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Abstract

Prior work in the Northern Manhattan Study (NOMAS) identified impaired cognition in cross-
sectional analyses and more rapid memory decline in individuals with evidence of prior common
infectious disease exposures. In this study, we sought to determine the cross-sectional relationship
between prior exposure to cytomegalovirus, herpes simplex viruses 1 and 2, Chlamydia
pneumoniae, and Helicobacter pylori and three magnetic resonance imaging (MRI) signatures
(whole-brain cortical thickness, a previously validated AD signature, and hippocampal volume)
in 455 NOMAS participants. We performed confounder-adjusted linear regression analyses
between neuroimaging scores and both continuous serologies and categorical seropositivity of
each pathogen, as well as a combined infectious burden index (IBI). We identified that increased
serologic titers of herpes simplex virus 2 were associated with reduced whole-brain cortical
thickness, and a combined score of HSV-2 and C. pneumoniae displayed an additive effect

on reduced cortical thickness. Our findings suggest herpes simplex virus 2 seropositivity may
contribute to accelerated brain aging, possibly resulting in an increased vulnerability to cognitive
impairment and neurodegenerative disease in aging populations.
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1. Introduction

The contribution of lifetime infectious disease exposures to risk of dementia has re-emerged
as an area of research focus over the last several years. Indeed, identifying associations
between infectious disease and dementia may serve as an important extension of the
neuroinflammatory hypothesis of Alzheimer’s disease (AD) that chronic central and
peripheral inflammation are key drivers of disease pathophysiology [1].

Previously, work conducted among Northern Manhattan Study (NOMAS) participants
identified that a composite serologic measure, or infectious burden index (I1BI), of
Chlamydia pneumoniae (C. pneumoniae), Helicobacter pylori (H. pylori), cytomegalovirus
(CMV), herpes simplex virus 1 (HSV-1), and herpes simplex virus 2 (HSV-2) was associated
with impaired cognition in cross-sectional analyses [2]. IBI was additionally found to be
associated with memory decline in the NOMAS cohort [3]. Another research group similarly
developed an infectious burden index composed of CMV, HSV-1, Borrelia burgdorferi,

C. pneumoniae, and H. pylorithat was found to be elevated in individuals with AD and
additionally displayed a negative correlation with Mini-Mental State Examination (MMSE)
scores [4]. Furthermore, two prior histopathologic studies investigated the presence of
infectious pathogens in the AD brain and identified the presence of C. pneumoniae in AD
brains at autopsy [5, 6]. HSV-1 has also been identified in the AD brain [7], and multiple
studies have identified an increased risk for development of AD in those with evidence of
prior HSV-1 infection [8, 9].

The relationship between accumulated infectious exposures and neuroimaging markers of
accelerated brain aging remains to be explored. Existing evidence suggests certain infectious
diseases may impact neuroimaging findings in both age-related changes and AD pathology.
Few studies have examined the relationship between pathogens included in the IBI and
neuroimaging outcomes; however, one study identified a more rapid rate of white matter
volume loss and astrogliosis in those with a history of symptomatic herpesvirus infection
but failed to identify an association with an AD-related neuroimaging signature [10]. Prior
work has also identified decreased cortical thickness in individuals with CMV infection with
schizophrenia [11] or concussion [12], but not healthy controls. Lastly, biopsy-confirmed

H. pyloriinfection has also been associated with parieto-occipital cortical thinning in

a homogenous cohort of adult men [13]. How specific viral serologies relate to these
neuroimaging outcomes in an otherwise healthy, diverse community-dwelling population
remains to be explored.

For that reason, we sought to determine the association between prior infectious disease
exposures and MRI-derived signatures of cortical thickness, AD, and hippocampal volume
in a subset of NOMAS participants without known cognitive impairment. We hypothesized
that increased infectious disease titers would be associated with reductions in neuroimaging
scores, primarily cortical thickness, and that herpesviruses HSV-1 and HSV-2 would display
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the strongest association with neuroimaging outcomes given the strength of their association
with dementia in prior work.

2. Methods

2.1 Participants

Participants included in this study were a subset of individuals in the Northern Manhattan
Study (NOMAS), a longitudinal population-based epidemiologic study of urban-dwelling
adults, as described previously [14]. NOMAS includes participants randomly selected from
those living in northern Manhattan with access to a home telephone, age > 40 years,

and reported to be stroke-free at time of enrollment. Between 2003 and 2008, remaining
participants who were = 50 years and stroke-free were offered brain magnetic resonance
imaging (MRI). From 2006 to 2008, additional household members of NOMAS participants
were offered MRIQ. This resulted in a total sample of 1,290 participants with MRI data.
Among them, 455 participants had serology data available for this analysis. As such, 455
participants were included in the final analysis.

At enrollment, demographic information such as age, gender, education, race, and ethnicity
were collected. Past medical history was obtained by structured questionnaire. Laboratory
testing was performed to evaluate glucose and lipid profiles, both at enroliment and time
of MRI. Presence of hypertension, diabetes, and hyperlipidemia was determined via self-
report and laboratory testing. In brief, hypertension was defined as two brachial blood
pressure measurements with an average = 140/90 mm Hg on separate occasions. Diabetes
was defined as a fasting glucose > 126 mg/dL. Hypercholesterolemia was defined as a
total cholesterol = 240 mg/dL. Presence of additional risk factors was determined during
annual follow-up phone calls, which included medication changes, smoking patterns, and
changes in the diabetes and dyslipidemia status. Apolipoprotein E (APOE) genotyping was
performed for all participants as previously described [15].

2.2 Serologic Testing

Serologic testing for prior infectious disease exposures has been described previously

[16]. In brief, enzyme-linked immunoassay (ELISA) was performed with baseline visit
blood samples collected, on average 10 years prior to MRI. Antibody titers were obtained
for 5 pathogens: C. pneumoniae |gA (Sayvon Diagnostics, Israel), H. pylorilgG and
cytomegalovirus IgG (Wampole Laboratories, Princeton, NJ), and HSV-1 and HSV-2 IgG
(Focus Diagnostics, Cypress). Testing was performed at the Columbia University Center
for Laboratory Medicine with commercially available ELISA kits in accordance with prior
studies [17, 18]. A comprehensive infectious burden index (IBI) was calculated as in prior
NOMAS studies [16] using the beta coefficient generated from a model including the
individual exposure agents. If multiple serologies were positive for an individual participant,
beta coefficients were summed.

In accordance with our prior work [19], we analyzed antibody titers in both a continuous
and binary manner. Binary outcomes (i.e., seropositive or seronegative) were determined
utilizing a cutoff based upon manufacturer-recommended threshold values.
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2.3 Brain Magnetic Resonance Imaging

Neuroimaging data were obtained using a 1.5 T MRI system (Philips Medical Systems,
Best, Netherlands) at Columbia University Irving Medical Center. Region of interest (ROI)
scores were constructed utilizing FreeSurfer (https://surfer.nmr.mgh.harvard.edu/) methods
on Volumes T1-weighted images (Echo time 2.09, repetition time 20, slice thickness 1.5mm,
Acquisition Matrix 256\201).

2.4 Statistical Analysis

Participants with MRI data and serologic data were compared to those without serologies
using chi-square and Student ¢tests. Three separate neuroimaging signatures were
constructed as outcomes for analyses. Our primary outcome was a composite whole-brain
cortical thickness signature derived by obtaining the mean thickness across 34 ROIs,

as previously described [20]. As a secondary outcome, an AD thickness score, shown

to discriminate AD and cognitively-normal individuals, was calculated from FreeSurfer
variables for each participant in accordance with prior work [21, 22]. The score was
composed of the average entorhinal cortex, inferior temporal, middle temporal, inferior
parietal, fusiform, and precuneus region thicknesses. Lastly, as an additional secondary
outcome, a hippocampal volume signature was obtained by deriving the mean hippocampal
volume across hemispheres for each participant. We utilized 3 separate linear regression
models to evaluate the association of infectious exposures with cortical thickness, AD
thickness score and hippocampal volume. The independent variables were antibody titers
for each exposure, as well as the summative IBI. Initial models (Model 1) included

age at MR, gender, race, ethnicity, and high school completion as covariates. Models
were then progressively adjusted for possible confounding demographic and risk factor
variables, as in prior work [19]. Variables included in additional models were as follows: (a)
Model 2: adjusted for age at MRI, gender, ethnicity, high school education, hypertension,
diabetes, hypercholesterolemia, and smoking at time of aging and (b) Model 3: adjusted
for age at MRI, gender, ethnicity, high school education, and hypertension, diabetes,
hypercholesterolemia, and smoking at the time of imaging, prior subclinical infarction,
logarithmic white matter hyperintensities, total volume of small perivascular spaces, and
total cranial volume.

Informed by the initial results, we performed post hoc analyses in which we determined
the relationship between a combined score of C. pneumoniae and HSV-2, as well as an
interaction term of the two pathogen serologies, and the neuroimaging signatures utilizing
the same methodology as above. A combined score was derived by averaging the z-score
of C. pneumoniae and HSV-2 titers for each participant. A categorical variable was also
constructed using combinations of seropositivity for the two pathogens in four categories:
O=seronegative for both, 1 = seropositive for C. pneumonia, 2 = seropositive for HSV2, 3 =
seropositive for both. Statistical analyses were performed in SAS version 9.4 (SAS Institute,
Inc, Cary, NC). Additionally, we performed an additional analysis in which we included
APOE e4 carrier status as an interaction term in HSV-2 and C. pneumoniae continuous
analyses in fully-adjusted models (Model 3).
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3. Results

3.1 Demographic Characteristics

Of the 1290 participants with MRI data, 455 individuals with serologic testing were included
in the final analysis. The demographic characteristics of participants included in this study
are included in Table 1. Participants were on average 70 years old, 36% male, and 69%
Hispanic; 42% completed high school. Compared to the 835 participants excluded from this
study, those included were similar in age, gender, race and ethnicity, smoking status, and
medical history of hypertension and hypercholesteremia. Excluded participants had higher
rates of high school completion, diabetes mellitus, and history of a prior subclinical brain
infarction (p < 0.05).

The frequency of seropositivity and mean values of antibody titers are presented in Table 2.
The highest seropositivity was identified for HSV-1 (87%), while the lowest seropositivity
was identified for H. pylori (55%). On average, serological testing preceded MRI by 7.10
years; there were no differences between seropositive and seronegative individuals in terms
of time from testing to MRI for any of the 5 pathogens (Supplementary Table 1).

3.2 Associations Between Infectious Exposures and Whole-Brain Cortical Thickness

In models utilizing continuous measurements of antibody titers, HSV-2 IgG was inversely
associated with reduced cortical thickness in initial (beta coefficient = -=3.11; p = 0.0460)
and confounder-adjusted (beta coefficient = —3.07; p= 0.0475) models (Table 3). C.
pneumoniae IgA levels were inversely associated with reduced cortical thickness in initial
models (beta coefficient = —4.25; p=0.0418) but were not associated with cortical thickness
in confounder-adjusted models (p = 0.0875). Continuous measurements of HSV-1 1gG,

H. pylorilgG, and CMV IgG were not associated with cortical thickness in initial or
confounder-adjusted models.

In confounder-adjusted models utilizing binary measurements (i.e., seropositivity vs.
seronegativity), only HSV-2 IgG seropositivity was associated with decreased cortical
thickness (beta coefficient: =17.2; p=0.0436). All other associations between pathogen
seropositivity and cortical thickness were not significant (Supplementary Table 2).

3.3 Associations Between Infectious Exposures and Alzheimer’s Disease-Related
Neuroimaging Signhature

In models utilizing continuous measures of antibody titers, there were no significant
associations between titers of any infectious disease exposure or the IBI and an AD
neuroimaging signature in initial or confounder-adjusted models (Supplementary Table
3). Similarly, there were no significant associations between binary measurements (i.e.,
seropositivity vs. seronegativity) and the AD signature (Supplementary Table 4).

3.4 Associations Between Infectious Exposures and Hippocampal Volume

In models utilizing continuous measures of antibody titers, there were no significant
associations between titers of any infectious disease or the IBI and hippocampal volume
(Supplementary Table 5). In models utilizing binary measurements (i.e., seropositivity vs.
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seronegativity), H. pylori 1gG seropositivity was associated with an increased hippocampal
volume (beta coefficient: 0.0222; p = 0.0183; Supplementary Table 6).

3.5 Association of Combined HSV-2 and C. pneumoniae with Neuroimaging Signatures

Given their significant associations with cortical thickness, we performed a post hoc analysis
to explore the association between a combined seropositivity of HSV-2 and C. pneumoniae
with neuroimaging signatures (Supplementary Table 7). The combined continuous measure
derived from the average of C. pneumoniae and HSV-2 z-scores was associated with reduced
cortical thickness in initial (beta coefficient: —=13.0; p = 0.0268) and fully-adjusted (beta
coefficient: —12.3; p=0.0340) models. Using a combined seropositive score (as above),

we found that being seropositive to both had the largest effect size (beta coefficient =

-22.7), followed by being seropositive to HSV-2 only (beta coefficient = —10.8), and being
seropositive to C. pneumoniae only (beta coefficient; —2.2, p-value for the trend 0.02), which
suggested an additive dose-effect.

Across all models, combined seropositivity, combined z-score, and interaction of C.
pneumoniae and HSV-2 were not significantly associated with the AD-related neuroimaging
signature or hippocampal volume (data not shown). We performed additional analyses in
which we included APOE &4 carrier status as an interaction term in continuous HSV-2 and
C. pneumoniae models. This interaction was not significant in fully-adjusted models for all
neuroimaging models.

4. Discussion

The primary finding of this investigation was that HSV-2 exposure, as defined by positive
serology, was consistently associated with decreased cortical thickness across multiple
confounder-adjusted models, while no pathogen antibody titers were associated with an
AD-related neuroimaging signature. In addition, exposure to HSV-2 combined with C.
pneumoniae was associated with decreased cortical thickness, and seropositivity for both
pathogens was associated with decreased cortical thickness. Taken together, these findings
suggest a potential additive effect of the two pathogens on risk of cortical tissue loss,

with HSV-2 most likely to be the greatest contributor. While we also identified H. py/lori
seropositivity was associated with an increased hippocampal volume, this finding was not
expected and likely a spurious finding.

Previously, researchers with the Baltimore Longitudinal Study of Aging examined the
relationship between symptomatic herpesvirus infections, either HSV-1 or HSV-2, and
cognitive, laboratory, and neuroimaging endpoints [10]. They identified a faster rate of
decline in attention, increased astrogliosis, and white matter volume loss in those with

a symptomatic infection, while identifying no relationship of infection to an AD-related
neuroimaging signature or volume-based total brain signatures. These findings and research
design contrast to a certain extent with our study, in which we utilized separate serologic
titers for HSV-1 and HSV-2 indicative of viral exposure, rather than a clinical diagnosis

of symptomatic infection with either viral strain, and identified a significant relationship
between HSV-2 and reduced total brain cortical thickness.
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HSV-2, along with HSV-1, is a common infection in the general population and belongs

to the family of herpesviruses that are capable of undergoing variable periods of latency

and reactivation that can induce significant peripheral inflammation with impacts on
multiple organ systems [23]. While HSV-1 is primarily transmitted by oral contact and
reactivates most efficiently from trigeminal ganglia, HSV-2 spreads by sexual contact

and reactivates from lumbosacral ganglia causing genital herpes [24]. Though HSV-1
seroprevalence in the United States as of 2010 was 54 percent, HSV-2 is less ubiquitous
with a seroprevalence of 16 percent [25]. Of the two viruses, HSV-2 displays a stronger
association with meningoencephalitis, with aseptic meningitis occurring in 36 percent of
women and 13 percent of men with a primary genital infection [26], and recurrence of
meningitis is common particularly for HSV-2 with rates of 20-40 percent [27]. These clinical
features suggest that HSV-2 may have more profound impacts on the CNS than HSV-1,
particularly in the setting of relapsing episodes, which offers one potential explanation for
the observation that HSV-2 was associated with reduced cortical thickness, whereas HSV-1
was not. Though we were unable to assess the effects of active HSV-2 infection or latency in
this study, these represent plausible mechanisms by which HSV-2 results in cortical atrophy
and warrant further investigation.

There is some evidence for a link between exposure to herpesviruses and dementia that
suggest a potentially causal role of these pathogens in a subset of patients with AD, though
findings to date have primarily identified risk associated with HSV-1 rather than HSV-2 as
identified in our study [8, 9]. Interestingly, those with symptomatic herpesvirus infections
treated with antiviral therapy have been reported to demonstrate a reduced incidence of

AD compared to untreated individuals, suggesting that disease activity may impact risk of
developing dementia [8]. It remains unclear whether these effects are a result of peripheral
inflammation, chronic central nervous system inflammation, or a combination of the two. It
has been found that mild or asymptomatic cases of herpes simplex encephalitis can occur
and be followed by periods of latency and reactivation triggering chronic brain inflammation
and microglial activation paralleling that found in AD [28]. Interestingly, amyloid beta

has been found to proliferate in response to herpesvirus exposure in cell culture models
and triggers a protective antiviral response, which may be therapeutic in acute infections
but becomes detrimental in the setting of chronic inflammation resulting from cycles of
reactivation by these viruses [29]. In an additional synergistic mechanism, HSV-2 has also
been linked to peripheral and intracranial atherosclerosis, furthering individuals’ vascular
risk profile known to be associated with cognitive impairment [19, 30].

C. pneumoniae is a common pathogen that has similarly been identified as a possible

risk factor for late onset AD. Indeed, the predominately respiratory pathogen has been
demonstrated to be present at a much higher rate in post-mortem brain tissue in AD patients
compared to cognitively-normal individuals [5, 31]. The impact of C. pneumoniae on AD
risk appears to be particularly pronounced in carriers of the APOE &4 allele, as presence of
the e4 allele possibly enhances attachment of the pathogen to microglia and astroglia [32].
Furthermore, astrocytes infected with C. pneumoniae display an upregulation of pathways
related to neuroinflammation and amyloid processing, resulting in greater amyloid beta
deposition [33]. Mouse model research has demonstrated that C. pneumoniae infection of
the olfactory bulb and trigeminal nerves occurs relatively quickly after upper respiratory
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tract inoculation and results in dysregulation of multiple AD-related pathways, as well as
inducing amyloid beta deposition in the olfactory bulb [34]. Similar to HSV-2, treatment of
C. pneumoniae infections with antibiotics may reduce risk of AD development compared to
those with untreated infections, as evidenced by a Taiwanese national cohort study [35].

Though HSV-2 exposure was associated with diminished whole-brain cortical thickness,

it displayed no significant association with an AD-related neuroimaging signature. It is
notable that the participants in this study were without known clinical dementia, and the
AD-related neuroimaging signature utilized as an outcome was developed by comparing
individuals with clinical AD to cognitively-normal controls [21]. However, while multiple
studies suggest a regional pattern of cortical thinning in AD, particularly involving the
temporal lobes, amygdala, and hippocampus, preceding onset of disease [36, 37], decreases
in global cortical thickness demonstrate a substantial impact on cognition in later life [38].
Indeed, diminishing cortical thickness is thought to be a primary driver of declining brain
volume and may represent pathologic cognitive aging [39, 40]. Therefore, these findings
may provide evidence that HSV-2 exposure, and possibly C. pneumoniae, accelerates brain
aging in a pathologic manner and may also increase risk for AD through reduction in
viable cortical tissue. These effects may be mediated by increased systemic inflammation,
as individuals with other pro-inflammatory conditions, including obesity and autoimmune
disease, also display reduced cortical thickness in middle age and late adulthood that
corresponds with impaired cognition [41-44]. The possible mediating influence of peripheral
inflammation on this association remains to be explored.

This study is limited by its cross-sectional nature, which precludes analysis regarding rates
of decline in neuroimaging endpoints with respect to the included infectious exposures. In
addition, serologic titers in this study are markers of disease exposure, not disease activity,
which does not account for periods of active infection or latency and reactivation in included
individuals. We were also unable to assess the impacts of potential treatments received

for infections. Additional limitations include the relatively small sample compared to the
overall NOMAS cohort, as well as the time span between serologic sampling and MRI
assessment that limits causal inference with respect to our findings. However, there are
multiple strengths of this study. The study was conducted among a community-dwelling
population without known neurocognitive disease with socioeconomic, racial, and ethnic
diversity that is more reflective of the general population than prior work conducted in
homogenous study populations. In addition, we controlled for multiple possible confounding
comorbidities and sociodemographic variables that might impact the link between infectious
disease exposure and neuroimaging alterations.

In sum, we provide evidence that exposure to HSV-2 is associated with decreased

cortical thickness, but not with an AD-related neuroimaging signature or hippocampal
volume, suggesting that exposure to this pathogen may accelerate brain aging in otherwise
cognitively-normal individuals. Future work should be directed towards better understanding
the mechanisms of this association by testing for peripheral markers of inflammation,
investigating the impact of antiviral therapies on this relationship, and validating results in
larger neuroimaging studies. In addition, further research should be conducted regarding the
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central nervous system effects of HSV-2, which remains relatively understudied compared to
HSV-1 in this domain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
. We explore the association between infectious disease serologies and
neuroimaging signatures
. Herpes simplex virus 2 was robustly associated with reduced whole-brain
cortical thickness
. C. pneumoniae and HSV-2 display a potentially additive effect on reduced
cortical thickness
. Exposure to HSV-2 may contribute to accelerated brain aging and dementia
risk, possibly due to chronic latency and reactivation in the central nervous

system
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Table 1.

Demographic characteristics of participants

Participants Included

N

455

Age, y (mean * SD)

7077

Male gender, %

36

Race and ethnicity, %

Non-Hispanic White

16

Non-Hispanic Black

15

Hispanic

69

Completed high school, %

42

Hypertension, %

80

Diabetes, %

22

Hypercholesterolemia, %

83

Current smoking, %

11

Brain infarction, %

14
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Table 2.

Frequency of seropositivity and mean antibody titer values.

Seropositivity, %; antibody titers (mean+SD)

Herpes simplex virus 1

87%, 3.9+1.7

Herpes simplex virus 2

63%, 3.3+2.7

Cytomegalovirus

84%, 2.6+1.3

Chlamydia pneumoniae

62%, 2.0+2.0

Helicobacter pylori

55%, 34439
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Associations between continuous antibody titers and whole-brain cortical thickness

Table 3.

Index

Model 1 Model 2 Model 3
Pathogen Beta P- Beta P- Beta P-

estimate | value estimate | value estimate | value
HSV-1 -2.79 0.282 -2.63 0.309 -2.64 0.302
HSV-2 -3.11 0.0460 | -3.20 0.0397 | -3.07 0.0475
Cytomegalovirus -2.84 0.378 -2.27 0.486 -1.38 0.672
C. pneumoniae -4.25 0.0418 | -4.02 0.0532 | -3.55 0.0875
H. pylori -0.0572 | 0595 | -0.0270 | 0.802 | -0.0494 | 0.645
Infectious Burden | -9.82 0.462 -8.58 0.518 -6.13 0.644

Model 1: Adjusted for age at MRI, gender, ethnicity, and high school education

Page 16

Model 2: Adjusted for age at MRI, gender, ethnicity, high school education, and hypertension, diabetes, hypercholesterolemia, and smoking at the

time of imaging

Model 3: Adjusted for age at MRI, gender, race-ethnicity, high school education, and hypertension, diabetes, hypercholesterolemia, and smoking
at the time of imaging, prior subclinical infarction, logarithmic white matter hyperintensity volume, total volume of small perivascular spaces, and

total cranial volume
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