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Abstract
Infectious agents, including viruses and bacteria, are proposed to be involved in the pathogenesis of Alzheimer’s disease 
(AD). According to this hypothesis, these agents have capacity to evade the host immune system leading to chronic infection, 
inflammation, and subsequent deposition of Aβ and phosphorylated-tau in the brain. Co-existing proteinopathies and age-
related pathologies are common in AD and the brains of elderly individuals, but whether these are also related to neuroinfec-
tions remain to be established. This study determined the prevalence and distribution of neurodegenerative proteinopathies 
in patients with infection-induced acute or chronic inflammation associated with herpes simplex virus (HSV) encephalitis 
(n = 13) and neurosyphilis (n = 23). The mean age at death in HSV patients was 53 ± 12 years (range 24–65 years) and survival 
was 9 days–6 years following initial infection. The mean age at death and survival in neurosyphilis patients was 60 ± 15 years 
(range 36–86 years) and 1–5 years, respectively. Neuronal tau-immunoreactivity and neurites were observed in 8 HSV patients 
and 19 neurosyphilis patients, and in approximately half of these, this was found in regions associated with inflammation 
and expanding beyond regions expected from the Braak stage of neurofibrillary degeneration. Five neurosyphilis patients 
had cortical ageing-related tau astrogliopathy. Aβ-plaques were found in 4 HSV patients and 11 neurosyphilis patients. Lewy 
bodies were observed in one HSV patient and two neurosyphilis patients. TDP-43 pathology was absent. These observa-
tions provide insights into deposition of neurodegenerative proteins in neuroinfections, which might have implications for 
COVID-19 patients with chronic and/or post-infectious neurological symptoms and encephalitis.

Keywords Alzheimer’s disease · Herpes simplex virus · Neuro-infection · Neurosyphilis · Proteinopathy · Tau

Introduction

Neurodegenerative disorders are a clinically, pathologically 
and genetically diverse group of disorders characterised by 
progressive deterioration of neurons and/or glia, their syn-
apses, and network connections. The clinical phenotype of Krisztina Danics and Shelley L. Forrest contributed equally.
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these disorders is related to the severity and regional distri-
bution of neuronal loss (Mrdjen et al. 2019; Forrest et al. 
2019a). Importantly, disease-specific protein aggregates in 
neurons and/or glia occur or deposit in extracellular loca-
tions in vulnerable brain regions, which form the molecular 
classification of neurodegenerative disorders. In addition, 
co-existing neurodegenerative proteinopathies and age-
related pathologies are increasingly recognised (Kovacs 
2019), and how these relate and interact with the clinical 
phenotype, neuropathological changes, and disease patho-
genesis are the focus of current research. Another pathology 
associated with accumulation of tau protein in astrocytes, 
ageing-related tau astrogliopathy (ARTAG), is commonly 
found in the brains of elderly individuals and in patients 
with neurodegenerative disorders (Kovacs et al. 2016). It 
is characterised by thorn-shaped astrocytes and granular 
fuzzy astrocytes, with different ARTAG types recognised. 
Recently, a sequential distribution pattern for the different 
types of ARTAG has been proposed (Kovacs et al. 2018) 
and while its clinical relevance is yet to be established, the 
regional distribution and type of ARTAG vary between neu-
rodegenerative diseases and normal ageing. For example, 
lobar white matter ARTAG is frequent in Alzheimer’s dis-
ease (AD), whereas the basal forebrain is a predilection site 
for ARTAG in the elderly (Kovacs et al. 2018).

Numerous studies have suggested associations between 
infectious agents, including viruses and bacteria, and spo-
radic AD, and are suggested to be involved in its patho-
genesis. The altered blood–brain barrier in patients with 
AD is also likely to predispose these patients to viral and 
bacterial infections. These agents are capable of evading 
the immune system, leading to chronic infection, inflam-
mation and subsequent deposition of Aβ and abnormal tau 
phosphorylation in the brain. Herpes simplex virus (HSV) 
is a neurotrophic virus belonging to the Herpesviridae fam-
ily, which has many species including HSV-1 and 2, which 
infects mucosal epithelia and resides in the peripheral nerv-
ous system in a latent form, resulting in life-long infection. 
Reactivation leads to viral replication and acute infection 
(Harris and Harris 2015; Sait et al. 2021). Occasionally, 
HSV-1 spreads to the CNS and is the most common cause of 
viral encephalitis. PCR studies have detected latent HSV-1 
in 70–100% of sporadic AD and people > 65 years of age 
(Jamieson et al. 1991; Looker et al. 2015). The presence 
of HSV-1 has been reported in predilection brain regions 
of AD pathology, including the temporal cortex and hip-
pocampus, and a higher proportion of HSV-1 DNA is associ-
ated with Aβ plaques in AD patients compared with elderly 
controls (Laval and Enquist 2021; Harris and Harris 2015). 
Anti-HSV-1 IgM antibody titres have been correlated with 
plasma levels of Aβ1–40 and Aβ1–42 isoforms (Féart et al. 
2011) and a higher risk of developing AD (Letenneur et al. 
2008), suggesting that HSV-1 reactivation or recent infection 

is involved in the pathogenesis of AD leading to the accumu-
lation of Aβ plaques in the brain. In addition, carriers of the 
apolipoprotein-E ε4 (APOE ε4) allele have an increased risk 
of developing AD, and in combination with HSV-1 infec-
tion, this risk of developing AD increases 12-fold (Lin et al. 
1995).

Spirochete Treponema pallidum infections causing syphi-
lis have also been associated with the pathogenesis of AD 
(Miklossy 2015). Although the incidence of syphilis has 
been reduced with the development of antibiotics, partial or 
incomplete antibiotic treatment allows T. pallidum to sur-
vive and persist in the CNS (Deckert 2015). Following a 
latency period of months to years after primary infection and 
the characteristic ulcerative lesions, persisting spirochetes 
can cause neurosyphilis that includes different forms, such 
as asymptomatic neurosyphilis, meningeal and meningo-
vascular neurosyphilis, general paresis, and tabes dorsalis. 
The outer membrane of T. pallidum lacks lipopolysaccha-
ride, the inflammatory glycolipid found in Gram-negative 
bacteria, and has a low density of integral membrane pro-
teins, which allow the bacteria to evade the immune system, 
cause inflammation and chronic CNS infection (Radolf et al. 
2016). CNS involvement can occur at any stage of infec-
tion and neuropathological examination is characterised by 
inflammation of the meninges and leptomeningeal vessels, 
and gummas, round lesions with necrotic centres (Deckert 
2015). Spirochetal colonies are typically restricted to the 
cerebral cortex, cortical and leptomeningeal vessels, and 
have a similar morphology to neuritic plaques (Miklossy 
2015). Studies have also demonstrated spirochetal-specific 
antigens and DNA co-localised with Aβ plaques, the pres-
ence of multiple Aβ isoforms in spirochetal colonies and 
in cortical and leptomeningeal vessel walls exhibiting Aβ 
deposits (Miklossy 2015), and an increased risk of AD in 
patients with T. pallidum infection (Maheshwari and Eslick 
2015). To date, systematic analyses have not been per-
formed in human brains to determine the prevalence of AD 
pathology and other neurodegenerative proteinopathies in 
patients with neuroinfections. To address this, we investi-
gated the prevalence and distribution of neurodegenerative 
proteinopathies in patients with infection-induced acute or 
chronic inflammation associated with HSV encephalitis and 
neurosyphilis, respectively.

Materials and methods

Case selection and collection of clinical data

Thirteen cases (7 male) with the clinical diagnosis of HSV 
encephalitis (years of death: 1965–2006) and 23 cases (15 
male) with the clinical diagnosis of neurosyphilis (years of 
death: 1955–1991), paralysis progressive or tabes dorsalis 
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with CSF examination indicative of chronic inflamma-
tion and positive Wassermann test were selected from 
the archives of the Neuropathological Laboratory of the 
Hungarian National Institute of Psychiatry and Neurol-
ogy. This Institute was closed in 2007 and the archives 
moved to the Neuropathology and Prion Disease Reference 
Center, Department of Forensic and Insurance Medicine, 
Semmelweis University, Budapest, Hungary. Demographic 
and clinical data were collated from the clinical files retro-
spectively. This study was approved by the Regional and 
Institutional Committee of Science and Research Ethics 
(Nr. 34/2016), Semmelweis University.

Neuropathological assessment

While all cases had a routine neuropathological assess-
ment throughout the collection period (1955–2006), cases 
were reviewed by three researchers (KD, SLK and GGK) 
to identify neurodegenerative pathologies based on cur-
rent classification criteria. Larger hemispheric anatomical 
regions were reprocessed for the purposes of the present 
immunohistochemical examinations. Selection of brain 
regions examined in each cohort is summarised in Supple-
mentary 1 and was based on neuropathological consensus 
recommendations for identifying AD neuropathological 
change (Montine et al. 2012), including Thal Aβ plaque 
phase (Thal et al. 2002) and Braak neurofibrillary tangle 
stage (Braak and Braak 1991), Braak Lewy body stage 
(Braak et al. 2003), and ARTAG (Kovacs et al. 2016). 
Brain regions included the cortex (frontal, temporal, pari-
etal and occipital), medial temporal lobe (hippocampus 
and amygdala), basal ganglia, thalamus and hypothala-
mus, brainstem (midbrain, pons, medulla oblongata) and 
cerebellum. Formalin-fixed paraffin-embedded 7 µm sec-
tions were stained for haematoxylin and eosin, and immu-
nostained at the Institute of Neurology, Medical Univer-
sity of Vienna, with phosphorylated-tau (AT8, 1:200; 
phospho-epitope Ser202/Thr205; Pierce Biotechnology, 
Rockford, IL), Aβ (1:50, clone 6F/3D, Dako, Glostrup, 
Denmark), alpha-synuclein (monoclonal; 1:2,000, clone 
5G4, Roboscreen, Leipzig, Germany), phosphorylated-
TDP-43 (pTDP-43, phospho-epitope S409/410, 1:2,000, 
Cosmo Bio, Tokyo, Japan), p62 (monoclonal; 1:1000, BD 
Transduction, Lexington, KY, USA), glial fibrillary acidic 
protein (GFAP, polyclonal, 1:3000, Dako, Glostrup, Den-
mark), and HLA-DR (monoclonal, clone CR3/43; 1:100; 
Dako, Glostrup, Denmark). In addition, cases with HSV 
encephalitis were also immunostained for anti-HSV-1 
and HSV-2 (polyclonal; 1:2000 and 1:1000, respectively, 
Dako, Glostrup, Denmark). The DAKO EnVision detec-
tion kit, peroxidase and/or DAB (3,3-diaminobenzidine) 
were used for visualisation of antibody reactions.

Statistical analysis

Data are presented as the mean ± standard deviation and the 
range where specified.

Results

Clinical and demographic data

The demographic details and clinical features of patients 
with HSV encephalitis and neurosyphilis are summarised 
in Tables 1 and 2, respectively. The mean age at death 
in patients with HSV encephalitis (n = 13, 7 male) was 
53 ± 12 years (range 24–65 years). Survival following HSV 
encephalitis infection ranged from 9 days to 6 years. Six 
patients had a very acute infection and short survival of 
9–45 days, and five patients survived 7 months–6 years 
following infection. Survival was unknown in two HSV 
encephalitis patients. The mean age at death and duration 
of symptoms in patients with neurosyphilis (n = 23, 15 male) 
was 60 ± 15 years (range 36–86 years) and 3 ± 1 years (range 
1–5 years), respectively. 

Overview of histopathological changes

Herpes simplex virus encephalitis

Cases with the clinical diagnosis of HSV encephalitis 
showed macroscopic evidence for micro-hemorrhagic 
lesions or cystic atrophy in individuals with longer sur-
vival (≥ 7 months) (Fig. 1A, B). Microscopic examination 
revealed variable degree of microhemorrhages (Fig. 1C), 
microglial nodules (Fig. 1D), perivascular lymphocytic infil-
tration (Fig. 1E), necrotic lesions (Fig. 1F). Immunostain-
ing for HSV antigens (Fig. 1G–N) showed unequivocal neu-
ronal- and glial cytoplasmic and nuclear immunoreactivity 
in nine cases, equivocal immunoreactivity in occasional glial 
cell nuclei in three cases, and in one case, immunoreactivity 
was not detected. Histopathological changes of cases with 
HSV encephalitis are summarised in Table 3.

Neurosyphilis

Cases with the clinical diagnosis of neurosyphilis were 
characterised by prominent leptomeningeal (Fig.  2A, 
B) and parenchymal (Fig. 2C, D) inflammation in all 
regions examined. Cortical regions showed thickening 
of the meninges and massive inflammatory infiltrate 
(Fig. 2B). Severe gliosis was observed in cortical grey 
matter and the underlying white matter was gliotic with 
vacuolation. Occasional cortical extrusions (Fig.  2A, 
M) were observed, which contained neurons. Grey and 
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white matter perivascular inflammation (Fig. 2E–H) was 
observed in most regions examined and many arterioles 
had thickened walls and a few showed amyloid angiopa-
thy (Fig. 2E). Numerous cortical and subcortical infarcts 
with frank tissue disruption and lymphocytic nodules 

(Fig. 2I, J), reactive gemistocytic astrocytes (Fig. 2K) and 
macrophages (Fig. 2L) were observed in various locations 
in the examined brains.

Table 1  Summary of 
demographic and clinical 
features in patients with herpes 
simplex virus encephalitis

d days, m months, y years, na not available, F female, M male

Case no

1 2 3 4 5 6 7 8 9 10 11 12 13

Gender F F M F M M F F M F M M M
Age at death (y) 55 56 42 66 58 63 58 51 65 24 65 41 49
Disease duration 9d 11d 12d 16d 23d 45d 7 m 1y 2y 3y 6y na na
Behavioural features
 Behavioural disorder
 Personality change x x
 Executive deficits
 Restlessness x x x

Language features
 Aphasia x x x
 Dysarthria x x x

Motor features
 Parkinsonism x
 Tremor x x x
 Pyramidal signs
 Gait disturbance x x
 Ataxia x x x
 Facial paralysis x x x
 Hyperreflexia x x
 Hyporeflexia x x
 Myoclonus
 Primitive reflexes x x x
 Hemiparesis x x x x
 Pupillary areflexia

Neuropsychiatric features
 Hallucinations x x
 Depression
 Paranoia

Autonomic features
 Dizziness x x

Sensory features
 Paraesthesia
 Sensory neuropathy

Other features
 Dementia x x x
 Deterioration x x x x
 Hypacusis
 Convulsions x x x x
 Anisocoria
 Delirium tremens x x x x
 Alcoholism x x x
 Incontinence x x
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Immunostaining for AT8

Herpes simplex virus encephalitis

Neuropathological features are summarised in Table 4. 
Neuronal AT8 immunoreactivity and neuropil threads 
were found in 8 out of the 13 cases with HSV encephali-
tis (Fig. 3A–H). Three cases had Braak NFT stage I, one 
case Braak stage 1a (brainstem), one case each contained 
Braak NFT stages II and III, and Braak stage could not be 
determined in one case. In three cases, AT8 immunoreactiv-
ity was also found in regions associated with inflammation 
(Fig. 3C–H), including the substantia nigra (Fig. 3C, D). In 
one case (Case #12, disease duration not known), few AT8-
immunopositive neurons and neurites were observed in the 
substantia nigra and tegmentum with perivascular inflamma-
tion. In the second case (Case 4, disease duration = 16 days), 
numerous AT8-immunopositive threads, grains and neurons 
were observed in regions containing inflammation including 
the hippocampus, entorhinal cortex, basal ganglia, thalamus 
and amygdala. This case also contained granular fuzzy astro-
cytes in the thalamus only, as seen in gray matter ARTAG. 
In the third case (Case 1, disease duration = 9 days), AT8-
immunopositive neurons and neurites were observed close to 
inflamed areas in the basal ganglia and midbrain. Two cases 
showed AT8 immunoreactive neurons in the granule cells 
of the dentate gyrus associated with severe lesions. Further, 
tau-immunoreactivities consistent with ARTAG were not 
observed in any other case with HSV encephalitis. 

Neurosyphilis

Neuropathological features are summarised in Table 5. 
Neuronal AT8 immunoreactivity and neuropil threads were 
found in 19 out of 23 cases. In 14 of these cases, AT8 immu-
noreactivity included regions beyond the regions expected 
to be involved from their corresponding Braak NFT stage. 
This comprised AT8-immunopositive neurons and neu-
rofibrillary tangles in the cortex (9 cases), basal ganglia (1 
case, Case #18) and substantia nigra (1 case, Case #16), and 
neuropil threads in the cortex (11 cases), basal ganglia (2 
cases), thalamus (1 case) and medulla oblongata (2 cases). 
In 8 cases, AT8-immunopositive neurites and some neurons 
were also found in regions associated with inflammation. In 
some cases, clusters of neurites were observed in regions 
with inflammation. One case had Braak NFT stage VI and a 
carpet of phosphorylated-tau pathology in all regions exam-
ined (Fig. 2S, T) consistent with a high likelihood of AD 
neuropathological change. Five cases with neurosyphilis 
had Braak NFT stage I, 6 cases had Braak NFT stage II 
and 3 cases had Braak NFT stage III. The hippocampus was 
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unavailable in six cases, and Braak NFT stage could not be 
determined.

Five cases (out of 23) had cortical ARTAG. One case 
contained subpial and grey matter perivascular ARTAG in 

two cortical regions (Fig. 2M–P), characterised by thorn-
shaped astrocytes (Fig. 2Q), which contained inflamma-
tion. In this case, subpial ARTAG was also observed in 
the cortical extrusion areas (Fig. 3M). One case contained 

Fig. 1  Representative macroscopic and microscopic neuropathol-
ogy of the cases with herpes simplex virus encephalitis. Macroscopic 
archival photos of cases 3 (A) and 11 (B) showing microhemorrhagic 
lesions (A) and cystic atrophy (B). Microscopic examination reveals 
variable degree of microhemorrhages (C), microglial nodules (D, 
arrowhead), perivascular lymphocytic infiltration (E), and necrotic 

lesions (F) in the hippocampus. Immunostaining for HSV-1 (G-N) 
shows unequivocal neuronal and glial cytoplasmic and nuclear immu-
noreactivity in the hippocampus (G, H, K, N), temporal cortex (I, J, 
L, M). HSV-1-immunostained sections are counterstained with Hae-
matoxylin
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Table 3  Histopathological changes observation in patients with herpes simplex virus encephalitis and neurosyphilis

AMY amygdala, BG basal ganglia, CBLL cerebellum, Cx cortex, Dx diagnosis, Eq equivocal finding including background staining, FR frontal 
cortex, HI hippocampus, HSV herpes simplex virus encephalitis, MB midbrain, MO medulla oblongata, NS neurosyphilis, OCC occipital cortex, 
PA parietal cortex, PO pons, TE temporal cortex, TH, thalamus

Case no Dx HSV IHC Haemorrhagic 
necrosis

Non-haemor-
rhagic necrosis

Neutrophil 
leukocytes in 
tissue

Microglial 
nodules

Lymphocytic 
infiltrate—
perivascular

Lymphocytic 
infiltrate—
parenchyma

Lymphocytic 
infiltrate—
meningeal

1 HSV  + – HI, TE, TH, 
PO, MO

– FR, MB HI, TE, FR, 
MB, PO, 
MO

2 HSV  + HI, TE, MB HI, TE, TH, 
PO, MO

HI, TE MB HI, TE, TH, 
PO, MO

3 HSV  + HI, TE – – – HI, TE
4 HSV  + TE TE – – TE, TH, MO
5 HSV  + – HI – HI HI, TE, AMY, 

TH, BG
6 HSV  + – - – – PA
7 HSV Eq – FR, TE – TE TE, TH, OCC
8 HSV  + – HI, FR, TE – HI, TE HI, TE, FR
9 HSV  + – HI, CBLL, PO – – HI, CBLL, PO
10 HSV  + – HI, TE – HI, TE HI, TE
11 HSV Eq – FR, TE – – HI, FR
12 HSV - – FR, TE – FR FR, TE, MB, 

MO
13 HSV Eq – FR, TE, TH, 

OCC
– – FR, TE, OCC, 

HI, MB
1 NS Cx Cx, BG Cx
2 NS Cx Cx Cx
3 NS Cx Cx. TH −
4 NS – Cx, AMY Cx
5 NS – HI, CBLL HI
6 NS Cx HI, Cx, BG HI, Cx, BG
7 NS Cx, BG, MO HI, Cx, BG, 

MO
HI, Cx, BG
HI, Cx, BG

8 NS HI HI, Cx, MO HI, Cx
9 NS – HI HI
10 NS – – –
11 NS – – –
12 NS BG, MO BG, MO BG, MO, 

CBLL
13 NS TH TH –
14 NS – – –
15 NS – – –
16 NS – – –
17 NS HI HI Cx
18 NS – – –
19 NS – – –
20 NS Cx HI, Cx HI, Cx
21 NS – – Cx
22 NS – AMY –
23 NS – – –
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occasional grey matter granular fuzzy astrocytes in four 
cortical regions, one case contained granular fuzzy astro-
cytes in two cortical regions, and two cases contained 
occasional grey matter granular fuzzy astrocytes in one 
cortical region only (Fig. 2R).

Immunostaining for Aβ, alpha‑synuclein, pTDP‑43 
and p62

Herpes simplex virus encephalitis

Four HSV encephalitis cases contained Aβ plaques con-
sistent with Thal phase 1 (4 cases) (Fig. 3I–K). One case 
showed a few Aβ deposits only in the occipital cortex and 
circumscribed in the striatum (Fig. 3K) and not in other 
regions, altogether classified as Thal phase 1. Aβ plaques 
were absent in 8 cases, and Thal phase could not be evalu-
ated in one case as cortical blocks were unavailable. Aβ 
deposition in blood vessels in the frontal cortex was found 
in one case only (Fig. 3L). Brainstem and cortical Lewy 
bodies were observed in one HSV case (Braak stage 5; 
Fig. 3M, N). Lewy bodies were not observed in remaining 
cases, although we cannot exclude Braak stage 1 in three 
cases and Braak stages less than 3 in three cases due to 
the lack of representative brainstem regions. In addition 
to p62-immunopositive reactive astrocytes following the 
distribution of cortical hypoxic/ischemic damage (Fig. 3O, 
P), immunostaining with p62 revealed similar neuropatho-
logical features as observed above.

Neurosyphilis

Eleven neurosyphilis cases contained Aβ plaques, which 
varied in density and anatomical distribution (Fig. 2U–X). 
Three of these cases also contained Aβ deposition in blood 
vessels, which were confined to cortical regions (Fig. 2U, 
V) and the amygdala. Two cases contained alpha-synu-
clein deposits. In the first case, which had Braak NFT 
stage VI, Lewy bodies and Lewy neurites (Fig. 2Y) were 
present in the amygdala. Alpha-synuclein-immunore-
activity was absent in the basal ganglia and all cortical 
regions examined. The brainstem was unavailable in this 
case. In the second case, Lewy bodies and Lewy neur-
ites were observed in the substantia nigra (Fig. 2Z-Bʹ). 
Alpha-synuclein-immunoreactivity was absent in the 
hippocampus and all cortical regions examined, corre-
sponding to Braak stage 3. Other brainstem regions and 
the amygdala were not available in this case. pTDP-43 
immunostaining was absent in all cases in all brain regions 
examined. Immunostaining with p62 revealed similar 

neuropathological features as observed with phosphoryl-
ated-tau and alpha-synuclein.

Discussion

The present study investigated the prevalence and distri-
bution of neurodegenerative proteinopathies and co-exist-
ing ARTAG in patients with infection-induced acute or 
chronic inflammation associated with HSV encephalitis 
and neurosyphilis. HSV-1 and T. pallidum are capable of 
remaining undetected by the immune system, leading to 
chronic infection, inflammation and, as theorized, subse-
quent deposition of Aβ and abnormal tau phosphorylation 
in the brain (Miklossy 2015; Laval and Enquist 2021). 
HSV encephalitis and neurosyphilis have been previously 
associated with AD pathology and increased for risk 
developing AD. This study now broadens the spectrum 
of proteinopathies associated with HSV encephalitis and 
neurosyphilis. Almost all patients had mild AD pathol-
ogy and most of these had additional AT8 immunoreac-
tivity in regions associated with inflammation expanding 
beyond the regions expected to be involved from their cor-
responding Braak NFT stage. This observation highlights 
the complexity of these disorders both pathologically and 
clinically following acute and chronic infection.

This study demonstrated that HSV infection-induced 
acute inflammation associated with a rapid disease course 
(9 and 16 days) was already associated with phosphoryl-
ated-tau-(AT8) immunopositive neurons in brain regions 
with inflammation. This pathology was in addition to tau 
pathology in the medial temporal lobe associated with 
AD neuropathological change (Montine et al. 2012) and 
involved regions, such as the substantia nigra, which 
are not affected in early Braak stages of neurofibrillary 
degeneration. Indeed, these cases had an absence of Aβ 
plaques and Aβ deposition in vessels in all regions exam-
ined and few neurofibrillary tangles in the medial tem-
poral lobe consistent with Braak stage I. HSV-1 in the 
brain is thought to cause inflammation and subsequent Aβ 
deposition and tau phosphorylation (Laval and Enquist 
2021), and whether infection-induced acute inflamma-
tion is sufficient to cause tau deposition in regions associ-
ated with inflammation require further investigation in a 
larger case series. However, in addition to HSV-1, a range 
of viruses are associated with neuroinfections or other 
immune-mediated mechanisms and tau deposition in the 
brain, but most of these occur months to years after ini-
tial infection or presentation of an autoimmune process. 
Postencephalitic parkinsonism (PEP) occurs years to dec-
ades after encephalitis lethargica (Hoffman and Vilensky 
2017). In addition to widespread inflammation, PEP is 
characterised by neurofibrillary tangles and neuronal loss 
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in the substantia nigra, and the presence of neurofibril-
lary tangles in the hippocampus and neocortex with few 
or an absence of Aβ plaques (Geddes et al. 1993; Jellinger 
2009). In particular, Kurt Jellinger has made significant 
contributions to the understanding of the biochemical 
composition, morphology and anatomical distribution of 
tau pathology in PEP (Jellinger 2009), which allows its 
differentiation from other tau depositing disorders. Neu-
rofibrillary tangles in the substantia nigra have also been 
reported in West Nile virus encephalomyelitis (Schafernak 
and Bigio 2006) and involving other regions in subacute 
sclerosing panencephalitis caused by the measles morbil-
livirus together with glial tau deposits (Ikeda et al. 1995; 
Iwatsubo et al. 1994). Nodding syndrome is a neurological 
condition affecting children in east Africa, which is char-
acterised by widespread tau pathology in the form of neu-
rofibrillary tangles, pre-tangles, dot-like grains and neu-
ropil threads (Pollanen et al. 2018). While the aetiology 
of this disorder remains to be determined, neurotrophic 
viruses or other infectious agents have been discussed as 
an aetiology (Spencer et al. 2016). Together, these studies 
indicate that both virus-induced acute and chronic inflam-
mation are associated with tau deposition, although dis-
ease mechanisms involved require further elucidation.

Following initial peripheral infection, the ability of 
HSV-1 to cause encephalitis is well established. However, 
the mechanism/s of how HSV-1 enters the brain remain 
debated, and indirect and direct pathways have been sug-
gested. Indirect pathways for viral entry into the CNS 
include retrograde transport of HSV-1 via the trigeminal 
nerve to the brainstem, which is the most likely cause, or 
the spread of HSV-1 occurs via the olfactory tract (Jennische 
et al. 2015; Laval and Enquist 2021). Alternatively, direct 
HSV-1 infections from the periphery or reactivation of latent 
HSV-1 in the brain are also suggested mechanisms for viral 
entry into the brain (Laval and Enquist 2021). Reactivation 
of HSV-1 can cause persistent inflammation and subsequent 

neurodegeneration. Interestingly, three patients in the cur-
rent study only showed equivocal HSV immunoreactivity 
and HSV immunoreactivity was absent in one patient, and 
it has been suggested that reactivation of latent HSV-1 in the 
periphery might be sufficient to cause inflammation of the 
CNS in the absence of detectable HSV-1 in the brain (Laval 
and Enquist 2021).

Spirochetes are strongly neurotropic and are well-estab-
lished causes of neurological symptoms. T. pallidum per-
sists in the brain, evading the immune system, and causes 
infection-induced chronic inflammation and subsequent Aβ 
deposition and tau phosphorylation, and neurodegeneration 
years after primary infection (Radolf et al. 2016; Miklossy 
2015). In addition, other spirochetes have been associ-
ated with AD and are found in the brains of AD patients 
(Miklossy et al. 2004; Riviere et al. 2002; Miklossy 2011). 
The current study demonstrated that T. pallidum infection-
induced chronic inflammation was associated with phos-
phorylated-tau (AT8) immunoreactive neurons expanding 
beyond what is expected in the Braak stages observed in 
almost all cases and many of these cases had additional tau 
pathology in brain regions associated with inflammation. 
Following chronic infection with T. pallidum, activation of 
the innate and adaptive immune systems is thought to trig-
ger subsequent Aβ deposition (Miklossy 2011) and approxi-
mately half of all cases in the current study had Aβ plaques. 
Despite widespread and prominent leptomeningeal and 
parenchymal inflammation with severe gliosis observed in 
all neurosyphilis cases, further research is needed to explore 
the role of these two neurodegenerative proteins following 
chronic bacterial infection.

Tau-immunopositive astrocytes are commonly observed 
in the ageing human brain and in neurodegenerative dis-
orders (Schultz et al. 2004; Kovacs et al. 2017). In 2016, 
consensus recommendations for the identification and evalu-
ation of ARTAG were established to unify the nomenclature 
and standardise the classification into different types accord-
ing to the morphology and anatomical distribution of astro-
cytic inclusions (Kovacs et al. 2016). It has been suggested 
that the preferential location of tau-immunopositive astro-
cytes in subpial and perivascular regions could be caused 
by exposure to CSF or extravasated plasma proteins by 
compromised blood–brain barrier permeability (Lace et al. 
2012; Schultz et al. 2004), which is commonly observed in 
the elderly and in neurodegenerative diseases and likely to 
predispose these individuals to viral and bacterial infections. 
Interestingly, the majority of cases with neurosyphilis had 
prominent subpial and perivascular gliosis, and leptome-
ningeal inflammation with the absence of subpial ARTAG. 
While additional studies are required in a larger case series, 
the current study indicates that tau-containing astrocytes 
are unlikely to be affected by this mechanism. Studies 
have now demonstrated that ARTAG is observed in up to 

Fig. 2  Histological and neuropathological features in neurosyphilis 
cases. Widespread leptomeningeal (A, B) and parenchymal (C, D), 
and perivascular inflammation (E–H) was observed. Cortical extru-
sions (A, M) were observed in some regions. Cortical infarcts (I, J) 
with gemistocytic astrocytes (K) and macrophages (L) were found in 
multiple regions. Phosphorylated tau-immunopositive thorn-shaped 
astrocytes associated with subpial (M–O) and perivascular (P) age-
ing-related tau astrogliopathy (ARTAG). Characteristic phosphoryl-
ated-tau-immunopositive thorn-shaped (Q) and granular fuzzy (R) 
astrocytes in a case with cortical ARTAG. Neurofibrillary tangles and 
neuritic plaques in Bielschowsky Silver-stained sections (S, T) in the 
temporal cortex in a case with Alzheimer’s disease. Aβ plaques in 
the cortex (U, V), basal ganglia (W) and cerebellum (X). Aβ deposi-
tion in blood vessels (U and V, arrowheads) was confined to cortical 
regions and amygdala. α-synuclein-immunopositive Lewy neurites 
(Y, Z) and Lewy bodies (Aʹ, Bʹ) in the amygdala (Y) and substantia 
nigra (Z–Bʹ). Dashed line in I and J represents the grey–white border. 
Immunostained sections are counterstained with Haematoxylin

◂
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50% of control cases and 70% of cases with a neurodegen-
erative disorder (Kovacs et al. 2017), and recently cortical 
ARTAG has been reported in approximately one-third of 
cases from a large European community-based population 
(Forrest et al. 2019b). Based on these studies, the prevalence 
of ARTAG in the current cohorts was lower than expected 
e.g. one (out of 13) HSV encephalitis case and five (out of 
23) neurosyphilis cases. However, the medial temporal lobe 
(amygdala and hippocampus), which is a known ARTAG 
predilection area, was not available in all cases and the true 
prevalence of ARTAG in these cohorts is likely to be under-
estimated. In addition, the average age of death in the HSV 
encephalopathy cohort was 52 ± 12 years, and ARTAG is 
most commonly observed in individuals > 60 years (Kovacs 
et al. 2016) and is less common in individuals < 60 years of 
age. In addition to ARTAG, limbic-predominant age-related 
TDP-43 encephalopathy (LATE) is a common and recently 
described age-related pathology associated with TDP-43 
pathology in limbic regions (Nelson et al. 2019). However, 
pTDP-43-immunoreactivity was not observed in any case in 
the current study in the brain regions examined.

In the current study, one patient with HSV encephalitis 
and 2 patients with neurosyphilis contained Lewy bodies 
and were associated with a range of clinical symptoms. One 

patient with HSV encephalitis (Case # 7) had Braak Lewy 
body stage 5. Although Braak Lewy body stage 4 corre-
sponds to clinical parkinsonism (Braak et al. 2003; Halli-
day et al. 2011), these symptoms were not reported in this 
case. The presence of Lewy bodies has also been associated 
with anosmia, REM sleep behaviour disorder and systema-
tised delusions, but these features were not documented in 
the current cohort. Cerebral amyloid angiopathy (CAA) 
was only found in a small number of cases. CAA is com-
mon in the brains of elderly individuals (Arvanitakis et al. 
2011; Boyle et al. 2015) and those with Alzheimer’s disease 
(Attems and Jellinger 2004; Attems et al. 2011). A recent 
study has demonstrated that the presence of CAA can be 
used to differentiate Lewy body dementia and Parkinson’s 
disease dementia, and is associated with cognitive impair-
ment and faster disease progression (Jellinger 2021).

This pathological study in patients with viral- and bac-
terial-induced infections associated with acute and chronic 
inflammation demonstrated the deposition of neurodegen-
erative proteins in regions associated with inflammation 
and in broader regions than expected from the Braak NFT 
stage. However, larger case series are required to determine 
the mechanisms of how these infectious agents trigger the 

Table 4  Summary of 
neuropathological features in 
patients with herpes simplex 
virus encephalitis

na Not available, alpha-synuclein, Case 9 had Lewy bodies in the cortex and fulfilled criteria for Braak 
Lewy body stage 5 (B5); MTL medial temporal lobe; +  positive, − negative; IR immunoreactivity, d days, 
m months, y years

Case no

1 2 3 4 5 6 7 8 9 10 11 12 13

Sex F F M F M M F F M F M M M
Age at death (y) 55 56 42 66 58 63 58 51 65 24 65 41 49
Disease duration 9d 11d 12d 16d 23d 45d 7 m 1y 2y 3y 6y na na
Thal phase 0 0 0 0 1 1 1 0 0 na 1 0 0
Aβ in vessels  −  −  −  −  +  −  −  −  − na  −  −  − 
Braak NFT stage 1a 0 0 I 0 na I I II 0 III 0 0
ARTAG  −  −  −  +  −  −  −  −  −  −  −  −  − 
Alpha-synuclein  −  − 0 0  −  −  − 0  + (B5) 0  −  −  − 
Neuronal AT8 IR
 Neocortex  −  −  −  +  −  −  − na  − na  +  −  − 
 Hippocampus/MTL na  −  −  +  − na  +  +  +  −  +  −  − 
 Basal ganglia  +  − na na  −  −  − na na na na  −  − 
 Thalamus/hypothalamus na  −  −  + na na na na  − na na na na
 Midbrain  +  − na na  − na na  − na na  −  +  − 
 Pons  +  − na na na na na na na na na na na
 Medulla na na  +  + na na na  −  −  − na na na
 Cerebellum na na na na na na na na na na na na na
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deposition or accelerate the deposition of these neurode-
generative proteins. In addition, this study has obvious 
implications for COVID-19 patients with chronic and/or 
post-infectious neurological and psychiatric symptoms, 
and encephalitis. Almost all published reports to date 
have focused on inflammatory, hypoxic, cerebrovascular 
events in the brain and it remains to be determined whether 
these clinical symptoms are directly related to viral entry 
into the brain. The presence of SARS-CoV virus has been 
detected in the brain of COVID-19 patients and a number 
of mechanisms on how the virus gains entry to the CNS 

have been suggested (Al-Sarraj et al. 2021; Guerrero et al. 
2021; Sieracka et al. 2021). Inflammation in the brains of 
patients with COVID-19 is yet to be linked to the deposition 
of infection-induced inflammation and whether this induces 
subsequent deposition of neurodegenerative proteins. How-
ever, it is known that patients with dementia are at increased 
risk of COVID-19 compared to those without dementia, and 
experience a worse prognosis (Wang et al. 2021) and future 
studies are likely to address this question. There are cur-
rently limited observations of the prevalence and anatomical 
distribution of neurodegenerative proteins found in patients 
with COVID-19, which may be of relevance to future studies 

Fig. 3  Neuropathological features in cases with herpes simplex virus 
encephalitis. Phosphorylated tau-immunopositive neurons and neuro-
pil threads (arrowheads in H) in the hippocampus (A, E), substantia 
nigra (C, D), temporal cortex (B, F) and subpial (G) and subependy-
mal areas (H). Aβ plaques in the temporal (I) and occipital (J) corti-

ces and basal ganglia (K). Aβ was associated with some vessels in the 
frontal cortex (L). α-synuclein (M) and p62 (N) -immuno-positive 
Lewy-related pathology in the locus coeruleus. P62-immunopositive 
astrocytes associated with vessels (O) and areas of inflammation (P). 
All sections are counterstained with Haematoxylin.
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focusing on the underlying and prolonged nature of neuro-
logical and psychiatric symptoms in these patients.
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