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Astrocytes are glial cells of the central nervous system that become reactive under conditions of stress. The functional properties of

reactive astrocytes depend on their stimulus that induces the upregulation of specific genes. Reactive astrocytes are a neuropatho-

logical feature of prion disorders; however, their role in the disease pathogenesis is not well understood. Here, we describe our

studies of one polarization state of reactive astrocytes, termed A1 astrocytes, in the frontal cortex region of 35 human sporadic

Creutzfeldt–Jakob disease brains encompassing a range of molecular sub-types. Examination of two mRNA markers of A1 astro-

cytes, C3 and GBP2, revealed a strong linear correlation between the two following their log-normalization (P¼ 0.0011). Both

markers were found upregulated in the sporadic Creutzfeldt–Jakob disease brain compared with age-matched control tissues

(P¼ 0.0029 and 0.0002, for C3log and GBP2log, respectively), and stratifying samples based on codon 129 genotype revealed that

C3log is highest in homozygous methionine and lowest in homozygous valine patients, which followed a linear trend (P¼ 0.027).

Upon assessing other disease parameters, a significant positive correlation was found between GBP2log and disease duration

(P¼ 0.031). These findings provide evidence for a divergence in the astrocytic environment amongst patients with sporadic

Creutzfeldt–Jakob disease based on molecular sub-type parameters of disease. While more research will be needed to determine the

global changes in the genomic profiles and resulting functional properties of reactive astrocytes in disease, considering the evidence

demonstrating that A1 astrocytes harbour neurotoxic properties, the changes seen in C3log and GBP2log in the current study may

reflect differences in pathogenic mechanisms amongst the sporadic Creutzfeldt–Jakob disease sub-types associated with the A1 po-

larization state.
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Introduction
Prion disorders are a group of transmissible, incurable

neurodegenerative conditions that affect humans and ani-

mals. These diseases are caused by ‘prions’ (Prusiner,

1982) that are composed predominantly, if not entirely

of PrPSc, which is a misfolded isoform of the normal cel-

lular prion protein, PrPC. The ability of PrPSc to auto-

catalytically propagate, by inducing the template-driven

misfolding of PrPC, is the central pathogenic event in dis-

ease. Amplification of PrPSc with resultant accumulation

results in neuronal loss in the CNS, as well as wide-

spread vacuolation and reactive astrogliosis and micro-

gliosis through unresolved mechanisms.

In humans, around 85% of Creutzfeldt–Jakob disease

(CJD) cases are sporadic CJD (sCJD) with an unknown

aetiology. An important genetic component in sCJD is the

genotype [either valine (V) or methionine (M)] at codon

129 in the human prion protein gene with homozygous

genotypes [homozygous methionine (MM) or homozygous

valine] being over-represented compared with the heteroge-

neous methionine/valine genotype after standardization to

their frequency in the normal population (Palmer et al.,

1991; Alperovitch et al., 1999; Parchi et al., 1999).

Historically, sCJD-associated PrPSc was distinguished from

PrPC by its resistance to proteinase K digestion with differ-

ent banding patterns of the glycosylated and unglycosylated

isoforms of proteinase K-resistant PrP (especially mobility

of the unglycosylated band) constituting identifiable ‘mo-

lecular types’ in the brains of such patients (Collinge et al.,

1996; Parchi et al., 1996; Hill et al., 2003). The presence

of proteinase K-resistant PrP types suggests that different

conformations of PrPSc exist and, in combination with

codon 129 genotype, defines various molecular sub-types

of sCJD correlating with features of disease including dis-

ease duration and clinical presentation (Collinge et al.,

1996; Parchi et al., 1999; Hill et al., 2003; Bishop et al.,

2010). The correspondence of distinct clinical features with

molecular sub-types suggests that divergent pathogenic

mechanisms exist, although the neurobiological mechanisms

underpinning these associations are not well understood.

Astrocytes are important glial cells of the CNS that be-

come reactive in states of stress, causing them to adopt

protective or damaging properties (reviewed in Liddelow

and Barres, 2017). Two states of polarization have been

observed for reactive astrocytes whereby specific activa-

tors cause the upregulation of certain genes (Zamanian

et al., 2012), the combination of which is considered to

dictate the cell’s functional phenotype. This has been

thoroughly characterized for one of these states, termed

A1 reactive astrocytes, that harbour highly neurotoxic

properties (Liddelow et al., 2017). While more research is

needed to determine the extent of these neurotoxic prop-

erties in disease models, the observation that A1-specific

astrocyte markers C3 and GBP2 co-localize with astro-

cytes in the frontal cortex of sCJD brain (Hartmann

et al., 2019) confirms that they are present in disease;

however, it is not known whether these cells preferential-

ly occur in disease of a certain molecular sub-type.

In the current study, we measured mRNA expression

of the aforementioned A1 markers in frontal cortex

samples from a cohort of 35 patients with sCJD ,

encompassing various molecular sub-types, and eight

healthy age-matched controls. In further support of C3

and GBP2 as specific markers of A1 astrocytes, we re-

port a strong correlation between the two in human

brain and confirm both are elevated in sCJD. Critically,

we found that C3log stratified to codon 129 genotype.

Moreover, we report C3log and GBP2log expression lev-

els associated with glycotype within codon 129 groups

and observed a significant positive correlation between

GBP2log and disease duration of patients with sCJD.

These differences in the expression of the A1 astrocyte

markers suggest that the reactive astrocyte environment

differs between the molecular sub-types in sCJD.

While further research into the genetic and functional

properties of A1 astrocytes will provide important in-

sight into the nature of these changes, their reported

neurotoxic properties (Liddelow et al., 2017) suggest

that their differential expression may contribute to

divergences in prion disease pathogenesis amongst the

molecular sub-types.
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Materials and methods

Patient selection

The use of human tissue in this study was with the ap-

proval of La Trobe Human Research Ethics Committee

(HEC18004), and all consent was obtained according to

the Declaration of Helsinki. sCJD brain tissues were

obtained from the Australian National CJD Registry, and

control brain tissues were obtained from the Victorian

Brain Bank. Frozen tissue was from the frontal cortex.

For sCJD samples, cases for analysis were chosen from

research-consented tissues after the consideration of dis-

ease duration of the patient, proteinase K-resistant PrP

glycotype (Types 1–3) and codon 129 genotype, deter-

mined as described previously (Lewis et al., 2005).

Diagnostic tests that may indicate prion disease ante-mor-

tem include the detection of 14-3-3 protein in the CSF,

an abnormal electroencephalogram showing periodic

sharp wave activity and brain magnetic resonance imag-

ing showing increased T2 signal in the basal ganglia and/

or cerebral cortex. Whenever available, the following

additional information was collected: age, gender, post-

mortem delay, years of storage and results of ante-mor-

tem clinical assessment for suspected CJD reviewed as

per established diagnostic criteria (Will, 1999; Will et al.,

2000). The control brain tissues used in this study were

chosen according to the following criteria: (i) a non-

neurological cause of death as reported from the Coroner

or Full Medical Cause of Death Certificate written by the

donor’s General Practitioner, (ii) no known neurological/

psychiatric history in the donor’s general medical history,

obtained from their treating doctor and (iii) absence of

amyloid-b and tau (proteins found aggregated in the

brain in many neurodegenerative proteinopathies, includ-

ing Alzheimer’s disease) deposition in brain tissue sections

following immunostaining to detect these proteins. The

sCJD and control cohorts had an M:F gender ratio of

1:1.5 and 1:0.6, respectively.

RNA isolation from human brain

Extraction of RNA from human brain tissues was per-

formed using the QIAzol lysis buffer and the RNeasy

RNA isolation kit (Qiagen) according to the manufac-

turer’s instructions with the following adjustments:

5PRIME phase lock gel light tubes were used for phase

separation to physically separate the aqueous from the

interphase and the organic phase. The isolated aqueous

phase was diluted 2:1:1 with chloroform and RNA-free

water in fresh phase lock tubes, vortexed and centrifuged

again. This was repeated for two chloroform extractions

in total. After phase separation, tubes were checked to

ensure the gel separating the phases resolved below the

aqueous phase. In cases where the density of the sample

was greater than the gel, RNA-free water was injected

under the gel to reduce the density of the aqueous phase;

the sample was then vortexed and centrifuged again.

RNA was isolated in 60 ll of RNA-free water and purity

and concentration determined using NanoDrop.

Reverse transcriptase and real-time
qualitative PCR

cDNA was produced using the high-capacity cDNA re-

verse transcriptase kit, gene primers and fast advanced

master mix by PCR under the following conditions: 25�C

for 10 min, 37�C for 120 min, 85�C for 5 min and then

held at 4�C. Quantitative reserve transcription polymerase

chain reaction (RT-qPCR; Taqman Fast Advanced Master

Mix; Applied Biosystems) was performed using the fol-

lowing Taqman gene expression array primers (Life

Technologies): RPLP0: Hs00420895_gH, C3:

Hs00163811_m1 and GBP2: Hs00894837_m1. Samples

were processed using a ViiA7 Real-Time PCR System

(Life Technologies) whereby each biological replicate was

run in triplicate and normalized to the house-keeping

gene RPLP0. Normalization of Ct values of each gene

and determination of fold differences in gene expression

(normalized to control samples) were calculated by the

�2DDCt method. QuantStudioTM Real-Time PCR software

(Applied Biosystems) was used to analyse the data.

Statistical analysis

All data were assessed for outliers (ROUT Q¼ 1%) and

normality (Shapiro–Wilk test). Pearson r correlation ana-

lysis was performed to determine the relationship between

two normally distributed variables. Disease duration data

was non-normally distributed and contained statistical

outliers and so Spearman r correlation was used to assess

this dataset. Statistical differences of mRNA between

groups were examined using two-tailed Student’s t-test or

one-way Analysis of Variance (ANOVA) with a multiple

comparisons test for linear trend. All statistical analyses

were performed using GraphPad Prism with a statistical

criterion of 0.05.

Data availability

Upon reasonable request, the data that support the find-

ings of this study are available from the corresponding

author.

Results

Assessment of the relationship
between two markers of A1
astrocytes, C3 and GBP2, in human
brain

Patient information and molecular sub-type analysis of

the 35 pathologically confirmed subjects with sCJD used
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in this study are shown in Table 1. The outcome (when

available) of clinical investigations indicative of CJD is

also summarized here. Eight normal brains were used as

controls, which were age-matched to the disease cohort

(Supplementary Fig. 1). Patient information of the control

cohort is shown in Table 2.

The utility of C3 and GBP2 to serve as markers of A1

astrocytes in human brain has been confirmed previously

(Liddelow et al., 2017; Hartmann et al., 2019). The

translated proteins co-localize with astrocytes in the

frontal cortex of human prion-diseased brain (Hartmann

et al., 2019). Using fluorescence in situ hybridization, C3
selectively co-localizes with astrocytes and its mRNA is

elevated in a range of neurodegenerative diseases associ-

ated with A1 astrocyte reactivity (Liddelow et al., 2017).

As specific markers for the same cell population and

given their low basal expression in the CNS under nor-

mal conditions (Fagerberg et al., 2014), it is expected

that C3 and GBP2 correlate within diseased and healthy

human brain, although this has not been confirmed.

Therefore, we first performed correlation analysis

Table 1 Summary of sCJD patient information: sCJD PrPres glycotype 1–3, grouped by codon 129 genotype

Codon

129

genotype

Glycotype n Sex (M, F) Age

(years),

median

(range)

Disease

duration (months),

median

(range)

Typical

magnetic

resonance

imaginga

Positive

14-3-3a

Typical

electro

encephalograma

PMDb (days),

median (range)

Storage

(years),

median

(range)

MM 1 6 1, 5 72 (58–81) 2.2 (1–3) 5/5 5/5 2/5 1.5 (0–3) 11.5 (5–12)

MM 2 6 2, 4 64 (60–82) 4.6 (1.5–9.6) 5/5 6/6 4/5 2 11.5 (9–13)

MM 3 6 4, 2 56.5 (47–85) 8.4 (2–21) 4/4 3/5 1/4 1 (0–2) 11.5 (8–15)

MV 1 2 1, 1 65.5 (58–73) 1.8 (1.5–2.1) 2/2 2/2 1/2 2 (1–3) 14 (11–17)

MV 2 4 2, 2 67 (63–74) 2.7 (2–8) 4/4 3/4 0/4 3 11.5 (7–13)

MV 3 5 1, 4 67 (50–75) 11.5 (6–40.5) 4/4 3/3 1/3 2.5 (2–6) 12 (10–15)

VV 3 6 3, 3 71 (59–78) 4.5 (2–6.5) 6/6 3/3 1/5 4 (2–6) 11 (6–15)

Total 35 14, 21 67 (47–85) 3.5 (1–40.5) 30/30 25/28 10/28 2 (0–6) 12 (5–17)

Disease duration and age are represented as median (range). Wherever performed, outcome of ante-mortem clinical testing results suggestive of CJD are provided. Variables relating

to tissue handling are included as PMD and storage time of tissues prior to experimental use.
aValues indicate the number of positive outcomes/total number of results available.
bValue indicates number reported, where information is available.

PMD, post-mortem delay; F, female; M, male; VV, homozygous valine; PrPres, proteinase K-resistant PrP; MV, heterozygous methionine/valine.

Figure 1 Correlation analysis of two mRNA markers of A1

astrocytes, GBP2 and C3, following log-transformation.

Symbols represent the following: �, control; �, sCJD frontal

cortex brain tissues. GBP2log and C3log significantly correlate

(Pearson r test, P¼ 0.0011). Graph shows line of best fit, and

dotted lines show the 95% confidence interval (95% Confidence

Interval¼ 0.2111–0.6827, r¼ 0.4810); n¼ 43.

Table 2 Summary of control donor information: donor information, including cause of death of control cases

Diagnosis Sex Age (years) Cause of death PMD (days) Storage

(years)

Control M 75 Abdominal aortic aneurysm 1 12

Control M 73 Ischaemic heart disease 0 14

Control M 77 Acute posterolateral myocardial infarction 2 15

Control M 48 Cardiac failure 2 13

Control M 57 Intra-abdominal haemorrhage 0 11

Control F 60 Pancreatic cancer 1 1

Control F 68 Pulmonary thromboembolism 2 14

Control F 81 Metastatic endometrial stromal sarcoma 1 6

Median (range) 70 (48–81) 1 (0–2) 12.5 (1–15)

Variables relating to tissue handling are included as PMD and storage time of tissues prior to experimental use.

PMD, post-mortem delay; F, female; M, male.
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between C3 and GBP2 using all brain tissues. Data were

non-normally distributed and hence log-normalization

was performed for results of all samples. Assessment of

the correlation between C3log and GBP2log was found to

be strongly significant (Fig. 1, n¼ 43, P¼ 0.0011) suggest-

ing that either may be used to describe the A1 phenotype

but does not exclude some degree of complementarity.

Accordingly, the A1 astrocyte markers were subsequently

assessed in the sCJD cohort with respect to the molecular

sub-types of disease.

C3log and GBP2log stratify to

molecular sub-type parameters in
sCJD brains

The expression of C3log and GBP2log was examined in

both sCJD and control brain tissues. C3log was

significantly elevated in sCJD brain tissues compared

with control counterparts (Fig. 2A, P¼ 0.0029). Using

the sCJD samples, these data were then divided into

groups according to the genotype at codon 129 of the

patient. Following this stratification to genotype, a signifi-

cant difference was found in C3log expression between

the groups that exhibited a linear trend whereby MM

samples had the highest and homozygous valine had the

lowest C3log expression (Fig. 2B, P¼ 0.027). Likewise,

GBP2log was also elevated in sCJD brain compared with

control tissues (Fig. 2C, P¼ 0.0002). Although a similar

trend was observed, unlike C3log, GBP2log stratification

according to codon 129 did not reach significance

(Fig. 2D). The expression of both markers in sCJD tis-

sues was subsequently subdivided according to the pro-

teinase K-resistant PrP glycotype and the codon 129

genotype (Fig. 3A and C). While no significant differences

were identified amongst the groups, Type 3 patients of

both MM and heterozygous methionine/valine genotypes

exhibited the highest C3log and GBP2log mean values

compared with Type 1 and Type 2 counterparts. Type 1

cases in both MM and heterozygous methionine/valine

typically have shorter disease durations than Type 3

counterparts (Lewis et al., 2005); hence, correlation ana-

lysis was next performed between C3log or GBP2log and

disease duration (Fig. 3B and D). A significant positive

correlation was found between disease duration and

GBP2log (Fig. 3D, P¼ 0.031). No significant correlation

was observed between disease duration and C3log

(Fig. 3B). Neither C3log nor GBP2log correlated with

other patient variables (gender, age, post-mortem delay

or years of tissue storage) in either the control or sCJD

groups (Supplementary Figs 2 and 3).

Discussion
Reactive A1 astrocytes have been reported to exhibit

powerful neurotoxic properties (Liddelow et al., 2017).

These cells are present in sCJD brain (Hartmann et al.,

2019), as well as brains from a range of other neurode-

generative conditions (Liddelow et al., 2017). In a trans-

genic rodent model of Parkinson’s disease, ablating the

cytokines that stimulate their production results in neuro-

protection (Yun et al., 2018). Likewise, an A1 profile is

observed in a tauopathy mouse model (Shi et al., 2017).

These studies have led to merited discussion on A1 astro-

cytes as a therapeutic target for neurodegenerative disor-

ders that are associated with their activation [reviewed in

Liddelow and Barres (2017)].

It is well established that sCJD is phenotypically high-

ly heterogeneous, with several groups reporting clinical

correlation with molecular sub-type parameters of dis-

ease (Collinge et al., 1996; Parchi et al., 1999; Hill

et al., 2003; Bishop et al., 2010). It is not known

whether any given sub-type is particularly vulnerable to

produce an A1 environment. In this study, we confirm

Figure 2 Expression of reactive A1 astrocyte markers in

sCJD and control frontal cortex brain tissues and

stratification to codon 129 genotype in sCJD. Symbols

represent the following: �, control; �, sCJD brain tissues.

(A) C3log was significantly elevated in sCJD brain tissues compared

with control samples (Student’s t-test, n¼ 8,35, P¼ 0.0029) and (B)

in the sCJD tissues C3log expression stratified according to codon

129 genotype (one-way ANOVA with a multiple comparisons test

for linear trend, n¼ 18,11,6, P¼ 0.027). (C) GBP2log was

significantly elevated in sCJD brain tissues compared with control

samples (Student’s t-test, n¼ 8,35, P¼ 0.0002). (D) Stratifying

GBP2log expression to codon 129 genotype was not statistically

significant (one-way ANOVA with a multiple comparisons test for

linear trend, n¼ 18,11,6).
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that two markers of A1 astrocytes are significantly

elevated in sCJD brain and that they associate with

disease parameters: C3log stratifies to codon 129

genotype while GBP2log positively correlates to disease

duration.

In rodents, A1 astrocytes can be induced by factors

released from activated microglia following exposure to the

proinflammatory molecule lipopolysaccharide (Zamanian

et al., 2012; Liddelow et al., 2017). Hence, the generation

of A1 astrocytes is intimately related to inflammation.

Their stratification to codon 129 status in sCJD suggests

that disease associated with the 129MM genotype exhibits

enhanced microglial and inflammatory responses. This is

consistent with another study showing that microglial

(CD11b, CD68) and proinflammatory (Tumor Necrosis

Factor a) markers are elevated in frontal cortex sCJD tis-

sues of 129MM compared with 129 homozygous valine

(Llorens et al., 2014). However, the relevance of the codon

129 genotype to A1 astrocytes may also be related to

astrocyte-specific PrP propagation. Astrocytes are amenable

hosts for prion replication and astrocytes derived from

human stem cells host prion replication most efficiently

when the infecting inoculum (derived from human sCJD

brain) has the same codon 129 genotype as the stem cells

(Krejciova et al., 2017). Given that the astrocyte-specific

marker, Glial Fibrillary Acidic Protein, appears in concert

with PrPSc deposition in human sCJD brain

tissues (Muhleisen et al., 1995), this could indicate that

astrocyte-specific propagation is relevant to 129MM

patients. Additional assessment of these A1 astrocyte

markers and PrPSc deposition across brain regions that

have differential disease pathology amongst the sCJD sub-

types would provide insight into these notions.

The significant positive correlation of GBP2log to dis-

ease duration suggests that A1 astrocytes may not solely

be necessary for sCJD-associated neurotoxicity. This is

consistent with a recent study that reported transgenic

mice lacking the factors that activate A1 astrocytes do

Figure 3 Expression of A1 markers in sCJD frontal cortex brain tissues based on codon 129 and PrPres glycotype and

correlations to disease duration. (A) C3log expression grouped by PrPres glycotype and genotype at codon 129 (n¼ 6,6,6,2,4,5,6) and (B)

C3log did not correlate with disease duration (Spearman r correlation, n¼ 35). Graph shows line of best fit, and dotted lines show the 95%

confidence interval (95% Confidence Interval ¼�0.2817 to �0.4002, r¼ 0.06707). (C) GBP2log expression grouped based on PrPres glycotype

and genotype at codon 129 (n¼ 6,6,6,2,4,5,6) and (D) GBP2log correlated with disease duration (Spearman r correlation, n¼ 35). Graph

shows line of best fit, and dotted lines show the 95% confidence interval (95% Confidence Interval¼ 0.02573–0.6286, r¼ 0.3648). PrPres,

proteinase K-resistant PrP.
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not exhibit neuroprotection following prion exposure

(Hartmann et al., 2019). Collectively, these findings sup-

port the concept that microglia are neuroprotective in

disease. The role of microglia in prion disease pathogen-

esis has long been a point of interest, with contrasting

reports of their activation as enhancing or inhibiting dis-

ease progression in various animal models of disease

[reviewed in Aguzzi and Zhu (2017)]. Several compre-

hensive in vivo and ex vivo studies using transgenic mice

show a protective role of microglia associated with prion

clearance (Falsig et al., 2008; Zhu et al., 2016). Hence,

it is possible in sCJD, A1 astrocytes may be produced

from activated microglia as a by-product or result of sig-

nificant and/or prolonged neuroprotective actions. The

progressive accumulation of these astrocytes in patients

based on the duration of illness could ultimately mean

that microglia can play both protective and damaging

roles in disease, whereby their initial capacity to be pro-

tective may switch to damaging neurotoxic properties

over time with corresponding generation of A1 astro-

cytes. Such considerations prompt the need for further

analysis of A1 astrocytes in larger cohorts of sCJD tis-

sues as well as better models to determine the precise na-

ture of their generation over disease course. This is

particularly relevant given that, despite the majority of

patients having short disease durations (Table 1), 5–10%

of CJD cases have duration of illness 24 months

(Brown et al., 1984). Hence, comprehensive modelling of

the role of A1 astrocytes and disease duration requires

large patient numbers.

While there are numerous studies detailing the detri-

mental effects of A1 astrocytes and the utility of C3 and

GBP2 to identify them, the genetic and phenotypic

changes that astrocytes undergo upon activation are not

well understood. Hence, there may be unknown nuances

to the capacity of C3 and GBP2 to serve as markers for

A1 astrocytes. For example, possibly, multiple polariza-

tion states exist that share a degree of overlap in genomic

profiles. Alternatively, the markers themselves may under-

go expression changes in other brain morbidities. Such

notions may explain the variation in the abilities of the

two markers to stratify to disease sub-types in the current

study. However, the positive correlation between the two

markers in control and sCJD brain, and their co-localiza-

tion with astrocytes in sCJD brain (Hartmann et al.,
2019) is evidence for C3 and GBP2 reporting a popula-

tion of astrocytes that are equivalent or highly similar.

Regardless, further investigations into reactive astrocytes

and their activator/s will provide important additional in-

sight into their role in disease and markers to identify

them.

The results of this study may contribute to our under-

standing across the range of broadly related neurodege-

nerative conditions. Pathogenic mechanisms are shared

amongst the different proteins that aggregate in the brain

causing neurodegenerative disorders, including significant

heterogeneity in the clinical and biochemical features of

the diseases (reviewed in Ugalde et al., 2016; Walker

2016). In the context of A1 astrocytes, it is possible that

their involvement in the range of neurodegenerative disor-

ders depends on patient-specific disease parameters.

Phenotyping of disease, including molecular sub-typing,

could represent an important paradigm for determining

the best strategies to target A1 astrocytes, with the identi-

fication of patient groups who would most benefit from

therapies aimed at neurotoxic astrocytes across a range

of neurodegenerative conditions.
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