genes of the bacterial interactome
coincided with a high degree of significance with susceptibility
genes related to cognitive disorders, AD and dementia, as well
as with genes related to obesity and T2DM, and to those
related to atherosclerosis and related disorders. This study adds
significance to periodontal disease or P. gingivalis infection
having associations with all of these conditions. The P. gingivalis
interactome related to genes specifically or commonly associated
with AD, atherosclerosis, diabetes and hypertension as depicted
in the Venn diagram. These conditions are inter-related. For
example diabetes (Shinohara and Sato, 2017), atherosclerosis
(Hofman et al., 1997), and hypertension (de la Torre, 2006)
are all associated with AD, as is obesity (Milionis et al.,
2014). P. gingivalis may contribute to each condition in diverse
ways via these host/pathogen interactions. The pathogen may
thus influence AD risk both directly and via its influence on
these other AD risk factors. There have been fewer studies
relating periodontal disease to psychiatric disorders such as

schizophrenia (McCreadie et al., 2004) but this study suggests
that any such relationship may also have genetic components.

The relationship between periodontitis or P. gingivalis and
AD or atherosclerosis is supported by the transcriptome analyses
studies. The gene expression signatures in periodontal disease
tissue or in macrophage responses to P. gingivalis components
significantly matched those from the AD hippocampus or from
atherosclerotic plaques in most cases, particularly in relation
to the upregulated genes. In the case of the AD hippocampal
transcriptome the upregulated genes contain the pathways
relevant to pathogens and immune activation (inflammation,
complement activation, and the defense response) (Blalock
et al., 2004). The degree of significance was higher for the
periodontal disease transcriptome and this may reflect the
contribution of many other pathogens involved in periodontitis.
AD (Itzhaki et al., 2016) and atherosclerosis (Sessa et al.,
2014; Budzynski et al., 2016) have also been associated with
multiple pathogens and recent microbiome studies have reported
numerous bacterial and fungal species, some of oral origin,
in the AD brain (Emery et al., 2017; Pisa et al., 2017). In
relation to AD, the KEGG pathway analysis of the overlap
between the interactome/AD genes provides some clues as to
how P. gingivalis may contribute to AD. Many significantly
affected pathways relate to breakdown of functional barriers
and to the immune system and inflammatory pathways. The
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FIGURE 2 | (A,B) The number of overlapping genes and the significance of enrichment in comparisons of the effects of periodontitis in human oral tissue or P.

gingivalis in human macrophages with microarrays from the AD hippocampus or from unstable atherosclerotic plaques (Athero). (A) Upregulated genes; (B)

Down-regulated genes. Pdont, periodontitis; Pg live, live P. gingivalis; Pg LPS, P. gingivalis-lipopolysaccharide; Pg Fima, P. gingivalis fimbrial component. The labels on

the X-axis (e.g., Pdont | 1.96 | 2371) correspond to these conditions, followed by observed/expected values, and the number of misregulated genes in the

periodontitis or P. gingivalis microarrays. The maximum of the Y-axis (FDR q-value) is set at p = 0.05 and invisible points above this line are non-significant. No

down-regulated data were available for down-regulated genes in the case of P. gingivalis LPS. The number of up or down-regulated genes in the Alzheimer’s (Alz) or

atherosclerosis datasets are also shown.
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host genes of the bacterial interactome were also highly
enriched in those found in the cerebral artery of the circle of
Willis.

Periodontitis and atherosclerosis can be induced in
apolipoprotein E knockout (ApoE−/−) mice (Velsko et al.,
2014). We have reported such investigations (Poole et al., 2015;
Singhrao et al., 2017). A recent study using the same ApoE−/−

P. gingivalis-infected mice brains (24 weeks) provided evidence
of BBB deterioration, and cerebral tissue damage (Singhrao et al.,
2017). The BBB breach may have resulted from acute phase
inflammation in the form of oxidative stress and P. gingivalis
protease (gingipains) activity in these mice (Rokad et al., 2017;
Singhrao et al., 2017). Gingipains have been shown to degrade
collagens (Bedi and Williams, 1994; Zhou and Windsor, 2006),
and cell-cell adhesion molecules (cadherins and integrins)
contributing to endothelial and epithelial barrier disruption
(Katz et al., 2000; Hintermann et al., 2002; Sheets et al., 2005).

Disruption of the BBB is an early feature of AD (van de Haar
et al., 2016), and P. gingivalis may be one of the many factors
contributing to this adverse outcome. The weakened BBB may
enable the cerebral entry of other pathogens (viral, fungal, and
bacterial origin), that are detected in AD brains. The leaky BBB
might also favor the entry of other environmental toxins (e.g.,
pesticides, pollution, aluminum, or heavy metals) that have been
associated with Aβ fibrils in AD (Carter, 2017). In addition, the
P. gingivalis interactome was highly enriched in cerebral arterial
genes, which further supports the correlation with BBB damage.
Although P. gingivalis LPS is able to provoke Aβ deposition
(Wu et al., 2017), the bacterial interactome genes overlapping
with the AD GWASdb genes were not significantly enriched in
the KEGG AD pathway, suggesting that the BBB-related effects
of P. gingivalis may be of greater relevance to its developing
pathology. In the periphery, vessel damage likely by gingipains
may also allow bacteria to enter the circulatory system and
cause transient bacteraemia that contribute to atherosclerosis
(Bahrani-Mougeot et al., 2008; Lockhart et al., 2008; Singhrao
et al., 2017) and possibly insulin resistance. The endothelial
vessel barrier is disrupted in diabetes and in atherosclerosis
(Chistiakov et al., 2015; Dong et al., 2016) showing common
defects with AD.

There are several general caveats to this type of analysis.
For example, the susceptibility gene/interactome overlaps deal
with gene symbols rather than with specific polymorphisms, and
there have been no studies linking host genetic polymorphisms
to specific components of the P. gingivalis life cycle. The
effects of the pathogen may also be strain-specific and some
strains may be more virulent. Within any large interactome,
effects in relation to the host may be null, deleterious or
even beneficial. The statistical analyses similarly rely on the
degree of overlap between two sets of gene symbols, with
no indication of physiological weight or direction. However,
any of the individual gene effects noted accordingly referenced
on the following website (http://www.polygenicpathways.co.uk/
pgingivalis.htm). The pathway analyses similarly depend upon
those made available by particular websites and pathways that
are more relevant may exist but remain inaccessible to the wider
public.

CONCLUSIONS

The host genes employed by P. gingivalis during its life cycle,
and those reacting to infection by the pathogen-host interaction
are enriched in GWASdb genes for several diseases where the
pathogen is suspected to play a contributory role. These notably
include AD, T2DM, and atherosclerosis. This was confirmed
for associated genes in the more stringent NHGRI-EBI GWAS
database. The genes misregulated in periodontal tissue or by
P. gingivalis or its components in macrophages also relate to
those misregulated in AD and atherosclerosis. It may be plausible
to suggest that the major effects of P. gingivalis relate to its
ability to disrupt barrier function and this could play a key
role in its downstream pathological events. Disrupted BBB
function caused by P. gingivalismay also be relevant to the many
other pathogens that have been associated with AD and related
diseases.

From a genetic standpoint, it is increasingly clear that
disease susceptibility genes relate not only to human physiology,
but also to that of the pathogens implicated in the same
disease. This suggests that pathogens and genes condition
each other’s effects. It is not yet clear how or whether
polymorphisms in these susceptibility genes influence the
disease promoting effects of this pathogen, and, in general,
there has been little work in this area. It is also likely
that such gene/pathogen interactions could determine the
extent to which P. gingivalis can influence the acute or
chronic aspects of periodontitis or other components of the
oral microbiome. From a medical standpoint it is however
evident that the prevention of periodontal disease or strategies
directed at keystone pathogens such as P. gingivalis could
have a major effect on the incidence and progression of AD,
cardiovascular diseases and type 2 diabetes, and possibly many
other disorders.

FUTURE PERSPECTIVES

This bioinformatics analysis supports the many documented
relationships between P. gingivalis infection and AD or its
comorbid conditions, T2DM and atherosclerosis. The key
effects of the pathogen may relate to barrier disruption and
inflammatory processes. Further studies should include animal
models to determine whether this pathogen can damage and
breach the BBB and whether it can access the brain and promote
the hallmark pathologies of AD, including Aβ deposition,
tau phosphorylation, inflammation and neuronal death in
relevant areas. It is also likely that targeting this and other
periodontal pathogens could be of benefit to a variety of human
diseases.
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This review proposes that lipopolysaccharide (LPS, found in the wall of all Gram-negative
bacteria) could play a role in causing sporadic Alzheimer’s disease (AD). This is based
in part upon recent studies showing that: Gram-negative E. coli bacteria can form
extracellular amyloid; bacterial-encoded 16S rRNA is present in all human brains with
over 70% being Gram-negative bacteria; ultrastructural analyses have shown microbes
in erythrocytes of AD patients; blood LPS levels in AD patients are 3-fold the levels in
control; LPS combined with focal cerebral ischemia and hypoxia produced amyloid-like
plaques and myelin injury in adult rat cortex. Moreover, Gram-negative bacterial LPS was
found in aging control and AD brains, though LPS levels were much higher in AD brains.
In addition, LPS co-localized with amyloid plaques, peri-vascular amyloid, neurons, and
oligodendrocytes in AD brains. Based upon the postulate LPS caused oligodendrocyte
injury, degraded Myelin Basic Protein (dMBP) levels were found to be much higher in AD
compared to control brains. Immunofluorescence showed that the dMBP co-localized
with β amyloid (Aβ) and LPS in amyloid plaques in AD brain, and dMBP and other
myelin molecules were found in the walls of vesicles in periventricular White Matter
(WM). These data led to the hypothesis that LPS acts on leukocyte and microglial TLR4-
CD14/TLR2 receptors to produce NFkB mediated increases of cytokines which increase
Aβ levels, damage oligodendrocytes and produce myelin injury found in AD brain. Since
Aβ1–42 is also an agonist for TLR4 receptors, this could produce a vicious cycle that
accounts for the relentless progression of AD. Thus, LPS, the TLR4 receptor complex,
and Gram-negative bacteria might be treatment or prevention targets for sporadic AD.

Keywords: Alzheimer’s disease, lipopolysaccharide, cytokines, TLR4, myelin, MBP, oligodendrocytes, amyloid
plaque

INTRODUCTION

Rare early-onset familial forms of Alzheimer’s disease (AD) are associated with autosomal
dominant mutations in the amyloid beta precursor protein (AβPP), presenilin 1 and presenilin
2 genes (Goate and Hardy, 2012). Mouse models based upon these mutated human genes have
guided much of the drug discovery for AD (Belkacemi and Ramassamy, 2012; Hall and Roberson,
2012). However, clinical trials based upon these models have yet to lead to successful treatments
(Selkoe, 2011; Huang and Mucke, 2012; Cavanaugh et al., 2014). This has raised questions about
the ‘‘amyloid hypothesis’’ for sporadic AD (Herrup, 2015).
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An enigma in the AD field has been the inability to
identify a cause(s) for the much more common sporadic
late onset alzheimer’s disease (LOAD/AD). This is important
because neither β amyloid (Aβ) nor abnormal tau may ‘‘cause’’
sporadic AD, but rather could be downstream of an unrelated
primary pathological process. In the first part of this brief
review some epidemiological and neuropathological findings
that do not appear to have a direct connection with the
amyloid hypothesis are summarized. In the second portion of
the review, data are summarized showing Lipopolysaccharide
(LPS) in human brain and greater amounts of LPS in AD
brain that are associated with amyloid plaques, perivascular
amyloid and neurons. In the third portion, recent studies
showing the presence of myelin injury in all AD compared
to control brains are reviewed, and the association of LPS
with oligodendrocytes which could injure oligodendrocytes and
myelin. In the final fourth portion of the review a simple
model is presented by which LPS acts on TLR4/CD14 receptors
to activate NFkB and increase cytokines which contribute
to increasing Aβ in AD brain and producing myelin injury
including formation of degraded Myelin Basic Protein (dMBP).
Since LPS and Aβ are both agonists for the TLR4/CD14 receptor
(Lehnardt et al., 2002; Vollmar et al., 2010; Scott et al.,
2017), this could set up a vicious cycle where LPS acts
on the TLR4/CD14 receptor which increases Aβ which in
turn provides positive feedback on the TLR4/CD14 receptor
to produce progressive injury in AD brain. TLR4-TLR2
downstream interactions are not discussed to limit the scope of
the review.

EPIDEMIOLOGICAL AND BIOLOGICAL
FACTORS IN AD

Inflammation
Inflammation has repeatedly been implicated in AD but the
source for this inflammation has been elusive. Inflammatory
proteins in blood, notably C reactive protein (CRP) and IL6,
are elevated several years before the clinical onset of dementia
in several studies (Schmidt et al., 2002; Engelhart et al., 2004;
Tilvis et al., 2004; Kuo et al., 2005). A high plasma CRP has been
associated with a 3-fold increased risk of developing AD years
later (Schmidt et al., 2002). Another study showed cognitively
intact older individuals in the top tertile for leukocyte IL1β or
TNFα production have∼3 times increased risk of developing AD
compared to those in the lowest tertile (Tan et al., 2007). Though
clinical trials have shown non-steroidal anti-inflammatory drugs
(NSAIDs) do not affect cognitive decline in AD (de Craen et al.,
2005; Imbimbo, 2009; Imbimbo et al., 2010), meta-analyses show
regular NSAID use is associated with a 2 fold reduction in
the odds of developing AD (McGeer et al., 1996). Moreover,
a large case control study (>200,000 subjects) showed that
the regular use of NSAIDs reduced the risk of developing
AD (Vlad et al., 2008). Thus, NSAIDS may delay the onset
of AD, but once it develops NSAIDS do not appear to affect
the course of AD, suggesting an opportunity for intervention
prior to disease onset (Grammas, 2011; Butchart and Holmes,

2012). These data suggest that inflammation is occurring for
some time prior to onset of AD pathology and symptoms, but
there has been little indication of what drives the inflammation
that goes on for years. This review proposes this may be due
to Gram-negative bacterial LPS in blood and in brain of AD
subjects.

Infection
Delirium, which is often caused by infection, is associated with
increased incidence of subsequent development of dementia in
cognitively intact old individuals (Rahkonen et al., 2000a,b).
The presence of one or more infections over a 5-year
follow up period increased the odds of developing AD, and
risk increased with age (Dunn et al., 2005). Receiving DPT
vaccines early in life as well as other vaccines later in
life significantly reduces the risk of subsequent AD (Tyas
et al., 2001; Verreault et al., 2001). Protection by DPT
vaccine may be due in part to preventing infection by the
Gram-negative Bordetella Pertussis bacterium which causes
whooping cough. Tooth loss (Stein et al., 2007) and oral
infections (Poole et al., 2013; Abbayya et al., 2015; Chen
et al., 2017) have been associated with AD. Furthermore,
Porphyromonas gingivalis (Ishida et al., 2017) and LPS from
Porphyromonas gingivalis (Wu et al., 2017) produce AD-like
phenotypes in mice. In addition, Spirochetes (Miklossy, 1993;
Miklossy et al., 1994, 2004; Riviere et al., 2002), chlamydophila
pneumonia (Hammond et al., 2010), Helicobacter pylori
(Kountouras et al., 2009), fungi (Pisa et al., 2015), herpes
viruses (Civitelli et al., 2015) and cytomegalovirus (Lovheim
et al., 2018) are also reported to be involved in with AD
pathology. Interestingly, previous in vitro studies demonstrate
that amyloid-like morphological changes occur following
Borrelia burgdorferi spirochetes or LPS exposure. These studies
suggest that ADmight be a neurological disorder associated with
infectious agents.

It is possible that several different infections might initiate
downstream AD pathology. The possibility of infection received
a significant boost with the recent discovery that every
human brain examined had evidence of Gram-negative bacteria
(Branton et al., 2013; Emery et al., 2017) though the issue of
contamination in these studies has yet to be resolved. For this
review the focus is on Gram-negative bacterial LPS as it is
associated with and may cause AD pathology.

Neurovascular Abnormalities in AD
There is considerable evidence for vascular abnormalities in
AD. Cerebral blood flow is reduced in AD prior to cognitive
decline (Ruitenberg et al., 2005). Patients with an APOE4 allele
have disrupted fMRI connectivity (blood flow correlations) in
the absence of amyloid plaques (detected by PET) or decreased
CSF Aβ42 (Sheline et al., 2010). Cerebral glucose metabolism is
decreased in preclinical and prodromal AD before symptoms
(Hunt et al., 2007; Herholz, 2010). Microvessels isolated from
AD patients release many cytokines, chemokines and proteases
compared to control patients (Grammas, 2011). In genetic
mouse models of AD, alterations of blood flow and BBB
permeability occur before symptoms and before amyloid beta
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deposition (Iadecola et al., 1999; Ujiie et al., 2003; Iadecola,
2004). Using vascular corrosion casts, the 3D arrangement of
the brain vessels is abnormal in a mouse model of AD prior
to appearance of amyloid plaques (Meyer et al., 2008). In
addition, BBB breakdown has been demonstrated in humans
with mild cognitive impairment (MCI) and early AD before
brain atrophy and dementia (Montagne et al., 2017). These
data provide strong evidence for neurovascular abnormalities
in sporadic AD in humans and in mouse genetic AD models
prior to appearance of brain amyloid plaque neuropathology
(Zlokovic, 2005, 2008, 2011) and support the fact that both
cardiovascular disease and cerebrovascular disease are significant
risk factors for sporadic AD (Tyas et al., 2001; Veurink et al.,
2003; White et al., 2005; Zhu et al., 2007; Marlatt et al., 2008;
de la Torre, 2009; Guglielmotto et al., 2009). Notably, cerebral
vascular disease and AD pathology co-exist in up to 80% of aging
human brains (Schneider et al., 2007; Savva et al., 2009; Iadecola,
2013). These data are relevant for our finding of LPS in brain
described below, since areas of ischemic and/or hypoxic injury
might provide a portal for LPS entry from blood into human
brain.

Recent neuroimaging studies in individuals with MCI and
early AD have shown BBB breakdown in the hippocampus
(Montagne et al., 2015) and several GrayMatter (GM) andWhite
Matter (WM) regions (van de Haar et al., 2016a,b, 2017).

Genetic Variants
Besides the original discovery of the association of
Apolipoprotein E4 with sporadic AD (Bertram et al., 2010;
Bertram and Tanzi, 2012; Goate and Hardy, 2012), additional
genetic insights into sporadic AD have been made using GWAS
(Bertram et al., 2010; Bertram and Tanzi, 2012). The genes
implicated in these studies are involved in Aβ clearance at
the blood brain barrier (APOE, BIN1, CLU, CR1, PICALM;
Zlokovic et al., 1996; O’Brien and Wong, 2011; Wu et al.,
2012), in inflammation in blood and brain (APOE, CD33,
CLU, CR1, HLA-DRB5/1, INPP5D, TREM2; Bertram et al.,
2010; Veerhuis, 2011; Bertram and Tanzi, 2012; Crehan et al.,
2012), in the immune response (CR1, CD33, MS4A, CLU,
ABCA7, EPHA1, HLA-DRB5-HLA-DRB1), endocytosis (BIN1,
PICALM, CD2AP, EPHA1 and SORL1) and lipid biology
(CLU, ABCA7 and SORL1; Karch and Goate, 2015). Many of
these genes are expressed by peripheral monocytes and brain
microglia (Villegas-Llerena et al., 2016) and could be associated
with an infectious cause of sporadic AD (Heneka et al., 2015).
Our model of how LPS could lead to AD neuropathology
could incorporate all these genes and molecules (see below).
Since Aβ also acts on TLR4 receptors on both monocytes and
neutrophils, this could help explain how neutrophils promote
AD-like pathology with cognitive decline via the leukocyte
LFA-1 adhesion molecule in two AD mouse models (Zenaro
et al., 2015).

Myelin Injury in AD Brain
Myelin injury has been recognized in AD brain for some time,
including the very first report of AD pathology by Alzheimer
(Alzheimer et al., 1991; Scheltens et al., 1995; Englund, 1998;

Möller and Graeber, 1998; Bartzokis, 2011). The relationship of
the myelin injury to the other better-known neuropathology of
AD, including amyloid plaques and tau-neurofibrillary tangles,
has been unclear and the explanation for such myelin injury
has been equally obscure. However, recently myelin injury has
been suggested as an important/principal component of AD
pathophysiology. The volume of White Matter Hyperintensities
(WMH) in AD brain predicts the rate and severity of cognitive
decline (Brickman et al., 2008). The Low-density lipoprotein
receptor-related protein 1, which transports Aβ out of brain,
is also an essential receptor for myelin phagocytosis providing
a link between myelin damage and Aβ (Gaultier et al., 2009).
Moreover, Aβ1–42 inhibits myelin sheet formation in vitro
(Horiuchi et al., 2012). Aβ1–42 directly binds myelin basic
protein (MBP; Liao et al., 2009, 2010; Kotarba et al., 2013).
There is a focal loss of oligodendrocytes and myelin within
and adjacent to amyloid plaques in familial and sporadic AD
brain (Mitew et al., 2010). However, the absence of MBP
decreases the accumulation of Aβ1–42 in transgenic AD mice,
and essentially eliminate amyloid plaques (Ou-Yang and Van
Nostrand, 2013). More recently it has been discovered that loss of
ceramide synthase 2 activity, necessary for myelin biosynthesis,
precedes tau and amyloid pathology in human AD cortex
(Couttas et al., 2016). In addition, oligodendrocyte and myelin
injury can precede the formation of amyloid plaques and tau
pathology in a mouse AD model (Mitew et al., 2010; Hall and
Roberson, 2012). Clinically, WMH are more highly associated
with preclinical AD than imaging and cognitive markers of
neurodegeneration; and WMH are now considered a core
feature of dominantly inherited AD (Desai et al., 2010; Kandel
et al., 2016; Lee et al., 2016). Of interest, there are very high
titers of autoantibodies against a variety of myelin proteins
in blood of AD patients compared to controls (Papuc et al.,
2015). The cause of the myelin injury in AD brain, however,
remains to be elucidated. This review hypothesizes that Gram
negative bacterial LPS molecules are present in AD WM and
GM where they bind oligodendrocytes and cause an increase
in cytokines and oxidative stress that contributes directly to
damage of oligodendrocytes and to myelin proteins including
MBP which then associate with Aβ1–42 in amyloid plaques in AD
brain.

Microbiome of the Gut and AD
There is emerging evidence that the gut microbiome affects
neurological diseases including AD. There is a different gut
microbiome in wild type mice compared to mouse AD
models (Shen et al., 2017) and in control compared to
AD patients (Vogt et al., 2017). There is an association of
brain amyloidosis with pro-inflammatory gut bacterial taxa
and peripheral inflammation markers in cognitively impaired
elderly humans (Cattaneo et al., 2017). As people age they
have more Gram-negative bacteria in the gut. Antibiotic-
induced perturbations in gut microbial diversity influences
neuro-inflammation and amyloidosis in a murine model
of AD (Minter et al., 2016). Serum IgG antibody levels
to periodontal microbiota, some derived from the gut, are
associated with incident AD (Noble et al., 2014). The gut
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microbiome is implicated in normal neurodevelopment, autism
spectrum disorders, schizophrenia, depression, Parkinson’s,
multiple sclerosis, stroke and aging (Branton et al., 2016;
Sampson et al., 2016; Sharon et al., 2016; Winek et al., 2016).
Though there is a marked increase in reports on the gut
microbiome affecting neuropsychiatric diseases, very few have
developed a cogent hypothesis on how this occurs. This proposal
hypothesizes that Gram-negative bacteria, potentially from the
gut or gums as well as from systemic infections, all release LPS
which is engulfed via TLR4-CD14 receptors by blood leukocytes
including monocytes and neutrophils, and by brain microglia.
The TLR4 mediated activation of NFkB increases cytokines
which contribute to myelin damage. Studies have demonstrated
that NFkB pathway regulates the activity of Beta-secretase 1
(BACE1; Buggia-Prevot et al., 2008; Guglielmotto et al., 2012),
the crucial enzyme for Aβ production and the BACE1 level
in AD brain is increased compared to control (Guglielmotto
et al., 2012). These studies suggest that activation of NFkB may
contribute to increases of Aβ and amyloid pathology in AD
brain.

LPS IN HUMAN AD BRAIN

Based upon the above considerations, and based upon
genomic studies of blood of AD patients showing evidence
of inflammation, oxidative stress and hypoxia (Bai et al., 2014),
the hypothesis was developed that several systemic factors act
together to produce AD (Zhan et al., 2015a). There must be
some cause of inflammation, it was reasoned that either an
infectious agent or molecules from infectious agents might be
important in causing AD, in particular lipopolysaccharide (LPS)
which is found in the outer wall of all Gram-negative bacteria.
This was done for several reasons. (1) LPS containing E. coli
bacteria can form extracellular amyloid (Blanco et al., 2012;
Hill and Lukiw, 2015). (2) A recent study showed bacterially-
encoded 16S rRNA sequences in all human brain specimens
with Gram-negative, LPS containing alpha-proteobacteria
representing over 70% of the bacterial sequences (Branton
et al., 2013). (3) Ultrastructural analysis by scanning electron
microscopy confirmed the presence of microbes in erythrocytes
of AD patients (Bester et al., 2015; Potgieter et al., 2015).
(4) Another study demonstrated that blood LPS levels in AD
patients are 3-fold the levels in control (Zhang et al., 2009). (5) In
addition, we developed a rat model where LPS was combined
with focal cerebral ischemia and hypoxia (LPS-IS-HY; Zhan
et al., 2015a). This combination was chosen because it causes
myelin injury in newborn rodent brain (Hagberg et al., 2002;
Lehnardt et al., 2002, 2003; Pang et al., 2003) and evidence of
WM injury is found in every human AD brain (Zhan et al.,
2014, 2015b). The combination of LPS, focal ischemia and
hypoxia in adult rats produced: (a) increases of cytokines in
brain; (b) myelin injury in the ischemic and non-ischemic
hemispheres; and (c) formation of amyloid-like plaques where
degraded MBP, AβPP and Aβ co-localized. These data led to
the search for LPS and Gram-negative bacteria in human AD
brain.

Gram-negative bacteria are one of the most important
causes of human infectious diseases including gastroenteritis
(Escherichia coli, Shigella, Salmonella, Vibrio cholera),
pulmonary infections (Klebsiella pneumoniae, Legionella,
Pertussis/whooping cough, Pseudomonas aeruginosa),
urinary tract infections (Escherichia coli, Proteus mirabilis,
Enterobacter cloacae, Serratia marcescens, Bacteroides),
ulcers (Helicobacter pylori), sexually transmitted disease
(Neisseria gonorrhoeae), meningitis (Neisseria meningitidis)
and gum/periodontal disease (Porphyromonas gingivalis).
Gram-negative bacteria are also resident in the normal gut
and increase in numbers with age (Sharon et al., 2016).
Gram-negative bacterial periodontal disease has been
repeatedly associated with AD (Noble et al., 2014; Kamer
et al., 2015; Olsen and Singhrao, 2015). The evidence that
blood LPS levels in AD patients are 3-fold the levels in
control (Zhang et al., 2009) also suggests that LPS associates
with AD.

Based upon the above literature and the rat model findings,
a search for LPS and other E. coli molecules in human AD
and control brains was undertaken. Studying LPS is problematic
since it is so pervasive in the environment, and is a common
contaminant of solutions in the laboratory. Thus, the studies
were performed with endotoxin free reagents, and multiple
controls performed to ensure no LPS contamination of the
reagents used. Western blots were performed for LPS and

FIGURE 1 | Western Blot analysis of Gram-negative bacterial molecules in
human brain. (A) Western blots for E. coli K99 pili protein showed K99 protein
in 3/3 Alzheimer’s disease (AD) White Matter (WM) samples, 2/3 AD Gray
Matter (GM) samples and 0/3 Control GM samples. β-actin was used as
loading control. (B) Western blots for Gram-negative bacteria
lipopolysaccharide (LPS) in 3/3 AD WM samples, 3/3 AD GM samples and
0/3 Control GM samples. β-actin was used as loading control. This Figure is
from Zhan et al. (2016). Reproduced with permission.
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FIGURE 2 | The antibody to LPS stains LPS in human brain on Western blots and using immunofluorescence, and immunofluorescence can be eliminated by
immunoprecipitating the antibody with excess LPS. Left Panel: the antibody to LPS stains one large band on a Western blot (AD (−) lane) which is eliminated when
the antibody was immunoprecipitated with excess E. coli J5 LPS (AD (+) lane). The band at 150 kD in both lanes shows equal protein loading in the two lanes. Right
Panel: The antibody to LPS produced more immunofluorescence in AD cortex (B) compared to control cortex (A). After immunodepletion, the immunofluorescence
in AD (D) and Control (C) cortex were eliminated. These are supplementary figures from Zhan et al. (2016). Reproduced with permission.

the K99 pili protein derived from E. coli (Zhan et al., 2016).
Figure 1A shows the presence of E. coli K99 pili protein in
two of three AD superior temporal GM samples, and in three
of three AD frontal lobe WM samples and none detectable in
three control GM samples. Figure 1B shows LPS in the same
three AD GM and three AD WM samples compared to none
detectable by Western blot in the three control GM samples
(Zhan et al., 2016). In Figure 2 the Western blots (on the left)
show LPS stained from AD brain (−) and elimination of the
LPS band using immunodepletion with excess LPS (AD (+)). The
stained band at ∼150 kD shows equal protein loading in the two
lanes.

To localize LPS at the cellular level immunolabeling
was performed using the same antibody as used for the
Western blots. There was LPS immunofluorescence in control
(Figure 2A) and in AD brain (Figure 2B), but with LPS+

aggregates only observed in AD brain (Figures 2A,B).
Immunofluorescence with the antibody to LPS, but
immunodepleted with LPS, showed no fluorescent staining
in control (Figure 2C) or AD brain (Figure 2D). These
findings were important for showing LPS aggregates in AD
brains. The lack of staining on Western blots for LPS in
control brains (Figure 1B, left panels) is likely accounted
for by the lower sensitivity of Western blots compared to
immunofluorescence.

The relationship of LPS to amyloid plaques was examined
next. LPS co-localized with Aβ in AD brain (Figure 3) and
LPS co-localized with perivascular amyloid in AD brain (not
shown). There were several different patterns of co-localization
of LPS and Aβ1–40/42 in AD brains from more LPS compared
to Aβ1–40/42 (Figure 3A) to more Aβ1–40/42 compared to LPS
(Figure 3B) in the amyloid plaques. Not shown in the figures here
was the finding of LPS in the nucleus of neurons in AD brains
(Zhan et al., 2016).

FIGURE 3 | Co-localization of LPS and Aβ in human AD brain. (A) There were
large clusters of LPS that co-localized with Aβ1–40/42 in some amyloid plaques.
(B) The most common pattern, however were confluent Aβ1–40/42 stained
plaques that had LPS stained particles (yellow on merged image) within them.
(A,B) are from Zhan et al. (2016). Reproduced with permission.

In addition to superior temporal GM and frontal lobe WM of
AD brains, the same LPS antigen is found in the hippocampus of
AD brains as well (Zhao et al., 2017a,b). Moreover, one previous
study demonstrated that LPS from Porphyromonas gingivalis is
present in some AD brains as well (Poole et al., 2013). Thus, it is
possible that LPS frommultiple strains of Gram negative bacteria
might be involved in AD pathology.

DEGRADED MBP (dMBP) IN AD
COMPARED TO CONTROL BRAINS

dMBP Increased in AD Brain
The combination of LPS-IS-HY demonstrated evidence of
myelin injury in the adult rat brain (Zhan et al., 2015a). Thus, a
search for evidence of myelin injury in AD compared to control
brains was undertaken, and determined if LPS was associated
with the myelin injury in AD brain.
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FIGURE 4 | Assessing myelin amounts and myelin damage in AD and control brains. (A) Western blots for intact Myelin Basic Protein (MBP) and degraded Myelin
Basic Protein (dMBP) show more dMBP in AD compared to control brains. Actin served as a lane loading control. (B) Quantification of the bands showed more MBP
in AD compared to controls brains, more dMBP in AD compared to control brains, and a greater dMBP/MBP ratio in AD compared to control brains (∗p < 0.05;
∗∗∗p < 0.001). This Figure is from Zhan et al. (2015b). Reproduced with permission.

FIGURE 5 | LPS co-localizes with MAG stained oligodendrocytes. There were
more LPS stained cells in AD cortex compared to Control Cortex (A1,B1).
There were more MAG stained oligodendrocytes in in AD cortex compared to
Control cortex (A2,B2). Merging of images for LPS and MAG showed that
LPS co-localized with MAG stained oligodendrocytes, and there were more
LPS-MAG stained oligodendrocytes in AD cortex compared to control
(A3,B3). This is a supplementary figure from Zhan et al. (2016). Reproduced
with permission.

MBP and dMBP levels were examined in 13 AD brains
and 10 control brains (Figure 4; Zhan et al., 2015b). dMBP

was found in every AD brain, but not in every control aging
brains (Figure 4A). Quantification showed more MBP in AD
compared to control brains (Figure 4B), and much more dMBP
in AD compared to control brains (Figure 4B). Indeed, the
ratio of dMBP/MBP was greater in AD compared to control
brains (Figure 4B; Zhan et al., 2015b). The antibody to dMBP
stains a protein at 37 kDa which is higher in molecular weight
compared to intact MBP. It was postulated that the antibody
to dMBP probably detects some fragment of MBP (degraded
MBP/dMBP) which complexes with other molecule(s) (Zhan
et al., 2015b).

The next studies determined whether LPS co-localized with
MAG (myelin associated glycoprotein) stained oligodendrocytes
in cortex (Figure 5; Zhan et al., 2016). There appeared to
be more MAG stained oligodendrocytes in AD (Figure 5B2)
compared to control cortex (Figure 5A2). There were more
LPS stained cells in AD (Figure 5B1) compared to control
(Figure 5A1) cortex.Most LPS stained cells in cortex co-localized
with MAG stained oligodendrocytes (Figures 5A3,B3), with
more LPS/MAG stained oligodendrocytes in AD (Figure 5B3)
compared to control cortex (Figure 5A3; Zhan et al., 2016).
These data show more oligodendrocytes in AD brain compared
to control and could explain higher MBP levels in AD brain
(Figure 4B). In addition, since LPS co-localizes with MAG
stained oligodendrocytes, this suggests LPS could damage
oligodendrocytes leading to increased dMBP seen in AD brain
(Figure 4B). LPS acts on the TLR4 receptor to activate NFkB
which increases cytokines that can damage oligodendrocytes
and damage myelin proteins (Pang et al., 2003, 2010; Deng
et al., 2008, 2014; Paintlia et al., 2008). Not shown here is an
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FIGURE 6 | Myelin proteins in amyloid plaques of AD brains. FSB stained amyloid plaques (A1,B1) showed Myelin Basic Protein (MBP) around the plaques (A2,A3),
and Neurofilament (NF) protein around the plaques (B2,B3). FSB did not co-localize with MBP (A3) or with NF (B3). In contrast, dMBP formed aggregates (C2)
similar in size to Aβ1–42 aggregates (C1), with Aβ1–42 and dMBP being co-localized (C3). FSB is (E, E)-1-fluoro-2, 5-bis (3-hydroxycarbonyl-4-hydroxy) styrylbenzene
which is a Congo red derivative. Bar = 25 µm. (D) Immunoprecipitation of cortex with an antibody to dMBP followed by Western blotting for AβPP showed two
bands in AD and control cortex, with greater amounts in the 4 AD subjects compared to the 4 Control subjects. (E) Quantification of the immunoprecipitation studies
in (D) showed greater intensity of the upper and lower bands in the AD cortex compared to Control cortex (∗P < 0.05; ∗∗∗P < 0.001). This Figure is from Zhan et al.
(2015b). Reproduced with permission.

increased number of oligodendrocyte progenitor cells (OPCs)
in AD compared to control brain (Zhan et al., 2016). The data
suggests that LPS injures oligodendrocytes and myelin proteins
including dMBP and MAG, and that this leads to proliferation
of OPCs that differentiate into mature oligodendrocytes (Zhan
et al., 2016).

With evidence of consistent myelin injury in AD brain,
the localization of dMBP in AD brain was examined.
Neither MBP (Figure 6A2) nor neurofilament protein (NF;
Figure 6B2) co-localized with FSB ((E, E)-1-fluoro-2, 5-bis
(3-hydroxycarbonyl-4-hydroxy) styrylbenzene, Figures 6A1,B1)
stained amyloid plaques in AD brain (Figures 6A3,B3).
However, Aβ1–42 (Figure 6C1) did co-localize with dMBP
(Figure 6C2) in amyloid plaques in AD brain (Figure 6C3;
Zhan et al., 2015b). These data were supported by biochemical
findings suggesting dMBP directly bound AβPP and Aβ1–42
(Zhan et al., 2015b). Figure 6D shows that immunoprecipitation
with an antibody to dMBP followed by Western blotting with
an antibody to AβPP showed bands in AD and control brain
(Figure 6D), but with greater levels in AD brain (Figure 6E;
Zhan et al., 2015b). These data support the idea that LPS injures

FIGURE 7 | Localization of dMBP in AD brain in periventricular white matter
(PVWM) and in the perivascular space of white matter (PVSR). The WM
galactocerebroside (GALC) (A1,B1) co-localized with dMBP (A2,B2) in the
PVWM (A3) and in PVSR (B3). The immunofluorescence occurred in vesicles
throughout the PVWM and PVSR. This Figure is from Zhan et al. (2014).
Reproduced with permission.

oligodendrocytes with the resultant dMBP binding to and being
co-localized with Aβ within amyloid plaques in AD brain.
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FIGURE 8 | Proposed model of how LPS, in combination with other factors, might produce amyloid plaques, myelin injury and Tau hyperphosphorylation. In
addition, the model includes a possible mechanism by which autosomal dominant mutations in AβPP and Presenilin could damage myelin via Aβ actions on
TLR4/CD14 receptors to increase cytokines.

FIGURE 9 | Myelin basic protein (MBP) colocalizes with FSB ((E, E)-1-fluoro-2,
5-bis (3-hydroxycarbonyl-4-hydroxy) styrylbenzene) stained amyloid plaques in
cortex of 5XFAD mice. MBP stained aggregates in cortex of 8-month-old (A)
and 10-month-old (B) 5XFAD mice co-localized with FSB stained amyloid
plaques. Bar = 50 µm. This Figure is from Zhan et al. (2015a). Reproduced
with permission.

The distribution of dMBP in WM of AD brain was also
examined (Figure 7; Zhan et al., 2014). Using an antibody
to galactocerebroside (GALC) as a marker for myelin, many
GALC stained walls of vesicles in periventricular WM (PVWM;
Figure 7A1) and the perivascular space (Figure 7B1) of
AD brains were found (Zhan et al., 2014). These GALC
stained vesicles were shown to co-localize with dMBP in both
periventricular WM (Figures 7A2,A3) and in the perivascular
space (Figures 7B2,B3) of AD brains. There were fewer vesicles
in control brains in the periventricular WM (not shown). The
above results show consistent myelin injury in both AD gray and
WM (Zhan et al., 2015b).

PROPOSED MODEL OF LPS INDUCED
INJURY IN AD BRAIN

A tentative model of injury is shown in Figure 8 where LPS binds
to TLR4/CD14 receptors on peripheral monocytes/macrophages,

neutrophils and on brain microglia. TLR4/CD14 activation by
LPS leads to NFκB mediated induction of cytokines including
IL1, IL6 and TNF in monocytes/neutrophils in blood and from
microglia in brain. Since LPS does not enter normal brain when
given alone (Banks and Erickson, 2010; Banks et al., 2015), it
is likely that other factors contribute to LPS entry into aging
brain including ischemia, hypoxia, peripheral cytokines and
other factors. Impaired blood brain barrier (BBB) and areas
devoid of BBB might aid entry of LPS to the brain. Once
LPS entered brain it would bind to TLR4/CD14 receptors on
microglia which would activate NFκB mediated increases of
intracerebral cytokines. Very high levels of cytokines produce
myelin injury (see below). LPS induction of cytokines can also
increase accumulation of AβPP and Aβ, which in turn can
act on TLR4 to create a positive feedback loop to increase
Aβ (Wu et al., 2015). LPS also acts on the BBB to decrease
Aβ exit from brain (Banks et al., 2015; Figure 8). Aggregation
of Aβ, AβPP, degraded myelin proteins (including dMBP)
and LPS contributes to formation of amyloid plaques (see
below; Figure 8). Finally, LPS is known to induce tau hyper
phosphorylation (Kitazawa et al., 2005; Lee et al., 2010; Liu et al.,
2016; Figure 8).

Role of LPS
Gram-negative E. coli bacteria can synthesize extracellular
amyloid (Zhao and Lukiw, 2015). This may be relevant since
a recent RNAseq study demonstrated bacterial molecules in
human brain, and showed the majority were associated with
Gram-negative, LPS containing alpha Proteobacteria (Branton
et al., 2013). Thus, the LPS found in AD brain could be
derived frommolecules of Gram-negative bacteria entering brain
from the blood, from Gram-negative bacteria entering brain, or
possibly from endogenous Gram-negative bacteria in brain.

LPS binds the TLR4/CD14 complex on peripheral
monocytes/macrophages or brain microglia to activate NFκB
and increase production of cytokines including IL1, IL6 and TNF
(Ikeda et al., 1999; Rossol et al., 2011; Enkhbaatar et al., 2015).
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LPS down regulation of ADAM10 and upregulation of BACE-
1/PS-1 may partially explain LPS induced increases β-AβPP
and Aβ (Sheng et al., 2003; Zhao et al., 2014; Wu et al., 2015).
LPS also increases Aβ levels in brain by acting at the blood
brain barrier and impairing LRP which is responsible for Aβ

efflux from brain (Erickson et al., 2012; Banks et al., 2015). LPS
at high doses can damage the BBB (Banks et al., 2015) which
could facilitate entry of LPS itself into brain. Alternatively,
monocytes/macrophages may carry LPS into brain. LPS binding
to TLR4 on endothelial cells also leads to cytokine release (Verma
et al., 2006). LPS binds serum amyloid P and Aβ (de Haas et al.,
2000), it binds MBP (Raziuddin and Morrison, 1981) and LPS
promotes tau hyper phosphorylation (Kitazawa et al., 2005; Lee
et al., 2010; Liu et al., 2016). Thus, LPS could contribute to all
of the key neuropathological findings in AD brain including:
amyloid plaques, myelin injury and tau hyperphosphorylation
(Figure 8).

Role of TLR4/CD14 Complex
Polymorphisms in TLR4 and CD14 have been associated with
AD in some studies (Balistreri et al., 2008; Rodríguez-Rodríguez
et al., 2008; Chen et al., 2012) and whole genome studies
have implicated TLR4 in AD (Li et al., 2015). TLR4 levels
are increased in AβPP transgenic AD mice and human
AD brain and treatment of microglia with amyloid peptide
increases IL6 and TNF in microglia and kills microglia via
the TLR4 receptor (Walter et al., 2007). The microglial
TLR4 receptor is required for recruitment of leukocytes into
brain in response to intracranial injections of LPS (Zhou et al.,
2006). CD14 binds amyloid peptide fibrils (Fassbender et al.,
2004) and is a microglial receptor for phagocytosis of Aβ

(Liu et al., 2005). Deletion of CD14 attenuates pathology in
AD mice by decreasing inflammation (Reed-Geaghan et al.,
2010). In the neonatal LPS/hypoxia model, LPS mediates death
of oligodendrocytes via the TLR4 receptor (Lehnardt et al.,
2002); and, LPS activated microglia can kill OPCs (Pang et al.,
2010).

Role of Cytokines in Myelin Injury
LPS-TLR4-NFκB mediated increase of cytokines is proposed to
damage oligodendrocytes and myelin which leads to formation
of myelin aggregates (Figure 8). TLR4 mediated increases of IL1,
IL6 and TNF can kill mature oligodendrocytes, oligodendrocyte
progenitors and damage myelin (Fan et al., 2009; Xie et al.,
2016). Tumor necrosis factor alpha mediates lipopolysaccharide-
induced microglial toxicity to developing oligodendrocytes when
astrocytes are present (Selmaj and Raine, 1988; Li et al., 2008).
Other cytokines are also induced by TLR4 activation and these
might also play a role in injury.

Damaged Myelin Interacts with Aβ
MBP directly binds AβPP and Aβ and inhibits Aβ fibrillary
assembly via residues 54–64 in MBP (Liao et al., 2009, 2010;
Kotarba et al., 2013). Pure MBP degrades AβPP and Aβ

peptides, though degraded MBP lacking autolytic activity may
not degrade Aβ40 or Aβ42 (Liao et al., 2009). A knockout
mouse of MBP (bigenic Tg-5xFAD/MBP−/−) showed markedly

decreased numbers of amyloid plaques and decreased insoluble
Aβ (Ou-Yang and Van Nostrand, 2013). These findings suggest
degraded MBP (dMBP) might play a role in amyloid plaque
formation. Axonal/myelin injury results in formation of myelin
aggregates, and degraded MBP binds AβPP and Aβ peptides
(Liao et al., 2009, 2010; Kotarba et al., 2013), and along with
LPS and other molecules leads to the formation of amyloid
plaques.

Could the LPS Model Relate to Familial
AD?
Familial AD is due to mutations in AβPP, presenilin-1 and
presenilin-2, and these mutations result in an increase of
brain and blood Aβ. It is still debated whether soluble
or insoluble Aβ are important, and how they relate to
tau hyper phosphorylation. Several groups have proposed
that Aβ actions on the TLR4/CD14 complex could be
important in the pathogenesis of AD (Figure 8). Aβ binding
to TLR4/CD14 would increase cytokines which would
lead to further increases of Aβ and to myelin injury and
production of dMBP (Figure 8). This could help explain the
association of WMH/myelin injury with familial AD (Lee et al.,
2016).

To begin to address this, studies were done to determine
whether a mouse model of AD which contained 3 AβPP
mutations and 2 presenilin-1 mutations (5XFAD mouse)
had myelin aggregates associated with its amyloid plaques.
Indeed, at 8 months (Figure 9A) and 10 months of age
(Figure 9B) the 5XFAD mouse showed that MBP stained
myelin aggregates co-localized with FSB stained amyloid
plaques (Zhan et al., 2015a). Though it is not known how
the myelin is damaged, it is possible that Aβ activation of
TLR4 could lead to myelin injury as shown in Figure 8. That
is, both LPS and Aβ are ligands for TLR4/CD14 (Erridge,
2010) and thus both could contribute to myelin injury. This
conclusion supports recent imaging studies that found WMH
to be a core feature of autosomal dominant familial AD
(Lee et al., 2016). Thus, sporadic WMH could be a result
of the actions of LPS-TLR4 mediated injury and/or Aβ-
TLR4 mediated injury to myelin possibly in combination with
ischemia/hypoxia.

Caveats to the Proposed Model
Though the above discussion focuses on LPS, other
Gram-negative molecules are found in AD brain (Zhan et al.,
2016). The significance of these to AD pathogenesis is not clear,
but could be important. The source of LPS and other bacterial
molecules in brain is not clear, so that exogenous infections
vs. some source within the body or the brain must be resolved.
Since LPS is in AD brain, perhaps molecules from other classes
of infectious agents might also be relevant in subgroups of AD
cases that might be mediated via other Toll-like receptors.

CONCLUSION

It is hypothesized that LPS, in combination with other
factors, leads to amyloid plaques, myelin injury and tau
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hyperphosphorylation in AD brain. Since the presence of
LPS in human AD brain has been confirmed in different
laboratories, treatment and prevention targets for sporadic AD
could include LPS, TLR4/CD14 receptors, and Gram-negative
bacteria. A vaccine against LPS to prevent AD could be
considered if future studies continue to support a role of LPS
in AD.
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This review focuses on research in the areas of epidemiology, neuropathology, molecular
biology and genetics that implicates herpes simplex virus type 1 (HSV-1) as a causative
agent in the pathogenesis of sporadic Alzheimer’s disease (AD). Molecular mechanisms
whereby HSV-1 induces AD-related pathophysiology and pathology, including neuronal
production and accumulation of amyloid beta (Aβ), hyperphosphorylation of tau
proteins, dysregulation of calcium homeostasis, and impaired autophagy, are
discussed. HSV-1 causes additional AD pathologies through mechanisms that promote
neuroinflammation, oxidative stress, mitochondrial damage, synaptic dysfunction,
and neuronal apoptosis. The AD susceptibility genes apolipoprotein E (APOE),
phosphatidylinositol binding clathrin assembly protein (PICALM), complement receptor
1 (CR1) and clusterin (CLU) are involved in the HSV lifecycle. Polymorphisms in these
genes may affect brain susceptibility to HSV-1 infection. APOE, for example, influences
susceptibility to certain viral infections, HSV-1 viral load in the brain, and the innate
immune response. The AD susceptibility gene cholesterol 25-hydroxylase (CH25H) is
upregulated in the AD brain and is involved in the antiviral immune response. HSV-1
interacts with additional genes to affect cognition-related pathways and key enzymes
involved in Aβ production, Aβ clearance, and hyperphosphorylation of tau proteins. Aβ

itself functions as an antimicrobial peptide (AMP) against various pathogens including
HSV-1. Evidence is presented supporting the hypothesis that Aβ is produced as an
AMP in response to HSV-1 and other brain infections, leading to Aβ deposition and
plaque formation in AD. Epidemiologic studies associating HSV-1 infection with AD and
cognitive impairment are discussed. Studies are reviewed supporting subclinical chronic
reactivation of latent HSV-1 in the brain as significant in the pathogenesis of AD. Finally,
the rationale for and importance of clinical trials treating HSV-1-infected MCI and AD
patients with antiviral medication is discussed.

Keywords: Alzheimer’s disease, amyloid beta, dementia, herpes simplex virus, neurodegeneration,
neuroinflammation, pathogen, tau

INTRODUCTION

Alzheimer’s disease (AD) is an inflammatory neurodegenerative disease characterized by
progressive decline in cognitive abilities, behavioral abnormalities, and the loss of ability to
function at work or in activities of daily living. Cognitive impairment may involve deficits in short
term memory, language, visuospatial tasks, and/or executive function (McKhann et al., 2011).
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AD is the leading cause of dementia. It is estimated that
47 million people worldwide have dementia, with the prevalence
expected to rise significantly as the population ages (Prince
et al., 2016). Early-onset AD (EOAD) presents in younger
patients prior to age 60 or 65 years and comprises approximately
1%–6% of all AD cases. About 60% of these patients are
classified as familial EOAD, having multiple relatives diagnosed
with the disease. Approximately 13% of these cases show an
autosomal dominant pattern of inheritance (Alonso Vilatela
et al., 2012). The autosomal dominant form of EOAD is caused
by overproduction of amyloid beta (Aβ) due to mutations in one
of three genes: APP, PSEN1 or PSEN2. APP encodes for amyloid
precursor protein while the PSEN genes encode presenilins
I and II respectively (Naj and Schellenberg, 2017). Sporadic
or late-onset AD (LOAD) accounts for the majority of AD
cases (approximately 95%), and usually occurs after the age of
60–65 years. LOAD appears to have a multifactorial etiology
involving complex interactions between environmental factors
and multiple susceptibility genes, including the ε4 allele of the
apolipoprotein E (APOE) gene (Alonso Vilatela et al., 2012;
Naj and Schellenberg, 2017). Factors associated with increased
risk of AD include age, cerebrovascular disease, stroke, diabetes,
dyslipidemia, head injury, hypertension, smoking and obesity
(Mayeux and Stern, 2012). A significant body of evidence also
implicates pathogen involvement in sporadic AD (Balin et al.,
2008; Miklossy, 2011a; Harris and Harris, 2015; Itzhaki et al.,
2016).

The AD pathogen hypothesis states that pathogens
are causative factors in the development of sporadic or
LOAD. Pathogens interact with genetic and environmental
factors to initiate accumulation and/or formation of Aβ,
hyperphosphorylation of tau proteins, and inflammation in the
brain. This leads to neuronal cell dysfunction, neurodegeneration
and dementia (Harris and Harris, 2015). The hypothesis is
supported by research data implicating brain infections by
herpes simplex virus type 1 (HSV-1; Itzhaki et al., 1997; Itzhaki,
2014, 2016; Steel and Eslick, 2015), Chlamydophila pneumoniae
(Balin et al., 1998, 2008; Gérard et al., 2006), Borrelia burgdorferi
and other spirochetes (Miklossy, 2011a,b), and fungi (Alonso
et al., 2014a,b, 2015; Pisa et al., 2015a,b) in the pathogenesis of
AD. These pathogens are prevalent in AD brains and can evade
the host immune system forming latent or chronic infections.
Neuronal cell infection by HSV-1, C. pneumoniae and Borrelia
burgdorferi induce amyloid beta (Aβ) deposition in vitro and/or
in mouse brain models (Little et al., 2004; Miklossy et al.,
2006a; Wozniak et al., 2007). Neuronal cell infection by either
HSV-1 or B. burgdorferi results in hyperphosphorylation of
tau proteins (Miklossy et al., 2006a; Wozniak et al., 2009a).
Pathogens can directly and indirectly induce neuroinflammation
as well as neuronal dysfunction and death, which are important
aspects of AD pathophysiology (Athmanathan et al., 2001;
Boelen et al., 2007; Balin et al., 2008; Zambrano et al., 2008;
Miklossy, 2011a; Harris and Harris, 2015). Additional microbes
associated with AD include Helicobacter pylori (Kountouras
et al., 2009; Roubaud Baudron et al., 2013; Wang X. L. et al.,
2014), cytomegalovirus (CMV; Strandberg et al., 2003; Lurain
et al., 2013), human herpes virus 6 (Carbone et al., 2014),

Epstein-Barr virus (Carbone et al., 2014), and the oral pathogens
P. gingivalis and T. forsythia (Kamer et al., 2009).

This review focuses on the involvement of HSV-1 as a
causative cofactor in sporadic AD. HSV-1 is prevalent in aged
normal and AD brains (Jamieson et al., 1991, 1992). When
present in the brains of APOE-ε4 allele carriers, the virus is
associated with increased risk of AD (Itabashi et al., 1997; Itzhaki
et al., 1997; Lin et al., 1998). Evidence is presented involving
molecular mechanisms whereby HSV-1infection promotes AD
pathogenesis.

PATHOLOGICAL HALLMARKS OF
ALZHEIMER’S DISEASE

The hallmark pathological features of the AD brain include
senile plaques and neurofibrillary tangles (NFTs). Senile plaques
are extracellular and contain Aβ which is formed by cleavage
of the integral neuronal cell membrane glycoprotein amyloid-
β precursor protein (AβPP) by the enzymes β-secretase
and γ-secretase. Within this amyoidogenic pathway, the
extracellular domain of AβPP is cleaved by β-secretase, which
releases the N-terminal soluble fragment sAPPβ into the
extracellular space. The enzyme γ-secretase then cleaves the
intramembranous C-terminal fragment (βCTF), also known
as C99, to form Aβ and APP intracellular domain (AICD).
Within the non-amyoidogenic pathway, Aβ is not formed
because AβPP is cleaved by α-secretase, releasing a soluble
protein known as sAPPα into the extracellular space. The
remaining intramembranous C-terminal fragment C83 is cleaved
by γ-secretase to form P3 and AICD (Stanga et al., 2010;
Cárdenas-Aguayo et al., 2014). The two main isoforms of
amyloid beta are Aβ1–42 and Aβ1–40. Lower levels of Aβ in the
brain appear to be neurotrophic, supporting various homeostatic
processes including neurogenesis, synaptic plasticity, antioxidant
activity, calcium homeostasis and redox sequestration of metal
ions (Cárdenas-Aguayo et al., 2014). Increased Aβ production
and/or decreased clearance results in Aβ accumulation. Elevated
levels of Aβ1–42 isoforms can aggregate to form insoluble
oligomers and fibrillary configurations leading to the formation
of senile plaques (De-Paula et al., 2012).

NFTs are located within neurons and are composed of
abnormally hyperphosphorylated tau proteins (De-Paula et al.,
2012; Rajmohan and Reddy, 2017). Tau proteins contribute to
microtubule assembly and stabilization, which is important for
cytoskeleton structure and axonal transport of vesicular and
organelle structures by motor kinesin or motor dynein (Kolarova
et al., 2012). Tau proteins are also important in regulation of
synaptic plasticity and synaptic function (Mondragón-Rodríguez
et al., 2013). Under physiologic conditions, phosphorylation
of tau proteins by kinases is balanced by dephosphorylation
by phosphatases, which maintains the equilibrium required for
binding of tau proteins to microtubules. Glycogen synthase
kinase-3β (GSK3β), protein kinase A (PKA), cyclin-dependent
kinase 5 (cdk5), and calcium/calmodulin-dependent kinase
II (CaMK-II) are important enzymes that phosphorylate
tau proteins (Kolarova et al., 2012). When tau proteins
are hyperphosphorylated, however, conformational changes
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occur. This leads to formation of paired helical filaments
(PHFs) and/or NFTs and associated microtubule destabilization,
synaptic damage, and neurodegeneration (De-Paula et al.,
2012).

Additional cellular processes implicated in AD pathogenesis
include dysregulation of calcium homeostasis (Bezprozvanny
and Mattson, 2008), impaired autophagy (Nixon, 2007; Boland
et al., 2008; Nixon and Yang, 2011), oxidative stress (Bonda
et al., 2010; Scheff et al., 2016; Tönnies and Trushina, 2017),
mitochondrial dysfunction (Wang X. et al., 2014), synaptic
dysfunction (Lassmann et al., 1992; Masliah et al., 2001; Reddy
et al., 2005) and neuroinflammation (Wyss-Coray and Rogers,
2012). At the tissue level, pathologic findings include neuronal
cell loss, cerebral atrophy, and amyloid angiopathy (Takahashi
et al., 2017). At the systems level, AD is associated with damage
to the blood brain barrier (BBB; Montagne et al., 2015), cerebral
artery atherosclerosis, and cerebral hypoperfusion (Lathe et al.,
2014).

NEUROINFLAMMATION AND
ALZHEIMER’S DISEASE

As part of the innate immune system, microglia patrol the brain
as resident macrophages, providing defense against pathogen
invasion. Pattern recognition receptors, such as toll-like
receptors (TLRs) located on microglia cell membranes, interact
with pathogen associated molecular patterns (PAMPs), such as
bacterial lipopolysaccharide (LPS), peptidoglycan, lipoproteins,
flagellin, viral or bacterial nucleic acids leading to microglial
production of proinflammatory molecules (Miklossy, 2011a).
In pathologically affected regions of the AD brain, microglia
upregulate cell surface receptors related to phagocytosis and
other aspects of immune response. In addition to TLRs, these
include major histocompatibility complex class II (MHCII)
receptors, cytokine and chemokine receptors, the receptor
for advanced glycation end products (RAGE), scavenger
receptors and complement receptor 3 (Wyss-Coray and Rogers,
2012).

The microglial-mediated inflammation present in AD
brains involves increased levels of proinflammatory cytokines
such as interleukin-1 beta (IL-1β), interleukin-6 (IL-6) and
tumor necrosis factor-α (TNF-α; Ho et al., 2005). Activated
microglia also produce chemokines including RANTES, CXCL8,
macrophage inflammatory protein 1α (MIP-1α), MIP-1β,
and monocyte chemotactic protein 1 (MCP1); complement
molecules such as C1q, C3, C4 and C9; and reactive oxygen
species (ROS; Wyss-Coray and Rogers, 2012). Chemokines and
complement factors have been found to be upregulated in AD
brains (Veerhuis et al., 1996; Xia and Hyman, 1999; Lue et al.,
2001). Studies support ROS as a mediator of inflammation-
related neuronal damage and AD pathogenesis (Manoharan
et al., 2016; Tönnies and Trushina, 2017).

Aβ and fibrillary Aβ activate microglial RAGE receptors or
CD36 and scavenger receptors respectively, causing production
of proinflammatory cytokines and ROS (Block et al., 2007).
Upregulation of IL-1β is associated with increased levels of
neuronal AβPP and the astrocyte inflammatory protein s100β

in AD brain studies (Griffin et al., 1998). IL-1β drives the
neuronal production of APP with subsequent increase in Aβ

(Griffin, 2013). This describes a hypothesized vicious cycle of
neuroinflammation with resultant neuronal dysfunction and
cellular death. Release of cytosolic compounds, membrane
breakdown products, and excess glutamate by injured neurons
further activates microglia and accelerates the process, leading
to chronic neurodegeneration (Gao and Hong, 2008; Chami and
Checler, 2012; Cai et al., 2014).

Evidence involving the adaptive immune system supports
the hypothesis that peripherally activated IFN-γ-producing
T cells infiltrate the brain in response to an AD-related
chemotactic gradient and impaired BBB. As proposed,
subsequent T cell-mediated microglial activation results in
Aβ production, neuroinflammation, and neurodegeneration
(Lynch, 2014). Animal studies demonstrate that peripherally
produced proinflammatory cytokines, including IL-1β, IL-6
and TNFα, are transported across the BBB with subsequent
cytokine/brain interactions. The author suggests this as a
potential mechanism of neuropathology and brain dysfunction
(Banks, 2005). Peripherally injected human IL-1α has been
shown to cross the BBB and induce memory impairment in mice
(Banks et al., 2001).

THE HSV-1 ALZHEIMER’S DISEASE
HYPOTHESIS

In 1982 Ball (1982) proposed that latent HSV-1 in the trigeminal
ganglia might reactivate and ascend through known anatomic
nerve fiber connections into the limbic areas of the brain most
affected by AD pathology. HSV-1 infection with subclinical
chronic encephalitis was hypothesized as causative in AD
(Ball, 1982). Itzhaki et al. (1997, 2008) have proposed that
recurrent reactivation of latent HSV-1 in the brain results
in ‘‘limited local damage’’ to neurons through direct and
indirect toxic effects of the virus. Acute HSV-1 encephalitis
(HSE) induces limbic pathology involving the hippocampus,
temporal lobes and frontal lobes-the same areas affected in
AD. HSE patients are known to have chronic cognitive and
behavioral symptoms similar to those seen in AD (Ball, 1982;
Itzhaki, 2011). Other viral diseases associated with tau pathology
and neurodegeneration include the measles virus in subacute
sclerosing panencephalitis (McQuaid et al., 1994) and HIV
infection in HIV-associated neurocognitive disorders (HANDs;
Anthony et al., 2006; Soontornniyomkij et al., 2012; Brown et al.,
2014; Mocchetti et al., 2014).

Evidence from animal studies also supports HSV-1 entry into
the brain through the olfactory bulb with the virus ascending
along nerve pathways into limbic system structures significantly
affected in AD, including the entorhinal cortex and hippocampus
(McLean et al., 1993; Mori et al., 2005). HSV-1 DNA has
been detected in olfactory bulb samples by PCR in the human
brain (Baringer and Pisani, 1994). Olfactory receptor neurons
synapse with mitral cell neurons of the olfactory bulb, which then
project to the entorhinal cortex, amygdala, and hippocampus
(Mori et al., 2005). The olfactory bulb and tract demonstrate
neurodegenerative pathology early in AD (Kovács et al., 2001;
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Christen-Zaech et al., 2003), as does the entorhinal cortex (Braak
et al., 1993). Clinically impaired olfactory function is associated
with increased incidence of MCI and AD (Schubert et al., 2008;
Roberts et al., 2016; Woodward et al., 2017). Thus, HSV-1
infection of the olfactory system and subsequent brain infection
parallels early AD pathological and clinical findings.

Lathe and Haas (2017) found increased expression of host
cell viral entry receptors for HSV-1 glycoproteins gD and gB
within the hippocampus using gene expression profiling from
the microarray based Allen Human Brain Atlas and Human
Brain Transcriptome database. The hippocampus demonstrated
significantly increased gene expression of host cell viral entry
receptor proteins PVRL1, TNFRFS14 and MYH9 when tested
across the whole human brain. The authors suggest that these
findings contribute to the susceptibility of the hippocampus to
HSV-1 infection.

HSV-1 IS PREVALENT IN ELDERLY BRAINS
AND INCREASES THE RISK OF AD IN
APOE-ε4 CARRIERS

Latent HSV-1 was found by polymerase chain reaction (PCR)
in a high proportion (70%–100%) of sporadic AD brains and
normal elderly brains involving areas of brain typically affected
in AD, including the hippocampus, temporal and frontal lobes
(Jamieson et al., 1991). These findings have been confirmed
by several studies (Jamieson et al., 1992; Bertrand et al., 1993;
Itzhaki et al., 1997; Lin et al., 1998; Cheon et al., 2001). HSV-1
was absent in younger brains (Jamieson et al., 1992). Marques
et al. (2001) and Hemling et al. (2003) found HSV-1 in very
low percentages of brains studied. Wozniak et al. (2005) found
HSV-1 immunoglobulin G (IgG) in cerebrospinal fluid from
52% of AD patients and 69% elderly controls, and noted that
the difference was not statistically significant. However, this
finding does indicate that HSV-1 DNA is prevalent in elderly
brains as a complete functional genome and replicates in the
brain (Wozniak et al., 2005). Itzhaki et al. (1997) and Lin et al.
(1998) demonstrated that HSV-1 infection in postmortem elderly
brains in combination with the presence of the APOE-ε4 allele
of the APOE gene increases the risk of AD by a factor of 12,
with the coexistence of both factors accounting for over half the
AD subjects in the study. The Itzhaki et al. (1997) results were
corroborated by Itabashi et al. (1997).

HSV-1 PREVALENCE, STRUCTURE AND
LIFE CYCLE

HSV-1 is a member of the Herpesviridae family of viruses.
The virus is neurotropic and is highly prevalent in the
adult population (Itzhaki and Wozniak, 2008). Worldwide, an
estimated 3.7 billion people (67%) have HSV-1 infection (Looker
et al., 2015; World Health Organization, 2017). Prevalence
generally varies by country, region and subgroup and increases
with age (Smith and Robinson, 2002), with several studies
demonstrating 80%–95% prevalence in populations age 50 or
older from different countries or regions (Shen et al., 2015; Korr

FIGURE 1 | Electron microscopy image showing two herpes simplex virions.
The nucleocapsid is seen in the center of each virion with surrounding
tegument and viral envelope. Reprinted from Kaye and Choudhary (2006),
copyright 2006, with permission from Elsevier.

et al., 2017; Marchi et al., 2017; Nasrallah et al., 2018). After initial
infection, the virus establishes latency within sensory ganglia,
such as the trigeminal ganglion (TG) of the peripheral nervous
system (Perng and Jones, 2010). Infection is life-long as the
virus evades the host immune system. Periodic episodes of viral
reactivation and replication result in active lytic lesions known as
herpes labialis or cold sores (Itzhaki, 2011).

HSV-1 is an enveloped virus composed of a core double
stranded 152 kB DNA genome, which is surrounded by
an icosahedral shaped nucleocapsid (Figure 1; Kaye and
Choudhary, 2006). The tegument contains 26 viral proteins and
is located between the capsid and the viral envelope. These
proteins are required for the HSV viral lifecycle, including viral
DNA transport to the host nucleus, viral gene transcription, and
subversion of various host cellular processes. The viral envelope
consists of a lipid bilayer dotted with various glycoproteins.
Viral glycoproteins C (gC) and B (gB) are involved in viral
attachment to the heparin sulfate proteoglycan (HSPG) receptor
of the host cell. Interactions between HSV-1 glycoproteins gD,
gB, and gH/gL with host cellular receptor proteins are necessary
for viral entry into the host cell (Kukhanova et al., 2014). After
fusion of the virus to the host cell, the tegument proteins and
nucleocapsid enter the cytoplasm. A specific tegument protein
shuts off host cell protein synthesis. The nucleocapsid moves
from host cytoplasm to the nucleus where viral DNA is released
and circularizes (Itzhaki and Wozniak, 2006).

The virus has two distinct lifecycles. During the productive
lifecycle, new virions are produced leading to host cell death.
During the latent lifecycle, the viral genome persists within
the host cell with no virions formed. Viral genes are classified
as immediate-early (α-genes), early (β-genes), or late (γ-genes;
Itzhaki and Wozniak, 2006). During the productive lifecycle
these genes express α proteins which regulate the viral genome,
β proteins which are involved in viral DNA synthesis, and
γ-proteins which are viral structural proteins (Pereira, 1996).
After viral protein expression, nucleocapsids are reassembled in

Frontiers in Aging Neuroscience | www.frontiersin.org 4 March 2018 | Volume 10 | Article 4881

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Harris and Harris HSV-1 Pathogenesis in Alzheimer’s Disease

the host nucleus with tegument proteins attached to the outer
surface of the capsid. The nucleocapsid obtains part of the
host nuclear envelope upon exit from the host nucleus. Viral
particles then migrate through the cytoplasm by way of the Golgi
apparatus and/or endoplasmic reticulum and traverse the cell
membrane to exit the cell (Itzhaki and Wozniak, 2006).

After acute infection of oral, nasal, or ocular mucosal
epithelium, the virus enters the sensory neuron and moves via
retrograde transport inside the axon to reach the cell body,
which is located within the sensory ganglia, where the virus
establishes latency (Perng and Jones, 2010; Pires de Mello et al.,
2016). During latency, viral gene expression ceases except for
latency-associated transcripts known as LATs, which facilitate
the establishment of latency and inhibit host cell apoptosis
(Perng and Jones, 2010). Immunosuppression, diseases, and
other stressors can induce periodic reactivation of the virus
from latency (Held and Derfuss, 2011). A cell-mediated immune
response by CD8+ T lymphocytes, in part mediated by secretion
of IFN-γ, inhibits viral reactivation from latency within infected
TG (St. Leger and Hendricks, 2011; Nicoll et al., 2012).
Age-related impairment of the T cell immune system is known as
immunosenescence, and is associated with increased peripheral
reactivation of herpesviridae infections including HSV-1 in the
elderly (Koch et al., 2006; Stowe et al., 2007, 2012). Sawtell
(1998) reviews evidence which suggests reactivation of HSV-1
occurs in only a small number of latently infected neurons
during a reactivation event. The author cites animal studies
demonstrating that during reactivation only a few neurons within
peripheral ganglia express lytic viral proteins or Infected-cell
protein 0 (ICP0) RNA.

MOLECULAR MECHANISMS: HSV-1
INDUCES AD PATHOPHYSIOLOGY AND
PATHOLOGY

Neuronal Cells Infected by HSV-1 Produce
Aβ and Demonstrate Altered AβPP
Metabolism
Human cultured neuronal cells infected with HSV-1 in vitro
produce Aβ1–42 and Aβ1–40 with a corresponding decrease
in amyloid beta precursor protein (AβPP). In addition,
HSV-1-infected neuronal cells demonstrate upregulation of
β-secretase and nicastrin (a protein component of the γ-secretase
complex). Both enzymes are involved in processing AβPP to
Aβ within the amyoidogenic pathway (Wozniak et al., 2007).
Non-transgenic BALB/c mice infected with HSV1 developed
brain deposition of Aβ1–42 detected by immunocytochemistry
5 days after intranasal inoculation (Wozniak et al., 2007). HSV-1
infection of human neuroblastoma cells and rat cortical neurons
activates the host cell amyoidogenic pathway, resulting in
multiple cleavages of AβPP with accumulation of intracellular
and secreted extracellular Aβ1–42, Aβ1–40, and several additional
neurotoxic Aβ-containing AβPP fragments. Quantitative
measurements of APP 695-transfected neuroblastoma cells
by ELISA demonstrated significantly increased Aβ1–42 levels
in HSV-1-infected cells compared to mock-infected controls

(Figure 2; De Chiara et al., 2010). Mechanistically, HSV-1
activates double-stranded (ds) RNA-activated protein kinase
(PKR) in neuronal cells, which results in phosphorylation
of eukaryotic initiation factor 2-α (eIF2-α), a GTP-binding
protein involved in the initiation of protein translation. This in
turn activates translation of β-secretase (Ill-Raga et al., 2011).
In a squid model, GFP-labeled HSV-1 viral particles travel
with AβPP, a receptor for kinesin, during fast anterograde
axonal transport, mechanistically linking the virus with a
key protein involved in the amyoidogenic pathway and AD
(Satpute-Krishnan et al., 2003). HSV-1 affects AβPP processing
within infected neuronal cells by reducing the level of AβPP
and increasing the level of a 55 kDa C-terminal AβPP fragment
which includes Aβ (Shipley et al., 2005). Newly synthesized
HSV-1 particles co-localize and travel with AβPP inside the
cytoplasm of live epithelial cells. HSV-1 interacts frequently with
AβPP and interferes with AβPP transport and distribution as
the virus exits the cell (Cheng et al., 2011). Thus, HSV-1 hinders
AβPP transport, alters its intracellular kinetics, and upregulates
its amyoidogenic processing, resulting in the production of Aβ.

Neuronal Cell Infection by HSV-1 Results in
Hyperphosphorylation of Tau Protein
Cultured human neuronal cells infected by HSV-1
hyperphosphorylate tau protein significantly more than
uninfected cells—by a factor of four (Figures 3, 4). HSV-1
upregulates GSK3β and PKA, which are enzymes involved
in phosphorylation of tau proteins (Wozniak et al., 2009a).
Likewise, neuroblastoma cells infected by HSV-1 develop
increased levels of hyperphosphorylated tau proteins within
their nuclei (Alvarez et al., 2012). Cultured murine neuronal
cells infected by HSV-1 undergo tau hyperphosphorylation and
neurodegenerative changes, including alterations in microtubule
dynamics, damage to the neuronal cytoskeleton, and neuronal
loss. These effects are not seen in neurons pretreated with
the antiviral medication acyclovir (Zambrano et al., 2008).
The capability of HSV-1 to induce hyperphosphorylation of
tau proteins and neurodegeneration demonstrates another
mechanistic link between HSV-1 and AD pathogenesis.

HSV-1 Induces Intracellular Aβ

Accumulation by Dysregulating Calcium
Homeostasis
Dysregulation of calcium homeostasis has been implicated in
AD pathophysiology. Influx of calcium with resultant elevated
intracellular calcium levels occurs in neuronal cells exposed
to toxic Aβ oligomers and is associated with excitotoxicity
and neuronal apoptosis in cultured cell and animal models
(Bezprozvanny and Mattson, 2008). Elevated levels of calcium
have been shown in AD triple transgenic mouse neurons,
which accumulate Aβ (Lopez et al., 2008). Altered expression
of neuronal calcium signaling genes has been shown in human
postmortem AD brains by microarray analysis (Emilsson et al.,
2006).

Piacentini et al. (2011) demonstrate that infection of rat
cortical neurons with HSV-1 results in hyperexcitability and
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FIGURE 2 | Herpes simplex virus type 1 (HSV-1) infection of neuronal cells results in accumulation of amyloid beta (Aβ). Images from confocal microscopy
demonstrate human neuroblastoma cells infected by HSV-1 at 18 h post-infection. Cells shown in the middle panels were double-labeled with anti-Aβ1–42 and
anti-Aβ1–40 antibodies. Cells shown in the lower panels were double-labeled with anti-Aβ1–42 and anti-HSV-1 antibodies. The color of the fluorescence for each
primary antibody is demonstrated in the left and middle columns. Bar graph upper right shows significant increases in intracellular and secreted extracellular Aβ1–42

by HSV-1-infected APP695-transfected neuroblastoma cells compared to mock-infected cells by ELISA (∗P < 0.05 vs. HSV-1). Figure from De Chiara et al. (2010).
Reprinted under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0).

FIGURE 3 | Co-localization of HSV-1 and abnormal tau phosphorylation as shown by immunofluorescence in HSV-1-infected cultured human glioblastoma cells.
HSV-1-infected glioblastoma cells show strong staining for HSV-1 proteins (green) by anti-HSV-1 antibody and abnormally phosphorylated tau proteins (red) by
anti-p-tau antibody AT100, with co-localization within cells seen on far right slide. Abnormal tau phosphorylation occurred in HSV-1-infected cells and not in
bystander cells. DNA is stained blue with Hoechst solution. Reprinted from Wozniak et al. (2009a), copyright 2009, with permission from IOS Press and Ruth Itzhaki.
The publication is available at IOS Press through http://dx.doi.org/10.3233/JAD-2009-0963.

depolarization of the cell membrane due to alterations in sodium
and potassium currents. This in turn leads to dysregulation of

cellular calcium influx through voltage-gated calcium channels.
Elevated intracellular calcium levels and calcium-dependent
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FIGURE 4 | Quantification of abnormal tau phosphorylation in HSV-1-infected
and uninfected cultured human neuroblastoma cells using the enzyme-linked
immunosorbent assay. HSV-1-infected cells significantly hyperphosphylated
tau protein at serine 214 compared to uninfected cells (p < 0.01). Reprinted
from Wozniak et al. (2009a), copyright 2009, with permission from IOS Press
and Ruth Itzhaki. The publication is available at IOS Press through
http://dx.doi.org/10.3233/JAD-2009-0963.

phosphorylation of AβPP result in elevated levels of Aβ in
HSV-1-infected cells. This study shows yet another parallel
between HSV-1 and AD-related pathophysiology.

HSV-1 Impairs Autophagy in Neuronal Cells
Autophagy, or degradation of intracellular proteins and
organelles in lysosome/vacuole compartments, allows for these
components to be recycled (Nixon and Yang, 2011). Impaired
autophagy has been demonstrated in the AD brain. Electron
microscopy shows abnormal, swollen neurites containing many
autophagic vacuoles, which are not found in normal brains
(Boland et al., 2008). The endosomal-lysosomal pathway is
important in AβPP processing. Studies suggest that increased
initiation of autophagy and decreased clearance of Aβ-containing
autophagic vacuoles may contribute to Aβ accumulation in the
AD brain (Nixon, 2007).

Xenophagy is the autophagic degradation of intracellular
pathogens including viruses, and is an important part of host
defense (Alexander and Leib, 2008). The lysosomal breakdown of

pathogenic components within autophagosomes and subsequent
presentation of pathogenic ligands and antigens activates the
host’s innate and adaptive immune systems (Orvedahl and
Levine, 2008). HSV-1 viral particles have been demonstrated
within lysosomes of infected human fibroblast cells (Smith
and de Harven, 1978). HSV-1 degradation also takes place in
autophagosomes of infected murine-embryonic fibroblast cells
(Tallóczy et al., 2006). Xenophagy of HSV-1 is dependent
on activation of a double stranded RNA-dependent protein
kinase R (PKR) and eukaryotic initiating factor-2-α (eIF2α)
pathway (Tallóczy et al., 2002, 2006). HSV-1 neurovirulence
factor infected cell protein 34.5 (ICP 34.5) and viral protein
Us11 function to subvert the autophagic response to viral
infection. HSV-1 Us11 blocks PKR phosphorylation of eIF2α.
Viral ICP 34.5 recruits host phosphatase PPP1CA which
dephosphorylates eIF2α. Both of these actions inhibit autophagic
degradation of HSV-1 proteins (O’Connell and Liang, 2016).
HSV-1 ICP 34.5 also inhibits autophagy by binding to Beclin 1,
which is an essential autophagy protein (Orvedahl et al., 2007;
Wilcox and Longnecker, 2016).

HSV-1 infection of human neuroblastoma cells impairs
autophagy and leads to accumulation of intracellular
autophagosomes (Santana et al., 2012a; Figure 5). HSV-1
infection was also found to decrease autophagic degradation of
Aβ, resulting in intracellular accumulation of Aβ in autophagic
compartments within neuroblastoma cells. Autophagosomes
containing Aβ in HSV-1 infected neuroblastoma cells failed to
fuse with lysosomes, resulting in a significant decrease in Aβ

secretion. Inhibition of the non-amyoidogenic AβPP processing
pathway was noted while the amyoidogenic Aβ producing
pathway remained intact (Santana et al., 2012b). This data
suggests that HSV-1 inhibition of host cell autophagy and viral-
induced alterations of AβPP processing results in intraneuronal
Aβ accumulation (Santana et al., 2012b).

HSV-1 Induces Neuroinflammation
HSV-1 infection of the brain or peripheral nervous system
provokes an innate and adaptive immune response (Nicoll
et al., 2012; Egan et al., 2013; Shives et al., 2017). Human
microglia cells infected by HSV-1 increase production of

FIGURE 5 | HSV-1 infection of human neuroblastoma cells leads to accumulation of intracellular autophagosomes. (A) Electron micrograph of mock-infected
neuroblastoma cells. (B) Electron micrographs of HSV-1-infected neuroblastoma cells at a multiplicity of infection (MOI) of 10 plaque forming units per cell (pfu/cell)
for 18 h. Micrographs show accumulation of autophagosomes (white arrowheads) induced by HSV-1. White arrows show phagophores. Numerous cytoplasmic viral
vesicles and free cytoplasmic virions are visualized (black arrows). Black arrowheads point to four-layered membrane vesicles. Note the enlarged boxed area (far
right) showing a four-layered membrane vesicle. N labels the nucleus. Scale bars = 0.5 or 1 µm. Reprinted from Santana et al. (2012a), copyright 2012, with
permission from IOS Press and Jesus Aldudo. The publication is available at IOS Press through http://dx.doi.org/10.3233/JAD-2012-112000.
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pro-inflammatory cytokines IL-1β, IL-6, IL-8 and TNF-α, along
with chemokines MIP-1α, CCL5 (RANTES) and CXCL10
(Lokensgard et al., 2001). Activated CD8+ T cells surround
human and mouse HSV-1-infected TG ganglia in an attempt to
control viral reactivation (Nicoll et al., 2012). HSV-1 infection
of mouse trigeminal ganglia resulted in expression of MHCII
antigens and cellular infiltrates containing pro-inflammatory
cytokines IL-6, TNF-α and interferon-γ (IFN-γ; Shimeld et al.,
1995, 1997). Indicators of neuroinflammation (phosphorylated
interferon regulatory factor 3 (p-IRF3), toll-like receptor-4, and
interferon α/β) and early neurodegeneration (caspase-3 cleaved
tau protein (TauC3) and phosphorylated tau protein) are
found in the trigeminal ganglia and cerebral cortices of
mice after HSV-1 reactivation from latency (Martin et al.,
2014).

Herpes simplex encephalitis in humans induces acute and
subacute inflammatory responses mediated by IFN-γ and IL-6,
and TNF-α respectively. During the late convalescent stage,
the T cell-mediated immune markers soluble IL-2 receptor and
soluble CD8 antigen may remain elevated for months to years
(Aurelius et al., 1994). Higher levels of proinflammatory response
to the virus are associated with greater clinical severity, extent
of BBB disruption, and amount of damage seen on brain MRI
(Michael et al., 2016).

HSV-1 Induces Oxidative Stress
Oxidative stress is characterized by an imbalance in oxidant-
antioxidant equilibrium, overproduction of ROS and resultant
damage to cellular macromolecules (Manoharan et al., 2016;
Tönnies and Trushina, 2017). Decreased intraneuronal levels of
the antioxidant glutathione have been found in AD hippocampal
and cortical brain samples (Limongi and Baldelli, 2016).
Oxidative stress is thought to play a highly significant role in
neurodegeneration. Oxidative damage to lipids, proteins, DNA
and RNA within neuronal cells is found in AD brains, and
occurs early in the disease (Bonda et al., 2010; Zhao and Zhao,
2013; Scheff et al., 2016). This type of stress is associated with
other aspects of AD-related pathophysiology as well, including
mitochondrial dysfunction, accumulation of redox metals,
dysregulation of calcium homeostasis, hyperphosphorylation
of tau proteins, Aβ accumulation, synaptic dysfunction,
neuroinflammation and neurodegeneration (Mondragón-
Rodríguez et al., 2013; Zhao and Zhao, 2013; Tönnies and
Trushina, 2017).

Herpes simplex encephalitis and other CNS viral infections
increase production of reactive oxygen and nitrogen species,
which contributes to oxidative stress and neuronal damage
in both animal models and human disease (Meyding-Lamadé
et al., 1998; Valyi-Nagy and Dermody, 2005). Keratitis due
to HSV-1 infection in rabbits resulted in an altered redox
state with decreased corneal intracellular levels of glutathione
(Nucci et al., 2000). Mouse microglial cells infected by HSV-1
produce elevated levels of ROS through viral stimulation
of microglial toll-like receptor 2. The subsequent redox
imbalance results in neuronal oxidative damage characterized
by lipid peroxidation in murine mixed microglial-neuronal
cultures (Schachtele et al., 2010). HSV-1-infected human

neuronal cells exposed to experimental oxidative stress in vitro
demonstrate decreased Aβ secretion and accumulation of
Aβ intracellularly. Oxidative stress interacts with the virus
to significantly enhance the effects of HSV-1-induced Aβ

accumulation and impairment of autophagy (Santana et al.,
2013).

Mitochondrial Damage and Dysfunction
Occurs in Cells Infected by HSV-1
Mitochondrial damage is thought to impair ATP production
and increase ROS production promoting oxidative stress (Wang
X. et al., 2014). Mitochondrial dysfunction occurs early in AD
(Wang et al., 2009). Damaged mitochondria are seen within
neurons from AD brain biopsies using electron microscopy
(Hirai et al., 2001). Mitochondrial damage is present in
transgenic APP and APP/PS1 mouse models (Trushina et al.,
2012) and transgenic neuronal cells in vitro which overexpress
APP (Wang et al., 2008).

HSV-1 and pseudorabies virus (PRV), another member of the
alphaherpesviridae sub-family, alter mitochondrial morphology
and interfere with axonal transport of mitochondria in rat
superior cervical ganglion neurons. During PRV infection,
there is reduced recruitment of the molecular motor kinesin-1
to mitochondria. This effect is mediated by glycoprotein B
(gB) fusion to the neuronal cell membrane, which results in
increased neuronal action potential firing rates and elevated
intracellular calcium levels (Kramer and Enquist, 2012).
HSV-1 infection of Vero cells depletes mitochondrial DNA
and mRNA through the action of viral protein UL12.5,
which suggests a direct connection between HSV-1 infection
and mitochondrial dysfunction and damage (Saffran et al.,
2007).

HSV-1 Infection Leads to Synaptic
Dysfunction
Synaptic dysfunction appears to be an early event in AD
pathogenesis (Masliah et al., 2001). Decreased levels of
synaptophysin and other synaptic proteins have been reported
(Lassmann et al., 1992; Masliah et al., 2001; Reddy et al.,
2005). In vitro studies demonstrate that elevated Aβ and
phosphorylated tau levels within and outside of the synaptic
cleft trigger diverse molecular mechanisms, leading to synaptic
protein reduction, synaptic damage, and synaptic loss (Rajmohan
and Reddy, 2017). Cyclic AMP-response element-binding
protein (CREB) is a multifunctional transcription factor which
plays a key role in synaptic plasticity, learning and memory
(Liang et al., 2007; Sakamoto et al., 2011). CREB also
regulates molecular processes related to neurodevelopment,
upregulation of antioxidant genes, and neuronal survival
(Sakamoto et al., 2011). Reduced CREB activity has been found
in AD postmortem brain samples and AD related animal models
(Yamamoto-Sasaki et al., 1999; Matsuzaki et al., 2006; Liang et al.,
2007). Aβ1–42 interferes with activation of CREB in cultured rat
cortical neurons (Tong et al., 2001), cultured rat hippocampal
neurons (Vitolo et al., 2002), and long term potentiation in a
mouse hippocampus model of synaptic plasticity (Puzzo et al.,
2005).
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HSV-1 infection affects the synapse through mechanisms
which parallel AD-related pathophysiology. Cultured mouse
cortical neurons infected by HSV-1 have shown decreased
synaptic transmission and reduced levels of presynaptic proteins
synapsin-1 and synaptophysin. Synaptic dysfunction and lower
levels and/or activity of synaptic proteins were mediated
through HSV-1-related activation of GSK3β and intraneuronal
Aβ accumulation. HSV-1-induced calcium-dependent GSK3β
activation resulted in phosphorylation of amyloid precursor
protein and subsequent accumulation of Aβ within neuronal
cells. The activity of CREB was inhibited during viral infection
and was dependent on HSV-1-induced Aβ accumulation and
GSK3β activation (Piacentini et al., 2015).

HSV-1 Affects Neuronal Apoptosis
HSV-1 is able to block or induce neuronal apoptosis at
various stages of infection (Galvan and Roizman, 1998).
HSV-1 protein ICP 34.5 dephosphorylates eIF2α, which blocks
the shutdown of host cell protein synthesis and prevents
apoptosis (Chou et al., 1995; Itzhaki et al., 2008). HSV-1
also inhibits host cell apoptosis through mechanisms utilizing
viral proteins including LAT, gJ, gD, Us3, ICP 4, ICP 24,
ICP 27 and UL14 (Yu and He, 2016). On the other hand,
HSV-1 infection causes neuronal apoptosis in cultured murine
neuronal cells (Zambrano et al., 2008) and a murine model
for HSE (Armien et al., 2010). Neuronal apoptosis has also
been demonstrated in human HSE brain tissue and cultured
human glioblastoma cells infected by HSV-1 (Athmanathan
et al., 2001).

HSV-1 INTERACTIONS WITH AD-RELATED
GENES

AD Susceptibility Genes Are Involved in the
HSV Lifecycle
AD susceptibility genes are characterized by single nucleotide
polymorphisms (SNPs), which are associated with increased risk
for AD. Susceptibility genes for AD identified in genome-wide
association studies (GWAS) include APOE, complement
receptor 1 (CR1), clusterin (CLU) and phosphatidylinositol
binding clathrin assembly protein (PICALM; Lambert et al.,
2009, 2011). These genes are associated with the HSV lifecycle,
with involvement in viral entry and transport within the
host cell (PICALM, CLU), viral infectivity (APOE4), viral
exit from the nucleus (PICALM), and complement system
interactions and immune defense (CLU, CR1; Carter, 2010).
The AD susceptibility gene Nectin-2 (NC-2), also known
as poliovirus receptor-related-2 (PVRL-2), expresses the
adhesion molecule known as herpes virus entrance-B (HveB;
Porcellini et al., 2010). HveB is a human plasma membrane
glycoprotein, which functions as a viral entry receptor. HSV-1
viral envelope glycoprotein D (gD) interacts with HveB during
fusion of the viral envelope to the host cell membrane (Spear,
2004). An AD-related gene signature has been hypothesized
whereby interactions among a network of AD susceptibility
genes influence infectivity and brain immune response,

which contributes to an individual’s predisposition to HSV-1-
induced AD pathology (Porcellini et al., 2010; Licastro et al.,
2011).

APOE Polymorphisms Affect Susceptibility
to Viral Infections, Cerebral HSV-1 Viral
Load and Immune Response
Possession of the APOE-ε4 allele, also known as APOE4, is a
major genetic risk factor for sporadic AD (Castellano et al.,
2011). APOE codes for APOE, which is a 299 amino acid
glycoprotein component of lipoproteins (Mahley and Rall, 2000).
In the brain, apoE is produced by microglial cells and astrocytes.
Apolipoproteins perform multiple functions within the brain
related to lipid transport, regulation of lipidmetabolism, synaptic
plasticity, cell signaling, and neuroinflammation (Holtzman
et al., 2012). The apolipoprotein isoforms apoE4, apoE3,
apoE2 are products of three predominant APOE alleles known
as APOE-ε4, ε3 and ε2 respectively (Kuhlmann et al., 2010).
Possession of human apoe4 results in the greatest amyloid
accumulation in APP transgenic mouse models. Amyloid
deposition, aggregation, and fibrillization in the brain is age and
apoe isoform-dependent in animal studies, with the highest Aβ

burden found in apoE4> apoE3> apoE2 transgenic mice (Bales
et al., 2002).

Apolipoprotein isoforms differentially influence the
susceptibility to and outcome of several viral infectious
diseases (Kuhlmann et al., 2010). Possession of APOE-ε4 is
a risk factor for recurrent herpes labialis (Itzhaki et al., 1997).
HSV-1 seropositive patients possessing the APOE-ε4 allele
developed symptomatic oral herpetic lesions at higher rates
compared to non-APOE-ε4 carriers with a relative risk of 4.64
(Koelle et al., 2010). HIV patients who possess the apoE4 isoform
have a higher incidence of dementia and peripheral neuropathy
than HIV patients who are apoE4 negative (Corder et al., 1998).
HIV patients homozygous for APOE-ε4 had more rapid disease
progression and mortality than those homozygous for APOE-ε3
(Burt et al., 2008). Interestingly, possession of APOE-ε4 is
protective against chronic hepatitis C, and lowers the risk of
developing severe liver disease from the virus compared to
APOE-ε3 (Wozniak et al., 2002; Price et al., 2006; Kuhlmann
et al., 2010).

HSV-1 interacts with APOE dosage and APOE4 genotype
resulting in increased HSV-1 concentration in mouse brain.
Wild-type apoE +/+ mice infected peripherally with HSV-1 were
found to have HSV-1 DNA brain concentrations 13.7 times
higher than HSV-1 infected apoE−/− knockout mice. APOE4
transgenic mice infected with the virus developed HSV-1 DNA
brain levels 13.6 times greater than infectedAPOE3mice (Burgos
et al., 2006). Another study demonstrated that age, female
gender, and apoE dosage increased HSV-1 viral load in brains of
infected mice (Guzman-Sanchez et al., 2012). One hypothesized
mechanism for these results suggests that apoE4 competes with
HSV-1 less effectively than apoE3 and apoE2 for attachment to
the viral entry receptor HSPG. ApoE4 would then allow more
HSV-1 virions to infect the target cell than apoE3 or apoE2
(Itzhaki and Wozniak, 2006).
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Possession of the APOE-ε4 allele is associated with an
increased innate immune response in human subjects exposed
to pathogen-associated ligands. Whole blood samples from
APOE-ε4/APOE-ε3 carriers exposed ex vivo to TLR2 or
TLR4 ligands produced significantly higher levels of IL-1β,
IL-6, IFN-γ and TNF-α than whole blood samples from
APOE-ε3/APOE-ε3 carriers. Enhanced immune response by
APOE-ε4/APOE-ε3 carriers was also seen after intravenous
exposure to bacterial LPS (Gale et al., 2014). Heightened
proinflammatory responses by APOE-ε4 carriers to brain
infections could conceivably contribute to AD-related
neuroinflammation.

The AD Susceptibility Gene CH25H Is
Involved in the Antiviral Immune Response
The gene cholesterol 25-hydroxylase (CH25H) regulates
lipid metabolism and has been shown to be a susceptibility
gene for sporadic AD. Specific CH25H haplotypes
characterized by single nucleotide polymorphisms (SNPs)
are associated with increased risk for sporadic AD in
four ethnically-independent populations. Expression of
CH25H is upregulated in specific AD-affected brain regions
including the temporal cortex and hippocampus. Specific
CH25H haplotypes are associated with different levels of
Aβ deposition in the brain. Elderly non-demented subjects
carrying CH25Hχ4 had high levels of Aβ deposits from
postmortem medial temporal lobe brain samples, whereas
CH25Hχ2 carriers lacked Aβ deposits (Papassotiropoulos et al.,
2005).

CH25H is an interferon-stimulated gene involved in the host
immune response against HSV-1 and other enveloped viruses.
CH25H encodes the enzyme CH25H which oxidizes cholesterol
to 25-hydroxycholesterol (25OHC). The multifunctional
oxysterol 25OHC inhibits entry of enveloped viruses including
HSV-1 by blocking viral fusion to the host cell (Liu et al.,
2013). 25OHC functions as part of the innate immune system,
with macrophage 25OHC expression induced by TLR agonists
and PAMPs including LPS, poly (I:C), and lipoteichoic acid
(Lathe et al., 2014). 25OHC is upregulated within mouse
macrophages in response to viral infection or stimulation
by interferons. 25OHC has been shown to have potent
broad-spectrum antiviral activity against enveloped viruses
in various host cell systems (Blanc et al., 2013; Lathe et al.,
2014).

Lathe et al. (2014) reviews evidence supporting the hypothesis
whereby chronic production of 25OHC by macrophages in
response to viral pathogens results in elevated levels of
insoluble cholesteryl esters in the brain. As proposed, excessive
production of cholesteryl esters leads to fat deposition in
macrophages, formation of functionally impaired foam cells,
and atherosclerosis of cerebral vessels with vascular occlusion,
which contributes to AD pathology. In addition, Itzhaki et al.
(2016) points out that polymorphisms in CH25H influence
both susceptibility to AD and deposition of Aβ, suggesting that
Aβ induction by 25OHC may be a potential mechanistic link
between host immune response to viral infection and production
of Aβ in the AD brain.

HSV-1 Interacts with Neprilysin and GSK3β

Genes via APP Intracellular Domain
The enzyme neprilysin degrades Aβ in the brain and has
been implicated in AD pathophysiology, with lower levels of
neprilysin found in AD brains (Yasojima et al., 2001; Marr
et al., 2004; Iwata et al., 2005). The enzyme GSK3β is involved
in hyperphosphorylation of tau protein and overproduction
of Aβ and in the AD brain (Hooper et al., 2008). Wozniak
et al. (2009a) found that HSV-1 infection of neuronal cells
resulted in phosphorylation of tau proteins at AD-specific
sites. The virus induced increased levels of GSK3β and
PKA, enzymes which phosphorylate tau proteins at these
sites.

Human neuroblastoma cells and rat cortical neurons infected
by HSV-1 in vitro were shown to activate the amyoidogenic
pathway with resultant elevated levels of AICD, which localized
in the nucleus of infected cells. AICD modulated neprilysin
transcription by binding to the promoter region of the neprilysin
genes NEPprom1 and NEPprom2, resulting in a transient
increase in mRNA levels with subsequent reduction of nep
mRNA, protein and enzymatic activity. AICD also bound to
the promotor region of the gsk3β gene, which encodes for
GSK3β. GSK3β protein levels did not change significantly;
however, enzyme activity appeared to be modulated by HSV-1
infection, which continued until phosphorylation inactivated
GSK3β in the later stages of infection. Thus, HSV-1 infection
alters the expression of neprilysin and modulates the activity
of neprilysin and GSK3β—enzymes involved in Aβ production,
Aβ clearance, and hyperphosphorylation of tau protein (Civitelli
et al., 2015).

HSV-1 Alters CREB, Glutamate and
Voltage-Gated Ion Channel Gene
Expression in Stem Cell-Derived Neuronal
Cells
Abnormalities in cognition-related pathways including CREB
(Teich et al., 2015), glutamate (Thomas, 1995; Lewerenz
and Maher, 2015), and voltage-gated ion channels (Shah
and Aizenman, 2014; Kumar P. et al., 2016) have been
associated with AD-related cognitive impairment. Microarray
analysis during the lytic phase of HSV-1-infected human
induced pluripotent stem cell-derived glutamatergic neurons
demonstrated significant changes in neuronal gene expression
involving CREB and glutamate signaling. After treatment
with antiviral drugs, during the quiescent phase of infection,
persistent changes in voltage-gated ion channel and glutamate
receptor gene expression were also noted (D’Aiuto et al.,
2015).

HSV-1 CO-LOCALIZES WITH Aβ WITHIN
AMYLOID PLAQUES

Wozniak et al. (2009b) found that HSV-1 DNA co-localizes
with Aβ within amyloid plaques from AD and elderly normal
postmortem brains. AD brains had a higher frequency of amyloid
plaques and significantly more plaque-associated viral DNA
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FIGURE 6 | HSV-1 DNA co-localizes with amyloid plaques. In situ PCR was
used to detect HSV-1 DNA in specimens from AD and elderly normal brains
(brown staining, A,C, respectively). In the same tissue specimens, amyloid
plaques were localized using thioflavin S (green staining, B,D). Note the strong
co-localization of HSV-1 DNA (brown staining) and amyloid plaques stained for
Aβ1–42 using immunohistochemistry (blue staining) (E). Scale bar = 50 µm.
Figure from Wozniak et al. (2009b). Reprinted with permission from John Wiley
and Sons.

compared to elderly normal brains. Thioflavin-S or Aβ1–42
labeled by immunohistochemistry identified amyloid plaques.
In the same tissue specimens, in situ PCR localized HSV-1
DNA within these plaques (Figure 6; Wozniak et al., 2009b).
This remarkable discovery may relate to findings by Cribbs
et al. (2000), demonstrating 67% peptide homology between
the HSV-1 envelope glycoprotein B (gB) and the carboxyl-
terminal region of Aβ1–42. In addition, synthetic HSV-1 gB
peptide fragments self-assemble into thioflavin-positive fibrils,
form β-pleated sheets with identical appearance to Aβ by
ultrastructural analysis, and accelerate in vitro formation of
Aβ fibrils, which were neurotoxic at doses similar to Aβ. The
authors describe the in vitro biophysical behavior of the HSV-1
gB fragment as ‘‘amyoidogenic’’, and suggest that interactions
between HSV-1 and Aβ may lead to gB seeding and Aβ plaque
formation (Cribbs et al., 2000). Proteomic studies indicate that
AD amyloid plaques and NFTs contain significant levels of
HSV-1 and immune-related proteins (Carter, 2011). In addition,
complement membrane attack complex is found in dystrophic
neurites and NFTs in the AD brain (McGeer et al., 1989).
Carter (2011) suggests that amyloid plaques are the end result
of immunologic warfare between host and HSV-1. Resultant
destruction of the virus is achieved at the cost of significant

complement-mediated neuronal loss. The above findings are
especially significant due to recent publications supporting
Aβ as an antimicrobial peptide (AMP) with antiviral activity
against HSV-1 as discussed below (Bourgade et al., 2015,
2016).

Aβ FUNCTIONS AS AN ANTIMICROBIAL
PEPTIDE (AMP)

AMPs are proteins that demonstrate potent antimicrobial
effects against pathogens including viruses, bacteria and
fungi (Izadpanah and Gallo, 2005). As part of the innate
immune system, they can kill microbes through various
mechanisms. The AMP known as eosinophil cationic protein
(ECP) can self-aggregate to entrap and kill Gram-negative
bacteria by agglutination (Torrent et al., 2012). Amyloid
proteins and several AMPs have comparable biophysical
characteristics including similar β-sheet structures and similar
abilities to form fibrils, insert into cell membranes, and form
channels toxic to cells (Kagan et al., 2012). Human LL-37
is a member of the cathelicidin group of AMPs, which
form linear α-helix structures with hydrophobic and cationic
domains. LL-37 has broad spectrum antimicrobial activity,
induces angiogenesis, and is a chemoattractant of neutrophils,
monocytes, and T cells (Izadpanah and Gallo, 2005). The
AMP human β-defensin-1 (hBD-1) peptide localizes to areas of
granulovacuolar degeneration within AD hippocampal neurons.
Increased expression of hBD-1 has been demonstrated in choroid
plexus brain samples fromAD subjects compared to age matched
controls (Williams et al., 2013).

Aβ Demonstrates Antimicrobial Activity
Against HSV-1 and Influenza A Virus
Aβ1–42 added to human neuronal-glial cell cultures inhibited
HSV-1–induced upregulation of host cell micro-RNA-146a
(miRNA-146a) levels, which are normally produced as an
immune response to the virus. Aβ also decreased HSV-1
infectivity and reduced HSV-1-related pathological morphology
in neuronal cells (Lukiw et al., 2010). Aβ1–42 and Aβ1–40
inhibit HSV-1 replication in fibroblasts, epithelial cells, and
neuronal cells when added simultaneously or 2 h prior to
HSV-1 infection. This Aβ-mediated anti-viral effect was not seen
when Aβ was added to the non-enveloped human adenovirus.
Experiments using a cell-free system with fluorescence detection
assays indicate that Aβ peptide interacts with the HSV-1
envelope extracellularly and interferes with viral attachment
and/or fusion to host cell membranes (Bourgade et al., 2015).
The authors suggest that these findings, along with the
shared peptide homology between Aβ and HSV-1 envelope
glycoprotein B (gB) (Cribbs et al., 2000), indicate that the
Aβ effect on HSV-1 replication may involve the insertion
of Aβ into the viral envelope, which prevents entry of
the virus into the host cell (Bourgade et al., 2015). In
co-culture experiments using neuroglioma and glioblastoma
cells, Aβ1–42 was produced by neuroglioma cells in response
to infection by HSV-1. Conditioned medium containing the
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Aβ1–42 provided protection against HSV-1 replication in
de novo neuronal cells exposed to the virus. Glioblastoma
cells in co-culture were seen to internalize Aβ1–42 and
produce cytokines IL-1β, TNF-α and IFN-α in response
to combined HSV-1 and Aβ exposure (Bourgade et al.,
2016).

Aβ also demonstrates AMP activity against H3N2 and
H1N1 strains of influenza A virus. Aβ interfered with viral
infectivity of epithelial cells and reduced viral replication, which
was demonstrated by quantitative PCR. Light transmission assays
and electron and confocal microscopy revealed Aβ-induced
aggregation of influenza viral particles. Aβ increased monocyte
phagocytosis and neutrophil uptake of the virus. There was
reduction in viral protein synthesis and production of IL-6 within
monocytes. Aβ1–42 demonstrated greater antiviral activity than
Aβ1–40 (White et al., 2014).

Aβ Antimicrobial Activity Against Bacteria
and Yeast
Aβ has been shown to be an AMP in vitro against eight
pathogens, including bacteria such as Escherichia coli,
Streptococcus pneumonia and Staphylococcus aureus, and
the fungus Candida albicans. Aβ demonstrates AMP activity
greater than or equal to that of LL-37 against most of these
pathogens. Whole brain homogenates from AD brains have
significantly higher antimicrobial activity compared to samples
from age-matched non-AD controls, an effect that correlates
with Aβ tissue levels (Soscia et al., 2010). Aβx−42 peptides of
different lengths agglutinated the bacterium Escherichia coli,
Enterococcus fecalis, Listeria monocytogenes, and Staphylococcus
aureus and the yeast C. albicans. Aβ1–42 exhibited AMP activity
against all microbes tested and killed up to 80% of pathogens
within 6 h of exposure (Spitzer et al., 2016).

Aβ expressed in 5XFAD transgenic mouse, nematode
Caenorhabditis elegans and cultured mammalian host cell
monolayer ADmodels demonstrates protection against infection
by Salmonella typhimurium compared to non-transgenic
controls. Reduced infection by Candida albicans was also seen in
transgenic nematode and transformed host cell models, which
overexpress Aβ. Cell culture experiments implicate soluble Aβ

oligomer binding to carbohydrates of the pathogen cell wall
mediated by an Aβ heparin-binding motif. Aβ reduced microbial
adhesion to host cells and entrapped microbes by Aβ fibril
formation and agglutination. Brain infection of transgenic mice
by Salmonella typhimurium resulted in Aβ deposition with
bacteria embedded in deposits of Aβ. Transgenic Aβ-expressing
mice had significantly improved clinical outcomes and survival
compared to non-transgenic mice after brain infection by
S. typhimurium. Aβ-expressing nematodes and cultured
transformed Aβ-expressing mammalian cells showed improved
survival after infection by S. typhimurium and Candida albicans
(Kumar D. K. et al., 2016).

Bourgade et al. (2016) hypothesize that Aβ peptides are
produced by neuronal cells under homeostatic conditions
to perform normal physiologic functions such as synaptic
plasticity and baseline antimicrobial defense. Overproduction
of Aβ occurs in response to episodes of HSV-1 reactivation

in the brain, as well as other CNS infections and pathological
insults. This leads to fibrillization of Aβ and formation of
amyloid plaques. CNS infection and Aβ deposition activate
microglia, resulting in cytokine overproduction and a
vicious cycle of neuronal damage and neurodegeneration
(Bourgade et al., 2016). The concept that Aβ functions as
an AMP is further substantiated by the presence of amyloid
plaques in other neurodegenerative diseases associated with
pathogens.

CEREBRAL AMYLOID PLAQUES IN
OTHER BRAIN INFECTIONS AND
INFECTION-RELATED DEMENTIAS

HIV patients dying between ages 30–69 have a significantly
increased prevalence of diffuse largely non-neuritic amyloid
plaques in brain samples from the frontal and temporal cortices
than age matched, non-HIV-infected controls (Esiri et al., 1998).
Another postmortem study has shown significantly increased
extracellular and intraneuronal cerebral Aβ plaques in AIDS
patients previously treated with highly active anti-retroviral
therapy (HART) compared to age and sex-matched controls who
did not have access to antiviral treatment. Plaques increased
with age in both groups. Nearly 50% of the AIDS brains in
the study were found to have Aβ deposition in the frontal
cortex. Mechanisms proposed by the authors to explain these
findings include the persistence of HIV in brain despite
treatment with HART, possible HART-related inhibition of
insulin degrading enzyme, and HART-related inhibition of
APP axonal transport (Green et al., 2005). Diffuse cerebral
Aβ plaques (Figure 7) are associated with HAND in subjects
who possess the APOE-ε4 allele (adjusted OR = 30.0), but
not in APOE-ε4-negative subjects (Soontornniyomkij et al.,
2012).

Cerebral amyloid plaques are seen in dementia patients
with chronic bacterial infections. C. pneumoniae-infected cells
identified in four AD postmortem brains co-localized with
senile amyloid plaques and NFTs identified by immunostaining

FIGURE 7 | Cerebral amyloid plaques containing Aβ in middle frontal cortex
samples from HIV-infected patients. Immunohistochemical staining with
anti-Aβ antibody demonstrates scattered focal plaques (A, arrows) and
widespread plaques (B) in the cortex. Scale bars = 500 µm. Figure from
Soontornniyomkij et al. (2012). Color version of figure from HHS Public Access
PMCID: PMC3576852. Reprinted with permission from Wolters Kluwer
Health, Inc.
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FIGURE 8 | Amyloid deposits containing Aβ in brain samples from neurosyphilis patients. (A) Cortical amyloid deposits from patients diagnosed with dementia due
to neurosyphilis showing positive immunoreaction with anti-Aβ 8–17 (6F/3D, DakoCytomation) antibody. (B) Aβ deposition resembling immature and mature plaques.
(C) Aβ deposits seen in the arterial wall of leptomeningeal vessels in the same patient as (A). Immunohistochemical analysis of Aβ was performed using the
avidin-biotine-peroxidase technique. Bar = 50 µm. Panels (A) and (C) were reproduced from Figure 2 of Miklossy et al. (2006b). Figure from Miklossy (2015).
Reprinted under the terms of the Creative Commons Attribution License (CC BY).

with monoclonal antibodies (Gérard et al., 2006). Evaluation
of postmortem brain samples from syphilis patients with the
confirmed diagnosis of general paresis caused by T. pallidum
revealed Aβ deposition with similar appearance to immature
and mature amyloid plaques found in AD (Figure 8; Miklossy
et al., 2006b; Miklossy, 2015). NFTs have also been found in
brains of syphilitic dementia patients (Miklossy et al., 2006b;
Miklossy, 2011b). Borrelia antigens and genes co-localized
with senile plaques and with NFTs in AD brains from
which B. burgdorferi was cultured. In addition, Borrelia
antigens were found to specifically immunolocalize with Aβ

(Miklossy et al., 2004). Bacterial peptidoglycan has been
found to co-localize with Aβ, senile plaques, and NFTs
using immunohistochemistry techniques in AD postmortem
brain specimens (Miklossy et al., 1996, 2004; Miklossy, 1998).
Studies indicate that spirochetes induce formation of amyloid
plaques and AD-like pathology. Infection of mammalian
neurons, astrocytes, microglial cells, and brain organotypic
cell aggregates in vitro by the spirochete Borrelia burgdorferi
sensu strictu results in the formation of amyloid plaques
with β-pleated sheet structure, tangle-like formations, and
AD-like cellular changes. Increases in levels of AβPP and
hyperphosphorylated tau proteins were detected by western blot
(Miklossy et al., 2006a). The synthetic peptide BH (9–10), which
corresponds to the β-hairpin segment of the B. burgdorferi
OspA protein, forms amyloid-like fibrils in vitro (Ohnishi et al.,
2000).

Prion protein (PrP) amyloid plaques are found in
postmortem brain samples from subjects diagnosed with
prion-related transmissible spongiform encephalopathies
(TSEs), including Creutzfeldt-Jakob disease (CJD), hereditary
Gerstmann-Straussler-Scheinker syndrome, kuru, and the
animal prion disease scrapie (Liberski, 1994). Aβ-containing
plaques have been identified in CJD (Barcikowska et al.,
1995; Debatin et al., 2008), with mixed CJD/AD found
in 2%–15% of studies involving brain bank cases. This
is particularly relevant because the wall-less bacterium
spiroplasma has been implicated in the pathogenesis of
CJD (Bastian, 2017). In addition, prion amyloid protein has
been separated from infectivity suggesting PrP aggregation may

be an innate immune response to infection (Miyazawa et al.,
2012).

EPIDEMIOLOGIC STUDIES ASSOCIATING
HSV-1 INFECTION WITH AD AND
COGNITIVE IMPAIRMENT

Studies of infectious burden (IB) use a composite measure
of serum antibody levels to assess prior exposure to several
pathogens. HSV-1 infection as part of IB contributes to the
associated increased risk for development of MCI and AD in
many of these studies. Serum IgG antibody titers toHerpesviridae
HSV-1, HSV-2, CMV, as well as Chlamydia pneumoniae and
Mycoplasma pneumoniae bacteria were measured in 383 elderly
patients with cardiovascular disease. Subjects having three
positive viral titers were found to have a 2.3 times higher risk
for cognitive impairment after 12 months. Bacterial IB did not
associate with cognitive impairment (Strandberg et al., 2003).
Katan et al. (2013) studied 1625 subjects with seropositive
evidence for exposure to HSV-1, HSV-2, CMV, Chlamydia
pneumoniae and Helicobacter pylori, and found that IB was
associated with cognitive impairment. The findings appeared
to be determined primarily by viral IB (Katan et al., 2013;
Strandberg and Aiello, 2013). Gale et al. (2016) studied
5662 young to middle-aged adults, and found that subjects
with IgG seropositivity to HSV-1, CMV, and hepatitis A had
the most significant cognitive decline compared to subjects
seropositive to HSV-2, hepatitis B, hepatitis C, toxoplasmosis and
toxocariasis. Bu et al. (2015) demonstrated that higher viral IB
(HSV-1 and CMV), bacterial IB (B. burgdorferi, C. pneumoniae
and H. pylori), and total IB independently associated with AD
after adjusting for APOE genotype, age, gender, education and
other comorbidities. Subjects with higher IB had higher levels of
serum Aβ and higher levels of serum proinflammatory cytokines
including IFN-γ, TNF-α, IL-1β and IL-6. AD patients with
higher IB also demonstrated higher serum Aβ and cytokine
levels.

HSV-1 reactivation as measured by the presence of baseline
anti-HSV-1 immunoglobulin M (IgM) antibodies is associated
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with increased risk of developing AD. In one study, 512 elderly
subjects initially without dementia were followed for 14 years.
Baseline positive HSV-1 IgM seropositivity increased the risk of
developing AD by a factor of 2.55 (Letenneur et al., 2008). Similar
results were obtained in study by Lövheim et al. (2015a) who
followed 3422 subjects for average follow up time of 11.3 years.
Baseline HSV-1 IgM seropositivity increased AD risk by a factor
of 1.95. Kobayashi et al. (2013) used anti-HSV-1 IgG antibody
avidity index, a measure of the strength to which IgG attaches
to viral antigen, as an indicator of HSV-1 reactivation in a study
involving patients with amnestic MCI (aMCI) and AD. Patients
with aMCI had higher HSV-1 IgG antibody avidity index levels
than AD patients and healthy controls. The results indicate that
HSV-1 reactivation occurs more often in the aMCI group and
suggest that HSV-1 reactivation contributes to development of
aMCI (Kobayashi et al., 2013).

Lifelong infection with HSV-1, as measured by the presence
of anti-HSV IgG antibodies, is associated with increased risk for
developing AD. A longitudinal study involving 360 patients with
average age at baseline 61.2 years followed for 6.6 years or longer
demonstrated that baseline positive HSV-1 IgG antibody levels
increased the risk for developing AD by a factor of 2.25 (Lövheim
et al., 2015b). Mancuso et al. (2014) found that a strong humoral
response in AD patients, as indicated by higher HSV-1 IgG titers,
was associated with preservation of orbitofrontal and bilateral
temporal cortical gray matter volumes measured on brain MRI.
Agostini et al. (2016) corroborated the protective nature of a
higher HSV-1 humoral response by finding significantly higher
baseline HSV-1 IgG antibody titers and antibody avidity in
aMCI-non-converters compared to aMCI-converters. Higher
HSV-1 antibody levels were also associated with better-preserved
left hippocampus and amygdala cortical volumes as measured by
brain MRI.

HSV-1 IgG seropositivity is also associated with increased
risk of cognitive impairment in younger healthy subjects ages
17–21 (Fruchter et al., 2015) and across all age groups (Tarter
et al., 2014) when compared to HSV-1 IgG seronegative
controls. Various measures of cognition are impaired in several
studies involving middle-aged HSV-1 IgG positive schizophrenic
patients compared to schizophrenic HSV-1 IgG negative controls
(Dickerson et al., 2003, 2012; Shirts et al., 2008; Schretlen
et al., 2010; Yolken et al., 2011; Prasad et al., 2012). HSV-1
infection does not associate with increased risk for schizophrenia;
however, exposure to the virus does associate with impaired
cognition in this cohort of neuropsychiatric patients (Schretlen
et al., 2010; Prasad et al., 2012). HSV-1 seropositivity also
associates with decreased gray matter volume on MRI in
the prefrontal cortex, anterior cingulate cortex, and areas of
cerebellum in these patients (Prasad et al., 2007; Schretlen et al.,
2010).

A recent meta-analysis of research publications involving
Herpesviridae and AD evaluated eighteen HSV-1 related studies.
Combined results from studies measuring HSV-1 antibody
serology or HSV-1 DNA from brain showed that infection with
HSV-1 alone (OR = 1.38) and in combination with the APOE-ε4
allele (OR = 2.25) significantly increased the risk of AD (Steel and
Eslick, 2015).

EVIDENCE FOR HSV-1 REACTIVATION IN
THE BRAIN

Methodology is lacking to directly detect the hypothesized
periodic limited subclinical reactivation of latent HSV-1
in the AD brain (Itzhaki, 2014, 2017). However, several
studies indirectly support the hypothesis. HSV-1 reactivation
as measured by the presence of baseline anti-HSV-1 IgM
antibodies is associated with increased risk of developing AD
(Letenneur et al., 2008; Lövheim et al., 2015a). Saldanha et al.
(1986) found HSV-1 DNA sequences at levels detectable by
in situ hybridization—evidence for reactivation—in postmortem
brain samples from immunosuppressed leukemic patients with
serological evidence of past HSV-1 infection. HSV-1 DNA was
not found in brains from non-immunosuppressed and HSV-1
seronegative patients. HSV-1 DNA and antigens were identified
in the cytoplasm of cortical neurons from three patients with
familial AD indicating viral replication likely due to reactivation
of the virus (Mori et al., 2004). Klapper et al. (1984) suggests an
underdiagnosed subacute form of HSE. Mild forms of HSE have
been described with less severe symptoms and better prognosis
(Klapper et al., 1984; Marton et al., 1995).

HSV-1 reactivation from latency in brains of immune
deficient mice has been demonstrated in vivo (Ramakrishna
et al., 2015). HSV-1 latently infected neuronal cells from mouse
brains were shown to reactivate by modified ex-vivo culture
methods (Chen et al., 2006; Yao et al., 2014). Reactivation of
the virus was also demonstrated in latently infected brain tissue
from tree shrews using similar explant culture techniques (Li
et al., 2016). Neuronal ICP4 viral antigen expression—indicating
HSV-1 reactivation from latency—was associated with molecular
indicators of neuroinflammation and early neurodegeneration
in the cerebral cortices of asymptomatic HSV-1 infected mice
(Martin et al., 2014).

HSV-1 REACTIVATION IN THE
PERIPHERAL NERVOUS SYSTEM

Reactivation of HSV-1 does occur in the peripheral nervous
system, with studies suggesting that not all virions within
groups of neurons are quiescent during latency. Asymptomatic
HSV-1 reactivation and shedding in human tears and saliva
occurred at a high rate (98%) in HSV seropositive adults
without signs of ocular herpetic disease during a 30-day
study (Kaufman et al., 2005). Elevated levels of cytokines
and chemokines are found within latently infected human
and mouse TG (Cantin et al., 1995; Halford et al., 1996;
Held and Derfuss, 2011). Analysis by in situ hybridization
within HSV-1-infected mouse TG during latency revealed viral
DNA, viral transcripts, and viral proteins within rare neurons
without detection of infectious virions. This process occurred
in one neuron per 10 latently infected mouse trigeminal
ganglia, which is equivalent to about one neuron expressing
high-level productive cycle viral genes in each ganglion every
10 days. The authors suggest that the resulting continuous
antigenic stimulus promotes an immune response characterized
by focal white cell infiltrates commonly seen surrounding
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latently infected TG (Feldman et al., 2002). Margolis et al.
(2007) found viral protein expression, positive HSV-1 antigen
staining, and infectious virus in 6% of ‘‘latently’’ infected murine
trigeminal ganglia. Immunohistochemical staining revealed
associated neuronal loss and viral spreading to adjacent cells.
Thus, in a mouse TG model, HSV-1 continuously reactivates
as a ‘‘localized incomplete or low level lytic infection’’. Active
infection in a small percentage of neurons at any given
time results in a persistent immune response (Conrady et al.,
2010).

RATIONALE FOR AN ANTIVIRAL AD
CLINICAL TRIAL

The antiviral medication acyclovir is a nucleoside analog, which
is activated through phosphorylation by viral thymidine kinase
and cellular kinases. The resultant acyclo-guanosine triphosphate
interferes with HSV-1 DNA replication by incorporating
into viral DNA and inducing premature chain termination
(Elion, 1982). Treatment with acyclovir significantly reduced
T cell expression of IFN-γ mRNA and TNF-α mRNA in
TG from mice latently infected with HSV-1 compared to
untreated latently infected controls. The authors suggest that
this is likely due to decreased viral replication and antigen
production (Halford et al., 1997). Sawtell et al. (1999) used
a murine hyperthermic stress (HS) model of in vivo HSV-1
reactivation to show that acyclovir treatment blocked the
production of infectious virus within latently infected mouse
ganglia by >90%. Thus, acyclovir inhibits viral replication
during reactivation with the potential for decrease in viral
spreading.

Treatment of HSV-1-infected Vero cells with acyclovir
resulted in reductions in HSV-1-induced Aβ accumulation
by 70% and inhibition of abnormal tau phosphorylation by
nearly 100%, with results statistically significant compared to
infected untreated cells. Acyclovir inhibited viral replication
as shown by significant reductions in viral protein levels
(Figures 9–11; Wozniak et al., 2011). Acyclovir reduced Aβ

production by decreasing viral spreading, while phosphorylated
tau reduction was attributable to antiviral inhibition of HSV-1
DNA replication. The antiviral medications penciclovir and
foscarnet also reduced Aβ and phosphorylated tau accumulation
in infected cell cultures. Antiviral medications were seen
to reduce HSV-1-induced increases in β-secretase, nicastrin
(a component of the γ-secretase complex), PKA, and GSK3β,
which are enzymes or enzyme components involved in the
production of Aβ and/or phosphorylation of tau proteins
(Wozniak et al., 2011).

Acyclovir and valacyclovir, the better-absorbed prodrug
of acyclovir, are commonly prescribed for the treatment of
HSV infections (Smith et al., 2010). After oral administration,
valacyclovir is rapidly hydrolyzed to acyclovir by first pass
metabolism in the intestine and liver. Subsequently, acyclovir
crosses the BBB attaining CSF levels required to treat HSV
infections in the CNS (Lycke et al., 2003; Smith et al., 2010).
Herpes simplex encephalitis has been successfully treated with
valacyclovir (Pouplin et al., 2011). Chronic treatment with

FIGURE 9 | Acyclovir reduces Aβ accumulation in HSV-1-infected Vero cells.
Vero cells were infected with HSV-1 SC16 at a MOI of 1 for 16 h. Cells were
treated with 0 µM, 50 µM, 100 µM or 200 µM acyclovir. After fixation,
immunocytochemistry was used to test the slides for Aβ accumulation.
Acyclovir significantly reduced HSV-1-induced Aβ accumulation. Scale
bar = 50 µm. Figure from Wozniak et al. (2011). Reprinted under the terms of
the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0).

acyclovir and valacyclovir reduces the number of HSV outbreaks
in patients with recurrent genital herpes (Goldberg et al., 1993;
Tyring et al., 2002). Studies have shown that prophylactic
acyclovir administration can decrease asymptomatic viral
shedding in humans (Sawtell et al., 1999). Valacyclovir is also
used for HSV suppression in immunocompromised patients.
Sensitivity studies indicate a low rate of HSV resistance to
acyclovir (<0.5%) when used in immunocompetent patients.
These medications have demonstrated safety during long-term
use with a mild side effect profile (Tyring et al., 2002). Reversible
neuropsychiatric symptoms have been reported infrequently
during treatment and are usually associated with pre-existing
renal insufficiency (Smith et al., 2010). Patients with abnormal
renal function require dose adjustments with these medications
(Martinez-Diaz and Hsia, 2011). Twenty-nine multiple sclerosis
patients treated with valacyclovir at a dose of 3 grams per day
for 2 years had no discontinuation of the medication due to side
effects in a clinical trial by Friedman et al. (2005).
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FIGURE 10 | Acyclovir reduces abnormal tau phosphorylation in
HSV-1-infected Vero cells. Vero cells were infected with HSV-1 SC16 at a MOI
of 1 for 16 h. Cells were treated with 0 µM, 50 µM, 100 µM or 200 µM
acyclovir. After fixation, immunocytochemistry was used to test the slides for
abnormal tau phosphorylation. Acyclovir significantly reduced AT100 staining,
indicating inhibition of HSV-1-induced abnormal tau phosphorylation. Scale
bar = 50 µm. Figure from Wozniak et al. (2011). Reprinted under the terms of
the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0).

Interestingly, a randomized controlled clinical trial involving
24 HSV-1 IgG seropositive schizophrenia patients treated with
valacyclovir for 18 weeks showed significant improvement in
verbal memory, working memory, and visual object learning
when compared to a non-treated HSV-1 IgG seropositive
schizophrenia control group. Both groups were taking
anti-psychotic medication. While psychotic symptoms did
not improve, this study did demonstrate improved cognition in
HSV-1-infected neuropsychiatric patients treated with antiviral
medication (Prasad et al., 2013).

CONCLUSION

Animal and in vitro studies reveal numerous mechanisms
whereby HSV-1 is able to induce cellular processes involved
in AD pathogenesis, including neuronal production of Aβ,
hyperphosphorylation of tau protein, dysregulation of calcium

FIGURE 11 | Quantification of HSV-1 proteins, β-amyloid and phosphorylated
tau proteins in HSV-1-infected Vero cells following treatment with acyclovir.
Vero cells were infected with HSV-1 SC16 at a MOI of 1 for 16 h. Cells were
treated with 0 µM, 50 µM, 100 µM or 200 µM acyclovir. After fixation,
immunocytochemistry was used to test the slides for HSV-1 proteins, Aβ

accumulation, and abnormal tau phosphorylation. Values are presented as the
percentage of staining detected when no acyclovir is used. Statistically
significant decreases in staining for HSV-1 proteins (A) and abnormal tau
phosphorylation (C) are seen with all acyclovir concentrations tested
compared to cells infected but not treated with acyclovir (p < 0.0001 in both
cases). Statistically significant decreases in Aβ staining (B) are seen with
acyclovir concentrations of 100 µM and 200 µM (p < 0.0001). Figure from
Wozniak et al. (2011). Reprinted under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0).

homeostasis, and impaired autophagy. In addition, the virus
causes neuroinflammation, oxidative stress, mitochondrial
damage, synaptic dysfunction and neuronal apoptosis.
Pathogenic effects by HSV-1 replicate key aspects of AD
pathophysiology.

HSV-1 interacts with AD-related genes and proteins to
induce AD pathogenesis. Carriage of APOE-ε4 increases HSV-1
viral load in the brain (Burgos et al., 2006) and increases the
innate immune response (Gale et al., 2014). Additional AD
susceptibility genes, including CR1, CLU, PICALM and NC-2,
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are involved in the HSV-1 lifecycle. Polymorphisms in these
genes may affect susceptibility to brain infection by herpes
viruses, triggering AD-related pathology (Porcellini et al., 2010;
Licastro et al., 2011). Infection by HSV-1 alters neuronal gene
expression for neprilysin and modulates enzyme activity for
neprilysin and GSK3β—key enzymes involved in Aβ deposition
and hyperphosphorylation of tau protein (Civitelli et al., 2015).
HSV-1 infection of neuronal cells also alters expression of genes
affecting cognition-related pathways, including CREB, glutamate
receptor signaling, and voltage-gated ion channels (D’Aiuto
et al., 2015). Host immune response to HSV-1 by CH25H
may promote Aβ deposition (Itzhaki et al., 2016) as well as
AD-related atherosclerosis and vascular occlusion (Lathe et al.,
2014).

Evidence supporting Aβ as an AMP against viral, bacterial
and fungal pathogens (Lukiw et al., 2010; Soscia et al., 2010;
Bourgade et al., 2015) may change the paradigm regarding AD
pathophysiology. In the case of HSV-1, research data suggests
that Aβ interferes with viral attachment or fusion to neuronal
cells, which inhibits viral replication (Bourgade et al., 2015).
Increased neuronal production of Aβ in response to HSV-1 and
other infections and insults in the brain could tip the balance
from lower, homeostatic Aβ levels towards Aβ accumulation and
plaque formation in individuals genetically susceptible to AD
(Bourgade et al., 2016).

Human and animal studies support the hypothesized
reactivation of latent HSV-1 in the AD brain. Localized
subacute reactivation of HSV-1 in the brain is consistent
with the slowly progressive course in sporadic AD. The
resultant damage from low level viral spread, antigenic

stimulation, and innate immune response provides the
necessary stimulus to initiate and perpetuate uncontrolled
neuroinflammation and neurodegeneration, as proposed by
Gao and Hong (2008). Peripheral HSV-1 reactivation and
immune response may also contribute to adaptive immune
system involvement in AD pathogenesis as proposed by Lynch
(2014).

An antiviral clinical trial using valacyclovir in HSV-1
IgG seropositive patients with MCI or AD, especially
APOE-ε4 carriers, has been proposed as part of a comprehensive
antimicrobial AD research strategy (Itzhaki et al., 2016). The
medication acts on HSV-1-infected cells only (Wozniak et al.,
2011), exhibits a low side effect profile, and demonstrates safety
with chronic use (Tyring et al., 2002). By halting the direct
and indirect toxic effects of HSV-1 on neuronal cells, antiviral
medication may play a role in the prevention and treatment
of AD. Furthermore, a mixed glycoprotein HSV-1 vaccine has
been shown to be effective in reducing HSV-1 in mouse brain
after peripheral infection (Lin et al., 2001). Although not yet
developed, a human HSV-1 vaccine may prove beneficial in the
prevention of AD by reducing primary infection and reactivation
of the virus.
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Alzheimer’s disease (AD) is the leading cause of dementia in elderly people. The etiology
of this disease remains a matter of intensive research in many laboratories. We have
advanced the idea that disseminated fungal infection contributes to the etiology of AD.
Thus, we have demonstrated that fungal proteins and DNA are present in nervous
tissue from AD patients. More recently, we have reported that bacterial infections
can accompany these mycoses, suggesting that polymicrobial infections exist in AD
brains. In the present study, we have examined fungal and bacterial infection in brain
tissue from AD patients and control subjects by immunohistochemistry. In addition,
we have documented the fungal and bacterial species in brain regions from AD
patients and control subjects by next-generation sequencing (NGS). Our results from
the analysis of ten AD patients reveal a variety of fungal and bacterial species, although
some were more prominent than others. The fungal genera more prevalent in AD
patients were Alternaria, Botrytis, Candida, and Malassezia. We also compared these
genera with those found in elderly and younger subjects. One of the most prominent
genera in control subjects was Fusarium. Principal component analysis clearly indicated
that fungi from frontal cortex samples of AD brains clustered together and differed
from those of equivalent control subjects. Regarding bacterial infection, the phylum
Proteobacteria was the most prominent in both AD patients and controls, followed by
Firmicutes, Actinobacteria, and Bacteroides. At the family level, Burkholderiaceae and
Staphylococcaceae exhibited higher percentages in AD brains than in control brains.
These findings could be of interest to guide targeted antimicrobial therapy for AD
patients. Moreover, the variety of microbial species in each patient may constitute a
basis for a better understanding of the evolution and severity of clinical symptoms in
each patient.

Keywords: polymicrobial infection, Alzheimer’s disease, infection in aging brain, fungal infection, next generation
sequencing, bacteria and fungal co-infections

INTRODUCTION

Alzheimer’s disease (AD) is characterized by progressive memory impairment, with subsequent
behavioral disturbances and profound deterioration of daily life activities (Blennow et al.,
2006). AD is the leading cause of dementia in elderly people; accordingly, it is estimated
that there are at present over 30 million patients with AD worldwide (Claeysen et al., 2012;
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Mayeux and Stern, 2012). The majority of AD cases are sporadic
and only a subset (around 1–2%) has an early onset of the
disease, which segregates with autosomal dominant mutations in
three genes: β-amyloid precursor protein (APP), PSN1 and PSN2
(Newman et al., 2007; Guerreiro et al., 2012). In the late onset
form of the disease, which is by far the most common, the best-
established genetic risk factor is the association with the E4 allele
of apolipoprotein E (ApoE4) (Saunders et al., 1993; Leoni, 2011;
Liu et al., 2013). Additional risk factors include atherosclerosis,
hypercholesterolemia, obesity and diabetes (Bagger et al., 2004;
Barberger-Gateau et al., 2007; Mayeux and Stern, 2012; Shah,
2013; Vignini et al., 2013), although aging is considered the most
important risk factor. Postmortem pathological features include
the presence of extracellular deposits of amyloid-β (Aβ) plaques,
intracellular neurofibrillary tangles of hyperphosphorylated tau
protein, and neuronal loss (O’Brien and Wong, 2011; Revett
et al., 2013). Aβ is a peptide of 39–42 amino acids that
is generated by proteolytic processing of APP (O’Brien and
Wong, 2011). Hyperphosphorylated tau protein polymerizes
and is unable to interact with microtubules, leading to the
generation of neurofibrillary tangles, which are damaging for
cells (Himmelstein et al., 2012). The amyloid cascade hypothesis
posits that the initial symptoms of the disease are caused
by the deposition of Aβ that is produced by an imbalance
between its production and clearance (Claeysen et al., 2012).
The suggestion that Aβ increases tau phosphorylation, triggering
cell death and AD, was hypothesized several years ago. This
hypothesis, however, fails to explain several clinical symptoms
of the disease, including systemic inflammation markers, and
has been questioned by several researchers (Teich and Arancio,
2012).

Systemic inflammation is commonly observed in AD patients,
including elevated levels of proinflammatory cytokines and also
the presence of complement components in amyloid plaques
(Sardi et al., 2011; Heneka et al., 2015; Heppner et al.,
2015). Indeed, cerebrovascular lesions, including hemorrhages,
microinfarcts and vascular degeneration, are observed in the vast
majority of AD patients. These vascular disorders contribute to
cognitive decline and the underlying pathology of the disease
(Kalaria, 2002; Borenstein et al., 2005; Gorelick et al., 2011;
Deramecourt et al., 2012).

We have provided extensive evidence that disseminated
mycoses are implicated as causative agents or as risk factors for
AD (Alonso et al., 2014a,b). Accordingly, we have demonstrated
that fungal components can be found in post-mortem brain
tissue from patients diagnosed with AD, and proteomic analyses
revealed several peptides that unequivocally correspond to fungal
proteins (Alonso et al., 2014a; Pisa et al., 2015b). Similarly, fungal
DNA can be detected by nested PCR and DNA sequencing
analysis, strengthening the evidence for the existence of a variety
of fungal species in a single AD patient (Pisa et al., 2015b;
Alonso et al., 2017a). Additionally, fungal macromolecules such
as polyglucans, proteins and DNA can also be found in peripheral
blood and cerebrospinal fluid from AD patients (Alonso et al.,
2014b). More strikingly, we have directly observed yeast-like cells
and hyphal structures in central nervous system (CNS) tissue
from AD patients using specific polyclonal antibodies raised

against a variety of fungi (Pisa et al., 2015a,b). These fungal
structures were found associated with neural cells both intra- and
extracellularly. Overall, these observations are consistent with the
hypothesis that disseminated mycoses exist in AD patients.

Alzheimer’s disease and amyotrophic lateral sclerosis (ALS)
share several clinical and neuropathological characteristics
(Molteni and Rossetti, 2017), including the accumulation of
amyloid protein (Takeda, 2017). In this regard, we have also
found evidence of fungal structures and DNA in the cerebrospinal
fluid of ALS patients (Alonso et al., 2015, 2017b). Further
support for the concept that mycoses are present, even before the
appearance of the disease, comes from the findings of elevated
levels of chitinase detected in blood and cerebrospinal fluid
from AD and ALS patients (Choi et al., 2011; Watabe-Rudolph
et al., 2012; Rosen et al., 2014; Melah et al., 2015; Pagliardini
et al., 2015). More recently, we have demonstrated the presence
of bacterial infections and bacterial DNA in AD brain tissue
(Pisa et al., 2017). Our analyses show that co-infections of
fungi and bacteria can be detected using specific antibodies and
DNA sequencing and, therefore, polymicrobial infections may
represent the etiological factors in AD. Against this background,
the finding that Aβ peptide possesses potent antifungal and
antibacterial activities and is involved in the innate immune
response against microbial infections (Soscia et al., 2010; Kumar
et al., 2016) supports the notion that amyloid plaques represent
an immune response to putative infections in AD patients.
Of interest, similarities between amyloid oligomers and pore
forming proteins have been noted, suggesting that both can
increase membrane permeability, leading to cell death (Yoshiike
et al., 2007).

In the present study, we have compared the fungal and
bacterial infections in AD patients, elderly people and control
subjects by immunohistochemistry. Additionally, we have
endeavored to identify the different fungi and bacteria existing
in brain tissue from AD patients using PCR and massive parallel
sequencing, and have evaluated whether some of these species are
common to all patients.

MATERIALS AND METHODS

Description of AD Patients and Controls
Samples of brain sections and frozen tissue were obtained from
patients diagnosed with AD or from control subjects. The age
and gender of all subjects are listed in Supplementary Table S1.
Most of the samples were supplied by the brain bank Banco de
Tejidos CIEN, Madrid, and were analyzed anonymously. Some
control samples of frozen tissue (control patients C14–C16) were
obtained from the Netherlands Brain Bank. Sample transfer was
carried out according to national regulations concerning research
on human biological samples. The Ethics Committee of the
Universidad Autónoma de Madrid approved the study. In all
cases, written informed consent was obtained.

The majority of samples were processed according to a
common postmortem protocol followed by Banco de Tejidos
CIEN. Briefly, rapid neuropathological autopsy was performed
upon call by the donor’s proxies (mean postmortem interval
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was 4.5 h). Immediately after extraction, the right half of the
brain was sliced and frozen at −80◦C, while the left half was
fixed by immersion in phosphate-buffered 4% formaldehyde for
at least 3 weeks. A full neuropathological study was performed
on the left half brain after fixation. Neuropathological diagnosis
and staging of all disease entities was performed according to
consensus criteria. Various neuropathological variables related
to AD, vascular, Lewy and TDP (TAR DNA-binding protein)
pathologies, in addition to the presence of hippocampal sclerosis,
were recorded for full classification of cases. Samples from the
frozen tissue were obtained with sterile instruments in a laminar
flow cabinet taking all measures to avoid contamination.

Immunohistochemistry Analysis
CNS tissue was fixed in 10% buffered formalin for 24 h
and embedded in paraffin following standard protocols. For
immunohistochemical analysis, paraffin was removed and tissues
were rehydrated and boiled for 2 min in citrate buffer and
then incubated for 10 min with 50 mM ammonium chloride.
Subsequently, tissue sections were incubated for 10 min with
0.1% Triton X-100 in phosphate buffered saline (PBS) and for
20 min with 2% bovine serum albumin (BSA) in PBS. Sections
were incubated overnight at 4◦C with primary antibodies in
PBS/BSA. Thereafter, sections were washed with PBS and further
incubated for 1 h at 37◦C with the corresponding secondary
antibody conjugated to Alexa 488 (Invitrogen, Carlsbad, CA,
United States). Subsequently, tissue sections were stained with
DAPI (Merck Millipore, Darmstadt, Germany) and samples
were treated with autofluorescence eliminator reagent (Merck
Millipore).

The following antibodies were used: rabbit polyclonal
antibody against Borrelia burgdorferi (Genetex, Irvine, CA,
United States), used at 1:50 dilution; rabbit polyclonal antibody
against Clostridium pneumoniae, which immunoreacts with the
major outer porin (Biorbyt, Cambridge, United Kingdom), used
at 1:20 dilution; mouse monoclonal antibody against Chlamydia
(Abcam, United Kingdom), used at 1:10 dilution; and mouse
monoclonal antibody against peptidoglycan (Thermo Fisher
Scientific, Waltham, MA, United States), used at 1:20 dilution.
Rabbit polyclonal antibodies were as previously described
(Pisa et al., 2015a). CNS tissue was embedded in paraffin
following standard techniques and cut into 5 µm sections
using a microtome (Microm HM355s; Microm, Walldorf,
Germany). A previously described protocol was followed for
immunohistochemical analysis. The majority of the images
were collected on a Zeiss LSM710 multiphoton confocal laser
scanning microscope equipped with the upright microscope
stand AxioImager.M2 (Zeiss), and running ZEN 2010 software.
Wide-fields were collected with the high-speed, high-resolution
A1R+ confocal microscope (Nikon) combined with an inverted
microscope, running NIS Elements 4.40 software. Images were
deconvoluted using Huygens software (4.2.2 p0) and visualized
with ImageJ (NIH).

DNA Extraction From Frozen CNS Tissue
DNA was extracted from frozen samples of the following
CNS regions: frontal cortex (FC), entorhinal cortex (ERH),

medulla (MD), spinal cord (SC), superior frontal gire (GFS)
and parietal cortex (PC) as described previously (Alonso et al.,
2017a).

Nested PCR
A number of measures were used to prevent PCR contamination
including the use of separate rooms and glassware supplies
for PCR set-up and products, aliquoted reagents, positive-
displacement pipettes, aerosol-resistant tips and multiple
negative controls. DNA samples from frozen CNS tissue were
analyzed by nested PCR using several primer pairs. Primer
design for amplification of the internal transcribed spacer
(ITS) regions of fungal ribosomal DNA has been described
in detail (Pisa et al., 2015b). The first PCR was carried out
using 2 µl of DNA incubated at 95◦C for 10 min, followed
by 30 cycles of 45 s at 94◦C, 1 min at 57.3◦C and 45 s at
72◦C. Oligonucleotides used in the first PCR were forward ITS-1
(external 1): 14485′GTTCTGGGCCGCACGGG 3′1465 and reverse
ITS-1 (external 1): 106R5′GGCAAAGATTCGATGATT3′88R.
The second PCR was performed using 2 µl of the product
obtained in the first PCR and ITS-1 (internal 1A) primers for
35 cycles of 45 s at 94◦C, 1 min at 55◦C and 45 s at 72◦C.
The oligonucleotides used were forward ITS-1 (internal 1A)
17715′TCCGTAGGTGAACCTGCGG3′1790 and reverse ITS-1
(internal 1A) 50R5′GCTGCGTTCTTCATCGATGC3′30R. We
also used internal 1B primers for 30 cycles of 45 s at 94◦,
1 min at 52◦ and 45 s at 72◦. The oligonucleotides used were
forward ITS-1 (internal 1B) 5′GCGTCTA GACCTGCGGA
AGGATCA 3′ and reverse (internal 1B) 5′GCGAAGCTTGATC
CGTTGTTGAAA3′. A separate PCR assay was designed to
amplify the ITS-2 region. The first PCR assay was carried out
with 2 µl of DNA incubated at 95◦C for 10 min, followed by
30 cycles of 45 s at 94◦C, 1 min at 52◦C and 45 s at 72◦C.
Oligonucleotides used in the first PCR were forward ITS-2
(External 2)1525′TTTCAACAACGGATCTC3′169 and reverse
ITS-2 (External2) 8585′AGTACGGGATTCTCACCCTC3′838.
The second PCR was carried out with 2 µl of the product
obtained in the first PCR and ITS-2 (internal 2) primers
for 30 cycles of 45 s at 94◦C, 1 min at 55◦C, and 45 s
at 72◦C. Oligonucleotides used were forward ITS-2
(internal2′)2745′GCATCGATGAAGAACGCAGC3′295 and
reverse ITS-2 (internal 2):572R5′TCCTCCGCTTATTGATA
TGC3′552R.

The human β-globin gene served as a control for DNA
extraction. PCR was carried out with 4 µl of DNA incubated
at 95◦C for 10 min and amplified with 42 cycles of 45 s at
94◦C, 1 min at 60◦C and 45 s at 72◦C. The oligonucleotides
used were 5′GGTTGGCCAATCTACTCCCAGG3′and 5′GCT
CACTCAGTGTGGCAAAG3′. Amplified DNA products
were analyzed by agarose gel electrophoresis and stained
with ethidium bromide. PCR products were sequenced
by Macrogen (Seoul, South Korea). The sequences have
been deposited in the European Nucleotide Archive
(ENA1).

1http://www.ebi.ac.uk/ena/data/view/PRJEB23885
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Next-Generation Sequencing
Fungi
The yeast ITS-1 region is highly variable both in length and
in nucleotide sequence, and for this reason, it has utility in
metagenomic next-generation sequencing (NGS) studies. The
region between the internal 1 primers was amplified with specific
primers joined to linker sequences in a first round of PCR
(specific product of ∼300 nt). A second PCR was performed on
this product using fusion primers containing Illumina and linker
sequences.

Bacteria
Primers were designed to amplify the region between V3–V4 of
16S rDNA gene. These primers were joined to linker sequences in
a first round of PCR (specific product of∼400 nt). A second PCR
was performed on this product using fusion primers containing
Illumina and linker sequences.

The PCR products were sequenced on a MiSeq sequencing
platform (Illumina). PCR and sequencing were performed by the
Genomics Unit at the Scientific Park of Madrid. Quality analyses
were performed over reads using FastQC software2. All sequences
have been submitted to European Genome-phenome Archive
with the accession number EGAS00001002766.

Computational Analysis
Qiime Analysis
We used QIIME software for metagenomic analysis of fungi
and bacteria (Caporaso et al., 2010). This is an open-source
bioinformatics pipeline for performing microbiome analysis
from raw DNA sequencing data. QIIME is designed to take
users from raw sequencing data generated on the Illumina or
other platforms to publication-quality graphics and statistics.
This includes demultiplexing and quality filtering, operational
taxonomic unit (OTU) picking, taxonomic assignment and
phylogenetic reconstruction, and diversity analyses and
visualizations. The adapters from the sequences were deleted
using Cutadapt and all sequences with a length shorter than
35 bp were discarded. Once sequence set-up was ready, we
performed a metagenomic-type analysis that consisted of several
steps3. As a reference, we used the most recent version of the
Qiime Fungal ITS database4.

Sequence Clustering
The sequences of all samples were grouped to define the
OTUs using the pick_open_reference_otus.py workflow5 with
a percentage identity of 97 and 95% in fungi and bacteria,
respectively.

Principal Component Analysis
The Bray–Curtis distance matrix and the weight score of each
principal component was calculated using the QIIME script

2http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
3http://nbviewer.ipython.org/github/biocore/qiime/blob/1.9.1/examples/ipynb/
Fungal-ITS-analysis.ipynb
4ftp://ftp.microbio.me/qiime/tutorial_files/its_12_11_otus.tgz
5http://qiime.org/

core diversity analyses.py. The three-dimensional plot model
of the principal component analysis (PCA) was done with the
scatterplot3d package in R.

Identification of Uncultured Fungus Hits OTUs
According to the taxonomical classification, we found that on
average 58% of the matches corresponded to “Uncultured fungus

FIGURE 1 | Immunohistochemistry of fungal structures brain sections.
Paraffin-embedded brain sections (5 µm) were processed as described (see
section “Materials and Methods”). Sections were incubated with rabbit
polyclonal anti-C. albicans antibodies (1:100) and an Alexa 488-conjugated
donkey anti-rabbit antibody (1:500) (green) and stained with DAPI (blue).
A wide file (20× magnification) is shown for the ERH brain section of patient
AD11 (A), an elderly subject (C13) (B), and a younger subject (C10) (C). Scale
bar is shown in the figure.
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Blast” hit. For this reason an additional standard Blast search
analysis was performed.

RESULTS

Immunohistochemistry Analysis of
Fungal Infection in AD Patients and in
Elderly and Younger Controls
The aim of the study was to gain further insight into
polymicrobial infections in brain tissue from AD patients,
and to compare these findings with those from elderly people
and younger subjects. Our previous results showed that tissue
sections from different CNS regions of AD patients contain
not only a number of yeast-like cells and hyphal structures

(Pisa et al., 2015a,b), but also prokaryotic-like cells (Pisa et al.,
2017). We first performed immunohistochemistry analysis for
C. albicans on brain tissue from one AD patient (aged 83),
one control subject (aged 53), and one elderly individual
(aged 83) without degenerative diseases. Figure 1 shows
wide-field images of ERH sections from the three subjects.
Various mycotic structures immunoreacting with the C. albicans
antibody were detected in the ERH tissue of AD patient AD11
(Figure 1A), whereas a limited number of fungal structures
could be observed in the elderly subject (C13; Figure 1B).
By contrast, ERH tissue from the younger subject (C10) was
practically devoid of immunoreactive material (Figure 1C).
The rabbit polyclonal anti-C. albicans antibody cross-reacts
with a variety of fungal species, and thus also reveals the
presence of fungi that may not necessarily correspond to
C. albicans.

FIGURE 2 | Nested PCR of fungal DNA from AD frozen tissue. PCR analysis was carried out as described (see section “Materials and Methods”). Schematic
representation of fungal rRNA genes (18S, 5.8S and 28S rRNA) and the ITS-1 and ITS-2 regions, including location of the primers employed for the different nested
PCRs: primers External 1 employed in the first PCR; primers Internal 1A and Internal 1B employed in the second PCR to amplify ITS-1; primers Internal 2 employed
in the second PCR to amplify ITS-2 (A). Agarose gel electrophoresis of the DNA fragments amplified by nested PCR using DNA extracted from frozen FC tissue.
PCR analysis of ten AD patients using primers Internal 1B to amplify the ITS-1 region (B). PCR analysis to amplify the ITS-2 region from 10 AD patients using primers
Internal 2 (C). PCR analysis of DNA extracted from the samples tested in (B,C) using human β-globin oligonucleotide primers (D). Control–, PCR without DNA. CE,
Control of DNA extraction without DNA. C+, DNA extracted from HeLa cells.
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We extended this analysis to CNS sections from other AD
patients, elderly and younger subjects, using the same antibody.
The numbers of immunopositive structures that showed a yeast-
like or hyphal morphology were counted in all the sections
examined and normalized by estimating the area analyzed. The
median of the fungal structures per cm2 found was 14.01 ± 7.65
in sections from five AD patients (medium age 83.2 years old),
6.70 ± 3.17 in sections from five elderly subjects (medium age
79.4 years old), and 3.54 ± 1.63 in sections from five younger
persons (medium age 49.8 years old). These findings indicate that
the number of fungal structures in brain sections was lower in
elderly subjects than in AD patients, and even lower in younger
controls. A Kruskal–Wallis H test was done to corroborate
significant difference and found p = 0.0070. The Pairwise
Wilcoxon test was then used in order to calculate pairwise
comparisons between the different groups with corrections for
multiple testing. The AD group showed significant difference
when compared to the elderly subjects (p = 0.024) and younger
subjects (p = 0.024). Comparing elder and younger groups, lower
difference was found (p = 0.151). In conclusion, while mycotic
structures can be found in brain tissue from elderly subjects, the
burden of this infection is higher in AD patients.

Nested PCR Analysis of Fungal Infection
in CNS Tissue of AD Patients
We have previously demonstrated the presence of DNA from a
variety of fungal species in frozen tissue from the ERH region
of several AD patients (Alonso et al., 2017a). To do this, we
employed nested PCR analyses of the ITS-1 and ITS-2 regions,
which are intergenic sequences located between the rRNA genes
(see scheme Figure 2A). In our experience, the use of different
primers to amplify these sequences can render different fungal
species, and so it is important to amplify both regions to survey
as many fungal species as possible. We used this approach
to interrogate DNA from frozen tissue of the FC from ten
AD patients. Figures 2B,C show the fragments obtained in
each patient from ITS-1 and ITS-2 regions, respectively. As a
control for DNA extraction and to demonstrate the presence
of DNA in each sample, we also used PCR to amplify the
human β-globin gene (Figure 2D). In addition, controls to
demonstrate the absence of contamination in the PCR assay
and the DNA extraction protocols are also shown. As observed
previously from the ERH region, a number of different DNA
fragments were found using FC samples. All fragments were
extracted from agarose gels and sequenced. The fungal species
are listed in Table 1 and included those belonging to the
genera Alternaria, Cladosporium, Cryptococcus, Fusarium, and
Malassezia. Of interest, some of the species detected in the FC
region were common to those found in the ERH region of AD
patients, including Cladosporium, Cryptococcus and Malassezia.

NGS Analysis of Fungal Infection in CNS
Tissue of AD Patients
For a more in-depth comparison of the different fungal species
present in the brain regions of AD patients, we next performed
NGS. Accordingly, extracted DNA from frozen FC tissue of

TABLE 1 | Fungal species detected in the frontal cortex (FC) of Alzheimer’s
disease (AD) patients by PCR and DNA sequencing.

Species Region ITS1 Region ITS2

Alternaria Alternata AD5

Cladosporium sp. AD2, AD7 AD1

Cryptococcus magnum AD1

Cryptococcus sp. AD10

Fusarium merismoides AD3, AD4, AD9

Malassezia globosa AD3, AD8

Malassezia restricta AD10 AD5, AD6, AD9

Sporobolomyces sp. AD10

Uncultured aureobasidium AD9

Uncultured fungus AD4, AD5

Uncultured malassezia AD1 AD3, AD8

the ten AD patients analyzed by nested PCR was sequenced
using the Illumina platform. About 209,000–360,000 sequences
were obtained for each sample and the results were processed
by bioinformatic tests, as detailed in Section “Materials and
Methods.” A great variety of fungal species was apparent in
FC tissue from each patient. The species with an abundance
>1% in each patient are listed in Supplementary Table S2, and
fungal families and genera present are indicated in Figure 3. As
previously observed for the ERH region, there was a variety of
species detected in each AD patient and they varied from one
patient to another. The most prevalent genera in the 10 patients
were Alternaria, Botrytis, Candida, and Malassezia. In addition,
other genera such as Chromelosporium, Cryptococcus, Davidiella,
and Emericella were also found in significant percentages.
A comparison of the fungal species and genera obtained by PCR
and NGS, including those species detected below 1%, are listed
in Supplementary Table S3. Finally, the comparison of the genera
obtained by NGS in our previous work using the ERH region of
eight AD patients (Alonso et al., 2017a) with the results obtained
in this work analyzing the FC tissue, is shown in Supplementary
Table S4. The most prevalent genera common to both ERH
and FC of AD patients included Alternaria, Botrytis, Candida,
and Malassezia. In conclusion, the majority of the fungal genera
found in this work are coincident with those identified in our
previous works (Pisa et al., 2015b; Alonso et al., 2017a) and thus
appear to be common to both regions.

Nested PCR Analysis of Fungal DNA in
CNS Tissue From Control Subjects
An emerging concept from recent observations is that human
internal tissues that should be “sterile” actually contain a diversity
of bacterial species, as revealed by the identification of bacterial
DNA (Padgett et al., 2005; Marques da Silva et al., 2006; Ott et al.,
2006; Koren et al., 2011; Leech and Bartold, 2015). Moreover,
bacteria can be found in nervous tissue from normal subjects
(Branton et al., 2016; Emery et al., 2017). To our knowledge,
the possibility that fungi can be found in brain tissue in the
control population has not been studied. We therefore tested
whether fungal infection could be found in control CNS samples.
In previous works, we examined only a limited number of
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FIGURE 3 | Distribution of fungal families and genera obtained by NGS of DNA from ten AD patients. Computational analyses of the sequences obtained on the
Illumina platform using Qiime classified the data into fungal families and genera. (Upper) Shows the results of fungal families obtained from FC of AD patients.
(Lower) Shows the results of fungal genera obtained from FC of AD patients. Asc, Ascomycota; Bas, Basidiomycota; Chy, Chytridiomycota.

controls, which were practically devoid of fungal DNA as tested
by PCR, whereas NGS analysis of two samples of CNS from
one control subject rendered a variety of fungal species (Alonso
et al., 2014a, 2017a). As before, we first performed nested PCR of
ITS-1 and ITS-2 regions in ERH brain tissue from nine control
subjects (Figures 4A,B). Notably, a small number of amplified

DNA fragments were detected in most of the subjects, with
Fusarium being the most prevalent genus in control samples.
To further test for fungal DNA in the CNS, three additional
regions from four control subjects were tested: FC, MD, and
SC. The DNA fragments amplified by nested PCR of ITS-1 and
ITS-2, respectively, are shown in Figures 4D,E. DNA fragments
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FIGURE 4 | Nested PCR of fungal DNA from control individuals. PCR analysis was carried out as described (see section “Materials and Methods”). Agarose gel
electrophoresis of the DNA fragments amplified by nested PCR. PCR analysis of DNA extracted from frozen ERH tissue of nine controls using primers Internal 1A to
amplify the ITS-1 region (A). PCR analysis to amplify region ITS-2 from ERH of nine controls using primers Internal 2 (B). PCR analysis of DNA extracted from the
samples tested in (A,B) using human β-globin oligonucleotide primers (C). PCR analysis from FC, ERH, MD, and SC of four controls using primers Internal 1A to
amplify the ITS-1 region (D). PCR analysis to amplify ITS-2 region of the same control samples indicated in (D) using primers Internal 2 (E). PCR analysis of DNA
extracted from the samples tested in (D,E) using human β-globin oligonucleotide primers (F). Control–, PCR without DNA. CE, control of DNA extraction without
DNA. C+, DNA extracted from HeLa cells.

were sequenced and the fungi are listed in Table 2. Consistent
with previous results, when found, the DNA fragment amplified
varied depending on the control subject and the CNS region
examined. No DNA fragments were amplified in some CNS
areas of controls C10 FC, C12 FC, C12 MD, and C13 SC,
suggesting that fungal abundance is lower than that of AD

patients (Alonso et al., 2017a). These findings also indicate that
no fungal contamination occurs during sample preparation. This
conclusion is reinforced by the fact that no DNA was amplified
in the controls employed for DNA extraction and PCR, whereas
PCR of the human β-globin gene was positive in all the DNA
samples analyzed (Figures 4C,F).
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TABLE 2 | Fungal species detected in different brain regions of control subjects by
PCR.

Region ITS1 Region ITS2

Species Controls Species Controls

Candida albicans C7 Candida albicans C7

Candida glabrata C11SC Cladosporium sp. C11LF, C11SC

Cladosporium sp. C12ERH, Fusarium
oxysporum

C3, C8, C10MD

Fungal sp. C6 Malassezia
restricta

C8, C12ERH

Fusarium
oxysporum

C3, C4, C5, C8,
C10MD

Penicillium
crustosum

C11ERH

Malassezia
globosa

C13MD Phoma sp. C13ERH

Malassezia
restricta

C11SD, C12SC Saccharomyces
cerevisiae

C2

Penicillium
crustosum

C11ERH Uncultured
eukaryote

C7

Phoma sp. C13ERH Uncultured
fungus

C11SC

Rhodotorula
mucilaginosa

C12SC Uncultured
malassezia

C11MD,
C11SC, C12SC,
C13LF

Uncultured
fungus

C1, C10ERH,
C11SC, C13LFC,
C13MD

Pichia
membranifaciens

C11MD

Uncultured
malassezia

C11MD, C13SC

Uncultured
rhodotorula

C11LF

FC, frontal cortex; ERH, entorhinal cortex; MD, medulla; SC, spinal cord.

NGS Analysis of Fungal Infection in CNS
Tissue From Control Subjects
We next used NGS in an attempt to gain a better understanding
of the human brain mycobiome (i.e., the fungal genomes and
hence the fungal biota). This was done using DNA extracted
from frozen samples of 12 control subjects and from the four
regions of four AD patients described above. Using the Illumina
platform, about 204,000–336,000 sequences were obtained for
each sample and the results were processed by bioinformatic
tests. Initially, 12 DNA samples from the human brain cortex
obtained from control individuals with different ages were used.
The fungal species detected in each sample >1% are listed in
Supplementary Table S5. Moreover, the fungal genera found in
brain tissue from each control subject is shown in Figure 5A.
Interestingly, Fusarium, which was the most prominent genus
found by nested PCR, was also found in the same control
subjects by NGS. In addition, Aspergillus, Botrytis, Candida,
Phoma, Malassezia, among others were also found using this
technique.

We also examined by NGS the four different CNS regions (FC,
MD, ERH, and SC) from four controls, as indicated above using
nested PCR. The fungal species determined in these samples are
shown in Supplementary Table S6, and the fungal genera are
depicted in Figures 5B–E. Of note, a variety of fungal genera
were found in each region. For example, Aspergillus was detected

in the CNS regions FC, MD, and SC from C11, and in the MD
from C12 and C13. Davidiella was detected in the FC, ERH, MD,
and SC regions from C11 and C12, and in the FC, ERH, and
SC regions from C13. Some of these genera were common to
the four brain areas analyzed, for instance Botrytis, Candida, and
Phoma, while others were found only in one or two of these CNS
regions, for instance, Alternaria, (C10 FC), Fusarium (C10 MD),
and Rhodotorula (C11 FC).

Comparison of Fungal Infection Between
AD Patients and Control Subjects
One of the aims of the present work was to compare the
fungal genera detected in CNS tissue in AD with that found
in elderly and younger individuals. The most relevant genera
and their percentages in brains from the three groups is shown
in Figure 6. The percentage of some of these genera, such as
Alternaria and Malassezia, was higher in AD patients than in
control samples (Figures 6A,G). Also, Aspergillus, Candida, and
Davidiella were found in a higher percentage in elderly than in
AD patients and younger subjects (Figures 6B,D,F). Curiously,
Botrytis and Phoma exhibited higher percentages in younger
persons (Figures 6C,H). Finally, the percentage of Cladosporium
was similar between the three groups examined (Figure 6E).
Because a comparison of fungal burden present in brain tissue
from different individuals cannot be achieved by NGS, these
results reflect the median of the percentages, but not the total
amount of these genera. The burden of fungal infection would be
expected to be higher in AD patients than in elderly and younger
individuals. Therefore, while the percentage of Cladosporium is
similar between AD and controls, the actual abundance of this
fungus should be higher in AD.

Principal component analysis of AD patients and controls is
shown in Figure 7A. Notably, most AD patients were clustered
together, suggesting a relationship between them, although AD6,
who is the oldest patient, was not in the clustered group. By
contrast, the control subjects were more scattered, indicating
a higher diversity between them; for example, control C2 and
C8 are closer to AD patients. Of interest, samples from control
subjects C14, C15, and C16 were clustered together and apart
from the other controls. These three samples were supplied by
Netherlands brain bank, and perhaps their mycobiome reflects
the different geographical origin of the controls. Remarkably,
comparison of PCA results of FC samples with those from the
ERH region recently published by our group (Alonso et al.,
2017a), all from AD patients, revealed that both FC and ERH
are located in different regions, suggesting that the diversity of
fungal species are similar in each group (Figure 7B). Thus, FC
and ERH can be differentiated by this analysis, pointing once
again that these fungal species do not result as a consequence of
contamination during sample preparation.

Analysis of Bacterial Co-infection in AD,
Elderly Persons and Younger Subjects
We recently reported prokaryotic structures in AD brains
that could be immunolabelled with several anti-bacterial
antibodies (Pisa et al., 2017). Similarly, we found here
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FIGURE 5 | Distribution of fungal genera obtained by NGS of DNA from control subjects. Computational analyses of the sequences obtained on the Illumina platform
using Qiime classified the data into fungal genera. Results of fungal genera obtained from DNA extracted from nine samples of frozen ERH tissue of controls (C1–C9)
and two Superior Frontal Gire controls (C14, C15) and one Parietal cortex control (C16) (A) Results of fungal genera obtained from four CNS regions: FC, ERH, MD,
and SC from four controls (B–E). Asc, Ascomycota; Bas, Basidiomycota; Chy, Chytridiomycota.

that some prokaryotic-like cells and disorganized material
could be detected in AD brain tissue by immunostaining
with anti-peptidoglycan, anti-Clamidophyla or anti-Borrelia
antibodies (Figure 8). Interestingly, some of these cells were

found intranuclearly (Figures 8A–E,I,J), whereas on other
occasions scattered material, without a specific morphology,
was observed (Figures 8B,D). Moreover, in some instances,
such as those observed with anti-Borrelia antibodies, some
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FIGURE 6 | Distribution of fungal genera between AD patients, elderly and younger controls. Median of the percentages of the different genera as indicated in the
Figure (A–H).

areas with numerous prokaryotic-like immunopositive cells were
observed, suggesting that there are foci of bacterial infections
(Figures 8I,J). By contrast, the burden of these structures
revealed by anti-bacterial antibodies was lower in brain sections
from elderly subjects and only very seldom were found in younger
persons (Figure 8). In conclusion, immunohistochemistry
studies employing anti-bacterial antibodies may serve to detect
prokaryotic structures, as well as to compare their burden in
AD and control individuals. These observations are in good
agreement with the recent finding that lipopolysaccharide and

Escherichia coli were detected by immunohistochemistry in brain
parenchyma and vessels in all AD and control brains, although
these levels were higher in AD patients (Zhan et al., 2016).

NGS Analysis of Bacterial Infection in
CNS Tissue From AD Patients
We recently demonstrated that AD brain ERH tissue also
contains bacterial DNA, as shown by nested PCR of the V3–V4
region of prokaryotic 16S rRNA gene (Pisa et al., 2017). These
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FIGURE 7 | Principal component analysis of AD and control samples: 3D principal component analysis scatter plots of AD patients and controls. Distribution
between ten AD patients using FC samples, nine control ERH samples, two Superior Frontal Gire control samples (C14 and C15), and one Parietal cortex control
sample (C16) (A). Distribution between ten AD patients using FC samples (plots in blue) and nine ERH samples (plots in red) (B). The UniFrac method was used to
calculate this parameter.

findings were consistent with those published simultaneously by
another group, which also provided evidence of bacterial DNA
in brain tissue from AD patients using NGS (Emery et al., 2017).
To further characterize the bacterial communities in our samples,
we used NGS to survey the bacterial sequences in 10 AD patients
using the same V3–V4 region PCR samples, which revealed a
great variety of bacterial species (Supplementary Table S7). The
bacterial phyla and orders are shown in Figure 9; Proteobacteria
was the most prominent phylum in these samples (69%), followed
by Firmicutes (12%), Actinobacteria (7%), and Bacteroidetes (5%).

NGS Analysis of Bacterial DNA in CNS
Tissue From Control Subjects
One of the most surprising observations in recent years is that
a variety of bacterial species can be detected in brain tissue
from control subjects using NGS technology (Branton et al.,
2016; Emery et al., 2017). The possibility that bacterial DNA
contaminated the samples during the procedures was discarded
by these groups. We extended our analyses by analyzing DNA
extracted from ERH samples from 9 control subjects using
NGS. The bacterial species found through this analysis are
listed in Supplementary Table S8, and the bacterial phyla and
orders are depicted in Figure 10. Close inspection of these taxa
suggests that their percentages are similar to those found in
AD patients. However, as indicated previously, the amount of
bacterial infection could be higher in AD brains as compared
with controls, although the exact bacterial taxa may not differ
between AD and control brains. Nevertheless, it is possible that
the presence of fungal infection in AD brains facilitates the
growth of bacterial cells.

Comparison of the percentages of the four most relevant
phyla in AD and control subjects is shown in Figures 11A–D.
No major differences were found between the two groups.
However, comparison of the percentages of some representative
families revealed several variations between AD and controls
(Figures 11E–J). For instance, Burkholderiaceae, and
Staphylococcaceae were more prominent in AD than in controls,

whereas the percentages of Micrococcaceae, Pseudomonadaceae,
Sphingomonadaceae, and Xanthomonadaceae were higher in
controls than in AD patients. It might be possible that the
increase in the percentage of more pathogenic bacteria in the
CNS in AD contributes to worsen the clinical symptoms of
the disease. Finally, PCA reflected that the two groups locate
in a similar position (Figure 12), indicating that in this regard
no major differences are observed in the bacterial microbiota
detected in the CNS of both groups.

We believe that these data add further support to the concept
that bacterial cells exist in brain tissue. In addition, these data may
serve as a springboard to uncover the microbiota of the human
CNS and delineate the polymicrobial infections that appear in AD
brains.

DISCUSSION

Fungi and Bacteria Co-infections in AD
Brains
There is mounting evidence supporting the idea that AD can
be caused by microbial infections (Itzhaki, 2014; Harris and
Harris, 2015; Miklossy, 2016). However, most of these studies
were orientated to search for viruses or bacteria, and fungi
were not considered. Nevertheless, it has been possible to detect
microbial genomes in AD brain tissue with the development
of very sensitive techniques such as nested PCR or NGS. To
our knowledge, we are the only group that has advanced
the idea that AD brains are infected by a variety of fungi
(Carrasco et al., 2017). Our extensive evidence demonstrates
that brain tissue from AD patients is infected by several fungal
species (Alonso et al., 2014a, 2017a). Indeed, mycotic yeast and
hyphal structures can be directly observed in the neural tissue,
with some located intracellularly, indicating that the infection
took place when the cells were still alive (Pisa et al., 2015b,
2017). Further evidence that mycoses occurred long before the
death of AD patients comes from the analysis of the protein
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FIGURE 8 | Immunohistochemistry analysis of bacterial structures in brain sections. Paraffin-embedded ERH sections (5 µm) were processed as indicated (see
section “Materials and Methods”) and incubated with mouse monoclonal antibody against peptidoglycan at 1:20 dilution (A–D, K–M,S). Sections were incubated
with rabbit polyclonal antibody against C. pneumoniae used at 1:20 dilution (E,F,N–P,T). Sections were incubated with mouse monoclonal antibody against
Chlamydia used at 1:10 dilution (G,H,Q,U). Sections were incubated with rabbit polyclonal antibody against Borrelia burgdorferi used at 1:50 dilution (I,J,R,V). In all
cases, DAPI staining appears in blue. (A) Patient AD2; (B,C,F) patient AD4; (D) patient AD5; (E) patient AD3; (G,I,J) patient AD7; (H) patient AD10; (K,N) control
C11; (L,O) control C12; (M,P) control C13; (Q,R) control C6; (S,T): control C10; (U) control C2, and (V) control C1. (A–J,P–R,T–V) ERH samples; (K) MD sample;
(L,N,S) FC samples; (M,O) SC samples. Scale bar: 5 µm for (A–H); 20 µm for (I,J); and 10 µm for (K–V).

composition of corpora amylacea, glycoproteinaceous structures
that appear in the brain with aging and are more abundant
in neurodegenerative disorders. Our study revealed that fungal

proteins are recruited during the formation of these bodies in
the CNS of living AD patients (Pisa et al., 2016). Since these
bodies need months or even years for their formation, the fungal
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FIGURE 9 | Distribution of bacteria phyla and orders obtained by NGS of DNA from AD patients. Computational analyses of the sequences obtained on the Illumina
platform using Qiime classified the data into bacteria phyla and orders. (Upper) Shows the results of bacteria phyla obtained from ERH samples from 10 AD
patients. (Lower) Shows the results of bacterial orders obtained from ERH samples from 10 AD patients.

proteins that form part of them were recruited long before death.
This observation demonstrates that these mycoses existed when
the patient was alive and are not the result of post-mortem
contamination.

We previously reported the mycobiome in ERH tissue from
AD brains by NGS (Alonso et al., 2017a), which represents the
first attempt in this new field of research. Our present work

extends and builds on these results by analyzing samples from
the frontal region of the brain cortex (FC) of AD, revealing
in more detail the mycobiome that exists in the CNS of AD
patients. Importantly, our present study also reports on the
mycobiome of control subjects. Accordingly, we provide the first
evidence that fungal DNA belonging to a number of species can
be evidenced in CNS samples from apparently normal, control
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FIGURE 10 | Distribution of bacteria phyla and orders obtained by NGS of DNA from control subjects. Computational analyses of the sequences obtained on the
Illumina platform using Qiime classified the data into bacteria phyla and orders. (Upper) Shows the results of bacteria phyla obtained from ERH samples of nine
control subjects. (Lower) Shows the results of bacterial orders obtained from ERH samples of nine controls.
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FIGURE 11 | Distribution of bacteria phyla and families between AD patients and controls. Representation of median percentage of the median values of the
percentages of different phyla (A–D). Representation of the median of the percentages of different families (E–J).

subjects. Nevertheless, the burden of these mycoses is not only
higher in AD brains, but also the percentages of representative
genera differ from control subjects. Our results support the
emerging picture that infection can increase throughout the
lifetime of an individual, but it may not give rise to clinical
symptoms if it remains below a given threshold. It is possible that
dysbiosis of the mycobiota or the total microbiota due to diet,
lifestyle, diminished immune system, among others, could trigger
the increase of fungal growth in the CNS, leading to progressive
AD symptoms (Daulatzai, 2014; Jiang et al., 2017). Future work
in this new field of research considering the fungal hypothesis
should shed more light on the origin and progression of AD.

In addition to the principal mycotic infection, bacteria also
appear in the CNS of these patients, pointing to the concept
that polymicrobial infections occur in AD patients (Pisa et al.,
2017). It is possible that the dissemination of the primary
mycosis to different regions of the CNS facilitates the growth
of opportunistic microbes. Clinical trials will be necessary to
understand the contribution of the fungal and bacterial infections
in the development of AD. In this regard, it is of note that
some antibiotics such as minocycline, as well as doxycycline
and rifampin, have beneficial effects during the early stages
of AD (Loeb et al., 2004; Kim and Suh, 2009). Moreover,
some antibacterials, including tetracyclines and rifampin, exhibit
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FIGURE 12 | Principal component analysis of AD and control samples: 3D
principal component analysis scatter plots of bacteria from ten AD patients
and nine controls. The UniFrac method was used to calculate this parameter.

partial antifungal activity (Lew et al., 1977; Vazquez, 1979; He
et al., 2017). To our knowledge, no clinical trials with approved
antifungal compounds or, better still, antifungals in combination
with antibacterial agents, have been performed with AD patients.

Microbiota Influences the Development
of AD
Some animal studies have suggested a role for the gut microbiota
in AD-related pathogenesis (Harach et al., 2017; Jiang et al.,
2017), and the human microbiota has also been implicated
as a risk factor or as an important etiological agent in
neurodegenerative diseases (Tremlett et al., 2017). Indeed,
different parts of the human body contain different microbiomes,
which consist of a great diversity of bacteria and fungi (Huffnagle
and Noverr, 2013) that can vary between individuals and
may change throughout the lifetime. Only 0.1–1.0% of the
microbiome, however, corresponds to fungi (Qin et al., 2010).
Yet, the mycobiome includes over 390 species that are present
in different anatomical locations, such as skin and mucoses, the
respiratory tract, the oral cavity and the digestive tract (Cui et al.,
2013; Dupuy et al., 2014; Gouba and Drancourt, 2015). Some
studies have reported that 335 fungal species belonging to 158
genera can be found in the human digestive tract and the oral
cavity (Ghannoum et al., 2010; Gouba and Drancourt, 2015).
Notably, most of these species cannot be cultured and must be
identified by molecular techniques, such as PCR or NGS. Thus,
from the 247 species found in the digestive tract, only 59 were
could grow in culture and the remaining species were identified
by molecular analysis (Findley et al., 2013; Gouba and Drancourt,
2015). It should be possible that at least some of these species
could enter the human body and colonize internal tissues.

Portal of Entry of Microbes to the CNS
The identification of fungi and bacteria in the CNS of AD
patients raises the question as to how these polymicrobial

infections colonize the neural tissue. One possibility is that
this colonization may arise from the gut microbiota that passes
the gastrointestinal mucosa and reaches the blood stream.
Subsequently, these microbes would be disseminated to other
organs and tissues of the human body, including the nervous
system. Indeed, a number of bacteria have been identified in
blood from healthy persons (Paisse et al., 2016). Another portal
of entry could be the oral cavity and the nasopharyngeal region;
the microbiota could reach the olfactory nerve, spreading to
the olfactory bulb and the entorhinal area (Olsen and Singhrao,
2015). Of note, the oral microbiota, as well as inadequate
oral hygiene, have been suggested as important contributors
to AD etiology (Gaur and Agnihotri, 2015). The repeated
passage of diverse microorganisms into the bloodstream could
initiate the colonization of some blood vessels. The colonization
of discrete areas of a given tissue by fungi could evade the
immune system by a variety of strategies (Kong and Jabra-
Rizk, 2015; Marcos et al., 2016). For example, the continuous
production of massive amounts of fungal polysaccharides in a
discrete region of a tissue could block an attack by immune
cells. The infection could then spread to neighboring areas
and, importantly, could facilitate the secondary colonization by
other fungi or bacteria. This local depression of the immune
system would lead to the formation of discrete infectious foci,
followed by the slow distribution to other tissues. Therefore,
in our model of polymicrobial infection in AD patients,
not only is the CNS subject to microbial attack, but signs
of disseminated microbial colonization could exist in other
organs. Consistent with this model is the finding that increased
levels of inflammatory cytokines is detected in patient serum
years before the diagnosis of the disease (Brosseron et al.,
2014; King and Thomas, 2017; Lai et al., 2017). Analysis
of other tissues by NGS may unveil a “tissular microbiome”
of internal organs of the human body. A comprehensive
study of the fungi and bacteria that could colonize these
organs will provide insights into the different susceptibilities
for microbiomes depending on the genetic background of the
individual.

Polymicrobial Infections and Human
Diseases
The modification of the microbiota from the intestinal tract
or from other parts of the human body can influence the
development of a variety of diseases, such as multiple sclerosis,
intestinal bowel disease, rheumatoid arthritis and autoimmune
diseases (Scher et al., 2013; Jangi et al., 2016; Hall et al.,
2017; Ni et al., 2017). Interestingly, a variety of bacteria have
been identified in human tissue of several chronic systemic
pathologies, including arthritis, atherosclerosis, biliary cirrhosis
and aortic aneurysms (Padgett et al., 2005; Marques da Silva et al.,
2006; Ott et al., 2006; Koren et al., 2011; Leech and Bartold, 2015).
It is possible that many of the diseases known as “autoimmune
diseases” are in fact microbial infections that remain hidden to
routine analytical tests. The low level colonization of a given
tissue by several microbes can be revealed by the techniques
described in this work: immunohistochemistry using specific
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antibodies and nested PCR or NGS. In these cases, the immune
system detects the infection, which is interpreted as an attack on
the host tissue. Therefore, the host immune system recognizes
these microbes and tries to eradicate it by stimulating the
production of cytokines. This immune attack is counteracted
by different microorganisms, leading to the establishment of a
chronic and progressive polymicrobial infection. Although some
investigations have attempted to identify bacteria in internal
human tissues (other than the gut), the analysis of fungi
remains understudied. Future work directed to analyze microbial
colonization in human tissues, including the CNS, may change
the present concepts about a number of human pathologies.
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A reduced concentration of Aβ1−42 in CSF is one of the established biomarkers of

Alzheimer’s disease. Reduced CSF concentrations of Aβ1−42 have also been shown

in multiple sclerosis, viral encephalitis and bacterial meningitis. As neuroinflammation is

one of the neuropathological hallmarks of Alzheimer’s disease, an infectious origin of

the disease has been proposed. According to this hypothesis, amyloid pathology is a

consequence of a microbial infection and the resulting immune defense. Accordingly,

changes in CSF levels of amyloid-β peptides should be similar in AD and inflammatory

brain diseases. Aβ1−42 and Aβ1−40 levels were measured in cerebrospinal fluid by ELISA

and Western blotting in 34 patients with bacterial meningitis (n = 9), multiple sclerosis

(n = 5) or Alzheimer’s disease (n = 9) and in suitable controls (n = 11). Reduced

concentrations of Aβ1−42 were detected in patients with bacterial meningitis, multiple

sclerosis and Alzheimer’s disease. However, due to a concurrent reduction in Aβ1−40

in multiple sclerosis and meningitis patients, the ratio of Aβ1−42/Aβ1−40 was reduced

only in the CSF of Alzheimer’s disease patients. Urea-SDS-PAGE followed by Western

blotting revealed that all Aβ peptide variants are reduced in bacterial meningitis, whereas

in Alzheimer’s disease, only Aβ1−42 is reduced. These results have two implications. First,

they confirm the discriminatory diagnostic power of the Aβ1−42/Aβ1−40 ratio. Second,

the differential pattern of Aβ peptide reductions suggests that the amyloid pathology in

meningitis and multiple sclerosis differs from that in AD and does not support the notion

of AD as an infection-triggered immunopathology.

Keywords: meningitis, amyloid, Alzheimer’s disease, multiple sclerosis, biomarker, dementia, neuroinflammation,

neurodegeneration
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INTRODUCTION

In addition to amyloid plaque deposition, neuroinflammation is
one of the neuropathological hallmarks of Alzheimer’s disease
(AD) (Heneka et al., 2015). Viral, bacterial and even fungal
antigens have been found in association with the pathognomonic
amyloid-beta (Aβ) depositions (Itzhaki, 2014; Little et al., 2014;
Piacentini et al., 2015; Pisa et al., 2015; Zhan et al., 2016).
The secretion of Aβ peptides during inflammation and the
observation of anti-infective properties of Aβ peptides support
the idea that the production of Aβ peptides provides an immune
defense (Spitzer et al., 2010, 2016; Condic et al., 2014; Kumar
et al., 2016). These and other findings have culminated in
the formulation of the infection hypothesis of AD (Miklossy,
2011). According to this hypothesis, amyloid deposition is
the consequence of ongoing neuroinflammation evoked by a
pathogen that evades the immune system.

In the diagnosis of AD, decreased levels of soluble Aβ

peptide 1-42 (Aβ1−42) in the cerebrospinal fluid (CSF) are widely
accepted as a surrogate for brain amyloidosis (McKhann et al.,
2011; Blennow and Zetterberg, 2015; Jack et al., 2016; Lewczuk
et al., 2017). Fitting perfectly into the infection hypothesis,
reduced levels of Aβ42 are also found in patients with brain
infections, such as bacterial meningitis, herpes encephalitis
or human immunodeficiency virus (HIV)-associated dementia
(Sjögren et al., 2001; Krut et al., 2013). Aβ1−42 is generated during
cleavage of amyloid precursor protein (APP). In addition to
Aβ42, several other Aβ peptide variants with different C- and N-
termini are generated during this process (Wiltfang et al., 2002).
It is hypothesized that it is not the overproduction of Aβ42 that
leads to its deposition but rather an imbalance of the different
Aβ peptide variants (Hasegawa et al., 1999; Jan et al., 2008).
Consequently, the concentration of Aβ1−42 in relation to Aβ1−40,
the most abundant Aβ peptide variant, was found to be superior
to Aβ1−42 alone as a biomarker for AD (Lewczuk et al., 2004,
2015a,b; Janelidze et al., 2016; Niemantsverdriet et al., 2017). If
this imbalance between Aβ42 and Aβ40 that is observed in AD
could also be found in inflammatory brain diseases, those data
would further support the infection hypothesis of AD.

Therefore, this study investigates whether the changes in
Aβ1−42 and Aβ1−40 levels in CSF during AD resemble those
observed in multiple sclerosis (MS) and bacterial meningitis
and whether the Aβ-ratio (Aβ1−42/Aβ1−40) differs between these
diseases.

MATERIALS AND METHODS

Patients
Samples were collected in the memory clinic of the Department
of Psychiatry, Erlangen, the Neurological Department, Erlangen,
and the Neurological Department of Ludwig-Maximilian-
University (LMU), Munich. Patients or their legal representatives
provided their informed consent, and the study protocol was
approved by the ethics committee of the University Hospital
Erlangen-Nuremberg (project no. 3987) and of LMU Munich
(project no. 349-15 and 174-11). Patients included in this
study underwent psychiatric, neurological, medical and routine

laboratory examinations. Additionally, an MRI scan and a CSF
analysis were performed. The CSF of patients with meningitis
was drawn under emergency conditions, so oligoclonal bands
were not routinely determined. The diagnosis of AD was
made according to the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA)
criteria, taking into account the Aβ42/Aβ40 ratio and the total tau
and phospho-tau levels in the CSF (Albert et al., 2011; McKhann
et al., 2011). The Erlangen Score (ES) algorithm (Lewczuk et al.,
2009, 2015a) was also used to classify patients: all AD patients
had an ES ≥ 3, and all controls had an ES ≤ 1. In reference to
the criteria suggested by Jack et al, the patients within the AD
group were classified according to the presence (+) or absence
(–) of Aβ (A), neurofibrillary tangles (T) and neurodegeneration
(N) as A+/T+/N+, whereas those in the control group were A–
/T–/N– (Jack et al., 2016). Amyloid pathology was evaluated by
the Aβ42/Aβ40 ratio, tau pathology was evaluated by phospho-
tau levels, and neurodegeneration was evaluated by total-tau
levels and temporo-parietal atrophy in the MRI scan. Patients
with intermediate signs of AD pathophysiology were excluded.
MS was diagnosed according to the revised McDonald criteria
(Polman et al., 2011), and meningitis was diagnosed according
to the European Society of Clinical Microbiology and Infectious
Diseases (ESCMID) guidelines (van de Beek et al., 2016). The
control group comprised five patients with tension headache, one
with schizophrenia, two with idiopathic epilepsy and one with a
depressive episode. CSF samples were collected in polypropylene
tubes, centrifuged within 24 h after sampling and stored in
aliquots at−80◦C until further use.

ELISA
Aβ1−40 and Aβ1−42 levels were quantified with certified ELISA
tests (IBL international GmbH, Hamburg, Germany) according
to the manufacturer’s instructions. Samples were thawed
immediately before the analysis and diluted 1:20 in reagent
diluent. Then, 100 µl of each sample, standard, positive control
or blank were added in duplicate to a pre-coated microtiter plate.
After incubation for 2 h, the plate was washed, and horseradish
peroxidase (HRP)-conjugated detection antibody (clone 82E1)
was added for another 1 h. After washing, the chromogenic

substrate 3,3
′

,5,5
′

-tetramethylbenzidine (TMB) was added, and
the plate was read. The analyses were performed under careful
quality control, and a measurement was regarded as valid if the
range-to-average coefficient of the duplicate measurements was
below 20%.

SDS-PAGE/Western Blotting
The immunoprecipitation, urea-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blotting procedures have been described in detail before
(Wiltfang et al., 2002; Oberstein et al., 2015). In short,
immunoprecipitation was carried out with mouse anti-
amyloid antibody 6E10 (Biolegend, formerly Covance, Koblenz,
Germany), reactive to amino acids 1-16 of the Aβ peptide,
covalently bound to magnetic sheep anti-mouse Dynabeads R©

M-280 (10 mg/ml; Dynal, Hamburg, Germany). Samples
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were loaded onto bicine-SDS gels containing 8M urea and
separated for 55min at 25 mA/gel. After semi-dry blotting
onto polyvinylidene fluoride (PVDF)-membranes with a
discontinuous buffer system, immunolabeling was performed
with the anti Aβ1−x antibody 82E1, which only recognized
Aβ peptides starting with amino acid 1 (1:1,000 in phosphate-
buffered saline-Tris (PBS-T); IBL, Hamburg Germany).
ECL R© (enhanced chemiluminescence) prime (GE Healthcare,
Freiburg, Germany) was used to develop the immunoblots,
and chemiluminescence was detected using an Amersham R©

Imager 600 instrument (GE Healthcare, Freiburg, Germany).
The antibodies (6E10 for the immunoprecipitation and 82E1
for the detection) were chosen to achieve the highest possible
sensitivity in this system.

Statistical Analysis
Statistical analysis was carried out with Prism R© 6.0 (GraphPad
Software Inc., La Jolla, CA, USA). Assuming a Gaussian
distribution, parametric ANOVAs for independent samples
followed by Fisher’s post hoc tests were used to compare
measurements among the different groups. To evaluate the
diagnostic accuracy of the Aβ1−42/Aβ1−40 ratio, a receiver
operating characteristic (ROC) curve was generated. Pearson’s
correlation coefficient (r) was calculated to investigate the
associations between different analytes. The results are presented
as the mean with standard deviations and were considered to be
significant at a p-value < 0.05.

RESULTS

Study Population
Samples were collected according to the same standard operating
procedures at the Department of Psychiatry, Erlangen, and the
NeurologyDepartments in Erlangen andMunich. Due to the ages
at which the different pathologies typically occur, the samples
could not be matched for age. However, there was no statistically
significant age difference between the patients with meningitis
and those with AD or between the controls and the patients
with MS. The patients with meningitis had increased peripheral
leucocyte counts, increased levels of C-reactive protein (CRP)
and CSF protein, cells and erythrocytes and a higher CSF/serum
albumin ratio. Patients with MS had slightly increased CSF
leucocyte counts and positive oligoclonal bands in the CSF
(Table 1).

Reduced Aβ1−42 in AD, MS and Meningitis
All measurements were performed in the same laboratory to
avoid inter-center variations. Aβ1−40 and Aβ1−42 levels were
quantified by ELISA. One patient in the meningitis group had
an Aβ1−42 concentration below the lower limit of quantification
and was excluded from further analysis. As expected, a reduced
concentration of Aβ1−42 was found in AD samples. Additionally,
in MS and bacterial meningitis, concentrations of Aβ1−42 were
reduced (Figure 1A). The concentration of Aβ1−40 also tended to
be reduced inMS andmeningitis but not in AD (Figure 1B). As a
consequence, the ratio of Aβ1−42/Aβ1−40 was reduced only in AD
(Figure 1C). No significant correlations between the increased

TABLE 1 | Patient characteristics—Patient characteristics are presented as the

mean (standard deviation).

Con MS Meningitis AD

N (female) 9 (3) 5 (4) 9 (5) 11 (6)

Age [years] 44.1 (19.7) 36.4 (4.6) 64.8 (19.3) 69.9 (11.2)

Blood leukocytes [/µl] 8.6 (4.1) 6.9 (1.6) 16.9 (7.1) 6.4 (1.7)

Serum CRP [mg/l] 6.6 (13.4) 1.8 (1.3) 227.3 (100.6) 2.2 (2.4)

OCB (+/−) 0/9 5/0 1/2 0/11

Total protein (CSF) [mg/l] 583.3 (113.9) 464.0 (166.1) 4500 (3430) 370.4 (109.7)

Albumin ratio 6.0 (2.2) 7.3 (2.8) 85.0 (70.0) 6.4 (2.1)

Leukocytes (CSF) [/µl] 1.4 (1.3) 22.6 (14.9) 9543 (9827) 1.4 (0.9)

Erythrocytes (CSF) [/µl] 5.0 (10.3) 1.5 (1.3) 1295 (2015) 11.2 (22.7)

N, number; CON, control; MS, multiple sclerosis; AD, Alzheimer’s disease; CRP, C-

reactive protein; OCB, oligoclonal IgG bands on isoelectric focusing; CSF, cerebrospinal

fluid.

values of erythrocytes, leukocytes or protein and the reduced
concentrations of CSF Aβ1−40 or Aβ1−42 were found in patients
with meningitis. The established threshold of 0.05 allowed for the
differentiation of AD patient samples from control samples and
samples from MS and meningitis patients with 100% sensitivity
and 91% specificity.

Reduced Total Amyloid in MS and
Meningitis but Not AD
CSF from representative patients with bacterial meningitis,
multiple sclerosis and AD as well as one control was loaded
directly onto SDS gels containing 8M urea (Figure 2A). To
control for artificially low concentrations of Aβ peptides due to
the increased protein concentrations in meningitis, an additional
separation of CSF from two patients with meningitis and two
controls after immunoprecipitation with the 6E10 antibody was
carried out (Figure 2B). The detection was performed with
the anti-amyloid 82E1 antibody, which is specific for Aβ1−x

variants.
Reduced concentrations of all Aβ peptide variants were

observed in the Western blots of CSF from meningitis patients
(Figure 2). The concentration even dropped below the lower
limit of detection.

DISCUSSION

The concentration of Aβ1−42 in CSF is reduced in patients
with AD, MS and bacterial meningitis. However, the ratio of
Aβ1−42/Aβ1−40 is reduced only in AD, while the concentrations
of all Aβ peptide variants are similarly reduced in the CSF of
patients with bacterial meningitis.

This is the first study to show the distinct changes in
Aβ peptide variants in the CSF during AD compared to
inflammatory brain diseases.

Nevertheless, the study has several limitations. The sample
size is relatively small, and an exact matching of age and
sex was not possible. Sample matching is nearly impossible
for age because AD is usually diagnosed above the age
of 60, while patients with MS become symptomatic before
the age of 50. However, the CSF concentrations of Aβ
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FIGURE 1 | Different Aβ peptide profiles in AD, MS and bacterial meningitis Aβ1−42 (A) and Aβ1−40 (B) as well as the ratio (Aβ1−42/Aβ1−40) (C) were quantified by

ELISA in the CSF of healthy controls (Con) and patients with multiple sclerosis (MS), meningitis (Men) and Alzheimer’s disease (AD). The results are presented as the

mean and standard deviation. Differences were calculated with ANOVA followed by the Fisher’s post hoc test; *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 2 | Reduced concentration of all Aβ peptides in bacterial meningitis (A) Representative SDS-PAGE/Western blots of directly loaded CSF from patients with

bacterial meningitis (Men), multiple sclerosis (MS), Alzheimer’s disease (AD) and controls (CON). (B) Immunoprecipitated samples from two representative patients with

meningitis and two controls are depicted. The identities of the different Aβ peptide variants were defined in previous studies and are indicated on the left-hand side.

Note that the longer peptides migrate below the shorter ones in this SDS-PAGE system containing urea.

peptides have been reported to be relatively stable throughout
life and to be independent of sex in healthy subjects
(Resnick et al., 2015).

To reduce the possible center effects, a balanced composition
of the control and the meningitis groups was achieved. However,
the samples for the MS group were all collected in Munich, while
the samples for the AD group were all collected in Erlangen.
However, the preanalytical handling of the samples was identical
at all sites, and measurement of the Aβ peptides by ELISA
was carried out in a single laboratory, as was recommended to
effectively reduce center effects (Mattsson et al., 2013).

While Aβ1−42 is reduced in all three diseases, the observation
that the Aβ ratio is reduced in AD but not in meningitis or
MS points to a better diagnostic performance of the Aβ ratio.
This improved performance has also been previously shown
for the differential diagnosis of AD vs. non-neurodegenerative
neuropsychiatric diseases, Lewy-body dementia, Parkinson’s
disease dementia or vascular dementia (Lewczuk et al., 2015b;
Janelidze et al., 2016). Several others have therefore suggested
to replace the measurement of Aβ1−42 with the Aβ ratio
for AD diagnosis (Blennow and Zetterberg, 2015). Our study
suggests that the Aβ ratio not only is able to increase
the diagnostic performance in the differential diagnosis of
neurodegenerative diseases but also helps to differentiate AD
from neuroinflammatory diseases.

In the context of the infection hypothesis of AD, the observed
differences among AD, MS and meningitis point to different
pathophysiological processes behind the changes in CSF Aβ1−42

concentrations. While the processing of APP in AD is changed
in a way that leads to an imbalance between the different Aβ

peptide variants and allows the accumulation of Aβ1−42 into
amyloid plaques, it was hypothesized that APP processing is
impeded during CNS infections (Krut et al., 2013). Reduced
concentrations of secreted (s)APPα and sAPPβ duringmeningitis
support this interpretation (Krut et al., 2013). An alternative
explanation is that serum proteins entering the CSF after
breakdown of the blood brain barrier in meningitis might mask
the detection of Aβ peptides. However, others have found no
differences in Aβ peptide concentrations via ELISA after adding
proteins to the CSF (Bjerke et al., 2010), and our data show
no correlation between increased CSF protein concentrations
and reduced concentrations of Aβ peptides. Additionally, we
performed immunoprecipitation to release the Aβ peptides from
their protein bonds. We suggest that the amyloid peptides build
complexes around the invading pathogens and are therefore
no longer measurable in the CSF (Spitzer et al., 2016). By
agglutinatingmicroorganisms and exerting a direct antimicrobial
activity, Aβ peptides have been shown to accumulate around
microorganisms in vitro (Soscia et al., 2010; Torrent et al.,
2012; Kumar et al., 2016; Spitzer et al., 2016). The increased

Frontiers in Aging Neuroscience | www.frontiersin.org 4 May 2018 | Volume 10 | Article 152125

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Spitzer et al. Reduced Aβ Peptides in Meningitis

expression and distinct processing of APP during immunological
activation in vitro also favors the idea of an immunological
function and an increased consumption of Aβ peptides during
infections and neuroinflammation in MS (Maler et al., 2008;
Sondag and Combs, 2010; Spitzer et al., 2010). Further research is
necessary to analyze the composition and fate of the Aβ peptides
accumulating around the invading pathogens.

Current knowledge of inflammation-induced changes in Aβ

peptide metabolism is mainly based on studies of acute infections
(Spitzer et al., 2010; Kumar et al., 2016). Although MS is not
an infectious disease, we used samples from MS patients to
investigate the Aβ peptide levels in a chronic inflammatory
disease. Mattsson and his colleagues measured the levels of
Aβ38, Aβ40, and Aβ42 in patients with chronic neuroborreliosis
(Mattsson et al., 2010). In both studies investigating two different
entities causing chronic neuroinflammation, the concentrations
of all measured Aβ peptide variants were reduced (Mattsson
et al., 2010). Therefore, it seems that chronic neuroinfection and
neuroinflammation are also associated with reduced levels of all
Aβ peptides.

Taken together, the results of this study point to different
mechanisms resulting in reduced Aβ1−42 levels in the CSF
of patients with AD, bacterial meningitis or MS. The
Aβ1−42/Aβ1−40 ratio may help to distinguish AD from
neuroinflammatory diseases. Further studies are needed to
confirm these findings.
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The path to sporadic Alzheimer’s is a tragic journey beginning prior to birth and ending
in the most dreaded disease of society. Along the disease path are a myriad of clues
that portend AD, many of which are complaints of seemingly unrelated conditions from
chronic migraines, mood disorders, eye diseases, metabolic syndromes, periodontal
diseases, hormonal and autoimmune diseases. Properly treating, not just managing,
these diseases, prior to onset of dementia, may significantly reduce dementia
incidences. Current high levels of health complaints reflect a state of generalized poor
health and compromised immunity. During the mid-Victorian era, people were long-lived
yet healthy, suffering from chronic diseases at one tenth the rate of peoples today. It’s our
poor health, at any age that increases susceptibility to chronic diseases and Alzheimer’s.
Infection is involved in many cases of Alzheimer’s and other neurodegenerative diseases
but is also implicated in many chronic conditions. Scientists looking for causation
recognize that Alzheimer’ is multifactorial and systemic—not “brain only.” To slow, stop
and reverse the AD epidemic, identification and reversal of causal factors must occur
across the entire life spectrum of humans. This approach simply gives consideration
to enhancing immune status of our bodies and brain, and controlling inflammation
and infection, throughout the entire age spectrum. Infection is a causal factor, but the
root cause is multi-factorial and immune health related. Pasteur stated it best when
acknowledging the work of Bernard in 19th Century France, “The seed is nothing, the
soil is everything.”

Keywords: Alzheimer’s, infection, systemic, diabetes, congenital, immunity, prevention, inflammation

INTRODUCTION: IMMUNITY AND INFECTIOUS DISEASES

Historically, infectious diseases were the cause of morbidity and mortality. Infectious disease
arguably continues to be the major driver of morbidity and mortality however this connection is
largely ignored because of the occult nature of many of the causative agents and the cryptic cause
and effect between organism and disease (Cochran et al., 2000). Dr. Paul Ewald explains how the
concept of evolutionary fitness actually points to infection as being the major cause of disease in
modern society (Cochran et al., 2000). Evolutionary fitness means the evolutionary success of an
organism relative to competing organism. Genetic traits that may be unfavorable to an organism’s
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survival or reproduction do not persist in the gene pool for
very long. Natural selection weeds them out and any inherited
disease or trait that has a serious impact on fitness must fade
over time. Therefore, in considering common chronic conditions
with severe health consequences, we may presume a non-genetic
cause. According to Ewald (2002), ‘‘When diseases have been
present in human populations for many generations and still
have a substantial negative impact on people’s fitness, they are
likely to have infectious causes.’’

Immune system vitality may be the most important risk
factor in any chronic disease including Alzheimer’s. The
World Health Organization in ‘‘Risk Factors of Communicable
Diseases’’ (World Health Organization, 2011) states, ‘‘Apart
from symbiotic coexistence of human with micro-organisms,
disease causing organisms breed in man-made unhygienic
conditions of air water and soil. People with low immunity,
weak, and living in unhygienic conditions are at greater risk
for contracting the infections from surroundings.’’ This model
of disease fits equally well with Alzheimer’s and other chronic
diseases but has been limited because source of the infection
is less obvious and diagnosis is not frequently enough made or
considered.

Chronic inflammation is considered a cause of chronic
disease, including Alzheimer’s (Rogers, 1995; Holmes et al., 2009;
Kawai et al., 2018). As defined by Opie (1929) ‘‘Inflammation
may be defined as the process by which cells and serum
accumulate about an injurious agent and tend to remove or
destroy it.’’ Chronic inflammation continues to be blamed
for tissue damage but this complex cascade, stimulated by
internal and external mediators, results in the release of danger
signals that promote immune responses to antigens (Rock
and Kono, 2008). Chronic, occult infection is a significant
stimulator of chronic inflammation (Beatty et al., 1994).
Host-pathogen interactions, defined as the importance of
the host’s susceptibility for a microbe’s virulence, must be
considered and this interrelationship is not straightforward.
Casadevall and Pirofski (1999) proposed six different classes
of host-pathogen interactions that helps explain how the
relationship between infection, inflammation, immune health
and disease, although apparent, may not always yield statistical
certainty.

Rivas et al. (2017) explain that the current research paradigm
is reductionist yet biological systems combine their limited
elements, creating complex structures and solutions involving
infectious diseases. The network theory of aging, and particular,
inflamm-aging is defined as, ‘‘a global reduction in the
capacity to cope with a variety of stressors and a concomitant
progressive increase in proinflammatory status,’’ contributes
to a more non-reductionist assessment of individualized
health by measuring ‘‘many’’ rather than one or a few
(Franceschi et al., 2000). The construct of inflamm-aging is
a measure of immune system activity against chronic insult.
Any chronic disease, then, is potentially a measure of the
stress on the biological system and its ability, or lack thereof,
to cope.

Chronic disease incidences, including Alzheimer’s,
increases with older age and are linked to immunosenescence

FIGURE 1 | Representation of susceptibility to chronic diseases and
Alzheimer’s across the age spectrum (House, 2018).

(Solana et al., 2012). Numerous studies show that the pathology
of Alzheimer’s disease is present decades before a clinical
diagnosis of dementia can be made (Mortimer et al., 2005).
Predisposition to Alzheimer’s, therefore, is established prior to
the acceleration of immunosenescence that starts around age
65 (Figure 1). The curve also represents the vulnerability to
disease due to an immature immune system during the ages 0–5.
It is during this time that the antecedents of Alzheimer’s
and other chronic diseases, specifically occult infections,
may opportunistically infiltrate such vulnerable hosts only to
express as disease across the spectrum of time and lead to
the a significant upswing in Alzheimer’s. A comparison of a
healthy and unhealthy person is also represented as are transient
susceptibilities that may include acute health or sudden life
changing events that adversely impact health.

There are numerous occult ectopic obligate intracellular
pathogens linked to Alzheimer’s, including Chlamydophila
pneumoniae (CP; Balin et al., 1998), Borrelia burgdorferi
(BB; Marquand and Muller, 1997), gram-negative anerobic
bacteria of the oral cavity (Riviere et al., 2002), h-pylori
(Malaguarnera et al., 2004), rickettsias (Morrison et al.,
1991) and Toxoplasma gondii (Jung et al., 2012). Many
infectious species are ubiquitous within both human and
animal populations. CP expresses seroprevalence rates of
over 50% among adults in the United States (Blasi et al.,
2009). In some vulnerable individual, CP migrates to the
brain and contributes to neurodegeneration (Gérard et al.,
2006).

The connection between immune system health and infection
extends back to the research of Bernard and Pasteur (Garko,
2012). Modern studies at MIT demonstrate a strong correlation
between immunity and future Alzheimer’s (Dougherty, 2015).
The CDC, in an article on neglected parasitic infections
explain how, of the 60 million Americans infected with the
Toxoplasma parasite, only a small proportion of the susceptible
experience severe health consequences (Wong and Remington,
1994; Chaudhry et al., 2014; Jones et al., 2014). Higher prevalence
of T. gondii in patients with AD compared to controls shows
an association between organism and disease (Schulz et al.,
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2007; Rashno et al., 2016, 2017). An estimated 18% of the
United States are seropositive and worldwide, an estimated
one third of the population are infected (Dalimi and Abdoli,
2012). Chronic infection is reported to reactivate toxoplasmosis
(Montoya and Liesenfeld, 2004). For the individuals infected,
any susceptibility factor illustrated in Figure 1 may contribute
to toxoplasmosis proliferation and potential exacerbation of
Alzheimer’s.

The CDC indicates that few infected with toxoplasmosis have
symptoms. Yet, according to Kaiser Family Foundation, the
highest percentage of medical spending occurs for ill-defined
conditions (Peterson-Kaiser Health System Tracker, 2018).
Toxoplasmosis and other occult organism likely contribute
to these conditions and associated high cost of care. Stratton
and Wheldon (2006) explains the life cycle of CP and its
treatment when discovered associated with multiple sclerosis
and heart diseases. Dr. Wheldon contributed the following
list of disease presentations he associated with CP in his
clinical practice over 20 years: cardiac conduction defects;
effusive pericarditis with tamponade; chronic obstructive
airways disease; multiple sclerosis; Alzheimer’s disease; chronic
fatigue syndrome; encephalitis; retinal vasculitis; macular
degeneration; progressive presbyopia; Crohn’s disease; new
onset adult asthma; and schizophrenia (hebephrenia). A similar
list associated with Toxoplasmosis may be established with more
research.

Lyme disease, caused by vector spirochetes, is a well-
recognized chronic disease precipitated from BB and
co-infections. Miklossy hypothesized on a link between BB and
Alzheimer’s in 1994 and proved a causal relationship (Miklossy,
1994, 2011). The CDC recently revised its estimate of 30,000 new
cases per year in 2014 to 300,000+ in 2017 in the United States
Kris Kristofferson was diagnosed with AD yet, after a discovery
of Lyme disease, the public message was, ‘‘Kristofferson
struggled with memory problems in recent years and was told
he had Alzheimer’s disease, but it appears he was misdiagnosed
and all along has actually been suffering from the tick-borne
illness Lyme disease’’ (Marcus, 2016). The association and
causation between infection and Alzheimer’s continues largely
disregarded.

In ‘‘Overview of Lyme Disease: A Critique of an Ignored
Pandemic,’’ Dr. Ken Stoller suggests that 20% of the human
population is infected and may well explain diseases of unknown
origin (Stoller, 2015). In a recently completed investigation
of a cohort of 70 functioning but unhealthy manufacturing
company workers in central Indiana, we evaluated 41 for
stealth infection, including Lyme disease, based on reported
lifestyle, symptoms, a broad array of inflammatory biomarkers,
and serology testing. Of the 41, 40 were positive for at least
one occult organism and most had two or more, 28 were
found to have positive IGG titers for CP; 12 were positive for
Toxoplasma Gondii; 18 were positive for at least one IGG band
for Lyme; one was positive for Q Fever and one was positive
for Rickettsia Typhii (Lewis et al., submitted). Presuming that
the 30 untested individuals were negative for Lyme, these data
support the estimated population infectious burden suggested by
Stoller.

PRE-BIRTH SUSCEPTIBILITY TO
FUTURE AD

Congenital infections affect the unborn fetus or newborn infant.
Conventionally, they are thought to be caused by viruses that
may be picked up by the baby at any time during the pregnancy.
Even if the mother is known to have a viral illness during
her pregnancy, her immune system may prevent the virus
from infecting the fetus or newborn infant. However, shortly
after birth for mothers that do not breast feed or shortly after
stopping breast feeding, the newborn’s immune system function
drops precipitously and then slowly strengthens from ages 0–5,
Figure 1.

Periodontal bacteria is a significant contributor to congenital
infection. Offenbacher et al. (1996) were the first to report a
relationship between maternal periodontal disease and delivery
of a preterm infant. Global incidence of preterm birth is around
9.6% with regional disparities from 12% to 13% in USA, 5%
to 9% in Europe, and 18% in Africa. According to ‘‘Born Too
Soon,’’ the United States ranked 131st out of 184 in preterm
births (Blencowe et al., 2013). Full term stillbirth is also caused by
bacteria including Fusobacterium nucleatum (Han et al., 2010).
The placenta is an immuno-suppressed organ compared to other
organs like the liver and the spleen which makes it easy for the
bacteria to colonize there. Intrauterine infection is considered
a leading cause of early preterm birth and data from clinical
and experimental studies suggest that infection accounts for
upward of 40% of these high-risk preterm deliveries (Kravetz and
Federman, 2005; Kemp et al., 2017).

Determining a statistical association between periodontal
infection induced premature births and dementias is challenging
because of the 70+ year gap between birth and disease. In
‘‘Birth in a High Infant Mortality State: Race and Risk of
Dementia,’’ higher rates of dementia later in life was statistically
connected to higher incidences of infant mortality in racial
cohorts (Gilsanz et al., 2017). In a cohort of elderly individuals,
blacks born in states with the highest levels of race specific infant
mortality rates had 40% increased risk of dementia compared
to national averages. Early life conditions may contribute to
racial inequalities in dementia incidence according to the
authors. Since infection accounts for a preponderance of preterm
deliveries, one can surmise that the excess of dementia is tied
back to either a failure to thrive at birth (poor immune status),
chronic infection acquired during pregnancy, or a combination
of these adverse circumstances, all of which add risk for future
Alzheimer’s upon immunosenescence (Jeffcoat et al., 2002),
Figure 1.

Non-periodontal infections are connected with both adverse
pregnancy outcomes and dementias. Cytomegalovirus (CMV)
infection in pregnancy causes adverse clinical outcomes and
the rate of transmission in utero was reported at roughly 33%
(Stagno et al., 1987). CMV is present in a very high proportion
of brains from vascular dementia patients (Lin et al., 2002).
It has also been implicated as a risk factor for Alzheimer’s
(Barnes et al., 2014). Besides the inflammatory response elicited
by infection, CMV may also drive immunosenescence and thus
make an individual more susceptible to Alzheimer’s as a result
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of the infection or a co-infection acquired during any time in
lifespan, Figure 1. According to Dow, ‘‘In immune competent
individuals, infection with CMV is usually asymptomatic, even
in neonates, but once established, its containment becomes
a priority for the immune system, which is unable to completely
eliminate it (Dow, 2015). However, even healthy immune
competent people may display symptoms of CMV infection
more often than previously appreciated, sometimes even with
serious consequences and with age implicated as a risk factor.
The consequences to the immune system for maintaining this
constant CMV vigilance may be severe. Reports on the very
young and the very old show that CMV infection results in
similar alterations to CD8+ T cell subset surface phenotypes.
This has given rise to the concept that what are apparent
age-associated changes could rather be due to age-associated
increases in prevalence of CMV infection.’’ This phenomenon
may be driven by other pathogens as well with susceptibility
and disease incident being explained by the proposed different
classes of host-pathogen interactions (Casadevall and Pirofski,
1999).

EARLY LIFE SIGNS AND SUSCEPTIBILITY
TO FUTURE AD

In the United States, the peak age at diagnosis for Type 1 diabetes
(T1D) is 10–14 (Maahs et al., 2010). Genetics may play a
role, but infection is strongly associated with the condition.
T1D follows viral infections such as mumps, rubella, CMV,
measles, influenza, encephalitis, polio, or Epstein-Barr virus.
Viruses play an important role in the pathogenesis of T1D
by inducing or accelerating the beta cell destruction process
(Christen et al., 2012). Bacteria are also T1D associated agents.
CP was found in 46.5% of young patients with T1D compared to
10.5% of non-diabetic controls (Rizzo et al., 2012). Additionally,
CP antibody positivity was significantly more common in
patients in poor metabolic control (HbA1c >9%) vs. patients
in good metabolic control (HbA1c <7%) and dysfunction of
pancreatic beta cells (Rodriguez et al., 2015). Older patients
with T1D have more than an 80% increased risk for dementia
compared with those without diabetes and the risk is even high
when T2D subjects are excluded (Whitmer et al., 2015). Thus
T1D, and more importantly the potential immune dysfunction
and infection associated with the disease, are indicators of
future AD.

YOUNG LIFE SIGNS AND SUSCEPTIBILITY
TO FUTURE AD

More than 10% of all primary care office visits are depression-
or mood-related (Stafford et al., 2000; Olfson et al., 2014). The
research community knows that depression and Alzheimer’s
disease are linked and its now clear that depression is a risk
factor, not just a symptom, of AD (Dantzer et al., 2008; Wilson
et al., 2010) A 17-year prospective study from the Framingham
cohort demonstrates that older adults with depressive symptoms
are at a 50% increased risk of developing Alzheimer’s disease

(Saczynski et al., 2010). In another study, the authors showed
an incident AD group compared to those without AD reported
a barely perceptible increase in depressive symptoms during
6–7 years of observation before the diagnosis and no change
during 2–3 years of observation after the diagnosis (Wilson
et al., 2010). According to Caraci et al. (2010) the molecular
mechanisms and cascades that underlie the pathogenesis
of major depression, such as chronic inflammation and
hyperactivation of the hypothalamic-pituitary-adrenal (HPA)
axis, are also involved in the pathogenesis of AD (Caraci
et al., 2010). Johnson et al. (2015) found that the signs of
depression begin well before the symptoms of dementia begin
manifesting. They believe that there are a core group of mood
and depression symptoms, easily measureable in populations,
that may enable medical professionals to differentiate between
people at risk of developing dementia and normally aging
individuals.

In ‘‘Latent Toxoplasmosis and Humans,’’ the authors review
the impact of toxoplasmosis in the etiology of different mental
disorders including schizophrenia and depressive disorders,
obsessive-compulsive disorder, Alzheimer’s and Parkinson’s
disease, epilepsy, headache and migraine, mental retardation,
suicidal tendencies and intelligence (Dalimi and Abdoli, 2012).
Toxoplasma gondii impairs memory in infected seniors without
diagnosis of neurodegenerative disease. In a study of executive
function and memory, subjects positive for Toxo showed
memory performance reduction of about 35% compared to the
toxo negative group and this group also reported a decreased
quality of life compared to those not infected (Gajewski et al.,
2014). In our own study cohort of 70 individuals, 40 were tested
for IgG antibodies for toxoplasmosis and 12 were positive (Lewis
et al., submitted).

The causal agent of Lyme is reported in mood disorder of
young and middle-aged people (Fallon et al., 1993; Dersch et al.,
2015). Determining causation from infection in mood disorders
and suicidal tendencies suffers from crypticity. Garakani and
Mitton (2015) state, ‘‘The patient’s panic attacks resolved after he
was discharged and then, months later, treated with long-term
antibiotics for suspected ‘‘chronic Lyme Disease’’ despite having
negative Lyme titers’’ (Garakani and Mitton, 2015). A significant
feature of post-treatment Lyme disease syndrome is depression
(Rebman et al., 2017). Miklossy has provided adequate analysis
to convince the most stubborn opponent of the relationship
between BB and Alzheimer’s (Miklossy, 1994, 2011; Miklossy
et al., 2004). Depression may be a clue as to the same infectious
process and since depression generally precedes Alzheimer’s,
treatments may be more effective.

YOUNG TO MIDDLE LIFE SIGNS AND
SUSCEPTIBILITY TO FUTURE AD

The Rotterdam study revealed an increased risk of dementia
and AD in patients with type 2 diabetes (T2D; Ott
et al., 1999). Those with T2D are at 50% greater risk of
developing a neurodegenerative condition compared to healthy
contemporaries (Mayeda et al., 2015). Insulin resistance early
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in life may enhance the risk of developing neurodegeneration
(Luciano et al., 2015). Insulin resistance is due in part to
infection, as first described in 1943 (Greene and Keohen, 1943).
The article published in JAMA titled, ‘‘Insulin resistance due
to infection in diabetes mellitus in man,’’ has not been widely
cited. A modern version concludes that pathogen burden has the
strongest association with insulin resistance among all the risk
factors considered (Fernández-Real et al., 2006). For example,
HSV-2 titer was negatively associated with insulin sensitivity
even after factoring for inflammation. The relationship was
strengthened further for subjects that were seropositive for CP
and Enteroviruses. People with T2D are more prone to be on the
‘‘high susceptibility individual’’ curve of Figure 1.

MIDDLE LIFE SIGNS AND
SUSCEPTIBILITY TO FUTURE AD

The eye is a canary for the brain because the retina is an
embryonical outcropping of the brain (Dowling, 1987). Thus,
anatomically and developmentally, the retina is an extension
of the CNS; it consists of retinal ganglion cells, the axons of
which form the optic nerve, whose fibers are, in effect, CNS
axons. The eye has unique physical structures and a local array
of surface molecules and cytokines, and is host to specialized
immune responses similar to those in the brain and spinal cord.
Several well-defined neurodegenerative conditions that affect the
brain have manifestations in the eye, and ocular symptoms often
precede CNS diagnoses by up to 20 years (London et al., 2013).
Various eye-specific pathologies share characteristics of other
CNS pathologies, including Alzheimer’s disease and glaucoma
(McKinnon, 2003).

Immunoglobulin serology for CP is significantly higher in
patients with glaucoma compared to controls (Yuki et al.,
2010). Other infections noted in association with glaucoma
include: Helicobacter pylori (Galloway et al., 2003), Bartonella
henselae (Gray et al., 2004), HIV (Nash and Lindquist, 1992),
CMV (Sekhsaria et al., 1992), Toxoplasmosis (Sheets et al.,
2009), Tuberculosis (Egbagbe and Omoti, 2008), and Lyme
disease (Zaidman, 1997). The eye is susceptible to inflammatory
diseases through a delicate balance with survival coined ‘‘ocular
immune privilege.’’ According to Streilein, ‘‘Not surprisingly,
inflammation, if it occurs within the eye, is a profound
threat to vision’’ (Hazlett and Stein-Streilein, 2012). Immune
privilege and easy accessibility provides an explanation why
neurodegeneration presents in the eye long before the brain in
many cases and offers a low-cost early or pre-disease screening
tool and link to treatable associations to future AD.

Macular degeneration is both a vascular and
neurodegenerative disorder easily observed with simple yet
elegant optometric instruments. Studies titled, ‘‘Age-related
macular degeneration (AMD): Alzheimer’s disease in the eye?’’
(Kaarniranta et al., 2011) and ‘‘Parallel findings in age-related
macular degeneration and Alzheimer’s disease,’’ (Ohno-Matsui,
2011) provide examples of what early neurodegenerative disease
diagnosis could be. The less studied common denominator
between macular disease and neurodegenerative diseases is

infection. CP is a documented actor in age-related macular
degeneration (Haas et al., 2009). Our own clinical evaluations,
being compiled for publication, show seropositive CP and other
occult infections in significant percentages of clinical AMD
cases.

INFECTION, INFLAMMATION AND
ALZHEIMER’S “HALLMARKS”

Balin et al. (1998) links CP to Alzheimer’s. Subsequently they
have published dozens of articles on this topic including, ‘‘Proof
of Concept Studies of Chlamydia Pneumoniae Infection as a
Trigger for Late-onset Alzheimer Disease’’ (Balin, 2017). A
Harvard-led team was the first to definitely show that the
beta amyloid hallmark of AD is actually has antimicrobial
properties (Soscia et al., 2010). Ravnskov and McCully explained
that microvascular hypoxia is initiated by the sequestration
of infectious remnants by LDL particles and this process
is also noted in Alzheimer’s (Bailey et al., 2004; Ravnskov
and McCully, 2009). Tau hyperphosphorylation is also noted
in microvascular disease-associated neurodegenerative diseases
(Castillo-Carranza et al., 2017). Hibernating animals also
hyperphosphorylate tau and the common denominator between
Alzheimer’s and hibernation may be hypoxia and, like with beta
amyloid, the modified tau serves to protect the brain (Su et al.,
2008). Corriveau et al. (2016) explain the significance of vascular
contributions to cognitive impairment and dementia. Miklossy
et al. (2006) noted increase in inflammation, beta-amyloid
precursor protein, and hyperphosphorylated tau production
induced by spirochetes or lipopolysaccharide. Balin (2017)
delved into the link between the pathogens, inflammation, Abeta
1–42 production, regulation of gene transcripts, and protein
expression. The conclusions regarding gene transcripts and
protein expression are supported by studies of infectogenomics
(Kellam and Weiss, 2006; Nibali et al., 2014). No other single
explanation, other than infection, supports all the observed
pathologies in Alzheimer’s.

CONCLUSION

Sub-optimal health and chronic inflammation predisposes
individuals to opportunistic infections and a myriad of diseases
throughout the continuum of life provide information about
risk and susceptibility to future Alzheimer’s disease. Poor health
status, periodontal diseases, congenital infections, depression,
diabetes, eye diseases, to name a few, provide a roadmap of
progression towards neurodegenerative disorders. Fundamental
to the onset and propagation of all these diseases is immune
system immaturity, dysfunction and senescence that facilitate
proliferation of opportunistic infection. Clinically, medicine
must change its paradigm of managing disease symptoms and
adopt a proactive approach of testing for immune health status,
by way of biomarkers of inflammation, to identify those at risk
of future Alzheimer’s and other chronic diseases. Next, each
at-risk subject must be provided guidance on how to improve
their health status. In addition, those with compromised immune
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status must also be tested for infection, and if found, treated
until the burden is lowered or eradicated. This program must
be conducted across the age spectrum for people showing signs
and symptoms of any disease associated with Alzheimer’s in later
life. This approach could conceivably delay Alzheimer’s onset by
5 years which could reduce number of incidences in half. When
clinicians recognize association and causation between earlier
chronic conditions and Alzheimer’s and focus on mitigation
rather than management, a 50% or greater reduction in the
disease becomes realistic.
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Alzheimer’s disease (AD) is the most frequent type of dementia. The pathological
hallmarks of the disease are extracellular senile plaques composed of beta-amyloid
peptide (Aβ) and intracellular neurofibrillary tangles composed of pTau. These findings
led to the “beta-amyloid hypothesis” that proposes that Aβ is the major cause of AD.
Clinical trials targeting Aβ in the brain have mostly failed, whether they attempted to
decrease Aβ production by BACE inhibitors or by antibodies. These failures suggest a
need to find new hypotheses to explain AD pathogenesis and generate new targets for
intervention to prevent and treat the disease. Many years ago, the “infection hypothesis”
was proposed, but received little attention. However, the recent discovery that Aβ is an
antimicrobial peptide (AMP) acting against bacteria, fungi, and viruses gives increased
credence to an infection hypothesis in the etiology of AD. We and others have shown
that microbial infection increases the synthesis of this AMP. Here, we propose that the
production of Aβ as an AMP will be beneficial on first microbial challenge but will become
progressively detrimental as the infection becomes chronic and reactivates from time to
time. Furthermore, we propose that host measures to remove excess Aβ decrease over
time due to microglial senescence and microbial biofilm formation. We propose that this
biofilm aggregates with Aβ to form the plaques in the brain of AD patients. In this review,
we will develop this connection between Infection – Aβ – AD and discuss future possible
treatments based on this paradigm.

Keywords: peripheral innate immune system, Alzheimer’s disease, infections, amyloid beta, blood–brain barrier,
monocytes/macrophages, biofilms, senile plaques

INTRODUCTION

Alzheimer’s disease (AD) was identified over 100 years ago when Alois Alzheimer and others
described the pathological hallmarks of this devastating disease (Alzheimer, 1907; Alzheimer
et al., 1995). The histopathological characteristics of AD are extracellular deposition of Aβ and
intracellular accumulation of the tau protein in a hyperphosphorylated form (Hanger et al., 2014;
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Sun et al., 2015) leading to synaptic dysfunction which highly
correlates with the cognitive decline (Terry et al., 1991). These
findings gave rise to what is called the “amyloid cascade
hypothesis of Alzheimer’s disease” (Beyreuther and Masters,
1991; Hardy and Allsop, 1991; Karran and De Strooper, 2016).
Neuroinflammation is regularly observed in AD and has been
incorporated into the amyloid hypothesis (Rogers et al., 1992;
McGeer and McGeer, 2013; Bolós et al., 2017). However, despite
the discovery of these pathological hallmarks almost 100 years
ago and the belief that they are also at the origin of the disease,
no progress has been made in AD treatment (Mehta et al., 2017;
Sacks et al., 2017). Thus, a new paradigm is needed to integrate
the knowledge accumulated through the decades and which can
lead to further discoveries and effective treatments that are so
urgently required.

WHAT IS ALZHEIMER’S DISEASE?

Clinical Aspects
Alzheimer’s disease is one of the most deleterious
neurodegenerative diseases known (Tam and Pasternak,
2012). Clinically, AD can be well-defined and distinguished
from other dementias. Starting with memory problems, it
progresses inexorably toward the total loss of the patient’s
identity (Castellani et al., 2010). In our aging society, it has
become one of the most disastrous plagues of modern humanity.
Whereas the incidence of heart disease and cancer are declining
or stable, AD and dementia are expected to almost triple in the
next 30 years. However, it is still questionable whether there
are as many clinically “pure” forms of AD, presenting only with
the typical pathophysiological alterations in the brain cortex
and leading to neurodegeneration, as is claimed (Fulop et al.,
2013a,b). We still do not know whether most cases diagnosed
as AD are in reality a mixed form involving cortical as well as
subcortical cognitive changes (Schreiter Gasser et al., 2008),
although the recent inclusion of many cardiovascular risk factors
seems to support this contention (Gottesman et al., 2017; Falsetti
et al., 2018). From the clinical point of view, efforts have been
made to redefine AD to accommodate the amyloid hypothesis.
Recently, it has been claimed that the initial stages of AD
designated as prodromal or pre-clinical stages, or subjective
memory complaint (SMC) which still cannot be clinically
diagnosed with any certainty, may nevertheless only be detected
by changes in the “biomarkers” of AD such as Aβ and pTau levels
in the cerebrospinal fluid (McKhann et al., 2011; Reiman et al.,
2011; Blennow and Zetterberg, 2018; Ghidoni et al., 2018).

This new and very appealing clinical classification of AD
prior to the clinical manifestation of the disease, nevertheless has
helped to advance the field, but not exactly as it was intended
(Bondi et al., 2017). It has rather stimulated the AD community
by making it aware of the fact that AD is not exclusively a disease
of the elderly but starts decades before the first clinical symptoms
such as mild cognitive impairment (MCI) appear (Le Page et al.,
2017). Despite this new classification, all stages of the disease, pre-
clinical and clinical, were linked to the prevailing paradigm of the
amyloid hypothesis which states that pathological Aβ production

induces a neuroinflammatory state which, once crossing a certain
threshold, results in overt AD. This new classification has
incorporated the notion of neuroinflammation, recognized many
years ago, but again linked to Aβ production and deposition,
despite the emerging evidence that neuroinflammation actually
precedes Aβ deposition as will be discussed later in this review
(McManus and Heneka, 2017).

Pathological Aspects
Alzheimer’s disease was initially described by Alois Alzheimer
in a 56-years-old woman who had most probably a familial
(hereditary) form of early onset AD according to our present
understanding (Alzheimer, 1907; Alzheimer et al., 1995). This
form comprises only about 5% of all AD cases, whereas the vast
majority are so-called late onset AD, which is more frequent with
increasing age (Bekris et al., 2010). Thus, age is considered as one
of the most important recognized risk factors for late onset AD
(Castellani et al., 2010). From the original observations of Alois
Alzheimer on the pathological findings in the cortex of his patient
there was a paradigm change in the 80s due to the application of
these same pathological findings also as hallmarks of the sporadic
form of the disease. Since then, continuing confusion concerning
the aetiologies of these two separate pathologies has persisted
(Fulop et al., 2013a,b; Bondi et al., 2017). Because the patient
described by Alzheimer had amyloid plaques and neurofibrillary
tangles, then according to this definition, all AD patients should
have the same pathology. Logically this should also be the cause
of the disease.

Considerable research efforts have been devoted to the
amyloid hypothesis. Initially these efforts were directed toward
to identifying what the exact composition of amyloid is and
secondly to understand how it is produced. It was established
that it originates from amyloid precursor protein (APP) either
extracellularly or intracellularly. The normal processing of APP is
not amyloidogenic (i.e., does not result in the production of Aβ)
and most probably has a physiologic role in synaptic maintenance
(Perneczky et al., 2013). However, for some reason(s) which have
not been fully investigated, there is a shift in APP processing to an
amyloidogenic metabolism and the formation of extracellular Aβ

fibrils. These fibrils are the basis of the amyloid plaques already
described by Alzheimer. We know that changes in the cellular
membranes, and especially the enriched cholesterol contents of
their lipid rafts, favors the amyloidogenic pathway (Burns et al.,
2006). However, other causes responsible for this amyloidogenic
production are known, such as infections but these explanations
have not yet gained acceptance in the AD research community
(Bourgade et al., 2016a,b).

The most important by-products of amyloidogenic APP
metabolism are the beta amyloid peptides 1–42 and 1–
40. The most abundant is Aβ1–40, but the most toxic
is Aβ1–42 (Galante et al., 2012). These products can be
measured in different compartments of the body in addition
to the immunopathological determination in the brain. In
cerebrospinal fluid and in the blood, it is claimed that Aβ

decreases in clinically diagnosed AD. Interestingly, in blood, Aβ

was found to be more abundant during the MCI stage of the
disease than in clinically diagnosed AD (Camponova et al., 2017).
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Aβ in blood is also claimed to be a biomarker for the early
and very early stages of the disease. Many clinical trials were
based on its measurement and the hope that treatment to reduce
Aβ levels would consequently prevent the progression to full
blown AD (Cummings et al., 2018; Molinuevo et al., 2018).
Unfortunately, the many clinical trials that aimed at decreasing
Aβ levels in the brain by active or passive vaccination including
use of monoclonal antibodies did not result in clinically useful
results.

The next issue was to investigate what is the precise
mechanism of Aβ production. Huge efforts were devoted to this
research as according to the amyloid hypothesis, if we decrease
its production even if not completely preventing it, the clinical
effects should be notable. The normal mechanism was elucidated
and was shown to be driven by α-secretase which produced
soluble APP fragments (Chow et al., 2010). The enzymes involved
in amyloidogenic Aβ production are β-secretase (BACE) and
then γ-secretase acting sequentially (Rivest, 2009; Siegel et al.,
2017). Many different compounds that inhibit these secretases
were tested in phase II and III clinical trails, but without
any clinical success. These failures cast further doubts about
continuing to adhere to the amyloid hypothesis.

THUS, THE QUESTION REMAINS WHAT
COULD BE THE REAL CAUSE OF AD?

The Amyloid Hypothesis
This hypothesis identifying amyloid as the possible cause of
AD remains the most popular and widely accepted theory,
despite its drawbacks discussed above. This hypothesis states
that due to a change in proteostasis, as one of the hallmarks
of aging (Witkowski et al., 2017), APP is broken down to
create Aβ and when this occurs unopposed, then pathology
results. This amyloidogenic proteolysis allows formation of fibrils
that deposit extracellularly, kill neurons and form classical
senile plaques (McGeer and McGeer, 2013; Bolós et al., 2017).
However, it is clear that such senile plaques are commonly
present in the brain in the absence of any cognitive pathology.
So, how does Aβ act differently in patients compared to
healthy people? There are several receptors for Aβ on different
cells but mainly on microglia, which are brain macrophages
that can engulf Aβ and destroy it. However, with time this
process is circumvented, either because Aβ production becomes
overwhelmingly increased or because of the “senescence” of the
microglia that lose functionality, resulting in Aβ starting to
slowly accumulate and deposit in plaques. In parallel, as the
microglia are unable to ingest all the Aβ, pathogen or pattern
recognition receptors (PRRs) such as the TLRs, CD36, RAGE
sense the presence of Aβ and induce a strong inflammatory
reaction leading to free radical and pro-inflammatory cytokine
production (Su et al., 2016; Venegas and Heneka, 2017;
Le Page et al., 2018). This will lead to the well-described
neuroinflammation and the destruction of neurons. At the mean-
time, the Tau protein which is necessary for the maintenance
of axon physiology, becomes hyper-phosphorylated because of
this inflammatory process, and forms neurofibrillary tangles,

which mauls the structure of neuronal processes leading first
to degradation of synapses and consequently to neuron death
(Serrano-Pozo et al., 2011; Holtzman et al., 2016; Leyns and
Holtzman, 2017). Thus, according to this model, Aβ is at
the center stage of AD at all disease stages. However, in
the absence of any noticeable success of treatments based
on the amyloid hypothesis, competing hypotheses urgently
require consideration.

Vascular Hypothesis
The “vascular hypothesis” has been present since the very early
1990s. It states that the production of Aβ may be a consequence
of ischemia occurring in the brain with age. Cerebral amyloid
angiopathy (CAA) is a major pathological feature of AD
where amyloid spreads and deposits throughout the blood
vessel walls in the central nervous system. These pathogenic
events induce a specific clinical presentation profile including
cerebral hemorrhage, stroke, ischemic infarctions, subarachnoid
hemorrhage, seizures, cognitive impairment, and dementia
(Bu et al., 2013). Epidemiological studies have shown that
several well-established risk factors for AD, including diabetes
mellitus, atherosclerosis, stroke, hypertension, transient ischemic
attacks, microvessel pathology and smoking, have a vascular
component that reduces cerebral perfusion (de la Torre, 2002).
In fact, detection of regional cerebral hypoperfusion through
neuroimaging techniques can preclinically identify individuals
at risk for AD. Further, cerebral hypoperfusion precedes
hypometabolism, cognitive decline, and neurodegeneration
in AD (de la Torre, 2002). Therefore, disturbance of the
cerebrovascular system is likely to be a major contributor to
AD pathogenesis. This seems very attractive, but there are many
vascular lesions in the brain which do not lead to Aβ production
and deposition.

Alzheimer’s disease might originate from either or both of the
amyloid and vascular hypotheses together. Indeed, there could be
an intertwined form of AD which is a mixed manifestation where
the two pathologies co-exist. Initially one may predominate, but
at the end they might become indistinguishable. So, while we can
recognize that vascular changes may somehow contribute, these
are far from explaining all of the pathogenesis of AD.

Infection Hypothesis
The infection hypothesis was presented as a hypothetical
causative explanation even by Alois Alzheimer himself.
This hypothesis was discarded but has more recently been
“rediscovered” (Itzhaki et al., 2016). What is the evidence that
AD may be of infectious origin?

The resurgence of the hypothesis that microorganisms might
have an important role in the development of AD was rekindled
by the pioneering work of Itzhaki’s group who showed that
plaques contain remnants of HSV-1 viral DNA (Wozniak et al.,
2007, 2009, 2011; Itzhaki, 2016). This was one of the first
attempts to link AD pathological hallmarks to something other
than Aβ. The hypothesis proposes that in people infected
by HSV-1 (the majority of elderly persons), some show a
decline of the immune system with age which enables HSV-
1 to migrate from the periphery to the brain, or alternatively,
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in stressful circumstances, HSV-1 infects the brain directly
via the olfactory route. In the latter case, this infection is
mild. Once HSV-1 is in the brain, it is able to facilitate
several processes which contribute to neuroinflammation (e.g.,
direct stimulation of TLRs), as well as to direct neuronal
cytopathology and ultimately to neural degeneration (e.g., senile
plaque formation). There are experimental data supporting the
proposal that HSV-1 in the brain directly contributes to the
abnormal processing of APP to Aβ and favors their toxic
aggregation and also the hyperphosphorylation of Tau (Itzhaki,
2016). Further experimental data suggest that other viruses,
such as CMV, may also be involved in the pathogenesis of
AD (Lövheim et al., 2018). More recently the presence of
antiviral antibodies in epidemiological studies, especially high
IgM levels (representing the reactivation of viral infections), has
been correlated with the long-term development of AD (Lövheim
et al., 2015). Interestingly, these studies imply that the greater the
number of different microorganisms detected in the periphery,
the greater the probability of developing AD (Lövheim et al.,
2018). This suggests that not one single agent, but a community of
microorganisms may be involved in triggering AD (Carter, 2017).
These experimental data indicate that such agents may act as
environmental pathogenic trigger factors interacting with genetic
(e.g., APOE4) and immunologic factors (Costa et al., 2017) to
explain the heterogeneity of susceptibility to AD.

A second pioneering group of investigators, invoking the
infection hypothesis, has suggested a role for spirochetes in
the pathogenesis of AD (Miklossy, 2011a,b, 2016; Miklossy and
McGeer, 2016). They demonstrated the presence of Borrelia
burgdorferi in the post-mortem brains of many AD patients and
showed that senile plaques are biofilms built by these organisms
to protect themselves from host defense mechanisms and to
assure their own survival (Miklossy, 2016). These observations
provided a new impetus to the infection hypothesis as we will
describe below. However, the exact composition and the origin of
the amyloids contained in plaques/biofilms has not been precisely
determined.

Almost at the same time, Balin et al. (1998, 2008) also made
the important observation that Chlamydophila pneumonia, an
obligate intracellular, Gram negative bacterium was present in
post-mortem AD brains. Systemic infection by this pathogen
was associated with a fivefold increase in AD occurrence and
many AD patients have increased anti-C. pneumonia antibody
titers in blood. C. pneumonia may also enter directly through
the olfactory tract, as was described for HSV-1, and infect
or colonize different cells of the brain including microglia
(Bu et al., 2015). Viable bacteria were detected by one study
near the plaques in AD brains (Gérard et al., 2006). Dormant
reservoirs of bacteria have increasingly been discovered in the
body. It was recently demonstrated albeit not in AD that
Staphylococcus aureus may survive in some Kupffer cells and as
such constitute a dormant reservoir, the reactivation of which
may occur at any time when the circumstances become favorable
(Surewaard et al., 2016). These infections were related to the
ApoE4 genotype, a known genetic risk factor for AD. Since
these seminal observations, other bacteria were demonstrated
in AD brain such as Pseudomonas aeruginosa, Escherichia

coli, Helicobacter pylori, and S. aureus (Singhrao et al., 2015;
Zhan et al., 2016). Of note, great care was taken by these
investigators to exclude the possibility that the presence of
these microorganisms in the brain was due to post-mortem
contamination.

Consistent with these data, it is well-recognized that
periodontitis and gingivitis are linked to a higher risk of AD
(Singhrao et al., 2015; Pritchard et al., 2017). As these are
chronic inflammatory diseases affecting the whole body it is
not surprising that they are also associated with cardiovascular
disorders, type 2 diabetes mellitus and rheumatoid arthritis
(Carter et al., 2017; Kriebel et al., 2018) which, in turn are
additional risk factors for the development of AD. What is
not known exactly is the pathomechanism of this connection
and whether specific pathogens are involved in this association.
There are many candidates but none of them have been
proven. In this context the role of Porphyromonas gingivalis
as the “master bacterium” orchestrating the whole community
of microorganisms inside the mouth has been strongly evoked
(Hajishengallis et al., 2012). This bacterium is able to subvert
the role of organ specific inflammatory cells via different
virulence factors such as its LPS and gingipains (How et al.,
2016; Olsen et al., 2016). The bacteria, as well their molecules
(capsular proteins, flagellin, fimbrillin, peptidoglycan, proteases),
may be considered as pathogen-associated molecular patterns
(PAMPs) and will interact with PRRs such as TLR-2 and
TLR-4 resulting in pro-inflammatory cytokine secretion. This
in turn could result in a neuroinflammatory state leading to
neuronal destruction and the disruption of the blood–brain
barrier (BBB) (Zlokovic, 2011; Keaney and Campbell, 2015). It
is of note that P. gingivalis, as with all the above-mentioned
microorganisms, is able to promote Aβ deposition, thus directly
linking this infection to AD (Liu et al., 2017; Wu et al., 2017).
These experimental data suggest that this is a physiological
response of the organism to these microbiological challenges.
Furthermore, P. gingivalis can disrupt the BBB (van de Haar
et al., 2016), which may facilitate the entry of other cells and
pathogens into the brain. Once more, the microorganisms of
the mouth are also forming biofilms to assure their survival
and their virulence (Liu et al., 2017) (immune evasion) and
creating a quorum sensing like milieu which may affect the
responses induced by each other (Srinivasan et al., 2017). This
is of fundamental importance for their survival by protecting
them from the host immune system. In summary, probably
everybody would have P. gingivalis in their brains but depending
on its virulence, on their genetic makeup and their susceptibility
to develop inflammation, they may or may not be suffering
from AD.

Another group of oral bacteria may also play a role in AD,
namely Treponema, of which there are several species in the
oral microbiome. Treponema pallidum, the infectious agent of
syphilis, although not an oral treponeme, can invade the brain
and provoke a chronic infection leading to neurosyphilis, which
has common features with AD, due to its ability to evade the
immune system. Oral treponemes have also been found in the
brain and may also be able to efficiently evade the immune system
and provoke chronic infections.
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Recently, mutual influences in the gut–brain axis
(bidirectional communication) have been suggested to
contribute to the development of AD (Alkasir et al., 2017;
Jiang et al., 2017). The microbiota are powerful modulators
of whole-body metabolism. Dysbiosis, which can occur with
aging, is associated with increased gut permeability that
may influence several factors playing a role in the increased
incidence of AD with age (Biagi et al., 2010). Most importantly,
the dysregulated microbiota (gut, mouth, and nose) may
lead to a systemic inflammatory state which impedes the
functioning of brain cells including the activation of microglia
at the origin of neuroinflammation. A vicious circle is then
initiated between the brain and the gut facilitated by the
increased BBB disruption (Jiang et al., 2017). Furthermore,
this inflammation may also result in the invasion of microbes
or microbial products such as LPS and amyloids into the
brain (Bhattacharjee and Lukiw, 2013; Hufnagel et al., 2013),
contributing to neuroinflammation and the resulting production
of Aβ and pTau (Torrent et al., 2012; Schwartz and Boles, 2013;
Hill et al., 2014; Bergman et al., 2016; Müller et al., 2017).
Thus, it may be that changes occurring at different ages in
the microbiome (dysbiosis) contribute to the development
of AD.

Very recently, the involvement of fungi in AD has been
demonstrated, following long-held suspicion that they may play
a role (Pisa et al., 2016, 2017; Alonso et al., 2017). One of
the most constantly mentioned mycetes is Candida albicans,
which has been directly demonstrated in the brain of AD
patients. Many other fungi have also been incriminated, the most
frequent being the genus Malassezia. Malassezia are commensals
of the oral cavity and also found on the skin. They may
become pathogenic to humans in an opportunistic manner.
So, most of the fungi originate from the nasal or the oral
cavity. These disseminated mycoses may be implicated either
as causative agents or as risk factors for AD. Interestingly,
fungal products such as polyglucans, β-tubulin, enolase, and
chitinase may also be found in the blood and the CSF from
AD patients (Pisa et al., 2016). These are part of the body
mycobiome (community of fungi inside an organism). However,
it is important to mention that fungi are not only found
in the brains of AD patients but also in normal and MCI
brains. Thus, the question is once more how and why they
may become pathogenic and lead to AD. Again, most probably
genetic–environmental interactions will make them more or less
virulent. Moreover, the number of fungi found, as well as their
association with other microbes in senile plaques/biofilms may
be important.

Even though there is very strong evidence that the brain of
AD patients commonly contains several microbes this is clearly
not enough to prove that AD is an infectious disease. It is
now well-accepted that in the brain there is a large microbial
biodiversity. Most of these organisms have been found in post-
mortem brains and documented in many countries throughout
the world. So, this is a worldwide phenomenon. Also, this may
emphasize the concomitant role of microbial products as triggers
of the inflammatory status in the brain. One piece of the puzzle is
still missing.

NEW ROLE FOR Aβ

This missing link came from the seminal work of the group
of Tanzi and Moir demonstrating that Aβ is an AMP (Soscia
et al., 2010), as shown by comparing Aβ to LL37 (a powerful
antimicrobial agent active against various bacteria and fungi).
They tested Aβ as AMP against a large number of pathogens
(e.g., Enterococcus faecalis, S. aureus, C. albicans, etc.). We found
that Aβ also has antiviral activity, secreted upon viral infection
with HSV-1 (Bourgade et al., 2015, 2016a,b). Indeed, Aβ creates
pores in cellular membranes and thus kills bacteria, fungi, and
enveloped viruses (Bode et al., 2017).

These observations were followed by the in vivo testing of the
antimicrobial activity of Aβ. Mice infected with pathogens (e.g.,
Salmonella typhimurium) were intracerebrally treated with Aβ

which almost totally prevented infection and plaque formation
(Kumar et al., 2016). So, this confirmed the physiological
antimicrobial activity of Aβ.

The demonstration that Aβ is an AMP was instrumental in
making a link between the infection hypothesis of AD and the Aβ

hypothesis of AD. This clearly indicates why trials that targeted
Aβ failed and why Aβ, per se, could not be the cause of AD (Ferrer
et al., 2004). This was followed by reassessment of the nature of
senile plaques.

NEW ASSESSMENT OF SENILE
PLAQUES

In view of our infection hypothesis it can be said that the plaques
in the brain of AD patients and even in the earlier stages may
actually be biofilm.

A biofilm is a polysaccharide, protein, nucleic acid
conglomerate secreted by one microorganism or by a synergistic
microbial community (Costerton et al., 1995; Sapi et al., 2012;
Serra et al., 2013; Kriebel et al., 2018). It surrounds the bacteria
(or fungus) that secreted it and protects it from desiccation,
toxic substances, antimicrobials, or immune attack. Within
the biofilm, microorganisms can communicate via quorum
sensing (Srinivasan et al., 2017). Many substances may be found
inside the biofilm depending on the type of pathogen and the
surrounding substances. Thus, microorganisms in biofilms show
elevated tolerance to stress and antibiotics as well as to immune
mediated attacks conferring to this whole structure an ideal
niche to assure the persistence of the microorganism in the
environment and mainly in association with the host.

When considering the infection hypothesis and the
antimicrobial role of Aβ, it is suggested that senile plaque
found in the brain is in fact a biofilm assuring the survival
of various pathogens (polymicrobial). This was proposed by
the group of Miklossy for treponema (Miklossy, 2016) and by
the group of Balin for the C. pneumoniae (Balin et al., 2008). The
group of Itzhaki also found evidence of HSV-1 DNA in plaques
(Wozniak et al., 2009). Indeed, biofilms often contain microbial
nucleic acids.

It is important to understand what the composition of
senile plaque (biofilm) is. In biofilms, curli fibers, which are
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microbial amyloids, aggregate and acquire Aβ-like conformations
and act as cross-seeding molecules to propagate (Taylor and
Matthews, 2015). Indeed, amyloid fibers are abundant in the
bacterial world and are recognized as major structural and
functional extracellular matrix components of environmental
and pathogenic biofilms (Müller et al., 2017). Thus, it would be
conceptualized that these microbial products which constitute
the skeleton of the biofilm also incorporate Aβ in the brain
which will result ultimately in senile plaques (Torrent et al., 2012;
Bergman et al., 2016; Müller et al., 2017). As already mentioned,
Aβ is an AMP so it is somehow counterintuitive to imagine that
Aβ is used by the microorganism for its own destruction unless its
incorporation into biofilm leads to its inactivation. In this case,
it would not be surprising that microorganisms inactivate host
antimicrobial agents. Alternatively, most research has mainly
found residues of infectious agents but not live organisms in
the AD brain. Thus, senile plaques may be a sort of cemetery
for the various microorganisms, containing mainly very toxic
and inflammatogenic microbial substances which may stimulate
the surrounding microglia. However, it can be imagined that
microorganisms may survive in some form that is not sensitive to
Aβ attacks (perhaps within biofilms) allowing them to reactivate
periodically.

Thus, presently all evidence converges to consider plaques
as biofilms. If they may be found, as in some elderly, without
dementia, this means that the biofilms may have efficiently
contained the microorganisms and no clinical manifestations
arise. When the microorganisms exit from the biofilms on
periodic reactivation clinical symptoms may appear. These
considerations make biofilms extremely important as targets or
protectors against therapy. Nevertheless, despite the compelling
evidence that senile plaques are biofilms this still does
not definitively answer the fundamental question of whether
microbes are the causative agents of AD.

ROLE OF NEUROINFLAMMATION AND
THE INNATE IMMUNE SYSTEM

Neuroinflammation is considered a hallmark of AD (McGeer
and McGeer, 2013; Bolós et al., 2017; McManus and Heneka,
2017; Pritchard et al., 2017). The infection hypothesis provides
the stimulus for this neuroinflammation. It also sheds light on
two other fundamental issues: (1) Neuroinflammation may not
be entirely the consequence of Aβ deposition (as stated by the
amyloid hypothesis) but rather may itself cause Aβ deposition
as a protective response toward microbial challenge; and (2)
It is not the case that Aβ is exclusively a “harmful” molecule
that aggregates to form plaque, but it is also a basic element
of the innate immune defense system and thus a “beneficial”
molecule as well, at least under certain conditions (Le Page
et al., 2018). Ultimately, as reactivations of infections become
more frequent and chronic production of Aβ increases, its
antimicrobial effect may be blunted by loss of active Aβ through
recruitment to plaque formation; inflammation becomes chronic
and ultimately deposition proceeds and results in senile plaque
formation (Bourgade et al., 2016a,b). The deposition of plaque

may be the initiator of the inflammatory process, maintain it and
finally destroy the neighboring neurons. This process becomes
visible clinically when a threshold is crossed.

Thus, these considerations also suggest that the innate
immune system plays an important role in the development and
progression of AD not only in the brain but also outside the
brain (Le Page et al., 2018). The infection will stimulate the innate
immune system as participating cells join forces to eradicate
the infections. There will be a successive activation of NK
cells, neutrophils, and monocytes/macrophages all undergoing
differential activation at different disease stages (from symptom-
free to the MCI stage, then to fully developed AD) (Saresella
et al., 2014; Le Page et al., 2015, 2017). Aβ is an actor but also
a stimulus for the innate immune system, subsequently to other
stimuli such as the microbial products found in the brain and
in the periphery including LPS, curli products, glucans which
act as PAMPs. They induce activation via PRR including TLRs
and NODs resulting in a proinflammatory milieu with pro-
inflammatory cytokines and chemokines, mainly TNFα, IL-1β,
and IL-6 (McManus and Heneka, 2017). Indeed, an increased
production of IL-1β and IL-18 by monocytes/macrophages was
demonstrated after LPS stimulation reflecting the stimulation of
the NLRP3 and caspase-1 pathways (Minogue, 2017; Wohleb and
Delpech, 2017). Moreover, they can modify the phenotypes of the
microglia as they transform them into M2 phenotypes. Thus, the
innate immune system, by inducing neuroinflammation, plays a
pivotal role in AD pathogenesis both in the periphery and after
migrating to the brain through the increased BBB permeability.

HOW MAY ALL THESE THEORIES BE
RECONCILED?

The existing data suggest that AD results from a progressive
accumulation of noxious inflammatory processes or events in the
brain fuelled by multiple infectious agents that colonize/infect
the body. Local neuroinflammation may continue at a low
level throughout life with little negative effect. However,
when exacerbated by reactivation of infections combined
with other insults (e.g., oxidative stress), including age-related
insults like increasing amounts of senescent cells, the acute
inflammatory response results in unbalanced production
of cytotoxic mediators, such as TNFα, which, accompanied
by immunosenescence/inflamm-aging, becomes difficult to
control or stop (Fulop et al., 2018). Microbial metabolites
may not only fuel neuroinflammation, but also contribute
to senile plaque formation when their biofilm components
are integrated into plaque. The enhanced neuroinflammatory
process damages neurons and alters the (BBB). These mediators
also induce peripheral inflammation and then return to further
stimulate local neuroinflammation (Blach-Olszewska et al.,
2015; Festoff, 2016; Busse et al., 2017). This progressive pro-
inflammatory situation is exacerbated with age, creating a
vicious cycle of local and systemic inflammatory responses
leading to activation of cytotoxic microglia, unbalanced
cytokine production, Aβ accumulation and irreversible brain
damage.
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FIGURE 1 | Pathogenesis of Alzheimer’s disease (AD) according to an infection hypothesis incorporating the old amyloid beta hypothesis. Peripheral microbiomes
are the source of microorganisms. In the periphery, they activate the innate immune system and cause inflammation which favors penetration of microorganisms
either via the blood-stream or transported by monocytes/macrophages through the blood–brain barrier (BBB) into the brain. In the brain they form biofilms which
integrate Aβ (pathogen-induced) to form senile plaques. Disruption of the BBB comes both from outside the brain via peripheral inflammatory mediators as well as
from within the brain by the cytokines and inflammatory cells having already penetrated the BBB as well as mediators generated by microglia that have been
stimulated by chronic infections. Genetics/epigenetics, stress, and aging affect both sides. Together they form a vicious circle, originating (and perpetuated) by
chronic infections or pathogen reactivation. An additional smaller amplifying circle exists between plaques and biofilms which stimulate neuroinflammation in the
brain. This process leads to neuron death and eventually to AD.

WHAT IS THE REQUIRED RESEARCH
AGENDA TO TEST THE INFECTIOUS
HYPOTHESIS?

We suggest that many microorganisms may together cause
overproduction of Aβ by affected neurons while their
biofilms enhance and reinforce senile plaque and thus they
may be the actual cause of AD. By being able to detect
them and their biofilms it should be possible to associate
them with the development and progression of AD. An
important question is how a chronic infection, potentially
involving several microorganisms, may smolder for decades,
its neuroinflammation remaining silent, and then manifesting
itself clinically only decades later. Our preliminary results
suggest that an infectious reservoir might exist inside the
brain and/or in the periphery, which would be transmitted
to the neurons. Reactivation of chronic infection may occur
periodically under various stresses, but it is silenced by immunity
until immune-surveillance is overcome or a threshold is reached.
These chronic infections and reoccurrences would be favored
by the presence of biofilms, which assure the survival of the
infectious agent in the brain. Biofilm deposition in the brain
may also contribute a framework for Aβ to create senile plaques.

Indeed amyloid-like proteins made by bacteria form the basis
of biofilms. Furthermore, polymicrobial biofilms are generally
more robust than those made by individual bacteria and the
addition of Aβ might make even stronger senile plaque/biofilm.
Thus, detection of infection as early as possible, decades before
the clinical manifestations may constitute a proof of infectious
etiology.

THERAPEUTIC IMPLICATIONS OF THE
INFECTION HYPOTHESIS

It would be very optimistic to imagine that an antibiotic therapy
may be administered and cure, or at least prevent progression
of AD. It is clear, however that no antibiotic regimen has been
developed to cure periodontitis which has a similar implication
of chronic infectious microorganisms and biofilms. However,
accepting that senile plaques have biofilm components opens
avenues to different possibilities to attack the integrity of the
biofilm. Small molecules, vaccines and other means could be
developed to target the biofilms or the microorganisms that
created them. It can be also imagined that by recognizing the
infectious etiology of AD, we will be able to discover early
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markers of the disease and we could develop new prevention trials
targeting new molecules. It is clear that Aβ should no longer be
considered as the best or only promising target for the prevention
and treatment of AD.

CONCLUSION

Many experimental data support the involvement of a
polymicrobial community in the pathogenesis of AD. This
“neurobiome” would be the backbone to support the new
infection hypothesis of AD (Figure 1). This new hypothesis
naturally incorporates the old amyloid hypothesis as Aβ is
again on the center stage but as a puppet to infectious masters,
rather than as a principal actor. This also throws a new light
on neuroinflammation which precedes Aβ production and is
not a consequence of it. So, in our view the question is not
whether the microorganisms are the causative agents of AD
but how and when they are inducing it. How all these mostly
commensal microorganisms became pathological and when
in the evolution of the disease they will manifest themselves
remains to be discovered. It can be assumed that advancing age
may be a common driving factor to explain the how and the
when by influencing either virulence factors or accumulation as
well the progressively more senescent defense state against the
infection which had installed itself perhaps decades earlier. This
pathological situation is not without parallel to the natural history
of cardiovascular diseases which also develop via atherosclerotic

lesions that appear decades before clinical manifestations. The
age-associated loss of control of (neuro) inflammation will also
play a role in AD. This new hypothesis generates hope to find new
targets, even if biofilms are difficult to combat as reported in the
case of periodontitis. Nevertheless, a better understanding of the
role of the “neurobiome” will ultimately result in the prevention
and treatment of this disastrous disease.
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Many studies indicate that there is a (mainly dormant) microbial component in the
progressive development of Alzheimer-type dementias (ADs); and that in the case
of Gram-negative organisms, a chief culprit might be the shedding of the highly
inflammagenic lipopolysaccharide (LPS) from their cell walls. We have recently shown
that a highly sensitive assay for the presence of free LPS [added to platelet poor plasma
(PPP)] lies in its ability (in healthy individuals) to induce blood to clot into an amyloid
form. This may be observed in a SEM or in a confocal microscope when suitable
amyloid stains (such as thioflavin T) are added. This process could be inhibited by human
lipopolysaccharide-binding protein (LBP). In the current paper, we show using scanning
electron microscopy and confocal microscopy with amyloid markers, that PPP taken
from individuals with AD exhibits considerable amyloid structure when clotting is initiated
with thrombin but without added LPS. Furthermore, we could show that this amyloid
structure may be reversed by the addition of very small amounts of LBP. This provides
further evidence for a role of microbes and their inflammagenic cell wall products and
that these products may be involved in pathological clotting in individuals with AD.

Keywords: Alzheimer-type dementia, amyloid, clotting, dormancy, infection, microbes

INTRODUCTION

The progression of AD is accompanied by a great many observable changes, both molecular and
physiological, and it is the commonest form of dementia (Takizawa et al., 2015). It is currently
estimated that 5.4 million Americans have Alzheimer’s Disease and that by mid-century the
number of people living with Alzheimer’s Disease in the United States alone is projected to grow to
13.8 million (Alzheimers Association, 2016). AD is not only recognized as a neuro-inflammatory
but also a systemic inflammatory condition, as AD individuals present with abnormal clotting
(hypercoagulation), decreased fibrinolysis (hypofibrinolysis), elevated levels of coagulation factors,
hyperactivated platelets, and vascular defects that include cerebrovascular dysfunction, decreased
cerebral blood flow, and blood–brain barrier (BBB) disruption (Ripollés Piquer et al., 2004;
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Lee et al., 2008; Cortes-Canteli et al., 2012; Bester et al., 2015;
Maiese, 2015; Nielsen et al., 2015; von Bernhardi et al., 2015;
Pretorius et al., 2016a).

We have previously shown that AD individuals present with
various hematological abnormalities in terms of fibrin(ogen),
platelet, and erythrocyte (RBC) structure, and this is summarized
in Figure 1. In brief, AD individuals exhibit pathological levels
of circulating cytokines, and “free” iron levels (albeit typically
observed as serum ferritin) are also raised (Kell, 2009; Bester
et al., 2013; Kell and Pretorius, 2014; Pretorius and Kell, 2014;
Pretorius et al., 2016a). These circulating molecules are known
to cause both hypercoagulation and hypofibrinolysis (Kell and
Pretorius, 2015b). We have also suggested that, at least in part,
the upregulation of cytokines and coagulation factors are due
to the presence of potent circulating bacterial cell wall products,
that include LPSs (Pretorius et al., 2016a). This purposely implies
(as reviewed in Kell and Pretorius, 2018) that many of the
pathologies seen in AD are due to the presence of the very
potent circulating LPS inflammagen molecules (and other such
molecules, e.g., lipoteichoic acid from Gram-positive bacteria).
The presence of some sort of infection, with the infectious agents
typically in a dormant state (Kell and Pretorius, 2015a; Kell et al.,
2015; Potgieter et al., 2015), is central to this line of thought. It
is supported by a great many papers that suggest that, although
various risk factors have been identified and implicated in AD
pathogenesis, including family history and genetics, central to
the development of AD is in fact the presence of infections (e.g.,
Ripollés Piquer et al., 2004; Kamer et al., 2008a,b; Miklossy, 2008,
2011a,b; Honjo et al., 2009; Eriksson et al., 2011; Itzhaki and
Wozniak, 2012; Amor et al., 2013; de Souza Rolim et al., 2014;
Itzhaki, 2014; Karim et al., 2014; Shaik et al., 2014; Singhal et al.,
2014; Singhrao et al., 2014; Gaur and Agnihotri, 2015; Itzhaki
et al., 2016).

We recently reviewed the evidence that dormant, non-
growing bacteria are a crucial feature of AD, that their growth
in vivo is normally limited by a lack of free iron, and that it
is this iron dysregulation that is an important factor in their
resuscitation (Potgieter et al., 2015; Pretorius et al., 2016a; Kell
and Pretorius, 2018). We have also presented evidence that
bacterial cells can be observed by ultrastructural microscopy in
the blood of AD patients (Pretorius et al., 2016a). A consequence
of this is that these bacterial cells might shed highly inflammatory
components such as LPS. LPS is known to be able to induce
(apoptotic, ferroptotic, and pyroptotic; Dong et al., 2015)
neuronal cell death. LPS is also raised in AD, and it is found
inside the brain and closely associated with the amyloid areas in
the brains of these individuals (Lee et al., 2008; Deng et al., 2014;
Zhao and Lukiw, 2015; Zhao et al., 2015). Recently, Zhan and
co-workers also reviewed literature showing that Gram-negative
bacteria (E. coli) can induce the formation of extracellular
amyloid, and that the degraded myelin basic protein (dMBP) co-
localizes with β amyloid (Aβ) and LPS in amyloid plaques in AD
brains (Zhan et al., 2018).

Abbreviations: AD, Alzheimer-type dementia; LBP, lipopolysaccharide-binding
protein; LPS, lipopolysaccharide; PPP, platelet poor plasma; SEM, scanning
electron microscope.

We recently also provided evidence that LPS (and LTA
from Gram-positive bacteria) could induce amyloid formation
in healthy fibrin(ogen), the most abundant plasma protein in
blood, after it is added at tiny concentrations to blood from
healthy individuals (followed by the clotting agent thrombin)
(Pretorius et al., 2016b, 2018a). We then studied the presence
of amyloid in these clots (before and after addition of LPS),
using confocal microscopy and fluorescent markers for amyloid.
In those experiments, we saw that addition of LPS to healthy
PPP caused a significant increase of amyloid fluorescent signal,
compared to the naïve sample (i.e., samples without added
LPS). In these papers, we also showed that LBP can inhibit the
formation of such amyloid structures (Pretorius et al., 2016b,
2018a). Furthermore, we showed that (some) of the (naïve)
fibrin(ogen) molecules are amyloid in conditions such as type 2
diabetes and Parkinson’s Disease, and that in these conditions,
LBP added to PPP of such individuals, could also reduce the
extent of amyloid fibrin(ogen) structure (Pretorius et al., 2017a,b,
2018a,b).

Thus, the question now arose as to whether the extent of
fibrin-type amyloid in PPP varies between AD individuals and
suitably matched controls, and whether the removal of any LPS
using the mopping agent, LBP, could remove the amyloid signal
present in the (naïve) plasma of AD individuals.

Indeed, Zhang et al. (2009) reported elevated levels of
LPS concentrations in plasma from patients with sporadic
amyotrophic lateral sclerosis and AD, as compared to healthy
controls. The present paper provides further evidence of the
presence of LPS in PPP of AD individuals, as we showed that LBP
could remove amyloid (fluorescent) signal from AD plasma. Our
observation is therefore consistent with the general view set out
above that there is a major dormant microbial component to AD.

MATERIALS AND METHODS

Ethical Statement, Volunteer Details, and
Blood Collection
Blood samples were obtained from non-smoking, Alzheimer-
type dementia (AD) patients, identified by a Neurologist and
under the care of a medical practitioner. Specifically, care was
taken to exclude vascular dementia. We also recruited “healthy”
age-matched individuals that did not smoke. It should be noted
that the term “healthy” is used in this paper to describe an
individual who does not have dementia. Ethical clearance was
obtained from the Health Sciences Ethical committee from the
University of Pretoria, and informed consent was obtained from
family members who act as carers of the patients (81/2013,
amended 2015). Healthy individuals also filled in consent forms.
Blood was collected in two 4 mL citrate tubes and one 4 mL
clotting tube for iron level determination. This collection and all
handling of samples were performed under very strictly aseptic
conditions, to prevent any microbial contamination of samples.

Iron Tests
Serum ferritin, transferrin, and serum iron was tested at a
pathology laboratory in South Africa.
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FIGURE 1 | Alzheimer-type dementia (AD) is associated with hematological abnormalities that include (dys)regulated cytokines, iron and clotting factors. Increased
LPS levels are also known to be present in AD. We have suggested that the presence of LPS not only is one of the causes of (dys)regulated cytokines, clotting
factors and oxidative stress, but the cause of fibrin(ogen) and RBC dysfunction. We investigate here if fibrin(ogen) in AD is amyloid in nature, and if LBP can reverse
fibrin(ogen) amyloid structure.
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LPS-Binding Protein
A final added LBP exposure concentration of 4 ng L−1 LBP was
used and LBP was purchased from Sigma (recombinant product
SRP6033; >95% pure).

Scanning Electron Microscopy (SEM) of
Platelet Poor Plasma (PPP)
At least 30 min after the blood was collected in citrate tubes
by venepuncture, PPP were obtained and frozen at −80◦C. PPP
was prepared by centrifuging citrated whole blood for 15 min at
3,000 g at room temperature. After all samples were collected,
PPP were thawed and 10 µL mixed with 5 µL thrombin to
create an extensive fibrin network. Thrombin was provided by the
South African National Blood Service, and the thrombin solution
was at a final exposure concentration of 10 U mL−1 (initial
product concentration is 20 U mL−1 made up in PBS containing
0.2% human serum albumin, see footnote 1 for a description
of how thrombin units are calculated). A Zeiss ULTRA Plus
FEG-SEM with InLens capabilities was used to study the surface
morphology of erythrocytes, and micrographs were taken at 1 kV.
SEM preparation was done as previously reported (Pretorius
et al., 2017c).

Airyscan Confocal Microscopy
PPP was thawed, followed by preparation of clots for analysis
using confocal Airyscan methods. We added Thioflavin T (ThT)
(a well-established amyloid stain; LeVine, 1999; Biancalana et al.,
2009; Biancalana and Koide, 2010; Groenning, 2010; Sulatskaya
et al., 2011, 2012; Kuznetsova et al., 2012; Picken and Herrera,
2012; Younan and Viles, 2015; Kuznetsova et al., 2016; Rybicka
et al., 2016) at a final concentration of 5 M to 200 µL to either
healthy PPP, naïve AD PPP, or after a 10 min exposure of AD
PPP to 4 ng L−1 (final concentration) LBP. These PPP samples
were incubated (protected from light) for 1 min. This step was
followed with the addition of thrombin, added in the ratio 1:2
to create extensive fibrin networks. A coverslip was placed over
the prepared clot, and viewed immediately with a Zeiss LSM
510 META confocal microscope with super-resolution (Airyscan)
capabilities. The Airyscan detector increases the resolution by a
factor of 1.7, achieving super-resolution of 140 nm, and with a
Plan-Apochromat 63×/1.4 Oil DIC objective. Excitation was at
488 nm and emitted light was measured at 505–550 nm.

Statistical Analysis and Data-Sharing
Histogram-Based Analysis of SEM and ThT Staining
For each picture, we obtained the histogram of intensities (8-
bit scale) using the histogram function of ImageJ. From this
we calculated the coefficient of variation (CV; as standard
deviation/mean). For details of this analysis method, see
(Pretorius et al., 2017b, 2018a). Quantification of fluorescent
marker binding (ThT) was done by assessing the variance
between (black) background and the presence of fluorescent
pixels where ThT fluorescent binding was present in the clots.

1https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/
Product_Information_Sheet/1/t6884pis.pdf

Increased ThT binding is here reflected as increased fluorescence
which shows increased amyloid protein structure in fibrin(ogen)
(see Pretorius et al., 2017a, 2018a) for a detailed explanation of the
methods. We used the histogram function in ImageJ (FIJI) and
calculated the coefficient of variation (CV) (as SD/mean) of the
histogram of different pixel intensities as our metric to quantify
and discriminate between clots of healthy (age-controlled) naïve
PPP and clots from AD with and without LBP.

A healthy clot (i.e., a clot taken from a healthy individual),
viewed with SEM looks somewhat like a bowl of spaghetti with
elongated fibrin fibers. In AD individuals, this clot structure
changes to a dense and matted hypercoagulated clot (Bester
et al., 2015). We also used the CV calculation described above
to analyze SEM clots. The fibrin fibers of healthy individuals
have a greater variation of dark and light areas, due to the
elongated fibers, with open areas between the individual fibers.
With an increased hypercoagulability and amyloid formation, the
clots become matted and dense, resulting in a more uniform
grayness. We used this difference in structure as our metric,
where increased hypercoagulability is related to an increase in
amyloid formation and this is visible as a more uniformly dense
morphology with less color gradient.

The statistical analysis of CV data was performed with
GraphPad 7, using the one-way ANOVA analysis with Tukey’s
multiple comparison’s test comparing the mean of each column
with the mean of every other column.

Availability of Data and Material
Raw data, including original micrographs can be accessed at:
https://1drv.ms/f/s!AgoCOmY3bkKHiJRrop6cF6uhTnQA1A or
https://www.researchgate.net/profile/Etheresia_Pretorius.

RESULTS

As discussed in the introduction, AD is not only known for
the presence of neuroinflammation, but also for the presence
of hematological abnormalities, including an increased presence
of LPS and also (dysregulated) cytokines, iron and clotting
factors, which result in oxidative stress and abnormal clotting.
Previously we showed that abnormal clotting and the presence of
bacterial inflammagens like LPS, result in fibrin(ogen) becoming
amyloid in nature, and that we can remove the signal by
addition of LBP (Pretorius et al., 2017a,b, 2018b). In Figure 1,
we set out our hypothesis: that also in AD, the presence of
LPS, together with dysregulated iron levels and oxidative stress,
causes fibrin(ogen) to become amyloid and that we can reverse
this with LBP. Furthermore, we show this reversal by using
both ultrastructure (SEM) and the fluorescent marker ThT using
Airyscan (confocal) microscopy. The rationale behind using LBP
is that, if the amyloid structure is indeed due to the presence
of bacterial inflammagens, LBP would remove it by binding to
these inflammagnes, thus preventing it from causing amyloid
fibrin(ogen) deposits.

Table 1 shows the demographics of individuals with AD, as
well as healthy, age-controlled individuals. Transferrin, iron, %
saturation of iron and serum ferritin were measured in these
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TABLE 1 | Demographics for the healthy and the Alzheimer-type dementia
individuals used in this study.

Alzheimer’s
disease (N = 20)

Healthy individuals
(N = 11)

p-Values

Gender 15 F; 5 M 7 F; 4 M 0.7

Age 77.3 ± 12.1 70.0 ± 13.0 0.13

Iron (µM) 12.4 ± 5.02 19.0 ± 4.39 0.001

Transferrin (g·L−1) 2.2 ± 0.47 2.4 ± 0.30 0.13

% transferrin
saturation

24.2 ± 10.79 31.9 ± 7.52 0.04

Serum ferritin
(ng·mL−1)

96 (30.5–113) 66 (29–84) 0.4

Gender was compared using Fisher’s exact test. Age and iron measurements were
compared using the unpaired t-test. Serum ferritin was compared using the Mann–
Whitney test following the non-normal distribution of this measurement. All analyses
were done using GraphPad 7. Data are presented as either mean± STD or median
(lower quartile–upper quartile; interquartile range). Bold numbers show significant
p-values.

individuals, and these values, particularly serum ferritin, is used
as an indication of the level of systemic inflammation (Kell, 2009;
Kell and Pretorius, 2014).

In our hypothesis and Figure 1 we argue that there is
a link between oxidative stress, increased iron levels and
inflammation, and this is directly linked to the presence
of bacterial inflammagens like LPS. In our sample, healthy
individuals had low mean serum ferritin, where in the
AD population it was approximately three times higher.
However, despite the large difference in mean serum ferritin
values between the two groups, the difference was not
statistically significant owing to large variation within the
samples.

Table 2 shows results for the analysis of the clots using
both SEM and confocal microscopy. Micrographs were
analyzed as discussed in Section “Materials and Methods”.
Table 2 shows p-values and statistics of CVs calculated from
SEM (micrographs showing ultrastructure) and Airyscan
(micrographs showing fluorescence). We compared CVs from

TABLE 2 | Data for Alzheimer-type dementia and healthy individuals showing the
coefficients of variation (CV) of the intensity of the pixels in the clot images (Tukey’s
analysis).

p-Value Mean difference 95.00% CI of
difference

Airyscan coefficients of variation p-values (AD: N = 20; Control: N = 10)

Control vs. AD <0.0001 −0.35 −0.5 to −0.2

Control vs. AD + LBP 0.8 0.05 −0.14 to 0.2

AD vs. AD + LBP <0.0001 0.39 0.2 to 0.5

Scanning electron microscopy coefficients of variation p-values
(AD: N = 20; Control: N = 11)

Control vs. AD <0.0001 0.2 0.1 to 0.3

Control vs. AD + LBP 0.06 −0.07 −0.15 to 0.003

AD vs. AD + LBP <0.0001 −0.3 −0.4 to −0.24

Airyscan and SEM images were used and statistical analysis was done to compare
CVs from controls vs. AD individuals. Bold numbers show significant p-values.

controls and AD individuals, and that produced the p-values
(Table 2).

Figure 2A gives an example of the clot structure, as viewed
with SEM, from a representative healthy individual. We analyzed
each SEM micrograph with ImageJ and produced a histogram
that gave us the mean and the standard deviation for each
micrograph (see section “Materials and Methods”). Figure 2B
shows such a representative histogram of the 8-bit intensity
for the SEM micrograph shown in Figure 2A. All micrograph
histograms were used to calculate the CVs for each participant
(both controls and AD individuals) (statistical analysis shown in
Table 2). Figure 3 shows SEM images before and after treatment
of a representative examples of three AD PPP clots, with and
without LBP.

Figure 4 show a representative micrograph and its histogram
from a healthy individual, using Airyscan confocal microscopy.
Figure 5 shows clots from AD individuals before and after
LBP treatment. In healthy clots, there is little to no binding of
ThT to amyloid fibrin(ogen) proteins. In AD clots, significant

FIGURE 2 | (A) Clot structure from a representative healthy individual as seen
with SEM. All clots were created by adding thrombin to PPP (prepared after
whole blood is centrifuged for 15 min at 3,000 g). (B) Representative
histogram of the 8-bit intensity for the SEM clot shown in (A).
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FIGURE 3 | (A) Naïve clot structures from representative Alzheimer-type
dementia individuals as seen with SEM. (B) The same samples treated with
LBP. The size marker is the same for all panels.

FIGURE 4 | (A) Clot structure from a representative healthy individual as seen
with Airyscan super-resolution confocal microscopy. PPP from each individual
was incubated with the fluorescent marker ThT. PPP were mixed with
thrombin to create an extensive fibrin network. (B) Representative histogram
of the 8-bit intensity for the Airyscan clot shown in (A).

ThT binding fluorescence is noted, suggesting increased amyloid
formation in fibrin(ogen). When LBP is added to AD PPP, ThT
show significantly decreased binding. Figures 6A,B show graphs
and boxplots from the CV analysis. LBP added to PPP from AD
individuals (with added thrombin to initiate clotting), seems to
aid in the removal of amyloid signal so that the fibrin(ogen)
structure now looks more like that of the controls (noted by
using two techniques: Airyscan and SEM). Furthermore, the
p-values between controls vs. AD with added LBP in both the

FIGURE 5 | (A) Naïve clot structure from representative Alzheimer-type
dementia individuals as seen with Airyscan super-resolution confocal
microscopy. PPP from each individual was incubated with the fluorescent
marker ThT. PPP were mixed with thrombin to create an extensive fibrin
network. (B) Micrograph of the PPP clots from the same individual in the
opposite column (A), after treatment with LBP, followed by addition of ThT
and clot preparation.

Airyscan and SEM analysis, showed that added LBP makes
AD clots not significantly different to the controls (p = 0.8
and 0.06).

DISCUSSION

We have previously determined that in many inflammatory
conditions, the “normal” clotting of blood, involving the
polymerisation of fibrinogen to fibrin, produces a fibrin fiber
structure that becomes amyloid in nature, and that this might
be due to the presence (in part) of the potent inflammagen LPS,
which comes from the membranes of Gram-negative bacteria
(Potgieter et al., 2015, 2016b, 2017b, 2018a; Kell and Pretorius,
2017a,b) and is a potent inflammagen (Walter et al., 2007; Kell
and Pretorius, 2015a). This would be consistent with the many
studies (reviewed in Miklossy, 2015; Itzhaki et al., 2016; Kell and
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FIGURE 6 | Graphs and boxplots from coefficient of variation (CVs) form histogram data of Airyscan analysis (A) and SEM (B). Coefficients of variation (CV) of the
intensity of the pixels in the clot images was done using the Tukey’s analysis. Control vs. AD and AD vs. AD + LBP significantly differ by < 0.0001. Control vs.
AD + LBP are not significantly different.

Pretorius, 2018) that imply that there is a (dormant) microbial
component in AD. Previous research (see Poole et al., 2013;
Bester et al., 2015; Zhan et al., 2016a,b; Zhao et al., 2017a,b)
found LPS inside the brains of Alzheimer’s disease patients, as
well as an increase in circulating LPS. LPS is known to cross
(and possibly to damage Liu et al., 2001; Xaio et al., 2001;
Jaeger et al., 2009; Jangula and Murphy, 2013; Banks et al., 2015)
the BBB and lead to β-amyloid depositions (Lee et al., 2008).
Furthermore, neurotoxic microbial-derived components from
the GI tract microbiome can cross aging GI tracts and BBBs and
contribute to progressive proinflammatory neurodegeneration
(Zhao and Lukiw, 2018). In a recent review, Zhan and co-
workers describe that LPS indeed associates with amyloid
plaques, neurons and oligodendrocytes in AD brains (Zhan et al.,
2018). These authors also showed that LPS infiltrates the AD
nucleus and can induce an inflammatory signaling program

in brain cells, including up-regulation of the pro-inflammatory
microRNA miRNA-146a via a NF-kB signaling circuit (Zhan
et al., 2018).

Here we also show that the hypercoagulable structure
of fibrin(ogen) in AD patients is different from healthy
individuals, in that they appear to be amyloid (as shown
with the fluorescent marker ThT) and that their structure,
viewed with SEM, is matted and dense. In healthy clots, fibrin
has a typical “spaghetti-like” structure (Kell and Pretorius,
2015b). We could reverse aberrant clotting in AD PPP by
the addition of LBP. LBP binds bacterial inflammagens and
our results would therefore point to the presence of bacterial
inflammagens in AD PPP – that is, LBP could bind to and thus
prevent these inflammagens from causing amyloid formation
in the AD PPP when clots are formed after addition of
thrombin.
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When we added LBP to PPP from AD individuals (by
incubating their PPP with LBP), we showed that the p-values were
not significantly different (p = 0.8 and 0.06) between AD and
control donor blood. Therefore, LBP, incorporated in a therapy,
might not only prevent aberrant clotting in these individuals, but
might also reduce the circulating LPS pool that could eventually
cross into their brains via the BBB. Of course, a damaged BBB
can admit the transfer (atopobiosis; Potgieter et al., 2015) of the
organisms themselves (Miklossy, 2011a, 2015; Bajpai et al., 2014;
Tang et al., 2017), where they may be detected ultrastructurally
(Mattman, 2001), and that may continue to shed inflammagens.
We therefore suggest that LBP might eventually be used as
treatment to prevent the damaging effect of LPS on fibrin(ogen)
and hypercoagulation, and even to prevent (at least in part) the
deposition of amyloid-β (Aβ) plaques in the brain and the loss
of cognitive function that accompanies this neurodegenerative
disease. However, we note that a control protein, such as human
IgG should, in future, be used to present the specific effect of
LBP on amyloid formation, to further elucidate the physiological
processes discussed in this paper. In future, our hypothesis could
also be tested in a transgenic murine model of AD (TgAD) or
the 5xFAD (amyloid over-producing) model or equivalent (Vale
et al., 2010; Jeong et al., 2018).
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The disease known as late-onset Alzheimer’s disease is a neurodegenerative condition
recognized as the single most commonform of senile dementia. The condition is
sporadic and has been attributed to neuronal damage and loss, both of which have
been linked to the accumulation of protein deposits in the brain. Significant progress
has been made over the past two decades regarding our overall understanding of
the apparently pathogenic entities that arise in the affected brain, both for early-
onset disease, which constitutes approximately 5% of all cases, as well as late-onset
disease, which constitutes the remainder of cases. Observable neuropathology includes:
neurofibrillary tangles, neuropil threads, neuritic senile plaques and often deposits of
amyloid around the cerebrovasculature. Although many studies have provided a relatively
detailed knowledge of these putatively pathogenic entities, understanding of the events
that initiate and support the biological processes generating them and the subsequent
observable neuropathology and neurodegeneration remain limited. This is especially true
in the case of late-onset disease. Although early-onset Alzheimer’s disease has been
shown conclusively to have genetic roots, the detailed etiologic initiation of late-onset
disease without such genetic origins has remained elusive. Over the last 15 years, current
and ongoing work has implicated infection in the etiology and pathogenesis of late-onset
dementia. Infectious agents reported to be associated with disease initiation are various,
including several viruses and pathogenic bacterial species. We have reported extensively
regarding an association between late-onset disease and infection with the intracellular
bacterial pathogen Chlamydia pneumoniae. In this article, we review previously published
data and recent results that support involvement of this unusual respiratory pathogen in
disease induction and development. We further suggest several areas for future research
that should elucidate details relating to those processes, and we argue for a change in
the designation of the disease based on increased understanding of its clinical attributes.

Keywords: late-onset dementia, Alzheimer’s disease, amyloid, APOE, Chlamydia pneumoniae, etiology, infection,
neuroinflammation

INTRODUCTION

A longstanding idea in the medical literature is that a wide variety of chronic diseases could
be caused or exacerbated by a microbial infection. For example, in the early 20th century
rheumatoid arthritis was considered to be an infectious disease, an explanation that was
more or less abandoned by mid-century but which has re-emerged (Lansbury, 1950; Ford, 1963;
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Albert, 2000; Carty et al., 2004). Multiple sclerosis long has
been attributed at least in part to involvement of an infectious
component, although the identity of the specific agent(s)
remain(s) to be firmly established (Swanborg et al., 2003). Similar
arguments have been made in regard to other chronic diseases
of an idiopathic nature, but in most cases, an infectious etiology
and/or involvement of microbes in disease exacerbation have
been difficult to establish. The pattern is paralleled in cancer
etiology, in which infectious causation of some cancers has been
demonstrated (for review see de Martel et al., 2012); however,
most cancers are not thought to have an infectious etiology.

Instead of viral, bacterial, or mycological involvement in
disease causation, alternative mechanisms that might explain
chronic disease genesis have been pursued. Among the most
prominent explanations has been the potential genetic basis of
chronic clinical entities, including what is termed late-onset
Alzheimer’s disease. Most of these studies have indicated that
development of disease is not easily attributable to one or even a
few mutations or gene polymorphisms. Rather, such studies have
indicated that disease genesis is multifactorial, resulting from as
yet unknown environmental and host genetic factors (Harney
and Wordsworth, 2002; O’Connor et al., 2006).

With regard to Alzheimer’s disease, the single idea that
has predominated for almost three decades in studies of
the neuropathology underlying this clinical entity is the
‘‘amyloid cascade’’ hypothesis. The hypothesis proposes that
the deposition of the amyloid-β (Aβ) peptide is the critical
event underlying neuronal degeneration, and thus cognitive
dysfunction (Schellenberg, 1995). This idea is appropriately
applicable to the early form of dementia, familial Alzheimer’s
disease, since it is well established that this type of dementia
is caused by genetic mutations resulting in an increase in
amyloid formation and deposition (Tanzi, 2012). However,
many studies have determined that causation of late-onset
disease is not attributable to a small number of identical,
similar, or other genetic defects leading to Aβ deposition,
thereby undermining the contention that Aβ is the universal
etiologic factor eliciting the dementia. Importantly, in both
familial Alzheimer’s disease and late-onset disease, the
neuropathology is essentially identical; this clearly indicates
that factors other than the genetic lesions which underlie familial
disease must exist to explain the neuropathology of late-onset
disease.

Late-onset dementia typically is observed in older age;
indeed, age is the primary risk factor for its development.
Other factors also may increase risk of late-onset disease.
These include: atherosclerosis (de la Torre, 2006), Type
2 diabetes (Revill et al., 2006), neurotrauma (Szczygielski
et al., 2005) and infection (Miklossy, 1993; Itzhaki et al.,
1997; Balin et al., 1998). Intriguingly, many of the same risk
factors could promote systemic inflammation that may also
influence disease pathogenesis. Furthermore, chronic, persistent,
or latent infections in the brain, all of which may be an
outcome following infection with a variety of organisms
(see Itzhaki et al., 2004), could reactivate to initiate and/or
exacerbate late-onset disease. These possibilities implicate both
systemic and neuroinflammation in late-onset dementia. Thus,

a likely scenario for development of late-onset dementia
centers on poorly understood interactions between genetic risk,
as exemplified in part by possession of the Apolipoprotein
E (APOEε)4 allele, and environmental factor(s), including
infection. For these and other reasons, we have argued that
late-onset disease is distinguishable from the genetically-based
early-onset disease. On that basis we suggested the designation
‘‘late-onset dementia of the Alzheimer’s type’’ for the late-onset
clinical entity, since it is more consistent with our current
knowledge of the clinical and neuropathological underpinnings
of the disease (Balin et al., 2017); in this article, we employ that
designation, or simply late-onset dementia, throughout.

Many attempts have been made to identify infectious agents
responsible for late-onset dementia of the Alzheimer’s type
(see e.g., Emery et al., 2017). However, none of the agents
studied has been unequivocally accepted to be either etiologic,
or indeed exacerbating, for dementia-related neuropathology.
These include many viral pathogens such as measles virus,
lentiviruses, adenovirus and others (Pogo et al., 1987; Friedland
et al., 1990). Importantly, studies of herpes simplex virus type 1
(HSV-1) infection in late-onset disease identified this virus
as a risk factor for people expressing APOEε4 (Itzhaki et al.,
1997, 2001). Further, bacterial pathogens, including Chlamydia
trachomatis, Coxiella burnettii and others have been investigated,
but no clear relationship with Alzheimer’s pathogenesis has
been demonstrated to date (Renvoize et al., 1987). In contrast,
we discovered an association between the genesis of late-onset
disease and infection with the intracellular respiratory bacterial
pathogen Chlamydia pneumoniae. (Balin et al., 1998; Gérard
et al., 2006). We summarize that work in this review, along
with recently published studies from our group and those of
others’ that implicate involvement of this unusual and ubiquitous
pathogen in the genesis of senile cognitive dysfunction reflective
of late-onset disease.

CHLAMYDIA PNEUMONIAE

C. pneumoniae, an obligate intracellular bacterium, is a
pathogen of the respiratory tract, infecting mucosal surfaces,
specifically the lung/pulmonary and nasal mucosa (Grayston
et al., 1990; Campbell and Kuo, 2002; Hahn et al., 2002).
It is ubiquitous in all societal cultures and geographic
regions studied to date (Leinonen, 1993). Many reports have
demonstrated that the organism is responsible for a significant
proportion of community-acquired pneumonia, and it has
been associated with numerous other pulmonary diseases
(Grayston et al., 1990; Clementsen et al., 2002). Interestingly,
C. pneumoniae infections also have been linked with an
array of non-respiratory diseases, including atherosclerosis,
inflammatory arthritis, multiple sclerosis and others (Sriram
et al., 1998; Schumacher et al., 1999; Wagner et al., 2000;
Belland et al., 2004). While some such associations are certainly
controversial, credence has been gained for the role of this
organism in atherogenesis during the last 20 years (Grayston,
2000; Rosenfeld et al., 2000; Belland et al., 2004).

Similar to other chlamydial species, C. pneumoniae displays
a biphasic developmental cycle. The first phase involves the
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infectious extracellular form of the organism, the elementary
body (EB). EB typically infect epithelial cells, but many cell
types can be infected, including cells in the nervous system
such as astroglia, microglia and neurons (Hatch, 1999; Dreses-
Werringloer et al., 2006; Gérard et al., 2006). Following
endocytosis into a cytoplasmic inclusion, EB reorganize into a
reticulate body (RB), which is the metabolically active form of the
organism. RB undergo multiple cycles of cell division followed
by a ‘‘dedevelopmental’’ process yielding the infectious EB form
again. These are released via eukaryotic cell lysis or exocytosis,
which spreads the infection (Hatch, 1999).

Systemic dissemination of the organism from the respiratory
tract has been well-documented (Gieffers et al., 2004), and
several studies have indicated that this occurs via monocytes
(Moazed et al., 1998). Importantly, C. pneumoniae, like other
chlamydial species, undergoes long-term infection in a biological
state termed ‘‘persistence’’ (Hogan et al., 2004). In persistence,
the organism, as with other chlamydial species, is viable
and metabolically active but does not complete its normal
developmental cycle. Further, persistent chlamydial infections
have been shown to be refractory to antibiotic treatment
(e.g., Deniset and Pierce, 2010; Phillips-Campbell et al., 2014).

INITIAL STUDIES OF C. PNEUMONIAE
AND LATE-ONSET DISEASE

Our initial studies of possible involvement of C. pneumoniae
in late-onset disease identified DNA of the organism in
90% of postmortem brain samples from patients diagnosed
with late-onset dementia of the Alzheimer’s type; this study
employed highly specific polymerase chain reaction (PCR) assays
(Balin et al., 1998; Schumacher et al., 1999). Only 5% of
control non-demented brain samples contained C. pneumoniae
DNA. Positive DNA results were obtained from brain tissues
from areas that normally display characteristic neuropathology
(e.g., hippocampus) and from those less often demonstrating
characteristic pathology (e.g., cerebellum). In nearly 90% of
affected brain samples, positive PCR signals were obtained
from at least one area showing neuropathology, and from the
cerebellum in four cases. In these four cases, neuropathology
existed within the cerebella as well as other areas. In contrast,
the two relevant affected brain samples that failed to give a
positive PCR signal for C. pneumoniae DNA exhibited only mild
pathology (Balin et al., 1998). We further analyzed frozen brain
samples for intact bacterial RNA using reverse transcriptase-PCR
(RT-PCR). mRNA species encoding the KDO transferase and a
∼376 kDa protein specific to C. pneumoniae were successfully
targeted.

In these initial studies, immunohistochemistry and electron
microscopy also were used to analyze samples from PCR-positive
brains. Samples from individuals with clear late-onset disease
contained C. pneumoniae antigens, specifically in cortical regions
such as the temporal, parietal and pre-frontal cortices as well as
the hippocampus. In these regions, organism immuno-positivity
was observed in various cell types including perivascular
macrophages, microglia and astroglia. Ultrastructural analysis

of the positive brain samples revealed chlamydial inclusions
containing both EB and RB. Immuno-electron microscopy using
a gold-conjugated monoclonal antibody specific to an outer
membrane protein demonstrated gold particles labeling the
organism (Balin et al., 1998; Arking et al., 1999). Immuno-
electron microscopy was negative in comparable PCR-negative
control brain sections.

PCR and RT-PCR positive sample homogenates were
prepared and incubated with human THP-1 monocytes in
culture. Viable bacteria were successfully recovered from two
brains positive for the organism. Culture of homogenates from
two control brains prepared in a similar fashion generated
negative results (Balin et al., 1998). Thus, DNA and antigens of
C. pneumoniae were found in areas of neuropathology in brain
samples from late-onset disease individuals, and samples from
frozen brain tissues from these subjects yielded viable organisms.
Genetic analyses revealed that 11 of the 17 PCR-positive samples
had at least one allele for the APOEε4 isoform (64%), consistent
with that allele type being a risk factor for development of
late-onset dementia (Roses, 1996). Importantly, in a separate
study, it was shown that in patients with reactive arthritis who
had DNA from C. pneumoniae in synovial tissues, 2/3 had
one or more copies of the APOEε4 allele (Gérard et al., 1999).
Together, these and other observations discussed below clearly
implicate a relationship between theAPOEε4 allelic genotype and
infection by C. pneumoniae; they suggest that both factors confer
an increased risk for chronic disease genesis (Balin et al., 1998;
Gérard et al., 1999).

Not surprisingly, these initial studies and their implications
suggesting that an infection with a common bacterium is
involved in the origin of late-onset dementia instigated several
other groups to attempt confirmation of the organism in brain
tissues from other affected and control patient cases. Those
studies yielded mixed results, with some reports providing
positive identification (e.g., Mahony et al., 2000; Ossewaarde
et al., 2000; Di Pietro et al., 2013a), and others failing to
find DNA or antigens from the organism in relevant samples
(e.g., Nochlin et al., 1999; Gieffers et al., 2000; Ring and
Lyons, 2000; Taylor et al., 2002). Importantly and as reviewed
by us previously in detail, numerous and various different
techniques were used in the confirmation studies, with none
utilizing methodology identical to our own. For example, one
study failed to find C. pneumoniae in paraffin-embedded brain
tissues from confirmed late-onset dementia patients via PCR
or immunohistochemical (IHC) analyses (Nochlin et al., 1999);
similarly, the organism was not found in several relevant
paraffin-embedded brain samples using either PCR or IHC
(Gieffers et al., 2000). The recovery of reasonable quality template
for PCR from paraffin-embedded tissue can be unreliable,
which might explain some negative results. We used exclusively
frozen brain-tissue samples were in our studies. One report
indicated success in identifying C. pneumoniae by in situ
hybridization in many relevant brain samples (Ossewaarde
et al., 2000); controls were negative, including those from
individuals with other neurological diseases. In our studies,
in negative IHC studies, and in the positive study, the same
mAb targeting the C. pneumoniaeMOMP or lipopolysaccharide
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(LPS) were employed, suggesting differences in technique in
obtaining positive results. Another report explains the positive
and negative PCR data from some studies (Mahony et al.,
2000). This study employed replicate PCR assays and probit
regression analyses to show that DNA from most frozen
brain samples analyzed from relevant patients was PCR-positive
for C. pneumoniae if enough replicates were performed;
multiple assayed controls were always PCR-negative. Clearly,
discrepancies in analytical methods used among the different
laboratories severely constrain the results obtained (Campbell
and Kuo, 2004).

Confirmatory Studies
In subsequent research to confirm and extend our initial studies,
we analyzed new tissue samples from late-onset dementia and
control brains (Gérard et al., 2006). PCR analyses targeting
two C. pneumoniae genes showed that samples from 20/25
late-onset brains, but only 3/27 control brains, were PCR-positive
(Gérard et al., 2006). Viable organisms were cultured from the
former brain samples, and metabolic activity of the cultured
bacteria was demonstrated via identification of several intact
chlamydial transcripts. Immunohistochemistry of relevant brain
samples identified that astroglia, microglia and ∼1/5 of neurons
were infected with C. pneumoniae. As in our initial study,
infected cells were located in the brain in proximity to both
senile plaques and nerve cells containing neurofibrillary tangles
(Balin et al., 1998). Together, these observations suggested that
C. pneumoniae infection had a direct effect on neuronal cell
injury/death. Further, the potential for the organism to act as
initiator of granulovacuolar degeneration, another previously
acknowledged pathology in late-onset disease, was suggested
(Funk et al., 2011).

Continued analyses demonstrated that immunolabeling was
positive for C. pneumoniae in the entorhinal and frontal
cortices, and in the hippocampal formation of all relevant
affected brains (Hammond et al., 2010). These areas exhibited
both amyloid deposition and Chlamydia immunoreactivity in
apposition to one another when stained with Thioflavin S
and labeled with anti-C. pneumoniae antibodies on the same
sections, thus revealing fibrillary amyloid and chlamydial
immunoreactivity, respectively. Two extracellular patterns of
chlamydial immunoreactivity were observed: a punctate pattern
and a pattern with amorphous foci. These may represent
extrusion of whole organism (punctate) or secreted chlamydial
products, e.g., LPS (amorphous foci), into the tissues (Stuart
et al., 1994; Hybiske and Stephens, 2007). Amyloid is known
to have anti-microbial properties, perhaps allowing it to
act as an anionic defensin (Bishop and Robinson, 2004;
Kammerman et al., 2006; Soscia et al., 2010; Kumar et al.,
2016). As reflected by the deposition of amyloid in the
same region as C. pneumoniae, tropism of this organism
to the central nervous system (CNS) may be a precursor
or trigger for development of damage (Hammond et al.,
2010).

The entorhinal cortex and the hippocampal formation, both
olfactory structures, are known to be regions demonstrating
the earliest damage in the late-onset brain (Mann et al., 1988;

Christen-Zaech et al., 2003). Relevant to this, C. pneumoniae has
been identified in both human and animal olfactory bulbs in
experimental systems (Balin et al., 1998; Little et al., 2004, 2005,
2014). In animals, the organism appeared to spread centrifugally
from the olfactory bulbs into the brain proper (Itzhaki et al., 2004;
Little et al., 2004, 2005, 2014). Thus, these and other observations
outlined below support the idea that infection by this pathogen
is an early event in the triggering of neuropathogenesis and not
a consequence of prior damage providing access of infection to
the CNS.

As indicated, C. pneumoniae is a respiratory pathogen, and
both olfactory and lung routes for infection of the CNS are
supported by DNA sequencing studies in which the organism
isolated from a late-onset brain sample was shown to be more
closely related to respiratory than to atherosclerotic strains
(Roulis et al., 2015). We prepared two cultures of C. pneumoniae
from infected brain tissues and evaluated genetic and cell
biological features for both. As with most respiratory isolates,
both of these isolates were genetically diverse (i.e., not clonal),
and single nucleotide polymorphism (SNP) analysis indicated a
number of differences even from standard respiratory isolates
and strains (Dreses-Werringloer et al., 2009). However, we could
not identify any genetic attributes that would indicate neuro-
tropism. The recent full genome sequencing of one of the brain
isolates in another laboratory confirmed this initial observation
(Roulis et al., 2015). Cell biological studies of both isolates
demonstrated that they showed standard inclusion morphology
and typical chlamydial morphology upon culture in human
epithelial cells (HEp-2), astrocytes (U-87 MG) and microglial
cells (CHME-5), as in a prior publication (Dreses-Werringloer
et al., 2006).

C. PNEUMONIAE AND APOEε4

apoE was initially identified as a protein component of
very low density lipoprotein (VLDL) complexes (Shore and
Shore, 1973). The gene encoding APOE is found on human
chromosome 19 and is extensively expressed in many tissues.
This locus has five allele types: ε2, ε3 and ε4 alleles are
the most common in most groups studied, and some data
indicate that the ε4 allele type is ancestral. Many studies have
demonstrated that apoE is involved in cholesterol homeostasis
and metabolism through the direction of the metabolic handling
of triglycerides and cholesterol (Mahley and Rall, 2000). The
ε4 allele product, apoEε4, is associated with increased risk for
several diseases, including Alzheimer’s disease, atherosclerosis
and others (e.g., Swanborg et al., 2003; Yu et al., 2014).

Importantly, in situ hybridization analyses targeting
apoE showed that brain regions of ε4-bearing individuals
with late-onset dementia contained a higher number of
C. pneumoniae-infected cells as compared to congruent brain
regions from individuals lacking the allele (Gérard et al., 2005).
Real time PCR analyses of brain tissues targeting DNA sequences
from the organism showed that although the bacterial load in
samples lacking the ε4 allele varied, the samples from ε4-bearing
individuals had higher loads than did comparable samples from
those lacking the allele (Gérard et al., 2005). These observations
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are consistent with a role for the ε4 gene product in enhancement
of dissemination of the organism from the pulmonary system,
although we are unaware of studies specifically targeting this
issue; this seems an area of interest for future research. Unlike
apoE2 and apoE3, apoE4 appears to enhance attachment of
C. pneumoniae EB to astroglia and microglia by several-fold over
levels observed in the absence of that allelic product (Gérard
et al., 2008). When adherent to the chlamydial EB, apoE4 retains
its ability to attach to its receptor, the LDL receptor and other
members of this receptor family, on the surface of host eukaryotic
cells. Thus, while much remains to be elucidated regarding the
relationship between apoE4 and enhanced C. pneumoniae
uptake into individuals with this phenotype, the link between
infection, apoE4, and diseases associated with both, including
late-onset dementia of the Alzheimer’s type, is strengthened by
our observations.

NEUROINFLAMMATION

Infection with all chlamydial species promotes secretion of
proinflammatory cytokines in response to outer membrane
proteins, heat shock proteins, and the chlamydial LPS, all of
which engender prominent inflammatory responses (Rasmussen
et al., 1997). Indeed, LPS alone may account for several
aspects of relevant neuropathology in late-onset dementia of
the Alzheimer’s type. For example, E. coli LPS injected at low
dose into the brains of rats elicits an inflammatory response
characterized by increased production of cytokines as well as
activation ofmicroglial cells (Hauss-Wegrzyniak et al., 1998); this
inflammation is comparable to that currently attributed to Aβ

deposition in the late-onset brain (Lue et al., 1996). Interestingly,
trials investigating the effects of NSAID treatment implicate
inflammation as a pathologic factor in the disease, although
they did not demonstrate NSAID treatment to be an effective
therapeutic approach following disease onset (Breitner, 1996).
Importantly, for a number of reasons it was long thought that
chlamydiae did not produce peptididoglycan, although genome
analyses have demonstrated genes encoding it, and recent studies
from several groups have shown that it is, in fact, produced
(e.g., Liechti et al., 2014). Clearly this molecule can and probably
does act to induce inflammation in the nervous system and
elsewhere.

In the late-onset brain, both activated astrocytes andmicroglia
have been identified around amyloid plaques (Wood, 1998). In
our studies, we found infected microglia, astroglia, perivascular
macrophages and neurons in areas of amyloid deposition.
Identification of C. pneumoniae infection in microglia and
astroglia in late-onset disease suggests that inflammation
initiated by infection might be involved in neuropathogenesis
(Balin et al., 1998; Gérard et al., 2006). Both of these cell
types respond to insult by producing proinflammatory cytokines
and reactive oxygen species. Further activation of microglia
and astroglia in response to infected, activated monocytes
entering the brain also likely would result in increased
production of a variety of cytokines and chemokines (Simpson
et al., 1998; Hu and Van Eldik, 1999). Proinflammatory
molecules also have been shown to be significantly elevated

in supernatant fluids of murine microglial cells infected
with C. pneumoniae compared with controls, and infected
murine astrocytes also showed elevated levels of cytokines, in
particular MCP-1 and IL-6, when compared to controls (Boelen
et al., 2007b). Conditioned supernatants from infected murine
microglial cells increased neuronal cell death when compared
to mock-infected supernatants; upon addition of neutralizing
antibodies to IL-6 and TNFα to the conditioned supernatant,
neuronal cell death was reduced by ∼50% (Boelen et al.,
2007b).

Observations from our cell culture studies indicate that
although transcription of genes encoding inflammatory
mediators in C. pneumoniae-infected monocytes changes
by 48 h post-infection, infected cells maintain pro-inflammatory
cytokine secretion of IL-1β, IL-6 and IL-8 over 5 days (Lim et al.,
2014). Others have found similar proinflammatory cytokines
secreted by monocytes in late-onset disease (Fiala et al., 2005,
2007; Feng et al., 2011; Lim et al., 2014; Saresella et al., 2014).
High levels of IL-1β are correlated with neuroinflammation in
the late-onset brain (Griffin et al., 1994; Sheng et al., 1996; Serou
et al., 1999; Mrak and Griffin, 2001). This cytokine activates
nitric oxide synthase, which has been implicated in hippocampal
neuronal cell death (Cacabelos et al., 1991; Blum-Degen et al.,
1995). Additional evidence has implicated IL-1 cytokines in
promotion of the neuronal synthesis of the β-amyloid precursor
protein (Griffin et al., 1994). These observations provide a
rationale for triggering events by which Aβ production would be
a result of neuropathogenesis, rather than an initializing event.

TRANSCRIPTION STUDIES

Our ongoing studies are investigating infection of human
astrocytes with C. pneumoniae strain AR39 and its affects on
the expression of numerous genes related to APP processing,
including ADAM10, BACE1, PSEN1 and the associated subunits
of the γ-secretase complex. Transcriptional changes for these
genes have been observed in late-onset brains in conjunction
with inflammation (reviewed in Agostinho et al., 2015). In
this regard, we suggest that C. pneumoniae infection could
serve as a pro-inflammatory stimulus to initiate and promote
relevant amyloid neuropathogenesis. Interestingly, previous
studies demonstrated an interrelationship of C. pneumoniae
infection and the altered expression of genes for lipid-
homeostasis (APOE, ABCA1, LPL, LRP1), as well as for
cytoskeletal organization (MAPT; Alvesalo et al., 2008; Di Pietro
et al., 2013b; El Yazouli et al., 2017). These gene changes assure
that the pathogen receives sufficient host-derived lipids for the
energy-demanding processes of growth and replication. In the
process of commandeering the expression of these and other
related genes, including those for APP processing,C. pneumoniae
infection promotes pathogenesis through amyloid generating
pathways (Little et al., 2004, 2014). Because astrocytes are
known to propagate a pro-inflammatory state in the late-onset
brain (Zhao et al., 2011), we suspect that the transcriptional
changes observed following infection with C. pneumoniae will
support the role of infection in promoting a pro-inflammatory
response.
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Related Studies
We have begun to investigate whether a direct link exists
between this respiratory pathogen and the chronic, pathologic
neurodegenerative pathology characteristic of late-onset disease.
Utilizing an in vitro glial model of C. pneumoniae infection, we
are asking whether a specific mechanism for the production of
relevant neuropathogenesis is identifiable. Additional studies will
be required to address whether in vitro results can be replicated
in an in vivo setting.

The seminal studies from our group investigating
C. pneumoniae’s presence in the late-onset brain demonstrated
the involvement of microglial and neuronal cells in addition
to astrocytes, indicating that the coordinated response of each
cell type may contribute cooperatively to the development of
pathology. This coordinated response is especially important
to define within the framework of neuroinflammation, since
microglial cells and neurons may interact differently through
recognition and release of pro-inflammatory molecules based on
their heterogenous expression of Nod-like receptors, scavenger
receptors, toll-like receptors and complement receptors (Shastri
et al., 2013).

Downstream of neuroinflammation, the interdependance of
microglia, neurons and astrocytes in producing neuropathology
may also manifest from the paracrine signaling of post-cleavage
APP byproducts. For example, in recently published studies from
others, sAPPα released post-ADAM10 ectodomain shedding of
APP was shown to serve neuroprotective roles in other cell types
by inhibiting tau phosphorylation by GSK3β (Deng et al., 2015)
and BACE1 activation (Peters-Libeu et al., 2015). Such diverse
interactions between cell types may complicate an isolated
glial cell model of C. pneumoniae-induced neuropathology,
but this elucidation is essential for full understanding of the
pathophysiology of C. pneumoniae infection in the CNS.

Expression of Other Relevant Gene
Transcripts Resulting From C. pneumoniae
Infection
In our study of monocyte infection, a number of genes encoding
host defense products against bacteria were significantly
up-regulated 48 h after C. pneumoniae infection (Lim et al.,
2014). One of these genes, DEFB4, encodes a defensin
protein with anti-microbial activity linking the innate and
adaptive immune responses (Hollox et al., 2003). A second
transcript, from DMBT1, is typically up-regulated in response
to bacterial activation of NOD2, the intracellular pattern
recognition molecule, which activates the NFκB transcription
factor (Rosenstiel et al., 2007). The gene product of DMBT1 acts
to hinder bacterial invasion and the LPS—induced activation of
the toll-like receptor 4 on the surface of cells.

The transcript encoding MCP1/CCL2, a key chemokine for
recruiting monocytes and macrophages (Ubogu et al., 2006), was
increased up to 1,000-fold following infection of monocytes with
C. pneumoniae (Lim et al., 2014). This gene product appears
to be an important contributor to the neuroinflammatory
process observed in the late-onset brain and is increased in
both cerebrospinal fluid and plasma from patients with mild

cognitive impairment and dementia compared with controls
(Fiala et al., 1998; Galimberti et al., 2006). CCL2 may alter
the blood brain barrier to allow increased monocyte migration
into brain tissues, as well as affecting production and clearance
of Aβ from the brain, and possibly allowing Aβ found in the
blood access to the brain (Fiala et al., 1998; Yamamoto et al.,
2005; Galimberti et al., 2006). Thus, our studies demonstrating
increased CCL2 production during C. pneumoniae infection
of monocytes has implications for late-onset disease since
C. pneumoniae has been found in cells resident in the brain
as well as in perivascular monocytes and macrophages found
around the blood vessels in late-onset disease (Balin et al., 1998;
MacIntyre et al., 2003; Gérard et al., 2006; Hammond et al., 2010).

Another set of gene product comprise the inflammasome
complex that is associated with toll-like receptors and which
mediate the response to both extracellular and intracellular
pathogens (Schroder and Tschopp, 2010). We determined
that the NLRC4 inflammasome transcript was significantly
up-regulated following infection. Others have shown previously
that activation of this particular inflammasome is responsible
for activating caspase-1 and IL-1β secretion in response
to bacterial infection (Franchi et al., 2009; Pereira et al.,
2011). Intriguingly, this same inflammasome complex can
be activated by type III secretion systems characteristic
of C. pneumoniae and other gram-negative bacteria (Miao
and Warren, 2010). This secretion system acts to transfer
effector proteins from bacteria into the cytosol of the host
cell, resulting in the generation of reactive oxygen species.
These latter are thought to be involved in assemblage of
another inflammasome complex, NLRP3 (Abdul-Sater et al.,
2009a,b), which coincidentally has also been shown to be
activated by chlamydial infections (Abdul-Sater et al., 2010;
He et al., 2010). Further, we observed up-regulation of
the AIM2 inflammasome transcript, which would result in
activation of an additional inflammasome complex as a result
of detecting double-stranded DNA from the bacteria in the
cytoplasm (Fernandes-Alnemri et al., 2009; Hornung et al.,
2009).

ANTIBIOTIC TREATMENT

As C. pneumoniae may be involved in induction of late-onset
dementia, antimicrobial treatment might constitute a therapeutic
approach to eliminate the organism from the brain. One
clinical trial used a combination approach with doxycycline and
rifampin for such treatment and evaluated the change in the
Standardized Alzheimer’s Disease Assessment Scale cognitive
subscale (SADAScog) at 6 months as the primary outcome
(Loeb et al., 2004); changes in that score at 12 months was
a secondary outcome measure. Overall, results indicated less
decline in SADAScog score at 6 months in the antibiotic
group compared with those receiving placebo, although the 12-
month score for both groups was not significantly different.
Importantly, less dysfunctional behavior was observed in the
antibiotic group at 3 months, and for that group reduced decline
in mini-mental status scores was observed at 12 months. No
correlations were made to changes in C. pneumoniae infection
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as determined by serum antibody titer analysis and following
PCR of blood samples. Interestingly, doxycycline has been found
to be correlated with the lowering of neuroinflammation in
APP/PS1 transgenic mice, suggesting that it may be acting as
an anti-inflammatory agent as well as having antibiotic effects
(Balducci et al., 2018). This anti-inflammatory activity well
could be responsible for the attenuated decline in mini-mental
status scores observed at 12 months in the Loeb et al. (2004)
trial. However, similar to antibiotic trials assessing efficacy in
obviating atherogenesis and cardiovascular disease in which
C. pneumoniae has been implicated (Campbell and Rosenfeld,
2014), no meaningful efficacy in amelioration of relevant
pathogenesis was demonstrated as an outcome of the late-
onset-related antibiotic trial. These failures clearly suggest that
an antibiotic treatment regimen for complex disease entities
once manifested is not a viable strategy. As with NSAIDS
following onset of late-onset dementia (Breitner, 1996), use
of antibiotics following disease diagnosis probably is too
late to provide meaningful efficacy. Individuals demonstrating
evidence of C. pneumoniae infection prior to disease onset,
or at the mild cognitive impairment stage, may respond
differently, and perhaps better, to antibiotic therapy. However,
this approach has yet to be tried in a controlled clinical trial
setting.

Approaches other than, or in addition to, antibiotic therapy
may be helpful in treating late-onset disease. C. pneumoniae
is well known to persist in various contexts, and a persistent
form is implicated in chronic diseases. One possible approach to
therapy is to manipulate an immune response that can eliminate
intracellular infections. To address this issue, we used a synthetic
peptide, acALY18 derived from an 18-mer sequence of the
transient receptor channel protein 1 (TRPC1; Thacker et al.,
2009). This peptide activates, in part, the NLRP3 inflammasome
to combat C. pneumoniae infections of monocytes in vitro
(Thacker et al., 2012). Using a low dose of acALY18, only 12%
of the cells remained infected at 24 h post-treatment, compared
to 90% of cells left untreated (Thacker et al., 2012). At 48 h post-
infection, analysis of the infected cells revealed that 26 innate
and adaptive immune gene transcripts were up regulated in
the treated cells compared to infected/untreated cells. These
transcripts occurred in four functional groups: (1) cytokines,
chemokines, receptors and signaling molecules; (2) host defense;
(3) anti-bacterial response; and (4) modulators of the tissue
response to inflammation. These specific up-regulations appear
to be effective in clearing infection from a large percentage
of C. pneumoniae-infected monocytes. Future studies will
address more specific transcript up-regulation and specific
protein expression leading to eradication of C. pneumoniae
infection.

ANIMAL MODELS FOR C. PNEUMONIAE
INFECTION OF THE CNS

The typical animal models of late-onset disease have utilized
humanized transgenic mice that over-express mutants of
presenilin and the Aβ precursor protein (Guénette and Tanzi,
1999). In these models, the over-expression of amyloid leads to

the development of amyloid plaques in the brain, thus paralleling
the pathology typically observed in familial Alzheimer’s disease.
Interestingly, recent studies have demonstrated that infecting
two different models of humanized transgenic animals separately
with different organisms (Bordetella pertussis, McManus et al.,
2014) and (Helicobacter pylori, Wang et al., 2014) both result in
increased Aβ-amyloid, although through dissimilar mechanisms.
What these models do not address, however, are the initiating or
triggering events of late-onset disease wherein mutations of the
Aβ precursor protein and presenilin proteins are not evident.

We developed non-transgenic animal models to study the
means by which infection might impact the pathogenesis of
late-onset disease, independent of predisposing genetic factors
(Little et al., 2004, 2005). We utilized the C. pneumoniae isolate
from a late-onset brain (see above) to infect naïve BALB/c
mice to assess if infection would promote brain damage similar
to that identified in human disease. BALB/c mice previously
had been found to be susceptible to respiratory infection
with C. pneumoniae (strain AR-39), which would produce a
persistent infection (Laitinen et al., 1996). Thus, we tested
the hypothesis that C. pneumoniae infection by a natural
route of inoculation in BALB/c mice might trigger processes
resulting in development of relevant brain neuropathology
(Little et al., 2004). Following intranasal infection, identification
of C. pneumoniae in the olfactory neuroepithelia (chlamydial
antigens) and the olfactory bulbs (chlamydial antigens and
chlamydial bodies) was confirmed by both light and electron
microscopy (Little et al., 2004). Analysis of the brain revealed
pathological Aβ1–42 deposits that reflected amyloid plaques seen
in human disease. Activated astrocytes in addition to reactive
astrocytes co-localized with amyloid deposits, suggesting that a
cellular inflammatory response had been initiated. This response
may be due to C. pneumoniae and/or be directed against
amyloid deposits or soluble amyloid induced by C. pneumoniae
infection. These observations suggest that the infectious insult
results in Aβ generation and lend support to the hypothesis
that Aβ can act as a ‘‘bioflocculant’’ (Robinson and Bishop,
2002). Induction of amyloid deposits in the non-transgenic
BALB/c mouse brain supports the hypothesis thatC. pneumoniae
infection can accelerate or induce relevant neuropathology, and
that it can trigger late-onset disease pathogenesis without the
early-onset genetic mutations.

Studies evaluating treatment following intranasal infection
used antibiotics to determine if this approach could limit
the pathology induced by infection in the CNS (Hammond
et al., 2006). Following intranasal infection with C. pneumoniae
(strain AR-39), mice were treated with Avelox (moxifloxacin
hydrochloride) for 7–21, 28–42, 56–70, or 84–98 days post-
infection; sacrifice was at 6 months post-infection, with brains
analyzed for C. pneumoniae, Aβ1–42 deposition (plaques) and
astrocyte (GFAP) cellular reactivity. Immunohistochemistry
revealed that the organism (or its antigens) was still present
at 6 months post-infection in olfactory tissues and in the
brain. At 7–21 days post antibiotic treatment, the number of
Aβ1–42-reactive amyloid plaques were equal to the level seen
in uninfected mice. In infected mice given antibiotic treatment
delayed until 56 days post-infection, the amyloid plaque number
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was 8–9-fold higher than baseline, comparable to the plaque load
in the brains of infected animals that received no antibiotics.
These data validate the need for early antibiotic intervention
prior to disease manifestation, and they support our contention
that antibiotic treatment of late-onset diseasemay not be effective
following disease diagnosis. Further, they suggest that early
antibiotic intervention post-infection is effective in limiting the
amyloid plaque formation that arises because of infection, even
though complete eradication of the organism or antigens arising
there from may not be achieved.

Additional Animal Model Studies
Our latest animal studies employed the AR-39 laboratory strain
for infection rather than C. pneumoniae isolates from the human
brain. Brains were analyzed at 1–4 months post-infection by
immunohistochemistry using Chlamydia-specific antibodies and
antibodies specific for Aβ1–42 (Little et al., 2014). As in our
previous report using our human brain isolate of C. pneumoniae,
no substantial amyloid deposits were found at 1 month post-
infection, and only limited relevant amyloid pathology was
apparent at 2 months post-infection. In contrast to the original
study, however, at 4 months post-infection amyloid pathology
was diminished; brains resembled those from mock-infected
mice, suggesting that pathology actually had decreased during the
2–4 months post-infection. Interestingly, our analysis indicated
that peak chlamydial burden preceded peak amyloid deposition
by 1 month, suggesting that C. pneumoniae infection can
serve as a primary stimulus for the production of Aβ-amyloid
and subsequent deposition in animal brain tissues. These
observations strongly suggest that the human brain isolates elicit
a level of neuropathology that is different from the standard
AR-39 respiratory strain of C. pneumoniae (see below).

Precedents for infection in the exacerbation of relevant
amyloid pathology have been reported for other pathogens in
other relevant animal models (McManus et al., 2014; Wang
et al., 2014). Once the infection is brought under control
though, levels of soluble amyloid apparently decrease, resulting
in fewer deposits at 3–4 months post-infection (Hawkes et al.,
2012). In mice infected with the brain isolate in our earlier
study, amyloid deposits were found as early as 2 months post-
infection, with the greatest number identified at 3 months
post-infection (Little et al., 2004). Relevant neuropathology
developed progressively as both the size and number of amyloid
deposits increased from 1–3 months post-infection. Animal
models that reflect late-onset disease, however, have been
hampered by lack of understanding of the initial factors that
promote the early deposition of Aβ-amyloid. Models utilizing
direct injection of microbial products have shown induction
of transient amyloid production and deposition, suggesting
that bacterial products can induce this production (Erickson
et al., 2012; Krstic et al., 2012). Interestingly, one previous
study did not identify substantial neuropathology in the mouse
brain following infection with a respiratory isolate/laboratory
strain of C. pneumoniae (Boelen et al., 2007a). The authors
of that report noted that discrepancies could have been the
result of use of the laboratory strain of C. pneumoniae,
suggesting a difference in virulence properties than that of the

human brain isolate used in our previous study. Given that
our findings with laboratory isolate AR-39 of C. pneumoniae
also resulted in less pathology than when using a human
brain isolate, we concur with the interpretation of differences
in virulence properties between these strains (Little et al.,
2014).

Our observations further indicate that C. pneumoniae
infections differ in their ability to establish persistence and
promote progressive neuropathology as a function of age and
dosing. A critical issue in development of late-onset disease
is age, and by extension, the age at which C. pneumoniae
infection occurs. An earlier study from our group suggested
that brain infection in older animals is readily established
following exposure to C. pneumoniae (Little et al., 2005).
In other studies, aged C57BL/6 mice as compared to young
counterparts had a greater propensity to develop chronic and/or
progressive respiratory infections following intranasal infection
with C. pneumoniae (Eddens et al., 2012). A heptavalent CTL
epitope minigene vaccine conferred equal protection in the lungs
of both young and older mice. However, although the vaccine
partially protected against infection spread to the cardiovascular
system of young animals, it failed to provide protection in aged
animals (Eddens et al., 2012). These data suggest that vaccine
strategies targeting the C. pneumoniae-specific CTL response
are protective for respiratory infection in both young and old
animals; however, the vaccine used was ineffective in preventing
dissemination to the cardiovascular system in aged mice, or in
controlling replication of organism in these tissues (Eddens et al.,
2012).

In a new study, we will address the issue of whether induction
of Alzheimers-like neuropathology is a feature exclusive to
infection with C. pneumoniae, or whether this pathology can
be induced following exposure to other chlamydial species.
Non-transgenic BALB/c mice will be inoculated intranasally with
Chlamydia muridarum, a mouse-adapted respiratory isolate of
Chlamydia trachomatis. Mouse brain tissues will be examined
for Chlamydia-specific labeling and amyloid pathology. Based

FIGURE 1 | Infection relationship to late-onset dementia. This schematic
illustration demonstrates the interactions between infection, amyloid plaques,
tau tangles and inflammation with the processes of aging, dementia and
Alzheimer’s disease. The interplay of an infection and resultant inflammation
can lead to the formation of amyloid plaques and tau tangles which following
their accumulation, may promote even more inflammation. These interactions
as related to aging may eventually result in a final imbalance that may lead to
recognized late-onset dementia of the Alzheimer’s type.

Frontiers in Aging Neuroscience | www.frontiersin.org 8 October 2018 | Volume 10 | Article 302164

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Balin et al. C. pneumoniae and Dementia

on data collected from the previous mouse model with
C. pneumoniae, we hypothesize that intranasal infection with
C. muridarum can also induce relevant pathology in the
brains of BALB/c mice. Thus, these experiments will address
whether or not this organism will actually enter the brain
and promote Alzheimers-like pathology as readily as previously
observed following infections with C. pneumoniae. Additional
considerations will include the sex of the animals in our studies.
To date we, like most others, have used only female animals in
our work, partly because human females appear to be at higher
risk for the development of late-onset dementia compared to
males (Barron and Pike, 2012). Female transgenic mice also have
been shown to accumulate more amyloid as compared to males,
and they have significant spatial memory deficits (Gallagher
et al., 2013; Sierksma et al., 2013). Whether C. pneumoniae
infections differ with regard to pathology generated in the brains
of non-transgenic female mice compared to those of males
remains to be determined.

CONCLUSION

Clearly, much remains to be elucidated regarding the
fundamental biochemical, cellular and molecular genetic
underpinnings supporting the initiation and development of
neuropathology of late-onset dementia of the Alzheimer’s
type, and the possible involvement of C. pneumoniae in
those processes (see Figure 1. Infection relationship to
late-onset dementia). We suggest that the difference between
progressive and non-progressive neuropathology may be due
to uncharacterized differences between/among C. pneumoniae
strains and host genetic backgrounds. This implies that different
virulence factors exist, including those specifying tissue tropism
among C. pneumoniae isolates and strains. Thus, the ability
of the organism to enter and persist in the CNS, and to
potentiate a chronic inflammatory response, is crucial to its
role in the initiation and maintenance of neuropathogenesis.
We emphasize that, as developed in detail in an earlier article,
disease definitions should be reconsidered in light of new
observations from our group and many other sources. The most
obvious neuropathologic aspects, and the disease phenotype,
of late-onset dementia are similar to, indeed are functionally
identical to, those of early-onset disease. However, all studies
to date consistently demonstrate that late-onset disease does
not result from lesions in any of the three genes associated with
the latter, and extensive research from many groups over the
last 30 years has failed to identify any convincing mechanism
by which the plaques and tangles are produced specifically in
late-onset patients.

Thus, we reiterate here that in our view the age-related
dementia referred to as late-onset Alzheimer’s disease should
be redefined as late-onset dementia of the Alzheimer’s type. It

is functionally unrelated to the familial early-onset, genetically-
determined form of dementia properly designated (familial)
Alzheimer’s disease.We contend that the etiologies of early-onset
dementia and late-onset dementia of the Alzheimer’s type are
fundamentally different. Progress in prevention and treatment
of increasingly prevalent late-onset disease will be promoted by
observing and acting upon this distinction.

Importantly, we suggest that, in concert with other articles
in this issue, pathogens in addition to C. pneumoniae well may
be involved in elicitation of the age-related neuropathology
that underlies late-onset disease. As argued in previous
publications from this group, complex and largely idiopathic
diseases of many types, including rheumatoid arthritis and
multiple sclerosis, may be the result of complex and yet
poorly understood interactions between various aspects of host
genetic background and infectious or other environmental
agent(s) (Swanborg et al., 2003; Stanich et al., 2009; Balin
et al., 2017). Such complex and multi-faceted interactions will
be difficult to elucidate in detail. Indeed, details of those
interactions may not be fully congruent among/between the
diseases. However, it is abundantly clear at this point that
many important diseases under intense current study do not
conform to the simplicity of Koch’s postulates, and thus they
must be scrutinized with non-traditional modern investigational
approaches.
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Strong evidence has emerged recently for the concept that herpes simplex virus
type 1 (HSV1) is a major risk for Alzheimer’s disease (AD). This concept proposes
that latent HSV1 in brain of carriers of the type 4 allele of the apolipoprotein E
gene (APOE-ε4) is reactivated intermittently by events such as immunosuppression,
peripheral infection, and inflammation, the consequent damage accumulating, and
culminating eventually in the development of AD. Population data to investigate this
epidemiologically, e.g., to find if subjects treated with antivirals might be protected
from developing dementia—are available in Taiwan, from the National Health Insurance
Research Database, in which 99.9% of the population has been enrolled. This is being
extensively mined for information on microbial infections and disease. Three publications
have now appeared describing data on the development of senile dementia (SD),
and the treatment of those with marked overt signs of disease caused by varicella
zoster virus (VZV), or by HSV. The striking results show that the risk of SD is much
greater in those who are HSV-seropositive than in seronegative subjects, and that
antiviral treatment causes a dramatic decrease in number of subjects who later develop
SD. It should be stressed that these results apply only to those with severe cases
of HSV1 or VZV infection, but when considered with the over 150 publications that
strongly support an HSV1 role in AD, they greatly justify usage of antiherpes antivirals
to treat AD. Three other studies are described which directly relate to HSV1 and AD:
they deal respectively with lysosomal changes in HSV1-infected cell cultures, with
evidence for a role of human herpes virus type 6 and 7 (HHV6 and HHV7) in AD,
and viral effects on host gene expression, and with the antiviral characteristics of
beta amyloid (Aβ). Three indirectly relevant studies deal respectively with schizophrenia,
relating to antiviral treatment to target HSV1, with the likelihood that HSV1 is a
cause of fibromyalgia (FM), and with FM being associated with later development
of SD. Studies on the link between epilepsy, AD and herpes simplex encephalitis
(HSE) are described also, as are the possible roles of APOE-ε4, HHV6 and HSV1 in
epilepsy.

Keywords: Alzheimer’s disease, senile dementia, herpes simplex virus, varicella zoster virus, population
epidemiology, anti-herpes antiviral, fibromyalgia, epilepsy
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INTRODUCTION

The viral concept of Alzheimer’s disease (AD) proposes that
herpes simplex virus type 1 (HSV1) in brain of apolipoprotein E
gene (APOE-ε4) carriers accounts for some 60% of cases (Itzhaki
et al., 1997). Most of the population is infected with this virus
by the age of 70. The concept postulates that HSV1 travels
to the brain probably in middle age, where it remains in a
latent state, with very limited transcription and probably very
low or zero protein synthesis. Reactivation from latency occurs
intermittently, caused by events such as immunosuppression,
peripheral infection and inflammation. Accumulation of the
consequent damage—direct viral action andmajor inflammatory
effects—leads eventually to the development of AD (Wozniak
and Itzhaki, 2010).

The main initial discovery on which this concept was based
was that HSV1 DNA was detectable in brain of both AD patients
and elderly normal people (i.e., the latter were infected but were
asymptomatic; Jamieson et al., 1991), the two groups differing
in that most of the AD patients were APOE-ε4 carriers (Itzhaki
et al., 1997). It was therefore suggested that APOE-ε4 carriers
suffer either greater viral damage on reactivation or have poorer
repair of such damage. In a striking parallelism in the PNS,
APOE-ε4 was found to be a risk for cold sores (herpes labialis),
which are caused mainly by HSV1 (Itzhaki et al., 1997). Also
in genital herpes, caused usually by HSV2, APOE-ε4 is a risk
for recurrence of genital ulcers (Jayasuriya et al., 2008). The
subsequent finding that antibodies to HSV (these are known
to be long-lived after herpes simplex encephalitis (HSE)) were
present in cerebrospinal fluid fromAD patients and age-matched
controls showed that productive HSV1 infection had occurred,
indicating that HSV1 is not a passive resident in the central
nervous system (CNS; Wozniak et al., 2005). The data cannot
be explained by a greater susceptibility of AD sufferers, or
of APOE-ε4 carriers, to HSV1 infection, as the virus was
present in brain at almost the same frequency in AD patients
as in the controls, and was far more frequent among non-
APOE-ε4 carriers than among APOE-ε4 carriers in the controls
(although admittedly, the numbers in each category were very
small).

Links between HSV1 action and AD (Tables 1, 2) include
the discovery that the viral DNA is located very specifically
within AD plaques (Wozniak et al., 2009a), and that the
main component of plaques, beta amyloid (Aβ), accumulates
in HSV1-infected cell cultures (Wozniak et al., 2007; De
Chiara et al., 2010; Santana et al., 2012), and in the brains of
HSV1-infected mice (Wozniak et al., 2007); subsequently others
confirmed and extended these results (see review, Wozniak and
Itzhaki, 2010). Taken together, the data suggest that HSV1 is a
cause of Aβ products and plaques.We and others have shown too
that the main component of tangles—an abnormal form of the
protein called tau (P-tau)—accumulates in HSV1-infected cell
cultures (Zambrano et al., 2008; Wozniak et al., 2009b; Alvarez
et al., 2012).

It should perhaps be stressed that the viral concept does
not preclude a major role for Aβ and P-tau in the etiology
of AD, even though their effects are still little understood;

TABLE 1 | Main data on herpes simplex virus type 1 (HSV1) and AD from the
author’s laboratory between 1991 and 2015.

Discovery Reference

HSV1 DNA detected (by PCR) in brains of elderly
controls and AD patients.

Jamieson et al. (1991)

HSV1 in brain of APOE-ε4 carriers confers high
risk of AD. APOE-e4 is a risk for cold sores. First
of several articles showing that APOE genotype
modulates extent of microbial damage.

Itzhaki et al. (1997)

HHV6 DNA is present in AD brains. Lin et al. (2002)
Intrathecal antibodies to HSV1 found in the elderly,

showing that productive infection of HSV1 in brain
has occurred.

Wozniak et al. (2005)

Aβ accumulation occurs in HSV1-infected cell
cultures.

Wozniak et al. (2007)

HSV1 DNA is located specifically in amyloid plaques
of AD brains.

Wozniak et al. (2009b)

AD-like tau (P-tau) accumulation occurs in
HSV1-infected cell cultures.

Wozniak et al. (2009a)

HSV1 activates BACE1 via activation of PKR, then
phosphorylation of eIF2-α.

Ill-Raga et al. (2011)

Acyclovir and other HSV1 replication-inhibitors
reduce greatly the levels of Aβ and P-tau in
HSV1-infected cell cultures.

Wozniak et al. (2011)

IVIG reduces greatly the levels of Aβ and P-tau in
HSV1-infected cell cultures.

Wozniak and Itzhaki (2013)

Helicase primase inhibitor reduces greatly the levels
of Aβ and P-tau in HSV1-infected cell cultures.

Wozniak et al. (2013)

Fucan reduces greatly the levels of Aβ and P-tau in
HSV1-infected cell cultures.

Wozniak et al. (2015)

Interpretation of Taiwan population epidemiological
data on HSV and risk of AD and antiherpes effects
on development of senile dementia.

Itzhaki and Lathe (2018)

instead it suggests a cause of their accumulation—namely,
HSV1 infection. Further, in HSV1- infected cells in culture,
treatment with various types of antiviral have been found
to decrease the level of Aβ and particularly, that of P-tau
(see e.g., Wozniak et al., 2011). Usage of antivirals such
as acyclovir (ACV), which inhibits viral DNA replication,
showed that P-tau formation depends on viral DNA replication,
whereas Aβ formation does not do so; inhibition of the
latter by such agents probably occurs via inhibition of virus
spread.

DETECTION OF HSV1 IN BRAIN AND
EVIDENCE FOR ITS ROLE IN AD

The presence of HSV1 in brain is central to these concepts.
Following its discovery in elderly brains by the author’s group,
studies by five other groups confirmed its presence there
(see review, Wozniak and Itzhaki, 2010). Other data too
have provided confirmation—sometimes indirect, from very
diverse types of approach (Table 2 and see review, Itzhaki,
2014), including studies on HSV1-infected APOE-transgenic
mice or APOE-transfected cell cultures, GWAS, epidemiological
investigations on anti-HSV1 IgG and IgM antibodies in serum
from AD patients, or on infectious burden, and measurement
of IgG avidity index (Agostini et al., 2016) as an indicator
of reactivation (IgG presence indicates infection with HSV1,
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TABLE 2 | Some major discoveries relating to HSV1 and AD between 2005 and
2018.

Discovery Reference

Association of cognitive impairment with
HSV1-seropositive APOE-ε4 in aged
cardiovascular patients.

Strandberg et al. (2005)

HSV1 load/expression is greater in APOE-
ε4 transgenic mice.

Burgos et al. (2006),
Miller and Federoff (2008)
Bhattacharjee et al. (2008)

Presence/levels of serum anti-HSV1 antibodies is
associated with AD.

Letenneur et al. (2008) and
Lövheim et al. (2015)

HSV1-infected cell cultures produce hyper-
phosphorylated tau.

Zambrano et al. (2008)

Genetic links between HSV1 and host cells from
GWAS.

Licastro et al. (2011),
Carter (2013)

Aβ inhibits HSV1 DNA replication in cultured
neuronal cells.

Bourgade et al. (2015)

HSV1 causes synaptic dysfunction if cultured
cortical neurons.

Piacentini et al. (2015)

Lysosomal load increases and lysosomal function
inpaired in HSV1-infected cell cultures.

Kristen et al. (2018)

HSV1-infection confers a risk of senile dementia
and antiherpes antivirals strongly protect
against SD.

Tzeng et al. (2018a)

High levels of HHV6 and 7 in AD brains HSV1&
also HSV1, and they cause changes in several
transcriptional regulators.

Readhead et al. (2018)

Aβ fibrillization occurs when Aβ oligomer enfolds
HSV1 as a protective measure.

Eimer et al. (2018)

and IgM indicates HSV1 recent reactivation). The results
showed an association between systemic infections and cognitive
decline, with HSV1 particularly implicated, and many authors
explicitly stating that their results supported a viral role
in AD.

However, two recent articles (Olsson et al., 2016; Pisa et al.,
2017)maintained that HSV1 is present in only a small proportion
of brains of elderly people and AD patients. In the former study,
the reasonwas probably usage of old fixedmaterial, long duration
of storage—known to be detrimental to PCR.However, in neither
study did the authors specify the sensitivity of their PCR, so the
level in some of their brain samples might well have been below
their detection limit. The main topic of the other study was a
search for fungi in brain; the authors stated that they detected
HSV1 DNA in only 1 out of 10 brain samples (Pisa et al., 2017).
However, as in the Olsson et al. (2016) study, the authors did
not state the sensitivity of detection, and no recovery experiments
were described, i.e., addition of HSV1 DNA to samples that were
apparently virus DNA-negative to find if any contaminant was
interfering with detection of the viral DNA. The second study
sought also specific HSV1 proteins by immunohistochemistry
(IHC), using fixed brain slices, and HSV1-infected HeLa cell
cultures as ‘‘controls.’’ However, the level of virus and viral
proteins in human brain would have been vastly less than in the
infected cell cultures—so unsurprisingly, their IHC results were
negative.

Another aspect linking HSV1 to AD, and relating also to the
degradation of Aβ, is lysosomal impairment, which many studies
have shown contributes to neurodegeneration, neurons being
particularly susceptible to lysosomal damage. Very recently,

Kristen et al. (2018) found that in cell cultures, HSV1 infection
and also oxidative stress (OS) increased lysosomal load and
impaired lysosomal function, the impairment including a
reduced activity of lysosomal hydrolases and cathepsins, and in
the case of OS, effects on the maturation of the cathepsins. Such
changes could account for the accumulation of lysosomes and
decreased functionality of lysosomal proteins, which are known
to occur early in the development of AD. The authors pointed out
that several polymorphisms associated with AD, such as APOE,
ABCA7, CD2AP and Phosphatidylinositol Binding Clathrin
Assembly Protein (PICALM) are associated also with the
HSV1 life cycle, and that some of these lead to abnormalities in
autophagy. All these data support the involvement of lysosomal
damage in the development of AD, resulting in inefficient
removal of toxic substances from cells, and they support the role
of HSV1 in AD. The fact that the concentration of lysosomal
proteins is known to be higher in AD patients’ brains and CSF
might reflect attempts by cells to rectify the impairment of the
lysosomal system.

Two other very recent publications which are consistent
with the viral concept of AD have elicited much interest and
publicity, resulting in some previously sceptical opponents of
the viral concept conceding some possibility of its validity. The
first, by Readhead et al. (2018), analyzed the transcriptomes
of brain samples from AD patients and controls, using four
independent cohorts from different geographical regions of
the USA. They found that herpesviruses 6A and 7, and also
HSV1, were present in elderly and AD brains, the levels
of HHV6 and HHV7 being significantly higher in the AD
samples than in the controls, in three of the four cohorts.
Their results substantiate and augment earlier studies detecting
HHV6 (Lin et al., 2002) and HSV1 (Jamieson et al., 1991)
in elderly brains (which revealed a similar frequency of
HSV1 in brain of AD patients and controls but a much
higher HHV6 frequency in patients (see also review, Hogestyn
et al., 2018). Readhead et al. (2018) found also an association
of virus levels with clinical dementia rating, neurofibrillary
tangle density and amyloid plaque density. Plaque size too
was affected by virus presence, as they showed by suppressing
the gene for miR-155, a neuroprotective micro RNA: miR-155
knockout mice were crossed with APP/PS1 mice and it was
found that the progeny had more and larger plaques than the
APP/PS1 controls. Importantly, their analysis of protein and
mRNA levels suggested that infection with these viruses causes
changes in several transcriptional regulators (including several
regulators of APP processing and AD risk-associated genes
such as gamma-secretase subunit presenilin-1 (PSEN1), BACE1,
Clusterin (CLU), PICALM. These data too are consistent with
earlier studies using GWAS on associations between microbes,
particularly herpesviruses, and AD, as described by Licastro et al.
(2011) and Carter (2013). Lin et al. (2002) raised the possibility
that HHV6 infection might be merely an opportunistic infection,
but suggested that it was more likely that HHV6 acts in
concert with HSV1, as studies by others had shown that
HHV6 augments the damage caused by other viruses in animal
tissue and in cell cultures. Also, the data of Readhead et al. (2018)
argue against HHV6 and HHV7 being merely opportunistic
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infections, in that they reveal association between virus levels
and levels of various characteristic AD features, as mentioned
above.

The second article, by Eimer et al. (2018), extends greatly
previous antimicrobial research by the group, and by Bourgade
et al. (2015) specifically on the antiviral properties of Aβ, the
deposition of which they describe as an innate immune response
to infection. The authors found that HSV1 andHHV6 can induce
amyloid plaque production in infected mice within 24–48 h, and
that Aβ oligomers inhibit HSV1 infection in 3-D human neural
cell culture models, and protect 5XFAD transgenic mice from
acute viral encephalitis. They showed also that Abeta, probably
in the form of a soluble oligomer, ensnares the virus through
its heparin-binding domain via the viral envelope glycoproteins,
thereby protecting brain cells from infection; fibrilization of
the amyloid cloak occurs rapidly. This cloaking echoes the
suggestion by Robinson and Bishop (2002) that amyloid acts
protectively by entombing pathogens—a then heretical notion
that was either ignored or derided. Cloaking is consistent also
with the finding that in AD brains, HSV1DNA is very specifically
located within amyloid plaques (Wozniak et al., 2009a).

Both sets of authors acknowledge that their very interesting
data show association of herpesvirus with AD but cannot prove
causality. In contrast, and very importantly from the viewpoint of
AD patients especially, population studies in Taiwan published in
the last 12 months do provide evidence of causality.

EVIDENCE FROM POPULATION
EPIDEMIOLOGICAL STUDIES FOR A ROLE
OF HSV1 AND OTHER HERPES VIRUSES
IN DEMENTIA

Three very significant publications have appeared in the current
year, all providing data on the health and illnesses of a population
over several years—information which is not available in the
UK1 nor, probably, in most other countries. In Taiwan, there are
records of over 99% of the population and it seems that the data
are being exhaustively mined by Taiwanese epidemiologists for
links between, for example, various viruses, and certain chronic
disorders, including senile dementia (SD). These are yielding
important results. All three articles describe data on herpes virus
infections—a family of viruses that affects the vast majority
of people worldwide, at least by the age of 60 or so. These
viruses, once in the body, are harbored there for life, usually
in a latent state but can be reactivated to an active, replicative
state. Only a certain proportion of those infected actually show
overt symptoms; the remainder are asymptomatic (as is the
case for many or perhaps all microbial diseases). In the Taiwan
publications, the word ‘‘infection’’ is used to denote people who
showed overt signs of the disease such as shingles or recurrent
cold sores or genital sores, rather than for all those who carry the
virus asymptomatically in either a latent or an active, productive

1The present author sought relevant population information on HSV1,
antiviral usage and AD in the UK in the 1990s but it was not available.

state. Also, the term ‘‘SD’’ is used rather than AD because in some
cases the diagnosis was uncertain.

Two of the articles investigated varicella zoster virus (VZV)
infection in relation to long-term neurocognitive changes and
the development of dementia. VZV causes chicken pox, but
after acute infection it remains in the body lifelong in latent
form, and in some people in older age it reactivates, causing
shingles, which both sets of authors referred to as herpes zoster
(HZ) and the virus as HZV. The first article, by Tsai et al.
(2017), investigated 846 patients (mean age 62.2 years) who
were diagnosed with HZ ophthalmicus (HZO) in 2005 and who
developed dementia in the following 5 years. The development
of dementia was compared with that of an age-matched control
group of 2,538 subjects during the same 5-year period. The
percentage of patients with HZO who developed SD was 4.16%,
whereas that of the controls was only 1.65% (P < 0.001), and
the crude hazard ratio of developing SD within 5 years of
HZO diagnosis was calculated to be 2.97 after adjustment for
patients’ characteristics and co-morbidities. This represents a
remarkably high risk of developing dementia amongst HZO
sufferers.

In the second article, by Chen et al. (2018), 39,205 patients
with HZV, age range 54–90, were diagnosed during the period
1997–2013 and were followed over an average period of
6.2 years. The incidence of dementia was compared with that
of 39,205 controls (mean age of both groups was 63.5 years).
The hazard ratio was only very small, namely, 1.11. A possible
explanation for this marked difference from the HZO results
is that in HZO the virus is more likely to enter the brain
and cause damage there than in HZV infection. However, HZ
patients who were treated with antiherpes antivirals—acyclovir,
valacyclovir, tromantadine, famciclovir—showed a dramatic
decrease in incidence of dementia to about a half of that in
the untreated group, adjusted HR, 0.55; 95% CI, 0.40–0.77,
(P < 0.0001).

The third and most striking article, and the one directly
relevant to HSV1 and AD was by Tzeng et al. (2018a). The
authors investigated 8,362 subjects aged 50 years or over
during the year 2000 who were newly diagnosed with HSV1 or
HSV2 infections—presumably recurrent herpes labialis or genital
ulceration, on at least three outpatient visits within the year. The
control group of 25,086 age- and gender-matched subjects had no
HSV infection during the year 2000. The incidence of dementia
in both groups was investigated during the 10 years 2001–2010.
The risk of developing SD in theHSV groupwas found to be 2.56-
fold greater, 95% CI 2.351–2.795; P < 0.001), similar to the risk
associated with ophthalmic HZO infection. The main effect was
seen in those with HSV1 rather than HSV2 infections. Subtypes
AD and vascular dementia had similar risk profiles.

Even more strikingly, a group of HSV-infected patients
(N = 7, 215) who had been treated with one of various anti-herpes
agents (acyclovir, famciclovir, ganciclovir, idoxuridine,
penciclovir, tromantadine, valaciclovir (VCV—the biodrug
of ACV, which is better absorbed) and valganciclovir), showed
a dramatic reduction of almost 10 fold in the later incidence of
SD compared with those who received no treatment (N = 1,147;
relative risk factor = 0.092, 95%CI 0.079–0.108, P< 0.001). In the
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subgroup with antiherpetic medications, 419 (5.80%) developed
dementia in the longitudinal follow-up within 10 years. In
the subgroup without antiherpetic medication treatment, 325
(28.33%) developed dementia in the same follow-up period;
relative risk factor = 0.092, 95% CI 0.079–0.108 (P < 0.001).

Thus, antiherpetic medications, either over-all (adjusted HR:
0.092, 0.079–0.108, p < 0.001) or individual antivirals, were
associated with decreased risk of developing dementia (Table 3).
The protection was greater in those treated for longer time
periods (over 30 days vs. less than 30 days) but the effect is
remarkable anyway in showing that treatment for periods of
relatively short duration could prevent the (presumably) later
processes in brain which ultimately led to the development
of AD. In the case of HZ patients, whether the antiviral
treatment acted directly against HZV action if in brain, or
against HSV1 reactivated in brain by HZ-induced inflammation
is unknown; the latter seems more likely in view of the
fact that HZV DNA has not been detected in any elderly
or AD brains (Lin et al., 1997). In theory (though probably
not in practice), a direct effect of any microbe in brain as
opposed to an effect of HSV1 reactivated by microbe-induced
inflammation could be tested by treatment with an antiviral
that targets only HSV1, but current antiherpetics are not
HSV1-specific, and anyway, such treatment might be ethically
dubious.

The mechanism of this action is unknown. To speculate,
it might involve prevention by anti-viral treatment (AVT) of
the virus reaching the CNS—based on the assumption that
this passage occurs in middle age, when the immune system
starts to decline. This seems plausible as all the subjects with
HSV1 infection were ≥50 years old and were selected on the
basis of having had newly diagnosed HSV1 infection during the
period January 1, 2000 to December 31, 2000. The virus might
not therefore have reached their brain, as although primary
infection must have occurred before the diagnosis—and possibly
much earlier (for in some cases overt symptoms occur well after
primary infection), the virus level might have been too low to
lead to passage to the brain. AVT, which stops HSV1 replication,
would have reduced the level in the periphery, thereby decreasing

TABLE 3 | Relative risks for development of senile dementia in herpes zoster and
HSV cases, and after anti-viral treatment.

Type of illness/infection Relative
risk

Herpes zoster ophthalmicus
Developing SD within 5 years of HZO diagnosis vs. age-matched

controls.
2.97

Herpes zoster
Developing SD within 6 years of HZ diagnosis vs. age-matched

controls.
1.1

Developing SD in AVT-treated HZ patients vs. untreated HZ
patients

0.55

Herpes simplex types 1 and 2∗

Developing SD within 10 years of HSV diagnosis vs. HSV-negative
subjects.

2.564

Developing SD in AVT-treated HSV patients vs. untreated HSV
patients.

0.092

∗All severe cases.

the chance of its reaching the brain. However, it seems likely that
AVT, rather than blocking viral passage, probably delayed it. This
could be checked by extending the survey further, perhaps from
2010 to 2017, to find if the number of dementia cases increased
(though there would be an increase also in death rate with age).
Investigations post mortem to seek HSV1 DNA in the brain of
any such subsequent cases of dementia, and in some of those
who remained free of the disease, might help to clarify the effect
of AVT.

All these data, together with the data on HSV1 presence in a
high proportion of elderly brains (Jamieson et al., 1991), and its
association with APOE-ε4 in AD patients (Itzhaki et al., 1997),
strongly support a causal role of HSV1 in AD, and support
also the likelihood that antiherpetic treatment—probably more
effective if combined with anti-inflammatory treatment—could
be used to prevent disease occurrence or to slow disease
progression. However, there are no data on the effect of
antivirals on those already suffering the disease. Indeed, the
fact that antiviral treatment was very effective in reducing the
incidence of dementia, when given before any overt signs of
dementia were apparent, suggests that treatment to prevent
the disease would be more likely to succeed if carried out
before middle age (say between ∼30–40 years), even if the
treatment were for only a relatively short period, rather than
if given after the onset of AD. In the UK, the proportion of
30–40 year old group who are HSV1-seropositive is at most
∼70% (Looker et al., 2015), and the proportion of that age-group
who are carriers of an APOE-ε4 allele is ∼25%, so overall, only
approximately 18% (0.7 × 25%) of the age group would be
most at risk and therefore most likely to benefit from antiviral
treatment, which, it should be noted, is very safe and relatively
inexpensive.

Another uncertainty exists because the treated group
comprised only those who had severe herpes labialis or severe
genital ulcers (as they were selected only if they had made at
least three outpatient visits in the year 2000). What proportion
these severe cases constituted of those who eventually developed
dementia and were HSV1-seropositive and APOE-ε4 carriers, is
uncertain, though it is probably very low. Thus, it is unknown
if subjects who are HSV1-seropositive and APOE-ε4 carriers,
but who are only mildly affected or are asymptomatic,
would be as susceptible to treatment. Nonetheless, it seems
extremely likely that the results of the Taiwanese studies would
apply also to the many AD patients who, although HSV1-
seropositve, never previously displayed overt symptoms of the
infection.

Despite the uncertainties mentioned above, as well as others
such as what future modes and timing of treatment should be
used, these epidemiological results represent a very important
new step to the problem of understanding and treating those
AD cases probably caused by HSV1 (Itzhaki and Lathe, 2018).
It is worth stressing though that these data and the preceding
evidence for a role of HSV1 in AD, do not preclude a role
for bacteria, in particular, Borrelia, Chlamydia pneumoniae,
and some oral bacteria, which are probably the microbes most
strongly implicated in AD (see review, Miklossy and McGeer,
2016): one or more such microbes might be involved, leading
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to the disease in the sizeable proportion of AD patients whose
illness is not accounted for by HSV1 (in combination with
APOE-ε4).

RECENT DATA FROM OTHER DISEASES
RELEVANT TO HSV1 AND COGNITIVE
DECLINE AND TO ANTI-VIRAL
TREATMENT

Three other publications are particularly interesting, even though
none deals directly with the issue of HSV1 in brain and AD. The
first relates to certain cognitive features and HSV1. A number
of studies have shown that HSV1-seropositivity is associated
with cognitive dysfunction—particularly in schizophrenic (SZ)
patients. Bhatia et al. (2017) investigated temporal changes in
various cognitive features over a period of 1–3 years, mean
follow-up time 1.93 years, and also the effect of VCV, comparing
the changes in HSV1 seropositive and seronegative SZ and
control subjects. Emotion Identification and Discrimination
(EMOD), spatial memory and spatial ability were investigated in
131 HSV1-seropositive and 95 HSV1-seronegative people, mean
ages 35 and 32, respectively. EMOD was defined as ability to
discriminate between emotions and is considered an important
component of social cognition (Gur et al., 2010).

SZ subjects had significantly lower scores in all cognitive
domains. The HSV1-infected subjects had significantly lower
scores than uninfected subjects for the above cognitive features,
regardless of SZ diagnosis (p = 0.025, 0.029, 0.046, respectively,
and their values for EMOD decreased significantly more rapidly
(p = 0.033).

In the VCV study, 30 subjects were given VCV orally at 1.5 gm
twice daily for 16 weeks, and 32 subjects were given placebo,
while continuing with standard antipsychotic treatment. The
results indicated improvement in EMOD among HSV1 infected
persons with SZ, following VCV treatment (p = 0.048, Cohen’s
d = 0.43). The authors concluded that HSV1 infection was
associated with dysfunction in various cognitive features at study
entry in SZ patients and controls, and with greater temporal
decline in EMOD.

Another interesting study investigated fibromyalgia (FM) in
relation to HSV1. FM is characterized by chronic widespread
pain, fatigue, sleep disruption, and cognitive impairment.
Pridgen et al. (2017) treated patients with the antiherpetic
famciclovir (FCV), a nucleoside analog, in combination with a
Cox-2 inhibitor, celecoxib (combination referred to as IMC-1),
in a multicenter trial. Usage of the anti-herpes antiviral agent
was based on the hypothesis that the disorder is caused by
intermittent reactivation of latent HSV1 because of stress, etc.
Celecoxib was used not only because of its direct Cox-2 inhibition
but also because it has anti-herpes action. Several herpes viruses,
including HSV-1, are known to upregulate COX-2 (Liu et al.,
2014), and virally induced upregulation of COX enzymes is
important for efficient HSV-1 replication. COX-2 inhibition
reduces the severity of primary herpes virus lesions and inhibits
reactivation of latent infections (Higaki et al., 2009). FM
patients, mainly caucasian and female, age range 18–70 years,

were enrolled in a 16-week, double-blinded, placebo-controlled,
proof-of-concept trial held in 12 centers. Randomized patients
received either IMC-1 or placebo. Fifty-seven patients completed
the 16-week course of treatment with IMC-1 and 45 patients
received a placebo (mean ages 51 and 48 years, respectively). The
outcome was assessed by standard ratings of pain, fatigue and
depression at baseline and weeks 6, 12 and 16 of the study.

The data showed a significant decrease in FM-related pain in
IMC-1-treated patients compared with those given the placebo.
The safety and tolerability profile for IMC-1 were encouraging.
The authors commented that the two drugs when used in
combination, might have acted additively and/or synergistically,
thereby increasing the efficacy. Previous investigators using them
separately had found that in contrast neither drug alone was
efficacious in the treatment of FM. They concluded that their
results supported the hypothesis that herpes virus infections may
contribute to this syndrome.

The third article concerns FM and dementia, pursued by
Taiwanese investigators again using the country’s insurance
data, the rationale being that inflammation-related diseases or
other pain disorders, such as headaches, have been shown to
be associated with increased risk of dementia. Tzeng et al.
(2018b) investigated 41,612 subjects with FM diagnosed between
January 1, and December 31, 2000, and 124,836 controls without
FM, matched for age, sex and index year. All subjects were aged
50 years or over. Patients were selected on the basis of having
made at least three outpatient visits within the 1-year study
period for FM or other co-morbidity. The risk of developing
dementia during the 10-year follow-up period to December
31, 2010, was investigated. The results showed that FM was
associated with increased risk of all types of dementia: 1,704 of
the 41,612 FM patients (21.23 per 1,000 person-years) developed
dementia, compared with 4,419 of the 124,836 controls (18.94 per
1,000 person-years). After adjustment for sex, age, etc. the
hazard ratio was calculated to be 2.77 (95% CI: 2.61–2.95,
P < 0.001). For the individual types of dementia, the risk
for AD was 3.35-fold, for non-vascular dementia 3.14-fold
(a group which, they acknowledge, might have included some
wrongly diagnosed AD patients), and for vascular dementia
2.72-fold.

Tzeng et al. (2018b) described several possible limitations, and
therefore concluded that the findings suggest association of FM
with dementia, rather than causation, and that a longer follow-up
period would help to clarify the long-term risks. However, in
view of the study by Pridgen et al. (2017) suggesting that herpes
virus infections may contribute to FM, the linking factor—and
probable causative agent—is HSV1.

HSV1 INFECTION OF MICE

Although there is increasing evidence in humans that long term
HSV latency correlates with increased risk of neurodegenerative
disease, few animal studies have focused on correlating long term
HSV infection in the CNS with functional cognitive/behavioral
endpoints. Beers et al. (1995) published the first report providing
evidence that spatial memory deficits were associated with HSV
infection in Lewis rats that had recovered from encephalitis;
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this study was performed relatively soon after recovery from
primary infection and long-term effects were not evaluated. An
ongoing study is investigating whether long term-HSV latency
results in measurable differences in cognitive performance in
human-APOE-ε4 targeted knock-in transgenic mice (huApoE4;
Sawtell et al., 2018). In two independent studies, two groups
of mock infected and two groups of HSV-1 17syn + infected
(via the ocular route) huApoE4 mice were utilized. Mice were
monitored for overall health status, including weight, during the
entire study. With the exception of minor blepharitis during
acute stage of infection, no differences in overall health status
between mock and HSV-1 infected groups were observed. Signs
of encephalitis were not observed during acute infection and
mortality from viral infection did not occur. HSV latency in the
trigeminal ganglia and throughout the CNS was demonstrated
at 40 days post infection by real-time qPCR. At 12 months
post infection, groups of mice (n ≥ 16/group) were evaluated
in a number of tests including the Morris Water Maize
(MWM) which tests hippocampus-dependent spatial learning
and memory. Striking and significant differences in both studies
between HSV infected and mock infected groups were observed
in the MWM, suggesting alteration in hippocampal function.
Examination of hippocampal region revealed an∼8-fold increase
in focal Aβ deposits. The investigators conclude that these
behavioral studies draw a solid link between long term HSV
latent infection and cognitive impairment in the context of the
huApoE4 allele.

LINKS AMONG EPILEPSY AND AD, APOE,
HHV6, HSV1 AND HERPES SIMPLEX
ENCEPHALITIS (HSE)

Increasing numbers of publications are linking epilepsy and AD
in showing that seizure-like activity in the brain is associated
with some of the cognitive decline seen in AD patients, and
that seizures are more common in AD than in the general
population. Also, the risk factors, APOE-ε4, HSV1 or HHV6 are
increasingly implicated in both disorders. The three latter factors
are discussed below.

AD patients have an increased risk of epilepsy and almost
50% have abnormal electrical activity in the brain, which
does not cause a seizure but is detectable by brain scan
technology. Lam et al. (2017) pointed out that amyloid plaques,
characteristic of AD in their numbers in brain, were first
described in 1892, in patients with epilepsy, and that AD
and epilepsy both impair cognition and show overlapping
patterns of cellular neurodegeneration and hypometabolism
in the temporal lobe. They added that interneurons are among
the first to die in AD mesial temporal cortex and that
the ensuing degradation of synaptic connectivity and circuit
remodeling could contribute to memory storage and retrieval.
Intermittent temporal lobe dysrythmia could therefore account
for early fluctuations in cognition in AD patients. The authors
investigated mesial temporal activity in two AD patients
with fluctuating cognition but with no previous history of
seizures, using intracranial foramen ovale electrodes, and

detected clinically silent hippocampal seizures and epileptiform
spikes during sleep, a period when both were most likely
to interfere with memory consolidation. They suggested that
early development of occult hippocampal hyperexcitability might
contribute to the pathogenesis of AD.

In a recent feasibility study (Musaeus et al., 2017), an
anti-epileptic drug was tested for its potential impact on the
brain activity of patients with mild AD in a double-blind within-
subject study. Seven patients were investigated on three separate
occasions: their baseline EEG was examined and then they were
injected with either a placebo or with the anti-seizure drug
levetiracetam, at either a low dose (2.5 mg/kg) or a higher dose
(7.5 mg/kg). Each patient eventually got one dose of each type,
in random order. After injection, patients underwent magnetic
resonance imaging (MRI) to measure blood flow in the brain
to quantify brain activity and detect its location in the brain,
and they took standard cognitive tests for memory, executive
functioning, naming, visuospatial ability and semantic function,
all of which are affected in AD. The higher doses of the
anti-seizure drug were found to normalize abnormalities in the
patients’ EEG profiles, increasing brain wave frequencies that
had been abnormally low, and decreasing those that had been
abnormally high. Although the authors found no improvement
in cognitive function after a single dose of medication, they plan
a longer and larger study.

There is also an amyloid connection between epilepsy and
AD: Joutsa et al. (2017) investigated 41 people who had suffered
childhood-onset epilepsy (one in a hundred develop the disorder
before age 18), and were then followed for 50 years until late
middle age, and 46 matched population-based controls, using
positron emission tomography scanning. The aim was to find
if there was a predisposition to development of progressive
neurodegenerative disorders such as AD, as indicated by Aβ

accumulation, and to find if APOE genotype is a factor. The
authors reported that the middle-aged adults who had developed
childhood epilepsy had more amyloid plaques in their brains
than matched controls without epilepsy. Plaque accumulation
was especially great in APOE-ε4 carriers. The subjects had had
a variety of different epilepsy syndromes and were in remission.
Many had not had anti-epileptic drug therapy for decades which,
the authors suggested, linked the increased brain Aβ to the
pathophysiology of epilepsy rather than to seizure control or
duration of active epilepsy, and might help to explain why
childhood epilepsy could lead to cognitive disorders such as AD.

There have been a number of studies specifically on the
involvement of APOE, and also of HSV1 and HHV6, in
epilepsy. The role of APOE in epilepsy development is still
controversial, some studies showing that ApoE-ε4 is associated
with an increased risk of medically refractory epilepsy, of late
post-traumatic seizures and of non-lesional mesial temporal
lobe epilepsy (MTLE), while other studies found no association
in non-lesional TLE patients nor in MTLE with hippocampal
sclerosis (MTLE-HS) patients (Leal et al., 2017). An association
between this isoform and age of onset of temporal lobe
epilepsy was found in several studies; also, the APOE-ε4 allele
has been associated with cognitive impairment in epileptic
patients. Leal et al. (2017) aimed to elucidate the importance
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of febrile seizures (FS) and the role of APOE in MTLE-HS
development. They described MTLE with hippocampal sclerosis
(MTLE-HS) as the most frequent pharmaco-resistant epilepsy,
with most HS patients having suffered CNS infection, head or
birth trauma or FS, the latter being the most common injury.
Their results showed no differences in APOE-ε4 frequencies
between MTLE-HS patients and controls or between MTLE-HS
subgroups, but APOE-ε4 carriers had an earlier MTLE-HS onset,
as did MTLE-HS patients with FS antecedents compared with
non-FS antecedents. They concluded that although APOE-ε4 and
FS might not be involved in aetiopathogenic mechanisms of
MTLE-HS, these factors could speed up disease development in
predisposed individuals.

Other mainly negative findings included that of Li et al. (2016)
who investigated Han Chinese and found no association between
APOE-ε4 carriage and the age of onset, duration of epilepsy,
frequency of seizure, febrile convulsion history, or hippocampal
sclerosis, although they suggested that the ε4 allele was a possible
risk factor for non-lesional MTLE. Also, Lavenex et al. (2016)
detected no association between APOE polymorphisms and FS.

As to a viral involvement in epilepsy, Wipfler et al. (2018)
carried out a meta analysis of eight publications on HHV6 and
MTLE, all of which had used surgically removed tissue samples
from pharmaco-resistant patients. HHV-6 DNA was detected in
brain of 19.6% of all MTLE patients compared to 10.3% of all
controls (p > 0.05). As the authors state, these data indicate an
association between HHV-6 DNA and MTLE, although whether
it involves HHV6 types A or B or both is unknown, as also is
whether the association is causal.

HSE causes epilepsy and epilepsy surgery causes HSE
recurrence. HSE is caused byHSV1 and is themost common type
of viral encephalitis. It is an acute, rare but often fatal disease
of the brain. In the last few decades, treatment of HSE by ACV
and other antivirals has decreased mortality, but morbidity in
survivors is still high. In the author’s previous review (Itzhaki,
2017), it was pointed out that HSE is a major cause of seizures,
the occurrence of which is probably underestimated because of
their frequent subtlety. Unprovoked seizures often occur in the
post-acute phase (21 days from onset of initial symptoms) and
they resist treatment. If seizures occur during the acute phase,
there is a greater risk of post-encephalitic epilepsy, and hence of
poor long- term prognosis (Sellner and Trinka, 2012).

In a reverse effect, surgery for treatment of epilepsy can cause
the relapse of HSE, as described in several case reports: Bourgeois
et al. (1999), Kim et al. (2013), Uda et al. (2013), Lo Presti
et al. (2015), de Almeida et al. (2015) and Alonso-Vanegas et al.
(2016). HSE relapse presumably occurs because of reactivation
of existing HSV1 DNA in the brain caused by axonal cutting—a
known reactivator of the virus.

HSE has some links with AD, in that it leads not only to
seizures but also to memory deficits and behavioral changes,
resembling some of the changes seen in AD patients. Thus, there
are functional inks between HSE sequelae and AD, links between
AD and epilepsy, and HSE and epilepsy, probable links between
epilepsy and herpes viruses, possible links of epilepsy also with
specific APOE alleles, and much evidence linking HSV1 to AD.
The episodes of HSV1 reactivation which are postulated to

occur in brain of the elderly must necessarily be very limited
in extent as otherwise, they would lead to overt encephalitis.
In view of these connections, it seemed reasonable to consider
that HSE occurrence in APOE-ε4 carriers might lead to AD,
although it would be rare because of the rarity of HSE (approx
1–3 cases per million population). Relevant literature was
therefore searched to find if people who had suffered from HSE
have a greater risk of developing age-related cognitive decline,
and specifically of dementia or AD. Four published studies and
one unpublished survey showed an increase in dementia or,
specifically, of AD, amongst survivors of HSE, suggesting that
the survivors might have shared another characteristic which
added to a risk conferred by HSE—possibly, an APOE-ε4 allele,
but unfortunately, none of the studies investigated the APOE
genotype of their subjects (Itzhaki and Tabet, 2017).

There appear to be only two publications on APOE genotypes
of HSE patients, one of which implicated APOE-ε2 as a risk (Lin
et al., 2001). This would not necessarily invalidate the APOE-
ε4 hypothesis, as ADmight develop mainly in those HSE patients
(some half of the total) who are not APOE-ε2 carriers. However,
a second study found no significant difference between HSE
patients’ genotypes and those of controls (Nicoll et al., 2001). The
reason for the difference is unknown. As to dementia occurring
also amongst survivors of non-HSE encephalitis (caused by
other herpesviruses, bacteria or parasites), possibly this is a
consequence of encephalitic damage in the CNS, which might
well cause reactivation of latent HSV1 if present.

TREATMENT OF HSE WITH ACYCLOVIR
AND RELEVANCE TO THE TREATMENT OF
HSV1-SEROPOSITIVE, APOE-ε4 AD
PATIENTS

The standard treatment for HSE is intravenous acyclovir,
following trials in the 1980s which assessed its efficacy. It
is strongly recommended that ACV should be given as soon
as possible during an attack (or even before the diagnosis
is certain, in suspected cases) because its usage leads to
a striking drop in mortality. However, all too often there
are serious sequelae of the illness, as mentioned above. As
to the efficacy of longer-term treatment than the standard
14–21 days, a clinical trial of neonates with ‘‘HSV disease
with CNS involvement’’ showed that prolonged oral dosing
of ACV for 6 months after the usual 14–21 days greatly
improved neurological outcomes (Kimberlin et al., 2011).
However, another study found, in contrast, that valacyclovir
treatment given for 90 days after standard intravenous ACV
did not benefit adult HSE patients (Gnann et al., 2015; who
were given 2 g thrice daily or placebo tablets).The primary
endpoint was survival, with no or mild neuropsychological
impairment at 12 months, as measured by the Mini-Mental
State Examination (MMSE), and the Mattis Dementia Rating
Scale (MDRS). To explain this unexpected result, Tyler (2015)
pointed out that the patients in the study by Gnann et al.
(2015) were a select group, described by him as a relatively
high-functioning subset of HSE survivors. No seriously ill
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patients were enrolled, so whether such patients or those
with associated immuno-compromising conditions might have
benefitted is unknown. Nonetheless, the patients in the adult
trial, treated and untreated, showed a remarkable extent of
recovery. By 2 years post-illness, some 90% of the subjects had
no or only mild impairment, as judged by either of the score
systems. In fact, most of the improvement occurred within the
first 90 days.

This high recovery group represents probably only a small
minority: Gnann and Whitley (2017) have estimated that only
40%–55% of sufferers are able to resume activities of daily living
at 12 months. To improve the high morbidity, they suggest
the usage of combinations of ACV—or VCV plus immuno-
modulatory drugs to reduce ongoing inflammation. A major
possibility would be treatment with the combination IMC-1 used
by Pridgen et al. (2017; see above).

As to the effects of treating AD patients long term, ACV
causes few side-effects except in renally impaired patients; these
should therefore be excluded from relevant trials. No ill effects
were seen when VCV was used for a 2 year period at a dosage of
3 g per day, in a clinical trial designed to investigate its efficacy
in treating multiple sclerosis (Friedman et al., 2005) and Pridgen
et al. (2017) found the safety and tolerability of their IMC-1 in
the 4-month treatment of their patients to be satisfactory.

CONCLUSIONS

Further population epidemiological work would be invaluable
for understanding the role of microbes, in particular HSV1, in
AD. Using the Taiwan records, or those of any other country
with comparable information, the subsequent development of
dementia amongst subjects who had suffered mild herpes labialis
or genital herpes could be investigated, although they would
be far less likely to be documented, and therefore much less

identifiable than severe cases. However, investigation of even
asymptomatic HSV-seropositive people vs. HSV-seronegative
people would be informative, although by the age of 60 the latter
would comprise only a very small minority. Also, individuals
could be selected who had suffered severe peripheral infections,
on the basis that the inflammation thus caused could lead to
inflammation in the brain, and reactivation of any latent microbe
there. Of particular interest would be those who had suffered
HSE, and also epilepsy patients—even those in whom no virus
infection had been reported. If tissue, blood, or salve samples
were available, APOE genotypes could be determined for any
association with other characteristics.

Clearly, the types of antiviral which might be used for treating
AD should be carefully chosen, especially if combined with an
anti-inflammatory agent, as well as the duration of treatment and
stage at which their usage would most effective. Even if the effects
were merely a delay in onset of the disease, this would still be
enormously beneficial for patients, carers and the economy. Of
course, vaccination against HSV1 would be the better option, as
prevention of disease is better than cure. Unfortunately, however,
there is currently no vaccine for HSV1 and any vaccine trial
would presumably have to extend for many years to find the
outcome.

Research data on a microbial cause of AD have been ignored
or dismissed for three decades, very unfortunately for those who
developed AD during that period and who therefore had no
chance of benefitting from the information. Surely, now is the
time to rectify the situation by determining and then using the
best means of treatment at hand.
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The argument is frequently made that the amyloid-β protein (Aβ) persists in the human
genome because Alzheimer’s disease (AD) primarily afflicts individuals over reproductive
age and, therefore, there is low selective pressure for the peptide’s elimination or
modification. This argument is an important premise for AD amyloidosis models and
therapeutic strategies that characterize Aβ as a functionless and intrinsically pathological
protein. Here, we review if evolutionary theory and data on the genetics and biology of
Aβ are consistent with low selective pressure for the peptide’s expression in senescence.
Aβ is an ancient neuropeptide expressed across vertebrates. Consistent with unusually
high evolutionary selection constraint, the human Aβ sequence is shared by a majority
of vertebrate species and has been conserved across at least 400 million years. Unlike
humans, the overwhelming majority of vertebrate species do not cease reproduction
in senescence and selection pressure is maintained into old age. Hence, low selective
pressure in senescence does not explain the persistence of Aβ across the vertebrate
genome. The “Grandmother hypothesis” (GMH) is the prevailing model explaining the
unusual extended postfertile period of humans. In the GMH, high risk associated
with birthing in old age has lead to early cessation of reproduction and a shift to
intergenerational care of descendants. The rechanneling of resources to grandchildren
by postreproductive individuals increases reproductive success of descendants. In the
GMH model, selection pressure does not end following menopause. Thus, evolutionary
models and phylogenetic data are not consistent with the absence of reproductive
selection pressure for Aβ among aged vertebrates, including humans. Our analysis
suggests an alternative evolutionary model for the persistence of Aβ in the vertebrate
genome. Aβ has recently been identified as an antimicrobial effector molecule of
innate immunity. High conservation across the Chordata phylum is consistent with
strong positive selection pressure driving human Aβ’s remarkable evolutionary longevity.
Ancient origins and widespread conservation suggest the human Aβ sequence is
highly optimized for its immune role. We detail our analysis and discuss how the
emerging “Antimicrobial Protection Hypothesis” of AD may provide insights into possible
evolutionary roles for Aβ in infection, aging, and disease etiology.

Keywords: Alzheimer’s disease, amyloid-β protein, senescence, antimicrobial peptide, species fitness,
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The hallmark pathology for Alzheimer’s disease (AD) is
deposition of amyloid-β protein (Aβ) as β-amyloid senile
plaques. Accumulation of high β-amyloid burden is thought to
drive a succession of pathologies leading to neurodegeneration
and dementia. This model is called the “Amyloid Cascade
Hypothesis” (ACH) of AD. β-amyloid is generated in brain by
the ordered self-assembly of Aβ into fibrils containing monomer
units arranged as β-pleated sheets. Aβ fibrillization is widely
viewed as an intrinsically abnormal and exclusively pathological
activity. The Aβ peptide itself is most often characterized
as a functionless incidental product of catabolism. However,
evolutionary theory predicts negative reproductive selection
pressure would rapidly eliminate a non-functional and highly
pathogenic gene from the genome (Crow and Kimura, 1970).
A “Low Selection Pressure in Senescence” (LSPS) argument has
frequently been proposed to explain Aβ’s puzzling persistence
in the human genome despite the peptide’s supposed lack of a
physiological function and intrinsic pathogenicity. In the LSPS
model, Aβ is not purged from the human genome because AD
primarily afflicts individuals over reproductive age and, therefore,
there is low reproductive selective pressure for the peptide’s
elimination or modification. For over two decades the LSPS
argument has provided support for amyloidogenesis models that
ascribe amyloid generation in AD to an intrinsically abnormal
propensity of Aβ for unconstrained self-association. Here, we
present the first detailed evaluation of the LSPS argument. Our
analysis shows the LSPS model is not consistent with modern
evolutionary theory or data on the activities and genetics of Aβ.
Our findings suggest Aβ persists across the vertebrate genome,
not because of low reproductive selection pressure, but because
the peptide increases inclusive fitness. Our analysis adds to
mounting evidence suggesting an urgent need for revaluation
of prevailing AD amyloidogenesis and therapeutic models that
characterize Aβ as a functional less disease-causing catabolic by-
product (reviewed by Moir et al., 2018). We examine how the new
“Antimicrobial Protection Hypothesis” of AD (Moir et al., 2018)
provides a fresh interpretation of the ACH that is consistent with
preservation of Aβ in the vertebrate genome and the emerging
role of innate immunity in AD etiology.

Human reproductive senescence occurs much faster than
somatic aging and woman exhibit prolonged postreproductive
periods that can extend to more than 30 % of normal lifespan
(Peacock and Ketvertis, 2018). AD primarily afflicts individuals
in this postreproductive period. In the LSPS model, genes
mediating disease in humans are not subject to selection pressure
postreproduction. However, this model does not address Aβ’s
persistence in non-human genomes. The Aβ sequence is ancient
and highly conserved across vertebrates (Figure 1; Luna et al.,
2013). Recent findings suggest non-human vertebrates also suffer
excessive β-amyloid deposition and Alzheimer’s-like cognitive
impairment in senescence (Nakayama et al., 1999; Maldonado
et al., 2002a,b; Youssef et al., 2016). However, postreproductive
periods for the majority of iteroparous vertebrate species,
if present at all, are less than 5% of normal lifespan and
individuals continue to have offspring well into senescence
(Jones et al., 2014; Croft et al., 2015; Field and Bonsall,
2017). For some vertebrae species, reproductive success is

highest among older mothers (Reiter et al., 1981; Palumbi,
2004; Hixon et al., 2014). Thus, for most vertebrate species
reproductive selection pressure does not cease in old age when
pathologies associated with Aβ expression manifest. Nonetheless,
the human Aβ sequence is shared by 60–70 % of vertebrates
and has been conserved across at least 400 million years
(Luna et al., 2013). Aged individuals also indirectly contribute
to the reproductive success of kin in several ways (Roach
and Carey, 2014). Among social mammals, the presence of
aged mothers increases the reproductive success of daughters
(Fairbanks and McGuire, 1986; Lahdenpera et al., 2016; Lee
et al., 2016). The extensive habitat knowledge accumulated
by old individuals is also an important part of the survival
strategy of mammals living in close kin groups (McComb et al.,
2001; Modlmeier et al., 2014). Evolutionary theory predicts
functionless or harmful genes that reduce the support old
mothers provide for reproduction among kin will be selected
out of species genomes. However, Aβ remains widely expressed
with the human sequence greater than 95 % conserved across
mammals (Tharp and Sarkar, 2013). Thus, the LSPS model fails
to explain Aβ’s remarkable evolutionary persistence among non-
human vertebrates.

In the LSPS argument, reproductive selection pressure is
low for humans following the end of reproduction. To date,
only humans, killer whales (Orcinus orca) and short-finned
pilot whales (Globicephala macrorhynchus) have been found to
undergo menopause (Marsh and Kasuya, 1986; Olesiuk et al.,
1990). Menopause is thought to have evolved independently in
humans and toothed cetaceans because of important lifestyle
traits these species share, including highly social behaviors
focused around family groups with elevated local relatedness,
a long adolescence during which offspring learn diverse
survival skills and acquire local and often highly specialized
knowledge from their mothers and kin, and high maternal risk
associated with birthing in old age. Ongoing debate continues
to refine evolutionary theory on the origin of menopause
(Hawkes and Coxworth, 2013; Croft et al., 2015). However, a
broad consensus has emerged that postreproductive lifespan
in these species increases inclusive fitness. The most widely
accepted theory is known as the “Grandmother Hypothesis”
(GMH) and explains menopause as an adaptation mediating
extended kin networking in species for which reproduction
in senescence carries high risk (Williams, 1957). In this
model, postreproductive individuals rechannel reproductive
energy and resources (including experience and knowledge)
to grandoffspring. This provision of intergenerational care
promotes survival of descendants and increases species
evolutionary fitness. The GMH model has been confirmed
in whales where postfertile females play an important role in
increasing survival and reproductive success of descendants
and close relatives (Foster et al., 2012; Brent et al., 2015;
Croft et al., 2017). Delineating the benefits of grandparenting
in human societies has proved more challenging. However,
mounting data from both modern and less technological
advanced societies are consistent with reproductive benefits
for family groups that include grandparents (Hawkes, 2003;
Ragsdale, 2004; Shanley et al., 2007; Pavard et al., 2008;
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FIGURE 1 | Amyloid-β protein is an ancient and highly evolutionary conserved neuropepetide. Figure shows Aβ42 sequences across different vertebrate taxa.
Conserved (blue) and non-conserved (red) amino acid substitutions among non-human species are highlighted. Adapted from Luna et al. (2013).

Lahdenpera et al., 2012; Mace and Alvergne, 2012; Cyrus
and Lee, 2013; Hooper et al., 2015). Thus, inclusive fitness
theory (Kirkwood and Shanley, 2010) and data on human
reproduction are not consistent with low evolutionary
selection pressure for postreproductive individuals as posited
in the LSPS model. Rather, persistence of Aβ in the human
and vertebrate genomes suggests strong positive selection
pressures are driving the protein’s enduring and widespread
evolutionary conservation.

Aβ is generated by proteolytic cleavage of the amyloid-β
precursor protein (APP). Aβ generation requires the peptide’s
excision from APP by β-secretase (β-site APP cleaving enzyme
[BACE1]) and a γ–secretase complex. Aβ generation has
been confirmed in a range of sarcopterygians. Findings for
zebrafish (Danio rerio) and kokanee salmon (Oncorhynchus
nerka kennerlyi) are also consistent with generation of Aβ by
teleosts (Maldonado et al., 2000, 2002a,b; Nada et al., 2016;
Nery et al., 2017; Pu et al., 2017), despite analysis suggesting
fish APP lacks the classical BACE1 cleavage site found in
other vertebrates (Moore et al., 2014). Thus, most vertebrates

appear to actively generate Aβ from APP. Phylogenetic analysis
indicates the ancestral APP/Aβ gene arose with metazoic
speciation during the Ediacaran period (Tharp and Sarkar, 2013).
Early gene duplication lead to a family of three homologs
in vertebrate species: APP, amyloid precursor-like proteins
1 (APLP1), and amyloid precursor-like proteins 2 (APLP2)
(Wasco et al., 1992, 1993). The Aβ sequence is the most highly
conserved domain within the vertebrate APP family (Tharp
and Sarkar, 2013). APLP1 and APLP2 contain homologous
Aβ domains that are less evolutionarily conserved, varying
between each other and across species (Tharp and Sarkar, 2013).
The unique conservation of the Aβ domain is consistent with
an ancient and important physiological role for this peptide
sequence. Aβ is part of the APP transmembrane domain.
However, data suggest the apparent high evolutionary selection
constraint of human Aβ is not mediated by the domains
role as part of the APP holoprotein. The Aβ homolog regions
in APLP1 and APLP2 are distinct from the Aβ domain in
APP. Data from genetically modified cell and animal models
confirm that APP, APLP1, and APLP2 share activities and
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have partially overlapping functions (Muller et al., 2017). In
addition, murine APP contains a non-human Aβ sequence
but the protein appears to retain full functionality (Deyts
et al., 2016; Kaneshiro et al., 2018). These data suggest
the human Aβ sequence is sufficient, but not essential, for
functionality of the members of the APP protein family.
Thus, the evolutionary conservation of the Aβ sequence is
most likely linked to the actions of the excised peptide
rather than activities of the APP holoprotein. Rates of protein
sequence evolution depend primarily on the level of functional
constraint (Zhang and Yang, 2015). Protein evolution models
predict that optimized genes important for species fitness
show high sequence stability over large evolutionary periods
(Zhang and Yang, 2015). Proteins subject to low selection
pressure accumulate mutations and display genetic drift across
species (Boucher et al., 2014). Indeed, genetic drift mediated
by low selection pressure is thought to be key for the
generation of novel proteins (Boucher et al., 2014). Hence,
from an evolutionary perspective, high sequence conservation
and persistence among vertebrates across at least 400 million
years is consistent with a strong association between Aβ

expression and increased species fitness. Moreover, widespread
preservation of the human Aβ sequence among vertebrates (Luna
et al., 2013) does not support AD amyloidosis models that
characterize fibrillization as intrinsically abnormal. In contrast
to prevailing AD amyloidogenesis models, intergenetic data
suggest Aβ fibrillization is associated with high evolutionary
selective constraint, consistent with an important beneficial
role for β-amyloid generation in non-AD brain. However,
until recently it has been unclear what physiological role Aβ

fibrillization normally plays.
We (Soscia et al., 2010; Kumar et al., 2016; Eimer et al.,

2018), and other independent laboratories (White et al., 2014;
Bourgade et al., 2015, 2016; Spitzer et al., 2016), recently identified
Aβ as an antimicrobial peptide (AMP). AMPs are the primary
effector proteins of the innate immune system. The microbial
inhibitory activities of AMPs are critically important for host
immunity and they target bacteria, mycobacteria, enveloped
viruses, fungi, protozoans, and, in some cases, transformed or
cancerous host cells (Wiesner and Vilcinskas, 2010). However,
AMP activities are not limited to antibiotic-like actions. AMPs
often play multiple diverse roles in immunity. To greater or
lesser extents, all of the roles Aβ plays as an AMP are likely
to influence the peptide’s evolutionary conservation. Germaine
to AD, AMPs are potent immunomodulators (Steinstraesser
et al., 2011) and are sometimes called the alarmins because of
their cytokine-like proinflammatory activities. Consistent with
identity as an AMP, synthetic Aβ inhibits fungal, bacterial,
and viral pathogens in vitro (Soscia et al., 2010; White et al.,
2014; Bourgade et al., 2015, 2016; Spitzer et al., 2016). Most
recently, we have shown human Aβ expression in vivo protects
against pathogens in transformed 3D human neuronal cell
culture and transgenic C. elegans and AD mouse infection
models, doubling host survival in some cases (Kumar et al.,
2016; Eimer et al., 2018). Conversely, genetically modified mice
lacking APP or the secretases required for Aβ generation,
show attenuated infection resistance (Dominguez et al., 2005;

Kumar et al., 2016; Eimer et al., 2018). Amyloid fibrils
mediate the direct microbe inhibitory activities of Aβ. Aβ

oligomers first bind carbohydrate moieties on microbial surfaces.
Bound oligomers then provide a nidus and anchor for Aβ

fibril propagation. Growing Aβ fibrils capture, agglutinate,
and finally entrap microbes in a protease-resistant network
of β-amyloid. In the antimicrobial Aβ fibrilization model,
seeding of β-amyloid by pathogenic microorganisms is part
of a protective innate immune response to infection. In AD,
sustained activation of this pathway leads to amyloidosis and
pathology. However, Aβ fibrilization and amyloid generation per
se are not abnormal and mediate a protective immune pathway.
This newly identified role for β-amyloid is consistent with
our sequence evolution analysis that suggests Aβ fibrilization
mediates beneficial immune functions. Also consistent with
this emerging view of Aβ is the role peptide fibrillization
plays in mediating the protective antimicrobial actions of
classical AMPs, including lytic (Radzishevsky et al., 2008;
Sood et al., 2008; Chu et al., 2012; Kagan et al., 2012) and
agglutination/entrapment (Tsai et al., 2011; Chu et al., 2012;
Torrent et al., 2012) activities.

Findings from our phylogenetic analyses are consistent
with emerging data showing a role for Aβ fibrillization
pathways in innate immunity. This stands in stark contrast
to prevailing models that characterize fibrilization and
associated Aβ activities as intrinsically abnormal. The
view that Aβ activities are abnormal arose from an early
surmise about the peptide’s origins that, while plausible
at the time, has since proved inaccurate. Three and a half
decades ago when Aβ generation was first characterized,
intramembrane protein cleavage was viewed as an abnormal
and exclusively disease-associated pathway (Kang et al.,
1987). APP intramembrane cleavage and Aβ generation were
thought limited to AD brain (Sisodia et al., 1990). As an
abnormal catabolic product generated only under disease
conditions, Aβ was presumed to lack a normal physiological
function. However, intramembrane cleavage is now recognized
as a normal proteolytic pathway mediating generation of
diverse functional biomolecules (Rawson et al., 1997).
Furthermore, findings have confirmed Aβ is a widely and
constitutively expressed vertebrate neuropeptide (Figure 1;
Luna et al., 2013; Tharp and Sarkar, 2013). However, while
early assumptions about Aβ’s origin proved incorrect, the
amyloidogenesis models they helped engender remain
widely held. Moreover, the LSPS hypothesis continues to
be cited in support of these longstanding amyloidogenesis
models. However, as our analysis underscores, data
accumulated over the last three decades is inconsistent, not
only with early speculations on Aβ’s origin, but also the
longstanding LSPS argument.

Data are consistent with lifelong positive selection
pressure mediating conservation and persistence of Aβ in
the vertebrate genome. However, antagonistic pleiotropy
may also play a role in the etiology of patients with high
genetic risk for AD. In the antagonistic pleiotropy hypothesis,
a gene beneficial to evolutionary fitness early in life may
be detrimental in senescence- early benefits outweighing
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later costs (Williams, 1957). The E4 allele (APOE4) of the
apolipoprotein E gene is associated with enhanced β-amyloid
deposition and increased AD risk (Strittmatter et al., 1993).
An antagonistic pleiotropy model has been proposed for the
pathogenicity of APOE4 in inflammation-associated late-life
diseases, including AD (Jasienska et al., 2015), arteriosclerosis
(Mahley, 1988), multiple sclerosis (Chapman et al., 2001),
ischemic cerebrovascular disease (McCarron et al., 1999),
sleep apnea (Kadotani et al., 2001), and pathologies resulting
from traumatic brain injury (Friedman et al., 1999). APOE
is important for immunity and genetically modified mice
lacking the protein show attenuated pathogen resistance
(Miller and Federoff, 2008). All three human apoE isoforms
(apoE2, apoE3, and apoE4) modulate immunity but APOE4
carriers appear to have heightened immune responsiveness
(Vitek et al., 2009; Gale et al., 2014; van Exel et al., 2017;
Nam et al., 2018). The augmented innate immune response
associated with apoE4 expression is thought to exacerbate
inflammation-mediated pathologies (van Exel et al., 2017;
Corbett et al., 2018). However, in high pathogen environments
expression of apoE4 is associated with increased fertility and
juvenile survival compared to APOE2 or APOE3 carriers
(Oria et al., 2010; Vasunilashorn et al., 2011; Mitter et al.,
2012; Fujioka et al., 2013; Trumble et al., 2017; van Exel et al.,
2017). Inheritance of APOE4 is also associated with improved
cognitive function among populations with high parasite
burdens (Azevedo et al., 2014). Thus, a “hair-trigger” immune
response for APOE4 carriers may protect against infection
early in life. With regard to APOE4’s involvement in AD, an
antagonistic pleiotropy model is consistent with the recently
emerged innate immune role for Aβ fibrillization pathways. In
an AD antagonistic pleiotropy model, increased proclivity for
β-amyloid generation may be beneficial in young individuals,
providing APOE4 carriers with a more robust protective
response to neuroinfection. However, apoE4-enhanced Aβ

fibrillization may also promote amyloidosis, leading to harmful
AD pathology in late-life.

An antagonistic pleiotropy model for the role of apoE in AD
amyloidosis is consistent with etiology data and evolutionary
explanations for the protein’s involvement across multiple age-
dependent inflammation diseases (Corbett et al., 2018). However,
it is less clear if Aβ fibrillization itself should be considered as
antagonistic pleiotropy independent of APOE4. Three decades
of accumulated data link AD etiology to increased microbial
burden in brain. Recent findings on the protective immune
entrapment role of Aβ suggest elevated brain microbe levels
may mediate AD amyloidosis. If β-amyloid is helping protect
AD patients from chronic and potentially lethal neuroinfection,
then amyloidosis is playing a beneficial immune role in late life
and Aβ fibrillization activities do not satisfy classical criteria for
antagonistic pleiotropy. Rather, this suggests a model in which
β-amyloid deposition is an early innate immune response to
persistent immunochallenge. We call this the “Antimicrobial
Protection Hypothesis” of AD (Moir et al., 2018). Amyloid
generation in the antimicrobial protection model is an immune
defense pathway that entraps pathogens. Aβ fibrils generated
to trap microbes also drive neuroinflammatory pathways

that help fight the infection and clear β-amyloid/pathogen
deposits. In AD, chronic activation of this pathway (caused by
genuine infection or an incorrectly perceived immunochallenge)
helps drive the tauopathy and sustained neuroinflammation
pathologies that lead to neurodegeneration and dementia.
This model is consistent with the ACH in which amyloid
deposition drives a succession of pathologies that end in
dementia. However, in this model amyloidosis is not drive
by an intrinsically harmful and functionless propensity of Aβ

to self-associate as in prevailing models. The potential for
pathological outcomes from Aβ activities is consistent with
the protective/harmful duality shown for classical AMPs and
innate immune responses across multiple diseases (Shastri
et al., 2013). Furthermore, genetic data on the role of rare
mutations in FAD are also consistent with the antimicrobial
protection model. FAD mutations shift Aβ isoform ratios,
leading to amyloidosis (Tanzi, 2012). Mutation-mediated
changes in isoform expression among classical AMPs also
mediate disease pathology. For example, inherited mutations
that shift human β-defensin 1 isoform ratios enhance atopic
disorders, including asthma (Cagliani et al., 2008). Enhanced
amyloidosis associated with FAD mutations parallel the
mutation-induced upregulation of innate immune pathways that
mediate pathologies in inherited autoinflammatory syndromes,
including Familial Mediterranean fever, TNF receptor- associated
periodic syndrome, Muckle–Wells syndrome, Blau syndrome,
pyogenic arthritis, pyoderma gangrenosum and acne syndrome,
early-onset enterocolitis, autoinflammation and PLCγ2-
associated antibody deficiency and immune dysregulation,
and proteasome-associated autoinflammatory syndromes
(Martinon and Aksentijevich, 2015). The Antimicrobial
Protection Hypothesis provides a framework for rational
incorporation of the genetics and seemingly disparate pathologies
involved in AD neurodegeneration. The new model remains
broadly consistent with the ACH of AD. However, in the
antimicrobial protection interpretation of ACH, the modality
of Aβ’s pathological actions in AD is shifted from abnormal
stochastic behavior toward sustained innate immune activity.
Moreover, persistence of Aβ in the human genome is not
mediated by LSPS, but by the peptide’s lifelong contribution to
inclusive fitness.

A focus on Aβ fibrillization pathways advanced
our understanding of amyloidosis early in the modern
molecular/genetic era of AD research. Unfortunately, there
have been few attempts in the intervening years to critically
reevaluate longstanding amyloidosis models from this era
in light of emerging genetic and molecular data. The LSPS
argument is a conspicuous example of how seemingly plausible,
but ultimately deeply flawed models can persistence in the
absence of continuing critical reevaluation. Amyloidosis
driven by an intrinsically and exclusively pathological Aβ

peptide has been the dominant AD pathogenic model
for over three decades. This characterization of Aβ has
lead to an intense focus on strategies aimed at limiting or
eliminating the peptide. However, to date, this therapeutic
approach has been singularly unsuccessful. Prevailing
Aβ pathogenesis models are reminiscent of the parable
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about the elephant and three self-proclaimed wise men. Each
blindfolded man touched a different part of an elephant
and loudly proclaimed three different, and equally wrong,
assertions as to the beast’s nature. Aβ activities are typically
considered as discrete abnormal pathways and variously
ascribed pathological roles in AD. A possible overarching
physiological function for the collective activities of Aβ

has rarely been considered. We believe the Antimicrobial
Protection Hypothesis can provide a rational framework for
incorporating seemingly independent findings on Aβ and
help advance a new understanding of AD amyloidogenesis.
We also believe a fuller appreciation of the ancient origin
and important role Aβ fibrillization plays in immunity will
prove important for the future development of effective AD
treatment strategies.
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