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Abstract

The role of infection in cerebrovascular disease is complex and remains incompletely understood.
Over the last 5 years, investigators have made notable inroads in untangling this thorny topic. In
this review, we examine these recent developments, concentrating on four aspects of the
relationship between infection and stroke. We first discuss specific infectious agents as direct
causes of stroke, focusing on recent work implicating herpesviruses and HIV in cerebral
vasculopathy. We then discuss systemic infection of any type as a stroke trigger, focusing on the
relationship of infection to timing of acute stroke, both in children and adults, as well as the role of
vaccination in stroke prevention. We examine the evidence for chronic infection or “infectious
burden” as a stroke risk factor. Finally, we discuss recent work on infection as a risk factor for
increased morbidity after stroke, possible mechanisms mediating this effect, and the evidence for
prophylactic antibiotics.
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Introduction

The relationship between infection and stroke may have been suspected as early as the
second century A.D., when Galen described “apoplexy” as due to “some inflammatory
disease that exists in the head” [1]. Pierre Marie and Sigmund Freud both observed a
connection between acute infectious diseases and stroke in children in the late 1800s [2, 3].
Syphilis was also well known to cause arteritis by this time; Sir William Osler recommended
mercurials in the treatment of “the thrombosis that follows syphilitic disease of the

[cerebral] arteries,” commenting that “practically these are the only cases of hemiplegia in
which we see satisfactory results from treatment” [4]. Evidence for the connection of various
infectious agents with systemic atherosclerosis was reviewed in 1911 by Channing
Frothingham, an internist at the Peter Bent Brigham Hospital [5]. In 1921, pathologist
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William Ophuls of Stanford published a study of 500 consecutive autopsies in JAMA, with
the striking finding that systemic arteriosclerosis, including of the cerebral arteries, appeared
far earlier and more extensively in the patients with a history of chronic systemic infection
and inflammation [6].

In 1978, Fabricant and investigators experimentally infected chickens with an avian
herpesvirus and produced atherosclerosis, sparking reneweHIV increases the risk of both
ischemicd interest in the subject [7]. In that same year, a case series of 64 ischemic strokes
in young people noted a seasonal variation in patients lacking traditional vascular risk
factors; the authors postulated a possible role of systemic infection in stroke pathogenesis in
the young [8], but other similar studies at the time found no such connection [9, 10]. Despite
multiple case reports of patients (both children and adults) with strokes directly caused by
various infections, it was not until the late 1980s with the advent of AIDS that investigators
began to explore in more detail the role of infection (both common and opportunistic) in
cerebrovascular disease [11].

The twenty-first century has brought exciting advances in our understanding of the complex
interactions between infection and stroke (Table 1). Increasingly, we have learned that viral
infections such as herpesviruses and HIV appear to play a role in cerebral arteriopathy. We
have found that systemic infections, even minor ones, may trigger acute stroke in patients
with vascular risk factors, raising the question of whether immunizations might be useful as
a stroke prevention strategy. We have explored the role of chronic, low-grade infection or
“infectious burden” in creating an inflammatory milieu that predisposes patients to stroke.
Finally, an increased national focus on patient outcomes has led to new evidence that post-
stroke infectious complications factor prominently in stroke morbidity and mortality. In this
review, we will discuss these developments, with special attention to new findings in the last
4 years.

Infectious Causes of Stroke

We now know that a multitude of infections can directly cause stroke, including bacterial
(syphilis and tuberculosis are classic examples), fungal (cryptococcus, aspergillus,
mucormycosis), parasitic [12] (most commonly neurocysticercosis), and numerous viruses
(Table 2). To review all the infectious causes of stroke is beyond the scope of this paper.
Instead, we concentrate on recent updates in our understanding of the role of viral infections
in stroke.

Herpesviruses

Herpesviruses are ubiquitous, and many have a known neurotropic tendency, as well as the
ability to remain latent in sensory ganglia and other cells for life. The common herpesvirus
cytomegalovirus (CMV) was first suggested in the 1990s to be associated with increased
atherogenesis, particularly coronary artery disease and carotid disease [13-15]. Proposed
mechanisms included endothelial dysfunction and impaired vascular reactivity [16],
induction of pro-inflammatory cytokines [17], and a T cell-mediated inflammatory response
[18]. 1t remained unclear if CMV played a direct causal role or was simply more likely to

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2019 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miller and Elkind

Page 3

attack atherosclerotic arteries [19]. Furthermore, multiple other studies refuted this
association of CMV (among other infectious agents) with atherogenesis [20-22]. Some
studies indicated that CMV infection might both predispose to and trigger cardiovascular
events in certain vulnerable hosts (such as transplant patients, AIDS patients, or patients
with end stage renal disease) [18, 23, 24], but others found no association [25].

Mounting evidence now points toward a strong positive association and possible causal
relationship between CMV and atherogenesis. A systematic review and meta-analysis in
2012, including 9000 cases and 8608 controls from 55 case—control studies (6 of which were
prospective), found that evidence of CMV (either by PCR or ELISA testing) increased the
odds of coronary disease [26¢]. In the population-based Multi-Ethnic Study of
Atherosclerosis, CMV antibody titer was strongly associated with a bias toward T helper
type 1 response and increased coronary artery calcification [27]. The effect appears even
stronger in patients with HIV [28]. Animal models have implicated a Toll-like receptor—
mediated CMV-platelet interaction leading to pro-inflammatory and pro-angiogenic
responses, ultimately producing atherosclerosis [29]. While the effect has been well
demonstrated in coronary and carotid arteries, studies of cerebral arteries are lacking and
more research is needed. A fascinating development is the recent discovery that statins have
among their pleiotropic effects anti-viral properties, with an effect on CMV comparable to
ganciclovir [30<]. This raises important new questions regarding the mechanisms by which
statins reduce the risk of stroke, particularly in the case of intracranial atherosclerosis, which
has proven difficult to treat effectively. If the beneficial effect of statins is partially mediated
by viral suppression of CMV, might other CMV treatments offer similar benefits?

Increasingly, other common herpesviruses, such as varicella zoster virus (VZV), have been
implicated in the pathogenesis of cerebral arteriopathy. VZV causes varicella (chickenpox)
in humans only; following initial infection, the virus becomes dormant in neural ganglia,
only to reactivate at times of decreased cell-mediated immunity, causing zoster (shingles).
Zoster is common and usually self-limited but can be deadly, particularly to the elderly and
immunosuppressed.

The first cases of autopsy-proven central nervous system angiitis associated with VZV were
described in the 1970s, often in young patients with Hodgkin disease and recent episodes of
zoster ophthalmicus [31]. In 1996, Gilden and colleagues identified VZV DNA and VZV-
specific antigen in the cerebral arteries of a man who died of unspecified CNS vasculitis,
with no prior history of zoster rash [32]. This sparked an ongoing exploration into the role of
VZV in vasculopathy and stroke. It appears that VZV can invade the vessel walls of both
small and large cerebral arteries in a patchy fashion, causing a broad spectrum of
neurovascular disorders, from large vessel vasculopathy associated with ischemic stroke, to
arterial dissections and aneurysmal subarachnoid hemorrhage [33]. Purported mechanisms
include invasion by virions into the adventitia in early disease and the media in late disease,
leading to chronic inflammation and eventual intimal thickening and arterial remodeling [34,
35¢]. The presence of anti-VZV IgG antibodies in the cerebrospinal fluid has emerged as a
more sensitive indicator of VZV vasculopathy than the more commonly used VZV PCR
[36].
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One recent study identified VZV antigen in the cerebral arteries of 14 of 18 subjects at high
risk of VZV reactivation due to lowered cell-mediated immunity [37]. Importantly,
pathological study of 63 normal cerebral arteries from 45 subjects revealed no evidence of
VZV antigen or DNA [38], fulfilling the first of Koch’s postulates. Most recently, VZV
antigen was found in 61/82 (74 %) of temporal arteries from patients with biopsy proven
giant cell arteritis (GCA), compared to 1/13 (8 %) of normal temporal arteries [39¢¢]. These
results support the hypothesis that VZV may be a causative organism in the pathogenesis of
GCA, a finding with broad clinical implications for treatment, if confirmed by others. A link
between recent zoster infection and increased stroke risk has also been identified in multiple
epidemiological studies [40-42].

Herpes simplex virus (HSV) is closely related to VZV, and new work suggests a potential
role for this herpesvirus in stroke pathogenesis. Recent case reports suggest that HSV (both
type 1 and type 2) can directly cause both ischemic and hemorrhagic stroke in children and
adults, via mechanisms similar to that of VZV [43-46]. Recent results of the international
Vascular Effects of Infection in Pediatric Stroke (VIPS) study indicate that serological
evidence of recent infection with several herpesviruses (Epstein—Barr virus, VZV, CMV,
HSV1, or HSV2) doubles the odds of stroke in children aged 29 days through 18 years [47].
HSV, found in one quarter of cases, was the most common herpesvirus to be detected; HSV
subtype could not be determined in the majority of these, but in those that could be
identified, all were HSV1. These results provide novel evidence that acute infection with
HSV may trigger stroke in children. More research is needed to see if the same may hold
true for adults. If confirmed, these results may lead to new drug or vaccine targets both for
primary and secondary prevention.

Human Immunodeficiency Virus

AIDS patients were recognized to be at increased risk of stroke in the 1980s [48]. Autopsy
studies revealed multiple cases of AIDS patients with stroke due to cerebral vasculitis from
lymphoma or opportunistic pathogens such as Candida albicans and herpesviruses [49].
Other patients died of hemorrhagic stroke due to immune-related thrombocytopenia or
coagulopathy or developed cardioembolic stroke due to AIDS-related cardiomyopathy or
endocarditis [50]. With the arrival of highly active anti-retroviral therapy (HAART), HIV
disease transformed from an inevitably fatal condition to a chronic, manageable disease; yet
patients continued to suffer strokes at alarming rates. In fact, the number of stroke
hospitalizations for patients with HIV rose by 60 % from 1997 to 2006 in a large population-
based study, despite an overall decrease in stroke hospitalizations during this time period
[51]. Proposed reasons for this increase have included improved survival and aging of the
HIV-positive population, high prevalence of comorbidities such as smoking and substance
abuse, accelerated atherosclerosis due to HAART-induced dyslipidemia, cerebral vasculitis
from comorbid infections such as syphilis or tuberculosis, and HIV-associated vasculopathy
[50].

New research suggests that traditional cardiovascular risk factors may be more prevalent in
patients with HIV disease [52, 53]. Despite this, the Framingham Risk Score for Stroke
appears to underestimate the risk of stroke in HI\-positive men; [54] furthermore, statins
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appear not to have the same benefits in patients with HIV that we see in other patients with
cardiovascular risk factors [55]. Even after controlling for other risk factors, HIV increases
the risk of both ischemic [56¢] and hemorrhagic [57¢] stroke, in women and men [58], and
outcomes in stroke patients with HIV tend to be poor [59, 60]. Interestingly, the increased
risk appears to correlate with lower CD4 counts and higher viral load [55, 59, 61, 62],
suggesting that the virus itself as the causal agent rather than HAART-related dyslipidemia.
The effect of HIV on risk of hemorrhagic stroke appears more pronounced in younger
patients and in women [57¢].

Why is stroke risk increased in HIV patients with higher viral load? Accumulating evidence
suggests that direct vasculopathic effects of the virus contribute. HIV is known to be
associated with fusiform aneurysmal cerebral vasculopathy (Fig. 1) [63]. Pathological
studies of both large and penetrating cerebral arteries of patients with HIV reveal thinning of
the media, often accompanied by dilatation [64, 65+, 66]. Infarcts in HIV-positive patients
appear to be associated with extremes of arterial remodeling: either accelerated
atherosclerosis with severely stenotic vessels, or dilated, dolichoectatic vessels predisposing
both to thrombotic and hemorrhagic strokes [67+¢]. Our data suggest that the dolichoectatic
phenotype is associated with increased inflammation in the adventitia [J. Gutierrez, personal
communication]. More research is needed to better define the mechanisms by which HIV
appears to cause vasculopathy. Meanwhile, we recommend that HIV screening be
considered in patients with unknown HIV status admitted with stroke, particularly if other
risk factors are not present.

Parvovirus B19

Acute infection with a variety of viruses may trigger stroke (see “Infection as Stroke
Trigger” section), but parvovirus B19 (PVB19) deserves special mention. A single-stranded
DNA virus, PVB19, commonly causes erythema infectiosum (“fifth disease” or “slapped-
cheek disease™) in children. Numerous case reports document acute parvovirus infection or
reactivation associated with ischemic stroke, particularly in children [68]. Many patients had
evidence of active PVB19 replication in their cerebrospinal fluid; some authors postulate a
direct viral effect on the endothelium [69]. Maternal PVVB19 infection during pregnancy has
been associated with intrauterine fetal death; on post-mortem, perivascular calcifications
were found in the fetal cerebral arteries, and PVVB19 DNA and capsid antigen were
demonstrated in cerebral endothelial cells and macrophages [70]. Recent results from the
VIPS study also found DNA evidence of PVB19 in 6 % of children with stroke, and 0 % of
controls [71]. PVB19 may join the ranks of viruses known to cause cerebral arteriopathy, but
more research is needed.

Infection as Stroke Trigger

Why does a patient with chronic vascular risk factors have a stroke today, rather than last
week or next month? Systemic infection has been proposed as a trigger of acute stroke based
on accumulating evidence from multiple studies [72]. A large prospective study in Britain
found a substantial increase in the risk of stroke and myocardial infarction in the days
following acute upper respiratory infection. The effect diminished over time after the
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infection and was seen to a lesser degree after urinary tract infection. Recent vaccination, in
contrast, did not increase cardiovascular event rate [73]. In the Cardiovascular Health Study;,
a multicenter prospective cohort study of vascular risk factors in an elderly population, we
found that recent hospitalization for an infection (mostly respiratory and urinary infections)
was associated with an increased risk of stroke [74]. Proposed mechanisms include
increased platelet activation and aggregation, impaired endothelial function, infection-
provoked cardiac arrhythmias, and dehydration-induced thrombosis. However, despite the
strong association and biological plausibility, this analysis did not prove causality;
hospitalization itself, rather than infection per se, may have increased the risk of stroke.

If acute systemic infections can precipitate stroke, could vaccination prevent it? The
randomized FLUVACS trial demonstrated the benefits of influenza vaccination in prevention
of cardiovascular death [75]. Influenza vaccination has been shown to be associated with
reduced stroke risk, particularly in older patients [76]. These and other studies prompted the
American Heart Association to recommend influenza vaccination as a secondary prevention
strategy in patients with coronary or atherosclerotic vascular disease [77]. The benefits of
influenza vaccination for stroke prevention appear to increase with successive yearly
vaccinations [78]. However, some evidence suggests that there may be little or no benefit to
influenza vaccination, and the topic remains controversial [79e, 80]

What about other vaccines? The CAPAMIS study, a large, prospective cohort study,
evaluated the effectiveness of the 23-valent pneumococcal vaccine in prevention of
myocardial infarction and stroke. At 1-year interim follow-up, patients who had received the
vaccine appeared to have a 35 % reduction in risk of stroke; there was no evidence for
reduction in risk of MI [81]. However, at conclusion of the study after 3 years, no benefit
was seen [82¢]. Another, larger cohort study in men also found no stroke prevention benefit
to the pneumococcal vaccine [83]. This could be due to limited efficacy of the vaccine in
preventing pneumococcal disease; evidence from meta-analyses has shown conflicting
results regarding the vaccine’s efficacy, particularly in adults with chronic disease [84, 85].
Alternatively, vascular events may be triggered by pneumococcal serotypes not included in
the 23-valent vaccine.

Burden

In addition to the agents discussed in the first section, many other specific pathogens have
been suggested to play a role in stroke. Chlamydia pneumoniae, Helicobacter pylori,
hepatitis A, and periodontal infections have all been explored as causative agents [86—88].
However, the evidence was mixed and multiple studies found no association [89-91]. More
recently, the concept of “infectious burden” as a stroke risk factor has emerged. Exposure to
increasing numbers of pathogens appears to exert a cumulative effect, leading to increased
progression of coronary artery disease and carotid atherosclerosis [92, 93]. We explored this
further in the Northern Manhattan Study, a large, prospective cohort study in a randomly
selected, multi-ethnic urban stroke-free population [94]. We hypothesized that a weighted
measure of multiple serological results might be more strongly associated with incident
stroke than infection with any one pathogen. We assessed patients for serological evidence at
stroke-free baseline of five common infections that have been linked to atherosclerotic risk
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in prior studies: C. pneumoniae, H. pylori, CMV, HSV1, and HSV2. While no individual
infection showed a statistically significant association with increased stroke risk, all had a
trend toward increased risk. We created a weighted index for infectious burden (IB) based on
the strength of each individual infection’s association. We found that higher scores on this
IB index were associated with increased risk of stroke (adjusted HR per standard deviation
in the IB index 1.39, 95 % confidence interval (Cl) 1.02-1.9), even after adjusting for
demographic factors and vascular comorbidities. Adjusting for leukocyte count and levels of
C-reactive protein had no effect on the association. Mean IB index was higher in Hispanics,
non-Hispanic blacks, and women. Interestingly, elevated IB index was also associated with
non-vascular death, carotid plague thickness, and cognitive impairment [95¢], particularly in
the domains of executive function and memory [96]. An inverse correlation between 1B and
score on the Mini-Mental Status Exam was also observed in a recent study of patients in
China with Alzheimer disease, although the authors did not employ a weighted index [97].

These results have important clinical implications. First, the absence of association with
inflammatory markers suggests that the pathogens themselves may mediate increased stroke
risk, rather than simply chronic inflammation. Second, IB index was higher in non-whites
and women, groups that have been historically understudied in stroke research. Might this be
a risk factor with particular importance for these populations? Third, infectious burden is a
potentially modifiable and preventable risk factor. Prior studies have found no benefit to
antibiotic treatment aimed at eradication of C. pneumoniae with regard to coronary disease
[98, 99], but this has not been studied in stroke prevention. Serological evidence of bacterial
infections (such as C. pneumoniaand H. pylori) does not always indicate active infection,
making the benefits of treatment uncertain; herpesvirus infections, in contrast, remain latent
for life, offering a potential treatment target. Prospective, randomized trials are needed to
ascertain whether prevention or treatment of common infections could be an effective stroke
prevention strategy.

Post-stroke Infection

Infection after stroke is common, associated with poor outcomes and potentially deadly. A
systematic review and meta-analysis in 2011 found that 30 % of acute stroke hospitalizations
are complicated by post-stroke infection, most commonly pneumonia (10 %) and urinary
tract infection (10 %). In intensive care units, the infection rate was 45 % (pneumonia 28 %,
urinary tract infection 20 %). Of patients with post-stroke infections, almost half died,
compared to less than one fifth of patients without infections [100]. Infections are more
common in severe strokes, which have higher morbidity and mortality; however, in a recent
study of 800 patients with intracerebral hemorrhage (ICH), infection was not associated with
ICH volume or Glasgow Coma Scale score yet appeared to be an independent predictor of
mortality and poor functional outcome [101¢]

Stroke appears to induce endogenous immunosuppression through suppression of cytokine
induction, making patients more vulnerable to infection [102]. It has been proposed that this
might be an adaptive mechanism aimed at minimizing post-ischemic immune activation
against brain antigens [103]. In the setting of infection, however, this adaptive
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immunosuppression may be reversed, worsening immunological activation directed against
the brain.

The frequency of infection after stroke and its apparent adverse effects on outcomes
underscore the paramount importance of infection prevention in post-stroke care. Many
nursing protocols incorporated into stroke unit care have precisely this aim: dysphagia
screening, avoidance of indwelling catheters, and early mobilization. Could there be a role
for prophylactic antibiotics in the immediate poststroke period? The recent multicenter
randomized Preventive Antibiotics in Stroke Study (PASS) evaluated this strategy by
assigning 2550 stroke patients within 24 hours of symptom onset either to standard post-
stroke care, or standard care plus prophylactic intravenous ceftriaxone for 4 days. The
primary endpoint was functional outcome at 6 months. Post-stroke ceftriaxone did not affect
the distribution of functional outcomes on the modified Rankin scale (adjusted common
odds ratio 0.95, 95 % CI1 0.82-1.09, p = 0.46) [104]. Other investigators tested multiple
classes of antibiotics as post-stroke prophylaxis in rats, to assess for possible differential
effects of different medications. They found that no individual antibiotic class was
associated with a functional benefit, but rats given fluoroquinolones had significantly worse
functional outcomes [105]. It is therefore possible that toxic effects of treatment as well as
the infections themselves mediate the poor outcomes seen in infected stroke patients. At this
time, the bulk of evidence argues against prophylactic antibiotics after stroke.

Conclusion

Studies in the past 5 years have shed increasing light on the complex interactions between
infection and stroke. Abundant research, both basic and clinical, is needed to confirm and
expand on these findings. Investigation into mechanisms of viral vascular toxicity may
provide insight into other neurological illnesses. Specific infectious pathogens such as
herpesviruses may offer new therapeutic targets for stroke prevention. Epidemiological
studies are needed to assess whether infection poses the same risk of stroke in adults that it
appears to in children. Vaccines may offer new prevention strategies with substantial benefit
to the public health. Quality initiatives and outcomes research may lead to reductions in
post-stroke infection with sweeping consequences for patients and health care costs. As our
understanding of the relationship between stroke and infection deepens, we hope to identify
new strategies to reduce the burden of suffering that stroke continues to cause.
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Fig. 1.
HIV vasculopathy. HIV vasculopathy is a form of secondary dolichoectasia frequently found

among patients with HIV. This arteriopathy may simultaneously affect different arterial
segments, as shown in (a) where extreme dilatation of the basilar artery is observed, with
other areas of dilatation noted in the right ICA (b) and left ICA (c) in a 36-year-old woman
with HIV and hydrocephalus. Pathologically, cerebral brain arteries of patients with HIV
vasculopathy have thinning of the media and the wall with a dilated lumen (d), image
obtained from the Brain Arterial Remodeling Study). Figure courtesy of Dr. Jose Gutierrez,
Columbia University Medical Center
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