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Abstract

Purpose of Review Herein, we provide a critical review of the clinical and translational research examining the relationship
between viral and bacterial pathogens and Alzheimer’s disease. In addition, we provide an overview of the biological pathways
through which chronic infection may contribute to Alzheimer’s disease.

Recent Findings Dementia due to Alzheimer’s disease is a leading cause of disability among older adults in developed countries,
yet knowledge of the causative factors that promote Alzheimer’s disease pathogenesis remains incomplete. Over the past several
decades, numerous studies have demonstrated an association of chronic viral and bacterial infection with Alzheimer’s disease.
Implicated infectious agents include numerous herpesviruses (HSV-1, HHV-6, HHV-7) and various gastric, enteric, and oral
bacterial species, as well as Chlamydia pneumonia and multiple spirochetes.

Summary Evidence supports the association between multiple pathogens and Alzheimer’s disease risk. Whether these pathogens
play a causal role in Alzheimer’s pathophysiology remains an open question. We propose that the host immune response to active
or latent infection in the periphery or in the brain triggers or accelerates the Alzheimer’s disease processes, including the
accumulation of amyloid- and pathogenic tau, and neuroinflammation. While recent research suggests that such theories are
plausible, additional longitudinal studies linking microorganisms to A3 and phospho-tau development, neuroinflammation, and

clinically defined Alzheimer’s dementia are needed.
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Dementia is a leading cause of disability and death within the
USA. Alzheimer’s disease (AD), which accounts for approx-
imately two-thirds of all dementia cases, was estimated to
effect 5.8 million Americans in the year 2020, including
10% of individuals over age 65 [1]. AD is a neurodegenerative
condition that is characterized clinically by a gradual and pro-
gressive cognitive decline (particularly memory decline) and
loss of functional capacity. Pathologically, AD is defined by
cerebral accumulation of two insoluble proteinaceous aggre-
gates: amyloid-B (AB) in the form of extracellular neuritic
plaques (B-pleated sheets surrounded by swollen nerve termi-
nals) and tau in the form of intracytoplasmic neurofibrillary
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tangles (NFTs) in the proximal dendrites and distal axons of
the neuron. It is widely accepted that both AB and tau NFTs
are necessary for the development of pathologically defined
AD.

Despite enormous efforts focused on developing treat-
ments for AD, currently, there are no approved therapies that
modify the disease course. The bulk of drug development
research to date has focused on targeting brain A deposits,
either by inhibiting upstream enzymes (e.g., B-secretase) or
through stimulating the immune response to remove AR
(i.e., active or passive immunization). The recent string of
phase 3 clinical trial failures of drugs targeting A has led
many to begin to seriously consider alternative biological
pathways as drivers of AD progression [2]. The theory that
infectious agents may play a role in initiating or accelerating
AD has received increasing attention in recent years, especial-
ly in light of several recent studies linking specific infections
to AD risk. However, this is not a new idea.

While Dr. Alois Alzheimer is reported to initially have
postulated a connection between infection and AD in 1901,
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primary evidence for the role of chronic infection in AD was
not established until decades later [3]. The relationship be-
tween AD occurrence and presence of viral genome in the
brain was first established in 1991 by Jamieson and col-
leagues, who found herpes simplex virus type 1 (HSV-1) ge-
netic material in autopsy brain samples [4]. In 2006, the con-
nection between infectious agents and AD risk was expanded
beyond viral infection to include infection with various bacte-
rial species. Among autopsied AD patient brains,
Chlamydophila (Chlamydia) pneumoniae-infected neural
cells, including astrocytes, microglia, and neurons, were
found in close proximity to senile plaques and neurofibrillary
tangles [5, 6]. More recent studies have provided additional
support for the connection between bacterial infection and AD
incidence. For example, micro colonies of spirochetes, such as
Borrelia burgdorferi, have been found to play a role in AD
plaque formation [7]. Additionally, constituents of the oral
microbiome, including Porphyromonas gingivalis [8], have
been associated with AD risk. Such findings suggest a poten-
tial connection between chronic infection and AD risk; how-
ever, the field of AD research is still far from reaching a
consensus on whether chronic infections may actually influ-
ence AD pathogenesis. This review will provide a critical
examination of the evidence for the role chronic infection in
AD and highlight the biological pathways through which
chronic infection may influence brain function and contribute
to development of AD.

Alzheimer’s Disease Pathophysiology

Over the past 3 decades, the amyloid hypothesis has pro-
vided perhaps the most widely accepted conceptualization
for AD pathogenesis. Central to this hypothesis is the idea
that the accumulation of amyloid within the CNS and its
deposition into plaques throughout the cortex leads to a
cascade of downstream events, including tau formation,
synaptic dysfunction, and neurodegeneration [9]. This
cascade of events is believed to be initiated by the aggre-
gation of ABy_4o and AB;_4, peptides, which are cleaved
from the amyloid precursor protein (APP) by B- and -
secretases. Soluble AB peptides then form AB oligomers
before assembling into B-pleated sheets, protofilaments,
and fibrils, and eventually aggregating to form insoluble
amyloid plaques. In individuals who develop AD, amy-
loid plaques begin accumulating as early as 2 decades
before the onset of significant clinical symptoms [10].
Though the original amyloid hypothesis posits that amy-
loid plaques promote downstream neurodegenerative
changes, this hypothesis has been revised in more recent
years to suggest that AB oligomers and fibrils (rather than
amyloid plaques) are responsible for the proteotoxicity
that initiates and perpetuates AD.
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Central to the amyloid hypothesis are the downstream path-
ological events resulting from A3 accumulation, most notably
the formation of pathological tau. The tau protein is a
microtubule-binding protein that plays a key role in assem-
bling and stabilizing tubulin polymers localized within the
axon of neuronal cells. Because microtubules play a central
role in axonal transport, formation of pathological tau causes a
loss of microtubule binding and impaired transport of organ-
elles to and from the neuronal synapse, resulting ultimately in
cellular dysregulation and synaptic dysfunction and loss [11].
The accumulation of A oligomers has been proposed to
cause abnormal phosphorylation (hyperphosphorylation) of
tau and the assembly of hyperphosphorylated tau filaments
into insoluble aggregates called neurofibrillary tangles
(NFTs). Tau NFTs, compared to cortical AB, tend to occur
later in the disease course and show a stronger association
with cognitive decline and dementia risk [10]. Ultimately,
synaptic dysfunction, neuronal loss, and cognitive decline
are believed to occur as a result of the aggregation of
phospho-tau and/or tau NFTs. Given this hypothesized link
between tau and neurocognitive dysfunction, a tau hypothesis
has been put forth wherein tau, rather than amyloid, triggers
AD pathogenesis.

With the exception of several anti-amyloid drugs, such as
aducanumab, donanemab, and BAN2401, which have shown
some efficacy in recent trials, the overwhelming majority of
therapies targeting AB and tau in humans with AD or mild
cognitive impairment (MCI) have been unsuccessful [2].
Although there are multiple explanations for the lack of effi-
cacy, this pattern of findings underscores the need to, at the
very least, refine the amyloid and tau hypotheses.
Alternatively, hypotheses that do not consider amyloid or
tau as the biological linchpins for AD should also be consid-
ered. The blueprint of AD biology provided by genome-wide
association studies (GWAS) suggests that a range of non-am-
yloid/tau pathways are etiologically relevant to AD. For ex-
ample, a GWAS of sporadic AD found nearly 30 genetic
variants that influence AD risk, the majority of which were
on or near genes known to be involved in immune function,
lipid and cholesterol metabolism, and endocytosis [12].
Involvement of the innate immune response in AD pathogen-
esis may be one of the most consistent findings from genetic
and genomic AD research, supporting the idea that immune
function or dysfunction is an important determinant of who
ultimately develops Alzheimer’s dementia [13-16].

Microglia, the brain’s resident immune cell, have been
shown to influence AD pathophysiology by regulating disease
progression through both phagocytic and neuroinflammatory
processes [17]. In fact, genes coding for myeloid receptors
prominently expressed by microglia, such as triggering recep-
tor expressed on myeloid cells 2 (TREM2) and CD33, are
included among the major AD risk variants, further supporting
the role of innate immune activation in AD pathogenesis. In
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light of this evidence, a framework described as the amyloid
cascade-neuroinflammation hypothesis has been proposed
[18]. Though several variations have been put forth, at its core,
the amyloid cascade-neuroinflammation hypothesis posits
that the accumulation of AR triggers a neuroimmune response,
i.e., activation of microglia, early in the disease course. In this
setting, a proportion of microglia transition from a homeostat-
ic to an active phenotype, initiating an immune response de-
signed to remove toxic forms of AB. Though microglial acti-
vation and removal of A at this stage may initially be protec-
tive, microglial phagocytosis is believed to be unable to keep
up with the rapid rate of AB production, ultimately causing the
microglial response to become anergic and pro-inflammatory
[17]. This pro-inflammatory neuroimmune activation has
been shown to promote the hyperphosphorylation and spread-
ing of tau and downstream neurodegeneration [19].
Importantly, there is an alternative conceptualization of the
amyloid cascade-neuroinflammation hypothesis that proposes
an initial disease aggravating low-grade neuroinflammatory
response to AR oligomers that is followed by a secondary
AB plaque-associated neuroimmune response characterized
by microglial activation, phagocytosis, and CNS inflamma-
tion [20].

Alzheimer’s Disease and the Infectious
Hypothesis

The amyloid/tau hypothesis of AD pathogenesis is not fully at
odds with theories that propose a causal role for chronic in-
fection. Although both theories generally propose a functional
role for soluble AB and AB plaques, infectious theories also
posit that a pathogen, or the immune response to a pathogen,
can trigger or perpetuate the Alzheimer’s disease process.
While there is still no consensus regarding the role of infection
in AD, studies and leading theories have identified at least
three distinct frameworks that may ultimately characterize
the role of chronic infection in AD [21].

The first possibility is that infectious agents may actually
trigger or initiate AD pathogenesis (Fig. 1). This has been
described as the “infectious origin” hypothesis. The second
possibility is that rather than trigger AD, infectious processes
may instead accelerate a disease process that has already been
set in motion. This theory has not been formally named but
can be described as the “infectious accelerant” hypothesis.
The third possibility is that there is no causal relationship
between chronic infection and AD. This theory further postu-
lates that previous associations described in the literature may
be accounted for by reverse causation (i.e., AD increasing rate
of infection), residual confounding (i.e., factors that jointly
influence risk of infection and risk of AD), or other method-
ological or technical confounds. In the sections below, we use
this framework to review the body of literature that has sought

to understand whether chronic infection plays a mechanistic
role in AD. Evidence supporting the role for chronic infection
in AD has emerged from studies of viral, bacterial, parasitic,
and fungal pathogens. Given the broad nature of this topic,
this review will focus primarily on the putative role of chronic
viral and chronic bacterial infections in AD, as research in this
area has been most extensive. We refer the reader elsewhere
for a comprehensive review of the evidence for the role of
parasitic [22, 23] and fungal [24-27] pathogens in AD.

Viral Infection in Alzheimer’s Disease

Over the years, numerous viral pathogens have been proposed
to play a role in initiating or promoting AD. However, evi-
dence for a causal link between chronic viral infection and AD
has been mixed. A large number of pathogens have been im-
plicated, including human immunodeficiency virus (HIV), in-
fluenza A virus (H3N2 and HINI1 strains), and numerous
herpesviruses. Although HIV has been associated with cogni-
tive deficits, specifically in association with a syndrome called
HIV-associated neurocognitive disorder (HAND), epidemio-
logical studies have yet to demonstrate a clear association
between HIV infection and greater risk for AD. HIV has been
associated with increased A plaque presence [28] and greater
levels of brain p-tau at autopsy, compared to uninfected indi-
viduals, though studies examining AD CSF biomarkers have
yielded inconsistent results [29, 30]. Studies examining influ-
enza infection have failed to demonstrate a consistent relation-
ship with AD risk. One recent study found evidence
supporting the protective effects of the influenza vaccine
against AD [31, 32]. However, a large case-control study of
nearly 40,000 individuals that compared people with past in-
fluenza infection to those without previous influenza infection
found no evidence of increased AD risk among those previ-
ously infected [33].

Other candidate pathogens include numerous herpesvi-
ruses: herpes simplex virus 1 (HSV-1) or oral herpes, herpes
simplex virus 2 (HSV-2) or genital herpes, human herpesvirus
3 (HHV-3) or varicella zoster virus (VZV), human herpesvi-
rus 4 (HHV-4) or Epstein-Barr virus (EBV), human herpesvi-
rus 5 (HHV-5) or cytomegalovirus (CMV), human herpesvi-
rus 6 (HHV-6), human herpesvirus 7 (HHV-7), and human
herpesvirus 8 (HHV-8). Herpes simplex virus 1 (HSV-1) is
most commonly known for causing sores around the mouth
but is also responsible for herpes simplex encephalitis (HSE),
a rare and severe neurological disorder that affects limbic
brain regions, the same regions affected by AD [34]. HSV-1
was among the first herpesviruses established to play a poten-
tial role in AD, as numerous early studies found evidence for
detectable HSV-1 DNA in a high proportion of the brains of
AD patients, particularly in temporal brain regions [4, 35-37].
However, these same studies demonstrated that HSV-1 DNA

@ Springer



202 Curr Clin Micro Rpt (2021) 8:199-212

Hypothesis 1. Infectious Origin, Triggering
. Amyloid and Tau Alzhemer's
Infection .
Pathology Disease

Chronic :3 AB oligomers  Ag fibrils

Cognitive decline

et

infection : Tau )
* L a9
' [ ]

Hypothesis 2. Infectious Accelerant

* AB fibrils ABplaques  Tau tangles
AB oligomers * 5\/\\ 3
Development of Amyloid and Tau >
Alzhemer's

Disease
Infection >> Chronic Inflammation >

;:_‘:/:‘) Cognitive decline
; Systemic ;; NG B S

Chronic ¥ ‘.* and neuro- [ g N 2 \’

infection # inflammation ©© ¢ & o t\

e A g -

Hypothesis 3. No Causal Relationship (Confounding/Reverse Causation)

e}
o9
O

AB oli
.\Q B oligomers AB fibrils s AB plaques Cognitive decline

Diet N
=< : Tau tangles O‘gx«,,x/
“ ﬁnetics U \: ‘\\,
Sex Tau / microtuble dysfunction [ ]
Other Variable(s) Triggering of -AD AIz.hemers
Pathogenesis Disease
Simultaneous Presence of Chronic Infection >
* # Chronic infection
or #* 4% —@
. Incre_as:gd Alzhemer's
Infection Susceptibility to Di
X isease
Infection
# ## —— ‘? Cognitive decline
T N
#* 3 =

@ Springer



Curr Clin Micro Rpt (2021) 8:199-212

203

4 Fig. 1 There are at least three hypotheses which characterize the potential
relationship between chronic infection and Alzheimer’s disease (AD).
Hypothesis 1, also described as the “infectious origin” hypothesis,
posits that infectious agents can trigger AD pathogenesis. Hypothesis 2,
also described as the “infectious accelerant” hypothesis, posits that
infectious agents are not necessary, but can accelerate the development
and progression of AD pathology. Hypothesis 3, which posits that there is
no causal relationship between chronic infection and AD, suggests further
that infection may be only an associative feature of AD. Figure created
with Biorender.com

can also be found at high rates among older adults without
pathologically defined AD. A small study which examined six
AD brains found that 90% of the A plaques contained HSV-
1 DNA and that 72% of the HSV-1 DNA was colocalized with
AB plaques. In contrast, among older adults without AD, 80%
of the A3 plaques contained HSV-1 DNA, and only 24% of
the HSV-1 DNA was found within A plaques [38]. It was
postulated that reactivated HSV-1 present in trigeminal gan-
glia may cause the neuronal lesions seen in AD as well as the
normal neuronal degeneration seen in aged brain tissue [34].
However, whether HSV-1 has a causal role in AD and through
which biological pathways HSV-1 may exert direct pathogen-
ic effect on the brain has not been established.

Although observational studies do not show a clear in-
crease of HSV-1 in AD brains, translational research suggests
HSV-1 may initiate or accelerate AD pathogenesis. For exam-
ple, in a study which examined Alzheimer’s disease (5XFAD)
transgenic mice with HSV-1 injected into the hippocampal
region of each hemisphere, HSV-1 promoted the seeding of
AB plaques and accelerated amyloidosis [39]. Though the au-
thors found that A protected against development of HSV-1
encephalitis, they concluded that this antiviral effect of AB
accumulation may also promote neurodegeneration.
Additional research indicates that both acute and chronic
HSV-1 infections promote neuroinflammation and oxidative
damage in mouse brains in a process likely mediated by
microglial activation [40, 41]. Considering the possible con-
tribution of HSV-1 infection to neuroinflammation and the
central role of microglial activation in AD pathogenesis [17],
it is possible that HSV-1 infection accelerates AD onset
through microglial-mediated processes.

While epidemiological studies do not suggest a consistent
association between HSV-1 and AD risk in the overall popu-
lation, there does appear to be a relationship between HSV-1
infection and possession of the APOE genotype linked to AD
risk. The APOE gene codes apolipoprotein E, a lipid carrier of
the central and peripheral nervous systems. Individuals who
carry one or two copies of the e4 allele on APOE are at in-
creased risk for developing AD. Ruth Itzhaki found that the
APOEe4 genotype was more common among AD patients
who had HSV-1 in their brains at autopsy than among AD
patients who were negative for brain HSV-1 [42]. While this

study was limited by small sample size (n = 84), these findings
suggest that either (a) APOEe4 allele possession increases the
risk of HSV-1 brain infection or that (b) HSV-1 infection
increases risk of AD but only in the context of APOFEe4 allele
possession. This finding was subsequently replicated, includ-
ing by a study which found higher rates of APOE¢4 genotype
among individuals with a history of oral herpetic lesions, a
clinical manifestation of HSV-1 infection [43]. APOE¢e4 is
thought to contribute to AD pathogenesis via its effects on
lipid metabolism and neuronal repair [44]. Given that both
apolipoprotein E and HSV-1 bind at the heparin sulfate pro-
teoglycan receptor on the cell surface and use this as an entry
into cells, it is possible that more HSV-1 is let into neural cells
of individuals with the weaker isoform of apolipoprotein E (¢4
isoform) [45, 46]. While the evidence presented is not suffi-
cient to suggest a causative role of HSV-1 in AD, it remains
plausible that HSV-1 increases risk for AD among individuals
who carry the APOFEe4 variant.

Human herpesviruses 4 and 5, more commonly referred to
as Epstein-Barr virus (EBV) and cytomegalovirus (CMV),
respectively, have also been implicated in AD pathogenesis.
For example, EBV seropositivity has been associated with
increased risk of developing AD [47]. While this study points
to EBV as a potential risk factor for AD development, further
evidence is needed to confirm such a relationship and to shed
light on a biological mechanism. In a sample of 1204 partic-
ipants, the presence of CMV antigen was associated with a
greater rate of cognitive decline over a 4-year period [48].
CMYV presence in the blood was also associated with reduced
learning, recall, and coding speed in children aged 616 years
from the National Health and Nutrition Examination Survey
(NHANES) III, suggesting a connection between CMV infec-
tion and early cognition [49]. In contrast, a study of persons
aged 80 and older found CMV infection was unrelated to
functional and cognitive impairment [50]. Such contradictory
findings indicate the need for continued investigation of the
roles of CMV and EBV in AD.

Other herpes viruses proposed to play a role in AD
pathogenesis include HSV-2, HHV-3 (or VZV), HHV-6,
and HHV-7. HSV-2 is commonly known as the cause of
genital herpes and has been investigated for its role in
AD. As early as 1987, southern blot hybridization data
from 18 AD and 5 control brains found no relationship
between HSV-2 viral presence and AD occurrence [51].
In 2002, another study used polymerase chain reaction
(PCR) to determine the presence of HSV-2 in AD and
non-AD brains and found no difference in viral presence
[52]. A 2019 meta-analysis which examined the rate of
HSV-2 in the brains of AD patients versus a non-AD
control group found no evidence for an increased preva-
lence of HSV-2 in AD brains [53¢¢]. While APOE geno-
type has been associated with HSV-1 infection, no link
between HSV-2 infection and APOE genotype was found
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in a study of 200 adults [43]. Together, these results do
not support the role of HSV-2 in AD pathogenesis.

Recent evidence suggests that HHV-6 and HHV-7, both
betaherpesviruses associated with the febrile and rash-causing
illness called roseola or sixth disease [54], may play a role in
AD pathogenesis. A 2002 autopsy study of 85 older adult brains
found HHV-6 to be present in AD brains at a higher rate (60%)
than in age-matched control brains without AD pathology (40%)
[52]. More recently, an autopsy study by Readhead and col-
leagues found viral involvement in the regulation of AD-
associated brain gene expression networks. Prompted by these
findings, an examination of the AD-associated virome in post-
mortem brain tissue revealed viral DNA from HHV-6A and
HHV-7 at higher rates in AD brains across three independent
cohorts. Supporting these findings, expression of certain HHV-
6A and HHV-7 genes in brain tissue was associated with AD
traits, including symptom severity, amyloid plaque density, and
progression of tau NFTs. Additionally, genetic loci coding brain
HHV-6A were found to overlap with AD risk genes [55].
Though these findings provide compelling evidence for the role
of HHV-6A and HHV-7 in AD pathogenesis, a recent analysis
which performed RNA-seq on over 1200 autopsied brains across
three cohorts failed to replicate the finding of increased HHV-6
in AD [56¢¢]. At present, there is no consistent evidence for
increased HHV-6A and HHV-7 infection among individuals
with AD. However, the genetic overlap found between brain
HHV-6A, AD-associated gene expression networks, and AD
risk variants provides compelling evidence for the role of
HHV-6A in AD.

Less evidence is available for other herpesviruses, including
HHV-3 and HHV-8. HHV-3, also known as Varicella zoster
virus (VZV), is the cause of chickenpox in its acute form and
shingles upon reactivation from latency [54]. Homozygosity for
the APOEe4 allele confers greater risk of shingles development
following previous VZV infection [57], suggesting a connection
between HHV-3 and AD. However, the nature of such a con-
nection remains unknown. Although HHV-8 has been associated
with such neurological conditions as AIDS-dementia, amyotro-
phic lateral sclerosis (ALS), and primary CNS lymphoma, com-
plications of the CNS in HHV-8 infection are rare, and evidence
for a role of HHV-8 in AD is lacking [58]. Overall, the role of
herpesviruses in AD remains unclear. Though mounting evi-
dence suggests a relationship between HSV-1, HSV-6A, and
AD, further research is required to elucidate the biological mech-
anisms that may underlie the connection between each of these
herpesviruses and AD pathogenesis.

Evidence for the Role of Specific Bacterial
Infections in Alzheimer’s Disease

Bacterial species have also been suggested to play a role in
AD pathogenesis. In particular, the bacterial species
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Chlamydophila pneumoniae, alternatively called Chlamydia
pneumoniae or C. pneumoniae, has been repeatedly implicat-
ed in AD pathogenesis [59]. C. pneumoniae most commonly
infects the epithelial lining of the respiratory tract, is thought
to play a role in both bronchial asthma and chronic obstructive
pulmonary disease (COPD), and is responsible for about 20%
of lower respiratory tract infections. [60]. Research has addi-
tionally pointed to C. pneumoniae as a potential factor in the
neuropathogenesis of AD [6, 61]. PCR assay for bacterium
DNA sequences found C. pneumoniae presence in 17/19 AD
brain samples, compared to 1/19 in control brain samples.
Culture studies were positive for C. pneumoniae in a subset
of AD brain samples when compared to brains of controls,
suggesting that C. pneumoniae was not only present, but alive
and active in these brain samples at the time of death [62]. A
2006 study found greater C. pneumoniae presence in AD
brains (20 of 27) compared to control brains (3 of 27) when
PCR was run targeting two key C. pneumoniae genes.
Assessment of chlamydial RNA transcript in these samples
indicated that the bacteria were viable and metabolically ac-
tive. Immunohistochemistry confirmed bacterial presence in a
variety of neural cells, including astrocytes, microglia, and
neurons, and found that infected cells were often in close
proximity to both senile plaques and neurofibrillary tangles.
These findings support the hypothesis that extra-respiratory
infection with C. pneumoniae may play a role in AD patho-
genesis [5]. Like other pathogens, C. pneumoniae may inter-
act with the major AD risk gene, APOE. In situ hybridization
analyses revealed that the number of C. pneumoniae-infected
cells of the AD brain was greater in AD patients also
displaying the APOEe4 genotype. qRT-PCR confirmed that
e4-bearing AD patients had a significantly higher bacterial
load than congruent samples from AD patients without the
allele [63]. Follow-up study from the same team indicated that
apoE4 protein, as compared to apoE2 and apoE3 proteins,
seems to enhance attachment of C. pneumoniae in its infec-
tious elementary body (EB) form to astrocytes and microglia
in vitro [6, 64].

Spiral-shaped bacterial spirochetes have also been impli-
cated as pathogens in the infectious AD hypothesis [65].
Bacterial species of the order spirochetes include Borrelia
burgdorferi (B. burgdorferi) and Treponema pallidum
(T. pallidum). Infection with B. burgdorferi, the tick-borne
etiologic agent of Lyme disease, induces pro-inflammatory
cytokines and chemokines and causes systemic symptoms in
some cases [66]. A small 2019 case-control study found great-
er prevalence of B. burgdorferi IgG in AD (29%) and MCI
(23%) patients, compared to controls (10%) [67]. Contrasting
these findings, a 2014 study which examined whether the
incidence of death due to AD was higher in regions with the
highest rates of Lyme disease found no correlation between
Lyme disease incidence and AD deaths [68]. T. pallidum, the
syphilis spirochete, has earned the epithet “stealth pathogen”
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because of its notable ability to evade the host immune system
[69]. Three decades of historic evidence suggest that
T. pallidum infection can cause cortical atrophy, amyloid de-
position, and dementia [70]. Accumulation of spirochetes in
the gray matter of the brain, a result of chronic syphilis infec-
tion, can cause syphilitic dementia. The morphology of the
spirochetal “plaques” cannot be distinguished from the senile
plaque characteristic of AD [27]. Though it is possible that
systemic and chronic syphilitic infection, possibly in tandem
with viral or bacterial co-infectors, may promote AD-related
brain changes, additional research is required to confirm such
a relationship [71].

Oral, gastric, and enteric bacterial species have also been
previously implicated in AD. The gut-brain axis (GBA), de-
fined as the two-way crosstalk between the central and enteric
nervous systems, has become an area of increasing research
interest [72]. The enteric microbiome, which plays a pivotal
role in regulating the GBA [73], has been linked to AD risk.
For example, a study which examined the gut microbiome
using fecal samples from 25 individuals with dementia and
25 age-matched controls found that AD participants had over-
all decreased gut microbiome diversity, including decreased
Firmicutes and Bifidobacterium, as well as increased
Bacteroidetes [74]. Bacteroidetes makes up the largest phylum
of Gram-negative bacteria found in the human GI tract and is
known to promote secretion of a variety of pro-inflammatory
neurotoxins, including surface lipopolysaccharides (LPSs).
Bacteroides fragilis (B. fragilis), one of the most abundant
Bacteroidetes species found in the gut, secretes LPSs known
to contribute to systemic inflammation when present in blood.
Both peripherally and in the CNS, LPSs given off by
Bacteroidetes can promote pro-inflammatory transcription
via NF-kB (p50/p65) complex activation [75]. Beyond bacte-
ria of the phylum Bacteroidetes, other symbiotic and opportu-
nistically pathogenic bacteria of the gut are postulated to pro-
mote AD, including Enterococcus faecalis (E. faecalis) and
Salmonella typhimurium (S. typhimurium) [3, 76]. However,
additional research is needed to confirm or refute the connec-
tion between each of these microbes and AD pathogenesis.

In addition to bacteria of the human gut, numerous mutu-
alistic and pathogenic bacteria of the oral cavity have been
implicated in AD. The human oral microbiome, the personal-
ized microscopic ecosystem inhabiting the lips, tongue, ton-
sils, palate, and gums, has historically been the most studied
subset of human microflora [77]. Among aged persons, oral
pathogens cause periodontal disease, edentulism, and dental
caries [78]. In recent years, alterations in oral health status and
oral microbiota have also been associated with declining cog-
nition, dementia, and AD [79, 80]. While it is established that
AD, due to resulting difficulty performing activities of daily
living, can cause a reduction in oral health maintenance [81], it
has also been speculated that poor oral health, namely peri-
odontal disease, can promote AD. Chronic periodontitis (CP)

is an oral infection caused by anaerobic bacteria of the
subgingival biofilm (e.g., Porphyromonas gingivalis) [82].
CP has been studied in relation to systemic disorders for sev-
eral decades [83], and multiple studies published within the
last 2 decades have demonstrated a relationship between peri-
odontitis and AD, all-cause dementia, and MCI [78, 81,
84-87, 88e¢]. Among the largest of these was a 2017 retro-
spective matched cohort study using 9291 newly diagnosed
individuals with CP matched to 18,672 individuals without
CP. Those with a 10-year history of CP exhibited a 1.7-fold
increase in AD risk [87]. While these studies may indicate that
periodontal disease plays a role in AD pathogenesis, there
remains possibility of reverse causation due to changes in oral
care ability in those with Alzheimer’s dementia, prodromal
AD, or even preclinical AD.

Bacterial species known to colonize parts of the digestive
system other than the gut and mouth include Helicobacter
pylori or H. pylori, a gram-negative spiral bacterium coloniz-
ing the human stomach. While full-scale, randomized con-
trolled trials are lacking, results from epidemiologic and trans-
lational research suggest that H. pylori may play a role in AD
[89, 90]. Infection with H. pylori affects between 85 and 95%
of people in developing countries and between 30 and 50% in
developed countries as of 2019, and it is known to play a role
in gastric pathologies such as gastroduodenal ulcer disease as
well as gastric carcinoma [91, 92]. Potential mechanisms by
which H. pylori may play a role in neurological disease in-
clude bacterial infection of neuronal tissue directly via the
oral-nasal-olfactory pathway or indirectly via H. pylori-infect-
ed monocytes that fail to auto-destruct [90, 93-95]. H. pylori
infection can cause leukocyte infiltration into the gastric mu-
cosa and subsequent neutrophil activation, which creates a
massive infiltration of reactive oxygen species (ROS) and
resulting tissue damage [96]. Such oxidative stress has been
implicated in blood-brain barrier (BBB) disruption and subse-
quent infiltration of inflammatory mediators into the brain,
particularly in relation to multiple sclerosis (MS), an autoim-
mune condition of the nervous system [97]. This BBB break-
down and concomitant inflammation may also contribute to
AD pathogenesis [98].

A 2004 study which examined H. pylori antibodies (HP-
IgG and HP-IgA) in blood found greater HP-IgG among vas-
cular disease (VaD) patients compared to AD patients and
controls and greater HP-IgA presence in both VaD and AD
patients compared to controls [99]. Additionally, a small case-
control study of AD patients and controls screened for current
H. pylori in a histologic analysis of gastric mucosa biopsy
found a greater presence of H. pylori in AD patients (88%)
compared to controls (47%) upon upper GI endoscopy [100].
A relationship between H. pylori infection and AD severity
has also been demonstrated. For example, H. pylori antibody
presence in the serum was associated with decreased Mini-
Mental State Examination (MMSE) scores and increased
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CSF tau and phospho-tau concentrations in patients with AD
[101]. These studies present evidence for a connection be-
tween H. pylori and AD. However, further work is needed
to determine whether this pathogen functions as an AD trig-
ger, an accelerant, or merely an associative feature of AD.

Chronic Infection and Alzheimer’s Disease
Pathways

The findings reviewed above provide support for a potential
role of multiple infectious agents in AD. However, the contri-
bution of chronic infection to AD may not be organism spe-
cific. Instead, a stereotyped host immune response common to
invading pathogens may constitute a unifying disease path-
way. Although the antiviral/antimicrobial host immune re-
sponse is considered protective in many cases, infections that
cannot be completely cleared may trigger low-grade inflam-
mation and, in some cases, chronic inflammation [102—104].
The development of what is often referred to as chronic low-
grade inflammation may act as a final common pathway
through which both CNS and non-CNS infectious processes
contribute to AD and other neurodegenerative conditions (Fig.
2). This framework, which has been referred to previously as
the excessive inflammation theory, aligns with both the infec-
tious origin and infectious accelerant hypotheses.

Just as chronic infections can occur both outside and within
the CNS, so too can the resulting host immune and inflamma-
tory response. Inflammation that takes place outside of the
CNS, often referred to as systemic inflammation, has been
considered by some a key feature of AD pathogenesis [105].
Basic and translational research, as well as large-scale epide-
miological and pharmacoepidemiologic studies, have all pro-
vided support for the role of systemic inflammation in AD.
For example, dozens of studies have demonstrated that indi-
viduals with MCI and AD (particularly early AD) tend to have
higher levels of inflammatory cytokines, chemokines, and
acute phase proteins in their blood. A recent meta-analysis
found consistent support for elevations in IL-18, IL-6, and
IL-18 among older adults with AD [106]. An open question,
however, is whether systemic inflammation represents a
mechanistic driver of AD or is simply a byproduct of the
AD pathogenesis. Supporting the mechanistic role of systemic
inflammation, experimental animal studies suggest that pe-
ripheral inflammatory challenges can initiate or exacerbate
AB and tau pathology [107, 108]. Several human studies sug-
gest that elevated inflammatory proteins in blood during mid-
dle adulthood, well before the typical onset of dementia, are
associated with subsequent cognitive decline, dementia risk,
and late-life brain abnormalities [109-112]. Moreover, indi-
viduals who use anti-inflammatory medication over an ex-
tended period during middle adulthood have been found to
be at reduced risk of developing AD in subsequent years
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[113]. Together, these findings suggest that infections, partic-
ularly if present during middle adulthood, may increase AD
risk by promoting systemic inflammation.

There is a high degree of crosstalk between the peripheral
immune system and the brain through what is often labeled the
neuroimmune axis. Accordingly, systemic inflammation
caused by chronic infection can have immediate and conse-
quential effects on neuronal function. A potent example of
systemic infection causing neuronal dysfunction is provided
in the case of infectious delirium, a condition in which an
acute infection restricted to one part of the body (e.g., urinary
tract infection) can cause transient alterations in cognition and
behavior. In this case, an inflammatory response caused by an
infection outside of the CNS triggers a pro-inflammatory im-
mune response within the CNS, affecting brain function.
Systemic inflammation can cause a neuroinflammatory re-
sponse through multiple routes, including (1) neural signaling
via the vagus nerve which innervates multiple organ systems;
(2) flow of cytokines and chemokines through gaps in the
blood-brain barrier called circumventricular organs; (3) active
transport of cytokines and chemokines through the blood-
brain barrier; and (4) indirect signaling through endothelial
cells of the cerebrovascular system [114—116]. Brain changes
caused by acute systemic inflammation are likely to be driven,
at least in part, by pro-inflammatory activation of microglia
[117]. However, it is not clear whether the peripheral immune
response generated by chronic infection initiates or perpetu-
ates neuroinflammation in humans. However, factors such as
increased age, microglia senescence, and the presence of pro-
teinaceous aggregates in the brain can prime microglia, mak-
ing an aberrant response to chronic infection more likely
[118].

Chronic infection may also contribute to neurodegenera-
tion by promoting cardiovascular and cerebrovascular disease,
both of which are well known risk factors for AD and vascular
dementia. For example, H. pylori, C. pneumoniae,
P. gingivalis, and HIV are each believed to promote athero-
sclerosis via activation of TLR2- and TLR4-dependent path-
ways [119]. C. pneumoniae [120] and H. pylori [121], in
particular, have been associated with increased risk for stroke
(particularly stroke caused by atherosclerotic lesions), so too
has total infectious burden [122]. Acute infections, such as
pneumonia and septicemia, have also been associated with
an elevated risk for stroke [123], suggesting that there is a
set of common biological processes that occur with infection
and promote vascular disease. Infectious agents have, for ex-
ample, been shown to promote inflammation of vascular en-
dothelial cells both in the periphery and in the brain, a process
closely tied to atherogenesis [124].

As described above, viral and bacterial pathogens have
been found in brain tissue. These infectious processes can
enter the CNS through neural routes (e.g., trigeminal ganglia)
and by crossing the blood-brain barrier, at which point they
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can exert direct effects on neural function. Infectious agents
within the brain can trigger a neuroinflammatory response via
signaling of pattern recognition receptors on the surface of
microglial cells, a process that can initiate a reactive microglial
response characterized by the release of potentially cytotoxic
inflammatory mediators known as reactive oxygen species.
Persistent inflammatory signaling as a result of chronic CNS
infection may have adverse consequences on microglial and
neuronal function (e.g., synaptic loss) and influence the rate of
amyloid accumulation or tau phosphorylation, thus perpetuat-
ing or accelerating the development of AD [105]. Consistent
with this theory, murine models of CNS infection (e.g., HSV-
1, CMV) show microglial activation, evidence of
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neuroinflammation, and the infiltration of peripheral immune
cells into the brain [125-127].

There is mounting evidence that AB, a central component
of AD pathogenesis, may play a compensatory role in infected
brains as an antimicrobial peptide (AMP) [39, 128]. AMPs are
a component of the innate immune system that protects organ-
isms from a broad spectrum of pathogens [39, 128, 129].
Chemical and physiological similarities between A3 peptides
and previously identified AMPs have been described, partic-
ularly LL-37, an AMP widely expressed in humans and ro-
dents which is found in the CNS [130]. This AMP hypothesis
gained support after Socia and colleagues demonstrated that
A4, peptides inhibit the overnight growth of bacteria and
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fungi in vitro [129]. Further support for these findings comes
from studies which demonstrate that AR and the over-
expression of A} in mice and nematodes was associated with
increased survival after exposure to bacterial and yeast path-
ogens [128, 131]. Although AB AMP may be effective in
protecting the brain from infection, continual AMP expression
may lead to excessive neuroinflammation and therefore per-
petuation of AD pathogenesis. Thus, the antimicrobial protec-
tion hypothesis of AB suggests that infection, at least for a
subset of patients, can be an initiating factor.

Evidence From Pharmacoepidemiological
Studies and Clinical Trials

If viral or bacterial infections do have a mechanistic role in AD
pathogenesis, then treatment of such infections with antivirals or
antibiotics would be expected to yield protective effects.
Observational cohort studies, pharmacoepidemiologic research,
and randomized clinical trials have each been informative in this
regard. Some of the most compelling data for the role of viral
infection comes from a series of studies conducted using the
Taiwan National Health Insurance Research Database. These
investigators found that, although VZV was associated with a
small increase in dementia risk overall, individuals taking
antiherpetic medication for VZV infection had a comparatively
lower risk for dementia compared to participants with VZV in-
fection not taking antiherpetic medication [132]. A second study
using the same database found similar results for HSV infection,
i.e., that antiherpetic treatment reduced the risk associated with
infection status [133]. Recently, a study which examined VZV
infection in a South Korean population provided further support
for a reduction in dementia risk associated with antiherpetic treat-
ment [134]. A study that examined data from multiple European
population-based healthcare databases amounting to 2.5 million
participants found additional evidence supporting the link be-
tween herpesvirus infection and dementia. Among infected indi-
viduals, use of antiviral medication was associated with a lower
risk for incident dementia. Notably, the findings did not differ
based on type of virus or antiviral drug, or dementia etiology
(AD and vascular dementia) [135].

Findings demonstrating reduced dementia risk with antiviral
medication and in vitro evidence showing that antiviral and an-
tibiotic medication can slow or halt aspects of AD pathology
have prompted the initiation of multiple clinical trials
[136-138]. Currently, the antiherpetic agent valacyclovir
(Valtrex) is being examined in a 78-week randomized, double-
blind, placebo-controlled phase 2 trial of 130 adults with mild
AD who are positive for HSV-1 or HSV-2 antibodies [139]. A
smaller open-label phase 2 pilot trial is also examining the effi-
cacy of valacyclovir for treatment of AD or MCI due to AD in 36
individuals with HSV IgG titers (ClinicalTrials.gov Identifier:
NCT02997982). This study was completed in 2020, but the
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results were not published at the time this review was drafted.
Other antivirals, such as Efavirenz (NCT03706885) and Emtriva
(NCT04500847), drugs used to treat HIV, are also being exam-
ined for their ability to slow the progression of AD. However,
these drugs are being examined in non-infected individuals based
on evidence that they may reduce AD risk through their effects
on brain cholesterol metabolism and inflammation. Trials to ex-
amine the efficacy of antibiotic therapies for reduction of AD risk
have also been conducted, but with limited success thus far. An
early randomized triple-blind, placebo-controlled trial of a 3-
month doxycycline and rifampin intervention targeting C.
pneumoniae in AD patients found evidence for symptom reduc-
tion at 6 months, but not at 12 months [140]. A recent random-
ized double-blind, placebo-controlled trial of a 2-year treatment
with another antibiotic, minocycline, found no evidence for
slowing of cognitive or functional decline [141]. Currently, there
are multiple ongoing or a recently completed phase 2 trials ex-
amining the effects of other antibiotics, such as rifaximin
(NCT03856359), on cognitive decline in individuals with AD.

Conclusion

The past decade has seen increasing recognition of the
role of immune function in the pathophysiology of AD
and many other neurodegenerative conditions. Though
the infectious hypothesis for AD was initially proposed
some time ago, the idea that pathogens may contribute
to AD pathogenesis has been brought back to the fore-
front. As such, there has been a steady increase in re-
search focused on testing both new and old theories rele-
vant to understanding the role that chronic infection may
play in AD. There is still much to be done, however. At
present, there is little consensus within the field about
whether chronic infection may actually promote AD de-
velopment. We have put forth a framework that outlines
three possible relationships between chronic infection and
AD. Though the clinical and translational research de-
scribed in the sections above has already provided valu-
able insight into the relationship between infection and
AD, additional work is needed to address a number of
remaining research gaps.

From an epidemiological perspective, it will be essential in the
coming years to better understand the timing of infection (or
reactivation of infection) in relation to various components of
AD pathophysiology. Given that AD pathogenesis takes place
over 2 or more decades, primary infection that occurs only after
the appearance of clinical symptoms in the late phase of the
disease is less likely to be causally relevant and certainly would
not be solely responsible for AD. For example, it is possible that
the immunologic changes known to occur in the context of
Alzheimer’s dementia may increase the risk for viral or bacterial
infection, particularly of the CNS. Both increased age and AD
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have been associated with an exhaustion of adaptive immune
response (e.g., reduced T-cell repertoire), a change that may
make it easier for microorganisms to infiltrate host defenses.
Understanding the temporal relationship between chronic infec-
tion, AB deposition, neuroimmune activation, pathogenic tau for-
mation, and longitudinal cognitive decline will therefore be es-
sential for gaining a more complete understanding of the rela-
tionship between pathogens and AD risk and addressing legiti-
mate concerns about reverse causation. Moving forward, the
field will also need to carefully parse out the potential contribu-
tion of systemic infection versus CNS infection. CNS penetrance
of certain viral or bacterial products may not be necessary to
influence AD pathogenesis, but this link has only been hinted
at using data from observational studies. The key question re-
mains of whether chronic infection in the periphery is able to
trigger a chronic inflammatory response powerful enough to alter
neuroimmune (microglial) function. To our knowledge, this link
has not been clearly demonstrated in humans or in animal
models.

We anticipate that these and other questions will be ad-
dressed within the next decade with the improvement in re-
search tools, the increased availability of clinical and multi-
omic data to scientists around the world, and the willingness
of major funding agencies, including the National Institutes of
Health and the American Society for Infectious Disease, to
support research examining the role that pathogens may play
in development of AD. The evidence linking a range of mi-
croorganisms to AfB development, clinically defined
Alzheimer’s dementia, and pathologically defined AD cer-
tainly warrants continued research efforts, especially given
the repeated failures of drugs targeting Af3.
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